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Differences in the interaction of Escherichia coli
RNase P RNA with tRNAs containing a short
or a long extra arm
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ABSTRACT

The phosphorothioate footprinting technique was applied to the investigation of phosphate moieties in tRNA
substrates involved in interactions with M1 RNA, the catalytic subunit of Escherichia coli RNase P. In general
agreement with previous data, all affected sites were localized in acceptor stem and T arm. But the analyzed
examples for class | (Saccharomyces cerevisiae pre-tRNAP" with short variable arm) and class Il tRNAs (E. coli
pre-tRNA™" with large variable arm) revealed substantial differences. In the complex with pre-tRNA""=, protec-
tion was observed at U55, C56, and G57, along the top of the T loop in the tertiary structure, whereas in pre-
tRNATY", the protected positions were G57, A58, and A59, at the bottom of the T loop. These differences
suggest that the size of the variable arm affects the spatial arrangement of the T arm, providing a possible ex-
planation for the discrepancy in reports about the D arm requirement in truncated tRNA substrates for eukary-
otic RNase P enzymes. Enhanced reactivities were found near the junction of acceptor and T stem (U6, 7, 8
in pre-tRNAP" and G7, U63, U64 in pre-tRNA™"). This indicates a partial unfolding of the tRNA structure upon
complex formation with RNase P RNA.
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INTRODUCTION Gaur & Krupp, 1993; Kleineidam et al., 1993; Smith &
Pace, 1993; Conrad et al., 1995). The changed accessi-
bility of bases to chemical modifications in the complex
between Escherichia coli RNase P RNA (M1 RNA) and
pre-tRNA was used for footprinting studies (Knap
et al., 1990). Recently, phosphorothioates were used
for detailed footprinting studies of tRNA complexes
with cognate synthetases (Schatz et al., 1991; Rudinger
et al., 1992). We have applied this technique to study
the interaction between pre-tRNA substrates and E. coli

RNase P is required for the processing of pre-tRNAs
and generates the 5'-termini of mature tRNAs by an
endonucleolytic removal of the 5'-flank. The isolated
RNA subunit of eubacterial RNase P can perform this
highly specific reaction with a strict requirement of di-
valent cations (Altman et al., 1993). Binding of RNase P
to the pre-tRNA involves specific regions of both reac-
tants, substrate and enzyme. The interaction between
pre-tRNA substrate and RNase P has been studied

with several approaches, including UV crosslinking S Bty
(Guerrier-Takada et al., 1989; Burgin & Pace, 1990), in-
troduction of modifications in the exocyclic bases RESULTS

(Kahle et al., 1990; Thurlow et al., 1991), the phosphate
backbone (Gaur & Krupp, 1993; Conrad et al., 1995),

and the 2-hydroxyl groups (Perreault & Altman, 1992, The Sp diastereomers of NTPs[«S] are substrates for

T7 RNA polymerase and incorporated with an inver-
e sion of configuration, resulting in Rp diastereomers in

Reprint requests to: Guido Krupp, Institut fiir Himatopathologie, the transcripts. Becéuse unmodifiefl NTP and NTPQS
Christian-Albrechts-Universitat, Niemannsweg 11, D-24105 Kiel, ~ are incorporated with similar efficiency, the mixture
Germany. with 95% unmodified NTP yields products with ap-

! Present address: Howard Hughes Medical Institute, University . 1 L & hi ies RNA
of Massachusetts, Medical Center, 373 Plantation Street, Worcester, proxunate y one phosp orothioate pO'SItl_OH per i
Massachusetts 01605, USA. molecule (Conrad et al., 1995). In preliminary experi-
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ments, the complex formation between tRNA and
RNase P RNA was monitored by a gel retardation assay
(Hardt et al., 1993a) on 5% nondenaturing polyacryl-
amide gels with subsequent densitometer scanning of
the corresponding autoradiograms; data with pre-
tRNA™" are shown in Figure 1. No significant changes
in the K, value (about 100 nM) were observed with
phosphorothioate-modified tRNA™" and tRNAPhe,
The interaction of tRNA transcripts with M1 RNA
was analyzed by footprinting under native conditions,
this means RNase P RNA cleavage conditions with
100 mM Mg?>*. A renaturation step of the tRNA pre-
ceded the addition of M1 RNA, which was followed by
the iodine cleavage step. We used a 50-fold molar ex-
cess of M1 RNA and, under these conditions, about
70% of the tRNA was present in the complex. It was
expected that bound pre-tRNAs were cleaved by M1
RNA and a corresponding amount of 5-matured
tRNA™™ was observed (Figs. 3, 4). Comparisons of the
iodine cleavage patterns of tRNAs in the presence and
absence of M1 RNA revealed changed reactivities of
certain phosphorothioate positions, evident by the de-
creased or increased band intensities in the resulting
autoradiogram. The two scans were superimposed in
such a fashion to minimize the number of bands with
changed intensities. These adjustments were done for
complete scans, whereas zoomed sections are shown
in Figures 2, 3, 4, and 5. Footprint effects should per-
sist at different iodine concentrations, and consistent
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data were observed at 1 mM and 3 mM iodine, similar
to previous reports (Schatz et al., 1991; Rudinger et al.,
1992),

