doi:10.1006/jmbi.2001.5434 available online at http://www.idealibrary.com on IIIE):[':E“'J. Mol. Biol. (2002) 317, 559-575

MB

The Folding Pathway of the Genomic Hepatitis Delta
Virus Ribozyme is Dominated by Slow Folding of
the Pseudoknots

Durga M. Chadalavada, Susan E. Senchak and Philip C. Bevilacqua*

Department of Chemistry, The
Pennsylvania State University
University Park, Pennsylvania
PA 16802, USA

*Corresponding author

Hepatitis delta virus (HDV) replicates by a double rolling-circle mechan-
ism that requires self-cleavage by closely related genomic and antige-
nomic versions of a ribozyme. We have previously shown that the
uncleaved genomic ribozyme is subject to a variety of alternative (Alt)
pairings. Sequence upstream of the ribozyme can regulate self-cleavage
activity by formation of an Alt 1 ribozyme-containing structure that
severely inhibits self-cleavage, or a P(—1) self-structure that permits rapid
self-cleavage. Here, we test three other alternative pairings: Alt P1, Alt 2,
and Alt 3. Alt P1 and Alt 3 contain primarily ribozyme-ribozyme inter-
actions, while Alt 2 involves ribozyme-flanking sequence interaction. A
number of single and double mutant ribozymes were prepared to
increase or decrease the stability of the alternative pairings, and rates of
self-cleavage were determined. Results of these experiments were consist-
ent with the existence of the proposed alternative pairings and their abil-
ity to inhibit the overall rate of native ribozyme folding. Local misfolds
are treated as internal equilibrium constants in a binding polynomial that
modulates the intrinsic rate of cleavage. This model of equilibrium effects
of misfolds should be general and apply to other ribozymes. All of the
alternative pairings sequester a pseudoknot-forming strand. Folding of
ribozymes containing Alt P1 and Alt 2 was accelerated by urea as long
as the native ribozyme fold was sufficiently stable, while folding of
mutants in which both of these alternative pairings had been removed
were not stimulated by urea. This behavior suggests that the pseudo-
knots form by capture of an unfolded or appropriately rearranged
alternative pairing by its complementary native strand. Fast-folding
mutants were prepared by either weakening alternative pairings or by
strengthening native pairings. A kinetic model was developed that
accommodates these features and explains the position of the rate-limit-
ing step for the G11C mutant. Implications of these results for structural
and dynamic studies of the uncleaved HDV ribozyme are discussed.
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Ribonucleic acids can fold into a diverse set of
structures with various functions, including cat-
alysis." Structures of numerous RNA molecules
and RNA-protein complexes have been solved;
recent examples include the hairpin ribozyme” and
structures of the 50 S and 70 S ribosomes.>* These
structures and their associated functions arise from
complex folding and assembly pathways. The fold-
ing pathway of a number of RNA and RNP com-
plexes have been investigated mechanistically,
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including tRNA, the Tetrahymena ribozyme, the
RNase P ribozyme, the assembly of the bI5 group I
intron with the CBP2 protein, and the assembly of
the ribosome.”~!!" These studies have indicated that
large RNAs generally fold slowly, on the minutes
or longer timescale. Slow folding has been attribu-
ted to the formation of misfolded RNAs with long
lifetimes, referred to as kinetic traps.'” In many of
these cases, it appears that non-native secondary
structures form that are slow to dissociate.

Recently, a number of fast-folding ribozymes
that avoid  kinetic  traps have  been
engineered.®®!913-18  Approaches to making fast
folders include site-directed mutagenesis, in vitro
selection, and circular permutation. The bases for
fast-folding RNAs include strengthened native
pairings,'* prevention of premature formation of
native secondary structure,® and pre-assembly of
native secondary structure in collapsed inter-
mediates.'® Fast-folding RNAs provide useful
experimental tools, since they allow focus on issues
other than wunfolding of alternative pairings,
including tertiary structure formation, metal ion
binding, protein binding and RNA catalysis.

Folding of large RNAs has been described as a
hierarchical process in which individual subdo-
mains fold independently prior to higher-order
structure formation.'"” For example, the 160 nt P4-
P6 domain from Tetrahymena folds rapidly and
independently of the rest of the =400 nt
ribozyme.”"* In nucleic acids, local hydrogen bond-
ing and stacking interactions are strong and, in
many instances, this has allowed results from
model systems to be applied to larger systems. For
example, thermodynamic rules elucidated from
model duplexes and hairpins have been used to
predict the secondary structure of large RNAs.*
RNA folding studies on smaller ribozymes have
also revealed complex RNA folding events, includ-
ing tertiary folding of the hairpin, hammerhead,
and VS ribozymes.?'~2* Also, early studies on
tRNA indicated that under certain conditions,
RNA tertiary structure can form in several millise-
conds from a pre-formed secondary structure.” Stu-
dies on small pseudoknot-containing RNAs, such
as the hepatitis delta virus (HDV) ribozyme, may
also provide insight into fundamental RNA folding
processes.

HDV contains an ~85 nt ribozyme that is found
in closely related genomic and antigenomic for-
ms.” The crystal structure of the self-cleaved form
of the genomic ribozyme is available at 2.3 A resol-
ution, and reveals a structure containing two
nested pseudoknots.”® The HDV ribozyme under-
goes rapid cleavage under certain conditions
allowing the fractional occupancy of the native
state to be probed. Thus the HDV ribozyme
provides a good model system in which to study
complex RNA folding events.

HDV is a human pathogen that enhances the
virulency of hepatitis B virus infections.”’ > The
genome has a circular RNA of 1700 nucleotides
and forms a highly base-paired, rod-like structure.

HDV replicates by a double rolling-circle model
and the nascent RNA is processed into monomers
by self-cleavage of the genomic or antigenomic
ribozyme. The linearized monomers appear to be
ligated by a host factor to form the circular genome
again.®® After ligation, the ribozyme must be kept
inactive, and this is achieved by base-pairing to a
downstream stretch of nucleotides termed the
attenuator. A detailed understanding of the folding
pathway of this ribozyme may therefore provide
insight into replication of HDV and help identify
targets for therapeutics. A thorough understanding
of HDV folds and conformational changes may
also reveal the basis behind reports that HDV can
both activate and inhibit the antiviral protein,
PKR.*!

Prior studies from our laboratory revealed that
the pre-cleaved genomic ribozyme can exist in a
non-native secondary structure that contains sev-
eral alternative pairings.** These include alternative
pairings between ribozyme and upstream flanking
sequence, Alt 1 and Alt 2, and an alternative pair-
ing within the ribozyme itself, Alt 3. We provided
evidence that sufficiently long upstream flanking
sequence (—54) can form a self-structure, P(—1),
that sequesters an upstream inhibitory stretch in
Alt 1 in cis and leads to rapid formation of native
structure and co-transcriptional cleavage.** In
addition, the inhibitory stretch can be sequestered
in trans by addition of antisense (AS) oligomers
resulting in a rate identical with that of the reaction
in cis.’>* Addition of AS oligomers releases the very
3'-end of the ribozyme from Alt 1, and in this way
may mimic some of the folding events that occur
co-transcriptionally.*

Here, we test the effect of the Alt 2 and Alt 3
pairings on the folding of the ribozyme. In
addition, the effect of an alternative pairing of P1,
designated Alt P1, on the folding of the ribozyme
was tested. We made a series of single and double
mutants that increased or decreased the stability of
alternative and native pairings, and examined their
effects on the ability of the ribozyme to attain the
native pairing. The results of these studies revealed
several fast-folding HDV genomic ribozymes, and
were used to develop an initial kinetic model for
folding of the ribozyme.

