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The possible changes both of ¥'20 and s would therefore
lead to higher d values at glacial periods. Anyway, the influence
of variations of k'®0 and s for the first part of the water cycle
is small. The effect of a more hypothetical slope change at snow
formation was not estimated but if it exists the present interpre-
tation of higher relative humidity would be also reinforced.
This last point could be investigated from the comparison with
d data obtained on other, existing or future, ice cores. (Note,
however, that interpretation of data from more coastal Antarc-
tic sites will be complicated by the change in snow origin.) More
generally, it would be very interesting to compare the Dome
C d profile with that in other ice cores both from Greenland
and Antarctic ice sheets.

From energy balance considerations, ~10% less evaporation
would be anticipated®®. Atmospheric modelling of ice age
climate shows a comparable decrease®’. Taking into account
the 2 °C reduction of the sea-surface temperature'’, leading to
an average reduction of g, of ~15%, equation (5) shows that
a 10% decrease of evaporation, as suggested above, is obtained
by keeping the (1—A)U value practically unchanged. An A
value of 90% (instead of 80%), as suggested by d changes,
thus infers, on average, a doubling of the wind speed over all
the oceanic area concerned. Although these are many assump-
tions in such an interpretation, it does point out the high
consistency of two experimental results from the Dome C ice
core at 18,000 yr BP, that is, a lower d value and high Na (and
also aerosols) content, indicating respectively a higher relative
humidity close to the oceanic surface and a higher wind speed.

Remarkably, such a correlation between d and Na profiles
exists all along the core (Fig. 1), tending to show that relative
humidity and wind speed vary in a parallel manner with values
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for stages 2 and 4 in between those prevailing during the
Holocene and maximum glacial periods. The entire d profile
clearly contains interesting information regarding the relative
humidity changes over the past 32,000 yr. For example, rela-
tively low d values encountered around 4,000 yr Bp (Fig. 15)
coincide with the drier climates that have characterized the past
4,000-4,500 yr (ref. 31). This is in agreement with the fact that
a d decrease probably reflects an 2 increase which means
(neglecting the possible changes of U and g.), a reduction of
the evaporation rate (equation (5)). It is also observed that the
wet phase ending 25,000 yr BP in southern Australia presents
higher d values than the following drier 25,000-14,000 yr BP
period®?. Dating uncertainties prevent detailed discussion of
the synchronism between d and wetness changes but changes
from wet to dry conditions are apparently accompanied by a d
decrease and vice versa, which is quite consistent with our
interpretation on d changes.

However, at its present stage of interpretation, the main
result of this study is the strong indication of higher relative
humidity over the ocean surface (estimated around 90%) south
of 40°S during the late glacial maximum. A similar change
probably also affected the tropical and equatorial regions as
suggested either from isotopic data®’ or from theoretical con-
siderations*®, Such data have probably to be taken into account
when developing climate modelling of the ice age.
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Signal recognition particle contains a
7S RNA essential for protein
translocation across the endoplasmic reticulum
Peter Walter & Giinter Blobel

The Rockefeller University, New York, New York 10021, USA

In addition to its previously characterized, six different polypeptide components, signal recognition protein—which
functions in protein translocation across and integration into the endoplasmic reticulum membrane—contains a 7S RNA
molecule. The RNA is closely identified with the small cytoplasmic 7S RNA and is required for bath structural and

functional properties of signal recognition protein—which we therefore rename signal recognition particle.

THE signal recognition protein (SRP) has been previously iso-
lated as an 11S complex consisting of six distinct polypeptide
chains® from a salt-wash of microsomal vesicles’, and is an
essential component in the process of protein translocation

across the lipid bilayer of the endoplasmic reticulum'. SRP
functions in decoding the information contained in the signal
peptide of nascent secretory’™, Iysosomal (A.H. Erickson, P.W.
and G.B., in preparation) and certain membrane® proteins to
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Fig. 1 Co-purification of SRP and SRP-
RNA. SRP was extracted from 500 ml of
dog pancreatic microsomes (50 A,y,
units ml™')* and purified by chroma-
tography on aminopentyl agarose as
described previously'. The eluent of
the hydrophobic column was diluted with
four volumes of water to reduce the salt
concentration to 200mM KOAc and
passed over a 10-ml column of DEAE-
Sepharose 6B-Cl. The column was
washed with 50 ml of a solution contain-
ing 50 mM triethanolamine/HOAc pH
7.5 (TEA), 350mM KOAc, 3.5mM
Mg(OAc),, 1 mM dithiothreito! (DTT),
0.01% Nikkol (nonionic detergent from
Nikko)* and eluted with a step of a sol-
ution containing 50 mM TEA, 600 mM
KOAc, 6 mM Mg(OAc),, 1mM DTT,
0.01% Nikkol. SRP eluted as a sharp peak
(absorbance at 280 nm was monitored)
and was collected as a 5-ml fraction
(3 A,zo unitsml ). Aliquots (0.5 ml) of
this concentrated SRP solution were
layered on top of 5-20% sucrose
gradients (12 ml) containing SO mM TEA,
500 mM KOAc, 5 mM Mg(OAc),, 1 mM
DTT, 0.01% Nikkol and centrifuged for
20h at 40,000 r.p.m. in the Beckman

