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ABSTRACT:. Thermal denaturation of the human telomerase RNA (hWAB177 pseudoknot and hTR p2b
hairpin was investigated by dual UV-wavelength absorbance spectroscopy in aqueous glycine betaine
and urea solutions. The hTRU177 pseudoknot contains two hetifoop interactions that comprise the
tertiary structure, as well as a GC-rich 6 bp stem (stem 1) and an AU-rich 9 bp stem (stem 2). The p2b
hairpin also contains GC-rich stem 1 and a unique uridine-rich helix with a pentaloop. Glycine betaine
stabilizes the pseudoknot tertiary structure in 138 NaCl and facilitates only a minor destabilization of
tertiary structure in 40 m NaCl. As with double-helical DNA, glycine betaine interacts more strongly
with the surface area exposed upon unfolding of GC-rich stem 1 than either AU-rich stem 2 or the hairpin
uridine-rich helix. Urea was shown to destabilize all RNA pseudoknot and hairpin secondary and tertiary
structures but exhibits a stronger preferential interaction with AU-rich stem 2. Correlating these interactions
with water-accessible surface area calculations indicates that the extent of interaction of glycine betaine
with the surface area exposed upon RNA unfolding decreases as the nonpolar character of the unfolded
RNA surface increases. As expected, the extent of interaction of urea with the surface area exposed for
unfolding RNA increases as the fraction of amide functional groups increases. However, interaction of
urea with amide functional groups alone cannot explain the stronger preferential interaction of urea with
AU-rich stem 2. Interaction of urea with adenine relative to guanine and cytosine bases or sequence-
dependent hydration is proposed for the stronger preferential interaction of urea with AU-rich duplexes.

The thermodynamics of protein and RNA folding and (Tn) by 5-10 °C at 3-4 M glycine betaine 1). Urea is a
double-stranded (ds) DNA helix formation are strongly strong protein denaturar®,(3). Cells that accumulate urea
perturbed by small, neutral organic cosolutes such asto any appreciable extent often accumulate other cosolutes,
polyhydric alcohols and sugars, amino acids, N-methylated such as glycine betaine or trimethylamiNeoxide (TMAO),
glycines, and urea. The stability of these folded biopolymer to offset urea’s protein destabilizing effects ). However,
structures can be either enhanced or attenuated dependinglycine betaine and urea are both dsDNA destabilizers;
on the preferential interaction of cosolutes for the solvent- dsDNA thermal transition temperatures decrease linearly with
accessible surface area (ASA9xposed in the unfolding  both increasing glycine betaine,(7) and urea §—10)
process. Since cosolutes form a substantive portion of theconcentrations. Glycine betaine is noted for its “isostabiliz-
cellular milieu, understanding how the preferential interaction ing” ability, eliminating the dependence of, on GC
of cosolutes correlates with changes in the surface area Ofcomposition with almost no effect on the poly(dAdT) thermal
biopolymers in contact with solvent is fundamentally im- transition 6, 7). Urea lacks glycine betaine’s isostabilizing
portant in understanding biopolymer folding. ability, preferring to destabilize AT base pairs to a greater

To date, the influence of the cosolutes glycine betaine and extent than GC base pair8, (11).

urea on the protein and dsDNA helix unfolding transition Despite the efforts to elucidate a unifying protein and

has been studied extensively. Glycine betaine is a proteingspnA thermal unfolding mechanism with cosolutes, the
stabilizer, increasing protein thermal transition temperatures;nfuence of glycine betaine and urea on RNA thermal

unfolding has received scant attention. This is rather surpris-
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1?6 3 can be used as a metric of consistency for the unfolding
5' 5C i
stem1 &cC AL Loona ac studies between the two RNAs. . . .
o 88 o A P o 88-120 To quantify the enhanced accumulation of glycine betaine
e E - 170 ‘G¢ Stemt and urea at the newly exposed ASA of these RNA structures,
gé A (Usé we have determined the change in preferential interaction
U UAA Uu-115 coefficients AI',,m, [at a constant chemical potential of
100- U H/R-ﬂe 100 H H cosolute f3) and a constant molality of saling)] using the
3 CG-178 uc Uridine helix- dependence of the thermal transition temperatures on water
Loopt 17 110 A8 160 OG- 110 [ Pentaloop activity. We seek to find unifying themes for biopolymer
C gé Stem 2 105-% g unfolding in aqueous glycine betaine and urea solutions by
15U 55188 G correlatingAI',, m, for the secondary and tertiary structures
g\, in the hTRAUL177 pseudoknot and the hTR p2b hairpin with
the change in accessible surface ardg®%$A) and the
AU1TT7 p2b HP

chemical functional groups exposed upon unfolding. If RNA
F'SGeUuRdEoiino?z?jléetT]? %r;)dhsil?l(?:ohnzsi?%iﬁ%tuéﬁe%mﬁ?izehrﬁiial o and protein tertiary structures exhibit similar behavior in
Itohe two structures, egcept for the% overhang in the p2b hTR aqueous cos_olute S(_)Iutlons,_as seen with TM.AO and urea,
hairpin. we hypothesize glycine betaine should have little or even a
stabilizing influence on theAU177 pseudoknot tertiary
structure. In addition, using low to moderate concentrations
this preference may have been attenuated sufficiently to of salt (40 and 135 m NacCl), we predict glycine betaine to
preclude its observation at the high ionic strength (0% interact preferentially with GC-rich RNA duplexes and urea
M NaCl) that was usedll). However, TMAO can coun-  to interact preferentially with AU-rich RNA duplexes,
teract urea destabilization of RNA tertiary structure just as comparable to that seen with GC-rich and AT-rich dsDNA.
it can with folded proteins1). It is significant, and rather
surprising, that chemically dissimilar proteins and RNA MATERIALS AND METHODS
behave similarly in urea and TMAO solutions. A complete

understanding of the sensitivity of protein, RNA, and dsDNA ~ RNA Synthesis and PurificatioriThe hTR AU177
structures to solvent composition is necessary for the PSeudoknotwas prepared imyvitro transcription using His

identification of common themes in the biopolymer folding (299ed T7 RNA polymerase as described by Milligan et al.
process. In addition, these cosolutes could be used to(19)- Reaction conditions were 40 mM Tris-HCI (pH 766)’
thermodynamically distinguish between RNA secondary and 20 MM NaCl, 20 mM MgC}, 2 mM spermidine, 0.05%
tertiary structures as well as GC-rich versus AT-rich (or 17ton X-100, 6 mM dithiothreitol, 5 mM nucleotide triph-
possibly AU-rich) nucleic acid duplexes. osphates, 1 unit/mL thermostable inorganic pyrophosphatase
In this study, we quantify the enhanced accumulation of (New England Biolabs), 0.3 mg/mL T7 RNA polymerase,
glycine betaine and urea at the newly exposed ASA of the &1d 151g/mL dsDNA. The dsDNA template (IDT DNA,
human telomerase RNA (hTRYU177 pseudoknot and the Coralville, 1A) was designed with the hTRU177 pseudoknot
hTR p2b hairpin (HP) (Figure 1) during thermal denaturation. Séquénce 17) downstream of a T7 promotor and used

