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Retroviruses employ —1 translational frameshifting to regulate the rela-
tive concentrations of structural and non-structural proteins critical to the
viral life cycle. The 1.6 A crystal structure of the —1 frameshifting pseu-
doknot from beet western yellows virus reveals, in addition to Watson-
Crick base-pairing, many loop-stem RNA tertiary structural interactions
and a bound Na™. Investigation of the thermodynamics of unfolding of
the beet western yellows virus pseudoknot reveals strongly pH-depen-
dent loop-stem tertiary structural interactions which stabilize the mol-
ecule, contributing a net of AH ~ — 30 kcal mol™ and AG$, of —3.3 kcal
mol ™! to a total AH and AG%; of —121 and —16 kcal mol ™, respectively,
at pH 6.0, 0.5 M K* by DSC. Characterization of mutant RNAs supports
the presence of a C8"-G12-C26 loop 1-stem 2 base-triple (pK,=6.8),
protonation of which contributes nearly —3.5 kcal mol™" in net stability
in the presence of a wild-type loop 2. Substitution of the nucleotides in
loop 2 with uridine bases, which would eliminate the minor groove tri-
plex, destroys pseudoknot formation. An examination of the dependence
of the monovalent ion and type on melting profiles suggests that tertiary
structure unfolding occurs in a manner quantitatively consistent with
previous studies on the stabilizing effects of K*, NH; and Na™ on other
simple duplex and pseudoknotted RNAs.
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Introduction

Translational frameshifting

frameshifting efficiencies has been shown to inhibit
viral and retroviral propagation (Dinman et al.,

is an important = 1997; Hung et al., 1998). Thus, —1 frameshifting is

mechanism utilized by retroviruses and other RNA
viruses to regulate the synthesis of structural pro-
teins relative to replicative enzymes (for reviews,
see Farabaugh, 1993; Gesteland & Atkins, 1996;
Matsufuji et al., 1996). While frameshifting can
occur in the —1, —2 and +1 frames, the —1 frame-
shift is clearly one of the most common and best
understood. Specifically, —1 frameshifting is fre-
quently observed between the overlapping gag and
pro reading frames in RNA viruses and results in
the production of a gag-pro polyprotein which is
packaged and processed in the mature virus par-
ticle. The efficiency of the —1 frameshift event
regulates the relative concentrations of the gag and
pro proteins at a level appropriate to efficient viral
infectivity (Brierley et al., 1989), and alteration of

Abbreviations used: H-type, hairpin-type; BWYV, beet
western yellows virus; DSC, differential scanning
calorimetry; PK, pseudoknotted intermediate.
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an excellent system to systematically study the
mechanism of translational recoding in viral pro-
tein expression.

Previous studies suggest that efficient —1 frame-
shifting requires the presence of specific features in
the ribosomally translated mRNA. These features
include a “slippery site’”” with the specific sequence
X XXY YYZ where XXY is read in the zero frame
and XXX is read in the —1 frame and a down-
stream (3’ to the slip site) RNA structure such as a
pseudoknot (Gesteland & Atkins, 1996), stable
hairpin (Kang, 1998), or three helical junction
(Rettberg et al., 1999). The most commonly
observed structure is an H-type (hairpin-type)
pseudoknot formed when the loop region of an
RNA stem-loop structure base-pairs with an adja-
cent single-stranded region (Pleijj et al., 1985; Wyatt
et al., 1990). While the pseudoknot structure has
been shown to be necessary for efficient frameshift-
ing, it is not sufficient in itself and must be opti-
mally positioned six to eight nucleotides
downstream of a slippery sequence (Farabaugh,
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1996). Although the presence and identity of the
downstream pseudoknot has been observed to
greatly enhance the efficiency of frameshifting at
the slip site, correlations between frameshifting
efficiency, pseudoknot stability, and pseudoknot
structure are only beginning to be understood
(Gesteland & Atkins, 1996).

In addition to their role in translational regu-
lation, RNA pseudoknots can be considered to be
one of the most simple RNA folds (Pleij ef al., 1985)
and function as basic building blocks of more com-
plex folded RNAs. The H-type pseudoknot should
be able to support a diversity of stabilizing tertiary
interactions. The two helical stems connected by a
continuous strand may be in an extended confor-
mation, coaxially stacked, or separated by an extra-
helical or intercalated intervening nucleotide.
While stem-stem interactions such as coaxial stack-
ing and intercalated nucleotides were previously
observed in autoregulatory and frameshifting
pseudoknots (Du et al., 1996, 1997; Holland et al.,
1999; Chen et al., 1996), two recent structures, a
crystal structure (Su et al., 1999) of the frameshift
pseudoknot from the plant luteovirus, beet western
yellows virus (BWYV), and the NMR solution
structure of the 3'-terminal pseudoknot of the
tobacco yellow mosaic virus tRNA-like region
(Kolk et al., 1998) have revealed observable loop-
stem interactions.

Obtaining a molecular understanding of the
specific interactions that a pseudoknot can form, as
well as the contributions that those interactions
make to the stability and function of the molecule,
is essential to the accurate prediction of pseudo-
knots from RNA sequence and central to under-
standing the role that RNA pseudoknots play in
—1 ribosomal frameshifting. Previous thermodyn-
amic analysis of the energetics of unfolding of
several pseudoknots suggests that if defined loop-
stem interactions do exist, these interactions do not
contribute greatly to the enthalpic stability of the
molecule (Gluick et al., 1997; Theimer et al., 1998;
Nixon & Giedroc, 1998; Theimer & Giedroc, 1999).
However, the loop-stem tertiary-structural inter-
actions observed in the crystal structure of the
BWYV pseudoknot are far more extensive than
observed to date in other H-type pseudoknots, and
some of them have not been previously observed
in other folded RNAs (Figure 1).

