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RNA Folding and Misfolding of the Hammerhead Ribozyme
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ABSTRACT. The hammerhead ribozyme undergoes a well-defined two-stage folding process induced by
the sequential binding of two magnesium ions. These probably correspond to the formation of domain 2
(0—500u4M magnesium ions) and domain 1{20 mM magnesium ions), respectively. In this study we

have used fluorescence resonance energy transfer (FRET) to analyze the ion-induced folding of a number
of variants of the hammerhead ribozyme. We find that both A14G and G8U mutations are highly
destabilizing, such that these species are essentially unfolded under all conditions. Thus they appear to be
blocked in the first stage of the folding process, and using uranyl-induced photocleavage we show that
the core is completely accessible to this probe under these conditions. Changes at G5 do not affect the
first transition but appear to provide a blockage at the second stage of folding; this is true of changes in
the sugar (removal of thé-hydroxyl group) and base (G5C mutation, previously studied by comparative

gel electrophoresis). Arrest of folding at this intermediate stage leads to a pattern of uranyl-induced
photocleavage that is changed from the wild-type, but suggests a structure less open than the A14G mutant.
Specific photocleavage at G5 is found only in the wild-type sequence, suggesting that this ion-binding
site is formed late in the folding process. In addition to folding that is blocked at selected stages, we have
also observed misfolding. Thus the A13G mutation appears to result in the ion-induced formation of a
novel tertiary structure.

RNA molecules must undergo precise folding into the 1}
correct three-dimensional structure to be biologically active. 3 5
The highly charged polyelectrolyte backbone results in an
important electrostatic component in the process, and metal
ions play a critical role in stabilizing the folded structures.
The hammerhead ribozymd-4) provides a particularly
useful system for the study of ion-induced RNA folding.
First, it is a relatively small RNA species that undergoes a
well-defined two-stage folding process in response to the
addition of magnesium ion$%( 6). Second, the folding can
be correlated with functional activity7), i.e., the rate of
ribozyme cleavage. Last, there are a number of crystal
structures of the hammerhead ribozyme availa®tel() that
provide considerable insight into the interpretation of the
folding process. . . . RGure 1: Hammerhead constructs used for analysis by FRET. The

The hammerhead ribozyme consists of three double-helicalmolecules comprise three strands hybridized together to create the
stems (e.g., see Figure 1) linked together by the formally core of the hammerhead with arms each of 10 bp in length. Two
single-stranded core of the junction. In the structures of the of the strands carry a donor (D) and acceptor (A) fluorophore at
hammerhead ribozyme observed in the crysBalgj there the B terminus, respectively, while the third is unlabeled. The

. . . . example shown is vector-ll in which arm | carries the donor
is an approximately coaxial alignment between stems Il and (fluorescein) and arm Il carries the acceptor (Cy3). In the

l1l, mediated by the formation of two @ pairs that form  spectroscopic experiments C17 is replaced by deoxyribocytosine

domain 2 of the structure. Thé EUGA sequence of the to prevent ribozyme cleavage occurring in the presence of

long single-stranded section between stems | and Il forms amagnesium ions.

turn, called domain 1 or the uridine turn, and is believed to

be the catalytic core of the ribozyme. In the crystal structures Ce€nce resonance energy transfer (FRET) we have shown that

there is a small angle subtended between the axes of helice$he hammerhead ribozyme is extended in the absence of

I and II. Using comparative gel electrophoresis and fluores- added divalent metal ions, with a large angle between stems

I and Il while stem Il is approximately perpendiculds,

e *Trt1_e PgnurE |n_stittuteB, Bepartnrlment_ of Melgict;al E;]iochemis_try and 6). This structure is also consistent with analysis by transient

Bligfj:rﬁ'sve'?%;g'z%g}(éb ;‘n”h“aTn”NST'tgggﬁ]ar’f(. enhavns Universitet, electric birefringence1). Folding into a global structure
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Ficure 2: Comparison of the ion-induced folding of wild-type and A14G mutant hammerhead ribozymes. The calculated efficiency of
FRET Errer) has been measured for the three end-to-end vectors of the two RNA species as a function of magnesium ion concentration.
(A) Plot of Errer @s a function of magnesium ion concentration for vectalt [labeled with fluorescein at the terminus of arm | and Cy3

at the terminus of arm Il). (B) Plot dfrret as a function of magnesium ion concentration for vectell (labeled with fluorescein at the
terminus of arm | and Cy3 at the terminus of arm Ill) over the complete titration range from 0 to 25 mM magnesium ions. (C) Expanded
plot of Errer as a function of magnesium ion concentration for vectolll] over the titration range from 0 to 500M magnesium ions.