The hTRAU177 pseudoknot is a RNA construct including without further purification. Transcription reaction mixtures
all of p3 (stem 2) and j2b/3 (loop 1) and the conserved Were ethanol precipitated and purified by PAGE, electro-

regions of p2b (stem 1) and j2a/3 (loop 2) of the 451- eluted, and exhaustively dialyzed against 1Q mM sodium
nucleotide telomerase RNA with the single-nucleotide U177 Phosphate buffer (pH 7.0) (16rmNa”) with either 40 or
bulge in stem 2 removedlp). Removal of the single- 132 MM NaCl. The hairpin RNA sequence r(GGG CUG
nucleotide bulge in stem 2 eliminates the alternative p2b UUU UUC UCG CUG ACU Ul_JC AGC CCC) was
hairpin conformation in equilibrium with the wild-type (wt)  PUrchased from IDT DNA, exhaustively dialyzed against 10
pseudoknot while maintaining the same base pairing and ™M sodium phosphate buffer (pH 7.0) with either 40 or 135
tertiary interactions that have been observed for the wt MM NaCl, and used without further purification.
pseudoknot17, 18). Essential for proper function of human ~ SolutesReagent-grade glycine betairfg,l,N-trimethyl-
telomerase, the hTRU177 pseudoknot tertiary structure is  glycine) and urea were purchased from Sigma and used
formed from uridine-rich loop 1 lying in the major groove Without further purification. Solutions for thermal melting
of stem 2 and adenine-rich loop 2 lying in the minor groove Studies were prepared using a 10 mM sodium phosphate
of stem 1. As mentioned, the hTR p2b hairpin is an buffer (pH 7.0) with either 40 or 135 mNaCl. Phosphate
equilibrium form of the wt hTR pseudoknot containing stem buffer components NadPOs-H,0, NaHPQ;, and NaCl were

1 as well as a unique uridine-rich double helix and pentaloop @ll purchased from Fisher Scientific. All buffers were
formed via loop 1 and stem 2 bases8( The AU177 prepared gravimetrically to establish both the molarity and
pseudoknot and p2b hairpin structures were chosen for thismolality of buffer components.

study because the unfolding thermodynamics of these RNA RNA Thermal DenaturatioiRNA/cosolute solutions were
structures in cosolute-free solutions are well documented andprepared gravimetrically by mixing the stock RNA solution,
only monovalent ions are required to maintain RNA tertiary cosolute, and sodium phosphate buffer to ensure constant
structure. Also, NMR solution structures of both RNAs exist, RNA and NaCl molality with varying cosolute molality.
permitting analysis of water-accessible surface areas. Ad-Cosolute solutions were prepared in @5Sncrements with
ditionally, the secondary and tertiary structures of the two a maximum concentration ofrd. RNA concentrations were
RNAs are chemically dissimilar except for stem 1, which 1—3 uM. Final NaCl concentrations were either 40 or 135
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mm. After the addition of glycine betaine or urea, the pH of mer weighted by the stoichiometric coefficients in the
the solutions was within 0.4 pH unit of pH 7.0. Solutions biopolymer reaction equation, by

were degassed with either vacuum or nitrogen prior to

thermal denaturation. RNA thermal transitions were moni- (@InK,daIn a3)T‘F,’mZ’m4 =Al, m, 2
tored at 260 and 280 nm simultaneously using a Cary 100

UV—visible spectrophotometer (Varian) equipped with a \herea; is the activity of cosolute22, 26—28). Values of
Peltier temperature controller. Teflon-stoppered quartz cu- AT, ., represent the preferential interaction of cosolute with
vettes from Fisher Scientific with a path Iength of 1 cm were the solvent-accessible biop0|ymer surface area exposed

used. RNA samples were heated at a rate of G/&nin from  during the unfolding transitior2@)). Positive values (negative
20 to 100°C, and absorbance readings were collected everyyalues) of AT, indicate accumulation (exclusion) of
0.2°C. cosolute at the newly exposed ASA of an unfolded biopoly-

Analysis of UV-Absorbance Dathirst derivatives of the  mer, because cosolute interaction is more thermodynamically
absorbance versus temperature dafdd@) were obtained  fayorable (unfavorable) with the unfolded structure than the
using sliding linear fits of +2 °C on the absorbance data, folded structure. Values kT, n, are often identified with
the slopes of the linear fits being the smoothed derivatives the change in the amount of cosolute associated with the
of the absorbance data sets. The smoothed derivativeynfolded and folded structures in the unfolding transition
were subjected to linear baseline interpolation (see the (27 2g).

Supporting |nf0rmati0n). The smoothed derivatives were Using eq 2, the dependence of the me|t|ng tempera‘[ure
subjected to nonlinear least-squares parameter analysis off, on ag can be related t\l',, n, by

Tmis AH%M (van’t Hoff enthalpy for RNA unfolding aTy,),

A% (total UV absorption change at 260 nm), akef° (total -1 — °

UV absorption change at 280 nm) for alltransitions, ATy fd(inag) = RIAH > AL, ®)
assuming a sequential two-state unfolding mo@6).(Two
nonlinear least-squares fitting algorithms were used. The first
method used the Levenberlarquardt algorithm with
Origin (OriginLab) where the 260 and 280 nm data were fit
independently and the parameters averaged for the two
wavelengths. The second method used the T-Melt algorithm
(J. Christopher, Texas A&M University, College Station, TX) wherea; is the activity of water andn, (55.56 mol/kg) is
where the 260 and 280 nm data were fit simultaneously usingthe molality of water. For our purposes, inverse melting
the same thermodynamic paramete?4)( Both methods  temperaturesI, 1) of the hTRAU177 pseudoknot and p2b
gave nearly identical results. The results presented in thishairpin were plotted versus b and eq 4 was used to extract
work were obtained solely from the T-Melt program. ATy, m/mg for the RNA secondary and tertiary structures.

Preferential Interaction Coefficienthe driving force for ~ Additionally, the number of waters released in the RNA
the T, increase or decrease of a biopolymer unfolding unfolding transition,An;, can be related toAl,,m/ms
transition in glycine betaine or urea solutions is the unfavor- by (30)
able or favorable interaction of these cosolutes with the newly
exposed biopolymer ASA during the unfolding process. Since Ang=my x AI‘,u3,m4/rn3 (5)
these cosolutes do not necessarily bind at localized sites as
ligands, accumulation or exclusion at the biopolymer surface Equation 5 indicates that changes in the cosolute distribution
is best characterized by preferential interaction coefficients. around RNA with the unfolding transition must be balanced
Preferential interaction coefficientd’,,n,) are generally by changes in the water distribution.
defined in the context of a dialysis experiment. In aqueous  Water activities were determined from osmotic coefficients
four-component solutions with a vanishingly small concen- ¢ (31) for aqueous urea3@) and glycine betaine3Q)
tration of biopolymer (component 2), a fixed concentration solutions using the expression osmolakitypmz = —my In
of salt (component 4), and a variable concentration of a; (m, = 55.56 mol/kg). To account for the addition of NaCl,
uncharged cosolute (component 3), the preferential water activities were determined from the sum of NaCl and
interaction coefficient is given by (here component 1 is cosolute osmolalities. The osmolality of NaCl and the
water) @2) osmolality of either urea or glycine betaine are additive up

to at least 2n cosolute 11). Sodium chloride osmolalities

Lym, = (3”13/3”‘2)T,P.,43.m4 ) were determined using a Wescor vapor pressure osmometer

