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ABSTRACT

Two polypeptides of the murine signal recognition particle (SRP), SRP9 and SRP14, bind exclusively as a heterodimer
to SRP RNA and their presence is required for elongation arrest activity of the particle. SRP9/14 also constitute a
subunit of small cytoplasmic Alu RNPs. To identify RNA-binding determinants, we assayed the dimerization and
RNA-binding capacities of altered proteins in vitro. Despite the structural homology of the two proteins, their require-
ments for dimerization differ substantially. In SRP9, an internal fragment of 43 amino acids is sufficient to allow dimer
formation, whereas in SRP14 only few changes, such as removing an internal loop region, are tolerated without
affecting its dimerization activity. The dimerization defect of the SRP14 proteins is most likely explained by a reduced
stability or ability to fold of the proteins. Interestingly, SRP RNA can engage certain dimerization-defective SRP14
proteins into stable complexes, suggesting that low-affinity interactions between the RNA and SRP14 may help to
overcome the folding defect or the reduced stability of the proteins. We identified two regions, one in each protein,
that are essential for RNA-binding. In SRP9, acidic amino acid residues in the N-terminal a-helix and the adjacent loop
and, in SRP14, a flexible internal loop region are critical for RNA-binding. In the heterodimer, the two regions are
located in close proximity, consistent with the RNA-binding region being formed by both proteins.
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INTRODUCTION reactions of SRP54 and of the SRP receptor complex in
the endoplasmic reticulum membrane (Rapiejko &
Gilmore, 1992; Miller et al., 1993; Bacher et al., 1996).
While SRP is bound to the nascent chain-ribosome com-
plex, it effects a delay or an arrest in the elongation of
the nascent polypeptide. The delay in elongation is

The signal recognition particle (SRP) plays an essential
role in the translocation of proteins into the endoplas-
mic reticulum. It mediates co-translational transloca-
tion by recognizing and binding to signal sequences of

nascent chains followed by targeting the nascent chain- X - :
ribosome complex to the translocation sites in the ER thought to improve the eff1c1gncy of the translocation.
membrane (for review see Walter & Johnson, 1994; The 9-kDa and 14-kDa subunits of SRP (SRP9, SRP14)

Bovia & Strub, 1996; Walter & Johnson, 1994). The com- and the Alu sequences of SRP RNA are required for
ponents as well as the functions of canine SRP have elongation arrest activity of the particle (Siegel & Walter,
already been characterized quite well (for review see ~ 1986; for review see Strub et al., 1993). Homologues of
Liitcke, 1995; Bovia & Strub, 1996). SRP is composed of ~ XL components have been identified in organisms of
six polypeptides and one RNA molecule. The 54-kDa all three kingdoms, indicating that SRP-mediated pro-

subunit of SRP (SRP54) binds specifically to the signal tem translocation is highly Conserveq in evolution (for
sequence of a nascent chain and, together with the review see Althoff et al., 1994; Wolin, 1994). Indeed,

19-kDa subunit (SRP19) and SRP RNA, promotes tar- functional studies in yeast and bacteria corroborated
geting and translocation of elongation-arrested na- thl? c.onclu51.or1 (Hann et al, 1989; Luirink et al., 1992;
scent chains (Hauser et al., 1995). The targeting cycle Phillips & Silhavy, 1992).

of SRP is regulated by GTP-binding and hydrolysis The Alu sequences of mammalian SRP RNA consti-
tute the phylogenetic precursor for the Alu family of
- - j ] ] repetitive DNA sequences in primate and rodent ge-
Reprint requests to: Katharina Strub, Département de biologie . .

cellulaire, Université de Geneve, Sciences III, Ch-1211 Geneva 4, nomes (Ullu & TSChudl/ 1984)' Recently, it has been
Switzerland; e-mail: strub@cellbio.unige.ch. shown for a number of cytoplasmic Alu RNAs that
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they can bind SRP9/14 in vivo and in vitro (for review
see Bovia & Strub, 1996). In addition, SRP9/14 was
found to exist in large excess over SRP in primate cells
(Chang & Maraia, 1993; Chang et al., 1994; Bovia et al,,
1995). Although no functions have yet been identified
for Alu RNPs and the free heterodimer, it appears likely
that the heterodimer SRP9/14 may have additional,
not SRP-related cellular functions.

SRP9 and SRP14 form a very stable heterodimer in
vitro and bind exclusively as such with high specific-
ity to the Alu portion of mammalian SRP RNAs (Strub
& Walter, 1990) and to scAlu RNAs (Bovia et al., 1995,
1997). The dissociation constants for mammalian SRP9/
14 heterodimers and a synthetic mammalian SRP RNA
are in the range of 0.08-0.2 nM (Janiak et al., 1992;
Bovia et al., 1997), demonstrating that these RNA-
protein complexes are exceptionally stable.

The primary sequences of mouse SRP9 and SRP14
proteins failed to reveal already characterized RNA-
binding motifs. We therefore decided to use mutagen-
esis, followed by functional assays, to identify structural
elements within the two polypeptides that are essen-
tial for the formation of the heterodimer and for bind-
ing to the Alu-portion of SRP RNA. In molecular terms,
dimerization may bring distinct regions in both pro-
teins in close proximity, thereby forming an RNA-
binding pocket. Alternatively, the RNA-binding domain
may consist of only one protein and could be gener-
ated by conformational changes during dimerization.
Our analysis demonstrated that both subunits of the
heterodimer SRP9/14 contribute to the formation of
the RNA-binding domain. Based on the crystal struc-
ture of the heterodimer, which was determined in par-
allel (Birse et al., 1997), the RNA-binding determinants
are located in the N-terminal a-helix and the following
turn of SRP9 and in a flexible loop region of SRP14.
Despite the structural similarity between SRP9 and
SRP14 and the symmetry of the heterodimer, changes
in the primary structures of the two proteins affect
their dimerization capacities very differentially. Whereas
an internal fragment of SRP9 is sufficient to promote
dimerization, only few changes in SRP14 are tolerated
without losing its dimer formation capacity, indicating
that most of the changes interfere with its folding or
stability. Certain SRP14 proteins with a defective di-
merization function formed in the presence of SRP9
stable complexes with SRP RNA, suggesting that low-
affinity interactions between the RNA and the proteins
can drive the assembly of the complex.

RESULTS

Experimental strategy

To determine structural elements within murine SRP9
and SRP14 that are required for the formation of the
SRP9/14-SRP RNA complex, we engineered SRP9 and
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SRP14 proteins with N- and C-terminal truncations.
The secondary structure arrangement of the proteins
(Birse et al., 1997) and a schematic representation of
the truncated proteins that we obtained by introduc-
ing deletions into the SRP9 and SRP14 cDNAs (see
Materials and Methods) are shown in Figure 1A and B.
We also produced a series of SRP14 proteins in which
two adjacent amino acids were substituted by intro-
ducing a restriction site at this position into the SRP14
cDNA. In these SRP14 proteins, many of the con-
served amino acids in the central region of SRP14, in
particular basic amino acids, were replaced by either
A/S or A/G (Fig. 1C). In addition, the newly intro-
duced restrictions sites served to produce internal de-
letions in the SRP14 cDNA (labeled * in Fig. 1B). Hence,
the two amino acids that precede the internal trunca-
tions in these proteins have been changed into alanine
and serine.