sedimentation ——»

sedimentation ——

SW40 rotor as described previously'. The
gradients were fractionated using an
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the effect that it mediates the specific attachment of this class
of polysomes to the microsomal membrane’. In the absence of
microsomal membranes SRP specifically arrests the elongation
of these proteins in vitro® just after the signal peptide has
emerged from the ribosome, thereby preventing the completion
of pre-secretory proteins in the cytoplasm®. On interaction of
these arrested ribosomes with a specific integral membrane
protein—the SRP receptor®!°—on the microsomal membrane,
this elongation arrest is released and the nascent chain is translo-
cated across® or—as in the case of certain integral membrane
proteins—integrated into® the lipid bilayer.

Several small RNAs have been found and characterized in
eukaryotic cells (for a recent review see ref. 11), but besides
the tRNAs and the ribosomal 58 and 5.85 RNA, no physiologi-
cal function could be directly demonstrated for any of them at
the molecular level. The RNA of particular interest in the
present study has been termed 7SL RNA (alternative nomen-
clatures are 7S scRNA'? and ScL!'?) and it was first described
as a component of some oncornaviruses'*. It was later also
shown to be a constitutive component of all uninfected cells®’.
7SL RNA was usually obtained in cytoplasmic cell fractions,
where it was found associated with polysomes or microsomal
membranes'>'*!¢, although some investigators also detected it
in nuclear fractions'’. It is a relatively abundant small RNA

[ =] -—68k
= =54k

ISCO gradient fractionator with a con-
h tinuous flow cell (5 mm path length) and
the absorbance was recorded at 280 nm
(panel A) and 254nm (panel B).
Sedimentation was from left to right. The
118 peak fraction was collected as indi-
cated by the vertical bar and used for all
following experiments. It had a con-
centration of 1.1 A,i,unitsml ' or
1.6 Asqo unitsml ' and its activity was
20 Upl * (ref. 1). A 100-pl aliquot of
the gradient purified SRP was diluted with
400 pl of water and an absorption spec-
trum was recorded using a Beckman DU-
8 spectrophotometer with wavelength
-—19k scanning accessory (panel C). A 30-pl
~14k fraction of the SRP preparation before

(panel D, lane a) and after (panel D, lane
[ Pk b) sucrose gradient centrifugation was
precipitated with trichloroacetic acid
(TCA) and subjected to SDS-polyacry-
lamide gel electrophoresis on 10-15%
gradient gels. Polypeptides were visual-
ized by staining with Coomassie blue. The
six SRP proteins' are indicated with their

corresponding molecular weights.

72k

which has been highly conserved through evolution'***!” and

it was recently sequenced by two independent groups from
either a cDNA clone of the human RNA'®'® or by direct RNA
sequencing of the rat RNA®°, Both sequences are essentially
identical and confirmed a previous observation®' that long stret-
ches of 7S RNA are homologous to the Alu family DNA
sequences. Thus, the ~300-nucleotide long 7SL. RNA was
shown for about 100 nucleotides at its 5’ end and ~50 nucleo-
tides at its 3' end'®?° to have about 80% homology with the
Alu consensus sequence®. The core portion of 7SL RNA (~150
nucleotides) showed no homology to Alu DNA, and is com-
plementary to a new family of repeated DNA (but repeated at
a lower frequency than Alu DNA) in the genome'®,

We demonstrate here that 7SL RNA is part of a ribonucleo-
protein (RNP). This RNP is identical to the previously purified
and characterized signal recognition protein', the name of which
we consequently change to signal recognition particle (SRP).
We show that the RNA is indispensable for SRP’s function.
Thus, 7SL. RNA has a function in the process of protein translo-
cation across the endoplasmic reticulum.

SRP contains a RNA moiety

In our studies on SRP we noticed a relatively high ratio of the
absorbances at 260 to absorbance at 280 nm in our SRP prepar-
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ations isolated by hydrophobic chromatography'. To determine
whether this property was truly associated with SRP, we further
purified SRP by DEAE chromatography and sucrose gradient
centrifugation'. Analysis of the sucrose gradients revealed a
higher absorbance at 254 nm (Fig. 1B) than at 280 nm (Fig.
1A) in the 118 peak fraction. The 11S peak was collected (as
indicated by the horizontal bars in Fig. 1A, B) and an absorption
spectrum was recorded. From the spectrum (Fig. 1C) it was
apparent that SRP had a relative absorption maximum at
258.5 nm. This finding strongly suggested that SRP contained
a nucleic acid component which co-purified with the six poly-
peptide chains previously identified as protein components of
SRP’ (compare the polypeptide profile of the material before
and after sucrose gradient centrifugation Fig. 1D, lanes a and
b). As most of the absorbance at 260 nm could be rendered
cold acid-soluble by base hydrolysis (see Table 1), we concluded
that SRP contained a RNA moiety. We will refer to this RNA
as SRP-RNA.

