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ABSTRACT: Unfolding of an mRNA pseudoknot that induces ribosome suppression @fatgene stop

codon in Moloney murine leukemia virus has been studied by UV hyperchromicity and calorimetry. The
pseudoknot melts in two steps, corresponding to its two helical stems. The total enthalpy of denaturation
is ~170 kcal/mol, approximately the value expected for the secondary structure. At low salt concentrations
(<50 mM KCI) the unfolding transitions are not two-state, but they approach two-state behavior at higher
salt concentrations. The structure is preferentially stabilized by smaller alkali metal idns (Na* >

K* > Rb" > Cs') and by NHt; the same preferences are exhibited by one of the stems in the context
of a hairpin. Divalent metal ions are not required to fold the pseudoknot but do stabilize it further. To
examine divalent ion effects over a wide concentration range, urea was used to lower the RNA unfolding
temperature and was shown not to affect characteristics of the pseudoknot unfolding in other respects.
The pseudoknot binds divalent ions somewhat more tightly than a hairpin but shows only weak selectivity
for different size ions. It is suggested that a region of “intermediate” divalent ion binding affinity, in
between highly ligated specific sites and purely delocalized ion binding in character, is created by the
pseudoknot fold but that nonspecific, delocalized ion binding contributes at least half the free energy of
pseudoknot stabilization by Mg.

Functional RNAs are generally highly folded, compact instance, the tertiary structure of tRINA creates a single,
structures whose stabilities are sensitive to the concentrationsigh-affinity binding site for di- and trivalent ions at which
and types of ions present. Two basic types of ion interactionsthe ion is partially dehydrated (Stein & Crothers, 1976a,b;
with RNAs may be imagined. The high negative charge of Draper, 1985). The cooperative folding of group | introns
any nucleic acid is expected to accumulate an atmospherss strongly linked to divalent ion binding (Laggerbausr
of hydrated, delocalized cations that interact solely through al., 1994; Zarrinkar & Williamson, 1994), and the crystal
long-range electrostatic forces (Anderson & Record, 1995). structure of an intron fragment shows a number of sites at
Closed shell alkali and alkaline earth metal ions interact with which Mg?* is bound (Catet al., 1996). In two RNASs the
duplex DNA predominantly in this fashion (Manning, 1977; selectivity of a structure for certain divalent ions has
Bleamet al., 1980; Duguicet al., 1995), and the stabilization suggested the existence of specific sites; thus a complex
of duplex DNA by N& and Mg@" is due to such nonspecific  pseudoknot is stabilized more effectively by Mghan by
interactions (Record, 1975). [*Non-specific” is used here other ions (Gluicket al, 1997), and a ribosomal RNA
in the way defined by Wyman and Gill (1990), to refer to  fragment also prefers Mg (Laing et al., 1994; Bukhman
electrostatically bound ions not following mass-action laws.] & Draper, 1997). Monovalent ions may also interact at
Since structures with higher charge densities have a largerspecific sites in nucleic acids. The best example is the
fraction of their charge neutralized by ions, added salt should, preferential binding of K in the channel created within a G
in general, stabilize more compactly folded RNA conforma- quadruplex structure (Huelt al, 1996), and a requirement
tions. In addition, an RNA structure may chelate an ion in for NH,* or K* in the formation of a ribosomal RNA tertiary
a pocket of polar ligands (phosphate oxygens, base carbonylstrycture has suggested the existence of specific monovalent
or amines, anq ribose hydroxyls), wi'Fh Iigar_1ds either binding g, binding site(s) (Wangt al., 1993). Given this variety
directly to the ion or hydrogen bonding to ion-bound water. of mono- and divalent ion interactions with RNA structures,
_Such site-specific interactions may be selective f(_)r certain jt seems an important problem in RNA folding to establish
ions over others, as the size of the pocket, hydration of the the contributions of delocalized and site-bound ions to the
ion, and number and types of ligands determine the ion gyera|| stability of a folded RNA. In the past, thermody-
binding affinity. namics of M@* binding to tRNAs (Roer & Hach, 1975;

In a number of RNAs, site-bound ions are thought to be Bina-Stein & Stein, 1976; Stein & Crothers, 1976a,b) and
important contributors to tertiary structure stability. For homopolymers (Krakauer, 1971, 1974) have been seriously

studied, but, with the exception of ions required for ribozyme
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preference of Mg for nonspecific binding to duplex over loop 2) was similarly constructed using the vector pTZ18U
single-stranded RNAs was needed to explain the observed(U.S. Biochemicals) digested wittcaR|l andHincll. pTZ18U
stabilization. In the present study, we use this approach tocontains a T7 promoter, and the transcription starts two
look at ion interactions with a simple pseudoknot. In the nucleotides upstream of thecoRlI site. Consequently, H2
most common H-type pseudoknot, hairpin loop nucleotides RNA contains a sequence GGGAAUUC (see Figure 1 or 2)
base pair with a sequence outside of the hairpin (ten Bam at its 3-end that is unrelated to MuLV sequences. DNA
al., 1992). As a result, three RNA strands are brought into sequences of the inserts were verified by dideoxy sequencing.
close proximity at the junction of two helix segments. RNA Structure Mapping DNA templates were linearized
Folding of such a structure may be very sensitive to ion with eitherEcoRV (pUC18 derivatives) oHincll (pTZ18U
concentrations simply because of its high charge density; derivatives) prior to run-off transcription using T7 RNA
the junction of two helices may also create specific ion polymerase (Promega) as directed by the manufacturer.
binding pockets. Thermodynamic studies of two pseudoknots Reactions were terminated by addition of phenol, precipitated
have found that Mg strongly promotes pseudoknot forma- with ethanol, resuspended in loading buffer (8 M ures, 2
tion, and it has been suggested that a singlé*Miinding TBE), and analyzed by electrophoresis through a 12%
site within the pseudoknot may explain this effect (Wystt  polyacrylamide-8 M urea gel in kx TBE. RNAs were
al., 1990; Qiuet al., 1996). visualized by UV shadowing, excised and electroeluted in

The pseudoknot chosen for this study is from Moloney 0.5x TBE, and precipitated with ethanol. ¥1TBE is 0.1
murine leukemia virus (MuL\) mRNA (Figure 1A). Its M Tris, 0.1 M boric acid, and 0.5 M N&DTA.)
function is to direct translating ribosomes to read through RNAs were dephosphorylated by calf intestinal alkaline
the gag gene stop codon and continue to translpte. phosphatase (New England Biolabs). After phenol extraction
Folding of this sequence into a pseudoknot structure has beeraind ethanol precipitation, 100 pmol of each RNA was
established by phylogenetic comparisons of viral RNAs, radiolabeled at the'snd using phage T4 polynucleotide
compensatory base mutations disrupting and restoringkinase (New England BioLabs) anif]-ATP (New England
readthrough, and S1 nuclease mapping (Wétisl., 1991, Nuclear). Nucleases;STi, and W, were obtained from
1994). The two stems are expected to be very stable, whichPharmacia. Reaction conditions were modified from those
we thought would be an advantage for studies of ion binding described in Larseet al. (1997). The digestion buffer for
since the pseudoknot may form in the absence ot'Mmd ~ Tiand Vi contained 50 mM sodium cacodylate, pH 7.5, and
over a wide range of salt concentrations. The thermodynam-20 mM magnesium acetate; fog, $he digestion buffer was
ics of folding this pseudoknot is also of functional interest, supplemented with 1 mM zinc acetate. Optimum enzyme
since read-through efficiency is potentially related to concentrations for each RNA were determined by titration.
pseudoknot stability. Each reaction contained 100 G6R00 000 cpm of labeled

