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Conformational Changes of Transfer RNA. The Role of 
Magnesium( II)? 

A. Stein* and D. M.  Crothers* 

ABSTRACT: Magnesium ions added to tRNA1'vFTI selec- 
tively stabilize the dihydrouridine helix-tertiary structural 
region. Low ME'+ levels have little direct effect on the re- 
maining three cloverleaf helices, but these are prevented 
from melting independently when their intrinsic T ,  is sur -  
passed by the T ,  of the tertiary structure. At high Mg" 
concentration the thermal unfolding of tRIVAfM"'I is ap- 
proximately a two-state, concerted transition from the glob- 
ular native structure to the random coil, in contrast to the 
sequential unfolding observed without Mg". We interpret 

M a n y  biological macromolecules, both proteins and nu- 
cleic acids, undergo conformational changes i n  the course of 
their function. Hemoglobin when binding oxygen. and 
D K A  while undergoing replication are well-known exam- 
ples. Conformational changes must occur during the com- 
plex reactions of ribosome-mediated protein synthesis, but 
the mechanical events in  this fundamental biological pro- 
cess remain obscure. One of the key components in protein 
synthesis is tRNA. Its biochemical role as carrier of amino 
acid and anticodon are well known. More hypothetical is 
the possibility that tRNA performs an important mechani- 
cal function in protein synthesis by undergoing major con- 
formational changes when bound to the ribosome. There is 
some evidence suggesting that tRNA structure may unfold 
when bound to the 30s subunit (Schwarz et al., 1974; Erd- 
man et al., 1973). Furthermore, one can see distinct mecha- 
nistic advantages in unfolding enough of the t R K A  tertiary 
structure to allow independent motion of amino acid accep- 

t From the Department of Chemistry. Yale University. New Haven. 
Connecticut 06520. Receiced April 22, 1975. Supported by Grant \  
GM12589 and GM21966 from the hational Institute o f  General Med- 
ical Science. 

1 Supported by American Cancer Society Fellow,ship PF-X5X 

the kinetics of refolding to mean that the D helix serves as a 
required nucleus for the rate-limiting step of tertiary struc- 
ture formation. We found that unfolding of the tertiary 
structure leads to loss of the tightly bound Mg2+ ions, and 
showed with a Mn2+-sensitive fluorescent indicator that the 
rate of Mn2+ release is the same as the rate of unfolding the 
tertiary structure. Hence the tightly bound divalent ion 
must be located in a site formed by the tertiary structure-D 
helix region of the molecule. 

tor and anticodon portions of the molecule (Crothers, 
1975). 

Our current series of experiments has focused on confor- 
mational changes of purified tRNArWet in solution. Some, 
but certain]) not all, of these changes may be related to 
t R N A  function; others need to be characterized in order to 
understand how newly synthesized t R N A  (or its precursor) 
can fold up into the native structure. The molecular mecha- 
nism of thermal unfolding of tRNAfMet in the absence of 
Mg?+ has previously been investigated in some detail by a 
combination of relaxation kinetics and nuclear magnetic 
resonance ( N M R )  spectroscopy (Crothers et al., 1974). 
Four distinct relaxations were found and characterized, cor- 
responding to effectively independent sequential melting of 
the tertiary structure-D helix region and the three remain- 
ing helical arms. 

I n  this paper we present the effect of increasing concen- 
trations of Mg2+ on these known relaxations. The influence 
of Mgz+ on the thermal stability and dynamic properties of 
particular regions of the molecule is elucidated, as is the 
molecular pathway of thermal unfolding in the presence of 
Mg'+. We also present a mechanism for the rate-determin- 
ing step in refolding the native structure, involving forma- 
tion of tertiary bonds to the D helix, which serves as a re- 
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quired nucleus. Our measurements permit calculation of the 
number of Mg2+ ions released on melting known parts of 
the molecule. W e  also measured directly the release of 
Mn2+ ions upon unfolding the tertiary structure. A fluores- 
cence temperature-jump technique was used in which the 
t R N A  melting equilibrium was coupled to a fast equilibri- 
um between Mn2+ and a chelating dye (noninteracting with 
t R N A )  which exhibits a large fluorescence decrease upon 
binding Mn2+. Thus, the amplitude of the fluorescence re- 
laxation signal with the characteristic relaxation time of the 
tertiary unfolding is a direct measure of the release of metal 
ions stabilizing the tertiary structure. 