The RNA is required for SRP function

To demonstrate the involvement of SRP-RNA in the functions
of SRP, we used in vitro assays for the SRP-dependent translo-
cation of secretory proteins across microsomal membranes. Two
principal activities of SRP can be distinguished in these assays.

Fig. 2 SRP-RNA is re-

First, SRP restores the ability of salt-extracted microsomes to
translocate nascent secretory proteins'’. If a mixture of bovine
pituitary mRNA and rabbit reticulocyte mRNA was translated
in the wheat germ cell-free system in the presence of salt-
extracted microsomes, preprolactin and globin were synthesized
(Fig. 2A, lane a). Only when the system was supplemented
with purified SRP did translocation and processing of the secre-
tory protein take place (note the disappearance of preprolactin
and the appearance of prolactin in Fig. 2A, lane b).

Our second assay for SRP activity is based on the observation
that SRP in the absence of microsomal membranes specifically
inhibits the translation of secretory but not of cytoplasmic
proteins’. The presence of SRP in a translation system devoid
of microsomal membranes therefore caused a severe decrease
in the amount of preprolactin synthesized (Fig. 2D, compare
lanes a and b), but did not affect the amount of globin synthe-
sized.

To test whether SRP-RNA is a constitutive and indispensable
part of SRP, we treated SRP with micrococcal nuclease. As
this nuclease is Ca®>* dependent, it can be conveniently inacti-
vated by the addition of Ca®>*-chelators®. A rapid decrease of
the translocation activity (Fig. 2C) and of the elongation arrest-
ing activity (Fig. 2F) was observed with increasing digestion
time, when compared with the control values of an incubation

quired for SRP’s function.
Bovine pituitary and rabbit
reticulocyte RNA  were
translated together in a
wheat germ cell-free system
(25 pl) either in the pres-
ence (panels A-C) or in the
absence (panels D-F) of
1 equivalent of salt-
extracted microsomes as
described previously’. In
panels A, B, D and E trans-
lations were supplemented
with 10U (ref. 3) of
gradient-purified SRP (see
Fig. 1) where indicated
(SRP+). In panels B and
E the translations also con-
tained 600 ng of SRP-RNA
(see Fig. 4) where indicated
(SRP-RNA +). Translation
products were displayed by
SDS-polyacrylamide  gel
electrophoresis and visual-
ized by autoradiography as
shown in panels A and D.

sRp |4 -+
SRP-RNA - -
100

3

% processing

Bands corresponding to
preprolactin (pPL), prolac-
tin (PL) and globin (GLO)
are indicated. The minor
band between pPL and PL
is pregrowth hormone. Its
processed form (growth
hormone) migrates as a
band below PL (panel A,
lane b). For quantitative
interpretation, the bands
corresponding to pPL and
PL were excised from the
gel and their radioactivity
determined as described
previously®*. From the
measurements  obtained,
per cent processing® (panels
B, C) and per cent inhibi-
tion® (panels E,F) were
calculated. In panels C and
F, SRP was digested with
Staphylococcus aureus
nuclease (Boehringer)

SRP [ D -+
SRP-RNA - -
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100}

% inhibition
W
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before it was used to
supplement the translation a b
systems. Fractions (10 pl)
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time of nuclease digestion {min)

of gradient-purified SRP (see Fig. 1) were diluted on ice with 40 ul of a digestion mix to yield final concentrations of 1 mM CaCl, and 0 U ml~* (circles), 150 U
mi~! (squares) or 750 U ml™! (triangles) nuclease, respectively. Incubation was carried out at 30 °C. After 0, 10 and 60 min of digestion, aliquots (10 wl) were
withdrawn and the nuclease was inactivated by the addition of 1 ul 20 mM EGTA. A 3-pl aliquot from each time point was assayed for SRP activity in 25 pl
translations and the results quantitated as described above. Background (—SRP) and control (+SRP) values can be taken from the data in panels B and E (lanes

a and c, respectively) because the data were plotted on a comparable scale.
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Fig. 3 SRP proteins

change their sedimentation
behaviour on nuclease
digestion.  Aliquots  of
gradient-purified SRP (see
Fig. 1) were incubated in
the absence or presence of
750 Uml™' of nuclease as
described in Fig. 2 legend,
except that the reactions
were scaled up 10-fold.
After incubation, an aliquot
(100 ul) of each reaction
mixture (panel A, lane
a (no nuclease), lane
b (750U ml™" nuclease))
and 75U nuclease (panel
A, lane ¢) was TCA
precipitated and the
polypeptides displayed by
SDS-polyacrylamide  gel
electrophoresis and visual-
ized by Coomassie blue
staining. Another aliquot
(250 ul) of the reaction
mixture was layered on top

A254

Ins

ns

of a 5-20% sucrose

gradient (5ml) in 50 mM
TEA, 500mM KOAc,
2mM EDTA, 0.01% Nik-
kol and centrifuged for 6 h
at 50,000 r.p.m. in a Beck-
man SW50.1 rotor.
Gradients were fraction-
ated wusing an ISCO
gradient fractionator.
Absorbance was monitored
at 254 nm (panel B, no
nuclease; panel D,
750 Uml™' nuclease), five
fractions were collected as
indicated, TCA precipi-
tated and the polypeptides
displayed by SDS-polyacry-
lamide gel electrophoresis
and Coomassie blue stain-
ing (panels C, E). Bands
corresponding to the six
SRP proteins are marked

