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ABSTRACT

The structure of 4.5S RNA, the Escherichia coli homologue of the signal recognition particle (SRP) RNA, alone
and in the SRP complex with protein P48 (Fth) was probed both enzymatically and chemically. The molecule
is largely resistant against single strand-specific nucleases, indicating a highly base paired structure. Reac-
tivity appears mainly in the apical tetraloop and in one of the conserved internal loops. Although some resi-
dues are found reactive toward dimethylsulphate and kethoxal in regions predicted to be unpaired by the
phylogenetic secondary structure model of 4.58 RNA, generally the reactivity is low, and some residues in in-
ternal loops are not reactive at all. RNase V1 cleaves the RNA at multiple sites that coincide with predicted
helices, although the cleavages show a pronounced asymmetry. The binding of protein P48 to 4.5S RNA re-
sults in a protection of residues in the apical part of the molecule homologous to eukaryotic SRP RNA (domain
IV), whereas the cleavages in the conserved apical tetraloop are not protected. Hydroxyl radical treatment re-
veals an asymmetric pattern of backbone reactivity; in particular, the region encompassing nucleotides 60-
82, i.e., the 3’ part of the conserved domain IV, is protected. The data suggest that a bend in the domain IV
region, most likely at the central asymmetric internal loop, is an important element of the tertiary structure of
4.58 RNA. Hyperchromicity and lead cleavage data are consistent with the model as they reveal the unfolding
of a higher-order structure between 30 and 40 °C. Protection by protein P48 occurs in this region of the RNA
and, more strongly, in the 5’ part of domain IV (nt 26-50, most strongly from 35 to 49). It is likely that P48 binds
to the outside of the bent form of 4.5S RNA.

Keywords: hydroxyl radical probing; lead-catalyzed cleavage; protein translocation; ribonucleoprotein; 7S RNA;
SRP; SRP54

INTRODUCTION sists of SRP RNA (300 nt) and six polypeptides (SRP9,

Signal recognition particle (SRP) functions as an adap- 14,19, 54, 68, 72) (Walter & Blobel, 1982). Homologues

tor between the translating ribosome and the mem- of SRP RNA have been found in many eucaryotes, ar-

brane of the endoplasmic reticulum (ER) (reviewed in chaea, and bacteria (Larsen & Zwieb, 1990; Zwieb &

Walter & Johnson, 1994; Liitcke, 1995). SRP recognizes Larsen, 1994). Phqugenetlc comparisons indicate tbat
. . . the SRP RNA folds into a conserved structure (Poritz
ribosomes exposing a signal sequence (Walter et al.,

1981; Siegel & Walter, 1988) and targets them to the et al., 1988; Larsen & Zwieb, 1990; Althoff et al., 1994).

SRP receptor anchored in the ER membrane (Gilmore The structure can be divided into four domains (Poritz
etal., 1982; Meyer et al., 1982). From there, the nascent et al., 1988), of which domain IV shows the highest

L . . tion of both sequence and secondary struc-
chain-ribosome complex is delivered to the transloca- o1 o - ; o T
tion site in the ER meIanbrane in a GTP-dependent pro- ture. The SRP RNA homologue in Escherichia coli, 4.55

cess (Connolly & Gilmore, 1989). Mammalian SRP, RNA (114 nt), also contains a hairpin structure homol-

hich has b h terized t extensively. con ogous to domain IV, but lacks domain I, III, and most
which has been characterized most extensively, of domain II present in the mammalian and archaebac-