Results

Identification of intermediates in folding

We examined the predicted folds for RNA
sequences containing upstream nucleotides and the
5'-portion of the wild-type HDV ribozyme by free
energy minimization using mfold 3.12°%° In its
native fold, the 5'-portion of the ribozyme interacts
with the very 3’-portion to form the pseudoknot
pairing, P2 (Figure 1).2° We suspected that the 5'-
strand of P2 might be susceptible to alternative
local folds that would compete with pseudoknot
folding. Computer folding of a —8 to 44 fragment
of the RNA revealed two folds that were signifi-
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Figure 1. Secondary structure of intermediates I, and I,, the native fold, N, and the cleaved product form, P. The structure is color-coded based on the native fold. Pair-
ings in N are assumed to be the same as in P, based on results from extensive mutagenesis experiments on the pre-cleaved form of the ribozyme being consistent with the
crystal structure of the cleaved form of the ribozyme (results here and elsewhere).?>*4! Secondary structures of 1; and I, are based on structure mapping® and the mutants
tested in this study. Pairings are oriented on the page in a native-like fashion for convenience only; their actual juxtaposition is unknown. Only the native fold can lead to
product, P. The ribozyme sequence is shown in upper case and the flanking sequence in lower case. Part of P4 and the upstream sequence are represented as dots for sim-
plification. Negative values are used for nucleotides upstream of the cleavage site, indicated by an arrow. J1/2 is the joining region between P1 and P2 consisting of A8,
U9, and, depending on the mutant, G10. Individual mutations made in this study are shown in larger, outlined font. Alternative pairings in I; and I, are boxed and denoted
Alt 2, Alt 3, and Alt P1. The GG single mismatch is depicted with a dot, since a GG mismatch with the closing base-pairs shown has a AG$; of —2.6 kcal/mol.* Red lines
represent binding sites of antisense oligomers that break the inhibitory Alt 1 pairing.>? The continuous line denotes AS(—30/—7), and the broken line denotes AS(—30/-3).
Equilibria favor I, over I,; sequential arrows depict possible intermediates. Slow and fast are based on rates with mutants that occupy these states, and possible secondary
and tertiary rearrangements are indicated.
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cantly different. (We chose to fold this fragment,
since it is unlikely to interact with the stable and
well-determined P4 hairpin that bounds it on the
3’-end; identical structures were identified when
the entire ribozyme sequence was folded.) The
structure identified with the lowest AG$,, I;, con-
tained two alternative pairings, Alt P1 and Alt 3
(Figure 1). The next significantly different subopti-
mal structure, I,, was predicted to be 4.1 kcal/mol
(1 cal =4.184 J) less stable in AG$, and contained
two alternative pairings, Alt 2 and Alt 3 (Figure 1).
Alt P1 and Alt 2 are mutually exclusive, and for-
mation of Alt 2 is compatible with formation of a
native P1.

The three alternative pairings in I, and I, were
tested by examining rates for self-cleavage by 18
mutants using two antisense oligomers. The Alt P1
and Alt 3 pairings involve ribozyme-ribozyme
interactions and so were tested by ribozyme
mutations that affected the stability of the alterna-
tive pairings, typically in the background of either
unperturbed or restored native pairings. The Alt 2
pairing involves ribozyme-flanking sequence inter-
actions and was tested using lengthened antisense
oligomers that have the potential to disrupt Alt 2.
Observed rate constants for cleavage should be
related to the fraction of the ribozyme in the native
fold, since care was taken to maintain or restore

the native secondary and tertiary structures of the
mutant ribozymes, and because the intrinsic rate of
cleavage is rapid. A more extensive consideration
of the relationship between observed rate constants
and ribozyme misfolding is presented in the Dis-
cussion.

Testing the Alt P1 helix with RNA mutations

The kinetic profile for self-cleavage of the wild-
type RNA in the presence of AS(—30/-7) was
biphasic, with 230 % of the reaction proceeding in
a burst phase (Table 1, Figure 2(a)). The burst
phase was complete in 15 seconds, requiring a
rapid-mixing technique to obtain a good kinetic
profile. Using a rapid-quench apparatus for the
fast time-points, we determined the rate constants
for the burst and slow phases to be 12 and
0.17 min—!, respectively (Table 1). A burst ampli-
tude of 30% was obtained by both hand-mixing
and rapid-quench techniques. This fast-reacting
fraction may represent a population of the RNA
molecules that can more readily adopt the native
conformation and cleave. The slow-reacting frac-
tion may represent a population that is trapped in
stable non-native pairings that have to rearrange
before the ribozyme can achieve the catalytically
active fold. Alt P1 is a non-native pairing predicted

Table 1. Effect of mutants on the rate of self-cleavage in the presence of 10 uM AS (—30/ —7)

Kobs Burst/complete®
RNA (min—1)2 (%/ %) Fold effect® Basis®
wt (slow phase) 0.17 £ 0.01 1 Start from [,
wt (burst phase)? 12.0+0.9 30/90 70.6 Start from I,
A. Mutants of Alt P1
G10A 58+1.1 34 Destabilize Alt P1
G11cd 71+07 42 Destabilize Alt P1
B. Mutants of Alt 3/P2
C13G 0.00006° 0.00035 Stabilize Alt 3/destabilize P2
C13A 0.019 + 0.006 0.1 Destabilize P2
G82U 0.042 + 0.01 0.25 Destabilize P2
C13A:G82U 0.07 £0.01 27/95 0.4 Restore P2
C14G 0.15 £ 0.04 40/90 1 Destabilize Alt 3 and P2
G81C 0.06 &+ 0.016 0.35 Destabilize P2
C14G:G81C cotxnf Larges Destabilize Alt 3/restore P2
C15A 2240.17 13 Lg. Destabilization of Alt 3/destabilize P2
G80U 0.1+0.04 35/90 0.59 Destabilize P2
C15A:G80U cotxnf Larges Lg. Destabilization of Alt 3/restore P2
U27A cotxn? Large® Lg. Destabilization of Alt 3
U27A"R cotxnf Larges Lg. Destabilization of Alt 3
C26A cotxnf Large® Lg. Destabilization of Alt 3
G85C 22405 13 Stabilize P2

? Data were fit to equation (1). kg, is for the slow phase, unless otherwise noted, and % burst and % complete were determined
as described in Materials and Methods. Burst phase is reported only for reactions that were biphasic. Unless otherwise noted, the
percentage complete was between 80 and 95. Errors shown are standard deviations of three or more experiments.

> Fold-effect are for kg, relative to the wild-type RNA slow phase.

¢ Basis gives the structural basis for the fold-effect based on our best model for the data.

4 Determined by rapid-quench.

¢ Reaction was not complete after 24 hours. These data were well fit by the linear approximation, ficavea = kobs t-

f Self-cleavage was rapid, and extensive during transcription.
& Not quantified, but a large effect.

" Also, uncleaved U27A was prepared by transcription at 30°C and used in rapid-quench self-cleavage assays. A burst phase of
39 min~! (40 %) was observed, consistent with rapid cleavage of the Alt 3-destabilizing class of mutants.
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Figure 2. Kinetic traces for the self-cleavage reactions
of wild-type and G11C ribozymes in the presence of
AS(—30/-7). The data are a combination of values
obtained by hand-mixing and rapid quench. (a) Kinetic
trace for wild-type ribozyme. The first transient was
essentially complete before the start of the second, so
equation (1) was used to fit each transient separately;
similar rates were obtained with a double-exponential
equation. Constants for the burst phase, obtained by
rapid mixing, were A=0.33, B=-033, and
kops = 12 min~'. Constants for the slow phase, obtained
by hand-mixing, were A =090, B=-0.56, and
kops = 0.17 min~1. The x-axis is broken to accommodate
fast and slow phases. Time-points at the intersection of
the phases are labeled on the plot. (b) Kinetic trace for
G11C ribozyme. Time-points to 20 seconds were
obtained by rapid mixing and the remainder by hand-
mixing. Constants were A=0.89, B=-091, and

Kkops = 6.6 min~1.

to be present only in intermediate I,, which
involves ribozyme-ribozyme interactions and dis-
rupts native P1, P2 and P1.1 helices (Figure 1). If
the Alt P1 pairing in I, were responsible for at least
a portion of the reduced catalytic activity of the
wild-type ribozyme, then disrupting this inter-
action might allow the slow-reacting fraction of the
ribozyme to cleave faster.

