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A truncation in the 14 kDa protein of the signal
recognition particle leads to tertiary structure
changes in the RNA and abolishes the elongation

arrest activity of the particle
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ABSTRACT

The signal recognition particle (SRP) provides the
molecular link between synthesis of polypeptides and
their concomitant translocation into the endoplasmic
reticulum. During targeting, SRP arrests or delays
elongation of the nascent chain, thereby presumably
ensuring a high translocation efficiency. Components
of the Alu domain, SRP9/14 and the Alu sequences of
SRP RNA, have been suggested to play a role in the
elongation arrest function of SRP. We generated a
truncated SRP14 protein, SRP14-20C, which forms,
together with SRP9, a stable complex with SRP RNA.
However, particles reconstituted with SRP9/14—20C,
RC(9/14-20C), completely lack elongation arrest
activity. RC(9/14-20C) particles have intact signal
recognition, targeting and ribosome binding activities.
SRP9/14-20C therefore only impairs interactions with
the ribosome that are required to effect elongation
arrest. This result provides evidence that direct inter-
actions between the Alu domain components and the
ribosome are required for this function. Furthermore,
SRP9/14-20C hinding to SRP RNA results in tertiary
structure changes in the RNA. Our results strongly
indicate that these changes account for the negative
effect of SRP14 truncation on elongation arrest, thus
revealing a critical role of the RNA in this function.

INTRODUCTION

then targeted to the ER via an interaction between SRP and an ER
membrane protein complex, the SRP receptor. Once the nascent
chain—-ribosome complex becomes bound to the translocon, the
SRP-SRP receptor complex is released from the ribosome,
protein synthesis resumes and the protein is translocated co-
translationally across or into the ER membrane. SRP then
dissociates from the receptor and is free to engage in another
targeting round. SRP-mediated targeting is regulated by GTP
binding and hydrolysis of three GTPases, SRP54 and both
subunits of the SRP receptor. GTP binding of SRP54 was found
to be stimulated by a ribosomal componef)t {ndicating a
regulatory link between translation and translocation.

Mammalian SRP is composed of an RNA molecule of 300 nt
and six polypeptides named according to their molecular weight.
Reconstitution of subparticlésvitro has allowed assignment of
the signal recognition and targeting functions to specific components
of SRP. SRP(S), a subparticle composed of SRP54, SRP19,
SRP68/72 and the central domain of SRP RNA, promotes
co-translational translocation of protei, (wvhereas the same
subparticle without SRP68/72 allows constitutive translocation
of elongation-arrested nascent chaf)s (

Elongation arrest activity of SRP requires the presence of all
SRP subunits and is detected as a complete arrest or as a pause |
elongation of nascent chains bearing a signal sequence in a wheal
germ translation system. The arrest or pause is released in the
presence of salt-washed mammalian microsomes to allow
translocation of the nascent polypeptide. In reticulocyte lysate,
SRP effects a kinetic delay in the accumulation of full-length
polypeptide 7). Molecular analysis of the translation process has
shown that ribosomes pause naturally at specific sites on mRNAs

In cells, secretory and membrane proteins have to be translocaaed that SRP enhances pausing at these sites during synthesis ¢
into the endoplasmic reticulum (ER) for their final dispatchingER-targeted proteins8). A mathematical model describing the
The signal recognition particle (SRP) is a cytoplasmic ribonucle@ffects of SRP on translocation predicts that an extended pause in
protein complex that is a crucial component in this process. @tongation would suffice to attach ribosomes with maximal
the basis of biochemical studies, a model of the functional cyadtdficiency to the ER membraria vivo, thereby presumably

of mammalian SRP has been elaborated (for recent reld@vs  preventing misfolding and aggregation of newly synthesized
SRP recognizes and binds co-translationally to signal sequengedypeptides into a translocation-incompetent fan (

present in nascent chains of secretory and membrane protein&longation arrest activity implies a direct interaction between
This interaction causes an arrest or a delay in elongation of tthee translational machinery and SR®P.vitro, two modes of
nascent chains. The SRP—nascent chain-ribosome complexnieraction between SRP and ribosomes can be distinguished
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based on their different sensitivities to salt(). The formation Amersham Life Science. Avian myeloblastosis virus reverse
of high salt-resistant complexes is due to interactions betwetanscriptase anbscherichia colitRNA were purchased from
SRP54 and the signal sequence. Formation of complexes thatBoehringer Mannheim. CM and heparin—Sepharose resins were
stable at physiological and lower salt concentrations requiredtained from BioRad.

complete SRP and ribosomes with or without a nascent chain.

Thus, these complexes reveal direct interactions between
ribosome and SRP. Interestingly, SRP54 can be cross-linked t
non-functional signal sequence and can be loaded with GTP

a ribosomal component in these compleigs),(suggesting that For expression of SRP9/14 and SRP9/14—20E.aoli, we

positioning of SRP on the ribosome is independent of the,gineered PET plasmidsy) that carry the coding regions for
presence of a functional signal sequence. Genetic experimepis’y o polypeptides in two independent T7 transcription units
confirmed a direct interaction between SRP and the ribosome anged in tandem on the same plasmid. To this end, we
!ndlcated that it oceurs at a specific step in the elon.gatlon CYCiftroduced aidd site at the initiator ATG of SRP14—20C CDNA
{:St bﬁfolrae the pf‘?]t'dYIt;tRNA undergoes translocation from thgy 16 holymerase chain reaction (PCR) and ligated the amplified
to the P site of the ribosoméll. . fragment, which was digested witidd and BanHl, into the
How SRP interacts with the ribosome to effect elongation arregt . i g plasmid pET-9a (pE14—20C). The SRP14—-20C cDNA

