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phosphate diesters. Understanding the structure-re- 
activity relationship of these metal complexes is im- 
portant for developing artificial restriction proteasesw1 
and nucleases% that can hydrolyze proteins and nucleic 
acids sequence specifically. 
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intermediate. Such bifunctional activation plays an 
important role not only in the hydrolysis of unactivated 
esters but also in the hydrolysis of nitriles, amides, and 
phosphate mono-, di-, and triesters. Amazingly, unac- 
tivated phosphate monoesters such as methyl phos- 
phate can be hydrolyzed by tetrafunctional activation. 
A unifying theme for all of the above hydrolysis reac- 
tions is that one or more cis-diaqua metal complexes 
that can easily form four-membered rings are required. 
The ease of octahedral cis-diaqua Co(II1) complexes in 
forming four-membered rings is highly sensitive to the 
tetramine ligand structure. With an appropriate tetr- 
amine ligand, a cobalt complex can bring about a 10 
billion fold rate enhancement in the hydrolysis of 
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The perception of ribonucleic acid (RNA) has un- 
dergone a radical change during the past 10 years. RNA 
is now known to be integrally involved in each step in 
the transmission of genetic information. The genetic 
code is stored in deoxyribonucleic acid (DNA) molecules 
and ultimately converted to the amino acid sequences 
of proteins. The DNA strand is first transcribed into 
a messenger RNA (mRNA) intermediate. The mRNA 
is then processed: large regions are excised by the 
spliceosome, a large protein and RNA complex. Finally, 
the mRNA is translated into a protein by the ribosome, 
another giant complex of RNA and protein. RNA not 
only serves as a carrier of the genetic information but 
also helps regulate and catalyze the reactions involved 
in protein synthesis.' RNA molecules alone can cata- 
lyze chemical reactions, such as cleavage and synthesis 
of phosphodiester bonds.2 

The enviable specificity of biochemical reactions 
catalyzed by enzymes results from the specific three- 
dimensional structure formed by the protein's poly- 
peptide chain. Like protein-mediated reactions, the 
specific biochemical functions involving RNA are 
guided by the three-dimensional folding of the poly- 
nucleotide. Unfortunately, relatively little is known 
about RNA conformations. RNA molecules form in- 
tramolecular structures; the polynucleotide chain folds 
back upon itself to form double-helical regions held 
together by Watson-Crick base pairs. The double 
helices are connected by single-stranded regions con- 
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taining unpaired bases. The two-dimensional map of 
base pairs is called the secondary structure. The sec- 
ondary structure of an RNA consists of double-helix 
regions, called stems, and single-stranded regions 
termed bulge loops (bulges), internal loops (bubbles), 
hairpin loops, and junctions (Figure l).3 Tertiary in- 
teractions are those between the elements of the sec- 
ondary structure; they include tertiary base pairing, 
single strand-helix interactions, and helix-helix inter- 
actions. 

A pseudoknot is a type of tertiary interaction that 
involves base pairing between nucleotides in a loop with 
nucleotides in a single-stranded region outside the loop.4 
Thus, a pseudoknot has two double-helical stem regions 
and two loop regions (Figure 2). The term pseudoknot 
was coined in order to exclude this type of interaction 
from the possible conformations considered by algor- 
ithms used to predict secondary structures. Inclusion 
of pseudoknots or knots prevents an exhaustive search 
of possible secondary structures (see Figure 3). If each 
of the ends of the RNA chain passes through a loop, 
then an overhand knot is formed; pulling on the two 
ends of the strand result in a knot. This possibility 
could arise only if both stems contained full turns of 
the helix. The biologically relevant interaction is called 
a pseudoknot; only one or neither of the ends extends 
through a loop, and a figurative pull on the ends does 
not lead to a knot. It is important to distinguish this 
common usage of the term knot from its definition in 

Pseudoknots seem to be a widely used motif in RNA 
structure; they are proposed to have significant roles 
in a variety of RNA molecules.6~" They were originally 

topology.5 

(1) Lewin, B. Genes IV; Oxford University Press: Oxford, 1990. 
(2) Cech, T. R. Science 1987,236, 1532-1539. 
(3) Wyatt, J. R.; Puglisi, J. D.; Tinoco, I., Jr. BioEssays 1989, 11, 

100-106. 

