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The only definitive staternent that thermedynamics makes about evolu-
ton is that uhimately &t will result largely in CO,, H,0, 2nd M.
Fortunately, the sun allows us to live in 1 world that is kinetically con-
trolled due fo an input of energy. Nevertheless, since many equilibria are
reached rapidly compared with the age of the earth, thermodynamic prin-
ciples can be used to predict what reactions are possible in this transitory
world. In this chapter, we argue that known thermodynamic properties of
RNA suggest it is well adapted tc play a central role in the evolution of
information transfer and catalysis. This is because mononucieotides con-
tain many functional groups and are therefore capable of strong, specific
binding interactions. The evidence for the strength of the binding interac-
tions comes largely from optical meling studies of oligonucleotides
{Turner el al. 1988). Since evolution presurnably started with rather shori
molecules, oligonucleotides are reasonable model systems for studying
the interactions important in early times. [n the following, we discuss the
interactions thought to be imporntant for organizing RNA, describe some
implications for catalysis and information transfer, and speculate on im-
plications for evelution.

DISCUSSION
Fundamentat interactions Datermining RNA Structure

Molecular zssociation and organization are essential for iformabion
transfer and catalysis. The thermodynamic measure of the strength of an
association or the exient of organization is the change in free energy,
AGY, since the equilibrium constant for either association or organization
into a specific conformation relative o the random coil is given by
K = ¢~8G"RT Here R is 1.987 caliM-K and 7 is temperature in kelvins.
Thus, the more negative the free-energy change, the more favorable the
association or the given conformation. For example, at 370C (3i0.15 K},
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every decrease of 1.4 keal/mole in free energy, AGPy,, favors that con-
formation or associaiion by a factor of 10 increase in the equilibrium
constant. As discussed below, individual stacking and hydrogen-boading
interactions can produce changes of this magnitude,

Stacking Interactions

Stacking is the vertical interaction of flat aromatic ring systems, as
cartoened in Figure t. One measure of the strength of stacking interac-
tions is the degree to which bomopolymers like polyadeaylic acid
organize from random coil to stacked, helical conformations. This has
been studied by optical, calorimetric, and other methads (Richards et al.
1963, laners and Feisenfeld 1970; Suvurkuusk ¢f =1, 1977; Filimonov and
Privalov 1978; Freter et al. 1981). The AGY4, for this intrasitand stacking
1s both modest and sequence dependent, Far polycyridylic, polyadenylic,
and polyuridylic acids, the AGY3; values are —0.3, -0.02, and >+1
kcal/mole, respectively (Rickards et al. 1963; Inners and Felsenfeld
1970 Freier et al. 1981}, The pesitive AG7 for polyuridylic acid indi-
cates negligible stacking at 37°C.

Another measure of the strength of stacking inferactions is the en-
hanced association coostant observed when unpaired nucleoiides, dan-
gling ends, are added io the 37 ends of RNA duplexes (Fig. 1). This can
be determined by measuring optical melting curves for duplexes with and
without dangling ends (Freier et al. 1983; Petersheim and Tuamner 1983;
Sugimoto et al. 1987; Turner et al. 1988). The intesstrand stacking effect
can be large. For example, 3/ dangling purines, R, in the sequence TR
make AGP%;, for oligomer association more favorable by L7 keal/mole
on wverage. Thus, a 3 dangling purine cun make a substantial coniribu-
tion o stability without any requirement for additional complementarity.
Cne race of an early use of this inferaction may be the fact that a 37
dangling purine typically follows the amticodon in tRNA. The effect is
very sequence dependent, however. The AG%,5 increment from a 37 dan-
gling pyrimidiae in the sequence VY 4 is only -0.1 kcal/mole.