[)em%ins to ze e_lﬁcidateld. Sigg;elonggtion E.igeSt a}:tiviay ¢an Ol the adjacent T7 promoter and terminator sequences were ther
e observed with complete SRP, positive evidence for the specilig, e from the pE14—20C plasmid using an oligonucleotide
role of a SRP subunit in this activity cannot be obtained bé{ P P P g 9

ey X X mplementary to vector sequences comprisinBgliesite and
reconstituting subparticles. The Alu domain of SRP, composed Q?mther oligonucleotide that introduceBd site at theEcaRV

the Alu sequences at the &nd 3-ends of SRP RNA and the site in pET-9a. The amplified DNA was digested VBt and

heterodimer SRP9/14, has been suggested to play an essential ; ; ; :
in this function based on the observation that its removal gl)g B?ﬂ and inserted into thBglll site of the pESC plasmid.¢),

removal of the heterodimer SRP9/14 abolishes the elongati ésultmg In plasmid pE14-20C-9dim. A similar construct was

) ; . fhde for expression of SRP9 and SRP14 and is described
arrest function of the particléZ,13). The same particles were later elsewhere (7). SRP9 was more highly expressed than SRP14

found to be defective in low salt, signal sequence-independ&f noth plasmids. For expression of SRP19, we introduced a
binding to ribosomes6(10). This finding may indicate an nqg restriction site at the initiator ATG of the SRP19 cDNA by
important role of the Alu domain in ribosome binding or ma CR using plasmid pG19.§). The amplified fragment was
reveal a more general defect of the particle which may indirec gested with the restriction. enzymbigld and BanHl and

account for the observed loss of elongation arrest activity.  jnserteqd into pET-3b linearized with the same enzymes. The
To.deflne more conclu§|vely the components and the nature ding regions of all expression plasmids were sequenced. The
the interactions essential for elongation arrest function, o heterodimers SRP9/14 and SRP9/14—20C and SRP19 were
decided to search for a mutant SRP9/14 protein that specific Xpressed for 3 h in BL21(DE3) cells by the addition of 1 mM
interferes with elongation arrest activity of the particle. Mammalia TG. Bacterial pellets were resuspended in 50 mM Tris, pH 7.5
SRP9 and SRP14 proteins form a stable heterodimer and it is B \\ sodium chloride, 10 mM EDTA, 10% glyceral, 0mM

heterodimer which b.i“d?’ specifically to SRP RNA)(Here_we .magnesium chloride, 10 mM dithiothreitol (DTT), 1 mM
report the characterization of a truncated SRP14 protein whg% ! 4

goression, purification and RNA binding assay of the
[%pombinant heterodimers and SRP19

assembles efficiently into SRP and concomitantly abolish enylmethyisulfony fluoride, 04ig/ml aprotinin and 500 mM

. - . ; monium chloride was added before lyzing the bacteria in a
elongation arrest activity of the reconstituted particles. All othgf -, press. After lysis, the ammonium chloride concentration
functions of the mutant particle comprising the truncated SRP s adjusted to 250 rr'1M and cell debris was removed by
protein are the same as for particles comprising wild-type SRP14,\if gation at 2C for 10 min at 30 00@. Polymin P was
Our results provide convincing evidence for a direct role of they a4 at a final concentration of 0.05%. nucleic acids were
Alu domain in effecting elongation arrest. Using hydroxyl ' '

allowed to precipitate for 30 min at@ and then removed by

radicals as a probe for RNA structure, we found that thgsnifgation at 30 00gfor 20 min. Proteins were purified from

heterodimer comprising the truncated SRP14 protein inducgs, supernatants by heparin and CM chromatography. The excess

changes in the structure of SRP RNA as compared with th¢ sppg over SRP14-20C was removed from the heterodimer on
wild-type complex. This finding suggests a model in whic

. 9 ¢ . f} e CM column. Fractions containing the purified proteins were
truncation of the SRP14 protein interferes with elongation arre oled and dialyzed against 500 mM potassium acetate, pH 7.5
activity by changing the tertiary structure of the Alu portion ogo mM HEPES—KOH, pH 7.5, 5 mM magnesium acetate. 0.01%

SRP RNA. Nikkol, 10% glycerol and 1 mM DTT (HKMD+ glycerol). The
proteins were quantified by comparison with canine SRP on a
MATERIALS AND METHODS Coomassie stained gradient SDS—polyacrylamide gel. For complex

formation, the two components (45 pmol SRP RNA and 30 pmol
SP6 RNA polymerase and RNase inhibitor (RNasin) wer8RP9/14 or SRP9/14-20C) were combined inu5BIKMD N
purchased from Biofinex and DNA ligase from New Englanctontaining 200 mM potassium acetate under reconstitution
Biolabs. Restriction enzymes were obtained from New Englarmbnditions. The complexes were fractionated on linear 10-31%
Biolabs and Fermentas. The T4 polynucleotide kinase wagycerol gradients at 40 0@Dfor 15 h. The RNA was analyzed
bought from Fermentas. The plasmids pET-3a, pET-3b amh 6% urea—polyacrylamide gels and visualized by ethidium
pET-9a were from Invitrogen. Ribonucleotide triphosphates welomide staining. The proteins were analyzed by SDS-PAGE and
obtained from Pharmacia LKB Biotechnology agd4P]JATP  SRP14 visualized by immunoblotting with affinity purified
(5000 Ci/mmol) and 3S]methionine (1500 Ci/mmol) from anti-SRP14 antibodies. The recombinant SRP19 protein is shown
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Figure 1. Recombinant SRP proteins usedfforitro reconstitution of particlesAj Truncation of SRP14 by 20 amino acids removes a highly conserved region. The
alignment of SRP14 protein sequences from mouse (23), theAnabidopsishaliana(Arabid) andOryza sativgrice) (N.Bui, N.Wolff and K.Strub, unpublished
results; accession nos:thaliang Y10116;0.sativa Y10118) andSaccharomyces cerevisigeast) (35) are shown in the region spanning amino acids 83-110 in
murine SRP14. Black, completely conserved amino acids; gray, amino acids with similar physicochemical properties. In SRP14—20C Met 91 was replaced with ¢
codon (*). B) Coomassie stained gel of recombinant human SRP19 (lane 1) used in the reconstitution experiments, recombinant mouse SRP9/14 (lane 3) and «
SRP (lane 2).¢) Recombinant SRP9/14-20C (lane 2) and canine SRP (lane 1). SRP9 and SRP14-20C migrate at almost identical positions. Immunoblo
SRP9/14-20C using antibodies against the fusion protein SRP9/14 (lane 3) and affinity purified anti-SRP14 antibodies (lane 4). As expected from the compa
with canine SRP9 (lanes 1 and 2), SRP14 was identified as the slower migrating pratai)(RNA binding capacities of SRP9/14 and SRP9/14-20C. Complexes
between SRP RNA and SRP9/14 and SRP9/14-20C were forrited and fractionated on linear 10-31% glycerol gradients. A total of 15 fractions was collected
and analyzed for RNA and protein content. (Upper panels) SRP14 visualized by immunoblotting with affinity purified anti-SRP14 antibodies. (Lower panels) S
RNA revealed on ethidium bromide stained sequencing gels. I, protein samptesiiadynthesized SRP RNA used in the experiments.