(model 5520). Water activities were not corrected for the
wherem is the molality of speciesandus is the chemical 10 mM sodium phosphate buffer. We made no temperature
potential of the cosolute. Any preferential accumulation correction for water activity in our data analysis.
(exclusion) of cosolute at the biopolymer surface would lead ASA CalculationsWater-accessible surface area (ASA)
to a larger (smaller) concentration of cosolute in some local calculations of the folded hTRU177 pseudoknot and p2b
domain around the biopolymer relative to bulk dngm, > hairpin used Protein Data Bank (PDB) entries 1YMO and
0 (<0) (22—26). 1NA2, respectively. Water-accessible surface areas of the

In general, the concentration-dependent effect of cosolutes20 conformers in PDB entry 1YMO and the 18 conformers
on the observed equilibrium constdfy,s for a biopolymer in PDB entry 1NA2 were calculated using Surface Racer
structural transition is related taI',,m, the difference in (34) with a probe radius of 1.4 A and the set of van der
I, m, between the unfolded biopolymer and folded biopoly- Waals radii from Richards36).

whereR is the ideal gas constan2). With the Gibbs-
Duhem relation 29), eq 3 can be rewritten as

dT,, /d(Ina) = =R x m/AH; x AT, ../m; (4)
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Ficure 2: Absorbance first-derivative melting profiles at 260 and 280 nm for 2MAAU177 hTR pseudoknot in 135mNacCl solutions
containing either glycine betaine (GB) or urea. Composite fits (solid lines) are superimposed on the experimental data (every fifth data
point shown). The three individual transitions of the composite fit are shown as solid lines. Curves are offsey-anebéo illustrate

trends in peak position with added cosolute.

To compute the ASA for each conformer of the unfolded defined as the ASA of nitrogens and carbonyl oxygens of
AU177 pseudoknot with nucleotides in their stacked con- amide functional groups found on N1, O2, N3, and O4 of
formation, PyMol (DeLano Scientific LLC, Palo Alto, CA) uridine; N1, N3, and O2 of cytosine; and N1 and O6 of
was used to rotate the C166 O3A167 P bond 90 guanine; adenine has no amide ASA. The other polar ASA
counterclockwise and rotate the C106 G33107 P bond was the amount of oxygen and nitrogen ASA other than that
120 clockwise. These bonds were chosen because rotationderived from anionic oxygen or amide ASA. The nonpolar
about these bonds efficiently breaks hydrogen bonding ASA was the ASA of carbons.
between other coplanar bases in the folded pseudoknot. For
some conformers, rotation about these bonds led to atomRESULTS
overlap. In these cases, additional rotation_ about the _C166 AU177 hTR Pseudoknot Unfoldingthe AU177 hTR
03*—Al167 Iibond was performed or rotation about either <o\, qoknot unfolds in three sequential transitions corre-
the C166 O5*C166 P bond or the G107 O5G107 Pbond  g54n4ing to the loop 1 and loop 2 tertiary interaction, AU-
was substltute'd for, or coupled with, the original rotations. rich stem 2, and finally GC-rich stem 17). Figure 2 shows
For the p2b hairpin, the G107 O3C108 P bond was rotated o eqentativeAU177 pseudoknot 260 and 280 nm first-
counterclockwise 90 The ASA of each unfolded conformer  ya iy ative Uv-absorbance melting curves in glycine betaine
with nucleotides in an unstacked conformation was deter- 5 req solutions at 135mNaCl. Table 1 lists the melting
mined after rotation qbputenhgr the G3P or O.S*_P bpnd temperatures and enthalpy changes determined from the
between bases to eliminate adjacent bds#se interactions. sequential unfolding model for th&U177 pseudoknot

The change in accessible surface ated%A) was defined  secondary and tertiary structures in cosolute-free solutions
as the difference in average conformer ASA for the unfolded at 40 and 135 mn NaCl. A table listing melting temperatures
and folded RNA structures. To determine tR&SA for stem and enthalpy changes for tiJ177 pseudoknot secondary
1 and stem 2 in th&U177 pseudoknot, loop 1 bases 300  and tertiary structures at all cosolute molalities can be found
105 and loop 2 bases 16173 were excised before the ASA  in the Supporting Information.
of the folded stems was calculated. Initial and terminal bases we found the transitions of th&U177 pseudoknot to be
from the loops were left intact on the folded stems, since reversible, although the RNA was subject to a high degree
these loop anchor points are expected to be in or near theirof degradation, potentially due to hydrolysis at high tem-
current positions even when loops 1 and 2 are denaturedperatures. Polyacrylamide gel electrophoresis of the heated
from the folded structure. To determine teASA for and cooled UV-spectrophotometric samples identified the
unfolded RNA with nucleotides in a half-stacked conforma- folded AU177 pseudoknot with numerous degradation
tion, the ASAs for the unstacked and stacked nucleotide products_ Therefore, all RNA Samp|es were therma”y

conformations were averaged.

To establish correlations between distinct chemical func-
tional groups exposed iINASA and AT, m, We used the
definition of anionic oxygen, amide, other polar, and
nonpolar ASA from Hong et al.2Q). Briefly, the anionic
oxygen ASA was defined as the ASA of the two oxygens

denatured once and then discarded.

Thermodynamic parameters collectedlavl NaCl were
used to predict enthalpy changes of 85 and 59 kcal/mol for
the melting of stem 2 with the' 3 overhang and stem 1,
respectively 86, 37). Our measured enthalpy changes
in Table 1 are in good agreement with these values,

covalently bonded to each phosphate. The amide ASA wasapproximately 1 and 11% less than that predicted for
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Table 1: Thermodynamic Parameters for Unfolding £1¢177 hTR Pseudoknot and p2b hTR Hairpin Secondary and Tertiary Structures in
Cosolute-Free Solutiohs

40 mm NacCl 135 nrm NacCl
Tm (°C) AH; (kcal/mol) Tm (°C) AH; (kcal/mol)
AU177 pseudoknot tertiary structure 52:80.7 34.8+ 0.9 60.5+ 0.8 342+ 1.0
AU177 pseudoknot stem 2 59430.1 84.0+ 0.7 67.7+0.1 86.3+ 0.8
AU177 pseudoknot stem 1 71400.1 52.5+ 0.7 79.9+ 0.1 52.7+1.2
p2b hairpin uridine helix and pentaloop 4840.1 36.0+0.2 50.6+ 0.1 33.3+0.2
P2b hairpin stem 1 645 0.1 48.44+ 0.3 71.3+£0.1 53.1+£ 0.3

a All RNA solutions were prepared in a 10 mM sodium phosphate buffer (pH 7.0). Values are averages of a minimum of two independent
experiments with standard errors from the sequential transition fitting algorithm. Thermodynamic parameters for unfoldingUEReh TR
pseudoknot and p2b hTR hairpin in glycine betaine and urea solutions can be found in the Supporting Information.

