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ABSTRACT. A 28-nucleotide mRNA pseudoknot that overlaps the P1 and P2 genes of sugarcane yellow
leaf virus (ScYLV) stimulates-1 ribosomal frameshifting. The in vitro frameshifting efficiency is decreased

> 8-fold upon substitution of the'3nost loop 2 nucleotide (C27) with adenosine, which accepts a hydrogen
bond from the 20H group of C14 in stem S1. The solution structures of the wild-type (WT) and C27A
ScYLV RNA pseudoknots show that while the RNAs adopt virtually identical overall structures, there
are significant structural differences at the helical junctions of the two RNAs. Specificalltyjrd8op

L1 in the C8+(G12-C28) L1—S2 major groove base triple is displaced3.3 A relative to the accepting

stem 2 base pair (G1228) in the C27A RNA. Here, we use a double mutant cycle approach to analyze
the pairwise coupling of the C8(G12C28)--C27-(C14-G7) and--A27-(C14-G7) hydrogen bonds in

the WT and C27A ScYLV RNAs, respectively, and compare these findings with previous results from
the beet western yellows virus (BWYV) RNA. We find that the pairwise coupling free enéygy) (s
favorable for the WT RNA {0.7 + 0.1 kcal/mol), thus revealing that formation of these two hydrogen
bonds is positively cooperative. In contradfg' is 0.9 &= 0.4 kcal/mol for the poorly functional C27A
ScYLV RNA, indicative of nonadditive hydrogen bond formation. These results reveal that cooperative
hydrogen bond formation across the helical stem junction in H-type pseudoknots correlates with enhanced
frameshift stimulation by luteoviral MRNA pseudoknots.

Intricately folded motifs in both the noncoding and coding of gene products has been shown to be important for viral
regions of MRNAs are known to regulate all steps of the propagation and infectivity in retroviruses and yeast retro-
translation cycle. RNA functions in cap-independent trans- transposable elements<9).
lational initiation by providing a binding site for 40S For efficient frameshifting to occur, several elements must
ribosomal subunits in internal ribosomal entry sites (IRES) be present in the mRNALQ). The first is a slip site, which
(1). Riboswitches are naturally occurring aptamers that in most cases conforms to the sequence X XXY YYZ, where
bind metabolites, including adenine, guanisadenosyl- X is any nucleotide, Y is A or U, and Z is any nucleotide
methionine, and thiamine pyrophosphatase, that directly except G 11). The slip site is positioned in the A and P
regulate the expression of enzymes linked to their production sites of the ribosome at the time frameshifting occurs. Also
or degradation 4). Folded RNA motifs found in coding required for efficient frameshifting is a RNA structural
regions of MRNAs regulate ribosomal recoding by stimulat- element, which in many cases is a RNA pseudoknot. This
ing stop codon suppression and stop codon redefinition or RNA structural element is separated from the8ge of the
by changing the translational reading frame, an example of slip site by a six- to eight-nucleotide linker. The linker length
which is—1 programmed ribosomal frameshifting 1 PRF) is likely required for optimal positioning of the pseudoknot
(3, 4). —1 PRF occurs during translational elongation where at the mRNA entry tunnel of the ribosome where the RNA
the mRNA slips back by one nucleotide into the-1” helicase activity is thought to be localizeti2-14).
reading frame relative to the reference “0” frame. In RNA  —1 PRF is responsible for the production of the genomi-
viruses,—1 PRF is used to produce several proteins (P1 andcally encoded P1 and PP2 fusion proteins in plant
P2) from a single ribosomal initiation site while regulating luteoviruses15). The stimulatory RNA structure in luteoviral
the relative ratios of gene products (P1 vs#PR) as dictated = mRNAs is a hairpin (H)-type RNA pseudoknot, which
by the efficiency of the frameshift. Maintaining a proper ratio contains two helical stems (S1 and S2) connected by
nonequivalent loops (L1 and L2). Luteoviral RNA pseudoknots

’ Tthni(SA‘?g’;'él‘“E’;;? S”gﬁ’ﬁ”ﬁ by gHrf"“Es flrzodm th;? Naéionfg_'”?_t““tgs 0‘;' are characterized by an intricate collection of stabilizing
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Ficure 1: Helical junction regions of the WT ScYLV, C27A ScYLV, and BWYYV frameshift-stimulating RNA pseudoknots. (A) Schematic
representation of the WT ScYLV RNA pseudoknot. The noncanonical hydrogen bonding interactions investigated in this study are the trans
Watson-Crick/Hoogsteen interaction between C8 (pink) and G12 (blue) and the cis WaTsmk/sugar edge interaction between C27 (or

A27) (green) and C14 (yellow). (BD) Structures of the helical junction regions of WT ScYLYg[ (PDB entry 1YG4), C27A ScYLV

(23) (PDB entry 2AP5), and WT BWYV (PDB entry 1L.2X) RNA pseudoknots, respectively, with residues colored as in panel A. The
dashed lines in each panel connect the donor and acceptor atoms of the two hydrogen bonds investigated in this study.