in Figure1 and its biological activity was confirmed by the preprolactin and sea urchin cyclin transcripts as described in
experiments shown in Figuge Strub and Walterl{). Translation was stopped after 20 min by
precipitating the proteins with 10% trichloroacetic acid. The
[35S]methionine-labeled proteins were analyzed by 12% SDS-
PAGE, visualized by autoradiography and quantified using
SRP was reconstituted from the recombinant proteins describgldosphorescence imaging (BioRad). To assay translocation, the
above together with SRP RNA and canine SRP68/72 and SRP®&4eat germ translation reactions were carried out in the presence
SRP RNA was produced as descritiéd).(Canine SRP68/72 and of SRP-depleted canine microsomes (0.15uBgand were
SRP54 were purified as described in Siegel and Waljer ( allowed to continue for 1 5). SRP-depleted canine microsomes
Reconstitution of SRP was done ipl@t a 0.54M concentration  were prepared as describ@d)( Translocation was detected by

of all the constituents in HKMMbuffer by incubating for 10 min  the appearance of a faster migrating band on the gel correspon-
on ice and for 10 min at 8C. RC(-9/14) was obtained by ding to prolactin. Elongation arrest and translocation efficiencies
replacing SRP9/14 with HKM buffer in the reconstitution were evaluated by the following calculatidBé:= [1 — Ps x Co/Cs
reaction. Elongation arrest activity of the particles was assayedirPg)] x 100, whereEA is percent elongation arrest activitg

10pul wheat germ translation reactions programed with synthetandCgs are the amounts of preprolactin and cyclin synthesized in

Elongation arrest and translocation assays
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A C sucrose cushion as described above. The supernatants (S1 and S:
= and the pellets (P) were analyzed by 12 and 15% SDS—PAGE.
;-.“ g %, INHTRTTION Nascent chains were visualized by autoradiography and proteins
g § i 100 were detected by immunoblotting with anti-SRP68 and anti-SRP14

2 e antibodies. Western blots were revealed using the Enhanced

T = Chemiluminescence system (Amersham).

—— - -lll—- -—pFl 25

ault Hydroxyl radical cutting reactions
1 2 3 4 5 0
13 Rkl The cleavage reactions were carried out as desctilSed—or

B D milder cleveage reaction the concentrations of ferrous ammonium
- o INHIBITION sulfate and EDTA were reduced to one half, 12.5 and 25 mM
2 100 - respectively. SRP RNA (0.1 pmol) and SRP9/14 were combined
g g D o at three different RNA:protein ratios (1:5, 1:10 and 1:50)jih 3

B ~ P HKMDN buffer. In the negative control, SRP9/14 was replaced

. 2] by the same amount in weight of bovine serum albumin (BSA).

— e - | RNA fragments were phenol/chloroform extracted and ethanol

e i precipitated. Pellets were resuspended and annealed to 0.3 pmo
T R o T 32p-labeled primer in 1@l annealing buffer (AB) containing

50 mM Tris, pH 8.5, 30 mM KClI for 3 min at 85 and 30 min

Figure 2. Heterodimer SRP9/14—-20C fails to confer elongation arrest activity at42’'C. Reverse transcription was carried out by Comb'nmg 2

to the particle. SRP was reconstituted in the presence of increasing amounts primer/template sample,jd 2 mM dNTPs in AB, Jul ddNTPs

the recombinant heterodimers SRP9/A and SRP9/14-20CBJ. The or AB (either 0.4 mM ddATP, 0.4 mM ddGTP, 0.2 mM ddCTP
concentration ?]f the parltially reconstitutethRP Iackilng 9/14 [RC&—9/14)] wasgr 0.125 mM ddTTP for the Sequencing reactions) amdi 1
37.5 nM in the translation reactions shown in lanes 1 and 3-5. e . . .

concentrations of the recombinant heterodimers were 0 (lane 1), 37.5 (lane ,everse transcriptase (1.6 U) in 50 mM TrIS, DH 8.5, 40 mM
1125 (lane 4) and 375 (lane 5) nM. The translation reactions shown in lane MJClz, 150 mM KCI, 5 mM DTT. After an incubation of 1 h at
were complemented with SRP buffe€ @nd D) Relative inhibiton of ~ 50°C, reactions were stopped by addition ofilddenaturing

accumulation of preprolactin as compared with cyclin. The ratio of preprolactingample buffer and the extension products separated on 8%
to cyclin in lane 1 was taken as 0% inhibition. Sequencing ge|s

the sample anBg andCyp are the amounts of preprolactin andRESULTS

cyclin synthesized in the absence of elongation arrest (SRP bufigtpg/14-20C competes with SRP9/14 for binding to SRP

