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The only definitive statement that thermodynamics makes about evolu
tion is that ultimately it will result largely in CO2 • H20, and N2. 

Fortunately, the sun aUows us to live in a world that is kineticaHy con
trolled due to 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 possjble in this transitory 
world. In this chapter, we argue that known thermodynamic properties of 
RNA suggest it is welJ adapted to playa central role in the evolution of 
infonnation transfer and catalysis. This is because mononudeotides con
lain 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 opdcal melting studies of oligonucleotides 
(Turner et at (988). Since evolution presumably started with rather short 
molecules, oligonucleotides are reasonable model systems for studying 
the interactions important in early times. In the following, we djscuss the 
interactions thought to be important for organizing RNA, describe some 
implications for catalysis and informatiDn transfer, and speculate on im
plications for evolution. 

DISCUSSION 

FUl1damental Interactions Determining RNA Structure 

Molecular association and organization are essential for information 
transfer and catalysis. The thermodynamic measure of the strength of an 
association or the extent of organization is the change in free energy. 
!J.GG, since the equilibrium constant for either association or organizarion 
into a specific conformation relative to the random coil is given by 
K = e-l\O<"/RT. Here R is 1.987 cafiM4K and T is temperature in kelvins. 
Thus, the more negative the free-energy change. ~he more favorable the 
association or the given conformation. For example, at 37°C (310.15 K), 
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every decrease of 1 A kcallrnole in free energy, AGo37• favors that con
formation or as~ocialion by a factor of 10 increase in the equilibrium 
constmlL As discussed below, individual stacking and hydrogen-bonding 
interactions can produce changes of this magnitude. 

Stacking interactions 

SlackLng is the vertical interaction of flat aromatic ring systems, as 
cartooned in Figure l. One measure of the strength of stacking interac
tions is the degree to which homopolymers like po1yadenylic acid 
urg~lflize from random coll to stacked, helical conformations. This has 
been studied by optical, calorimetric, and other methods (Richards e[ al. 
1963; lilners and Felsenfeid 1970; Suurkuu~k d at. 1977; Filimonov and 
Privalov 1978; Freier et at. 1981). The AC037 for this Lntrastrand stacking 
is both modest ~md sequence dependent. For polycyridylic, polyadenylic. 
and p>:)lyuridylic acid:;;, the tJ.Go37 vulues are -0.3, -0.02, and >+1 
kca1Jmole, respectively (Richards er a1. 1963; lnners and Felsenfeld 
1970~ Freier et al. 1981). The positive AG037 for polyuridylic acid indi
cates negligible stacking at 37°C. 

Another measure of the strength of stacking interactions is the en
hanced associa(ion constant observed when unpaired nucleotides, dan
gling ends, are added 10 Ihe 3' ends of RNA duplexes (Fig. 1). This can 
be determined by measuring optic<l1 melting curves for duplexes with and 
without danghng ends (Freier et at 1983; Petersheirn and Turner 1983; 
Sugimoto et a1. 1987; Turner et al. 1988), The interstrand stacking effect 
can be large, For example, 3' dangling purines, R, in the sequence eRG 

make .a.Go37 for oligomer association more favorable by 1.7 kcal/rnole 
on average. Thus, a 3' dangling purine can make a substantial contribu
tion to stability without any requirement for additional complementarity. 
One trace of all early use of this interaction may be the fact that a 3 ' 
dangling purine typically follows the anticodon in tRNA. The effect is 
very sequence dependent, however. The AG037 increment from a 3 ~ dan
gling pyrimidine in the sequence UY A is only -0.1 kcallmoJe. 

In contrast to 3 t dangling ends, all 5' dangling ends in RNA add little 
additional stability, on average making duplex formation more favorable 
by on1y 0.2 kcal/mole at 37°C. This is expected from the geometry of an 
A-form RNA helix, which places a 5' dangling end away from the oppo
site strand (Freier et at. 19.85). 

