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Thermodynamic Studies of Transfer Ribonucleic Acids. 111. 
Thermodynamic Model for the Thermal Unfolding of Yeast 
Phenylalanine-Specific Transfer Ribonucleic Acidt 

J. Levy: and R.  Biltonen* 

ABSTRACT : A quantitative thermodynamic model for the 
thermal unfolding of yeast phenylalanine-specific transfer 
ribonucleic acid (tRNAphe) is developed. This model, based 
on calorimetric and equilibrium spectrophotometric studies, 
provides a relatively simple description of the influence of 
Mg2+ and temperature on the conformation and biological 
activity of tRNA. For  example, it appears that Mg*+ does 
not directly induce any thermodynamically significant con- 
formational change upon binding to tRNA. Mg*+ activation 
of tRNA is thus most likely to  be due to  the fact that the 
presence of Mg*+ insures that the folded (and presumably 
active) form of tRNA is thermodynamically more stable than 
the unfolded (and inactive) form. Consequently, it seems that 
Mg*+ is not a n  integral part of the active conformation of 

T h e r e  is conflicting evidence available concerning the 
influence of Mg2+ and temperature on the biological activity 
of tRNA. Several investigators have suggested that Mgzf 
is an absolute requirement for the biological activity of certain 
species of tRNA (Lindahl et al., 1966; Adams et id., 1967; 
Reeves et ai., 1970) while others have observed activity in 
some tRNA species in the absence of Mg*+ (Ishida and Sue- 
oka, 1968b; Ishida et d . ,  1971). In those cases where Mgz+ 
was required, it has been suggested that Mg*+ induces a con- 
formational change in the macromolecule, thereby rendering 
it active. Unfortunately no quantitative thermodynamic de- 
scription of the tRNA-Mg2+ system has been available. How- 
ever, recent calorimetric studies of Mg*+ binding to tRNAP"e l 
and equilibrium studies of its thermal unfolding characteris- 
tics have provided the necessary data from which a quantita- 
tive thermodynamic description can be constructed. 

In the previous paper of this series (Levy et al., 1972) a 
phenomenological characterization of the thermal unfolding 
of tRNAPhe as a function of Mg2+ concentration and tem- 
perature was reported. It was demonstrated that this reaction 
can be well approximated as a two-state transition. Conse- 
quently, the thermodynamic quantities for the thermal un- 
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tRNA. This model is based on the following three premises 
which will be discussed in detail. The thermal unfolding of 
tRNAPhe can be well approximated as a two-state transition. 
Mg*+ binds better to folded, than unfolded, tRNAPhe and 
stabilizes the folded form by reducing the apparent AS" for 
unfolding and not by a change in the AH" of reaction. The 
variation in AH" with temperature is due to  a heat capacity 
difference (AC,, ") between the folded and unfolded forms of 
tRNA'he.  A mathematical expression for AGO of unfolding 
as a function of temperature and Mgz' concentration is de- 
rived. This expression is accurate to * lo  with respect to the 
melting temperature and to +11 kcal/mole with respect to  
the AH" for unfolding. 

folding of tRNAPhe can be obtained from equilibrium data 
alone. The thermodynamic quantities, thus obtained, for 
tRNAphe unfolding will be analyzed in this communication. 
This analysis will show that the stabilization of the folded 
form of tRNAPhe by Mg*+ is the result of a reduction in the 
apparent AS"  for unfolding and not of a change in the AH' 
of reaction. It will also be shown that the variation in AH" 
with temperature is primarily due to a heat capacity differ- 
ence between the folded and unfolded forms of tRNAPhe. 
A simple and quantitatively consistent thermodynamic model 
for the thermal-unfolding behavior of tRNAP"" as a function 
of Mg2+ concentration and temperature to  be developed in 
this paper is based on the results of the above analysis in con- 
junction with the results of a n  independent thermodynamic 
study of Mgz+ binding to tRNAPhe (Rialdi et al., 1972). A 
mathematical expression for the AGO for unfolding as a func- 
tion of temperature and Mg2+ concentration will be derived. 
This expression is accurate to  i 1 " with respect to  the melting 
temperature, T,,,, and to i l l  kcal,'mole with respect to  the 
AH" for unfolding. 

The model to be developed here provides a basis for quanti- 
tative interpretation of the effect of Mg*- on tRNAPhe con- 
formation and biological activity. For  example, there does 
not appear to be any thermodynamically significant confor- 
mational change on Mgz+ binding to tRNAPhe. This suggests 
that Mgz+ activation of tRNA is probably due to the fact 
that the presence of Mg*+ insures that the folded (and pre- 
sumably active) form of tRNA is thermodynamically more 
stable than the unfolded (and inactive form) under the assay 
conditions. Consequently, it appears that Mgz+ is not an 
integral part of the active conformation of tRNA. 

Development and Testing of the Model 

Premises of the Model, TWO-STATE APPROXIMATION. The 
reversible thermal-unfolding transition of tRNAPhe is well 
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approximated as a two-state reaction under all conditions 
studied. The validity of this approximation is well supported 
by data obtained from spectrophotometric, calorimetric, and 
kinetic experiments (Levy er L I I .  ~ 1972). Consequently, a t  
any given Mg2+ concentration and ionic strength, the thermal- 
unfolding reaction can be phenomenologically represented 
as an equilibrium mixture of folded (A) and unfolded (B) 
molecules 

An apparent equilibrium constant can be defined as 

and the apparent free energy change given by 

On the basis of the two-state approximation, essentially all 
molecules exist in either the folded state (A) or the 

unfolded state (B) a t  equilibrium. It is the folded form which 
is thermodynamically stable a t  lower temperatures, and the 
unfolded form which is stable at higher temperatures. The 
labels A and B do not refer to single. well-defined molecular 
species, but rather. represent two distinct thermodynamic 
distributions. Hence, the thermodynamic differences between 
the two states reflect the differences between the average mo- 
lecular species in each distribution. This thermodynamic 
description of the unfolding of tRNAphe is analogous to 
that applied to the reversible thermal unfolding of globular 
proteins (Brandts, 1964; Lumry et ti/., 1966). 