(D) Plot of Errer @s a function of magnesium ion concentration for vector lli(labeled with fluorescein at the terminus of arm 11l and

Cy3 at the terminus of arm Il). Symbols used in all grapfswild-type hammerhead sequen® A14G mutant sequence.

magnesium ion with an apparent association constant ofthat an important part of the mode of action of the ribozyme
approximately 10 000 M, in the range 6500 uM mag- is a local distortion to achieve the correct juxtaposition of
nesium ions. It probably corresponds to the formation of attacking nucleophile and leaving group in the transition state
domain 2, but at this stage domain 1 is likely to be unfolded, of the reaction. Thus the final folded structure may contain
and stem | is oriented into the same quadrant as stem lll. stereochemical stress that can facilitate the trajectory into
The second stage of the folding process occurs in the rangethe transition state, and a form that appears to be close to
1-20 mM magnesium ions, and corresponds to the binding this has recently been observed in the crysté).(
of a magnesium ion with an apparent association constant In the present study we have analyzed the effect of core
of close to 1000 M. The global structure of this final state  sequence changes on the folding of the hammerhead ri-
is in good agreement with that observed in the crystal, and bozyme. We have used FRET to analyze the folding of five
the transition very probably corresponds to the formation of variants of the hammerhead ribozyme, with changes targeted
domain 1. A structural transition in the-=1L0 mM magne- to bases expected to participate at different stages of the
sium ion range has also been detected by observing thefolding process. We find a number of mutants that appear
fluorescence of 2-aminopurine located at the ribozyme- to be blocked at specific stages of the folding pathway, as
proximal end of stem I13). Both the intermediate and final ~ well as one that adopts an alternative structure not seen with
states have been characterized by comparative gel electrothe wild-type sequence.
phoresis §) and FRET 6).

The formation of the final structure can be correlated with RESULTS
the acquisition of catalytic activity of the ribozyme. Thus Analysis of Folding in the Hammerhead Ribozyme Using
between the intermediate state (5@ magnesium ions)  Fluorescence Resonance Energy TransW#e have used
and the final state (15 mM magnesium ions) the activity rises FRET to follow the ion-induced folding of the hammerhead
from virtually zero to a maximum©j. It is highly probable ribozyme and sequence variants. In this method we regard
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Ficure 3: Comparison of the ion-induced folding of wild-type and deoxy-G5-modified hammerhead ribozymes. All titrations were carried
out over the range from 0 to 25 mM magnesium ions. PloEgfer as a function of magnesium ion concentration for vectell (A),
vector F111 (B) and vector IlI=1l (C). Symbols used in all graphsd wild-type hammerhead sequen@deoxy-G5 hammerhead species.

the hammerhead ribozyme as a kind of three-way helical surements in nucleic acid§,(14-17). We have calculated
junction and study the variation in the lengths of vectors efficiencies of FRET using the acceptor normalization
between fluorophores attached to the termini of different pairs method (8).

of helices 6). If the helices have the same length, the relative ~ As we have shown in an earlier studg) (the variation of
lengths will reflect the angles subtended between the differentFRET efficiency for the three end-to-end vectors of the
helices. Energy transfer results from a dipolar coupling hammerhead ribozyme as a function of magnesium ion
between the transition moments of the two fluorophores, and concentration is in good agreement with the previously
the efficiency Errer) is therefore inversely dependent on proposed scheme for ion-induced folding (refer ahead to
the sixth power of the distance between them. TBgg Figure 8). This is shown by the titration of the three vectors
increases markedly as the distance between the fluorophore$or the natural sequence ribozyme shown in Figure 2 (open
becomes shorter. For these experiments, we have constructedymbols). Vector +I11 shortens over the entire range of

a series of hammerhead-related species comprising the corenagnesium concentration, eventually achievindeager of