Of special interest is the C8-G12-C26 base-triple
formed by a loop 1-stem 2 interaction (red), the
loop 2-stem 1 interactions where loop 2 forms a
minor groove triplex with stem 1 (blue), a Na*
(yellow), and the rather unusual positioning of the
A25 and U13 nucleotides which would be pre-
dicted to form a closing base-pair of stem 2 at the
helical junction of the two stems (green) (Figure 1).
This structure suggests the possibility that the
BWYV pseudoknot may derive significant stabiliz-
ation from these interactions and makes testable
predictions about the extent to which non-canoni-
cal loop-stem interactions contribute to the stability
of this molecule.
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Figure 1. (a) The BWYV pseudoknot structure as
determined by X-ray crystallography (Su et al., 1999)
(PDB code 437D). The C8-G12-C26 base-triple inter-
action is shown in red and the loop 2 nucleotides that
make crystal contacts with stem 1 are in blue. Also
shown are U13 and A25 which would be predicted to
form a base-pair in stem 2 (green) and a Na* bound
between loop 2 and stem 1 nucleotides (yellow). (b)
Schematic of the secondary structure of the BWYV pseu-
doknot with the corresponding nucleotides from (a)
colored for clarity.

Here, we describe an investigation of the ther-
modynamics of unfolding for the BWYV pseudo-
knot focusing on the role that the loop-stem
interactions observed in the crystal structure con-
tribute to the stability of the pseudoknot in sol-
ution. We find that these interactions make a
substantial enthalpic contribution to the stability of
the molecule, in marked contrast to thermodyn-
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amic studies conducted on other H-type pseudo-
knots (Gluick ef al.,, 1997, Theimer et al., 1998;
Nixon & Giedroc, 1998; Theimer & Giedroc, 1999).
Characterization of wild-type and mutant RNAs
supports the presence of a C8*-G12-C26 base-triple
(pK, =6.8) in which C8 is protonated at N3 to
form a H-bond to the O6 of G12. The pseudoknot
is destabilized to a point below that of the com-
ponent stem 1 hairpin when loop 2-stem 1 inter-
actions are lost or when the C8*-G12-C26 base-
triple is replaced by a potentially non-cognate
U8-A12-U26 substitution. Investigation of the
monovalent ion dependence of the unfolding of
the BWYV pseudoknot indicates little or no prefer-
ence for the monovalent ions Na®, Kt or NHj,
which would seem to argue against a specifically
bound Na™ linked to the stability of the molecule.

Results

BWYV pseudoknot unfolds in three steps with
the first unfolding transition attributed to
tertiary structure

The thermal unfolding of complex RNA mol-
ecules can be modeled thermodynamically as a
series of coupled equilibria corresponding to
sequential interacting unfolding transitions (Gluick
et al., 1997; Theimer et al., 1998; Nixon & Giedroc,
1998; Theimer & Giedroc, 1999; Laing & Draper,
1994; Gluick & Draper, 1994). To better understand
the contributions of the interactions observed in
the structure of the fully folded BWYV pseudo-
knot, we have employed a number of techniques
to analyze the energetics of unfolding of this RNA.
From theory, the secondary structure predicts two
unfolding helix-to-coil transitions with the ratio of
the hyperchromicity (dA/9T) at 260 nm and
280 nm (Ayep/Azgy) less than one (favoring 280)
(Fresco et al., 1963). The shorter helical stem 2 is
predicted to unfold with a van’t Hoff enthalpy of
25 kcal mol™ if U13 and A25 are unpaired and
33 kcal mol™" if they are paired (Figure 1). Stem 1
is predicted by improved nearest neighbor and
hydrogen bonding (INN-HB) rules (Xia et al., 1998)
to denature with a total enthalpy of 50 kcal mol™*
for the helical segment alone not including any
contributions from 3’ stacking of loop residues.
Thus, the total AH observed due to secondary
structure unfolding is expected to be on the order
of 75 to 83 kcal mol~.

Since the BWYV pseudoknot may have a proto-
nated cytosine (C8), melting profiles were collected
over a wide range of pH. The top row of Figure 2
shows the melting profiles of the BWYV pseudo-
knot at pH 6.0, 7.0, and 8.0 in the presence of
0.5M K* (left to right). By optical spectroscopy,
the BWYV pseudoknot clearly unfolds via two
intermediates in three distinct unfolding transitions
at all pH'’s tested (Figure 2, top row). All attempts
to fit these data to two unfolding transitions
resulted in large non-random deviations in the
residuals and comparatively large x> values associ-

ated with a visibly poor fit. The residuals improve
dramatically and assume a more random distri-
bution upon introduction of a third unfolding tran-
sition with an associated improvement in the
values of y? (see Materials and Methods). Differen-
tial scanning calorimetry (DSC) data corroborate
the presence of three rather than two unfolding
transitions since significantly more calorimetric
enthalpy is recovered than can be attributed to sec-
ondary structure alone (Figure 2, bottom row).
Van’t Hoff analysis of these calorimetric melting
profiles returns transition enthalpies and ¢, values
which agree very well with the values obtained
from deconvolution of the optical melts (Table 1).
At pH 7.0, the sum of the van’t Hoff enthalpies cal-
culated from the optical melting profile is
115(+13) kcal mol™ and shows excellent agree-
ment with the calorimetrically determined total
enthalpy of unfolding of 121(%2) kcal mol™". These
two values are identical within experimental error
and verify the presence of a large enthalpic contri-
bution (=30 kcal mol™) to the unfolding of the
molecule apart from that predicted by its second-
ary structure. Additionally, the close agreement of
the calorimetry and optical spectroscopy provides
strong evidence that the melting profiles are well
approximated by the sequential two-state equili-
brium unfolding model (Laing & Draper, 1994).

