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Fluorescence-Detected Assembly of the Signal Recognition Particle: Binding of

the Two SRP Protein Heterodimers to SRP RNA Is Noncooperative'
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ABSTRACT: Protein—RNA and protein—protein interactions involved in the assembly of the signal recognition
particle (SRP) were examined using fluorescence spectroscopy. Fluorescein was covalently attached to the
3’-terminal ribose of SRP RNA following periodate oxidation, and the resulting SRP RNA-F] was re-
constituted into a fluorescent SRP species that was functional in promoting translocation of secretory proteins
across the membrane of the endoplasmic reticulum. Each of the two protein heterodimers purified from
SRP elicited a substantial change in fluorescein emission upon association with the modified RNA. The
binding of SRP9/14 to singly-labeled SRP RNA-FI increased fluorescein emission intensity by 41% at pH
7.5 and decreased its anisotropy from 0.18 to 0.16. The binding of SRP68/72 increased the fluorescein
anisotropy from 0.18 to 0.23 but did not alter the emission intensity of SRP RNA-Fl. These fluorescence
changes did not result from a direct interaction between the dye and protein because the fluorescein remained
accessible to both iodide ions and fluorescein-specific antibodies in the complexes. The spectral changes
were elicited by specific SRP RNA-protein interactions, since (i) the SRP9/14- and SRP68/72-dependent
changes were unique, (ii) an excess of unlabeled SRP RNA, but not of tRNA, blocked the fluorescence
changes, and (iii) no emission changes were observed when SRP RNA-FI was titrated with other RNA-
binding proteins. Each heterodimer bound tightly to the RNA, since the K, values determined spectro-
scopically and at equilibrium for the SRP9/14 and the SRP68/72 complexes with SRP RNA-FI were <0.1
and 7 % 3 nM, respectively. The binding affinity of SRP68/72 for SRP RNA-FIl was unaffected by the
presence of SRP9/14, and hence the binding of the heterodimers to SRP RNA is noncooperative in the
absence of SRP54 and SRP19. The SRP protein heterodimers therefore associate randomly and independently
with SRP RNA to form domains in the particle that are distinct both structurally and functionally. Any
cooperativity in SRP assembly would have to be mediated by SRP54 and/or SRP19.

In eukaryotic cells, proteins destined for secretion and those
destined to be integral membrane proteins are initially syn-
thesized on cytoplasmic ribosomes. A nascent chain of such
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a protein is recognized when its signal sequence emerges from
the ribosome and is bound to a ribonucleoprotein complex
termed the signal recognition particle (SRP)! [Walter et al.,
1981; for a review, see Walter and Lingappa (1986)]. The
association of SRP with the ribosomal complex slows further

! Abbreviations: SRP, signal recognition particle; SRP RNA-FI, SRP
RNA with a fluorescein dye covalently attached to the 3’~terminal ribose;
ER, endoplasmic reticulum; SDS, sodium dodecyl sulfate; PAGE, poly-
acrylamide gel electrophoresis.
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riascent chain elongation (Walter & Blobel, 1981; Wolin &
Walter, 1989), during which time the elongation-arrested
complex diffuses to the membrane of the endoplasmic reti-
culum (ER). There, an interaction between SRP and an
integral ER membrane protein termed the SRP receptor or
docking protein (Gilmore et al., 1982; Meyer et al., 1982)
results in the binding of the ribosome to the ER membrane,
the release of both SRP and SRP receptor from the ribosome,
the resumption of protein chain elongation, and the initiation
of translocation (Gilmore et al., 1982b). The targeting of these
ribosomes to the ER membrane also requires GTP (Connolly
& Gilmore, 1986, 1989; Hoffman & Gilmore, 1988; Wilson
et al., 1988; High et al., 1991a), and the ultimate dissociation
of SRP from the SRP receptor requires GTP hydrolysis
(Connolly et al, 1991). The sites on the ER membrane at
which translocation and integration occur have been termed
translocons (Walter & Lingappa, 1986), and photo-cross-
linking experiments have shown that nascent chains in the
process of either translocation or integration are adjacent to
a discrete subset of ER membrane proteins that are presum-
ably components of the putative translocans (Krieg et al., 1989;
Wiedmann et al., 1987, 1989; Thrift et al., 1991; High et al.,
1991b).

SRP contains 6 different polypeptides and 1 300-nucleotide
RNA molecule termed the SRP RNA or 7SL RNA (Walter
& Blobel, 1982), and the functions of SRP have been localized
to specific components or domains of the SRP. The signal
sequence of the nascent chain binds to the 54-kDa protein
subunit of SRP (SRP54), as shown by nascent chain cross-
linking to SRP54 via photoreactive lysine analogs incorporated
into the signal sequence (Krieg et al., 1986; Kurzchalia et al.,
1986). Subsequent experiments have shown that the signal
sequence binding site is located in the methionine-rich domain
of SRP54 (Zopf et al., 1990; High & Dobberstein, 1991). The
same domain of SRP54 also contains an RNA-binding site
(Zopf et al., 1990; Romisch et al., 1990), but SRP54 asso-
ciation with SRP RNA requires the 19-kDa subunit (SRP19)
(Walter & Blobel, 1983a; Siegel & Walter, 1985). The 9-
and 14-kDa subunits of SRP are purified as a heterodimer
(SRP9/14) (Walter & Blobel, 1983a) and are required for
elongation arrest (Siegel & Walter, 1985, 1986). The 68- and
72-kDa subunits of SRP are also purified as a heterodimer
(Walter & Blobel, 1983a), and functional SRP68/72 is re-
quired for the targeting of the ribosomal complex to the ER
membrane (Siegel & Walter, 1985, 1988a). SRP has an
elongated rodlike structure with SRP RNA extending
throughout the particle (Andrews et al., 1985, 1987), and
footprinting experiments have identified the binding sites of
the SRP proteins on the SRP RNA (Siegel & Walter, 1988b;
Strub et al., 1991). Taken together, the data suggest that the
signal sequence binds to SRP54 at one end of an elongated
SRP, while the other end of SRP, containing SRP9/14 and
the 3’ and 5/ ends of the RNA, interacts with the ribosome
to effect elongation arrest.

The assembly of the purified components of SRP into a
functional particle can be accomplished in vitro (Walter &
Blobel, 1983a; Siegel & Walter, 1985). The much larger
bacterial ribosomal subunits have also been reconstituted from
their purified components (Nomura et al., 1969; Mizushima
& Nomura, 1970; Nowotny & Nierhaus, 1982, 1988), and
these studies revealed that the association of the ribosomal
proteins with mRNA occurred in a specific order and that the
binding of proteins to the complex was often cooperative. Since
SRP is also a ribonucleoprotein complex, it is conceivable that
SRP assembly may require an ordered sequence of protein—
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RNA and protein-protein interactions. Consistent with this
view, SRP54 will not associate with the SRP RNA in the
absence of SRP19 (Walter & Blobel, 1983a; Siegel & Walter,
1985). Moreover, since neither SRP9 or SRP14 will bind by
itself to SRP RNA, a specific protein—protein interaction must
be required to stabilize the SRP9/14 interaction with RNA
(Strub & Walter, 1989, 1990). Similarly, SRP68 will not bind
to SRP RNA in the absence of SRP72 (Herz et al., 1990),
even though most of SRP72 was released, and the SRP68
fragments remained bound, after limited proteolytic digestion
of SRP68/72 bound to SRP RNA (Scoulica et al., 1987). The
SRP proteins therefore appear to bind to SRP RNA in pairs.
A linkage between the binding of these pairs of proteins was
indicated when the addition of excess SRP RNA did not
reduce the activity of a sample of SRP (Walter & Blobel,
1983a). This suggests that SRP proteins bind cooperatively,
i.e., bind most tightly to an RNA that is already complexed
to other SRP proteins.