Hydrogen-bonding interactions 

It is clear that hydrogen bonds are important for providing specificity in 
the binding <lnd folding of macromolecules. The contributions of hydro-
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Figure 1 Some examples of free-energy changes, nCo 3 7' and free-energy incre
~ents.,. t16.Go3/2 for stacking and base-pairing at 37°C. For intras{rand stacking 
In homopolymers, ilGo)7 values come from combining optical and calorimetric 
da.ta (~reie~ et at 1981) or from the absence of any observable stacking in poly
undyhc aCid (Richards e~ a1. ]963). For interstrand stacking, dnGO va]ues come 
from subtracting the: A(;037 for duplex formation by a fully Walson-erick-paired 
core from the tJ.Gun for duplex formation by the core sequence with an added 
nucleotide that does not pair_ For example, ililGo}? (2 CGo ) = L\.GO(GGCCG)_ 
8CO(GGCC), Tlte unpaired nucleolide is boxed in the sequence. Also shown is 
the free-en~rg)- increment for adding two [erminal CO pairs to a (CCGGh core. 
Note that In all cases, tne AllGo}7 has been divided by lwo to give Ihe free
energy increment per end. 

~en bonds to the free-energy changes for binding and folding have been 
controversial, however (Abeles et at. 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 (SanlaLucia eE at 1992). but can be significant (Freier 
et aL 1985, 1986b; Turner el al. 1987). The evidence is discussed below. 

The first indication that hydrogen bonds contribute to the !lGo values 
for intemctions 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 nudeotide to allow [he previously unpaired dangling end 
10 form a base pair (Freie.r et al. 1985, 1986b). One example is illustrated 
in Figure 1. For this case at 37°C. the duplex with two terminal CG pairs, 
(GCCGGCh, is 5.9 kcalimole more slable than Ihe duplex with two ler
minal3'dangling ends, (CCGGC)2 (Freier el aL 1985). Most of this ex
tra stability depends on the complementarity of the 5' and 3 I" terminal 
residues. since the duplex with two terminal AC mismatches, 
(ACCGGCh, is only 1.4 kcal/mole more stable than (CCGGCh (Hickey 
and Turner 1985). This suggests the hydrogen bonds in the terminal CG 
pairs are each worth at leasl (5,9-1.4)/6 = 0.8 kcallmole. A more refined 
estimate for the ~Go of a hydrogen bond requires a correction for con
formational entropy effects. This gives a value of 1.6 kcal/(mole 
hydrogen bond) for this system (Freier et al. 1986b). 