Nucleic Acids Res. 1978,5, 3365-3387. 
(4) Studnicka, G. M.; Rahn, G. M.; Cummings, I. W.; Salser, W. A. 
(5) Wasserman, S. A.; Cozzerelli, N. R. Science 1986, 232, 951-960. 
(6) Schimmel, P. Cell 1989,58,9-12. 

0001-4842/91/0124-0152$02.50/0 0 1991 American Chemical Society 



RNA Pseudoknots Acc. Chem. Res., Vol. 24, No. 5, 1991 153 

pairs formed by stacking of the amino acid acceptor 
helix and the T+C-helix in tRNA. 

In order to confirm this model of pseudoknot struc- 
ture, detailed physical studies were required. Biological 
RNA molecules are quite large; tRNA, one of the 
smallest, has about 75 nucleotides (molecular weight = 
25000). The plant viral RNAs contain thousands of 
nucleotides. Physical studies on small fragments of the 
viral RNA have been attempted." However, even the 
smallest fragment (44 nucleotides) was still too large for 
detailed physical study. Our goal has been to design 
and synthesize RNA oligonucleotides that can fold into 
pseudoknot structures. This Account describes both 
the experimental techniques used to characterize 
pseudoknot structure and the results of our studies (for 
more details, see Puglisi et al., 1988,12 1990;13 Wyatt et 
al., 199014). Pseudoknots have proven to be a very 
useful model system with which to understand the re- 
lations among structure, stability, and function of RNA. 

Experimental Methods for Studying RNA 
Structure 

Other than X-ray crystallographic methods, no one 
experimental technique can give a global view of the 
folding of an RNA molecule. Our approach integrates 
results from a variety of techniques. Secondary struc- 
ture a t  the nucleotide level can be obtained by using 
enzymes that cut only in single-stranded (for example, 
nuclease S1 and RNase T,) or doublestranded (nuclease 
V,) regions of RNA  molecule^.'^ The RNA strand is 
labeled at either end with a radioactive phosphate and 
then subjected to limited hydrolysis by the enzymes; 
the sites of cleavage give a crude map of secondary 
structure. Chemical reagents like diethyl pyrocarbonate 
(DEP) and dimethyl sulfate (DMS) react with the 
various RNA functional groups that are sterically ac- 
cessible; further treatment of the RNA results in 
cleavage of the backbone at the site of modificati~n.'~J~ 
Despite certain problems with these methodologies, 
they are good preliminary tests for structure and aid 
in the interpretation of higher resolution data.18J9 
They are indispensible for probing conformations of 
large RNA molecules that cannot be studied by bio- 
physical techniques. 

Nuclear magnetic resonance provides the most pow- 
erful method for the elucidation of RNA structure in 
solution. A major drawback to NMR studies has been 
the large quantity of RNA needed (micromoles). The 
development of new synthetic methods has mitigated 
this problem.m22 NMR spectroscopy provides infor- 
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Figure 1. Base-paired and single-stranded regions of RNA form 
a limited number of structural elements, shown here. In principle, 
the loops and stems of these structural elements may consist of 
any number of nucleotides or Watson-Crick base pairs, respec- 
tively. A hairpin (a) is formed when the RNA molecule folds back 
on itself. The loop may contain as few as two nucleotides. A bulge 
(b) has unpaired nucleotides on only one strand; the other has 
uninterrupted base pairing. In an internal loop (c), at least one 
base is unpaired on each strand of the loop. In a mismatch, the 
smallest type of internal loop, bases that cannot form a Wat- 
son-Crick pair are in apposition. A junction (d) occurs when three 
or more double-stranded regions, separated by any number of 
unpaired nucleotides, adjoin. 