SRP9 and SRP14 have to form a heterodimer to bind
specifically to SRP RNA (Strub & Walter, 1990). Hence,
we first determined the dimerization capacities of the
altered SRP9 and SRP14 proteins using three different
approaches in which co-precipitation of the altered pro-
tein with its partner protein revealed its capacity to
form a heterodimer. For the analysis of SRP9 proteins,
we used affinity-purified anti-SRP14 antibodies to co-
precipitate SRP9 proteins with purified recombinant
SRP14, which contains a myc epitope at its C-terminus
(SRP14m). As an alternative, we produced a fusion
protein of SRP14 with glutathione-S-transferase (G-14).
The glutathione-S-transferase (GST) moiety of the fu-
sion protein serves to bind the protein to glutathione
beads, which allows easy separation of bound and free
SRP9 proteins (see Materials and Methods). The di-
merization capacities of SRP14 proteins were exam-
ined in co-precipitation experiments with recombinant
SRP9 comprising a myc epitope at its C-terminus
(SRP9m) and immobilized anti-myc antibodies.

In trial experiments, we found that salt concentra-
tions between 150 and 500 mM potassium acetate did
not influence the efficiency of dimer formation. In ad-
dition, dimerization was as efficient co-translationally —
when one protein was present during in vitro synthesis
of the other—as posttranslationally —when the recom-
binant partner protein was combined with the fully
synthesized [*S]-labeled protein (results not shown).
In all experiments presented here, the recombinant pro-
teins were added posttranslationally in an estimated
10-fold excess to the in vitro synthesized [*S]-labeled
proteins. It should be noticed that a loss in dimeriza-
tion capacity in these experiments can reflect a loss in
direct interactions between the two proteins or result
from aberrant folding of the mutated protein.

To assay the RNA-binding activity of the heterodi-
mer, we used biotinylated 7S-Alu RNA and, as a neg-
ative control, a biotinylated transcript representing a
portion of the antisense strand of the murine SRP14
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FIGURE 1. Schematic representation of the
mutations introduced into SRP9 and SRP14
proteins. A: Murine SRP9. B: Murine SRP14.
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cDNA. We have shown previously that the negative
control RNA is not bound by murine SRP9/14 (Bovia
et al., 1994). Studies conducted in parallel demon-
strated that the murine SRP9/14-synthetic 75-Alu RNA
complex is very stable, with a dissociation constant of
0.2nM (Bovia et al., 1997). The same quantitative study
also revealed that a 10-15-fold decrease in the disso-
ciation constant of the complex was not detected by
the in vitro RNA-binding assay. The concentrations of
the [*°S]-labeled proteins are significantly above 0.2 nM
(5-10 nM), which may explain this observation. Hence,
a loss in RNA-binding activity in this assay reflects a
20-fold or larger decrease in the binding constant of the
complex.

70

80

|
110

A central region of SRP9 is required and
sufficient for the formation of a heterodimer

The polyclonal anti-SRP14 antibodies co-precipitated
wild-type SRP9 with an efficiency of about 40%
(Fig. 2A, lane 1), whereas SRP9 bound with 26% effi-
ciency to glutathione beads in the presence of G-14
(Fig. 2B, lane 1). The input lanes represent either all of
the SRP9 protein (Fig. 2, I) or 1/3 of the protein (Fig. 2,
I, 3) used in the dimerization reaction. In the absence
of SRP14m, about 10% of the labeled SRP9 protein was
nonspecifically co-precipitated with the polyclonal anti-
bodies (Fig. 2A, lane 3). When G-14 was replaced by
GST (Fig. 2B, lane 3), nonspecific binding of SRP9 to
glutathione beads was not detectable. For the calcula-
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FIGURE 2. Dimerization capacities of truncated SRP9 proteins. A:
Co-immunoprecipitation of [35S]-labeled SRP9 proteins with affinity-
purified anti-SRP14 antibodies in the presence (lane 1,2) and in the
absence (lane 3) of recombinant SRP14m and 7S-Alu RNA. B,C:
Binding of [*°S]-labeled SRP9 proteins to immobilized recombinant
G-14 fusion protein alone (lane 1) and in the presence of 75-Alu RNA
(lane 2 in B). In the negtive control sample, G-14 was replaced by GST
(B:1lane 3; C:lane 2). Iand I; ;3 represent all and 1/3 of the protein used
in the experiments, respectively.

tion of the dimerization capacities of the truncated
SRP9 proteins, nonspecific binding in the control lane
was deduced from specific binding in the experimen-
tal samples. The co-precipitation efficiencies of the trun-
cated SRP9 proteins were then standardized to the co-
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precipitation efficiency of wild-type SRP9, which was
set to 100% (Table 1A).

Truncation of C-terminal portions up to 30 amino
acids and of an internal portion at the N-terminus,
amino acids 6-17, which remove the N- and C-terminal
a-helices (Fig. 1A), did not interfere significantly with
the formation of a heterodimer (Table 1A). When re-
moving similar N-terminal portions completely, as in
SRP9-11N and SRP9-22N, we still observed dimeriza-
tion, however, at 2-3-fold lower efficiencies. Possibly,
the complete removal of N-terminal portions resulted
in a more severe disturbance of the SRP9 structure
than the removal of the al-helix. Removing 33 and 40
amino acids at the N and C termini, respectively, com-
pletely abolished heterodimer formation (Fig. 2A,B,
lane 1).

We also determined the dimerization efficiencies of
the truncated proteins in the presence of 75-Alu RNA
to reveal a potential role of the RNA in dimer stability
or assembly. The heterodimer SRP9/14m and SRP9/
G-14 bound with similar efficiencies to 7S-Alu RNA
(Fig. 3B and results not shown), as determined previ-
ously for SRP9/14 (Bovia et al., 1994). No difference in
dimerization capacity with and without 7S-Alu RNA
was observed for wild-type SRP9 (Fig. 2A, lane 2).

TABLE 1. Dimerization and RNA-binding efficiencies
of SRP9 proteins.?

Dimerization RNA-binding
SRP9 proteins — Alu RNA + Alu RNA Alu RNA C RNA
A. SRP9 proteins with truncations
SRP9 (1-86) 100 100 100 13
1-76 (-10C) 110 119 ++b —¢
1-66 (-20C) 80 94 121 20
1-56 (-30C) 81 100 83 13
1-46 (-40C) 11 — — —
12-86 (-11N) 44 50 26 —
23-86 (-22N) 39 33 11 13
34-86 (-33N) - — — —
(46-17)4 131 123 13 9
1(A6-17)-66¢ 11 13 ND ND
23-66° 14 11 ND ND
23-56 — — ND ND
B. SRP9 proteins with mutations in the terminal part
W7A, E8G! 59 87 87 —
E9A, F10G 31 24 38 12
R12A, A13G 78 65 86 —
E15G¢ 108 111 49 -~
K16A, L17G 19 1 42 —
D214, P22G¢ 128 98 45 —

2 Activities of mutated proteins were standardized to 100% dimer-
ization and RNA-binding efficiencies of wild-type SRP9. Standard
deviations in the experimental approaches were between 10 and
20%. ND, not determined.

bPreviously published without quantification in Bovia et al. (1994).

“Less than 10% binding.

dSpecific loss of RNA binding.

¢Minimal region for dimerization.

fImproved dimerization efficiency in presence of the RNA.



