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ABSTRACT. The cleavage site of thdeurosporaVs ribozyme is located in an internal loop in a hairpin
called stem-loop I. Stem-loop | undergoes a cation-dependent structural change to adopt a conformation,
termed shifted, that is required for activity. Using site-directed mutagenesis and kinetic analyses, we
show here that the insertion of a single-stranded linker between stem-loop | and the rest of the ribozyme
increases the observed self-cleavage rate constant by 2 orders of magnitude without affecting the Mg
requirement of the reaction. A distinct set of mutations that favors the formation of the shifted conformation
of stem-loop | decreases the Rtgrequirement by an order of magnitude with little or no effect on the
observed cleavage rate under standard reaction conditions. Similar trends were seen in reactions that
contained Li instead of Mg". Mutants with lower ionic requirements also exhibited increased
thermostability, providing evidence that the shifted conformation of stem-loop | favors the formation of
the active conformation of the RNA. In natural, multimeric VS RNA, where a given ribozyme core is
flanked by one copy of stem-loop | immediately upstream and another copy 0.7 kb downstream, cleavage
at the downstream site is strongly preferred, providing evidence that separation of stem-loop | from the
ribozyme core reflects the naturally evolved organization of the RNA.

The naturally occurring small ribozymes, including the of the ribozyme (see mutant H3 in Figure 1a). We have
hammerhead, hairpin, hepatitis delta virus, &lelirospora recently found that some other versions of the VS ribozyme,
VS!, have been used extensively as model systems to studyespecially a circular permutation that uses a long linker to
RNA catalysis 1). Despite their simplicity, it has proven tether helix | to the 3end of the ribozyme, have a very fast
challenging to determine which step in the folding and rate of self-cleavages]. trans-cleaving versions of VS RNA,
catalysis process is actually being measured in the observedvhere stem-loop | is not covalently attached to the rest of
rate of a reaction. Moreover, the observed rate and extent ofthe ribozyme, also cleave about 10-fold faster than the cis-
cleavage and ligation can differ substantially in different cleaving G11 RNA from which they were derive8, (L0).
versions of a given ribozyme and in different reaction These observations suggest that the cleavage rate of the G11
conditions. For example, minimal versions of the ham- version of VS RNA is limited by the short distance between
merhead and hairpin ribozyme require much higher concen-helix la and the rest of the ribozyme.
trations of cations to achieve maximal cleavage rate than do In the current work, we have systematically investigated
those that include natural peripheral sequengesy. the effects on the cleavage rate of disrupting helix la and/or

Previous experiments with tiéeurosporaVs ribozyme lengthening the linker between helices | and Il. Our results
have implicated helix la as an inhibitory structural element provide evidence that the cleavage rate is increased substan-
that limits the observed rate of the cis-cleavage reaction intially by relieving the constraint that results from the close
the well-characterized G11 version of the ribozyme (Figure covalent attachment of helices | and Il. Also, disrupting helix
1). For example, modificationinterference experiments and la or making other changes that facilitate the formation of
site-directed mutagenesis showed that disruption of basethe conformation of stem-loop | that is required for activity
pairing in helix la increased the rate of self-cleavagery. increases the stability of the active form of the ribozyme.
A consequence of disrupting helix la is that the nucleotides
that formerly comprised the' 3ide of the helix (nts 640 EXPERIMENTAL PROCEDURES

643; highlighted in bold in Figure 1a) effectively become a Clones. ANX28 contains a 28 nt linker sequence inserted

flexible single-stranded linker that tethers the remaining part ;. oligonucleotide-directed mutagenesis between stems | and
of stem-loop |, including the site of self-cleavage, to the rest Il of the G11 version of VS RNA ((1): Figure 1). The linker
sequence was designed to minimize stable secondary struc-
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and sequence by digestion with pairs of enzymes followed @ H3 G11
by re-ligation. Additional sequence changes were introduced &0
by oligonucleotide-directed mutagenesis and confirmed by | ¢ © wo v oo v
. , . . v 0O U o CUGAAAUUG UCGUAGCAGUUG)