The thermal unfolding of tRNA is accompanied by dramatic 
changes in viscosity, sedimentation constant, optical activity, 
and ultraviolet absorption (Millar and Steiner, 1966 ; Fresco, 
1963; Fresco er ol., 1966; Henley et al., 1966; Levy et d.. 
1972). From such changes in physical properties, it has been 
concluded that the structural variation promoted by a tem- 
perature increase is characterized by the rupture of hydrogen 
bonds between base pairs. resulting in the formation of ex- 
tended single-stranded molecules. Thus the folded state, A. 
consists of a distribution of molecules in which the predomi- 
nant hydrogen-bonding interactions are intramolecular and 
in which base-stacking interactions are maximized. The un- 
folded state, B, consists of a distribution of molecules in 
which the hydrogen bonding is predominantly between the 
nucleic acid bases and the water solvent and in which the 
degree of base stacking may vary from 0 to 100% depending 
upon the temperature. To the extent that the two-state ap- 
proximation is valid, all molecular species exist in one of 
these two extreme states, and states of intermediate folding 
are negligibly populated. 

The characteristics of the thermal unfolding of tRNAPhe 
are strongly influenced by the free Mg?- concentration. In- 
creased Mg*- concentrations stabilize the folded form of 
tRNA"Ie as evidenced by increased T,,, values and, hence. 
increased AG values a t  any given temperature. Consequently, 
although Mgar binds to  both forms of tRNAr'le, it must bind 
better to the folded form. This fact has been independently 
verified by calorimetric studies of Mg2+ binding to  folded and 
unfolded tRNAP'" (Rialdi el al., 1972). 

The efTect of Mg?+ on the thermal-unfolding transition of 
can thus be described by the following reaction 

scheme (eq 4). A and B refer to the folded and unfolded forms 
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of tRNA"", respectively. Reactions 1 and 111 represnr  the 
binding reactions of Mg2'- to tRNAP!Ie in states A and B. 
respectively, where Y.~ and YB are the average number of Mg2- 
bound to A and B a t  any given free Mgl-- concentration. 
(These two reactions actually consist of multiple binding 
steps characterized by individual microscopic binding con- 
stants and the number of binding sites.) Reaction 11 refers to 
the two-state thermal-unfolding transition in  thc absence of 
Mg". The thermal-unfolding transition, ab a function of 
Mg2+ and temperature, is thus a composite reaction in\,olving 
all three steps as provided by the scheme given in eq 3 .  

BINDING OF Mg2+ TO FOLDED A ~ D  UNFOLDEII tRNA1''Ic. 
Rialdi rr id. (1972) have established that the binding of Mg:. 
to both forms of can be described in terms of sets 
of independent but equivalent binding sites. In  particular 
they found no evidence of cooperative interaction hetween 
binding sites in either form of the niacromolecule o ~ e r  the 
range of 0-2.5 mu free Mg2-- concentration. I t  thiis follows 
that Mg+ binding to tRNAT"" can be tti'scrihed simply in 
terms of the site binding constants. K .  and K . .  which rep- 
resent the association constants for M g 2 -  binding to \ite i 
of tRNAp'" in state A and site i of tRNA'""' in \late B. Ti'- 
spectively. If w e  now define [A;,] and [Bo] as the conci'ntra- 
tions of tRNAP'" molecules in states A and B ~ i t h  no M g 2 -  
bound. it follows that the total concentration of all mole- 
cules in state> A and B is: 

and 

where N.4 and N B  represent the total number of bindinb ' sites .' 

in states A and B. respectively. 
Rialdi et N I .  (1972) further found that Mg2- binding to 

tRNAPhe can be described in terms of only two sets of indc- 
pendent but equivalent sites in state A. In addition. they 
established that the total number of binding sites in the two 
states were the same within experimental error. Conse- 
quently. eq 5a and b can be further simplified to 

where N 1  and N2 are the number of stronger anti wcakcr 
binding sites in state A, respectively, K1.., and K?., arc: the 
association constants of the stronger and weaker sites in 
state A, and KIB and K?n are the association constants for 
these same sites in state B. It is to be noted that K,l{ may 
equal K ~ B .  

EXISTENCE OF .A ACI,', The apparent enthalpy change for 
unfolding of tRNAphe as described by eq 4 can be expressed 
in the following way 

AHII I S  the enthalpy of unfolding in the absence of Mg?-  
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AHco.  AH1 and AH111 are the enthalpy changes related to  
dissociation and association of Mg*+ from tRNAPhe in states 
A and B under the experimental conditions and can be ex- 
pressed as  

AH1 = -rAAHA ( 8 4  

where AHA and AHB are the average enthalpy change per 
site for Mg*+ binding in the two forms of the macromolecule. 
Thus 

AH" = A H o ,  - rAAH.4 + rBAH13 (9) 

The AH" for unfolding is a strong function of the melting 
temperature (Levy et al., 1972) as seen in Figure 1. It appears 
that this temperature dependence of the AHo is most likely 
due to  a heat capacity difference between forms and not to  a n  
effect of magnesium ion. This statement is supported by 
calorimetric experiments which have shown that AHA = 
0 (Rialdi er ai., 1972) and by a comparison of the magnitude 
of the Mgn+ binding constants to  state A and B which suggests 
that AHg is also probably close to  zero (Rialdi et ai., 1972). 
Although this latter point has not been experimentally estab- 
lished, it can be shown that the observed variation in AH" 
with T,,, is not very likely to  be the result of Mgs+ binding to  
state B. 

