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ABSTRACT: The structure of the specificity domain (S-domain) of Beillus subtilisRNase P RNA has

been proposed to be composed of a core and a buttress module, analogous to the bipartite structure of the
P4—P6 domain of theTetrahymenagroup | ribozyme. The core module is the functional unit of the
S-domain and contains the binding site for the T stéoop of a tRNA. The buttress module provides
structural stability to the core module and consists of & @&#&aloop and its receptor. To explicitly test

the hypothesis that modular construction can describe the structure of the S-domain and is a useful RNA
design strategy, we analyzed the equilibrium folding and substrate binding of three classes of S-domain
mutants. Addition or deletion of a base pair in the helical linker region between the modules only modestly
destabilizes the tertiary structure. tRNA binding selectivity is affected in one but not in two other mutants

of this class. Elimination of the GAtetraloop-receptor interactions significantly destabilizes the core
module and results in the loss of tRNA binding selectivity. Replacing the buttress module with that of a
homologous RNase P RNA maintains the tRNA binding selectivity. Overall, we have observed that the
linker regions between the two modules can tolerate moderate structural changes and that the buttress
modules can be shuffled between homologous S-domains. These results suggest that it is feasible to design
an RNA using a buttress module to stabilize a functional module.

The complexity of the RNA structure reflects the diverse A similar modular construction can be envisioned for each
function of cellular RNAs. The structure of large ribozymes of the folding domains of bacterial RNase P RNAS, (a
often can be subdivided into domains. For example, the ribozyme required to produce the matutesd of all tRNAs
Tetrahymenagroup | ribozyme is composed of two structur- (6, 7). Of the two domains of th8acillus subtilisRNase P
ally complex domains, P4P6 and P3-P9 (1—3). The P4 RNA (P RNA)! the specificity domain (S-domain) most
P6 domain can fold independently from the remainder of closely resembles the P46 domain of theTetrahymena
the molecule §). Similarly, bacterial RNase P RNAs are ribozyme (Figure 1B). In the S-domain, the core module
composed of two independently folding domaids. ( contains a functional region that binds the T stdoop of

Can the structure of an RNA folding domain be considered a pre-tRNA substrate. The potential buttress module consists
to be composed of smaller structural modules? The structureof a GAg tetraloop and a tetraloop recept@; 8). Just as
of the P4-P6 domain of theTetrahymenagroup | intron with the P4-P6 domain, the modules in the S-domain are
ribozyme has been proposed to have a bipartite scheme withconnected through two linker regions (Figure 1C).

a core module and a buttress moduiie Kigure 1A). The To test the general design principle that RNA domains
core module binds the substrate P1 helix and forms a partare composed of a functional module stabilized by a buttress
of the active site of the group | ribozym&)( The buttress ~ module, we have analyzed the equilibrium folding and the
module, proposed to be critical for the integrity of the tRNA binding specificity of three classes of S-domain
structure of the core modul8)( consists of a GAtetraloop mutants (Figure 2). The first class may either alter the
and its canonical [CCUAAG-UAUGG] receptor (Figure 1A). distance and the orientation between the modules or introduce
Although the two modules do not physically interact, the conformational stress to the S-domain structure upon changes
core module is no longer formed upon substitution of the in a helical linker region between the modules. The second
GA; tetraloop with a UUCG tetraloop, a mutation that class disrupts the tetraloepeceptor interactions in the
disrupts the tetraloopreceptor interactions3f. Hence, the  buttress module. The third class replaces the buttress module
tetraloop and its receptor constitute a structural module thatof the B. subtilis S-domain with a homologous buttress
buttresses the core module. module from the S-domains of eith&acillus bresis or
Escherichia coli Our results indicate that the S-domain is
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Ficure 1: Modular construction model for a tertiary RNA structure.

(A) The- P4 domain of th&@ etrahymenaroup | ribozyme §). (B)

The specificity domain of th8. subtilisP RNA (13). The proposed buttress module contains the L12 tetraloop and the internal loop within

the P10.1a helix. (C) Schematic presentation.

functionally robust to modification of the linker region and
the stabilizing buttress module, but details of variation can
affect the precise conformation of the core module and tRNA

adenosines become cleavage sites for aniline-induced scission
(10). The 3 3?P-labeled S-domain variant at O/ was
heated in 20 mM sodium cacodylate (pH 6.6) at°8for

binding. Hence, modular construction appears to be a valid 2 min, followed by incubation at 24C for 3 min. After the

strategy in the design of a tertiary RNA domain.