In an attempt to disrupt the Alt P1 pairing,
single mutations were introduced at positions 10
and 11 of the ribozyme. These mutations were
designed to weaken Alt P1 without compromising
the stability of the native fold (Figure 1). (The
G11C ribozyme was expected to form a modified
P2 pairing with a bulged C84 followed by CG, GC,
and UA base-pairs, while the G10A ribozyme
should retain the same 6 bp P2 helix as the wild-
type.) Computer predictions by mfold 3.1 on G10A
and G11C —8/44 fragments supported these ideas,
as I, was now predicted to be slightly more stable
than I;. Both G10A and G11C mutant RNAs exhib-
ited monophasic kinetics (Figure 2(b) and data not
shown) with similar rate constants of 5.8 and
7.1 min~' for self-cleavage in the presence of AS
(—30/—7) (Table 1). Lack of a slow phase for these
mutants supports the model in which Alt P1 rep-
resents a significant barrier to reaction of I;, and
suggests Alt P1 has been largely removed in G10A
and GI11C. In addition, cleavage rates for G10A
and G11C were similar (only about twofold
slower) to the cleavage rate for the burst phase
reaction of the wild-type. This suggests that the
wild-type ribozyme may partition between I, and
I,, and that G10A and G11C originate from L.
Experiments with different length AS oligomers
and urea also support this idea (see below).

Testing the Alt 2 helix with antisense
oligomer AS(—30/—3)

The native P1 pairing in intermediate I, was pre-
dicted to be associated with a short alternative
pairing, Alt 2 (Figure 1). The Alt 2 pairing involves
interactions between upstream-flanking nucleo-
tides and three essential guanine bases in the ribo-
zyme, G38-G40, potentially sequestering P1.15. The
Alt 2 pairing was tested by initiating reactions
with the lengthened antisense oligomer AS(—-30/
—3), which was predicted to release the P1.1-form-
ing bases from Alt 2 (Figure 1). This approach was
chosen over mutation of the three Gs, since these
residues and/or their pairing partners are con-
served and essential for secondary and tertiary
interactions in the native fold.*® According to this
model, only mutant RNAs with Alt 2, present in I,,
would be enhanced by AS(—30/—-3), while RNAs
primarily in I, would not be enhanced by AS(-30/
—3) (see Figure 1). To test this idea, cleavage kin-
etics for various mutant RNAs were compared in
the presence of AS(—30/-3) and AS(-30/-7)
(Table 2). (Results described in this section refer to
only the 0 M urea data of Table 2.)
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Table 2. Effect of urea and antisense oligomers on the rate of self-cleavage

[Urea]
RNA oM 4 M 6 M
A. AS (=30/-7)*
wt (slow phase) 0.17 £0.01 0.082 + 0.007 0.067 +0.01 0.043 + 0.004
wt (burst phase)® 12.0 £ 0.9 (30/90) 24.0 + 1.1 (40/90) 21.6 15.6
G11CP 71+£07 229+1.2 258+1.3 189
C14G 0.15 (40/90) 0.47 (18/90) 0.38 (monophasic) 0.07 (monophasic)
C15A 2.2 0.54 0.04
G85C 2.2 44 5.3
C14G:G85C 0.73 21 0.28
C15A:G85C 2.5 2.9 0.38
B. AS (-30/-3)*
wt (slow phase) 0.092 + 0.007 0.095 + 0.002 0.066 + 0.004 0.041 £ 0.003
wt (burst phase)® 23.8 + 1.4 (30/90) 24.4 £ 1.7 (43/90) 22 16.2
G11CP 293+09 252 +22 193 +19 15.6
C14G 0.15 (40/90) 0.45 (20/90) 0.37 (monophasic) 0.07 (monophasic)
C15A 3.1 0.57 0.07
G85C 6.5 11.7 7.2
C14G:G85C 2.6 2.8 0.42
C15A:G85C 3.4 3.3 0.26

Data were fit to equation (1). k., values are in units of min™"

, and are provided for the slow phase unless otherwise noted. The %

burst and % complete are given in parentheses. Unless otherwise noted, the percentage complete was between 80 and 95. Errors
shown are standard deviations of three or more experiments. Values without error bars are the average of two experiments.

2 AS (—30/-7) and AS (—30/—3) are present at 10 uM.
* Determined by rapid-quench.

The C14G and C15A mutants changed residues
only in Alt 3. Since the I,/I, equilibrium does not
appear to involve changes in Alt 3, C14G and
C15A were not expected to break Alt P1 and form
Alt 2 (Figure 1), although they do appear to break
Alt 3 (see the next section). Consistent with this
model, the cleavage activities of C14G (slow phase)
and C15A were not significantly affected by
lengthening the AS oligomer (Table 2). In contrast,
G11C revealed a fourfold faster rate in the presence
of AS(—30/—-3) than AS(—30/-7), suggesting a
preference for a native P1 and a concomitant Alt 2
pairing that interferes with folding (Table 2 and
Figure 3(a)). Qualitatively similar results were
obtained for G10A by hand-mixing (data not
shown). These data suggest that folding of G10A
and G11C originates from the I, intermediate, con-
sistent with results from the previous section.

Reactions carried out on G85C revealed an
approximate threefold rate increase in the presence
of the lengthened AS oligomer, suggesting G85C at
least partially occupies I, (Table 2). However, it
appears that this rate increase has a different
mechanistic origin than that for G10A and G11C.
Since position 85 is downstream of the Alt P1/Alt
2 pairings, G85C cannot work by directly destabi-
lizing Alt P1. Instead, G85C can potentially form a
base-pair with G10 and strengthen the native P2
pairing in I, resulting in a native P1 and Alt 2
(Figure 1).

Since the G85C mutant appears to favor the I,
intermediate with Alt 2, and the C14G and C15A
mutants favor the I; intermediate with Alt P1, we

prepared double mutants to test whether G85C
would lead C14G and C15A to favor I,. Indeed,
the reactivities of the C14G:G85C and C15A:G85C
double mutants were found to be stimulated by
the lengthened AS oligomer (Table 2). These results
support the model wherein G85C switches the I,/
I, equilibrium to favor I,. Apparently, formation of
a native P1 (and faster folding) can be achieved
either by weakening misfolds sequestering
upstream pseudoknot-forming nucleotides (as in
G10A and G11C), or by strengthening native inter-
actions with downstream pseudoknot-forming
nucleotides (as in G85C). Overall, these obser-
vations support the existence of Alt 2 in I,, and its
being mutually exclusive with Alt P1.

The cleavage activities of the wild-type ribozyme
in the presence of AS(—30/—-7) and AS(—30/-3)
were compared. The reaction kinetics were bipha-
sic in the presence of both AS oligomers
(Figure 2(a), Table 2 and data not shown). The
burst amplitude was not affected by the length of
the AS oligomer, suggesting the factors that deter-
mine population of I, and I, do not involve the
—30 to —3 region. (Relative populations of I, and I,
may involve interactions in P2; see Discussion.)
However, the rates of the slow and burst phases
were affected in opposite directions. The rate of the
slow phase decreased by about twofold, while the
rate of the burst phase increased by about twofold
(Table 2). The increase in the rate of the burst
phase, similar to G10A and G11C, supports the
model wherein the burst phase of the wild-type
ribozyme originates from I, and Alt 2 interferes
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Figure 3. Dependence of the self-cleavage reaction on
urea concentration. Observed rate constants are pro-
vided in Table 2. (a) Urea-dependence of wild-type and
G11C ribozymes in the presence of different AS oligo-
mers. Symbols are as follows: reactions in the presence
of AS(—30/-7) for wild-type slow phase (@) and G11C
(M), reactions in the presence of AS(—30/—-3) for wild-
type slow phase (O) and G11C ([J). Data for the wild-
type ribozyme refer to the right-hand y-axis, and data
for G11C refer to the left-hand y-axis. (b) Urea-depen-
dence of C14G (O), C15A (O), G85C (@), C14G/G85C
(@), and C15A/G85C (M) mutants, in the presence of
AS(-30/-7).

with folding, while the decrease in rate for the
slow phase suggests this phase of the wild-type
ribozyme originates from a different intermediate
and Alt 2 assists its folding.

