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Antisense RNA control of gene expression
in bacteriophage P22. Il. Kinetic mechanism
and cation specificity of the pairing reaction

KATHERINE L. SCHAEFER' and WILLIAM R. McCLURE
Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

ABSTRACT

The bacteriophage P22 sar RNA-ant mRNA pairing reaction was characterized kinetically. The pairing reaction pro-
ceeds by a three-step pathway. First, reversible base pairs form between complementary hairpin loops in sar RNA and
ant RNA (K, = 270 nM). Next, stable duplex formation initiates between single-stranded nucleotides in sar RNA and ant
RNA; the ant RNA nucleotides are at the bottom of a hairpin stem that is partially accessible. Concomitant unwinding
of one sar RNA hairpin and the complementary ant RNA hairpin then occurs, to form a partially paired intermediate
(k2 = 12 min~"). Finally, a complete duplex forms after unwinding of the other sar RNA hairpin and the complementary
ant RNA hairpin (k; = 7 min~"). Experiments with sar RNA sequence and length variants demonstrate that the precise
structures of both sar RNA hairpins affect the kinetic parameters. The pairing reaction is Mg2*-dependent, and shows
high specificity for the required cation. Maximal pairing rates are achieved when more than one Mg?* ion is bound.
The cation-dependence and specificity indicate a requirement for Mg2?*-dependent tertiary structure.

Keywords: Mg?*; pairing pathway; reversible base pairs; RNA structure

INTRODUCTION Despite this complication, second-order rate constants
for formation of the first stable duplex in antisense
The overall kinetics of duplex formation between highly RNA-target RNA pairing reactions are between 0.1

structured antisense RNAs and target RNAs are sim- and 3 X 10° M~! s7!, indicating that formation of at
ilar to those observed with unstructured oligomers. least a partially paired complex can proceed at rates
Second-order rate constants for duplex formation be-  gimilar to those observed with unstructured oligonu-

tween two oligomers at 37 °C range from 0.3 to 8 X 10°  (leotides (Tomizawa, 1984; Persson et al., 1988; Kittle
M~!'s"! in monovalent salt buffers (Cantor & Schim- et al., 1989; Sugiyama & Itoh, 1993; van Biesen et al.,
mel, 1980). The pairing of an antisense RNA to a target 1993; Siemering et al., 1994; Thisted et al., 1994).
RNA is a more complicated process than the pairing Specific antisense RNA-target RNA pairing mecha-
of two small, unstructured RNAs, because many of  nisms allow the limitations imposed by intramolecular
the nucleotides in antisense RNAs and target RNAs  RNA secondary structure to be overcome; conversely,
are found in hairpin stems or other intramolecular  disruptions in features of the RNAs necessary for pair-
structures. These intramolecular interactions must be  ing reduce rate constants by at least 2-3 orders of mag-
disrupted before a complete duplex can be formed. nitude (Persson et al., 1990; Tomizawa, 1990b; Sugiyama
Because the unwinding of hairpin stems is a slow pro- & Itoh, 1993; Siemering et al., 1994; Thisted et al., 1994).
cess compared to intermolecular helix propagation  Three classes of pairing pathways that result in rapid
(Cantor & Schimmel, 1980), pairing pauses can occur  formation of a stable complex have been observed. In
when hairpins (or other structures) must be disrupted. the first type, seen in the sok RNA-mok/hok RNA
If a stable complex has not been formed before a pair- pairing reaction from the plasmid R1 (Thisted et al.,
ing pause occurs, the initial complex can dissociate. 1994), a stable complex forms between nucleotides in
A — long, complementary, single-stranded regions. A second
Reprint requests to: William R. McClure, Department of Biological ~ (and similar) mechanism is observed in the RNA .QUT-

Sciences, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, RNA.IN pairing reaction from the insertion sequence
USA; e-mail: wmOp@andrew.cmu.edu.

Present address: Department of Molecular and Cellular Biology, IS10 (Kittle et ‘filv 1989): a Stable‘ complex forms be-
Harvard University, Cambridge, Massachusetts 02138, USA. tween a long, single-stranded region and a large hair-
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pin loop. In many cases, long, complementary single-
stranded regions are not present. In these cases, a third
type of mechanism (the “loop-loop” mechanism) is
used. Pairing begins with the formation of several re-
versible base pairs between nucleotides in loops, fol-
lowed by stable duplex formation initiating between
nucleotides in short, single-stranded regions. The in-
creased stability conferred by the loop-loop inter-
actions allows the RNAs to remain paired while some
intramolecular structure is disrupted and a stable du-
plex forms. The RNA I-RNA II pairing reactions of the
Col E1 plasmid (Tomizawa, 1984) and the plasmid pMU
720 (Siemering et al.,, 1994), the cop A RNA-cop T
RNA pairing reaction from the plasmid R1 (Persson
et al.,, 1990), the RNA I-rep RNA pairing reaction from
the Col E2 plasmid (Sugiyama & Itoh, 1993), and the
finP RNA-tra] RNA pairing reaction from the IncF1
incompatibility group plasmids (van Biesen et al., 1993)
all use variations on this mechanism.

The rate of pairing of an antisense RNA to a target
RNA is affected by the structures of both RNAs in at
least two ways. First, the structures of the antisense
RNA and the target RNA affect the pairing rate by
dictating the choice of mechanism used. The highest
pairing rate constants are achieved using the loop-
loop mechanism; the average second-order rate con-
stant for formation of the first stable duplex in a pairing
reaction using a loop-loop mechanism is 10-fold higher
than the rate constants for the other two types of mech-
anisms. Second, the precise nature of the structures in
both RNAs can affect the pairing rate by affecting the
rate of hairpin disruption (Hjalt & Wagner, 1995) and
(in loop-loop type mechanisms) the strength of the
initial reversible base pairs (Grosjean et al., 1976; Egu-
chi & Tomizawa, 1991; Gregorian & Crothers, 1995).

We have further characterized the sar RNA-ant RNA
pairing reaction from the bacteriophage P22 (Liao
et al, 1987, Wu et al., 1987). Pairing proceeds by a
three-step, loop-loop type pathway. The effect of struc-
ture on the pairing reaction was investigated in two
ways. First, the effects of sar RNA mutations on the
pairing pathway were examined and compared to the
effects on sar RNA structure (Schaefer & McClure, 1996).
Second, because Mg?" affects RNA structure, the Mg2"-
dependence of the pairing reaction was compared to
the Mg*"-dependence of sar and ant RNA structure
formation (Schaefer & McClure, 1996). The results of
this analysis suggest that the precise structure of sar
RNA, and possibly of ant RNA, affects both the rate of
hairpin disruption and the strength of the initial com-
plex.

RESULTS

The first pairing step is reversible
In order to determine if the first step in the sar RNA-
ant RNA pairing reaction is reversible, we measured
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pseudo-first-order (ant RNA in excess) rate constants
(kops) over a range of ant RNA concentrations, using an
electrophoretic mobility shift (gel-shift) assay. The re-
lationship between k,; and A, reveals whether initial,
reversible steps occur. For a reaction with no reversible
steps:

A+55 stably paired complex(es), (1)

kops = ko Ay, Alternatively, for a reaction with reversible
step(s) followed by irreversible step(s):

Ka >
A+S=C i—> stably paired complex(es), (2)

kobs == kz-A()/Kd + AU'

The experiments of Figure 1 examine the depen-
dence of k,, on A,. The pairing rate was constant
over > 75% of the reaction (Fig. 1B), indicating that the
majority of the sar RNA used was functionally homog-
enous. The slope of 0.69 min~! at 15 nM ant RNA
corresponds to a second-order rate constant of 7.7 X
10° M ' s, A plot of ky, versus ant RNA concentra-
tion (Fig. 1C) was hyperbolic, indicating that the sar
RNA-ant RNA pairing reaction begins with at least
one reversible step. Values of K, (the concentration at
the half-maximal k) and k, (the maximum kos) were
determined as described in Materials and Methods
(Fig. 1D). K; was 270 nM and k, was 12 min .

Pairing proceeds through a stable intermediate

The band corresponding to the sar RNA-ant RN A com-
plex in the gel-shift assays could in fact be a mixture of
stably paired intermediate(s) and fully paired duplex.
The presence of stable reaction intermediates was in-
vestigated using an RNase protection assay. Because
the high concentration of RNase A used in these assays
digests all single-stranded (unpaired) regions of the
RNA, appearance of only a full-length protected frag-
ment would indicate that pairing intermediates are
undetectable. Conversely, the appearance and sub-
sequent disappearance of shorter fragments would
provide evidence that the pairing reaction proceeds
through stable intermediate(s) before complete duplex
formation. The experiments of Figure 2A and B indi-
cate that the pairing reaction proceeds through a stable
intermediate. Protected fragments smaller than full-
length sar RNA appeared, and then disappeared, as
the pairing reaction proceeded. These protected frag-
ments were observed both in reactions with 5’ end-
labeled sar RNA and in reactions with 3’ end-labeled
sar RNA.

The RNase A used in the RNase protection assays
cleaves the labeled sar RNA at all highly accessible
sites (for sar RNA, these are nt 2, 3, 13, 14, 22, 28, 31,
32, and 47; Schaefer & McClure, 1996). In addition,
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FIGURE 1. Kinetics of the sar RNA-ant RNA pairing reaction. Pairing reactions were performed at 37 °C in the presence
of 10 mM Mg?" with 5’ end-labeled sar RNA (=1.5 nM) and the indicated ant RNA concentrations. At the times indicated,
portions of the reaction were quenched by addition of EDTA. The sar RNA-ant RNA complexes (S:A) were separated from
free sar RN A (S) on a 5% polyacrylamide gel. A: An AMBIS scan from a gel-shift experiment with 15 nM ant RNA is shown.
Times (min) are indicated above the lanes. B: Rate constant determination from the experiment in A. The fraction of free
sar RNA is plotted logarithmically versus time. The y axis value at 5 min was —2.25. ky, (0.69 min ') was determined from
the slope. C: The dependence of k., on ant RNA concentration. ko, is plotted versus ant RN A concentration. Results of two
experiments are shown, using different symbols. The line corresponds to the values of K; and k; in D. D: Determination
of Ky and k; from the data of C using Equation 3 in the Materials and methods. ky; /ant RNA concentration is plotted versus
kaps. The line is a linear least-squares fit; K; = 270 = 30 nM; k; = 12 = 1 min 1.

because the concentration of RNase A is very high, sar
RNA is sometimes cleaved at less accessible nucleo-
tides that are involved in intramolecular nucleotide
interactions. The size of the protected fragments al-
lows inferences to be made about those portions of the
molecule that are involved in stable intermolecular base
pairs at the time of RNase addition.