MATERIALS AND METHODS

Plasmid Construction of the S-Domain Mutarftee wild-
type S-domain (residues 8@39 of B. subtilisP RNA) with
a T7 RNA polymerase promoter at thé $sde and a-ok
restriction site at the'Zide was cloned into a pUC18 vector
as previously describedt), The U86-A239 base pair was

addition of various concentrations of MgCthe RNA was
incubated at 37C for 15 min, followed by incubation at 24

°C for another 15 min. Modification was initiated by addition
of Y, volume of DEPC and terminated afté h by the
addition of 100uL of cold stop solution (4ug of E. coli
tRNA in 50 mM potassium acetate and 200 mM KCI). The
samples were twice precipitated by ethanol and then vacuum-
dried. The dried samples were suspended M aniline in

0.6 M sodium acetate, pH 4.5. The scission reaction was

changed to G86-C239 to facilitate transcription. The mutants carried out by incubating the samples at®Din the dark
were generated by PCR amplification using the appropriate for 20 min and terminated by the addition of a cold solution

primers.

Equilibrium Folding Monitored by Circular Dichroism.
The Mg?"-dependent folding of the S-domain was quanti-
tatively analyzed by circular dichroism (CD) as described
(9). Briefly, RNA samples in 20 mM Tris-HCI, pH 8.1, were
heated at 838C for 2 min and then left at room temperature
for 3 min. A total amount of 450 pmol of denatured RNA
was added to 1.5 mL of 20 mM Tris-HCI, pH 8.1, in a quartz
cuvette. M@" titration was controlled by a computer-
interfaced, automated Hamilton titrator using a low and a
high concentrated Mg stock to ensure even distribution of
data points. For each Mg concentration, CD and UV

of 50 mM potassium acetate and 200 mM KCI. The samples
were then ethanol precipitated and dried. Finally, the samples
were suspended in gel-loading buffer (9 M urea and 100
mM EDTA) and separated on denaturing polyacrylamide gels
containirg 7 M urea. The gels were scanned by a phosphor-
imager (Molecular Dynamics) and the radioactive bands
guantitated using ImageQuant software.

Data Analysis for CD and DEPC Modificationd/e used
a Hill-type analysis to quantitatively describe the g
dependent folding of an RNA1{, 12). Folding of the
S-domain was described as a three-state process with two

absorbance at 260 and 278 nm were collected. The datafolding transitions: U to | to N. Each transition could be

points, CD signal versus [Mg], were adjusted for dilution.
Equilibrium Folding Monitored by DEPC Modification.
Upon carbethoxylation of the Ngroup at neutral pH,

observed by CD and had two associated parameters: the
Mg?* concentration at the midpoint of the transitidfyg,
and the Hill coefficient,n. CD data were fit to linked
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Ficure 2: Design of the S-domain mutants. Only the buttress module of the S-domain is shown. The mutations are located within the
dotted boxes. (A) The wild-type S-domain. The &igtraloop and its receptor are boxed. (B) Class | mutants. P12-ins has one base pair
inserted in the P12 helix between the base pairs C200/G213 and A201/U212. P12-del has the C200/G213 base pair deleted. P12-nick is a
circularly permuted S-domain, corresponding to a backbone break in the P12 helix. 3@ % ends of the wild-type S-domain at G86

and C239 are linked by a UUCG loop. (C) Class Il mutants. In L12-sub, the t&tfaloop is replaced by a UUCG tetraloop, and the
adjacent three base pairs are also deleted. In P12-mis, two adjacent nucleotides at 200 and 201 are switched to generate an internal loop.
(D) Class lll mutants. In S-bre and in S-coli, the L12 and IL10.1a f®nsubtilisare replaced by their counterparts fr@nbrevis or E.

coli RNase P RNAs, respectively.