. . o terial counterparts. _
Reprint requests to: Wolfgang Wintermeyer, Institut fiir Molekular- 4.5S RNA f b 1 tei 1 ith
biologie, Universitat Witten/Herdecke, D-58448 Witten, Germany; . orms a ribonucleoprotein compliex wi

e-mail: glentzen@umi-wh.de. the P48 (Ffh) protein (Poritz et al., 1990; Ribes et al.,
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1990), the E. coli homologue of the SRP54 protein of
mammalian SRP (Bernstein et al., 1989; Romisch et al.,
1989). In a mutagenesis study, several conserved resi-
dues in the internal loops of domain [V have been
shown to be important for the binding of P48 (Wood
et al., 1992). A complex homologous to the P48-4.55
RNA ribonucleoprotein has been found in Mycoplasma
mycoides, and the protein was shown to protect the con-
served domain IV region from RNase A cleavage
(Samuelsson, 1992). Genetic and biochemical evidence
suggests that there is also functional homology to
mammalian SRP (Luirink et al., 1992, 1994; Phillips &
Silhavy, 1992; Bernstein et al., 1993; Miller et al., 1994).
The E. coli ribonucleoprotein P48-4.55 RNA is able to
bind the signal sequences of nascent presecretory pro-
teins (Luirink et al., 1992) and forms a stable complex
with the E. coli SRP-receptor FtsY in the presence of a
nonhydrolyzable GTP analogue (Miller et al., 1994;
Kusters et al., 1995). Furthermore, a complex of eu-
karyotic SRP54 and 4.5S RNA has been shown recently
to promote translocation of nascent proteins (Hauser
et al., 1995). Although the role of this essential RNA
is still not understood, it is needed for the interaction
of SRP with the SRP receptor FtsY (Miller et al., 1994)
and has also been proposed to interact with the ribo-
some in the elongation cycle of protein synthesis
(Brown, 1989).

Predictions of the 4.55 RNA secondary structure based
on either thermodynamic parameters or phylogenetic
comparison (Poritz et al., 1988; Larsen & Zwieb, 1990)
point to a highly base paired rod-like structure (Fig. 2).
In this model, the domain homologous to domain IV
reaches from the apical tetraloop to the internal loop C
and shows sequence conservation, especially in the in-
ternal loops. The distal part of the molecule reaching
from helix d to the terminal GC-clamp is homologous
to a part of domain II of mammalian SRP RNA (Lar-
sen & Zwieb, 1990; Althoff et al., 1994), but does not
contain strongly conserved nucleotides.

In a previous study, indications for a higher-order
folding of the tertiary structure of 4.55 RNA that changes
upon binding of protein P48 have been obtained (Lent-
zen et al., 1994). Here, we studied the structure of 4.55
RNA in detail by investigating the reactivity toward en-
zymatic and chemical probes. The effect of binding of
protein P48 on the structure of the RNA was also tested
and provides information about the P48 binding site on
4.55 RNA. The reactivity toward Fe(IT)-EDTA and the
Pb2*-cleavage pattern reveal a tertiary structure fold-
ing in the conserved part of 4.55 RNA.

RESULTS
RNase cleavage of 4.5S RNA and
of the complex P48-4.5S RNA

Enzymatic probing was performed with the single
strand-specific RNases T1 and T2 and with RNase V1
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that preferentially cleaves double-stranded or other-
wise structured regions. The results obtained by primer
extension with reverse transcriptase are shown in Fig-
ure 1; the summary of the results of enzymatic prob-
ing is given in Figure 2.

As a general rule, it is noted that the reactivity to-
ward the single strand-specific RNases of residues in
predicted internal loops is low, indicating a rather com-
pact structure of the molecule with only a few accessi-
ble single-stranded positions. Major cuts by RNase T1
are located at G53 and G54 in the tetraloop, whereas

T1 T2 Vi

P123012301230UGCA

P1230 _.___-m!-__“ _m <40

aul g
—————

G10- s -AE0
sl o -
— -
- -
- T—— e - -
-
- G70
-
C20- -
- i -
o = e
A25-
-
- €80
Rl
A0 - -