The results presented in Figure 1 are well represented as a 
linear function of temperature (Levy et al., 1972). This in- 
cludes both the data represented as open circles, which were 
obtained at  the observed T,, a t  various concentrations of 
Mgz+, and the data represented as closed circles, which are 
estimates of AH" at  several temperatures, as  obtained from a 
single transition curve in the absence of Mg2-'. The fact that 
both sets of results are well represented by the same empirical 
relationship strongly indicates that A H o  is only a function of 
temperature. A further demonstration that the temperature 
dependence of AH" is not the result of Mg2+ binding is pro- 
vided by the broken curve in Figure 1 which was calculated 
from eq 9 using the fact that AHA = 0 kcal/mole (Rialdi 
et al., 1972), experimental values of the parameters for 
Mg2+ binding to the B form of tRNAPhe (Rialdi et al., 
1972), and assuming AHB = 3 kcal/mole and (dAHoo/dt) = 0. 
Although a monotonic increase of AH" with T,,, (and hence 
Mgzf concentration) can be qualitatively rationalized in  this 
manner, this basis provides an unsatisfactory explanation for 
a linear increase of AH" with T,,,. We thus conclude that the 
T, dependence of AH" cannot be the result of Mg2+ binding 
alone and must be primarily the result of a heat capacity 
increase upon unfolding of the macromolecule. 

Derication of the Expression for AGO. At any given Mg*+ 
concentration, the equilibrium constant for the thermal un- 
folding of tRNAPhe can be written in terms of eq 5a and 5b. 

Kapp = [BIAAI = 

Thus 

AG" = -RTIn  KO - RT 
X B  

j = 1  
In (1 + K,[Mg*+]) + 

RT E In (1 + Ki[Mg2+]) (11) 
i =  1 

r 

= 0 5 0 /  
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FIGURE 1:  Van't Hoff heat as a function of temperature for the 
unfolding of tRNAPhC. The solution conditions are identical with 
those described in the previous report (Levy cJt d., 1972). The open 
circles represent data obtained from several experiments at different 
Mg2' concentration; the filled circles represent data obtained from a 
single melting experiment in the absence of Mg2-. The solid line was 
calculated assuming a constant AC," = 3 kcal/mole-deg. The broken 
line was calculated assuming AC,," = 0 and AHB = 3 kcal/mole; 
see text for details. 

where KO = [Bo]/[Ao], T i s  the absolute temperature, and R is 
the universal gas constant. This general expression can be 
further simplified in terms of the results of Rialdi et al. (1972) 
(see eq 6a and b) 

where AGOo = RT In KO is the standard free energy differ- 
ence between states B and A in the absence of Mg2'. 

Since AH" appears to be Mg2' concentration independent, 
its observed temperature dependence must be due to  an ap- 
proximately constant heat capacity difference between forms. 
Thus the standard free energy change for reaction I1 in eq 4, 
the thermal unfolding of tRNAPhe in the absence of Mgzi, is 

AGO0 = AHOo - TASOO = AHOo' -t ACpo(T - To) - 

T(ASoo' + JT:ACpod In T) (13) 

where AHco' and ASoo '  are the standard enthalpy and entropy 
change for unfolding in the absence of Mg*" at  that melting 
temperature, To, and AC,' is the constant heat capacity 
change upon unfolding. Since the enthalpy of Mg*+ binding 
to  both forms of tRNAPhe is zero, the thermodynamic in- 
fluence of Mgz+ on the unfolding reaction appears as a n  
entropic contribution to the overall free energy change. This 
contribution, as given in eq 12, is 

and the standard free energy for unfolding, as a function of 
temperature and Mg*+ concentration can be simply written as 

AGO = A G O 0  - TAShrgz- (1 5 )  
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Vuliditj, of the Model. The quantitative validity and use- 
fulness of the proposed thermodynamic model can be veri- 
fied by a quantitative comparison between the experimental 
results and various parameters calculated using eq 13. 14, and 
15. The thermodynamic parameters selected for this com- 
parison are AH", T,,,, and A S ~ I , .  The experimental AH' was 
obtained by van't Hoff analysis of the spectrophotometric 
data (Levy er d., 1972). The T,,,. defined as that temperature 
at which the fraction of molecules unfolded was 0.5, was deter- 
mined experimentally. The "experimental" AS,re was cal- 
culated at  various MgP+ concentrations from 

AS\[,. = A S o  - ASOa = 

(AHO'T,,,) - (AS",'  IC," In T,,,iTo) (16) 

IS' is the observed entropy change for unfolding at  a given 
Mgz+ concen..ration and is obtained from the experimental 
AH' at  the T,,, for that Mgz- concentration and ASo, is the 
entropy change for unfolding in the absence of Mgn- at  the 
T,, for unfolding in the presence of the given Mg2' concen- 
tration. 

