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ABSTRACT infected chrysanthemum tissue is also identical to that produced
in the in vitro self-cleavage reaction (5); (iii) the nucleotide
changes found in PLMVd clones in the regions of both
hammerhead structures do not affect their stabilities because
when they are found in helices Il and Ill the substitutions are
compensatory or because they are located in loops (11; Ambrés
et al., unpublished data). Hammerhead structures have also bgen
engineered to aat trans an aspect with major biotechnological 2
implications(13,14).

Considerable interest has been devoted to an attempt o
understand the catalytic mechanism through which hammerh@d
ribozymes function. The crystal structures recently solved for twp
ribozymes of this clagd5,16) have agmed specific roles to the 2
11 core nucleotides of the single-stranded central loop, providigg
some clues as to why they are strictly conserved in all natugl
hammerhead structures. Prominent in this core is the uridine t§n
L motif, the tetranucleotide CUGA, which together with the active
progeny. These results indicate that the sequence site nucleotide forms the catalytic pocket. The sequence of thjs

flexibility of the hammerhead structure, acting in vitro motif, originally found in the anticodon loop of a tRN&?), is 2

and in vivo, is higher than anticipated and provide reserved in all natural hammerhead struct 711) and <
relevant data for a deeper insight into the catalytic pres ! " struct(@ss-7,11) -

. . X . any change introduced by site-directed mutagenesis essenti%ly
mechanism of this class of ribozymes and into the abolishedn vitro self-cleavage in a hammerhead ribozyme acting
structure of the uridine turn motf. in trans (18). Moreover,n vitro selection experiments have >
shown that active ribozymes selected from a pool of ribonucled-
INTRODUCTION tides completely randomized at all positions of the central co&s

Hammerhead ribozymes have been found in a group of sm&@ntain the CUGA sequence forming the uridine (19,20).
plant RNAs, including three viroids and several satellite RNA§!€re we report that a natural sequence vageRLMVd witha
(1-5), in the RNA form of a cartian retroviroid-like element Mutation in the catalytic pocket of the plus hammerhead structuge
(6), as well as in a small transcript from the newt (7)_shows significant self-cleavage not (_)mWnrq but alsa.n vivo.
Hammerhead structures mediatevitro self-cleavagén cisof 10 the best of our knowledge this is the first studyiromivo

the RNAs in which they are naturally fou(@l9) and in some functioning of a mutant hammerhead structure of this class.
instances there is strong evidence indicating that they are also

operativen vivo. This is the case for the three known viroids witHtMATERIALS AND METHODS

hammerhead ribozymes, avocado sunblotch viroid (ASBVde
(10), peach latent mosaic viroid (PLMVd) (11) and the recently
characterized chrysanthemum chlorotic mottle viroid (CChMVdPLMVd cDNA clones were obtained from a severe isolate
(5). Evidence fom vivofunction comes from three observations:(D168) by RT-PCR. First-strand cDNA was synthesized on
(i) the 5termini of two sub- and supra-genomic plus ASBVdpurified circular forms of the viroid with primer RF-43,
RNAs and of one sub-genomic minus ASBVd RNA isolated frond'-d(CTGGATCACACCCCCCTCGGAACCAACCGCT)-3
infected avocado tissue are identical to those produced in thad avian myeloblastosis virus (AMV) reverse transcriptase as
correspondingin vitro self-cleavage reactionfl2); (i) the indicated(21). For gnthesis of second-strand cDNA an aliquot
5'-terminus of the monomeric plus CChMVd RNA isolated from(1/20) of this preparation was PCR-amplified with primers RF-43

Peach latent mosaic viroid (PLMVd) can adopt ham-
merhead structures in both polarity strands. In the
course of a study on the variability of this viroid a
natural sequence variant has been characterized in
which the hammerhead structure of the plus polarity
strand has the sequence CCGA instead of the con-
served uridine turn motif CUGA present in the catalytic
pocket of all natural hammerhead structures. The
viroid RNA containing this mutant hammerhead struc-
ture, but not those with the two other possible
substitutions, U - A and U - G, in the same position of
the catalytic pocket, showed significant self-cleavage
activity during in vitro transcription. Moreover, the
corresponding full-length PLMVd cDNA was infectious
and the mutation was retained in a fraction of the viroid