Assignment of unfolding transitions to
molecular unfolding events

The INN-HB rules (Xia et al., 1998) predict that
the unfolding of the S1 hairpin (five base-pair stem
and six nucleotide loop) in the absence of any
other structure should occur with a AH of 50 kcal
mol ™ at 89.0°C and a hyperchromic ratio (Fresco
et al., 1963) (Azs0/Azgp) Of less than 1. These par-
ameters show excellent agreement with the last
unfolding transition (S1 — U). The other two tran-
sitions are expected to correspond to the unfolding
of helical of stem 2 and the tertiary structure. Due
to the simplicity of the molecule, it is unlikely that
the tertiary structure could be formed in the
absence of a fully folded stem 2, consistent with
studies on another RNA pseudoknot (Gluick &
Draper, 1994). The resolved enthalpies and hyper-
chromic signatures lead us to propose that unfold-
ing of the tertiary structure occurs first
(AH = 32(£7) kcal mol™?) leaving a pseudoknotted
intermediate (PK) with no defined loop-stem struc-
tural  interactions. The second transition
(AH = 29(%2) kcal mol™') would therefore corre-
spond to the unfolding of the less stable of the two
stems, stem 2 (PK — S1), predicted to occur with a
AH of 26 or 33 kcal mol™! depending on whether
the closing base-pair (U13-A25) in stem 2 is formed
(Figure 1). This leaves a stem 1 hairpin intermedi-
ate (S1), which denatures (AH =55(%+2) kcal
mol™) to give random coil RNA (U). Thus, the
proposed equilibrium unfolding pathway is
F & PK < S1 « U (Figure 3).
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Figure 2. Representative melting profiles of the BWYV pseudoknot collected in 0.5 M K at the pH value indicated.
The top row shows every fifth data point of the dual wavelength optical denaturation profiles collected at 260 (@)
and 280 (+) nm wavelengths as described in Materials and Methods. Superimposed on the data is the composite fit
calculated from the individual thermodynamic transitions observed for the RNA. The middle row shows the individ-
ual transitions which are deconvoluted from the data on the top row. The bottom row shows representative DSC
scans collected under the same conditions as the optical data at concentrations of 40.1, 34.8 and 39.5 M, respectively.
The data shown in these panels represent five percent of the actual data and has both the composite fit and the indi-
vidual transitions superimposed on the data. The calculated parameters from these fits are compiled in Table 1.

The stability of the BWYV pseudoknot is
strongly pH dependent

In the crystal structure, C8 in loop 1 and the
G12-C26 base-pair in stem 2 form a well-defined,
non-canonical base-triple interaction (Figure 1,
red). This base-triple may be further stabilized by
an additional hydrogen bond from A25 to create a
base-quadruple (Su ef al.,, 1999). This C8-G12-C26
base-triple would be expected to have some very
distinct thermodynamic features. For example, a
deprotonated C8 can form two hydrogen bonds to
the G12-C26 base-pair, while a protonated C8 can
potentially form three H-bonds thereby stabilizing
a C8".GI12-C26 triple interaction. Since the pre-
dicted C8 N3*H to G12 O6 H-bond should display
a pH dependence if present in the base-triple and
protonated near neutral pH, the melting profiles of
the wild-type RNA should be strongly pH-depen-
dent if this interaction contributes significantly to
the stability of the molecule.

Strikingly, the wild-type pseudoknot exhibits a
marked stabilization as a function of pH at 0.5 M
K*. At pH 6.0 (Figure 2, left), the t,, for tertiary

structure unfolding (F — PK) occurs at higher
temperature as the pH is lowered, while higher pH
destabilizes the pseudoknot (Figure 2, right). Since
AH for unfolding of the tertiary structure is largely
independent of pH, a plot of t.,! versus [H*] was fit
to equation (1) to determine the pK, of the protona-
tion event (Figure 4):

11 (1 1) [HHK,
Fmobs N tmo tm1 tmo 1+ [H+]ka

where t, and t.,; are the t,, of the deprotonated
and protonated RNAs in degrees K and K, is the
association constant (M~!) of the RNA for this
proton.

The resolved values are t.,_47.2(+0.3)°C,
tm1 = 75.2(£0.6) °C with the pK, = 6.8(£0.1). If this
correlates to the N3 proton of C8, then this rep-
resents significant elevation from the pK, for free
cytosine (pK, =4.5) (Saenger, 1984). An approxi-
mation of the total stabilization derived from this
protonation event can be calculated directly by
comparing AG$; at pH 6.0 and pH 8.0 since the
pseudoknot appears fully stabilized at pH 6.0 and

M
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Table 1. Thermodynamic parameters for the unfolding of the wild-type BWYV pseudoknot as a function of pH

AH (kcal mol~1) twm CC) Ao/ Asso AG5,* (kecal mol™1)
A. pH 6.0
Optical® F - PK 25(£3) 70(+£2) 260 only 23(£0.3)
PK — S1 35(£8) 81(+4) <1 4(+1)
S1 U 55(+2) 91.2(+0.6) <1 8.1(+0.3)
Total 115(x14) 15(2)
DSC? F — PK 32.7(+0.4) 71.7(+0.3) 3.3(£0.3)
PK — S1 33.1(£0.6) 82.4(+0.8) 4(£1)
S1 U 58(+1) 93.2(0.1) 8.8(+0.3)
Total 121(£2) 16(+0.3)
B. pH 7.0
Optical F— PK 32(£7) 57.5(0.5) 260 only 2.0(£0.4)
PK — S1 29(+2) 74(+2) <1 3.1(+£0.3)
S1 U 52.7(+0.2) 90.8(0.5) <1 7.8(x0.1)
Total 114(=10) 13(1)
DSC F — PK 29.0(+0.5) 56.4(+0.4) 1.7(£0.4)
PK — S1 35.4(£0.4) 69.4(+0.3) 3.3(x0.3)
S1 U 55.9(+0.2) 91.2(+0.1) 8.3(x0.1)
Total 121(£1) 13.3(£0.1)
C.pH 8.0
Optical F— PK 25(+2) 49(+1) 260 only 1.4(£0.1)
PK — S1 26(+2) 68(£3) <1 2.3(+£0.2)
S1 U 53(£2) 90.6(0.5) <1 7.7(+0.3)
Total 103(£6) 11.5(+0.7)
DSC F— PK 30.3(£0.3) 49.1(£0.3) 1.1(20.1)
PK — S1 31.1(+03) 67.6(£0.3) 2.8(0.2)
S1->U 54.2(+0.2) 93.2(+0.1) 8.3(+£0.3)
Total 115.6(+0.8) 12.3(£0.1)