The general role that we find for Mg2+ is a marked pref- 
erential stabilization of the native tertiary structure. The 
tertiary interaction seems to exist in high N a +  without 
Mg2+, but it is the least stable part of the molecule under 
those conditions. Addition of Mg2+ makes it one of the 
most stable parts. Conversely, the tertiary structure pro- 
vides the strong Mg2+ binding site, which disappears when 
the tertiary structure unfolds. Conformational changes of 
t R N A  in vivo could clearly be triggered by ribosome-me- 
diated removal or addition of Mg2+. 

This paper completes our current series on Escherichia 
coli tRNAfMet (Cole et al., 1972; Cole and Crothers, 1972; 
Crothers et al., 1974; Bina-Stein and Crothers, 1975; Stein 
and Crothers, 1976). Conformational equilibria and dy- 
namics are probably as well understood for this t R N A  as 
for any globular macromolecule. 

Materials and Methods 

( a )  Buffers The buffer used for measurements on t R N A  
samples in the absence of Mg2+ contained 0.001 M phos- 
phate, 0.01 M sodium cacodylate, 0.001 M EDTA, and 
0.152 M sodium perchlorate (pH 7.0) (total Na+  concen- 
tration 0.166 M ) .  In samples containing magnesium acetate 
the buffer was the same except that it contained no EDTA 
and the sodium perchlorate concentration was 0.154 M .  
The buffer used for samples containing manganese(I1) 
chloride contained 0.02 M sodium cacodylate, 0.154 M so- 
dium perchlorate, pH adjusted to 7.0 with HCI. It was 
found that Mn2+ was precipitated by phosphate. 

( b )  Relaxation measurements in which the absorbance 
was monitored were performed as described previously 
(Cole and Crothers, 1972). The temperature jump size was 
1.88OC. 

Our temperature-jump instrument was modified for fluo- 
rescence detection a t  a right angle to the incident beam 
using the same detector system The signal to noise ratio 
was satisfactory for measuring relaxation processes in the 
msec range. A 3-ml fluorescence temperature-jump cell 
from Messanlagen (Gottingen) was used. 

The fluorescence temperature-jump instrument was used 
to measure directly the divalent ions released upon melting 
the tertiary and D helix interactions of tRNAfMet ]  by cou- 
pling the t R N A  melting equilibrium to the equilibrium be- 
tween the metal ions and a chelating fluorescent indicator 
dye-the bound dye being nonfluorescent. One of the few 
dye-metal systems found to possess the properties necessary 
for this experiment was the calcein blue-Mn2+ system. The 
most essential properties are: ( I )  a fast relaxation time for 
Mn2+-calcein blue complexation; (2) a large optical 
change, produced at  pH 7; (3) a dye noninteracting with 
t R N A .  Baker-grade calcein blue was used without further 
purification. Its properties have been partially character- 
ized (Diehl, 1964). Mn2+ has been shown to be quite simi- 
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FIGURE 1: Differential thermal transition profiles for tRNArMc1 ,  tem- 
perature-jump relaxations at  three Mg?+ concentrations. A A  is the 
amplitude in absorbance units a t  266 nm for the tertiary D helix, T? 

(lower temperature),  and acceptor stem, 1 5 ,  relaxations. A A / A T  is 
plotted vs. the temperature corresponding to the midpoint of the tem- 
perature-jump size A T .  (a)  N o  Mg2+, the broken curve is calculated as  
described in the text; (b) 0.50 m M  Mg2+; (c) 3.0 mM Mg2+, only a 
single relaxation, 72, is observed. 

lar to Mg2+ in its interaction with t R N A  (Yarus and Rash- 
baum, 1972). 

The sensitivity of the dye was determined to be 36 
mV/MM change in the total Mn2+ concentration by titra- 
tion directly in the temperature-jump cell under the same 
conditions and optics as used in the experiment (except that 
the Mn2+ solutions prepared did not contain tRNA) .  The 
association constant for calcein blue and Mn2+ a t  5OoC was 
determined to be 1.0 X IO6 by titration of dilute dye solu- 
tions (absorbance of 0.13) using a null balance fluorescence 
spectrophotometer. An excellent fit to this titration curve 
could be obtained by assuming that the dye is 93% pure by 
weight (not dried) and that only one Mn2+ binds per dye 
molecule. The buffer solutions in the temperature-jump ex- 
periment contained 10.0 ,4260 units/ml of tRNAfMet , ,  4.38 
X M dye (absorbance in the T-jump cell of 2.84 at  
368 nm, the excitation wavelength), and 4.10 X IOM4 M 
total Mn2+. The results of controls were as follows: ( 1 )  only 
a small “instantaneous” (with respect to a sweep rate of 5.0 
msec/cm) signal was observed in the absence of tRNA;  (2) 
with t R N A  a t  the T ,  of the tertiary-D helix melting, but 
with no Mn2+, a small “instantaneous” relaxation signal 
was observed identical with that in the absence of both 
Mn2+ and tRNA.  

