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ABSTRACT

Derivatives of human SRP-RNA were constructed by
site-directed mutagenesis and tested for their ability to
interact with protein SRP19. An RNA missing helix 6
barely interacts with SRP19, while the helix 8-deletion
mutant retains much binding capability. A mutant RNA
consisting just of helix 6 also binds the protein, but not
as well as the unaltered molecule. SRP19 interacts to
a full extent with the fourth mutant RNA composed of
helices 6, 7, 8 and a portion of helix 5. It is concluded
that helix 6—and not helix 8—is the major SRP19
binding site. Helices 7, 8 and portions of helix 5
contribute to the formation of a functional site. These
results agree with data suggesting a proximity of helix
6 and the conserved part of SRP-RNA.

INTRODUCTION

The majority of secretory proteins require signal recognition
particle (SRP) for translocation from the cytosol into the lumen
of the endoplasmic reticulum (ER). SRP is part of the secretory
apparatus which includes the signal peptide, ribosomes and the
SRP-receptor in the ER-membrane (1, 2). SRP is a stable
cytosolic ribonucleoprotein particle isolated and characterized
particularly well from canine pancreas (3). It is composed of one
RNA molecule (SRP-RNA) with 300 nucleotides and of six
polypeptides (SRP9, SRP14, SRP19, SRP68, SRP72 and
SRP54). The RNA consists of eight helices and shows some
degree of tertiary structure (4, 5). It is contacted directly by all
SRP-proteins, with the exception of SRP54. RNA-bound SRP19
is required for assembly of SRP54 (3, 6).

Mild digestion of the canine SRP with micrococcal nuclease
generates two subparticles. SRP19 is present in the larger one,
together with the conserved part of helix 5, helices 6—8, the
SRP72/68 heterodimer and SRP54 (7). SRP19 protects the distal
loops of helices 6 and 8 from digestion by «-sarcin (8). Recently,
an octamer sequence near the C-terminus was shown to be
required for interaction with SRP-RNA (9, 10).

To identify the determinants of SRP-RNA required for binding
to SRP19 directly, individual helices were removed by site
directed mutagenesis. RNAs were transcribed in vitro and tested
for their ability to interact with SRP19. I demonstrate that the
protein binds predominantly to helix 6. However, additional
elements from the conserved portion of SRP-RNA are required
to form a fully functional binding site.

MATERIAL AND METHODS
Construction of phR

Plasmid phR for synthesis of authentic human SRP-RNA was
constructed by complete gene synthesis. Updated sequence
information was obtained by analysis of plasmid 7L30.1 (11).
The design of 16 oligonucleotides is shown in Figure 1a. ‘Trityl
on’-synthesis was accomplished on an Applied Biosystem DNA
PCR-Mate using B-cyanoethyl-phosphoramidite chemistry.
Oligonucleotides were purified and detritylated on purification
cartridges supplied by the manufacturer and dissolved at a
concentration of 8.5-nMol/ml. 2 ul of each oligonucleotide were
added to a 1.5 ml Eppendorf tube in a total reaction of 50 ul
containing 50 mM Tris-HCI pH 9.0, 100 mM MgCl, S0 mM
DTT, 0.4 mM ATP and 10 units T4 polynucleotide kinase.
Incubation was for 20 min at 37°C. 2 ul 250 mM EDTA
(pH 8.0) and 348 ul of TE (10 mM Tris-HCI pH 7.5, 1 mM
EDTA), 100 mM NaCl was added. The sample was heated for
5 min using a 300 ml beaker with boiling water. The beaker was
placed at 4°C and left over night. The annealed DNA was
extracted once with phenol and chloroform, adjusted to 300 mM
NaCl and precipitated by adding 3 volumes of ethanol and
incubation at —70°C for 1 hr. The assembled gene was recovered
by centrifugation, washed once with 80% ethanol, dried and
dissolved in 32 ul TE. Aliquots of the annealed oligonucleotides
were ligated to about 100 ng of EcoRI- and BamHI-digested
DNA of pUCI18 for 3 hrs at room temperature and then placed
at 4°C over night. The ligase was inactivated by a 10-min
incubation at 70°C. The DNA was digested with Kpnl for 20 min
at 37°C to reduce the amount of circular pUC18 DNA.
Competent E. coli DHSa cells (BRL) were transformed.
Transformants were selected on LB plates containing 100 ug/ml
ampicillin. DNA of individual transformants was prepared,
restricted with EcoRI and BamHI and analyzed by agarose gel
electrophoresis. A small number of clones containing inserted
DNA was characterized by DNA sequencing with AMV reverse
transcriptase (Stratagene) and o>>S-dATP using the 24-mer M13
reverse sequencing (—48) and the 17-mer M13 sequencing (—20)
primers (New England Biolabs).