FIGURE 1. RNase cleavages of 4.55 RNA and the P48-4.55 RNA
complex. A: RNase V1, primer complementary to nt 39-52. B: RNases
T1, T2, V1, primer complementary to nt 94-105. Lanes 1, 4.55 RNA
(10 pmol); lanes 2, 10 pmol P48 added; lanes 3, 20 pmol P48 added;
lanes 0, control incubation of 4.55 RNA alone, lanes P, control incu-
bation with P48; U, G, C, A, sequencing lanes. Cleavage reactions
and sequencing by primer extension with reverse transcriptase are
described in the Materials and methods.
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FIGURE 2. Patterns of cleavages of 4.55 RNA with RNases T1, T2, and V1. 4.55 RNA is depicted in the 2D structural model
(Poritz et al., 1988) with labeling of internal loops and helices with capital and small letters, respectively, starting from
the apical tetraloop. Distinct from other secondary structure models, helix c is shortened and does not include base pairs
U37-G69 and U38-A68 (see text). RNase T1 cleavages (strong, intermediate, weak) are indicated by arrows of correspond-
ing thickness; RNase T2 cleavages by double arrows; RNase V1 cleavages by arrowheads (black, gray, white for strong,
intermediate, and weak cleavage). RNase V1 cleavages near the 3’ end were obtained with 3'-32P-labeled 4.55 RNA and
direct sequencing (data not shown). Closed circles, strong protection by P48; open circles, weak protection by P48; &, en-
hancement of cleavage by bound P48; X, positions not included in the analysis due to pausing of reverse transcriptase.

most of the G positions in internal loops are only
weakly reactive; direct sequencing of 3’-*?P-labeled
4.5S RNA (data not shown) reveals a moderately
strong RNase T1 cut at position 83 in internal loop D.
RNase T2, in addition to positions 53-55 in the tetra-
loop, strongly cleaves at positions 38 and 39 in inter-
nal loop B. Similar results have been obtained with 51
nuclease in the presence of Zn** with the exception
that it did not cleave in internal loop B (not shown).

RNase V1 from cobra venom cuts in double-stranded
or otherwise structured regions with base stacking
(Ehresmann et al., 1987). The results obtained with
RNase V1 are in general agreement with the second-
ary structure model of 4.55 RNA in that cleavages are
observed in every double-stranded helix, except helix b
(Fig. 2). The strongest cleavages by RNase V1 appear
at the GC-clamp near the 3’ end, as analyzed with
3’-32P-labeled 4.5S RNA (not shown). There is a pro-
nounced asymmetry of the cleavages in that, with the
possible exception of helix e, generally only one side
of a given helix is cleaved, indicating that the access of
the nuclease is hindered at the noncleaved side.

Binding of P48 leads to increased RNase T1 and T2
cleavages in the tetraloop and to the appearance of weak
RNase T1 cleavages in the 5’ side of internal loop A.
The RNase T2 cleavages in internal loop B of 4.55 RNA
are strongly suppressed in the complex with P48.
Other RNase T1 or T2 cleavage positions are not, or
only slightly, affected by protein binding. In contrast,
the RNase V1 cleavages in helices a and ¢ are dimin-
ished strongly in the presence of P48.

Chemical probing of bases

A number of chemical reagents was used for probing
the accessibility of specific nitrogen positions of bases
(Ehresmann et al., 1987): DMS (N1 of adenine, N3 of
cytidine), kethoxal (N1 and N2 of guanine), and CMCT
(N3 of uracil, N1 of guanine) were used to map un-

paired residues. DEPC reacts with a nitrogen not in-
volved in normal base pairing (N7 of adenine), but
adenines in double helices are unreactive (Ehresmann
et al., 1987). Modification of these positions inhibits re-
verse transcriptase and can, therefore, be analyzed by
primer extension.

The general result of the chemical probing is that
4.55 RNA is highly resistant against modification. At
standard conditions, only residues A47 and C78 in the
internal loops A and C, respectively, are reactive to-
ward DMS, and kethoxal modifies only guanines in the
tetraloop and at position G83 (not shown). A47, which
is strongly protected by P48, was shown to be essen-
tial for P48 binding and cell viability (Wood et al.,
1992). At higher concentration of DMS (5% (v/v)), ad-

_ enines30and 77 inloop C, as well as 67 and 68 inloop B,

are also modified strongly, whereas intermediate reactiv-
ity is observed at residues in the tetraloop and in loops
A-D (data not shown; results summarized in Fig. 3).
4.55 RNA proved unreactive even at rather high con-
centrations of CMCT (4.2 mg/mL) and DEPC (12,5%
(v/v)), indicating that the uracil residues in the inter-
nal loops of the secondary structure model are involved
in some interactions and that the N7 positions of ad-
enines are protected by base stacking or are involved
in tertiary interactions.