The absence of sar RNA fragments longer than 4 nt
in the 0-min samples (data not shown) shows that the
concentrations of RNase used in these experiments were
sufficient to cleave unpaired sar RNA at nt 2 and 3 (5’
end-labeled fragments) or at nt 64 and/or 67 (3' end-
labeled fragments). Therefore, the appearance during
the pairing reaction of 5'-labeled fragments larger than
3 nt and 3'-labeled fragments larger than 4 nt indicates
that the 5’ and 3’ ends are both paired in the inter-
mediate.

The length of the protected fragments (Fig. 2C) shows
that sar RNA nt 1-32 and 65-68 are paired to ant RNA
in the intermediate. 5" End-labeled fragments result-

ing from cleavages at nt 13, 14, 31, or 32 were not seen,
indicating that at least the first 32 nt of sar RNA are
paired in the intermediate. Similarly, the appearance
of 3" end-labeled fragments longer than 4 nt indicates
that nt 65-68 are paired to ant RNA in the intermediate.

The family of 5' end-labeled fragments caused by
cleavages at sar RNA nt 39, 40, 43, and 44, and the
group of 3'-labeled fragments resulting from cleav-
ages at sar RNA nt 46, 47, 49, 50, 52, and 56, indicate
that sar RNA hairpin II is not fully paired to ant RNA
in the intermediate. Sar RNA is probably paired to ant
RNA only through nt 32 in the intermediate. In this
model, the family of cleavages in sar RNA stem II
result from accessibility of the hairpin stem to the large
quantities of RNase used in the experiment; the lack of
cleavage at nt 37 and 38 simply reflects the differential
susceptibility of various paired stem nucleotides to the
(single-strand-specific or ss-specific) RNase. This model
is further supported by the observation that a frag-
ment of length 47 (resulting from cleavage in the single-



160 K.L. Schaefer and W.R. McClure

A 0 .15.3 .452.50H BE 08 8.8 db 2.5 3 O

— uncut — uncut

- 135

FIGURE 2. Kinetic characterization of the pairing reaction intermediate. Pairing reactions were performed at 37 °C with
sar RNA concentrations = 1.5 nM; ant RNA concentrations are indicated below. At times (min) indicated above the lanes,
the pairing reaction was terminated by the addition of RNase A to digest unpaired RNAs. The protected RNA fragments
were separated on a 10% polyacrylamide sequencing gel. Fragment sizes were determined by comparison with an alkaline
hydrolysis marker ladder (OH). The number next to each band indicates the sar RNA nucleotide after which RNase
cleaved. A: Autoradiograph from a RNase protection experiment with 5' end-labeled sar RNA and 101 nM ant RNA. B:
Autoradiograph from a RNase protection experiment with 3’ end-labeled sar RNA and 65 nM ant RNA. C: Schematic
representation of sar RNA. Open arrows are cleavage sites observed with 5" end-labeled RNA; filled arrows are cleavage
sites observed with 3" end-labeled RNA. D,E: Determination of ky from the experiments of A and B, respectively. Lines
correspond to the values for ks (determined using Equations 4 and 5 in Materials and Metheds) and the values of K; and
ka (determined from the experiment of Fig. 1). Because it was impossible to take more than three time points during that
fraction of the reaction where the intermediate was present in significant amounts, values of k; (Table 1) were determined
by performing experiments like those in A and B multiple times and taking the average of the k; values obtained in each
experiment. The fraction of RNA in the intermediate complex (@, solid line) or fully paired complex (O, dashed line) is
plotted versus time. At t = 2.5 min (D) or 3 min (E), the fraction of RNA in the intermediate complex had reached 0 and
the fraction of RNA in the fully paired complex had reached 1.0. The RNA fragments slightly smaller than full length (A)
were treated as fully paired. The 20-mer (A) and the minor RNA fragments larger than the intermediate (A, B) were neglected
in the analysis because they did not appear reproducibly in all experiments. (Figure continues on facing page.)
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FIGURE 2. (Continued.)

stranded loop) that exhibits the same kinetics as the
group of fragments observed in the experiments of
Figure 2 was detected in RNase protection assays done
with reduced quantities of RNase (data not shown).
However, it is formally possible that the bottom of sar
RNA stem II up to nt 38 is paired to ant RNA in the
intermediate and that the extent of sar RNA hairpin II
unwinding and pairing to ant RNA is heterogeneous.

The value of k; (the rate constant corresponding to
conversion of the stable intermediate to the fully paired
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complex) was determined from the experiments of Fig-
ure 2A and B, as described in Materials and Methods
(Fig. 2D,E). k3 was 7 min ! (Table 1). The fact that one
value of k; can explain both the rate of appearance of
fully paired complex and the rate of appearance and
subsequent disappearance of the intermediate indi-
cates that essentially all of the pairing is proceeding
through the intermediate, and not through another
pathway containing another intermediate.

A summary of the results described above is shown
in Figure 3. The transient intermediate (C,) was in-
ferred because a reversible step was detected, requiring
a dissociable intermediate. The intermediate observed
in the RNase protection experiments (C., or the com-
mitted complex) cannot be the transient intermediate
because the C, intermediate was resistant to large quan-
tities of RNase for = 10 min; thus, the base pairs formed
are not unpaired to any detectable extent.

Changes in both halves of sar RNA affect
the pairing reaction

To explore how the structure of sar RNA affects the
pairing reaction, we measured pairing rate constants
for sar RNA variants, using the experimental tech-
niques and analysis described above.

The experiments of Figure 4A indicate that removal
of the 3" half of sar RNA drastically impairs its ability
to pair to ant RNA. “Sar-34 RNA” is missing nt 35-68
and thus does not have hairpin II or the 3’ tail. In the
limit of low ant RNA concentration, the k,, for the
sar-34 RNA-ant RNA reaction was approximately
15-fold lower than that for the reaction containing wild-
type sar RNA, showing that the 3’ half of the molecule
is crucial for pairing. A plot of k. versus A, was lin-
ear over the entire concentration range tested (up
to 400 nM), indicating that K,; > 400 nM (Fig. 4;
Table 1).

In addition, the experiments of Figure 4A indicate
that two different sar RNA loop I mutations affect both
K, and k, (Fig. 4; Table 1) but not k;. The 12U — A

TABLE 1. Summary of the kinetic parameters obtained for pairing
reactions with various sar RNAs.?

Kd k2 k:‘ k2/Krf
sar RNA (nM) (min 1 (min~") M 1sh
Wild type 270 (30) 12, (1) 7 (2) 7.6 X 10°
120 - A 190 (30) 8 (1) 5(2) 7.0 % 10%
13C > U 110 (20) 2.0 (0.3) 7(2) 2.9 % 105
sar-34 400 nd na 3.9 x 104

*Values were determined from the experiments of Figures 1, 2,
and 4; standard deviations are given in parentheses. k; values are the
result of six (wild-type sar RNA) or two (12U — A and 13C — U
RNAs) determinations. nd, not determined. A value of k; for the
sar-34 RNA-ant RNA pairing reaction is not given (na) because the
step corresponding to ks does not occur.
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FIGURE 3. Schematic representation of the sar RNA-ant RNA pairing pathway. Sar RNA and ant RNA secondary
structures and the numbering of the hairpins are described in Schaefer and McClure (1996). Solid lines represent stable base
pairs; dashed lines represent reversible base pairs. Descriptions of the pairing pathway and the structures of the inter-

mediates are given in the text.

mutation changed the pairing reaction only slightly.
The strength of the initial interaction was increased
1.4-fold, but k, was also reduced by 1.5-fold, resulting
in an overall selectivity (k,/K;) similar to that seen in
the wild-type pairing reaction. The 13C — U mutation
affected the pairing reaction more strongly. The strength
of the initial interaction was increased 2.5-fold, but k,
was reduced 6-fold, resulting in a 2.6-fold reduction in
overall selectivity.

To further explore how the structure of sar RNA
affects the pairing reaction, we measured the (compos-
ite rate constant) k,;,; corresponding to formation of the
fully paired complex for sar RNAs with 5’ or 3' trun-
cations, using the RNase protection assay. Populations
of 5’ end-labeled sar RNAs with 3’ truncations of vary-
ing length or 3’ end-labeled sar RNAs with 5" trunca-
tions of varying length were produced by limited
alkaline hydrolysis of sar RNA. These mixtures of short-
ened sar RNAs were incubated with excess ant RNA,
and the rate of appearance of each RNA fragment (cor-
responding to an individual truncation variant) was
used to calculate k,,, values for the shortened sar RNA-
ant RNA reactions.

The effect of sar RNA 3’ truncations on k, (Fig. 5A,C)
indicates that sequences in the second half of sar RNA
are definitely required for some step in pairing. Elimi-
nation of nt 67 and 68 from the 3’ tail caused a 25-150-

fold reduction in k,,; the additional removal of nt 66
caused a still greater reduction. Interestingly, after the
3' tail was totally removed, the value of k,;,; was equiv-
alent to the wild-type value. Nucleotides 56-65 could
be removed from the 3" half of stem II without affecting
the value of k,,, indicating that the entire stem is not
required for pairing. However, after nt 55 was removed,
and the sar RNA stem II was presumably no longer
present, the pairing rate was reduced 25-150-fold. Re-
moval of additional nucleotides did not cause a further
decrease in pairing rate. Therefore, loop sequences as
well as the loop per se are probably required for opti-
mal pairing. The drastic reduction in k., seen with
the 57 nt sar RNA is intriguing. Sar RNA structure
modeling using the MULFOLD (v. 2.0) RNA folding
program (Jaeger et al., 1989a, 1989b; Zuker, 1989) did
not indicate any alternative structures formed in the
57 nt sar RNA.