(with deoxyribose substitution at C17 to prevent self- 0.38, corresponding to the shortest end-to-end distance in
cleavage) and three arms each of 10 bp in length (Figure 1).the fully folded structure. VectorlIl exhibits a biphasic
Fluorescein (donor) and Cy3 (acceptor) fluorophores have behavior, with an initial increase ingket over the 6-500
been attached to thé Bnds of arms in a pairwise manner. uM range of magnesium ions, followed by a reduction to
Cy3 is relatively constrained when attached to the RNA 0.23 as the concentration is increased to 20 mM. Vecter llI
duplex, with an anisotropyr) of 0.27 in the presence of 90 Il has a special character, as this represents the formation of
mM Tris-borate (pH 8.3), 25 mM NaCl. However, the the coaxial stack between the two helices. In the natural
fluorescein is relatively mobiler (= 0.10 in the presence of sequence the efficiency falls rapidly over the %00 uM

90 mM Trisborate (pH 8.3), 25 mM NaCl), and thus dye range of magnesium ions, as the helhelix association
orientation should not complicate the straightforward inter- forms, with a more gentle reduction thereafter as the structure
pretation of the FRET results. Each helix in the molecules reorganizes to some extent. This property is thus diagnostic
terminates in a"&©C sequence to ensure a constant environ- for the formation of the H-ll helix coaxial association. The
ment for the fluorophores; we have previously found that global structure of the form occurring in the presence of the
this provides a well-behaved environment for FRET mea- higher magnesium ion concentrations is in good agreement
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with that found in the crystalg, 9 and in other solution . a2p
studies 19, 20.

A14G Mutation: A Total Folding BlockThe mutation r_Q)Ls »
A14G changes one of the adenine bases in the oligopurine - .=~
sequence that comprises the formally single-stranded section r
between helices Il and IIl; this mutation leaves the ham- -** BNA 000 sequence G5C A14G
merhead ribozyme essentially inactivl.(A14 participates uranyl, uranyl, uranyl,
in the formation of domain 2, which generates the coaxial A citrate + Mg2+ B citrate (C citrate
alignment of helices Il and Ill. Using comparative gel U 04 04 04 04
electrophoresis we have previously concluded that this HO: U 0-608 0-608 0-%8 0.6

mutation leaves the hammerhead unable to undergo folding
from the extended structure that exists in the absence of
added metal ions2(l). We constructed the required fluores-
cein—Cy3-labeled species and performed a FRET analysis
of the magnesium ion induced folding. The results confirm
our conclusions from the comparative gel electrophoresis.
The results for the A14G mutant (closed symbols) are
compared with those of the natural sequence (open symbols)
in Figure 2. Vector +II (Figure 2A) shows almost no change

in Errer OVer the entire range of magnesium ion concentra- i
tion, while in the natural ribozyme this exhibits the largest
increase. Vector-tlll (Figure 2B, C) does not show the
initial rise in Errer, @nd its eventual reduction is much more
modest than that of the wild-type sequence. Last, vecter IlI

Il (Figure 2D) exhibits only a very gentle reduction inger

with magnesium ion concentration and does not display the
pronounced fall in the 65004M magnesium ion concentra-
tion range indicative of the formation of thedlll helical
stack. The final values ofdger for the three vectors in the | |
presence of 20 MM magnesium ions (summarized in Figure 125456784 101112 1314
8) are little altered from those of the natural sequence

rlbozyme |n the absence Of magneS|um |Ons Thus the FRETFlGURE 4: Uranyl ion induced phOtOC|eavage of the hammerhead

: P ribozyme and 2-folding mutant sequences. The hammerhead
experiments support the absence of folding in the A14G ribozyme was constructed in the form of a cloverleaf molecule

hammerhead mutant. _ o (insert) where the core (black) comprised RNA and the extremities
DeoxyG5: A Second Stage Folding Blo@s lies in the (grey) were made of DNA (insert, top). Thus there are three sections

CUGA sequence that ultimately forms the uridine turn of RNAinthe molecule, called s, r1, and r2 as shown. The molecule
(domain 1) of the hammerhead ribozyme. Comparative gel &S radioactively [5%2P]-labeled at the'Rerminus. The wild-type

S and mutant sequence species were subject to irradiation with light
electrophoresis indicated that removal of thehgdroxyl at 420 nm in the presence of 1 mM uranyl nitrate and the