Results 
( a )  High Resolution Differential Melting Curues. Figure 

1 shows the temperature variation of the amplitude of the 
optical change associated with two particular relaxations a t  
several Mg2+ concentrations. In the absence of Mg2+ the 
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Table I :  Thermodynamic and Mg2+ Binding 
P,ir;inictcrs f o r  t R N A f M e t .  

n 45.2  
3.4 x 47.5  
3.0 x IO-' 51.0  
1.0 x IO- '  53 .0  

5 .0  x 66 .0  
2.5 X 59 .8  

1.0 x lo-'  70 .4  
3.0 X l o - '  78 .0  

61 .2  
62 .0  
62 .3  
62 .5  
72 .2  
79 .3  

105  
> I 6 6  

0 
0.13 
0 .79  
1.8 
3.2 
5.4 
8.6 

15 .4  

0 O D  
0.09 D 
0.47 0.48 D 
0.7 s D 
0 .88  2.4 D +  0 
0.94  2.5 D + i 
0.97 3.3 D + ,S t A 
0.99 2 5  D + w + A i S  

I r c c  L1s2+ concentration. established b y  dialysis against Mg2+- 
containin? buffer. h T,,, defined as  the mauiinum of the  differential 
inelring curve for the transit ion described b!. T,. 

\tired fro111 t h e  half-\vidth of the differential melting curve 
(Crothers  e t  al.. 1974) .  d T o t a l  Mp2+ binding per tRNA at  4°C 
(Sti.in and Crothers.  1976) .  eCalculated Mg2+ binding in the 
strong binding site at 4°C (Stein and Crothers,  1976) .  . f M g 2 +  ion 
release in thc transition T?. calculated f rom eq 5. K Region$ X + Y 
t h a t  melt  i b i t h  the  tert iary structure in the transit ion 7:: see eq  3 
and 4. D. D helix: i. TwC heliu: A. ant icodon helik: S. acceptor 
stcni helix. 

Enthalp),  mea- 

low temperature peak 7 2  (6.5 msec at  T,, the maximum) 
corresponds to the melting of the tertiary and D helix inter- 
actions and the high temperature peak 7 5  ( 1 . 1  msec at  T,) 
to the acceptor stem melting (Crothers et al., 1974). The 
microsecond relaxation amplitudes 7 3  and 74 corresponding 
to the melting of the T+C and anticodon arms a t  61 and 
70°, respectively (Crothers et al., 1974). are not shown. As 
the Mg2+ concentration is increased, the amplitude 7 2  shifts 
to higher temperature, increases in height and area (hyper- 
chromicity), and narrows (corresponding to an increase i n  
enthalpy for the process). The relaxation time gradually de- 
creases to 2.0 msec. Note that the stem melting 75 is not af- 
fected until it has been "overlapped" by 72 .  The microsec- 
ond relaxations and 7 4  (not shown) behave essentially as 
the stem 7 5  and no longer appear once the slow relaxation 
7 2  is shifted past the T,'s of 7 3  and 74 in the absence of 
Mg'+. Enthalpy and T ,  values for the transition 7 2  are col- 
lected in Table I .  

The observed behavior arises because stabilization of the 
tertiary structure prevents melting of other parts of the 
molecule, such as the anticodon or T+C helices. I n  high 
Mg2+ concentrations, all parts of tRNAfMe' melt nearly si- 
multaneously, approximately by a two-state or all-or-none 
mechanism. This is in sharp contrast to the sequential melt- 
ing observed at  low Mg2+ concentrations. The enthalpy and 
hyperchromicity of 7 2  increases a t  high Mg2+ because 
under those conditions 7 2  accounts for concerted melting of 
most of the molecule. This coupling between melting steps 
is considered more extensively in the next section. 

( h )  Influence of Coupling on Relaxation Properties. Re- 
laxation amplitudes and times strictly correspond to a par- 
ticular melting process (i.e., the tertiary unfolding or melt- 
ing of a helical arm) only if the transitions do not sig- 
nifcantly overlap on the temperature axis and are not con- 
strained by a particular mechanism, irrespective of their 
separation on the time scale. I n  general for the unimolecu- 
lar reactions considered here the relaxation times are func- 
tions of all the rate constants in the melting mechanism, 
and the amplitudes are functions of the enthalpy AH and 
equilibrium constant for all the reaction steps as well as the 
rate constants. 