In order to gain further insight into the interactions that
mediate SRP assembly, we have used a spectral probe at the
3 terminus of SRP RNA to monitor the binding of SRP9/14
and SRP68/72 to SRP RNA. This reporter group allowed
us to detect protein-dependent changes in RNA conformation,
and to characterize both heterodimer-RNA and hetero-
dimer—heterodimer interactions.

EXPERIMENTAL PROCEDURES

SRP and SRP Proteins. SRP was purified and SRP pro-
teins were isolated as described (Walter & Blobel, 1983; Siegel
& Walter, 1985), except that the sucrose density sedimentation
was omitted in the purification of SRP. Total protein fractions
(1 mL of each) containing all six SRP proteins were obtained
following anion-exchange chromatography (Walter & Blobel,
1983a) and, when used directly for reconstitution experiments,
were dialyzed at 4 °C into 50 mM Hepes (pH 7.5), 0.5 M
KOAc, 5 mM Mg(OAc),, and 0.01% (w/v) Nikkol (octa-
ethylene glycol mono-N-dodecyl ether; Nikko Chemicals Co.,
Tokyo, Japan). Individual SRP proteins were purified as
described by Siegel and Walter (1985), except that the elution
buffers contained 10% (v/v) glycerol and lacked dithiothreitol.
Fractions containing purified proteins were split into 10-uL
aliquots and stored at =75 °C.

Detection of SRP proteins during purification and deter-
mination of the protein concentration of individual solutions
were done by SDS-PAGE utilizing the Phastsystem (Phar-
macia LKB, Piscataway, NJ). After acid precipitation, sam-
ples (typically 0.2-0.6 ug per protein) were resuspended and
boiled in sample buffer and then electrophoresed (10 mA for
65 AVh at 15 °C) in the presence of 0.55% (w/v) SDS on a
10-15% Phastgel that had been preelectrophoresed for 1 min.
Gels were stained with Coomassie, and concentrations were
estimated by eye comparison with the protein content of known
amounts of purified SRP.

SRP RNA. SRP RNA was purified directly from canine
pancreas SRP (Siegel & Walter, 1985) or was transcribed in
vitro from a gene for the canine pancreas SRP RNA that had
been cloned behind a T7 promoter in a pSP64 vector desig-
nated pSP 7SL (Strub et al., 1991). Prior to transcription,
the plasmid was linearized with restriction endonuclease Xbal
(Promega, Madison, WI). Transcription incubations (3.25
mL) contained (Milligan & Uhlenbeck, 1989) each NTP at
4 mM, 24 mM MgCl,, 40 mM Tris-HCI (pH 8.0), 5 mM
dithiothreitol, 1 mM sperimidine, 0.5 unit/uL placental RNase
inhibitor (RNasin; Promega), 20 ug of linearized plasmid
DNA, 90 ug (11 units/pug) of T7 RNA polymerase [prepared
according to Davanloo et al. (1984) and Grodberg and Dunn
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(1988) using BL21/pAR1219 cells kindly supplied by Dr. F.
W. Studier], and 50-100 uCi of either [*H]GTP, [*H]ATP,
or [*HJUTP (ICN Biomedicals Inc., Costa Mesa, CA, or New
England Nuclear, Wilmington, DE). After incubation for 2.5
h at 37 °C, the sample was extracted twice with phenol/
chloroform (1:1 v/v) and once with chloroform/isoamyl al-
cohol (24:1 v/v) and then precipitated in ethanol.

SRP RNA was purified by FPLC at room temperature
using a 1-mL Mono Q anion-exchange column (HR 5/5,
Pharmacia), a flow rate of 0.15 mL/min, and an 8-mL linear
gradient between 0.61 and 0.65 M NaCl in 10 mM MgCl,
and 30 mM Hepes (pH 7.6). Fractions (1.0 mL) containing
SRP RNA were pooled, and the RNA was precipitated in
ethanol. After centrifugation, the RNA pellets were dried with
nitrogen, resuspended in deionized water to an A, of 200250,
and stored at ~75 °C. RNA concentrations were determined
assuming a molar extinction coefficient at 260 nm of 2 X 10¢
M cm™l. The tritium content ranged from 40000 to 80000
cpm per A,g unit of RNA.

Fluorescent SRP RNA. SRP RNA was labeled at its 3'-
terminal ribose largely as described elsewhere (Odom et al.,
1980; Wells & Cantor, 1977). In vitro-transcribed SRP RNA
(50-100 uL) was oxidized at a concentration of 200-250 A,
units/mL in 0.1 M NalO,/0.1 M sodium phosphate (pH 7.0)
for 90 min at room temperature in the dark. Excess periodate
was precipitated with 0.2 M KCl at 0 °C for 10 min, and the
precipitate was removed by sedimentation in a microfuge.
After dialysis into 50 mM sodium phosphate (pH 7.0) for 4
h at 4 °C, the RNA was reacted with 2 mM 5-[[[2-(carbo-
hydrazino)methyl]thio]acetyl]aminofluorescein (Molecular
Probes, Eugene, OR) for 2 h at room temperature in the dark
in the presence of 0.5-1.0 mM freshly-made sodium cyano-
borohydride. The RNA was then ethanol-precipitated 3—4
times in succession to remove excess unreacted dye, and finally
resuspended in 1 mL of 400 mM NaCl, 10 mM MgCl,, and
30 mM Hepes (pH 7.6) for chromatography.

Fluorescein-labeled SRP RNA (termed SRP RNA-FI) was
separated from unmodified RNA using the Mono Q column
and the following elution regimen: 0.61-0.63 M NaCl over
4 mL; 0.63 M NaCl maintained for 5 mL; 0.63—0.70 M NaCl
over 5 mL; 0.7-1.0 M NaCl over 5 mL. SRP RNA that had
been labeled with the fluorescein reagent eluted in two broad
peaks centered at 0.67 and 0.76 M NaCl. The RNA in each
peak was pooled and precipitated with ethanol. The resulting
pellets were resuspended to approximately 20 A, units/mL
in 20-50 uL of deionized water and stored at =75 °C. To avoid
significant losses due to the small sample volume, these samples
were not dialyzed after resuspension.

The specific activities (cpm/A,4 unit) of the fluorescent
RNAs were the same as those of the original unmodified
RNAs. To determine the fluorescence emission intensity (in
photons detected per second) per 4,4 unit of individual RNA
fractions, an aliquot was completely hydrolyzed in 0.1 M KOH
for 30 min at 37 °C, and the sample intensity was measured
in this solvent.

The stability of the dye-ribose linkage was evaluated by
incubating SRP RNA-FI for 30 min in 0.5 M KOAc, 20 mM
Hepes (pH 7.5), 5 mM Mg(OAc),, and 0.01% (w/v) Nikkol
at either 0 °C or room temperature, followed by gel filtration
chromatography [Biogel P6 (Bio-Rad Laboratories, Richmond,
CA), 0.5 cm id. X 16 cm] in 20 mM Hepes (pH 7.6)/5 mM
MgCl, at 4 °C to separate free dye from RNA-bound dye.
The fluorescein emission intensity of each fraction (370 uL)
was measured, and the extent of hydrolysis of the dye from
the RNA was given by (total intensity eluted in the included
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volume)/(total intensity eluted from the column).

Reconstitutions. SRP RNA and total SRP proteins were
reconstituted into SRP as described (Walter & Blobel, 1983a;
Siegel & Walter, 1985) with the following changes: SRP
proteins (120-150 nM) and SRP RNA (116 nM) were com-
bined in 20 mM Hepes (pH 7.5), 0.5 M KOAc, 5 mM MgCl,,
and 0.01% (w/v) Nikkol in a total volume of 6 uL. The
samples were incubated for 10 min on ice, followed by 10 min
at room temperature instead of 37 °C. The lower temperature
was used to minimize loss of the dye from the fluorescent
RNA.