The effect of sar RNA5’ truncations on k,; (Fig. 5B,C)
indicates that sequences in the first half of sar RNA are
also required for wild-type pairing. When nt 1-27 were
removed, a greater than 150-fold decrease in k,;,, was ob-
served, indicating that hairpin II, by itself or in conjunc-
tion with the interhairpin region, has a severely reduced
ability to pair. Interestingly, k,,; was within 2.5-fold of
the wild-type value (data not shown) after nt 1-43 were
removed.
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FIGURE 4. Effect of sar RNA mutations and truncations on pairing,
kinetics. Gel-shift and RNase A protection experiments were per-
formed and analyzed as described in the legends of Figures 1 and 2.
RNase protection experiments contained 5’ end-labeled sar RNAs
and 182 nM (12U — A) or 352 nM (13C — U) ant RNA. A: Deter-
mination of K; and ky. ky,. values for sar RNA mutant 12U — A (@,
dashed line), sar RNA mutant 13C — U (M, dotted line), and sar
RNA truncation sar-34 (0, solid line) are plotted versus ant RNA
concentration. For comparison, the data of Figure 1 (wild-type sar
RNA) (0, solid line) are shown. Linear least-squares fits (Equation 3
in Materials and Methods) are indicated by the lines; numerical
values are given in Table 1. B: Determination of k3. The fraction of
the RNA in the fully paired complex is plotted versus time for sar
RNA mutant 12U — A (®, dashed line) and sar RNA mutant 13C —
U (m, dotted line). Indistinguishable values were obtained when k3
was determined from the kinetics of the intermediate and of the
fully paired duplex; thus, only data corresponding to appearance of
the fully paired duplex are displayed. For comparison, data from
Figure 2A (wild-type sar RNA) (O) are shown. Fits (Equations 4 and
5 in Materials and Methods) are indicated by the lines. k3 (12U — A)
is 6.4 min '; k3 (13C — U) is 8.1 min~'. At + = 2.5 min, the fraction
of RNA in the intermediate complex had reached 0 and the fraction
of RNA in the fully paired complex had reached 1.0.

The pairing reaction is Mg?*-dependent

The results of earlier studies indicated that the sar
RNA-ant RNA pairing reaction is Mg?*-dependent
(Liao, 1988). The experiments of Figure 6 examine the
dependence of k. on Mg?'. A plot of normalized k.
(see Materials and Methods) versus Mg”' concentra-
tion was sigmoidal, showing that more than one Mg**
ion is required for a maximal pairing rate. k., at sat-
urating concentrations of Mg?" (1.3 min ' — 1.9 min™")
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was 100-200-fold increased over the rate in the ab-
sence of Mg?*. The Hill coefficient (n = the apparent
number of Mg?" ions acting cooperatively in the re-
action) was 1.5; Mg, ,, (the concentration of Mg”" at
half-maximal k) was 6.1 mM.

Several RNA structures could account for the
Mg2*-dependence of the pairing reaction

The pairing reaction initiates with formation of revers-
ible contacts between sar RNA and ant RNA loop nu-
cleotides, followed by concomitant unwinding of sar
RNA and ant RNA hairpin stems and duplex propa-
gation. Sar RNA and ant RNA structures are Mg?*'-
dependent (Schaefer & McClure, 1996); the Mg**-
dependence of the pairing reaction presumably reflects
the requirement for Mg?" to stabilize RNA structure(s)
that promote these step(s). Specifically, Mg*" could be
stabilizing (1) one or more secondary structures re-
quired for formation of loop(s) involved in the initial
interaction, (2) tertiary structures required to present
the loop structure(s) in a particular conformation, or
(3) particular secondary or tertiary structure(s) that
favor hairpin unwinding. In addition, Mg”* could be
stabilizing the initial base pairs formed between the
loops.

In order to distinguish between these possibilities,
we compared the Mg?'-dependent structure forma-
tion results (Schaefer & McClure, 1996) with the Mg?* -
dependence of pairing examined in the experiments of
Figure 6. Mg?'-dependent structure formation was
assayed by measuring the ability of Mg*" to inhibit
ss-specific RNase cleavage. We assume that the concen-
tration of Mg®™ that half-maximally inhibited cleavage
is equal to the concentration of Mg?* that half-maximally
promoted structure formation (Kyy). The Ky, values
were compared to the Mg? ' -dependence of pairing in
the following way. Because the Hill coefficient (1) was
1.5, more than one Mg?" ion is required for pairing.
Thus, the Mg, ;» and 1 values obtained from the exper-
iment of Figure 6 were related to the individual disso-
ciation constants K, and K, for binding of Mg** to
particular RNA structures using the Adair equation de-
scribing binding of two ligands (see Materials and Meth-
ods). The results of this analysis indicated the presence
of a high-affinity and a low-affinity site: K; was 30 +
20 mM and K, was 2 = 1 mM.

A comparison of the K; and K, values with the Ky,
values (Fig. 7) indicates that the Mg®*-dependence of
pairing can be explained in terms of a requirement for
stabilization of individual RINA structures. The K, value
is similar to the Ky, value for formation of tertiary
structure involving sar RNA loop II (compare Ky, at
sar RINA nt 45 and 47 with K;; see Schaefer & McClure,
1996 for a discussion of the interpretation of specific
RNase digestion sites). Several Ky, values similar to
K, are observed. First, the KMg values observed for
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FIGURE 5. Effect of sar RNA truncations on k. Sets of 5' or 3’
end-labeled sar RNAs varying in length from 1 to 68 nt were made
using limited alkaline hydrolysis. These RNAs were used in RNase
protection experiments that were performed and analyzed as de-
scribed in the legend of Figure 2. OH, control lane with no added
RNase. Numbers next to the bands indicate the 3’ (part A) or 5'
(part B) terminal sar RNA nucleotide. A: Autoradiograph from a
RNase protection experiment using 5' end-labeled hydrolysis prod-
ucts and 15 nM ant RNA. RNA fragments had nucleotides removed
from the 3" end. Time points (min) are (from 1-12) 0, 0.2, 0.35, 0:55;
0.7,09, 15, 3, 5.5, 7, 30, and 30.5 min. B: Autoradiograph from an
RNase protection experiment using 3" end-labeled hydrolysis prod-
ucts and 20 nM ant RNA. RNA fragments had nucleotides removed
from the 5' end. Time points (min) are (from 1-10) 0, 0.4, 0.8,1, 1.2,
2,3,10, 15, and 40 min. C: A schematic representation of the results
of experiments like those of A and B. Top panel illustrates the change
in ks when nucleotides were removed from the 3’ end of sar RNA_
RNAs ending in nucleotides shown as bold (=5-fold), shadowed
(25-150-fold), or underlined (>150-fold) had the indicated reduc-
tions in ky;. The magnitude of the reduction in k,; denoted by
underlined nucleotides is a lower estimate because no detectable
pairing occurred over the time course of the reaction. The k, for
RNAs ending in nucleotides shown in plain font was not examined.
Bottom panel shows the change in ks when nucleotides were re-
moved from the 5 end of sar RNA (3’ end-labeled sar RNA), using,
the same conventions as in the top panel, except that the highlighted
nucleotide indicates the 5' terminal nucleotide. For pairing rate.
close to the wild-type rate, the standard deviation in k,, was gen-
erally = 30%.
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FIGURE 6. Mg®" dependence of the sar RNA-ant RNA pairing re-
action. Pairing reactions were performed in the presence of the in-
dicated concentration of Mg?' and analyzed as described in the
legend of Figure 1. Data are plotted as a Hill plot (logarithmic form
of Equation 6 in Materials and Methods). Results of two experi-
ments with different maximum k, values (k) are shown, using
different symbols. In experiment 1 (M), k. was 1.3 min ; in exper-
iment 2 (@), k. was 1.9 min ', The solid line indicates the fit: Mg/
is 6.1 = 0.9 mM and n = 1.5 * 0.2. For comparison, a hyperbolic
curve (n = 1) with the same Mg/, is indicated by the dashed line.
A least-squares fit using Equation 3 (# = 1) in Materials and Meth-
ods gave Ky, = 30 = 20 mM; thus, the Hill plot parameters were
used to describe the Mg?'-dependence.

formation of sar RNA tertiary structure involving loop
I (cleavage at nt 13, 14, and possibly 22) or the inter-
hairpin region (cleavage at nt 31 and 32) are similar to
the K; value. Second, the Ky, for cleavage at nt 109 in
ant RNA loop IV (Ky, = 2 + 1 mM) is in the correct
range to explain K,. However, it is not likely that sta-
bilization of this structure corresponds to K,, because
cleavage at the pairing partner of nt 109 (nt 99) has a
Ky value of 0.8 * 0.1 mM, indicating that the Ky, for
formation of this hairpin is probably, in fact, less than
1 mM. Finally, the Ky, values for formation of one or
more (as yet unidentified) tertiary interactions in ant
RNA (cleavages at 7, 65, 85, 87, 89, 102, and 112-132)
are also similar to K,. These results indicate that the
Mg?*-dependence of pairing can be explained in terms
of stabilization of individual RNA structures, although
a specific assignment of the high-affinity site cannot be
made. However, these results do not by themselves
prove that the Mg?"-dependence of pairing is the re-
sult of a requirement for stabilization of individual
RNA structures, because the Mg?* ions could be sta-
bilizing the initial complex between the two RNAs.

Both Mg?* ions are probably stabilizing
tertiary structures

In order to further investigate the nature of the Mg?"
binding requirement, we examined the ability of other
divalent cations and polyamines to substitute for Mg?".
The cationic specificity of the reaction can be used to
probe the nature of the Mg? ' -binding sites because the
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stabilization of secondary structure and the stabiliza-
tion of tertiary structure are expected to exhibit differ-
ent specificites. Hairpin helices can be stabilized by
any positively charged cation. In contrast, stabilization
of tertiary structure sometimes involves specific coor-
dination of the cations to the RNA; thus, the identity of
the cation can affect its ability to support tertiary struc-
ture (Teeter et al., 1981; Liang et al., 1994). Therefore, if
one or more of the Mg** ions involved in the pairing
reaction is stabilizing tertiary structure, it is expected
that the pairing reaction will exhibit cationic specificity.