752 N. Bui et al.
A C
1 3 4 1 2 3
+ |+ SRP14m /3 + |+ | - |G-14
1 -+ [ [+ [cRna T-1+] - [AuRNa
+ |- |+ Alu-RNA
SRP9
SRP9
R12A
A13G
-20C
E15G
D21A FIGURE 3. RNA-binding activities of mutated SRP9 pro-
-30C P22G teins. A,D: Binding of [355]-labeled SRP9 proteins to bio-
tinylated 7S-Alu RNA (Alu RNA, lane 1) and to a control
RNA (C-RNA, lane 2) in the presence or absence of re-
-40C combinant SRP14m (A: lanes 3 and 4, respectively). B:
2 Substituted amino acid residues in the N-terminal al-
& + | C-RNA helix of SRP9. Black: Amino acid residues that are highly
11/3 conserved based on the alignment of the SRP9 proteins of
grm P
A6-17 + | - | Alu-RNA M. musculus, C. elegans (Wilson et al., 1994, accession no:
o P21262), and Z. maize (N. Wolff & K. Strub, unpubl. re-
SRP9 sults, accession no: Y 10 118). C: Binding of mutated SRP9
proteins to immobilized G-14 fusion protein alone (lane 1)
and in the presence of 7S-Alu RNA (lane 2). In the nega-
R12A tive control sample, G-14 was replaced by GST (lane 3). I
A13G and I3 represent all and 1/3 of the protein used in the
experiments, respectively.
E15G
D21A
P22G

B ® .

AGAG AG GAG

MPQFQTWEEESEEEEEEYLAQEMKVRV

1 ]O 20

T

This confirmed that binding of SRP9 to SRP14m and
G-14 is maximal under the selected experimental con-
ditions. The dimerization capacities of C-terminally
truncated proteins were increased slightly, indicating
that the RNA stabilized the complex (Fig. 2A, lane 2).
In contrast, the addition of 7S5-Alu RNA did not im-
prove the reduced dimerization capacity of N-termi-
nally truncated SRP9 proteins, suggesting that they
may be defective in RNA binding.

The finding that certain N- and C-terminal regions
may be removed individually without a complete loss
of the dimerization function indicated that a central
region of about 45-50 amino acids of SRP9 may be
sufficient to form a heterodimer with SRP14 in vitro.
To confirm this interpretation, we examined dimer
formation of internal portions of SRP9 (Figs. 1A, 2C).
An SRP9 protein comprising amino acids 23-66 and
SRP9(1(A6-17)-66) were both found to form a hetero-
dimer with SRP14m, albeit less efficiently than SRP9
(Fig. 2C, lane 1; Table 1A). Thus, the central region of

SRP9 comprising the three core B-strands and more
than half of the C-terminal a2-helix is sufficient to
form a heterodimer with SRP14. Removing the entire
a2-helix by a further truncation of 10 amino acids,
SRP9(23-56), completely abolished dimer formation.
Hence, removing both a-helices (a1 and a2 in Fig. 1A)
is detrimental for dimer formation, whereas removing
either al (SRP9(A6-17) or a2 (SRP9-30C) leaves the
protein dimerization-competent. This findings suggest
that the a-helices play an important role in stabilizing
the structure of the central g strands to allow dimer
formation.

The N-terminal region of SRP9 contains
RNA-binding determinants

We then examined the RNA-binding activities of the
heterodimeric complexes comprising SRP14m and the
truncated in vitro-synthesized SRP9 proteins (Fig. 3A,
lane 1). About 40% of the in vitro-synthesized SRP9
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protein bound to 7S-Alu RNA and less than 4% bound
to the negative control RNA (lane 2). Instead of sub-
tracting nonspecific from specific RNA-binding, we
decided to list them separately, because mutations in
the protein could change its RNA-binding specificity.
In addition, we standardized the RNA-binding effi-
ciencies of the altered proteins to the one of SRP9/14
bound to 75-Alu RNA (Table 1).

We found that removing up to 30 amino acids at the
C terminus of SRP9 did not interfere with RNA bind-
ing of the heterodimer (Fig. 2A, lane 1). Hence, this
region is dispensable for dimer formation and RNA-
binding activities of SRP9. In contrast, N-terminally
truncated proteins, in particular SRP9(A6-17), which
dimerized as efficiently as wild-type SRP9, failed to
bind specifically to 7S-Alu RNA (Fig. 3A, lane 1;
Table 1A). The two proteins that did not form a het-
erodimer, SRP9-40C and SRP9-33N, were also defec-
tive in 7S-Alu RN A-binding. The two negative controls,
binding of truncated SRP9 proteins alone to 75-Alu
RNA, and binding of the heterodimer to a control RNA
gave the expected negative results, thereby confirm-
ing that the RNA-binding activity of the mutated pro-
teins was still dependent on heterodimer formation
(Fig. 3A).

The intact dimerization function of SRP9(A6-17)
strongly indicated that its complete loss in RNA-binding
activity is due to a loss of an RNA-binding domain as
opposed to a change in protein structure. To confirm
this interpretation and to identify specific amino acid
residues involved in RNA-binding, we replaced one or
two adjacent amino acids by A and G within this re-
gion of SRP9 (Fig. 3B). We were hoping that the newly
introduced alanine and glycine residues would not
interfere significantly with the formation of an a-helix.
As before, the proteins were produced in wheat germ
extract and their dimerization and RNA-binding ac-
tivities assayed with immobilized G-14 and 75-Alu
RNA, respectively (Fig. 3C,D, lane 1; Table 1B). The
mutations that reduced the RNA-binding activity of
the protein exclusively, but left its dimerization capac-
ity unchanged, are E15G and D21A/P22G. E15 is lo-
cated in the al-helix and D21 and P22 in the following
turn (Fig. 1A). W7A/E8G had a reduced dimerization
capacity, but formed a stable complex with the RNA,
revealing an intact RNA-binding function of the het-
erodimer. Mutations such as K16A/L17G and E9A/
F10G had a negative effect on dimerization and RNA-
binding activities of the protein. The fact that the
dimerization defect was not compensated by the ad-
dition of the RNA, as observed for SRP9(W7A /ESG),
suggests that these residues play a role in RNA bind-
ing. The mutation of R12A/A13G did not diminish
both activities. The negative control reactions in the
experiments—binding of the heterodimer to the con-
trol RNA (Fig. 3D, lane 2) and binding of the altered
SRP9 proteins alone to both RNAs (not shown)—gave
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similar results as observed for SRP9. The specific neg-
ative effect of certain substitutions on the RNA-binding
function of the heterodimer confirmed the importance
of this region, and, in particular, of these residues, for
RNA-binding.

An internal loop and a small C-terminal region
can be removed in SRP14 without interfering
with its dimerization capacity

Next, we analyzed truncated SRP14 proteins and
proteins with one or two adjacent amino acid sub-
stitutions for their capacity to form a heterodimer
(Fig. 1B,C). The similarity of SRP14 and SRP9 struc-
tures (Birse et al., 1997; Fig. 1B) suggested that similar
truncations in SRP14 might yield results comparable
to the ones obtained for SRP9.

Under optimized conditions, 22% of the wild-type in
vitro synthesized SRP14 protein was specifically co-
precipitated with anti-myc antibodies in the presence
of SRP9m (Fig. 4A, lane 1, Table 2). Very little SRP14,
below 3% of the protein used in the experiment, was
precipitated in the negative control where SRP9m
was omitted from the immunoprecipitation reaction
(Fig. 4A,B). The dimerization capacities of the altered
SRP14 proteins were calculated as mentioned for SRP9
proteins.