The formation of the P48-4.55 RNA complex de-
creases greatly the reactivity against DMS of the
strongly reactive adenines 47 (internal loop A) and 68.
The reactivity of the bases in the tetraloop and in loops
A-D is moderately or slightly reduced by P48 binding
(Fig. 3).

Hydroxyl radical probing of the backbone
H,0, in the presence of Fe(II)-EDTA leads to the for-

mation of a reactive species, presumably a hydroxyl
radical (Tullius, 1987), which cleaves the backbone of
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FIGURE 3. Modification of 4.55 RNA with DMS and kethoxal. The nucleotides are encircled according to their reactivity:
®, strong, @, intermediate, and O, weak; small circles above nucleotides indicate strong (®) and weak (O) protection by
P48. X, positions not included in the analysis due to pausing of reverse transcriptase.

nucleic acids by reacting with C1"and C4’ of (deoxy)ri-
bose (Wu et al., 1983). The probe is insensitive to sec-
ondary structure and, therefore, valuable for probing
the tertiary structure of RNAs (Latham & Cech, 1989).
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The hydroxyl radical pattern obtained with free 4.55
RNA is highly asymmetric (Fig. 4, lanes 1). As shown
by the quantitative analysis (Fig. 5A) and summarized
in Figure 5B, there is a region of low reactivity, relative
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FIGURE 4. Hydroxyl radical cleavages of 4.55
RNA and the P48 -4.55 RNA complex. A: Short-
run electrophoresis. B: Long-run electrophoresis.
Lanes 1, 4.55 RNA (20 pmol); lanes 2, 3, 4: 20,
40, 60 pmol P48 added, respectively; lanes P,

-Uso
control incubation with 60 pmol P48; lanes 0,
.- e control incubation of 4.55 RNA alone; U, G, C,
i g } ' A, sequencing lanes.
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FIGURE 5. Hydroxyl radical cleavage pattern of 4.55 RNA. A: Densitometer trace of lane 1 minus lane 0 of Figure 4 (short
run); ordinate in arbitrary units, abscissa gives nucleotide positions; X, not analyzed due to pausing of reversed transcrip-
tase in the control. B: Summary of hydroxyl radical cleavage patterns. The nucleotides are encircled according to their
reactivity: @, strong, ®, intermediate, and O, weak. Small circles above nucleotides indicate strong (@) or weak (O) pro-
tection by P48. In B, the reactivity at positions A68, G85, C87 is given according to three other independent experiments
where there was no pausing of reverse transcriptase in the control lane.

to other parts of the molecule, that encompasses resi-
dues 60-82, i.e., the 3’ sides of loops A, B, and C and
of helices b, ¢, and d. It is noted that the same region
is also not accessible to nucleases and, as shown below,
to lead cleavage. The relative inaccessibility of this re-
gion indicates its involvement in tertiary interactions.
In keeping with this interpretation is the observation
of a more regular, symmetric hydroxyl radical pattern
at higher temperature (40 °C; data not shown). Also,
the results of hyperchromicity measurements and of
lead cleavage, presented below, suggest strongly the
existence of a higher-order structure of the RNA.
The effect of P48 binding in reducing the reactivity
toward hydroxyl radicals is clearly restricted to the api-
cal half of the 4.55 RNA molecule extending from the
tetraloop into loop D (Fig. 4, lanes 2-4; summarized in
Fig. 5). The strongest protections are observed at resi-
dues 35-49 in the 5’ side of this region, weak protec-
tions at residues 26-34, as well as at some, anyway
weakly reactive, residues in the 3’ side. The reactivity
toward hydroxyl radicals of the residues in the tetra-

loop and in the adjacent helix a is not influenced by P48
binding. ‘

Melting studies

UV melting curves of 4.5S RNA were measured at tem-
peratures between 23 and 65 °C (Fig. 6). The profile ob-
tained in low-salt buffer in the absence of Mg?** clearly
shows hyperchromicity (about 8%) at temperatures be-
low the main melting transition, which has a T,, around
50 °C and results in a total hyperchromicity of approx-
imately 30-35%. In Mg**-containing buffer, a similar
low-temperature transition is observed, which extends
beyond 60 °C, whereas the melting of the secondary
structure appears to be shifted to high temperature. In
earlier melting experiments, performed in the presence
of Mg?*, one main UV transition with a T, at 79 °C
and a 35% absorbance increase was observed (Bour-
gaize et al., 1984).