Translations. Wheat germ extract and EDTA- and salt-
extracted microsomal membranes were prepared as described
elsewhere (Erickson & Blobel, 1983; Walter & Blobel,
1983b,c). Messenger RNA coding for preprolactin was syn-
thesized by in vitro transcription as described previously (Krieg
et al., 1986, 1989), except that the concentration of GTP was
initially 50 uM and was raised to 450 uM after 90 min of
incubation. Translation incubations (25 uL, 26 °C) contained
140 mM KOAc, 3 mM Mg(OAc),, 0.2 mM spermidine, 20
mM Hepes (pH 7.5), 8 uM S-adenosylmethionine (Sigma),
0.0024% (w/v) Nikkol, 1 mM glutathione, preprolactin
mRNA (0.2 gL of a transcription mix), and 25 uCi of
[**S]methionine (Translabel, ICN). Wheat germ extract,
amino acids, an energy-generating system, RNase inhibitor,
and protease inhibitors were added as described in Erickson
and Blobel (1983). Purified SRP, reconstituted SRP, and
EDTA- and salt-washed microsomal membranes (2 equiv)
were added as indicated. After incubation for 10 min, initi-
ation was inhibited by adding 7-methylguanosine 5’-mono-
phosphate to 4 mM and edeine to 10 uM. Translation was
stopped after 30 min by placing the samples on ice. To de-
termine the extent of translocation in a sample, CaCl, and
proteinase K (Boehringer Mannheim Biochemicals, Indian-
apolis, IN) were added where indicated to 10 mM and to 1
mg/mL, respectively, followed by incubation on ice for 60 min.
After precipitation with cold trichloroacetic acid, the samples
were washed with acetone/0.1 M HCI (19:1 v/v), redissolved
in sample buffer (65 °C, 30 min), and then boiled prior to
analysis by SDS-PAGE on a 10-20% gradient gel. Radio-
active protein species were detected using fluorography.

Immunoprecipitations. Polyclonal antibodies specific for
fluorescein were obtained by immunizing a goat with keyhole
limpet hemocyanin that had been reacted with fluorescein
isothiocyanate using standard techniques (Hudson & Hay,
1980) and purifying the resultant IgG fraction from the serum
using DEAE-cellulose (Hudson & Hay, 1980). Anti-
fluorescein antibodies were covalently bound to protein G-
Sepharose as described elsewhere (Harlow & Lane, 1988). To
determine the extent of covalent attachment of fluorescein to
RNA in SRP RNA-Fl samples, 15 uL of the immobilized
antibodies was incubated (1 h, 4 °C) with 0.4-0.8 uM SRP
RNA-Fl in 20 uL of 20 mM Tris (pH 7.5)/150 mM NaCl.
After sedimentation to remove the Sepharose beads, the
emission intensity of the supernatant was measured, and its
RNA content was determined by measuring the tritium cpm.
Under these conditions, about 70-80% of the SRP RNA-FI]
was immunoprecipitated.

Fluorescence Spectroscopy. All spectral measurements were
made in 4 mm X 4 mm quartz cuvettes using a photon-
counting SLM 8000C spectrofluorometer (SLM Instruments,
Inc., Urbana, IL). Samples were excited at 490 nm (4- or
8-nm bandpass), and emission was monitored at 520 nm
(16-nm bandpass). The sample temperature was maintained
at 5 °C, and the sample compartment was flushed with a
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steady stream of nitrogen to prevent the condensation of water
on the cuvette faces. To avoid photodegradation of the sample,
the shutters were kept closed except during measurements.

For steady-state anisotropy measurements, Glan-Thompson
prism polarizers were placed into the excitation and emission
light paths, and the anisotropy was determined using the L
format. The anisotropy, r, was calculated using

r = (Iyv - Glyy) /Uy + 2Glyy) m

where the grating factor G = Iyyy/Iyn. Ivy represents the
emission intensity observed with a vertical excitation polarizer
and a horizontal emission polarizer; Iy, Ivy, and Iyy are
defined analogously. The intensities of a dye-free, but
otherwise equivalent, sample were subtracted from the ap-
propriate intensities in the fluorescein-containing sample to
obtain the net fluorescein emission intensities.

The fluorescence lifetime experiments were performed using
an ISS Model K2 multifrequency phase fluorometer (ISS,
Champaign, IL). The samples were excited with the 488-nm
line of a Spectra-Physics Model 2045, 15-W argon ion laser
{Spectra-Physics, Piscataway, N.J.). The fluorescence life-
times were determined by the best fit to a continuous distri-
bution model (Alcala et al., 1987).

Titrations. Titrations of SRP RNA-FI with SRP proteins
were carried out, unless indicated otherwise, using an initial
sample volume of 230 uL in 60 mM Hepes (pH 7.5), 0.5 M
KOAc, 5 mM Mg(OAc),, and 0.01% (w/v) Nikkol. Samples
were mixed using a Teflon-coated 2 mm X 2 mm magnetic
stirrer as described by Dell et al. (1990). The fluorescence
intensity or anisotropy of each sample was first determined
in the absence of protein and designated F, and ro, respectively.
Then, after each addition of titrant, the samples were thor-
oughly mixed and allowed to reequilibrate at 5 °C before
measuring the emission intensity (F) or anisotropy (r) at a
particular concentration of added protein. The time necessary
for reequilibration was measured routinely and found to be
less than 10 min. The signal of a fluorescein-free blank was
subtracted from the sample signal at each point. For titrations
monitored by the emission intensity, the net intensity was
corrected for dilution due to the addition of the titrant. The
intensity data shown in the figures were also corrected for dye
hydrolysis from the RNA and for adsorption to the cuvette
by normalizing sample data at each point with data obtained
from a parallel SRP RNA-Fl sample titrated only with buffer.
The hydrolysis of the dye from the RNA was minimized by
doing the titrations quickly and at 5 °C, and the maximum
correction by the buffer-titrated fluorescein-containing sample
was less than 5% in all experiments.

Determination of K;. K, values were calculated from the
protein concentration dependence of the fluorescence-detected
binding of protein to SRP RNA-Fl. Each SRP RNA was
assumed to bind one SRP9/14 and one SRP68/72. The
fraction of SRP RNA-FI1 bound to protein at any point in a
titration was given by (F — Fy)/(Fpax — Fo) for SRP9/14-SRP
RNA-F], and by (r = r¢)/(ruax — 7o) for SRP68/72-SRP
RNA-FI since there was no change in fluorescein intensity
upon complex formation. Fg,, and ry,, are the maximum
values of intensity and anisotropy observed in the presence of
an excess or protein. For the SRP68/72 titrations, the dis-
sociation constant was then calculated using a nonlinear re-
gression analysis program, ENZFITTER {Imperial College of
Science and Technology, London, UK), to fit the data to the
Scatchard equation. The reported K, values are maximum
values because all SRP RNA-FI molecules, as well as all
protein molecules, were assumed to be active and to participate
in complex formation.
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Fluorescence Quenching. Collisions between fluorescent
chromophores and certain solutes, such as iodide ions, result
in a quenching of fluorescence [e.g., see Lehrer and Leavis
(1978), Adkins et al. (1983), and Isaacs et al. (1986)]. Thus,
the exposure of a particular fluorophore to the solvent and
dissolved solute can be examined by measuring the emission
intensity as a function of quencher concentration. For
steady-state collisional quenching of dyes located in equivalent
environments, a linear plot is obtained when data are analyzed
according to the Stern—Volmer law:

Fo/F = Kgy[Q] + 1 2

where F; is the fluorescence intensity in the absence of
quencher, F is the fluorescence intensity in the presence of
quencher at concentration [Q), and Ky is the Stern—Volmer
quenching constant.