(deoxy-G5), or substitution of the base by cytosine (G5C), concentrations of citrate noted below, with or without magnesium
allows magnesium ion induced folding to proceed to the first ions. The products of photocleavage were analyzed by separation
stage, but that further folding was blocked at that pad) ( on a sequencing gel and autoradiography. (A) Wild-type ham-
The results of FRET analysis of folding (closed symbols) Merhead ribozyme. Tracks—6, uranyl photocleavage in the

d with th f th | absence of magnesium ions, with increasing citrate concentration.
are compared with those of the natural sequence (0penqee the strong band corresponding to photocleavage at G5

symbols) in Figure 3. It is apparent that the folding of the (arrowed, right). Tracks79, uranyl photocleavage in the presence
hammerhead ribozyme is severely affected by the removalof 5 mM magnesium ions, with increasing citrate concentration.

of the 2-hydroxyl group at G5. Vector—I (Figure 3A) Photocleavage at G5 is suppressed in the presence of magnesium

: : i : : ions, and ribozyme cleavage at C17 is now present (arrowed, right).
.Shows asmall .|ncrease Ik, rising to 0'20. m. magnegum The positions corresponding to the RNA sections are revealed by
ion concentrations greater than 5 mM. This is considerably pase hydrolysis (track 1) and are indicated (left). Track 2, control

lower than the value for the same vector in the natural incubation in the absence of uranyl ions. Track 3, control incubation
sequence, showing that the close approach of the ends ofn the absence of irradiation. Tracks 4 and 7, 0.4 mM citrate; tracks
the | and Il helices is prevented in the deoxy-G5 ham- 5 and 8, 0.6 mM citrate; tracks 6 and 9, 0.8 mM citrate. (B) G5C

. mutant hammerhead. Uranyl photocleavage in the absence of
merhead. Vector +1ll (Figure 3B) undergoes a small magnesium ions, with increasing citrate concentration. Track 10,

increase in Erer in the low magnesium ion concentration 9 4'mM citrate; track 11, 0.6 mM citrate; track 12 0.8 mM citrate.
range, but remains at a value of around 0.26 under most(C) A14G mutant hammerhead. Uranyl photocleavage in the
conditions. This distance therefore remains significantly absence of magnesium ions, with increasing citrate concentration.
shorter than that seen in the natural sequence in the presenctack 13, 0.4 mM citrate; track 14, 0.6 mM citrate.

of 25 mM magnesium ions (whererfer becomes 0.23).

Despite these differences, the behavior of vector-llll  (Summarized in Figure 8) are quite similar to those found
(Figure 3C) is quite close to that of the natural sequence, for the natural hammerhead sequence in the presence of 500
exhibiting a pronounced fall in gger in the 0-500 uM uM magnesium ions, indicating that the G5-modified ham-
magnesium ion concentration range. The FRET efficiencies merhead species has folded into the intermediate stage but
measured in the presence of 20 mM magnesium ionsis blocked from undergoing further folding.

Faun
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Ficure 5: Comparison of the ion-induced folding of wild-type and G8U mutant hammerhead ribozymes. All titrations were carried out
over the range from 0 to 25 mM magnesium ions. PloEgfer as a function of magnesium ion concentration for vectell (A), vector
=11l (B), and vector IlI=I1I (C). Symbols used in all graphs® wild-type hammerhead sequen® G8U hammerhead species.

Interactions with Metal lons in Hammerhead Folding photocleavage induced by a nearby bound uranyl ion, and
Mutants: Uranyl-Induced Photocleage ReactionsThe thus separation of the radioactive products on a sequencing
FRET analysis shows that the magnesium ion induced gel can reveal the position of the bound ion. The results are
folding of the natural hammerhead ribozyme occurs in two shown in Figure 4. For the natural sequence, as we have
stages, each of which appears to be the response to theshown previously§), there is a pronounced site of photo-
binding of a single ion&). We have previously shown that cleavage at G5 (tracksb), indicating that the ion is bound
uranyl-induced photocleavage can be used to probe metalat or close to this position. The photocleavage is very
ion binding in the hammerhead ribozym®) @nd revealed  specific, being largely restricted to a single nucleotide; little
the presence of a specific site of uranyl binding close to G5. cleavage is apparent elsewhere in the rl segment, nor is
It is therefore of interest to ask how this interaction is affected cleavage apparent in the s or r2 segments of RNA. When
by mutations that alter or prevent the folding. For this we the photoprobing experiments were repeated in the presence
chose the mutants A14G to reflect total blockage of folding of 5 mM magnesium ions (tracks—B), the photocleavage
and G5C to represent folding blocked at the intermediate at G5 was suppressed and a new band due to ribozyme
stage. cleavage at C17 became evident. This indicates a competition

In these experiments we used a cloverleaf form of the between magnesium and uranyl ions for binding to the site
hammerhead ribozyme, that is formed from a single strand near G5.