Testing the Alt 3 helix with RNA mutations

The Alt 3 pairing is common to I; and I,, and
involves ribozyme sequence only. Five individual
positions in, or adjacent to, Alt 3 were mutated to
test this pairing (Figure 1). Positions 26 and 27 are

unique, in that these do not appear to make
important contributions to the native fold of the
genomic ribozyme, and the antigenomic ribozyme
does not have a U27 counterpart.” In the crystal
structure of the self-cleaved genomic ribozyme,
C26 and U27 are extruded and not well-ordered.*
In addition, chemical modification experiments on
the self-cleaved genomic ribozyme revealed modi-
fication of C26 and U27 on their Watson-Crick
base-pairing faces.>* Thus, deletion or modification
of C26 and U27 was not expected to affect the
native fold adversely; however, these changes were
expected to destabilize Alt 3. Three mutants were
made in Alt 35: C26A, U27A and U27A. When the
predicted folds of residues 14-30 for this set of
mutants were examined by free energy minimiz-
ation using mfold 3.1, the lowest free energy struc-
tures revealed a native P3 pairing in place of Alt 3.
(The predicted fold for U27A showed a base-pair
formed between U20 and A27; however, this UA
pair may not compete significantly with the native
state, since U20 forms an extensive stacking net-
work with G25 and G28 in the crystal structure.?)
Results from self-cleavage experiments on these
three mutants were consistent with these expec-
tations, as extensive cleavage of the ribozyme
occurred during transcription (Table 1). These
results support the existence of the Alt 3 pairing
(Figure 1), and suggest that destabilization of Alt 3
favors the native ribozyme fold. This may be
because P25 is now accessible for pairing, allowing
P2 to form readily. Also, these results support the
unimportance of residues C26 and U27 in the
native fold, as expected.?***

To test Alt 3 further, a series of changes were
made in Alt 35. These changes included C14G and
C15A, which affect the stability of both Alt 3 and
P2, and were thus expected to have more complex
effects. Two other mutants were prepared to test
effects on P2 and Alt 3 stability, C13A and C13G.
C13G was predicted to result in a more stable Alt 3
pairing by forming an additional GC pair, whereas
C13A was predicted to not affect Alt 3 (Table 1).

Mutations in Alt 35 had several effects on the
self-cleavage reaction. Both C13A and C13G were
slow-reacting; however, the rate of CI13A was
down only tenfold, while that of C13G was down
2800-fold (Table 1). The very slow rate of C13G is
consistent with strengthening of Alt 3 and connect-
ing of Alt 3 and Alt P1 into one large alternative
pairing (see I, in Figure 1). In addition, C13G was
predicted to have a destabilized P2 pairing,
although a GG mismatch is only slightly
destabilizing.> The tenfold slower rate of C13A is
consistent with a weakening of P2 by replacement
of a central CG base-pair with an AG mismatch.
Also, since the rate decrease for C13A is much less
than that for C13G, this supports position 13 being
opposite C30 in I; (Figure 1). To test P2 disruption
by C13A, the C13A:G82U double mutant was pre-
pared to restore base-pairing in P2. Indeed,
C13A:G82U reacted fourfold faster than C13A
alone (Table 1), consistent with restoration of P2.
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The C13A:G82U double mutant still reacted 2.5-
fold slower than the wild-type ribozyme, which
could be due to substitution of a CG base-pair
with a weaker AU pair and lack of disruption of
any alternative pairings. The ribozyme with the
G82U change alone, which replaced a central CG
base-pair in P2 with a CU mismatch, reacted four-
fold slower than the wild-type and twofold slower
than C13A:G82U (Table 1), consistent with the
importance of having a stable P2 in the native fold.
Overall, these mutants suggest that strengthening
Alt 3 and weakening P2 both affect folding
adversely.

The C14G ribozyme exhibited near-wild-type
activity with an identical biphasic kinetic pattern
(Table 1). This might result from compensatory
effects of a favorable destabilization of Alt 3 and a
modest destabilization of P2. To test this idea, a
compensatory G to C change was made at position
81, which is the base-pairing partner of position 14.
The G81C change alone decreased cleavage by
threefold, similar to the G82U change and as
expected for destabilization of P2. The C14G:G81C
double mutant, however, was very reactive and
cleaved during transcription. Thus, it appears that
Alt 3 can be weakened by changes in either its
downstream or upstream strands, as long as the
stability of the native fold either is unchanged or is
restored by a compensatory change.

The C15A ribozyme was unusual among the
mutants in Alt 35, in that this single mutant had a
significantly favorable effect on the rate. For
example, the C15A ribozyme reacted 15-fold faster
than C14G (Table 1). C15 participates in the penul-
timate base-pair of Alt 3, while C14 participates in
the last base-pair of Alt 3 (Figure 1). Thus, break-
ing the internal C15/G28 base-pair may also desta-
bilize the C14/G29 pair, in effect destabilizing two
CG base-pairs with one change. The stability of P2
in the C15A ribozyme may still be somewhat com-
promised by the resulting AG mismatch. To test
this idea, G80U single and C15A:G80U double
mutants were prepared. The G80U change alone
decreased cleavage by 1.7-fold, as expected for
destabilization of P2. However, the C15A:G80U
double mutant was very reactive and cleaved
during transcription, similar to C14G:G81C.

To confirm that the Alt 3 ribozyme mutants
were in fact reacting rapidly, a representative Alt
3-disrupting mutant, U27A, was isolated as the
precursor in sufficient quantities for rapid-mixing
experiments. Preparation of uncleaved U27A was
accomplished by transcription at a lower tempera-
ture (30°C for four hours). Rapid-mixing self-clea-
vage assays of U27A with AS(—30/—7) revealed a
burst-phase of 40 % with a rapid rate of 39.0 min™!
(Table 1). This result provides quantitative support
for the ability of Alt 3 to inhibit the overall rate of
ribozyme folding.

In summary, mutations support the existence of
Alt 3 as a pairing that decreases the rate of folding.
Mutations in either strand of Alt 3 that decrease its
thermodynamic stability led to increased rates of

cleavage as long as native pairings were either
unaffected or restored by compensatory changes.
Conversely, mutations that strengthened Alt 3
alone led to slower rates of cleavage. Similarly,
mutations that weakened P2 alone led to slower
cleavage, while mutations that strengthened P2 led
to faster cleavage. These results suggest that for-
mation of the P2 pseudoknot can lead to rapid
overall folding.

The effect of urea on the rate of cleavage

The effects of urea on RNA folding have been
studied in various nucleic acid systems, including
the RNase P ribozyme and model duplexes, and
urea has been shown to facilitate the overall rate of
RNA folding when disruption of alternative or pre-
mature native RNA interactions is at least partially
rate-limiting.'>!5163637 The effects of urea on the
cleavage kinetics of several HDV ribozyme
mutants were examined using AS(—30/-7)- and
AS(—30/—3)-stimulated reactions (Table 2).

Self-cleavage of G11C was stimulated threefold
by 2 M urea for the reactions carried out in the
presence of AS(—30/-7) (Table 2, Figure 3(a)).
However, 2-6 M urea provided no rate stimulation
for the reaction of G11C in AS(—30/-3), and the
urea-dependence was independent of AS oligomer
length in this range. Based on our model, there are
two alternative pairings, Alt 2 and Alt 3, present
for both G10A and G11C in I, (Figure 1). Urea may
serve to accelerate overall folding by increasing the
unfolding rate of the Alt 2 pairing; if so, this might
explain the lack of urea stimulation in the presence
of AS(—30/—-3), which also acts to break the Alt 2
pairing. This result suggests that urea could favor
Alt 2 unfolding without compromising the stability
of the native ribozyme interactions. Increased rate
of Alt 2 unfolding may allow for capture of P1.14
by P1.15, which is accessible in the loop of Alt 3
(see Discussion).

Since Alt 3 is predicted in I,, lack of urea-stimu-
lation for G11C plus AS(—30/—3) implies that urea
does not favor the rearrangement of Alt 3 to P3
and P2. According to the secondary structure
models in Figure 1 in which P2 folding is initiated
in I,, the Alt 3 rearrangement essentially involves a
trading of base-pairs. If this process is in rapid
equilibrium or Alt 3 in I, is less extensive than
shown, further increase in the kinetics of the
rearrangement by urea should not affect the overall
rate of folding and cleavage. As observed for larger
ribozymes,'® the absence of urea stimulation for
G11C with AS(—30/-3) is suggestive of kinetic
trap-free folding, although the folding pathway
appears to still have equilibrium intermediates that
decrease the fraction of the ribozyme in the native
fold.

The dependence of the burst phase of the wild-
type ribozyme on urea and AS oligomer length
showed striking similarity to G11C. In the presence
of AS(—30/-7), the rate of the burst phase was
stimulated twofold by 2 M urea to 24 min !, simi-
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lar to the value of 23 min~' measured for G11C
under these conditions (Table 2). Moreover, the
rate of the burst phase was not stimulated by 2-
6 M urea in the presence of AS(—30/—3), and the
urea-dependence was independent of AS oligomer
length in this range, as observed for G11C. The
cleavage rates for the wild-type burst phase and
G11C ribozymes were nearly identical for AS(—30/
—3) conditions. These results support the model
wherein the burst phase of the wild-type originates
from the I, intermediate.