In the first part of this study we determine the thermo- RNA and 1ug of yeast tRNA. RNAs were preincubated at
dynamic stability of the pseudoknot in melting studies using 37 °C prior to the addition of enzyme. Reactions were
UV hyperchromicity and calorimetry. We then examine the incubated further for #8 min and then stopped by addition
effects of different monovalent and divalent ions on the Of phenol. RNAs were recovered by precipitation with
pseudoknot. The modest ion selectivity and ion binding €thanol. The precipitate was resuspende8l M urea with
affinities of the pseudoknot suggest the existence of a 2x TBE loading buffer. Approximately 30 000 cpm of each
divalent ion binding region intermediate in character between réaction was loaded onto a 50 cm 128M urea polyacryl-

completely delocalized and strongly chelated ions. amide gel and run using standard conditions (Laseseal.,
1997). In addition to the enzymatic reactions done under
MATERIALS AND METHODS native conditions, RNA ladders were generated by alkaline
) ) hydrolysis and by Tdigestion under denaturing conditions.
Reagents and BuffersAll solutions were made in baked Preparation of RNAs for Melting ExperimentRNAs

glassware to minimize ribonuclease contamination. Buffers ere prepared by run-off transcription of plasmid DNA cut
and salt solutions were made from filtered and deionized yyith restriction nuclease, as previously described (Gluick &
water and treated with Chelex (Bio-Rad) to remove con- praper, 1994). The reaction mixture was filtered through a
taminating metal ions. Salts were generally reagent grade,o 45 ,m filter, spin dialyzed (Centricon 10 or 3), and
except BaGl, CaCh, MgCly, and SrCj, which were Aldrich  sypsequently purified by denaturing preparative gel electro-
high purity grade. Buffers for melting experiments contained phoresis followed by electroelution in an Elutrap (Schleicher
5 mM sodium cacodylate, pH 7.0, plus the indicated g Schuell). RNAs were precipitated with ethanol and stored
concentrations of chloride salts. Some UV melting experi- a5 concentrated stocks in 1 mM MOPS, pH 7.0.
ments contained 5 mM potassium phosphate (pH 7.0) instea_d RNAs were prepared for UV melting experiments by
of cacodylate; no differences were observed between experi-jjuting an aliquot of stock solution to 1 mL with the desired
ments in the two buffers. buffer. A modified Perkin-Elmer Lambda 4B spectropho-
Plasmid Construction Plasmids for T7 RNA polymerase  tometer was used to collect absorbance data as a function of
transcription of RNAs H1 (hairpin 1) and G80 (pseudoknot) temperature and has been described (Laing & Draper, 1994).
were made by ligating complementary deoxyoligonucleo- Heating rates were 6nin; cooling curves were also taken
tides, containing a phage T7 promoter followed by the to check for reversibility. RNAs+1 mg/mL) were prepared
appropriate MuLV sequence, into pUC18 cut wBanH| for calorimetry by X dialysis agains2 L of the desired
andEcaRI. Plasmid for H2 RNA (hairpin 2 and modified  buffer solution. An extinction coefficient of 41,49/Az0
unit was used. Calorimetry was done in a nano differential
1 Abbreviations: MuLV, Moloney murine leukemia virus; TBE, ~ Scanning calorimeter (Calorimetry Sciences Corp.) scanned
Tris—borate-EDTA buffer. at I°’/min. CSC software was used for preliminary data
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analysis. Excess heat capacity curves of both buffer and

sample were obtained.

Analysis of UV Melting Profiles and Excess Heat Capacity
Curves In all the melting data presented here, two or more
unfolding events take place. Complications that arise in
extracting thermodynamic parameters when multiple unfold-

ing steps are present have been discussed elsewhere (Draper

& Gluick, 1995). Briefly, each transition has associated with
it a melting temperaturel(,), van't Hoff enthalpy AH), and
either a percent hyperchromicitAQ) in the case of UV
melting data or a change in heat capaci®Cf) for
calorimetry data. Unique determination of all three param-
eters for each transition may not be possible if transitions
are closely spaced (in hyperchromicity data) or if the overall
AC, of unfolding is significant (i.e., the calorimetry baseline
is uncertain). As a way around this problem, we developed
a computer program that simultaneously considers any
combination of two or three melting data sets, including UV
melting data collected at two different wavelengths (280 and
260 nm) and calorimetry dataT,, and AH for any one

transition are constrained to remain the same among all data

sets under consideration, whid:s0, AAzge, andAC, apply

to an individual data set. A sequential unfolding pathway,

in which one unfolding step must occur before the next, is
assumed; this model is more generally applicable than
independent transitions (Draper & Gluick, 1995). Low- and

high-temperature baselines are fixed by the user for both UV

and calorimetry data sets. The program is an extension of

an earlier program used to fit UV hyperchromicity data
(Laing & Draper, 1994; Draper & Gluick, 1995).

For analysis of GBO RNA calorimetry experiments, data
were also fit to sequential transitions in which each unfolding
could deviate from two-state behavior by a factor y repre-
senting the ratio of calorimetric and van't Hoff enthalpies;
for a single unfolding step the excess heat capacity is given
by

__ yAHK 1)
P A+ KR

Analysis of lon Binding A general equation for the change
in T, of a two-state RNA transition when ligands bind to
multiple sites on either folded or unfolded RNA forms has
been derived (Laingt al., 1994). For the analysis of divalent
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FiGure 1: Structures of the MuLV pseudoknot and its component
hairpins. (A) G80 RNA. The sequence shown was used in structure
mapping experiments (Figure 2); the shorter termini labeled G80
correspond to the RNA used for melting experiments. (B) H1L RNA.
(C) H2 RNA. Structure mapping results are indicated ®y
cleavage, (square arrowhead)cleavage, and (angular arrowhead),
S, cleavage. Thicker symbols indicate more rapid cutting.

Table 3 to calculate the extent of ion binding,at a given
Mg?* concentration (Wyman & Gill, 1990):

31n(0.5+ 0.5(1+ 4KL)¥3™
’l/ = =

olnL
2mKL

(1+ 4KL)Y? + (1 + 4KL)

3)

RESULTS

ion binding in the present study, we have assumed that each

phosphate is a potential binding site and that one ion interacts

with two phosphates; this nearest neighbor exclusion model
has been used to analyze Mginding to homopolymers
(Recordet al,, 1976). The equation used to fit the data is

R

AH, "

0.5+ 0.5(1+ 4K,L)¥2\"™ @
0.5+ 0.5(1+ 4K L)*2

wherelL is the free ligand (M§") concentrationK; andK,

are ligand affinities for folded and unfolded forms of the
RNA, respectivelyAH; andT; are the enthalpy and melting
temperature of the RNA in the absence of ligand; enid

the number of phosphates involved in the unfolding reaction
(Lainget al,, 1994). The numerator and denominator of the
log term are binding polynomials for excluded site interac-
tions, as given by Hill (1957). A derivative of the poly-
nomial can be used with the association constants given in

Secondary Structure of G80 Pseudoknot RNA and Its
Component Hairpins The sequences and secondary struc-
tures of the RNAs used in this study are shown in Figure 1.
G80 RNA is a fragment of MuLV mRNA from the'&nd
of thepol gene and contains a pseudoknot essential for read-
through of the upstreamag gene termination codon (Wills
et al, 1991). Several mMRNA fragments with differerit 5
and 3-termini were examined in preliminary melting experi-
ments; some of these appeared conformationally heteroge-
neous or otherwise unsuitable for detailed study. G80 RNA
is the shortest sequence that contains all of the nucleotides
essential for wild-type levels of read-through (Wiés al,
1994).