(Figure 4). The core of the ribozyme comprises RNA, while  When we compare this with the photocleavage of the G5C
the outer sections are substituted by deoxyribose nucleotidesmutant (blocked at the intermediate folding stage), we see
the molecule therefore contains three sections of RNA, calledthat the pattern of backbone breakage is quite different,
s, rl, and r2. Unlike the molecules used in the FRET giving photocleavage on either side of G5 and additional
experiments, these contain ribocytidine at position 17 and cleavage in the s segment, ie around the position of ribozyme
are therefore potentially active ribozymes. This species wascleavage for the active species. Some cleavage also occurred
radioactively [3-*2P]-labeled and subjected to irradiation by in the oligopurine sequence in segment r2. Clearly the
light of 420 nm wavelength in the presence of 1 mM uranyl perturbation of the folding of the G5C mutant results in
nitrate in the presence of increasing concentrations of citrate.altered ion-binding properties. When we go further and
The phosphodiester backbone becomes broken because girevent folding totally with the A14G mutation, the entire
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Ficure 6: Comparison of the ion-induced folding of wild-type and A9G mutant hammerhead ribozymes. All titrations were carried out
over the range from 0 to 25 mM magnesium ions. Plot gfgras a function of magnesium ion concentration for vectell (A), vector
I—11I (B) and vector IlI-II (C). Symbols used in all graphsd wild-type hammerhead sequen® A9G hammerhead species.

core of the hammerhead becomes subject to photocleavagéll —Il (Figure 5C) undergoes a small decrease gagewith
in a nonspecific way, with extensive photocleavage through- increased magnesium ion concentration, but the magnitude
out segments s, rl, and r2. This suggests that the whole ofof this effect is not consistent with the formation of the
this region is left open to attack by the uranyl ion under coaxial stack of helices Il and Ill. Taken together, the results
these conditions, consistent with an unfolded structure with suggest that the G8U mutation leads to a severe block of
an open core region. This is consistent with the global ion-induced folding, leading to a structure that is largely
structure of the A14G mutant deduced from the FRET extended. The structure in the presence of 20 mM magnesium
studies. ions is essentially unfolded (the FRET efficiencies are
G8U Mutation: Another Seere Folding Block. We summarized in Figure 8), with a long- |l distance, but with
examined other mutations in the core of the hammerheada degree of movement of helix 11l toward helix | indicating
ribozyme that might be expected to influence the ion- some ion-induced structural rearrangement.
dependent folding process. Since domain 2 is formed from A9G Mutation: A More Subtle Perturbation of Folding.
an interaction between bases of the oligopurine single- Given the strong effect of the G8U mutation on the folding
stranded section lying between stems Il and Il and the 3 of the hammerhead ribozyme, it is of interest to examine
end of the long single-stranded section between stems | andhe effect of changing its neighboring base A9, which also
Il, we decided to make changes in the latter region. G8U is participates in the formation of domain 2. We prepared the
a mutation that is known to result in complete loss of fluorescent species corresponding to the mutant ribozyme
cleavage activity in the ribozym@&); The fluorescent species A9G and performed the FRET analyses of magnesium ion
based on this mutant sequence were constructed as beforajependent folding (Figure 6). The results indicate that the
and the FRET analyses of the magnesium ion-induced folding of this mutant sequence is relatively mildly perturbed.
folding carried out (Figure 5). VectorIl (Figure 5A) The sharp reduction in thegker for the vector I1-I11 over
undergoes very little increase inder over the entire range  the low magnesium ion concentration range (Figure 6C)
of magnesium ion concentration, showing that the structure indicates that helices Il and 11l undergo near-normal coaxial
remains essentially extended with a longlll distance. stacking. The final value of drer for vector HIII (Figure
Vector -1l (Figure 5B) exhibits a small increase inker, 6B) is similar in both natural and mutant hammerhead
consistent with some decrease in thdll distance. Vector sequences, although the initial shortening is less clear for
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Ficure 7: Comparison of the ion-induced folding of wild-type and A13G mutant hammerhead ribozymes. All titrations were carried out
over the range from 0 to 25 mM magnesium ions. PloEgfer as a function of magnesium ion concentration for vectell (A), vector
-1l (B) and vector IlI-1l (C). Symbols used in all graphsd wild-type hammerhead sequen® A13G hammerhead species.