Unlike G11C, wild-type slow phase and C15A
ribozymes were not stimulated by urea for reac-
tions with AS(—30/-7) or AS(—30/-3) (Table 2,
Figure 3). The slow phase of the wild-type ribo-
zyme contains Alt P1 and Alt 3. As discussed
above, urea does not appear to favor exchange of
Alt 3 for native pairings, while Alt 2 may assist
folding of the wild type slow phase based on 2 M
urea inhibiting folding in AS(-30/-7) but not
AS(—30/—-3) (see Discussion). CI5A might be
expected to be stimulated by urea, as Alt 3 has
been disfavored and Alt P1 is present. However,
C15A has a P2 pairing with compromised stability
that might be especially sensitive to destabilization
by urea. Supporting this idea, the rate of cleavage
of C14G was stimulated about threefold by urea.
C14G leads to a G-G mismatch in P2, which has
been shown to have a AG$, of —2.6 kcal/mol in a
similar context.>® Thus, the G-G mismatch-contain-
ing P2 in C14G appears to provide sufficient stab-
ility to allow urea to stimulate the reaction without
compromising the stability of the native fold. Since
the reactivity of C14G is not stimulated by the
lengthened AS oligomer, this mutant likely orig-
inates from an I, intermediate lacking Alt 3. This
model would suggest that urea stimulates
rearrangement of Alt P1 to the native fold. As with
Alt 2, Alt P1 sequesters the downstream strand of
P1.1, as well as a portion of the upstream strand of
P2. The stimulatory effect of urea on the C14G
mutant may reflect faster unfolding of Alt P1,
which allows for capture of the pseudoknot strand
P1.14 or P25 or both.

The G85C ribozyme is predicted to have a stable
P2. Indeed, urea led to an approximately twofold
stimulation of the cleavage rate by G85C with both
AS(—30/-7) and AS(—30/—3) that may be due to
breaking of Alt 2 or Alt P1 or both if a mixture of
I, and I, are occupied for G85C (Table 2,
Figure 3(b)). Lack of rate stimulation by urea for
C15A was attributed to compromised stability of
the resulting P2 pairing (see above). To test this
idea, the urea-dependence of the C15A:G85C
double mutant was examined (Table 2, Figure 3(b)).
As predicted, urea now stimulated the reaction,
with a approximately twofold increase in rate from
0 to 2 M urea with both AS(—30/—7) and AS(—30/
—3). The urea effects on the C15A and C15A:G85C
mutants indicate that urea can fail to stimulate
folding in cases where the native structure is not
sufficiently stable to withstand the urea treatment.
This provides a case for which absence of urea

stimulation does not reflect trap-free folding. Rate
stimulation by urea for G85C-containing ribozymes
in the presence of AS(—30/—3) may reflect partial
occupancy of I, by the ribozymes, also the rate
never equals that of G11C or the wild-type burst
phase.

In summary, urea stimulated the rate of ribo-
zyme cleavage when either Alt 2 or Alt P1 was
present. Common to Alt 2 and Alt P1 is sequestra-
tion of a strand of one or both pseudoknots, and
the rate of melting of these pre-formed structure
may limit overall folding. In addition, urea stimu-
lation required that the pairings in the native fold
have sufficient stability to maintain efficient fold-
ing in the presence of the denaturant.

Discussion

The genomic HDV ribozyme is a small catalytic
RNA of approximately 85 nucleotides that contains
complex secondary and tertiary structures. There
are five native pairings in the ribozyme, and two
of these form pseudoknots, P2 and P1.1. Pseudo-
knots involve base-pairing between nucleotides
embedded in a stem-loop, such as a hairpin loop, a
bulge, or an internal loop, and nucleotides outside
the stem-loop. Since RNA will typically form local
interactions before long-range interactions, folding
of pseudoknots can be slow if one of the strands is
prone to sequestration in an alternative local fold.
In this study, we demonstrated that the genomic
HDV ribozyme initially folds into one of two incor-
rect secondary structures containing multiple
alternative pairings, and missing both pseudo-
knots. We tested these pairings by examining the
reactivity of ribozyme mutants that modulate the
stability of the alternative pairings while maintain-
ing the native structure of the ribozyme. Correct
folding of the ribozyme is attenuated by each of
three alternative pairings, and all of these alterna-
tive pairings limit the rate at which the native
pseudoknot pairings form. Here, we present
several models that explain the equilibrium and
kinetic effects observed.

Presence of alternative pairings and modeling
their effects on native folding

Free energy minimization of the secondary struc-
ture of the ribozyme suggested that three major
alternative pairings could form in the presence of
AS oligomers. Two of these, Alt 2 and Alt 3, were
previously identified by structure mapping exper-
iments of a precursor form of the ribozyme.*> An
Alt 3 pairing was identified by structure mapping
experiments on 3'-truncated versions of the self-
cleaved genomic ribozyme.® The third of these
alternative pairings, Alt P1, was not identified by
structure mapping experiments. However, the 60 %
of the wild-type ribozyme that partitions to the Alt
Pl-containing intermediate, I;, does not contain
significantly more single-stranded nucleotides than
I,, making its identification by single-stranded
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ribonucleases problematic (Figure 1). In addition,
the 30% of the ribozyme that partitions to I, is
cleavable in part of the region comprising Alt P1,
contributing a positive signal to structure mapping
and compounding the problem of distinguishing
Alt P1 by structure mapping. The double-stranded
RNA-specific nuclease V1 did cleave most of the
nucleotides in Alt P1 at least lightly, supporting
formation of the Alt P1 pairing in a subpopulation
of the ribozyme* Each of the three proposed
alternative pairings was tested by site-directed
mutagenesis and kinetic characterization.

The relationship between the rate of self-clea-
vage and RNA folding requires consideration.
RNA folding pathways typically require a series of
intermediates, and branched pathways that are
non-productive can be populated. We predicted a
number of alternative pairings and tested them
functionally in this study by determining the
activity of single and double mutant ribozymes.
Nucleotides essential to tertiary structure for-
mation, based on the crystal structure, were not
modified and the native secondary structure was
either unchanged or restored; as such, observed
cleavage rates are interpreted in terms of the frac-
tion of the ribozyme correctly folded.

We assume the following simple model, in
which kqps = frative X kiny Where kg, is the observed
rate constant for cleavage, ki, is the intrinsic rate
constant for cleavage, which is rapid (>39 min~,
see below), and f .. is the fraction of the ribo-
zyme that is folded in the native conformation. The
fraction of the ribozyme in the native fold is lim-
ited by the internal equilibrium constants for Alt
P1, Alt 2, and Alt 3. Since Alt 3 is common to I;
and I,, and Alt P1 and Alt 2 are mutually exclu-
sive, the following expression can be written for
the fraction of the total ribozyme folded correctly:

frative = [1 — (fatep1 + far 2)](1 — faie 3)

where f,.4ve accounts for secondary structure for-
mation; tertiary structure formation equilibria
could add more terms that would reduce the value
of fauve further, although the present experiments
do not address this possibility. This expression
assumes that folding of Alt 3 is independent of Alt
2 and Alt P1. According to the model in Figure 1,
for all constructs:

fares = [Alt 3]/([Alt 3] + [Nay 3])

where N,y 5 represents the native interactions of
all Alt 3-forming nucleotides). For constructs in
which I; is the dominate intermediate:

faipr = [Alt P1]/([AItP1] + [Naje p1])

where N,y p; represents the native interactions of
all Alt P1-forming nucleotides), and k., reduces to:

kobs = kine/[(1 4 Kaie p1)(1 4+ Kaje 3]

The internal equilibrium constants (K) are for mis-

folding, and

Kaierr = [AltP1]/[Nag p1]

and

Kaies = [Alt3]/[Nag 3]

Likewise, for constructs in which I, is the dominate
intermediate:

faie2 = [Alt 2]/([Alt 2] 4 [Nar2])

where N,; , represents the native interactions of

all Alt 2-forming nucleotides. k. reduces to:

kobs = kint/[(1 4 Kare2)(1 + Kaie 3)]

where,

Kaie2 = [Alt 2]/[Nay 2]

These expressions for k., involve binding poly-
nomials; therefore, fold-reduction in observed rate
constant for mutant ribozyme self-cleavage could
be interpreted in terms of internal equilibrium con-
stants. For example, if a tenfold rescue in cleavage
rate is found for an Alt 3-breaking mutation, then:

10/1 = (1 + Kaie 3 slow)/ (1 + Kale 3, fast)

If Kap 3605t €1, then Kpy 3 giow 15 approximately 9
for the slow-folding construct. In practice, the
observed rate constant can be decreased if kinetic
traps are present. For example, the equilibrium
constant for formation of an alternative pairing
might be only three; however, if unfolding of the
pairing is slow, then the fold-decrease in k., may
be substantially more than four. In either case,
fold-reductions in kg, can be attributed to popu-
lation of non-reactive folds, since the native fold of
the ribozyme is known and was either unchanged
or restored.