The G80 RNA sequence folds into a pseudoknot in the
context of functional mRNAs (Willet al., 1991, 1994). To
make sure that G800 RNA itself also adopts a pseudoknot
structure, enzymatic probes were used to map its secondary
structure: T and S nucleases are specific for single-stranded
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Ficure 3: Unfolding of G80 RNA. (A) UV melting profiles
obtained at 280 nm (points) with fitted curves (solid lines) for G80
RNA in buffer with 50 mM KCI (black), 100 mM KCI (green),

. : ; 200 mM KClI (red), and 1000 mM KCI (blue). The parameters for
FIGURE 2: - Enzymaltic probing of MuLV pseudoknot and H1 and the fits are listed in Table 1. (B) Excess heat capacity curves

H2 RNAs. Lanes: OH, alkaline cleavage; G,HNase sequencing - .
. . measured for G80 RNA in buffer with 100 mM KClI (black), 200
ladder; 1, 5, and 9, control lanes (no enzyme added); 2, 6, and 1O’mM KCI (red), and 1000 mM KC (blue).

V1 RNase (0.04 unit); 3, 7, and 11; RNase (0.05 unit); 4, 8, and
12, S nuclease (5 unit).
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Loop 1 nucleotides A18 and G19 are readily cleaved by
nucleotides; ¥ nuclease cleaves RNA whose backbone is single-strand-specific reagents in H1 RNA but are less
in an approxima’[e|y helical conformation (Lowman & accessible in the intact pS@UdOknOt, as mlght be eXpeCted
Draper, 1986). At the same time, two additional RNAs that for a short loop spanning a helix groove. In stem 2, G56
duplicate either stem of the pseudoknot, H1 and H2, were and G57 are recognized by single- and double-stranded
synthesized and studied. The results of the probing experi-SPecific nucleases, suggesting some fraying at the end of
ments for G80 RNA are shown in Figure 2, and an the helix. The Iarger |00p 2 must be Weakly structured in
interpretation of the results for all three RNAs is given in Some way, since C42A48 are cut by Y nuclease or S
Figure 1. nuclease. Perhaps the loop adopts a stacked conformation

The structure mapping results are consistent with Ggo parallel to stem 1. At approximately the same loop 2 region
RNA adopting a pseudoknot conformation approximately as @ the \i-sensitive nucleotides are six nucleotides (€44
predicted and with H1 and H2 forming the expected hairpins. A49) that are dispensable for read-through activity (\ells
(Structure mapping with Tand S nucleases in the absence @l 1994); these have been deleted in H2 RNA. The same
of Mg+ gave approximately the same results as shown in deletion in G80 RNA has little effect on its melting behavior
Figure 2.) One ambiguity that arises is the base pair G17- (data not shown).

C26 at the junction between the two stems. G17 is weakly Unfolding of GBO RNA Melting of G80 RNA, as followed
cut by T; and S nucleases but not by\huclease, suggesting by either UV hyperchromicity or calorimetry, takes place in
that it is single stranded at least part of the time. C26 is not two distinct transitions over a range of monovalent and
cleaved by $nuclease and is recognized by Miclease; it divalent ion concentrations (@000 mM KCI with between
must be at least stacked upon stem 1 or stem 2, if not actually0 and 20 mM MgCJ; see example melts in Figure 3).
base paired. The analogous C in H1 RNA is also cut by V Calorimetry experiments used G80 RNA concentrations
nuclease, suggesting that the C can stack without basenearly 100-fold higher than those in the UV experiments.
pairing. Another pseudoknot, from MMTV, also shows Coincidence of the appareiit,s between the two experi-
weak single-strand-specific cuts at a junction nucleotide, andments carried out in the same buffer indicates that the
an NMR study suggests that the stems are not coaxially unfolding steps are unimolecular. The resolution of G80
stacked (Chert al., 1996). RNA unfolding into two major unfolding steps contrasts with
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Table 1: Thermodynamic Parameters for G80 RNA Unfoléling

van't Hoff analysis UV/cal analysis non-two-state
buffer AHyn Tm AAogo JAVAPT AHyn Tm AAzgo APAoso AHyy Tm AHw/AHca
PKzs
trans 1 27.2 38.6 0.063 0.0110
trans 2 50.5 53.8 0.108 0.0540
trans 3 59.7 68.7 0.197 0.0334
PKso
trans 1 514 56.8 0.159 0.0656
trans 2 68.4 76.8 0.176 0.0252
PKio0
trans 1 59.1 61.0 0.165 0.0664 65.3 62.6 0.112 0.0505 59.9 63.6 0.68
trans 2 36.3 73.5 0.044 0.0159
trans 3 71.9 83.6 0.172 0.0236 66.1 84.0 0.110 0.0108 68.2 84.7 0.87
trans 4 29.0 95.0 0.040 0.0250 26 95 0.9
PK200
trans 1 59.8 66.2 0.172 0.0657 65.5 68.3 0.124 0.0501 66.9 67.8 0.83
trans 2 27.3 76.6 0.0213 0.0058
trans 3 72.8 90.8 0.191 0.0336 71.1 89.9 0.129 0.0198 76.3 90.1 0.98
trans 4 35.2 104 0.0183 0.0023 30 104 1
PKio00
trans 1 70.2 76.9 0.171 0.0641 71.9 77.3 0.120 0.0449 74.9 77.8 0.83
trans 2 29.2 87.5 0.0285 0.0179
trans 3 nd nd nd nd 73.2 100. 043 0.0Z 77.3 100 0.91
trans 4 29.3 109 0.02 0.0r 30 109

a Simultaneous fitting of sequential transitions to sets of UV and calorimetry melting data was done as described in Materials and Methods. The
combinations of data sets used were as follows: van't Hoff analysis, two transitions fit to UV melting profiles taken at 260 and 280 nm; UV/cal
analysis, four transitions fit to two UV melting profiles and to calorimetry data; non-two-state analysis, two non-two-state transitionsfitrtetoal
data alone. The fitting parameters are described in Materials and Methods; units are kcal/tildl dod degrees Celsius fdr, Approximate
errors arely, +0.7 deg, and\H andAA, +15%. nd, transition temperature too high for parameters to be deterniiBetfers are 5 mM potassium
phosphate plus the millimolar concentration of KClI indicated by the subséMatlues were fixed to these values for fitting, since UV data do not
extend past-90 °C.

some other pseudoknots that melt in a single major transitionthe temperature range above 10C to obtain high-
(Wyatt et al., 1990; Qiuet al., 1996). temperature baselines in these experiments. However, only