949 9

4

> e

with open arrow heads,

bands contributed by the

nuclease (see panel A, lane

¢) are marked with solid

arrow heads.

where the nuclease was omitted. The effect is concentration
dependent with respect to nuclease, because higher nuclease
concentrations lead to a more rapid inactivation of SRP. Note,
however, that to see a marked effect these digestion conditions
had to be relatively harsh (for example, 150 and 750 U ml™’
nuclease for 10-60 min at 30 °C) compared with the nuclease
treatment routinely given to microsomal membrane fractions
or translation systems to deplete them of endogenous mRNA
activity (20 U ml™" nuclease for 5 min at 25 °C). It is therefore
not surprising that no loss of translocation activity of micro-
somal membranes was detected previously on mild nuclease
treatment®>*.

Analysis of the polypeptide profile of SRP before and after
nuclease treatment (Fig. 3A, lanes a, b) revealed that the elec-
trophoretic mobility of five of the six polypeptides was not
altered (the sixth was buried under a band contributed by the
nuclease and could therefore not be analysed). Taken together
with the fact that SRP incubated with nuclease but in the
presence of both Ca®>* and EGTA was not inactivated (data
not shown), the explanation that the loss of SRP activity on
nuclease digestion was due to a protease contamination can be
ruled out.

RNase treatment changes the sedimentation
behaviour of the SRP proteins

When nuclease-treated SRP was analysed by sucrose gradient
centrifugation, the sedimentation characteristics of the SRP
proteins appeared changed. Whereas SRP incubated in the

absence of nuclease sedimented at 11S (Fig. 3B, ) as pre-
viously described (ref. 1 and Fig. 1), on extensive nuclease
digestion the sedimentation of the SRP proteins was retarded,
although they still did not sediment as monomeric species (Fig.
3D, E). Interestingly, two subfractions seemed to be resolved,
one containing the three high molecular weight proteins
sedimenting at about 8S and one containing two (possibly all

Table1 Stoichiometry between protein and RNA components in SRP

RNA Protein

(g per 100 ug SRP)
Assay 21 79
Calculated 27 73

For the assay, gradient-purified SRP was treated with 0.3 M KOH
for 1 h at 60 °C. After precipitation with cold HCIO, the RNA content
of SRP was calculated from the absorbance at 260 nm of the supernatant
fraction®>. Absorbance measurements were converted into g RNA
by assuming an average nucleotide molecular weight of 330 and an
average nucleotide molar extinction coefficient of 10* at 260 nm. Pro-
tein in the SRP fraction was determined according to Schaffner and
Weissman®> using bovine serum albumin as a standard. According to
these measurements our SRP preparation (20 U i~ (ref. 1), see Fig.
1) contained 75 pgml™' RNA and 285 ug ml™! protein. The propor-
tions were calculated based on our size estimations of SRP-RNA (260
nucleotides) and the molecular weights of the six SRP proteins as
estimated by SDS-polyacrylamide gel electrophoresis (see ref. 1 and
Fig. 1). SRP was assumed to consist of one molecule of each of these
components.
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three, see above) of the low molecular weight proteins
sedimenting at about 5S.

Isolated SRP-RNA has no measurable
activity

It was previously reported that the isolated RNA of a cytoplas-
mic RNP fraction possessed the same translation inhibitory
activity as the intact particles®’. To test whether isolated SRP-
RNA would exhibit a direct effect in our assay systems, SRP-
RNA was extracted from a gradient-purified SRP preparation.
It was then determined whether it would exhibit either a SRP-
like activity by itself or whether it could be shown to compete
with intact SRP. As shown by the data in Fig. 2B and E, the
isolated SRP-RNA (even in eightfold higher molar concentra-
tions than a saturating amount of SRP) neither restored transio-
cation competence to salt-extracted microsomes (Fig. 2B, com-
pare lanes a and b) nor inhibited translation of prolactin mRNA
(Fig. 2E, compare lanes a and b) or globin mRNA (data not
shown). When SRP was assayed in the presence of an eightfold
molar excess of SRP-RNA, the SRP-RNA also did not compete
with SRP in either of the assays (Fig. 2B, E, lanes c, d).

Characterization of the SRP-RNA

From the above experiments we conclude that the RNA moiety
is a constitutive part of SRP in a structural as well as functional

Fig. 4 Size characterization of SRP-

sense. We therefore attempted to characterize this SRP-RNA
more carefully. When the extracted RNA was electrophoresed
on a polyacrylamide gel in denaturing conditions, one major
and one minor band could be resolved on ethidium bromide
staining (Fig. 4A). From the staining intensity we estimated
that the major band (slower mobility) was comprised of about
four times more RNA than the lower molecular weight band.