DNA sequencing. Clone GAVI (Figure 7 and Supporting Y SOV ST T @

i ; IbG— o€ o= d9c| "GACUUUAAC GUAUUGUCAU©
Information), was used to synthesize an RNA called PMD, g—¢ g—¢ o € Ug, o
which contains a full-length VS RNA monomer (M) flanked §=¢ §—c u E_guu
upstream by a T7-promoter-proximal self-cleavage fragment, 620;‘ A 620,(;2 . 660’31(9
designated P, containing 9 nt of vector sequence and 4 nf~ : g la G— 650 Ag:é-m 0 210
(617 to 620) of VS RNA, and a downstream cleavage G v —duacuaaac’oad  aedbugAc GGUAUUGG(:‘GU
product, designated D, containing VS nt 62843 followed Sussaad ] él LY 1] (!tU,GA j! L]JLL('JUL([AA
by 149 nt of pTZ19R vector sequence, when transcribed from ¥ a7 760 I 750

a template linearized at the Bgite in the vector.

RNA Synthesis and Cleage Reaction?recursor RNAs b Stem-loop |
were synthesized from linearized plasmid DNAsibyiitro unshifted shifted
transcription using T7 RNA polymerase and purified from c© c©
denaturing polyacrylamide gels as describ&| {3). RNAs Uc_g % g :l loop!
were dissolved in water, and cleavage reactions were initiated b &= ¢ mJ holx b
by the addition of one-fifth volume of reaction solution to E
obtain final concentrations of 40 mM Tris-HCI at pH 8.0, A+ c MO A:iG. | cleavage e
50 mM KCI, and MgC} or monovalent salts at the 620G % G- :l loop
concentrations indicated in the Figures. Experiments were Pt &=¢ ] helxla
conducted at 37C unless otherwise indicated. For experi- V=8 =g
ments at higher temperatures, care was taken to ensure that &8 o8
all reagents, tubes and pipet tips remained at the specified
temperature. Aliquots were removed at appropriate times and
guenched with two volumes of loading dye (80% formamide, 0.8
45 mM Tris base, 45 mM boric acid, 50 mM EDTA, and
0.05% each bromophenol blue and xylene cyanol), separated  0.61 A k(i) MG M) o

by denaturing polyacrylamide gel electrophoresis, and ex-
posed to a Phosphorlmager screen and quantified using
ImageQuant software (Molecular Dynamics, Sunnyvale, CA).

Data Analysis.The fraction of precursor cleaved versus
time was fit to a single exponential analysis using SigmaPlot
or custom Microsoft Excel macros to estimate the apparent
cleavage rate constark, (min~) and the final extent of 0.0% 0 P pos 80 100
cleavagefmas, Which was typically 86-90%. For each RNA, [MgCl,] (mM)
two to four replicates O.f each self-cleavage tlm_e COUrse Were . jre 1: Secondary structure of the G11 and H3 versions of the
performed at each of five to seven concentrations of MCl v ribozyme. (a) Helices and stem-loops are indicated by Roman
Plots of rate constant versus Kfgconcentration were fit numerals. Stem-loop | is enclosed in a box; the secondary structure
using SigmaPlot to the three-parameter Hill equation to of stem-loop | of mutant H3 is indicated to the left. The circled

; ; inducleotides form a kissing interaction between loops | and V. The
obtain estimates of the cleavage rate constant at saturatm@ite of cleavage is indicated by an arrowhead. Nucleotides-640

concentrations of My (kuag, the concentration of Mg 43 {hat comprise the’ 3ide of helix la are highlighted in bold

O G11 012:0.02 21.9%1.8 1702
OH3 073:0.02 44+02 31:04

required to obtain half-maximal cleavage rate (AVigy), (see text). (b) Diagram of the structure of the unshifted, inactive,

and the Hill coefficient ). and shifted active conformations of helix PG—28); see text). A
metal ion binding site (mbs;14)) in the shifted conformation is

RESULTS AND DISCUSSION boxed; (c) Effect of M§" concentration on the cleavage rate of

