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Mutational Analysis of Loops 1 and 5 of the Hairpin Ribozyme
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ABSTRACT. A comprehensive analysis of base preferences for all positions in loops 1 and 5 of the hairpin
ribozyme-substrate complex was carried out usirgsaribozyme tethered to substrate by a pentapyrimidine
loop. Ribozyme-substrate molecules were mutated to contain each of the three non-native base variations
at each of the eight positions within these loops. Catalytic activity was measured for each mutant and
compared to the activity of the original native sequence. This was the first time all base positions in
these loops have been mutated to all variants and kinetically characterized. Various effects were found,
ranging from invariant base positions to those with nearly complete tolerance of any base change. Two
positions resulted in cleavage rates below the lower limit of accurate quantification for all non-wild-type
base substitutions. These positions akeiGthe ribozyme and 6 in the substrate. When ;A was
substituted with a pyrimidine, self-cleavage activity fell below the lower limit of detection while the
remaining positions showed varying base preferences. The information reported here on loops 1 and 5
combined with previous mutagenesis data on loops 2 and 4 [Siwkowski, A., Shippy, R., and Hampel, A.
(1997) Biochemistry 363930-3940] completed a comprehensive mutational/kinetic analysis of every
base position located within all the required loops of the hairpin ribozysnbstrate complex and allowed

for the development of a mechanism for catalysis which is proposed.

The hairpin ribozyme was derived from the catalytic core activity is loop 3. It can be removed to form a bimolecular
of the minus strand of the satellite RNA from tobacco ribozyme with kinetic properties similar to the one-piece
ringspot virus [)sTRSVT (1). Hairpin ribozymes are a  ribozyme (1), or it can be replaced by a more stable
class of RNA enzymes?2] capable of site-specific and tetraloop RNA structure to increase activify?). The hairpin
reversible transesterification cleavage reactions on RNA ribozyme-substrate complex likely folds into a three-
substratesl). The hairpin ribozyme is capable of cleaving dimensional structure usingidas a hinge13, 14), allowing
in either acis or atransreaction 8, 4), yielding products bases in loops 2 and 4 to interact with bases in loops 1 and
with 5'-hydroxyl and 23-cyclic phosphate terminbj. Three 5. The existence or nature of additional interactions between
other classes of naturally occurring ribozymes, the ham- these four loops is at present unknown.
merhead, hepatitis delta, amteurosporaribozymes, also Understanding the structuréunction of the hairpin ri-
produce these cleavage produds (The minimal sequence  bozyme has practical applications since the hairpin ribozyme
of the hairpin ribozyme and substrate necessary for catalysishas been effective against HIVii vivo (15). Determining
is 50 and 14 ribonucleotides, respective#f).( When the  the structure-function relationship of the hairpin ribozyme
ribozyme is bound with substrate, the secondary structuremay be valuable for improving its catalytic activity and
(Figure 1) consists of five loops, loops 1, 2, 3, 4, and 5, likewise improving its efficacy as a genetic therapeutic agent.
separated by four helices, helices 1, 2, 3, and,8). A To date, structurefunction information on the hairpin
recently identified noncanonical A-G base pair in helix 4 ribozyme has been based on phylogenetic comparisons,
extended the known number of base pairs in the structure tomutational studiesin vitro selection, cross-linking, NMR,

18 bp O, 10). Two of the helices (helices 1 and 2) are and chemical modification data.

formed between the substrate and ribozyme, resulting in two  The study reported here is the first to kinetically analyze

symmetrical loops directly across from each other (loop 1 every base in loops 1 and 5 for cleavage. Substitutions at

in the ribozyme and loop 5 in the substrate). The remaining two positions resulted in cleavage rates below the lower limit

three loops are found within the ribozyme region as a result of accurate quantification. These arg i@ the ribozyme

of helix 3 and helix 4 formation. The only loop within the and Ggin the substrate. WhenAwas substituted with a

ribozyme-substrate complex not required for catalytic pyrimidine, self-cleavage activity fell below the lower limit
of detection. The information reported here on loops 1 and

t Supported by NIH Grant RO1AI29870 to A.H. 5, com_bined W?th previous mutagenesis data on loops 2 gnd