equilibria: measurement anal is the contribution of the | state to the
protection. The contributions of the U and N states to the
A€gps= protection extent are 0 and 1, respectively.
Aey + A |91 Mg™'] Mg?'] n1+A6N [Mg*1\™(Mg*])"™ Binding of a Pre-tRNA Substrate by the S-Domain.
Mgl Kmg1 Kmgz Binding of a pre-tRNA" substrate by the S-domain and
[Mgz+] n [Mg2+] n [Mg2+] n, 1) mutants was determined using an inhibition assay. The
1+ K + K K reaction mixture contained a trace amount of a pre-tRNA
Mgl Mgl Mg2 substrate ¢1 nM), 25 nM full-length P RNA, and varying

amounts of the S-domain. The S-domain bound the pre-tRNA

whereAeops is the observed signal intensi , A¢;, and R
obs g Beu, Acy substrate and acted as a competitive inhibitor to cleavage

Aey are the spectroscopic signals for the U, I, and N states, :
Kwgr andKyge are the M@" concentrations at 50% change by the full-length P RNA. Because the P RNA concentration

in CD signal for the transitions, ana andn; are the Hill was significantly belowK, under this condition~0.2 uM),
coefficients of the U to | and | to N transitions, respectively. @ simplified competitive inhibition equation was used to
Only the | to N transition could be unambiguously observed describe the normalized substrate cleavage rate as a function
in DEPC modification. Hence, the DEPC modification was of the concentration of the S-domain and mutants:

fit according to

fracti tected= Knorm = L (3)
raction protecte T ——
29\ (1mg2]\ Mg\ " 4 [S-domain]
Mg* 7)™ | (Mg 1\"(IMg*"] <
+ |
KMgl KMgl KMgZ (2)
2+1\m 2+7\m 2+7\n2 . .
o -
14 [Mg“'] + Mg 1V [Mg“'] where knorm is the first-order rate constant for substrate
Kwg1 Kwg1 Kwvigz cleavage normalized to the rate constant without inhibitor

andK; is the inhibition constant of the S-domain for the pre-
whereKug: andn; are the parameters obtained from the CD tRNA substrate used in the assay.
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A S.wt, o P12-ins, * P12-del, © P12-nick

Design of the S-Domain MutanBacterial RNase P RNAs
can be divided into two types as represented byBheoli
RNase P RNA (A type) and thB. subtilisRNase P RNA
(B type) (13). The S-domains from both types of RNase P
RNAs show a conserved core structure but diversified
peripheral regionsl@3). The peripheral regions in the B-type
S-domain generally contain the L12 G#etraloop and the
P10.1a region tetraloop receptor (Figure 1B). The peripheral
regions in the A-type S-domain contain the L13 loop,
generally a seven nucleotide loop of conserved sequence,
and the internal loop in the P12 region, proposed to be the
matching structure that interacts with the L13 loop. On the
basis of phylogeny and hydroxyl radical protection data, we
proposed that the S-domain of both A- and B-type P RNAs B P A A
has a bipartite structural organization composed of a core [Mg?'] (mM)
module and a buttress module (Figure 1G+-15). The core o _ )
module is composed of the conserved portion, while the Ficure 3: Equilibrium folding of class | mutants monitored by
buttress module is composed of the L12 and P10.1a regions

in the B-type P RNAs and the L13 and P12 regions in the  The third class of mutants is designed to examine the

.1)

mmol

2

6.0

A827$nm (Cm

A-type P RNAs. context dependence of the buttress module from various
The S-domain of theB. subtilisP RNA, residues 86 RNase P RNAs (Figure 2D). Th& subtilisbuttress module
239, has been shown to contact the T stéaop of a pre- is replaced with a different buttress module from a homolo-

tRNA substrate 14, 16). The buttress module is connected gous B-type P RNA (S-bre) or with the buttress module from
to the core module through two linker regions, the P12 helix an A-type P RNA (S-coli). Th®. brevis S-domain contains
and an internal loop within the P10.1a region (IL 10.1a). In an unusual GCGA tetraloop and a corresponding receptor
the B-type P RNAs, P12 a|Way5 has e|ght base pairS, that is different from that of th®. subtilisS-domain. The
suggesting that the length of this helix may be critical for E. coli S-domain contains a seven-nucleotide lo6GUAA-

the distance and the orientation of the core and buttress(i'g\G, and its corresponding binding site, an internal loop
modules. .