the efficient frameshift stimulation by these pseudoknd& ( to 1.8%, or=2-fold above slip site alone), with virtually no
17, 21, 22). Two L2—S1 minor groove interactions at the change in the global structure of the RNE6(23). The major
helical junction have also been shown to be important for structural difference was found at the helical juncti@g)(
pseudoknot stability and maintenance of frameshifting ef- Formation of the C2:{C14-G7) minor groove triple in the
ficiency (20). WT ScYLV pseudoknot at the helical junction (Figure 1B)
The solution structure of the PP2 frameshifting mRNA  allows for the rearrangement of the immediately adjacent
pseudoknot from sugarcane yellow leaf virus (ScYLV) is major groove C8:(G-C) base triple on which it is stacked
unique since the L2S1 minor groove base triple closestto SO that C8 moves-2.3 A relative to the accepting base pair
the helical junction is formed by an L2 cytidine (C27) rather (G12C28) when compared to the C27A ScYLV RN2A3)
than an adenosine, which is found in this position in all other (Figure 1C). This rearrangement likely contributes to a global
previously studied luteoviral RNAL6) (see Figure 1A,B).  destabilization of the C27A RNA by=1-1.5 kcal/mol
Surprisingly, substitution of C27 with adenosine resulted in (AAGg) relative to the WT RNA 16).
a nearly complete abrogation of ScYLV pseudoknot-  The relationship between global stability and frameshift
stimulated frameshifting in a simple in vitro assay (from 15 stimulation is not entirely clear. The global stability of the
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downstream structural element, per se, cannot be fully
responsible for frameshifting since a RNA hairpin with global
stability similar to that of an RNA pseudoknot does not
induce comparable levels of frameshift stimulati@d, 25).

Cornish and Giedroc

of 12.5 kHz and 2048 complex points. Watergéte—'H
NOESY spectratx = 200 ms) were collected with 1024
complex points in the direct dimension and 512 complex
points in the indirect dimension with a spectral width of 12.5

This suggests that there is some feature encoded in thekHz in each dimension to obtain imino proton andCH

pseudoknot topology itself that is capable of modulating
frameshift stimulation. Since structure is unlikely to play a
major role @3), one possibility is that a small localized
destabilization of the helical junction itself is a major
contributor to a decrease in global stability, and this, in turn,
might account for functional differences between structurally

proton resonance assignments.

Optical Detection Melting Experiments and Data Analysis.
Optical melting experiments were performed on a Cary 1
spectrophotometer equipped with a temperature controller.
The temperature range was increased from 5 t6Q@%t a
constant ramp rate of 0.3C/min. Absorbance data were

similar RNA pseudoknots. We reasoned that such a desta-acquired at 260 and 280 nm, and both sets of derivative data

bilization of C27A ScYLV RNA relative to the WT RNA
may well originate with distinct energies of pairwise
coupling,dag’, of the two stacked hydrogen bonds that cross
the helical junction in these two RNA4§, 23) (see Figure
1). In this paper, we employ thermal melting experiments
carried out as a function of pH with site-specific deoxy-
cytidine (dC)-substituted RNAs to elucidate g’ of the
C8" H3---G12 06 and C27 N3-C14 2-OH (0as"'") or A27
N1:--C14 2-OH (0a8%?"") hydrogen bonds at the helical
junction of the WT versus C27A ScYLV RNAs and compare
these findings to previous studies of the related frameshifting
mMRNA from beet western yellows virus (BWYV) (see Figure
1D) (20). We find that both WT RNAs are characterized by
adag' consistent with cooperative hydrogen bond formation.
In contrast, the C27A ScYLV RNA is characterized by a
pairwise coupling indicative of nonadditive hydrogen bond
formation, despite the fact the helical junction regions of
the weakly functional C27A ScYLV and wild-type BWYV
RNAs are quite similar 23). The implications of these
findings with respect to pseudoknot-mediated frameshift
stimulation are discussed.

MATERIALS AND METHODS

RNA Synthesis and Sample Preparatidine WT and
C27A ScYLV RNAs were synthesized by in vitro transcrip-
tion using SP6 RNA polymerase as described previously
(16). The dC14 and dC14/C27A ScYLV RNAs were

(dAz6ddT and dAso/dT) were subjected to a simultaneous
nonlinear least-squares fit to a multiplé) (sequential
interacting two-state transition model that optimizdd; and

tm,i for the unfolding of eactith unfolding step as imple-
mented by the algorithm t-melt assuming,® = 0 (27, 28).

The criteria used to determine the number of unfolding
transitions are described in the text and elsewhegg The
final RNA concentration for the UV melting experiments
was 2uM in a 600 uL cuvette. Three or more useable
melting profiles were collected for each solution condition
and analyzed individually to extra¢tH; andtn,,; with the
resulting parameters obtained from multiple experiments
averaged (see Tables-S$4 of the Supporting Information).
The unfolding entropies were obtained from the equation
AS = AHiltn, while AG3; = AH; — 310.13AS. Folding
parameters assume microscopic reversibility where
AGgzz(unfolding)= —AGz(folding) andAH,y(unfolding) =
—AHyu(folding). Here, we reportAGz(folding). Melting
experiments performed at higher and lower RNA concentra-
tions were used to establish unimolecular unfolding behavior
of all RNAs studied here. Additionally, extensive NMR
investigation of the WT and C27A RNAs at concentrations
as high as 3 mM showed no signs of aggregation (data not
shown) (L6).

RESULTS
Imino *H NMR Spectroscopyit was first important to

purchased from Dharmacon (Boulder, CO) and deprotectedestablish the degree to which the dC14 substitution influences

according to the manufacturer’'s recommendations. All four
RNAs were purified by denaturing PAGE, electroeluted, and

the structure of the WT and C27A ScYLV RNAs. The
downfield regions of jumpreturn echo one-dimensional

desalted using C18 chromatography. The RNA samples were(1D) NMR spectra acquired at € and pH 6.0 for each of

prepared for melting experiments by extensive dialysis (over
>9 h) against several changes of buffer for a tofe? & of

the appropriate buffer containing 0.5 M KCI. The first buffer
change contained 5 mM EDTA for the removal of adventi-
tiously bound divalent metal ions. The following buffers were
used at a final concentration of 10 mM: acetate (pH 5.0),
MES (pH 5.5 and 6.0), MOPS (pH 6.5 and 7.0), EPPS (pH
7.5, 8.0, and 8.5), and CHES (pH 9.Q¥].