Construction of mutant plasmids

Mutants pAH6, pAH8 were constructed as described above for
phR with a subset of the phR-oligonucleotides and additional
mutant ones as indicated in Figure 1a. pH6 was assembled from
four oligonucleotides as shown in Figure 1b. The A35-mutation



2956 Nucleic Acids Research, Vol. 19, No. 11

was obtained using the polymerase chain reaction (PCR) (12)
with mutagenic oligonucleotide bS (ACTTAGTGCGGACAC-
CCGATCTATAGTGCGTCGTATTAG) for the 5'- and b3
(CAGGTCGACTCTAGAGGATCCACAGGCGCGATCCC-
ACTAC) for the 3'-deletion. First, the 5'-deletion (pAS) was
constructed with composite oligonucleotide a (TCCTGAAT-
CTTCCCCTCCGTAGGCACCCCAGGCTTTACACT) and bS.
The PCR product was used to synthesize mutant DNA by
amplification with oligonucleotides ¢ (TCCTGAATCTTCCCC-
TCCGT) and d (CGCCAGGGTTTTCCCAGTCACGAC).
Subsequently, the double deletion pA35 was obtained using pAS
DNA and mutagenic oligonucleotide b3 with oligonucleotides
a, ¢ and d. The nature of all mutant plasmids was verified by
DNA-sequencing.

Synthesis of SRP- and mutant RNAs

DNAs were digested with restriction enzymes Dral (phR, pAH6
and pAH8) or BamHI (pH6 and pA35), extracted with phenol
and chloroform, concentrated by ethanol precipitation and
dissolved in TE. RNA synthesis was initiated from the
T7-promoter and carried out as described previously (9). For
synthesis of radioactively labeled RNA, the concentration of UTP
was reduced 50-fold and o32P-UTP (ICN, 25 Ci/mmole) was
added. Aliquots of the RNAs were analyzed by electrophoresis
on 2% agarose and 6% polyacrylamide urea gels (13) and
dissolved in water.

Binding of SRP19 and C-terminal deletion mutants

Binding of SRP19 and mutants to the various RNAs was
monitored by retardation of SRP19::RNA complexes on DEAE-
Sepharose. A 50-ul aliquot of the translation mix was adjusted
to 300 mM KOAc; 1 ul water, 1 ug tRNA (E. coli tRNAP,
Boehringer) or 1 ug SRP-RNA transcribed from phR-wt (14).
The sample was incubated 30 min. at 25°C, spun in an airfuge
at 30 psi for 15 min. and the pellet (P) and a 5 ul aliquot of the
supernatant (S) were dissolved in 50 1 SDS sample buffer. The
main portion of the supernatant was loaded on an 80 ul DEAE-
Sepharose column (Pharmacia) equilibrated with 300 mM KOAc,
100 mM Tris-HCI pH 7.5. The column was washed four times
with 160 ul of 300 mM KOAc, 100 mM Tris-HCl pH 7.5
(flowthrough, F) and four times with 160 pl of 2 M KOAc,
100 mM Tris-HCI pH 7.5 (eluate, E). 70 ul TCA was added to
the pooled fractions and samples were kept on ice for 30 min..
Polypeptides were pelleted by a 10-min. centrifugation,
supernatants were removed, and pellets were dissolved in 100 pl
SDS sample buffer. SDS polyacrylamide gel electrophoresis of
aliquots of the samples was carried out as described above. After
staining and destaining, gels were dried and exposed to X-ray
film. Individual bands were quantitated using exposure times in
the linear response range of a Abaton 300/GS scanner.