or SRPY/14)7T = 100 x P/(pP + P), whereT is percent RNA and lacks the capacity to confer elongation arrest
translocationP is the amount of prolactin ap® is the amount  activity to the particle

of preprolacting). All calcuated values represent the average of

two or more independent experiments. The experimental errorlig examine the role of SRP9/14 in the elongation arrest function
+10% in the elongation arrest assay. of SRP, we decided to search for mutant SRP9 and SRP14
proteins that had specifically lost their capacity to confer
elongation arrest activity to the particle. However, the altered
proteins would still dimerize with the partner protein and form
Binding assays were performed as descrii€)l (Truncated stable complexes with SRP RNA. A previous analysis had shown
transcripts encoding the first 143 amino acids of PAI-2 (-hBthat 10 amino acids at the C-termini of murine proteins SRP9 and
Ig/l14in 21) (PAI-2/143) and encoding the first 130 amino acidSRP14 were dispensable for RNA binding and for elongation
of cyclin (cycl/130) were generated by digestion of PAy-B4  arrest activity of the particl€®). Analysis of the RNA binding
(pDB5909) and cyclin (pcyclin) cDNAs witBsp and Pst  capacities of truncated SRP14 protei§),( together with
respectively, followed by transcription with SP6 RNA polymeraseexperiments in which the truncated SRP14 proteins were assayed
Wheat germ translations (i) containing $5S]methionine were  for their capacities to confer elongation arrest activity to SRP
performed in the absence and presence of the truncated transcpjatsicles (results not shown), indicated that the heterodimer
PAI-2/143 and cycl/130 for 20 min at 4B6. The stable comprising an SRP14 protein lacking the C-terminal 20 amino
ribosome—nascent chain complexes were purified by pelletiragids, SRP9/14-20C, may have the wanted phenotype. Hence,
through a sucrose cushion (33) containing 50 mM HEPES, we decided to produce large amounts of the heterodimers
pH 7.5, 500 mM KOAc, 2.5 mM Mg(OAg)1 mM DTT, 0.01% SRP9/14-20C and, as a positive control, SRP9/14 in bacteria to
Nikkol, 0.25 mM CH and 0.5 M sucrose. After centrifugation instudy the effect of SRP9/14—20C on SRP functions in more detail.
a Centrikon TFT 80.2 rotor at 70 000 r.p.m. for 60 mir? &, 4he To express SRP14-20C, we introduced a stop codon into the
pellets were resuspended irnglBuffer (RSB) containing 50 mM SRP14 cDNA which replaced Met91 in the SRP14 protein
HEPES, pH 7.5, 50 mM KOAc, 2.5 mM Mg(OAcL mM DTT,  (Fig. 1A). This truncation removes a highly conserved region in
0.01% Nikkol, 0.25 mM CH. The supernatants were kept foBRP14. SRP9/14-20C and SRP9/14 were overproduced in
analysis (S1). Reconstituted SRP samples (1 pmol) were addetteria by simultaneous expression of SRP9 and SRP14 proteins
to the ribosomes and incubated for 10 min &C2énd for L hon from two independent, tandemly arranged, T7 polymerase-
ice. The volumes of the samples were adjustedjibusing RSB controlled transcription units (Materials and Methods). SRP9 was
(final [KOAC] = 70 mM) prior to centrifugation through a 50 more highly expressed than SRP14 from both plasmids. The

