318-325

Nucleic Acids Research, 1997, Vol. 25, No. 2

0 1997 Oxford University Press

The SRP9/14 subunit of the human signal recognition
particle binds to a variety of Alu-like RNAs and with
higher affinity than its mouse homolog
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ABSTRACT

The heterodimeric subunit, SRP9/14, of the signal
recognition particle (SRP) has previously been found
to bind to scAlu and scB1 RNAs  in vitro and to existin
large excess over SRP in anthropoid cells. Here we
show that human and mouse SRP9/14 bind with high
affinities to other Alu-like RNAs of different evolution-
ary ages including the neuron-specific BC200 RNA.
The relative dissociation constants of the different
RNA—protein complexes are inversely proportional to
the evolutionary distance between the Alu RNA
species and 7SL RNA. In addition, the human SRP9/14
binds with higher affinity than mouse SRP9/14 to all
RNAs analyzed and this difference is not explained by
the additional C-terminal domain present in the anthro-
poid SRP14. The conservation of high affinity interac-
tions between SRP9/14 and Alu-like RNAs strongly
indicates that these Alu-like RNPs exist  invivo and that
they have cellular functions. The observation that
human SRP9/14 binds better than its mouse counter-
part to distantly related Alu RNAs, such as recently
transposed elements, suggests that the anthropoid-
specific excess of SRP9/14 may have a role in
controlling Alu amplification rather than in compensat-
ing a defect in SRP assembly and functions.

INTRODUCTION

these components interact with the ribosome to effect elongation
arrest remains to be elucidated.

SRP9 and SRP14 proteins form a stable heterodimer
(SRP9/14) and it is exclusively the heterodimer that binds with
high specificity to 7SL RNAY). The SRP14 proteins in higher
primates (anthropoids) are larger than other mammalian SRP14
proteins 6-8). The observed size variation is due to the
translation of a GCA trinucleotide repeat at theer®d of the
coding region of SRP14. The additional C-terminal domain in the
protein is composed of alanines, few threonines and prolines and
varies in size from 26 to 54 amino acids depending on the
anthropoid species. The expansion of the GCA trinucleotide
repeat occurred upon divergence of the prosimians and the
anthropoids, concomitantly with the duplication of the SRP14
gene. During anthropoid evolution, the repetitive sequence was
shortened again and the human protein has the smallest, 26 aminc
acids long, additional C-terminal domain. Furthermore, SRP14
and SRP9 proteins in anthropoids were found to accumulate in a
20-fold excess over SRP, probably due to an increased synthesis
rate of both proteins{8).

The SRP subunit SRP9/14 has recently been shown to bind to
small cytoplasmic Alu RNAs (scAlu RNAB) vitro andin vivo
(6,7,9) suggesting the existence of a novel class of sScCRNPs that
contain RNA and protein subunits related to SRP (for review see
ref. 10). The RNA moieties of these novel scRNPs are matured
transcripts derived from the Alu family of repetitive sequences in
the primate genomel{,12). The very abundantT{ million
copies in the human genome) and highly dispersed Alu sequences
are phylogenetically derived by retroposition from tharil 3

The signal recognition particle (SRP), a cytoplasmic ribonuclederminal sequences of the 7SL gene (for review on Alu sequences
protein particle, mediates co-translational translocation of proteisse refsl3 and14). The amplification rate of Alu elements has
into the endoplasmic reticulum (ER) in eukaryotic célg)(SRP  been much higher in anthropoids than in prosimian and rodents
specifically recognizes the signal sequences of nascent chains étig-18). The oldest Alu elements identified so far, the fossil Alu
subsequently targets the nascent chain—ribosome complex to thenomers (FAM), contain one copy of the Alu sequences of the
membrane of the ER. During the targeting process, SRP effectz3L RNA gene. The FAM elements diverged into the families of
delay or an arrest in the elongation of the nascent chain therdbg free left (FLAM) and the free right (FRAM) Alu monomers
ensuring a cotranslational mode of protein translocafipbie  (19-21). The modern Alu repetitive element is composed of a
elongation arrest activity of SRP is dependent on its signdabht and a left Alu monomer which are separated and followed
recognition function, which resides in the 54 kDa subunit (SRP54)y A-rich tracts {4). The dimeric Alu repeats were classified into
and on the components in the Alu-domain of SRR).(The subfamilies of distinctive evolutionary agég) The Alu RNAs
Alu-domain comprises the sequences at ttaa® 3 ends of 7SL  that were found to accumulate in the cytoplasm of primate cells
RNA (SRP RNA) that are homologous to the Alu family ofinclude dimeric Alu and scAlu RNAs that are transcribed from
repetitive sequences and two polypeptides SRP9 and SRP14. H@akious loci representing predominantly younger Alu subfa-
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milies. The dimeric and scAlu RNAs accumulatel#f and 16  SRP9 sequences precedes the one containing the SRP14 se
copies per cell, respectively, and exist as RNP,23). The quences. Because of the instability of murine SRP14 in bacteria,
BC200 RNA, another Alu-like RNA in primates, is expressedRP9 accumulates in excess over SRP14 in bacteria expressing
from a single gene that is highly homologous to the FLAMoth proteins. To express the truncated human SRP14 protein
sequences and more closely related to the 7SL RNA gene thaiftBRP14AR), the codon of alanine 108 in the human SRP14
dimeric Alu elements. In addition to the Alu sequences at its BDNA was changed to a stop codon by PCR. The coding regions
end, BC200 RNA contains a central adenine-rich region and 48all expression plasmids were sequenced. Bacteria BL21(DE3)
unique terminal nucleotides. The BC200 RNA is expressed inteansformed with the different plasmids were grown in a 1 |
subset of neurons in primates and localizes specifically to tlalture and protein synthesis induced with 0.8 mM isopropyl-
somato-dentritic regior2g,25). -b-thiogalactopyranoside for 3 h. Clarified cell lysate were