An initial survey of the ability of various divalent
cations and polyamines to substitute for Mg?* in the
pairing reaction was done by determining k,;; at 15 nM
ant RN A over a range of cation concentrations (Schaefer,
1996). At 10 mM cation, Ca®* and Mn?* had k. values
within 80% of that observed with Mg?"; Sr®* had a k,
value approximately 20% of that observed with Mg?"
(Schaefer, 1996); and Co?* and Zn?' had k,,, values
less than 10% of that observed with Mg*" (data not
shown). The effect of the polyamine spermine (4) on
kops (Fig. 8) was similar in magnitude to the effect of
Mg?*; however, the concentration dependence was hy-
perbolic. This result suggests either that one spermine
can substitute for two Mg?* ions or that two sper-
mines are binding with the same affinity at each site.
Although spermine was able to substitute for Mg?*,
neither the polyamines spermidine (3 %), putrescein (2*),
nor high concentrations of K* (data not shown) were
able to substitute for Mg?".

Those divalent cations or polyamines that exhibited
k; values similar (+2-fold) to that observed with Mg?"
in the above assay were examined further. K; and k,
values were measured in the presence of 10 mM diva-
lent cation or polyamine. The results were compared
to the values of K; and k; obtained in the presence of
10mM Mg?* (Table 2). Although Mn?*, Ca?*, or sperm-
ine stimulated pairing significantly, the values of K|
and /or k, obtained were different than those obtained
with Mg?". Mn*" and Ca®* actually promoted pairing
better than Mg?*. In the presence of Mn?*, k, was
increased 60%. In the presence of Ca?', k, was in-
creased only 20%; however, the affinity of the initial
interaction was increased 30%, causing an overall in-
crease in the rate of formation of the first stable com-
plex. In the presence of spermine, the overall rate of
formation of the first stable complex was the same as
in the presence of Mg*"; however, this result was
achieved by compensatory changes in K; and k,. The
affinity of the initial interaction was increased 60%,
whereas k, was reduced 50%.

The experiments of Figure 8 and Table 2 indicate
that the pairing reaction exhibits cationic specificity.
The fact that the pairing reaction exhibits cationic spec-
ificity suggests that at least one of the Mg?* ions is
binding to a site that has specific size or coordination
requirements. Because ion binding to hairpins does
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not involve size or coordination requirements (Teeter
et al., 1981; Liang et al., 1994), the Mg** is probably
binding to a tertiary structure rather than to a hairpin.
We refer to this site as “site A.” In order to determine
if the other Mg?* binding site (referred to as “site B”)
also has cationic specificity, we examined the depen-
dence of k,,, on Mg?* in the presence of polyamines
that did not by themselves stimulate pairing signifi-
cantly (spermidine and putrescein). If site A has cat-
ionic specificity but site B does not, it is expected that
polyamines should be able to bind at site B, causing
the shape of the Mg?**-saturation curve to be hyper-
bolic rather than sigmoidal, with a k; value compara-
ble to that obtained with Mg?* alone. This prediction

1.5(0.6)

was tested in the experiment of Figure 9. The Mg?*-
dependence of pairing in the presence of spermidine
or putrescein was hyperbolic, suggesting that poly-
amines can bind to site B and stimulate pairing. How-
ever, the value of k, obtained in the presence of
polyamine was twofold less than that in the presence
of Mg*" alone. Thus, the polyamine was acting as a
noncompetitive inhibitor. We suggest that the binding
of the polyamine at a site (presumably at or near site
B) is able to stimulate pairing to some extent, but also
prevents Mg®* from binding to site B. Because the
binding of polyamine at or near site B is detectably
different than binding of Mg?" to site B, site B also
must exhibit some cationic specificity. Therefore, the
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FIGURE 8. Ability of polyamines to substitute for Mg®" in the pair-
ing reaction. Gel-shift experiments were performed as described in
the legend of Figure 1, in the presence of the indicated concentra-
tions of polyamines. A: k. when Mgz’ was replaced by spermine
(A, dashed line), spermidine (M, solid line), or putrescein (O, dotted
line) is plotted versus ant RNA concentration. For comparison, the
Mg*" -dependence data from experiment 2 of Figure 6 (®) are shown.
The best fit of the Mg?'-dependence data (Fig. 6) is indicated with
the solid line. Dashed line corresponds to the values of K (4.7 *
0.4 mM) and k; (1.7 + 0.4 min~") determined using Equation 3 in
Materials and Methods. Other lines indicate simple linear least-
squares fits.

Mg?* binding site B is also probably involved in sta-
bilizing tertiary structure.

DISCUSSION

The pairing mechanism

We propose the following pathway to describe the pair-
ing of sar RNA to ant RNA:

Ka‘ k2 kJ
A +.8 5= C—> C,—> AS,

based on the following observations. First, a plot of k.
(ant RNA in excess) versus ant RNA concentration was
hyperbolic. Thus, the first step is reversible. Second, a

TABLE 2. Effect of divalent ion substitutions on the binding and
propagation steps of the pairing reaction.®

Ka‘ kl kZ /Kd
Cation added (nM) (min ') M 1's
10 mM Mg?" 270 (30) 12 (1) 7.6 x 10°
10 mM Mn?' 260 (20) 19 (2) 1.2 % 10°%
10 mM Ca®* 200 (20) 14 (1) 1.1 x 10¢
10 mM spermine 120 (30) 6(2) 83 x 10°
None 3500 nd 7.3 % 10°

aGel-shift experiments were performed and analyzed as de-
scribed in the legend of Figure 1, in the presence of 10 mM divalent
cation or spermine. Standard deviations are given in parentheses.
Values in the presence of Mg?" are repeated from Table 1. nd, not
determined.
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FIGURE 9. Mg?"-dependence of the pairing reaction in the pres-
ence of 10 mM putrescein or spermidine. kg in the presence of
putrescein (0) or spermidine (O) is plotted versus Mg?" concentra-
tion. For comparison, the Mg?* dependence data from experiment 2
of Figure 6 (no polyamine) (@) are shown. Gel-shift experiments
were performed and analyzed as described in the legend to Figure 1,
in the presence of 10 mM polyamine and the indicated concentra-
tions of Mg?". Dashed line indicates the linear least-squares fit (Equa-
tion 3 in Materials and Methods) of the Mg?"-dependence data (+
polyamine): Kyis 4 = 1 mM; k,is 0.9 = 0.2 min L. Solid line indicates
the best fit to the Mg**-dependence data (from Fig. 6) (no poly-
amine): Mgy 2 is 6.1 * 0.5 mM; k; is 1.9 min !, The only way the (+
polyamine) data can be fit to a sigmoidal curve like that for the (-~
polyamine) data is if the ke values at 15 mM Mg*" point are off by
approximately twofold. This is extremely unlikely, because the error
in the gel-shift measurements is less than 10% (for instance, see

Fig. 1C).

stable intermediate resistant to large quantities of RNase
(C.) was observed, defining the step described by ks.
Third, the presence of a transient complex (C;) was
inferred from the fact that C, cannot be the form in
equilibrium with the free RNAs because C, was stable
to large quantities of RNase A. It should be noted that,
because the sar RNA used in the RNase protection
experiments was end-labeled, we cannot detect inter-
mediates that are not paired at least at one end. Thus,
it is possible that the pairing reaction proceeds through
additional stable intermediates before the observed in-
termediate forms.

Pairing of sar RNA to ant RNA proceeds through
formation of an initial, transient complex, followed by
stable duplex formation. We discuss the nature of the
transient intermediate and the process of stable du-
plex formation below.

The transient intermediate

The effect of removing the 3’ half of sar RNA on K,
suggests that nucleotides in sar RNA loop II are in-
volved in the initial complex (C,;). Removal of sar RNA
nt 34-68, including hairpin Il and the 3’ tail, caused a
significant increase in K, without altering any of the
structure in hairpin I (Schaefer & McClure, 1996). Thus,
some sequences in the 3’ half of sar RNA must be
important for formation of C,.

Assuming that initial contacts take place between
single-stranded regions, the increase in K, observed
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when the 3’ half of sar RNA is deleted could be caused
by removal of loop II or of the hairpin tail. We suggest
that the increase in K is the result of removing loop 1I,
because complete elimination of the 3’ tail did not
cause a reduction in k. The possibility that compen-
satory increases in k, or k3 could have resulted in the
unchanged k,;; seems remote.

The effect of sar RNA 3’ truncations on k,,, suggests
that the important sar RNA loop II sequences must
actually be in a loop for efficient formation of C,. Re-
moval of nt 55-69, leaving the sequences in loop II but
reducing the stability of or eliminating the stem, re-
duced k,, drastically; further deletion of nucleotides
in the loop did not cause an additional decrease in k.
The reduction in k,, was probably the result of an
increase in K. This hypothesis is supported by the
observation that one of the Mg®* ions required for
pairing is probably involved in stabilizing tertiary struc-
ture involving sar RNA loop II. Again, however, we
cannot exclude the possibility that &, or k; was re-
duced.

Sar RNA nt 12 is not paired in C,. Disruption of a
putative loop-loop U-A base pair with an A/A mis-
match at nt 12 (mutation 12U — A) actually increased
the affinity of the initial interaction, indicating that
this nucleotide is not itself paired in C,. However, the
fact that the value of K; was changed suggests that the
mutation affects formation of C; in some way. The
12U — A mutation changes sar RNA structure in two
ways (Schaefer & McClure, 1996). The top base pair in
hairpin I is disrupted by the mutation, and the tertiary
structure involving loop II is altered. Thus, the in-
crease in affinity could be the result of a more favor-
able loop conformation in either or both of the loops.
Loop structure effects are probably also seen in an-
other pairing reaction. The strength of reversible base
pairs formed in the pairing between model hairpins
derived from the Col E1 RNA I and RNA 11 is affected
both by the composition of the loops and the stems;
NMR analysis indicates that the loop-loop complex
stacks on the hairpin stems (Eguchi & Tomizawa, 1991;
Gregorian & Crothers, 1995; Marino et al., 1995). Thus,
it is likely that the precise structures both of the indi-
vidual loops and the complex formed between them
affect the strength of the initial complex.