Three regions in SRP14 were found to be dispens-
able for dimer formation; the 10 C-terminal amino acids
and the internal regions spanning amino acids 33-43
and 44-55, which represent a flexible loop structure in
the SRP14 protein (Fig. 1B). Removal of other internal
regions, as well as N-terminal regions and 20 or more
amino acids C-terminally, resulted in a complete loss
of dimerization activity. Because not all of these re-
gions are part of the dimer interface (see Discussion),
these results suggested that SRP14, unlike SRP9, re-
quires a largely intact protein sequence for its correct
folding. Indeed, for many of the truncated proteins
that lacked dimerization activity, we observed a no-
ticeable increase in nonspecific co-immunoprecipitation
(for example, for the internal truncation A56-66 in
Fig. 4B). We think that this is due to aberrant folding of
these proteins, which renders them either partially in-
soluble and/or very sticky.

In contrast to the truncated proteins, all but one of
the SRP14 proteins with amino acid substitutions had
full dimerization capacities (Fig. 4B, lane 1; Table 2).
Hence, the replaced amino acids are not critical for
dimerization. Substitution of amino acids L58 and R59
(Fig. 4B; Table 2) as well as other changes in the vicin-
ity (results not shown) resulted in a decreased dimer-
ization efficiency. Thus, subtle changes in primary
sequence within this core region appears to diminish
the stability of the heterodimeric complex and/or to
interfere with proper folding of the SRP14 protein.



754 N. Bui et al.
A 1 2 3 4 B 1 2 3
| + - | + - | SRP9mM | + + - |SRP9m
- - + = |Alu RNA - + = | Alu RNA
SRP14 SRP14
11N
-20N
- [SRP9mM
ETN S N
- + = |[Alu RNA
s A7-22
- + |AluRNA K31A
| - — K32S
+ + SRP9 AR AW A )
e —
‘ - , R42A
e i W i <+—0/14 T a— 222855
N54A
K55S
G e e «—0/14-24C A56-65
= 24C —» e i s -
e e A S23A
G24S
~e e +—0/14-30C Sk
-30C ——wu&mwggi Baln
‘ L58A
-39C — R59G
K74A s s «—dimer
E75S —> et o tssstoss
126126 [min

FIGURE 4. Dimerization activities of altered SRP14 proteins. A,B: Co-immunoprecipitation of [*S]-labeled SRP14 pro-
teins with anti-myc antibodies in the presence of SRP9m (A: lane 1; B: lane 1) and in the presence of SRP9m and 7S-Alu
RNA (A: lane 3; B: lane 2). SRP9m was omitted in the negative control reaction (A: lanes 2,4; B: lane 3). C: Glutaraldehyde-
mediated crosslinking of SRP9 and SRP14 proteins in the heterodimer in the presence (lane 2) and in the absence (lane 1)
of 7S-Alu RNA. [*%S]-labeled SRP14 proteins were crosslinked to recombinant SRP9 for the time length indicated. I and I, 3
represent all and 1/3 of the protein used in the experiments, respectively.

We also determined the dimerization efficiencies of
the various SRP14 proteins in the presence of 7S-Alu
RNA (Fig. 4A, lane 2; Fig. 4B, lane 3; Table 2). The
dimerization capacity of wild-type SRP14 remained
the same in the presence of the RNA, confirming that
the selected experimental conditions were optimal for
dimerization. The lost dimerization capacities of N-ter-
minally and internally truncated proteins were not im-
proved in the presence of 75-Alu RNA. A significant
RNA-dependent increase in dimerization efficiency was
observed for SRP14-20C and, surprisingly, also for
SRP14-24C and SRP14-30C, for which we failed to de-
tect dimeric complexes in the absence of 75-Alu RNA
(Fig. 4A, lane 3; Table 2). To examine whether these

complexes were present in solution but escaped detec-
tion in immunoprecipitation experiments, we took
advantage of the divalent crosslinking reagent glutar-
aldehyde, which has been shown previously to cross-
link SRP9 and SRP14 proteins efficiently in solution
(Strub & Walter, 1990; Bovia et al., 1994). For these
experiments, the [*°S]-labeled translation products were
purified partially on heparin beads and then incu-
bated with recombinant SRP9, with or without 75-Alu
RNA. Glutaraldehyde was added to the samples and
crosslinking stopped at different time points. We ob-
served a crosslinked product of the expected size for
SRP14-24C, -30C and SRP14 (K74A, E75S) (Fig. 4C;
Table 2). As observed previously for wild-type SRP9/14
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(Strub & Walter, 1990; Bovia et al., 1994), these cross-
linked products were specific for the heterodimer,
because they were not detected in the absence of re-
combinant SRP9 (results not shown). The crosslinking
efficiencies were similar with and without 75-Alu RNA
for SRP14 and SRP14-24C, whereas they improved in
the presence of the RNA for SRP9/14-30C and for
SRP14 (K74A, E75S). The fact that certain complexes
were observed in crosslinking but not in immunopre-
cipitation experiments indicated that they have a de-
creased stability and that the addition of the RNA
moiety helped to improve it. Hence, missing or altered
amino acids in the C-terminal region have no signifi-
cant role in RNA binding, but stabilize the heterodi-
meric complex. We failed to detect a crosslinked product
between SRP14-39C and SRP9, suggesting that the trun-
cated protein has lost both activities.

RNA-binding determinants of SRP14 are
located within a flexible loop region

We next examined the RNA-binding activities of the
mutated SRP14 proteins (Fig. 5A,B, lane 1; Table 2). We

TABLE 2. Dimerization and RNA-binding efficiencies
of SRP14 proteins.?

Dimerization RNA-binding

Proteins — Alu RNA + Alu RNA Alu RNA C RNA
SRP14 (1-100) 100 100 100 11
1-100 (-10C)® 103 124 +4¢ 32
1-90 (-20C)¢ 21 98 109 25
1-86 (-24C)¢ —(+)¢ 83 95 17
1-80 (-30C)4 —(+)¢ 62 55 17
1-71 (-39C) — — 21 —
1-65 (-44C) . — e =
12-110 (-11N) — — — —
21-110 (-20N) — — — —
A(7-22) — — — —
S23A, G24S 100 111 97 10
S23A, G24S (A25-32) 16 o 16 13
K31A, K325 119 115 103 =
K31A, K32S (A33-43)bf 82 87 37 10
R42A, K438 72 109 94 10
R42A, K43S (A44-55)° 106 106 100 —
N54A, K55G 100 83 98 22
N54A, K55S (A56-65) 14 = 22 —
K64A, R65S 103 76 98 =
K64A, R65S (A66-75) — — — —
L58A, R59G 34 36 55 -
K74A, E755 CL:weak CL:strong 83 —
N77A, K785 105 98 87 L%

2Relative activities of mutated proteins were standardized to 100%
dimerization and RNA-binding efficiencies of wild-type SRP14. Stan-
dard deviations in the experimental approaches were between 10
and 20%.

PTruncated proteins that dimerize.

¢Previously published without quantification in Bovia et al. (1994).

dImproved dimerization in presence of the RNA.