* Average of three independent experiments with standard error.
® Errors in AH and f,, from calorimetry are the errors for the fit only.
¢ Errors reported for AGS, were determined using the percent error associated with AH.

nearly completely destabilized at pH 8.0. Taking
DSC and optical data together, A(AGS,) for the
F — PK and PK — S1 unfolding steps is 1.6(£0.5)
and 1.7(£0.2) kcal mol™, respectively, correspond-
ing to a total AGS; of 3.3 kcal mol™ attributed to
the protonation of C8. The calculated AG%; from
DSC alone is 16.0(x1.0) kecal mol™ at pH 6.0 and
12.3(£0.2) kcal mol~! at pH 8.0. Subtraction yields
a A(AGS,) of 3.7(£1.0) kcal mol~! attributed to
protonation of N3 of C8 as determined calorimetri-
cally. By comparison, the total contribution of stem
2 at pH 8.0 is only 2.8(£0.2) kcal mol~" (Table 1).

PK

If the pH-dependence of the melting profile is
totally attributable to protonation of C8 N3 to form
a C8"-G12-C26 base-triple, then substitutions of
C8 or the G12-C26 base-pair should abolish the pH
dependence. Two mutant RNAs, U8 and A12-U26,
were prepared and characterized to test this.
Representative optical melting profiles for these
two RNAs at pH 7.0, 0.5M K" are shown
(Figure 5) with the thermodynamic parameters
compiled in Table 2. The AGS, value for tertiary
structure unfolding for the A12-U26 mutant
(1.4(£0.3) kcal mol™!) is identical with that
observed for the wild-type pseudoknot at pH 8.0

3 3

S1 u

Figure 3. Proposed equilibrium unfolding pathway for the BWYV pseudoknot. Denaturation proceeds from the
fully folded reference state (F) to PK which is modeled as a pseudoknotted intermediate which lacks tertiary struc-
ture. S1 is a folded S1 hairpin intermediate that returns AH and f,, values consistent with those expected from the
unfolding of the isolated S1 hairpin. U is a random coil achieved upon complete denaturation of the pseudoknot.
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Figure 4. The pH dependence of the unfolding of ter-
tiary structure in the BWYV pseudoknot. The t_' for the
tertiary structure transition (F — PK) is plotted as a
function of H* in 0.5 M K*. The buffers used are listed
in Materials and Methods. Data shown are the (@),
wild-type BWYV, (m), A12U26 and (A), U8 mutant
RNAs. The wild-type data were fit to equation (1)
which describes the dependence of t;! on pH. The two
mutants that do not exhibit a pH dependence are
shown and illustrate the convergence of the data at high
pH. A broken line is drawn corresponding to 49 °C and
a dotted one at 42°C, the average t,, values for tran-
sition 1 for the A12U26 and U8 mutant RNAs. Data for
the wild-type BWYV transition 1 are the average of
three independent determinations with the standard
error shown. Values reported for A12U26 and U8 RNAs
are derived from one or two independent determi-
nations.

(1.4(£0.1) kcal mol™). A careful investigation of
the pH dependence of the t, for transition 1
reveals that the compensatory A12-U26 mutation
completely abolishes the pH dependent stabiliz-
ation of the BWYV pseudoknot (Figure 4). Interest-

ingly, at high pH, the wild-type BWYV pseudo-
?knot appears to possess a stability that is similar
to that of the A12-U26 mutant (Figure 4, Table 1)
indicating that this mutation does not destabilize
the pseudoknot greatly but does alter the ener-
getics and dependence on pH.

A substitution of C8 with a uridine base (U8)
potentially replaces one hydrogen bond donor of
the base-triple with an acceptor by replacing a C8
N4 amino group with a U8 keto O4 oxygen atom.
In addition, the N3 of U8 has an attached imino
proton at neutral pH, so no pH dependence would
be expected to be observed for this mutant. Like
the A12-U26 mutant, the calculated AG$, of
11.3(£0.3) kecal mol™! is strikingly similar to the
wild-type pseudoknot at elevated pH with the ter-
tiary structure now contributing only 0.4(£0.1) kcal
mol™! to the overall unfolding free energy of the
pseudoknot. As expected, the melting profiles
observed for this mutant are independent of pH as
observed for the A12-U26 substitution (Figure 4),
and the total enthalpy of the F — PK unfolding
step is similar to that of the wild-type pseudoknot
(Table 2). The thermodynamic behavior of these
two RNAs is totally consistent with a protonated
C8+%.G12-C26 base-triple, and additional support
for protonation of C8 comes from preliminary 'H
NMR data acquired for the BWYV pseudoknot at
pH 6.0 which reveals the presence of a strongly
downfield shifted amino group (P.LN. & D.P.G,,
unpublished observations).