T e m p e r a t u r e  ( " C )  
FIGCIRE 2: Computer simulated relaxation amplitudes as  a function of 
temperature for the mechanism 

\I"* rd,l 

A g B S C  

to illustrate coupling effects. T,,, is varied while other parameters rc- 
main unchanged. (a)  T,,, < T,,,, the  relaxations a re  effectively in- 
dependent: (b)  T,,, = T,,,, coupling occurs: (c) T,,,,,, > T, , , , ,  the 
relaxations a re  strongly coupled. 

The rate equations for a particular mechanism may be 
written in terms of the independent concentration displace- 
ments from equilibrium X,: 

X = -MX ( 1 )  

where the dot denotes the time derivative. The eigenvalues 
of M are the reciprocals of the relaxation times 7,. Ampli- 
tudes A," corresponding to each 7, are given by (Crothers, 
1971b) 

Aio = LtkTk; T;j-'Xi0 (2) 
k J 

where Tk, is an element of the matrix which diagonalizes M 
by a similarity transformation, Aq.. is the difference in ex- 
tinction coefficients between species k and a designated ref- 
erence species, and Xj" is the difference between the equi- 
librium concentrations of species j before and after the per- 
turbation. X,' is calculated from the T,'s and AH'S for 
each reaction step. For the relaxation times the reverse rate 
constant of each reaction step is calculated from its value at 
T ,  and its activation energy by the Arrhenius equation, 
and the forward rate constant is then calculated using the 
equilibrium constant which is determined by T ,  and AH. 
Calculations were performed on an IBM 370 computer. 

Figure 2 shows a computer simulation for the tempera- 
ture dependence of the relaxation amplitudes for the sim- 
plest mechanism which can exhibit coupling: 

\ I O U  fast 
A e B e C  
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T,,, = 62OC, and T,,, is varied while other parameters 
are held constant. In (a) T,,, = 45"C, and the relaxations 
a re  effectively uncoupled.  slow) corresponds to the melt- 
ing of A to B and Tf(fast) to B melting to C. In (b) TmAB = 
TmgC and weak coupling occurs; T~ increases and narrows 
while 7f decreases. Also, the amplitudes no longer peak ex- 
actly a t  T,. In (c) T,,, = 79OC, and T~ has increased and 
narrowed greatly while Tf has effectively disappeared. T~ 

now corresponds effectively to A melting directly to C .  
The similarity between the computer simulation and the 

data presented in Figure 1 is evident. It appears that 7 2 ,  the 
slow tertiary-D helix melting is selectively stabilized by 
Mg2+ and couples into the microsecond relaxations, eventu- 
ally causing the whole molecule to melt together as a single 
relaxation. 

The basic mechanism we will use for interpreting the 
data for the major relaxation 7 2  is 

I melting of remaining 
structure a t  higher T ,  

k 3 2  k2i  

k 2 3  k i 2  
N S T-X- e T-X-Y-- 

(3) 
slow fast 

where X and Y are  unspecified regions of the molecule and 
T is the tertiary structure. In this mechanism T-X- is a 
transient intermediate only slightly populated, so that 7 2  re- 
fers essentially to melting of native structure N to the form 
T-X-Y- lacking interaction regions T, X,  and Y. X and Y 
are introduced so that we can distinguish between the struc- 
ture Y formed before the rate-limiting step in refolding, and 
the structure X which dissociates with the tertiary structure 
in the rate-limiting step of unfolding. Anticipating our re- 
sults briefly, we will show that Y is probably always the D 
helix, and X increases as the Mg2+ concentration increases. 
Without Mg2+, X = 0, but with high Mg2+ X consists of 
the T+C, anticodon, and acceptor stem helices. In this latter 
limit, the whole melting process is essentially a two-state, 
all-or-none conversion from native structure to random coil. 

(c) Relaxation Times. The temperature dependences of 
7 2  in the absence of Mg2+ and at  3.0 m M  Mg2+ are shown 
in Figure 3. The increase in 7 2  with temperature on the low 
temperature side of the transition indicates that the process 
is not an elementary step, A F! B, since the data imply a 
negative activation energy for forming the native structure. 

