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ABSTRACT

Signal recognition particle (SRP) is a ribonucleoprotein
complex that associates with ribosomes to promote the
co-translational translocation of proteins across bio-
logical membranes. Human SRP RNA molecules exist
in two distinct conformations, SR-A and SR-B, which
may exchange during the assembly of the particle or
could play a functional role in the SRP cycle. We have
used systematic site-directed mutagenesis of the SRP
RNA to determine the electrophoretic mobilities of
altered RNA molecules, and we have identified the
nucleotides that avert the formation of the two con-
formers. The conformer behavior of the various RNAs
was addressed quantitatively by calculating a value Cas
an indicator of conformational variability. Single loose
A-like forms were induced by changes in helix 5
[nucleotides (nt) at positions 111128 or 222—-231], helix
6 (nt at positions 141-150) and helix 7 (nt at position 169
and 170), whereas other mutations in helix 6 and helix
8 preserved the conformational variability of the mutant
RNA molecules. The more compact B-like form was
induced only when a small region (129-CAAUAU-134),
located inthe 5 '-proximal portion of helix 6, was altered.
Since this region is part of the binding site for SRP19,
we suggest that protein SRP19 uses nucleotides at
129-134 to trigger the formation of the favored SR-
B-form, and thus directs an early step in the hierarchical
assembly of the large SRP domain.

INTRODUCTION

were among the methods used to determine the structural and
functional properties of the SRP componeBtsi).

SRP contains six proteins, of which SRP9, SRP14, SRP19,
SRP54 and SRP68, are in direct contact with the SRP RNA
(10,12). Of special interest is protein SRP54 as it requires SRP19
for assembly. Since no interactions between the free SRP19 and
SRP54 proteins were detected, a conformational change in the
large domain of the SRP RNA was postulated to accompany the
sequential binding of these two polypeptide3 14).

Experimental support for conformational changes was pro-

vided by the discovery of two distinct major SRP RNA forms,
SR-A and SR-B, on non-denaturing polyacrylamide déld.6).
The faster-migrating B-form was preferred by protein SRP19
over the slow-migrating A-form, and association of SRP19 with
SRP RNA resulted in the reconstitution of a uniform complex
(17). However, the location of the SRP RNA switch remained
unknown. Furthermore, the role of protein SRP19 in the
triggering of the RNA switch was unresolved.

The detailed molecular analysis of RNA switches is hampered
by the fact that they tend to form the core of a folded RNA
molecule. This is in contrast to the analysis of RNA—protein
interactions where nucleotides may be accessible on the surface
and therefore are amenable to enzymatic and chemical modi-
fications. Therefore, to identify the sites in SRP RNA that
influence conformation, we chose a systematic site-directed
mutagenesis approach for introducing changes throughout the
large domain of the human SRP RNIBY as this approach had
the advantage that all sites could be analyzed, including those that
were hidden from external probes. Introducing mutations system-
atically assured that the results were unbiased towards the
functional role of a particular site. A small region was identified
in the SRP RNA that triggers the formation of SR-B. This trigger

Conformational differences in RNA molecules reflect theirs€équence may be used by protein SRP19 to induce the preferred
functional importance in a wide variety of cellular processeB-conformer.

(1-3). Because of its small size, signal recognition particle (SRP),

a cytosolic ribonucleoprotein complex involved in the translatioMATERIALS AND METHODS

of secretory proteins and their translocation across lipid biIaye@
(reviewed in4), serves as a convenient model system for

onstruction and synthesis of mutant SRP RNAs

resolving molecular details of how conformational switching cafPlasmids coding for authentic human SRP RNA or for mutant
occur in the RNA. The SRP has been characterized best in tRBIAs that lacked individual RNA helices were described earlier
mammalian system where it is an elongated particle with a sméll4). MutantAH67 was generated by PCR site-directed mutagenesis
and a large domain separated by a variable adapter régign ( (19) using oligonucleotide'8S2GGTTCACCCCTTGCCGAAC-
Chemical and enzymatic modification experiments, electromTAGTG-3 as a mutagenic primer. Details of the consipacof
microscopy, comparative sequence analysis and model buildiogher mutations in the large domain of the SRP were communi-
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Figure 2. Separation of RNA conformers. Electrophoretic separation of

unmutated SRP RNA (SR) and mutant derivatives 5A, 5B, 5C, 6A, 6C, 6T, 6F,
8T, 8F, C1 and C2 on 6% non-denaturing polyacrylamide gels. Mobilities of the
slower migrating SRP RNA conformer SR-A (open arrow) and the faster
migrating SR-B (filled arrow) are indicated.