NMR Sample Preparation and Spectroscoply samples
were prepared for NMR spectroscopy by multiple rounds of
ethanol precipitation. The final NMR buffer consisted of 10
mM potassium phosphate, 100 mM KCI, and 5 mM MgClI
(pH 6.0), with a final sample concentration o2 mM for
WT ScYLV, ~1 mM for C27A ScYLV, and~0.5 mM for
dC14 and dC14/C27A ScYLV RNAs. The proton resonances
were referenced to an internal standard (480DSS). The

the four RNAs are shown in Figure 2. The resonance
assignments shown for dC14 and dC14/C27A ScYLV RNAs
were confirmed by a 200 ms Watergdtd—H NOESY
spectrum collected at 1T (data not shown). The 1D spectra
of the WT and dC14 ScYLV RNAs clearly show that both
RNAs are stably folded and that the TBnino and amino
protons are present; both features are diagnostic for the trans
Watson-Crick/Hoogsteen &€-+(G-C) interaction between
C8" and the G1&C28 base pair29) (see Figure 1B,C).
Although the imino proton chemical shift of C& degener-

ate with that of G30 in the C27A RNA and G6 in the dC14/
C27A RNA, both RNAs are stably folded since the amino
protons are clearly present (Figure 1C,D). As expected, the
2'-OH group of C14 is absent in the dC14/C27A ScYLV
RNA (Figure 2D). Since the WT C14-©DH resonancex8.5
ppm) (L6) is in a crowded region of the 1D spectrum, a 200

jump—return echo one-dimensional spectra were recordedms NOESY spectrum was used to confirm the absence of

at a proton resonance frequency of 500 MHz. For each

this 2-OH proton in the dC14 ScYLV RNA (data not

spectrum, 512 transients were collected with a spectral width shown).
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Ficure 3: Optically monitored thermal melting profiles acquired

T at 260 @) and 280 nm@) for the WT (A, C, and E) and dC14 (B,
D, and F) ScYLV RNA pseudoknots at pH 6.0 (A and B), 7.0 (C

15 14 13 12 11 10 9 and D), and 8.0 (E and F). The smooth lines through the data
1 represent the results of a nonlinear least-squares simultaneous fit
H (ppm) of the Azgp and Asgg melting profiles to either a two-transition (A,

FiGURe 2: Downfield region of jump-return echo 1D NMR spectra ~ C» @nd E) or three-transition (B, D, and F) unfolding model. Best-
measured at 10C and pH 6.0 for WT ScYLV 16) (A), dC14 fit component unfolding transitions Abgo are shown as solid green,

ScYLV (B), C27A ScYLV (16) (C), and dC14/C27A ScYLV (D) red, and blue lines as defined by the two or three sequential
RNAs. All four RNAs exhibit resonances for the protonated-Cg ~ Unfolding transitions described by Scheme 1 (red and blue lines)
N3H and downfield-shifted CBNH; protons @) diagnostic of the O 2 (green, red, and blue lines), respectively. The resulting

malor Groov ans WtsorCrckiHoogsieen base pald 17, nemodynaricparameters deted o thse s ar conpie

Scheme 1 Only every fifth data point is shown for clarity.

F s PK = §1 HP —= U Schemes 1 and 2). In the three-step unfolding profile, the

AHq AHy AH; first unfolding step is assigned tq disrgption of the leop
stem (L2-S1 and L} S2) interactions in the fully folded
(F) RNA pseudoknot to form PK, which is followed by the
Scheme 2 unfolding of the weaker stem S2 (S1 HP), and subsequently
1 2 stem S1 (U). In cases where the first two unfolding steps
F —— S1HP ——U were coincident on the temperature axis and sufficient
AHq AH> unfolding enthalpy was recovered during this transition,
tm,1 tm,2 Scheme 2 was used to analyze the melting profiles. In this
scheme, the disruption of the tertiary structural interactions
pH Dependence of the Unfolding of the WT ScYLV and and S2 occurs during the first unfolding transition, giving
Mutant RNAsThe unfolding of luteoviral RNA pseudoknots  rise to a single S1 HP intermediated].
has been investigated previously by thermal unfolding as Thermal melting profiles (&/dT) monitored by UV
monitored by UV spectroscopy at 260 and 280 nm and spectroscopy were obtained for the WT, dC14, C27A, and
differential scanning calorimetryl6, 20, 26). These RNA dC14/C27A ScYLV RNAs at pH values ranging from 5.0
pseudoknots are composeidact bp S1 [4 bp in thease of to 9.0 at 0.5 M KClI, the latter used to facilitate comparison
potato leaf roll virus (PLRV) 19)], a 3 bp S2, atwo- with previous studies with the BWYV RNA (see Figures 3
nucleotide loop L1, and a seven- to nine-nucleotide loop L2. and 4) @0). Inspection of these melting profiles reveals that
A coupled equilibrium model comprising three sequential, thety values for all transitions except the last one are strongly
two-state unfolding transitions (Scheme 1) previously es- affected by the pH; since the last unfolding transition is
tablished for the BWYV pseudoknoR§) was applied to reporting on S1 melting, thi, is, as expected, independent
other wild-type and variant pseudoknots when sufficient of pH (data not shown)16). This is consistent with the
resolution of individual unfolding transitions was observed unfolding models shown (Schemes 1 and 2) and with
on the temperature coordina@0f. Each equilibrium unfold- protonation of N3 of C8 only in the folded RNALG, 20,
ing step is characterized by a van't Hoff enthalpy of 26). It is interesting to note that the dC14 RNAs, which
unfolding (AH,4) and a melting temperaturet,] (see destroy single C27 N3:C14 2-OH and A27 N%--C14 2-

tm, 1 tm, 2 tm, 3
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Ficure 4: Optically monitored thermal melting profiles acquired
at 260 @) and 280 nm®) for the C27A (A, C, and E) and dC14/

C27A (B, D, and F) ScYLV RNA pseudoknots at pH 6.0 (A and
B), 7.0 (C and D), and 8.0 (E and F). The smooth lines drawn

through the data represent the results of a nonlinear least-square

simultaneous fit of theé,so and Azgo melting profiles to either a
two-transition (A, C, and E) or three-transition (B, D, and F)
unfolding model. Best-fit component unfolding transitionsAg&s,

are shown as the solid green, red, and blue lines as defined by th
two or three sequential unfolding transitions described by Scheme
1 (red and blue) or 2 (green, red, and blue lines), respectively. The
resulting thermodynamic parameters derived from these fits are

compiled in Tables S3 and S4. Conditions: 10 mM buffer salt and
0.5 M KCI. Only every fifth data point is shown for clarity.