DNA synthesis and cloning
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and RF-44, S5d(TGTGATCCAGGTACCGCCGTAGAAA- Invitro transcription
CT)-3, and 2.5 U clone&fu DNA polymerase using the buffer . . . . .
suggested by the producer (Stratagene) for maximal fidelity: Z3combinant plasmids with PLMVd full-length inserts in
mM Tris—HCl, pH 8.8, 2 mM MgS® 10 mM KCI, 10 mM appropriate orientations were digested wiboRI and tran-

NH4S0y, 0.1% Triton X-100, 100g/ml nuclease-free BSA and SC'ibed with T7 RNA polymerase to obtain the plus polarity
400 UM each of the four NTPs. Primers RF-43 and RF-44 ar trands. Transcription led to products containing the complete

complementary and identical to positions 208178 and 199—224-MVd sequence plus two'-5and 3-ails of 47 and 22 nt
spectively from the vector. Transcription reactions contained

respectively of the PLMVd reference sequence (11) and overl ! . !
aSalBA restriction site located in a domain of the molecule witt?© N9H! linearized plasmid, 1 W T7 RNA polymerase, 40 mM

ris—HCI, pH 8, 6 mM MgCJ, 10 mM DTT, 2 mM spermidine,
1-2 Ul human placental ribonuclease inhibitor, 1 mM each
GTP,CTP and UTP and 0.1 mM ATP plus|0Gi/ul [a -32P]ATP.

er incubation at 37C for 1 h the template was digested with

a very limited sequence variability (Ambrésal., unpublished
data). The PCR cycling profile (30 cycles) was©@4or 40 s,
60°C for 30 s and 7ZC for 2 min, with a final extension step at

72°C for 10 min. PCR products were separated by PAGE and t ase-free DNase and the transcriots were separated BEL
DNA of the expected length was digested Wi#hBA and cloned : np P
polyacrylamide gels (5%) containing 8 M urea plus 40%

in pBluescript Il KS+ linearized witBamHI. Sequences of the d : : s
inserts were determined by chain terminating inhibitors (22) an%j:mam'de (to improve separation of RNAs with high secondary

T7 DNA polymerase. Two recombinant plasmids were selecte ruT:ture).FT_r_\%gngS\(/)vg re dried and scanned with a bioimage
for further studies: pGDS23, with a full-length PLMVd insert alyzer (Fuj )-

differing from the reference sequence (11) in 23 positions which . ]

do not include the 11 core nucleotides conserved in all naturaynthesis of partial length fragments of PLMVd

hammerhead structures; pGDS59, with an insert identical to t } _ i ;

of pGDS23 except for the change W& in the uridine turn of the rfgmvpcil;QTSARg?gy_%??AXV-E&%ggg-%ﬂ%“?i?{gg%?

PLMVd plus hammerhead structure. GAGTCTGTGCTAAGC)-3, and RF-88, 5d(CAAGAGTTT- g
CGTCTCATTTC)-3, previously phosphorylated. Primers RF-S%
and RF-88 are homologous and complementary to sequenges
delimiting the 5 and 3-borders of the PLMVd plus hammerheads

Site-directed mutagenesis structure respectively, except for the sequence underlined3n

primer RF-89, which is the T7 RNA polymerase promoter, ang

Th tocol red , 3 sllowed with mi the G in bold in this same primer, which is an extra residug.

e protocol reported previoug(#3) was bllowed with minor Aliquots of 10 ng of the three recombinant plasmids containirg

modifications. Recombinant plasmid pGDS23 (5 ng) Wak|I-length PLMVd inserts with the wild-type plus hammerheadk.
PCR-amplified with 250 ng each of the phosphorylated primer?tructu?e (pGDS23) or its mutated vé)rlgiorrl)s (pGDS23-1 arsd

RF-103, 5d(TCACTCAAAAGTTTCGCCGT)-3, and RF-106,
. pGDS59) were used as templates. Other components of the F%?R
5-d(CAAGAGTTCGTCTCATTTC)-3. RF-103 and RF-106 roqctions and the PCR cycling profile were as indicated aboy.