Having established that SRP-RNA appeared to be of a dis-
crete size(s), we attempted to label the molecules at the 3’ end
using T, RNA ligase and 5'-**P-pCp. The pattern of the 3'-
labelled SRP-RNA obtained after autoradiography of a polya-
crylamide gel (Fig. 4B) was identical (qualitatively as well as
quantitatively) to that obtained after ethidium bromide staining
(compare with Fig. 4A). We also labelled a small nuclear RNA
(snRNA) fraction from HeLa cells (a gift of Dr D. Adams) with
5'-*’P-pCp and used it as markers in this electrophoresis system
(Fig. 4C). From the sizes of the snRNAs'', we extrapolated
the size of the SRP-RNA to be about 260 nucleotides and 245
nucleotides for the major and the minor molecular weight
species, respectively (Fig. 4D).

Relationship of SRP-RNA to 7SL RNA

To determine the possible relationship of SRP-RNA to any
known RNA sequences, we performed partial sequence analy-
sis. The 260-nucleotide and 245-nucleotide bands of 3'-labelled

RNA. RNA was extracted by the
EtOH/perchlorate procedure®® after
proteinase K treatment of gradient
purified SRP. First we concentrated
SRP further by EtOH precipitation. To
an 800-pul fraction of gradient-purified
SRP we added 2 ml of EtOH. The mix-
ture was kept for 30 min at —80 °C and
SRP was pelleted by centrifugation for
15 min at 10,000 g.,. The wet pellet
was dissolved in 120 pl of a solution
containing 25 mM TEA, 2.4% SDS,
100 mM NaCl, 15mM EDTA and
200 ugml™! proteinase K (Boehrin-
ger). The mixture was incubated at
37°C for 30 min, then 80 ul of a sol-
ution of 3.5 M NaClO, was added and
the mixture heated to 50 °C for 5 min. U3
A saturated solution (800 wl) of
NaClQ, in EtOH/water (80:20) was u2
added, the mixture was incubated for
45 min onice and the RN A was pelleted
for 15 min at 10,000 g,,. The pellet was
taken up in 50-pl sterile 300 mM
NaOAc, 1mM EDTA and reprecipi-
tated with 125 pl of EtOH after a 30-
min incubation at —80 °C. This step was
performed twice more. The final pellet
was rinsed with 100pul ice-cold
EtOH/water (80:20), lyophilized to
dryness and taken up in sterile water. U4
The yield was 60 ug of RNA based on
absorbance at 260 nm (20 A, units=
1 mg). SRP-RNA was labelled at the 3’
end following the procedure of England
et al*®. A sample of 0.4 pg RNA was
incubated with 25 pmol §'-**P-pCp
(NEN) and 500 U ml™" T,-RNA ligase us
(PL Biochemicals) for 8 h at 4 °C. Car-
rier tRNA (6 g, Boehringer, calf liver)
was added and the RNA reisolated by
EtOH/perchlorate precipitation, fol-
lowed by EtOH precipitation and a final
rinse with 80% EtOH. 2% Of the label
was incorporated into SRP-RNA. A
sample of 0.4 ug snRNA from HeLa
cells was labelled by the same pro-

1)

N 585
- U

- 505

cedure. The isolated SRP-RNA (2 pg,
lane A), the 3'-labelled SRP-RNA

260

240

180

No. of nucleotides

160

140

120

In  mobility

(1,000 d.p.m., lane B) and the 3'-labelled HeLa snRNA (10,000 d.p.m.) were denatured in 50% formamide in 50 mM Tris, 50 mM boric acid, 2 mM EDTA
(TBE) for 4 min at 50 °C and electrophoresed in a 50-cm long, 0.4-mm thick 10% polyacrylamide gel containing 50 mM TBE and 7 M urea at 1,000 V until
the xylene cyanole marker dye was 10 cm from the bottom. The gel was stained in 1 pgml™" ethidium bromide for 30 min, destained for 30 min in water,
photographed wet under UV light (lane A) and dried. Radioactive bands were visualized by autoradiography (lanes B, C). The HeLa snRNAs were assigned
according to ref. 37 and their sizes!! were taken to be: U3, 216 nucleotides (NT); U2, 196 NT; U1, 171 NT; 5.88, 158 NT; U4, 147 NT; 5.0S, 121 NT; US,
114 NT. The standard curve (panel D) was constructed by plotting the square root of the number of nucleotides over the logarithm of the relative mobility>®