OH hydrogen bonds in WT and C27A ScYLV RNAs,
respectively, break the coincident unfolding of S2 and tertiary

Cornish and Giedroc
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FIGURE 5: MeasuredAGgs; values vs pH for WT, dC14, C27A,
dC14/C27A, BWYV, and dC14 BWYV pseudoknots fit to two
different modelsAG = AG; for WT ScYLV RNA (see Table S1).
AG = AG; + AG; for dC14 RNA (see Table S2AG = AG; for

27A ScYLV RNA (see Table S3AG = AG; + AG; for dC14/

27A RNA (between pH 5 and 7AG = AG; (between pH 7.5
and 9) (see Table S4). The solid line (binding equation) through
the experimental data represents a fit to a binding model, which

eascribes the pH dependence of the unfolding to protonation of a

single titratable group on the folded RNA (see the text for details)
(eq 1). The dashed line (linkage equation) corresponds to a fit to
the linkage model, which ascribes the pH dependence of the
unfolding to a single ionizable group in the folded state, with
multiple ionizable groups in the acid-induced unfolded state (eqs
2—4). The parameter values and associated standard errors from
these fits are compiled in Table 1.

(30). The fits to the data are displayed in Figure 5 (solid

structural interactions that characterize both WT and C27A line) with the resolved thermodynamic parameters from the

ScYLV RNAs.

The pH dependence of folding\Gs; as calculated in
Materials and Methods, is plotted in Figure @)(for the
indicated luteoviral RNA with data analyzed by two inde-

fits compiled in Table 1. As previously shown, the C27A
RNA is destabilized with respect to the WT ScYLV RNA
due to the rearrangement of the helical junctioretdy2 kcal/
mol over the entire pH rangd §). AGsProenatedgf the dC14

pendent pH-dependent folding models. The first model is a RNA is 0.6+ 0.2 kcal/mol lower than that of WT ScYLV
simple binding model (eq 1) that attributes the entire change RNA, with AGs7"Pnatethe same within experimental error.

in AGgs7 as a function of pH to protonation of a single group
in the folded RNA according to the function

= d
AG37,obs— AG37UnPr0tonate 1
(AG37p'°‘°”ated_ AG‘37unpmwmﬂe)j[lOF’Ka—pH/(l + 10PKPHY]

1)

where AGznerotonatedgng AGzPronated represent theAGs;
values for the fully unprotonated and fully protonated state
of the folded RNA molecules, respectivel®Q). Here, K,

is an apparenth,, whereK, is equal to the acid dissociation
equilibrium constant that governs C@leprotonation. This
may not reflect the intrinsiclf, since this analysis ignores
differential binding of H to the unfolded state relative to

the folded state outside of this titratable group, and linkage

to acid-induced or alkaline-induced unfolding (see below)

Interestingly, the downward shift for C27A in the apparent
pKa is only 0.4 unit, which is much smaller than the 1.6 unit
shift previously observed for the dC14 BWYV RNARQ).

In contrast to the dC14 ScYLV RNAYGzPoonatedfor dC14/
C27A ScYLV RNA is approximately equal tAGgProtonated
for the reference C27A RNANAGPnated= (2 4 0.3 kcal/
mol), with theAGz/"Protonateimore positive by 0.7 0.3 kcal/
mol; here, there is a negligible shift in the appareKt.p

The second model used to fit te537 versus pH data is
a linkage model that accounts for linkage of a single
protonation site in the folded state to acid-induced denatur-
ation that occurs on protonation of all cytidine N3 and
adenosine N1 groups in the unfolded ste26)( The data
were fit to the equation
AGY*= AG®

~RTIN(S /) 2)
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Table 1: Folding Free EnergieAGs;) and K, Values Derived from Analysis of the pH Dependence of the Unfolding of Various Luteoviral
RNAg?

RNA AGzproonatedkcal/mol)  AGznProonatedkeal/mol)  AAGgFoenatiod (keal/mol) Ka AGs7"9 (kcal/mol)

WT ScYLV —6.5+0.1° —3.5+0.I° —-3.0£0.1° 7.5+0.1° —5.7+0.1°
-35+0.3 8.3+ 0.4

dC14 ScYLV —-5.9+0.I° —3.6£0.1° —2.3+0.1° 7.2+0.1° —5.1+ 0%
-3.7+0.0 7.7+£0.28

C27A ScYLV —6.1+ 0. —2.6+£0.Z% —-3.5+0.3 71+0.2Z —4.1+0.1°
—2.14+ 0.4 8.8+ 0.3

dC14/C27A ScYLV —-6.3+ 0. 1.9+ 0.3 —4.4+ 0.4 72+ 0.2 5.0+ 0%
—0.9+ 2.9 9.6+ 2.1

WT BWYV¢e —-6.8+£ 0.3 —3.7£0.F —-3.1+ 0.4 7.3+0.2Z 5.8+ 0.3
—3.54+ 0.3 8.4+ 0.3

dC14 BWY\# —6.4+ 0.3 —3.8+0.Z —2.6+ 0.4 57+ 0.Z —4.0+0.Z
—3.4+ 1.7 7.7+£1.4

aDerived from a nonlinear least-squares analysis of the melting profiles (see Figures 3 and 4) using a sequential interacting multiple-transition
model (see Experimental ProceduréshAGgProionation= A Gy protonated— A G znprotonated ¢ Calculated from the binding model (eq HAG® (see eq
2). Calculated from the linkage model (egs4). ¢ Values taken from re0.