Both G80 RNA unfolding transitions show a larger ~50% of the RNA is recovered intact after scanning to 125
percentage hyperchromicity at 280 nm than at 260 nm, which °C. In control experiments, it was found that intact G80
is a consequence of the G-C richness of the two pseudoknotRNA can be recovered after incubation at 90. We
stems. Melting profiles were fit to sequential two-state therefore presume that the broad transition at-1016 °C,
transitions (Draper & Gluick, 1995), simultaneously con- apparent in the experiments with 100 and 200 mM KCl, is
sidering both 260 and 280 nm data sets. By constraining principally due to RNA hydrolysis. As an approximate way
the transition melting temperatures and enthalpies to beto factor out this hydrolysis, we included an additional two-
identical between data sets collected at two different state transition at high temperatures96 °C) in the data
wavelengths, closely spaced unfolding transitions are moreanalysis.
reliably identified than possible with hyperchromicity data It is not possible to fit the calorimetry data with the
collected at only one wavelength (see Materials and Meth- parameters derived from the van't Hoff analysis of UV
ods). At salt concentrations aboveb0 mM, the ratio of melting data, as the total calorimetric enthalpy of unfolding
hyperchromicities at 260 and 280 nm remains constant (after factoring out high-temperature hydrolysis) is-2®
through each of the melting profile peaks, and the data arekcal/mol larger than the sum of the van’t Hoff enthalpies of
fit very well by two transitions. At the lowest salt concen- the two transitions (Table 1). Two alternatives exist. One
tration the first peak broadens and its apparfgris different is to assume the existence of a third transition, not apparent
at 260 and 280 nm; this melting profile required inclusion in the UV melting profiles. At any one salt concentration,
of a third transition. The resulting parameters are listed in the excess heat capacity curve and UV melting profiles at
Table 1. The van't Hoff enthalpy of the first unfolding step 260 and 280 nm could be simultaneously fit by three two-
increases from 51 to 70 kcal/mol as the salt concentration isstate transitions (in addition to the transition attributed to
raised from 50 to 1000 mM, even though it is fit by a single RNA hydrolysis); an example fit is shown in Figure 4A. The
two-state transition over this range. Since RNA unfolding fitted parameters are listed in Table 1 (UV/cal analysis); the
enthalpies are not strongly salt dependent (Breslatat,, total enthalpy of unfolding is approximately the same at all
1975; Williams et al, 1989), this suggests that the first three salt concentrations (16474 kcal/mol). The “extra”
unfolding step is only approximately two-state at lower salt transition appears in between the two larger enthalpy
concentrations. transitions.

For a further check of the applicability of two-state The alternative way to account for the calorimetry data is
behavior to G80 RNA unfolding, calorimetry experiments to assume that the two unfolding transitions are not accurately
were carried out; excess heat capacity curves at three saltlescribed by a two-state model. Two transitions with ratios
concentrations are shown in Figure 3B. Because G80 RNA of van't Hoff to calorimetric enthalpies betweerD.7 and
is very stable at the salt concentrations needed to inducel.0 give excellent fits to the data (Figure 4B). The
approximately two-state behavior, it was necessary to extendapproximation of two-state unfolding improves at higher salt
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Ficure 4: Deconvolution of G80 RNA calorimetry data. Parameters FIGURE 5: Melting profiles of H1 and H2 RNA in buffer with 50
are given in Table 1. (A) Four two-state, sequential transitions. mM KCI. (A) H1 RNA: 280 nm () and 260 nm £ —). (B) H2
Curves: experimental heat capacity (thif), fitted total heat RNA: 280 nm () and 260 nm { —).

capacity @), transition 1 (medium-), transition 2  —), transition

3 (---), and transition 4 (thick-). (B) Three sequential transitions,  the total enthalpy of unfolding; the simplest model assumes

with the first two transitions non-two-state. Curves: experimental : : .
heat capacity (thin-), fitted total heat capacity®), transition 1 that unfolding occurs in only two, approximately two-state,

(medium—), transition 2 & —), and transition 3 (thick-). steps. For the studies of iefpseudokno_t interaction_s
described below, we use a van't Hoff analysis of UV melting

concentrations. The total enthalpy of unfolding is of course data. The deviation from two-state behavior introduces only

similar to that obtained with three two-state transitions; the @ small error into our measurements.
difference between the two deconvolutions in Figure 4 is  Unfolding of Hairpins H1 and H2 To see if the two
the presence or absence of a cooperatively unfolding structureunfolding transitions of G80 RNA could be identified with
of ~30 kcal/mol. The two larger enthalpy transitions the individual stems of the pseudoknot, we examined the
presumably represent melting of the two stems (see analysismelting behavior of hairpins H1 and H2 (Figure 1). Melting
of individual hairpins below). profiles of these RNAs in 100 mM KCI buffer are shown in
The minimum enthalpy expected for G80 RNA unfolding Figure 5. We argue from a comparison of thermodynamic
can be estimated by adding the nearest neighbor base stackingarameters between the hairpins and G80 RNA that stem 1
enthalpies for the two helical stems shown in Figure 1 melts first, followed by stem 2.
(Turneret al, 1988); the value is 139 kcal/mol. This is  The hyperchromicity of melting H2 RNA is proportioned
approximately the van't Hoff enthalpy calculated from into a broad, nearly indistinct low-temperature transition and
analysis of the UV melting curves alone at higher salt a sharp, high-temperature transition (Figure 5B). Parameters
concentrations (Table 1). Stacking dfrfucleotides onthe  from two-wavelength analysis of these melting profiles at
two stems and coaxial stacking between the two pseudoknotkC| concentrations between 25 and 1000 mM are given in
stems could add 24 kcal/mol to the unfolding enthalpy Table 2. All of the melting profiles could be fit with two
(Turner et al, 1988). The total enthalpy found in the transitions. The broad transition has an apparent enthalpy
calorimetry experiments (166170 kcal/mol) therefore cor-  that increases from 11 to 25 kcal/mol over this range of salt
responds quite reasonably to the enthalpy expected forconcentrations, while it§;, increases from 41 to only 62
unfolding of the pseudoknot secondary structure alone. This°C. This ill-defined transition probably corresponds to
correspondence between predicted and measured calorimetriginfolding of a mixture of weak structures within the large
enthalpy of unfolding, together with the deviations from two- hajrpin loop. The second transition has a large van't Hoff
state behavior already noted for the first UnfOlding transition, entha]py’ Varying between 57 kcal/mol at 25 mM KCI and
SUggeSt that the pseUdOknot Unf0|ding is better described by69 kcal/mol at 200 mM KC|, and the associated hyperchro-
two unfolding steps that deviate from two-state behavior. micity at 260 nm is only 1317% of that seen at 280 nm. A
To summarize our conclusions from the UV and calorim- larger 280 nm hyperchromicity is expected for the melting
etry melting experiments, G80 RNA unfolds in two major of the entirely G-C stem (Puglisi & Tinoco, 1989). There
steps. The first unfolding deviates strongly from two-state is a striking correspondence between the salt dependences
behavior at KCI concentrations less than 50 mM. At higher of the second transitiofi,s of H2 and G80 RNAs (Figure
salt concentrations, van't Hoff analysis still underestimates 6). This correspondence suggests that stem 2 is the last
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Table 2: Thermodynamic Parameters for H1 and H2 RNA to the first pseudoknot unfold'ing'step. Although the same
Unfolding? stem base pairs may be melting in each case, the context of

H1 RNA H2 RNA the stem differs in the two RNAS: H1 has_a hairpin loop

where G80 RNA has stem 2 intact. Comparison of HL RNA

buffe® AHw Tm Ao Ao AHw Tm Ao Ao Tms with those of the first GBO RNA transition shows that
PKes the stem is somewhat more stable in the pseudoknot (Figure

o} 01 539 00990 00010 145 407 0452 S9879 6), consitent with the HL hairpin oop contibuting a arger