It has already been argued that AH' is a linear function of 
the temperature. independent of Mg2' concentration. This 
has been shown in Figure 1 where the points represent experi- 
mental data, and the solid line was calculated assuming 
= 70 kcallmole a t  38.1" and AC,,'= 3 kcal,'mole-deg. The 
average deviation between the calculated and experimental 
values is i 11 kcal mole. 

The MgY--concentration-dependent entropy term. A S ~ I ~ .  
is shown in Figure 2 as a function of log [Mg?'] with the "ex- 
perimental" values represented as the filled circles. The in- 
volvement of both high and low affinity Mg?' binding sites is 
indicated by the apparent biphasic nature of the data. This 
result is qualitatively consistent with the Mg2+ binding re- 
sults of Rialdi et al. (1972). A quantitative consistency of 
these two sets of results can also be demonstrated by computer 
simulation of various A.S,r, curves using eq 14 and systemati- 
cally varying Nl. N,. KIA. K2.4, Kjn, and K2n. 

The most restrictive model is one in which it is assumed that 
form A possesses a single set of independent binding sites 
which d o  not exist in form B. This is equivalent to  assuming 
Kill = 0 and K!,i = K ~ B .  This model does provide a qualita- 
tive representation of the present results as shown by broken 
curve A, which was calculated for N1.4 = 3 and Kl.k = 2 X 
10: M-l. However, a systematic deviation between the cal- 
culated curves and the values of IS,r, suggests that this model 
is incorrect. In addition, the implied assumptions in this 
model that form A possess more sites than form B and that 
all other Mgz- binding sites are equivalent in both forms are 
in contradiction with the results of Rialdi ef a/.  (1972). For 
these reasons this model was tentatively rejected, and a search 
for a more appropriate model initiated. 

In all subsequent calculations N1 was restricted to the values 
4 =t 1 and (Nl t N.?) was assumed to  equal 24, in accordance 
with the Mg2+ binding results. Assuming that both forms of 

each possessed only one set of independent and 
equivalent binding sites (i.e., KIa = K2.4 and KIn = K?B) a 
series of curves was generated which showed serious systematic 
deviation a t  either low or high MgzL concentration. These 
results clearly indicated that any model which assumed an 
identical number of binding sites in both forms of 
must also assume the involvement of both a stronger and a 
weaker set of binding sites. 

In a subsequent series of calculations it was assumed that 
3 X 10: hl-' 5 KIA 5 2 X lo6 k1-l. K!.A = 1.1 
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X 10.' jz 2 X 

l o 7  hi-' and Kin = K?B = 7 X IO1 I 2 X I O 1  w I .  These 
restrictions are set by the estimates of the various binding 
constants. with respective errors. obtained from independent 
Mg2- binding studies (Rialdi et id.. 1972). The simulated 
curve of this series which best fits the experimental valucs i 4  

curve B in Figure 2. The average deviation betueen this curLC. 
calculated assuming .Vi = 3. K,., = 3 x 10; .\I I .  K2,, -- I O '  
xl. and K l ~ 3  = K2R = 7 x 10" XI, and the experimental 
estimates is I 3 cal mole-deg. However. the observed dwia-  
tion is largely systematic. particularly in the MgZ- concentra- 
tion range of 50--500 p v .  This systematic deviation can bc 
partially reduced, but not eliminated, by assuming an crror 
in our estimate in To.  the melting temperature of tRNA"',' 
in the absence of Mg?". Furthermore. the assumed value of 
K I . ~  is not in good agreement with the MgL- binding results 
of Rialdi er (11. (1972). This suggested that a model of two sets 
of sites in the folded form and one set in the unfolded form was 
inadequate at low MgZ- concentration. 

The best agreement between experimental and calculated 
values of AS3I, was obtained when i t  was assumed that the 
unfolded form of tRNA""' possessed a set of strong binding 
sites in addition to the weak set. This assumption is not in- 
compatible with the Mg2+ binding studies (Rialdi e f  n/ . .  
1972). Therefore. an additional series of calculations was 
performed. maintaining the same restrictions as in the pre- 
vious series except that K,lj was allowed to vary independently 
of K:;.". The simulated curve of this series. uhich best fits the 
experimental data within an aberage deviation of := I cal 
mole-deg. is the solid c u n e  in Figure 2 calculated assuming 

10:) sir!. and K?B = 5 X l o 3  \ I ~  i .  In this case. the systematic 
deviation is  eliminated? and the value assumed for Kl,t is now 
in good agreement Nith that obtained from the V g ? '  binding 
data (Rialdi er 01.. 1972). 

The biphasic nature of the influence of Mg" on the thermal 
stability of tRNA""' is most clearly shown by the t u o  broken 
curves labeled C and D in Figure 2. which were calculated 
for the stronger and weaker sets of sites. respectively. in the 
latter model. The agreement between the "experimcntal" 
values of LSyz and those calculated by a binding model, 
upon which were imposed restrictions set by independent 
Mg2-- binding studies. clearly support our interpretation of 
the thermal unfolding behavior of tRNA""" as a function of 
temperature and Mgz-. 