Two observations suggest that sar RNA nt 13 and 14
are paired in C,. First, during the sar RNA-ant RNA
pairing reaction, susceptibility to the ss-specific RINase
A at nt 13 and 14 disappeared before susceptibility at
nt 2 disappeared. This result suggests that an initial
step involves pairing at nt 13 and 14 (Liao, 1988). Sec-
ond, a number of mutations at nt 13 impair the pairing
reaction. Changing nt 13 from C — A caused a fivefold
reduction in k. by itself or in combination with a
mutation that eliminates nt 4; changing nt 13 from
C — U also caused a fivefold reduction in k,,,. Al-
though the nt 13 mutations could be increasing K; or
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decreasing k; or ks, it seems likely that (with one ex-
ception described below) K, is being increased: the
13C — A mutation, with or without a deletion of nt 4,
is not predicted to change the overall hairpin I struc-
ture, and thus should not alter k, (or k). Therefore,
based on the RNase susceptibility experiments and the
effect of mutations at nt 13, we suggest that nt 13 and
14 are paired in the initial, transient complex. It is
interesting to note that sar RNA nt 13 and 14 are com-
plementary to nucleotides in ant RNA stem IV that are
unusually accessible for stem nucleotides (Schaefer &
McClure, 1996).

As observed with the 12U — A nucleotide change,
the 13C — U mutation actually increases the strength
of the initial interaction. The increase in affinity is thus
probably a result of altered secondary or tertiary struc-
ture. The 13C — U mutation reduces the size of loop I,
by making a 3-nt U turn possible (Schaefer & McClure,
1996). In addition, the mutation changes the tertiary
structure in loop II. Either change or both changes
together could cause the increased affinity. Although
the intermolecular C-G base pair was replaced by a
U.G base pair, the complex strength increased. This
observation suggests that the magnitude of the in-
crease in affinity caused by the changed loop structure
is sufficient to overcome the energetic loss associated
with the nucleotide change as well as to cause a fur-
ther observable increase in affinity.

Many sar RNAs with 5’ truncations that eliminate nt
13 and 14 paired to ant RNA with k. values within
fivefold of wild-type, apparently contradicting the idea
that formation of C; requires pairing at nt 13 and 14.
We propose that sar RNAs lacking nt 13 and 14 are
able to pair at wild-type or near wild-type rates be-
cause alternative pairing pathways can be adopted
when the 5’ sar RNA sequences are no longer con-
tained in a hairpin. In this model, the effects of 5’
truncations can be grouped into three classes. The first
class involves removal of only a few nucleotides and
does not disrupt stem I. The pairing pathway in this
case is identical to the wild-type one, and initial con-
tacts are not affected; k. is within fivefold of the wild-
type value. In the second class of truncations, enough
nucleotides are removed to disrupt stem I and thus
leave a long, single-stranded region. RNA-RNA pair-
ing bypasses the loop-loop interaction step, and stable
complex formation initiates between single-stranded
sar RNA nucleotides and ant RNA loop nucleotides
either in loop IV or in the multi-branched loop, de-
pending on the length of the sar RNA truncation. Again,
this alternative pathway results in k,, values within
fivefold of the wild-type value. The third class in-
volves deletion of so many nucleotides (deletion of at
least nt 1-25) that the sar RNA single-stranded region
is very short, and a helix long enough to be stable is
not formed before a pause in helix propagation corre-
sponding to unwinding of sar RNA stem Il and ant
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RNA stem III occurs, These RNAs are severely ham-
pered in pairing (k. is reduced > 25-fold) because
they cannot form C,; (loop I is gone) and cannot initiate
stable complex formation through another pathway.

The initial complex C; almost certainly involves only
loop-loop interactions. Initial base pairs can form only
between single-stranded nucleotides. Aside from the
loops, sar RNA contains only one single-stranded re-
gion: the interhairpin region. The interhairpin region
is complementary to a region in ant RNA that is paired
(Schaefer & McClure, 1996). Therefore, initial contacts
are presumably being made only between nucleotides
in complementary loops.

The number of base pairs formed in the initial com-
plex (C;) was estimated roughly from the value of K.
The result suggests that a small number of reversible
base pairs form involving nucleotides in each sar RNA
loop. The observed K; value of 270 (£ 30) nM for
formation of the initial complex corresponds to AG® =
—9.4 (+ 0.1) kcal/mol. Because the AG® values for
formation of base pairs are sequence specific (Freier
et al., 1986), any estimate of the number of base pairs
depends on the assumptions made about the base com-
position of the paired region. Because nucleation in
oligomers takes place preferentially at G-C base pairs
(Cantor & Schimmel, 1980), we assumed that nucle-
ation between nucleotides in sar RNA loop Il and their
complements in ant RNA loop III occurs at G-C base
pairs. Thus, we assume that sar RNA nt 49, 50, and 51
are paired in the initial complex. In addition, the evi-
dence discussed above indicates that sar RNA nt 13
and 14 are paired in the initial complex. The minimum
complex with these nucleotides paired has a predicted
AG® value of —7.8 kcal/mol. This is on the order of the
observed AG® value, indicating that only 2-4 nt in each
sar RNA loop form base pairs in C,. Because at least
some short duplexes formed between nucleotides in
loops are more stable than the same duplexes formed
between nonloop nucleotides (Grosjean et al., 1976;
Eguchi & Tomizawa, 1991; Gregorian & Crothers, 1995),
the number of base pairs estimated using the standard
AG® values may be an overestimate.

The propagation steps

Two kinetically distinguishable propagation steps were
observed. In the first step, nt 1-32 of sar RNA (hairpin
I and the interhairpin region) and nt 65-68 (the 3’ tail)
pair to ant RNA nucleotides. The pairing requires the
disruption of sar RNA hairpin I and its complement,
as well as the four bottom base pairs of ant RNA stem
IIL. In the next step, all remaining stems (the rest of ant
RNA stem III and sar RNA stem II) unwind and com-
plete duplex formation occurs.

Topological constraints dictate that the intermediate
complex (C.) cannot form with the simultaneous un-
winding of sar RNA stem I and ant RNA stem IV and

169

propagation of the short, transient helix formed be-
tween sar RNA loop I and ant RNA loop IV as the
stems unwind. Therefore, stable complex formation
must initiate either (1) between sequences that are
single-stranded in one RNA and contained in a loop in
the other RN A or (2) between sequences that are single-
stranded in both RNAs. Although it is formally pos-
sible that stable complex formation could initiate from
the initial sites of contact in sar RNA loop I and its
complement if the stems were disrupted completely
before intermolecular helix propagation began, the mag-
nitude of the activation energy estimated from the tem-
perature dependence of k,;; (E, = 17 kcal /mol; (Schaefer,
1996)) suggests that this process does not occur.

Stable complex formation is not initiating between a
single-stranded sequence and a loop sequence. An ex-
amination of the proposed structures of ant RNA and
sar RNA (see Schaefer & McClure, 1996) reveals no
complementary sequences that are single-stranded in
one RNA and in a loop in the other RNA. Other than
ant RNA loops III and IV, the only ant RNA single-
stranded sequence is in the multi-branched loop.
The sar RNA sequence complementary to the multi-
branched loop sequence is in stem I. Therefore, pairing
cannot be initiating between these two regions.

Stable complex formation is probably initiating be-
tween the sar RNA interhairpin region and the 3’ end
of ant RNA stem III. The only unambiguously identi-
fied nonloop, single-stranded region in sar RNA is the
interhairpin region. The interhairpin region is comple-
mentary to the last 4 nt in ant stem III; however, the
bottom of this stem is accessible to a ss-specific RNase
at least some of the time (Schaefer & McClure, 1996).
Thus, pairing is probably initiating between nucleo-
tides in the sar RNA interhairpin region and the bot-
tom of ant RNA stem III during that fraction of the
time that ant RNA stem Il sequences are accessible.
Although the bottom of ant RNA stem IlI is accessible
some fraction of the time and is complementary to the
sar RNA 3’ tail, stable complex formation is not ini-
tiating between these regions. In free sar RNA, the 3’
tail is clearly inaccessible to ss-specific RNases (Schaefer
& McClure, 1996). In addition, complete deletion of
the sar RNA 3’ tail does not affect k,,, indicating that
the 3' tail is not required for pairing.

Sar RNA mutations 12U — A and 13C — U cause a
reduction in the value of k,. The observed reductions
in k; cannot be explained by postulating that stable
complex formation occurs only when sar RNA hairpin
I is completely unwound, and that the value of k, re-
flects the proportion of time that the hairpin is un-
wound. The predicted AG® values for the wild-type
and mutant sar RNA hairpins suggest that the RNA is
found in hairpin form > 99% of the time at 37 °C; the
absence of ss-specific RNase digestion at most nucle-
otides in stem I in both the wild-type and mutant sar
RN As (see Schaefer & McClure, 1996) is consistent with
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this prediction. In addition, the activation energy for
the k, step measured with wild-type sar RNA (see
above) indicates that total unwinding of hairpin I does
not occur before stable complex formation. Therefore,
the observed differences in k, do not reflect the frac-
tion of time that the hairpin is unwound. Thus, the
mutations must decrease the rate of unwinding of one
or more base pairs. Presumably, the change in struc-
ture introduced by the mutations stabilizes one or more
base pairs so that the total enthalpy for disrupting the
base pair(s) is greater. The change in k, observed with
subtle changes in the sar RNA hairpin I is similar to
observations made in the copA RNA-copT RNA pair-
ing reaction: removal of bulged nucleotides and inter-
nal loops, or even moving these elements, had a marked
effect on the rate of hairpin disruption (Hjalt & Wag-
ner, 1995).