G11 and H3. Self-cleavage reactions were performed over a range
Stem-loop | of the self-cleaving G11 version of the VS of concentrations of Mg and analyzed as described in Experi-
. . - . mental Procedures. Apparent first-order rate constinase plotted
ribozyme consists of base-paired helices la and Ib, separated,s g2+ The estimated cleavage rate constant at saturating

by an internal loop that contains the site of cleavage (Figure [Mg2+], (kna), the [Mc?*] required to obtain half-maximal cleavage
la and b). Mutant H3 differs from G11 in that the 13 rate, [Mg*]i, and the Hill coefficientp, are indicated.
nucleotides upstream of the cleavage site have been replaced

with three guanosines, which disrupts helix la and converts sium dependence of the cleavage rate among different RNAs
the nucleotides that comprise thiesgle helix la in G11 into (see also Figures-24), the concentration of Mg required

a single-stranded linker in H3 (nucleotides 648%3, high- to reach half-maximal cleavage rate ([My,) was used;
lighted in bold in Figure 1a). Cleavage of H3 was detectable by this criterion, H3 had a 5-fold lower Mg requirement

at a much lower concentration of Mfgthan required for  than G11; [Mg"].. values of 4.4 and 21.9 mM, respectively
G11 (1 mM Mg* vs 5 mM for G11; Figure 1c and data not (Figure 1c). Also, the Hill coefficient of H3 was higher than
shown) and reached maximal ratg,{y) at a lower concen-  that of G11 (3.1+ 0.4 vs 1.7+ 0.2, respectively), indicating
tration of Mg" (=17 mM vs >100 mM for G11). At a higher degree of cooperativity in binding &g These
saturating Mg" concentration, H3 cleaved approximately trends are similar to results obtained previously with H3 in
5-fold faster than G11 (Figure 1c). To compare the magne- different reaction conditions7] and show that disrupting
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a 630
CcG
% ¢ 680 IV 690 V
C—G, ACUGAAAUUG U CGUAGCAGUUG
|bg—g o LLEErerr e A
g=¢ GACUUUAAC GUUAUUGUCALIJC
IS 670 © GUA 700
)’LE; A c—agY
C— G-640 1l g—g
la $=§ 660-C—G”
g—e 650 gzé’nj\A 730 VI 740
G [ A A
socoms  LIMKETIAQUMQERoONt oo vo T oocuntiesecy
3UAAGAGCGUUCG CCCy,cACGA CAC, GUUAUGACUGA
780 Il 770 760 A 750 0 y g 5 ‘ -
0 20 40 60 80 100
i [MgCl,] (mM)
RNA té?gi;; Linker Sequence (5’ to 3’)
29(17'3 ; gﬁgcu G RNA  [la[L [ Kmax (in™ | Mg mM n
AX11 1 CACCUAGCUAG A G11 +| - 0.12+0.01 | 21.9 +1.8 1.7+0.2
AN16_ |+[+] 68+03 | 168 +16 | 20+0.4
AN16 16 CACCUAGCAACUCUAG :
H3 -1 -] 073+0.2 4.4 +0.2 3.1+04
ANX28] 28 | CACCUAGGAACAACGCUAGCAACUCUAG T aNTe T 15103 T 22502 1 23£03

FicUre 3: Disrupting helix la lowers the Mg requirement of the
b 1.0 cleavage reaction. Cleavage rate constants were measured over a
; range of M@*" concentrations for RNAs containing-{ or lacking
(—) helix la and/or a 16 nt linker (L) between helices la and II.
See Figures 1 and 2 for RNA sequences; AN16-H3 is the same as
H3 (Figure 1a) except that it contains the AN16 linker (Figure 2a).
Data were analyzed as in Figure 2.