A third RNA which combines the U8 and Al12-
U26 substitutions was prepared to determine the
effects of a complete loss of the C8*-G12-C26 base-
triple interaction when replaced with a potentially
non-cognate US8-A12-U26 base-triple interaction.
The unfolding of this RNA appears to occur as a
single S1 — U transition and is modeled accord-
ingly (Figure 6, Table 2). Thus, elimination of the

Table 2. Thermodynamic parameters for the unfolding of BWYV pseudoknot mutant RNAs at pH 7.0

AH (kcal mol™!) tn CO) Aseo/ Asgo AGy,* (kcal mol™)
A. A12U26
Optical® F - PK 38(£8) 48.8(0.2) 260 only 1.4(0.3)
PK — S1 44.0(+0.7) 62(+1) <1 3.4(£0.1)
S1 U 47.1(+0.5) 82.7(+0.8) <1 6.1(£0.1)
Total 129(£8) 10.8(£0.6)
B. U8
Optical F— PK 25(+2) 42(+2) 1 0.4(£0.1)
PK — S1 41(£3) 68(x1) <1 3.7(+£0.3)
S1—>U 51.5(+0.5) 87(+2) <1 7.2(+0.1)
Total 118(43) 11.3(+0.3)
DSC? F - PK 30.5(£0.4) 46.6(0.3) 0.9(£0.1)
PK — S1 27.6(+0.3) 68.3(£0.6) 2.5(+0.2)
S1>U 59.9(0.3) 86.2(+0.1) 8.2(£0.1)
Total 115(%1) 11.6(£0.4)
C. U8A12U26
Optical F>U 53(£1) 88.5(0.4) <1 7.7(£0.2)
D. L2Uu
Optical F->U 53(+1) 92.4(+£0.4) <1 8.0(£0.2)

2 Average of three independent experiments with standard error.

® Errors in AH and t,,, from calorimetry are the errors for the fit only.
¢ Errors reported for AG$, were determined using the percent error associated with AH.
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Figure 5. Representative melting profiles for the A12U26 and U8 RNAs in 0.5 M K* (pH 7.0). In the left-hand
panels, every fifth data point for the observed hyperchromic amplitudes at both (@), 260 and (+), 280 nm are shown
with the composite fit superimposed on them. The right-hand panel shows the individual transitions that contribute
to the composite fit shown at (@), 260 and (+), 280 nm. The bottom row shows a DSC scan of the U8 RNA in 0.5 M
K* (pH 7.0) with an RNA concentration of 55 tM. The data shown in this panel represent five percent of the actual
data and have both the composite fit and the individual transitions superimposed on the data. The calculated par-

ameters from these fits are compiled in Table 2.

C8*.G12-C26 base-triple appears to destabilize the
pseudoknotted structure to a point below the stab-
ility of the S1 hairpin which then becomes the
major conformer at equilibrium.

Thermodynamic evidence for the stabilizing
effects of loop 2-stem 1 interactions

The crystal structure of the BWYV pseudoknot
reveals that loop 2 forms an adenosine ladder of
novel structure such that the nucleotides in the
loop optimize hydrogen bonding with functional
groups in the minor groove of stem 1 thereby
forming a minor groove triplex (Su ef al.,, 1999).
Although present in the crystal structure, the

extent to which these interactions are populated in
solution is unknown. If they are, they would be
expected to contribute substantially to the stability
of the pseudoknotted structure.

To address the presence of thermodynamically
stabilizing loop 2-stem 1 base interactions, all of
the nucleotides in loop 2 were substituted with a
uridine (L2U) which replaces loop 2 with an equiv-
alent length flexible linker (Wyatt et al., 1990). A
representative melting profile for the L2U RNA is
shown (Figure 6). Although the residuals are
clearly non-random (data not shown), the simple
interpretation is that the pseudoknot is not or only
weakly formed, with the S1 hairpin representing
the predominant population of the folded mol-
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Figure 6. Representative melting profiles of the U§A12U26 and L2U mutant RNAs in 0.5 M K*, 10 mM Mops
(pH 7.0). The left-hand panel shows every fifth data point for the observed hyperchromic amplitudes at both (@),
260 and (+), 280 nm shown with the composite fit superimposed on them. The right-hand panel shows the individual
transitions that contribute to the composite fit shown at (@), 260 and (+), 280 nm. The calculated parameters from

these fits are compiled in Table 2.

ecules (Table 2). Thus, the decrease in stability
which results when the loop 2-stem 1 interactions
are removed appears sufficient to reduce or even
abolish pseudoknot formation to a degree compar-
able to that of the U8-A12-U26 mutation. This is
probably a consequence of the rather weak helical
stem 2 in this molecule which appears insufficient
to stabilize the pseudoknot in the absence of an
intact tertiary structure.

Recent efforts using polymer theory to estimate
the global stability of pseudoknots derived from
secondary structure predictions (Gultyaev et al.,
1999) calculate a AGS, of —6.3 kcal mol~! for the
BWYYV pseudoknot if the loops behave as unstruc-
tured linkers. This is less that the predicted AGS;
of —7.1 kcal mol~! and experimentally determined
AG%; of ~—8.1 kcal mol™' for the stem 1 hairpin
(Xia et al., 1998). Therefore, in the absence of stabi-
lizing loop-stem interactions, it is perhaps not sur-
prising that the pseudoknot is not the major
conformer. Interestingly, while the C8%*.G12-C26
base-triple makes a significant contribution to the
stability of the pseudoknot, it is not sufficient by
itself to drive pseudoknot formation in the absence
of the loop 2-stem 1 interactions. This suggests that
the energetic penalty for loop closure of a comple-
tely unstructured loop 2 overwhelms the energetic
gain of base-triple formation, consistent with sig-

nificant cooperativity in the formation of tertiary
structure in this pseudoknot.

Dependence of the stability of the BWYV
pseudoknot on monovalent ions

In the minor groove of stem 1, a Na* is pro-
posed to be coordinated by the N3 and 2 OH
groups of G16, the pro-R, phosphate oxygen atom
and N7 atom of A21 as well as three water mol-
ecules, linking loop 2 with stem 1 (Su et al., 1999).
Investigation of the effects of monovalent ion con-
centration and type on the BWYV pseudoknot
melting profile can reveal if monovalent ion bind-
ing sites are linked to pseudoknot stability or are
specific for one ion relative to another. If the mono-
valent ion binding site observed crystallographi-
cally preferentially binds Na*, the ¢, of the tertiary
structure and possibly stem 2 unfolding should
exhibit a distinct dependence on [Na*] relative to
other ions. Alternatively, if Na* is simply acting as
a general counterion to shield phosphate charges,
there should be essentially identical behavior for
all monovalent ions tested, in a manner generally
consistent with polyelectrolyte theory.