Pre-tRNA™" from E. coli is the best studied RNase P
substrate and it was chosen as an example for a class
II tRNA with a long variable arm that includes a base
paired stem. In the complex with M1 RNA, protected
phosphates were found at four positions: U3 near the
cleavage site in the acceptor stem; G57, A58, and A59
in the middle and at the bottom of the T loop in the ter-
tiary structure. In contrast, phosphorothioates near the
junction of acceptor and T stems (G7 and U63, Ub4),
at the top of the T loop (U54), and at the 3'-terminal
CCA (C75) were more accessible to iodine in the pres-
ence of M1 RNA (Figs. 2, 3, 4). The data are summa-
rized and presented in the cloverleaf sequence (Fig. 6)
and in a tertiary structure model (Fig. 7).

For Saccharomyyces cerevisiae tRNAFPe, a class [ tRNA
with short extra arm, a wealth of detailed structural
data is available (Quigley & Rich, 1976). Here, pro-
tected phosphates were found at six positions: U55,
(56, and G57 at the top and in the middle of the T loop
in the tertiary structure; in addition, G71 and C72, jux-
taposed to the cleavage site in the acceptor stem, and
also C75 at the CCA-end. Similar to pre-tRNA™", ex-
posed phosphorothioates were found near the junction
of acceptor and T stems (U6, 7, 8). An example is
shown in Figure 5 and data are presented in cloverleaf
form (Fig. 6) and in a tertiary structure model (Fig. 7).

[%] complexes

I L 1

50 100 150 200
[nM] M1 RNA

FIGURE 1. Gel retardation assays. A: Autoradiogram with phosphorothioate-modified E. coli pre-tRNATY", containing 5%
GTPas$ and internally labeled with [«-3P]-UTP. pre-tRNA (10 nM) was incubated with the indicated concentrations of
M1 RNA. The positions of the complex with M1 RNA (CF;; complexes with pre-tRNA and 5'-matured tRNA comigrate),
free pre-tRNA (P), free 5-matured tRNA (M), and the free 5'-flank (F) are marked. B: Binding curves. The fraction of the
complexes with M1 RNA were determined from densitometer tracings of autoradiograms as shown in A, performing three
independent experiments for each transcript. In A, the concentrations of total M1 RNA are indicated, whereas here the
values refer to “active M1 RNA,” meaning 55% of the total M1 RNA (Hardt et al., 1993a). Small black squares and curve,
mean values and standard deviations obtained with unmodified RNA; open squares, mean values with phosphorothioate-

modified RNA (GTPaS).
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FIGURE 2. Footprint analysis of L. coli tRNADT with ATP«S. A: Samples were incubated under native conditions, in the
absence of M1 RNA (indicated by “without”) or with a 50-fold molar excess of M1 RNA (“with”). Only the section is shown
where effects have been observed. From left to right, increasing concentrations of iodine were used (indicated by the wedge):
0, 0.1, 1, and 3 mM. To obtain a sequence ladder, tRNA was incubated under denaturing conditions, without (lane —) or
with 3 mM iodine (lane A). Bands were assigned to adenosines in the tRNA sequence. B: Densitometer curves to com-
pare the lanes with free tRNA (dashed line) and in the presence of M1 RNA (solid line). Bands for A58 and A59 are weaker

in the complex and they are marked.