The first class of mutants is designed to examine the
importance of the invariant length and flexibility of the P12
linker region (Figure 2B). One base pair is either added (P12-
ins) or deleted (P12-del) in P12 to change the number of
base pairs from eight to nine or seven. The base pair
insertion/deletion can change the distance~8.6 A and
the orientation by~34 ° between the modules. However, if

Equilibrium Folding Two assays are used to determine
the effect of these mutations on the equilibrium folding of
the S-domain. Circular dichroism provides a quantitative
measurement on the folding of the overall structure (Figure
3), whereas DEPC modification provides residue-specific
information on folding (Figure 4). Like several other RNAs
analyzed to datel(, 12, 17, 18), two folding transitions are

. S o X observed by CD. These transitions can be described by a
the GAg tetraloop and its receptor maintain their interaction, simple two-step folding scheme, U to | to N. Using a Hill-

insertion a_nd deletion of one base pair are likely to introduce type analysis, each folding transition is characterized by a
conformational stress at P12 that could be passed on to Othe'i\/lgz+ midpoin,t Kue, and a Hill coefficientn. If the | to N
1 [oF} .

regions in the S-domain. The third mutant introduces a transitions of the wild type and the mutants have identical

bgckbone break in P12 (P12-nick) in. 'ghe context of a constants, the change in the stability of the mutants
circularly permuted molecule. The termini in the wild-type .0\ 20c Wwith the changes Ky and AAG = —nRT In-
S-domain at C239 and G86 are linked through a UUCG loop. [Kng(Wild-type)Kng(mutant)] 9).9

This particular nick may allow more flexibility in the helical According to the CD data, the Mg-dependent folding
structure. of the class | mutants where a base pair in the stem is inserted
The second class of mutants is designed to eliminate theor deleted has the identical Hill constant and approximately
tetraloop-receptor interaction (Figure 2C). The G#fetra- 2-fold higherKugy compared to the folding of the wild-type
loop is substituted with a UUCG tetraloop (L12-sub), a S-domain (Table 1, Figure 3). These results indicate that the
substitution that significantly destabilized the tertiary struc- class | mutants fold into structures similar to that of the wild-
ture of theTetrahymend4—P6 domain 2). To completely type S-domain and the overall structure is minimally
abolish the interaction between the L12 tetraloop and IL10.1a destabilized €1.2 kcal/mol).
region, three adjacent base pairs in P12 are also deleted in The CD-monitored folding of the class Il mutants where
L12-sub. The two middle base pairs within the helix P12 the tetraloop-receptor interaction is eliminated requires
are mismatched (P12-mis) to reduce the helical structuresignificantly higher Mg concentration (Table 1). Further-
supporting the GAtetraloop from eight to three base pairs. more, these mutants may not even have an overall structure
This mutation may have two potential effects: the mismatch similar to that of the wild-type S-domain at 10 mM Rig
either increases the flexibility of the P12 helix or destabilizes (Figure 4C). The disruption of the buttress module destabi-
the P12 helix to the extent that it, and the adjoining tetraloop, lizes the S-domain structure by at least 5.2 kcal/mol, and
would not form. perhaps the core module even adopts a different structure.
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Ficure 4: Equilibrium folding monitored by DEPC modification at nucleotides 4779, 194/195, and 207/208. (A) In S-wt, P12-ins,
P12-del, and S-bre, protection occurs as a function of'Mgncentration. Modification at A201 occurs in P12-del but not in P12-ins. (B)
Fraction folded as a function of Mg concentration for S-wt, P12-ins, P12-del, and S-bre. (C) L12-sub and P12-mis exhibit minimal
protection as a function of Mg concentration. The protection at the tetraloop (207/208) is clearly lost in P12-mis. (D) Comparison of the
relative modification of various mutants to the wild-type S-domain.
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Table 1: Equilibrium Folding of the S-Domain and Mutants

Biochemistry, Vol. 40, No. 37, 200111207

Binding of tRNA by the S-Domain and Mutantsn
inhibition assay is used to determine the effect of these