Melting profiles were collected for the wild-type
BWYV pseudoknot from 0.050 to 0.750 M for
NaCl, KCl, and NH,Cl and the data plotted in the
form of t,' versus In [M*] for the wild-type pseu-



pH-Dependent Unfolding of an RNA Pseudoknot

667

0.0032 (—- S —

0.0031

0.003 -

In[M*]

Figure 7. Dependence of the stabilities of the tertiary
structure (F — PK) and the S1 hairpin (S1 — U) tran-
sitions on monovalent ion type. t;' for the first (filled
symbols) and last (open symbols) transitions are plotted
as a function of ionic strength for (A, A), K (m, O),
Na* and (@, O), NH;. The continuous line represents
fits to equation (2) used to calculate An. See the text for
details.

doknot tertiary transition and the S1 hairpin
unfolding transition (Figure 7). As can be seen,
these data can be fit to a straight line with the
slopes of the F — PK transition essentially inde-
pendent of the identity of M*. Knowledge of AH
for the transition allows application of equation (2)
to estimate An, the apparent number of delocalized
M released upon each unfolding step (Laing et al.,
1994):

oty  —RAn
dIn[M+] ~ AH

@)

where R is the gas constant, An is the apparent
number of counter ions released, and AH is the
enthalpy of the transition. The An for the tertiary
unfolding transition is 0.7(+0.1), 0.7(%£0.1) and
0.8(+£0.1) for K*, Na* and NHJ, respectively.
These values are identical to one another. For com-
parison, calculated values of An are 0.8(%0.1),
0.7(£0.1) and 0.8(0.1) for stem 2 unfolding and
0.7(£0.1), 0.8(£0.1) and 0.7(£0.1) for the stem 1
unfolding transition in K, Na* and NH{, respect-
ively. Although the molecular significance of An is
unclear from these studies alone (cf. Laing ef al.,
1994), the relative magnitudes of An allow us to
reach two important conclusions. One is that when
normalized for the number of phosphates which
are modeled to participate in each unfolding tran-
sition (Figure 3), the sensitivity of tertiary structure
(F - PK) unfolding to monovalent ion concen-
tration is significantly greater than is PK — S1
hairpin unfolding, which itself is more sensitive

than the S1 hairpin — U transition. This is the
expected trend if the negative charge density is sig-
nificantly greater in the F versus PK versus S1 hair-
pin states and is consistent with previous studies
which have analyzed the mono- and multivalent
ion concentration dependence of pseudoknot
unfolding transitions (Gluick et al., 1997; Nixon
et al., 1999). Secondly, the similarity of the calcu-
lated values of An for tertiary structure unfolding
makes it unlikely that a Na* ion preferentially con-
tributes to the stability of the molecule over other
monovalent ions. Although there is an observable
trend in t,, at any one [MCI] which slightly favors
NHj over Na*t or K7, this trend is not specific to
tertiary structure unfolding and is qualitatively
consistent with the results of previous studies on
the MuLV and MMTYV read-through pseudoknots
(Gluick et al., 1997; Theimer & Giedroc, 2000).

Discussion

The BWYV frameshifting pseudoknot is stabil-
ized by tertiary interactions apart from Watson-
Crick base-pairing and base-stacking which total
—30 kcal mol™! in AH. Surprisingly, the magnitude
of this stabilization is comparable to that present in
more highly folded RNAs that have been both
structurally and thermodynamically characterized.
For example, tertiary structure formation in the 58
nucleotide L11 ribosomal RNA fragment contrib-
utes a net AH of —23 kcal mol ™ in the absence of
a specifically bound NHf and >50 kcal mol™" in
its presence (Laing & Draper, 1994). Temperature
gel  gradient  electrophoresis  experiments
(Szewczak et al., 1998) on the 168 nt Tetrahymena
thermophila group I intron P4-P6 domain reveal
that the extensive tertiary contacts in this RNA
contribute approximately —28(£3) kcal mol™" of
stabilizing enthalpy. Thus, the BWYV pseudoknot
contains a net stabilizing enthalpy which is com-
parable in magnitude to that associated with these
much larger and highly folded RNAs (Cate et al.,
1996; Conn et al.,, 1999) and greatly exceeds that
present in other H-type and frameshifting pseudo-
knots where secondary structure accounts for
nearly all of the folding enthalpy.

Since little or no change in net AH is observed in
the loop 1-stem 2 mutant RNAs, a large fraction of
the observed enthalpy of tertiary structural unfold-
ing may well derive from loop 2-stem 1 inter-
actions. A21, C22 and A23 are observed to be
stacked in the crystal structure (Su et al., 1999), and
A20, although making lattice contacts in the crys-
tal, may be stacked in solution. Previous studies
have shown that stacking in single-stranded
poly(A) can contribute ~ — 3.0-3.4 kcal mol™ of
enthalpy per stacking interaction (Filimonov &
Privalov, 1978; Breslauer & Sturtevant, 1977). In
addition to these stacking interactions, loop 2 is
predicted to form ~16 H-bonds to itself and to
functional groups in stem 1. In a recent study
(Silverman & Cech, 1999), a reciprocal pair of H-
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bonds between 2'-OH groups in the ribose zipper
moiety of the Tetrahymena thermophila P4-P6
domain have been estimated to contribute —1 kcal
mol~! AG$s. The contribution of each H-bond
appears to be approximately additive, displaying
little or no cooperativity, suggesting that each indi-
vidual H-bond in an RNA tertiary structure may
contribute as much as —04 to —0.5 kcal mol™*
AGSs5 to the stability. Thus, stacking and H-bond-
ing interactions associated with loop 2 may well be
the primary source of the large favorable enthalpy
associated with tertiary structural folding in this
pseudoknot.