DISCUSSION

Studies of the interaction between RNase P RNA and
its pre-tRNA substrate are complicated by the fact that
a high molar excess of M1 RNA has to be used and this
results in efficient cleavage of the pre-tRNA. Other-
wise, modified conditions would be required to limit
the reactivity of RNase P RNA (LaGrandeur et al.,
1994). Mature tRNA was reported to behave as com-
petitive inhibitor in the cleavage reaction of pre-tRNAs
by M1 RNA with similar values for K; and K,,, sug-
gesting that similar characteristics govern binding of
RNase P RNA to pre-tRNA and to mature tRNA (Reich
et al., 1988; Smith et al., 1992; Hardt et al., 1993a, 1995;
Tallsjo & Kirsebom, 1993), and contact points in RNase P
RNA have been identified by crosslinking with mature
tRNAPPe (Burgin & Pace, 1990). But other data suggest
that binding modes for pre-tRNA and mature tRNA
are not identical (Guerrier-Takada & Altman, 1993;
LaGrandeur et al., 1994; Westhof & Altman, 1994; see
also below).

In our footprinting experiments, we combined pre-
tRNA and RNase P RNA and a complex of RNase P

RNA and 5-matured tRNA was formed and analyzed
for affected sites in the mature tRNA domains. Foot-
printing requires low levels of phosphorothioates in
the tRNA transcripts, and it was important to know if
this affected complex formation with RNase P RNA.
This was not the case, because the K, values of about
100 nM were unchanged, as determined by gel retar-
dation experiments.

In different studies (Guerrier-Takada et al., 1989;
Kahle et al., 1990; Knap et al., 1990; Thurlow et al.,
1991; Gaur & Krupp, 1993; Conrad et al., 1995), impor-
tant contact regions in the pre-tRNA were localized in
the (elongated) acceptor stem and T arm. Nevertheless,
the information about bona fide contact points in pre-
tRNAs was still scarce due to the limitations of these
methods. Modification interference (Kahle et al., 1990;
Thurlow et al., 1991; Gaur & Krupp, 1993; Conrad
et al., 1995) did not differentiate between changes in
pre-tRNA conformation, in substrate binding or prod-
uct release, and in the rate of the cleavage step. UV
crosslinking (Guerrier-Takada et al., 1989) was limited
to those interacting bases with proper stereochemistry.
The further analysis of the crosslinked complex for
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pre-tRNATYT

FIGURE 3. Footprint analysis of E. coli IRNATY™ with GTP«S. Analysis was performed as described in Figure 2. The weaker
band for G57 is marked. Arrow and asterisk indicate a nonspecific background cleavage product. Pre-tRNA™" was cleaved
in the presence of M1 RNA and the position of 5-matured tRNA is indicated by an arrow at the right margin.
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FIGURE 4. Footprint analysis of E. coli (RNAT with UTPaS. Analysis as described in Figures 2 and 3. The stronger bands
in the the presence of M1 RNA are marked: U64, U63, and U54.
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FIGURE 5. Footprint analysis of S. cerevisize tRNA™* with GTP«S, as described in Figure 2. The weaker bands for G71
and G57 are marked.
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FIGURE 6. Footprint results are shown with the cloverleaf sequences of pre-tRNATY" (left) and pre-tRNA'® (right).

RNase P cleavage site and a short section of the 5'-flank are indicated. Protected phosphodiester positions are marked by
black squares, exposed sites by arrowheads.
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FIGURE 7. Footprint results are shown in tertiary structure models of pre-tRNA™ (left) and pre-tRNAF (right). Protected
sites and exposed sites are represented by solid and striped bars, respectively.

changed accessibilities of bases to chemical modifica-
tions (Knap et al., 1990) did not allow a high resolution,
but it was concluded that the pre-tRNA structure is
partially unfolded upon complex formation. Thus,
more detailed data were expected from footprints with
phosphorothioate-modified RNAs, because they had
allowed the very precise identification of interacting
loci in complexes of tRNAs with their cognate syn-
thetases, providing also insight into conformational
changes (Schatz et al., 1991; Rudinger et al., 1992). This
technique was applied to study the interactions be-
tween E. coli RNase P RNA (M1 RNA) and a class II
tRNA with long variable arm, E. coli tRNA™", and a
class I tRNA with short variable arm, S. cerevisiae
pre-tRNAFhe,