SRP19 deletions were obtained by translation of run-off
transcripts generated by digestion of plasmids pAC1 and pAC2
with HindITl. Immunoprecipitation was carried out as described
(9). The stability of RNAs in the binding assay was confirmed
by adding uniformly 32P-labeled transcripts to the wheat germ
lysate and incubation at 25°C for 0, 10 and 30 min. Samples
were extracted with phenol and chloroform, precipitated with
ethanol and analyzed by electrophoresis on 6% polyacrylamide
urea gels.
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Figure 1. Construction of phR for synthesis of authentic human SRP-RNA and
mutant derivatives AH6, AH8 (a) and H6 (b). Sequences of human SRP-RNA
and mutant H6 are shown between EcoRI and BamHI restriction sites.
T7-polymerase promoters ($10) and the guanosines at the start of transcription
(—) are indicated. Transcripts are numbered on top of the sequences. The borders
between the synthetic oligonucleotides identical to the shown sequence are marked
by arrows pointing up. Borders of oligonucleotides with sequences
are marked with arrows pointing down. Likewise, borders between oligonucleotides
used for construction of mutants are indicated by solid (AH6) or open triangles
(AHS). Deleted regions are emphasized with a dark gray (AH6) and a light gray
horizontal bar (AHS).

RESULTS
Construction of plasmids and analysis of RNAs

phR, a plasmid for transcription of authentic human SRP-RNA
by T7-polymerase, was assembled by complete gene synthesis
(14). Sequences of the annealed 16 overlapping synthetic
oligonucleotides are indicated in Figure la. The number of
transformants containing only pUC18 was reduced by digestion
of the ligation mixture with Kpnl. About 10% of the clones
harbored stable inserts and about half of those contained the
proper sequence. Human SRP-RNA was obtained by restricting
phR with Dral and transcription by T7-polymerase as described
in Material and Methods. Absorbance measurement at 260 nm
and quantitation of ethidium bromide stained RNA after gel
electrophoresis showed that 100 to 150 molecules of RNA were
obtained from one plasmid molecule (not shown). Electrophoretic
mobilities of in vitro transcribed SRP-RNA and of SRP-RNA
isolated from canine SRP were identical (Figure 3a). Both RNAs
bound efficiently to SRP19 (15, 9).

To construct mutants pAH6 and pAHS, a subset of the phR-
oligonucleotides was used together with overlapping mutant
oligonucleotides (Figure 1a). Mutations for the removal of
individual SRP-RNA helices were chosen on the basis of secondary
structure information obtained by comparative sequence analysis
(4). Helix 6 was removed in AHG6; helix 8 was lacking in AH8.
Their postulated secondary structures are shown in Figure 2. Stable
RNAs of the expected sizes were obtained after restriction of
mutant DNAs with Dral and transcription with T7-polymerase
(Figure 3). pH6 was assembled from four oligonucleotides
(Figure 1b). To construct pA35, PCR-technology was used (12)
with the oligonucleotides described in Material and Methods. The
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Figure 2. Secondary structures of human SRP-RNA and AH6, AH8, H6 and A35.

The secondary structure of human SRP-RNA is shown on top with large numbers

2 to 8 for the seven helices (4). Arrows indicate hypersensitive cutting sites for micrococcal nuclease (7).

latter method was less time consuming and more efficient than
complete gene synthesis. The corresponding RNAs (H6 and A35)
were obtained after restriction of plasmid DNAs with BamHI and
run-off transcription (Figures 3).

