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ABSTRACT. RNA molecules have numerous functions including catalysis and small molecule recognition,
which typically arise from a tertiary structure. There is increasing interest in mechanisms for the
thermostability of functional RNA molecules. Sosnick, Pan, and co-workers introduced the notion of
“functional stability” as the free energy of the tertiary (functional) state relative to the next most stable
(nonfunctional) state. We investigated the extent to which secondary structure stability influences the
functional stability of nucleic acids. Intramolecularly folding DNA triplexes containing alternatedd T

and C'eGC base triples were used as a three-state model for the folding of nucleic acids with functional
tertiary structures. A four-base-pair tunable region was included adjacent to the triplex-forming portion
of the helix to allow secondary structure strength to be modulated. The degree of folding cooperativity
was controlled by pH, with high cooperativity maintained by lower pH (5.5), and no cooperativity by
higher pH (7.0). We find a linear relationship between functional free energy and the free energy of the
secondary structure element adjacent to tertiary interactions, but only when folding is cooperative. We
translate the definition of functional stability into equations and perform simulations of the thermodynamic
data, which lend support to this model. The ability to increase the melting temperature of tertiary structure
by strengthening base-pairing interactions separate from tertiary interactions provides a simple means for
evolving thermostability in functional RNAs.

RNA can perform many functions in the cell such as  Hierarchical folding of RNA opens the possibility for
chemical catalysis, small molecule binding, and protein thermodynamic coupling between various folding steps.
binding (1—6). Functional RNAs include ribozymes, ri- Coupling between secondary and tertiary structure folding
boswitches, and ribosomal and transfer RNAs. This diversity has been clearly established for several RNAs. Early work
of RNA function has led to increased interest in the pathways from Crothers and co-workers showed that, in the presence
by which RNA folds into the native stat&€11). In general, ~ of low concentrations of Mg, tRNA unfolds through a
the native state of a functional RNA has a tertiary structure humber of detectable intermediatd$). Stein and Crothers
that rivals those of proteins in terms of molecular complexity later demonstrated that, in the presence of higher concentra-
(12). In comparison, the secondary structures of nucleic acids tions of Mg, tRNA unfolds in an apparent two-state fashion
are rather simple, and their stabilities are dominated by thein Which the tertiary structure is more stable than certain

molecular recognition principles of Watse@rick base  Secondary structural elements). Mg?*-dependent coupling
pairing (L3). of secondary and tertiary structure folding has been shown

in other RNAs including the 58 nt L11-binding domain from
23S rRNA (8), a pseudoknot from thEscherichia colia
MRNA leader 19), and a pseudoknot from the T2 bacte-
riophage autoregulatory mRNA lead&(}.

There has been intense interest in the mechanisms by
which proteins achieve thermostability, reviewed i)
Among the mechanisms suggested are strengthening of
tertiary interactions through van der Waals contacts, hydro-
‘gen bonding, and the hydrophobic effect. In addition,
decreasing the size of loops and strengthening of secondary
structure have been identified as contributing to protein
thermostability. Comparatively less is understood about how
functional RNAs achieve thermostability.

! Lhitsﬂwotrk WF’:\S supported bé/ NSF C;Faf?é ht/)lCB(-jg527lOd2 tTO IP'%s'?A) Sequence comparison suggests that the strength of second-

* Author to whom correspondence shou e addressed. lel: H H H H
863-3812. Fax: (814) 863-8403. E-mail: pcb@chem.psu.edu. ary structural interactions plays an important role in the

#The Pennsylvania State University. thermostability of functional RNA. For example, despite no