Another approach to estimatIng the contribution 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 Hatornic mutation II approach is made possible by advances 
in the chemical synthesis of RNA (Kierzek et al. 1986; Usman et al. 
1987). The results from several studies involvjng substitutions of single 
func[ional groups are illustrated in Figure 2. The changes in free energy 
upon substituting hydrogen for a single hydrogen-bonding group range 
from 0 to 1.6 kcal/mole. This range reflects different conlex(s for (he 
hydrogen bonds. For example, substituting the 5' -terminal Gs of 
(GCCGGCh with inosine replaces the 5' -tennina! G amino groups Wilh 
hydrogens (Fig. 2). This reduces duplex stability by ).2 kcalfmole (}[ 1.6 
kcal/(rnole hydrogen bonds). roughly as expected from the comparison of 
dangling ends and terminal mismatches described above (Turner et at. 
1987). Substituting purine for A in GA mismatches replaces the amino 
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 
mismatches are in the center of a helix and by OA kcallmole for a GA 
mismatch in a 4-nucleotide hairpin. but it has no effect for a GA mis
match at the end of a heli.x (Santa Lucia et aL. 1991a, 1992). The reasons 
for this range are not dear. One possibility is that loss of a hydrogen 
bond at the end of a helix is compensated by enhanced confonnational 
freedom. Clearly. however. a single hydrogen bond between bases can 
contribute on the order of 2 kcaJlrnole to binding or folding. 
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Figure 2 Free-energy iru:;rements for hydrogen bonds derived by measuring the 
tnermodynamic effeci of substituting H for a functional group. Substitutions are 
denoted by arrows: I = inosine, P = purine, d = deoxyribose. Changes observed 
in binding or foJding free energy (kcal/mole) are listed in bold, underlined num
bers near the functional group that was substituled. Changes in duplex formation 
(top 4 structures) are at 37°C (Turner et al. 1987; SantaLucia et at 199)a). 
Changes in hairpin stability (bottom left) are at 70uC and are about 0.1 kcallmole 
smaller at 37uC (SanlaLucia ct a1. J992). ClJanges in ribozyme bjnding are at 
15°C (Bevilacqua and Turner 1991). 
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Hydrogen-bonded interactions in RNA are not restricted to the bases. 
It has been shown by kinetic (Sugimoto et a!. 1989), gel retardation (Pyle 
and Cech 1991), and equilibrium dialysis (Bevilacqua and Turner 1991) 
methods that binding of substrates to a group I ribozyrne is partially de
pendent on particu1ar 2' -OH groups. This provides an advantage for 
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 an oligomer after replacing substrate 2' -OH groups with hydrogens 
suggest interactions with two of the 2 r -OH groups contribute about 1 
kcallmole each to binding free energy at 15°C (see Fig. 2) (Bevilacqua 
and Turner 199]). Additionally, 2' -OH group interactions might also 
help catalyze reactions without affecting binding in the ground state. For 
example, substitution of H for the 2' OH of the reactive nucleotide of 
substrates for two different forms of a group 1 intron hinders reactivlty 
(Sugimoto et al. 1989; Bevilacqua and Turner 1991 and unpuhl.) but 
does nOE affect ground-state binding. Thus. a 2' -OH can enhance bind
ing in both ground and transition 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 contact points that can provide significant contribu
tions to free-energy changes for binding and folding. 

CUllnrcrion Condensation 

A unique property of nuc1eic acids is tht:ir high density of negative 
charge. This leads to condensation of neutralizing counterions into a rela· 
tivelv smaJl volume around the nucleic acid chain, producing a high local 
conc-'entration of counteriolls that is independent of the counterion con
centration in the bulk solvent (Manning 1978; Record et a!. 1978). This 
concentrating of counlerions around the helix is en tropically unfavorahle) 
but less so as the counterion concentration in the bulk solvent increases. 
This underlies the common linear dependence of duplex meltlng temper
ature, T M. as a function of log [Na+]. Another consequence of counterion 
condensation is that multivalent ions will displace essentially aU 
univalent cations around the chain. Thus, the local volume around a 
nucleic acid is enriched in multivalent cations. This guarantees a ready 
source of the meta) ions required for catalysis. The details of counterion 
condensation are relatively well understood for polymeric nucleic acids. 
(Manning 1978; Record et al. 1978). For example, the local concentra
tion of +2 cations 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 T M and the association rate for the 
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hexamer dGCATGC suggest that counterion condensation is also impor
tant for oJigomers (WiHiams et at. 1989). The theorelical framework for 
a quantitative description of the effect with oligomers is currently being 
developed (Olmsted el a!. 1989). 

Thermo-dynamic Advantages for RNA as the First 
Macromolecular Catalyst and Information Carrier 

A p-rerequisite for catalysis and information transfer is strong binding. 
For catalysis, simply bringing reactants together into the correct position 
for reaction can enhance rates by factors of up to 109 (Fersbt 1985; 
Jencks 1987; Abeles et al. 1992). We have argued above that individual 
stacking and hydrogen-bonding interactions in RNA can each contribute 
on the order of 2 kcal/mole to the !lCD for binding at 37°C. This value is 
even more favorable at low temperature, especially for the staCking com
ponent. Thus, (he most favorable stacking interaction for a 3' dangling 
end contributes -2.6 kcallmole at OOC, enhancing a binding constant by a 
factor of more than 100 (Turner et al. 1988). This interaction would favor 
chain extension in a 5' to 3' direction, since a nucleotide coming onto the 
3' end of an RNA chain would be held tighter than one coming 00[0 the 
5' end where stacking is negligible. In addition fo stacking surfaces. of 
course, a single nucleotide has many hydrogen-bonding groups that can 
also enhance binding. 