The extent of iodide ion quenching of fluorescein was de-
termined by monitoring the emission intensity of a sample as
it was titrated with 2 M KI in 50 mM Hepes (pH 7.5), 0.5
M KOAc, 5 mM Mg(OAc),, and 0.1 mM Na,SO; upto a
final concentration of less than 0.1 M KI1. The effects of ionic
strength on dye emission were quantified by titrating a parallel
sample with 2 M KCl instead of 2 M KI. After subtraction
of the intensities of the appropriate fluorescein-free samples,
the emission intensities were corrected for dilution due to
addition of the KI or KCl solutions. The iodide ion-dependent
quenching of fluorescein was then given by the difference
between the net dilution-corrected emission intensities of the
samples titrated with equal amounts of KI and KCI.

Materials. Unfractionated Escherichia coli transfer RNA
(Boehringer) was used without further purification. Pure
samples of elongation factor Tu from E. coli and of elongation
factor 1o from rabbit reticulocyte were kindly provided by Dr.
D. L. Miller and Dr. W. C. Merrick, respectively.

RESULTS

Preparation and Purification of in Vitro-Transcribed SRP
RNA. To obtain large amounts for modification, SRP RNA
was transcribed from plasmid DNA in vitro. Purification of
this material on an anion-exchange column at a slow flow rate
yielded three peaks of SRP RNA, which suggests that the
transcription incubation yielded different RNA species (Figure
1A). These chromatographically-separable RNA species
differed only in their conformations, because RNA from
different peak fractions migrated as single bands with the same
mobilities on a 6% polyacrylamide gel in the presence of 7 M
urea (data not shown). Furthermore, each of the RNA species
could be reconstituted into SRP particles that promoted
translocation of preprolactin across ER membranes, though
the translocation activity of reconstituted SRP was reduced
by 70% when SRP RNA from fractions 30-36 was used in-
stead of SRP RNA from fractions 28-29 (data not shown).
Different conformational states of SRP RNA have also been
observed when separations have been done using electropho-
resis rather than chromatography (Zwieb & Ullu, 1986).

SRP RNA that had been extracted from purified SRP
eluted from this resin in a single peak at 0.63 M NaCl (data
not shown). Thus, only RNA that eluted from the resin at
a NaCl concentration less than 0.64 M was used in the
fluorescent-labeling reactions.

Fluorescent SRP RNA. Purified in vitro-transcribed SRP
RNA was oxidized at its 3’-terminal ribose using periodate
and then reacted with a hydrazine-containing fluorescein
derivative. The fluorescent SRP RNA, designated SRP
RNA-F1, was separated from nonfluorescent RNA by ion-
exchange chromatography. The fluorescein-labeled SRP RNA
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FIGURE 1: (A) Purification of in vitro-transcribed SRP RNA. SRP
RNA was transcribed as described under Experimental Procedures
and purified by ion-exchange chromatography over a Mono Q resin.
The salt gradient is shown, and the fraction size was 1.0 mL. The
peak eluting at 0.4 M NaCl contained unincorporated NTPs. The
peak fractions containing SRP RNA were pooled separately (fractions
28-29, 30-32, and 33-36). (B) Purification of fluorescent-labeled
SRP RNA. SRP RNA from fractions 28-29 of (A) was labeled and
then purified as described under Experimental Procedures. The salt
gradient is shown, and the fraction size was 1.0 mL. The three RNA
peak fractions in this separation were identified by the absorbance
at 260 nm and pooled separately as peak A (fractions 25-28), peak
B (fractions 32-35), and peak C (fractions 36-39).

eluted in two separate peaks (0.67-0.76 M NaCl; peaks B and
C, Figure 1B) that were distinct from the elution position of
unmodified SRP RNA (0.63 M NaCl; peak A, Figure 1B)
and of unreacted fluorescein reagent (fractions 17-23 in Figure
1B). The ratio of fluorescence intensity to A4 (or radioac-
tivity) of the peak C fluorescent RNA was approximately twice
as high (1.8-2.2-fold for different RNA preparations) as that
of the peak B fluorescent RNA, which indicates that the SRP
RNA-Fl in peak C has twice as many dyes per RNA as the
RNA in peak B. Since oxidation of the RNA with sodium
periodate creates a dialdehyde structure at the 3’-terminal
ribose with two reactive functional groups, we conclude that
the peak C RNA has reacted covalently with two fluorescein
reagent molecules. Both the singly-labeled and doubly-labeled
fluorescent SRP RNA species exhibited fluorescence changes
upon binding to the SRP heterodimers, although the magni-
tudes of the spectral changes differed for these RNAs (see
below). Both fluorescent RNA species, or a mixture of the
two, could therefore be used to monitor complex formation
spectroscopically.

To determine if all RNA molecules in a SRP RNA-FI
sample contained fluorescein, SRP RNA-Fl was immuno-
precipitated using anti-fluorescein antibodies that were co-
valently linked to protein G—Sepharose. Under the conditions
of this experiment, 70~-80% of the SRP RNA-F1 bound to the
resin. After removal of the resin, the fluorescence and ra-
dioactivity remaining in the supernatant were determined. The
ratio of fluorescence intensity to radioactivity in a sample of
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purified SRP RNA-FI from either peak B or peak C of Figure
1B was the same before and after immunoprecipitation (data
not shown), which indicates that fluorescein is attached co-
valently to each RNA molecule in a purified SRP RNA-F1
sample.

Stability of SRP RNA-FI. The stability of the dye—ribose
bond was investigated by incubating SRP RNA-F] at different
temperatures and times, followed by separating the free dye
from the RNA-bound dye by gel filtration chromatography.
Less than 1% of the dye eluted in the included volume when
SRP RNA-FI was kept at 0 °C for 30 min, and less than 10%
of the dye eluted in the included volume after incubation at
room temperature for 30 min (data not shown). When SRP
RNA-FI] was incubated at 37 °C for 10 or 60 min, the amount
of dye hydrolyzed from the RNA was 8% and 27%, respec-
tively (data not shown). Our reconstitution incubations were
therefore done at room temperature for 10 min, and titrations
were done at 5 °C, so that the amount of dye hydrolyzed in
our experiments was negligible (<5%).

Fluorescent SRP Is Active. To determine whether the
modified SRP RNA would still interact with SRP proteins
to form functionally active SRP complexes, aliquots from each
of the two SRP RNA-FI species (peaks B and C, Figure 1B)
were reconstituted with total SRP proteins and, without further
purification, were added to a wheat germ translation assay in
the presence of both mRNA coding for the secretory protein
preprolactin and EDTA- and salt-washed microsomal mem-
branes. Since the signal peptide is cleaved from preprolactin
during translocation, prolactin polypeptides should be found
only in samples that contain functional SRP. Furthermore,
prior to analysis by SDS-PAGE, all samples were subjected
to extensive digestion with proteinase K so that only the po-
lypeptides that had been translocated across the ER membrane
into the microsomal vesicles would be protected from digestion.

As is evidenced by the presence of prolactin in lanes 3-5
of Figure 2, both RNA species were reconstituted into particles
that were active in targeting and translocating preprolactin.
Hence, each fluorescent-labeled RNA must interact func-
tionally with the SRP proteins. However, the translocation
activity of the fluorescent SRP (the extent of prolactin for-
mation was estimated by densitometry of autoradiograms such
as that shown in Figure 2) was only about 25% that of SRP
reconstituted with unmodified SRP RNA that had been ex-
posed to the same reaction and purification conditions as SRP
RNA-FIl. The presence of the dye therefore reduces the as-
sembly or the specific activity of SRP. The cause of the
decrease in activity has yet to be determined.