8 University of lllinois at Urbana-Champaign. correlation of genomic GC-content with optimal growth

10.1021/bi0620003 CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/16/2007

One of the features that distinguishes the RNA and protein
folding problems is the unusually high stability of secondary
structure in RNA. Indeed, the basic secondary structural
elements of RNA, such as duplexes, hairpins, and internal
loops, can be studied in model oligonucleotides that are fully
stable in the absence of additional secondary or tertiary
structural elementsl@). Tertiary folding typically involves
the association of preformed secondary structural elements
making the kinetics and thermodynamics of RNA folding
largely hierarchical14, 15). The experiments herein explore
the thermodynamics of hierarchical folding.
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temperature of the organism, thermophilic rRNAs, tRNAs, sequential folder. In addition, tertiary structure can be
and RNase P RNAs have much greater GC-content and fewesstrengthened by lowering pH, which drives formation of
secondary structure defects than their mesophilic counterparts<CTeGC base triples34—38). Last, we designed our triplex
(22—24); moreover, there is a correlation between predicted with a flanking tunable region that contains base pairs
melting temperatures of the secondary structure of RNA completely separate from tertiary interactions. This was done
molecules and the optimal growth temperature of the to investigate the extent to which secondary structural
organism in which they are foun@%). In addition,in vitro elementsnot involved in tertiary interactionsaffect the
evolution experiments for RNAs with thermostable tertiary thermostability of nearby tertiary interactions.
structure have revealed conversion of GU wobble pairs to  We show that the functional stability of a DNA triplex at
Watson-Crick AU and (mostly) GC pairs2g). Other factors  high temperature is influenced by secondary structure stabil-
such as strengthening of tertiary interactions, macromolecularity separate from the site of tertiary interactions, but only
crowding, and protein interactions likely contribute to the when folding is cooperative (at pH 5.5). Under noncoopera-
temperature stability of thermophilic RNAs as well. None- tive conditions (at pH 7.0), functional stability is independent
theless, the striking correlation between secondary structureof secondary structure stability. This linkage between co-
stability and thermophilicity suggests that secondary structure operativity and functional stability is similar to that deter-
stability plays a major role in the thermostability of functional mined in large catalytic RNAs, which have more complex
RNA. Despite these observations, a quantitative molecularfolding pathways §, 39). We emphasize the distinction
model has not been advanced for how secondary structurepetweertertiary structure stabilityandthermostabilitysince
stability affects thermostability of functional nucleic acids. tertiary structure stability, at least in our model system, is
Sosnick, Pan, and co-workers introduced the concept ofindependent of secondary structure stability, while thermo-
“functional stability”, which is defined from the viewpoint  stability is not. Because the stability of RNA secondary
of biological function 8). To have function, native tertiary  structure follows relatively straightforward rules and can be
structure is necessary; as such, functional stability is defineddrastically changed by one or two mutatiorfs3) these
as the free energy difference between the native state anctbbservations suggest a simple mechanism for thermophilic
the penultimately stable nonfunctional state, whatever its adaptation of functional RNAs.
identity. This definition leaves open the intriguing possibility
that in a non-two-state system the identity of the penulti- MATERIALS AND METHODS
mately stable state (i.e., reference state) can change with
temperature.
In the present study, we relate the concept of functional
stability to thermostability by deriving equations that relate
the empirically measurable concentrations of the various GGGG triplex:  5-AGAGAGAGGGGTTTTICCCCTCTCTCTTTTF

DNA Design.Following are the DNA sequences used in
this study. As an example of the notation, the designation

. TCTCTCT —
folded states to temperature. We also relate functional ,g5gg triplex:  B-AGAGAGAAGGGTTTTICCCTTCTCTCTITTTT
stability to the temperature at which tertiary structure melts, TCTCTCT -
or the tertiary melting temperature (TMT We examine AAGG triplex: 5"Arg'?gﬁgT_AAAﬂTTTTmTCTCTCTFTTTT'
whether coupling of secondary and tertiary folding Steps aaaG triplex: 5-AGAGAGAAAAG TTTTICTTTTCTCTCTITTTF
provides a plausible model for how strengthening base TCTCTCT I
pairing can affect functional stability. Although earlier studies AAAA triplex: 5"#%@8@815AA;AA' ITTITTTTCTCTCTITTTE
were pioneering in establishing coupling in the hierarchical GGG triplex: 5-AGAGAGAGGGGTTTTTICCTCTCTCTCTITTTE
folding of RNA, they were limited in their ability to establish n TCTCTCT -
a quantitative relationship between secondary structure SGCG riplex: - S-AGAGAGAGCGETTTTICCTITCTCTCTITTTE

stability and thermostability. One limitation was that the GGGG duplex: 5AGAGAGAGGGGITTTICCCCTCTCTCT

RNAs studied have very complex folding pathways involving  AAAA duplex:  5-AGAGAGAAAAA TTTTTTTTTTCTCTCT

four (20, 27), five (16), or seven 19) discrete states;

moreover, the unfolding pathways involved one or more “GGGG” means that there are four GC pairs in the tunable

branched steps. In addition, the secondary structural elementgegion, which is underlined along with its Watse@rick

probed by AU-for-GC base pairing swa@s8{20, 28—30) complement. The duplex sequences lack the final twelve

were often embedded in the tertiary elements themselvesnucleotides. Loops of five Ts are italicized; these were chosen

which leaves open the possibility that the base pairing swapsto provide flexibility for the triplex to fold, while avoiding

affected the stability of tertiary interactions directly, rather changes in protonation state at lower p#0)¢ G andT in

than indirectly. Because of these complications, the authorsbold and italic font signify a GT wobble pair. The*@C

typically interpreted the effects of base pair swaps qualita- and TeAT triples alternate to prevent fraying of triples at

tively, using them to assign various folding transitions. the helical termini88) and to prevent electrostatic repulsions
In an effort to develop a quantitative relationship between that would arise from adjacent'@GC triples.