Ribosome binding assay
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purified proteins SRP9/14 and SRP9/14—20C are shown in Eigurewas 37.5 nM, whereas the concentrations of SRP9/14 and
Mouse SRP9 co-migrated with canine SRP9, whereas mouSBRP9/14-20C were equimolar (lane 3), 3- (lane 4) and 10-fold
SRP14 migrated slightly slower than canine SRP14 (lBg. (lane 5) higher than the concentrations of the other SRP
lanes 2 and 3), possibly, because it still contains the initiatoomponents. Thé>S-labeled proteins were displayed by SDS—
methionine which is removed in canine SRPA3).(The SRP9 PAGE (Fig.2A and B) and quantified using phosphorescence
and SRP14-20C proteins migrated in close proximity (Bg. imaging. The relative accumulation of preprolactin as compared
lane 2). However, the SRP14-20C protein could be visualizedth cyclin in the different samples was standardized to its
individually by immunoblotting with affinity purified anti-SRP14 relative accumulation in the presence of RC(—9/14) (Materials
antibodies (FiglC, lane 4). The heterodimers were assumed tand Methods).
have an equimolar composition based on the following criteria: In the positive control, SRP9/14 conferred maximal elongation
(i) equal intensities of Coomassie stained SRP9 and SRPa#est activity to the particle at equimolar concentrations of the
protein bands; (ii) the excess of SRP9 was removed during iprotein, thereby confirming the biological activity of the purified
exchange chromatography (Materials and Methods); (iii) nbeterodimeric protein (Fi@A and C). Increasing concentrations
excess of free SRP14 protein could be detected in the RNoA SRP9/14 had no additional effect on preprolactin synthesis.
binding experiments discussed below. Furthermore, this effect was specific for reconstituted SRP, since
To confirm the RNA binding activity of the recombinantin parallel control experiments, in which SRP9/14 was added to
heterodimer, SRP9/14-20C was bound at 200 mM potassidhe translation reactions in the absence of RC(-9/14), the ratio
acetate to SRP RNA and the free and RNA-bound proteins weretween preprolactin and cyclin synthesis remained the same
separated on 10-31% glycerol gradients. Based on the purificati#@sults not shown). In contrast to SRP9/14, SRP9/14-20C failed
procedure, we could not entirely exclude the possibility that tHe complement RC(-9/14) for its lack of elongation arrest activity,
heterodimeric protein samples contained an excess of SRFenen in the presence of a 10-fold excess of the heterodimeric
protein. In addition, SRP9 and SRP14-20C co-migrate dprotein over the other SRP components @gand D). In some
SDS-PAGE. We therefore chose to analyze the proteins Byperiments we observed an increase in cyclin and preprolactin
immunoblotting with anti-SRP14 antibodies. The RNA contengynthesis upon addition of SRP9/14-20C or of a large excess of
was revealed by ethidium bromide staining (AiD. and E). SRP9/14 (Fig2A and B). However, since the ratio of cyclin to
SRP9/14-20C and the positive control SRP9/14 co-migratddieprolactin synthesis was unchanged, it remained within the
with SRP RNA in fractions 8-11, demonstrating that they wer&0% error limit, as for RC(-9/14) (FigD), this effect did not
bound to the RNA. Free proteins migrate in the uppermo#iterfere with interpretation of our results.
fractions in these gradient®4j, whereas free RNA migrates at _In competition experiments, SRP components, including
a similar position to the RNA—protein complex because of theRP9/14, were combined at an equimolar ratio in the presence of
small difference in molecular mass between free RNA and thacreasing SRP9/14-20C concentrations. The SRP samples were
complex (100 and 122 kDa respectively). Thus, the RNA:proteffien added to translation reactions programed with synthetic
ratio in the different fractions was determined by the presenceRfeprolactin and cyclin transcripts. We found that increasing
free RNA and RNA—protein complex. The apparent absence gpncentrations of the competitor, SRP9/14-20C, resulted in
SRP RNA in the flanking fractions where the protein could béiminished elongation arrest activity of the particle (BjgThis
detected is most likely explained by a lower sensitivity offfect was specific for reconstituted SRP, since increasing
detection of the RNA. As expected from the previous findinggoncentrations of SRP9/14-20C in the absence of RC(9/14)
that neither protein alone binds to SRP RNA)(we detected a during translation had no effect on synthesis of full-length
single broad protein band co-migrating with SRP RNA in Si|\,e|arep_rolact|_n and cyclin (results not shown). Hence, these res_ults
stained gels of SRP9/14—20C glycerol gradients; consistent wRFoVide evidence that assembly of SRP9/14-20C into the particle
co-migration of SRP9 and SRP14—20C. caused _t_he defect in elongation arrest f_unctlon of the partu_:le. The
The recombinant proteins were then used in complementati§RMPEettion experiments also confirmed the capacity of
and competition experiments. Mammalian SRP can be reconstituieigh 9/14-20C to bind to the RNA, albeit at a slightly reduced
in vitro from the canine proteins SRP68/72, SRP54 and srpgfficiency as compared with SRP9/14. A 5-fold excess of
murine SRP9/14 anid vitro synthesized SRP RNALE). The SRP9/14—_2_0C over SRP9/14 was required to reduce elongation
elongation arrest activities of the reconstituted particles wa&¥rest activity of the particle 2-fold (Fig, lanes 1 and 4).
subsequently assayed by quantifying their specific effect drowever, because of the uncertainty associated with the con-
synthesis of a secretory protein standardized to synthesis ofgltrations of the heterodimers, the exact difference in affinity
cytosolic protein. In the following reconstitution experimentsVas not quantified.
canine SRP19 was substituted by human SRP19 produced in
bacteria (see Materials and Methods and Hg). Equimolar
amounts of SRP components were combined in the presenceR6i(9/14—-20C) is functional in translocation and in direct,
increasing concentrations of either SRP9/14 or SRP9/14—-26@nal sequence-independent ribosome binding
and the reconstituted particles were added to translation reactions
programed with synthetic preprolactin and cyclin transcripts thlext, we wanted to examine whether particles containing
determine elongation arrest activity (F@). As a negative SRP14-20C, RC(9/14-20C), exclusively lack elongation arrest
control, the translation reactions contained either buffer or activity or whether they have other functional defects. The three
partially reconstituted particle lacking SRP9/14, which we calledther functions of SRP that can be studliedtro are the signal
RC(-9/14) to distinguish reconstituted particles from proteinsecognition and targeting functions and the capacity of SRP to
RC(-9/14) is deficient in elongation arrest activif). (The bind to ribosomes directly in a signal sequence- and nascent
concentrations of the SRP components in the translation reacti@hmsin-independent fashion.
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Figure 3. Heterodimer SRP9/14-20C competes efficiently with wild-type Figure 4. Signal recognition and targeting functions are intact in
SRP9/14 for assembly into SRP and concomitantly abolishes elongation arredRC(9/14—20C).A) Translocation of preprolactin was assayed in the presence
activity of the particle.A) All SRP components, including SRP9/14, were of the different reconstituted samples as indicated at the top of each lane.
combined at 0.51M each in the presence of increasing concentration of SRP-depleted canine microsomes were present in all samples at 0.15
SRP9/14-20C: 0 (lane 1), 0.5 (lane 2), 1.25 (lane 3), 2.5 (lane 4), 3.75 (lane 5¢quivalentgil. (B) The preprolactin (pPl) to prolactin (PI) ratio was determined
and 5 (lane 6uM. The negative control, RC(-9/14), is shown in lane 7. The as described in Materials and Methods. Buffer, SRP sample was replaced by
final concentration of the reconstituted particles in the translation reactions wasuffer; RC(-9/14), particles lacking SRP9/14; SRP, canine SRP; RC(9/14) and
50 nM. B) Relative inhibition in accumulation of preprolactin as compared RC(9/14-20C), particles reconstituted with SRP9/14 and SRP9/14-20C
with cyclin. RC(-9/14) in lane 7 was taken as a standard for 0% inhibition.  respectively.