and fitting a straight line by the least-square method.
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Fig. § (Right and opposite page.) Partial sequence determination of SRP-RNA. The 260- and the 245-
nucleotide long 3'-labelled SRP-RNAs were separated by polyacrylamide gel electrophoresis®® as described
in Fig. 4 legend except that the gel was 7%, 30 ¢cm long and 1.2 mm thick (panel A, lane a). Bands were
localized by autoradiography of the wet gel, excised with a sterile scalpel, each rinsed for 30 min with 1 ml of
sterile water and eluted on an overhead shaker overnight at 37 °C into 1 ml of sterile 0.5 M NH,OAc, 1 mM
EDTA, 10 ug mi~ tRNA. The eluate was filtered through a 0.22-um Millipore filter, EtOH precipitated and
reprecipitated from 100 wl 300 mM NaOAc, 1 mM EDTA with 250 ul EtOH. The pellet was rinsed with
100 ul 80% EtOH and lyophilized. Aliquots were re-electrophoresed in the conditions described above and
showed no breakdown or cross-contamination of the two species (panel A, lanes b, ¢). Chemical modification
reactions followed by aniline strand cleavage were performed as described by Peattie®® with the following
modifications: the ‘A reaction’ contained 2 wl diethylpyrocarbonate and 10 pl EtOH; incubation was for
10 min. The ‘G, C and U reactions’ were incubated for 1, 20 and 12 min, respectively. The cleaved RNA was
denatured in 50% formamijde, 50 mM TBE and electrophoresed on a 40-cm long, 0.4-mm thick 20%
polyacrylamide gel in 100 mM TBE (acrylamide to bisacrylamide in all sequencing gels was 20:1) in a 37°C
incubator at 1,000 V until the bromphenol blue marker dye was 20 cm from the bottom. The autoradiogram
of the wet gel is shown in panel B. 10,000 d.p.m. were loaded per lane. Cleavage products of the 260-nucleotide
SRP-RNA of the C, U, G and A-reaction are shown in lanes 1, 2, 3 and 4, respectively. Cleavage products
of the 245-nucleotide SRP-RNA of the A reaction are shown in lane 5. The sequence assignments are indicated
by dots on the bands. The numbering of the assigned residues is according to Ullu et al.'® (see also Fig. 6).
The position of the marker dyes bromphenol blue (BPB) and xylene cyanole (XC) is indicated. On parallel
lanes {not shown)} cleavage products of 3'-labelled 58 RNA of Bombyx mori were electrophoresed to confirm
the fidelity of the sequencing reactions on the basis of its known sequence®®. The arrow at the bottom indicates
the position of the 3'-terminal U residue of this 58 RNA. Its larger fragments migrated in the same positions
as the SRP-RNA cleavage products. Residue 284 of SRP-RNA could not be unambiguously assigned. We
used enzymatic sequencing reactions to determine a partial sequence further into the molecule. The reactions
using U, RNase (cleaves after A residues) and T, RNase (cleaves after G residues) were carried out according
to Donis-Keller ef al.?” in 7 M urea at 50 °C, except that the reaction volumes were scaled down to 10 ul and
the carrier tRNA was at 100 ugmi~'. We also performed a partial base hydrolysis?’ (cleaves the RNA
randomly) and a control incubation in the presence of urea at elevated temperature without the addition of

- < 260

< 240

nuclease. Cleavage products were displayed by electrophoresis in an 8% polyacrylamide gel as described above and visualized by autoradiography of the dried
gel. Electrophoresis was terminated after the xylene cyanole marker dye had moved 25 cm (panel C) and 50 cm (panel D) through the gel. Panel C: Lane 1,
chemical A cleavage; lane 2, enzymatic cleavage with U, at 10 U ml™!; lane 3, enzymatic cleavage with U, at 3 U ml™"; lane 4, base ladder; lane 5, enzymatic
cleavage with T, at 0.01 Uml™’; lane 6, enzymatic cleavage with T, at 0.003 Uml™’; lane 7, control (incubation in the absence of nuclease). Panel D: Lane
1, enzymatic cleavage with U, at 10 U mi™*; iane 2, base ladder; tane 3, enzymatic cleavage with T, at 0.003 U mi™*; lane 4, control (incubation in the absence
of nuclease). The assignment of A and G residues is indicated by dots; Y indicates pyrimidine residues (C or U, which cannot be distinguished by this method),
N indicates residues which could not be assigned because of ambiguous cleavage reactions or major fragments in the control lane. In panel D the base ladder
bands were compressed and no sequence could be read between residues 188 and 191.

SRP-RNA were separated by preparative polyacrylamide elec-
trophoresis and eluted from the gel (Fig. 5A, lane a). On
re-electrophoresis they migrate as distinct bands of unchanged
mobility (Fig. SA, lanes b, ¢) and therefore appear not to be
interconvertible conformational isomers of each other. We then
subjected the 260-nucleotide SRP-RNA species to sequence
analysis by either a complete set of chemical®® (Fig. 5B) or a
partial set of enzymatic®’ (Fig. 5C) cleavage reactions followed
by polyacryamide gel electrophoresis of the generated frag-
ments”® and autoradiography. The cleavage pattern allowed us
to read the complete sequence of the SRP-RNA for 40 residues
from the 3’ end (Fig. 5B) and a partial sequence (only the A
and G residues) for about 150 residues from the 3' end (Fig. 5C).

When we compared our partial sequence data (Fig. 6, line
¢) with the recently published sequences for 7SI. RNA from
man'® and rat®® (Fig. 6, lines 4, b), we found a perfect match
in the sequence alignments (Fig. 6). Furthermore, our partial
sequence is distinct from 7SK RNA (ref. 19 and E. Ully,
personal communication), the only other major small cytoplas-
mic RNA in the size class of interest. Both HeLLa cell 7SL. RNA
and the 260-nucleotide SRP-RNA have an identical elec-
trophoretic mobility in polyacrylamide gels (E. Ullu, personal
communication) and we therefore attribute the apparent size
difference between our estimation (260 nucleotides) and the
published sizes for 7SL RNA [303 (ref. 18) and 295 (ref. 20)
nucleotides] to either an anomalous behaviour of the RNA on
electrophoresis or an inadequacy in our size extrapolation. We
conclude that SRP-RNA is identical to 7SL RNA, although
minor differences at the 5' end between the published forms
of 7SL. RNA and SRP-RNA cannot be ruled out.

