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ABSTRACT: To understand the role of structural elements of RNA pseudoknots in controlling the extent of
—1-type ribosomal frameshifting, we determined the crystal structure of a high-efficiency frameshifting
mutant of the pseudoknot from potato leaf roll virus (PLRV). Correlations of the structure with available
in vitro frameshifting data for PLRV pseudoknot mutants implicate sequence and length of-al@bem
linker as modulators of frameshifting efficiency. Although the sequences and overall structures of the
RNA pseudoknots from PLRV and beet western yellow virus (BWYV) are similar, nucleotide deletions
in the linker and adjacent minor groove loop abolish frameshifting only with the latter. Conversely, mutant
PLRV pseudoknots with up to four nucleotides deleted in this region exhibit nearly wild-type frameshifting
efficiencies. The crystal structure helps rationalize the different tolerances for deletions in the PLRV and
BWYV RNAs, and we have used it to build a three-dimensional model of the PRLV pseudoknot with a
four-nucleotide deletion. The resulting structure defines a minimal RNA pseudoknot motif composed of
22 nucleotides capable of stimulatirgl-type ribosomal frameshifts.

RNA can fold into complex 3D structures that allow it to
carry out its many biological functions, including regulation
and catalysisq, 2). Pseudoknots (pbkRNA)epresent a very
common folding motif 8) and have been observed in
practically all types of naturally occurring RNAZ)( The
minimal frameshift signal of-1-type translational recoding
that is ubiquitous in pathogenic animal and plant viruses
encompasses a heptanucleotide slippery sequence and
downstream stimulatory element, typically a pkRNB3).(
Frameshifting allows the virus to control the relative expres-
sion levels of structural and enzymatic proteins vital to its
life cycle (4). Identifying the physical features of pseudoknots
that are important in stimulating frameshifting is of signifi-
cant interest and requires information from related structures
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both active and inactive. To interpret a vast body of
frameshifting data for wild-type (wt) potato leaf roll virus
(PLRV) and a host of mutant$) and to gain insight into
similarities and differences between the pkRNAs from PLRV
and a related luteovirus, beet western yellow virus (BWYV),
that had previously been well-characterized structurdly (
and functionally 8, 9), we undertook a crystallographic
analysis of PLRV pkRNA.

Here, we present the crystal structure of the double-mutant
PLRV pkRNA (C17U/A18C; Figure la) that triggers the
ribosomal—1 frameshiftin vitro with an efficiency that is
twice that for wt [wt 8.8% 6)]. In the crystal, residues U17,
C18, and A19 of the stem-dloop 2 linker engage in
"hydrogen-bonding or stacking interactions with nucleotides
from neighboring molecules. However, in an isolated
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Ficure 1: Nucleotide sequence and tertiary structure of the PLRV pkRNA. (a) Sequence and secondary structure of wt and mutant (indicated
by arrows) PLRV pkRNAs. Nucleotide numbering and sequence in the BWYV wt-pkRNA are shown in parentheses. Deletion of boxed
residues (A18-A21) maintains frameshifting comparable to that of PLRV wt-pkRNA. (b) Example of the quality of the final electron
density: &, — F. sum map at thed level. Mg#" and water molecules are shown as pink and cyan spheres, respectively. Note the water
molecule centered above the protonated nucleobase of C7. (c) Stereodiagram of the crystal structure of PLRV pkRNA mutant C17U/A18C.
(d) Stereodiagram depicting the superposition of PLRV (green) and BWYV pkRNAs (red; residue C3 was omitted). Coordidated Mg

ions are shown as spheres.
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calculate thdRqee (17). Final refinement parameters and root-

Table 1: Selected Crystal Data and Refinement Parameters -1 ) .
mean-square deviations (rmsd values) from ideal geometries

space group trigond3,21 are listed in Table 1.

:Jens'toflftlilocno(rj&s)tams * ;;115? =53.250=155.00 Circular Dichroism ExperimentCircular dichroism ex-
number of unique reflections 19 098 periments were carried out using an Aviv 215 spectrometer.
completeness (1.461.35 A) (%) 96.0 (84.9) RNA samples £5 mM in 1 mL) were prepared in 20 mM
gnwerg?%j4&1.35 A) (%) fi04(26-4) NaHPO, (pH 7.0), 150 mM NaCl, and 2 mM Mggl
Rr:;k(%) 19.0 Initially, wavelength spectra from 350 to 200 nm were
number of refinement parameters 6955 recorded at 25C. Samples were then cooled to°@ and
data/parameter ratio 2.75 slowly heated from 2 to 100C in 2 °C/min steps, while
Eﬂmgg: 3; C&:tt?mglecules 72%%5 ellipticity was monitored at 267 nm. After the temperature
rmsd bond lengths (A) 0.022 was held constant at 10€ for 2 min, samples were recooled
rmsd bond angles (3 distance) (&)  0.041 to 25 °C and another wavelength spectrum was collected.