The observed low-temperature transition suggests
that, at room temperature, 4.55 RNA is present in a
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FIGURE 6. Melting curves of 4.55 RNA. Absorbance at 260 nm of a
solution of 4.55 RNA was measured at various temperatures, as in-
dicated. Absorbance increase relative to the initial absorbance
(0.8 Ayp) is plotted. O, 20 mM HEPES, pH7.5; @, 20 mM HEPES,
pH 7.5, 10 mM MgCl,, 100 mM KCl.

higher-order structure that unfolds between 30 and
45-50 °C. The formation of an extended structure is
also indicated by experiments using the temperature-
gradient gel electrophoresis technique (Rosenbaum &
Riesner, 1987). These show that 4.55 RNA undergoes
a major structural transition at 40-45 °C, i.e., before the
melting of the secondary structure, which considera-
bly decreases the mobility of the molecule (Lentzen,
1995).

Lead cleavage

The specific cleavage of RNA by Pb?* (Dirheimer et al.,
1972) has proven useful for detecting elements of
higher-order structure in RNA (Krzyzosiak et al., 1988;
Gornicki et al., 1989; Pan et al., 1991). A predominant
lead cleavage site either is due to the preferred bind-
ing of a lead ion to this site, signifying a binding site
for a divalent cation, e.g., Mg?*, or else it may reflect
a particular structural flexibility of the RNA at this site.
At any rate, a strong lead cleavage indicates the pres-
ence of a higher-order structure at the cleavage site.
Pb?* cleavage experiments with 4.55 RNA were
performed at different temperatures, ranging from 25
to 50°C, i.e., before and after the presumed tertiary
structure transition detected by UV melting described
above. At the lower temperature, two extremely strong
Pb?* cleavages are detected at positions 37/38 at the
transition of internal loop B into helix ¢ (Fig. 7; sum-
marized in Fig. 8); cleavages at other sites are weak, ex-
cept for two moderately strong sites in the 5’ side of
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helix f. (As above, the 3’ side of helix f is used for
primer binding and is, therefore, not included in the
analysis by primer extension.) No cleavage is observed
in the region from positions 69 to 82, which is also
weakly accessible for Fe(II)-EDTA cleavage (see above,
Figs. 4, 5). Additionally, two residues each in the 5’
sides of helices b and d, as well as residues at the 3’ side
of helix d, are not reactive toward lead. Raising the
temperature results in the complete disappearance of
the preferential Pb?*-catalyzed cleavage at positions
37/38 and leads to a more or less uniform pattern where
cleavage occurs randomly at essentially all positions,
including the ones that were not cleaved at the lower
temperature (Fig. 7).

The influence of P48 binding on the lead cleavage of
4.55 RNA was studied at 25 °C (Fig. 7; summarized in
Fig. 8). Enhancement of reactivity appears at G54 in the
tetraloop. The most prominent effect is the strong pro-
tection of the predominant Pb?* cleavage site at posi-
tions 37/38 of 4.55 RNA. It is noted that this is also the
only region (except for the tetraloop) that is highly
accessible for single strand-specific nucleases. The pro-
tection of this region, also against Pb?>*- and Fe(II)-
EDTA cleavage, argues for an important role of this
exposed tertiary structure element in the binding of P48
protein.