* To whom correspondence should be addressed. 4 by Siwkowski et al. 9), prowdes a comprehenswe anaIySIS

! Abbreviations: {)sTRSV, negative strand of the satellite RNA  of possible base interactions between these loops as well as

of tobacco ringspot virus{)sCYMV1, negative strand of the satellite ; it ; ; i ;
RNA 1 of chicory yellow mottle virus;{)sArMV, negative strand of .the |denpf|cat|on of .mvanant pOSIthnS which may be
the satellite RNA of arabis mosaic virus; FS, full size autocatalytic involved in the catalytic step itself. This study completed a

RNA; 3P, 3 cleavage product;'B, 5 cleavage product. comprehensive mutational/kinetic analysis of every base
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Ficure 1: cis-Cleaving hairpin ribozymesubstrate two-dimen-
sional model. The model contains four helical regions (helices 1,
2, 3, and 4) and five single-stranded loop regions (loops 1, 2, 3, 4
and 5). This model includes a noncanonicak-&ss base pair at
the end of helix 49). The catalytic core consists of a 50-nucleotide
ribozyme strand (shaded region) and a 14-nucleotide substrat
strand. Cleavage occurs betweegs And Gg in loop 5 of the

substrate. The construct used in these studies linked the substrat

to the ribozyme with a pentapyrimidine loop (CCUCC). The six
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Mutagenesis was carried out as previously described by
Siwkowski et al. 9). In summary, double-stranded DNA
fragments were synthesized using PCR by extension of
primer dimers, each containing a randomized base corre-
sponding to the eight base positions found in loop 1A
A1) and loop 5 (As—Csg) of the hairpin ribozyme substrate
complex. These randomized positions are representBd as
in the loop 1 and loop 5 mutagenesis primers. The primers
were randomized individually during DNA synthesis using
an equimolar phosphoramidite mix containing only the non-
wild-type bases. The double-stranded DNA containing the
mutations was digested wiBanH| andHindlll and cloned
into the pL2GMC vector in place of the wild-type sequence
(Figure 2). Sequencing identified each of the clones
representing three non-wild-type variants at each base
position and also verified the integrity of the remaining
ribozyme-substrate coding sequences. In this manner, 3
different non-wild-type mutants were obtained for each of
the 8 positions in loops 1 and 5, resulting in a panel of 24
mutant clones.

Kinetic Analysis Kinetic analysis was performed as
described previously by Siwkowski et a@)( Briefly, each
clone was linearized witldindlll and transcribed with T7
RNA polymerase usingof-32P]JCTP to produce internally

. labeled autocatalytic RNA. During transcription, aliquots
were taken at 20, 40, and 60 min and transcription (cleavage)
products separated on a denaturing polyacrylamide gel. RNA

®was detected using autoradiography, bands corresponding to

{full-size RNA and those corresponding to tHgBduct were

excised and counted, and the rates of self-cleavage were

circled bases represent positions which, when changed, resulted indetermined by nonlinear regression analysis of the resulting

no detectable cleavage.

located within all the required loops of the hairpin ribozyme

substrate complex. A mechanism for catalysis is proposed.

MATERIALS AND METHODS

The cis-Cleaing Hairpin Ribozyme Substrate Construct
The construct used in these studies was tleecleaving
ribozyme-substrate complex (Figure 19,(16). Site-

time-course data using the equation:

uncleaved fractior= [(1 — b)(1 — e )/ki] + b

The termk is the unimolecular rate constant for self-cleavage
(min~Y) and b is the fraction of full-size RNA produced
unable to undergo self-cleavage.

The kinetic data obtained from these curve fits provided
information on appropriate incubation times for the next

directed mutagenesis was performed on each base in loopseries of transcription reactions, in order to more accurately

1 and 5.