base pairing strength and functional stability, we use an DNA Preparation.DNA oligonucleotides were obtained

intramolecularly folding DNA triplex 81, 32) to model the from Integrated DNA Technologies (Coralville, IA). Samples

folding of RNAs that have function by virtue of their tertiary were desalted by dialysis against deionized water using a

folding. A triplex was chosen because, in contrast to the microdialysis system (Gibco-BRL Life Technologies). Buff-

larger RNAs (1, 33), it is a relatively simple three-state ers consisted of 5 mM dibasic sodium phosphate; pH was

adjusted with HCI. Electrospray ionization LC mass spec-

L Abbreviations: Ty, melting temperature; TMT, tertiary structure ~ rometry data were acquired to confirm oligonucleotide
melting temperature. identity and purity (see Supporting Information).
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Table 1: Thermodynamic Parameters for Triplex Formation at p# 7.0

AGy3 AAGy3 T2z ATwos AGi2 AAG1; Twiz ATw12
sequence (kcal/mol) (kcal/mol) (TMT) (°C) (°C) (kcal/mol) (kcal/mol) (°C) (°C)
Watson-Crick
GGGG 5.43+0.14 - 21.8+ 0.5 - —1.56+0.09 - 56.5+ 0.3 -
AGGG 531+ 0.16 —-0.11+0.21 22.1+0.2 0.3£ 0.5 —0.60+ 0.06 0.95+ 0.11 52.5£0.2 —4.0+04
AAGG 5.32+0.10 —-0.10+0.17 22.0+04 0.3+ 0.6 0.224+0.05 1.78+0.10 49.1+0.2 -7.4+04
AAAG 543+ 0.13 0.01+£0.19 21.6£0.5 —-0.2+0.7 1.17+£ 0.08 273012 451+04 -11.4+05
AAAA 5.64 + 0.07 0.22+0.16 21.1+03 —-0.7+0.6 1.94+0.11 3.49+0.14 42.1+0.3 -—14.4+04
non-Watsor-Crick?
GGGG 5.65+ 0.19 0.23+0.24 21.0+06 —0.7+0.8 0.58+0.09 213+ 0.13 47.2£05 —9.3+0.6
GGGG not a clean transition not a clean transition
duplexe$
GGGG —2.03+0.11 -0.48+0.14 59.0+0.3 25+ 04
AAAA 1.11+0.05 -0.83+0.12 45.0+0.3 2.9+ 0.4

a All melts were performed in 10 mM Naas described in Materials and Methods. The provid&lvalues are at 50C since this is closer to
Twi2 and more relevant to the temperatures at which thermophiles live. The TMT is the temperature at which tertiary structure is lost, and is
equivalent toy,3 under noncooperative conditions of pH 72Mon-Watsor-Crick refers to GT wobble pairs at the underlined positiériuplex”
refers to hairpin oligonucleotides that mimic the duplex intermedi&fée reference state for duplex AAAA is triplex AAAA.

Determination of Thermodynamic Parameters by UV _ - _
Melting. UV melting experiments were performed on a Table 2: Thermodynamic Parameters for Triplex Formation at
Gilford Response Il spectrophotometer with a data point pH S5

acquired every 0.8C and a heating rate 6f0.6 °C/mi_n at AGgp? AAGops (NTTMR/?ST) AThobs
260 nm. Melts from 95 to 5C and 5 to 95°C provided sequence (kcal/mol)  (kcal/mol) (°C) (°C)
data consistent with reversibility of folding transitiorl). Watson-Crick

Melts were normalized by dividing absorbances collected GGGG —1.444+006  — 56.7+ 0.3 -

as a function of temperature by the high-temperature absor-AGGG :(1)'52381 8-83 g'éii 8-1(1) gg& g-g :é-éi 8'451
bance value. Monophasic melt data were fit to a two-state y s 0194009 125:011 50703 —60L 05

model using sloping baselines and analyzed using a Marquadtaaaa 0.26 +£0.08 1.70+0.10 49.1+ 0.3 —7.6+0.4
algorithm for nonlinear curve fitting in KaleidaGraph v.3.5 non-Watsor-Crick®
(Synergy software). Thermodynamic parameters are the GSCC ~011£0.11  1.32£0.13 50.4£ 0.4 ~6.2:£0.5

. GGGG 2.03+0.05 3.46+0.08 42.6+ 0.3 —14.0+ 0.4
average from at least three independently prepared samplesgypiexes

For the three-state melt data, the two transitions were fit GGGG —1.50+ 0.01 —0.07+0.07 59.0+ 0.1  2.4+0.3
separately using the two-state model. Representative melts AAAA® 0.78+0.04 0.52:0.09 46.5£0.3 —25+04
were also fit directly by a three-state modéll and gave a All melts were performed in 10 mM Naas described in Materials

similar parameters (not shown). Derivative plots were of and Methods® The providedAG values are observed values (“obs”)

: - .. determined from fits to a two-state model, extrapolated t6G8ince
normalized data and were smoothed using an 11 pOInt'[his is closer to the observeliy. Because the observed values are for

window. Noncooperative data (pH 7.0) are presented in |oss of tertiary structure, they are used as an operational definition of
Tables 1 and S1, while cooperative data (pH 5.5) are AG: in the text and in Figure 4AGgs and Tues values are

presented in Tables 2 and S2; Tables S1 and S2 are publisheépproximately equal tdGis andTwis under the cooperative conditions
as Supporting Informaton. R St e et oS rore o b

. Ass!gnment-of ThermOdynamlc States by Circular Dichro- oIigonucFI)eotides that mimic the guplex interr’?]ediate. For duplefes, the
ism. Circular dichroism spectra were collected on a JASCO yalues provided are for the 1o 2° structure transitiort The reference
810 spectropolarimeter from 320 to 200 nm with a step of state for duplex AAAA is triplex AAAA.