DISCUSSION

Current secondary structure models of 4.55 RNA have
been derived from phylogenetic comparisons (Poritz
et al., 1988; Larsen & Zwieb, 1990) and are largely con-
sistent with the thermodynamically most stable sec-
ondary structure predicted by the algorithm of Zuker
and Stiegler (1981). The predicted double-stranded he-
lices, with the exception of the short helix b, are con-
firmed by the present data obtained with RNase V1.
The accessibility of nt U37/U38 for cleavage by RNase
T2 and of bases A68/G69 for chemical modification sug-
gests that these residues are not stably base paired and
part of helix ¢, but are rather single-stranded and en-
large the internal loop B. In line with this, sequence
comparison of bacterial SRP RNA homologues shows
the conservation of helix ¢ only up to the U36-G70 base
pair (Larsen & Zwieb, 1990).

The most pronounced result of probing with single
strand-specific enzymatic and chemical probes is the
generally very low reactivity of 4.5S RNA, which indi-
cates an overall compact structure of the RNA and the
existence of base pairing interactions across the inter-
nal loops of the secondary structure models. Specifi-
cally, the lack of modification of C17-G93 and C23-G85
suggests strongly the existence of base pairs in the in-
ternal loops E and D, respectively. Also, the data sug-
gest that G49-A60 in. the internal loop A are base
paired, supporting a proposal by Poritz et al. (1988).
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FIGURE 8. Pb*" cleavage pattern of 4.55 RNA. Lead-catalyzed cleavages are indicated by arrows of corresponding thick-
ness. ®, positions uncleaved; circles above arrows indicate strong (@) or weak (O) protection or enhancement (%) of
cleavage by bound P48. X, positions not included in the analysis due to pausing of reverse transcriptase.
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enhanced in the presence of P48. Fe(II)-EDTA cleavage
of the tetraloop residues is not influenced and lead-
catalyzed cleavage at position G54 is enhanced by P48.
Thus, it is unlikely that the tetraloop is involved in a
tertiary interaction with a double-stranded region of
the RNA like the one observed in the class I intron of
Tetrahymena (Murphy & Cech, 1994).

4.55 RNA is not existing in the rod-like form of the
secondary structure model, but rather is folded into a
tertiary structure. This was suggested by previous mea-
surements of the rotational behavior of fluorescently
labeled 4.55 RNA (Lentzen et al., 1994). The present
results support this contention and allow a tentative
conclusion as to how the molecule is folded. Most infor-
mative in this regard is the asymmetry of the modifi-
cation patterns obtained with RNases and, in particular,
with hydroxyl radicals and with lead ions. They show
a general inaccessibility of the apical part of the 3’ side
of the molecule extending from the internal loops A-D,
whereas the remaining part of the 3’ side as well as the
5’ side of the molecule are more reactive. The data are
explained best by a bent structure of 4.55 RNA in
which the protected part of the molecule is located in-
side and the accessible residues outside the structure.
In the model depicted in Figure 9, it is assumed that the
bending takes place in the highly asymmetric internal
loop B, which, as discussed above, is probably larger
than shown in the secondary structure models. A com-
plex structure of loop B is consistent with the strong
lead cleavage site in the 5’ side of the loop. The disap-
pearance of the lead cleavage site at higher tempera-
ture indicates that the tertiary structure and, with that,
the Pb?* binding site unfolds upon raising the temper-
ature. Unfolding of a bent tertiary structure of 4. 5S RNA
is in keeping with the hyperchromicity measurements
(Fig. 6) and with data obtained by temperature-gradient
gel electrophoresis that show a substantially lower mo-
bility of the unfolded form of the molecule compared to
the folded one (Lentzen, 1995).

Binding of protein P48 to 4.5S RNA strongly protects
an otherwise exposed region in the apical half of the
5’side of the RNA, encompassing residues 24-49, and
leads to further protection of weakly reactive residues in
the corresponding 3’ side, residues 59-84. This is shown
by enzymatic as well as chemical probing (Figs. 2, 3).
The strong protection of A47 indicates a direct inter-
action of the base with the protein. The footprint of P48
on 4.55 RNA is delineated most clearly by hydroxyl
radical cleavage (Fig. 4). The binding site of P48 is con-
fined to the part of 4.55 RNA that contains all nucleo-
tides conserved among the SRP RNAs, extending from
loop A to loop C, and probably somewhat further
through the nonconserved helix d into loop D. The site
comprises the nucleotides shown to be essential for
binding (Wood et al., 1992), of which A39, A47, G48,
and G49 are strongly protected by P48. A60 and G61,
the two other positions that were also shown to be es-
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FIGURE 9. Schematic model of the tertiary folding of 4.55 RNA and
the P48-4.55 RNA complex. Regions with canonical base pairing are
given as rectangles, other nucleotides as circles. For a discussion of
the model, see the text.