0.00320

stem 2 and stem 1, respectively. We find the total enthalpy
change of the three transitions in 13%mNacCl (173 kcal/
mol) is consistent with the total enthalpy change of unfolding _ S
the wt hTR pseudoknot in 200 mM NaCl (164.7 kcal/mol) %| ™ % —=—a g
(18). £ 0\‘\‘\‘\’
The asymmetry in thé\U177 tertiary unfold is a conse- L
quence of the proximity in temperature of the stem 2 unfold.
In the sequential transition model, the absorbance change
for a given transition (and, hence, the derivative with respect GB urea
to temperature) is dependent on the other transitions in which
that transition appear2@). Thus, the melting temperatures

GB urea
L I 0.00312

i

r 0.00304

r 0.00296

 0.00288

0.00280
0.00320

r 0.00312

[ 0.00304

Fab;

I
(Tm) do not necessarily occur at the transition maxima in g| e—e—& &2 | 000295
Figure 2. However, as seen almost exclusively in Figure 2, ~ F—S—n—5 g ‘
as the cosolute molality increases, the temperatures corre- O\QM  0.00288
sponding to the transition maxima decrease with a concomi- . e 0.00280
tant decrease in th&,s. However, unlike urea, glycine -0.06 -0.05 -0.04 -0.03 0.02 -0.01 0.00-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00
betaine seems to have little effect on fhg of the tertiary In as In a,

unfolding transition. Additionally, the tertiary, stem 2, and Figure 3: Inverse melting temperature$,{ %) as a function of
stem 1 transitions narrow and increase in amplitude with the natural logarithm of water activity (la) for the AU177 hTR

increasing glycine betaine molality because of glycine pseudoknot in 40 m NaCl (filled symbols) and 135 m NaCl

betaine’s isostabilizing capability6{ 7). The narrower (empty symbols) solutions containing either glycine betaine (GB)
o . 2 4 , . orurea. Tertiary (loop 1 and loop 2) unfol®@®), stem 2 unfold

transitions result in a significantly higher van't Hoff enthalpy; (@.m), and stem 1 unfold<(#).

AH{ increases on average by approximately 15% for the

tertiary unfold, 30% for the stem 2 unfold, and 15% for the |owers RNA melting temperatures without altering the

stem 1 unfold at 2n glycine betaine relative to t glycine unfolding transitions.

betaine (see the Supporting Information). Unlike glycine  Quantitation ofAU177 hTR Pseudoknot Unfolding with
betaine, urea lowerdH; for the three transitions in 40 AT, ., /ms. The dependence of Ty on water activitya
and 135 nm NaCl by 10-20% at 2mrelative to Omurea s plotted in Figure 3 for the\U177 pseudoknot in glycine
(see the Supporting Information). This attenuation in petaine and urea solutions at 40 and 13% MaCl. Linear
AH; is consistent with melting an mMRNA pseudoknd8) regression of the plots in Figure 3 yield$,d/d(In a;) for
and dsDNA (0) in aqueous urea solutions. In general, at each pseudoknot transition, which can be used with eq 4 to
comparable molalities, urea decreasgdor each transition  yield the molality-normalized change in preferential interac-
to a greater extent than does glycine betaine. tion coefficientsAT,,m,/ms. In eq 4, we use the enthalpy
Since all three transitions are evident in the first-derivative data in Table 1 for cosolute-free solutions to determine values
UV-absorbance melting curves at all cosolute and NaCl of Al m/ms in Table 2. SinceAH; 'is dependent on
molalities studied with only a moderate change in enthalpy, cosolute concentration, values At ,, m,/ms in Table 2 can
with the exception of the isostabilizing ability of glycine be regarded as limiting values as the concentration of
betaine, there is little evidence of a structural change in the cosolute approaches zenmy(— 0).
folded AU177 pseudoknot structure in the presence of As far as we know, only the temperature dependence of
glycine betaine or urea. Also, Table 2 of the Supporting the preferential interaction of urea with ttze repressor has
Information provides sequential transition fitting parameters been studied38). Temperature correction &I, m,/ms in
A250 and A28 for the AU177 pseudoknot at each cosolute Table 2 to 35°C using the uredac repressorAl,, m,/Ms
and NaCl molality. Given standard errors for tA&%° and temperature dependenc®8) yields a 2-10% increase in
A28 fitting parameters, the near constancy of these param-AT,, m,/ms for the RNA secondary and tertiary structures
eters for each unfolding transition indicates the cosolutes studied in this work, since the preferential interaction of urea
cause little, if any, structural change in the RNA pseudoknot. is enthalpically driven38). However, theAASA-normalized
Circular dichroism 15) and UV-absorbance thermal dena- temperature-correctedl’,, , /ms data and the temperature-
turation (L2, 13) have also been used to show that urea simply uncorrectedAI',, m,/ms values in Table 2 scale identically
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Table 2: Change in Preferential Interaction CoefficiettF,,, m/ms, and the Number of Waters Releas@dhy, in Glycine Betaine (GB) and
Urea Solutions for Unfolding of thaU177 hTR Pseudoknot and p2b hTR Hairpin Secondary and Tertiary Strictures

AUL77 tertiary AU177 stem 2 AU177 stem 1 p2b uridine helix and pentaloop p2b stem 1
AT yymdme AT iy md Mg AT iy Mg AT iy md/ Mg AT yymd Mg
Ang n?lir?) A (n’a'li%) Ang rrsrl) Ang (ﬂnﬁlﬁ) Any n%mf)
40 mmNacCl

GB 3.6+0.8 0.065+0.014 24.2-1.8 0.435£0.032 30.8+1.4 0.5544+0.026 5.1+:0.8 0.091+0.015 30.2£ 1.3 0.5444+0.023
urea 42.9-2.1 0.773+0.037 91.2-2.8 1.64+0.05 38.9£4.4 0.701+0.080 49.6:1.3 0.892+0.023  40.1+2.4 0.7214+0.043

135 mmNaCl
GB —2.04+0.3 -0.037+£0.006 18.8-1.4 0.338+0.025 25.2£1.5 0.4544+0.028 3.6:1.1 0.0644+0.020 25.74 1.1 0.463+0.020
urea 37.8:1.8 0.681+0.032 80.5-2.2 1.45+0.04 40.6+1.9 0.732:0.035 41.8-1.8 0.753+0.033  42.0+ 0.3 0.755+ 0.006

a All RNA/cosolute solutions were prepared in a 10 mM sodium phosphate buffer (pH 7.0).

Table 3: Change in Accessible Surface AradAGA) for Unfolding of theAU177 hTR Pseudoknot and p2b hTR Hairpin Secondary and
Tertiary Structures

AASA anionicAASA amideAASA other polarAASA nonpolarAASA
(A?) A2y (AP (AP (AP

AU177 pseudoknot tertiary structure 3316 529 (16%) 651 (20%) 1104 (33%) 1032 (31%)
AU177 pseudoknot stem 2 1819 —72 (—4.0%) 650 (36%) 822 (45%) 420 (23%)
AU177 pseudoknot stem 1 1178 =91 (=7.7%) 493 (42%) 542 (46%) 234 (20%)
p2b hairpin uridine helix and pentaloop 1560 —103 (—6.6%) 894 (57%) 323 (21%) 446 (29%)
p2b hairpin stem 1 1297 —85 (—6.5%) 538 (42%) 587 (45%) 257 (20%)
p2b hairpin uridine helix 1158 —69 (—6.0%) 686 (59%) 246 (21%) 296 (26%)

aUnfolded nucleotides in a half-stacked conformatibAnionic, amide, other polar, and nonpolAASA definitions from Hong et al.22).

with the fraction of polar amidAASA (see the Discussion  pseudoknot, the two transitions in the p2b hairpin were
and Figure 7). Thus, since no data for the temperature reversible, although the RNA underwent degradation at high
dependence of the preferential interaction of glycine betaine temperatures. Thus, p2b hairpin samples were thermally
with a biopolymer surface that would allow us to correct unfolded once before being discarded.