To examine the signal recognition and targeting activities of Two modes of interaction between SRP and ribosomes can be
RC(9/14-20C), we determined its capacity to promote translocatiatistinguished by their sensitivities to salt concentration. The high
SRP(S), which comprises the S portion of SRP RNA, SRP18alt-resistant interactions reflect signal sequence-dependent binding
SRP54 and SRP68/72, and RC(—9/14) have both been showmnt&RP to ribosome—nascent chain complexes. Ribosome binding
be functional in signal recognition and targeting and to translocaté SRP at physiological or lower salt concentrations is independent
secretory proteins into the ER co-translationally, albeit at aof nascent chaing () and reflects direct interactions between the
efficiency 50% lower than that of complete canine SRR12). ribosome and SRP. SRP binding to ribosomes at low salt was
If RC(9/14-20C) was functional in signal recognition andound to be very sensitive to omission of single SRP subunits,
targeting, we would expect it to promote co-translationaince it required the presence of all SRP componkitsBased
translocation at least as efficiently as RC(—9/14). To determine g these results, SRP binding to ribosomes at low salt concentrations
capacity to promote translocation, different SRP samples wepeovides a very sensitive assay to detect changes in the molecular
reconstitutedin vitro and added individually to translation interactions of SRP and ribosomes.
reactions programed with preprolactin and cyclin synthetic Hence, we examined the capacity of RC(9/14-20C) to bind in
MRNAs and complemented with SRP-depleted canine microsomas.nascent chain-independent fashion to ribosomes. As an
SRP-depleted canine microsomes are translocation incompetendliternative for a secretory protein we used plasminogen activator
the absence of exogenously added SRP. The products of thieibitor-2 with an altered signal sequence, PA§i24 This
translation/translocation experiments were analyzed by SD®+otein has previously been shown to translocate efficiantly
PAGE. The translocation efficiencies of the different samplegtro (21). Cyclin was used as a cytoplasmic protein. The
were compared with the translocation efficiency of canine SRelongation-arrested nascent chains of PAd#land cyclin
(Fig.4). The positive control, canine SRP, promoted translocatiaomprised 143 and 130 amino acid residues respectively. Wheat
of preprolactin at an efficiency of 75%. As previously observederm ribosomes alone and associated with nascent chains of
(25), fully reconstituted SRP, RC(9/14), was slightly lesdPAl-2-Igl14 and cyclin were purified by centrifugation through a
effective in promoting translocation of preprolactin than caninkigh salt sucrose cushion. This procedure removes the nascent
SRP. Notably, RC(9/14-20C) had the same translocation capa@tylypeptide-associated comple36) as well as non-ribosomal
as RC(-9/14), demonstrating that these particles are functionalwheat germ proteins from the ribosomes. The nascent polypeptide-
signal recognition and in targeting of nascent chain—-ribosonassociated complex has been found to modulate signal sequence
complexes (Fig4, lanes 2 and 4). In addition, this resultindependent interactions between SRP and the ribosine (
confirmed the presence of SRP68/72 within the particle, since Tihe supernatants of the centrifugation (Bjg1) were included
its absence only elongation-arrested nascent chains are translocetdétle analysis described below. The ribosomes and the nascent
(6). chain—ribosome complexes found in the pellet were resuspended
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nascent chains (Fi§A—C). The anti-SRP68 antiserum showed

A
cross-reactivity with a slightly larger protein in wheat germ
RCE9/14) RCiNL4) RC(9/14-20C) extract (Fig5, S1). However, the cross-reactive protein did not
. : sediment with the ribosomes and therefore did not interfere with
51 hord F s1 52 b1 3

-

%) g &
L]
e ¥ i - SRPES

the analysis. Association of the particles with the ribosomes as
well as the presence of the SRP14 proteins within the particles
were confirmed using affinity purified anti-SRP14 antibodies in
the Western blot analysis shown in Figé# The negative
control, RC(-9/14), was defective in ribosome binding and was

-— -_— found in the supernatant of the gradient (BAj), in agreement
- R e e with previous results1().
. These results demonstrated that RC(9/14—20C) and RC(9/14)
i & & & & i have a comparable capacity to bind directly to ribosomes in a

signal sequence-independent fashion. Thus, the removed region
is not critical for SRP binding to ribosomes; its absence
specifically impairs interactions with the ribosome that are
required to effect elongation arrest.

RC(%14) RC{%14-20C)

51 52 i 51 52 P
“""’ - ﬂ.“a ~—SRP68
— ' — !-ﬂ—l)lﬂ

1 F 3 4 5 &

Hydroxyl radical probing of SRP RNA complexes with
SRP9/14 and SRP9/14-20C

The slightly different affinities of the two heterodimers for SRP
C RNA in the competition experiments suggested that subtle

RCI14) ROIW14-200) . . . . .
changes in protein—RNA interactions exist. RNA cleavage by

o G A O hydroxyl radicals has previously been used to study the canine
W ;_ SRP9/14-SRP RNA complex9). The hydroxyl radical cleavage
O e reagent, which attacks the ribose backbone, is a valuable tool to
probe the tertiary structure and protein binding sites in RNA
- ~=PAL2 (27,28), since it cleaves RNA independently of its secondary
b - structure.
boror e SRP9/14 and SRP9/14-20C and, as a negative control, the

_ _ _ S _ same amount of bovine serum albumin were incubated with SRP
Flaure 5. Rc(sij’l“t‘fzoi? prfse.rt‘)’e“ s capacly to b'”;lg"eg'y InanasceNiRNA and exposed to the hydroxyl radical cleavage reagent
chain-independent fashion to ribosomes. Ribosomes #pre§ associate -
with truncated cyclin B) and truncated PAI-Zl14 (C) were sedimented (Mate“als and, Meth,Ods)' The cleaved _prOdUCts were analyzed by
through high salt sucrose cushions to remove NAC. Binding of differentPrimer extension with reverse transcriptase. Comparison of the
particles to salt-washed ribosomes was assayed by sedimenting the complexgleavage patterns revealed that four sites in the Alu domain of
through sucrose cushions at a salt concentration of 70 mM potassium acetaBRP RNA became more sensitive to hydroxyl radical cleavage in