The stability of SRP-RNA and mutant transcripts under the
conditions of the binding assay was determined. RNAs were
labeled radioactively with «??P-UTP during transcription.
Results shown in Figure 3b demonstrate that the integrity of the
RNAs was not affected by incubation in the wheat germ cell-
free system.

Binding of SRP19 to SRP-RNA and mutant RNAs

Binding of human SRP19 to human SRP-RNA or mutant RNAs
was monitored by retardation of SRP19::RNA complexes on

DEAE-Sepharose as described previously (9). Polypeptides were
analyzed by SDS gel electrophoresis and autoradiography. SRP19
was translated and labeled in the wheat germ cell-free system
in the presence of 3°S-methionine and allowed to form a
complex with the various RNAs. At 300 mM potassium acetate,
RNA-bound SRP19 was retarded on DEAE, from which it was
eluted with 2 M potassium acetate. Figure 4 shows that—in the
presence of SRP-RNA—most of SRP19 was recovered in the
high salt eluate. In the absence of SRP-RNA, virtually all the
protein bound to the ribosomal pellet or the flowthrough of the
DEAE-colum (Figure 4).

Binding of SRP19 to AH6 was greatly reduced, while AH8
bound SRP19 efficiently, albeit not as well as the unmutated SRP-
RNA. H6 also bound SRP19, yet with some reduced efficiency.
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The reduced amounts found in the eluates of the mutants are
predominantly due to the appearance of SRP19 in the flowthrough
and not in the pellets. An appreciable amount of the protein was
found in the ribosomal pellet only in AH6 (Figure 4). The results
were confirmed by titration experiments with variable amounts
of added SRP- or mutant RNAs (Figure 4); they demonstrate
that helix 6 is the major binding site of SRP19. Using mutant
A35, 1 tested if binding to SRP19 could be improved by a
contribution of helices 5, 7 and 8. Titration with SRP-RNA and
A35 showed that binding was completely restored (Figure 5).

Binding of C-terminal deletion mutants of SRP19 to mutant
RNAs

The C-terminus of SRP19 is lysine-rich in lysines and could
interact with SRP-RNA. Although it was shown that removal
of up to 24 amino acids retains binding (9, 10), a secondary role

Figure 3. Autoradiogram of transcribed SRP-RNA and mutant derivatives ().
Stability of the RNAs in the wheat germ cell-free system (b). RNAs were labeled
and transcribed and separated on 6% polyacrylamide gels containing 7 M urea.
Lanes 1: SRP-RNA, lanes 2: AH6, lanes 3: AHS8, lanes 4: A35, lanes 5: H6.
Positions of canine SRP-RNA, 5S RNA and tRNA are marked by arrows. RNAs
were incubated for O (lanes a), 10 (lanes b) or 30 min (lanes c) under protein
binding conditions. Because helix 6 is short and GC-rich, it was labeled poorly
with o2P-UTP; to visualize, this part of the gel was exposed longer.
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of the lysine-rich C-terminus in interaction with SRP-RNA was
not excluded. Since the binding site of SRP19 appeared to be
complex, the possibility was considered that the C-terminus might
selectively interact with helix 6 or helix 8, or portions common
to AH6, AHS8 and A35. Binding of SRP-RNA, AH6, AH8 and
H6 to proteins SRP19, AC1 (14 amino acids deleted) and AC2
(24 amino acids deleted) was tested. The results shown in
Figure 6 demonstrate that the protein deletions bound to all SRP-
RNA derivatives. No significant differences in the affinity to the
various RNA mutants were detected.

DISCUSSION
Characterization of mutant RNAs

Mutant plasmids were constructed by complete gene synthesis
or recombinant PCR using structural information derived by
comparative sequence analysis (4). Helix 6 was explicitly
removed in AH6 and was synthesized as a separate molecule
(mutant H6). Helix 6 is specific for the eucaryotes and archaea,
but deleted in the bacterial 4.5S RNA and the 6S scRNA of
Bacillus subtilis (16). Although helix 6 sequences are variable,
the secondary structures are highly conserved. The stem is likely
to be continuously stacked and the four partly conserved purines
in the terminal loop might be in the so-called tetra-loop structure
(17). This loop was protected by SRP19 in footprinting
experiments (8). Four purines are located also in the terminal
loop of helix 8 and are protected by SRP19. In contrast to helix 6,
helix 8 is highly conserved and present in all SRP-RNA including
the bacterial 4.5S RNAs (4).