our Arﬂs,w/mg values exi_st and we obtain identical surface  Tgple 1 lists the melting temperatures and enthalpy
area analysis results using temperature-corrected or Uncorgnanges predicted for sequential unfolding of the p2b hairpin
rected urea\l',m,/ms values, the\l',, m,/ms values in Table  yrigine helix and pentaloop and stem 1 in cosolute-free
2 remain uncorrected for temperature. solutions at 40 and 135mNaCl. A table listing melting
Urea is a significantly stronger RNA denaturant than emperatures and enthalpy changes for the p2b hairpin uridine
glycine betaine as quantified by the stronger dependence of,gjix and pentaloop and stem 1 at all cosolute molalities can
the Tps for the unfolding transitions on water activity in urea e found in the Supporting Information. Additionally, Table
solutions (Figure 3). Except for the tertiary unfold in glycine 3 5 ihe Supporting Information providégs® and A2 itting
betaine solutions at 135mNaCl, Al,m /M is positive parameters for the p2b hairpin at all cosolute and sodium
(Table 2), indicating accumulation of glycine betaine and ¢ qrige molalities. As with the pseudoknot, no detectable
urea at the newly _exposed surfaces of upfolded RNA patterns inA250 and A28 are evident (given standard errors)
secondary and tertiary structures. Increasing the NaCl\ i, cosolute concentration, indicating the cosolutes have
concentration from 40 to 135mlowers AL, m/Ms values - jiye it any, effect on hairpin structure. However, tAge°
for the unfolding transitions, attenuating the interaction of andA%° parameters for the p2b uridine helix and pentaloop
glycine betaine and ureawith the newI.y. exposed surface area, o larger in 135 m NaCl with glycine betaine. The
ofurjfolded RNA. For the tertiary transition in 135mrNaCI, . _enhancement in the total UV absorption change for the
glycine betaine actually acts as a stabilizing agent, increasing, i qine helix may reflect a slight increase in the degree of

T with increasing glycine betaine molality (Figure 3). The folding relative to that without glycine betaine.
attenuation ofAl’,, m,/ms With an increasing ionic strength

has been observed with dsDNA melting and has been AS S€en in Figures 2 and 4 and TableT},is lower for
attributed to the dependence of cosolute accumulation at theStem 1 in the p2b hairpin than in th®U177 pseudoknot,

newly exposed unfolded surfaces on salt concentration and@lthough AH, ' remains essentially unchanged (Table 1).
counterion releasel). The weak interaction of glycine ~Our measuredn, for p2b stem 1in 135 mNaCl is in good

betaine with the newly exposed surface area in the tertiary @9réement with stem 1 melting in 200 mM KCl for both the
unfold, as quantified AT, m,/ms in Table 2, is presumably wild-type h_TR pseudoknot containing the pl?? bulge and
due to the exclusion of glycine betaine from anionic oxygens the p2b hairpin18). The largerTr, of stem 1 in theAU177
exposed during the tertiary unfolding process (see Table 3)PSeudoknot is presumably due to a smaller entropy gain for
(39). _unfoldlng given the dlffere_nt _Iocal environments for stem 1
p2b hTR Hairpin.The p2b hTR hairpin unfolds in two 1N the pseudoknot and hairpin RNA structurdg,(18).

sequential transitions corresponding to the U-rich helix and  As with the AU177 pseudoknot, glycine betaine destabi-
pentaloop followed by GC-rich stem 1 (Figure 18). Figure lizes GC-rich stem 1 more so than any other secondary
4 shows representative p2b hairpin 260 and 280 nm first- structure. As shown in Figure 4, the two transitions begin to
derivative UV-absorbance melting curves in glycine betaine coalesce into a single transition due to isostabilization in 2
and urea solutions at 135mNacCl. As with theAU177 m glycine betaine. Even with glycine betaine’s isostabiliza-
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Ficure 4: Absorbance first-derivative melting profiles at 260 and 280 nm for 2M%2b hTR hairpin in 135 nm NaCl solutions containing

either glycine betaine (GB) or urea. Composite fits (solid lines) are superimposed on the experimental data (every eleventh data point

shown). The two individual transitions of the composite fit are shown as solid lines. Curves are offsetyeax#seto illustrate trends in

peak position with added cosolute.

tion effect on theT,,s of the p2b hairpin uridine helix and
pentaloop and stem ]AHTD remains largely unaffected
(see the Supporting Information). Urea destabilizes the p2b
hairpin to a greater extent than glycine betaine (Figure 4).
Both transitions are shifted to lower temperatures in urea
solutions than those in glycine betaine solutions. Enthalpies
of unfolding remain essentially unchanged with urea; values
of AH, for the transitions are attenuated at most by 7% in
2 muréa (see the Supporting Information).

Figure 5 plots the dependence off{/on water activity
a; for the p2b hairpin in glycine betaine and urea solutions
at 40 and 135 mn NaCl. Table 2 lists values A&l m/mMs
and An; for the U-rich helix and pentaloop and stem 1
obtained from linear regression of the plots in Figure 5.
Values ofATl',, m,/ms andAn; for stem 1 in the p2b hairpin
and AU177 pseudoknot are statistically identical within
experimental error. Interaction of glycine betaine with the
uridine helix and pentaloop is weak, which is not surprising
given the preference of glycine betaine for GC-rich RNA
duplexes.

DISCUSSION

Preferential Interaction of Glycine Betaine and Urea with
the AU177 hTR Pseudoknot and p2b Hairpior dsDNA
in a 5 mM sodium phosphate buffer with no added NacCl,
plots of 1T, versus the natural logarithm af in glycine
betaine solutions were concave downward, indicating a
nonconstaniAl’,, m,/Ms (11). However, this curvature was
not apparent with added NaCl and was not observed with
the RNA experiments in this work.

Similar to dsDNA melting 7, 11), glycine betaine has the
strongest interaction (largeAf’,, m,/mg in Table 2) with the
GC-rich AU177 pseudoknot and p2b hairpin stem 1. For
dsDNA with 72% GC content and no added Nag[,, m,/
ms (per base pair) at in glycine betaine was 0.12 0.01
m~* (11), which compares favorably with th&l,,, m,/ms of
0.091+ 0.004m™! (per base pair) in 40 m NaCl for stem
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FiIGURE 5: Inverse melting temperature$,{) as a function of
the natural logarithm of water activity (Ia;) for the p2b hTR
hairpin in 40 nm NacCl (filled symbols) and 135 m NaCl (empty
symbols) solutions containing either glycine betaine (GB) or urea.
Uridine helix and pentaloop unfolch\(a) and stem 1 unfold,+).