PKso unfolding entropy. It is also noteworthy that H1 unfolding
trans1 28.3 59.2 0.0455 0.0820 13.4 46.0 0.144 0.0906 deviates from two-state behavior much more strongly than
trans2 35.7 68.4 0.273 0.0537 64.7 75.5 0.135 0.0163 does the G80 RNA first unfo|ding step; in some way the

P'ilrg’ns 1 312 633 0.0521 00785 158 48.2 0.1382 0.0874 pseudoknot context must promote cooperative unfolding of

trans2 359 725 0.264 00591 64.4 82.2 0.148 00218 the stem. _
PK200 Effects of Monoalent lon Identity on Pseudoknot and

trans1 349 67.9 0.0763 0.0801 18.1 533 0.139 0.0880 Hajrpin Stabilities Increasing concentrations of monovalent

P;I;:SZ 412 766 0237 00607 69.3 88.2 0.143 0.0246 j5ng stabilize duplex nucleic acids, and within group IA alkali

trans1 36.4 77.4 0.0916 0.0760 25.3 62.0 0.119 0.0735 metals, helix Stability is onIy Weakly sensitive to the ion
trans2 48.0 82.2 0.188 0.0607 nd nd nd nd type: smaller ions slightly decrease duplex DNA stability

a Simultaneous fitting of sequential transitions to UV melting profiles (N@jah-Zadefet al, 1995). Group IA ions have an opposite
taken at 260 and 280 nm was done as described in Materials andand much more dramatic effect on the stability of tRNA
Methods. Units are kcal/mol fokHy4 and degrees Celsius fak,. nd, tertiary structure: the first unfolding transition of yeast
Eransition temperature too high for parameters to be determined. {RNAPeis 25° more stable in L than in Cg (Urbankeet
tig#fg?rzgﬁn%irga“fezogsi';rlﬁggiﬁgfte plus the millimolar concentra- al., 1975; Heerschagt al, 1985). With these considerations

in mind, we explored how monovalent ion type would affect
the stability of G80 and H1 RNAs.

Example melting profiles of G80 and H1 RNAs in buffers
with 200 mM LiCl or CsCl are shown in panels A and C of
Figure 7. Melting profiles obtained in each of the group IA
metal ions and Nkt were analyzed in terms of two two-
state unfolding transitions, and thigs are plotted in Figure
7B,D as a function of ionic radius. For G80 RNA, tfig
of the first unfolding step varies inversely with the ionic
radius for the group IA ions, and NH is more stabilizing
than would be predicted on the basis of its size. The same
qualitative trend in transition stability is observed for salt
NN — concentrations of 50 or 1000 mM as well (data not shown).
10 100 1000 H1 RNA is also less stable in CsClI than in LiCl, though

[KCI], mM the differences between melting profiles in the two salts are
FIGURE 6: Summary of melting temperature salt dependence for NOt as large as for the G80 RNA first transition (Figure
G80, H1, and H2 RNAs: H1 RNA transition 1}, H1L RNA 7A,C). It is apparent that the overall cooperativity of H1
transition 2 @), H2 RNA transition 2 &), G80 RNA transition 1 unfolding is higher in LT than in C$. When these melting
(#), and G80 RNA transition 2x). Lines fit to G80 RNAtransition 1y rqfiles are analyzed in terms of two transitions, it is only
1 and transition 2 have slopes of 14.7 and 23.5 deg, respectlvely.the first transition that is affected by the ion identity (Figure
pseudoknot structure to melt. The pseudoknot unfolding is 7D).
consistently~2° higher than ther,, of H2, for unknown Effects of Dialent lons on Pseudoknot StabilityMg?*
reasons. is known to strongly favor pseudoknot formation, and in

H1 RNA melts in a single, broad transition (Figure 5A), some cases a pseudoknot fold is adopted at moderate
and at KCI concentrations of 200 mM or less the apparent monovalent salt concentrations only if millimolar concentra-
Tm at 260 nm is lower than at 280 nm. Either melting in tions of Mg" are also present (Wyatt al, 1990). A
two steps with closely spacgs or non-two-state unfolding  quantitative way to analyze the effects of ¥Mgon RNA
(such as “fraying” of base pairs) could account for this stability is to plot 1Ty, vs log[Mg?']; the slope of the
behavior. We simply used two-wavelength analysis to obtain resulting curve at a particular Mgconcentration is related
parameters for two transitions from these data (Table 2). Theto the number of ions released in the unfolding reaction,
total van't Hoff enthalpy increases from 64 kcal/mol at 25 by
mM KClI to 84 kcal/mol at 1000 mM. The predicted nearest
neighbor base pair stacking enthalpy for H1 is 78 kcal/mol, Ay = _ AH d(/1,)

. . ) L py=—-—— 4

in good agreement with the van’t Hoff enthalpy in higher R g In[Mg”]

salt. Itis not possible to decide whether the H1 stem actually

melts in two distinct steps or whether A-U pairs near the whereAH is the enthalpy of the RNA unfolding transition
bulged A (which should have a larger hyperchromicity at andR is the gas constant. If an RNA has specific, high-
260 than the rest of the stem) tend to melt before the rest ofaffinity sites for Mg*, the plot may be linear to high ion
the helix. concentrations; if there is only weaker, delocalized?Mg

Since we have identified the second G80 RNA unfolding binding to both folded and unfolded forms of the RNAy
step with stem 2, melting of H1 RNA should be analogous will decrease at high ion concentrations and the plot will be

100
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Ficure 7: Monovalent ion type affects the thermal stability of G80 and hairpin | RNAs. (A) Melting profiles of G80 RNA determined in
buffer with 200 mM monovalent salt: LiCl at 280 nm (black solid line) or 260 nm (black dashed line) and CsCl at 280 nm (red solid line)
or 260 nm (red dashed line). (B), versus ionic radius for G80 RNA (transition 1) in buffer with 200 mM monovalent salt: group IA ions
(®) and NH;™ (O). (C) Melting profiles of H1 RNA determined in buffer with 200 mM monovalent salt: LiCl at 280 nm (black solid line)

or 260 nm (black dashed line) and CsCl at 280 nm (red solid line) or 260 nm (red dashed lin&), {B)sus ionic radius for H1 RNA

in buffer with 200 mM monovalent salt: transitionT}, for group IA ions @) and NH;™ (O); transition 2T, for group IA ions @) and

NH4* (©).

curved (Lainget al,, 1994). In one study of a pseudoknot, enthalpies decrease by only very small amounts. Similar
1/ vs log[Mg?t] was a straight line yieldingwv ~ 1, which linear behavior was obtained when Mg@!as included in
was tentatively interpreted in terms of a singleginding the buffer, though the slopes change significantly between
site within the pseudoknot (Qiet al, 1996). We have 0.1 and 1.0 mM MgGl (Figure 9C). Linear extrapolation
examined the effects of various divalent ions on the stability to 0% urea, using data taken between 10% and 50% urea
of G80 RNA to see if we can find evidence for specific consistently underestimatdss and enthalpies by a small
pseudoknotMg?* interactions. amount,<1%. These small differences suggest that there

Figure 8A shows the effects of a 0.5 mM concentration is slight curvature in the plots, but for our present purposes
of several divalent ions on the first unfolding step of G80 we have not tried to define this further. We conclude that
RNA in buffer containing 200 mM KCI. (A high salt urea simply shifts GB0O RNA melting profiles to lower
concentration was chosen to promote two-state behavior intemperatures without altering the fundamental characteristics
this transition.) Divalent ions differ in their effectiveness of the unfolding reaction.