1.0 nm and a 2 sveraging time. Buffer spectra were
subtracted, and the signal was normalized to molar circular
dichroic absorption A¢) (42). Spectra were averaged and
smoothed over a five-point window.

We chose to model the hierarchical folding of RNA
through the simpler sequential folding of intramolecular
triplexes. In addition to the base triples and loops typically
RESULTS AND DISCUSSION present in intramolecular triplexe32, 34—38), we included
a four-base-pair cassette, or “tunable region”, adjacent to the
triplex (Figure 1, green). The GC-content of the tunable
region was altered to test experimentally the effect of
strand inserts into the major groove of the helix and, when s_econdary structure stability on function_al stability; the'base
composed of pyrimidines, runs parallel to the purine strand {fiPles and loops were kept constant in all of the triplex
and interacts with it via Hoogsteen base pairing to fosATr variants studied. Forr_natlon of_ essentially equwalen_t native
or CGC base triples43). Triplexes have been demon- Structures by the triplexes is supported by native gel
strated to formin zivo (31) and are being actively pursued ~€lectrophoresis experiments (Figure S1, published as Sup-
in therapeutic applicationst); they can be composed of porting Information). As shown below, unfolding of each
multiple strands or can form intramolecularB2 43). Here, triplex is consistent with two transitions: one between
we used triplexes as the experimental basis to investigateprimary (random coil) and secondary structure, described
the linkage between secondary structure stability and func- with an equilibrium constant for folding df1,, and another
tional stability. between secondary and tertiary structure, with an equilibrium

Design of the Intramolecularly Folding DNA Triplexes.
Triplexes are typically composed of a homoputitmopyr-
imidine Watson-Crick helix and a third strand. The third
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Ficure 1: General structure of intramolecular DNA triplexes and Z  0.002L
their sequential folding pathway. Each triplex comprises a Watson 2 .
Crick base-pairing region (black) that forms seven base triples with <

the 3-terminal portion of the sequence (red), a four-base-pair
tunable region that does not participate in triplex formation (green),
and two T5 loops (blue). Loops and triplex strand sequences are
identical for each variant. Folding initiates with formation of
secondary structure (Rfrom random coil (2) with an equilibrium
constant ofK,, and is followed by formation of tertiary structure
(3°) with an equilibrium constant d,s.

constant ofK,3 (Figure 1). For certain triplexes, melting of
duplex-forming sequences that lack the triplex-forming
nucleotides was analyzed to directly obt&ip.

Secondary Structure Stability Has No Effect on the TMT
of a Noncooperatie Folding SystenThermal denaturation
of the triplex with GGGG (i.e., four GC base pairs) as the
tunable region was performed at pH values ranging from
5.5 to 7.0. These experiments were done under low salt
conditions (10 mM Na&) for which triplex folding tends to

dA,(Normalized)/dT

10 20 30 40 50 60 70 80

be more cooperative38). First derivative plots are shown 0014 ————————————
in Figure 2, and the raw data are presented in Figure S2, 0.012 L °GE(EG [, pH55 C ]
published as Supporting Information. At pH 7.0, two well- = aroa %

separated melting transitions were present (Figure 2A). As % 0.01 1 . iiig ::'.".‘, ]
pH is lowered, the melting transitions coalesced, until at pH g 0.008 o A

5.5 only one sharp unfolding transition was present. This is g [}

similar to behavior reported for intramolecular triplexes 5 .

without a tunable regior3g) and is due to strengthening of <

the CreGC base triples with lowering of pH88, 45). More 48

acidic pH values were avoided because, although they further o

stabilize the folded state free energy, they more strongly

stabilize the random coil state on account of its greater 20 30 40 50 60 70 80
number of H-binding sites, leading to net acid-destabiliza- Temperature (°C)

tion of the trlplex 45). The qbservatlons §how that pH can FiGure 2: Comparison of first-derivative absorbance curves of
be used to adjust the folding cooperativity from none at tiplex melts. (A) Curves of pH-dependent melts of triplex GGGG.
higher pH, to high at lower pH, where cooperativity is At higher pH values (6.2, 7.0), two transitions are visible. The
defined as “the depletion of intermediate statet)(herein lower-temperature transition corresponds to the unfolding of the
the duplex state (Figure 1). The hyperchromicity is identical triplex, and the higher-temperature transition to unfolding of