1 (83% GC, 6 bp) in th\U177 pseudoknot and p2b hairpin
(Table 2). Nordstrom et al1() found AT, m,/ms (per base
pair) for 42% GC dsDNA at In glycine betaine to be 0.039

+ 0.006 and 0.03@ 0.006m™*in 50 and 150 i NacCl,
respectively. FOAU177 pseudoknot stem 2 studied in this
work (44% GC, 9 bp)A@',,m,/ms = 0.048+ 0.004 and
0.038+ 0.004m* (per base pair) in 40 and 135nNacCl,
respectively (Table 2). Values &f,,, m,/ms for dSDNA, stem

2, and stem 1 at similar salt concentrations and GC content
are nearly indistinguishable given experimental errors. Thus,
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we propose a similar mechanism of interaction exists betweenThus, in contrast to glycine betaine, urea is mildly ac-

glycine betaine and the surface area exposed in dsDNA andcumulated [ "4

RNA base pair unfolding.

by 0) at folded protein surfaceg,(41)

2y . . .
and shows no preferential accumulation or exclusion

Urea has the strongest interaction with the surface area(I'"%~ 0) at the dsDNA surface2@). However, positive
Y

exposed in unfolding AU-riclAU177 pseudoknot stem 2,
as with AT-rich dsDNA 9, 11). For stem 2ATL,,, m, /Mg (per
base pair)}= 0.1824 0.006 and 0.16 0.004mtin 40
and 135 nm NacCl, respectively (Table 2). These interaction

vallies of AT, m,/ms do at least indicate accumulation of
glycine betaine and urea at the newly exposed RNA surface
upon unfolding relative to bulk solution, assuming interaction
of cosolute with the surface from the folded structure does

parameters are statistically larger than those for 42% GCnot change significantly when the biopolymer unfolds.

dsDNA (AT, m,/ms = 0.109+ 0.002 and 0.08% 0.005
m~* at 50 and 150 mm NaCl, respectively) 11). For the
AU177 pseudoknot and p2b hairpin stemAl,, m,/ms =
0.1184 0.011m™ ! (per base pair) in 40 m NaCl (Table
2). In comparison AT, m,/ms = 0.093+ 0.010m™?* (per
base pair) for 72% GC dsDNA in the absence of N&ld) (
Unlike glycine betaine, urea has a slightly stronger interaction

Glycine betaine is excluded and urea not preferentially
accumulated or excluded from 42% GC dsDNA surfaces in
200 nm KCI solutions @2). If similar behavior exists for
double-helical RNA, positive values &', m,/ms indicate
less exclusion of glycine betaine from unfolded stems 2 and
1 relative to the folded stems and accumulation of urea at
these unfolded RNA duplexes relative to bulk solution.

per base pair with RNA double-helical segments than dsDNA AU177 hTR Pseudoknot and p2b Hairpin Hydratidine

at similar salt concentrations and GC contents. However, the

ratio (Al‘ﬂs,w/nh)s_tem 4(AT iy m, /ME)stem 1= 1.56 in 40 nm
NaCl and the ratioAl,.;m,/Ms)a206 cc dsoNA(AT g m, /ME) 7206
cc dsbna = 1.55 with no added NaCl indicate a similar

enhancement of urea accumulation at the newly exposed

unfolded bases with decreasing dsDNA and duplex RNA
GC content. Whether the presence of uracil in RNA, which
lacks the hydrophobic methyl group of thymine, or the ribose
sugar in RNA and the A-conformation of stems 2 and 1
account for these observations is unclear.

Interestingly, values oAl m,/ms (per base pair) are larger
for interaction of urea with stem 2 in theU177 pseudoknot
than the U-rich helix of the p2b hairpin. To illustrate, in urea
solutions at 40 m NaCl, AT, m,/ms = 0.182+ 0.006 for
stem 2 and 0.142 0.004 (per base pair) for the U-rich helix

and pentaloop. Accumulation of urea at a biopolymer surface

is directly proportional to the number of solvent-accessible
ASA amide functional groupslg, 22). Despite the greater
number of amide functional groups exposed upon unfolding

the uridine helix and pentaloop (Table 3), urea has more
favorable interaction with the surface area exposed during
stem 2 thermal denaturation. The preference of urea for the
newly exposed surface area of stem 2 suggests a significanP

role for adenine in urea nucleic acid destabilization. However,
the AU177 pseudoknot and p2b hairpin stem 1 and the
uridine helix contain an equal number of base pairs. As
expected ATy, m,/Mg is larger for the p2b hairpin uridine

helix and pentaloop than that for stem 1 because of its larger

amide AASA (Table 3).
It should be noted that positive values &t m,/mz do

not guarantee accumulation of glycine betaine and urea at

the unfolded RNA secondary and tertiary structures relative
to bulk solution. SinceAl',,m,/ms represents a change in
I, m,/ms between unfolded and folded RNA secondary and
tertiary structures, exclusion of cosolute from the unfolded
biopolymer (,,m,/mz < 0) can still generate a positive

ATy, /Mg @s long asT,/ 0! > TP (11). Glycine

U3 My

betaine is generally excludel {5 < 0) from the surfaces

of protein @3, 25, 39—41) and dsDNA native structure3),
presumably due to exclusion of glycine betaine from solvent-
accessible anionic oxygens39). In addition, urea ac-
cumulates at amide functional groud$(22) and is neither
accumulated nor excluded from the vicinity of salt ions (K

Na’, and CI) (42) and the anionic oxygens of dsDNA&Z).

conformation of folded RNA structures is intimately tied to
hydration. In general, formation of nucleic acid duplexes and
triplexes results in an uptake of hydrating wate36, 43—

48). Using eq 5, we estimated the number of waters released
per unfolding transitionAn;, for the AU177 pseudoknot and
p2b hairpin (see Table 2). The change in the number of
hydrating waters probed in this manner is generally assigned
to waters uniquely bound within duplex or triplex nucleic
acid structures and most importantly in the conformation and
stability of these structures3@). However, theAn; and
AT, m,/mg values are intimately related; accumulation of
cosolute necessarily means an exclusion or release of water.

The weak interaction of glycine betaine with the newly
exposed surface area for unfolding the tertiary structure of
the AU177 pseudoknot (as characterized &Y., m, /Mg in
Table 2) results in approximately four waters released in 40
mm NaCl and an uptake of two waters in 135miNacCl. In
contrast, the high affinity of urea for the unfolded tertiary
structure results in a 10-fold greater number of waters
released during the unfolding transition as compared to
glycine betaine. The positions of loop 1 in the major groove
f stem 2 and loop 2 in the minor groove of stem 1 in the
AU177 pseudoknot suggest a substantive number of these

waters originate from the grooves formed on either side of

the loops. For DNA triplexes, NMR4{) and molecular
dynamics 45) suggest only a small number of water
molecules in triplex grooves. The tertiary structure of the
pseudoknot does contain triplexes. U3Q0102 are involved

in Hoogsteen base triples with U115-A174, U114-A175, and
U113-A176 Watson Crick base pairs. A172 forms a base
triple with the C116-G98 base pair, and there is evidence of
a hydrogen bond between A171 and the A117-U97 base pair
(17). While hydration patterns between triplex DNA and the
pseudoknot tertiary structure are most likely different to some
extent, the small number of waters released in glycine betaine
and urea solutions (per loop 1 and 2 bases) for the
pseudoknot tertiary unfold is consistent with similar nucleic
acid structures.