Fluorescence-Detected Association of SRP9/14 with SRP
RNA-FI. Since the binding site for SRP9/14 is located close
to the 3/ end of the RNA (Strub et al.,, 1991), SRP RNA-F!
was titrated with the heterodimer to determine if complex
formation could be detected by a change in the fluorescence
signal of the dye attached to the 3’-terminal ribose. As shown
in Figure 3, the binding of SRP9/14 to SRP RNA-FI caused
a large increase in fluorescein emission intensity that was
saturable. The emission intensity increase averaged 41% for
singly-labeled SRP RNA-FI (peak B, Figure 1B) and 11% for
doubly-labeled SRP RNA-FI (peak C, Figure 1B) at pH 7.5
(Table I). For samples that contained a mixture of the two
fluorescent species, the SRP9/14-dependent intensity increase
was between 11 and 41%. The magnitude of the protein-de-
pendent intensity change was also pH-dependent, since the
SRP9/14-dependent intensity increase for one SRP RNA-F1
sample averaged 42% at pH 7.0 and 21% at pH 7.5. The
wavelength of the emission intensity maximum was not altered
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FIGURE 2: Translocation activity of fluorescent-labeled SRP. In vitro
translation assays (25 pL) contained preprolactin mRNA, wheat germ
extract, [**S]Met, and EDTA- and salt-washed microsomal mem-
branes. SRP was added as indicated below. Samples were translated,
digested with proteinase K, and analyzed by SDS-PAGE as described
under Experimental Procedures. The radioactive bands were made
visible by fluorography. Lane 1, no SRP added; lane 2, 25 nM SRP
purified from canine pancreas; lane 3, unlabeled SRP reconstituted
from total SRP proteins and 28 nM SRP RNA from peak A (Figure
1B); lane 4, fluorescent-labeled SRP reconstituted from total SRP
proteins and 28 nM SRP RNA-FI from peak B (Figure 1B); lane
5, fluorescent-labeled SRP reconstituted from total SRP proteins and
28 nM SRP RNA-FI from peak C (Figure 1B). The following
14C-labeled proteins were used as molecular mass markers: phos-
phorylase B, 97 kDa; bovine serum albumin, 66 kDa; ovalbumin, 45
kDa; carbonic anhydrase, 29 kDa; 8-lactoglobulin, 18 kDa; lysozyme,
14 kDa.
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FIGURE 3: Titration of SRP RNA-Fl with SRP9/14. Singly-labeled
SRP RNA-FI (initially 1.2 nM) in the absence (®) or presence (O)
of a 10-fold molar excess of unlabeled SRP RNA was titrated with
SRP9/14 as described under Experimental Procedures. The data
shown are from two titrations done in parallel.

when SRP9/14 bound to SRP RNA-Fl. The change in in-
tensity was also accompanied by a decrease in anisotropy when
SRP9/14 associated with SRP RNA-Fl. For singly-labeled
RNA at pH 7.5, the average anisotropy decreased from 0.177
to 0.155 upon binding SRP9/14, while the corresponding
change for doubly-labeled RNA was from 0.169 to 0.149
(Table I). The formation of the SRP9/14-SRP RNA-FI
complex therefore alters the emission, and hence the envi-
ronment, of a fluorescein dye at the 3’ end of the RNA.
The SRP9/14-dependent emission changes reached their
maximum levels when the calculated molar ratio of SRP9/14
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Table I: Summary of SRP RNA-FI Fluorescence Emission in the
Presence and Absence of SRP Protein Heterodimers®

none SRP9/14 SRP68/72
emission intensity? 1.00¢ 1.41¢ 1.00¢
1.004 1.114 1.00¢
anisotropy 0.177¢ 0.155¢ 0.234¢
0.1697 0.1494 0.2264
K, (M) 3.9 6.3 3.8
7 (ns) 39 39 39

“Data were obtained at 5 °C in 0.5 M KOAc, 60 mM Hepes (pH
1.5), 5 mM Mg(OAc),, and 0.01% (w/v) Nikkol. Standard errors (n
= 3-11 separate experiments) for intensity measurements were less
than £0.03; standard errors for anisotropy data were £0.009 for sam-
ples containing SRP68/72, £0.011 for doubly-labeled SRP RNA-F1
preparations, and £0.005 for the others; standard errors in K, values
were +0.1 for SRP68/72 samples and £0.03 for the others. The un-
certainty in the lifetime measurements was £0.2 ns. ®Relative to the
emission intensity of the SRP RNA-FI species in the absence of SRP
proteins. ¢Data obtained using a sample of SRP RNA-FI that had
only a single fluorescein dye attached to the 3’-terminal ribose. ¢Data
obtained using a sample of SRP RNA-FI that had two fluorescein dyes
attached to the 3’-terminal ribose. The lifetime and quenching data
were also obtained using this RNA.

to SRP RNA-Fl in a sample was between 1:1 and 3:1. Since
there was uncertainty associated with the measurement of the
SRPY/14 concentration and there is no measure of protein
activity, this range is reasonably consistent with the expected
formation of SRP particles that have an equimolar composition
of components.

The large SRP9/14-dependent increase in emission intensity
was not associated with an increase in the lifetime of the dye,
for the fluorescein lifetime of SRP RNA-FI was found to be
3.9 ns both in the presence and in the absence of SRP9/14
(Table I). Thus, the fluorescence intensity change results from
an increase in the absorptivity of the dye rather than an in-
crease in its quantum yield. This indicates that the binding
of SRP9/14 to SRP RNA-FI alters the local pH near the
fluorescein and/or the pK, of the monoanion form of fluor-
escein, since the absorptivity of fluorescein is dictated by the
extent of its ionization (Mercola et al., 1972). (This change
in fluorescein environment is caused by a change in RNA
conformation that is effected allosterically by SRP9/14, as
shown below.) This type of spectral change also occurs when
a fluorescein-labeled aminoacyl-tRNA associates with elon-
gation factor Tu-GTP (Adkins et al., 1983; Hazlett et al., 1989;
Janiak et al., 1990).

Specificity of Fluorescence Changes. The fluorescence
intensity increase of 41% shown in Figure 3 resulted from a
specific protein—-RNA interaction because it was observed only
with SRP RNA-Fl and SRP9/14. When SRP RNA-FI was
titrated with SRP68/72, SRP19, or SRP54, the intensity
increase was less than 8% (data not shown). Furthermore,
no change in emission intensity or steady-state anisotropy was
observed when SRP RNA-F1 was titrated in the presence of
GTP with either the prokaryotic elongation factor Tu or the
eukaryotic factor la (data not shown), both of which are
known to bind to aminoacyl-tRNAs and to induce confor-
mational changes in the tRNAs (Adkins et al., 1983; Johnson
et al., 1986; Dell, 1987; Janiak et al., 1990).

The specificity of the SRP9/14 interaction for SRP RNA
was also indicated by the fact that a 50-fold molar excess of
tRNA did not alter the magnitude of the fluorescence change
or its dependence upon SRP9/14 concentration (data not
shown). Thus, the tRNA did not compete with SRP RNA-FI
for binding to SRP9/14. In contrast, a 10-fold excess of
nonfluorescent SRP RNA in a sample of SRP RNA-FI greatly
reduced the SRP9/14-dependent intensity increase (Figure
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3). The extent of the SRP RNA-dependent reduction in
emission intensity (80.4-95.6% when SRP9/14 was limiting
in the experiment depicted in Figure 3) was consistent with
an approximately equal affinity of the SRP9/14 for SRP RNA
and SRP RNA-F], which indicates that the fluorescein does
not significantly influence the strength of the SRP9/14 in-
teraction with SRP RNA.

Affinity of SRP9/14 for SRP RNA-FI. The binding of
SRP9/14 to SRP RNA-FI was very tight, with a dissociation
constant of less than 0.1 nM estimated from the titration data.
The K, could not be measured directly using the fluorescence
approach because even at the lowest concentration of SRP
RNA-FI that could be employed (0.1 nM) essentially all added
SRP9/14 was bound to RNA.