Ni.\ = N,,n = 4. K1.l = lo6  \I--'. K:,, = lO' \ i ' ' .  Kir3 = 5 X 

___.. - 
I n  this Inst modcl a rather large de \  iation bet\\ ecti experiincntal 

and calculated \slues at 1 inv Mg:' is obser\cd. Although this int l i -  
cates an inadequac? i n  the model, a simple explanation is a\ailabli.. A 
combiriation of the M g ? -  binding results of Rialdi r f  al. (1972) ui th  
those of Sander and Ts'o (1971) suggested the existcnce of ;I third set 
of Mgl -  binding sites, with ail apparent binding constant of a b o u t  
I O '  si-'. Mg?-  hinding to these sites \vould begin to influence t h e  thcr- 
mal stabilit5 o f  tRNAplh' at about 1 n7\1 Mg'-. Since c h,i\.c i i o t  

incorporated a third 5et of sites into our  inodel, di.vi;ition bet\\eeti the 
calculated and cxpcrimental thermodyn;uiiic quantities \\ oiild lhc 
expected at  high MgI -  concentration. 

3 I n  addition to thc above binding models \\hich appear, i n  viiryiiig 
degrees, to quantitativclh represent the "experimeutal" results for 
A S I I ~ ,  two other models could certainly be as  adequatc. Otic model is 
such that form A o f  tRKAP'"' possesses several Mgl -  binding sites not 
prescnt in state B b u t  each of  \\ hich has different intrinsic :iffitlilies f o r  
Mg?*,  This possibilit! appears to be tinlikel>, ho\\ 
binding studies of Rialdi et oi. (1972) indicate a similarity i n  the numhcr 
of binding sites i n  130th forms o f  The other possible model 
is one in  nliich both forms possess the same number of  sites with ;I co- 
operatibe interiictioti her\\ ten sites. This model c:innot he climini1tc.d 
h y  the  present results, b u t  \\auld appear to be incorrect siiicc Rinldi 
er N [ .  11972) did not f i n d  an) e\idence for the cxistencc o f  :in! cooper i i -  
tivc interaction bet\\ecti I l g i -  binding sitesin state A .  



T H E R M A L  U N F O L D I N G  O F  Y E A S T  R N A  

70 1 0 

-6  - 5  -4  - 3  

log [mg ++I 
FIGURE 2:  The Mgz+ entropy contribution to AGO as a function of 
the log [Mgzc]. The points were calculated according to eq 16. The 
curves A and B were calculated assuming binding models as de- 
scribed in the text. The solid curve was calculated according to 
eq 14, assuming the binding parameters given in Table I. The curves 
C and D represent the contributions of the strong and weak sets of 
sites, respectively, as derived from a decompositionof the solid curve. 

An additional demonstration of the quantitative agreement 
between our model and the experimental results is shown in 
Figure 3 where the melting temperature is presented as a 
function of Mg?+ concentration. The solid curve was cal- 
culated by finding the root of eq 15 assuming the values of 
AHoO' ,  A S o o ' ,  AC," given above and the same Mg*+ binding 
parameters used to calculate the solid curve shown in Figure 2. 
The average deviation between the curve and the experimental 
values of T,,, is i. 1 '. 

The good agreement obtained between the calculated and 
experimental A H " ,  ASaI,, and T,,, values indicates that the 
premises of our thermodynamic model are valid in view of the 
data presently available and shows that such a model can 
provide a quantitative representation of the thermal-unfolding 
characteristics of tRNAPhe as a function of temperature 
and Mgz- concentration. Thus, the most plausible explanation 
for the stabilization of by Mgz+ is that Mg*+ binds 
better to  the folded form of tRNAPhe than to  the unfolded 
form and thus shifts the equilibrium between these forms, 
thereby reducing the apparent equilibrium constant and in- 
creasing the apparent free energy change for the unfolding 
reaction. The free energy increase is due to  a decrease in the 
apparent AS" ,  and not to a n  increased AH".  The reduction 
in A S o  for thermal unfolding results from the positive AS 
for binding of Mgz+ to tRNAPhe, which is due to  the release 
of water molecules formerly complexed by Mg*+ ions, being 
greater in the folded form than in the unfolded form of 
tRNAPhe. Since the AH" for the transition is not Mg*+ depen- 
dent, its apparent temperature dependence must really be a 
true temperature dependence and must be the result of a heat 
capacity difference between folded and unfolded forms of 
tRNAP'Ie. 

Based on this model, the following expression for the AGO 
for unfolding as  a function of temperature and free MgZ+ 
concentration was developed. 

AGO = AHOo' + AC,"(T - To) - 
T(ASo0'  + AC,' In T/To) - N J T  In (1 + K1dMg2+l) - 
N2RT In (1 + Kz~r[Mg~-l) + NiRT In (1 + K I A [ M ~ * ~ ] )  + 

N2RTln (1 + K?A[M~'+]) (17) 

I I I I I I I I I I 
0 100 200 300 400 500 600 700 800 900 1000 

MT Concentration , p ~  

FIGURE 3 :  The melting temperature, T,, of tRNAPhe as a function of 
MgZ+ concentration. The solid curve was calculated by finding the 
root to eq 15, assuming the thermodynamic parameters given in 
Table I. 

The constants in this expression which provide the best fit 
between the experimental and calculated thermal-unfolding 
behavior of tRNAPhe are summarized in Table I for the best 
of the binding models and compared with the experimental 
results of Rialdi et al. (1972). 

Discussion 

Interpretution and Significance of'the Heat Capacity Change. 
It has been shown that there is a heat capacity difference 
(AC,") between the folded and unfolded forms of tRNAPhe. 
This apparent AC,' is, in fact, a true AC," between forms and 
is not due to a Mgz+ effect. This conclusion is based on the 
observation that no enthalpy change accompanies MgZ+ 
binding to  tRNAPhe in state A and upon arguments that the 
heat of Mgz+ binding to  unfolded tRNAP'le is also zero. 
From a least-squares analysis of all the data points of AH" 
cs. temperature, the value of AC," was found to  be 3.0 kcal/ 
mole-deg. Additionally, the values of the slopes of AS" cs. 
In T/To curves, which are equal to  AC,", were found to  be 
identical a t  all Mg2+ concentrations and also to be equal to  
the AC,' obtained from the variation of AH" with tempera- 
ture. 