The rodent genome contains B1 repetitive elements, which aybtained as describeds). Lysates containing SRP9 and SRP14
monomeric 26). A subset of B1 elements are transcriptionallywere combined at a ratio of 2:1. After 30 min &C4both
active and expressed as matured small cytoplasmic B1 RNAeconstituted dimers were purified on 15 ml heparin and CM
(scB1 RNA) @7,28). The scB1 RNAs were also found to bind tocolumns (Bio-Rad). The concentrations of the purified proteins
human SRP9/1# vitro (9,29). The 4.5S RNA genes representwere quantified by measuring the optical density at 280 nm. The
another family of Alu-related sequences in rodents that lacks $pecific absorption coefficient was calculated based on the
terminal sequences as compared with B1 elent&jtslthe 4.5S  absorptions of tyrosine and tryptophane which are 1.2 and 5.6
RNA lack the typical cruciform structure at theehd of 7SL  AxggdmM respectively.
RNA (28,31). The putative functions of Alu-related scRNPs in
rodents and primates remains to be elucidated. Plasmids expressing various Alu-like RNAs

The addition of the C-terminal tail in SRP14 and the
overexpression of SRP9 and SRP14 proteins as well as the mdjBe constructs p7S1-A, p7Salu, p7Sswt and pSscAlu were
amplification of Alu sequences occurred during the Samdescrlbed previously6(35,36). pSscAlu was renamed in this
evolutionary period suggesting a relationship between the eveR@Per to pSscAlU/LDL. Generally, the Alu sequences were
(8). We wanted to examine whether Alu-like RNAs other tha@mplified from various cDNAs with the PCR usirigpimers,
scAlu and scB1 RNAs can bind to SRP9/14. Furthermore, wighich add the T7 RNA polymerase promotor at the correct
wanted to compare the relative affinities of human and mou%)Sltlon atthe'ﬁand, and '&)rlmers, which introduce a restriction
SRP9/14 for various Alu-like RNAs. Our results demonstrate th&fte at the 3end of the RNA sequences. The scadtéto RNA
both heterodimers bind to a large variety of Alu-like RNAs, an@nd the dimeric Alu RNA sequences were amplified from the
that the human SRP9/14 heterodimer binds significantly bettBBmana-fetoprotein gene (nt 5059-5176 and nt 5059-5345,
than murine SRP9/14 to all of them, including the murine scB/Espectively) §7). BC200 RNA sequences were amplified from
RNA. The difference between the two proteins is not due to tiee BC200 RNA gene?(l).The scB1 sequences were amplified
additional C-terminal domain, but resides within the conserveiom the pscB1-10 cDNA clon&g). The 4.5S RNA sequences
portion of the two proteins. The affinities of both proteins for th#vere amplified from the genomic clone (pSP64-4.5S) of 4.5S
RNAs decrease with increasing evolutionary distance betwe&NA (38). The right Alu monomer sequences were amplified
the Alu RNA and 7SL RNA, however, human SRP9/14 preservdtpm C33 antigen cDNA (nt 1463-16179. The resulting
a high affinity for even very distantly related Alu RNAs, such aglasmids, pPscAlatfeto, pPAIURNA, pPBC200, pSscBl,

recently transposed Alu elements, indicating a possible functi®$4.5S and pSright were linearized v8the, Ssp, Dral, Xhd,
for these complexes in Alu amplification. Dral and Ndd, respectively, forin vitro transcription. The

plasmids expressing U2, U4 and BC1 RNA were kind gifts from

Angela Kréamer, Patrizia Fabrizio and Dieter Zopf, respectively.
MATERIALS AND METHODS

RNA binding experiment of Alu-like RNAs to SRP9/14

) ) ) hSRP14 and mSRP14 were synthesized in wheat germ extract as
The coding regions of human and murine SRP14 and SRBReviously describeds(35). The35S-labeled proteins were bound
cDNAs (6,32,33), (the human SRP9 cDNA was a kind gift of H.in the presence and in the absence of recombinant mSRP9 (1
Leffers) were inserted into tiédd andBanH sites of the pET  pmol/binding reaction)3) to 1 pmol biotinylated RNA in 50 mM
expl’eSSion VeCt0r§4). The murine SRP9 and SRP14 COdlngHEPES_KOH pH 7.5, 350 mM potassium acetate, 3.5 mM
regions were inserted into two independent T7 transcription uniigagnesium acetate and 0.01% Nikkol. The bound and free proteins

in tandem on the same plasmid (pET9a). To this end, the SRR8re separated using streptavidin beads as descrit&).in (
and SRP14 coding regions were first inserted intdNthak and

BanH| sites of pET3a and 9a, respectively (pbE9C and pE14Karn)
The SRP9 coding region and the adjacent T7 promotor anél
terminator sequences were then amplified with the polymerakarge scale transcriptions were done in 1 ml of 40 mM Tris—HCI
chain reaction (PCR) from the plasmid pE9C using an oligonyH 8.1, 1 mM spermidine, 1 mg/ml bovine serum albumin (BSA,
cleotide that was complementary to the sequences comprising $igma), 0.01% Triton X-100, 5 mM DTT, 25 mM MgCl mM