Loops 1 and 5 Mutagenesid he following PCR primers
were used in generating coding DNA for loop 1 and loop 5
mutants:

Loops 1 and 5 Conserved Primer:
5-GGTATCGATAAGCTTGCATGCCTGCAGGTCGACTACCAGGTAA
TATACCACAACGTGTGTTTCTCTGGTTGAC-3’

Loop 1 Mutagenesis Primers:

Ay 5-GAACTAGTGGATCCTTTTTTTTT GACAGTCCTGTTTCCTCC
AAACAGN GAAGTCAACCAGAGAAACACACGTTGTGG-3

Gg:  5-GAACTAGTGGATCCTTTTTTTTTTTITTGACAGTCCTGTTTCCTCC
AAACAGAN AAGTCAACCAGAGAAACACACGTTGTGG-3

Ay 5-GAACTAGTGGATCCTITTTTTITTTITTGACAGTCCTGTTTCCTCC
AAACAGAGNAGTCAACCAGAGAAACACACGTTGTGG-3

Aqgr 5-GAACTAGTGGATCCTTTTTTTTTTTTTGACAGTCCTGTTTCCTCC

AAACAGAGAN GTCAACCAGAGAAACACACGTTGTGG-3’

Loop 5 Mutagenesis Primers:

Ag 5-GAACTAGTGGATCCTTTTTTTTTTTITGACNGTCCTGTTTCCTCC
AAACAGAGAAGTCAACCAGAGAAACACACGTTGTGG-3’

Gy 5-GAACTAGTGGATCCTTTTTTTTTTTTTGACANTCCTGTTTCCTCC
AAACAGAGAAGTCAACCAGAGAAACACACGTTGTGG-3’

Uy 5-GAACTAGTGGATCCTTTTTTTITTTTITGACAGN CCTGTTTCCTCC
AAACAGAGAAGTCAACCAGAGAAACACACGTTGTGG-3’

Cy  5-GAACTAGTGGATCCTTTTTTTTTTTITGACAGTNCTGTTTCCTCC

AAACAGAGAAGTCAACCAGAGAAACACACGTTGTGG-3’

determine the catalytic parameters of each mutant relative
to wild-type. A second set of transcription reactions was
conducted in the same manner as previously described, but
instead, five aliquots were taken during a total incubation
time of either 15, 30, or 60 min. These five time points
were used in nonlinear regression analysis as above to
determine the catalytic parameters of each mutant. The
resulting rates of self-cleavage for each mutant were
compared to wild-type to determine relative effects of base
mutations on rates of self-cleavage.

RESULTS AND DISCUSSION

Thecis-cleaving hairpin ribozyme (Figure 1) had each base
position in loops 1 and 5 mutated to contain all non-wild-
type base moieties. The pL2GMC construct (Figure 2) was
used for the construction of a panel of clones representing
every base possibility at each individual position within loops
1 and 5. Transcription/cleavage reactions of the mutant
clones as well as the wild-type construct (Figure 3) showed
one position in each the ribozyme and substrate where
cleavage rates were below the lower limit of accurate
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quantification for all three non-wild-type base substitutions.
These positions were {@n the ribozyme and G in the

substrate. Pyrimidine substitutions atoAalso resulted in iPe B == -g®
levels of cleavage below the accurately determinable level.
A; and accommodated all base possibilities while ..

7 As p 5P .. . . . .

retaining near-wild-type levels of self-cleavage activity. Other
positions showed varying degrees of tolerance with regard ) o
to base substitutions. Ficure 3: Self-cleavage analysis of the hairpin ribozynseibstrate

. . . . catalytic RNA. Each panel represents a particular position in either
Nonlinear regression analysis of cleavage using the equa'Ioop 1 or loop 5. The base at each position was mutated to contain

tion: each of the three non-wild-type bases. Linearized plasmids were
transcribed for 60 min to permit both transcription and cleavage of
uncleaved fractior= [(1 — b)(1 — e*kt)/kt] +b the RNA. Reaction products were separated on 10% PAGE,
denaturig 7 M urea gels. FS, full-size ribozymsubstrate RNA,
determined the unimolecular rate constak} for self- 3P, the 3 cleavage product;'B, the 5 cleavage product; wt, the

cleavage. This was then compared to wild-tyfe/kn) wild-type self-cleaving ribozymesubstrate RNA.