Structures that are required for maximal
pairing rates

The pairing of sar RNA to ant RNA is strongly Mg?"-
dependent. The shape of the Mg? ' -dependence curve
indicates that binding of at least two Mg** ions is
required for maximal k. values. The dissociation
constants for binding of Mg?* to the high- and
low-affinity sites, respectively, are around 2 mM and
30 mM.,

The Mg?*-dependence of the pairing reaction pre-
sumably reflects a requirement for Mg*" to stabilize
RNA structure(s) that promote pairing. We argue that
the two observed Mg?" ions are involved in stabil-
ization of RNA tertiary structure, for the following
reasons. First, the pairing reaction exhibited cationic
specificity. Therefore, at least one of the Mg** ions
binds to a site (site A) that has specific size or coordi-
nation requirements. This finding is most consistent
with the suggestion that Mg** binding at site A stabi-
lizes tertiary structure. Second, the shape of the Mg?**-
dependence curve in the presence of those polyamines
that did not themselves stimulate pairing became hy-
perbolic with a k, twofold less than that observed with
Mg?" alone. This result suggests that the polyamines
are able to bind to a second site (site B) and stimulate
pairing to some extent, but that the binding of poly-
amine to site B is not as effective at promoting pairing
as is the binding of Mg?* to site B. The fact that the
value of k, was twofold less when polyamines were
bound to site B than when Mg?" was bound to site B
suggests that this site may also have some specific size
or coordination requirements. Again, this finding is
most consistent with Mg?" binding at site B, support-
ing tertiary structure. Thus, both Mg?" ions are most
likely involved in stabilization of tertiary structure.

The requirement for appropriate tertiary structure
may be unusual in antisense RNA-target RNA pairing
reactions. Mutations that totally eliminate the anti-
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sense RNA hairpin but that do not change the nucle-
otides in the region of initial interaction have no effect
on the RNA.OUT-RNA-IN pairing reaction (Kittle
et al., 1989). This observation suggests that the precise
structure of the antisense RNA is not important (the
target RNA is unstructured in the region of inter-
action). Similarly, individual RNA tertiary structures
are probably not required for maximal pairing rates in
the copA RNA-copT RNA pairing reaction. The pair-
ing reaction is Mg?*-dependent; however, the Mg**
requirement can be met by high concentrations of
monovalent ion (Persson et al., 1990). This result sug-
gests that the hairpins themselves or the initial helix
formed between the nucleotides may be stabilized by
Mg?*, but also indicates that tertiary structures are
probably not required. In contrast, tertiary structure
may be required in the RNA I-RNA II pairing reaction
from the plasmid Col E1. The pairing reaction is Mg? ' -
dependent (Tomizawa, 1984); and the stability of the
initial complex formed between isolated hairpins de-
rived from RNA I and RNA Il is affected by mutations
in both loop and stem nucleotides, even while com-
plementarity and base composition are conserved
(Eguchi & Tomizawa, 1991; Gregorian & Crothers, 1995).
In addition, NMR analysis of the initial complex sug-
gests that the interacting regions are stacked on the
hairpin stems (Marino et al., 1995). Therefore, the pre-
cise structure of the loops and the complex formed
between them may affect the stability of the initial
loop-loop complex and, thus, the pairing rate.

Our results suggest that Mg” " stabilizes tertiary struc-
ture involving sar RNA loop II; the placement of the
other Mg?" cannot be assigned. The dissociation con-
stant for the low-affinity site is about 30 mM. This
value is similar to the value for Mg?*-dependent ter-
tiary structure involving sar RNA loop II; therefore,
this loop is a good candidate for a structure required
for pairing. The dissociation constant for the high-
affinity site is about 2 mM; this dissociation constant
could correspond to Mg?" binding to sar RNA tertiary
structure involving loop I or the interhairpin region, or
to (as yet unidentified) ant RNA tertiary structure.

It is not known if Mg?* is required to stabilize one or
both of the initial complexes between the loops. Mg?*
is known to stabilize the complex between model hair-
pins derived from the Col E1 RNA I and RNA II (Gre-
gorian & Crothers, 1995); thus, it is possible that Mg?"
is acting this way in the sar RNA-ant RNA pairing
reaction. The two Mg?" ions that are inferred from the
Mg?*-dependence of the pairing reaction are probably
involved in stabilization of tertiary structure. How-
ever, it is possible that binding of additional Mg?* ions
is required for maximal pairing rates, and that these
ions are required to stabilize initial complex(es). If so,
the dissociation constant(s) for binding of Mg?* ion(s)
to these site(s) would have to be between 2 and
30 mM.
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The in vivo mechanism of inhibition

Formation of the initial, reversible complex is proba-
bly not sufficient to exert antisense control. Sar RNA nt
13 and 14 pair to the Shine-Dalgarno ribosome bind-
ing sequence in the initial, reversible complex. Thus, it
is possible that binding of sar RNA to ant RNA in the
initial complex could compete with binding of the ri-
bosome to ant RNA, and that the competition would
be sufficient to establish antisense control. This possi-
bility is supported by the observation that formation
of the transient complex is sufficient for antisense con-
trol in the Col E1 RNA I-RNA II system (Lin-Chao &
Cohen, 1991). However, it should be noted that anti-
sense control in this case does not involve competition
with a ribosome. The effect of the sar RNA loop I
mutations on K; suggests that formation of the revers-
ible complex is not sufficient to exert control in the sar
RNA-ant RNA control system. Both sar RNA loop I
mutations have been shown to reduce the ability of sar
RNA to reduce ant/lacZ gene expression in vivo (M.M.
Susskind, pers. comm). Because these mutations also
increase the strength of the initial, reversible inter-
action, it appears unlikely that formation of the tran-
sient complex is sufficient to exert antisense control.

Factors other than the rate of formation of the first
stable complex or the fully paired duplex probably
affect the ability of sar RNA to exert antisense control.
The ratio of the mutant k, /K, value to the wild-type
k, /K, value describes the relative rate of formation of
the first stable complex with the mutant sar RNA in
the limit of low ant RN A concentration. Although both
the 12U — A (relative k;/K; = 0.92) and the 13C - U
(relative k, /K, = 0.38) mutations cause reductions in
the value of k, /K,, the magnitude of the effect is not as
large as the effect observed in vivo: both the 12C — U
mutation and the 13C — U mutation impair the ability
of multicopy sar RNA to reduce ant/lacZ expression by
about fivefold (M.M. Susskind, pers. comm.). In addi-
tion, the relative rate of formation of the fully paired
duplex does not explain the observed in vivo defects,
because the k; values observed in pairing reactions
with wild-type and mutant RNAs are the same within
erTror.

Several factors could explain the lack of correlation
between the kinetic parameters measured in vitro and
the level of control observed in vivo. First, it is possible
that the mutations affect the sar RNA concentration
achieved in vivo. Although this possibility has not been
investigated extensively, mutant RNA concentrations
in vivo are within twofold of wild-type RNA concen-
trations (M.M. Susskind, pers. comm.), suggesting that
relative RNA levels are not the explanation for the lack
of proportionality between the k,/K; value and the
observed level of control. Second, it is possible that
pairing may be affected by a protein factor like the
Rom protein that increases the strength of the initial,
transient interaction between the Col E1 RNA I and
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RNAII (Eguchi & Tomizawa, 1990; Tomizawa, 1990a).
If this were the case, the kinetic values measured in
our system would not reflect the actual in vivo pairing
reaction. Third, it is possible that RNA folding and
pairing take place simultaneously, and that the in vitro
folded structures of sar RNA and ant RNA do not
reflect the in vivo structures. Finally, binding of diva-
lent cations may be altered in the mutant RNAs. If the
binding of ions or other small cofactors were different
in each mutant, the observed larger-than-predicted loss
of control and lack of correlation between k, /K levels
and control might be explained.

MATERIALS AND METHODS

Reagents and enzymes

Tris-HC, Tris base, KCI, CoCl,, putrescein, spermidine, sperm-
ine, and cytidine 3'-monophosphate (Sigma), MgCl,, ZnCl,,
5rCly, CaCl,, glycerol, chloroform, and dimethylsulfoxide
(Fisher), MnCl, (].T. Baker Chemical Co.), EDTA (ICN Bio-
chemicals), ATP (Pharmacia LKB Biotechnology), acrylamide
(Bio-Rad), formamide and proteinase K (Boehringer-Mann-
heim), phenol (International Biotechnologies, Inc.), bromphe-
nol blue and xylene cyanol (Schwartz-Mann Biotechnology),
[y-*P]-ATP (Amersham), Escherichia coli total tRNA (Boeh-
ringer-Mannheim), T4 RNA ligase (United States Biochem-
ical Co. or Bethesda Research Laboratories), SDS (Bio-Rad),
and NaOH, KOH, and perchloric acid (Baker) were pur-
chased from the sources indicated.

RNA synthesis, labeling, and purification

The DNA constructs used, RNA synthesis, 5' end-labeling,
and RNA purification were described in Schaefer and Mc-
Clure (1996). RNAs were 3' end-labeled with cytidine 3’,
5'-[5'-*2P] bisphosphate (pCp) and T4 RNA ligase. [5'-72P]
pCp was made from cytidine 3'-monophosphate (Cp) by
incubating 160 uM Cp, 160 uM [y-3?P]-ATP (typically 3 X
105 Cerenkov cpm/pmol), and 10 units polynucleotide ki-
nase in 10 pL in the buffer supplied by the manufacturer
(kinase buffer) at 37 °C for 30 min. The pCp was used in the
ligation step without further purification. RNA ligation re-
actions contained 109 uM pCp, 1.1 uM sar RNA, 1.5 M di-
methyl sulfoxide, 1.1 mM ATP, and 20 units RNA ligase in
kinase buffer in 14 ul. Reactions were incubated at 37 °C
for 2 h.