Bglll site of pET3a and an oligonucleotide that introducBdlia  each NTP, 39 U/ml RNase inhibitor (Promega), SQltigearized

site at thé&EcdRV site in pET3a. The amplified DNA was cut with DNA, 10 Ujll T7 RNA polymerase. After 2 h at 32, the RNA

the restriction enzyme&cll andBglll and the fragment inserted was purified on a preparative 7.5 M urea/8% PAGE. The RNA was
into theBglll site of the pE14Kan plasmid resulting in plasmidvisualized by UV shadowing and the main band was excised and
pE9-14dim. In pE9-14dim, the transcription unit containingeluted from the gel with 5 ml 0.3 M sodium acetate for 4 i@t 4

Purification of mMSRP9/14, hSRP9/14 and hSRP9/AR

rge scalein vitro transcription
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After ethanol precipitation, the RNA was dissolved in 10 mivhigh concentration of 7S-Alu RNA (containing a trace of

HEPES-KOH pH 7.0 and stored 464 The quality of the different 32P-labeled 7S-Alu RNA) in binding buffer (8/sample) with

RNAs was controlled by analytical 7.5 M urea/8% PAGE. various amount of proteins|@sample). The final concentration
of cold RNA was 25 nM.

Labeling of 7S-Alu RNA

Labeling of 7S-Alu RNA with ¢-32PJUTP was carried out in
10l transcription reactions containing 1 mM each ATP, CTPA mix containing a constant amount of cold 7S-Alu RNA and
GTP, 20uCi [a-32P]JUTP (800 Ci/mmol) (Amersham), 0.2/ 32p-|abeled 7S-Alu RNA as a tracer was splitin different aliquots
RNase inhibitor, 50 ngl linearized DNA and 10 W T7 RNA (6 pl/sample) containing different amounts of cold competitor
polymerase. After 2 h at 3T, the labeled RNA was purified by RNA (2 pl/sample). Based on the results of the simple binding
75 M urea/8% PAGE. The concentration of the RNA wagxperiments, the concentrations of 7S-Alu RNA and of the
calculated from the specific activity of tree$2PJUTP and from protein were chosen to ensure 98% binding of the protein.
the number of UTPs present in the transcript. A 50-fold excessf@mples were mixed and incubated with a constant amount of
weight of poly(rG) (Boehringer) was added as a non-specifigroteins (2ul/sample). The final concentration of unlabeled
competitor to the eluted RNA before ethanol precipitation. ~ 7S-Alu RNA and protein was 30 and 25 nM, respectively.

. . . . . Kd7S—AIu I:207S—Alu [ RcomF]
= X 2
Complex formation and nitrocellulose filter binding assays K acomp Rocorp . [RorsaiP]

Direct competition experiments

RNA and protein were combined in a total volume ofpd0 P ; ; — fyn .
50 mM HEPES—KOH pH 7.5, 250 mM potassium acetate, 5 m%jzlizg]l nioucgnFsel)d?eSriltLogntg aéc‘)[ﬁ;d:]%ngnp B)[?UEOZSL;S'\'i
magnesium acetate, 0.01% Nikkol, 1 mM DTTugdml bovine § ; ol ; .

serum albumin and 39 U/ml RNase inhibitor (binding buffer)RmS'A'd' this equation can be transformed into equatishere

Samples were incubated for 10 min &€0nd 10 min at 3T the slope represericomgKars-au

and were then transferred on ice. Samples were filtered without Rocomp Kacomp 1

dilution through nitrocellulose at € and were washed once with Ry adlo — V)~ Kasau X[y -1l 3
200l 50 MM HEPES—KOH pH 7.5, 250 mM potassium acetate, ) o ) )

5 mM magnesium acetate, 1 mM DTT and once with 1G9 The left side of the equation is denominated by F in the

the same buffer but containing 100 mM potassium acetaf@@phical representation.of.au and Rcomp are the input
Additional washes had no effect on the amount of RNA retain(%f‘”cemr"?‘t'onS of 7S-Alu and competitor RNAs, respectively.
on the filter indicating that the complex was stable. To determing® fraction of complexed 7S-Alu RNA at different competitor
the amount of radiolabeled RNA used in the experimegisg@ ~ concentrations is representedbyThe fraction of complexed
spotted several dilutions of the RNA onto the filter. Membraneg>-Alu RNA in the absence of competitor RNA is designaged
were subsequently dried, cut and the amount of labeled RNKe retention efficiencies of theilabeled and qnlabeled RNAs
retained on the nitrocellulose filter was determined by liquid§’ereé considered to be the same in these experiments.

scintillation counting. RESULTS

Simple binding experiments SRP9/14 proteins bind to a large variety of small

32p_|abeled 7S-Alu RNA was diluted in binding buffer, split intocYtoPlasmic ?NAS phylogenetically related to the Alu
eight aliquots (8/sample) and combined with2 aliquots of ~ Seduences of 7SL RNA

the different heterodimeric proteins in binding buffer. The finaHuman SRP9/14 was found to bind scAlu and scB1 RiN®go.
concentration of labeled RNA was constant at 0.04 nM wheregge wanted to examine more generally which of the RNAs that are
the concentrations of the proteins varied as indicated. A simph@ylogenetically derived from the terminal portions of 7SL RNA
bimolecular binding reaction served as the bases of od#n bind to the SRP subunit SRP9/14. We engineered a series of
calculations: R + B RP where R and P represent the RNA anghlasmids for the synthesis of the different Alu-like RNAs with T7
the protein, respectively. The dissociation constant is defingeNA polymerase. A complete dimeric Alu sequence with a short
by Kq = [R] * [PJ/[RP]. Under the experimental conditions usedpoly A tail was obtained from the humasfetoprotein gene. Left
[RP] is small compared withpfand the formula can be modified Alu monomers, which are descendants of the ancestral FLAM
into the Scatchard equatiof(f: elements, were obtained from the hunefetoprotein gene
- (scAlu/o-feto) and from the human LDL receptor cDNA (scAlu/
UIPo = —1Kgx v + 1Kq 1 LDL). An Alu sequence representing the right monomer (right) of