are homologous and complementary respectively to wo adjacesier products of the expected length were cloned intSrie 5
regions of the pGDS23 insert except in a position of RF-108q ot nc18 and the sequence and orientation of the inserts were
which was deleted to change the cons_erved motif GAA.A.‘C of &y nfirmed by sequencing. Transcription from these construcgs
PLMVd plus hammerhead structure into GAAC. Additionally, inearized with BamHI was analyzed i TBE polyacrylamide o
PGDS23 was also PCR-amplified with the phosphorylateéels (10%) containing 8 M urea. Primary transcripts contained the
primers RF-126, w(,GAAATGAGACGAAACTCTTGTCAC' sequences of the corresponding hammerhead structures (Figg:1)
TC)-3, and RF-127,5d(AGAGACTCATCC/TGTGTGCTTA- I]%)Iu:s two short 5 and 3-tails, GGA and GGGGGAUC respectively. 3
GCA)-3. RF-126 and RF-127 are homologous and complemen- n
tary respectively to two adjacent regions of the pGDS23 ins

except in a position of RF-127 which was degenerated (residslgé\'A self-cleavage

in bold) to change the conserved motif CUGA of the PLMVd plusself-cleavage of the purified transcripts was performed &40
hammerhead structure into CAGA or CGGA. PCR amplificafor 1 h in 50 mM Tris—HCI, pH 8, 5 mM Mgg&land 0.5 mM
tions were catalyzed by 2.5 Rfu DNA polymerase using the EDTA. Prior to incubation the samples were heated in 1 mM
buffer indicated above. The PCR cycling profile, designed tgpDTA, pH 6, at 100C for 3 min and snap cooled on dry
allow annealing of the primer with the mismatch and amplificaice/methanol. Products from the self-cleavage reactions were
tion of the complete plasmid, consisted of: a hot starto€9dr  separated by denaturing PAGE as indicated above.

2 min and 72C for 3 min (with the enzyme added at this stage),

followed by three cycles of 9€ for 40 s, 37C for 30 s and 7 3 P

for 5 min and 25 additional cycles of @4 for 40 s, 50C for 30 s Hammerhead self-cleavage kinetics
and 72C for 5 min, with a final extension step at®@for 10  Intramolecular cleavage rates were measured dumingtro

min. PCR products were separated by agarose (0.8%) gednscription of the partial length PLMVd RNAs having only the
electrophoresis and the DNA of the expected length was elutedquences of the wild-type and the mutated. @hammerhead
and ligated with 8 U T4 DNA ligase. After transformation thestructures. For this purpose a procedure reported previ@4sly
inserts of the new plasmids (pGDS23-1, pGDS23-2 andith some modifications was followed. Reactions were carried
pGDS23-3) were sequenced to confirm that the expectexit at 37C in a transcription buffer containing 50 pb/
mutations (GAAAC- GAAC, U4- A and U4- G respectively) linearized plasmid, 2 W T7 RNA polymerase, 40 mM
were the only changes introduced. Tris—HCI, pH 7, 6 mM MgGJl, 50 mM DTT, 10 mM spermidine,

jumoq
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3 5 logarithm of the uncleaved fraction versus time, was the average
\ / value of at least three independent experiments.