Analysis of conformers

RNAs were incubated in 10 SRP reconstitution buffer (50 mM
Tris—HCI pH 7.9, 300 mM KOAc, 5 mM Mggl1 mM DTT and
10% glycerol) at a concentration ofudy/pl at 66°C for 10 min
Figure 1. Location of mutations in the secondary structure of the large domainfollowed by a gradual cooling to room temperature 6B3€rmin.
of human SRP RNA. Arrows indicate hypersensitive sites cleaved byThe Samples were incubated at@7for 610 min and were

micrococcal nuclease (31) which separate the large SRP domain from the re : o : 0
of the particle (not shown). Thé and 3-ends of the RNA molecule are labeled Féaded (without addition of any tracking dye) onto a 6%

and helices are marked according to the nomenclature of (5). Residues afeolyacrylamide gel (acrylamide/bisacrylamide 40/0.8 _W/W: 20
marked with dots in 10 nucleotide increments and by numbers in 50 nucleotidénM HEPES pH 8.3, 0.1 mM EDTA, 6% glycerol) which had

increments. Base pairings are highlighted in gray. Base paired sections djeen pre-electrophoresed at 15 mA for 30 min with 20 mM

helices 5, 6 and 8 are given suffices g—k in helix 5, and a—c in helices 6 and ;
The borders between the helix-disrupting mutations (5A-F, 6A-F, 7A and%EPES pH 8.3,0.1 mM EDTA as a reservoir buff) (Control

8A-F) and the two tetraloop mutations (6T and 8T) are indicated by the dotte§f’51rm)!eS 'nCIUded'Iad”'_d'QESted X174 DNA to verify the
lines. Additional information about each mutant can be found in Table 1. linearity of the separation, and hSR d@adoli 5S rRNAs for

confirming the ability of the gel to appropriately detect con-

formers. Electrophoresis at room temperature was continued at

15-20 mA until the bromophenol blue (loaded in a separate slot)

had traveled fof1l4 cm. The gel was stained for 10 min with

1 pg/ml ethidium bromide, and bands on the photographs of the
£ ethidium bromide-stained gels were quantified with an Abaton

0/GS scanner and NIH Image softwét® (The valug, was
etermined using the formula:

cated previously18). All mutations were confirmed by DNA
sequencing using Sequenase (US Biochemicals).

T7 RNA polymerase was prepared as descritz) ith
modifications kindly provided by Arthur Zaug, University o
Colorado, Boulder. DNAs of plasmids that carried the human S
RNA or the mutant genes were restricted \Bithl, concentrated

by phenol—chloroform extraction and ethanol precipitation, and n
were dissolved in 10 mM Tris-HCI, pH 7.5, 1 mM EDTA at a Zl
concentration of Jug/ul. Run-off transcriptions were carried out [ L —
for 2 h at 37C in 200 MM HEPES—KOH, pH 7.5, 30 mM Mgl (n = 1,

2 mM spermidine, 40 mM DTT, 6 mM of each INTP, 0.Bglll  \yheren is the number of conformers aids the area under the
of restricted DNA, and an amount of T7 RNA polymerase that Wa§rgest peak.

optimized empirically to maximize RNA vyields. After

transcription, 1/10 vol of 0.5 M EDTA, pH 8 and 0.4 vol of 9 M . :
LiCl weFr)e added, the samples were ingubated on ice for 30 mlja,'Splay of the large SRP RNA domain
and the RNAs were concentrated by centrifugation in a microfugehe three-dimensional model of the human SRP RNA structure
for 10 min. The pellets were washed with 1 ml of ice-cold 2.5 M11) was obtained from the SRP databa®8) (n the PDB
LiCl, followed by centrifugation and a wash with 80% ethanol. Théile-format (24) at the Internet address http://pegasus.uthct.edu/
pellets were dried and the RNA was dissolved in a small volun8RPDB/SRPDB.html. The model was displayed on an Silicon
of water and stored at —20. The RNA concentrations of the Graphics Indigo 2 Extreme workstation using the program
samples were determined by electrophoresis of appropriatdDRAWNA (25). The model was accepted as provided with no
diluted sample aliquots on 2% agarose gels followed by stainirggiditional structural constraints. Experimental data were incor-
with ethidium bromide and calculated from a standard curvporated by color-coding mutated sections of the SRP RNA that
obtained with known amounts dscherichia coli5S rRNA  had significant effects on the formation of the A or B-conformers
(Boehringer) separated on the same gel. as described in Results and Figdre
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Name Change Expected effect on the SRP RNA C Form