at stabilizing the pseuoknot: the order of stabilization is  |n the presence of 50% urea, both G80 RNA unfolding
Mn?* > Mg*" > SP* ~ Ba?* > Ca*, over about a 2-fold  transitions could be followed at divalent metal ion concentra-
range of free energy. Note that the trend among the grouptions up to 30 mM (Figure 10A). Figure 10B plotsT4/of
IIA ions does not correlate with ionic radius, as?Cas the first transition vs log[M] for Mn2*, Mg?", and B&".
slightly less effective than the larger’Srand B&". Above 5-10 mM M2*, the slopes of the curves are clearly
A plot of 1/Ty, vs log[Mg?*] for three of the ions is shown  becoming less negative. These data were fit to a model that
in Figure 8B. The apparent number of ions released is aboutassumes (i) every phosphate is a potential kinding site
1 for Mn?" and 1.4 for M@* and B&*. A problem with and (ii) ions interact nonspecifically with the RNA backbone
this analysis is that the high initidl, of the pseudoknot in  with an excluded site size of two phosphates (eq 2 of
200 mM KCI means that a relatively narrow range of divalent Materials and Methods). The two variables in the model
ion concentrations can be examined; to estimate the relativeare the affinities of the ion for folded and unfolded states of
affinity of divalent ions for folded and unfolded forms of the RNA. The curves shown in Figure 10 have been fit to
the pseudoknot, it is necessary to obfis at 10-fold higher  this model using 16, the number of nucleotides in stem 1,
ion concentrations. as the number of phosphates; calculated binding affinities
To increase the accessible range of ion concentrations, weare given in Table 3. Doubling the number of phosphates
used urea to decrease the transiflgs. TheTys and van't involved in the unfolding reaction lowers the calculatedM
Hoff enthalpies derived from G80 RNA melting profiles in  binding constant for the folded form by about 25% and
increasing urea concentrations are plotted in panels A andincreases its affinity for the unfolded RNA by about the same
B of Figure 9. The dependences of thgs on percentage  amount, without significantly changing the quality of the fit.
urea are linear to within experimental error, and van't Hoff Lowering the number of phosphates below 12 results in
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Ficure 8: Divalent ions stabilize G80 RNA. (A) Melting profiles
of G80 RNA in buffer with 200 mM KCI {-) and 200 mM KCI
and 0.5 mM BaCl (#), CaC} (®), SrCh (— —), or MnCl, (---).
(B) 1/Ty, as a function of log [M*] for G80 RNA transition 1 in
200 mM KCI and different divalent ions. UsinyH,y = 65 kcal/
mol, Av calculated using eq 3 is 1.3 for BaQ#), 1.41 for MgC}
(a), and 1.03 for Mndl (@).
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FIGURE 9: Increasing urea concentrations destabilize G80 and H2
RNAs. Melting experiments were carried out in buffer with 200
mM KCI. (A) Dependence of transitiof,, on urea concentration
(w/v) for G80 RNA and H2 RNAs. G80 RNA: transition +-@—)

and transition 2l—). H2 RNA: transition 1 (4--) and transition

poorer fits. In particular, curves generated with the assump- 2 (--a--). Least squares fits of lines excluded the points at O urea.

tion that there is one ion binding site with different affinities

(B) Dependence oAH,4 on urea concentration for G80 RNA and
H2 RNAs. G80 RNA: transition 1-{@—) and transition 2{H—).

in the folded and partially unfolded intermediate forms cannot H2 RNA: transition 1 (#--) and transition 2 (--). Least squares

account for the data. Curved plots offd/vs log[M?*] were

fits of lines excluded the points at 0 urea. (C) Dependence of G80

also obtained for the second G80 RNA unfolding step (Figure RNA transition 1T, on urea concentration at different MgCl

10C). (Data for MA" were unreliable due to significant
RNA hydrolysis at high temperatures.) The estimated M
affinities for the completely unfolded RNA are weaker than

concentrations (with 200 mM KCI). The ranges of urea concentra-
tions used to find di,,)/d[urea] were 0 M§", 5—50%; 0.1-5 mM
Mg?t, 10-50%; 10 mM Mg™", 20-50%.

those for the folded and intermediate forms, as expected pjlity of the approach by allowing closely spaced transitions

(Table 3).
As a check of the effects of urea on Rig-RNA
interactions, the Mg dependence of th&, for transition 1

to be resolved, but the technique may still seriously
underestimate the number of unfolding transitions and the
total enthalpy of unfolding. Scanning calorimetry in prin-

has been extrapolated to 0% urea using the data of Figuregiple provides a direct measure of the unfolding enthalpy,
9C. These extrapolated points are plotted in Figure 10D andthough in practice errors can arise because of RNA hydrolysis

correspond well to the data in Figure 8B for points below 2
mM Mg?t. The calculated MY affinities are 2-3-fold
higher after extrapolation, but the difference in affinities
between fully folded and partially unfolded pseudoknot is
still relatively small (Table 3).

DISCUSSION

Pseudoknot Unfolding Energeticdn the present work,
both UV hyperchromicity and calorimetry were used to
follow G80 RNA unfolding. UV melting experiments are
useful for scanning a large number of buffer conditions with

and uncertainties in interpolating a baseline between high
and low temperatures. A combination of UV and calorimetry
experiments is a more reliable way to analyze multistate
RNA melting data than either approach alone, especially if
a wide range of buffer conditions can be examined (Draper
& Gluick, 1995).

We have obtained a consistent picture of the pathway and
energetics of G80 RNA unfolding by combining melting data
from UV hyperchromicity and calorimetry experiments on
the intact pseudoknot and its component hairpins at different
salt concentrations. Stem 1 melts before stem 2, and the
total enthalpy of unfolding is approximately independent of

a moderate amount of material and can be analyzed to yieldsalt concentration. However, unfolding deviates strongly

van't Hoff enthalpies for a minimum number of transitions.

from two-state behavior at low salt concentrations, and only

Two-wavelength analysis considerably improves the reli- at fairly high salt concentrations=@00 mM) are two-state
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Ficure 10: Binding of divalent ions to G80 RNA. (A) Melting profiles of G80 RNA in buffer with 200 mM KCI, 50% urea, and 0 (black),
0.1 mM (red), 0.2 mM (dashed green), 1 mM (dashed black), or 2 mM (green) MdJIDependence of Tf, of transition 1 on log [M™]

for several divalent ions: Baglblack), MgCh (green), and MnGl(red). Buffer conditions are as in panel A. (C) Plot of JNl versus
1/T, for GB0 RNA transition 2, using conditions as in panel B: Mg@red) and B&" (black). (D) Extrapolation of G80 RNA transition 1
Tms to 0% urea using slopes in Figure 9C. Solid lines in panels B, C, and D are fits to eq & with6; binding constants are listed in
Table 3.