(Figure 4, Table 1). Thé-values (uncleavable fractions) ) ) o ]
were near zero for each mutant and therefore not included@nd A/C retained 100% relative self-cleavage activity while

in Table 1. A;G exhibited 80% relative self-cleavage activity compared
A detailed description of the results for each base position t0 wild-type (18). In a previousrans-cleavage experiment,
follows. A-G and AC retained wild-type activityg). Whencis- and
trans-acting systems were compared, theCAmutation
Loop 1 Ribozyme Positions;AA;o resulted in a 54% reduction icis-cleavage activity while

A,. This position is variable since no more than a 6 this same mutation retained full activity inteans reaction

reduction in self-cleavage rate accompanied the incorporation(19)- This resultis in agreement with the catalytic activity
of any mutant base at this position.-\and AC resulted recorded for AC in our cis-cleaving construct relative to
in 3.8« and 5.6« reductions in self-cleavage activity, the publishedransresults. In contrast to the self-cleaving
respectively. The guanine substitution in this position construct of Berzal-Herranz et all§), where the Send of
decreased catalytic activity by approximately.2Based on  the substrate is tethered to thee®id of the ribozyme, the
these results, a purine is preferred in this position. This self-cleaving construct of Fujitani et allg) has the 3end
purine bias could be due to the stabilization of helices when of the substrate tethered to theend of the ribozyme, in
purines are the last unpaired base on therfl of a helix the same manner as in our experiments. Overall, it appears
(17). this position is variable in botbis- andtrans-acting systems.
These results are contrary to those previously publishedlt is likely A7 does not serve a necessary structural role and
from in vitro selection, where the active-pool variantd A is not involved in the catalytic step.
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Ficure 4: Self-cleavage kinetics of loop 1 and loop 5 hairpin ribozymsebstrate mutants. Each graph represents the uncleaved fraction
of self-cleaving RNA as a function of time. Each line represents a different base substitution for that positicrigrchkb@ving ribozyme-
substrate compledi = A, A=G, 0 =C,0=U.

Gsg. This was the only position in loop 1 of the ribozyme GsC and GU mutants gathered from an inactive pool of
where cleavage rates were below the lower limit of accurate ribozyme variants, obtained from vitro selection, showed
quantification for all mutants. Mutating this position cor- less than 1% self-cleavage activity while thgAGmutant
responded to a decrease in catalytic activity of greater thanwas never obtained nor assayed for self-cleaving activity.
1200x. This was the first time all three non-wild-type base However, GA and GU mutants in a@rans-cleavage assay
substitutions at @were tested for self-cleavage activity. strongly inhibited activity {8). A previoustrans-cleavage
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Table 1: Kinetic Analysis of Loop 1 and Loop 5 Mutahts

nat base mutation k (min™1) Kat/Kemut
Loop 1 Mutants
wit none 0.7340.06) -
A7 C 0.12 ¢0.01) 5.6
G 0.38 ¢-0.05) 19
u 0.19 0.04) 3.8
Gg A <0.0006 >1200
C <0.0006 >1200
u <0.0006 >1200
Ag C 0.0041 £0.0008) 182
G 0.0014 £-0.0006) 730
u 0.001 €0.003) 730
Ao C <0.0006 >1200
G 0.036 (-0.006) 18
U <0.0006 >1200
Loop 5 Mutants
wit none 0.7340.06) -
Ass C 0.21 ¢-0.02) 35
G 0.69 ¢-0.03) 11
u 0.33 &0.03) 2.2
Gss A <0.0006 >1200
C <0.0006 >1200
u <0.0006 >1200
Usz A 0.030 0.004) 24
C 0.010 ¢-0.001) 73
G 0.009 ¢-0.001) 73
Css A 0.45 (+0.03) 1.6
G 0.074 (-0.004) 10
u 0.095 (0.009) 7.3

2 The lower limit of detection fok was 0.0006/min.

study reported no cleavage activity for thgG3mutant, while
GgU retained 5% cleavage activity relative to wild-ty3.(