We also subjected the 24 5-nucleotide long SRP-RNA species
to a partial chemical sequencing reaction (allowing us to read
the A residues). For the last 40 residues on the 3’ end we
obtained an identical cleavage pattern for the 260-nucleotide
(Fig. 5B, lane 4) and the 245-nucleotide (Fig. 5B, lane 5)
SRP-RNA, indicating that both bands have an identical 3'-
terminal sequence. This identity in the cleavage pattern could
be followed from the 3’ end through the entire molecule if the
fragments were displayed on lower percentage polyacrylamide
gels (data not shown). We therefore conclude that the 245-
nucleotide species was identical to the 260-nucleotide species

except that it lacked about 15 nucleotides at its 5’ end, The
most likely interpretation for this finding is that the 245-nucleo-
tide species was derived from the 260-nucleotide molecule as
a nucleolytic breakdown product. This interpretation is suppor-
ted by the finding that the ratio of the two bands was variable
when different SRP preparations were analysed (data not
shown).

Stoichiometry between RNA and
protein in SRP

We have previously estimated from the Coomassie blue staining
intensity of the SRP proteins that SRP contains one molecule
of each of the six different polypeptide chains'. The data dis-
played in Table 1 show that the experimentally determined
proportions of protein to RNA correspond reasonably well to
the proportions calculated from our molecular weight determi-
nations. These data therefore suggest that there is also one
molecule of 7SL. RNA per six polypeptide chains in SRP,

Concluding remarks

We have demonstrated here that 7SL small cytoplasmic RNA
has a function in the early step of protein secretion and mem-
brane protein insertion as a constitutive and indispensable part
of the signal recognition particle. SRP was previously isolated
by means of its distinct interaction with hydrophobic matrixes®
as a negatively charged, stable particle containing six proteins.
Its proposed complex mode of transient interactions® with the
membrane-bound SRP receptor® !, with ribosomes?, and with
a specific set of polysomes® might explain some of the contradic-
tory data that had accumulated concerning the subcellular
localization of 7SL. RNA'*1*¢18  Ajthough we do not know
whether all 7SL RN A is found in the cell as SRP, the availability
of specific antibodies against three of the SRP proteins (P.W.
and G.B., in preparation) should allow us to answer this
question conclusively.

It is not clear what function 7SL. RNA serves in SRP, but
two different modes of action could be envisaged: (1) the RNA
could have a merely structural role and could serve as a ‘core’
or ‘matrix’ on which the SRP proteins (or perhaps other
accessory proteins like the SRP receptor or ribosomal proteins
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transiently) assemble and/or (2) the RNA could be involved
in specific base-pairing interactions with other nucleic acid
molecules (likely candidates would be rRNA or specific mnRNAs
or tRNAs) in the course of SRP action. A direct interaction of

10 20 30 40 50 60
AGG Y
. . R . R ﬁmi‘ccucm GUCCCAGCUA CUCGGGAGGC _UGA ﬁﬁﬁﬁ
SRP with ribosomes was observed and this interaction was =

strengthened when mRNAs coding for secretory proteins were 10 80 50 100 110 120
3 . . N a [GGAUCGCUUG  AGUCCTAGGAG UUCUGGGCUG UAGUGCGCUA UGCCGAUCGG  GUGUCCGCAT]
translated’. Both interactions could, however, be abolished i sicoann oo e ereenncos avaiseaoad
when SRP proteins were modified by alkylation with N-ethyl-
maleimide®. Although these data support the importance of
protein—protein interactions, the additional involvement of
specific RNA-RNA interactions is still an attractive possibility.
Base pairing could provide weak, but highly specific interactions ucccucmcé9DcccccnccugooccnnncccAé1Dcmcucunizocucccsuccﬁzomucacuwiuu
(like the codon-anticodon interaction), requiring reinforcement COSCIOARCE GGCCCACOC  COAAGCAOAO  CACOUCARRA  CUCCCTUCY  GAUCAGAIGY
by specific proteins to be productive.
7SL RNA consists of a 140-nucleotide stretch of a new 250 260 210 260 290 300
family of repeated sequences which is flanked on both ends by F?Eiﬁgﬁﬁgﬁ CUGUGRALRG  CCACUCCACY CCAGCCUGG0 CARCADAGLG  AGACe ooy
regions homologous to the highly repeated Alu family'®2%>', ooy voteafe Shiecic coecuon casfpuaces aoicccco
Our sequence analysis went from the 3’ end across the region
homologous to the Alu DNA well into the centre part. We
therefore feel certain that SRP-RNA is identical to the sequen-
ced 7SL RNA. The function of the Alu sequences in the