Pg represents the protein concentration used in the experimentlimeric Alu element was obtained from the C33-antigen cDNA.
andu is the fraction of the RNA in the complex at a given proteihe right monomers are derived from the ancestral FRAM elements.
concentration. The retention efficiencies of the RNA sampled/e also prepared expression plasmids for murine RNAs that are
were constant at saturating protein concentrations for the sapig/logenetically derived from 7SL RNA such as scB1 and 4.5S
RNA—protein complexes. It was at 65% for both humarmRNAs. Two other constructs were made to express the neuron-spe-
heterodimers and at 25% for the murine heterodimer. Lowific human BC200 and rat BC1 RNAs. BC200 and BC1 RNAs are
retention efficiencies have previously been observed for otht#rought to be functional homologues, based on their same specific
RNA—protein complexegl(—43). The fraction of RNA bound at expression patterns and on their same subcellular location. However,
saturating protein concentrations was normalized to 1. THEC1 RNA is phylogenetically derived from the tRNBgene ¢4).
activities of the proteins were determined by mixangpnstant The dimeric Alu sequences were classified into subfamilies of
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B e mmw 288G - @ n g mSRP14 MVLLESEQFLTELTRLFQKCRSSGSVFITLKKYDG 35
ESRRREES L oo+ & hSRPLAAR MVLLESEQFLTELTRLFOKCRTSGSVYITLKKYDG
RTKPTPKKGTVEGEEPADNKCLLRATDGKKKI STV
RTKPIPRKSSVEGLEPAENKCLLRATDGERKISTV 70
mMSRP14—— § -'m- RTKPIPKKGTVEGFEPADNKCLLRATDGKEKISTV
VSSKEVNKEQMAY SNLLRANMDGLKKRDKXNKTKK
VSSKEVNKFQMAY SNLLRANMDGLKKRDKKNKSKK 105
VSSKEVNEFOMAY SNLLRANMDGLEKRDEFNETEK
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o || PN SR EAE Fe G Rl it i A 107
* *
hSRPY  MPQYQTWEEFSRAAEKLYLADPMKARVVLKYRHSD 45
Figure 1. RNA-binding capacities of different Alu-like RNA$n vitro mSRPY  MPOFQTWEEFSRAAEKLYLADPMKVRVVLKYRHVD
synthesized®S-labeled human and murine SRP14 combined with recombinant GNLC';K\?TDDLUCLW;TDQAQD\H‘LKIEKFHSQLH
murine SRP9 were bound to different biotinylated RNAs as indicated on top o GNLCIKVTDDLVCLVYRTDOAQDVKK IEKFHSOLM
each lane. The RNA-bound proteins were displayed by SDS—-PAGE followec - . *
by autoradiography. Input: 1/3 of the amourit3&-labeled human and murine MUAREAIIVIMETE 86
SRP14 proteins used in the experiments. The different RNAs are described BRI ToVIMELE
the text. No SRP14-binding to the RNAs was observed in the absence of SRF
(not shown).
B &
g ™ W
. : : . . ' & 2)
different evolutionary ages based upon diagnostic mutatiol & Gg;_»‘.l g‘é
shared by subfamily members8(45). The scAlud-feto and & o S
scAIu/LDL represent Alu sequences of the old and fixed Alu¢
and the young and mobile AluYb8 families, respectively. Th
right monomer of the dimeric element in the C33 gene represel
the young AluY family. As expected, BC200 RNA is classified
into the oldest fossil AluJo family.
In vitro-synthesized3°S-labeled murine and human SRP14 ‘
were complemented with recombinant SRP9 and incubated w —— ——
thein vitro synthesized biotinylated RNAs. The bound and fret e

proteins were separated using streptavidin beads and the bo! m

protein samples were displayed by SDS—PAGE (BigThe
results demonstrated that all RNAs that are phylogenetical
derived from the 7SL RNA gene, except 4.5S RNA, boun
human and murine SRP9/14 as well as the two positive controis,

_ ; _ 7 Figure 2. Human and murine SRP9/14 heterodimers) Amino acid
7SL and the Alu-portion of 7SL RNAs (75-ARE). No specific sequences of the human and murine SRP9 and SRP14 proteins used in the