Table 3: RNA Binding Affinities of Divalent lorfs neceesary to postulate additional interactions beyond the
secondary structure diagrammed in Figure 1.
RINA L Mo™ B Mn® Unf Id'y thermod o ftw ’ th doknot
GBORNA trans1  0.2M,50%urea 300 300 580 nfoiding thérmodynamics of two other pseudoknot.
130 120 290 sequences have been studied. One is a model sequence with
0.2M, 0% ured 710 stems of three and five base pairs; it is relatively unstable
220 and forms a hairpin structure unless buffers contain 0.5 M

GBORNA,trans 2 0.2 M, 50% urea 9360 6820 m;“d NaCl or millimolar concentrations of Mg (Wyatt et al,

72 RNAC 01M 480 1990). The other pseudoknot is a structure from T4 gene
260 32 mRNA and is thought to be a recognition site for gene
poly(A)—poly(U)2  0.2M 230 32 protein. With stems of four and seven base pairs, it is
poly(A)—poly(U)* ~ 0.2M 150 more stable than the model pseudoknot and forms in 50 mM
gg:ﬁﬁ))e 8'%” 1;18 NaCl in the absence of Mg (Qiu et al, 1996). Both

a2 The two constants reported for G80 RNA transitions and for 72 pseudoknots apparently melt in a single unfolding step, with

9, H 0 H
RNA are ion affinities for folded and unfolded forms of the RNA, van' quf enth_alples Only.6575/0 of those predlcted from
obtained by analysis of the ion dependence of melting temperatures as0@S€ pair stacking enthalpies alone. For the model pseudoknot
described in the text. Errors are abet5% for determinations in 50%  Sequence, this discrepancy was interpreted as a distortion of
urea and+25% for the extrapolation to 0% urea. Other data were helix structure that reduced base stacking in the completely
obtained by direct measurement of binding isotherms as noted in cited {g|ded molecule (Puglisét al, 1991). On the basis of our

references. Binding constants are®P Binding affinities extrapolated e . - .
to 0% ureatNot determined; hydrolysis was too severe at high findings with G80 RNA, it seems more likely that these two

concentrations of MAt. 4 Data taken from Lainet al, 1994.¢ Ex- pseudoknots actually unfold in two closely spaced transitions
trapolated from data taken at lower salt concentrations (Restoad], and that two-state analysis has underestimated the total
1976) using the data of Krakauer (1971). unfolding enthalpy.

Monavalent lons and Pseudoknot Stabilitfrhe negative
transitions adequate models for the unfolding. The total charge of long polynucleotides is partially neutralized by
enthalpy of unfolding;~170 kcal/mol, is approximately the  accumulated counterions, whose concentration near the
guantity expected from nearest neighbor base stacking ofnucleic acid surface is approximately independent of the
stem base pairs and adjacent nucleotides, and it is notsolution salt concentration. Counterion condensation theory
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predicts a simple relation between linear charge density of The trend we observed for H1 and G80 RNA stabilization
the polynucleotide and the fraction of a counterion bound by alkali metal ions would be explained, according to
per nucleotide phosphate (Manning, 1978). The salt depend-Eisenman’s proposal, if monovalent ions are partially
ence of thel,, of a polynucleotide is a measure of the number dehydrated and in a high charge density environment when
of ions released in the unfolding; this number, in turn, reflects bound to these RNAs. The spacing of negative charges in
the difference in charge density between the two forms a double helix is too large for an ion to interact with more
(Record, 1975). In DNA oligomers, end effects decrease than one phosphate at a time, and, as pointed out above, a
the extent of ion binding, and the dependence of the melting helix consequently does not discriminate among different size
temperature on salt concentration becomes less steep (ElsoiPns. But conceivably the bulged A or hairpin loop of H1

et al, 1970). However, the salt dependence of Thestill could create a higher charge density that favors binding of
reflects the difference in charge density between duplex andsmall ions, and preferential ion binding in these regions might
single-stranded oligomers. enhance two-state melting behavior. In the pseudoknot, loop

1 and loop 2 cross stem grooves and possibly create regions

The data in Figure 6 show that pseudoknot stem 1 . ; X )
unfolding is only 60% as sensitive to salt concentration as .Of unusually high charge density that selectively bind smaller

ions. Whether monovalent cations are actually dehydrated
stem 2, even though the two stems have about the sam . :
) . . 0 some degree when bound to the pseudoknot will require
unfolding enthalpies and number of nucleotides. For com-

arison. the number of ions released per phosphate for tri Ie_further work to substantiate. However, it is notable that
parison, ; per pnosp ortriplespRNA tertiary structure shows the same selectivity for small
helical poly(A)-poly(U) melting to a duplex and single

strand is only~70% of the value for poly(A)-poly(U) ions as G80 RNA, but with a more dramatic®2&ifference

melting (Manning, 1978). This suggests a rough cor- in stability between Li and Cg (Urbankeet al., 1975;

S99, ? . Heerschapt al., 1985). A ribosomal RNA tertiary structure
respondence between charge densities in the unfolding serie e ) I ary STiet

) . . % selective for NH" and K" over other ions (Wangt al.,
pseudoknot— intermediate (stem 1 unfolded, stem 2 intact) 1993). It may be that monovalent ion selectivity is a

— single strand and the series triplex duplex+ single o, mon feature of the high charge densities created by RNA
strand— single strand. In principle, model calculations of tertiary structures.

th t [ H 1994) to calcul
@ sort used by Olmsted and Hagerman (1994) to calculate Divalent lons and Pseudoknot Stabilitj¥ig?" and other

the excess ion accumulation near a DNA four-helix junction losed shell alkali h cai hought (o i ith
could be used to quantitatively estimate the salt dependenc%&sf shell alkaline earth cations are thought to interact wit
of pseudoknot unfolding transitions. as hydrated ions in z?\n entlr_ely delocalized fashl_on
i ) ) (Skerjanc & Strauss, 1968; Manning, 1977), and no site-

The size of group IA metal ions has little effect on the oyng interactions of these ions with duplex DNA can be
extent Qf their binding to DNA.. In an NMR study of the detected by Raman spectroscopy (Dugetidl., 1995). But
competition between different ions, the order of binding the irregular structure of an RNA can clearly create sites
affinites was Cs > K* > Li™ > Na', but the largest  capable of chelating metal ions, as observed in RNA crystal
difference in affinities was less than a factor of 2 (Bleem  stryctures (see introduction). We were interested to know
al., 1980) This insenSitiVity to ionic radius is consistent whether the known Sensitivity of pseudoknot foiding toq‘iﬂg
with these ions remaining fully hydrated when bound to is a consequence of site-specific interactions, perhaps near
DNA. Similarly, the variation in poly[d(A-T)]Tm among  the helix junction as proposed by others (Pugdtsal., 1990),
equal concentrations of NaCl, KCI, and CsCl was less than or whether delocalized binding can account for pseudoknot
1.5° (Najah-Zadehet al, 1995). Thus it was unexpected stability in the presence of Mg.

that G80 and H1 RNAs would show a distinct preference 1o mejting experiments presented here sense only those
for small ions over larger ones (Figure 7). divalent ions released upon unfolding of the pseudoknot
A similar size-based discrimination among group IA ions structure. Thus the binding constants listed for G80 RNA
is seen in some ion-specific glass electrodes (which arein Table 3 do not necessarily refer to all the ions bound to
essentially cation exchangers) and membrane ion channethe RNA (as would be observed by equilibrium dialysis or
proteins. Eisenman has qualitatively explained this kind of other measure of a binding isotherm) but only those whose
selectivity as a balance between an unfavorable free energyaffinities alter upon RNA unfolding. In considering the
of ion dehydration and a favorable Coulombic energy. These thermodynamic contributions of divalent ions to pseudoknot
two factors depend on ion radius in opposite ways: dehydra- stability, it is precisely this group of released ions whose
tion is energetically more costly for smaller ions, but smaller affinities are needed. Unfortunately, melting experiments
ions can also approach negative charges more closely andcannot easily resolve classes of ions with different binding
recover a larger electrostatic free energy (Eisenman, 1962;affinities: constants in Table 3 are average affinities for all
Eisenman & Horn, 1983). Thus ion binding affinity is the ions released in an unfolding step. Hence the problem
expected to be inversely proportional to radius in a “high- arises of how to distinguish any site-specific interactions from
field” environment where (i) ions are at least partially the expected background of delocalized, nonspecific interac-
dehydrated and (ii) there is a high density of negative tions. Toward a resolution of this problem, Table 3 also
charges. Conversely, Cswill be preferred over Lf in a lists Mg?*—RNA binding constants measured for homopoly-
dehydrating environment with low charge density, where the mers and a hairpin, for comparison to G80 RNA ion
cost of dehydration is not as strongly offset by electrostatic affinities, and we offer several comments:
interactions. This idea has been invoked to interpret the (i) Delocalized binding cannot be ignored in considering
preference of G-quadruplex structures for binding ¢¢er the stability of the pseudoknot. Stem 2 of G80 RNA
Na' in the dehydrated channel formed by guanosine basesprovides an internal control, in that its structure at high
(Hud et al., 1996). temperature is simply a helix and single strands; no special