Testing of predicted alternative pairings was
greatly aided by knowledge of the native fold of
the ribozyme. The secondary structure of the ribo-
zyme in solution was worked out in a number of
studies, largely from the Been laboratory,*~*! and
then confirmed and extended by solving of the
crystal structure of the self-cleaved form of the
ribozyme.” Revealed in the crystal structure was
the two base-pair pairing, P1.1, which is part of a
pseudoknot. Formation of P1.1 in the reactive form
of the ribozyme in solution was subsequently con-
firmed by self-cleavage studies with a series of
mutants.*!

Formation of Alt P1 in I; was tested with the
ribozyme mutants, G10A and G11C. Both mutants
were predicted to destabilize Alt P1 in I; (Figure 1),
and their 34 to 42-fold faster rates (Table 1) were
consistent with this model. The AAGS$, calculated
by mfold for the I, to I, equilibrium for the wild-
type ribozyme favored I, by 4.1 kcal/mol.*?* This
calculated AGS$, predicts that G10A and G11C
should be ~775-fold faster than wild-type. The
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actual increase in rate, although substantial, is
~20-fold less than predicted. This discrepancy
could be due to formation of ~3 bp in the active-
site-distal portion of P2 in I, (Figure 1) that was
not accounted for in the prediction, or to uncer-
tainty in the predicted AAGS;, since thermodyn-
amic rules for complex internal loops are only
partly worked out.?

The G11C mutant was predicted to favor Alt 2
in place of Alt P1. Presence of the Alt 2 pairing
was confirmed by fourfold faster reactivity of
G11C in the presence of the longer AS oligomer,
AS (—30/-3) (Table 2). Similar three- to fourfold
rate increases with AS(—30/—3) were found with
G85C and C14G:G85C. These observations suggest
that the internal equilibrium constant favoring Alt
2 over N,y , is &2 to 3. This modest value is con-
sistent with Alt 2 having only three base-pairs,
which are traded for two of the same type of base-
pairs.

Formation of the third alternative pairing, Alt 3,
was tested by a set of mutants that weakened the
pairing, involving changes in both the 5 and 3'-
strands of Alt 3 (Table 1). Fast-folding mutants that
destabilized Alt 3 without affecting the native fold
led to faster cleavage, which was typically realized
in co-transcriptional cleavage (see C26A, U27A,
U27A, C14G:G81C and C15A:G80U). A lower limit
to the fold-increase was estimated from consider-
ation of C15A, which destabilized Alt 3 with a sub-
optimal P2. The C15A mutant ribozyme reacted
13-fold faster than the wild-type slow phase,
suggesting that the co-transcriptional reacting
mutants react more than 13-fold faster. Moreover,
the precursor form of U27A was prepared under
special transcription conditions and found to fold
fast with a burst phase of 39.0 min~' with
AS(—30/-7), ~threefold faster than the wild-type
burst phase. This analysis suggests that the internal
equilibrium constant for Alt 3 over N, 5 is &2 to
3. The Alt 3 pairing has five base-pairs, with two
GC pairs at either end, which may account, in part,
for its stability.

Co-transcriptional cleavage of any —30/99 con-
struct is somewhat surprising, based on the possi-
bility of forming the inactivating Alt 1 pairin,
between the inhibitory stretch —24/—15 and P2,
One possible explanation is that P2, partitions
between long-range pairings with the upstream
inhibitory stretch and P25, nucleotides accessible in
the Alt 3 mutants. If so, early formation of the P2
pseudoknot pairing can drive overall folding. For
folding of the wild-type (—30/99) ribozyme during
transcription, P25 may form the local Alt 3 or Alt
P1 pairings much faster than P2, leaving P2, to
form the long-range Alt 1 and preventing signifi-
cant formation of the native fold in the absence of
an AS oligomer. While formation of P2 appears to
be fairly rapid at >30 min™' (see below), simple
close-range stem-loops such as Alt 3 and Alt P1
typically form with time constants of < 10 ps.*?

Many of the inhibitory effects of alternative pair-
ings can be explained by the simple equilibrium

model above. The key feature of this model is that
the intrinsic rate of chemistry is masked by a shift
in the equilibrium population of ribozyme toward
misfolds. (The position of the rate-limiting step is
discussed in the next section.) It is unclear whether
any of the mutants studied here, even the fastest-
folding ones, have a significant fraction of the
uncleaved ribozyme molecules in the native fold.
This problem arises because of the large number of
alternative pairings possible, and that even when
native secondary structure forms, tertiary structure
unfolding may be rapid relative to chemistry (see
next section), causing the tertiary fold to be poorly
populated. Lack of significant amounts of native
fold in the uncleaved population indicates that
caution should be exercised in interpreting struc-
tural or dynamic studies designed to directly assay
the uncleaved native state. Exceptions to this may
be if the data is obtained through measurements of
the rate of self-cleavage, which can, depending on
conditions, assay the rare native state. This may
explain why a pK, near neutrality was not found
by direct measurements on the uncleaved genomic
HDV ribozyme by Doudna and co-workers, and
those authors also suggested related scenarios.*

The fastest cleavage rate of 39 min~' observed
here is similar to the rate of 23 min~!, observed for
an HDV antigenomic ribozyme with a shortened
P4 under similar reaction conditions without
denaturant.** These values are lower limits for the
intrinsic rate of chemistry. Similar values for the
genomic and antigenomic ribozymes are consistent
with similar secondary structures, and the likeli-
hood of similar mechanisms for tertiary folding
and cleavage, as proposed based on Kkinetic
studies.*>*¢

Different fast-folding mutants have different
mechanistic origins

In previous reports, several large RNAs have
been prepared that fold rapidly and avoid some or
all kinetic traps.®*'%13-17 Success in preparing fast
folders in large RNAs suggested that it may also
be possible to do so with the smaller HDV ribo-
zyme. Indeed, several different fast-folding ribo-
zymes were prepared in this study, including
mutants that weakened Alt P1, weakened Alt 3,
and broke Alt 2 (Tables 1 & 2). In addition, G85C
mutants led to faster folding, but appeared to do
so by strengthening native interactions in P2.
Results from the crystal structure implicated base-
pairing of G10 with a cytosine base at position 85,
although the G10 interactions were with a cytosine
from a neighboring molecule in the crystal.*” This
base-pairing arrangement would lead to a 7 bp P2
helix. Improved reactivity with increased P2 length
has been suggested in other contexts,***° although
we are unaware of demonstration of the import-
ance of lengthening P2 from 6 to 7 bp. The
enhanced cleavage rate of G85C suggests that a
J1/2 of only 2 nt is sufficient for reactivity.
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Figure 4. (a) Kinetic model for folding of the genomic
HDV ribozyme from intermediates I, and I,. The
alternative and native pairings present in each fold
based on experimental data are given. Early in the reac-
tion, 60% of the wild-type RNA exists in the I, confor-
mation, and 30% in L. Both intermediates contain non-
native secondary structures; however, I, is slower-react-
ing than I, presumably because Alt P1 is especially
stable and I, has fewer native pairings. The I, to I, con-
version was found to be slow and to be limited by
rearrangement of Alt P1 to P1. Folding from I, to N
involves secondary and tertiary folding events, and their
order of occurrence is not clear. Only the native state,
N, can lead to cleavage and product, P. (b) Free energy
profile for the folding and cleavage reaction of the wild-
type HDV ribozyme and the mutants G11C and G85C.
The mutants accelerate the folding reaction by distinct
mechanistic strategies. G11C destabilizes Alt P1, which
disfavors the I; conformation, but maintains a stable P2
in all other conformations. This effect is depicted in the
profile by a raising of the free energy of the I; state.
G85C stabilizes P2, which should favor I,, N and P, as
well as the transition states between these species, since
P2 is expected to be present in all of these states. This
effect is depicted in the profile by a lowering of the free
energy of a box containing all these states. I, may par-
tition to N over returning to I, based on the wild-type
ribozyme displaying biphasic kinetics despite I; being
significantly more stable than I,. The rate-limiting step
within the box for G11C is shown as chemistry (double-
dagger G11C) based on solvent isotope and pH studies
in the G11C + AS(—30/—7) background.***>* We have
not tested if chemistry is the rate-limiting step for other
RNAs, so the height of the barrier(s) between I, and I,
is not drawn. The uncleaved N state is shown slightly