whereAG[*' is for the ligand free U to F reaction (concep-
tually analogous ta\Gs"Proenateqn the binding model), and

Y =1+ 10" ©)
S o= (1 + 10EPHY( 4 ARt (g

where n* and n® equal the number of adenosines and
cytidines in the molecule, respectively. Thpvalues for
pKa and (K, © were fixed to 3.7 and 4.4, respectively, and
represent the intrinsicky of N1 of adenosine and N3 of
cytosine, respectively30). This leaves just two fitted
parameters, i, rand AG®". The two terms; and=, reflect

the sum contributions of protonation in the folded and
unfolded states of the RNA, respectively. Best fit curves to
the linkage equation are superimposed (dashed lines) on the
experimental data (Figure 5) with theKg, and AG/
values given in Table 1. As can be se&G;/nprotonatedgng
AG;‘ef are in reasonably good agreement for all of the RNA
molecules. Note that the calculated values predicted from
the linkage model are significantly higher than those from
the binding equation, as expect&f). The linkage equation
should better resolve the microscopikapfor protonation

of C8" in the folded state, provided data are obtained at pH ggure 6: Influence of pH on dC14 substitution mutants vs the
<5.0, since this is when the two functions strongly diverge corresponding WT counterpart. (A and B) Experimentally deter-
from one another; however, this point was not investigated mined values: @) AAGs; = AG/M — AGzVT, (O) AAGs; =
here 60) AG37C27AIdC14— AGg7C27A, and O) AAG37 — AG37BWYV/dCl4 —

. . AGzAWYV (20) from the data shown in Figure 5. (A) Simulated
. Effec'_[ of pH on the Unfolding of dC14_ RNABO gain curves derived from the parameters from the binding equation fits
insight into the effect of pH on the unfolding of the dC14 (eq 1 and Table 1) to the pH dependence:) AAGs/(pH)
RNAs relative to the WT and C27A RNA counterparts, AG:A4pH) — AGs"T(pH), (———) AAGs(pH)
AAGg; was calculated for the binding model (eq 5) and AGsS27ACpH) — AGg“?"ApH), and (---) AAGs/(pH) =

linkage model (eq 6) and the simulated curves, derived from AGs7 " "““*pH) — AGs " (pH). (B) Simulated curves derived
the parameter values compiled in Table 1. superimposed Onfrom the parameters obtained from the linkage equation fits to the
P . p . » Sup P pH dependence (eqs—2): (—) AAGi{(pH) = AGUC{pH) —
the experimental data\AGsz**? (Figure 6). AGWT(pH), (— — —) AAGH{pH) = AGCZACI{pH) — AGC2Z7ApH),
and (- - -) AAGi(pH) = AGEWYVIICI4pH) — AGEWYY (pH).

AAG (kcal-mol™)

AAG (kcal-mol™)

AAG H) = AGE2YCMpH) — AGY  (PH)Z (5
37004PH) 87.0bs A(p ) 37ondPHZ - (5) well (Figure 6B). The reason for this is embodied in the

A AG?bS(pH) — AG?bs,deoxym(lpH) _ AG?bS’WT(pH) (6) function (eq 2) itself which reduces to

Although there is significant scatter given the smeGs; AAGP{pH) = AAG( — RT'”(Z?}M/Z}NT) (7)
values, the simulated curves generated from the binding

model capture the general trends in the experimental datawhere AAGE = AGE"™" — AGI™T provided 3" =
reasonably well (Figure 6A). In contrast, the simulated curve Y. This is a reasonable assumption since the two

generated from the linkage model approximates the data les/RNAs are the same length and have identical base
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Table 2: Pairwise Coupling Free Energies (&) Derived from the Binding Equation for the Six-Component Thermodynamic Cycles from the
Thermodynamic Cube Shown in Figuré 7

reference state perturbation A/B AG,' (kcal/mol) AGg' (kcal/mol) AGapg' (kcal/mol) Oag' P (kcal/mol)
WT-H* dC14/-H* (08" face) 0.6+ 0.1 3.0£0.1 2.940.1 ~0.74 0.1 Oae"T)
C27AH* dC14/-H* (5a5C27A face) -0.2+0.3 3.5+ 0.3 4.2+0.2 0.9+ 0.4 (0"
WT-H* C27A/dC14 658" face) 0.4+ 0.2 0.6+0.1 0.2+ 0.v —0.82 0.3 (asC®)
WT C27A/dC14 HasC8 face) 0.9+ 0.2 -0.1+0.4 1.6+ 0.3 0.8+ 0.4 (09
WT-H* C27A/—H* (front face) 0.4+ 0.2 3.0+ 0.1 3.940.3 0.5+ 0.4 (Ons")
dC14H* C27A/-H* (back face) —0.4+0.2 2.3+ 0.1 4.0+0.3 2.1+ 0.4 Oned)
BWYV-H"¢ dC14~H* 04+04 3.1+ 04 3.0+ 04 —0.54 0.7 0as®W"Y)

2 Derived fromAGProtonatedgnd AGdeprotonateqgr the WT, dC14, C27A, and dC14/C27A ScYLV RNA pseudoknots as described in thé text.
= AGue' — (AGA' + AGg)). Note that conservation of free energy requires hat'™ — 0™ = 08 — 0asC® = OagY — Oag? = —1.6
kcal/mol.¢ AG;' values taken from re20.