The high affinity of this interaction was also shown by the
slow reversibility of the spectral change. When a 10-fold molar
excess of unmodified SRP RNA was added to a sample con-
taining SRP9/14.SRP RNA-Fl, no reduction in emission in-
tensity was observed after 45 min at 5 °C (data not shown).
There are two possible explanations for this observation: either
SRP9/14 induced an irreversible (or slowly reversible) con-
formational change in SRP RNA-FI, or SRP9/14 did not
significantly dissociate from the SRP RNA-FI during the
experiment. The latter possibility is supported by two ob-
servations. First, the amount of SRP9/14 that was co-im-
munoprecipitated with SRP RNA-FI using anti-fluorescein
antibodies and detected by silver staining was the same before
and 60 min after the addition of a 10-fold molar excess of
unlabeled SRP RNA to SRP proteins-SRP RNA-F1 (data not
shown). Second, when SRP9/14-SRP RNA was added to an
approximately equimolar amount of SRP RNA-FI, no increase
in the emission intensity was observed after 45 min (data not
shown). This indicates that little SRP9/14 dissociated from
the nonfluorescent RNA and subsequently bound to the
fluorescent RNA during this time period. Thus, the disso-
ciation of the SRP9/14.SRP RNA complex is very slow, which
is consistent with a high-affinity interaction between SRP9/14
and SRP RNA.

Accessibility of the Fluorescein Dye in SRP9/14-SRP
RNA-FI, The spectral changes caused by the binding of
SRP9/14 to SRP RNA-FI could result either from a direct
interaction in which the dye is covered or contacted by the
heterodimer or from a conformational change(s) at the 3’ end
that is mediated allosterically by SRP9/14 binding elsewhere
on the RNA. The first possibility can be examined directly
by determining whether the binding of SRP9/14 to SRP
RNA-FI reduced or blocked the probe’s exposure to the sol-
vent, specifically its sensitivity to quenching by iodide ions.
This approach has been used previously to investigate other
protein—nucleic acid complexes {e.g., see Adkins et al. (1983)
and Dell (1987)].

SRP RNA-FI, either in the presence or in the absence of
SRP9/14, was titrated with iodide ions, and iodide ion
quenching was observed for both samples (Figure 4). The
extent of quenching was directly proportional to the concen-
tration of iodide ions in each sample, as is expected for the
collisional quenching of a homogeneous sample. After cor-
rection for the small ionic strength-dependent changes in
emission intensity that were determined in a parallel titration
with chloride ions (Figure 4), the Stern—Volmer constant (Kgy)
for SRP RNA-Fl was 3.9 M}, while that for SRP9/14.SRP
RNA-Fl was 6.3 M™! (Table I). Kgy = kg7, where 7 is the
fluorescence lifetime of the dye and k, is the bimolecular
collisional rate constant (Lehrer & Leavis, 1978). Since the
lifetime of the fluorescein is the same for SRP RNA-Fl and
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FIGURE 4: Solvent accessibility of the fluorescein in SRP RNA-F],
SRP9/14.SRP RNA-FI, and SRP68/72-SRP RNA-Fl. Doubly-la-
beled SRP RNA-FI (6.1 nM) was first titrated either with SRP9/14
(to 13 nM; DO, W), with SRP68/72 (to 10 nM; A, A), or with buffer
(0, @). The samples were then titrated with a solution containing
either 2 M Kl (closed symbols) or 2 M KCl (open symbols). The
Stern—Volmer constants were obtained from the difference between
the KI and KCl titration data as described under Experimental
Procedures and are given in Table I.

SRP9/14-SRP RNA-FI (Table I), k, is greater for SRP9/
14.SRP RNA-FI than for SRP RNA-FIL. Thus, the binding
of the SRP9/14 to the RNA increases the frequency of col-
lisions between the probe at the 3’ end of the RNA and iodide
ions dissolved in the aqueous solvent.

This observation can be explained in one of two ways. Either
the heterodimer alters the conformation of the RNA so that
the probe is more exposed to the solvent in the complex than
in the naked SRP RNA and/or the binding of the heterodimer
to the RNA reduces the negative charge density near the probe
5o that the electrostatic repulsion of the iodide ions is reduced
and the frequency of their collisions with the probe is increased.
Since SRP9/14 increases the emission intensity of the fluor-
escein by increasing its absorptivity (see above), apparently
by decreasing the local negative charge density (Mercola et
al., 1972), it seems likely that an SRP9/14-dependent neu-
tralization of RNA phosphate charges is at least partially
responsible for the higher iodide ion quenching rate in the
presence of SRP9/14 than in its absence. The binding of
SRP9/14 to the RNA also alters the RNA conformation near
the fluorescein because the reduction in anisotropy indicates
that the rotational freedom of the dye has increased by a small
amount after SRP9/14 binds. Thus, both the SRP9/14-de-
pendent decrease in anisotropy and the SRP9/14-dependent
increase in k; demonstrate that a dye attached to the 3'-ter-
minal ribose does not contact SRP9/14 when the protein binds
to the RNA. The SRF9/14-dependent increase in emission
intensity therefore results from a change in the conformation
at the 3’ end of the RNA that is mediated allosterically by
the binding of SRP9/14 to SRP RNA.

The accessibility of the fluorescein dye in SRP RNA-Fl is
also shown by the fact that fluorescein-specific antibodies
immunoprecipitated SRP RNA-Fl in the presence of SRP9/14
and SRP9/14 was recovered in the immunoprecipitate (data
not shown). The binding of the antibodies to the fluorescein
dyes could also be followed spectroscopically, since fluorescein
emission intensity is quenched by 70% in the dye-antibody
complex both in the presence and in the absence of SRP9/14
(data not shown).

Fluorescence-Detected Association of SRP68/72 with SRP
RNA-FI. When pure SRP68/72 was titrated into a solution
of SRP RNA-F], a large increase in the fluorescein anisotropy
of SRP RNA-FI was observed (Figure 5, Table I). The as-
sociation of SRP68/72 with SRP RNA-F] therefore reduced
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FIGURE 5: Titration of SRP RNA-F1 with SRP68/72. (A) Dou-
bly-labeled SRP RNA-FI1 (6.1 nM initially) was titrated with either
SRP68/72 (@) or buffer (O) as described under Experimental Pro-
cedures. The best-fit SRP68/72-SRP RNA-FI K for this experiment
was 5.8 £ 2.1 nM. (B) The data from another titration of doubly-
labeled SRP RNA-FI (6.1 nM) with SRP68/72 (@) are expressed
as [bound SRP68/72] ([SRP68/72:SRP RNA-FIl]) versus [free
SRP68/72]. The concentration of bound SRP68/72 was determined
from the magnitude of the anisotropy change assuming a binding
stoichiometry of 1:1, as described under Experimental Procedures.
The curve was drawn using the best-fit X4 of 5.1 & 0.5 nM obtained
from the nonlinear least-squares regression analysis of these data. The
inset shows these data in a modified Scatchard plot.
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the rotational rate of the probe at the 3’ end of the RNA, either
by restricting the local freedom of rotation of the dye or by
reducing the global rotational rate of the particle, or both.

In contrast, no SRP68/72-dependent change in the fluor-
escein emission intensity or lifetime of SRP RNA-Fl was
observed (Table I). A small intensity increase was observed
with some preparations of SRP68/72, but this proved to be
due to a contamination of SRP9/14 in those samples of
SRP68/72.