The heating/cooling rates were Z/min, with 0.5 min
e . . equilibrations at each temperature. After temperature equili-
mediate interactions between ribosome and mMRNA pseudoknotD?ation ellipticity data wc—?re collected for aplo S peric(]) d

has been identified to date, one may conclude that frame- . " ;
e . . . Melting temperature$, for overall transitions were obtained

shifting involves direct interactions between mRNA pseudo- ; S N
from first derivatives of plots of the averaged ellipticity at

knot and ribosome. Accordingly, particular nucleobases of 222 nm versus temperature
the pseudoknot (i.e., those in the steloop linker) and side '
chains of proteins from the small subunit forming the entry
site (S3, S4, and S5) could interact, thus stifling the heIicaseRESULTS AND DISCUSSION
activity of the ribosome 10) and causing it to pause. Crystal Structure of a PLRV pkRNA Muta@uided by
Although pseudoknots are not unique in stimulating pausing the extensivén vitro frameshifting data for mutants of PLRV
and frameshifts 1), the pseudoknot fold with its unusual  pkRNA (6), we selected 14 RNA sequences with lengths
arrangement of phosphate groups and looped-out bases obetween 22 and 27 nucleotides for chemical synthesis and
the surface probably constitutes a particularly challenging crystallization. Crystals were obtained for three of the RNAs,
obstacle for the helix-unwinding ability of the ribosome.  put only those of the high-efficiency frameshifting double
mutant (C17U/A18C; Figure 1a) were of diffraction quality.

MATERIALS AND METHODS The structure of the 26-nucleotide pseudoknot was deter-
Crystallization and Data CollectiorAll RNA oligonucle- ~ mined using the BWYV pkRNA 7) as a model, and
otides were purchased from Dharmacon, Inc. onanbl crystallographic refinement against all data up to a resolution

synthesis scale, using the&CE protection group chemistry.  f 1.35 A resulted in a finaR factor of 11.4% Ryee =
O|igonuc|eotides were deprotected and desalted prior to 190%) Selected Crystal data, data CO”eCtiOﬂ, and refinement
crystallization. Typically, RNA at concentrations between Parameters are presented in Table 1. An example of the
0.5 and 1 mM was annealed at 80 with 2 mM spermine, quality of the final electron density is shown in Figure 1b,
cooled to room temperature, and then stored overnight at 4and a stereodiagram depicting the three-dimensional structure
°C. Crystals of size 0.3 0.1 x 0.05 mm for the PLRV  of the PLRV pkRNA mutant is shown in Figure 1c.

pkRNA C17U/A18C double mutant were grown at 18 The overall structure of the PLRV pkRNA (the above
from 100 mM Mg(OAc}, 10% (v/v) PEG8000, and 50 mM  mutant; the wild type will be referred to as wt-pkRNA in
sodium cacodylate at pH 6.5, by the sitting drop vapor the further discussion) shows close resemblance to that of
diffusion method. Crystals were soaked in mother liquor the previously determined crystal structure of a 28-nucleotide
containing 25% glycerol as the cryoprotectant for about 1 BWYV pkRNA (7). It should be noted that stem 1 of the
min, frozen, and used for data collection. The crystals have PLRV pkRNA is one base pair shorter and loop 2 is two
the space group3;21 and diffracted to 1.35 A resolution.  residues longer compared with BWYV pkRNA (Figure 1a).
Separate low- and high-resolution data sets were collectedA stereodiagram of the superposition of the three-dimensional
for a single crystal on the 5 ID beam line of the DND-CAT  structures of the PLRV pkRNA mutant and the BWYV wt-
at the Advanced Photon Source (Argonne, IL) using a pkRNA is depicted in Figure 1d. Similarities between the

MAR225 detector. All data were processed with XO)( two structures include the relative orientation of stem 1 and
and selected crystal data and data collection parameters argtem 2 {), the looping-out of U12 (U13 in BWYYV; residues
summarized in Table 1. in parentheses below refer to the BWYV pkRNA), and