dC14-C27A*H+ <= dC14-C27A AG,', AGE, andAGpg' are obtained by manipulation of
-6.3 SN -1.9 AGgProenatedfor WT-H*, dC14H", C27A-H*, and dC14/
/ ,M/ A C27A‘H* ScYLV RNAs, i.e., the RNA species on the left
ay / side of the thermodynamic cube (Figure 7), @@, protonated
] . for the same four deprotonated RNAs, i.e., those on the right
C27AH+ < >C27A side of the thermodynamic cube (Figure 7). Th&ggpProtonated
'6-‘:" & '2;? .“b and AGszunerotonated yalyes are compiled in Table 1 and
iQ i) reproduced on the thermodynamic cube in Figure 7 (in
rf}og-’ v JJaO@ v italics). For exampleAG,\WT = —5.9 — —6.5= 0.6 kcal/
! dC14eH+ 2 > 4C14 mol, AGg"T = —3.5 — —6.5= 3.0 kcal/mol, andAGag"'"
; 59 .« ||l-7 -36 = —3.6 — —6.5= 2.9 kcal/mol. Thusgas"" = 2.9— (3.0
// ?»Bﬂ ] + 0.6) = —0.7 kcal/mol, reflecting a favorable pairwise
, / // coupling free energy and indicative of positive cooperativity
M M of hydrogen bond formationgs' < 0) (see Table 2). Note
WTeHt ——— WT that if 5as' = 0, thenAGas' = AGA' + AGg'. In this case,
-6.5 -3.5 formation of each hydrogen bond is additive or noncoopera-

Ficure 7: Thermodynamic cube that encompasses all linkage tive, and the loss of the A or B interaction is not influenced
relationships between the various ScYLV RNAs investigated in by the loss of the remaining interaction at site B or A,

this work. The global reference state is the wild-type ScYLV RNA . ; o L
at low pH (WT-I9|+). The italic numbers below eac?\lpRNA represent eSPectively. IDag' > 0, the pairwise coupling is unfavorable

the folding free energies\Gs;) derived from the binding equation ~ and formation of both hydrogen bonds is nonadditiv&,',
(eq 1) fits (given in Table 1). Eachag' is described in the text,  AGg', AGag', 0T, and das?7A values calculated in this

with all six pairwisedag' values compiled in Table 2. way are compiled in Table 2, as are the corresponding values
obtained from a similar analysis of the closely related BWYV
and dC14 BWYYV pseudoknots published previous?)(
Interestingly, bothdag™™ and 0,sBWYV are significantly
negative, indicative of positively cooperative formation of
these two hydrogen bonds that straddle the helical junction.
In contrast, 9as%?"* has a positive sign, indicative of

compositions (the same number of A and C residues) and
differ only by a single oxygen atom. When mutant and WT
RNAs have identical I§, values, the second term in eq 7
vanishes, reducing tAAG*{pH) = AAG®, i.e., a straight
line. In the case where g™t = pK, VT, the function

AAGPYpH) is strictly monotonic, i.e., always increasing or o . X
decreasgi)ng)l Ity e ways | s nonadditivity of hydrogen bond formation across the helical

Pairwise Couplingdag, across the Helical Junction in junction. This finding is consistent with the free energy cycles
WT versus C27,F0)\ S%:Y/IA_BV Pseudoknotsstandard double  that yieldoas " ando.s® (Figure 7, left and right)oas“®
mutant cycle strategy was next employed to obtsig"T andoag®® are equal to—-0.8 and 0.8 kcal/mol_, respectively
anddsC?7A using the WFH™ as the overall system reference (see Table 2), and reflect the extent to which pertu_rbauon
state (see Figure 7" is the pairwise coupling free  Of the H-bond donor (dC14) and acceptor (C27A) sides of
energy that defines the extent to which elimination of both the same C27 N3-C14 2-OH hydrogen bond, individually
C27 N3--C14 2-OH (via the deoxy-C14 substitution) and and in combination, is influenced by protonation of im-
C8" H3:--G12 06 (via an increase in pH) hydrogen bonds mediately adjacent C8. At low pH, this coupling is favorable
in the WT ScYLV RNA (AGasWV") differs from the sum of ~ (0a8°®" < 0); i.e., the folding free energy of the double
the loss of each hydrogen bond individuallk@,"™ and mutant is less negative than the sum of each of the underlying
AGg"T, respectively) 81). Likewise, 0,5“?"* defines the  single mutants, with the opposite true at high pH in the
analogous free energy difference for the C27A ScYLV deprotonated forms of the RNA g8 > 0). Finally, using
pseudoknot, i.e., loss of the A27 NiC14 2-OH (AGA®?7A) the WT-H* conformation as the reference state for the
and C8 H3---G12 06 A\Gg®?") hydrogen bonds individu-  thermodynamic cube, and denotingscVT as AAGProtonated
ally or in combination AGas©?™). dag' is therefore defined  for the C27A versus WT ScYLV RNAs andGascT as
as AAGPrownated for the dC14/C27A versus WT RNAs (and

i i i : AGAVT andAGg"T defined as above), one can also calculate
O =AGg — (AG, + AGg) (8)  the three-way coupling in this systemvG?3, according to
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AG® = AG VT - T Al
[(AG,"" + AGE"T + AG™) + 5 0581 (9) ; S
whereAG? is equal to the folding free energy of the triple E J
substitution mutant dC14/C27A RNA at high pAGasc™'T, e 1

minus the sum of the folding free energies of the single «© . i

mutants and each of the six pairwise couplingg' (Table 27 1
2). AG? is —1.8 kcal/mol, which is indicative of a strong

coupling network in the WT ScYLV RNA. 3 :