Measurement of pairing rate by the
electrophoretic mobility shift (gel-shift) assay

Initiation of pairing reactions was done in two ways. In both
cases, RNA pairing reactions contained the indicated amounts
of ant RNA and = 1.5 nM 5’ end-labeled sar RNA (typically
>1,000 Cerenkov cpm/lane). The RNAs were pretreated by
heating to 95 °C for 2 min, followed by quick chilling on ice.
In the experiments of Figures 1, 4, and 6, the RNAs were
incubated separately for 20 min in pairing buffer with Mg?*
(20 mM Tris-HCI, pH 8.0, 100 mM KCl, 8 ng/mL tRNA, and
the indicated concentrations of MgCl,). Pairing was initiated
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by the addition of sar RNA to ant RNA. The samples taken
for time = 0 in all experiments contained only sar RNA;
pairing buffer was added to sar RNA in place of the ant
RNA. In the experiments of Figures 8, 9, and Table 2, the
RNAs were incubated in pairing buffer without Mg?*
(20 mM Tris-HCI, pH 8.0, 100 mM KCI, and 8 pug/mL tRNA)
at 37°C for 20 min. Pairing reactions were initiated by ad-
dition of sar RNA to ant RNA, followed by immediate
addition of the indicated divalent cation or polyamine. Pre-
incubation of the RNAs with Mg®* and initiation of the
reaction with Mg?" yielded the same pairing rate (data not
shown). For pairing reactions that contained a single poly-
amine or divalent cation (the experiments of Fig. 8 and
Table 2), the ant and sar RNAs were together for only
0.15 min before the cation was added. The maximum rate
constant k, in the absence of divalent cation was 0.22 min !
(at 500 nM ant RNA; Schaefer, 1996); thus, less than 5% of the
sar RNA in any experiment became paired in the 0.15 min
required to add the polyamine or cation. For pairing reac-
tions that contained both polyamine and Mg?* (the experi-
ments of Fig. 9), the RNAs were together for (1.5 min before
addition of Mg?*. Because k., at 15 nM ant RNA in the
presence of the polyamines used was < 0.05 min~! (Fig. 8),
less than 2% of the sar RNA became paired before addition
of the Mg?".

In all experiments, 10-uL. portions of the reaction were
removed at various times and the pairing reaction was
terminated by the addition of 2 pL of stop solution (30%
glycerol, 100 mM EDTA, 0.2% xylene cyanol, and 0.2% brom-
phenol blue) plus 1 uL 0.5 M EDTA. For reactions containing
polyamines, the samples were also quick frozen in a dry
ice/ethanol bath, followed by thawing just until the sample
became liquid (the pairing reaction is strongly temperature
dependent; Liao, 1988; Schaefer, 1996). In both cases, the
reaction was immediately loaded on a 5% polyacrylamide
(29:1 acrylamide:bis-acrylamide) slab gel (14 X 16 X 0.15 cm)
and run at 150 V in TBE running buffer (0.09 M Tris-borate,
pH 8.5, and 0.002 M EDTA). Gels were dried onto Whatman
3MM paper and quantitated using an AMBIS 4000 Radio-
analytic Scanner (Scanalytics). For some experiments, an
image was also made by exposing Kodak X-O-MAT film to
the gel.

Measurement of pairing rate by the RNase
protection assay

RNA pairing reactions were performed with = 15 nM ant
RNA and = 1.5nM 5’ or 3’ end-labeled sar RNA (wild-type,
mutant, or a mixture of limited alkaline hydrolysis prod-
ucts). Typical experiments contained 5,000-10,000 Cerenkov
cpm/lane. RNAs were pretreated by heating to 95°C for
2 min, followed by quick chilling on ice. The RNAs were
then incubated in pairing buffer (20 mM Tris-HCI, pH 8.0,
100 mM KCL, 10 mM MgCl,, and 8 pg/mL tRNA) at 37 °C
for 20 min. Pairing reactions were initiated by the addition of
ant RNA to sar RNA. Zero-minute time points contained
only sar RNA; pairing buffer was added to sar RNA in place
of the ant RNA. At various times, portions of the reaction
were removed and the pairing reaction was terminated by
the addition of 40-124 pg/mL (ss-specific) RNase A. Under
these conditions, sar RNA underwent > 5 cleavages/molecule
within 7.5 s (data not shown); thus, the pairing reaction was
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quickly quenched by elimination of intact RNAs. After a =
10-min incubation, the RNase digestion reactions were ter-
minated by adding SDS to a final concentration of .55% and
proteinase K to a final concentration of 0.14 mg/mL. The
samples were then incubated at 37 °C for 20 min. Proteinase
K was removed from the samples by extraction with an equal
volume of phenol and chloroform (1:1); the RNA was then
precipitated with ethanol. The pellet was dissolved in equal
volumes of pairing buffer and loading buffer (80% formam-
ide, 10 mM NaOH, 1 mM EDTA, 0.1% xylene cyanol, and
0.1% bromphenol blue), heated to 95°C for 2 min, quickly
chilled on ice, and run on a polyacrylamide/7 M urea se-
quencing (31 X 38.5 % 0.04 cm, 8-12.5% 19:1 acrylamide:bis-
acrylamide) gel at 60 W in running buffer. A size ladder
made by alkaline hydrolysis of sar RNA was loaded along
with the digestion reactions.

Alkaline hydrolysis of RNA

Limited alkaline hydrolysis was performed at 95°C for
2-3 min in 25 mM KOH. The hydrolysis reaction was then
terminated by placing the reaction at 4 °C. The cleavage re-
action was completed by adding perchloric acid (HCIQ,) to
a final concentration of 29 mM. Following a 15-min incuba-
tion at 4 °C, the reaction was neutralized with Tris base; the
RNA was then precipitated with ethanol. If the RNA was to
be used as a marker, the resultant RNA pellet was dissolved
in equal volumes of pairing buffer and loading buffer and
loaded on the gel. If the RNA was to be used in RNase
protection experiments, the pellet was dissolved in a solu-
tion of 10 mM Tris-HCI, pH 8, and 0.1 mM EDTA.

Calculation of rate constants

Pseudo-first-order rate constants (k) for the sar RNA-ant
RNA pairing reaction were measured in two types of exper-
iments. Rate constants for intact sar RNA-ant RNA pairing
reactions were measured by gel-shift assay. Rate constants
for pairing reactions with sar RNA length variants created
by limited alkaline hydrolysis were measured with the RNase
protection assay. For the gel-shift assay experiments, In (frac-
tion total lane cpm in the sar RNA band) was plotted versus
time; for the RNase protection experiments, In (cpm in band
n/cpm in band 1 in the no RNase lane) was plotted versus
time. In both cases, the slope = —k,.

Calculation of K, and k, from gel-shift
assay experiments

K4 and k; values were determined from plots of k,; versus
ant RNA concentration (Figs. 1 and 4, and the experiments of
Table 2). For the following mechanism,

ky ka
A+ Ski C,—> stably paired complex(es),

with ant RNA in excess,

kyekae Ay

kubs = k—l + k2 + k]'A(} r (1)
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(Strickland et al., 1975) where k;, k_,, and k, are rate con-
stants for the individual steps and A, = the concentration of
ant RNA in the reaction. Given that the dissociation constant
(Kg) for the first reversible step is k_ /k; and assuming that
the initial step is in rapid equilibrium compared to the rate
of the second step, (k-1 > ky):

ka=Ag

kops = K + A (2)

Kg and k; were determined by fitting the data to an equation
analogous to the Scatchard equation:

kubs _ E}“ _ kobs (3)
AO Ka' Kd ’

A plot of k. / Ay versus k,,, was a straight line with slope =
—1/Ky; ky = —intercept/slope. The slope and intercept were
determined using the linear least-squares regression from
the Kaleidagraph (Synergy Software) graphing program. Stan-
dard deviations in the slope and intercept of the line were
propagated according to Bevington (1969). Because the value
of k; determined in this way was very small (12 min~"), we
believe that the rapid equilibrium assumption was reason-
able.

The value of k,,; reached a plateau at high concentrations
of spermine (Fig. 8) and at high concentrations of Mg?" in
the presence of putrescein or spermidine (Fig. 9). Equa-
tions 2 and 3 were also used to analyze the experiments of
Figures 8 and 9. In these cases, k, = k,; at saturating cation
concentrations and K; = the dissociation constant for the
interaction between RNA and the cation. A small back-
ground value of ky; (=0.01 min ! in the absence of cation)
was subtracted from all k,,; values before analysis.

Calculation of k; from RNase protection
experiments

The value of k3 was determined from RNase protection ex-
periments (Figs. 2, 4), using the values for K; and k, deter-
mined as described above. For the following mechanism,

Ka k2 ka
A+S5—C,i—C.— AS ,
with ant RNA in excess,

S_ﬂ B (kS - kni:s)

km‘:s

—k3-f
oo — k) ¢ @)

and

AS 1
R R VKot op " kat
So {1 ¥ s — ) T e )} ©

(Amdur & Hammes, 1966), where k., = koAy/(Ky + Ap), t =
time, K; = the dissociation constant for the first reversible
step, Ap = the concentration of ant RNA in the reaction, and
Sy = the initial concentration of sar RNA in the reaction.
Theoretical curves for the time course of appearance of AS
and for the appearance and disappearance of the intermedi-
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ate C. were generated, using the above equations with the
known values for Ky, ks, and Ay, and various values for k.
The value of k3 was estimated by determining what value of
ks resulted in AS and C, curves that, when compared to the
data, gave the minimum chi-square deviation. Final k; val-
ues reported are the result of multiple independent deter-
minations; the error of the mean was calculated according to
Bevington (1969).

Analysis of sigmoidal curves

The value of kg, varied sigmoidally with Mg?" concentra-
tion (Fig. 6). The concentration of Mg?" at half-maximal K,
(Mg, ) and the Hill coefficient (# = the apparent number of
Mg?* cations acting cooperatively in the reaction) were de-
termined by fitting the observed rate constants as a function
of [Mg?'] to the Hill equation:

knmx . (Mg) ”

ku 5 A P (NA
b' Mgy 2)" + (Mg)"

(6)

where k. = the kys at saturating [Mg?*]; and Mg = the
concentration of Mg**. Because the value of k,,, varied as
much as 50% between RNA preparations, k., was normal-
ized to the k,,,, value obtained with a particular RNA batch.
In addition, when comparisons were made between k,, val-
ues obtained in the presence of various cations (Figs. 8, 9;
Table 2), all experiments were performed with the same prep-
aration of RNA. A small background value of k,, (=0.01
min~' at 0 mM Mg?*) was subtracted from all k,,, values
before analysis. Values of k.., Mgy, and n were deter-
mined by the Kaleidagraph graphing program, using only
those points between 10% and 90% of k..