Previous thermodynamic studies on the stability
of the 58 nucleotide L11 rRNA fragment provide
evidence for a phylogenetically conserved G-C-C
base-triple, the formation of which greatly stabil-
izes the tertiary structure of the molecule (Conn
et al., 1998). Examination of the pH dependence of
the L11 rRNA tertiary structure unfolding suggests
that, in contrast to the BWYV pseudoknot, a proto-
nated cytosine base is not involved in this inter-
action. However, significant pH-dependence is
induced in the non-cognate U-A-C* base-triple
which exhibits maximal tertiary structural stability
at low pH (Conn et al., 1998). Elimination of the
base-triple upon substitution of a C-G-U destroys
tertiary structure formation in this RNA while the
non-cognate U-A-U base-triple is effectively as sta-
bilizing as the wild-type base-triple. The effect of
these substitutions in the L11 rRNA and their
dependence on pH contrasts sharply with the ther-
modynamic behavior of the exactly analogous sub-
stitution mutants in the BWYV pseudoknot,
indicative of two structurally distinct base-triples
which play unique roles in stabilizing their respect-
ive folded RNA structures (Su et al., 1999; Conn
et al., 1999). The stabilizing effect of the L11 base-
triple (Conn et al, 1998) includes a significant
enthalpic component which is presumably derived
from its position in the structure (Conn et al., 1999)
where it forms the top of a stack of three triple
base-pairs in the core of the molecule. In the
BWYV pseudoknot, the additional stabilization
induced by protonation is almost entirely entropi-
cally derived, consistent with the idea that proto-
nation of C8 is largely modulating the loop closing
energetics for the pseudoknot folding, rather than
inducing multiple new sites of stabilizing inter-
actions. This is fully consistent with other studies
on RNA pseudoknots where the nature of the
nucleotide(s) in loop 1 perturbs the global stability
of these molecules in the absence of large changes
in the net enthalpy of stabilization (Theimer ef al.,
1998; Theimer & Giedroc, 1999: P.LN. & D.P.G,,
unpublished results).

An algorithm based on polymer theory has
recently been published which approximates loop
free energy penalties for pseudoknots and there-
fore enables the prediction of pseudoknot for-
mation from nucleotide sequence (Gultyaev et al.,
1999). This approximation is obviously based on
the assumption that the stability of a pseudoknot is

derived exclusively from pairs of helical stems con-
nected by flexible loops and therefore neglects any
stabilizing enthalpic contributions from loop-stem
interactions. These predictions appear to be reason-
able first approximations for pseudoknot stabilities
that lack defined tertiary structural interactions in
cases where an experimental determination of
AG$; is available, e.g. for the T4 and T2/T6 phage
gene 32 autoregulatory pseudoknots (Theimer et al.,
1998; Nixon & Giedroc, 1998) and for the mIAP
(Theimer & Giedroc, 1999) and MMTYV (Theimer &
Giedroc, 2000) frameshifting pseudoknots. How-
ever, some of this agreement may well be fortui-
tous since measurable perturbations in global
stability associated with substitutions of loop
nucleotides have been documented to occur in the
T2, T4, and mIAP pseudoknots (Nixon & Giedroc,
1998; Theimer & Giedroc, 1999). The BWYV pseu-
doknot appears to be unique in that it has a large
number of crystallographically defined tertiary
contacts (Su et al.,, 1999). Our experiments show
that the stability of this RNA derived from calori-
metry at pH 6.0 is —16(%1) kcal mol™?, signifi-
cantly more negative than predictions afforded by
polymer theory (—6.3 kcal mol™?!), which actually
argue against pseudoknot formation given the pre-
dicted and experimentally determined stability for
helical stem 1. Thus, while the approximation
method may be applicable for pseudoknots with
flexible loops and few loop-stem interactions, it
will obviously fail in situations where substantial
enthalpic stabilization derived from loop-stem
interactions is present.

Apart from the implications that this work has
on our understanding of the origin of the stability
of frameshifting pseudoknots, the functional
importance of these highly stabilizing interactions
has yet to be tested. Of the retroviral and plant
viral pseudoknots that stimulate —1 frameshifting,
this particular structure stimulates a relatively low
efficiency of frameshifting (~1%) (Miller et al,
1995). This may be due in part to the BWYV slip-
pery sequence (G GGA AAC) which has been
shown to function at relatively lower levels in vivo
in Escherichia coli and in vitro in wheat germ and
rabbit reticulocyte lysates relative to other slippery
sequences. In E. coli, the BWYV pseudoknot is
capable of supporting five percent frameshifting
when the slip site is substituted with the E. coli
preferred A AAA AAG site, indicating that the
G GGA AAC site may not provide an optimal con-
text for frameshifting in non-native systems
(Garcia et al., 1993). The relative frameshifting
efficiencies of the wild-type and other mutant
RNA pseudoknots have yet to be measured in the
same sequence context at frameshifting efficiencies
that would be optimal for comparison. The studies
presented here will aid in the mechanistic
interpretation of these functional assays since they
provide a quantitative determination of the extent
to which mutant RNAs are destabilized relative to
the wild-type RNA, as well as insight into the
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energetics of the pseudoknot unfolding reaction
coordinate.

Materials and Methods
RNA synthesis and purification

RNAs were generated by in vitro transcription from
synthetic templates utilizing phage T7 RNA polymerase
and purified as described (Theimer et al., 1998; Nixon &
Giedroc, 1998). In brief, RNAs were purified by denatur-
ing PAGE then desalted on an Alltech C18 cartridge
prior to dialysis against a minimum of three buffer
changes of K;oM,, buffer (50 mM KCI, 10 mM Mops
(pH 7.0)) with the first dialysis buffer change containing
0.05 M EDTA.