In contrast to nucleotides, the number of strong interactions available 
to a single amino acid is much smaller. This is reflected in the number of 
monomers required to form ordered structures in oligonucleotides and 
oligopeptides. Many dinucleotides have equilibrium constants of about 1 
for stacking in a helical manner (Powell et a1. 1972; Olsthoom et al. 
1981); the equilibrium constant for hairpin formation by GGCGCAAGCC 
<.1t ooe is 1 x 105 (Santalucia e( a1. 1992). Even for optimized cases, 
however, an oligopeptide of 14 amino acids is required to get an equi
librium constant of order 1 for a-helix formation at 3°C (Shoemaker el 
at 1987). The dissociation constant for duplex formation by GGee a( 
ooe is 62 nM (Freier et al. 1983). The dissociation constants for assembly 
of snort peptide strands have not been measured yet, although assembly 
of covalently Ilnked fragments has been demonstrated (Oa8 and Kim 
1988). Note that formation of GGee from monomers requires only three 
coupling reactions; from dimers it requires only one coupling. In a 
prebiotic world with coupling reactions difficult, nucleic acids have a 
clear thermodynamic advantage over proteins. Few coupling reactions 
are required to aHow strong associations into ordered assemblies. 

Another thermodynamic-based advantage for evolution of nucleic 
acids is the large temperature 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 substrates close via a cornp:e
mentary template. The large temperature dependence of these assocIa
tions could give rise to a catalytic cycle where Low temperatures favored 
binding for efficient elongation of short oligomers, but high t~mperatur~s 
allowed efficient release of the longer products. Effecuvely. cham 
grow[h becomes a two-step cycle, perhaps n:gulated by day and night. 

Consider the foHowing simple mechamsm for (he first step of the 
cycle in which two identical tetramers, GGCC, bind a complementary 
templafe. GGCCGGCc. and ligate to form a templatelproduct complex: 

P S'''' 3' GGCC + 

For short o)igorners, Km (=(k1ig + koff)/kon) is large. Si~ce oligomer 
abundance is presumably low in early stages of evolutIOn. K~ » 
[GGCC]o» [GGCCGGCC]o' The apparent rate, kapp, for conversIon o! 
GGCC to the template/product complex IS then gwen by kapp -

{k k I(k· + k )} [GGeC] . The rate of association for oligomers 
hg ow lIg off 0.. f 

making GC pairs~ kon• is essenttally mdependent 0 temperature 
(Porschke e{ al. 1973; \ViHiams et ~I. 198?). so the !arg~ te,:,perature de
pendence of the binding constant IS manifested pnmar.llY i~ t~e rate of 
dissociation, kofr' For example? the half-life, 1112, for dlssocmtlOn of the 
first GGCC and template is predicted to be 5 minutes at ()oC~ and. 9.4 
milliseconds at 370 C (Frder et al. 1986a; Turner el aL 1988). Smce hg~-

t· " ll·kely (0 be slow. most template-binding events will not result In ton I.. . _ •. 
reaction (koff » k1ig). Under these "rapid equilibrium" condmons, the 
ralio of k at two temperatures reduces to: app 

kT ... 
-~ 

k!;'-" 
Tllip k_ kThiP 

" 
The tempera lure dependence of each rate can be approximated by the 
Arrhenius equation. k = A exp(-E.)RT). This gives: 

.T~ 1 1 1 ___ ~ exp[_ (_ - _) (E,~ - E...,JJ 

k!l-l,tb R Tim.- Tb~ 

Thus, if the temperature dependence of korf is larger than kljg (i.e., Ea,off 
> E .) conversion of GGCC to the template/product complex becomes 
fav~~~~ 'at low temperature by this exponential term. Moreover, under 
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such conditions, the template position of lightest substrate binding is also 
most efficient, adding a primitive degree of fidelity. 