°
o

N
n

Insertion of a Linker between Helices la and Il Increases
the Cleaage RateTo test the hypothesis that the differences
in properties of the cleavage reaction between H3 and G11
were due to the nucleotides that comprise th&ide of helix
C time (min) la in G11 acting as a single-stranded linker in H3, a series
of RNAs was constructed in which helix la was retained,

fraction cleaved

©
N

8 1 and linkers of different length were inserted between helices
la and Il of G11 (Figue 2 a and b). Time courses of cleavage
6 in the presence of 25 mM Mg showed that the insertion
o of a three-nucleotide linker did not increase the cleavage rate;
€ 4 however, RNAs with linkers of 7, 11, or 16 nts cleaved
< substantially more rapidly, and an even longer linker, 28 nt,
2 showed only a slight further increase in rate compared to
that of the 16 nt linker (Figure 2c). Cleavage rates were
0 l4—g—= — R unaffected by changes in the concentration of RNA (between
0 20 40 60 80 100 5 and 500 nM; data not shown), indicating that the reactions
[MgCL.] (mM) were indeed intramolecular cis-cleavage. Cleavage rates of
d each linker insertion mutant were measured over a range of
RNA | linker (nt) | kmax (min™) | Mg}z mM n Mg?* concentrations. Figure 2 shows that the RNA with the
= R o T 3nt linker cleaved indistinguishably from G11 under all
o _AX7 7 0.96+0.07 | 25830 | 20%04 conditions, but for the RNAs containing longer linkers, the
g :m; 1; ggf 8; ?ggfgg ;?fgg maximal cleavage ratekf.,) increased substantially with
~ ANxzs T 28 83:03 | 175512 [ 20203 increasing linker length and [Mg], reaching a maximum

] i . . of approximately 78 min~?, almost 2 orders of magnitude
FiGure 2: Insertion of a linker sequence between helices | and I faster than G11. Th | f t of the link
increases the cleavage rate. (a) A series of mutant RNAs was aster than - The [Md]u, values for most of the linker

constructed, each containing a linker sequence-&®nts inserted  iNsertion mutants were similar to each other (ranging from
at the position indicated by the rectangle labeled linker (Experi- 16.8 to 25.8 mM) and not substantially different from G11

mental Procedures); (b) Time courses of self-cleavage of G11 and(21.9 mM); the AX11 RNA had a slightly higher [Mg]1/

linker-containing RNAs were performed in 40 mM Tris-HCl at pH ¢ 36 5 . Hill coefficients for all RNAs were also similar

8.0, 50 mM KClI, and 25 mM Mg at 37°C. Symbols are defined N ) . . .
in d . (c) Effect of [Mg'] on the cleavage rate constant of linker- atn ~ 2.0. Thus, the linker insertion mutants, like the G11

containing RNAs. (d) The data in ¢ were fit to the three-parameter RNA, had [M@*]1/> values much higher than that of H3 (4.4
Hill equation to obtain estimates of the cleavage rate constant atmM; cf. Figure 1c). We conclude that insertion of a linker

saturating concentrations of Mg(kmay), the concentration of Mg into G11 increases the cleavage rate but is not sufficient to
required to obtain half-maximal cleavage rate (BVlg,,), and the lower the Mg+ requirement
Hill coefficient (). °r the qui ' .