Affinity of SRP68/72 for SRP RNA-FI. Since the binding
of SRP68/72 to SRP RNA-FI elicits a substantial increase
in fluorescein anisotropy, the extent of SRP68/72.SRP
RNA-FI complex formation in a sample can be measured
spectroscopically. From the concentration dependence of
complex formation, the affinity of the heterodimer for the
RNA can be determined directly and at equilibrium. The
anisotropy of SRP RNA-F] was therefore monitored as a
function of SRP68/72 concentration. Titration data such as
those shown in Figure 5 were used to calculate an average K
value of 7 & 3 nM for SRP68/72:SRP RNA-Fl. It is clear
from these data that SRP68/72 binds more weakly to SRP
RNA-FI than does SRP9/14.

The reversibility of the anisotropy change was also inves-
tigated. When a 10-fold molar excess of unmodified SRP
RNA was added to a sample containing SRP68/72-SRP
RNA-FI, the anisotropy decreased within 10 min to a level
that would be expected if SRP68/72 bound equally well to
the two RINA species (Figure 6). The exchange of SRP68/72
between RNAs was shown independently by adding fluores-
cein-specific antibodies to a sample of SRP68/72-SRP
RNA-FI before and after the addition of a 10-fold molar excess
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FIGURE 6: Reversibility of SRP68/72 binding to SRP RNA-Fl and
SRP9/14-SRP RNA-Fl. Doubly-labeled SRP RNA-F1 (6.1 nM) was
incubated with a substoichiometric amount of SRP68/72 (4.8 nM)
and, where indicated, an excess of SRP9/14 (7 nM) at 5§ °Cin 0.5
M KOAc, 60 mM Hepes (pH 7.5), 5 mM Mg(OAc),, and 0.01%
(w/v) Nikkol for 10 min to form SRP68/72.SRP RNA-F1 (O, @)
and SRP68/72:SRP RNA-FI-SRP9/14 (A). At ¢ = 0, either buffer
(O) or a 10-fold molar excess of unmodified SRP RNA (@ and 4)
was added to the samples, and the anisotropy was measured at the
time points indicated. The initial anisotropies of the free SRP RNA-Fl,
SRP68/72-SRP RNA-FI.SRP9/4, and SRP68/72.SRP RNA-FI] were
0.175, 0.190, and 0.200, respectively, in this experiment, and were
di) ted by the limited amount of SRP68/72 in the samples (see Figure
5).

of SRP RNA to the sample. The amount of SRP68/72 in
the immunoprecipitate was reduced by more than 50% within
10 min after the addition of the unlabeled RNA (data not
shown). These results indicate both that the binding of
SRP68/72 to SRP RNA is exchangeable and that the
fluorescein has a small, if any, effect on the affinity of
SRP68/72 for SRP RNA.

Solvent Accessibility of the Fluorescein in SRP68/72:SRP
RNA-FI. When SRP68/72.SRP RNA-F1 was titrated with
iodide ions, collisional quenching of the fluorescein emission
was observed with a Kgy of 3.8 M, essentially the same value
found for the quenching of free SRP RNA-FI (Figure 4; Table
I). Thus, the binding of SRP68/72 to SRP RNA-FI did not
alter the rate of iodide ion collision with the fluorescein at the
3’ terminus of the RNA. In addition, when fluorescein-specific
antibodies were added to a sample containing SRP68/72:SRP
RNA-Fl, SRP68/72 was immunoprecipitated (data not
shown). These data indicate that the SRP68/72 does not
contact or cover the dye in the SRP68/72.SRP RNA-FI
complex and that the association of SRP68/72 with the RNA
does not alter, directly or indirectly, the accessibility of the
dye to the solvent.

Cooperativity in the Binding of SRP Heterodimers to SRP
RNA. To determine if the prior binding of one heterodimer
to SRP RNA influences the binding of the second, the proteins
were added to SRP RNA-FI in each of the two possible se-
quences. The binding of SRP9/14 caused a decrease in the
anisotropy of SRP RNA-F], whereas the binding of SRP68/72
caused a large increase (Table I). When SRP RNA-FI was
titrated first with SRP9/14 and then with SRP68/72, or vice
versa, the resulting particles were, at least spectroscopically,
the same when formed in either order (Figure 7). Also, the
SRP9/14-dependent increase in emission intensity was
unaffected by the presence or absence of SRP68/72 (data not
shown). This suggests that the assembly of SRP heterodimers
on SRP RNA occurs randomly, with no required order of
addition,

If the binding of SRP heterodimers to SRP RNA-FlI is
cooperative, one would expect that the binding of one heter-
odimer to the SRP RNA would increase the affinity of the
particle for the second heterodimer. To determine whether
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FIGURE 7: Sequential binding of SRP protein heterodimers to SRP
RNA-Fl. SRP protein heterodimers were added in two different
sequences to samples containing singly-labeled SRP RNA-F! (initial
concentration, 6.1 nM). The anisotropy was measured after each
addition. Additions to the (O) sample: SRP68/72 (to 19 nM) at
1, SRP9/14 (to 10 nM) at 2. Additions to the (@) sample: SRP9/14
(to 10 nM) at 1, SRP68/72 (to 19 nM) at 2.
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FIGURE 8: SRP68/72 binding to SRP RNA-Fl and SRP9/14-SRP
RNA-FL. Doubly-labeled SRP RNA-FI1 (6.1 nM) was incubated with
8 nM SRP9/14 (@) or with buffer (O) for 10 min at 5 °C. The
samples were then titrated with SRP68/72 as described under Ex-
perimental Procedures, and the change in fluorescein anisotropy was
monitored as a function of SRP68/72 concentration.

this occurred, SRP68/72 was added to samples containing
either free SRP RNA-F1 or SRP9/14-SRP RNA-Fl. The
SRP68/72 concentration dependence of the anisotropy change
was similar in both samples (Figure 8), and hence the affinity
of SRP68/72 for SRP RNA is the same or slightly weaker
in the presence of SRP9/14.

This conclusion is supported by the reversibility data shown
in Figure 6. When a 10-fold molar excess of SRP RNA was
added to parallel samples of SRP68/72-SRP RNA-FI and
SRP68/72-SRP RNA-FI-SRP9/14, the anisotropy decreased
at the same or a slightly faster rate in the presence of
SRP9/14. Although SRP9/14 forms a very stable complex
with SRP RNA, the formation of the SRP9/14.SRP RNA
complex does not appear to prevent bound SRP68/72 from
dissociating from the RNA. Thus, no positively cooperative
interactions between SRP68/72 and SRP9/14 are apparent
during their binding to SRP RNA-Fl in the absence of SRP19
and SRP54.

DiscussioN

The assembly of multicomponent ribonucleoprotein particles
requires a number of specific, and possibly ordered, protein—
protein and protein-RNA interactions in order to obtain a
complete, functional particle. An understanding of these in-
teractions not only provides a recipe for particle formation but
also provides clues about the molecular mechanisms involved
in particle function. If, for example, the binding of a protein
to the particle requires a second protein, then the two proteins
are structurally coupled in the particle, and this direct or
allosteric linkage between two different sites on the particle
may be important and utilized during function. Thus, one of
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the goals of this study was to determine whether SRP assem-
bly, and perhaps function, involves independent domains or
conformationally-linked domains within the particle.

Our approach to investigating SRP assembly utilized a
fluorescent dye as a spectroscopic probe of interactions between
SRP components. This allows us to determine the affinities
of SRP components for each other under equilibrium condi-
tions [cf. Abrahamson et al. (1985) and Janiak et al. (1990]
and hence to evaluate directly whether a particular bimolecular
association was sensitive to the presence of other components.
Furthermore, by covalently attaching the probe at a single site,
the 3’ terminus of the SRP RNA, it was possible to identify
which SRP proteins could alter the spectral properties, and
hence environment, of the dye at that location. The SRP RNA
was an obvious choice for positioning a probe because the single
RNA molecule extends throughout the SRP (Andrews et al.,
1987) and is therefore the most likely candidate for trans-
mitting information from one end of the particle to the other
via changes in conformation.