U-A

m YA RESULTS AND DISCUSSION
C-G

15.2 1A 16 2 In vitro self-cleavage of full-length PLMVd RNA

15.1 16_1 / containing a hammerhead structure with a substitution

%, A in the catalytic pocket
o A aAGAcle g e ac Y

1
U
A cucUG A s A 1 In the progress of a study on the sequence variability of PLMVd
e v J 2»1 A we have cloned and sequenced a large number of sequence
°s 7“ i | variants of this viroid (25). In one of the PLMVd variants we
observed the change UAC in the catalytic pocket of the plus
polarity hammerhead structure (Fig. 1). Contrary to our initial
Figure 1. Wild-type hammerhead structure of the plus PLMVd strand EXpeCtatlon,S' in_ spite of this SUbS’[ItUtIOD 35_45% _Of the
represented as proposed previously (42). The conserved nucleotides presentG@rresponding full-length RNA self-cleaved vitro during
all natural hammerhead structures, with two exceptions in which the C-G bastéranscription, whereas the same RNA with the wild-type hammer-
pair foT;)d in hg"xé'c'i béofesgu?j 15.2 6}?\2 12-2t isl SIUbStit?rte‘i lzjy ; U'Atbf}sehead structure self-cleaved to 85-87% (Fig. 2A). No detectable
g?érs(héwn’ir? :)eutlicr):éd f'ontsr.(?l'LeselarlrJoev?/ ilrrl]dicatfesr:hr;1 proe?jri)c?eg geelf-clgan\;l;gaeIgi?e‘g’.elf_deavage was observed when the conserved GAAAC motif
of the wild-type hammerhead structure was mutated to GAAC by
site-directed mutagenesis (Fig. 2A), in agreement with previous
2 U/Jd human placental ribonuclease inhibitor, 0.5 mg/mlresults showing that this deletion destroys the catalytic activity ef
RNase-free bovine serum albumin, 0.1% Triton X-100, 1.5 mM\SBVd and PLMVd hammerhead ribozym@$,27). g
each ATP, CTP, GTP and UTP plus Q&i/ul [0-32P]ATP. Primer extension experiments confirmed that self-cleavad
Aliguots were removed at appropriate times and quenched witltccurred at the predicted site in the RNA containing th
a 5-fold excess of stop solution (9 M urea in 50 mM EDTA)hammerhead structure with the change-\@in the catalytic =
Reaction rates were measured by determining the extent pdcket (Fig. 2B). On the other hand, when the purified compl
self-cleavage at various times from denaturing PAGE separatitnanscripts were denatured by heating and incubated un@r
and quantitation as indicated above. The data were fitted to teandard self-cleavage conditions, 6-10% of both the wild-tyge
equation derived previous(24) using a least squarestimed. RNA and the RNA with the substitution UAC in the catalytic %
Each calculated rate constant, determined by plotting thgocket self-cleaved, whereas RNA with the deletion in thg
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Figure 2. Effects of changes in conserved residues of the plus hammerhead structure of PLM\itd itrdlself-cleavage of full-length viroid strand8) Analysis

by denaturing PAGE (5%) and autoradiography of self-cleavage during transcription of plus PLMVd RNAs with the wild-type daqeetjcand with mutations

U4 - C (lane 2) and GAAAC, GAAC (lane 4) in their hammerhead structures. DNA markers with their sizes in nucleotides indicated on the left are steown in la
3. The positions and sizes of the complete transcripts C and of the self-cleavage frdgraadt3bare indicated on the righB) Determination of the self-cleavage

site of plus PLMVd RNA with the mutation U4C in its hammerhead structure. The electrophoretic mobility in denaturing PAGE of the cDNA synthesized by reverse
transcription with primer RF-43 of the purified plug 3ragment resulting from self-cleavage (lane R) was compared with the ladders obtained by sequencing the
monomeric PLMVd cDNA clone with dideoxynucleotides and the same primer (lanes A, C, G and T refer to the template whigtaas togrefore the-8hd

is at the bottom of the gel). The nucleotide in thed3ition with respect to the self-cleavage site is indicated by a star and the tetranucleotide containing the mutatior
U4 - C is boxed. €) Analysis by denaturing PAGE and autoradiography of self-cleavage of purified plus PLMVd RNAs. Prior to self-cleavage Rokgkbte
transcripts with the wild-type sequence (lane 1) and with mutationsGJane 3) and GAAAC. GAAC (lane 4) in their hammerhead structures were eluted from

a preparative gel as in (A) and after heat denaturation and snap cooling on ice they were incubated under standare selfididanagDNA markers are shown

in lane 2. Other details are as in (A).
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Figure 3. Effects of changes in conserved residues of the PLMVd plus hammerhead strugiwitreself-cleavage of viroid strands having only the sequences