In contrast to 3 ' dangling ends, all 5 dangling ends {n RNA add litile
additional stability, on sverage making duplex formation more favorable
by only 0.2 keal/mole at 37°C. This is expecied from the geometry of an
A-form RNA helix, which places a 57 dangling end away from the oppo-
site sirand {Freier et al. 1983},

Hydrogen-bonding Interactions
It is clear that hydrogen bonds are important for providing specificity in
ihe binding and folding of macromelecutes. The contributions of hydro-
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Figure ! Soms examples of free-energy chanpes, AG® 5, and free-energy incre-
menis, ABG%/2 for stacking and base-pairing ar 37°C. For intrastrand stacking
in homopolymers, AG,, values come from combining optical and calorimetric
data {Freier et al. 1981} or from the absence of any observable stacking in poly-
uridylic acid {Richards e2 al. 1963). For interstrand stacking, AAGY values come
from subtsacting the AGY;; for duplex formation by a fully Watson-Crick-paired
core from the AG®y; for duplex formation by the core seguence with an added
nucteatide that does not pair. For example, AAG?, - (2 O6;) = AGYGOCCG) -
AGYGGCC). The unpaired aucleoide is boxed in the sequence. Also shown is
the free-energy increment for adding two terminal CG pairs to a (CCGG), core,
Note that ia all cases, the AAGY, has been divided by two 1o give the free-
energy incretent per end.

2en bonds 1o the free-energy changes for binding and folding have been
controversial, however {Abeles et al. 1992). This is because formation of
hydrogen bonds in binding and folding must be accompanied by break-
age of hydrogen bonds to water. For RNA, thermodynamic studies sug-
gest the net contribution of a hydrogen bond to binding or folding is
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context-dependent (SantaLucia et al. 1992), but can be significant {Freier
et al. 1985, 1986b; Turner 2t al. 1987). The evidence is discussed below.

The first indication that hydrogen bonds coniribute 1o the AG? vahlues
for interactions between RNA oligomers comes from the changes in free
energy of duplex formation when an oligomer with a dangling end is ex-
tended by one nucleotide to allow the previgusly unpaired dangling end
to form a base pair (Freier et al. 1985, 1986bY. One example is illustrated
in Figure 1. For this case at 37°C, the dupiex with two termiaal CG pairs,
{GCCGGOT),, is 5.9 keal/mole more stable than the duplex with two ter-
minal 3 dangling ends, (CCGGC), (Freier et al. 1985). Maost of this ex-
tra stability depends on the complementarity of the 57 and 3”7 {erminal
residues, since the duplex with two terminal AC mismaiches,
{ACCGGC),, is only 1.4 kcal/mole more stable than (CCGGC), (Hickey
and Turner 1985}, This suggests the hydrogen bonds in the terminal CG
pairs are each worth at leasl {5.9-1.4)/6 = (.8 kcal/mole. A more refined
estimate for the AG® of a hvdropen bond requires a correction for con-
formational entropy effects. This gives a value of 1.6 kcald{mole
kydrogen bond) for this system (Freier et al. 1986b).

Another approach o estimating the coniribution of a hydrogen bond
to binding or folding is to measure the free-energy consequences of
replacing a single hydrogen-bonding group with a hydrogen (Turner et
al. 1987). This "atomic mutation” approach is made possible by advances
in the chemical synthesis of RNA (Kierzek et al, 1986; Usman et al,
1987}. The results from severa) studies involving substitutions of single
functional groups sre illustraled in Figure 2, The changes in free cnergy
upnn substituting hydrogen for a single hydrogen-bonding group range
from ( o 1.6 kcal/mole. This range reflects different contexts for the
tiydrogen bonds. For example, substituting the 37 -terminal Gs of
(GCCGG ), with inosine replaces the 57 -terminal G amino groups with
hydrogens (Fig. 2). This reduces duplex stability by 3.2 kcal/mole or 1.6
kcal/{mole hydrogen bonds), roughly as expected from the comparison of
dungling ends and terminal mismatches described above (Tumer et al.
19873, Substituting purine for A in GA mismaiches replaces the aming
group of A with a hydrogen. As shown in Figure 2, this substitution
reduces duplex stability by 1.3-1.5 kcal{{mole mismatch} when two GA
mismaiches are in the center of a helix and by 0.4 kcal/mole for a GA
mismatch in a d4-nucleotide hairpin, but it has no effect for a GA mis-
match at the end of a helix {(Santabucia et al, 19914, 1992). The reasons
tor this range are not clear. One possibility is that less of & hydrogen
bond at the end of a helix is compensated by enhanced conformational
freedom, Clearly, however, a single hvdrogen bond belween bases can
caniribuie on the order of 2 kcal/mole to binding or folding.
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Figure 2 Frec-cnergy increments for hydrogen bonds derived by measuring (he
thermodynamic effect of substituting H for a functional growp. Substitutions are
denoted by arrows: [ = inesine, P = purine, d = deexyribose. Changes observed
in binding or folding free energy {kcal/mole} are listed in beld, underlined num-
bers near the functional group that was substituted. Changes in duplex formation
(top 4 structures) are at 37°C (Tumer et al. 1987; Santalucia ci al. 1991a).
Changes in kairpin stabitity {bottom left} are a1 70°C znd are about {.1 keal/mole
smaller at 37°C (Santalucia et al. 1992). Changes in ribozyme binding are at
15°C {Bevilacqua and Turrer 1991},
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Hydrogen-bonded interactions in RNA are not restricted to the bases.
It has been shown by kinetic (Sugimoio et at, 1989), gel retardation (Pyle
and Cech 1991), and equilibrium dialysis (Bevilacqua and Turner 1991)
methods that binding of substrates 0 a group I ribozyme is pardslly de-
pendent on pasticular 2°-OH groups. This provides an advantage far
folding and catalytic diversity not possessed by DNA. For example, com-
parisons of the effects on binding of substrate CUCU to the ribozyme or
to ar oligomer after replacing subsirate 2°-OH groups with hydrogens
suggest interactions with two of the 27-OH groups contribute about 1
kcal/mole each 1o binding free energy at 15°9C {see Fig. 2} {Bevilacqua
and Turner 1991}, Additionally, 27 -OH group interactions might also
help catalyze reactions without affecting binding in the ground state. For
example, substitution of H for the 2* CH of the reactive nucleotide of
substrates for two different forms of a group I intron hinders reactivity
(Sugimoto et al. 1989; Bevilacqua and Turner 1991 aad aunpubl.} but
does not affect ground-siate binding, Thus, a 27 -OH can enhance bind-
ing in both ground and iransition states.