RNA-binding activity was observed for S_RP14 proteins alOneexperiments. SRPIR represents the human SRP14 protein with a stop codon
(results not shown). These control experiments confirmed that the position 108 in the human proteB) Coomassie-stained denaturing
Alu-like RNAs bind exclusively to the heterodimer as previouslyprotein gel of the purified recombinant heterodimers SRP9/14. Lane 1, mouse
shown for 7S-Alu and scAlu/LDL RNAS), Thus, various scAlu ~ SRP9/14; lane 2, human SRP9/14; lane 3, human SR¥9/14
RNAs of different evolutionary ages, including the neuron-spe-
cific BC200 RNA, preserved the capacity to bind human and o o o
murine SRP9/14. The right as well as the left Alu monomer® compare the RNA-binding activities of the proteins in a
bound to SRP9/14 suggesting that the dimeric Alu RNA bindguantitative way. The three heterodimer.s. analyzed were mu_rine
two protein subunits. Binding of BC200 RNA to canine SRP9/13nd human SRP9/14 as well as a modified human heterodimer
has also been observed (D. Zopf and J. Brosius, persof@mposed of hNSRP9 and hSRP14 lacking the additional C-ter-
communications). BC1 RNA, the functional homologue ofminal domain (hSRPIR) present in SRP14 proteins of
BC200 RNA which is phylogenetically derived from theanthropoid species. The comparison between human SRP9/14
tRNAA2 gene, and 4.5S RNA failed to bind SRP9/14. Th@&nd SRPY/IAR may reveal a putative role of the C-terminal
negative result for 4.5S RNA is most ||ke|y exp|ained by Chang(ﬂpmain in the activities of the heterodimer, such as RNA-blndlng
in the secondary structure of 4.5S RNA as compared with 7Sind conferring elongation arrest activity to SRP. The primary
RNA (31). Finally, two negative controls, U4 RNA and the Ssequences of the different proteins are compared in F2gure
portion of 7SL RNA (7S-S), gave the expected negative resultshe SRP9 proteins and the common regions of the SRP14
proteins share 92 and 89% identity, respectively.
Production and purification of recombinant mouse and We used the T7 polymerase-controlled expression syStgm (
human heterodimers SRP9/14 to overproduce the proteins in bacteria. The human proteins,
hSRP9, hSRP14 and hSRRER} were expressed individually in
Having established qualitatively that indeed a large variety d&scherichia coli For the purification of the heterodimer, we
Alu-related RNAs bind to both heterodiméervitro, we wanted combined the crude cell lysates and incubated them for 30 min at
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4°C to allow formation of the heterodimer. We always used apossible influence of heterodimer dissociation on RNA—protein
excess of SRP9 over SRP14 in the dimerization reactions, sirmamplex formation was disregarded. Both assumptions were
we can easily remove free SRP9 from the heterodimer durivglidated by the experimental findings which showed a linear
purification (Materials and Methods). If synthesized alonedependence of all data sets in the concentration range of proteins
murine SRP14 is rapidly degraded in bactedjaTo overcome used in these experiments.
this problem, we produced mSRP9 and mSRP14 from the samd&he apparent dissociation constants calculated above needed tc
plasmid. The expression levels of the proteins were examined by corrected for the different activities of the proteins used in the
SDS-PAGE (results not shown). Probably because of thending experiments. To this end, we measured complex
difference in stability, murine SRP9 is overproduced comparddrmation at RNA concentrations 12—100-fold above the disso-
with SRP14. Thus, mSRP9 is present in excess over mSRRddtion constants determined before. Under these conditions,
during dimer formation in bacteria (Materials and Methods). complex formation is linearly dependent on the protein con-
The three heterodimers were purified by heparin and CNentration in the binding reaction and reaches a plateau when the
chromatography. Typically, the proteins were at least 90-95% puaetive RNA becomes limiting (Fig3D). From the linear
after purification (Fig2B) and migrated in SDS—PAGE as expectediependence of the data at non-saturating protein concentrations,
from their apparent molecular weights. We assumed an equal raticegression line was derived and from its slope the active fraction
of both subunits in the purified heterodimers because the exces®bfeach heterodimer was determined. The activities of the
SRP9 is removed during the purification procedure. Furthermore, heterodimers hSRP9/14, mSRP9/14 and hSRRB/1dere
excess of SRP9 or SRP14 was observed after separation of freecaidulated to be 43, 12 and 45%, respectively. The differences in
RNA-bound proteins on a glycerol gradient (results not shown). the activities of the heterodimers may reflect inaccuracies in
determining protein concentrations and/or differences in the
. . . . . retention efficiencies of RNA—protein complexes on nitrocellu-
Recombinant SRP9/14 proteins are biologically active lose filters. The dissociation constants were then corrected taking
and the additional C-terminal qualn in human . into consideration the activities of the heterodimers and were
SRP14 does not affect the activity of the human protein calculated to be 0.082, 0.24 and 0.086 nM for hSRP9/14,

In order to compare quantitatively the stability of the differenf?SRP9/14 and hSRPOAR, respectively (Tablg) revealing a