Disruption of Helix la Lowers the Mg Requirement.
helix la and/or introducing a flexible linker between helix | Because H3 has a lower [M{, than any of the linker
and the rest of the ribozyme affects the rate and divalentinsertion mutants (all of which still contain helix la), we
ion requirement of the self-cleavage reaction. hypothesized that helix la was the structural feature respon-
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a G11 G11s H3s for determining the Mg requirement and the length of the
: AN16 : AN16s  AN16-H3s linker between helices la, and Il determines the apparent
”"sc“zed Szfzd coy cy cleavage rate.
u_J e—¢ TS ¢ & Stabilizing the Shifted Conformation of Stem-Loop | by
b &S et g™t g Mutation Lowers the Magnesium Requiremewte have
623 E g @ E previously shown that stem-loop | undergoes a conforma-
A lclest Ao N 6 A6 tional change in the presence of magnesium that is essential
Yo A o & ek e for cleavage of the wild-type VS sequenc4j diagrammed
la 8=§ oS e—¢ : ¢ in Figure 1b and 4a). The cleavable conformation has been
u—Gu y—o6u u—Gu GU called the shifted conformation because bases®2% on
s 2 s 3 s 3 the B side of helix Ib shift their pairing partners from 634
9993 9992 9993 to 636 in the inactive, unshifted conformation to 6387
b 4 in the active conformation. Also, some of the nucleotides in
’ e e the internal loop that contains the cleavage site change their
124 14 mon oo, non-Watsonr-Crick interactions, as this loop changes from
10 N e omiotz aar0? i a symmetric six nucleotide loop to an asymmetric five
' OH3s 1201 15:0.1 29$05 nucleotide loop. The presence of helix la would be expected
e 087 2 to stabilize the symmetric inactive conformation of the
E 6l internal loop by stacking of the nucleotides in the cleavage
=~ | site loop on helix la. Thus, helix la may contribute to a slow
044 cleavage rate by stabilizing an inactive conformation, making
02 it more difficult for stem-loop | to adopt the active shifted
A conformation.
009 20 40 60 80 100 If the low [Mg?*]y,2 values of H3 and AN16-H3 were due
c 5l T to ease of formation of the shifted conformation of stem-
é’——T SNe i) Mg () 20"104 loop I, we hypothesized that cleavage reactions of RNAs

@ W ANIGH3 113103 42:02 23£03 that contained helix la might exhibit a lower [¥Igy if
154 A AN16s 72+02 23+01 2002 . .

%ﬁ O AN16-H3s 182%07 14301 22304 stem-loop | were forced to adopt the shifted conformation

by mutation. We have previously identified mutant sequences

of helix Ib that form the shifted conformation even in the
presence of helix la and irrespective of the presence or
absence of Mg (14). For example, MFOLD 15) predic-
tions, chemical structure probing, and mutational analyses
indicate that RNAs with a C634G substitution constitutively
form the shifted conformationld, 16). We incorporated a
C634G substitution to construct shifted mutants G11s and

FIGURE 4: Mutations that favor the shifted conformation of stem AN16s (Figure 4a). In addition, we constructed H3s and
loop | lower the MG* requirement for self-cleavage. (a) Secondary AN16-H3s to determine whether the effect of disrupting helix

structures of mutant versions of stem-loop I. Helix la is disrupted 1& and constitutively shifting stem-loop I might be additive.
in H3-based RNAs. Stem-loop | is mutationally locked in the shifted Cleavage rates were measured over a range of"Mg
conformation by a C634G substitution in RNAs, whose name ends concentrations, and then.x and [Md?*]1» values are sum-
in s. In AN16-based RNAs, stem-loop | is attached to the rest of \,51i-ad in Figure 4b and c. Maximal cleavage rates,J
the ribozyme via a 16 nt linker (Figure 2a). (b, c) Cleavage rate . . .
constantsk, were measured over a range of Mgoncentrations  Were affected very little (1.1 to 1.7-fold increase) in any of
and plotted and analyzed as in Figure 2. the shifted mutants compared to those of their parent RNAs;
this suggests that adopting the shifted conformation of stem-
sible for the high M§" requirement of the latter RNAs. To  loop | is not a significant rate-limiting step in the reaction
test this idea, we disrupted helix la in the AN16 linker pathway of any of these RNAs under these reaction condi-
insertion mutant by changing the nucleotides upstream of tions. Consistent with our hypothesis, [fdy» values were
the cleavage site to GGG, as had been done to disrupt helixsubstantially lower for the shifted mutants compared to those
la in the construction of H3 (cf. Figures la and 2a). We of their parent RNAs: 10-fold for G11s vs G11 and 7-fold
predicted that this mutant, called AN16-H3, would have a for AN16s vs AN16. Similar results were obtained with a
low [Mg?*]1 like that of H3, and possibly a slightly faster different mutant of stem-loop | that also adopts the shifted
cleavage rate than AN16 because of the slight increase inconformation (containing double substitutions of G625C and
effective linker length that results from unpairing thesile C635G; data not shown). Mutants H3 and AN16-H3, which
of helix la. The data in Figure 3 show that both predictions already lacked helix la, showed a further decrease in
were correct. Thémax of AN16-H3 was slightly higher than ~ [Mg?*]1,, values (about 3-fold) when the C634G substitution
that of AN16 (11.3 vs 6.8 mirt), and the disruption of helix ~ was also incorporated (see H3s and AN16s in Figure 4b and
la decreased the [Mg)]y, from 16.8 mM in AN16 to 4.2 ¢). These data support the hypothesis that structural features
mM in AN16-H3, indistinguishable from that of H3 (4.4 that favor the shifted conformation of stem-loop | contribute
mM). Taken together, the data in Figures-3 provide to lowering the concentration of MY required for the
evidence that helix la is the structural feature responsible cleavage reaction.