of the self-cleaving domain plus two shdrtdnd 3“tails. (A) Analysis by denaturing PAGE (10%) and autoradiography of self-cleavage during transcription of plus
PLMVd RNAs with the wild-type sequence (lane 1) and with mutations O4lane 3) and GAAAC. GAAC (lane 5) in their hammerhead structures. DNA markers O
with their sizes in nucleotides indicated on the left are shown in lane 2 and a 10mer DNA marker in lane 4. The posities®&ine primary transcripts T and £

of the self-cleavage fragment§ &and 3F are indicated on the righBY Analysis by denaturing PAGE and autoradiography of self-cleavage of purified plus PLMV@'
RNAs. Prior to self-cleavage primary transcripts with the wild-type sequence (lane 2) or containing the mutatiortabd 5) or GAAAC- GAAC (lane 1) in 8
their hammerhead structures were eluted from a preparative gel as in (A) and after heat denaturation and snap cooéygr@nddadhbated under standard
self-cleavage conditions. DNA markers with their sizes in nucleotides indicated at the left are shown in lane 3 and a 10mer DNA marker in lane 4. RNA @ark
consisting of the complete transcript and tfef@agment eluted from preparative gels as in (A) are shown in lanes 7 and 6 respectively. Other details are as @(A)

conserved GAAAC motif of the wild-type hammerhead structur@eed to invoke long distance interactions to explain self-cleava
showed no detectable self-cleavage (Fig. 2C). The more efficieattivity of the ribozyme with the pyrimidine transition in the><
self-cleavage of the plus polarity strand of PLMVd duringcatalytic pocket because the sequences forming the hammerh@ad
transcription than after purification is consistent with ourstructure, by themselves, can account for the observed actlvng
previous results (11) and is probably due to the adoption of Previous observations have shown that the substitutien@4 3
inactive conformations during RNA purification and/or duringin the catalytic pocket of a model intermolecular hammerheag

OGBU// dny

the heat and snap cooling treatment. structure results in aim vitro self-cleavage rate <0.7% of theS
wild-type hammerhead structu¢@8). A comparison with this <
A partial length PLMVd RNA containing only the situatio_n was attempfted by a procedure reported previously Br
sequences of the hammerhead structure with U4C in determination of the mtramolgcular rates of hammerhead strtgz—
the catalytic pocket showsn vitro self-cleavage tures (24). However, when using tlemditions recommended for 3