Optical spectroscopy and data analysis

Prior to thermal denaturation, RNAs were diluted into
the appropriate buffer to 1-3 utM RNA and heated to
65°C for five minutes. The RNAs were then allowed to
cool to room temperature for 45 minutes before loading
into capped cuvettes. The RNAs were subjected to ther-
mal denaturation monitored on a Cary 1 UV/Vis spec-
trophotometer operating in double beam mode.
Percentage transmittance data were collected as a func-
tion of temperature at the rate of 0.3 deg. per minute
and were found to be thermodynamically reversible
under these conditions. Data were converted to absor-
bance and the first derivative with respect to tempera-
ture and fit to a multiple sequential interacting transition
model as described using the t-melt fitting program
(Theimer et al., 1998; Nixon & Giedroc, 1998; Theimer &
Giedroc, 1999).

DSC and data analysis

DSC scans were acquired utilizing a Microcal VP-
Differential Scanning Calorimeter. Samples were pre-
pared by diluting concentrated RNA stocks as prepared
above into ddH,0 to give >30 pM. This sample was then
dialyzed at 4°C for ten hours against one liter of the
appropriate buffer. Following dialysis, RNA concen-
tration was determined by making parallel serial
dilutions of the RNA into final dialysis buffer to return
the total observed absorbance to the linear range. Alka-
line hydrolysis by the addition of 40 pl of 2 M KOH to
the diluted sample was used to correct for the hyper-
chromic effect. RNA sample concentrations were cor-
rected for dilution and the exact concentration
determined utilizing the predicted A,4, for each individ-
ual RNA. The final dialysis buffer was used as the refer-
ence to the RNA sample during the experimental run, a
temperature ramp from 5 to 120°C at the rate of 1 deg.
C per minute.

DSC scans were analyzed utilizing the Origin DSC
software from Microcal Inc. This software utilizes a
Levenburg-Marquadt least squares minimization to
determine the best fit for a given set of experimental
data. Prior to analysis, DSC reference scans were sub-
tracted from DSC sample scans to give reference sub-
tracted data. The heat capacity curve thus generated was
then normalized to the RNA sample concentration to
generate a C, versus temperature curve. The resulting
heat capacity curve was then subjected to baseline
interpolation using a linear baseline approximation
method and fit to an appropriate number of sequential

interacting transitions to return AH,; and ¢, ;. The area
from the baseline to the C, curve was integrated to give
the AH, the total enthalpy of denaturation. The
sequential interacting transition model used by the Ori-
gin software is essentially identical to the one used by
the t-melt program (Theimer & Giedroc, 1999).

Fitting criteria

Assignment of an appropriate number of unfolding
transitions for the fitting model was based on the follow-
ing criteria. A minimum of two unfolding transitions are
expected to be observed derived from the helix to coil
transitions for the two crystallographically observed
stems. For the wild-type BWYV RNA, modeling of the
DSC data as two sequential unfolding transitions returns
a total van’t Hoff unfolding enthalpy of 103 kcal mol™*
at pH 7.0 in 0.5 M K*, much less than the model inde-
pendent calorimetric determination of 121 kcal mol™.
Introduction of a third transition in the fitting model
results in a tenfold improvement in y? and accompany-
ing increase in the randomness of the residuals, with a
total returned AH,yy equal to AH,, (Table 1). These three
transition fits converge to the same values of AH,y and
t,, independent of starting point in the absence of any fit-
ting constraints. Modeling the DSC data as four sequen-
tial unfolding transitions improves the returned values
of ¥ by approximately 20%, but the fits to four tran-
sitions are degenerate with multiple sets of returned
values for AH,; and ¢, returning equivalent values for
x> When this same approach is applied to the optical
data, a twofold improvement in x? is observed from the
use of three, rather than two, transitions. Again, intro-
duction of a fourth transition results in divergent fits to
the data in the absence of fitting constraints with no
apparent improvement of x? while a three transition
model reproducibly converges to a unique fit from all
starting points without fitting constraints.

In all cases examined, the calorimetric and optical
melting profiles were best described by three sequential
interacting transitions as outlined above. The selection
and application of the three transition unfolding model
is based on the smallest number of unfolding transitions
that produce a minimal x? value associated with unique
fits to the data independent of starting parameters in the
absence of fitting constraints.

pH dependence studies

Buffer stock solutions were prepared from ACS-grade
buffer salts (Sigma). All buffers were prepared in 0.5 M
KCl and 0.010 M buffer component. The buffers used
were: Mes (pH 55 and pH 6.0), Mops (pH 6.5 and
pH 7.0), Hepes (pH 7.5 and pH 8.0), Epps (pH 8.5), Ches
(pH 9.0) similar to a previous study on the pH depen-
dence of base-triple in solution (Conn ef al., 1998).

Monovalent salt concentration dependence of
RNA unfolding

Buffers used for the determination of the monovalent
salt concentration dependence were made using Mops
(ACS grade, Sigma). An appropriate amount of salt,
NH,CI, KCI or NaCl (ACS grade, Sigma), was added to
a stock solution of Mops (pH 7.0) to give the desired
final concentrations of the metal salt. Since there was no
systematic variation in AH of unfolding associated with
monovalent ion concentration or type, values for AH
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used to calculate An were calculated by averaging the
AH values returned from the fits for each transition over
all metal concentrations and types. The actual AH values
used were 30.1, 27.1 and 52.3 kcal mol~! for transitions
1, 2 and 3, respectively.

Note added in proof

While this manuscript was under review, an
extensive in vitro and in vivo mutational analysis of
the frameshifting efficiencies for the BWYV pseu-
doknot located six nucleotides downstream of an
efficient, non-cognate slippery sequence was
reported (Kim et al. (1999) Proc. Natl Acad. Sci. 96,
14234-14239). It was found that specific nucleotide
substitutions which thermodynamically destabilize
the native C8*-G12-C26 base triple and the loop 2-
stem 1 triplex structure result in loss of function. In
particular, the identity of the nucleotides compris-
ing the C8*-G12-C26 base-triple, as well as nucleo-
tides A23, A24 and A25 were found to be critical
for activity. The functional effect of mutation of the
G12-C26 base-pair to an Al2-U26 base-pair, by
itself or in the context of substitution of C8 with
U8, as studied here, was not investigated in these
studies.
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