k (min™)

0 20 40 60 80 100
[Mg®* ] mM
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Ficure 5: Cleavage in monovalent cations. (a) Time course of the
cleavage of AN16s (Figure 4a) in 40 mM TrisHCI at pH 8.0, 1
mM EDTA, ard 3 M of thefollowing monovalent salts: LiCI),
NaCl (a), NH4CI (O), or KCI (0). (b) Effect of LiCl concentration

on self-cleavage rates of the indicated RNRg is the estimated
cleavage rate at saturating LiCl, [tli, is the concentration of LiCl
required to obtain half-maximal cleavage rate, anis the Hill
coefficient.

Cleavage of Shifted RNAs Also Exhibits a Lower lonic

Concentration Requirement in Reactions Mediated by Mon-

ovalent CationsSeveral of the small ribozymes, including
VS, do not have an absolute requirement for’NMgr even
for divalent cations, in their cleavage reactiotd)( Using
a trans-acting version of the VS ribozyme, Murray et &8) (

Poon et al.
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Ficure 6: RNAs with low cation concentration requirements are
also more thermostable. (a) Self-cleavage reactions were performed
in a standard reaction mixture (Figure 2b) over a range of
temperatures, and apparent first-order self-cleavage rate constants,
k, were calculated. (b) Effect of temperature on the cleavage rate
of AN16 in reaction mixtures containgn4 M LiCl or 50 mM
MgCl,. See Figures 1, 2, and 4 for the description of mutant RNAs.

50 70

insertion, disruption of helix la, and adopting the shifted
conformation of stem-loop | on the ionic concentration
requirement are not specific to cleavage reactions if*Mg
but appear to reflect inherent properties of the RNAs.

The lower [Mg*]12 and [Lit]12 of the RNAs that contain
a constitutively shifted helix la suggested that the active
conformations of these RNAs might be more stable, relative
to that of other conformations, than was the case for their
parent RNAs. To examine this possibility, we measured
cleavage rates over a range of temperatures. Figure 6a shows
that the cleavage rate of G11 increased only slightly with

observed activity in the presence of high concentrations of temperature, reaching its maximum at approximatelyGo0
Li*. We have confirmed and extended those results using@nd decreasing to undetectable by°€5 In contrast, G11s

cis-cleaving VS ribozymes. Figure 5a shows that LiCl and

showed a large increase in cleavage rate up to@=nd it

NaCl support efficient cleavage of AN16s (and other versions retained substantial activity even at 85. AN16s, a linker- -
of the VS ribozyme, data not shown): cleavage was also seercontaining version of G11s, showed a similar trend, reaching

with NH,4CI but was barely detectable with KCI. Figure 5b
shows the cleavage rates of AN16, AN16-H3, and AN16s
measured over a range offLéoncentrations. The concentra-
tion of Li* required for each of these RNAs to reach half-
maximal cleavage rate, [L]i/, followed the same trend as
that seen with Mg" (cf. Figure 4): wild-type AN16 required
the highest cation concentration, AN16-H3 in which helix
la is disrupted, required less, and AN16s in which stem-
loop | constitutively adopts the shifted conformation required
the lowest concentration. Also as seen in?}dghe maximal
cleavage rates in ttiof AN16s and AN16-H3 were only
slightly faster than that of AN16, and the Hill coefficients,
n, for all three RNAs were similar to each other (although