hSR None None 0.73+0.06 -

AH6 36 nt deleted (131-166) Removes helix 6 from the SRP RNA a A

AH67 48 nt deleted (128-175) Removes helices 6 and 7 0 b B

AH8 48 nt deleted (175-222) Removes helix 8 0 a B

5A 103-UCGGGUGU-110. GUCCGCG Disrupts a segment of helix 5 ND -

5B 111-CCGCACUAA-119. GGGUGAUG Disrupts a segment of helix 5 0 A

5C 120-GUUCGGCAU-128 CCAGUCGUG Disrupts a segment of helix 5 0 A

5D 222-GUGCUGAUCA-231. UACGGCUCGC Disrupts a segment of helix 5 040.01 A

5E 232-GUAGUGGGAU-241. AAUCACCCUC Disrupts a segment of helix 5 020.08 (B)

5F 242-CGCGCCUG-251 UUGUGGGU Disrupts a segment of helix 5 056DP.02 -

6A 129-CAAUAU-134- GUUGGA Disrupts proximal segment of helix 6 0 B

6B 135-GGUGAC-140. CCACCA Disrupts central segment of helix 6 020.02 (A)

6C 141-CUCCCG-146 CGGGGG Disrupts distal segment of helix 6 0 A

6T 147-GGAG-150- UUCG Mutates tetraloop of helix 6 0 A

6D 151-CGGGGG-156 GCCCUC Disrupts distal segment of helix 6 0#40.06 -

6E 157-ACCACC-162. CAGUGG Disrupts central segment of helix 6 0450.07 -

6F 163-AGGUUG-168- UAUAAC Disrupts proximal segment of helix 6 0.390.05 -

A 169-CC-170- GG Disrupts helix 7 0.0% 0.004 A

8A 176-AGGGGUGA-183. CCCUCAAG Disrupts proximal segment of helix 8 048.1 -

8B 184-ACCGGCCC-191 GAACUGGA Disrupts central segment of helix 8 0£0.06 (A)

8C 192-AGGUCG-197% CCAGGC Disrupts distal segment of helix 8 08R.1 -

8T 198-GAAA-201- UUCG Mutates tetraloop of helix 8 0.240.05 (A)

8D 202-CGGAGC-207% GCUGCA Disrupts distal segment of helix 8 040.03 (B)

8E 208-AGGUCAA-214. CCCGGCC Disrupts central segment of helix 8 Q:2BO5 (B)

8F 215-AACUCCC-221, GUGGGGA Disrupts proximal segment of helix 8 060.3 -

C1 129-CAAUAU-134- GUUGGA Compensates proximal segment of helix 6 0 B
163-AGGUUG-168- UAUAAC

Cc2 135-GGUGAC-140, CCACCA Compensates central segment of helix 6 8.09D1 A
157-ACCACC-162- CAGUGG

C3 141-CUCCCG-146 CGGGGG Compensates distal segment of helix 6 $£.0301 A

151-CGGGGG-156. GCCCUC

Mutants are listed in the left column; changes relative to unmutated human SRP RNA (hSR) with the expected effects onuR&N&rstraloulated in the second
and third columns and-values, indicating the degree of the conformational variability (see Materials and Methods), are shown in the fourth &ial @amencém-
piled from at least three independent experiments with the standard error of the means shown. In the right column, éseofrabdnitithant conformers € <
0.1) relative to the A- or B-form of unmutated SRP RNA is indicated; for @.£ 8.3, the dominant conformer is listed in parentheses.

ND, not determined.

RNA of mutant 5A separated into two conformers of nearly identical molSilitg:mobilities of the large deletion mutaAts6 andAH8 relative to SR-A and SR-B
were determined earlier (1RNAs from mutantédH67 andAH8 co-migrated on non-denaturing polyacrylamide gels (not shown) indicatingHbBatcorre-
sponds to the faster migrating B-form.