(Materials and Methods). S1 and S2, supernatants of first and secon B - :
centrifugations; P, ribosomal pellet; Cycl and PAg24, 35S-labeled nascent ﬂ1e SRP9/14-20C-RNA complex as compared with the

chains of a cytosolic and a secretory protein respectively. SRP68 and SRPI2RP9/14-RNA complex (FiA). These sites are represented by
proteins were revealed by immunoblotting. RC(9/14) and RC(9/14-20C)the fragments extending to positions C37/U38, C79 and A88.
reconstituted particles comprising SRP9/14 and SRP9/14-20C proteinf{ence, the nucleotides preceding the extended products,
respectively; RC(-9/14), particles lacking SRP9/14. A36/C37, U78 and C87, became more sensitive to attack by
hydroxyl radicals. These differences were highly reproducible
and clearly visible at low protein concentration at positions C37,
and incubated with RC(9/14) and with RC(9/14—20C) at a findl78 and C87. Higher protein:RNA ratios increased the sensitivity
salt concentration of 70 mM potassium acetate. As a negatige the same sites and revealed an additional hypersensitive
control, we also included RC(-9/14) in the binding experimentsucleotide, A36. To confirm that these sites were hypersensitive
with ribosomes alone. Binding of the different reconstitutedo cleavage by hydroxyl radicals, we repeated the cleavage
particles to the ribosomes was monitored by centrifugation of theactions choosing milder reaction conditions. Under the modified
complexes through a sucrose cushion. Bound particles wouwddnditions, the reactivity was strongly diminished at all positions
sediment with the ribosomes into the pellet (Bi¢?), whereas except at the hypersensitive nucleotides C37 and C8768jig.
unbound particles would be found in the low density fractiondgain, the increased sensitivity at position A36 was exclusively
(Fig. 5, S2). Sedimentation of the ribosomes is revealed by thabserved at higher protein:RNA ratios. The U78 position was not
presence of elongation-arrested nascent chains in the pellBB(Fig.hypersensitive to cleavage under milder conditions. We reproducibly
and C). observed a considerable background in the reverse transcription
The different samples were displayed by SDS—PAGE araf uncleaved SRP RNA (Fi6A, R). Such a background has been
analyzed by autoradiography and by immunoblotting witlobserved for many RNA species and is commonly thought to
anti-SRP68 and anti-SRP14 antibodies. Immunoblotting withesult from premature termination of the reverse transcriptase
anti-SRP68 antiserum indicated that the positive control sampleithin regions with highly stable secondary structugs20).
RC(9/14), and the experimental sample, RC(9/14—20C), sedimentéowever, the background does not interfere with the intelipreta
together with the ribosomes in both the absence and presencefadur data because: (i) it relies on comparing signals of cleaved
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Compared with the negative control, bovine serum albumin,
the regions protected from hydroxyl radical cleavage in the
presence of SRP9/14 and of SRP9/14-20C were the same, thus
confirming that SRP9/14—-20C binds efficiently to SRP RNA.
The protected regions were also similar to those reported
previously for canine SRP9/149). Region | [corresponding to
region Il in Strubet al (19)] could be observed at low
protein;:RNA ratios, whereas regions Il and llI (regions Il and IV
in the previous paper) could only be detected at higher
protein:RNA ratios. Furthermore, we observed a protected region
around nt 66—70 in SRP RNA at very high protein concentrations
which has previously not been detected at lower protein:RNA
ratios. The requirement for high protein:RNA ratios for detection
of the protected regions may be explained by the different
composition of the RNA—protein complexes. Previously, we used
authentic canine SRP RNA and SRP9/14, whereas in the
experiments here we usedvitro synthesized SRP RNA and
mouse SRP9/14. In addition, hydroxyl radical cleavage reactions
were carried out at a 10-fold lower complex concentration than
the elongation arrest assays. Thus, a difference in the affinity of
the murine and canine proteins for SRP RNA could explain the
observation that higher concentrations of murine protein are
required for efficient binding to the RNA. Furthermore, we
reproducibly observed a high premature termination rate of
reverse transcriptase in the region comprising nt 40-60 in SRP
RNA, which makes it more difficult to reveal protection patterns.

In summary, we observed similar protection patterns for murine
SRP9/14 and SRP9/14-20C, as expected from their RNA binding
activities. However, significant changes in protein-RNA interac-
tions were uncovered by the appearance of hypersensitive sites in
the second stem-loop structure and in the central stem of SRP
RNA in the SRP9/14-20C-RNA complex (F&). The same
sites lack sensitivity to the reagent in the absence of the protein,
suggesting that SRP9/14—20C induces a more open conformation
at these positions in SRP RNA.

DISCUSSION

We generated an altered heterodimeric subunit of SRP,
SRP9/14-20C, which, when assembled into the particle, specifically
lacks the capacity to confer elongation arrest activity to the
particle. The results of a functional analysis of reconstituted
particles comprising SRP9/14-20C, RC(9/14-20C), provide
conclusive evidence that direct interactions between the components
of the Alu domain of SRP and the ribosome are required to effect
elongation arrest. The loss of elongation arrest activity of
RC(9/14-20C) arises upon removing a conserved region in the

Figure 6. Alterations in the hydroxyl radical cleavage pattern of SRP RNA in
the presence of SRP9/14 and SRP9/14-20C heterodimeric prdigifitie(
primer extension products of the cleavage reactions were displayed on an 8 M
urea—6% polyacrylamide gel. Black arrows indicate the hypersensitive sites
exclusively observed in the SRP9/14-20C complex. Numbers to the left
indicate the position of SRP RNA as deduced from a sequencing reaction run
in parallel. The hypersensitive nucleotides precede the extension products. R,