3' 
Figure. 2. Schematic diagram of the folding of the oligonucleotide 
discussed in this paper; the sequence is shown at the top. Stem 
1 of the pseudoknot is coded by black, stem 2 by hatching. The 
two stem regions have the potential to stack coaxially as indicated 
in the three-dimensional drawing. Loop 1, nearest the 5'-end of 
the molecule, crosses the major groove of stem 2, and loop 2 m e s  
the minor groove of stem 1. Due to the A-form geometry of the 
helices, the distance across the five base pairs of stem 2 is shorter 
than the distance over the three base pairs of stem 1. 

discovered in plant viral RNAs. The 3'-ends of these 
viral RNAs mimic some of the functions of transfer 
RNA (tRNA). Although the secondary structure of the 
viral RNA is not the typical tRNA cloverleaf, a pseu- 
doknot structure adopted by the viral RNA results in 
a three-dimensional structure similar to that of tRNA.@ 
Pleij and co-workers proposed that the stacking of the 
two stems in the plant viral pseudoknot leads to a 
structure in which the separate stems resemble a single 
continuous helix;8J0 this structure mimics the 12 base 
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Figure 3. This figure illustrates the interactions allowed and disallowed in most RNA structure prediction algorithms. The RNA 
primary sequence is depicted as an arc, and base pairing is indicated by chords joining positions on the arc. Interactions demonstrated 
in parts a and b are allowed. Most algorithms do not consider interactions separated by regions of secondary structure; these interactions 
involve chord crossing as shown in part c. Chord crossing may result in formation of a "knot" (if each end of the RNA strand passes 
through a loop) or a "pseudoknot". A "knotted" structure has never been observed. In contrast to parts a and b, prediction of pseudoknots 
is difficult since the free energies for formation of the two stem and loop regions are not simply the sum of the free energies of the 
two hairpins. 

mation about the interactions between nuclei.23 For 
our studies, we relied almost exclusively on protons. 
Two protons that are close together in space (Le., less 
than 5 A) will interact by a through-space dipolar 
coupling mechanism; the resulting transfer of magne- 
tization is manifested as a nuclear Overhauser effect 
(NOE). Intensities of NOES are proportional to l/r6, 
where r is the distance between  proton^.^^^^^ NOES 
yield short-range distance constraints between pairs of 
protons. Interaction through bonds (J coupling or 
scalar coupling) between protons on neighboring atoms 
leads to a splitting of the proton energy levels. The 
value of the coupling is dependent on the dihedral angle 
between the two protons and yields constraints on bond 
torsion angles.% Two-dimensional NMR methods were 
used to determine NOE interactions (NOESY) and 
through-bond couplings (COSY). With enough local 
distance and torsion angle constraints, useful structural 
models can be generated. 

There are two types of protons in an RNA molecule 
(Figure 4): those attached to electronegative atoms (N, 
0) that exchange r a p i d l ~ ~ s ~ ~  with the aqueous solvent, 
and those attached to carbon that exchange very slowly 
(if a t  all) with solvent. The most useful exchangeable 
protons are the imino protons of guanine and uracil. 
When exposed to solvent a t  neutral pH, these protons 
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exchange rapidly (millisecond time scale) with solvent. 
However, when hydrogen bonded in a base pair, they 
are relatively protected from exchange, and a resonance 
can usually be observed.28 Imino resonances are ob- 
served in a region of the spectrum that is far downfield 
from nonexchangeable protons (11-15 ppm downfield 
of trimethylsilyl propionate); even for very large mol- 
ecules such as tRNA, this part of the spectrum is rel- 
atively simple. Resonances corresponding to protons 
trapped in A-U base pairs resonate further downfield 
than do those corresponding to G C  pairs (Figure 5). 
NOE interactions should be observed between imino 
protons on adjacent base pairs, because the distance 
between stacked base pairs is only 3.4 A in a helical 
structure. From NOE experiments and chemical shifts, 
one can determine the base-pairing pattern in an RNA 
oligonucleotide. 