16184 Biochemistry, Vol. 36, No. 51, 1997 Gluick et al.

Mg?" binding pockets are expected. Yet its stability is  On the basis of the affinities and weak selectivity of G80
clearly sensitive to divalent ion concentrations in the same RNA for divalent ions, we suggest that the pseudoknot has
concentration range as the intact pseudoknot.2Mdfinity a limited region (perhaps five phosphates) that (i) binds
for duplex RNA is weak, but it can be calculated from the divalent ions with higher affinity than expected for a regular
affinities in Table 3 (using eq 3 in Materials and Methods) duplex and (ii) makes some direct contacts with ions. The
that the number of Mg ions electrostatically bound to a 16- junction of the two helices is an obvious location for such
nucleotide segment of duplex RNA (the length of stem 1) site(s), and Puglisit al (1990), in an NMR study of a model

in 0.2 M monovalent salt is about 1.7, and about 0.4 of these pseudoknot, have pointed out a close juxtaposition of loop
are released upon melting of the duplex to single strands.phosphates that would create both a high electrostatic field
This number of released Mg ions is of the same order as theand the opportunity for weak ion chelation by direct contacts.
1.4 ions measured for melting of the pseudoknot stem 1. The junction might be considered an “intermediate” ion
Although a 16-nucleotide duplex will behave somewhat pinding region, containing several “sites” in between highly
differently in the contexts of a pseudoknot or long polymer, |igated specific sites and purely delocalized binding in
this rough calculation suggests that the number of Mg ions character. Strong electrostatic interactions and few direct
released in pseudoknot melting must contain a significant RN A contacts should enhance the ion binding affinity over

contribution from nonspecifically bound ions. delocalized ions but yield only weak selectivity based on
(if) The pseudoknot appears to bind divalent ions more jj, size.

tightly (on average) than hairpin or duplex RNA. Even in . ,
the presence of urea, the average affinity of ions for the There are few R',\IAS for' which crystgllogra'phllc and
folded pseudoknot is about twice as large as for poly(A)- thermodynamic studies of divalent metal ions bllr‘1_d|ng can
poly(U), and the value extrapolated to 0% urea is about 5-fold P& correlated. Of some relevance as a potential “intermedi-
larger than for duplex and 3-fold larger than for triplex @at€” ion binding site is the U-turn fold conserved in
RNAs. This suggests that there is a region with a higher hammerhead ribozymes and tRNA anticodon loops. It is
charge density than triplex RNA or that there are specific Known to bind Mg or PK* by coordination to one
chelation site(s). Equation 2 can be modified to take into Phosphate and hydrogen bonding via water to two or three
account two classes of binding sites, by substitution of ~ bases (Holbroolet al, 1975; Brownet al, 1985; Scottet
al., 1995), has an affinity of @2) x 10° M~ for Mg?* in
(0.5+ 0.5(1+ 4K,L)"3"(0.5+ 0.5(1+ 4K, L)¥3™" 0.14 M monovalent salt, and discriminates only weakly
(%) between different divalent ions (Labuda & Bohke, 1982;

in the numerator of the log term. There is no unique set of Bujalowskiet al, 1986; Mengeet al., 1996). Itis an order
Ki, Kz, andn values for the Figure 10 data, of course, but Of magnitude weaker in affinity than the strongest #g
this equation can be used to estimate an upper limit on ion binding site in tRNA (Stein & Crothers, 1976), which is
affinity for a class ofn sites. For instance, if five potential ~ probably more deeply buried within the tRNA structure
tight sites are assumed, the binding data in the absence obetween the D andC loops (Jaclet al,, 1977; Draper,
urea (Figure 10D) can be fit witK; as large as 2« 10° 1985).

M~ In this case, the 11 remaining weak sites bind withan |t js instructive to compare the relative contributions to
affinity of 240 M™*, and binding to the partially unfolded  pseudoknot stability of intermediate sites vs nonspecific,
pseudoknot is 140 M. The latter two affinities are  gelocalized sites. Using the maximum affinity estimated in
reasonable for nonspecific Mg binding to folded and (i) apove for five stronger sites, calculations show that the
partially unfolded forms (compare homopolymer affinities free energies of binding the stronger and weaker classes of
for Mg?" in Table 3). If fevx_/er and tighter sites are assumed j5ns are nearly equal over the concentration rang&mm
(e.g., forn=2,K,is a maximum of 5< 10°M™), thenthe ~ \102+ * This estimate underscores the importance of non-
remaining weak sites are much stronger than expected forgneific jon binding in the stabilization of RNA structures.
nonspecific binding to duplex or triplex RNAKE = 370 Calculations by Olmsted and Hagerman (1994) on four-

M™Y. N
. . branch DNA molecules suggested that a significant excess
(iii) The weak selectivity of the pseudoknot for divalent of counterions accumulates in the junction region, relative

ions suggests that there is only a small site-specific COMPO-4 ' |inear DNA. They pointed out that junction stability

nent in Its interactions W't.h lons. Asf d|scus_sed for mono should therefore show increased sensitivity to monovalent
valent ions, delocalized binding of divalent ions should be . - .

. . c2 . salt concentrations and that positively charged ligands (such
essentially independent of ionic radius. The range of + . . . .

L ) . . . as Mg") should preferentially bind near the junction. The
pseudoknot stabilities seen in Figure 8A with different high charae densities that develop within RNA tertiar
divalent ions is therefore suggestive of some localized 9 9 - P . y

structures must similarly accumulate a dense cation atmo-

interactions. However, these small, differences can be L ) L
caused by only slight (less than 2-fold) differences in ion sphere, and the unusual sensitivity of RNA folding to ionic
conditions may be in large part due to interactions with

binding affinities (Table 3). For comparison, two high- : :
affinity ion sites in a ribosomal RNA fragment show-10 delocalized ions.
50-fold discrimination between Mg, C&', and B&"
(Bukhman & Draper, 1997). Thus divalentions are probably A cxNOWLEDGMENT

not extensively coordinated to the pseudoknot. fMis

known to bind to N7 of DNA purines under conditions where

similar interactions of alkaline earth cations cannot be We thank the Johns Hopkins Biocalorimetry Center for
detected (Duguickt al., 1995), which may account for its  help with preliminary experiments and Dr. Dong Xie of
higher affinity for both folded and unfolded RNA.] SAIS, Frederick, MD, for the use of the calorimeter.
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