In a base modification study using a three-piece ribozyme
substrate construct, catalytic activity decreased by ap-
proximately 98% when either the exocyclic amino group,
N7, or N'-H of Gg was removedZ0). Increased concentra-
tions of Mg?"™ partially restored activity for both the inosine
and Of-methylguanosine substitutions, suggesting possible
magnesium coordination at the exocyclic amino group and
the N! hydrogen atom of g(20). Removal of the Nigroup
from Gg increasedy by 5x. Based on dramatic protection
of Gg from kethoxal in a ground-state structure, it has been
suggested this base may form a direct contact with loop 5,
possibly through a noncanonical base pair, or it may be
involved distally in a tertiary interaction with a portion of
the ribozyme in either loop 2 or loop 2%). Also, results
obtained from NMR implicate a possible cross-strand
interaction between the base of @nd the sugars of both
Gssand Uy in the ground-state structur2?). In a previous
study, Asin loop 5 of the substrate cross-linked primarily
to Gg (23), providing evidence for a cross-strand interaction
between these two loops and the possible involvement of
Gg in this sort of interaction. In any caseg @ays a critical
role in the catalytic step and/or the formation of the active
ribozyme-substrate complex.

Ag. This position does not require adenine for self-
cleavage, but this base is strongly preferred. All mutations
at this position resulted in nearly complete loss of activity.
The AsG and AU mutations decreased self-cleavage activity
730x while A¢C had a 18% decrease in catalytic activity.

Shippy et al.

This position can accommodate any of the three non-wild-
type bases and still support self-cleavage, albeit at low levels.

Ag has been reported as being essenfi8).( Reactions
in trans of an AU mutation resulted in no detectable
cleavage §). In transreactions, removal of the exocyclic
amino group or N from this position resulted in an 8-fold
or 21-fold decrease ik, respectively 20). It has been
proposed magnesium binds to thépbsition of A in the
transition state, based on a restoration of near-wild-type
activity, with N’-deazaadenosine in this position, at high
magnesium concentrations. The@ mutation decreased
self-cleavage activity 730, and since the Ngroup is
retained, it is likely A contributes more than just the’N
group for the formation of the active tertiary structure. Since
the conservation of adenine at this position is not a
requirement for self-cleavage, ¢As likely not directly
involved in the catalytic step but may coordinate with a metal
or other bases for proper folding. o4 a highly critical base
for the formation of the catalytically active tertiary confor-
mation.

Aio. This position must be a purine in order for the
ribozyme to retain cleavage activity. The G mutation
resulted in an 18 decrease in cleavage activity. However,
either pyrimidine mutation resulted in cleavage rates below
the accurately determinable level, corresponding to decreases
in catalytic activity greater than 1260

Removal of the exocyclic amino group or’ ffom this
position resulted in a 16 and 8 reduction in Kea
respectively 20). Ao was reported to be required for
ribozyme activity based on ain uitro selection, since all
mutations at this position were not recovered from an active
pool of ribozyme variantsl@). In atranscleavage assay,
A10G supported 61% relative catalytic activity compared to
wild-type 8). Since the retention of a purine at this position
appears to be necessary for self-cleavage, the purine back-
bone itself is likely involved in a key structural and/or
catalytic role. It is possible the ™Ngroup of A, may be
involved in this key role. Interestingly, the crystal structure
of a group 1 ribozyme domain shows examples of functional
group coordination involving both the3Nand 2-hydroxyl
groups of adenosin®4). Since the 2hydroxyl of Ao was
shown to be essential for catalytic functid@b), coordination
involving both the N and 2-OH groups at this position
cannot be ruled out as a structural motif.

Loop 5 Substrate Positions#-Csg

Ass. This position is completely variable. No more than
approximately a & reduction in self-cleavage rate ac-
companied any mutation in this position. Thes@ mutant
retained nearly full activity, while the &C had the lowest
activity, indicating a purine is preferred in this position. Base
preferences at this position, based on relative decreases in
self-cleavage activity, show the same order as would be
predicted based on thermodynamic stability. Unpaired
terminal ribonucleotides at the end of a helix, with the same
structural context as & have the lowest free energy when
purines occupy this position while cytidine at this position
has the highest free energ¥7.