Values of Any in Table 2 for stems 1 and 2 and the p2b
hairpin uridine helix and pentaloop reflect the different
affinity of glycine betaine and urea for GC-rich RNA
duplexes. In 40 i NaCl, unfolding the RNA duplexes in
glycine betaine solutions results in 2t70.2 waters released
per stem 2 base pair and 5t10.2 waters released per stem
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1 base pair. These values are attenuated by approximatelthe initial and terminal bases from the loops were left intact
20% in 135 nm NaCl. These values akn; are comparable  on the folded stems, since these loop anchor points are
to those for 42% GC dsDNA (3.1 0.5 waters per base expected to be in or near their current positions even when
pair) and 72% GC dsDNA (6.# 0.6 waters per base pair) loops 1 and 2 are denatured. C106 of loop 1 was left buried
at 1 m glycine betainen a 5 mMsodium phosphate buffer in the major groove of stem 2 which occludes some anionic
(11, although B-form DNA is generally thought to be more oxygen ASA and accounts for the slightly lower fraction of
hydrated than A-form RNA43). However, the stronger anionic oxygem\ASA for stem 2. From these observations,
affinity of urea for unfolded stems 1 and 2 results in a greater we estimate a+2% error in our double-helical RNAASA

level of dehydration of the RNA duplexes upon unfolding. calculations based on the position uncertainty of the initial
In 40 mm NaCl, unfolding the RNA duplexes in urea and terminal bases of the denatured loops. Our estimates for
solutions releases 10t 0.3 waters per stem 2 base pair fraction amide, other polar, and nonpol®ASA values in

and 6.6+ 0.6 waters per stem 1 base pair. These numbersTable 3 are in good agreement with those determined for
are statistically larger than those for 42% GC dsDNA (8.0 50% GC dsDNA 22), with almost identical results for stem

+ 0.1 waters per base pair) and 72% GC dsDNA (5.2.6 2 (44% GC content). However, the unfolding of the tertiary
waters per base pair) in 5 mM sodium phosphate bufféy. ( structure of theAU177 pseudoknot is ambiguous. Our
While glycine betaine and urea do exhibit different affinities description of the pseudoknot tertiary unfold takes the ASA
for GC-rich RNA duplexes,An; values are in general of the half-stacked unfolded pseudoknot and subtracts both
agreement with the five to eight waters specifically bound the ASA of the folded pseudoknot and the ASA of stems 1
in AU and GC major and minor grooveds). and 2 with the loops excised. Thus, our description of the

In contrast to that of stems 1 and 2, the weak interaction pseudoknot tertiary unfold contains only tRASA from
of glycine betaine with the unfolded p2b uridine helix results exposing the buried surface area of the loops and the minor
in approximately one water released per base pair (Tablegroove of stem 1 and the major groove of stem 2.

2). In contrast, the high affinity of urea for the amide-rich For comparisons ofAl',,m,/ms for the interaction of
surface area exposed upon unfolding the uridine helix glycine betaine with the different RNA secondary and tertiary
releases approximately eight waters per base pair. structures in the pseudoknot and hairpht;,, m, /ms values

Interaction of Glycine Betaine with Unfolded RNA Cor- in Table 2 were normalized bAASA for the unfolding
relates with the Fraction of NonpolaAASA Values of transitions. ThesAASA-normalized preferential interaction
AT, m,/mg for glycine betaine in Table 2 indicate glycine coefficients AT, m,/(MeAASA), provide a quantitative mea-
betaine can distinguish between all four unique structuressure of the interaction of glycine betaine with one unit area
in the AU177 pseudoknot and p2b hairpin: the pseudoknot (1 A?) of the unfolded surfacesg). Felitsky et al. 89) have
tertiary structure, AU-rich stem 2, GC-rich stem 1, and the demonstrated that glycine betaine is excluded from the water-
uridine helix and pentaloop. Glycine betaine actually stabi- accessible surface area of anionic oxygens. However, in our
lizes the tertiary structure of theU177 pseudoknot in 135  AASA calculations, except for the tertiary pseudoknot unfold,
mm NacCl just as it does for protein tertiary structure. This the fractions of anionic oxygeAASA for stem 1, stem 2,
marks the second case where a cosolute can actually stabilizeind the U-rich helix and pentaloop are almost identical. Thus,
the tertiary structure of RNA, the first being TMAQO's ability ~ exclusion of glycine betaine from anionic oxygens does not
to counteract urea destabilization of the tertiary structure of account for the preferential interaction of glycine betaine with
tRNAMet (12). these RNA secondary structures. We observe Niat ,/

To identify a unifying trend in glycine betaine’s interaction (MsAASA) correlates most strongly with the fraction of
with these distinct RNA structures, we have determined nonpolar AASA. Figure 6 plotsAT,,m,/(MsAASA) as a
AASA values for unfolding each of the pseudoknot and function of the fraction of nonpolahASA and shows that
hairpin secondary and tertiary structures (Table 3). In our the enhanced level of accumulation of glycine betaine at
calculations, we assumed that the structural elements of theunfolded RNA secondary and tertiary structures relative to
pseudoknot and hairpin unfold sequentially and that eachthe folded structures decreases linearly with the fraction of
structural unit contributes only to the assigned transitions. nonpolarAASA.

As a check of our calculations, we can make comparisons If we considerA@,, m,/(MsAASA) a weighted sum of alll

to dsDNA AASA calculations. Although dsDNA and RNA  the AT, m,/(MsAASA)100%i Values for a 100% surface area
duplexes have different conformations, most of the chemical of type i (i = anionic oxygen, amide, other polar, or
functional groups exposed are essentially the same. In thenonpolar), we can write

half-stacked model for unfolding the dsDNA helix, the

fractional change in anionic oxygeRASA is —7% since AT, . [(MAASA) = ZAFM o (MAASA) 1000 Fi (6)
phosphate groups become occluded as base stacking is ~° " -

disrupted 22). We calculate the fractional change in anionic

oxygenAASA for stem 1 in the pseudoknot and hairpin and wheref; is the fraction of type IAASA. Linear regression
the U-rich helix and pentaloop to be approximately% of the data in Figure 6 yields the following slopes: 310
(Table 3), in good agreement with dsDNA half-stacked AT, m,/(MAASA)100% nonpola= —3.9+ 0.5 and—3.4+ 0.4
unfolding. The estimate for the stem 2 fraction anionic m%A2in 40 and 135 m NacCl, respectively. The B0x
oxygenAASA is —4%, lower than that determined for the AL, m,/(MsAASA)o% nonpolarintercepts equal 1.2- 0.1 and
other RNA secondary structures. In the determination of the 1.0+ 0.1 m %A2in 40 and 135 m NaCl, respectively, and
AASA for the stems in the pseudoknot, loop 1 bases-100 reflect contributions toAIL,, m,/(MAASA) from the other
105 and loop 2 bases 16173 were excised before the ASA  types of surfaces exposed for unfolding RNA secondary and
of the folded stems was calculated. To minimize end effects, tertiary structure. Exclusion of glycine betaine from nonpolar
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Ficure 7: Accumulation of urea characterized 4T, m,/
(mAASA) at the surface area exposed upon unfoldinA$A)
the AU177 hTR pseudoknot and p2b hTR hairpin secondary and
tertiary structures as a function of the fraction of amid&SA in

secondary and tertiary structures as a function of the fraction of 135 nm NaCl. AU177 pseudoknot loop * loop 2 tertiary fold

nonpolarAASA in 135 nm NaCl. AU177 pseudoknot loop +
loop 2 tertiary fold ©), stem 2 {0), stem 1 ©). p2b hairpin uridine
helix and pentaloopA) and stem 14). The inset is for 40 mm
NaCl. Linear regression yields a3& AT, m,/(MsAASA) value
of (1.0+£ 0.1) — (3.4 £ 0.4)nonpolaraasa for 135 nm NaCl and a
10° x AT, m,/(MAASA) value of (1.2+ 0.1) — (3.9% 0.5)nonpolar
AASA for 40 mm NaCl.

surfaces necessarily indicates accumulation at polar surface
exposed upon unfolding. Increasing ionic strength attenuates

both accumulation of glycine betaine at polar chemical
functional groups that have favorable interaction with glycine

(0), stem 2 ), and stem 1<¢). p2b hairpin uridine helix and
pentaloop £) and stem 1 4). Due to potential uncertainty in
determining theAASA of the uridine helix and pentaloop unfold,
AT, m /(MAASA) is also plotted for the uridine helix and
pentaloop unfold using thAASA for the uridine helix only 4).