. .. secondary structure. At lower pH values (5.5, 5.7) only one
between the pH 7.0 and pH 5.5 melts (Figure S2A) despite transition is observed. (B) Curves at pH 7.0 of triplexes with varied

absence of a well-populated duplex intermediate in the latter; watson-Crick base pairing in the tunable region. For each triplex
this observation is consistent with equivalence of the initial there are two transitions, the second of which hdg a/alue that
states under both noncooperative and cooperative conditionsdepends on the sequence of the tunable region. (C) Curves at pH
as well as final states. 55 of the same triplexes. For each triplex there is only one transition
. - . and itsTy value is dependent on the sequence of the tunable region.
To examine the interplay of secondary and tertiary
structure, the strength of base pairing in the tunable region ! , ) )
was modulated. A series of oligonucleotides was prepared@S confirmed by two means. First, melting studies were
in which the loop-distal GC base pairs were incrementally Performed on duplexes with the same sequence as the
replaced with ATs, until an AAAA tunable region was trlpllex.e.s, but without the'@erminal loop and triplex-forming
present (see legend in Figure 2B). The melting profiles of Pyrimidines. TheTys for the GGGG and AAAA duplexes
these oligonucleotides were first examined under noncoop-Were 59.0 and 45.0°C, respectively, similar to those
erative folding conditions of pH 7.0. determined for the high€Fy in triplex unfolding (Table 1
As seen in Figures 2B and S2B, the higher-temperatureand Figure S3 [published as Supporting Information]).
transition was very sensitive to the base-pairing content of Second, we measured circular dichroism (CD) spectra on
the tunable region. The higher-temperaftiyefor the GGGG triplexes and duplexes at various temperatures, and the
triplex was 56.5°C, while the higherTy for AAAA was spectra were consistent with these assignments (see below).
only 42.1°C (Table 1). The observed sequence dependenceWe thus assign this higher-temperature transitionasfor
of this Ty is consistent with unfolding of secondary structure, unfolding of secondary to primary structure.
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Ficure 3: CD spectra at different temperatures of triplex GGGG and duplex GGGG. Triplex GGGG is shown at 10, 407@rid g8)
and (B) at pH 5.5 and 7.0, respectively. Duplex GGGG is shown at 40 afi@ &9 (C) and (D) at pH 5.5 and 7.0, respectively. See text
for interpretation.

In contrast toTwmi2, the lower-temperatur&y at pH 7.0 CD spectra for the low and high temperature states at pH
was insensitive to the base-pairing content of the tunable 5.5 were consistent with unfolding from tertiary structure
region. Within experimental error, the GGGG triplex had directly to primary structure (see below). Thus, under
the sameTy as AAAA, 21.8 and 21.1°C respectively; cooperative (pH 5.5) folding conditions, the TM&Tw13s)
likewise, the sequences with intermediate AT content (or 1 is favored by stronger base pairing, as is observed functional
GT wobble) had the sam@&y (Table 1 and Figure S4, stability AG: (*AG;3 under cooperative conditions; see
published as Supporting Information). In addition, the free Supporting Information).
energy changeXG) for this transition was identical for this Assignment of States by Circular Dichrois@D spectra
series of oligonucleotides (Table 1). Since the higher- (Figure 3) of the GGGG triplex were acquired as a function
temperaturdly was assigned to secondary structure unfold- of temperature, choosing temperatures at which each of the
ing, this lower-temperatur&y should be for unfolding of  three states would be maximally populated. Inspection of
tertiary structure into secondary structure. This was con- unfolding curves (Figure 2A) indicated that 10, 40, and 80
firmed by CD measurements (see below). We therefore °C should primarily populate the folded, intermediate, and
assign this low-temperature transitionTags. Overall, under unfolded states at pH 7.0, respectively. In contrast, at pH
noncooperative (pH 7.0) folding conditions, the TMTlyfs) 5.5 only two states should be populated: the folded state at
is independent of the strength of base pairing, and functional 10 and 40°C, and the unfolded state at 8C. The pH 5.5
stability AGs (*AG,3 under noncooperative conditions; see CD spectra showed a unique signature of high and moderate
Supporting Information) is unaffected by secondary structure negative ellipticity at~215 and 240 nm at both 10 and 40
stability. °C, while the pH 7.0 spectra showed this feature only at 10

Secondary Structure Stability Increases the TMT of a °C (Figure 3A, 3B). In contrast, the 4 spectrum at pH
Cooperatie Folding SystemiVe also examined the melting 7.0 had the ellipticity ratio of these two peaks switched,
profile of the same series of oligonucleotides under coopera- consistent with population of a new state. At the rather
tive folding conditions of pH 5.5. As seen in Figures 2C featureless spectra were identical between pH 5.5 and 7.0
and S2C, the single folding transition was sensitive to the and distinct from any of the lower temperature spectra,
base-pairing content of the tunable region. The GGGG triplex consistent with population of the unfolded state. To confirm
had aTy of 56.7°C, while AAAA had aTy of only 49.1°C the identities of these states, CD spectra were acquired on
(Table 2). Likewise, the folding transition was sensitive to the duplex control sequences at both pH values (Figure 3C,
GT wobble content of the tunable region (Table 2 and Figure 3D). The spectra at 4%C for the duplex were similar at pH
S4). 5.5 and 7.0, and similar to that for the GGGG triplex at pH