¢Positive result in crosslinking experiments.

fSpecific loss of RNA binding.
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have shown previously that the RNA-binding activity
of SRP14-10C is the same as for SRP14 (Bovia et al.,
1994). Of the other two truncated proteins that dimer-
ized efficiently, one, SRP14 (R42A, K435, A44-55), had
wild-type RNA-binding activity, whereas the other,
SRP14 (K31A, K325, A33-43), had a significantly de-
creased RNA-binding activity, indicating that amino
acid residues 31-43 are required for RNA binding. The
results obtained with the other truncated SRP14 pro-
teins were as expected from the observed effect of 75-
Alu RNA on heterodimer stability. The C-terminally
truncated proteins that lack up to 24 amino acids still
bound to 7S-Alu RNA with the same efficiency as
SRP14. Removing 30 amino acids C-terminally de-
creased RNA-binding and dimerization activities to
55%. The N-terminally truncated proteins, as well as
the proteins with internal truncations that had lost
their capacities for dimer formation, had also com-
pletely lost their RNA-binding activities (Table 2). The
specific RNA-binding activity observed for certain
SRP14 proteins was strictly dependent on the presence
of SRP9 (not shown). Some of the SRP14 proteins, such
as SRP14 (N54A, K55S, A56-65), that co-precipitated
nonspecifically in the immunoprecipitation experi-
ments, also showed an increased nonspecific binding
to the control RNA, suggesting stickiness and/or in-
solubility of the proteins. The slight increase in bind-
ing to the control RNA observed for the C-terminally
truncated proteins may indeed reflect an increased non-
specific affinity for RNA.

We also tested the RNA-binding activities of the
SRP14 proteins with two altered amino acids (Fig. 1C)
to investigate a possible role of the basic amino acids
in RNA-binding. All SRP14 variants with two altered
amino acids that dimerized efficiently in the presence
of 7S-Alu RNA were also found to bind with similar
efficiencies as the wild-type heterodimer to 7S-Alu RNA
(Fig. 5B, lane 1; Table 2), and specific binding to the
RNA was entirely dependent on the presence of SRP9
(results not shown). In particular, neither replacing
amino acids K31/K32 nor R42/K43 alone interfered
with RNA binding of the heterodimer. The partial loss
in RNA binding observed for SRP14 (K31A, K325, A33-
43) is therefore due to changing all four of the basic
amino acids and/or to removing additional amino acids
within the 33-43 region of SRP14. The SRP14 variant
with decreased dimerization efficiency, SRP14 (L58A,
R59G), also had lower RNA-binding activities. Unlike
for C-terminally truncated proteins, the dimerization
defect of this protein could not be rescued by RNA,
suggesting a possible role of these residues in RNA-
binding.

Our analysis identified one altered SRP14 and two
altered SRP9 proteins that had lost their RNA-binding
activities partially, demonstrating that both proteins
contribute to RNA binding. Hence, we examined
whether the combination of two defective SRP9 and
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-20C *A44-55
-24C A7-22 FIGURE 5. RNA-binding activities of altered SRP14 pro-
teins. A: C-terminally truncated SRP14 proteins. B: SRP14
K31A proteins with internal truncations. * indicates that the two
-30C K32G amino acids preceding the truncations have been changed
into A/S. C: RNA-binding activities of altered SRP9 and
SRP14 proteins. Alu RNA, 75-Alu RNA (lane 1). C-RNA,
L58A Control RNA (lane 2). I and I; ;3 represent all and 1/3 of the
-39C .| R59G [*°S]-labeled protein used in the experiments, respectively.
C-RNA
Alu-RNA
_ |sRpP14
| SRP9
| 14(*A33-43)
9(E15G)

SRP14 proteins resulted in a complete loss of specific
RNA-binding activity. Both SRP14 (K31A, K325, A33-
43) and SRP9 (E15G) were synthesized in vitro and
incubated with 7S-Alu RNA and the control RNA. As
a positive control, we included in vitro-synthesized
SRP9 and SRP14 in the analyses (Fig. 5C). As predicted
from the previous results, the combination of two par-
tially defective proteins leads to an almost complete
loss of specific RNA-binding activity of the heterodi-
mer. The wild-type proteins in the positive control
bound 7S-Alu RNA efficiently.

SRP RNA facilitates assembly of
dimerization-defective SRP14 proteins

An internal truncation in SRP14, SRP14 (A7-22), which
removes the al-helix (Fig. 1B), resulted in a complete
loss of dimerization activity even in the presence of
7S-Alu RNA. The same truncation in SRP9 did not
interfere with dimerization, but specifically abolished
RNA-binding activity of the heterodimer. The high non-
specific co-precipitation of all N-terminally truncated
proteins (Fig. 4B) suggested that their loss in activity
may be due to misfolding of the protein. We decided
to introduce more subtle changes into this region, hop-
ing that they would not interfere with proper protein

folding and would therefore allow us to distinguish
between a defect in RNA-binding or dimerization. We
produced SRP14 ¢cDNAs in which highly conserved
and/or basic N-terminal amino acids were changed
into A/G (Fig. 6A). The different SRP14 proteins were
analyzed in immunoprecipitation and crosslinking ex-
periments as described before. Changing K19/C20 into
A/G did not change the dimerization and RNA-binding
activities of the protein (Fig. 6C). These two amino
acid residues lie just outside the al-helix of SRP14
(Fig. 1B). The other three mutated proteins, which con-
tain substitutions within the al-helix, failed to form a
dimer with SRP9. However, they formed very stable
complexes with 7S-Alu RNA comprising SRP14 and
SRP9 proteins in close proximity to allow their cross-
linking (Fig. 6B,C). Complex formation and the pres-
ence of SRP9 in these complexes was further confirmed
by immunoprecipitation experiments with anti-myc
antibodies (Fig. 6C). Thus, SRP RNA can engage dimer-
ization-defective SRP14 proteins into RNA-protein
complexes comprising both proteins. As expected from
the dimerization experiments, the RNA-binding ac-
tivities of all four proteins with two amino acid sub-
stitutions in the N-terminal portion of SRP14 were
unchanged compared to SRP14 (Fig. 6C), confirming
that these residues do not contribute directly to the
RNA-binding activity of the heterodimer.
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FIGURE 6. Dimerization and RNA-binding activities of SRP14 pro-
teins with mutations in the N-terminal region. A: Replaced amino
acid residues in SRP14. B: Dimerization activities of the mutated
[35S]-labeled proteins assayed by crosslinking experiments in the
absence (lane 1) and in the presence (lane 2) of 7S-Alu RNA. I,
amount of protein used in the experiment. C: Quantification of the
results. The activities of the mutated proteins were standardized to
the activities of wild-type SRP14, which were set to 100%. M im-
proved dimerization in presence of 7S-Alu RNA.

DISCUSSION

We undertook an extensive mutational analysis of the
heterodimeric subunit SRP9/14 of murine SRP to iden-
tify regions that are required for the assembly of the
heterodimer and for the formation of the complex with
the Alu portion of SRP RNA. We found that the re-
quirements for dimer formation are substantially dif-
ferent between the two proteins, despite their structural
homology. In addition, structural elements from both
proteins that lie in close proximity in the heterodimer
contribute to the formation of an RNA-binding region.