There are seven or eight nonexchangeable protons per 
nucleotide. Each has a resonance that must be assigned 
to a specific position in the sequence (Figure 4). This 
process, often complicated by spectral overlap, involves 
the use of both two-dimensional NOESY and COSY 
spectra to gain a map of through-space and through- 
bond interactions among protons. Characteristic pat- 
terns of interactions are observed in base-paired regions 
of RNA, which adopt the A-form helical conformation.B 
The overall helix geometry is determined by the nu- 
cleotide conformation. The RNA helix has a repeat of 
about 11 base pairs per turn. Due to a displacement 
of the bases away from the helix axis, there is a large 
difference in size between the two grooves of the helix. 
The major groove is deep and narrow. The minor 
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Figure 4. Base pairs in RNA with the protons on the bases and 
sugars numbered. The sugar protons are designated by primes. 
The nonexchangeable base protons are the guanine H8, adenine 
H8 and H2, and pyrimidine H5 and H6. The exchangeable imino 
protons on guanine (Hl) and uracil (H3) are protected from 
exchange when involved in base pairing. The minor groove of 
the helix is at the glycosidic-bond side of the base pair. The major 
groove is opposite. 

groove, a t  the glycosidic bond side of the base pair 
(Figure 5) ,  is shallow and wide.30 

Two details of RNA nucleotide conformation can be 
defined fairly precisely by NMR data: the conformation 
of the ribose ring (sugar pucker) and the orientation of 
the base with respect to the sugar (glycosidic torsion 
angle). Sugar pucker generally falls into two low-energy 
families called CBrendo or CYendo depending on which 
atoms are puckered in the direction of the aromatic 
base.30 Within A-form helical structures, C3,-endo 
puckers are found. The sugar pucker of a nucleotide 
or the presence of an equilibrium between conforma- 
tions can be determined from values of J-coupling in- 
teractions between sugar protons, since dihedral angles 
are different for the two conformersa31 The distances 
between sugar protons and base protons depend 
strongly on the value of the glycosidic torsion angle.23 
From the intensity of NOES between these protons, one 
can estimate distances. Even with relatively large ex- 

(30) Saenger, W. Principles of Nucleic Acid Structure; Springer- 
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Figure 5. (a) The imino proton NMR spectrum of the pseu- 
doknot. The numbers above the peaks correspond to the large 
numbers in the schematic in part b. The two resonances furthest 
downfield (at 13.92 and 14.35 ppm) are a t  chemical shifts char- 
acteristic of imino protons from A-U base pairs. The resonances 
above 11.5 ppm are due to non-hydrogen-bonded imino protons 
on the uridines from the loops of the pseudoknot. Resonances 
were assigned by using one-dimensional NOE measurements. The 
solution conditions were 5 mM MgC12, 50 mM NaCl, 10 mM Na 
phosphate, pH 6.4 at 23 OC. Reprinted with permission from ref 
13. Copyright 1990 Academic Press. (b) The NMR data are 
summarized. Sugar conformation is indicated by letter type: 
Czrendo, boldface; C3,-endo, outline; equilibrium between these 
conformations, box. Each nucleotide in large type adopts an anti 
glycosidic torsion angle. Thick l i e s  between nucleotides indicate 
strong NOES consistent with A-form stacking. Thin liies indicate 
no observed intemucleotide NOE interactions. The conformations 
of the nucleotides in the loop regions are largely undefined by 
the NMR data. Reprinted with permission from ref 13. Copyright 
1990 Academic Press. 

perimental errors in distances (k0.5 A), the glycosidic 
torsion angle can be determined to k30". 