~ 7 in Li* vsn ~ 2 in Mg?"). Thus, the effects of linker

a maximal cleavage rate o& 20 min! at 55 °C, ap-
proximately 10 above the temperature optimum of AN16.
The higher temperature optima and lowera¥gequirement
of the RNAs with a shifted stem-loop | are consistent with
the active conformations of these RNAs being more stable
than their wild-type counterparts. This could be due to
destabilization of inactive ground state structures or to
stabilization of the transition state. For a given RNA (AN16
is shown as an example in Figure 6b), the temperature
optimum and the maximal cleavage rate are higher ifMg
than in Li, consistent with divalent ions being more effective
in favoring the active conformation.

Separating Stem-Loop | from the Ribozyme Core Mimics
the Natural Cleaage Preference of VS RNAhe minimal



Rate and Cation Dependence of the VS Ribozyme Biochemistry, Vol. 45, No. 44, 2006.3399

time (min) 5 i I b size (nt.)
0.330. . 15 45 0 1
0 033066 1 25 5 15 60 90 120 :L '. , PMD 1066
e — =5k
(— ] PM 894
= = == — 1 M 881

© cM 881

very

5'0}7 ik w)
MD > ME—2 cM
P PM fast

fast

P

Ficure 7: Partial dimer of VS RNA reveals a preference for cleavage at a site separated from the ribozyme core by a natural linker
sequence. The RNA called PMD, synthesizedrbyitro transcription of the clone GAVR, is shown schematically. PMD contains two

copies of the self-cleavage site (arrowheads) and one copy of the ribozyme core (filled rectangle) in their natural context. Complete self-
cleavage produces a T7-promoter-proximal fragment, P, a promoter-distal fragment, D, and a full-length VS monomer, M, which can
self-ligate to produce circular monomer, cM of the sizes indicated; the diagram is not to scale. (See Supporting Information for the complete
sequence of GAVR&.) The time course of self-cleavage of PMD RNA in 40 mM Tris HCI at pH 8.0, 50 mM KCI, 2 mM spermidine, and

25 mM MgCl, separated by electrophoresis for 16 h at 1000 V on a 4% ¢80 cm gel containing 4% polyacrylamide (40:2 acrylamide/

bis) ard 8 M urea; 1X TBE is shown to the left. The region of the image containing the circular monomer RNA, cM, which runs anomalously
slowly on denaturing polyacrylamide gels, is shown under the main image. The small cleavage products P (13 nt) and D (168 nt) were run
off the gel to facilitate resolution of the larger RNAs. The kinetic scheme shows the relative rates of cleavage at the upstream and downstream
sites deduced from the appearance and disappearance of bands during the time course.