The crystal structure of the heterodimer, which was
determined in parallel (Birse et al., 1997), revealed that
SRP9 and SRP14 are members of the family of small
a/B RNA binding proteins, which includes ribosomal
proteins (reviewed in Ramakrishnan et al., 1995), pro-
teins containing the RNP domain (Oubridge et al.,
1994a), the double-stranded RNA-binding domain
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(dsRBD, Bycroft et al., 1995; Kharrat et al., 1995), the
KH domain (Musco et al., 1996), as well as the bacte-
riophage protein MS2 (Valegard et al., 1994) and the
translation initiation factor IF3 (Biou et al., 1995). SRP9
and SRP14 are structurally homologous, folding into
three B-strands flanked on each side by an a-helix.
Together, they form a six-stranded antiparallel S-sheet
stacked against the four a-helices with pseudo-twofold
symmetry (Fig. 7A,B). The principal elements forming
direct contacts are the B-strands 81 and the C-terminal
helices a2 in both proteins, as well as the C-terminal
region of SRP14 directly following «2. In particular,
SRP14-K95 makes contacts with D54 and A56 in loop
B3-a2 and SRP14-G93 with Y31 in the B1 strand of
SRP9.

In agreement with the crystallographic studies, we
found that removal of helix al in SRP9, such as in
SRP9 (A6-17), does not interfere with its dimerization
capacity. Somewhat unexpectedly, the removal of in-
terface helix @2 completely, as in SRP9-30C, also fails
to reduce the dimerization capacity of the protein.
Hence, direct contacts between the 81 strands and the
region following a2 in SRP14 are sufficient to produce
a heterodimeric complex that is stable in immunopre-
cipitation experiments. This conclusion is supported
by the finding that the internal portion of SRP9 com-
prising amino acid residues 23-56, thus lacking a1 and
part of a2, preserves a low, but detectable capacity to
form a heterodimer. In contrast, the removal of @1 and
a2 completely, as in SRP9 (23-56), results in a complete
loss of dimerization activity. Hence, a1 or a2 are in-
terchangeably required for dimerization activity of
SRP9, most likely because stacking of the a-helices
against the three B-strands stabilizes the central S-strand
region (Fig. 7A,B).

Unlike in SRP9 and in contrast to the apparent sym-
metry of the heterodimer, the ability to dimerize of
SRP14 is radically diminished by all N-terminal trun-
cations and by C-terminal truncations extending be-
yond 10 amino acids (except in the presence of 75-Alu
RNA). The loss in dimerization capacity is most likely
explained by a lower stability or a reduced ability to
fold of the truncated SRP14 proteins. This suggests
that the a-helices have a more important structural
role in SRP14 than in SRP9. This interpretation is con-
sistent with the different topology of the two pairs of
a-helices in the crystal structure of the heterodimer
(Birse et al., 1997). The offset angle between the a-helices
is smaller in SRP14 than in SRP9. In addition, the het-
erodimers comprising SRP14-20C and SRP14-30C pro-
teins are further destabilized by the loss of interactions
between the C-terminal amino acids 93-95 in SRP14
and SRP9. The dimerization defects of SRP14-20C and
-30C could be rescued by the addition of SRP RNA,
presumably because direct contacts between the RNA
moiety and both proteins improved the stability of the
complex.
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FIGURE 7. Protein and RNA structures of the Alu-domain. A,B:

Two different views of the heterodimer SRP9/14. SRP14 and SRP9

are shown in gray and white, respectively. The boundaries of the D
secondary structure elements are shown in the inset. The disordered
region in the large SRP14 loop is indicated in gray/white and black/
white stripes. Upon deletion of the black and white loop region and
the two preceding K residues in SRP14 (B), RNA-binding was di-
minished. Individual amino acid residues critical for RNA-binding
in SRP9 are shown in B. C,D: The secondary structure and a model
of the 3D structure of the SRP9/14 binding region in SRP RNA. The
letters in bold (C) and regions in black (D) indicate the nucleotides
that are protected from the attack of hydroxyl radicals in the pres-
ence of the heterodimer. The bulge between helices 3 and 4 is con-
served in primary sequence (Strub et al., 1991). Black dots label the
nucleotides forming the hypothetical pseudoknot structure in the
3D model of SRP RNA (Zwieb et al., 1996).
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An important structural role of the a1-helix in SRP14,
which is not part of the dimer interface, was further
confirmed by mutations within this region that com-
pletely abolish the dimerization capacity of the pro-
tein. Yet, the addition of SRP RNA results in the
formation of stable RNA-protein complexes compris-
ing both proteins as a heterodimer. It is conceivable
that low-affinity interactions between the RNA and
SRP14 stabilize conformations or facilitate conforma-
tional changes in the protein that allow the assembly
of the RNA-protein complex. Because these dimeri-
zation-deficient SRP14 proteins preserved their RNA-
binding activities, it is likely that the same low-affinity
interactions also occur with wild-type SRP14. So far, it
has not been shown experimentally that the heterodi-
mer represents an obligatory intermediate in the as-
sembly of the RNA-protein complex in vivo. It was
inferred from the stability of the heterodimeric com-
plex (Strub & Walter, 1990) and from the observed
co-regulation of SRP9 and SRP14 expression (Bovia
et al., 1995). However, SRP9 and SRP14 recently have
been suggested to play a role in the nucleo-cytoplasmic
transport of SRP RNA (He et al., 1994). Thus, the as-
sembly pathway of the Alu-domain may also be de-
termined by factors other than the stability of the
heterodimeric complex.

The regions in SRP14 dispensable for dimer forma-
tion include the 10 C-terminal amino acids and the
large internal loop between 81 and B2 (shown black/
white and gray/white in Fig. 7A,B). Both regions were
found to be disordered in the crystal structure. In ad-
dition, the very basic C-terminal amino acid residues
are also dispensable for SRP RNA-binding and for
elongation arrest activity of the particle (Bovia et al.,
1994).

We identified two regions, one in each protein, that
are involved in RNA binding. The region in SRP9 com-
prises the N-terminal helix a1 and the adjacent loop
linking a1 and B1 (Fig. 7A). Specifically, amino acid
residues E15, as well as D21 and/or P22, were found
to be critical for RNA binding. The side chains of res-
idues E15, as well as D21, are exposed on the a-helical
face of the heterodimer (Fig. 7B). An important role of
acidic amino acid residues in contacting RNA has been
recognized previously in ternary complexes of tRNAs
and their cognate tRNA synthetases (Cavarelli et al.,
1993; Cusack et al., 1996), as well as in the complex
between the Ul RNA hairpin and the UlA protein
(Oubridge et al., 1994b). Such residues may contact
RNA via hydrogen bonds between amino groups of
the base moieties in the RNA and the side-chain car-
boxyl group of the amino acid. Alternatively, their in-
teraction with the RNA may possibly be mediated by
magnesium ions. Replacing other amino acids, such as
K16/1.17 and E9/F10, resulted in a defect in the di-
merization and RNA-binding functions (Table 1B). The
dimerization efficiencies of both proteins could not be
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improved in the presence of Alu RNA, suggesting a
role for these amino acid residues in RNA binding.
Indeed, the partial loss of RNA-binding activity of SRP9
(E15) as compared to the complete loss in SRP9 (A6~
17) is consistent with the removal of more than one
RNA-binding determinant in the truncated protein.