RESULTS mutations in this region were used earlier to characterize the
binding sites of proteins SRP18] and SRP542(). Alterations
included a deletion of helix 6 (mutafiH6) or helix 8 (mutant
AHB8). PCR site-directed mutagenedis,{9; and Materials and
Methods) was used to construct mutd&ht67, which lacks

The RNA secondary structure corresponding the large domainlo¢lices 6 and 7. The multiple residue changes of the other mutant
the human SRP is shown in Figdrand includes a large portion RNAs were expected to disrupt base pairing in various helical
of helix 5, as well as helices 6, 7 and 8. The majority of theections as indicated in Figurand listed in Tablé. There were

Systematic site-directed mutagenesis in the large SRP
domain
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Figure 3. RNA conformer profiles. RNAs were separated on non-denaturing polyacrylamide gels as described in Materials and Methegdhdbfdte ethidium
bromide-stained gels were scanned without applying enhancements and the profile of each lane was analyzed with the Migtdmagge)pMobilities relative

to the slower migrating conformer SR-X) and the faster migrating SR-B} are indicating on top of each panel. The gray triangles indicate the intermediate
mobilities of two minor SRP RNA conformers (16).'5S’ corresponds.¢oli 5S ribosomal RNA,; all other designations are as shown in Table 1.

also three mutations in helix 6 that retained base pairing hynmutated human SRP RNA (0.230.06). All conformer
changing both RNA strands in helix 6, and two tetranucleotidprofiles were highly reproducible as indicated by the low standard
(tetraloop) mutants (6T and 8T). All RNAs were synthesizedro  deviation of the means determined from at least three independent
by run-off transcription with T7 RNA polymerase (Materials andexperiments (Tablé ).

Methods) using linearized derivatives of plasmid phSR as Nine mutant RNAsAH6,AH67,AH8, 5B, 5C, 6A, 6C, 6T and

templates 14). C1) migrated as a single conformér= 0). Mutant 5A RNAs
separated into two conformers of nearly identical mobility
Analysis of SRP RNA conformers (Fig. 2). Minor conformational variability (0 < < 0.1) was

RNAs were activated by incubation in SRP reconstitution buﬁegeteaed in mutanis 5D, 7A, C2 and C3, whereas mutants SE, 6B,

at 60 C followed by slow cooling to room temperature (Materials B, 8T, SD. and 8E had moderately Iéwalues betwe'en O'.l and
and Methods). For each mutant RNA, conformers were analyzg>: Mutation SF, as well as the three mutations of tipedion

at room temperature by electrophoresis on native polyacrylami@&he€lix 6 (6D, 6E and 6F) and the three mutations 8A, 8C and 8F
gels. Human SRP RNA affticoli5S ribosomal RNA were used demc_)nstrated considerable conformational vanabq]ty @.3)

to confirm the appropriate separation of the conformers. Aftdpat in some cases approached the value obtained with the
electrophoresis, the ethidium bromide-stained gels were photgmutated SRP RNA. _ _

graphed (Fig2) and profiles of the lanes were generated usin% The majority of the mutations (exceptions were mutants 5E,
Image software 42, Fig. 3). To quantitate the degree of 8D, 8E and the large helix deletion mutakit, AH67 andAH8)
conformational variability, a valiewas calculated for each RNA caused the formation of slowly-migrating A-forms. In contrast,
(see Materials and Methods)w@as zero when a single conformer only the two mutants 6A and C1 formed pure B-form RNAs.
was identified, and had a theoretical value of one when there wesice mutants 6A and C1 shared altered nucleotides at positions
two or more equally-represented conformers.) The two highe$29-134, changes of these residues appeared to be sufficient for
(-values were observed farcoli5S rRNA (0.8G: 0.05) and the  inducing the B-conformation.
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internal loops are introduced by the disruption of helical sections.
The same effect may be caused by mutations that disrupt the
three-dimensional structure of a tightly folded SRP RNA. For
example, mutants 5B, 5C and 5D behave similarly to SR-A, but
their mobilities are progressively reduced even further as the
mutations approach the junction of the various RNA helices.
Other slight deviations from the mobilities of SR-A and SR-B are
interpreted as minor perturbations of the RNA structure, possibly
combined with changes in molecular weight. A small percentage
of RNA molecules with conformations that deviate considerably
from pure A- and B-forms are seen in some mutant RNAs and in
the unmutated SRP RNA (Fi@sand3). These molecules could

be the result of an incomplete renaturation process or might
represent distinct intermediate steps that occurred during the
conversion between the prevalent SR-A and SR-B forms.