Presumably, hydrogen bonds to phosphate groups are also important
for RNA binding and folding (Quigley and Rich 1976). Thus, a single
nucleotide has many conlact points that can provide significant contribu-
tions o free-energy changes for binding and folding.

Counterion Condensation

A unique property of mucleic acids is their high density of negative
charge. This leads to condensation of neutralizing counterions into & rela-
tively small volume around the nucleic acid chain, producing 2 high lecal
conicentration of counterions that is independent of the counterion con-
centration in the bulk solvent (Manning 1978; Record et al. 1978). This
concentrating of counterions around the helix is entropically unfavorable,
hut less so as the counterion concentration in the bulk solvent ingreases.
This underlies the common linear dependence of duplex meliing temper-
ature, 7, a8 a function of log [Na*]. Another consequence of counterion
condensation is that multivalent jons will displace essentially all
univalent cations around the chain. Thus, the local volume around a
nucleic acid is enriched in multivaient cations. This guarantees a ready
source of the metal ions required for catalysis. The details of counterion
condensalion are relatively well understood for polymeric nucleic acids
(Manning 1978; Recerd et al. 1978). For example, the local concentra-
tion of +2 calions near a polymer double helix is on the order of 0.4 m,
independent of the bulk concentration of +2 cations (Manning 1978).
Studies of the salt dependence of the Ty and the association rate for the

RNA Thermodynamics 453

hexamer dGCATGC suggest that counterion condensation is alse impor-
tant for oligomers (Williams et al. 1989), The theoretical framework for
a guantitative description of the effect with oligomers is currently being
developed (Olmsted et al. 1989).

Thermodynamic Advantages for RMNA as the First
Macromotecular Catalyst and information Carrier
A prerequisite for catalysis and information transfer is strong binding.
For catalysis, simply bringing reactants together info the correct position
for reaction can enhance rates by factors of vp 1o 108 {Fersht 1985,
Jencks 1987; Abeles ef al. 1992). We have argued above that individuai
stacking and hydrogen-bonding interactions in RNA can each coniribuie
on the order of 2 kcal/mole to the AG? for binding ac 37%C. This value is
even more favorable at low temperature, especially for the stacking com-
ponent. Thus, the most favorable stacking interaction for a 3 dangling
end contributes —2.6 kcal/mole at 0°C, enhancing a binding constant by a
factor of more than 160 (Turner et al. 1988). This imteraction would favor
chain extension in a 57to 3’ direction, since a rucieotide coming onto the
3’end of an RNA chain would be held tighter ithan one coming onto the
57end where stacking is negligible. In adéition to stacking surfaces, of
course, & single nucieotide has many hydrogen-bonding groups that can
also enhance binding.