The RNA-binding determinants that we have iden-
tified in SRP14 comprise the last two amino acids of 81
and the first half of the internal loop connecting the
two B-strands, 81 and B2 (shown in black/white in
Fig. 7A,B). The loop is disordered in the crystal and its
structure is most likely determined by the interaction
with the RNA. There is little primary sequence con-
servation in this region except for four basic residues
K31, K32, R42, and K43 (Fig. 1). However, replacing
two of the conserved basic residues at the same time
fails to diminish the RNA-binding activity of the het-
erodimer, indicating that additional or other residues
within the loop might be critical for RNA binding.
Loop regions have also been found to be important
RNA-binding determinants of other small a/8 RNA-
binding proteins, such as the ribosomal protein S5, the
staufen protein of Drosophila, RNase III, and U1A pro-
tein (Nagai et al., 1990; Ramakrishnan & White, 1992;
Bycroft et al., 1995; Kharrat et al., 1995). Aromatic and
basic residues often seem to be involved in contacting
RNA.

The RNA-binding determinants in the al-helix and
the adjacent loop of SRP9 lie in close proximity to the
RNA-binding loop linking 81 and 2 of SRP14 in the
heterodimer, consistent with the interpretation that to-
gether they form an RNA-binding region (Fig. 7B) re-
quired for high-affinity binding to the Alu-portion of
mammalian SRP RNAs and to scAlu RNAs.

The three B-strands of SRP9 and SRP14 together form
a concave B-sheet (Fig. 7B) with a highly positive charge
due to a large number of exposed basic residues, sug-
gesting that the B-sheet might serve as an RNA-binding
surface (Birse et al., 1997). These exposed basic resi-
dues include K31, K55, R59, K66, and K74 in SRP14.
The mutation of these residues has no noticeable effect
on the RNA-binding capacities of the proteins (see
Fig. 1; Table 2), except for the mutation R59G. SRP14
(L58A/R59G) has a decreased dimerization capacity
that could not be improved by the addition of 7S-Alu
RNA, consistent with a possible role of R59 in RNA-
binding. Simultaneous mutation of several basic amino
acid residues in SRP14 and/or the mutation of basic
residues in SRP9 might be necessary to confirm a role
of the positively charged B-sheet in RNA-binding. The
fact that the heterodimer comprising SRP9 (A6-17) does
not bind to SRP RNA indicates that the B-sheet surface
alone is not sufficient for high-affinity binding of the
RNA substrate. However, it is conceivable that it
contributes to the formation of the very stable RNA-
protein complex in addition to the RNA-binding de-
terminants discussed before.
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The regions in SRP RNA that are likely to contact the
protein (Strub et al., 1991) are located along the central
stem and in the first stem and loop structure and the
following single-stranded region (bold and black in
Fig. 7C,D, respectively). The primary sequence of the
single-stranded region has been found to be highly
conserved in SRP RNAs of all three kingdoms (Strub
et al., 1991). The possibility of base pairing between
the two loops of the two stem loop structures is con-
served in evolution, suggesting that they form a
pseudoknot (Larsen & Zwieb, 1991). According to a
model of the 3D structure of SRP RNA, the putative
pseudoknot structure would partially fold back, with
the highly conserved single-stranded region U23-G27
reaching toward the central stem and thereby forming
a pocket that may contact the protein on both sides
(Fig. 7D; Zwieb et al., 1996). The positively charged
B-sheet surface would most likely contact the double-
stranded stem (Birse et al., 1997), whereas the al-helix
and the following loop in SRP9 might interact with the
pseudoknot structure, possibly with the highly con-
served single-stranded loop between the RNA heli-
ces 3 and 4. In this model, the asymmetric location of
the RNA-binding determinants on the heterodimer,
which itself is highly symmetric, would reflect the
asymmetric structure of the RNA.

The ribosomal protein S6 requires the presence of
S18 to bind specifically to ribosomal RNA (Held et al.,
1974). In addition, it has been found that several dsRBD
or KH modules are required for specific RNA binding
of the Drosophila proteins staufen (Ferrandon et al.,
1994) and Bic-C (Mahone et al., 1995). However, the
mechanisms that lead to specific recognition of the
RNA in these multimeric complexes have not yet been
identified. The phage protein MS2 binds exclusively as
a homodimer to the translational repressor site on the
replicase mRNA. Its RNA-binding domain is com-
posed of basic amino acid residues protruding from
the B-sheet surface composed of five B-strands of each
subunit (Peabody, 1993; Valegard et al., 1994). The ho-
modimeric subunits have a slightly different confor-
mation in the homodimer and the residues required
for specific RNA-binding differ in both subunits (Pea-
body & Lim, 1996). Thus, homodimerization of the
MS?2 protein resembles heterodimerization of the struc-
turally homologous SRP9 and SRP14 proteins in that
both result in the formation of an RNA-binding do-
main that recognizes an asymmetric RNA structure
with high specificity.

The structural homology between SRP9 and SRP14
suggests that they are derived from a common ances-
tor, possibly a ribosomal protein. Our studies on the
two proteins revealed that their functional properties
such as stability, the ability to fold, and their inter-
actions with the RNA may have diverged significantly.
This adaptation may have been necessary to improve
the specificity of the RNA-binding function or may be
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related to other cellular functions, such as the co-
regulation of their expression and the assembly of the
particle in vivo.

MATERIALS AND METHODS

Mutagenesis of SRP9 and SRP14 proteins

N- and C-terminally truncated proteins were obtained by
introducing new initiation and new stop codons at the ap-
propriate positions in the murine SRP9 (accession no. X78305)
and SRP14 (accession no. M29264) cDNAs using PCR. The
deleted cDNAs were introduced into the plasmids SP65 and
PGEM-4 (Promega). The cDNA encoding SRP9-22N was ob-
tained by linearizing the pSm9-2 plasmid containing the SRP9
cDNA with Ava II and Xba I. For the synthesis of SRP14-39C
and -44C, the SRP14 cDNA was linearized with Sac I and
Sau 3A, respectively. SRP14 proteins with two amino acid
residues substituted by alanine and serine were obtained by
introducing an Nhe I restriction site at the desired position
by PCR (McPherson et al., 1991). The cDNAs encoding the
N-terminal and the C-terminal portions of the altered SRP14
proteins were amplified separately and the PCR products
were digested with EcoR I/Nhe I and with Nhe I (Melton
et al., 1984) for the 5’ and 3’ fragments, respectively. The
amplification products were combined subsequently and 1i-
gated into the linearized pGEM-4 plasmid to yield cDNAs
encoding either proteins with two amino acid substitution or
proteins with two amino acid substitutions and internal trun-
cations. Some proteins with internal truncations, SRP9 (A6-
17) and SRP14 (A7-22), and the proteins with two amino
acids substituted for alanine and glycine were produced using
either a two-step PCR mutagenesis approach, the megaprimer
method (Sarkar & Sommer, 1990), or the QuickChange site-
directed mutagenesis protocol of Stratagene. A novel Cfr101
restriction enzyme site was created at the position of the
mutation. The sequences of all newly created cDNAs were
confirmed by dideoxy sequencing.

In vitro transcription and translation

RNAs were synthesized from the various linearized plas-
mids using SP6 or T7 RNA polymerase (Melton et al., 1984).
The proteins were synthesized in wheat germ extract in the
presence of [*°S]-labeled methionine (Amersham Corp. 1,500
Ci/mmol), as described in Strub and Walter (1990). For all
mutated cDNAs we analyzed, we observed a single major
[*°S]-labeled translation product that migrated in SDS-PAGE,
as expected from the predicted molecular weight of the trun-
cated protein.