RNA in the presence of different proteins; (||) the observedRP RNA; B, bovine serum albumin; W, SRP9/14; M, SRP9/14-20C. Regions

hypersensitive sites do not coincide with strong termination sit
. . on
of reverse transcriptase. In contrast, the strong signal observeoﬁgé

e@meered -1V are protected in the presence of the proteins. Regions |-llI

espond to regions |-V in Strebal (19). Region IV has not previously
n detectedB] Cleavage pattern in the 30—40 nt region in SRP RNA using

position 46 and 47 (lane M) is most likely explained by prematurenilder hydroxyl radical cleavage conditior8) Secondary structure model of

termination.

the Alu portion of SRP RNA. Arrows indicate hypersensitive sites.
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C-terminal part of SRP14 comprising amino acid residugsrotein—RNA interaction. Minor changes in protein—RNA interac-
90-100 and correlates with a conformational change in the Ations may result in small tertiary structure changes in SRP RNA.
portion of SRP RNA, as indicated by the appearance dfhe model is also indirectly supported by the structure of the
hypersensitive cleavage sites. Based on these results, we sughettrodimeric protein compleR1). This region has been found
that truncation of SRP14 abolishes elongation arrest activity by contribute to the dimer interface of the heterodimeric protein.
changing the tertiary structure of the Alu portion of SRP RNASpecifically, Gly93 and Lys95 form hydrogen bonds with amino
thus revealing a critical role of the RNA moiety in the elongatioacid residues of SRP9 and Leu94 is part of the hydrophobic core
arrest function. between the two proteins. It is therefore very unlikely that this
Elongation arrest activity of SRP requires the presence of a#igion also makes direct contacts with the ribosome to effect
SRP components. A role for the Alu domain and the heterodimelongation arrest.
SRP9/14 in elongation arrest has previously been suggested bt this moment we cannot distinguish whether the subtle
the absence of elongation arrest activity in reconstituted particlelsanges in protein—RNA interaction result from the loss of a
lacking the complete Alu domain or SRP9/14,80). Later direct contact between the C-terminal domain of SRP14 and SRP
experiments demonstrated that the same particles were aRNA or from conformational changes in the heterodimer that
defective in binding directly, in a nascent chain-independeindirectly interfere with RNA—protein contacts. As mentioned
fashion, to ribosomes5,(0). Their elongation arrest-negative before, amino acid residues 93-95 contribute to direct interac-
phenotype could therefore indirectly result from a more genertibns between SRP9 and SRP14 and it is feasible that their
defect of the particle, such as the loss of its capacity to bii@moval changes the conformation of the heterodimer without
directly to ribosomes. greatly reducing its stability and the stability of the RNA—protein
We have previously shown that the removal of 10 amino acigbmplex.
residues at the C-termini of SRP14 or SRP9 failed to interfere The conformational change in SRP RNA in the SRP9/14-20C—
with the RNA binding capacity of the heterodimer and with thé&NA complex is indicated by the appearance of hypersensitive
elongation arrest function of reconstituted particlég).( sites. They are located outside the protected regions and are
SRP14-20C, which lacks 10 more amino acid residues at theecifically induced by binding of SRP9/14-20C to SRP RNA,
C-terminus, forms a heterodimeric complex with SRP9 that caince they are absent in naked RNA and in the SRP9/14-RNA
be purified from bacterial extracts and the heterodimer binds wigemplex. The structure of the RNA and the RNA-protein
a similar, albeit slightly reduced, affinity to SRP RNA. Thecomplex are as yet unknown and the observed hypersensitivity
particles comprising SRP9/14—20C, RC(9/14—20C), have intag@n therefore not be interpreted in exact structural terms.
signal recognition and targeting functions and bind with a simildiowever, the increased accessibility to the reagent most likely
efficiency to ribosomes as particles reconstituted with wild-typeflects a more open structure of the RNA in the specific regions.
SRP9/14. Based on these results, the complete loss of elongafiée nucleotides A36 and C37 are in the loop of the second
arrest activity of RC(9/14—20C) cannot be explained by a stronghjem-loop structure. The potential for base pairing between the
diminished affinity for the ribosome or by major conformationaloops of the first and the second stem-loop structuresgEjg.
changes within the particle. Rather, it results from loss of specifitas been conserved in evolution, suggesting the existence of a
interactions between SRP and the ribosome that are necessaijs@udoknot structure formed between the two Id&)slf fact,
effect elongation arrest. it has been hypothesized that base pairing between the two loops
An important functional role for the C-terminal region inmMay result in formation of a tRNA-like structure lacking the
SRP14 is also supported by the high conservation of its amigéticodon stem and that this structure would then interact with the
acid sequence in mammalian, plant and yeast SRP14 proteifg9some to effect elongation arreSB,34). Interference of
(Fig. 1). In the regions corresponding to amino acids 90-100 §RP9/14-20C binding with the formation of a putative tRNA-
murine SRP14, five amino acid residues are completely consen/i§ structure is certainly an attractive hypothesis to explain the
between all known SRP14 proteins and conservative substitutiond¥§gative effect of the more open structure in this region on

amino acids with similar physicochemical properties are found §tongation arrest function. _
three additional positions. Thus, eight out of 10 amino acid OUr results provide conclusive evidence that the components of

residues are conserved within this region, whereas the overf} Alu domain of SRP interact directly with the ribosome to

conservation of amino acid residues between the murine and fffect elongation arrest and support a crucial role of the RNA

other SRP14 proteins are 50, 40 and 30% Ambidopsis Moiety in this function. The intimate relationship between the

thaliana Oryza sativa(rice) and Sassharomyces cerevisiae structure o_f the RNA and the_ structure _of the protein will make it

(yeast) respectively. The identity of the amino acids which pl challenging task to determmg unequivocally whe_ther the RNA

a direct or indirect role in the elongation arrest function remairidone or the RNA and the proteins together make direct contact(s)

to be determined. W!th the rlbosome. M_aybe _the interacting partnersin the ribosome
How does the absence of this region interfere with elongatioil! have to be identified first to answer this question.

arrest activity of the particle? We favor a model in which

truncation of the SRP14 protein abolishes the elongation arreggt KNOWLEDGEMENTS
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