In contrast to nucleotides, the number of strong interactions available
10 a single amino acid is much smaller. This is reflected in the number of
monomers required to form ordered structures in oligonuclestides and
oligopeptides. Many dinuclectides have equilibrism constants of about 1
for stacking in a helical manner (Powell et al. 1972; Qlsthoorn et al.
1981); the equilibrium coastant for hairpin formation by 56eSCA% 500
at 0°C is 1 x 10% (SantzLucia et al. 1992). Even for optimized cases,
hawever, an oligopeptide of 14 aminoe acids is required to get an equi-
librium constant of order 1 for a-helix fermation at 3°C (Shoemaker et
al. 1987). The dissociation constant for duplex fermation by GGCC a
0°C is 62 ns (Freier et al. 1983). The dissociation constants for assembly
of short peptide strands have not been measured yet, although asseimbly
of covalently linked fragments has been demonstrated (Oas and Kim
[988). Note that formation of GGCC from monomers requites only three
coupling reactions; from dimers it requires only one coupling. In a
prebrotic world with coupling reactions difticult, nucleic acids have a
clear thermodynamic advantage over proteins. Few eoupling reactions
are required ¢ allow strong associations into ordesed assembiies.

Another thermodynamic-based advantage for evolution of nucleic
acids is the large temperatere dependence for binding constants between
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nucleic acids. For example, before enzymes evolved, RNA elongation
may have been catalyzed by bringing two subsirates close via a compi)e-
mentary template. The large temperature dependence of these associa-
tions coutd give rise to a catalytic cycle where low iemp.e:amres favored
binding for efficient elongation of short oligomers, but high i'cmperatun':s
allowed efficient release of the longer products. Effectively, chain
growsh becomes a two-step cycle, pethaps regulated by day and night.
Consider the following simple mechanism for the first siep of the
cycle in which two identical letramers, GG, bind a complementary
template, GGOCGGCC, and ligate to form 2 template/product complex:

’ ' Ps" 3 kY gadcboectk, Sagccgaoc ¥
PIB000 T ccoaiiity, o 5 COBGREsG, " ;6adadad
3 ke 3 5
For shori oligomers, K, {=(.fc]§g + kyppdkgn) is large. Sin_ce aligomer
sbundance is presumably low in early stages of evolulion, K{gl >>
[GGCC), >> [GGCCGGCC),, The apparent rate, kypp, i'"or conversion of
GGCC to the template/product complex is [heﬂ_ given by _kap? =
{hgkon/lhiig + k)t [GGCCL,. The rate ‘of association for cligomers
making GC pairs, ke i essentially independent of temperature
(Pérschke et al. 1973; Williams et al. 1989), so the iarge: ier'npcrature de-
pendence of the binding constant is manifested primarily in El:te rate of
dissaciation, ko For example, the half-life, #y5, for dissociation of the
first GGCC and template is predicted to be 5 minutes at {t‘i’Cf and‘9.4
milliseconds at 379C {Freier et al. 1986a; Turner et al. 19§8)‘ Since hg:’:-
tion is likely (G be slow, most templatc-tfmdir&g‘ events :wli m:tt.resuit in
reaction (ke >> &gk Under these "rapid egquilibrium” conditions, the
ratio of kapp ai two temperatures reduces 10!
;g;- kE” k:;aag.

o Tow T
pe e 1

‘The temperature dependence of each rate can be approximated by the
Arrhenius equation, k = A exp(—E/RT). This gives:

T
A cep (- Ly (B Bl
T R T Tow

Thus, if the temperature dependence of k¢ I8 larger than kg (i.e., E, off
> E, ip), conversion of GGCC to the template/product complex becomes
favo,re% at low temperature by this exponentiaj term. Maoreover, under
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such conditions, the template position of tightest substrate binding is also
most efficient, adding a primitive degree of fidelity.