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

Kinetic experiments on site-specific cieavage by a group f ribozyme 
dearly show that product dissociation is rate-limiting under certain con· 
ditions (Herschlag and Cech 1990). Presumably, this will be equaUy or 
more limiting for the products of ligation reactions on a template. If the 
length of the product is double that of the substrafe as considered above, 
nearest-neighbor rules indicate AGO will roughly double. As a conse
quence, Ilj2 at OOC for dissociation of the product, GGCCGGCC. from its 
template becomes 250,000 years! The large temperature dependence of 
koff' however, permits dissociation by temperature increase; 11[2 for dis
sociation of GGCCGGCC from its template is on1y 16 hours at 37OC~ 
one warm cycle. fn a sense, high temperature could serve as a primitive 
hdicase. Once released, the ligated product could self-assemble and lor 
undergo further rounds of elongation, Thus, low temperature favors 
chajn elongation of short oligomers, but release 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 
temperature; that is, lower temperature does not always favor chain 
elongation. Temperatures below the opfimum disfavor the first step of 
the cycle for several reasons. Oligomers could bind so tightly [0 incorrect 
tempfale- posilions or positions separated by gaps that a steady-state pop
ulation of correctly aligned intermediates does not accumulate on a rea
sonable time scale. Such effects would decrease fidelity and prevent effi
cient chain elongation. Thus, the 0Plimum temperature for chain e1onga
timl depends on both sequence and length. 10 general. however. release 
of the elongated product on a reasonable time scale requires an increase 
above the optimum temperature for chain elongation. It is clear that the 
strong dependence of koff on botb temperature and oligomer length must 
be considered in discussions of template-mediated coupling of RNA. 
These considerations suggest fhat in vitro experiments aimed at simulat· 
ing evolution might benefit from incorporation of a temperature cycling 
.itep. 



456 D.H. Turner and P.C. Bevdacqua 

Thermodynamic Considerations for Evolution of the 
First Binding Sites and Codes 

Even with the many binding contacts available on a nucIeotide~ initial as
sembly must bave been difficult, given the presumabJy low concentra
lions ~f substrates. This requirement for tight binding may have been one 
element in the selection of the 3' -5' sugar-phosphate backbone instead 
of the 2' -5 • alternative. Short oligomer:; with 2 i -5' linkages form base 
pairs, but the AGo37 per base pair for duplex formation is typically about 
1 kcal!rnole less favorable than for the corresponding 3 t -5' linked 
oligomer (Kierzek e[ al. 1992). Another factor favoring the 3' -5 'linkage 
is chemical stability (Usher and McHale 1976). 

Gi.ven a 3' -5' backbone, the AGo values for helix propagation by 
Watson-Crick base pairs (Freier et al. 1986a) suggest that GC pairs 
would be favored, since on average, adjacent GC pairs contribute 2.2 
kcallmole more than adjacent AU pairs a1 O°e. The A(]O 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. lnterestingly, 
anticodons containing A typically code for amino acids (hat may nOl 
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 could 
substitute for C, although C would still be favored due to stronger bind
ing. 

Formation of simple helices, of course, is probably not sufficient to 
produce a range of catalytic activities, Presumably, base functional 
groups must be available to bind substrates in particular orientations and 
[0 provide catalysis. This focuses attention on motifs that are not 

Watson-Crick paired. Unfortunately, most such motifs destabilize a 
duplex and therefore require more Watson-Crick base pairs [Q hoM it tD

gether. The only known exceptions to this general rule involve insertions 
of single and double au mismatches into helices (He et al. 1991). Some 
misma[ches are less destabiJizing than others. however. For example, 
recent studies of internal loops containing two mismatches show that in-
5ertion of GAAG• AGGA• and uUuu double mismatches imo a helix 
destabilizes the fully Watson-erick-paired duplex much less than other 
non-GU double mismatches (SantaLucia et al. 1991b). Figure 3 shows 
Ihe change in .aGo37 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 kcaljmole at 37°C. 
NMR studies suggest the enhanced stabi1ities of loops with GA, UU, and 
au mismatches are due to hydrogen oondtng (He et al. 1991; SantaLucia 
e( aL 1991b; Nikonowicz and Pardi 1992). If short helices were initiaHy 
preferred due to difficulty in coupling nucleotides. then the thermo-