This datum was not used in the linear regression. The inset is for
40 mm NaCl. Linear regression yields a3 AT, m,/(MAASA)

alue of (1.3t 0.2)famicerasa for 135 rmNaCl and a 18 x AL, m,/
MsAASA) value of (1.4+ 0.3)amide aasa for 40 mm NacCl.

of nonpolar ASA for the lacl HTH, hen egg white lysozyme,
and bovine serum albumin proteins studied by Felitsky et

betaine as well as exclusion from nonpolar surfaces. While al. (39).

AT, m,/(MAASA) is an increasing function of the fraction
polar AASA as expected, the correlation is poorer than the
correlation with the fraction nonpol&ASA,; the p2b hairpin
uridine helix and pentaloop have a significantly smaller
AT, m,/(MAASA) than would be expected given its high
fraction of polarAASA. This result is presumably due to
exclusion of glycine betaine from the large polar amide
AASA exposed in the uridine helix30). We find that
exclusion of glycine betaine from a nonpolar surface is quite
strong, only slightly less than 36 AT, m,/(MeAASA)100%
anionic oxygen= —4.0 = 0.3 m~Y/A2 anticipated for exclusion

of glycine betaine from anionic oxygen39). Additionally,
Felitsky et al. 89) have shown glycine betaine to be strongly

excluded from polar amide surfaces as determined by a two-

Why is glycine betaine excluded from nonpolar surfaces?
Glycine betaine is zwitterionic at neutral pH and therefore
more polar than water. Glycine betaine prefers to be hydrated
by the polar solvent water, so it is not surprising the
interaction between glycine betaine and the nonpolar surface
area exposed on unfolding would be unfavorable. A reduction
in the enhanced level of accumulation of glycine betaine near
unfolded nucleic acid surfaces relative to the folded structures
with increasing nonpolar character AASA serves as an
explanation of why GC-rich helices are destabilized more
than AT- or AU-rich helices in dsDNA and RNA folded
structures. However, while the decrease in the extent of
exclusion of glycine betaine from unfolded RNA duplexes
would be due to local accumulation of glycine betaine around

parameter analysis of anionic oxygen and amide surfaceunfolded bases, it is possible water organization in the RNA

areas. We found little correlation &T ', m,/(MAASA) with
the fraction of amideAASA; glycine betaine has a stronger
preference for GC-rich stem 1 [larg&T ., m,/(MeAASA)]
than stem 2 despite stem 1's higher fraction of anideA.
Additionally, despite its low fraction of amidAASA, the

duplex major and minor grooves excludes glycine betaine
in a sequence-dependent manid) (This exclusion would
be attenuated with duplex melting and the loss of the major
and minor grooves.

Interaction of Urea with Unfolded AU-Rich Stem 2 Does

pseudoknot tertiary unfold exposes a significant amount of Not Correlate with the Fraction of AmidAASA.Urea is

anionic oxygen ASA. HoweveT,, m,/(MsAASA) for the
p2b hairpin U-rich helix and pentaloop is smallest, presum-
ably because of its large fraction of amid&SA (Tables 2

able to discriminate between GC-rich stem 1 and AU-rich
stem 2 duplexes in theAU177 pseudoknot, just as it
destabilizes AT-rich dsDNA more than GC-rich dsDNg (

and 3). The uridine helix and pentaloop manifest the largest 11). The effectiveness of urea as a biopolymer denaturant

fraction of polar amideAASA because of the high number
of uridine bases, but also a high fraction of nonp@&SA.

has been attributed to the strong, favorable interaction
between urea and amide groups exposed upon unfolafg (

The reason for the discrepancy between our work and thatHowever, as seen in Table 3, AU-rich stem 2 actually has a

of Felitsky et al. 89) for glycine betaine accumulation or
exclusion from amide surfaces is unclear. However, our

smaller fraction of amidAASA than GC-rich stem 1. This
observation is evident in Figure 7, which platd,,m,/

analysis focused on biopolymer structures with a percentage(msAASA) for urea as a function of the fraction of amide

of nonpolarAASA significantly lower than the percentage

AASA. In Figure 7,AT,, m,/(MsAASA) for stem 2 is 33%
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larger than that for stem 1, even though stem 2 has a smalleiinteraction with unfolded GC-rich duplexes than with AU-
fraction of amideAASA. In our calculations oAASA, it is rich duplexes. Urea destabilizes both tertiary and secondary
possible we overestimated the newly exposed surface areatructure and has a stronger preferential interaction with
for the p2b uridine helix and pentaloop unfolding transition; unfolded AU-rich duplexes than GC-rich duplexes. The
the pentaloop’s structure in solution is probably more fluid preferential interaction of glycine betaine with unfolded
than the uridine helix. For comparison, we also plotted in secondary and tertiary RNA structures decreases as the
Figure 7 ALy, m/(MAASA) for the uridine helix and nonpolar character of the unfolded RNA surfaces increases.
pentaloop using thAASA of just the uridine helix. Most  Preferential interaction of urea with unfolded RNA becomes
likely, the trueAASA falls between these two extremes. This stronger with increasing amide fraction of the newly exposed
datum, however, was not used in the linear regression ofunfolded surface area. However, the strong preferential
the plots. Note that the small value &f,, m,/(MeAASA) interaction of urea for AU-rich duplexes relative to GC-rich
for the uridine helix and pentaloop in glycine betaine duplexes is attributed to stronger preferential interaction of
solutions in Figure 6 does not change significantly using just urea for adenine relative to guanine and cytosine bases.
the AASA of the uridine helix.

In Figure 7, linear regression yields values for® 10
AL, m,(MeAASA) 1000 amige0f 1.4+ 0.3 and 1.3+ 0.2m™/ We gratefully acknowledge the help of Olaf Hall-Holt for
AZ in 40 and 135 m NaCl, respectively. These values are gggjstance with the T-Melt program and Linux.
in good agreement with the 10« AT, m,/(MAASA)100%
amide value of 1.62+ 0.07 mYA2 predicted for urea  SUPPORTING INFORMATION AVAILABLE
accumulation at dsDNA and protein surfac2®)( The zero
intercept in Figure 7 indicates that any contribution to A description of the linear interpolation procedure févd
AT, m/(TAASA) from interaction of urea with other ~dT baselines, thermodynamic parameters for the sequential
surface types is apparently not significant compared to that unfolding of the AU177 hTR pseudoknot and p2b hTR
for amide surfaces. hairpin in glycine betaine and urea solutions (TableARf°
and A?8 sequential transition fitting parameters for the
AU177 hTR pseudoknot and p2b hTR hairpin in glycine
betaine and urea solutions (Tables 2 and 3). This material is
available free of charge via the Internet at http://pubs.acs.org.
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