RNA—protein complexes, we decided to determine appareffmarkable stability of these complexes. These results are also
dissociation constants with filter binding experiments. FilteFOnSiStent with a previous analysis which concluded that the
binding experiments have previously been used successfully f§FSOciation constant of synthetic 7SL RNA and canine SRP9/14
determining binding of SRP9/14 to different SRP RN#&,@nd 'S <0.1nM €6). Furthermore, the very similar agpdetermined
by others to determine binding constants for various RNA—prd?" NSRP9/14 and hSRPIAR indicated that the additional
tein complexes41—43). In the first series of experiments, we Cterminal domain of hSRP14 has no effect on the RNA-binding
determined the apparent dissociation constants of the complekféracteristic of the human heterodimer. The 3-fold higher
formed between the heterodimers mSRP9/14, hSRpg/ssociation constant of the murine heterodimer could be
hSRP9/14R and the Alu portion of 7SL RNA (7S-Alu). explained by an intrinsic difference in the RNA-binding
The 32P-labeled 7S-Alu RNA was synthesiziedvitro and capacities of the two proteins and{or by differences between the
purified by denaturing gel electrophoresis. The gel-extractdf! POrtions of murine and synthetic 7SL RNA. The sequence of
RNA migrated as a single band at the position expected for its s Murine 7SL RNA is only partially known to daig)( .
in a denaturing polyacrylamide gel (result not shown). In the VVe have previously shown that murine SRP9/14 can function-
simple binding experiments, a constant, very low concentratighly. feplace canine SRP9/14 in conferring elongation arrest
of 32P-labeled 7S-Alu RNA was titrated against increasin§0t'v'ty to the paruclez{S). Similar experiments with the human .
concentrations of the different proteins. RNA—protein complexea X" /14 proteins demonstrated that they have the same capacity
were allowed to form in a buffer containing 250 mM potassiuntmo confer elongation arrest activity to the particle as their murine
acetate and a 50-fold excess in weight of poly(rG) over 7S_Aﬁ§)unt_erpa_rt (results not shown). These results further confirmed
RNA. The binding reactions were filtered without dilution and th&"€ Piological activity of the human proteins.
amount of complex bound to the nitrocellulose filter was
determined for each sample by measurin§¥hdabeled 7S-Alu  Human and murine SRP9/14 have significantly different
RNA retained on the filter. The negative control, bovine serurgsfinities for Alu-like RNAs
albumin instead of the heterodimer, was subtracted from the
values obtained in the experiment (Materials and Methods). To quantify the affinities of the three heterodimers, hSRP9/14,
The data was analyzed using the Scatchard equation (Materi@SRP9/14 and hSRP9AR, for the different Alu-like RNAs,
and Methods) which represents the variables of simple bindinghich we found to bind the proteins in the initial experiments, we
experiments in alinear dependence. Three data sets were obtapediormed direct competition experiments. Increasing amounts
for each heterodimer and they were fitted by linear regressiafi competitor RNAs were incubated with constant amounts of
analysis and normalized to maximal RNA-binding at saturatiof2P-labeled 7S-Alu RNA and of protein. All competitor RNAs
The data sets of all three heterodimers fit well to the regressiosed in the experiments were synthesinedtro by T7 RNA
line (Fig.3A, B and C) and the apparent dissociation constanfsmlymerase and purified by denaturing gel electrophoresis. The
(apKg) for hSRP9/14, mSRP9/14 and SRP8R4were gel-extracted RNAs migrated as single RNA species at the
calculated from the slope to be 0.191, 1.98 and 0.192 nhpsitions expected for their sizes (results not shown). Based on
respectively. In the Scatchard equation, complex formation wétse results obtained in the simple binding experiments, the
assumed to be a bimolecular reaction based on a 1:1 ratio of &mount of protein used in these experiments was chosen to ensure
complex as determined in previous experimeffy éGnd a atleast 98% binding of the protein to the RNA. To test the assay,
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Figure 3. Determination of dissociation constants for 7S-Alu RNA and different heterodimers using Scatchard Anadfysizarf SRP9/148) mouse SRP9/14,

(C) human SRP9/IXR. R represents the protein concentration [nM] in the binding experinerggresents the fraction of RNA in the complex at the protein
concentration § The fraction of RNA in the complex at saturating protein concentrations was normalized to 1. h(RRRD 101 nM; mSRP9/1dy = 1.98 nM;
hSRP9/14R Kg = 0.192 nM. D) Stoichiometric complex formation at RNA and protein concentrations above the dissociation constants determined in A, B and (
RP: RNA-protein complex. The activities of the proteins were determined from the initial slopes of the straight lines to be 43, 12 and 45% for hSRP9/14, mSRP
and hSRP9/IAR, respectively.

Table 1.Dissociation constants for human and mouse SRP9/14-RNA complexes

Human SRP9/14 Mouse SRP9/14 Human SRP9/14AR
RNA Kaew g M) aGe KoMy aGo K Kiow oM aGo
Kars - aw Ka1s - aw. Kan Kars - am
7S-Alu 1.0 0.082+0.01 -12.74 1.0 0.24 +0.03 -12.15 29 1.0 0.086+0.01 -12.71
BC200 1.5 0.12 +0.01 -12.53 4.2 1.01 +0.01 -11.36 8.2 15 0.13 £0.01 -12.49
scAlu/a-feto 2.0 0.16 +0.01 -12.37 13.0 3.12 0.1 -10.74 19.0 1.9 0.17 +0.02 -12.34
sCAlu/LDL 3.3 0.27 +0.01 -12.09 73.0 175 1.6 -9.8 54.4 3.5 0.3 0.01 -12.03
scB1 15.0 1.23 £0.05 -11.25 33.5 8.04 +0.2 -10.22 6.5
Right 17.3 1.42 £0.04 -11.18

The RNAs are described in the text. The free energy of complex forma@sr) (s indicated in kcal/mol.

we first used 7S-Alu RNA as a competitor in the bindingbetween the two human heterodimers were almostidentical for all
experiments with the three heterodimers. The average of two détar RNAs analyzed. These results demonstrated clearly that the
sets collected for each heterodimer was analyzed accordingGeerminal part of hSRP14 is not involved in the RNA-binding
equation3 which represents the variables of the competitiofunction of human SRP9/14. We therefore decided to drop
experiments in a linear dependence (Materials and Methodspmpetition experiments with scB1 and the right Alu monomer
Linear regression was used to fit the data (8#&g.B and C, RNAs. The dissociation constants of the human heterodimer and
line 1). The close fit of the data to a straight line through the origthe different Alu-like RNAs increase in parallel to the evolution-
confirmed the basic assumption for the mathematical modaty distance between the tested RNAs and 7SL RNA. The murine
including again the 1:1 stoichiometry of RNA and SRP9/14 in thecB1 RNA and the right Alu monomer RNA have the lowest,
complex. From the slope of the line, the relative ratios of theowever still rather high, affinities for the protein. The relative
apparent dissociation constants of the competitor&gapmp) apparent dissociation constants for the murine RNA—protein
and of 7SL RNA (apig47S-Alu) can be calculated. With 7S-Alu complexes increase much more rapidly than for the human
as a competitor, the ratio was found to be 1.0 confirming that tRNA—protein complexes. Thus, the relative as well as the
experimental conditions matched the mathematical mdbel. absolute dissociation constants for murine SRP9/14 and scB1
negative control, U2 snRNA, was shown to compete only at veBNA are higher than the corresponding values for human
high concentrations of competitor RNA with an ldg@at least SRP9/14. The relative affinities of the murine protein for
500-fold higher than that of 7S-Alu (results not shown). ThecAlu/LDL and scB1 RNAs are reversed as compared with the
Alu-like RNAs which were found to bind SRP9/14 in the initialhuman protein. Similar dissociation constants for 7SL, scAlu and
experiments were then used as competitors in the bindisgB1 RNAs and the human SRP9/14 protein have previously
experiments and the aggpwas determined as before. The valuedbeen determined using a mobility shift asszs).(They are a