TABLE I :  Thermodynamic Parametersa for the Unfolding of 
tRNAPhe. 

4 4 i 1 b  

20 20 i l b  

1 x lo6 M-' 1 x lo6 M-" 

1 x 1 0 4 ~ - 1  1 1 i o 2 x 1 0 4 ~ - 1 ~  
4 

20 

24 27 =t 3 b , c  

5 x 1 0 ' M - l  

5 x 103 M-I 7 i 2 x 103 M-1 b l c  

a To = 38.1°, AHoo'  = 70 kcal/mole, ASoo'  = 225 cal/mole- 
deg, ACPo = 3 kcal/mole-deg. Rialdi et al. (1972). Because 
of experimental limitations Rialdi et al. (1972) were unable 
to  distinguish the existence of both a strong and weak set 
of binding sites in state B. Thus their estimate for Km is a 
weighted average value. 
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F I G L R F  4 :  The standard free energ). lC , as a function of tempera- 
ture i n  the absence of Mg?'. The solid curve Mas calculated ac- 
cording to eq 17. assuming the parameters i n  Table 1 The filled 
points are experimental \slues obtained tor tRNAP1 111 the ab- 
sence of Mgi- The open circles \+ere derived from experimental 
values obtained in the presence of 50 puht Mg2* and corrected for the 
TASII, contribution according to eq 11 

AC,," values of this magnitude have previously been ob- 
served for many protein unfolding reactions (Brandts, 1964. 
1965. 1969: Tanford, 1968; Biltonen and Lumry, 1969, 1971) 
and several polynucleotide and nucleic acid reactions (Bun- 
ville et d. ,  1965; Rawitscher rr d., 1963). In proteins the 
source of the X,,' is attributed to the disruption of hydro- 
phobic interactions with the resultant transfer of hydrophobic 
amino acids from the nonaqueous protein interior to an 
aqueous environment. In nucleic acids and polynucleotides. 
AC,,' results from the variation in the amount of residual base 
stacking in the unfolded state with temperature and may also 
result from disruption of hydrophobic interactions with the 
concomitant transfer of bases from the interior nonaqueous 
environment to the external aqueous one. In the case of un- 
folding of globular proteins. it appears that the magnitude 
of ACJjC is related to the size of the cooperative unfolding unit 
(Brandts, 1969; Biltonen and Lumry, 1969). Further study 
is required to determine whether or not a similar situation 
exists for the unfolding of tRNA. 

The large AC/ for the thermal unfolding of tRNAp"" 
suggests that the macromolecule can be denatured by either 
heating or cooling. This can be seen by the following argu- 
ment. An extrapolation of the values of AS' a t  a given Mg2- 
concentration to low temperature using the calculated value 
of SC,," indicates that the entropy change for the unfolding 
reaction at that Mg'- concentration becomes zero at some 
temperature. For example, in the absence of Mge-: AS' 
changes sign at approximately 16". Since (aAG','aT),, = 

-AS'. the slope of AG' cs. temperature changes from positive 
to negative at  that temperature. Thus AGO attains a maximum 
value at  approximately 16". This is demonstrated in Figure 4 
where AG' is plotted as a function of the temperature. At 
the temperature where AG" attains its maximum value, 
T,,,,, the equilibrium between the folded and unfolded 
forms can be shifted toward the unfolded form by either 
raising or lowering the temperature. Temperatures of maxi- 
mum stability resulting from large heat capacity differences 
between forms have previously been observed experimentally 
for the thermal unfolding of some globular proteins (Brandts. 
1965. 1969; Biltonen and Lumry. 1969, 1971). The existence 
of a T,,,,, i t n ~ ,  provides an explanation of why proteins can 
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be denatured by both high and low temperatures and possesses 
a temperature of optimal activity under a given set of condi- 
tions (Brandts, 1967). Similarly, it is expected that tRNA may 
lose activity a t  both high and low temperature since the mole- 
cule can be unfolded a t  temperatures both above and below 
the temperature of maximum stability. 

Biological Ii~iplicittions of' the Model. We would now like to 
raise a few questions related to the effect of Mg2- on the con- 
formation and biological activity of tRNA. and discuss the 
answers in terms of the proposed model. 

1. Does Mg'* binding change the tRNAP"" conformation'! 
Several workers have observed changes in the fluorescence 
of the Y base in yeast tRNAp'le (Romer et al.. 1970; Eisinger 
et N I . ,  1970) and beef liver tRNA"le (Zimmerman c r  d.. 
1970) as a function of Mg2- concentration. These observations 
suggest that tRNAP"" undergoes some type of structural 
change on Mg'- binding. The results presented here for yeast 
tRNAP"" suggest that there is not a riir/,jor conformational 
change in the usual sense of the term. i.e., there is no gross 
change in the molecular size or shape or in the number or 
arrangement of hydrogen bonds and other noncovalent in- 
teractions. This follows from the conclusion that the enthalpy 
changes for the tinfolding transition appear to be independent 
of Mge- concentration within experimental error. Th 
results are totally consistent with the previous obsercation 
that the enthalpy change for Mg'+ binding to folded tRNA""" 
was calorimetrically determined to be 0 z 100 cal mole of  
Mg2- (Rialdi et a / . ,  1972) and indicate that no thermodynam- 
ically significant conformational change occurs on Mg" '  
binding. In addition titration of a t  20' with MgCl! 
produced no change in ultraviolet absorption oker that re- 
sulting from dilution of the tRNA1'llc by addition of titrant 
(Levy, 1971). 