sential for binding of P48, are not protected against
Fe(II)-EDTA cleavage or any other of the applied probes.
Thus, we conclude that these residues are not in con-
tact with P48, but rather are necessary for maintaining
the structure of the internal loop A; A60 is probably in-
volved in a noncanonical base pairing to G49 (Poritz
et al., 1988; Althoff et al., 1994).

Not involved in the binding of P48 are the remain-
ing, nonconserved regions of the RNA, helices e and
f and the internal loop E. The backbone of the tetraloop
also does not interact with P48, as is evident from an
enhancement of nuclease cleavage (Fig. 2). The some-
what decreased accessibility for chemical modification
of the tetraloop bases in the complex (Fig. 3) may be
attributed either to base-specific contacts to P48 not in-
volving the backbone, or to an indirect structural effect.
Because exchange of tetraloop bases does not abolish
P48 binding (Wood et al., 1992), the latter possibility
seems more likely.

In the schematic model depicted in Figure 9, the
structure of 4.5S RNA in the complex with P48 is
shown as bent. The model is entirely consistent with
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all modification results and takes into account that the
higher-order structure of 4.55 RNA —interpreted as
bent—is prevailing at the conditions of the experi-
ments. Formally, binding of P48 to the unfolded, ex-
tended form of the RNA is not excluded by the data.
To us, it seems less likely, because it would require the
protein to protect both sides of the apical half of 4.55
RNA extending over roughly 5 nm. It should be em-
phasized, however, that the schematic model of Fig-
ure 9 does not imply an unchanged structure of the
RNA in the complex. Rather, the structure of 4.5S RNA
does change upon formation of the SRP, as evident
from the results obtained for the tetraloop, discussed
above, and for the 3’ end of the RNA (Lentzen et al.,
1994). A transition into a more extended conformation
can be achieved in vitro by raising the temperature
from 30 °C to 40 °C, as demonstrated by increased
cleavage by lead and hydroxyl radicals in the region
protected at lower temperature. It is conceivable that
this conformational transition has a functional role in
vivo. The transition may either correspond to a func-
tional role of the free RNA in a conformation different
from the one prevailing in the SRP complex, or to
ligand-induced changes of the RNA conformation dur-
ing the SRP cycle.

MATERIALS AND METHODS

Preparation of 4.5S RNA and P48

4.5S RNA was isolated from overproducing E. coli HB101/
PSB832 as described (Lentzen et al., 1994) and further puri-
fied by 10% polyacrylamide (0.5% bisacrylamide)/8 M urea
gel electrophoresis. The RNA was eluted, precipitated twice
with ethanol, and resuspended in water. Radioactive labeling
at the 3’ end was performed with [5'-32P]pCp and T4 RNA
ligase (England & Uhlenbeck, 1978) followed by repurifica-
tion by denaturing gel electrophoresis. Protein P48 carrying
a C-terminal histidine tag was purified by affinity chromatog-
raphy (Lentzen et al., 1994).

Enzymatic and chemical probing

Samples were preincubated for 15 min at 25 °C in buffer A
(20 mM NH,-HEPES, pH 7.5, 100 mM NH,Cl, 10.5 mM Mg-
acetate, 0.5 mM EDTA). For each reaction, a control was
treated in parallel, omitting the reagent. For the enzymatic
probing of unlabeled RNA, 20 pmol 4.5S RNA with 0, 20, 40
pmol of P48 were incubated in 9 uL buffer A, Cleavage reac-
tions were started by addition of 1 yuL RNase T1 (Sigma,
0.0025 unit), T2 (Sigma, 0.01 unit), or V1 (Pharmacia, 0.005
unit) and incubated for 5 min at 25 °C. The enzymatic cleav-
ages of [**P}4.55 RNA (100.000 cpm = 0.4 pmol) with RNase
T1(0.05 unit), RNase V1(0.05 unit), and nuclease S1 (50 units,
in the presence of 0.1 mM Zn?*) were for 5 min at 25 °C.