AAG : g i .
class RNA  methotl Kug(mM) n (kcal/molp mutations on this known _S—domam functhn. The assay tests
St D 030£ 002 26501 the ability of the S-domain to compete with the full-length
W DEPC 03L01 25104 P RNA in the binding of a pre-tRNA substrate. The inhibition
I P12-ins CD 068002 25+01 1.1+0.2 assay can only be performed at high ionic conditions due to
DEPC 0.6£0.2 22+0.6 the inherently weak binding between P RNA and the pre-
P12-del  CD 0.680.02 25+01 1.24+02 tRNA substrate in the absence of the RNase P protein. The
P12-ni DEPC 0./£03  2.3+05 inhibition constant of the wild-type S-domain determined in
-nick CD 0.46-0.01 2.6+0.1 0.5+0.2 . . —
DEPC 04+ 02 20+1.0 this way is 1.4uM, ~500-fold less than the binding constant
I L12-sub CD >10 ND* >5.2 of the full-length P RNA to a tRNA product under identical
. DEPC >10 ND conditions (6, 19, 20).
P12-mis DCE%C iig HB =52 To demonstrate that the inhibition constant correlates with
1M S-bre CD 0.7+ 0.1 2.0+ 0.3 1.2+ 0.2 the blndlng afflnlty of the S-domain to the pre-tRNA
_ DEPC 0.6£0.2 1.9+09 substrate, the inhibition of the S-domain to the cleavage of
S-coli CD 0.58+0.04 25+06 1.2+0.2 two mutant pre-tRNA substrates is measured (Figure 5). The
DEPC 0.6£0.3 24+0.6

a Conditions: CD, 20 mM Tris-HCI, pH 8, 24C; DEPC, 20 mM
sodium cacodylate, pH 6.6, 2€. CD data are averaged from changes
at 260 and 278 nnP AAG = —nRTIn[Kug(wild type)Kwug(mutant)].
The average values from CD and DERGHK 2.5) are presented ND:

not determined.

conserved G19-C56 base pair in the wild-type tRNA is a
direct contact site with the P RNA in the absence of the P
protein (L6, 19). Mutation of this base pair to either a19u56
or c19 g56 reduces the affinity of full-length P RNA binding
by 11- and 19-fold, respectivelyl§). The wild-type S-
domain has 4- and 13-fold weaker inhibition constants for

Compared to the wild-type S-domain, the equilibrium these pre-tRNA mutants, indicating that the wild-type
folding of the class Il mutants where the buttress module S-domain maintains nearly the same capability to distinguish

has been substituted ha2-fold higherKyg and a similar

different T stem-loop structures. This mutation study also

Hill constant (Table 1). This result suggests that the buttresssuggests that, like its counterpart in the full-length P RNA,
modules from homologous S-domains can substitute for eachthe wild-type S-domain directly interacts with the T stem

other without a significant loss in the stability of the overall
RNA structure.

loop portion of the pre-tRNA.
Two of the three class | mutants, P12-ins and P12-nick,

Folding of the S-domain and the mutants monitored by bind the pre-tRNA only 2-fold or less well compared to pre-

DEPC modification strongly depends on Kigoncentration
(Figure 4A,B). In the wild-type S-domain, modifications of

tRNA binding by the wild-type S-domain. These two mutants
show similar reduction in binding affinityXAGping) to each

residues A177179 and A194/195 in the core module and of the two mutant pre-tRN&®substrates, a19u56 and c19g56
A207/208 in the buttress module are especially sensitive to (Table 2). These results indicate that inserting a base pair or
Mg?*". They are protected against chemical modification at nicking the P12 helix has little effect on S-domain function.
the higher M@ concentrations, and the extent of modifica- In contrast, the third class | mutant, P12-del, shows a
tion can be fit with a Hill-type equation to obtakiy and different behavior in pre-tRNA binding in the inhibition assay
n for the | to N transition (Figure 4B, Table 1). These two (Table 2). Binding of the P12-del to the wild-type pre-tRNA
parameters obtained from DEPC madification are the samedecreases by-56-fold. Furthermore, mutations of the G19-
as those for the | to N transition measured by CD. This C56 base pair in the substrate have little effect on the binding
consistency of equilibrium folding parameters obtained from affinity of P12-del. These results suggest that deleting a base
two different probes supports our interpretation that these pair in the P12 helix produces a functionally different
two probes are monitoring the formation of the same S-domain as compared to inserting a base pair or nicking
structure. the P12 helix.