The global folding of an RNA molecule is determined 
by six backbone torsion angles per nucleotide. Four of 
them can be measured by proton-proton and phos- 
phorus-proton coupling constants; this has been done 
for relatively short (12 nucleotide) sequences.32 The 
phosphodiester torsion angles are undefined by proton 
and phosphorus coupling constants. In the studies on 
pseudoknots, we have relied on interproton distances 
between adjacent nucleotides. There are short inter- 
nucleotide distances between aromatic H6 or H8 pro- 
tons and neighboring sugar protons characteristic of 

(32) Cheong, C.; Varani, G.; Tinoco, I., Jr. Nature 1990,346,680-682. 
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A-form helical geometry; these allowed a qualitative 
analysis of strand conformation. In nonhelical regions, 
such NOEs may not be present, but fortunately, unu- 
sual internucleotide NOEs may be observed instead.32*33 
The global conformation of the strand can be best de- 
fined by using computer techniques such as distance 
geometry and constrained molecular mechanics. Ex- 
tensive NMR data, with a large number of distance and 
torsion angle constraints, are needed to limit the num- 
ber of 

Pseudoknot Structure  
In order to determine the conformation of a pseu- 

doknot, a 26-nucleotide oligonucleotide (Figure 2) was 
synthesized and ~haracterized.'~J~ This sequence was 
designed to form a pseudoknot with three base pairs in 
stem 1 and five base pairs in stem 2; the loop sequences 
were made sufficiently long to easily bridge the pre- 
dicted distances across the helices.8 The results of en- 
zymatic and chemical mapping were consistent with 
pseudoknot formation; single-strand-specific nuclease 
SI cut only in the two loop regions, whereas double- 
strand-specific nuclease V1 cut in the proposed stem 
regions. Chemical modification with DEP showed that 
the two adenines in the stem are protected relative to 
the adenine in loop 1. 

NMR studies of the exchangeable imino protons 
confirmed the formation of the pseudoknot. As shown 
in Figure 5,  eight imino resonances are observed, three 
corresponding to the base pairs in stem 1 and five 
corresponding to those in stem 2. An NOE between the 
imino protons of G3-CI3 (resonance 6) and C12.G22 
(resonance 5 )  confirms that the two double-helical re- 
gions are stacked on each other, unstacked base pairs 
would likely have an interproton distance greater than 
5 A, and thus no NOE would be observed. The two 
stems of the pseudoknot form a quasi-continuous helix. 
Most of the loop uridines have imino protons that ex- 
change relatively rapidly with solvent. This gives rise 
to the broad lump in the exchangeable proton spectrum 
at about 11 ppm. However, one imino proton, from the 
first uridine (u16) in loop 2, is protected from exchange. 
This nucleotide is stacked at the end of stem 1 on C15. 

Many of the nonexchangeable protons in the spec- 
trum were assigned, including the aromatic H8, H2, H6, 
and H5 resonances and the sugar Hl', H2', and H3' 
resonances for all of the nucleotides in the stems of the 
pseudoknot. Resonances from protons on loop nu- 
cleotides were only partially assigned. Many of the 
residues in the loops are uridines, and this caused 
considerable spectral degeneracy. 

The NMR results for this molecule are summarized 
schematically in Figure 5. The pattern of NOEs 
characteristic of an A-form helix was observed starting 
at nucleotide u16 and continuing, without indication of 
distortion, until nucleotide C8. This confirmed the 
stacking of the two helical stems. In addition, nucleo- 
tide U16, the first nucleotide in loop 2, is stacked upon 
CIS, the terminal nucleotide of stem 1, consistent with 
the exchangeable proton data discussed above. Even 
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though strong NOEs characteristic of the A-form ge- 
ometry are observed between C2 and G3 and from Gz2 
through G26, no strong NOES between the nonex- 
changeable protons of G3 and G22 are observed. These 
NOES should be observed if the two helical stem regions 
were perfectly continuous. In addition, nucleotide Gz2 
shows a majority population of C,]-endo sugar pucker 
instead of the C3<-endo pucker of A-form geometry. 
Thus, there is some distortion in the conformation be- 
tween the two stems at these nucleotides. This is not 
surprising, since these nucleotides are the junction be- 
tween the stem and loop regions and are not covalently 
joined. Model building has shown that if the two helical 
stems are stacked in an A-form geometry, then signif- 
icant repulsive phosphate-phosphate contacts occur at 
this junction. The minor distortion in structure at this 
region probably relieves these unfavorable interactions. 