the mutant sequence. Vectorll (Figure 6A) exhibits the type and mutant ribozymes. Vector HIl (Figure 7C)
largest deviation between natural and mutant ribozyme, while exhibits a reduction in ket for the A13G sequence in the
the A9G mutant undergoes a marked increaserif=the low magnesium ion concentration range, but this is less
ultimate value achieved at high magnesium ion concentration pronounced than that for the natural ribozyme, ultimately
is significantly lower than that for the natural-sequence achieving an efficiency of 0.19. This indicates that the coaxial
molecule (Erer = 0.29). Thus this mutation has had some stacking of helices Il and Il is perturbed by this mutation.
effect on the structure adopted in the presence of magnesiunmn the same magnesium ion concentration range, thetE
ions. However, this structural difference might be relatively value for vector +11l (Figure 7B) falls to a level below that
subtle, such as a rotation of helix | about its long axis for observed for any other hammerhead species, with a value
example. The values ofgker in the presence of 20 mM  of 0.17. This value would be consistent with a coaxial
magnesium ions (summarized in Figure 8) suggest that thisstacking of helices | and Il in this mutant RNA. Thus the
mutation has the smallest effect on the folding of the structure in the presence of 20 mM magnesium ions
ribozyme and that the global structure achieved is quite close(summarized in Figure 8) is characterized by lonagll and
to that of the natural ribozyme. [l —II end-to-end distances and a shottlll distance. This
A13G Mutation: A Misfolding MutationWhile all the indicates that while the A13G mutation does not prevent
mutations examined so far can be regarded to a first magnesium ion dependent folding, it causes a misfolding into
approximation as being blocked at a given stage of the a new global structure that is not normally adopted by the
folding process, we have previously found a mutation in the natural sequence.
oligopurine sequence between helices Il and Il (A13U) that
leads to misfolding into a new global conformation, deduced DISCUSSION

from comparative gel electrophoresily. In this study we We have previously deduced a two-stage folding process
have used FRET to examine another mutation at this position,for the hammerhead ribozyms, (6), induced by the addition
A13G (Figure 7). While the ket values for vector +lI of divalent metal ions such as magnesium. In light of the

(Figure 7A) change with added magnesium ions in a closely crystal structures3—10) we have proposed that the first stage
similar manner for both natural and A13G sequences, the (0—500 uM magnesium ions) involves the formation of
other two vectors show greater divergence between wild- domain 2, in which the oligopurine G12A13A14 sequence
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Uranyl ion induced photocleavage of the A14G ribozyme
indicates that the entire central core of the molecule is
accessible to attack. We have now shown that changing other
bases in this region of the ribozyme can also have severe
: effects on folding. FRET analysis shows that the A13G

0.22

0-27 n unfolded even in the presence of 25 mM magnesium ions.
Il

¢ o1 s mutation leads to a misfolded structure, while our earlier

comparative gel electrophoresis data indicated that severe

misfolding resulted from an A13U mutatio81). Mutations

on the other strand patrticipating in the formation of domain

2 can also have major effects on folding; the G8U mutation

0-22 ‘Yie e results in a severe block to folding almost equivalent to that
: Al14

ssersrviray |
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of the A14G mutation. The small differences between the
FRET efficiencies for the A14G and G8U mutant ham-
merhead species probably reflect slightly different positions
in a folded-unfolded equilibrium, but clearly both species
are heavily biased toward the unfolded side. Both mutations
in principle allow new WatsonCrick base pairs to be made;
perhaps the added rigidity prevents folding in the ham-
merhead core. Our results point to the importance of the G8
A13 pairing in the formation of the correctly folded structure.
The relatively small (although not negligible) structural effect
dGs of the A9G mutation is perhaps surprising, suggesting that
(GSC) a GG pairing can be tolerated at this position without
disrupting the global conformation to a large degree.