After one or more ligations, no sites would be feft on the template for
subsirare binding, necessitating the second step of the cycle: release of
the template/product complex. '

5' 3! k .
GGOCGGOC 5 3
3GCERUES M 2 Ygsoosece

;CCGGCCGG,

Kinetic experiments on site-specific cleavage by a group I ribozyme
clearly show that product dissociation is rate-limiting under certain con-
ditions {Herschiag and Cech 1990). Presumably, this wiil be equally or
more limiting for the products of ligation reactions on a template. If the
length of the product is double that of the subsirate as considered above,
nearest-neighbor rules indicate AG® will roughly double. As a conse-
quence, 1) » at 0°C for dissociation of the product, GGCCGGCT, from its
tempiate becomes 250,000 years! The large temperature dependence of
koip however, permits dissociation by temperature increase; ¢y for dis-
sociation of GGCCGGCC from its templaie is enly 16 hours at 37°C,
one warm cycle. In a sense, high temperature could serve as a primitive
helicase. Once released, the ligated product could seif-assemble and/or
undergo further rpunds of clongation, Thus, low temperature favors
chain elongation of short ofigomers, but refease of longer products may
require high temperature. This is possible because of the large tempera-
ture dependence for RNA associations.

It should be noted that template/product formation has an optimum
temperatute; that is, lower temperature does not ahways favor chain
elongation. Temperatures below the optimum disfavor the Ffirst step of
the eycle for several reasons. Oligomers could bind so tightly to incorrect
template positions or positions separated by gaps that a steady-siate pop-
uiation of correctly aligned intermediates does not accumulate on 2 rea-
sonable time scale. Such effects would decrease fidelity and prevent effi-
cient chain elongation. Thus, the optimum temperature for chain elenga-
tion depends on both sequence and tengih. In general, however, refease
of the elongated product on a reasonable time scale requires an increase
above the optimum temperajure for chain elongation. It is clear that the
strong dependence of &, on both temperature ard oligomer length must
be considered in discussions of template-mediated coupling of RNA.
These considerations suggest that in viiro experiments aimed at simulat-
ing evohution might benefit from incorporation of a temperature cycling
step.
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Thermodynamic Considerations fer Evolution of the
First Binding Shes and Codes

Even with the manay binding contacts available on a nucleatide, initial as-
sembly must have been difficult, given the presumably low concentra-
tions of sebstrates. This requirement for tight binding may have been one
element in the selection of the 3 -5 *sugar-phosphate backbone instead
of the 27 -5 aliernative. Short oligomers with 27-5*linkages form base
pairs, but the AG%;5 per base pair for duplex formation is typically about
I kcal/mole less favorable than for the corresponding 37-5linked
oligomer (Kierzek et al. 1992}, Anether {actor favoring the 37-37 linkage
is chemical stability {Usher and McHale 1976).

Given a 37-57backborne, the AG® values for helix propagation by
Watson-Crick base pairs {Freier et al. 1986a) suggest thal GC pairs
would be favored, since on average, adjaceat GC pairs contribute 2.2
kcal/mole mare thar adjacent AU pairs at §°C. The AG? values for GU
pairs are similar to those for AU pairs (He et al. 1991). Thus, there is no
thermodynamic requirement for A in early helices. Inferestingly,
anticodons containing A typically code for amino acids thal may not
have been necessary at early times: Phe, Tyr, Trp, Cys, Met, Leu, He, and
Val. Absence of A, however, would give replication in which U conld
substitute for C, although C weuld still be favored due to stronger bind-
ing.

Formation of simple helices, of course, is probably not sufficient to
pradece a range of catalytic activities, Presumably, base functional
groups must be available to bind substrates in particular orientations and
1o provide catalysis. This focuses aitention on motifs that are not
Watson-Crick paired. Unfortunately, most suoch motifs destabilize 2
duglex and therefore require more Watson-Crick base pairs to hold it to-
gether, The only known exceptions to this general rule involve insertions
of single and double GU mismulches into helices (He et al. 1991} Some
mismatches are less destabifizing thar others, however. For example,
recent studies of internal 100ps containing 1wo mismatches show that in-
sertion of GA,,, AGL. . and UV, double mismatches into a helix
destabilizes the fully Watson-Crick-paired duplex muach fess than other
ron-GU double mismatches {SantaLucia et al. 1921b). Figure 3 shows
the change in AG%;; measured upon insertion of these and other double
mismatches into a helix. The thermodynamic advantage for insertion of
the GA and UU double mismatches averages 2.1 keal/mole at 37°C,
NMR studies suggest the enhanced stabilities of laops with GA, UU, and
(U mismatches ase due 10 hydrogen bonding {He et al. 1991; Santalucia
et al. 1991h; Nikonowicz and Pardi 1992). If short helices were initially
preferred due o difficulty in coupling nucleotides, then the thermo-

ANA Thermadynamics 457

L%

|
1 : |
EAG GuU Gﬁ_UU GGl CAjlA& | CU UC) CCltAC
CARUCIAGHUURGGHACIAA JUC CUY CCY CA
|

GU
—3 4 l
-2 .