The two loop regions of the pseudoknot are not 
equivalent. Loop 1 crosses the narrow (major) groove 
of stem 2, whereas loop 2 crosses the wide (minor) 
groove of stem 1. Unfortunately, the precise structure 
of these loops was poQrly defined by the NMR data. It 
is clear that many of the loop nucleotides adopt Crendo 
conformations. A change in sugar pucker from C3/-endo 
to C2,-endo increases the distance between adjacent 
phosphates from about 5.9 A to 7 This increase in 
distance may be especially important for loop 2 nu- 
cleotides, which must traverse the wide minor groove. 
There is evidence of stacking between A4 and U5 in loop 
1. Loop 1 is more protected from the single-strand- 
specific enzymatic probe nuclease SI than is loop 2. 
This suggests that loop 1 nucleotides are somewhat 
protected by the major groove of the helix. 

Our results are consistent with the model originally 
proposed by Pleij and the more detailed model building 
of Dumas et aL8J0 The two stem regions are coaxially 
stacked to form a semicontinuous A-form helix. Ex- 
periments have shown that valyl-tRNA synthetase, 
which aminoacylates the viral pseudoknot structure, 
interacts with the RNA along the region equivalent to 
C8-C15 in our p s e ~ d o k n o t . ~ ~  It is this side of the 
pseudoknot that most resembles a continuous helical 
structure, mimicking the acceptor stem of tRNA. Other 
structural features of the pseudoknot may have a bio- 
logical function. The specific conformation of the loop 
regions may be sites of protein binding,37 and the dis- 
tortion in stacking may serve as a recognition element. 

Pseudoknot Stability 
The structure of pseudoknots is one feature of bio- 

logical importance; the thermodynamic stability of the 
structure may also serve a biological function. The 
stability of a structure is measured by the free energy 
difference between folded and unfolded forms. For 
relatively short sequences, this free energy difference 
can be determined by using UV absorbance (260 nm) 
measured as a function of t e m p e r a t ~ r e . ~ ~  The as- 
sumption is made that there are no intermediates in the 
transition between folded and denatured forms; thus, 
the resulting curves (melting curves) of absorbance vs 
temperature can be converted into equilibrium con- 
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energy structure is conceptually simple, since it can be 
approximated as the sum of the free energies for form- 
ing each element of structure.42 In practice, even 
prediction of base-pairing interactions can be compu- 
tationally demanding.39 Including interactions like 
pseudoknots would make the algorithms more complex 
and would require much more computer time. In ad- 
dition, the free energy is no longer a sum of contribu- 
tions from separate regions (see Figure 3). For the 
prediction of pseudoknota, the thermodynamic con- 
tributions of pseudoknot loop sizes and sequences and 
stem sizes and sequences must be known. This is a 
demanding task since pseudoknot stabilities must be 
compared with stabilities of the potential hairpin con- 
formations. We have concentrated on one aspect of 
pseudoknot structure and stability: the effect of 
changes in loop size and sequence. 

If one assumes A-form stacking for the two stem re- 
gions of the pseudoknot, one can calculate the distance 
that each loop must cross to bridge the helical grooves.8 
This distance depends only on the number of base pairs 
in the stems. Across the major groove, the distance is 
at a minimum of about 10 A for six or seven base pairs 
and remains under 20 A for stems of two to nine base 
pairs. In contrast, across the minor groove the distance 
is a minimum of 18 A for two or three base pairs and 
increases sharply as the stem is lengthened. The min- 
imum number of nucleotides is therefore different for 
each loop and dependent on stem size. If the loop 
nucleotides adopt CPT-endo conformations, then two 
nucleotides should suffice in loop 1 of the pseudoknot 
we have studied, but a t  least three nucleotides will be 
required in loop 2. 