It is important to emphasize that this new approach to
examining the assembly, structure, and function of SRP was
possible only because the modification of the SRP RNA at
its 3’ end did not destroy its activity. After purification of the
fluorescent-labeled SRP RNA away from unmodified RNA,
the resulting SRP RNA-FI1 was successfully reconstituted into
SRP that was active in promoting the translocation of pre-
prolactin across the ER membrane (Figure 2). The fluores-
cent-labeled SRP therefore functioned in both the selection
and targeting of nascent secretory proteins for transport, as
well as in the interactions with ER membrane components to
initiate translocation. On the other hand, the translocation
activity of SRP reconstituted with fluorescent-labeled SRP
RNA was less than that of SRP reconstituted with unmodified,
sham-reacted SRP RNA. It therefore appears that the
presence of the fluorescein does interfere to some extent with
SRP function, for reasons yet unknown.

Upon binding to SRP RNA-Fl, SRP9/14 and SRP68/72
each altered the fluorescence emission of fluorescein covalently
attached to the 3’-terminal ribose (Figures 3 and 5; Table I).
The spectral changes elicited by these two heterodimers were
different, and hence each change was associated with the
formation of a specific SRP RNA~-protein complex whose
appearance could be monitored by its characteristic fluorescein
emission. Consistent with the specificity of these interactions
and spectral changes, the presence of excess tRNA or elon-
gation factors did not affect the fluorescence of SRP RNA-F1
or its complexes with the SRP heterodimers.

SRP9/14 association with SRP RNA-FI resulted in both
a large increase in emission intensity and a small decrease in
anisotropy (Figures 3 and 7). Even though the binding site
for SRP9/14 is located near the 3’ end of the RNA (Strub
et al., 1991), these fluorescence changes did not resuit from
SRP9/14 covering or contacting the fluorescein directly be-
cause such an interaction would be expected to shield the
fluorescein from quenchers and to increase the anisotropy of
the fluorescein. Instead, the fluorescein dyes in the SRP9/
14.SRP RNA-FI complex were accessible both to iodide ions
and to anti-fluorescein antibodies, and complex formation
decreased the anisotropy of the fluorescein at the 3’ terminus
of the RNA. Thus, the binding of SRP9/14 to SRP RNA
allosterically alters the conformation of the RNA at its 3’
terminus. This fluorescence-detected change in RNA con-
formation is consistent with the observations of Andreazolli
and Gerbi (1991), who concluded, on the basis of chemical
modification studies, that the conformation of SRP RNA
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differs in the presence and absence of SRP proteins.

The footprint-identified binding site of SRP68/72 on the
RNA is located about 45 nucleotides away from the 3’ end
(Siegel & Walter, 1988b), and the fluorescein accessibility
to iodide ions or to anti—fluorescein antibodies was unchanged
when SRP68/72 bound to SRP RNA-FI (Table I). This
indicates that SRP68/72 does not cover or contact the
fluorescein directly. Since the anisotropy of the dye increased
substantially upon SRP68/72-SRP RNA-FI complex forma-
tion, the binding of SRP68/72 to SRP RNA-FI decreased
either the overall rotational rate of the SRP RNA-Fl and/or
the local rotational rate of the dye through a long-range al-
losteric interaction between the 3’ end of the RNA and its
binding site for SRP68/72. Our current data do not distin-
guish between these two possibilities or a combination thereof.

These spectral changes were used to characterize the in-
teractions of the two SRP protein heterodimers with the SRP
RNA and with each other. The SRP9/14 heterodimer bound
to the RNA much more tightly (K3 < 0.1 nM) than did the
SRP68/72 heterodimer (Ky = 7 nM). SRP68/72 therefore
dissociated from the RNA at a higher rate, and was exchanged
from one SRP RNA to another much more quickly than
SRP9/14 (Figure 6). The reason for the great disparity in
the binding affinities of the heterodimers for the SRP RNA
is not clear. However, it is interesting that SRP9/14, the
protein which associates most tightly with the RNA, binds to
a fragment containing the 60 nucleotides at the 5’ end of the
SRP RNA (Strub et al., 1991). The ribosomal proteins that
nucleate the assembly of the bacterial ribosomal subunits also
bind near the 5’ ends of the 16S and 23S rRNAs, presumably
because this portion of the rRNA is exposed first during RNA
synthesis in vivo (Nowotny & Nierhaus, 1982, 1988). It is
therefore possible that SRP assembly occurs in the nucleus
and that the very tight binding of SRP9/14 to SRP RNA
constitutes a mechanism for ensuring that SRP RNA folding
and SRP assembly are initiated properly as the RNA is being
synthesized.

Previous work has shown that the SRP9/14 heterodimer
must form before these SRP proteins will associate with SRP
RNA (Strub & Walter, 1990). Similarly, in vitro-translated
SRP68 does not, by itself, bind to SRP RNA, which suggests
that the SRP68/72 heterodimer must form prior to the binding
of these proteins to SRP RNA (Herz et al.,, 1990). It is
therefore conceivable that the association of the two hetero-
dimers and the two monomers with SRP RNA may have to
occur in a specific order for the assembly of a functional SRP.
Yet we found that each heterodimer was able to bind to SRP
RNA in the absence of the other and that the association of
SRP heterodimers with SRP RNA can occur in either order
to form SRP9/14.SRP RNA-FI-SRP68/72 particles that are
spectroscopically the same (Figure 7). Although SRP9/14
binds very tightly to the SRP RNA and the footprint-identified
SRP9/14- and SRP68/72-binding sites on the RNA are
separated by only several base pairs (Siegel & Walter, 1988b;
Strub et al., 1991), the presence of SRP9/14 on the RNA did
not increase the affinity of SRP68/72 for the RNA (Figure
8). There is therefore no detectable interaction between these
heterodimers, either via a direct protein—protein contact or via
an allosteric conformational change that is transmitted through
the RNA. We conclude from these data that SRP9/14 and
SRP68/72 bind independently and noncooperatively to SRP
RNA in the absence of SRP19 and SRP54,

The apparent absence of cooperativity in the association of
SRP9/14 and SRP68/72 with SRP RNA also suggests that
the SRP9/14 domain does not interact with the SRP68/72
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domain of SRP during function. Consistent with this possi-
bility, the removal of SRP9/14 and the Alu-like segments of
SRP RNA from the SRP yields a ribonucleoprotein complex
that can still promote translocation, but is unable to arrest
elongation (Siegel & Walter, 1986). The SRP domain that
mediates elongation arrest and the SRP domain that mediates
translocation therefore appear to be uncoupled and distinct
both structurally and functionally. However, a direct or in-
direct interaction between SRP68/72 and SRP9/14 when the
complete SRP is bound to the ribosome, signal sequence,
and/or SRP receptor has not been ruled out experimentally.

In this paper, we have investigated the interactions of the
SRP heterodimers with SRP RNA and with each other in the
absence of the other two protein components of SRP. Previous
experiments suggested that the in vitro assembly of complete
SRP is cooperative (Walter & Blobel, 1983a). This conclusion
was based on the observation that the total translocation and
elongation arrest activity of reconstituted SRP remained
constant when the amount of SRP RNA added to a constant
amount of SRP proteins in a reconstitution mix was increased
8-fold (Walter & Blobel, 1983a). Walter and Blobel reasoned
that if the SRP proteins bound randomly to the SRP RNA,
then the 8-fold increase in RNA concentration should decrease
substantially the number of RNA molecules that had a full
complement of bound SRP proteins, and hence would be ac-
tive, when SRP proteins exchanged randomly onto the excess
of added RNA molecules. Since the fluorescence data show
that SRP68/72 exchanges readily between SRP RNAs in the
presence of SRP9/14, it would appear that any cooperativity
in the assembly of SRP is mediated by SRP54 and/or SRP19.
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