Figure 4. SRP RNA conformer-sensitivities in three dimensions. The relaxed When we teSte‘?' the 'nﬂue_nce of monovalerit @KO' 50, 300
stereoview of the large SRP domain was generated as described in Materia® 500 mM) and divalent cations (Kfgat 0, 5, 10 or 30 mM), the

and Methods. Displayed are the folded backbone and the paired bases. SRR-form was a prominent component within this wide range of
RNA helices 5-8 are labeled as such. The effects of the mutations on theynerimental conditions. This indicated that SR-A was not simply
formation of the two conformers are shown in red (SR-A) or green (SR-B) for . . :
pronounced effects €7 < 0.1), and in orange (SR-A) and yellow (SR-B) for &N artifact that was generated during the chosen SRP reconstitu-
mild effects (0.1 < < 0.3). Regions of the RNA affected by the mutations with tion conditions (300 mM KOAc, 5 mM Mgg)l Both SR-A and

(> 0.3 are coded in gray. SR-B formed independently of heating t& 6dand slow-cooling
(data not shown). However, we performed this step because
activation and renaturation are considered to be necessary for
melting possible trapped intermediates that might have formed

Localization of conformer-sensitive sites in 3D during sample preparation.

To visualize better the effects of the mutations on SRP RNA
conformation, we incorporated the results from the site-directed
mutagenesis experiments into the current model of the threge- .
dimer?sional strugure of the SRP RNAL). This hypothetical /Essembly of SRP19 and SRP54 the large SRP domain
model is characterized by a relatively ‘straight’ helix 6 and by a
‘bent’ helix 8. Figure4 shows a view of the large domain with We consider it significant that out of the 149 residues altered, only
color-coded regions in the RNA to highlight strong or mildsjx induced the single B-form. Protein SRP19 is the primary
influences on the formation of SR-A or SR-B. The .Calculategssemtﬂy protein of the SRP and binds a|ongside'{permn
(-values were used to group the conformer behavior of eaginelix 6 (18). The affinity of protein SRP19 to the more compact
mutant RNA as described in the legend to Figuhown inred  g_conformer wagB.5 times greater than to the looser A-conformer
are those RNA regions that, when altered, favor A-like forms - since the sequence 129-CAAUAU-134 (Flyis located
Such sites were ocated throughout helices 5, 6 and 7, butwere ki the SRP19 binding site, we propose that it is a trigger site
found in helix 8. Only the'gproximal portion of helix 6, shown v hich is activated upon SRP19 binding to helix 6. This view is
in green, constrained the RNA to a smgle B-conformer. Mil onsistent with the idea that the tetraloop of helix 6 serves as a
effects _onl SR-A or SR;I?) (shown 'in .y%gg;"ﬁ afnﬁ IQr%ngenucleation site in SRP assembl), and that the region at the
‘[fns dpglcstg/iy)s\cl)vr?]f sCi?eusS; he)fi?;tatlons n ofhelix proximal portion of helix 6, when touched by SRP19, triggers the
y ' formation of SR-B. Nevertheless, we do not exclude the
possibility that conformational switching may occur in the

DISCUSSION fully-assembled SRFBJ.
‘ In mammals, protein SRP54 interacts with the SRP RNA only
SRP RNA conformers after an SRP19—-RNA complex has been formié&ll However,

Reduced electrophoretic mobilities of nucleic acids on polyacrylfduction of SR-B by SRP19 is insufficient for the association
amide gels reflect deviations from straight rods or from compa¥(ith SRP54. As we have shown recenfif)( the M-domain of
structures, as has been demonstrated in the study of nucleic d¥iinan SRP54 (SRP54M) will not interact with a mixture of SRP
bends 27,28). Furthermore, additional loops, bulges andRNA molecules that contains a substantlgl amount of SR-B.
branches can cause slower migration when compared to therthermore, when SRP19 was absent, neither the pure B-form
mobility of a molecule with the same molecular weight that lack§utant 6A nor C1 bound even trace amounts of SRP54M. Thus,
these features29,30). Thus, of the two conformers present inafter the induction of the SR-B conformer, additional structural
human SRP RNA, the faster migrating SR-B form is seen aschanges may occur in the RNA or in the protein during the
more compact and/or less flexible molecule when compared @sganization of the SRP19-RNA complex. Furthermore, since
the slow-moving A-form 17,29). SRP19 is an integrated part of the SRP, protein—protein interac-

Our results show that the majority of nucleotide changes cauiens between RNA-bound SRP19 and protein SRP54 may be
a shift to A-like conformers. This is to be expected as additionaéquired to complete the assembly.
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