o =

130 140 150 160 170 180
[JREGUUCGGC  AUCAAUAUGG UGACCUCCLG G I3 GU  UGCCUARGGA
UAAGUUCGGE AUCAAUAUGS  UGACCUCCCY - GGGG  ACCACCAGGU  UGCCUAAGGA|
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. . Fig. 6 Sequence comparison of 7SL RNA with SRP-RNA. The sequences
7S.L R_NA_ or in SRP is not known. Whether they have a {01e of Ullu et al.'® (a) and Yi et al>® (b) of 7SL. RNA were aligr?ed and
primarily in the transcription of the RNA (7SL RNA is a compared with our partial sequence of SRP-RNA (c). Matching nucleotides
polymerase I1I transcript®® and Alu sequences function as fairly are boxed. We excluded from the box all sequence positions where no
strong promotors for this polymerase”) or whether they play assignment was made (N) and the unassigned band compression region (*).
an integral part in the structure and function of SRP remains No mismatch between both 7SL RNAs and the SRP-RNA sequence was

I h detected. Regions in 7SL RNA that were shown to be homologous to Alu
FO be established. As Alu-like sequences seem to be packaged DNA sequences are indicated with bars. The numbering of the residues is
into a compact, specific and evolutionarily highly conserved according to Ullu et al.'®.
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(see below) RNP structure (SRP), the provocative possibility
arises that Alu-like sequences could have arison by re-iteration
from SRP-RNA (rather than the unique core of SRP-RNA
having picked up Alu-like sequences from the genome).

Both the 7SL RNA and the mode of co-translational protein
translocation seem to be highly conserved through evolution®'.
We have recently demonstrated that the prokaryotic secretory
protein [B-lactamase, when translated on plant ribosomes
(wheat germ), is translocated and correctly processed by mam-
malian microsomal membranes®. This translocation process was
SRP dependent and the synthesis of the prokaryotic secretory
protein could be arrested by SRP in the absence of microsomal
membranes. These findings strongly suggest that the mechanism
of co-translational protein translocation has been conserved
and encourage our search for a prokaryotic counterpart of SRP
and its small RNA. Thus, SRP seems to be an integral and
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Mitochondrial and chloroplast genomes of maize

have a 12-kilobase DNA sequence in common
David B. Stern” & David M. Lonsdale

Plant Breeding Institute, Maris Lane, Trumpington, Cambridge CB2 2LQ, UK

A 12-kilobase DNA sequence has been identified in the maize mitochondrial genome which is homologous to part of
the inverted repeat of the maize chloroplast genome. In chloroplasts the sequence contains a 16S rRNA gene, and also
the coding sequences for tRNA"™ and tRNA V™. Mitochondrial DNA from the male-sterile cytoplasms of maize is altered

in this region.

INTERACTIONS between the nucleus and cytoplasmic organel-
les have a major role in eukaryotic cellular metabolism.
Mitochondrial and chloroplast ATPases and some cytochromes,
for example the yeast cytochrome ¢ oxidase complex, are
assembled post-translationally in the organelles from both
nuclear and organelle encoded polypeptide subunits' ™.

Although eukaryotic cells depend on the interactions of
organellar gene products, the genetic material of the nucleus,
mitochondrion and chloroplast is usually thought of as being
maintained discretely in each organelle without duplication
elsewhere. We report here, however, the characterization of a
12-kilobase (kb) DNA sequence that is found in both the
chloroplast and mitochondrial genomes of maize. The similarity
of the sequences, with more than 90% base sequence homology,
is striking. Furthermore, this particular region of the mitochon-
drial genome is altered in three male-sterile lines of maize,
suggesting that the maintenance of homology may be essential
to normal plant development.

* Present address: Department of Biological Sciences, Stanford Univer-
sity, Stanford, California 94305, USA.

Cross-hybridization between mitochondrial
and chloroplast DNAs

*2p_labelled preparations of maize mitochondrial RNA
(mtRNA) were found to hybridize weakly to two mtDNA Sst1I
restriction fragments of 1.75 and 1.58 kb (Fig. 1a), which were
known not to contain the mitochondrial ribosomal RNA
(rRNA) genes. Cosmid clones of mtDNA containing these
restriction fragments, for example 83H4 (see Fig. 3¢), hybrid-
ized weakly to the mitochondrial 18S rRNA, but much more
strongly to an RNA molecule of ~ 1,500 nucleotides (Fig. 15).
As this is the size of the chloroplast 16S rRNA, the presence
of which is demonstrated when total RNA is probed with a
cloned wheat chloroplast 16S rDNA sequence'’, it seemed
likely that the mtRNA preparations used to probe the SstII
mtDNA digests were contaminated with chloroplast RNA, and
that some sequence homology existed between the 1.58- and
1.75-kb mitochondrial Ss¢1I fragments and the chioroplast 16S
rRNA.

Restriction endonuclease digests of mtDNA were therefore
probed with nick-translated maize chloroplast DNA (ctDNA)

0028-0836/82/420698—05$01.00

© 1982 Macmitlan Journals Ltd