o 
E 

:::, 
o 
u 
~ 

3 

-2 

,----, 
:.A.G 

lGA 

.0 

,-----r-

1 

G~ID GU GG CA 
UG AG !UU GG AC 

RNA Thermodynamics 457 

r--

I n 
1 
i 

AA CU UC cc p,e 

AA GC CU CC CA 

Figure 3 Change in free energy of duplex formarion at 37°C upon inserting 
double mismalches into (he middle of a helix. For example, A.M?)7 {AGOA) := 

I>G",,(CGCAGGCG) - !i.Go31 (CGCGCG) (SantaLucia et al. 1991b). Positive 
values of AAGo37 are unfavorable for duplex formation. 

dynamic results suggest internal loops with GA, UU. and GU mis
matches would also be preferred. (PTesumably an isolated AU or GC pair 
in the middle of a loop could also be favorable.) 

Modding of the GA AG mismatch, as shown in Figure 4, suggests even 
a small internal loop can provide a useful recognition element 
(SantaLucia 1991). Each GA mismatch is hydrogen-bonded as shown in 
Figure 2 in a pauern initiaJly seen in DNA by Li et al. (1991) and in 
RNA by Heus and Pardi (1991). This kaves normal Watson-Crick 
hydrogen-bonding positions avaiJabk on G for binding something into 
the pocket that is formed. Interestingly, the AG GA internal Joop has a 
hydrogen-bonding pattern involving the G imino and carbonyl groups 
(Fig. 2). Thus, it has fewer functional groups available for further bind
ing. In a survey of 21 16S rRNAs (ameli et aL 1985) and 38 23S rRNAs 
(Gutell and Fox 1988). tbe GAAG motif occurs 45 times, whereas the 
AG GA motif is absent. Since GA AG and AD GA are thermodynamically 
similar, this suggests GAAG was selected for its binding possibilities. 

Thermodynamic considerations also favor placing mismatches be
tween helices instead of a1 the ends in order to optimize their effective
ness for binding and catalysis. Mismatches flanked by base pairs have 
less conformational freedom than mismatches at the ends of helices. This 
results in greater preorganization of the binding site and hence tighter 
binding. Moreover, the local Mg++ concentration should be greater in the 
middle .han a. lIle end of a helix (Olmsted et al. 1989), 
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GA 
Figure 4 Model of (he duplex ~~ ~ based on NMR data (SantaLucia 1991). 

AG 

Base pairs are colored green and the GA mismatches have traditional colors for 
atoms (0 = red, H = white, C = black, N = blue). 

Hairpin loops provide another unpaired motif that can be added to an 
RNA helix while favoring folding. For example, the free-energy penalty 
for initiating a helix from two separate strands is 3.4 kcal/mole at 37°C 
(Freier el at 1986a). If the helix is initiated intramoleculady, giving rise 
to a hairpin loop of 4,5, or 7 Us. [hen the initiation penalty is 3.0, 3.1~ or 
3.8 kcal/mole, respectively (Groebe and Uhlenbeck 1988). Some loops of 
4, called tetraloops, are even less destabilizing (Tuerk et at 1988). For 
example, Antao and Tinoco (1992) report a penalty of only 1.0 kca!/rnoJe 
for initiating a loop at 37°C with the sequence UUeG. In addirion to the 
relativeJy favorable 8Go for initialion of a hairpin, hairpin folding is fur
lher favored by the transformation of the folding from an intermolecular 
to an intramolecular process. For the intramolecular folding of a hairpin. 
balf (he molecules have a base-paired stern when .6Goh.airpin = 0 keal! 
mole. For helix formation by two self-complementary strands, a AGO of 0 
kcal/mole results in half the strands forming duplex helix only when the 
strand concentration is 1 M. For more realistic strand concentrations, the 
AGO must be much more favorable. For self-complementary duplexes, 
the A(JO requjred to drive half the strands into duplex is given by AGO = 
RT lneT• where CT is the total strand concentration. Thus, at 10-6 M 
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strand concentration, a !lGG of -8.5 kca1lmole is required to drive haJf 
the strands into duplex at 370C. Evidently, there was a strong thermo
dynamic pressure to select hairpins at an early stage in evolution. 