Figure 3 Change in free energy of duplex formation at 37°C upon inserting
double mismalches inlo the middie of a helix. For example, AAGY, (A5, ) =
AGY ACGCAGGCG) — AG®;, (CGCGCG) {SantaLucia et al. 1991b). Positive
values of AAG?y; are unfavorable for duplex farmation.

AAG:? (keal/mel)

dynamic resuits suggest internal loops with GA, UU, and GU mis-
maiches would also be preferred. {Presumably an isolated AU or GC pair
in the middle of a loop could also be favorable.)

Modeling of the 94, ; mismatch, as shown in Figure 4, suggests even
a small internal loop can provide a useful recognition element
(Santalucia 1991). Each GA mismauch is hydrogen-bonded as shown in
Figure 2 in 3 pattera initially seen in DNA Dy Li et al. {1991) and in
RNA by Heus and Pardi (1991). This leaves normal Watson-Crick
hvdrogen-bonding positions available on G for binding something into
the pocket that is formed. Interestingly, the A8, intemal loop has a
hydrogen-bonding pattern involving the G imino and carbony! groups
(Fig. 2). Thus, it has fewer functional groups avatlable for further bind-
ing. In a survey of 21 165 rRINAs {Gutell et al. 1985) and 38 238 rRNAs
(Gutell and Fox 1988), the 8A,; motif occurs 45 times, whereas the
Ad. . motif is sbsent. Since OA, - and AC;, are thermodynamically
simifar, this suggests B4, - was selecied for its binding possibilities.

Thermodynamic considerations also favor placing mismatches be-
tween helices instead of at the ends in order to optimize their effective-
ness for binding and catalysis. Mismatches flanked by base pairs have
less confermationat freedom than mismatches at the ends of helices. This
resubis in greater preorgapvization of the binding site and hence tighter
binding. Moreover, the local Mg** concentration should be greater in the
middle than at the end of a helix {Olmsted et al. 1989).
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233
Figare 4 Madel of the duplex ﬁg‘m 58 based on NMR data (SantaLucia 1991).

Base pairs are colored green and the GA mismaiches have traditional colors fer
atoms (O = red, H = white, C = black, N = blue).

Hairpin loops provide another unpaired motif that can be added 0 an
RNA helix while favoring folding. For exumpte, the free-¢nergy penalty
for initiating a helix from fwo separate strands is 3.4 kcal/mole at 37°C
(Freier et al. 1986a). If the helix is initiated intramolecularly, giving rise
0 a hairpin loop of 4, 5, or 7 Us, then the initiation penalty is 3.0, 3.1, or
3.8 keal/mole, respectively (Groebe and Uhlenbeck 1988). Some loops of
4, called tetraloops, are even less destabilizing (Tuerk et al. 1988). For
exampie, Antao and Tinoco {1992} report a penalty of only 1.0 kcal/mole
for initiating a loop at 379C with the sequence UUCG. In addition to the
relatively favorable AGY for initiation of a hairpin, hairpin folding is fus-
ther favored by the transformation of the folding from an imermolecular
to an intramalecular process. For the intramolecular folding of a4 hairpin,
half the moltecuies have a base-paired stern when AGohairpi“ = 0 keal/
mole. For helix formation by two self-complementary strands, a AG® of 0
keal/mole results in haif the strands forming duplex helix only when the
strand concentration is 1 M. Por more rezhistic strand concentrations, the
AGY must be much more favorable. For self-complementary duplexes,
the AG? required to drive half the strands into duplex is given by AG® =
RT InCy, where Cy Is the total strand concentration, Thus, at 107% M
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strand conceniration, a AG? of —8.5 kcal/mole is required to drive haif
the strands into duplex at 37°C. Evidently, (here was a strong thermo-
dynamic pressure to select hairpins ai an early stage in evolution.