Structure Solution and Refinementhe structure was  coordination of a Mg" ion at the interface between stems 1
determined by the Molecular Replacement technique with and 2 (8) that is likely important for thermodynamic
MOLREP (13), using the BWYV pkRNA structure 7 stabilization of the pseudoknot9). The shift between the
without looped-out and capping residues as a starting model.Mg?* positions in the two structures amounts to 1.9 A.
Several regions were manually rebuilt, and the initial Further shared features are the quadruple base interaction
refinement was carried out with CN34). Nucleotides in of the protonated cytidine C7 (C8Y,(20) with the G11/
the stem *linker—loop 2 and capping regions that were C26 pair (G12/C26) and A25, including an unusually closely
absent in the original model were built into omit electron- spaced water atop the cytosine base (Figure 2hb), @nd
density maps, using TURBO FROD®@S5). Further positional ~ the minor groove triplex formed by loop 2 residues A20
and anisotropi®B-factor refinements were carried out with  A25 with base pairs of stem 1 (Figure 2). Selected tertiary
SHELX97 (16), setting aside 5% of the reflections to hydrogen-bonding interactions in the PLRV pkRNA are
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Ficure 2: Interactions of loop 2 nucleotides with stem 1 base pairs (carbon atoms colored in blue and yellow, respectively). Formation of
the minor groove triplex is RNA-specific becauseh®droxyl groups are involved at every level. (a) A20 interacts with two base pairs of
stem 1 (G3/C16 and C4/G15), and multiple hydrogen bonds involvifdy@oxyl groups can be clearly seen. (b) Interactions between
A21/C22 and C4/G15. (c) Interaction between A23 and G5/C14. (d) Interaction between A24 and G6/C13. Note that loop 2 (blue) moves
from one strand of stem 1 to the other between A21 and A24.

findings in the case of BWYV & and confirming the
importance of sequence-specific interactions between nucle-
otides of stems and loops.

Table 2: Tertiary Hydrogen Bonds in the Minor Groove Triplex

interacting nucleotides

loop 2 stem 1 distance (A) The structural and functional homologies between the
oo Cao5oH Py pkRNAs from PLRV and BWYV discussed above do not
A20 N7 C4 2-OH 3.29 include the linker region between stem 1 and loop 2 (F_igure
A20 N6 C4 04 3.54 1). The structure of the PLRV pkRNA mutant now confirms
A20 N3 G3N2 2.99 that the linker is indeed comprised of three nucleotides
A20N1 €404 3.04 instead of the single nucleotide (G19) in the BWYV pkRNA.
A21 N6 G1530 3.32 i . :
A21 N6 G15 2-OH 289 Residue U17 stacks on C16 from the terminal base pair of
A21 N7 G15 2-OH 2.89 stem 1, whereas both C18 and A19 are looped out and extend
C22 N4 G15 20H 3.23 away from the triplex region (Figure 1c). Together with U12
233 “é gij g?H 22'7912 (Figure 3a) and A8 (Figure 3b), these residues are involved
A23 N6 G5 N2 3.42 in intermolecular contacts in the crystal lattice of the
A24 N6 G6 2-OH 2.97 pseudoknot. The nucleobases of both C18 and A19 stack on
A24 N6 G6 N3 3.04 residues from symmetry-related pseudoknot molecules (Fig-
ﬁgg “i g%sz_OH 23§83 ure 3c). Residue A20 anchors the loop 2 in the minor groove
A25 N6 G6 N2 355 of stem 1. In addition to being engaged in multiple hydrogen

bonds involving base and sugar moieties (Figure 2a), A20

summarized in Table 2. Mutation of C7 (C8) and any of the @IS0 stacks on C18 (Figure 3c).
six residues in loop 2 in the PLRV pkRNA drastically Structure and Actiity. In comparison to the wt-pkRNA
reduced the extent of frameshifting)( matching earlier ~ from PLRV, the crystallized double mutant enhances frame-
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Ficure 3: Lattice interactions in crystals of PLRV pkRNA. Nucleotides of individual pseudoknot molecules (carbon atoms of the reference
pkRNA are colored in yellow) involved in intermolecular interactions include (a) the looped-out U12, (b) the A8 cap, and (c) residues of
the linker between stem 1 and loop 2. Residues from symmetry-related pseudoknot molecules are colored differently and are labeled, and
hydrogen bonds are thin dashed lines.