Modification of the class Il mutants, where the tetraloop  Although the class Il mutants are not able to fold at-10
interaction is eliminated, is insensitive to the change ofMg 20 mM M¢?*, these mutants also inhibit the cleavage reaction
concentration up to 2620 mM (Figure 4C), indicating that by the full-length P RNA. Both the inhibition constant and
these mutants are not correctly folded, consistent with the the AAGying Of the class Il mutants are strikingly similar to
CD results. those of P12-del (Table 2). There are at least two possible

Close inspection of the DEPC modification pattern for the explanations for the observed inhibition. First, it is possible
less disruptive S-domain mutants at highagoncentration that the class Il mutants can fold to a functional structure at
reveals subtle differences within the core module (Figure the high ionic conditions used in our assay (100 mM MgCl
4D). For example, residues A185 and A187 are modified 0.6 M KCI). In support of this proposal, many deletion
equally in the wild-type S-domain but not in P12-ins and mutants in the full-length P RNA were found to have
S-bre. Residue A201 is only significantly modified in P12- catalytic activity similar to that of the wild-type P RNA, but
del, even though this residue is in the putative P12 helix. only at elevated ionic conditions2{, 22). Second, an
This particular modification suggests that the structure of unstructured S-domain mutant may bind the pre-tRNA
the P12 region in P12-del may not be the same as that inelsewhere to inhibit the cleavage reaction by the full-length
other class | mutants. Because base mismatches in the P1P RNA. For example, it is possible that a region in thik50-
helix destroy S-domain folding, the subtle changes in this residue RNA can interact with the single-strandéteader
region may implicate that P12-del is structurally different and/or the 3CCA region in pre-tRNA. This potential mutant
from the other class | mutants (see below). S-domain-5' leader interaction would not respond to pre-
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Ficure 5: Binding of the S-domain to a pre-tRN&substrate monitored by the inhibition of P RNA cleavage. Three pre-fiRf¢abstrates,
wild type (G19C56) and the a19u56 and c19g56 mutants, are used to assess the selectivity of S-domain interaction with thelpeg;tRNA.
is the ratio of the observed rate constant divided by the rate constant in the absence of the S-domain. The data are fit according to eq 3.

tRNA mutations at G19C56. Regardless of the detailed juxtaposition of the modules has a significant context
interpretation, these results do suggest that the class lldependence for the function of the S-domain.
mutants are impaired in tRNA binding.

Among the class Il buttress module substitution mutants, DISCUSSION
S-bre, but not S-coli, binds pre-tRNA with an affinity and Modular Construction of an RNA Domaiffhe present
specificity similar to that of the wild-type S-domain, despite equilibrium folding and functional study confirms that
both mutants having similar stability (Figure 5 and Table modular construction is a useful strategy to build complex
2). S-coli binds pre-tRNA much less well, even though the RNA structures. The key component for this scheme is the
selectivity for the pre-tRNA mutants is still somewhat utilization of simple modules, e.g., a tetraloop and its
maintained. To determine whether class Ill mutants are alsoreceptor, placed in appropriate context, to stabilize a more
sensitive to changes in the helical linker region, a single basecomplex functional structure. This strategy, initially sug-
pair is inserted or deleted in the P12 helix of S-bre. Unlike gested for the stabilization of rRNA23) and group | 2, 5,
the wild-type S-domain, both insertion and deletion mutants 24, 25) and group Il ribozymes26—28), is now extended
in S-bre have decreased affinity for pre-tRNA by 0-fold. to include a domain of a bacterial RNase P RNA.
Furthermore, these mutants show no difference in binding Uniquely, the present work addresses the following
for the a19u56 and c19g56 mutations in the pre-tRNA (data issues: How crucial is the role of the linker region between
not shown). Insertion or deletion of a single base pair in the a buttress module and a core module? Can different types
P12 helix of S-coli does not increase the affinity for pre- of buttress modules substitute and stabilize the same core
tRNA binding (data not shown). These results suggest thatmodule? The linker region is altered by making a nick in
a type B buttress module can be substituted with anotherthe conserved P12 helix or changing the number of base pairs
type B module and, to some extent, with the type A module. from 8 to 9 or 7. Nicking the P12 helix has little effect on
However, within the limit of the inhibition assay, the the stability and the functionality of the S-domain. The
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addition and deletion of one base pair in the P12 linker. This
attempt exposes our limited understanding on the detailed
interaction between the buttress and the core module. At the
moment, successful optimization may still require an in vitro