Based on modification interference analyses, possi-
ble contact points in pre-tRNAs were localized in the
acceptor and T arms at the top of the L-shaped tertiary
structure. This general conclusion was supported by
our footprinting analysis (Figs. 6, 7). In principle, mod-
ification interference can be caused by disrupting direct
contacts, but also indirectly by disturbing the tRNA ter-
tiary structure. A comparison with footprinting data
might reveal these indirect effects. Indeed, one exam-
ple was found with the phosphorothioate at U9 in E.
coli pre-tRNA™™ and A9 in yeast pre-tRNA", They in-
terfered severely with RNase P cleavage (Gaur &
Krupp, 1993; Conrad et al., 1995), but no effects were
detected in the footprint. An explanation is provided
by the low affinity of phosphorothioates to Mg+ (Eck-
stein, 1985). The phosphate oxygens of nt 8, 9, 11, and

12 form an Mg-binding pocket (Quigley et al., 1978),
which is lost upon phosphorothioate modification,
thus resulting in a destabilized (or altered) tRNA ter-
tiary structure.

The opposite effects were observed with the pro-
tected G71, C72 in pre-tRNAF". No modification in-
terference had been observed in this region (Kahle
et al., 1990; Thurlow et al., 1991; Gaur & Krupp, 1993;
Conrad et al., 1995). Furthermore, kinetic data for M1
RNA cleavage of pre-tRNA mutants with 3’ deletions
in the acceptor stem revealed that only the removal of
the 3'-terminal CCA sequence resulted in a sixfold
increased K, value, whereas more deletions in the 3’
half of the acceptor stem, including nt 71 and 72 (the
protected sites in the footprint), had no additional ef-
fects (Svérd & Kirsebom, 1992). Without doubt, a di-
rect interaction must occur next to the cleavage site at
the 5" end of acceptor stem. Very likely, the protected
phosphates near the 3’ end are caused by indirect con-
formational effects, but not by direct contacts.

Although other previously identified interfering nu-
cleotide positions coincide with footprint effects, com-
plex formation can result in protected as well as in
more accessible phosphate groups, depending on the
local structure. For example, direct interaction of RNase P
RNA with the 3'-terminal CCA was demonstrated
clearly (Harris et al., 1994; Kirsebom & Sviard, 1994;
Westhof & Altman, 1994), but different effects were ob-
served with the two tRNAs. The free CCA end in pre-
tRNAP" is flexible and complex formation with M1
RNA resulted in a protected phosphate at C75. How-
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ever, the flexibility is reduced by the extended base
pairing in pre-tRNA™" and C75 was more exposed in
the complex.

Interestingly, modification interference sites were
clustering near the 5’ half of the T loop in class I tRNAs,
whereas more nucleotides in the 3’ half were involved
in class II tRNAs (Kahle et al., 1990; Thurlow et al.,
1991; Gaur & Krupp, 1993; Conrad et al., 1995). Simi-
lar differences were seen in the footprints, with protec-
tion at U55, C56, and G57 in pre-tRNA"™< and G57,
A58, and A59 in pre-tRNA™’. Previous reports sug-
gested that a long variable arm affected minor changes
in the T loop conformation (Adlouni et al., 1993), pos-
sibly the long arm results in a tilted T loop which,
moves the 3’ half more to the top of the tertiary struc-
ture, making nt 57-59 available for the interaction with
RNase P. This structural difference may explain why
eukaryotic RNase P cleavage is maintained after D arm
deletion in the class II pre-tRNA"™" (Yuan & Altman,
1995), but abolished in the class I pre-tRNA®Y (Hardt
et al., 1993b). As a possible conclusion from our foot-
print, D arm as well as long variable arm affect a tilt in
the orientation of the T loop. In deletion mutants, one
of the two arms is sufficient to provide the minimal tilt
required for eukaryotic RNase P cleavage. In its most
reduced form, this tilt can be provided by nucleotide
insertions between acceptor and T stem in minimal
hairpin substrates (Carrara et al., 1995; Yuan & Altman,
1995).