Assembling Motifs

The sbove discussion focused largely on thermodynamic conasiderations
tor the coupling and interaction of shert oligonucleotides. These could
readily fold into weli-known clements of secondary structure such as
hairpins and internal loops. At some point, however, it musl have been
advantageous to assembie two or more motifs inlo more complicated
structures. As with base-pairing, such assembly is facilitated when the
process s intramolecular. Moreover, the same stacking and hydrogen-
bonding interactions that drive base-pairing can also promote assembly
of motifs. This can be seen in the crystal structure of tRNA, where such
inferaciions fix the relative positions of the D and TWC ioops (Kim et al,
1974; Roberius et al. 1974}, It is likely, however, thut additional interac-
tions are also important in this tertiary folding process.

Oue teriiary interaction umique to RMA is hydroger bonding to the
2+-OH group. The role of a 27 -OH group in stabilizing a helix was firs¢
suggested by Kinelic experiments using chimeric DNA-RNA substrates
@ open a covalently closed, circular group | intron {Sugimoto et al,
1989). Subsequent gel retardation (Pyle and Cech 1991) and equilibrium
dial ysis (Bevilacqua and Turner 1991} studies suggest the interaction of a
2-0OH group can contribuie on the order of 1| kcal/mole to helix
stability. Proposed three-dimensional siruciures of the group I intren sug-
gest this 27 -0H interaction helps hold and orient the subsirate helix in
the active site (Kim and Cech 1987; Michel and Westhof 1990). Com-
parison af the effects of substituting a 2*OH with a 2' H on binding 10
tibozyme and 16 a hexamer suggest addiiional, as yet snideniified inter-
aclions are also involved in this helix positioning (Bevilacqua and Turner
1991). It has also been shown that the intramolecuolar rate for this helix
positioning is about 3 57! at 15°C, much slower than the rate for forma-
tion of secondary structure (Bevilacqua et al. 1992). This might be ex-
pecied i, in fact, secondary structuse initially evolved in the absence of
tertiary structure,

An electric dichroism study of bundling of DNA helices also suggests
there are new interactions imvolved in helix packing (Mandelkern et al.
1981). This study showed that seven DNA helices, each of about 140
base pairs, can pack together side by side, perhaps with six helices
hexagonally surrounding a center helix. Counterintuitively, this associa-
fion is promoted at fow concentrations of monovalent counterion, sug-
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gesting it is accompanied by release of Mat. The assembly is also
promoted by +3 ions. Although no equivalent study has been done on
RNA, it would not be surprising to find similar effects.

Assembly of helices could have impertant implications for RNA
catalysis by providing z region of low dieleetric constant and low water
activity. Such a milien is often important for catalysis by proteins
(Abclés et al, 1992). The proposed three-dimensional structures of group
1 introns comaie such a catalytic core (Kim and Cech 1987; Michel and
Westhof 19%0). Moreover, mapping experimenis with hydroxyl radicals
provide experimental evidence that substantial regions of the ribozyme
are inaccessible to solvent after tertiary folding is induced by Mgt+
{Celander and Cech 1991).

COMCLUSIONS AND PERSPECTIVES

The many funciional groups, high charge deosity, and sirong interactions
of RNA provide thermodynamic advantages for RNA in initial stages of
evolation. In particufar, relatively few coupling reactions are required fo
form an oligomer capable of tight binding and stable folding, Many of
the interactions important for determining secondary and tertiary struc-
ture are known, but additional interactions remain to be discovered. The
products of evelution were restricied by the building blocks available and
their environment. Recenl studies of rationally designed, organic
replicating systems suggest that similar interactions can result in seli-
assembly of different building blocks in erganic solvenis (Tjivikua et al.
1990; Feng et al. 1992} In vitro selection methods have been used to
wdentify nucleic acid sequences capable of specific functions (Ellington
and Szosak 1996, 1992; Tuerk and Gold 1990). This suggests similar
methads may ultimately be developed for use with different building
btocks, thus expanding the possibilities available. Thus, understanding
intermolecular interactions may facilitate rational desigs of a replicating
system that can be used to evolve the best structures availabie for a par-
ticular catalytic or other purpose.
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