It is entirely possible, however. that Mg2- binding ma) 
produce a subtle-type conformational change such as a 
tightening of the tRNA phosphate backbone. This tightening 
could produce the observed fluorescence changes by red~icing 
the amount of solvent quenching (Eisinger and Lamola. 
1971) and would probably decrease the positive entropy 
change expected for Mg?- binding to tRNA without produc- 
ing any enthalpy change. In v i w  of the results reported 
(Rialdi er d.. 1972; Levy er a / , .  1972). it is unlikely that Mg: 
binding produces any i i iujor conformational change in 
tRNA1'"" and any conformational change which does OCCLII' 

on Mg2+ binding is probably very local in nature. 
2. Is Mg'- required for the biologically acti\e coiiforma- 

tion? Fresco and coworkers (Lindahl e t  t i / . .  1966; Adams 
et al..  1967) ha \<  concluded from studies of the activity of 
yeast leucine-specific tRNA that Mg2- \4as an obligate part  
of the biologically actiie structure of the niolcculc and 
that without Mg" another inactice form of tRNA existed. 
This inactive form (isolated under conditions where denatur- 
ing reagents were used) cotild be "renatured" to a form Mith 
normal activity by heating in the presence of Mg2-.. Similarly. 
Reeves et id. (1970) have found that denatured yeast tRNA;::," 
regains 80% of its activity lost at 0' by heating at  37'- with 
Mge+. Reeves et u / .  (1970) suggested that this tRNA possessed 
two low-temperature conformations--one existing in the 
absence of Mg2- and one in the presence of Mg2-.  Only thc 
form existing in the presence of Mg+was actice. 

The inodel presented here suggests a d i t k e n t  interpreta- 
tion for these observations. It will be assumed in this inter- 
pretation that our model for tRNA""" unfolding as a func- 
tion of Mg2- and temperature is qualitatively accurate for 
describing the thermal-unfolding transitions of yeast tRNA'-"" 
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and yeast tRNA,A,b". This model includes the two-state ap- 
proximation for the thermal-unfolding transitions, the sta- 
bilization of the folded forms of these molecules by Mgz+, and 
a heat capacity increase on unfolding such that a temperature 
of maximum stability exists. The possible existence of a tem- 
perature of maximum stability for tRNA thermal unfolding 
is supported by the observation that when Escherichia coli 
tRNATrp is heated the absorbance achieves a minimum 
value about 30" below the apparent T,, (Ishida and Sueoka, 
1967). This may be interpreted as a T,,,,, Stab from which either 
increasing or decreasing the temperature produces an in- 
crease in the degree of unfolding and in the absorbance. 

The only other assumption that is necessary is that the 
unfolded form is kinetically stable a t  low temperature. Thus 
even if the folded form is thermodynamically more favorable 
a t  low temperature under the assay conditions, the unfolded 
form in which the tRNA was isolated cannot readily cross 
the activation barrier between forms at  low temperature. 
Raising the temperature increases the rate constant for the 
folding reaction so that the unfolded form can convert to  
the folded form, which is presumably the active form. Be- 
cause Mg2+ stabilizes the folded form, its presence simply 
assures that the folded form will be thermodynamically fa- 
vored at  the final temperature. Support for this assumption 
that the kinetics of tRNA folding are highly temperature 
dependent comes from the observation that the rate of con- 
version of inactive to  active E. coli tRNATrp is very slow at 
low temperature and increases about 30-fold when the tem- 
perature is increased from 25 and 35" (Ishida and Sueoka, 
1968a). 

Thus the observation of Fresco and coworkers (Lindahl 
et al., 1966; Adams et al., 1967) that heating in the presence 
of Mg2' produces tRNALeU which is biologically active can 
be explained in the following way. The elevated temperature 
produces favorable kinetics for the folding reaction so that 
any tRNALeU molecules, which had been "trapped" in the 
unfolded form under the denaturing isolation conditions, can 
readily cross the activation barrier to  the folded active form, 
which is the thermodynamically stable form in the presence of 
Mg2+. Thus the activity of the sample increases after heating 
in the presence of Mg2- since now essentially all molecules 
are in the folded active form. Support for this mechanism 
of activation comes from observations of Fresco and his co- 
workers (Lindahl et al., 1966; Adams et al., 1967). It was 
found that on "renaturing" or "activating," tRNALeu under- 
goes a decrease in absorbance, becomes more compact, 
and less accessible to ribonuclease attack. All of these changes 
would be expected when tRNA refolds. The fact that only 
small changes in these observables occur does not mean that 
a major conformational change such as folding is not taking 
place. It simply means that not all of the molecules are refold- 
ing because not all were originally unfolded. This is supported 
by the fact that the activity of a n  "inactive" sample was ac- 
tually 60 of that of the fully active or "renatured" tRNALeu. 