Mutant A35 contains the most conserved part of the SRP-RNA
plus variable helix 6 (Figure 2). The termini of A35 were chosen
to coincide with two hypersensitive micrococcal nuclease cutting
sites. Digestion with micrococcal nuclease was used previously
to separate SRP in two structurally and functionally distinct
domains (7). It was anticipated that A35 would be able to adapt
a structure similar to the one present in the larger of the two
SRP domains.
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Figure 4. Affinity of protein SRP19 to SRP-RNA and AH6, AH8 and H6. Complexes were analyzed by retardation on DEAE-Sepharose. Polypeptides from equal
aliquots of the ribosomal pellet (P), the flowthrough (F) and the high-salt eluate (E) were separated on SDS polyacrylamide gels and exposed to X-Ray film. Lanes 1:
no RNA, lanes 2: SRP-RNA, lanes 3: AH6, lanes 4: AH8, lanes 5: H6. The positions of SRP19 (arrow) and molecular weight markers are shown in each panel.
Results shown in the autoradiogram are from the addition of 1 uMole of RNA to a 50 ul binding reaction. Titration of RNAs is displayed in the graph on the right.
Data were obtained using different exposure times in the linear response range of an Abaton 300/GS scanner. SRP-RNA (C). AH6 (W), AH8 (®), H6 (A). The
extent of binding is expressed as the percentage of SRP19 bound to 10 uMole of unmutated SRP-RNA.
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SRP-RNA and mutant derivatives were obtained by run-off
transcription with T7-polymerase toward Dral- or BamHI-sites.
Transcripts from phR yielded SRP-RNA with three uridine bases
at the 3’-end corresponding in size to canine SRP-RNA. Because
of a known property of the polymerase, it cannot be excluded
that one or two nucleotides were added to the 3’-end. Intact
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Figure 5. Affinity of protein SRP19 to SRP-RNA (®) and A35 (O).
Autoradiogram of the SDS polyacrylamide gel is showing the polypeptides
recovered in the high salt eluates: lane 1: 0.1, lane 2: 0.3, lane 3: 1.0, lane 4:
3.0, lane 5: 10 uMole added RNA. The positions of SRP19 is indicated by the
arrows. Titration of RNAs is displayed in the graph on the right. The extent of
binding is expressed as the percentage of SRP19 bound to 10 uMole of unmutated
SRP-RNA.
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Figure 6. Affinity of protein SRP19 and C-terminal deletions to SRP-RNA and
mutant derivatives AH6, AH8 and H6. A mixture of SRP19, AC1 and AC2
polypeptides was analyzed by retardation on DEAE-Sepharose. Equal aliquots
of the input before fractionation (I), the flowthrough (F) and the eluate (E) were
analyzed by SDS gel electrophoresis after incubation with tRNA, SRP-RNA, AH6,
AH8 or H6 (a). Immunoprecipitated polypeptides are seen in lane «. Positions
of SRP19, AC1 and AC2 (arrows) and molecular weight markers are indicated.
Autoradiograms from various exposure times were scanned and data were plotted
as shown in (b).
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molecules of the expected size were obtained in all cases. RNAs
were unaffected by a 30-min incubation in the wheat germ cell-
free system under protein binding conditions. The overall
structure of SRP- and mutants RNA appears to be similar
(Figure 2) since comparable minor degradation products were
observed after gel electrophoresis (Figure 3) on overexposed
autoradiograms (not shown). A35 yielded the most stable RNA,
which is consistent with its expected high degree of folding.