The results of variation in loop size generally confirm 
the predictions made above. The stem sequences were 
the same for all molecules, and the loops were shortened 
independently. Conformations were determined with 
chemical and enzymatic mapping and, in a few cases, 
NMR of the exchangeable protons.14 The pseudoknot 
was the only conformation present when loop 1 was 
shortened to as few as three nucleotides, or when loop 
2 was shortened to four nucleotides. When either of the 
loops was further shortened to the predicted minimum, 
an equilibrium resulted between pseudoknot and 
hairpin conformations. When the sizes of pseudoknot 
loops are reduced, the sizes of the hairpin loops are 
correspondingly reduced. Smaller loops generally lead 
to more stable hairpin structures and thus an increase 
in their stability relative to that of the pseudoknot 
structure. 

The conformational equilibria depend strongly on 
loop sequence. Although a significant population of the 
molecules form pseudoknots when loop 2 is shortened 
to three uridines, almost all molecules adopt the 3'- 
hairpin conformation when the sequence of loop 2 is 
changed to -UCA-. The A residue in this loop was not 
accessible to DEP modification, suggesting that it is 
stacked on the hairpin stem. This stacking results in 
enthalpic stabilization of the hairpin structure. A major 
driving force for pseudoknot formation is the enthalpy 
gained upon formation of additional base pairs. If the 
loop conformation of the hairpin is well stacked, this 
driving force is lost. 

5'-HAIRPIN J'-HAIRPIN 

Figure 6. Each sequence capable of forming a pseudoknot 
structure also has the potential to form two hairpins: the 5'- 
hairpin, when only stem 1 forms, and the 3'-hairpin, when only 
stem 2 base pairs form. The equilibria are affected by temper- 
ature, cation concentration, and RNA sequence. Reprinted with 
permission from ref 14. Copyright 1990 Academic Press. 

stants and thermodynamic parameters. 
RNA sequences can often form alternate structures 

of similar stability.39 Pseudoknot sequences have two 
such alternate structures, as shown in Figure 6. For 
the pseudoknot to form, it must be more stable than 
either the 5'- or 3'-hairpin conformation. We have 
measured the thermodynamic stability of the pseu- 
doknot and compared it to the stability of the structures 
formed by RNA fragments that form the 5'-hairpin or 
the 3'-hairpin. In 5 mM Mg2+, 60 mM Na+ at  pH 6.4, 
the pseudoknot structure is slightly more stable than 
either alternate conformation, but only by about 2 kcal 
mol-' at 37 OC. The enthalpy of formation is sensitive 
to the number of stacking interactions that are present. 
The enthalpy for the eight base pairs of the pseudoknot 
stems in a continuous helix is predicted to be -72 kcal 
mol-'.@ The measured value of the enthalpy of pseu- 
doknot formation is only -50 kcal mol-'. This dis- 
crepancy may be explained by the distortion in stacking 
observed in the structural studies. 

RNA tertiary foldings are often stabilized by binding 
of Mg2+ ions.41 In 60 mM Na+ at  15 "C in the absence 
of Mg2+, the pseudoknot is destabilized relative to the 
5'-hairpin. The imino proton NMR spectrum of the 
RNA oligonucleotide under these conditions shows a 
second set of resonances corresponding to those of the 
5'-hairpin c~nformation.'~q~~ At 30 "C, the equilibrium 
shifts completely to the 5'-hairpin conformation. Ad- 
dition of Mg2+ shifts the equilibrium back toward 
pseudoknot conformation. Specific binding of Mg2+ to 
the pseudoknot possibly counteracts the unfavorable 
phosphate repulsions at the junction of the two stems. 