selection approach using either a buttress module library with

Table 2: Pre-tRNA Binding by the S-Domain and Mutants
Determined by Inhibition

AAGping AAGpind

class S-domain substrate K; (uM)  (kcal/molp (kcal/moly

S-wt G19C56  1.4:0.1 X ) ; ) ; i ;
al9us6 5.6+ 0.5 0.8 fixed linker regions or a linker library with a fixed buttress
' €19956 18+ 2 1.5 module.
! Pl2-ins  G19CS6  3.3:04 0.5 Our inhibition assay indicates that the S-domain shows a
gigggg 71?&: 2'9 g'g moderate inhibition effect on the P RNA reaction. Possibly,
P12-del G19C56 7.8 1.6 ' 1.0 there is more than one mode of interaction between the
alous6 5.2+ 0.7 -0.2 S-domain and the pre-tRNA substrates. Beside the T-stem
- €19956 11 0.2 loop, the S-domain may interact with other regions in the
P12-nick ~ G19C56  1.9:0.2 02 pre-tRNA structure such as the acceptor stem, the single-
alou56 474 0.2 0.5 .
19956 13f 2 1.2 strand 5leader, and/or the' TCA sequence. However, the
Il L12-sub  G19C56 82 1.0 interaction between the S-domain and the T stémop of
alous6 &l 0.0 the wild-type pre-tRNA appears to be the major interaction
_ c19956  14k2 0.3 for the wild-type S-domain, P12-ins, P12-nick, and S-bre.
P12-mis G19C56 9.£1.0 1.1 ) ) ; ;
al9us6 04 1.6 0.0 T.he. interaction between the S-domam and T stem is
€19g56 14+ 3 0.3 diminished in P12-del, L12-sub, P12-mis, and S-coli.
- S-bre G19C56  1.6:0.2 01 Although the buttress module acts as its name indicates,
?ig“gg 62-%(1)5 f'g this nomenclature belies our observation that this module
S-coli Glgc% 21 2 ' 16 can influence the functionality of a folded core module.
alous6 48- 7 0.5 Conversely, it is unclear whether an isolated core module,
c19g56  >60 >0.6 if adequately stabilized (e.gnil M Mg?*), could fold and

function by itself. Hence, the rigorous definition that the
buttress module only serves to stabilize the core module is
an oversimplification, albeit a useful one.

Stabilization of Complex RNA Structures by the Peripheral
Regions.Large RNAs generally contain a conserved core
structure and diversified peripheral regions. The peripheral
quantitative destabilization of the overall S-domain structure regions of the group | ribozyme have been considered as a
is similar in magnitude to the effect of making a nick in a  series of buttresses that stabilize the catalytic core. One of
contiguous helix Z9). the peripheral structures, P5abc, facilitates the formation of

We had expected that changing the number of base pairsthe overall structure and is critical for the high cleavage
in the P12 helix would have a large effect, because one baseactivity of the ribozyme 30—35). The extensive studies on
pair added or deleted corresponds+@.4 A change in  the group | and other ribozymes illustrate that an RNA
distance and-34° in orientation between the two ends of a enzyme with a stable structure is more effective than one
standard RNA helix. However, both deletion and insertion with a dynamic structure, an idea first proposed for protein
mutants destabilize the overall structure by onl§ kcal/ enzymes (reviewed in re§6). This notion can account for
mol, much smaller than the destabilization caused by the the large size of many protein enzymes and some ribozymes.
elimination of the tetraloop interaction>6 kcal/mol). Many different peripheral structures can play the same
Apparently, the S-domain structure is robust enough to stabilization roles, thus accounting for the diversity of the
tolerate the change of one base pair in the P12 helix. peripheral structures in biological RNAs.