this approach the extent of self-cleavage of both the wild-tyf
To determine whether the self-cleavage observed here could lemmerhead structure of PLMVd and of itsLJ@ mutant after
dependent on viroid sequences external to the hammerhehdhin was the same as after 1 h (data not shown), preventing any
structure, constructs having only the sequences of the wild-tyfarther kinetic characterization. In previous experiments with twid
or of the two mutated variants of the PLMVd plus hammerheaidtramolecular hammerhead structures, one derived from
structure were synthesized via PCR and cloned. During transcriptMVd (27) and the other from a virusoid (28), ntiative
tion 80-95% of both the wild-type RNA and RNA with the self-cleavage was also observed within 1 min, indicating that their
substitution U4- C in the catalytic pocket self-cleaved, whereasntramolecular rates must be significantly higher than the values
only 0—4% of RNA with the deletion in the conserved GAAACof 0.7 and 1.0 per min obtained for two model hammerhead
motif of the wild-type hammerhead structure self-cleaved (Figstructures actinmgn transandin cisrespectively(24). In an effort
3A). Self-cleavage of the purified transcripts was reduced ttn estimate the intramolecular rates in the present case the
6—8% and 10-15% in the transcripts with the wild-type hammemagnesium concentration in the transcription buffer was reduced
head structure and with the substitution-J@ respectively and from 11 to 6 mM and the pH from 8 to 7, keeping the other
to 0—-1% in the transcript with the deletion GAAAGAAC in  components basically as repor(gd). Under the newonditions
the hammerhead structure (Fig. 3B). Identification of thave were able to determine a rate for the L@ mutant
self-cleavage fragments was based on their electrophoretiammerhead structure of PLMVd of 8% of its wild-type
mobilities (Fig. 3A), as well as on end-labeling experimentscounterpart (the average actual rates were 0.24 and 3 per min
when the @-32P]ATP in the transcription reactions was substi-respectively; see Fig. 4). Therefore, our data indicate that the
tuted by {-32P]GTP only the full-length product and th&5 PLMVd plus hammerhead structure can tolerate the. 04
fragment, with a Sterminal G in both cases, were labeled andchange in the catalytic pocket to an extél@d-fold higher than
moreover, most of the label was in tHE Fagment, confirming that reported previousii8). However, the two sets of data are
extensive self-cleavage (data not shown). Therefore, there is not necessarily directly comparable considering that: (i) the two
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Figure 4. Intramolecular self-cleavage kinetics of two plus PLMVd hammerhead structures. Analysis by denaturing PAGE (10%) andraptoradio vitro
self-cleavage durintganscription of PLMVd RNAs having only the sequences of the wild-#par{d the U4- C mutant B) self-cleaving domains plus two short
5'- and 3'tails. The positions and sizes of the primary transcripts T and ofRteel8-cleavage fragments are indicated on the right of the upper panels. The dat:
the lower panels were fitted to the equation derived previously (24) by a least squares method.
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hammerhead structures have different formats, since in the plssif-cleavage was detected in the RNA with the change Al4
hammerhead structure of PLMVd helices | and Il are closed bhyhereas 15-25% of the RNA with the substituton & =
short loops 2 and 3 and there is no loop 3 closing helix 1l (Figself-cleaved (Fig. 5B). Therefore, it can be concluded from the‘-.ie
1), whereas in the hammerhead structure used in the experimamisults that the substitution UAC in the catalytic pocket is the g
performed by Ruffneet al (18) a short loop 3 closes helix 1l and one preserving a major fraction of ribozyme activity, particularlg
loops 2 and 3 do not exist; (ii) the latter hammerhead structure adisring transcription. =)
in transemploying sub-saturating concentrations of the substrate
e e o e (D190 pL g s svcure it the s -C
In this context it is also interesting to note that in a recent repo‘fpange in the catalytic pocket is also functionah vivo

on the reduction of catalysis in abasic variants of a modggce we have previously observed that PLMVd cDNAinsertséf

/Bio'sfeulnolpio

intermolecular hammerhead ribozyme the positions less affectgg, ~ monomeric length are infectious when inoculated into GE

of those forming the central single-stranded loop were U4 and U5 h dlinggs ted to k heth t the>
(29) and that when the U4 afather intermolecular hammerhead PLMQ/%IaZeqsﬁgnéggvar)i,avr;/f VV\X?P? tehe ?sul:r)]gt\i/gu\f[\iloﬁ Jgg ?rr] Tﬁe e)%
r!tl;ozymle vv_gs SUESt'tUtedl by 4-thiouridine or S'py“dm'g'”onecatalytic pocket was also infectious. In three different exper&
r o:ju;]: eosl esht ef catag/tlc activity was r el_uce i “g NYhents 2/5, 8/15 and 3/5 of the inoculated plants became infectgd,
abolished30). Therefore, these obsetivas are in line with the 5 44i6 similar to that obtained in an experiment with the wild-typs

results here reported with an intramolecular natural hammerheag\iv/q sequence variant, in which 13/20 of the inoculated plants
structure. In this respect it should be remarked that self-cleavagg

e v ) O came infected. No delay in symptom expression was observed
duringin vitro transcription bgtter reflect.s tlees functioning of  peryeen plants inoculated with either variant. When 11 PLMVd
hammerhead ribozymesimvivo processing of the small RNAS p\a clones were obtained by RT-PCR from the viroid progeny
in which they are contained. extracted from one symptomatic plant resulting from infection
with the PLMVd U4- C sequence variant the mutation was
Transversions of the U4 residue of the Catajy‘[ic pocket pbserved in tWO of them, whereas it h.ad.reverted .tO the Wlld-type
destroy or significantly reduce ribozyme activity in the other nine. Therefore, the substitution affecting the catalytic