Effect of pH ondag™T, 94?74 and oWV Values.This e - B.
coupling analysis is completely independent Kf, gince the N\
states selected were derived frax@Proonatedgnd AGeprotonated ol ~
measured at low and high pH, respectively. To understand L J
the effect of pH on the three pairwise couplingss' (9as"'", e AT 1
0%, andoagBWYV), the coupling scheme was modified ©®

to correct for the concentration of reference state molecules, 2t .

i.e., WT-H*, C27A'H*, or BWYV-H*, at each pH. Here,

the equations change to : :

AGeff (pH) = AG unprotonated,deoxthﬂA] deoxyC14 __ L ]
AB - 37

[AGY o PH)I(HATYT) (10)

AGY(pH) = [AGS7 53 {pH)IHA] Y~
AG3Tp{PH)(HAT™) (11)

i
as_/ (pH)

ff dWT wWT wT
AGg ' (pH) = [AGE P W AGZ | (pH)I(HA] ™) K S e
(12) pH
e X Ficure 8: Effective coupling free energiedag'eff, as a function
[HAX] = 1/(1+ 10P7 P (13) of pH. (A) Simulated curves derived from eq 14 are shown for the

o _ ) WT ScYLV (—), C27A ScYLV (- — —), and BWYV (- - -) RNAs
for the binding model, allowing us to define a new term, derived from parameters obtained from the binding equation fits

das"M(pH), the effective pairwise coupling as a function of (Table 1) to egs 1813. (B) Simulated curves derived from eq 14
pH, according to for parameters derived from the linkage equation fits (Table 1).
' (C) Simulated curves drawn fakdag®™ = OagWTelf — JagC27Ael
S ooy = AG..€f(pH) — derived for the binding equation fits (solid line, which equals the
as (PH) = s (PH) solid line minus the dashed line from panel A) and linkage equation
ieff ieff fits (dashed line, which equals the solid line minus the dashed line
[AG,™(pH) + AGs™(pH)] (14) in panel B), compared to globaAlAG3; values measured previously

. . . 16). Dotted line, average glob&AGg;.
Exactly analogous expressions were derived for the Imkage( ) ge g 3

model (see eqs -24), using K, and AG;ef parameters  except that there are no troughs since eq 7 is monotonic,
resolved from the linkage model fits (Table 1, italicized anddag®™ vanishes at significantly higher pH values due to
parameters). Plots @z as a function of pH are presented the higher [, values derived from this analysis (Table 1).
as simulated curves using parameters derived from the Figure 8C shows the results of plottidgdsef, defined
binding model (Figure 8A) and linkage model (Figure 8B). asdas"™ — dag®?"4 derived from the binding (solid line)
As expected, at low pHyag"¢"(pH) = dag' (from Table 2) and linkage (dashed line) model parameters compared to the
for each RNA, this occurs as a result of taking the \NT, experimental globaAAG3; measured as a function of pH
C27A-H*, or BWYV-H™ state as the reference state in each (16). This is a measure of the degree to which the relative
case. In Figure 8Adag'e" first becomes more negative or differences in pairwise coupling free energies across the
favorable for the WT ScYLV (solid line) and BWYV (dotted  helical junction measured for the wild-type and C27A RNAs
line) RNAs; the depth of this trough is essentially determined track with global differences in stability between the two
by the difference in bindingk, values between the WT and  RNAs. Although the trends inAGs; do not show a simple
dC14-containing RNAs, which is greater for the BWYV pH dependence, the average valueA#Gs; (—1.1 + 0.3
RNA (see Table 1)30). As the pH is further increased, kcal/mol, dotted line) has the same sign and magnitude and
oas¢ becomes less negative and vanishes altogether at pHs well within the simulated values dfdag'¢" over the entire
>8.0, fully expected since the concentration of protonated pH range, withAdg"¢™ being more negative thaRAGz; at
RNA molecules becomes very small at high pH. The pH <7 and less negative at higher pH values. This is
situation is dramatically different for the C27A ScYLV RNA, particularly so considering a conservative estimate-0f5
whered s e is positive or unfavorable at all pH values, until  kcal/mol uncertainty in the experimental values &
vanishing as expected at high pH (Figure 8A, dashed line). particularly at low pH (see Table 2). These data are therefore
Roughly similar trends in the simulated curves are obtained generally consistent with the idea that much of the global
with the linkage model-derived parameters (Figure 8B), AAGs;can be traced to an altered pairwise coupling of these
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two cross junction hydrogen bonds between functional (WT) is to introduce a mutation or substitution into a third site
and poorly functional (C27A) ScYLV RNA pseudoknots. and to re-evaluatéss' (31). If the two values ofdas' are
This is fully consistent with the structures of these two RNAs not equal, then the AB pairwise coupling is indirect, thus

(16, 23). providing evidence of a more complex network of thermo-
dynamically coupled or cooperative interactions. In this
DISCUSSION regard, it is important to further consider the structural

differences between the C27A ScYLV and BWYV RNAs.
Comparison of panels C and D of Figure 1 reveals that the
helical junction of the C27A ScYLV RNA is more strongly
over-rotated than the BWYV RNA, which results in poorer
stacking of the two junction triple base pairs; this, in turn,
might influence the degree of pairwise coupling of junction
hydrogen bonds in these two RNAs. However, this cannot
be the sole reason for the differeis' values since the WT
ScYLV RNA is even more poorly stacked than in the C27A
RNA (see Figure 1B,C).