A Kkinetic model for folding of the G11C, G85C,
and wild-type ribozymes is presented in Figure 4.
The sets of native and alternative pairings present
in I, I, N, and P are shown in Figure 4(a). The
G11C change destabilizes Alt P1 in I, but is not
expected to destabilize I,, N, or P significantly,
since a stable P2 is predicted (see
above)(Figure 4(a)). On the basis of this model,
G11C is depicted as higher in free energy than
wild-type for I;, but I,, N, P, and their transition
states are expected to be essentially unchanged in
free energy (Figure 4(b)). In contrast, the G85C
change stabilizes P2 present in I,, N, and P, but not
in I;, since its base-pairing partner, G10, is seques-
tered in Alt P1. Enhanced stability of the native
state for G85C is evinced by the stability of G85C
in 6 M urea, whereas other mutants and the
wild-type are inhibited by 6 M urea (Table 2). On
the basis of this model, G85C is depicted as lower
in free energy than the wild-type for I,, N, P, and
their transition states, but not for I, (Figure 4(b)).
The outcome of these two different effects is simi-
lar in that folding for G11C and G85C is predicted
to occur within the I,, N, and P states, boxed in
Figure 4(b). This is consistent with enhanced rates
of cleavage for the G11C and G85C mutants,
although G11C is somewhat faster than G85C with
both AS oligomers, suggesting that weakening Alt
P1 by the G11C change may be more effective at
favoring I, over I; than strengthening P2 with the
G85C change. Folding of I, to the native state
involves large-scale conformational changes at
both the secondary and tertiary structural levels.
The order and number of distinct secondary and
tertiary structure formation steps is uncertain
(Figures 1 and 4), and it remains possible that for-
mation of some tertiary structure precedes, and
possibly assists, complete formation of secondary
structure, as observed in other systems.”~>2

We previously characterized the effects of pH,
Mg?*, and *H,O on the reactivity of the G11C
mutant.*>**>* These studies were consistent with
the notion that the rate-limiting step for G11C clea-
vage is the chemical step (based on pH and *H,0O
effects) and supported a model involving two pro-
ton transfers in the rate-limiting step, C75 as the
general acid for phosphodiester bond cleavage
with a pK, near neutrality, and hydrated mag-
nesium hydroxide as the general base under phys-
iological Mg** concentrations. The kinetic model in
Figure 4 shows folding of I, to N involving
rearrangements of secondary and tertiary structure,
followed by N cleaving to form P in the rate-limit-
ing chemistry step. Chemistry can be the rate-limit-
ing step for cleavage, even in the presence of

higher in free energy than the cleaved P state, based on
ground state destabilization between protonated C75
and a catalytic Mg**.#>?3



Folding Pathway of the HDV Ribozyme

571

folding steps that are slower than chemistry, if I,
and N are in rapid equilibrium (i.e. N unfolds fas-
ter than it cleaves). This would be the case if the
native state is inherently unstable. Prior studies
revealed anticooperative interaction between pro-
tonated C75 and metal ion,* which may destabi-
lize the native fold of the precursor.

It is possible that the identity of the rate-limiting
step changes with pH. For example, since the rate
of G11C cleavage increases log-linearly with pH,*
it is possible that at high pH values the height of
the N to P barrier falls below that of the I, to N
barrier, which would lead to a kinetic pK, (ie. a
pK, that is not due to binding of a proton to C75).
If this were indeed the case, then the true pK, of
C75 would be greater than neutrality, and shifted
even further from its unperturbed value of 4.2.
Nevertheless, we disfavor a model in which the
pK, is kinetic in origin, on the basis of experiments
suggesting that chemistry is rate-limiting in the
plateau region of the pH-profile. (There is a sub-
stantial (about fourfold) kinetic solvent isotope
effect in the plateau region of the pH-profile, and
proton inventory experiments in the plateau region
support two proton transfers as rate limiting.*"*)
It is presently unclear whether the rate-limiting
step is chemistry for the mutants that fold from I;;
therefore, the height of the I, to I, barrier is not
shown explicitly in Figure 4(b).

In a survey of 21 genomic HDV isolates,”* pos-
ition 85 was occupied overwhelmingly by C (19
out of 21 isolates), although it was G in the wild-
type sequence chosen here from a human with
acute d-hepatitis.”® In addition, only three of the 21
isolates had mutations in Alt 3-forming nucleo-
tides, and these occurred at positions 26 and 27.
The low frequency of Alt 3-breaking mutations is
somewhat surprising, given that nucleotides 26
and 27 are not important to cleavage (Table 1), or
to the native structure of the ribozyme.?*** Also,
positions 10 and 11 were found to be G in all 21
isolates. It appears that HDV achieves faster fold-
ing in vivo by strengthening native interactions
rather than weakening non-native ones. It is not
clear why non-native interactions are not wea-
kened in vivo to achieve faster folding. One possi-
bility is that folding is fast enough to allow
cleavage in vivo, or that folding is assisted by cha-
perones. Another possibility is that sequences
involved in alternative pairings in the ribozyme
are under selective pressure to form other non-
ribozyme RNA structures, such as the rod form of
the ribozyme, which carry out critical biological
functions for the virus such as replication and
packaging. Also, strengthened native structure
may slow invasion by the attenuator sequence and
allow time for extensive ribozyme cleavage during
transcription (A. D. Parente & P.C.B., unpublished
results).

The wild-type ribozyme displayed biphasic kin-
etics with ~60% reacting in a slow phase and
~30 % reacting in a burst phase. The fast-reacting
phase showed characteristics similar to the G11C

25,32

ribozyme, including rate of cleavage, urea-depen-
dence, and AS oligomer length dependence. These
observations suggest that the wild-type ribozyme
partitions into I, and I,. I; was predicted to be
4.1 kcal/mol more stable than I, (see above), and
the slow phase of the wild-type reaction was
found to be 70 times slower than the burst phase,
consistent with a stable I, intermediate. Based on
the I, stability and the binding polynomial model
developed in the preceding section, we expected
that the amplitude on the burst phase of the wild-
type ribozyme might be considerably smaller than
30 %. One possible reason for the substantial burst
phase is that I, is not in rapid equilibrium with I;.
Perhaps folding of I, toward N is faster than
rearrangement of pairings to go back to I;, allow-
ing kinetic partitioning and the I, intermediate to
be observed as a sizeable burst (Figure 4(b)). This
situation may arise if, for example, rearrangement
of P2 involving residues 82-84 (or 85) with 13-11
(or 10) is rapid and captures I, preventing its
escape back to I,. The stimulatory effect of urea on
certain mutants suggests that this might indeed
occur (see the next section). Thus, preparation of
the initial states may be critical to the outcome of
the reaction.

A capture mechanism for
pseudoknot formation

We examined the effect of the chemical denatur-
ant urea on the rate of cleavage for several of the
mutants. Rates were measured at 0, 2, 4, and 6 M
urea, and increases and decreases in rate were
observed. Urea was found to enhance cleavage of
G11C and wild-type (burst phase) ribozymes, as
well as G85C-containing mutants. For G11C and
the wild-type burst phase this enhancement was
lost in the presence of the Alt 2-breaking AS(—30/
— 3) oligomer. Thus, faster folding of these ribo-
zymes may arise from an increased rate of unfold-
ing of the Alt 2 pairing in the presence of urea
which releases P1.15. The P1.15 strand is single-
stranded in the loop of Alt 3 based upon structure
mapping.®* Similar behavior may occur for the P2
pseudoknot based upon the urea enhancement of
the C14G mutant, which appears to fold from the
I, state containing Alt P1 and is not enhanced by
AS(-30/ —3).