The second stage of the ion-induced folding is blocked
by changes at G5, and our FRET analysis shows that removal
of the 2 hydroxyl group at G5 prevents the formation of
domain 1, while not interfering with the formation of domain
2 to a first approximation. This confirms our earlier analysis
by comparative gel electrophoresis, where we also showed
that the G5C mutation causes a similar block to folding at

0.36 the stage corresponding to the formation of domain 1. These
Ficure 8: Summary of magnesium ion induced folding in the results indicate that G5 does not participate in the formation

hammerhead ribozyme and mutants. The top shows the proposechf domain 2, as would be expected, but that it plays an

two-stage pathway for the ion-induced folding of the hammerhead, ;) rtant role in the transition into the folded structure of
with the FRET efficiencies for the three end-to-end vectors at each . S
stage (corresponding to 0, 0.5, and 15 mM magnesium ions). Thedomain 1. The pattern of uranyl ion induced photocleavage

first stage of the proposed pathway consists of the formation of Of the G5C hammerhead structure is different from that of
the domain 2 structure giving the coaxial interaction between stemsthe wild-type sequence, yet is consistent with a structure that
Il and 11l In the second stage domain 1 forms by the folding of s |ess accessible than the A14G mutant. This indicates a

the C3U4G5A6 sequence and results in a movement of stem | . : : :
toward stem Il. The global structure of the mutant ribozymes in state of partial folding, consistent with the FRET and

the presence of 20 mM magnesium ions are shown below, with cOmparative gel electrophoresis results, and shows that the
the FRET efficiencies for the end-to-end vectors indicated. The discrete uranyl binding site close to G5 is formed late in the
positions correspond approximately to the degree of folding along folding process. lon interaction close to this position has also
the normal pathway. Note that the A13G mutant has folding into peen indicated by the effect of Sp phosphorothioate substitu-
ga?rllfvae;;nt structure, and thus does not lie along this folding tion at A6 on ribozyme cleavag@3) and by the discovery

of a binding site for a terbium ion2@). From the crystal
interacts with the U7G8A9 sequence generating a coaxial structures of the hammerhead ribozyme it might be expected
interaction between helices Il and Ill. The second stage of that the structure would be tolerant of sequence changes at
the ion-induced folding (320 mM magnesium ions) in- G5, since the base is not involved in intramolecular interac-
volves principally the C3U4G5A6 sequence, which under- tions. Thus the effect of the G5C mutation is perhaps
goes a folding into the domain 1 uridine turn structure (Figure surprising; however, this mutation also has a major effect
8). Our analyses of hammerhead structures containing pointon the activity of the ribozyme7j, so there is a correlation
mutations in the core region are consistent with this folding between the structural and functional observations based on
pathway. changes at this position.

Our FRET studies demonstrate that the A14G mutation While our results support the two-stage ion-induced
prevents the folding from occurring at the first stage, ie folding process outlined before, they also show that folding
causing a near-total block to ion-induced folding of the of the hammerhead ribozyme is probably more complicated
ribozyme. This extends our earlier conclusions from com- than this. Although the assembly of domain 2 largely occurs
parative gel electrophoresis,(21). Small changes in FRET  in the first transition, there is some relaxation of this structure
efficiencies can be observed with increased magnesium ionshown by the continued if more gentle, reduction in FRET
concentration, but the structure clearly remains essentially efficiency for vector lI-11 during the second transition, and
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it is interesting that this readjustment at higher magnesium tides, each was synthesized with ffuorescein or Cy3

ion concentration is not observed in the deoxy G5 ham- fluorophores.

merhead structure, which is blocked in the second transition. Hammerhead species for FRET studies were assembled
The two transitions should probably not therefore be regardedfrom one unlabeled strand, one strand labeled with fluores-
as being completely independent, and long-range effects ofcein, and one Cy3-labeled strand, thus placing the required
metal ion binding on the cleavage reaction have been fluorescein-Cy3 pair at the ends of chosen arms. The
proposed Z4). fluorescent species were constructed and purified as described