pocket is functional and is present in a fraction of the sequence
To examine whether the substitutions LJA and U4- G were  variants of the progeny. Due to replication errors and selection
also compatible with catalytic activity of the ribozyme recombipressures PLMVd accumulaiesvivoas a population of closely
nant plasmids containing PLMVd full-length inserts with theseelated co-existing variantg5) which conform to what is known
two changes were obtained by site-directed mutagenesis. As a quasi-species (31). Simil&uations have been observed
opposed to the case of the PLMVd RNA with the mutatiompreviously in viral RNAZ32) as well as in other wids(33—-38).
U4 -, C in the catalytic pocket, no detectable self-cleavage waghe fraction of PLMVd molecules with the substitution L@
observed duringn vitro transcription in the PLMVd RNAs with in the catalytic pocket is small, probably because it is outcom-
the substitution U4 A or U4- G (Fig. 5A). On the other hand, peted by the variants containing the wild-type hammerhead
when the purified complete transcripts were denatured by heatisgjucture, which show more efficient self-cleavage. In fact, we
and incubated under standard self-cleavage conditions, have observed a correlation betweernvitro self-cleavage of
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A B oxygen at position 2 of the U4 in the uridine turn, which makes
a 3 A aromatic— stabilizing interactior(16). Since a change
I 2 3 4 1 2 3 uU4-C would allow a similar interactic_)n, this may_ex_plain the
(n activity of the hammerhead structure with this substitution as well
) as the lack of or reduced activity of the two other mutated
B .. [t . hammerhead structures with the substitutions.Band U4- G
CENT — | —— - - = CHon in which the stabilizing interaction cannot be formed. However,
) - |2 — 3T additional interactions, including possible binding of the catalytic
IFAT - | - i - 213- -~ metal ion by U4 (16), must exist favoring the almasiversal
~ }éﬁi e presence of a U4 in the catalytic pocket of the natural
- ST (137 hammerhead structures.
SF(BT) = | - - T - On the other hand, the crystallographic data obtained for the
- A - uridine turn motif of a hammerhead structure indicate that the
B - - tertiary interactions that stabilize this domain include a hydrogen

bond from N3 of U4 to thero-Sp phosphate oxygen of U7, as
well as a hydrogen bond between théydroxyl of U4 and N7
Figure 5. Effects of transversions in the U4 residue of the catalytic pocket ofOf A6 (15)' These Intemon.s .are consistent Wl.th a Consens!‘ls
the plus PLMVd hammerhead structureironitro self-cleavage of full-length  sequence of UNR for the uridine turn, where N is any nucleotide,
viroid strands.A) Analysis by denaturing PAGE (5%) and autoradiography of R is a purine and UNR is U4G5A6 in the hammerhead ribozyme
self-cleavage during transcription of plus PLMVd RNAs with the wild-type (15). It is worth wting that only the change WAC observed in
sequence (lane 1) and with mutations U2 (lane 2) and U4 A (lane 3)in tha P| MVd hammerhead structure retaining a significant fraction
their hammerhead structures. DNA markers with their sizes in nucleotides frib ti tivit Id all both int ti M o
indicated on the right are shown in lane 4. The positions and sizes of thor oz_y_ma IC acuv y\_Nou allow botnh Interac 'Ons_' Ore_over%
complete transcripts C and of the self-cleavage fragmétarl 3F are the uridine turn motif has recently been predicted in th
indicated on the leftB) Analysis by denaturing PAGE and autoradiography of Neurospora VS ribozyme on the basis of the effects 0@_
self-cleavage of purified plus PLMVd RNAs. Prior to self-cleavage complete sjte-directed mutagenesis of the conserved U and, interestin@y,
PLMVd transcripts with mutations U4G (lane 1) and U4 A (lane 2) in their éhe substitution U, C was the Change that least affected the rag

r

hammerhead structures were eluted from a preparative gel as in (A) and aft . -
heat denaturation and snap cooling on ice they were incubated under standa®i Selffdeavag? (41). Therefore, thesailtssobtained W'th two =
self-cleavage conditions. DNA markers are shown in lane 3. Other details ar&/ery different ribozymes, the hammerhead and VS, indicate thiat
asin (A). some sequence variability can be tolerated in the U position of the

uridine turn motif.
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