DMS modification of 4.5 RNA (15 pmol) was performed
in 20 L of buffer A containing 0.5% or 5% DMS for 5 min
at 25 °C. Kethoxal modification of 4.5S RNA (15 pmol) was
performed in 20 L of buffer A containing 15 mg/mL keth-
oxal for 30 min at 25 °C.

G. Lentzen et al.

The Fe(II)-EDTA reaction was performed as described
(Hiittenhofer & Noller, 1994) in 25 uL of buffer A with 20
pmol of 4.55 RNA, 0-60 pmol P48, 2 mM (NH,),Fe(50,),,
4 mM EDTA, 1 mM DTE, 0.4% H,O,. The reaction was in-
cubated for 10 min at 25 °C. All the enzymatic and chemical
reactions (except for Fe(II)-EDTA) were stopped by phenol
extraction, followed by ethanol precipitation in the presence
of 0.3 M sodium acetate and washing with 80% ethanol. The
Fe(II)-EDTA reaction was stopped by ethanol precipitation,
then phenol-extracted, again precipitated, and washed with
80% ethanol.

Lead cleavage was performed essentially as described
(Gornicki et al., 1989). Twenty picomoles of 4.5S RNA with
0-20 pmol of P48 were incubated with 37 mM lead acetate in
15 L of 80 mM HEPES, pH 7.5, 150 mM potassium acetate,
15 mM magnesium acetate for 5 min at 25 °C. The reaction
was terminated by ethanol precipitation in the presence of
33 mM EDTA, phenol extraction, and reprecipitation with
ethanol.

ldentification of cleavage and modification sites

With end-labeled 4.55 RNA, RNA fragments were sized by
electrophoresis on 15% polyacrylamide (0.75% bisacryl-
amide)/8 M urea slab gels and the cleavage positions were
identified by running in parallel RNase T1 and formamide
ladders.

For primer extension analysis, two different oligonucleo-
tides, CCCTGCCAGCTA, complementary to nt 94-105 of
4.5S RNA, and GGACCTGACCTGGT, complementary to nt
39-52 of 4.55 RNA, were synthesized with an Applied Bio-
systems apparatus using the phosphoramidite method. The
primers were 5'-labeled with 3P by T4-polynucleotide ki-
nase and purified by 10% polyacrylamide (0.5% bisacryl-
amide)/8 M urea gel electrophoresis. The cleaved or modified
4.55 RNA was dissolved in water or (for kethoxal modified
RNA) in 30 mM sodium borate, pH 7.0. Hybridization of the
radioactive primer (80.000 cpm) to the modified or cleaved
RNA was performed by incubation for 1 min at 95 °C and
5 min at 25 °C in a total volume of 6 uL.. cDNA synthesis was
performed in a total volume of 15 uL with 4 units of AMV re-
verse transcriptase (Life Sciences), 1.5 mM each of the four
dNTPs in 50 mM Tris-HCl, 6 mM MgCl,, 40 mM KCl, 12.5%
(v/v) DMSO, pH 8.5, for 30 min at 50 °C. Sequencing with
chain-terminators was performed in the same way, except
that the respective dideoxynucleotide (3.3 uM), the corre-
sponding deoxynucleotide (25 pM), and the other three de-
oxynucleotides (100 uM) were added. After primer extension,
the RNA template was hydrolyzed with KOH (Brunel et al.,
1991). Incubation controls were run in parallel in order to de-
tect nicks in the RNA and pauses of reverse transcriptase. The
c¢DNA fragments were then precipitated and analyzed on 8%
polyacrylamide (0.4% bisacrylamide)/8 M urea slab gels.
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