of the data sets were found to fit well to a straight line for all RNAf&ctor of 1.5 to 3 higher than the dissociation constants
analyzed (Fig4A, B and C). The relative ratios of the apparentetermined here. However, the activity of the protein in complex
dissociation constants and their calculated absolute values &emation was not determined in the mobility shift assays which
shown in Tablé. The relative and absolute dissociation constantsight explain the observed difference.
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Figure 4.Dissociation constants of RNA—protein complexes formed between various Alu-like RNAs and different heterodimeric proteins determined by competiti
experiments.A) Human SRP9/14B) mouse SRP9/14C} human SRP9/R. The competitor RNAs used were as follolys:S-Alu;2, BC200;3, scAlubi-feto;

4, scAlu/LDL; 5,0 scB1; and, right Alu monomer represents the fraction of 7S-Alu RNA in the complex at the competitor concentgationpR represents

the fraction of RNA in the complex in the absence of competitor.

DISCUSSION The differences in RNA-binding affinities observed between
the human and the murine heterodimer are not explained by the

We have shown that the SRP subunit, SRP9/14, can bind wihditional C-terminal domain in the anthropoid SRP14 protein,
high affinity to a large range of Alu-like RNAs of different since the removal of this domain has no effect on RNA-binding.
evolutionary ages and of primate and rodent origin, including thenis result is consistent with the previous observation that
neuron-specific primate BC200 RNA. Dissociation constants-terminal domains in SRP9 and SRP14 are not involved in 7SL
within and below the nanomolar range, as we observed for @iNA-binding 35). The difference in free energy of complex
complexes, are quite low as compared with dissociation constaf$gmation is smallest for 7S-Alu RNA (0.6 kcal/mol) and most
of other RNA—protein complexeg¥4348), revealing highly  significant for scAlu/LDL RNA (2.3 kcal/mol) and may be
specific interactions between the RNAs and the proteingyplained by relatively subtle differences in the molecular
Furthermore, the high affinities of the complexes make it venyieractions in the complex, such as the loss of one or two
!ikely that SRP9/14 is indeed associated with all Alu-like RNAfhydrogen bonds. There are indeed only a few changes in the
in vivo as has been demonstrated for scAlu RN&s This = rimary sequences between the SRP14 and SRP9 polypeptides
interpretation is further supported by the finding that dimeric AITFig. 2). In SRP9 and SRP14, two and four of the amino acid
and BC200 RNAs exist as RNRsvivo (6,23, J-G. Cheng,  changes; respectively, are located in C-terminal regions which
H. AT;ﬁdgehanﬁ i‘ll B_rlism;,l\lp')frsgngl comml;f.nl'cathon%. H have been shown to be dispensable for 7SL RNA-bin@ifg (

ough all Alu-iike S bind very €fliciently 10 human (I%ri)SRPQ, the five other differences in amino acid sequence are

SRP9/14, there is a defined hierarchy in the binding affinities : : )
the different Alu-related RNAs that parallels the evolutionar¥e read over the whole polypeptide whereas in SRP14, five of the

distance between the Alu RNA and the 7SL RNA genes. I3 maining eight amino acid changes cluster into a region of the

general, more efficient binding occurs with RNAs that are deriv atein which we found to be implicated in 7SL RNA-binding (N.
from the FLAM element. The BC200 RNA represents the close ! and K.'S" unpublished “?S“'t3>- Th's suggests that char_lges n
relative of 7SL RNA followed by the scAtfeto (AlUS is domain may play a role in conferring differential RNA-bind-
subfamily) and scAlWLDL RNAs (AluYb8 subfamily). The N9 capacities to the mouse and human heterodimers.

rodent specific scB1 RNA and an RNA derived from a right Alu_1he diversity as well as the stability of these complexes

monomer, which is related to the primitive FRAM gene ana;trongly syggest cel'lula_lr.functions_ for Alu-like scRNPs which
belongs to the young AluY family, have the lowest affinity foray be different for individual particles. For BC200 RNP, such