Although the interpretation of our data was based on
the use of a class I versus a class I tRNA, potential in-
fluences of other structural changes have to be consid-
ered also. Not only the mature tRNAs, also the lengths
of both flanking sequences differ. In pre-tRNA™", the
3’ extension beyond the CCA sequence can stabilize
the complex with M1 RNA (Hardt et al., 1995), and
the long 5" flank can affect the mode of complex forma-
tion (Guerrier-Takada & Altman, 1993). Even two dif-
ferent binding sites for pre-tRNA and 5"-matured tRNA
have been suggested in a working model of M1 RNA
(Westhof & Altman, 1994). These differences may in-
fluence the formation of initial complexes with pre-
tRNADT and pre-tRNA™<, but the different 5’ flanks
were removed by subsequent cleavage, whereas 5'-
matured tRNAs were retained in the complex, in the
presence of excess M1 RNA (Hardt et al., 1993a).

Based on chemical protection studies (Knap et al.,
1990), it was suggested that tRNA binding to RNase P
results in a partially unfolded structure at the transition
between acceptor and T stem. In agreement with these
conclusions, we found that complex formation resulted
in exposed phosphates in this region.

As in previous studies, three general contact areas
were identified: (1) next to the cleavage site at 5" end
of the acceptor stem; (2) at the 3’ CCA; and (3) in the
5 half of the T loop with class I tRNAs (with a short
variable arm) and in the 3’ half with class II tRNAs

R.K. Gaur et al.

(with a long variable arm). In addition, the joint at ac-
ceptor and T stem unfolds upon RNase P RNA binding.

MATERIALS AND METHODS

RNA synthesis

M1 RNA (RNase P RNA from E. coli), E. coli pre-tRNATY",
and S. cerevisiae pre-tRNA™= were prepared by in vitro tran-
scription reactions, as described (Conrad et al., 1995). For
phosphorothioate-modified RNAs, four separate transcrip-
tions were performed in which one of the NTPs was supple-
mented by 5% (0.025 mM) of the desired NTPaS (obtained
from Amersham or NEN). **P-end labeling was performed
as described (Krupp, 1991).

Gel retardation assays

Internally labeled pre-tRNA™" or pre-tRNA" transcripts
(10 nM) were incubated with variable amounts of M1 RNA
(10-320 nM) and analyzed on 5% polyacrylamide gels as de-
scribed (Hardt et al., 1993a). The fraction of complex for-
mation was quantitated by densitometer scanning of the
autoradiograms. A nonlinear least-squares equation was
solved for these data, and the apparent K, values were cal-
culated according to the equation K, = [active M1 RNA
at 50% complex] — 0.5 X [Pygra], assuming that only 55% of
the M1 RNA present was in an active conformation (Pyle
et al., 1990; Hardt et al., 1993a).

Footprinting

In order to assure native RNA conformation, 20 ng [3"-*P]-
pre-tRNA (0.7 pmol; about 100 000 cpm) in 60 uL renaturation
buffer (50 mM Tris-HCl, pH 8, 100 mM NH,CI) were kept
for 3 min at 70 °C, followed by slow cooling to 37 °C, then
60 gL of 50 mM Tris-HCl, pH 8, 100 mM NH,CI, 200 mM
MgCl, were added. The sample was split into two aliquots
and the incubation was continued for 15 min in the absence
or in the presence of a 50-fold molar excess of M1 RNA (about
35 pmol). Four 15-uL aliquots were taken. One aliquot served
as untreated control, iodine cleavage was performed with the
others by adding 1.5 pL of 1 mM, 10 mM, or 30 mM iodine
in ethanol. After exactly 1 min at room temperature, reactions
were stopped by ethanol precipitation, adding 1.5 uL. 3 M so-
dium acetate, pH 5, 5 pg of glycogen, 40 uL ethanol, and
freezing on dry ice. The pellet was washed with 100 L. 70%
ethanol and subjected to denaturing PAGE. Scans of the re-
sulting autoradiograms were obtained with an ULTROSCAN
XL laser densitometer (Pharmacia-LKB). For each lane, the av-
erage value was determined for four slightly shifted (0.8-mm
steps), nonoverlapping line tracings. The obtained band in-
tensities were compared by superimposing the densitometer
scans from reactions in the presence or absence of M1 RNA.

For sequencing reactions under denaturing conditions, the
[3'-32P]-tRNA was dissolved in 20 mM Hepes, pH 7, heated
for 3 min at 70 °C, chilled on ice, and treated with 3 mM io-
dine (final concentration), as described above.
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