The other structural difference between the BWYV and
C27A ScYLV RNAs is that the ScYLV pseudoknot contains
an extrahelical nucleotide, C25, which is not present in the
BWYV RNA. The presence or absence of this nucleotide

In this paper, we have determined the extent to which two
key adjacent tertiary structural hydrogen bonds that cross
the helical junction form cooperatively in three H-type RNA
pseudoknots for which structures and frameshift stimulation
activities (at pH 7.0) are known. The most striking finding
from this study is that in the context of the two most
conservative substitutions that can be introduced, i.e., the
loss of the H-bond donor in each of the two hydrogen bonds
(C14 2-OH---2'-H and C8 N3-H---N3) individually or in
combination, the WT ScYLV das"™) and WT BWYV
(0A8B"YY) RNAs exhibit favorable pairwise coupling free
energies (Table 2) indicative of cooperative hydrogen bond
formation, while the poorly functional C27A ScYLV RNA

€274 is characteriz n unfavorabl lin r . . . -
E]?)Ar?addi)tivse Ch;d?(():geen ebotl)r?g faz)rrrtljati?)nc.) él'kr)\ies ?2 ut?]e gc,age mlght mflgence the magnitude .QTABI via a next nearest
despite the fact that the helical junction region of the C27A nelghbor_mfluence on the PaCk'.“g of A26 into the minor
ScYLV RNA is more like that of the BWYV RNA relative ~ 3M00V€ triplex, as \_/veII as the adjacent A@’GClS) base
to the wild-type SCYLV RNA (see Figure 1P8). triple; clearly, the integrity of the nucleotide analogous to

This result reveals that the energetics of pairwise hydrogenA26 in the ScYLV pseudoknot is important for luteoviral
bond coupling is not predicted well by the global structure pseudoknot stability19, 20, 33). Interestingly, deletion of

alone, but it is instead strongly influenced by the context in €25 in SCYLV RNAs consistently enhances frameshift

. . . - . stimulation by>2-fold in a variety of structural contexts;
which these interactions are made. An implicit assumption . | deleti £ C25 with h 5 leotid
in any pairwise coupling experiment is that the structures of simultaneous de et'lon 0 C 5.W't one other L2 nucleotide

! enhances frameshift stimulation by the C27A RNA 3-fold,
the molecule lacking one or both hydrogen bonds are

essentially identical and all that is missing is the hvdrogen resulting in a functional activity indistinguishable from that
bond itsel)f/and the energetic conse uencgs that deyrivegflromOf the wild-type BWYV RNA (16). If the magnitude and
deleting it. Since h drogen bond st?en ih is influenced b sign of dag' track with frameshifting activity, this leads to
g It ydrog 9 Y the prediction that the\C25 and this BWYV-like ScYLV
hydrogen bond geometry (length and angle), the extent to . . . .
. ) . o mutant would yield very differeniag' values relative to those
which formation of two hydrogen bonds is pairwise coupled

. ) of the C27A and WT ScYLV pseudoknots.
could also be influenced by small structural differences Unon encountering a proarammed mRNA frameshift
among all four RNAs at low and high pH. Very high P 9 Prog

resolution structures of these RNAs under a variety of signal, the decoding ribosome is thought to pause and shift

solution conditions would be required to address this. In fact, _readlng frames without dissociation and continue decoding

introduction of a single deoxyribose substitution in an ;nuf;it]:?eanwst;ek)?gl?(? rggg:erﬁeznzn?;iugﬁvl\(/inn(gi haXs bto be
otherwise all-RNA context may also perturb the sugar pucker Y S . . L & by

from C3-endo(N-type) toC2-endo(S-type) G2), albeit to the elongating ribosome in a kinetically relevant rate, but
varying degrees yE/)vhich might indi?lgctly in,fluence the not too stable to induce dissociation of the translation
magnitude of hydrogen bond coupling by perturbing the local elongatlon cqmp]ex. In .th's way of thinking, the pseudoknot
structure. However, this is clearly not the case here sinceprOVIOIeS a kinetic barrier to ribosome-mediated unfolding

NMR data reveal that the dC14 sugar pucker adogi8'a (and/or refolding). The studies reported here extend our
endo conformation. like C14 in thge V\F/)T RNA16).* In previous structural work on this system and support the

. o : . i
general, the measured painvise couping free energy may BB U Fe B REER SR TR e
not be direct, and the presence or absence of specific y

interactions in the BWYV versus C27A ScYLV RNAs may pseudoknot more effectively than those characterized by less
i : .
play a role in determining the magnitude and sign of the favorable or unfavorabléag' values since these would likely

pairwise coupling free energy. One way to establish whether lower the kinetic barrier to ribosome-mediated unwinding.

a measured pairwise coupling free energy is direct or indirect In this regarq, it will be interesting to investigate hydrogen
bond coupling throughout the molecule. For example,

although deletion of the'20H protons of C15 or A16 riboses

as;ig\n’\:herl—Sm\Essg?%;)%(H 2:( 2158 Q;?E,)a‘;?]‘(‘,iﬁg (i3n ?%pvr\;ﬁ’]s) ‘ngt%rtg might be predicted to have a significant impact on global
of dC14. Only the Seqhemiw dC14 HX15 H6 NOE is clearly stability (20), it would be interesting to determine how the

observed in this spectrum with the dC14'HZ 15 H6 NOE notreadily ~ magnitude ofdag' is affected by deoxynucleotide substitu-
detected. In addition, there are no detectable dC14-H2' or H1'— tions farther from the C8(G12C28) major groove base

H2'" correlations in the TOCSY spectrum under conditions where sugars ;.; ; A ina ; N
with known C2'-endo puckers give intense correlations, e.g., U19 triple. This would provide insight into the cooperativity of

(spectra not shown). All of these data are consistent with the conclusion the loop-stem interactions in frameshifting RNAs. Finally,
that the dC14 sugar adopt€£&'-endoconformation in the dC14 RNA.  we note that the magnitude of the pairwise coupling as
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operationally defined here is dependent on pH, leading to
the prediction that the efficiency of frameshifting induced

by luteoviral pseudoknots might also be influenced by the
pH. Experiments along these lines are currently in progress.
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