Substrate cleavage by the hairpin ribozyme, itrams
reaction, was unchanged for any base in this positign (
26). However, these earlier studies did not measure kinetic
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rates. These results showsAs not involved in key catalytic ~ activity. However, when the g5 and GgU mutations were
or structural interactions. made, catalytic activity decreased by xl0and 7.3«,

Gss This was the only base position in the substrate loop respectively. Thecis-reaction gave somewhat different
where cleavage rates were below the lower limit of accurate résults than those previously obtainedtians In trans
quantification for any of the three non_W”d_type base Cleavage reaCtionS,SQIJ had the hlgheSt CatalytiC aCtiVity
substitutions. These results support the original observationfor all non-native base substitutiors 8, 26). The mutations
in trans-cleavage assays wherein unmodified base changesCsdU retained 25% relative cleavage activity whilef£Land
at this position completely eliminated catalytic activi; (  CséG resulted in cleavage activities of 2% and 1% compared
8, 26). respectively to wild-type8). Usingtrans-acting ribozymes,
decreases ik Were approximately 9 for CsA, 8x for
CsU, and 36« for CsG (2). However, the catalytic
efficiencies for ribozymes containing these mutations were
180x, 30x, and 18 lower than wild-type, respectively,
as a result of large increases in tkg values. It is clear
that differences exist betweais andtrans systems when
non-native base substitutions are introducedgt Chis is
consistent with the observation of Fujitani et dl9| where
the GgA mutation is fully active incis but retained 58%
L - : activity relative to wild-type intrans. Base substitutions at
aaese&_gzaszlggggggg% (l.ncsrlfs:tﬁtit}/;r:ue(ssrg%(; pgt) \gg;] ( this position likely interfere with the substrate-binding step

' in trans-cleavage reactions. In owis-cleaving construct,

proposed magnesium binds to thé §foup of Gg in the o
ground state. Based on these base modificatio?n results, N _and the construct of Fujitani et all§), the substrate strand

is not required for cleavage. In contrast, the exocyclic amino IS transcripgd first followed by a six base pair helix 1, Whi.Ch
group appears to be required while the functional group mbay Stab'l'zi ?n? promolte the formation of the active
requirement of the Nhydrogen atom cannot be ruled out. fl F?ﬁylme_su .S rate comp ex. fthe th I ]
tic comparisons of the three naturally occurring
The results of our self-cleavage study support the base, . ylogene .
modification studies, since each of the nonmodified base hZ'rI\F;I'\r} nk;}ozyn:jes_t[;rom ﬂiTRS(\:/' gr)].SCYM¥1' o_r(l )-
mutations at this position eliminates a required functional SArMV] showed either an Aoa C atthis position in loop

group, which likewise abolishes catalytic activity. It has also 2 gwic(g;/ afﬁgsf Iirr%r:I ggrt:]ﬁngti%; aat'?r’]:eessepegg\i/t?;)rl{slaa

been proposed, based on an NMR ground-state structure, tha}l?e E[)he cénservatpi)on of an A/C pair. The dOFL)Jb|e mutatio¥1

As and Gg form a cross-strand-sheared A-G base p2.( CICsoA significantl increasgd the low A cleavage

In any case, the conservation of¢@ a requirement since activ7ity A trgansclea\)//a e assay8). Furthermore ?he

this base clearly plays a key structural and/or catalytic role. double mutation of AC/ ngg crease d the cleavage e{ctivity
Us7. Uridine at this position greatly facilitates but i_s not  of the A,C mutation (9). These compensatory mutational

required for self-cleavage. Whendwas changed to either  ya¢5 fromtranscleavage assays, combined with the phylo-

C or G, cleavage activity decreasedZ3UsA resulted in - ganetic conservation of these opposing bases, suggest a

a 24x reduction in catalytic activity. This was the first time possible interaction between these base moieties. Phyloge-

kinetic rates of cleavage were obtained for any mutation at \.tic conservation is favored at positions@ince GeA

this position. These results are consistentfanscleavage  rgiained wild-type self-cleavage activity. A favorable in-

reactions, where LC and UG resulted in approximately  teraction may occur when an A/C pair is retained inttaes

1% and 2% cleavage, respectively, whilgAlshowed 7% ¢jaaying system. Therefore, this possible interaction is not

cleavage activity relative to wild-type8). Psoralin cross- roquired for the catalytic step but may facilitate substrate
linking experiments showed possible tertiary interactions recognition or binding.