Overexpression and purification of SRP9
and SRP14 proteins in bacteria

Murine SRP9 was expressed and purified as described in
Strub et al. (1993). The proteins SRP14m and SRP9m com-
prise 12 additional amino acids at their C termini. The short
peptide, GGEQKLISEEDL, constitutes a well-defined epi-
tope recognized by anti-myc antibodies (Evan et al., 1985).
The sequences encoding the myc epitope, as well as an Nde |
restriction site at the initiator methionine were added to the



RNA-binding determinants in SRP9/14

coding regions of SRP9 and SRP14 using PCR. The resulting
SRP9m and SRP14m cDNAs were inserted into the pET3b
expression vector (Studier et al., 1990). The expression level
of murine SRP14 is very low in bacteria, presumably because
of its instability. The addition of the myc epitope to its C
terminus improves the expression of the protein to a level
sufficiently high for its subsequent purification. Transformed
BL21(DE3) bacteria (500 mL) were grown to an optical den-
sity Agoo = 0.6 and protein synthesis was induced with
0.8 mM isopropyl-8-p-thiogalactopyranoside during 3 h. Cells
were lysed as described previously (Bovia et al., 1994). Both
proteins were purified on 10 mL heparine and 10 mL CM
columns (Bio-Rad). No other proteins were detectable in the
purified SRP9m protein sample, whereas SRP14cm was en-
riched to about 80% after the two-step procedure. The pro-
teins were quantified by comparing to a Coomassie-stained
lysozyme standard. The SRP14 cDNA (Strub & Walter, 1989)
was ligated into pGEX-3X vector linearized with EcoR I for
the expression of the glutathione-S-transferase-SRP14 fusion
protein (G-14). The glutathione-S-transferase (GST) was ex-
pressed directly from pGEX-3X. The proteins G-14 and GST
were produced in DH5« cells and purified as described (Smith
& Johnson, 1988; New England Biolabs protocol). Their con-
centration was determined by comparing to a Coomassie-
stained standard of y-globulin.

Dimer formation experiments

For the immunoprecipitation experiments, the [*S]-labeled
SRP14 proteins were incubated with a 10-fold excess of re-
combinant SRP9m in the presence or absence of a 20-fold
excess of 7S-Alu RNA in a final volume of 20 uL IPW buffer
(50 mM Tris-HCl, pH 7.5, 350 mM potassium acetate, 0.1%
Triton X-100, 0.01% Nikkol) for 10 min at 0 °C and 10 min at
37°C. The binding reaction was diluted with 20 uL IPW
buffer containing 1X protease inhibitors (200X stock solu-
tion contains 20 ug/mL each of pepstatin A, leupeptin, anti-
pain, chymostatin, and 100 ug/mL of aprotinine) and added
to 20 uL protein G beads (Pharmacia) loaded with goat anti-
mouse and with monoclonal 9E10 anti-myc antibodies (Evan
et al., 1985). The myc epitope in SRP9 was well recognized
by the antibodies in the protein and in the protein-RNA
complex, and it did not interfere with binding of the hetero-
dimer to 7S-Alu RNA (results not shown). For co-immuno-
precipitation of [S**]-labeled SRP9 proteins, we used a 10-fold
excess of SRP14m, together with affinity-purified anti-SRP14
antibodies (Bovia et al., 1995) and protein A beads (Pharma-
cia). Binding was allowed to continue for 60 min by rotating
the tubes at 4 °C end over. The beads were pelleted for 30 s
in a microfuge at 4,000 rpm, the supernatants removed, and
the beads were washed three times with 300 wL IPW buffer
by rotating end over for 3 min. Alternatively, the [S®]-
labeled SRP9 proteins were incubated with glutathione-
Sepharose beads loaded with G-14 or with GST proteins, in
the presence and in the absence of a 20-fold excess of 7S-Alu
RNA in binding buffer (50 mM Tris-HCl, pH 7.5, 350 mM
potassium acetate, 3.5 mM magnesium acetate, 0.01% Nikkol,
0.1% Triton X-100). The samples were incubated for 10 min
at 4 °C, for 10 min at 37 °C, and for 45 min at 4 °C by rotating
the tubes end over. The beads were washed as described for
the immunoprecipitation experiments. The bound SRP14 pro-
teins were displayed by 17% SDS-PAGE and the SRP9 pro-
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teins by Tricine gel electrophoresis (Schagger & Von Jagow,
1987). Crosslinking reactions were performed exactly as de-
scribed (Bovia et al., 1994). Briefly, the [S®®]-labeled SRP14
proteins (80 uL translation reactions) were purified on hep-
arin gel (Bio-Rad). The eluted proteins were incubated with
20 pmol of SRP9 recombinant protein, and either with or
without 20 pmol SRP RNA for 10 min at 0 °C and for 10 min
at 37 °C. The protein samples were split and glutaraldehyde
was added at a final concentration of 0.08%. The crosslinking
reactions were stopped at 1, 2, and 6 min with 0.1 M Tris
buffer. Time point 0 (input) was obtained by adding Tris
buffer before adding the glutaraldehyde. The protein sam-
ples were analyzed by 17% SDS-PAGE. The autoradiographs
were scanned and the results quantified using the Scan Anal-
ysis program (v. 2.50, Biosoft). Co-precipitation efficiencies
were 40 = 5% with the polyclonal affinity-purified antibod-
ies, 26 * 3% with the G-14 protein and 22 * 3% with the
anti-myc antibodies. Dimerization efficiencies of SRP14 and
of SRP9 were set to 100% for the calculation of the rela-
tive dimerization efficiencies of the altered proteins. The rel-
ative standard deviation in all experimental approaches was
10-15%.

RNA-binding experiment

75-Alu and the control RNA were synthesized from the plas-
mids p7Salu (Strub et al., 1991) and pG14-2 (Strub & Walter,
1989) using T7 RNA polymerease and 1 mM and 100 uM of
each nucleotide triphosphate and of biotinylated UTP, re-
spectively (Milligan et al., 1987). The control RNA represents
a 368-nt transcript from the antisense strand of the SRP14
cDNA. The streptavidin binding was described previously
(Bovia et al., 1994). Briefly, the [S*]-labeled SRP9 or SRP14
proteins were incubated with or without a 20-fold excess of
recombinant SRP9 or SRP14 proteins and with either a 20-fold
excess of biotinylated Alu RNA or biotinylated control RNA.
Competitor RNA (1 ug of Escherichia coli tRNA) and protease
inhibitors (see above) were also added to the binding reac-
tion, which was in 350 mM potassium acetate. After incuba-
tion for 10 min at 0 °C and 10 min at 37 °C, the RNA-bound
proteins were collected by a quick centrifugation of the strep-
tavidin beads (Bohringer Mannheim, Enzo diagnostics Inc).
The RNA-bound proteins were analyzed after three washes
of 3 min by 17% SDS-PAGE (SRP14) or by Tricine gel elec-
trophoresis (SRP9). The autoradiographs were scanned and
the results quantified using the Scan Analysis program. The
RNA-binding efficiency for SRP9/14 was 38 * 5% and was
set to 100% for the calculation of the relative binding effi-
ciencies of the altered proteins.
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