Table 3: Thermodynamic Stabilitiesf wt PLRV pk-RNA and to be the result of the higher stability alone. Computation of
Selected Mutants the electrostatic surface potential of the PLRV pseudoknot
—————— demonstrates that the RNA is predominantly negatively
800" ", —o—widtype 1 polarized and that the aforementioned residues form more
%S00 0n, —o— C17U, A8C or less neutral patches (Figure 4). For corresponding images
500- B TR of the BWYV pkRNA, see Figure S1 in the Supporting
v Information. Thus, both in terms of their electrostatic

properties and their locations on the surface, rendering them
available for potential hydrogen-bonding and stacking in-
teractions with ribosomal proteins, the linker region, A8, and
U12 appear poised to play an important role in frameshifting.

Construction of a Minimal Frameshifting Moti€hanges
in the sequence of the linker crucially affect the extent of
frameshifting. Thus, the crystallized mutant increases frame-
shifting by >200%, and the C17G/A18C double mutant also

0 10 2 3 & % & '°7|° 80 % 10 shows increased frameshifting relative to wt (609%6). (
Temperature (°C) Interestingly, a G19[UC19a] mutation/insertion in the case
sequence efficiency (%) T (°C) of BWYV pkRNA triggered a 300% increase in frameshift-
- ing (8). If one considers C17 in the PLRV pkRNA (U17 in
wt 8.8 50 . )
C17U/A18C 18.7 (2.12) 62 the mutant; Figure 1a) as part of a hypothetical G/C base
AU12 0.7 (0.08) 42 pair (G18/C3 in BWYV pkRNA), then both linkers in the
AA18-A21 8.6 (0.98) 38 highest “frameshifters” (the C18A19 and U19C19a mutants

aThe graph depicts molar ellipticities versus temperatuEgficiency for PLRV and BWYYV, respectively) are made up of two
relative to wt shown in parenthesésSequence '8SGCG GCA CCG nucleotides. However, deletions in the linker and loop 2
UCC GCC AAA ACA AAC GG (U12 and C17A21 underlined). region immediately adjacent to it (residues 20 and 21) in

the PLRV and BWYV pkRNAs trigger vastly different

shifting 2-fold 6). It is unlikely that this change is a effects in the two systems. Deletion of G19 in the case of
consequence of an altered thermodynamic stability of the BWYV alone reduces the frameshifting efficiency by 50%
pseudoknot, although higher stability is expected to positively (8). Deletion of a second residue (i.e., A20) can be predicted
affect frameshifting efficiency. A comparison of the deletion to disrupt the pseudoknot based on the structure. Thus, G18
mutantsAU12 andAA18—A21 nicely illustrates this point  cannot possibly be linked directly to A21 without disrupting
(Table 3). Their stabilities are very similar, but the former the C3/G18 pair and severely destabilizing stem 1. Con-
is basically incapable of stimulating frameshifting, whereas versely, up to four nucleotides of the linker and adjacent
the latter is as efficient as the wt. The crystallized pseudoknotloop 2 (see boxed residues in Figure 1a) can be deleted in
mutant is more stable than wt, but on the basis of the abovethe PLRV pkRNA without substantially altering frameshift-
observation, the>200% increase in efficiency is unlikely ing relative to the wt pseudoknot (Table &).(Irrespective
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Ficure 5: Model of a minimal frameshifting-pseudoknot motif.
(a) Three-dimensional model of a 22-nucleotide pkRNA that triggers
frameshifting comparable in extent to that observed with PLRV
wt-pkRNA. To build the model, nucleotides C18, A19, A20, and
A21 were excised from the crystal structure of PLRV pkRNA, the
3'-OH of U17 was connected to thé-BO;~ of C22 by manually
A19 repositioning the linker nucleotide U17 (gray), and the resulting

FiGURE 4: Electrostatic surface potentials of the PLRV pkRNA. structure was energy-minimized. (b) Trinucleotide €18 7—-C22

(@) PLRV pseudoknot viewed into the major grooves of stems 1 (color code for carbon atoms matches that in a, superpositioned on
and 2 with loop 2 on the right. (b) Rotated by 28&round the the linker—loop 2 motif observed in the crystal structure of PLRV
vertical relative to a and viewed into the continuous minor groove PKRNA (green).