It is interesting that a single change in sequence can alsoPreviously ).
direct the ion-induced folding into a new global structure, ~ Fluorescence Spectroscoplluorescence spectra were
as shown by the mutations at A13. This indicates that the recorded at SC using an SLM-Aminco 8100 fluorimeter
folding can be directed into a different pathway, and may Operating in photon counting mode, and spectra were
suggest that even the natural sequence could become trappeqprrected for lamp fluctuations and instrumental variations,
in misfolded structures. The common observation of incom- @s described in (re6). Polarization artifacts were avoided
plete cleavage by ribozyme preparations has been attributedPy Setting excitation and emission polarizers at 54.74
to subfractions of incorrectly folded material that may be Values of Erer were measured using the (rananethod
kinetically trapped in that conformatio@%). It is important (14, 18. An extracted acceptor spectruffi(vy, v') (excita-
to note that all the mutant sequences that we have studiedion atv' = 490 nm, with emission at) is normalized to a
exhibit perturbed folding of one kind or another. This Second spectrunt(vz, v")) from the same sample excited
underlines the facility with which the ion-induced folding is  at @ wavelengthi(" = 547 nm) at which only the acceptor
perturbed by small changes of sequence, and this is consisten €xcited, with emission a. We then obtain the acceptor
with the observations that most of the core sequence of thefatio:
hammerhead ribozyme cannot be altered without loss of
catalytic activity to one degree or anoth&).(It also serves  (ratio), = FA(vl, V')IF(v,, v
as a warning that changes in activity of mutated ribozymes
cannot necessarily be interpreted in terms of the removal or = {Epperd’ (2()A () +
replac_ement of selected functlt_)nal groups, because any given ( eA(v’) /eA(v”))} (CDA(V ) /<I)A(v2)) (1)
mutation might have resulted in a more general alteration in

the structure of the ribozyme. .
y Superscripts D and A refer to donor and acceptor,

MATERIALS AND METHODS respectivelye® ande” are the molar absorption coefficients
at the indicated frequency of donor and acceptor, respec-

Chemical Synthesis of RNA-Containing Oligonucleotides. tively, and ®* is the fluorescent quantum yield of the

Oligonucleotides containing both DNA and RNA sections acceptor. Erermay be calculated from (ratigsincee®(v')/

were synthesized using phosphoramidite chemistry imple- €*(v"") and €*(v')/e*(v"") are measured from absorption

mented on a Applied Biosystems 394 DNA/RNA synthesizer. Spectra, andb(v1)/®*(v2) is unity whenv, = v».

RNA was synthesized using ribonucleotide phosphoramidites  Fluorescence anisotropy)(was determined from mea-

with 2'-butyldimethylsilyl protection. Fluorescein (PE-ABI)  surements of fluorescence intensities using vertical excitation

and indocarbocyanine (Cy3, Glen Research) were coupledand emission polarizers=(), and vertical excitation and

to the 3 termini as phosphoramidites. Oligoribonucleotides horizontal emission polarizerg, corrected for polarization

were deprotected and purified as described previoly ( artifacts). Fluorescence anisotropy was calculated from:

Construction of Hammerhead Species for FRET Analysis.
The hammerhead constructs used in this study comprised r=(F, — FI(F, + 2F) 2)
the core and three arms, each of 10 bp in length. The terminal
base pair of each arm were constructed from deoxynucle- Uranyl Photocleaage.Cloverleaf hammerhead ribozyme
otides, as this allowed for a more efficient coupling of the molecules with an RNA core were prepared by chemical
fluorescent dye on the’ ®nd of the molecule. The basic synthesis and assembled as described previo&glynwith
hammerhead species was constructed from three oligonucleowild-type, A14G, or G5C sequences. Uranyl photocleavage

tides: experiments were performed using 200 cps of the radioactive
hammerhead RNA in 100L volumes in 50 mM TrisHCI
strand S: (pH 7.2) containing 1 mM uranyl nitrate and the magnesium
5 CGUAGUACGUCUGAGCGGUCG 3 _and (_:itrate concentra_ltions indicated in the text. Samples were
= = = irradiated for 20 min by exposure to a fluorescent tube
strand R1: (Phillips TI 40 W/03) emitting light at 420 nm. Following
5 CGACCGCUCACUGAUGAGGCCCACTC G2 irradiation, sodium acetate (pH 4.5) was added to a final

) concentration of 0.3 M and the RNA was precipitated by
strand R2: ethanol. The pellet was redissolved in 88% formamide
5 CGAGUGGGCCGAAACGUACUAC G 3 containing xylene cyanol and bromophenol blue, and the
cleavage products were analyzed by denaturing gel electro-
Underlined bases indicate deoxyribose substitution. All phoresis in 15% polyacrylamide gels in 90 mM Thsrate
versions of strand S contained deoxyribose substitution at(pH 8.3), 2.5 mM EDTA containip 7 M urea. The
C17 to prevent self-cleavage occurring in the presence ofradioactive bands were visualized by autoradiography. An
magnesium ions. In addition to these unlabeled oligonucleo- RNA sequence ladder was obtained by heating the radioac-
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tive hammerhead construct for 1 min at9in the presence
of 0.2 M NaOH.
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