contiguous self-cleaving region of VS RNA identified by accumulation of MD. The slow cleavage of MD may be due
deletion experiments contains the cleavage site in stem-loopto the cleaved upstream stem-loop Ib, continuing to occupy
| located immediately upstream of the ribozyme core, as in the active site of the ribozyme after cleavage, thereby
the G11 constructl(l). However, because natural VS RNA preventing the ribozyme from cleaving the downstream site.
is a head-to-tail multimeric series of RNAs, a given ribozyme Consistent with this interpretation, a trans-acting version of
core sequence is also followed by another copy of stem-VS (the Ava ribozyme) efficiently cleaves a separate stem-
loop | approximately 0.7 kb downstream. We have found loop | substrate9), whereas a similar ribozyme that contains
that tethering stem-loop | to the downstream end of the stem-loop Ib (e.g., G11D, the self-cleavage product of G11,
ribozyme core via a linker leads to increased cleavage ratesee Figure 1) works very poorly in trans (Oilve, J. E., and
(8), and the data presented above reinforce the idea thatCollins, R. A., unpublished observation). Taken together,
cleavage is faster when the distance between stem-loop Ithese observations show that cleavage in the natural VS RNA
and the rest of the ribozyme is increased. occurs preferentially at the site separated from the ribozyme
To test whether the ribozyme in its natural context prefers core by a linker sequence.
to cleave a site that is distant from the core, we constructed
a partial dimer of VS RNA that contained one ribozyme core coNCLUSION
and two copies of stem-loop |, each in their natural
location: one immediately upstream of the core and a second We find that insertion of a linker sequence between stem-
copy attached to the natural 0.7 kb sequence that comprisesoop | and the rest of the ribozyme increases the cleavage
the rest of VS RNA (Figure 7). Different lengths of cloning rate by more than an order of magnitude (G11 vs AN16:
vector sequence were appended to therid 3 ends to 45-fold; H3 vs AN16-H3: 15-fold) with little or no effect
endow the cleavage products with distinguishable electro- (1.8-fold or 1.04-fold, respectively) on the [¥ig . Linker-
phoretic mobilities. Cleavage at the upstream site would yield containing RNAs with mutations in helix Ib that constitu-
two products, designated P and MD; cleavage at the tively adopt the shifted conformation required for activity,
downstream site yields PM and D; and cleavage at both sitescleave at the same rate as the corresponding non-linker
yields three products, P, M, and D. In a time course of self- RNAs, but the Mg" requirement is lower by an order of
cleavage (Figure 7), PM appears much sooner than MD, magnitude (G11 vs G11s: 12-fold; AN16 vs AN16s: 7-fold).
showing that the ribozyme preferentially cleaves the down- Disruption of helix la effectively converts the nucleotides
stream site, that is, the site that is separated from the coreformerly comprising the ‘Jide of helix la into a short linker
by a long (0.7 kb) linker. and favors the formation of the shifted conformation of helix
After cleavage at the downstream site to produce PM, the Ib by eliminating a structural constraint. The effects of linker
concentration of this RNA decreases, reflecting cleavage atinsertion, disruption of helix la, and constitutively adopting
its upstream site to liberate the natural linear monomer, M. the shifted conformation are partially additive: the parental
M self-ligates to produce the circular monomer RNA, cM, RNA, G11, cleaves with a maximal rate constant of 0.12
as described previousl{9). The small fraction of PMD that  min~* and a [Md'].. of 21.9 mM, whereas an RNA
cleaves first at the upstream site, producing MD, cleaves containing all three of these alterations, AN16s, cleaves at
slowly if at all at the downstream site, resulting in an 18 min* with a [Mg?*].z of only 1.4 mM. These data show
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that as with the hammerhead, hairpin, and HDV ribozymes,
appropriate versions of the VS ribozyme are capable of
efficient catalysis in the physiological range of Rig
concentrations. This raises the possibility that the activities
of the small ribozymes may be regulated by the intracellular
ionic environment, as has recently been reported for &Mg
regulated RNA structural element in thé &ntranslated
region of a bacterial mMRNAZ20).

Interpreting the effect of a particular structural element
on reaction kinetics can be challenging. For example, the
presence of helix la inhibits cleavage at the site immediately
upstream of the ribozyme core (as in the G11 construct);
however, helix la is required for maximal cleavage rate in
fast-cleaving constructs like RS19, where the cleavage site
is tethered by a linker to the downstream of the ribozyme
core @). Helix la also shifts the cleavagdigation equilib-
rium in favor of ligation in linker-containing RNASS]. In

hammerhead ribozymes, nonessential structural features can

also affect the rates of cleavage and ligation as well as the
ionic concentration requirementd, (5, 21, 22). In other
ribozymes, for example, Group | intron®3, 24) and RNase

P (25), mutations that disrupt particular secondary structure
elements or artificial circular permutations that change their
relative locations have also been shown to influence the
cleavage rate and/or folding pathway of the RNA. In VS
RNA, helix la may have evolved to control the relative
cleavage rates at the upstream and downstream sites.

SUPPORTING INFORMATION AVAILABLE

The complete sequence of GAl& This material is
available free of charge via the internet at http://pubs.acs.org.
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