The behavior of this transition at pH 5.5 is consistent with 7.0 and 40°C, confirming the assignment of this state to
unfolding of tertiary structure directly to primary structure. the duplex. No state with this signature was found for the
As mentioned, the hyperchromicity was identical between GGGG triplex sequence at pH 5.5, consistent with coopera-
the low and high pH melts (Figure S2A and S3A), and the tive folding. In addition, at 80°C the duplex control



Secondary Structure Influences RNA Thermostability

2 T T T T LS Ll T
= Slope: 0.58 £ 0.02 AAAA
g intercept: -0.35 £ 0.06
= 15} Rz 0997 .
[1]
£
e 4} ]
o
w
®
%)‘ 05} 4
AGGG
O n 1 1 1 1 1 1
¢ 05 1 15 2 5 3 35 4
AAG,, at 50 °C (kcal/mol)

Ficure 4: Linear free energy relationship betweARG; at pH
5.5 (set equal tdAAGypsfrom Table 2) and\AG;, at pH 7.0 (from
Table 1) at 50°C for triplexes with WatsorCrick base pairs in

the tunable region. As described in Table 2, under these conditions

AGs ~ AGl3.
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1° = 1
30 Noncooperative
& (pH 7.0)
O |2 \ . No TMT change
2%
2" — -
3 \ ) Cooperative
gl . _ (pH 5.5)
O — —_1 TMT change
3¢

Increasing Base Pair Strength
Ficure 5: Isothermal free energy diagrams for triplex formation.
The left-hand side shows energies of the states of Figure 1 at
temperatures just above the TMT for the AAAA triplex. The right-
hand side shows effects of strengthening secondary structure by
changing the tunable region to GGGG. Strengthening base pairing
in the tunable region affects the energy levels of the secondary
and tertiary structure states equally and in a largely pH-independent
fashion. The upper portion of the figure is at noncooperative (pH

sequences gave the same spectra as the triplex sequences) conditions and a temperature of 8L while the lower portion

consistent with all sequences being in the fully unfolded
random coil state when well above their high&y. In

summary, the CD spectra fully support the assignment of

the three states in the pH 7.0 unfolding as triplex, duplex,

and unfolded, and the two states in the pH 5.5 unfolding as

triplex and unfolded.
Model for Functional Stability Increasing with Secondary
Structure Stability.The experimental data on the triplex

oligonucleotides are consistent with the secondary structure

adjacent to the tertiary structure influencing functional
stability only under cooperative folding conditions. The
contribution of secondary structure stability to functional
stability under cooperative conditions is quantitatively as-
sessed in Figure 4. This figure shows a plonG; under
cooperative folding conditionsAAGq,s pH 5.5) versus
AAG;, (secondary structure stability at pH 7.0), both
evaluated at 50C, which is near their respectivig,s and
relevant to the temperatures at which moderate thermophile
live. (Recall thatAGs ~ AG;3 under cooperative conditions,
andAGgpsat pH 5.5 is an operational definition &fGy; see

Figure 5 and Table 2.) The four points are for the sequences

with Watson-Crick base pairing in the tunable region, with
AG values relative to the GGGG triplex. Observed stability

and secondary structure stability show a linear free energy

relationship, with a slope 0f-0.62 This relationship il-

lustrates that, under cooperative folding conditions, secondary,

structure free energy is directly transferable to functional free

energy. Several reasons may explain why only 60% of the

secondary structure energy is transferred into functional
stability. One possibility is the absence of complete coop-
erativity at pH 5.5: the duplex for GGGG has a population
of ~25% at pH 5.5 (Figure S5E, published as Supporting
Information), and the duplex for AAAA has a population of

~8% at pH 5.5 (Figure S5G). Other possibilities include

2The contribution of secondary structure stability to functional
stability was also assessed at a constant pH of 5.5 by melting duplexe
representing each of the five non-GT-containing triplexes at this pH.
The free energy relationship was linear withRvalue of 0.993 and

S,

is at cooperative (pH 5.5) conditions and a temperature df%2
(see Figure 6). Strengthening base pairing leads to no change in
the TMT at pH 7.0 but to an increase in TMT at pH 5.5.

slight effects of the triples on base-pairing geometry or small
effects of pH on base-pairing stability. As shown in Table
2, there is also a monotonic increase in TMT with strength
of secondary structure in the tunable region.