formed by stems 1 and 2. The potentials were calculated with

GRASP @6) and are displayed in the energy range betwe&0 connected by two (loop 1) and four (loop 2) nucleotide loops,

and-+50ksT/e. Single negative charges were used for all nucleotides i i ;
with the exception of C7 that was assumed to be neutral. Red \évr;ierzgr;yrﬁzilggzzrebemeen stem 1 and loop 2 involves just

regions are negatively polarized, and aa¥gpn coordinated near ; " .
the interface between stems 1 and 2 is depicted as a small cyan Mechanism of Frameshiftinghe combined structural and

sphere. functional data for the two luteoviral pkRNAs support the
notion that, in addition to tertiary structural elements that
of whether residue 17 is C (wt), U (our mutant), G, or A, stabilize the mRNA fold and allow it to resist unraveling by
the frameshifting efficiency resembles that of wt (8.8%) and the ribosome (the quadruple base interaction involving C7
varies between 8 and 12%)( and the minor groove triplex), unpaired residues on the
Inspection of the PLRV pkRNA crystal structure shows surface can modulate frameshifting to a significant extent.
that deletion of residues C18, A19, A20, and A21 (Figure Thus, nucleotides of the stem—loop 2 linker play an
1a) results in a gap between residues C16 and C22 that canmportant role in enhancing or reducing frameshifting
be readily bridged by U17 (Figure 5). The resulting efficiency relative to wt. This particular way to modulate
pseudoknot molecule is composed of only 22 nucleotides efficiency should be considered independent of the geometry
and can be viewed as a minimal motif that is capable of of the remainder of the pseudoknot scaffold, i.e., the
stimulating ribosomal frameshifting. Its stems are four and geometry at the stem-istem 2 junction that is virtually
three base pairs long (stems 1 and 2, respectively) and aredentical in the crystal structures of the BWYV and PLRV




Accelerated Publications Biochemistry, Vol. 44, No. 34, 20091321

50A

Ficure 6: Stereodiagram depicting a model of an early stage of pseudoknot-stimulated ribosomal frameshifting, with the ribosome pausing
and the PLRV pkRNA wedged in the funnel formed by the S3, S4, and S5 proteins. Coordinates gfctiens for the S3, S4, and S5

proteins were taken from the structure of fhethermophilus30S ribosomal subuni2@). The color codes for individual regions of the
pseudoknot are identical to those in Figure 1c, and selected residues are labeled. The path of the mRNA through the ribosome is indicated
by a black ribbon, and the positions of A- and P-site codons are highlighted in orange. Six nucleotides lirtethenal nucleotide of

the A-site codon to the'8erminal G of the pseudoknot when the slippery sequence occupies the A and P sites. The model illustrates that
the linker between stem 1 and loop 2 (gray backbone ribbon in the pkRNA,; residuesACaY s likely one of the first features of the
pseudoknot that the ribosome encounters. Similarly, other looped-out residues, such as U12 in the central region and A8 that caps the RNA
pseudoknot at the opposite end, are candidates for interactions with ribosomal proteins. The reader is referred to Figut® fimaref

diagram that depicts arginine and lysine side chains from the S3, S4, and S5 proteins protruding into the downstream entry tunnel. These
proteins are believed to act as the processivity clamp for the helicase function of ribosomes. The above basic side chains allow the ribosome
to grip folded mRNAs, thereby disrupting secondary structure upon translocation. Rather than the obvious interactions between arginines
from S3, S4, or S5 and phosphate groups from folded mRNAs, pausing of the ribosome upon encountering a pseudoknot may involve
formation of specific contacts between such side chains and looped-out pkRNA residues.

pkRNAs. It is tempting to conclude that such residues can lographic investigation of ribosomenRNA complexes.
directly interact with ribosomal proteins at the downstream Interestingly, the pseudoknot contained in mouse mammary
MRNA entry site, thereby making it more difficult for the  tumor viral mMRNA was shown to provolgscherichia coli
ribosome to unwind the message prior to its entering the ribosomes to shift frame in the same manner as their
mMRNA tunnel (Figure 6). It is noteworthy that the linker eukaryotic counterpart5).

region comprising residues U17, C18, and Al9 likely

constitutes the portion of the pseudoknot that reaches theSUPPORTING INFORMATION AVAILABLE

ribosomal entry tunnel first. , )
Electrostatic surface potential of the BWYV pkRNA

CONCLUSIONS (Figure S1). This material is available free of charge via the

. . Internet at http://pubs.acs.org.
Structural work on frameshifting pkRNAs in the absence
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