Determination of individual dissociation
constants for Mg?* from the values
of Mgy, and n

We analyzed the Mg?'-dependence data using the Adair
equation describing the binding of two ligands (the mini-
mum for the value of n observed):

ko Mg /K)) + Mg? /K, +K;) )
Koax 1+ ((2-Mg)/K1) + (Mgz/ Ki+K;)

where Mg = the concentration of Mg®® and K; and K; are
the dissociation constants describing the binding of Mg?" to
the lower- and higher-affinity binding sites, respectively. For
this equation,

log Ky + log K,

log (Mg ») = )

and ((2/n) - 1% =K, /K,
(8)

(Levitsky, 1978). Standard deviations of the Mg, ,» and n
values were propagated to determine a range for the Ky and
K; values.
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Nuclear pre-tRNA terminal structure
and RNase P recognition
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ABSTRACT

Nuclear pre-tRNA transcripts often contain an extension of the aminoacyl stem formed by base pairing between the
5'-leader and 3'-trailing sequences, but the -1 position preceding the mature 5’ end is usually left unpaired. Con-
sidering recently proposed tertiary structural models for RNase P RNAs, we hypothesize that the -1 mismatch
prevents a strong, coaxially extended aminoacyl stem, which might otherwise sterically interfere with substrate
positioning in the RNase P active site. This hypothesis is tested by creating uninterrupted aminoacyl stem extensions
in four nuclear tRNA precursors that normally have a mismatched nucleotide at position -1, and comparing their
cleavage rates with those of the normal precursors. Determinations of K, and k., values for a normal and an altered
pre-tRNASUPS3, which exhibits the most subtle structural alteration immediately upstream of the cleavage site, indicate
that the mismatch at position -1 is an important structural requirement for both substrate affinity and efficient
catalysis (and/or product release) by nuclear RNase P. This conclusion is further supported in vivo, where the
pre-tRNASUP53 mutant precursor lacking the -1 mismatch is shown to accumulate.

Keywords: enzyme—substrate interaction; kinetic constants; nuclear RNase P; pre-tRNA structure

INTRODUCTION et al., 1994; Westhof & Altman, 1994) and Saccharomy-
The 5'-leader sequences from precursor tRNA mol- ces cerevisiae RNA (Pagédn-Ramos et al., 1995) have been
ecules are processed by RNase P, a ribonucleoprotein ~ Proposed recently. e

endonuclease (Altman, 1989). In eubacteria, the RNA Examlnatlon of numerous mutations in pre-tRNAs
moiety of RNase P alone is catalytically active (Guerrier- has defined substrate sequences and/or structural de-
Takada et al., 1983), whereas eukaryotic and archae- terminants critical for both binding and catalytic pro-

bacterial enzymes bind and cleave substrates only in ~ esS- As predicted by Altman et al. (1975), mutations
the context of holoenzymes (Darr et al., 1992). RNase P fesulting in an impairment of folding capacity of the

is unique among known ribozymes in that it rec- mature ‘tRNA.domain disrupt the substrate—.enzyme
ognizes conserved tertiary structural features of its ~ nteraction (KIrSEb'_Dm,&F Altman, 1589). Studies have
substrates, rather than utilizing base pairing comple- demonstrej\ted the significance of a coax1-al. stem formed
mentarity, and so can accurately process a large num- by the aminoacyl and T-stem for recognition by the M1

ber of different pre-tRNAs of unrelated sequence. A ~ RINA, as well as important contact points in the T-loop
full understanding of enzyme-substrate interaction, of the precursor (McClain et al., 1987; Green & Vold,
therefore, can only be achieved after elucidating the ~ 1988; Kahle et al., 1990b; Thurlow et al., 1991; Holm &
higher-order structural requirements of both catalytic ~ <rupp, 1992; Kirsebom & Svird, 1992). Mutations in
and substrate RNAs. Toward this goal, secondary struc- ~ the aminoacyl stem have been shown to affect RNase
tures of the general eubacterial RNase P RNA (James P cleavage (Nichols et al., 1988; Carrara et al,, 1989;
et al., 1988; Hass et al., 1994) and yeast nuclear RNase Drainas et al., 1989; Krupp et fﬂ" 1991), and direct
P RNAs (Tranguch & Engelke, 1993; Tranguch et al., contact points between this coaxial stem and RNase P
1994) have been established, and the three-dimensional =~ RINA have been explored (Kahle et al.,, 1990a, 1990b;

working models of the Escherichia coli M1 RNA (Harris Gaur & Krupp, 1993; Nolan et al., 1993; Harris et al,,
1994; Hardt et al., 1995).

Past the coaxial stem, it is known that interactions
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affect substrate recognition (Kirsebom & Svird, 1994;
Svird et al., 1996). This aspect of enzyme-substrate
recognition is not pertinent to the eukaryotic nuclear
RNAs, however, where the CCA is not normally en-
coded in the tRNA gene. Rather, we have noted that,
in yeast nuclear pre-tRNAs, the 5'-leader sequences
are rich in purines and exhibit high base pairing po-
tential with the pyrimidine-rich 3'-trailer containing
the Us Pol III terminator (Geiduschek & Tocchini-
Valentini, 1988). Interestingly, precursors that can sup-
port strong coaxial extensions from the aminoacyl
acceptor stem display a helical break immediately up-
stream of the cleavage site. In this study, we hypoth-
esize that this helical break or the mismatch at position
—1 is necessary for proper positioning of these tRNA
precursors into the active site of nuclear RNase P and
we show, both in vitro and in vivo, that it is indeed one
of the important structural requirements for efficient
substrate recognition by the enzyme.

RESULTS AND DISCUSSION

We have surveyed 52 yeast tRNA genes to look for
consensus structure beyond the mature tRNA domain
that may indicate some aspects of functional impor-
tance. The survey revealed that most pre-tRNAs had
potential to form base paired structures between the
predicted 5'-leader and 3'-trailing regions (Table 1).
The actual existence of this pairing has been further
suggested by the resistance of precursors to 3’ exo-
nucleolytic trimming in vitro (Engelke et al., 1985) and
in vivo (Lee et al., 1991) before the 5'-leader is re-
moved by RNase P. Of 52 sequences examined, how-
ever, 39 of them are unpaired at the —1 position,
immediately 5" of the cleavage site. Invariably, pre-
cursors containing a strong coaxial extension beyond
the cleavage site are mismatched at the —1 position
(Table 1; examples of strong predicted secondary struc-
tures are shown in Fig. 1A).

The fact that the other 13 sequences have the poten-
tial for a base pair at the —1 position indicates that the
—1 mismatch is not a universally conserved structure
that is absolutely required for function. However, five
of the pre-tRNAs interrupt structure with bulges
beginning with a nucleotide just opposite of the —1
position in the 3'-trailing region (denoted No° in
Table 1), and six others extend aminoacyl stems only
by a single pair that is immediately followed by mis-
matched or bulged structure prior to a stem formation
(No® in Table 1). Two remaining sequences show a
maximum of three or four extended base pairs of
aminoacyl stem, but the formation of helical structure
further downstream is not supported (Table 1; M17330,
J01373). These observations suggest that the —1 mis-
match may become an important structural pre-
requisite only in the presence of a strong coaxial
extension of aminoacyl acceptor stem, but may not be
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a necessary component if the base paired structure is
not supported beyond the cleavage site. In spite of
these exceptions, the observation that a possible for-
mation of strong coaxial extension of aminoacyl stem
is always accompanied by a mismatch at position —1
is consistent with structural predictions of the eubac-
terial and nuclear tertiary structural models for enzyme-
substrate interactions. Not only is the bacterially
encoded 3" CCA unpaired to interact with the enzyme
in the case of the eubacterial RNase P RNA (Kirsebom
& Svird, 1994), but both eubacterial and eukaryotic
models show possible steric interference if there was a
coaxial extension of the aminoacyl stem, especially with
helix P15 in the RNase P RNA (Harris etal., 1994; Pagan-
Ramos et al., 1995).

Here, we postulate that the helix flexibility induced
by the mismatch at position —1 allows some pre-
tRNAs with particularly strong coaxial extensions to
be accommodated effectively into the enzyme’s active
site structure. To test this hypothesis, we investigated
the kinetics of yeast nuclear RNase P as a function of
structural alteration in the aminoacyl stems of four
nuclear pre-tRNA substrates: pre-tRNA%U"™? (SUP53 al-
lele of pre-tRNA™"), pre-tRNAAE, pre-tRNASY, and
pre-tRNA"" (Fig. 1A). In previous analyses of yeast
nuclear RNase P-substrate interaction (Newman et al.,
1983; Strobel & Abelson, 1986a, 1986b; Leontis et al.,
1988), we and others used directed mutations in the
yeast pre-tRNAU™3 to identify structural features else-
where in the substrate crucial to recognition and cleav-
age by RNase P in vitro. Pre-tRAN®"™ js a particularly
useful substrate with which to test the need for a —1
helix disruption. A single nucleotide insertion, VA73,
placed opposite of a bulged —1 residue, creates a strong
coaxial extension (also denoted as “aa stem ext.”) with
minimal sequence perturbation (none at the cleavage
site; Fig. 1B). Furthermore, the RNA has been shown
previously to fold strongly into a single isoform and
the solution structure of the mature tRNA domain has
been determined (Lee & Knapp, 1985). Hence, a single
nucleotide insertion outside the mature domain is not
likely to cause major global structural alteration other
than stabilizing a terminal helix extension of eight base
pairs past the mature aminoacyl terminus. This spec-
ulation is reflected in the fact that both the pre-
tRNASU™ and VA73 variant yield single folding
isoforms with minimal difference in migration rates in
a nondenaturing polyacrylamide gel (Fig. 2A; com-
pare WT versus aa stem ext. in the pre-tRNASU'?
panel). Further structural analyses using RNase V1,
RNase ONE, and Pb?" confirm the persistence of in-
tact mature tRNA domain in the presence of the mu-
tation (data not shown).

Strong coaxial extensions of the aminoacyl stem in
the other three substrates (Fig. 1A) were constructed
similarly by simultaneous substitution of 1-2 nt and
insertion of 1-3 nt in the 3'-trailing regions. Because it