To gain further insight into the mechanism for TMT
increase with base pairing, we present free energy schemes
for triplex unfolding at both high and low pH (Figure 5).
The left-hand side of Figure 5 depicts the ordering of free
energies of the three states of Figure 1 at temperatures just
above the TMTs. At high pH, this corresponds to the tertiary
structure state lying above the secondary but below the
primary structure state (random coil), while at low pH, this
corresponds to the tertiary structure state lying above the

rimary but below the secondary structure state. Increasing

ase pairing strength in the tunable region (i.e., going to the
right-hand side of Figure 5) leads to equivalent lowering of
secondary and tertiary states (at both pHs) because both states
contain equivalent base pairing. Under noncooperative fold-
ing conditions of pH 7.0, the ordering of the three states is
unchanged, consistent with the observed inability of base-
pairing strength to affect the TMT (Table 1, column 4).
However, under cooperative folding conditions of pH 5.5,
the free energy of the tertiary structure state crosses the free
energy of the primary structure state, leading to a reordering
of the free energies of these three states and resulting in
tertiary structure now being the most stable state for this
new sequence at this temperature. This reordering of the three
states explains the observed ability of increased base-pairing
strength to translate into an increase in thermostability under
cooperative folding conditions (Table 2, column 4).

To help understand the temperature dependence of free
energy, simulations were performed for both cooperative and
noncooperative folding conditions for the two limiting triplex
sequences, GGGG and AAAA. These simulations use the
thermodynamic parameters measured for triplexes and

a slope of 0.86 (data not shown). We opt to discuss the pH 7.0 duplex duplexes (see the tables), with details of the simulation

melts herein because their energies reflect the full triplex sequence and ; ; ; ;
because they were conducted at near-physiological pH. Neverthele:ssprocedure and equations described fully in Supporting

the slope for the pH 7.0 case should be taken as a conservative estimadformation. Briefly, we transformed the Sosnick and Pan
to the contribution of secondary structure stability to functional stability. definition of functional stability §) into a mathematical
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~ 25 A Noncooperaiive H7.0) state has changed to primary structure. This effect can also
g 20 be seen in the temperature dependenesHyf(Figure S5C).
= 15¢ AAAA Because GGGG has more stable base pairing than AAAA,
o 10 GGGG its “flex point” for switching into this steeper regime occurs
~~ St iorFig.5 at a higher temperature. As a consequence, the temperature
(3 o — 1 at which theAGs = 0 line is crossed (TMT) is higher. In
'510 20 30 40 50 60 70 80 summary, the melting temperature of the underlying second-
Temperature (°C) ary structure acts as the “trigger” to enter into the cooperative
I unfolding phase. Therefore, in the context of equally stable
B 4B Cooperative (pH 5.5) AAAA tertiary structure, secondary structure stability controls the
-E ol /A TMT. For these cooperative conditiolrAGs ~ AG;3 near
§ ot the TMT.
= 2 / ‘ Strikingly, in these simulations exactly the same tertiary
) _";. - .IT‘“" Fig.c structure stability was used for both GGGG and AAAA
10 20 30 40 50 60 70 80 triplexes, as dictated by experimental determinations®#s
Temperature (°C) at pH 7.0.Thus, the obseed differences in thermostability
FIGURE 6: Simulations of functional free energy chang&; for between these sequences is unrelated to the strength of
triplexes GGGG (magenta) and AAAA (blue). The plots /& tertiary structure.The necessity for high cooperativity to
versus temperature use parameters from the tables. The observedttain a higher TMT is in line with observations on RNase
TMT is the temperature at which a curve crossesAtegg = 0 line. P RNAs, wherein RNAs were found to be more stable when

diagrams were drawn in Figure 5. (A) Plots for triplexes GGGG % . . S . -
and AAAA under noncooperative conditions (pH 7.0). (B) Plots Similarity, folding is appreciably more complex in those other
for triplexes GGGG and AAAA under cooperative conditions (pH Systems, and any linkage of folding cooperativity to second-

5.5). ary structure stability is unclear at present.

Implications for Thermophilic Adaptation in Functional
equation. We define a functional equilibrium constant as the Nucleic AcidsWe have presented experimenta| data, as well
concentration of the triplex state relative to the sum of the as a free energy scheme and simulations, that lead to a model
concentrations of all other states, which allows the identity jn which base pairing separate from tertiary interactions
of the penultimately stable state (i.e., reference state) toallows a functional nucleic acid to retain its function at higher
change with temperature. The functional thermodynamic temperature. Coupled equilibria maintain the three-state
parameters were then calculated by applying standardhijerarchical folding (Figure 1) in which secondary structure
thermodynamic relationships. This approach leads to aprecedes tertiary structure formation thermodynamically and
piecewise linear free energyemperature profile. kinetically, a framework that is widely accepted for RNA