Assembling Motifs 

The above discussion focused largely on thermodynamic considerations 
for the coupling and interaction of short oligonucleotides. These could 
readily fold into well-known elements of secondary structure such as 
hairpins and internal loops. At some point, however, it must have been 
advantageous to assemble two or more motifs into more complicated 
structures. As with base-pairing, such assembly is facilitated when the 
process is 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 
interactions fix the relative positions of the D and T'VC loops (Kim et at 
1974; Robertus et a1. 1974). It is likely, however, that additional interac
tions: are also important in this tertiary folding process. 

One tertiary interaction unique to RNA is bydrogen bonding to the 
2' -OH group. The role of a 2' -OH group in stabilizing a heiix was first 
suggested by kinetic experiments using chimeric DNA-RNA substrates 
to open a covalently dosed, circular group I intron (Sugimoto et a1. 
1989). Subsequent gel retardation (Pyle and Cech 1991) and equilibrium 
dialysis (Bevilacqua and Turner 1991) studies suggest the interaction of a 
2 t -OH group can contribute on the order of "1 kcallmole to helix 
stability. Proposed three-dimensional structures of the group I intron sug
gest this 2' -OH intcmction helps hold and orient the substrate helix in 
the active site (Kim and Cech 1987; Michel and WestlIof 1990). Com
parison of the effects of substituting a 2 ~ OH with a 2' H on bindi ng to 
ribozyme and £0 a hexamer suggest additional, as yet unidentified inter
actions are also involved in this helix positioning (Bevilacqua and Turner 
1991). It has also been shown that the intramolecular rate for this helix 
positioning is about 3 5-1 at 15°C, much slower than the rate fOT forma
tion of secondary structure (Bevilacqua et at 1992). This might be ex
pected if. in fact, secondary structure initial1y evolved in the absence of 
tertiary structure. 

An electric dichroism study of bundling of DNA helices also suggests 
there are new interactions involved 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
tion is promoted at low concentrations of monovalent counterion, sug-
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gesting it is accompanied by release of Na+. The assembly is also 
promoted by +3 ions. Although no equivalent study has been done on 
RNA, it would nor be surprising to find similar effects. 

Assembly of helices could have important implications for RNA 
catalysis by providing a region of low dielectric cons;ant and low wafer 
activity. Such a milieu tS often important for catalysjs by proteins 
(Abeles et a1. 1992). The proposed three-djrnensional structures of group 
I introns contain such a catalytic COre {Kim and Cech 1987~ Michel and 
Westhof 1990). Moreover, mapping experiments with hydroxyl radicals 
provide experimental evidence that substantial regions of the ribozyme 
are inaccessible to solvent after tertiary folding is induced by Mg++ 
(Celander and Cech 1991). 

CONCLUSIONS AND PERSPECTIVES 

The many functional groups, high charge density, and strong interactions 
of RNA provide thermodynamic advantages for RNA in initial stages of 
evolution. In particular, relatively few coupling reactions are required to 
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 evolution were restricted by the building blocks available and 
their environment. Recent studies of rationally designed, organic 
replicating systems suggest that similar interactions can result in self
assemhly of different building blocks in organic solvents (Tjivikua et at 
1990; Feng et at 1992). In vitro selection methods have been used to 
identify nucleic acid sequences capable of specifk functions (Ellington 
and Szostak 1990, 1992; Tuerk and Gold 1990). This suggests similar 
methods may ultimately be developed for use with differenl building 
blocks, thus t::xpanding the possibilities available. Thus, understanding 
intermolecular interactions may facilitate rational design of a repiicating 
system that can be used to evolve the best structures available for a par
ticular catalytic or other purpose. 
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