The observations of Reeves er al. (1970) are also consistent 
with this interpretation of the activation of tRNA by Mg?+. 
They found that Mgz- stabilizes tRNAkt-the T,,, and sharp- 
ness of the transitions increase with Mg2+ concentration and 
tRNAkk can be refolded by titration with Mg2+ a t  2 5 " .  That 
refolding can occur a t  25" means that this tRNA is probably 
partially unfolded a t  25" in the absence of Mgz+, but folded 
in the presence of Mgz-. (Thus tRNA;: is thermodynamically 
less stable than tRNAPhe in the absence of Mg2+ at  the same 
temperature.) tRNA;? is less active at  0" than at  25" in the 
absence of Mg2- indicating that without Mgz+ tRNAf& 

may be less folded at  0" than at  25".  Therefore, a tempera- 
ture of maximum stability probably exists between 0 and 
25" such that above and below the latter temperature the 
degree of unfolding increases. In the presence of Mg2+, the 
activity is essentially identical a t  0 and 25" because AGO for 
unfolding is probably so large a t  both temperatures that 
essentially all molecules are in the folded state. 

Reeves et ai. (1970) found that although addition of Mgz+ 
to the tRNA$k at  0" was not sufficient to increase the ac- 
tivity, addition of Mg2+ at  0" followed by heating to  37" did 
increase activity. Also if Mg2+ were added to the tRNA& 
at  25" and the temperature then lowered to 0", tRNAkk 
regained essentially total activity. These observations can be 
explained by our model, in the following way. At 25" tRNAi!$ 
is most likely partially unfolded in the absence of Mg2+, but 
folded in the presence 1 mbi Mg?'. Therefore, it is expected 
that a t  25" tRNAkk will display less activity in the absence 
of Mg2+ than in its presence. In 1 mM Mg2+ tRNAf," will prob- 
ably still be folded a t  0" because AGO >> 0, and therefore, 
will have the same activity a t  0 and 25".  However, since 
tRNAkk in the absence of Mgz+ may have a temperature of 
maximum stability between 0 and 25" it will be less folded 
at  0", and therefore, will display less activity than at  2 5 " .  
Since the activation energy barrier for folding is probably 
high a t  low temperature, addition of Mgz- a t  0" would not 
induce rapid refolding even though the folded form may be 
thermodynamically more stable than the unfolded form a t  0" 
in the presence of Mg2+. Addition of Mgz- a t  0" followed by 
heating to 37" can now induce folding because the rate con- 
stant for folding is most likely increased at  37" and because 
the folded form is probably still thermodynamically more 
stable than the unfolded form at  37" in the presence of high 
[Mg2'-]. In this way t R N A k t  regains 80% of its activity lost 
a t  0" in the absence of Mg2+ by addition of Mg?+ at 0".  fol- 
lowed by heating to 37". 

A corollary of this hypothesis for explaining Mg2+ activa- 
tion of tRNA is that Mg2+ is not required as an integral part 
of the active conformation of tRNA. This corollary is sup- 
ported by evidence presented here suggesting that no i m j o r  
conformational change occurs on Mg?- binding to tRNA. 
Additionally, Ishida and Sueoka (1968b) have found that 
E. coli tRNATr!' can be "activated" by heating in the presence 
of EDTA and high concentrations of Na' and concluded 
that divalent cations are not absolutely necessary for the 
active conformation of tRNATrp. Thus those tRNA molecules 
which appear to require Mg?+ for activity are most likely 
those whose folded (active) forms are thermodynamically 
unfavorable a t  the assay temperature in the absence of Mg?'. 
Those which do not require Mg2' for activity most likely 
exist in the folded form in the absence of Mg2+ under assay 
conditions. 

Further Testing of the Proposed Model. The general validity 
of the proposed model for the thermally induced unfolding 
of transfer ribonucleic acids can, and should be, tested in 
several ways. For instance, the general phenomenological 
characteristics of unfolding of several additional species of 
tRNA as a function of temperature and Mg?+ concentration 
should be determined. In addition specific details of the ther- 
mal transition of tRNAPtIe should be quantitatively verified. 
For example, the validity of the two-state approximation 
can be best established by differential scanning calorimetry, 
as has been done for a variety of protein systems. In this re- 
spect it should be pointed out, however, that both nucleic 
acid chemical purity and reversibility of the the thermal transi- 
tion must be strictly established before the results of such 
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experiments are to  have significant bearing on  this ques- 
tion. 

Details of the presently proposed model can also be tested. 
For example, direct heat capacity measurements with folded 
and unfolded tRNA can be made to either verify or refute 
the existence of the large AC, O accompanying unfolding. 
Such experiments performed with proteins (Biltonen et ul., 
1971) have established that a large increase in heat capacity 
occurs upon thermal unfolding of the macromolecule. Also 
experimental determination of the existence, or absence, of 
the high Mg*+ affinity sites to  unfolded tRNAPtIe is potentially 
possible. 

Of more biological significance is the possible existence of 
“cold denaturation” of tRNA.  Such a phenomenon is consis- 
tent both with our model and limited experimental evidence 
as has been discussed. The actual existence of a temperature 
of maximum stability of tRNA can probably be best verified 
by kinetic experiments. Two experimental approaches to  
answer this question would be direct determination of proton 
exchange or nuclear magnetic resonance studies of solvent 
exchangable protons of tRNA as a function of temperature. 
Thus the proposed model of the unfolding of tRNA as a 
function of temperature and Mg2*- concentration. which 
appears to  be of some biological significance, can be further 
tested by appropriate experimentation. Since this thermody- 
namic model provides a quantitative framework which may 
help in the interpretation of a variety of experimental data 
relating to tRNA. such testing is of the utmost importance. 
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