Characteristics of the SRP19 binding site

Binding of human SRP19 to human SRP-RNA and the four
mutant RNAs was monitored by retardation of SRP19::RNA
complexes on DEAE-Sepharose. AH6 interacted poorly with
SRP19; AH8 and H6 bound efficiently, albeit not as well as the
unmutated SRP-RNA; A35 completely restored binding. Minor
amounts of material present in the eluate without added SRP-
RNA were probably due to the presence of wheat germ SRP-
RNA in the lysate (18).

The results demonstrate that the binding site of SRP19 is
complex, with the predominant binding site located in helix 6.
SRP19 interacts probably with the four partly conserved purines
(GGAG) of the distal loop (4, 8), yet other nucleotides might
be involved as well. It seems likely that formation of a stem is
required to expose the bases in the loop in the proper
conformation—possibly a tetra-loop (17). The weak binding of
SRP19 to AH6 could be explained by the fact that a very similar
tetra-loop sequence (GAAA) occurs in helix 8. It remains to be
determined, if this minor interaction is indeed part of the binding
site. Protection of the distal loop of helix 8 from a-sarcin
digestion could be explained by shielding, and not direct binding.
The conclusion that helix 6 is the predominant binding site is
consistent with the recent finding that SRP19 is unable to interact
with E.coli 4.5S RNA (19).

Seven of the nine amino acids at the C-terminus of SRP19 are
lysines. The lysine-rich tail has been suggested to be involved
in interaction with SRP-RNA (15). Analysis of C-terminal
deletion mutants of SRP19 showed 24 C-terminal amino acids
to be dispensable (9, 10). When the RNA-mutants were tested
for interaction with the C-terminal mutants AC1 and AC2, no
significant differential effect was detected, making it even less

| 240A

X

Figure 7. Map of SRP. Helices are represented as rectangles and are numbered
from 2 to 8 as in Figure 2. SRP-proteins are sketched as ovals; their sizes are
approximated assuming globular structure (24). The signal peptide is shown to
interact directly with SRP54 (25). Micrococcal nuclease hypersensitive sites (7)
are marked by arrows. Folding is proposed to occurs at two hypersensitive sites.
SRP19 is positioned at the distal loops of helices 6 and 8 (8) and SRP54. The
length of SRP (240 A), as determined in the electron microscope (22) is indicated
at the bottom. Other features are shown for which there is some evidence (4,
21), but which are not discussed in the context of this work.
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probable that the lysine-rich tail functions in interaction with
SRP-RNA.

As shown in Figure 5, the full binding capacity was restored
with A35. This result supports the concept that—besides
helix 6—the conserved portion of SRP-RNA is important for
binding. Under the assumption that SRP19 is a globular protein,
the distal loops of helix 6 and 8 must be close to each other to
be both protected, which could be accomplished by folding of
the RNA in the vicinity of SRP19. This view is confirmed by
comparative sequence analysis (4) and molecular modeling (20,
21) studies aimed to accommodate the RNA within the
dimensions of SRP determined by electron microscopy. A
hypothetical folding design is shown in a map of SRP (Figure 7).
To bring the distal loops of helices 6 and 8 closer, helices 5,
6 and 8 were positioned parallel to each other by folding the RNA
at two of the sites that are hypersensitive toward micrococcal
nuclease digestion. Physical model building of the RNA shows
that as a consequence of such folding, its size and shape agrees
well with the dimensions (240X 60 A) determined in the electron
microscope (22). Only SRP-RNA and mutant A35 restore
complete binding, presumably because they conform to the
suggested folding pattern. Binding of SRP19 could not be
improved using a mixture of equimolar amounts of AH6 and H6
(not shown) indicating that helix 6 must be placed properly in
the context of nucleotides located in the proximal parts of
helices 6, 7 and 8. This region has been found to contain dynamic
properties (23) which were proposed to play a role in assembling
the particle (5). It is possible—as was suggested recently (10)-
that SRP19 directly affects the formation of an RNA structure
needed for further assembly of SRP.
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