between Y; and ribozyme residues in loop 4 of the ground-

state structure2(?). It has been proposed, based on an NMR \jechanism Proposed for Cleage

ground-state structure, that the residues on either sidg-of U

are splayed apart. This placeg;lih the expanded major The classic model of RNA cleavage is that of bovine
groove without interacting with the other positions in loop pancreatic RNase A. Its mechanism involves a transesteri-
5 (22). The conformational flexibility and lack of steric fication reaction pathway where deprotonation of the 2
hindrance of uracil may allow tertiary contacts between loop hydroxyl leads to an in-line nucleophilic attack of the
5 and other regions of the ribozyme without inducing major resulting oxyanion on the neighboring phosphorus. A
conformational changes in the substrate loop. Conforma- trigonal bipyramid intermediate is formed as a result of this
tional changes resulting from base substitutionssagteatly attack £8). The 3-oxygen-phosphorus bond is cleaved
reduce, but do not eliminate, cleavage activity. Since this following protonation of the 5oxyanion leaving group. The
position can support cleavage for all non-wild-type base resulting cleavage products haveiydroxyl and 2,3-cyclic
substitutions, in botltis- and trans-cleavage assays, it is phosphate termini. These same cleavage products have been
likely Us7 has no direct involvement in the cleavage step, identified for the hairpin ribozyme5j.

but is favored for formation of the transition-state structure. A similar cleavage mechanism is supported for the hairpin

Css. Cytidine is not required at this position to support ribozyme (Figure 5). The hairpin ribozyme can utilize the
near-wild-type levels of self-cleavage. When this position inert transition metal complex cobalt hexaammine
was changed to adenine, it retained nearly full catalytic [Co(NHs)¢*"] in the cleavage mechanism, indicating that,

A 2-aminopurine substitution at this position maintains
near-wild-type catalytic activity while an inosine substitution
abolishes activityZ6). Therefore, it has been proposed that
the exocyclic amino group ongds an essential component
of the active site required for catalysis, while the keto group
is not involved in cleavage. Substitutions ag @ith either
inosine orO%-methylguanosine resulted in cleavage rates too
slow to be measured, and removal of thegxoup resulted
in a 80-fold reduction irk.o, While Ky was unaffected20).



570 Biochemistry, Vol. 37, No. 2, 1998

CH, _O Ass
OH:
H:0 | OH: H H
Nt
A QA
H:0 (I)HZ OHZ—o_P‘=/C)_ H :R_
n l
O
PH [

Ficure 5: Mechanism of cleavage for the hairpin ribozyme. The

mechanism of cleavage is likely a simple stabilization of the

transition state by functional groups required in the RNA sequence
itself; there is no direct involvement of a metal for the cleavage

step itself.

unlike other ribozymes, direct binding of the metal cofactor
to phosphate oxygen is not required for catalytic activa§, (
30). Efficient cleavage ofR,- and S,-phosphorothioate
substrate analogs in both Kfgand Co(NH)s* buffers
further supports this model2®, 30). In RNase A, the
developing negative charge during transesterification is
neutralized by the positively charged side group of a lysine
residue 81). This role may be served in the haipin ribozyme
by the positively charged metahquo complex. The role
of the two histidines in the RNase A cleavage mechanism
may be served by the base functional groups within the
hairpin ribozyme itself. His-12, which has &pvalue of

6.4, serves as the general base catalyst by deprotonating the; .

2'-hydroxyl. His-119, which has alf3 value of 6.8, serves
as the general acid catalyst by protonating thexyanion
leaving group.

Functional groups on RNA purines and pyrimidines have
acid—base properties which may be able to participate in
acid—base catalysis in a similar manner to the proposed
mechanism of RNase A. However, th&kpvalues of

functional groups on free ribonucleosides are near 4 and 10.

This large separation inkg values is an explanation for the
nearly independent pH cleavage profile for the hairpin
ribozyme between pH 5.5 and 8(). A nearly independent
pH profile would occur for an acitdbase cleavage reaction
where the separation inKp values of functional groups,
involved directly in the cleavage mechanism, is outside the
pH range tested. The study reported here, combined with
that of Siwkowski et al. ), identified six base positions
which when mutated resulted in cleavage rates below the
lower limit of detection. These positions are, @, Ags,

Css, Ass, and Gg (circled bases in Figure 1). It is possible
that two of these bases are directly involved in the catalytic
mechanism.
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