Simulations with the pH 7.0 data illustrate the dependence folding and indeed physically demanded by the system.
of AG; on temperature for the GGGG and AAAA triplexes Hierarchical folding has been argued to underlie the folding
under noncooperative folding conditions (Figure 6A). A of simple and complex proteind?, 48). To explain our data,
species plot shows that the duplex intermediate populates towe do not need to invoke a more complicated folding
~99%, consistent with complete absence of cooperativity pathway such as four-state folding in which residual second-
under these conditions (Figure S5). We note thatGt = ary structure forms after tertiary structure, four-state folding
0, the temperature is the TMT because half of the moleculesin which misfolded secondary structure is resolved after
are in the functional state (i.e., have tertiary structure). The tertiary structure formation, or a branched pathway.
simulations show that the divergence AG; between the Our impetus for this study was the paradoxical observation
GGGG and AAAA triplexes occurs at temperatures well that functional RNAs from thermophiles tend to have more
above the TMT, and so “functional” tertiary structure is lost stable secondary structures than their mesophilic counterparts
at the same (low) temperature for both triplexes (Figure 6A). (22—25), yet tertiary structure stability is not related to the
For these noncooperative conditiofs(s ~ AGy3 near the  strength of preformed base pairs. The definition of functional
TMT. stability as the stability of the tertiary state relative to the

The calculated dependence®®; on temperature for the  penultimately stable stat@)(provides an escape from this
GGGG and AAAA triplexes under cooperative (pH 5.5) paradox. By allowing the identity of the penultimately stable
folding conditions is depicted in Figure 6B. At low temper- state to change with temperature, a non-two-state folding
atures, the\Gs values for the two sequences coincide because system can gain contributions from base pairing when folding
secondary structure is stable at these temperatures and is theecomes cooperative. Indeed, our data show that the TMT
penultimately stable state; thus, in general, sequences withof a functional nucleic acid can increase without any change
different base pairing strength are predicted to have the samen the underlying stability of tertiary structure. This model
functional stability at lower temperatures. This offers an has implications for the evolution of RNA.
explanation as to why base-pairing changes do not have an Sosnick and Pan pointed out two limiting models by which
appreciable effect on tertiary unfolding when certain RNAs an organism can adapt its RNAs to higher temperatures: it
are assayed by native gels at lower temperat@®95.K.S. could strengthen tertiary interactions, or it could shift the
and P.C.B., unpublished data). However, when Tiefor reference state to have less structdr®.(Our data speak to
secondary structure without accompanying tertiary structure the second model, and we note that the less structured state
is exceeded, the temperature dependencA@fbecomes  could be one without appreciable base pairing, which enables
much steeper; this is because the penultimately stable foldingthe simple adaptive mechanism of increasing the TMT by
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strengthening base pairing. A key feature of this mechanism SUPPORTING INFORMATION AVAILABLE

is that the altered base pairs do not even have to participate
in tertiary interactions (Figure 1) as long as they are
physically connected to the base pairs that do participate in
tertiary interactions (e.g., part of the same helix). As such,
an RNA could in principle adapt to higher temperatures
simply by acquiring point mutations that alter the secondary
structure, such as changing of GU wobble pairs to GC or
AU pairs, or deletion of helical bulges, both of which Juneau
and Cech found in sequence analysigrobitro evolution
experimentsZ6). Because tertiary structure-forming nucle-
otides do not have to change in this mechanism, function
should be retained. Thus, this mechanism provides a simple
and convenient means of thermophilic adaptation.

In addition, this mechanism provides an energetically
powerful means of adaptation. For instance, a GU to GC
change can be worth as much-a4.5 kcal/mol in folding
free energy; deletion of a bulged nucleotide contributes
~—3.9 kcal/mol; and insertion of a base opposite a bulge
can contribute up te-7.3 kcal/mol 60). Given the slope of
~0.6 in the linear free energy relationship (Figure 4), these
point mutations potentially contribute between-1 and—4
kcal/mol to functional folding stability, where the latter value
is worth approximately a factor of $0dn the equilibrium
constant at 37C. Thus, this model offers a quantitative
explanation for why the GC content of stems in ribosomal
and transfer RNAs is high for thermophiles while the overall
genomic GC content is no28), as well as for why some
thermophilic RNAs contain relatively few secondary structure
defects 22).

The thermodynamic driving force for tertiary interactions
in RNA, while not extensively studied, is often entrogd
53), suggesting that tertiary interactions may persist at the 1
high temperatures at which thermophiles live. The association
of Mg?" with ATP is also known to be entropically driven
(54), implying that metat-RNA interactions, typical of tert-
iary structure formation, could be endothermic. Nevertheless, ;4
in some cases, tertiary structures may be melted at thermo-
philic temperatures, and so tertiary structure may have to be
strengthened for thermophilic adaptatid®,(55). In addition, 14.
cellular factors such as proteins and crowding agents may 5
contribute to the stability of RNA at thermophilic conditions.

Despite the above caveats, the preponderance of stable16.
secondary structures in functional RNAs from thermophiles
(23) along with our quantitative findings relating secondary
structure stability and functional stability suggest that
strengthening of base pairing is an important mechanism for
achieving thermostability. Because base pairing affects
thermostability only when folding is cooperative and base
pairing is GC-rich in functional thermophilic RNAs, the
folding transition that leads to function for many thermophilic
RNAs may involve the formation of at least some secondary
structure. This seems reasonable given the high temperatureszo-
at which these organisms live.
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