human SRP9/14. By comparing the affinities of human an@functionis also indicated by the regulated expression of its RNA
mouse SRP9/14 for various Alu-like RNAs, we found that théuPunit from a single gene in certain neuron cells and by its very
absolute and relative affinities of the human protein for all RNAgPecific location to the somato-dentritic region in these cells
are higher than those of the murine protein. These results sugd€é25)- The striking structural resemblance of the protein and
that the RNA-binding capacity of human SRP9/14 may hav@NA subunits of Alu-like scRNPs and the Alu-domain of SRP
improved to ensure efficient binding of the protein even tétrongly suggests a similarity in function. Thus, functions of
distantly related Alu RNAs, like RNAs derived from recentlyBC200 RNP may be related to translation and/or to targeting of
transposed Alu family members. Although the absolute affinitpascent chains to the somato-dentritic region. Interestingly, the
of scB1 RNA for mouse SRP9/14 is lower than for humaiputative functional homologue of BC200 RNA in rodent cells, the
SRP9/14, the difference between them is the lowest for all RNAC1 RNA, is derived from a tRNA genet951). The
analyzed except 7S-Alu RNA (Tabl¢ indicating that cyto- progenitors for both RNAs are intimately involved in the
plasmic scB1 RNAs were selected to preserve a minimal affinityanslation process, thus, further supporting a putative function
for the murine heterodimer. for these RNPs in association with the ribosome.
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BC1 RNA does not bind to SRP9/14. Thus, other RNAs that ar@ Chang, D. Y. and Maraia, R. J. (1993Biol. Chem.268 6423-6428.
phylogenetically related to tRNAs, such as B2 RNA in rodent? '\BAOV'av F-Aarg SSUI?' K. (1%%)%923}:3"-?facz%’l—l%os-c L B
cells, might not bind SRP9/14. Cytoplasmic B2 RNAs in rodent* o ey ielimann, U and Schmid, € - (1980) Cell. Biol,
cells are more abuﬂdant than SCBllRW2'53)-.|n_ anaIOQY 12 Maraia, R. J., Driscoll, C. T., Bilyeu, T., Hsu, K. and Darlington, G. J.
to the neuron-specific RNPs described above, it is conceivable (1993)Mol. Cell Biol, 13, 4233-4241.
that putative functions of scAlu and Alu RNPs in human cell§3 Schmid, C. W. and Shen, C.-K. J. (1985) In Maclntyre, R. J. (ed.)
may be accomplished by scB1 and B2 RNPs in rodent cells. This Molecular Evolutionary Genetic®lenum Publishing Corp., New York,
possibility could, at least partially, explain the apparent lowey, Vol. pp. 323-358.

. . . S - Weiner, A. M., Deininger, P. L. and Efstratiadis, A. (198&)u. Rev.
constraint on the murine protein to preserve efficient binding t0' gjgchem 55 631_6619 (
Alu-like RNAs.

] N 15 Britten, R. J. (19947roc. Natl. Acad. Sci. USA1, 6148-6150.
The anthropoid specific excess of SRP9/14 may have be&h Deininger, P. L. and Daniels, G. R. (198@nds Genet2, 76-80.

required to compensate a defect in SRP assembly andldr DDE‘_”',El& GiDRf Tf;ég- '\/'l-,,chwgnSRtggiﬂ?g% §C7h5rg'3f‘v C.W.and
H H H H _hi _ eininger, F. L. ucleic Acias y — .

functlon_s. Ourexperlments f_alled to revea}l gdefectln RNA blnqL8 Shen. M. R., Batzer. M. A. and Deininger. P. L. (199Mol. Evol, 33,

ing and in conferring elongation arrest activity to the particle. This™ 371 350

together with an increased affinity of human SRP9/14 fofg jurka, J. and Zuckerkandl, E. (1991Mol. Evol, 33, 49-56.

distantly related Alu RNAs, such as recently transposed elemerts, Quentin, Y. (1992)ucleic Acids Res20, 3397-3401.

may indicate that the anthropoid specific excess of SRP9/142k Quentin, Y. (1992)ucleic Acids Res20, 487-493.

related to Alu amplification rather than to SRP activity. A role fog2 Kapitonov, V. and Jurka, J. (1996)Mol. Evol, 42, 59-65.

. . . 23 Liu, W. M., Maraia, R. J., Rubin, C. M. and Schmid, C. W. (18R¢)eic
the excess of SRP9/14 in repressing Alu retroposition has been , iy rec22 1087-1005.

hypothesized based on the observation that the appearance ofAMartignetti, J. A. and Brosius, J. (1998pc. Natl. Acad. Sci. USA0,
excess of SRP9/14 coincides with a dramatic reduction in 11563-11567.

amplification of Alu sequences in early anthropoid evolutpn ( 25 Tiedge, H., Chen, W. and Brosius, J. (1993Jeuroscj.13, 2382-2390.
Gene duplication and the acquisition of an additional domain #f Quentin, Y. (1994)ucleic Acids Res22, 2222-2227.

one of the SRP14 genes may have fortuitously changed tht Qiergg"éoge?igé%nudcéffga?'R(é,gfg@é%rg;:g’gzl_s‘l'
expression level of SRP14 which in turn caused an increases psy, k., Chang, D. Y. and Maraia, R. J. (199Biol. Chem.270
SRP9 expression. According to the hypothesis, the binding of Alu 10179-10186.

RNAs to the excess of SRP9/14 may have removed the transcfipt Jelinek, W. R. and Schmid, C. W. (1982nu. Rev. Biochenbl,

from the retroposition pathway thereby repressing Alu amplifica- 813-844. o

tion. The preserved high affinity of human SRP9/14 for young Ei?”ﬂa'B%V?a”dFZ'S\‘fgl‘f'fe"l‘\’l'Czl\'/lgm(é;gﬂﬁ)v'g" a’;&e?;gbﬂ%%&b «
Alu RNAs is consistent with the hypothesized repressive role 0f (ynpublished results) X78305. T s T
SRP9/14 in Alu amplification. Only very young Alu elementss3

Strub, K. and Walter, P. (198@joc. Natl. Acad. Sci. USR86, 9747-9751.
have been found to retrotranspose recebdly possibly, because 34 Studier, F. W., Rosenberg, A. H., Dunn, J. J. and Dubendorff, J. W. (1990)

their lower relative affinity for SRP9/14 may have increased the:i%r5 '\é'e“?Od'f EQZ}’T‘O“BS S?‘f,gk (1994hcleic Acids Res22, 2026-2035
H ovia, ., Bul, N. an rup, K. cleiC Aclas —. .
chances to escape SRP9/14 repression. 36 Strub, K., Moss, J. and Walter, P. (199ib). Cell. Biol, 11, 3949-3959.

37 Gibbs, P. E. M., Zielinski, R., Boyd, C. and Dugaiczyk, A. (1987)
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