We also demonstrate that the buttress module from Also consistent with the correlation of stability and
homologous S-domains can substitute for each other in bothcatalytic efficiency, the extremely stable hepatitis delta
folding and function. This result resembles a study of a group ribozyme is much more efficient in catalysis than similarly
| ribozyme in which several matching tetraloepeceptor small but flexible catalytic RNAs, such as the hammerhead
pairs are functionally equivalen24, 25). In our limited ribozyme 7). The most active form of hammerhead enzyme
sampling of two B-type modules and one A-type module, it is thought to be thermodynamically unstable and is only a

2 The wild-type pre-tRNA has G19-C56 interaction. This base pair
is mutated to al9u56 or c1995BAAG = —RT In[K;(wild-type
substrate{;(mutant substrate)] for the same S-domain mutaAtAG
= —RTIn[Ki(wild-type S-domain){i(mutant S-domain)] for the wild-
type pre-tRNA substrate.

appears that the B-type module fr@nsubtiliscan be easily
substituted by another B-type module froB. brevis.
Substitution with an A-type module frofa. coli, however,

transient structure in solutior87{—41).
Propagation of Conformational Change and Implications
for Design.Modular construction entails building a complex

is less effective in this context. Because the A-type module RNA structure with a core module, stabilized by one or more

has a significantly different secondary structure than a B-type buttress modules. What is not straightforward, however, is

module, the ineffectiveness of substituting the A-type module how to link the buttress module(s) to the core module to

for a B-type S-domain may be due to our incomplete achieve and to maximize stability.

understanding of what exactly constitutes a buttress module We demonstrate here that the structure of the linker region

in the A-type S-domain. can accommodate some moderate deformation. The length
It is plausible that the sequence of an individual buttress of the P12 helix in the B-type RNase P RNAs always has

module has been optimized by the evolutionary process toeight base pairs4@). A nick and even insertion of an extra

fit a specific S-domain context. We tried unsuccessfully to base pair in P12 only modestly destabilizes the overall

improve the stability and function of S-bre and S-coli through structure and has minimal effect on the function of the
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S-domain. A deletion in this region also has modest effect
on the stability of the S-domain. Therefore, some changes
in the linker region are tolerated. The details of toleration,
however, depend on the precise composition of the buttress
module, because insertion of an extra base pair in S-bre
severely affects tRNA binding.

One unanticipated result is the observed differential
binding to pre-tRNA by the deletion and the insertion
S-domain mutants. In the deletion mutant P12-del, P12 is
overwound by 14%, or-5 ° per base pair, while in the
insertion mutant P12-ins, P12 is underwound by 11%, or
~4° per base pair. A typical plasmid DNA has a supercoiling
density,o, of —0.03 to—0.09 @3), and the base pair deletion
and insertion are equivalent tovalues of+0.14 and—0.11
for the modified P12 helix, respectively. This simple calcula-
tion shows that both deletion and insertion introduce stress
in the P12 helix. To maintain the helical structure, this stress
must be passed on to other parts of the molecule.

The results from DNA studiegt) suggest that the stress
generated by deletion and insertion in P12 is likely to be
passed on to loop regions in the S-domain. Two loop regions
in the S-domain may be particularly suited to absorb this
stress: the internal loop, L10.1, which is a portion of the
second linker region between the modules, and the J11/12
or the J12/11 loop, which is a portion of the core module.

Cut-and-Replace or Plug-and-Play Modularityhe or-
ganization of many RNA tertiary structures is governed by
the arrangement of their helice45j. Tetraloops are always
positioned at the end of a helix while tetraloop receptors are
usually an integral part to a helix. Hence, the tetraloop
receptor interaction is a very efficient way to compact helices.
A GNRA tetraloop and its receptor can be viewed as a plug
and socket in the construction of an RNA tertiary structure,
as indicated by their pervasiveness in RNA sequer®s (

Loops are predominant elements in biological functions
of RNA. This work demonstrates that the helical length
between the loops influences their conformation. Therefore,
considerable attention should be given to the correct number
of base pairs in a helix. The conformational stress generated
within the helix is most likely absorbed by loops that may
reside at functional sites of designed RNAs.
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