Predicting Pseudoknots 
One goal of biophysical chemists has been the pre- 

diction of the structure of an RNA molecule given only 
its primary sequence. The prediction of the lowest free 
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The stability of the pseudoknot structure may also 
be altered by small sequence changes. If a single nu- 
cleotide is removed from loop l (A4), the pseudoknot 
formed is slightly more stable than the original pseu- 
doknot. The adenine residue may be involved in un- 
favorable steric contacts with bases in stem 2. These 
examples illustrate the delicate nature of the confor- 
mational equilibria among pseudoknots and alternate 
hairpins. Small changes in salt concentration are also 
sufficient to affect these eq~i1ibria.I~ 

Tertiary interactions are not predicted by the most 
widely used structure prediction algorithms. For 
pseudoknots, most of the free energy change (relative 
to the single strand) upon structure formation results 
from formation of the secondary structure. The free 
energy difference between the pseudoknot conformation 
and the hairpin conformations is small. This means 
that the structure of an RNA molecule can be predicted 
in two steps: first, the secondary structure is predict- 
ed,29 then possible tertiary structures (i.e., pseudoknob) 
are considered. For a pseudoknot to form, the favorable 
free energy from adding base pairs must outweigh the 
unfavorable free energy of forming the two loops. Our 
data yield an approximate value of +10 kcal mol-' for 
the unfavorable contribution of the two pseudoknot 
loop regions. 

Pleij and co-workers have taken a different approach 
to predicting RNA secondary structure.43 Whereas the 
algorithms referred to above attempt to search all 
possible foldings for the lowest free energy structure, 
Pleij's algorithm uses a sequential process. Structures 
evolve from unfolded to final folded form through ad- 
dition of the most stable stem regions one at  a time. 
This algorithm can reproduce with some success the 
pseudoknot structures in certain viral RNAs. Pleij has 
estimated a value of +4.2 kcal mol-' for the free energy 
contribution of a single loop region in a pseudoknot; this 
is close to the value of +5 kcal mol-' obtained from our 
studies. Thus, progress is being made toward the pre- 
diction of pseudoknot structures. 
Concluding Remarks 

The structure of a pseudoknot, in particular the 
stacking of the two stem regions, explains its function 
within the plant viral RNA. The stability of pseudo- 
knots and conformational equilibria involved in their 
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formation are also crucial to understanding their 
function. Although a pseudoknot may resemble a 
continuous helical structure, it is much less stable. This 
may be the reason for its role in the control of trans- 
lation in some mRNA molecules. A pseudoknot can 
cause a frame shift in the translation of the genetic code 
in the mRNA.u For control of these processes, it is 
important to be able to change the conformation of the 
mRNA;45*46 ligand binding, by Mg2+ or protein, can 
affect the equilibria of these transitions. 

Further studies of pseudoknots are required. In 
particular, little is known about the conformations of 
the loop regions. The effect of stem size on pseudoknot 
structure and stability was not addressed in our studies. 
We have studied a particular kind of pseudoknot, with 
short loop regions and adjacent stem regions. Pseu- 
doknots have been proposed with large loop regions, 
which contain their own secondary  structure^.^^-^^ 
Unusual pseudoknot structures have been proposed as 
regulatory elements in certain ~ R N A s . ~ ~ ~ ~  These 
families of pseudoknots must be studied in detail. 

NMR in combination with other physical methods 
has proven to be a potent means of structure deter- 
mination for RNA molecules. Application of newer 
experimental techniques, including use of nuclei other 
than 'H, promises further advances in the study of RNA 
structure, possibly allowing detailed studies of larger 
RNA molecules. High-resolution studies have been 
limited to RNA molecules of less than 30 nucleotides. 
This allows characterization of individual folding do- 
mains of RNA molecules, but not the biologically rel- 
evant intact molecules. Studies of model systems are 
slowly yielding a detailed picture of the important 
elements of RNA structure and will provide a broader 
basis for our understanding of RNA structural stability 
and dynamics. 
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