The wild-type slow phase exhibited the opposite
dependence on urea and AS oligomer length as the
burst phase (Table 2). One explanation for this
effect is that Alt 2 actually aids wild-type folding
from I, to I, by providing stabilizing interactions
for G38-40 outside of Alt P1 that slows its return to
I, and allows time for P2 to form. Thus, it is poss-
ible that Alt 2 serves a productive role for folding
of the slow phase wild-type ribozyme that is
inhibitory in Alt P1-weakened mutants.

A rudimentary mechanism can be drawn that
explains the effects of urea and AS oligomers on
pseudoknot formation (Scheme 1). We model pseu-
doknot formation as unfolding or conformational
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kopen kcaptu re
Alti = ’ ;
kclose Pi
(closed) (open) (pseudoknot)
Scheme 1

switching of an alternative pairing (Alt i) from a
closed state to an open state, which can then be
captured by the complementary strand of the pseu-
doknot to form pairing Pi. Capture is used, since
the complementary pseudoknot strand can make
the last step effectively irreversible if subsequent
steps are fast (Figure 4(b)). For wild-type burst
phase and GI11C, urea and AS(-30/-3) can
increase ko, for Alt 2 such that the overall folding
rate of P1.1 increases. For wild-type slow phase,
urea and AS(—30/-3) may increase k.. from an
I,-like state without any P2 formed, thus decreas-
ing the population of the I,-like state that can
attempt P2 formation. This model is consistent
with P2 forming before P1.1 for wild-type slow
phase. This capture mechanism is similar to that
proposed for other RNA folding events including
ribonucleoprotein (RNP) assembly and folding of
helix junctions.*®*”

A slow-folding pseudoknot has been observed
in the Tetrahymena ribozyme, in which the P3
pseudoknot pairing is prone to alternative local
folding in an Alt P3 pairing."® In that case,
slow-folding mutants were enhanced by urea,
which may have acted to increase the rate of
unfolding of one of the pseudoknot strands.'
Also, the Escherichia coli o mRNA pseudoknot
has two conformers that interconvert with slow
kinetics.”®® Studies on the folding of the P2
strand in the antigenomic ribozyme have been
carried out by Been and co-workers, and an
unusual role for a bulged adenosine base in the
antigenomic P2/P2a pairing was proposed.”
They observed that deletion of the adenosine
base led to a steeper urea and temperature-
dependence for self-cleavage, suggesting a model
wherein the bulged A may serve to increase the
rate of refolding from an inactive ribozyme
structure. Thus, folding of pseudoknots may be
difficult for large and small RNAs alike.

Reaction of G11C with AS(—30/—3) appears to
be free of kinetic traps, thus providing lower
limits for rates of tertiary structure formation
and bond cleavage. (It is possible that urea con-
centrations between 0 and 2 M urea could lead
to small rate accelerations; however, it is unli-
kely that such effects would be substantial in
this small range of urea concentrations.) The rate
of folding of the 255 nucleotide catalytic domain

from Bacillus subtilis P RNA, which appears to
fold without kinetic traps, is 390 min~".'® The
lower limit for the rate of tertiary structure fold-
ing measured here for the smaller HDV ribo-
zyme is ~39 min~' (Table 1). These two rates
are within tenfold of each other, and may be
even closer if tertiary folding of the fast-folding
HDV ribozymes is faster than measured by clea-
vage, or is limited by non-native equilibrium
intermediates yet to be identified. These com-
parisons indicate that small multiple pseudoknot-
containing RNAs can fold rapidly. Fast-folding
mutants should provide useful tools for probing
the energy landscape for tertiary folding and
bond cleavage by the HDV ribozyme.

Materials and Methods
Preparation of mutant RNA

The —30/99 wild-type RNA used in this study was
transcribed from pT7 —30/99 using phage T7 polymer-
ase, as described.*? This transcript contains 30 nucleo-
tides upstream of the cleavage site and 15 nucleotides
downstream of the 3’ end of the ribozyme (Figure 1).
Transcripts are Bfal run-offs that contain ribozyme and
viral-derived RNA sequence only. All mutant plasmids
were generated from pT7 —30/99, using the Quik-
Change kit (Stratagene). Sequences were confirmed by
the dideoxy method after a miniprep purification (Qia-
gen). RNA was transcribed, purified and radiolabeled as
described.*

Ribozyme kinetics and data fitting
Hand-mixing Kinetics

Reactions were performed in a fashion similar to
those described.®® A typical self-cleavage reaction con-
tained ~2nM 5-end-labeled RNA, 25 mM Hepes
(pH 8.0), 10 mM MgCl,, and an antisense oligomer as
appropriate. The RNA was renatured at 55°C for ten
minutes in TE (10 mM Tris, 1 mM EDTA, pH 7.5),
and placed at room temperature for ten minutes. Buf-
fer was added followed by the addition of the appro-
priate AS oligomer (final concentration of 10 uM,
which is saturating®). The sequence of AS (—30/-7)
is published,® and the sequence of AS(—30/-3) is
5-CAGGTAAGAAAGGATGGAACGCGGACCCCCAC
AC, which is complementary to RNA nucleotides —30
to —3. The mixture was incubated at 37°C for two
minutes without MgCl,, an aliquot was removed, and
self-cleavage was initiated by the addition of MgCl, to
10 mM. The reaction was quenched by removing a
4 pl aliquot at a specific time, and adding 4 pl of a
95% (v/v) formamide loading buffer/20 mM EDTA
quench. For all kinetic experiments, the quenched
samples were fractionated on a denaturing 5% (w/v)
polyacrylamide gel. The gels were dried and quanti-
fied by a Phosphorimager (Molecular Dynamics).

Urea-dependence of the wild-type and mutant RNA

The urea-dependence of self-cleavage was conducted
by hand-mixing and rapid mixing as follows. The RNA
was treated as described above, followed by the addition
of Hepes (25 mM final, pH 8.0) and the appropriate AS
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oligomer. Variable amounts of a 10 M urea stock sol-
ution were added to the reaction. The mixture was incu-
bated at 37°C for two minutes without MgCl, an
aliquot was withdrawn, and self-cleavage was initiated
by the addition of a stock MgCl, solution to 10 mM.

Rapid-quench kinetics

Rapid-mixing experiments were performed on an
RQF-3 chemical quench-flow apparatus (KinTek, State
College, PA). The RNA was renatured in TE at 55°C and
mixed with buffer and the appropriate AS oligomer, all
to give 2x concentrations. An aliquot was withdrawn to
serve as the time zero reading. The reaction was initiated
by rapid mixing with a 2x solution of MgCl,. Final con-
ditions for the self-cleavage reaction were 25 mM Hepes
(pH 8.0), 10 uM AS oligomer, and 10 mM MgCl, at
37°C. Urea-dependence measurements were done by
including 1x urea in each of the syringes. The reaction
was quenched by rapid mixing with 0.5 M EDTA to a
final concentration of 0.3 M, and placed on solid CO,.
Aliquots were fractionated on a denaturing 5% poly-
acrylamide gel.

Data fitting

Plots of fraction product versus time were fit to the
single-exponential equation:

fc =A+B exp(_kobst) (1)

where f, is the fraction of precursor ribozyme cleaved,
kops is the observed first-order rate constant for ribozyme
cleavage for the non-burst phase, f is time, A is the frac-
tion of the ribozyme cleaved at completion, and A + B is
the burst fraction (present under some of the reaction
conditions). The first time-point was taken at 15 seconds
for hand-mixing and 0.1 second for rapid-mixing
experiments. Kinetic parameters were obtained using
non-linear, least-squares fitting by Kaleidagraph
(Synergy Software).

Computer prediction of secondary structure

The secondary structure of the ribozyme plus flanking
sequence was predicted by free energy minimization
using the mfold 3.1 program of Zuker with the Turner
rules?®® (see http://bioinfo.math.rpi.edu/~mfold/rna/
form1.cgi). The window size was set to 1 and percentage
suboptimal to 20 %. These settings allowed us to visual-
ize secondary structures that the program otherwise con-
siders too closely related to show.
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