It is common in considering the rates of nucleic acid 
structure formation to use information about activation 
energies to draw conclusions concerning the heat content of 
the nucleus required for the rate-limiting step (Porschke 
and Eigen, 1971; Craig et al., 1971). Consider formation of 
the native structure N from the species T-X-Y- lacking 
the tertiary structure and other regions X and Y of the mol- 
ecule, through the intermediate T-X-, as shown in eq 3 .  
W e  call Y the nucleus required for formation of the tertiary 
structure. When k2l >> k23, T-X- is in steady-state pre- 
equilibrium with T-X-Y-, and the forward rate constant 
for producing N is approximately k f  = K12k23. Similarly, 
the reverse constant is k, = k32. As is customary in such an 
analysis (Porschke and Eigen, 1971; Craig et al., 1971) we 
assume that the elementary reaction rate for structure for- 
mation has negligible activation energy. Therefore the ap- 
parent (negative) activation energy for structure formation 
Eft is minus the enthalpy AHy of melting the nucleus. Sim- 
ilarly, the activation energy E,+ for dissociation is the en- 
thalpy of melting X and T, or AHX+T. 

Figure 3 shows theoretical curves for the relaxation time, 
calculated by the computer program described in the previ- 
ous section, compared with the experimental results. W e  

90 00 7 0  60 . 50 - .  40 30 20 

I '  I I I 

3.0 m M  M q + +  

I 
I 
I 
I 

I 
I 
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0. I 
2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 

1 0 ~ 1 ~  ( O K - ' )  

FIGURE 3: Comparison of experimental and calculated temperature 
dependence of the slow relaxation t ime 7 2  Tor no Mg2+ and 3 m M  
M g 2 + .  For the fitted curve a t  no Mg2+ A H x  = 0, A H T  = 38, and A H y  
= 32 kcal/mol; the solid fitted curve a t  3 m M  Mg2+ corresponds to  
A H x + r  = 131 and A H Y  = 32 kcal/mol; the nonfitting dashed curve a t  
3 m M  Mg2+ represents A H x + T  = 80  and  A H y  = 86 kcal/mol ( D  and 
T$C arms as a nucleus for tertiary structure formation). Other param- 
eters and details concerning the data fitting are  given in Table 11. 

found that the data could be fitted with AHy = 32 kcal/ 
mol a t  all Mg2+, and with AHx+T varying from 38 kcal/ 
mol at  low Mg2+ to 1 3 1  kcal/mol a t  high Mg2+. (The sum 
AHy + AHx+T is the difference between forward and re- 
verse activation energies and must, of course, equal the en- 
thalpy of the whole melting transition, measured from the 
width of the differential melting curve.) Parameters used 
for the calculation are given in detail in Table 11. 

The conclusion from this analysis is that under all condi- 
tions a structure Y with 32 kcal/mol enthalpy of melting is 
required in order to nucleate the formation of tertiary struc- 
ture. Furthermore, in the absence of Mg2+ the curvature of 
log 7 2  vs. 1 / T below T ,  allows estimation of the T ,  for the 
region Y. The result is 35°C. Reasons for assigning the D 
helix as the nucleus Y are considered in the Discussion. The 
amount of structure X that melts with T in 7 2  increases 
with the Mg2+ concentration, as shown by the disappear- 
ance of the fast relaxations 7 3  and 74, and the concomitant 
increase in the enthalpy of 72 .  

(d) Mg2+ Released upon Melting Known Regions of 
tRNA. The coupling of melting transitions by preferential 
Mg2+ stabilization of the tertiary interactions indicates that 
a t  least to a first approximation, regions of the t R N A  melt 
together increasingly as the Mg2+ concentration is raised, 
and that this melting is manifested in 72.  The melting reac- 
tion 7 2  is approximated by 

(4) N e T-X-Y- 

where a t  low Mg2+ concentrations X + Y is just the D arm 
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Table 1 1 :  Therniodynaniics and Kinetic Parameters for the I i t ted Curves in Figure 3,  Calculated as  Described in the  Text.0 

A 
X :  no  structure 54 .8  38  35.0 3 2  4 .63  x 10, 
Y :  D helix 
No Mg2+ 

B 
2.16 x 105 X :  Anticodon helix 94.5 131 35.0 32 

Y :  D h e l i ~  
3 nuk’ Mg2+ 

and TQC helix 

C 
X: Anticodon 115.5 8 0  5 0 . 8  8 6  1 . 1 5  x 107 

3 llL+f h4g2+ 
Y: D helix and TG C helix 

- 

*Activation energies for the vtructure forniation rate constants k, ,  and k , ,  were assumed t o  be zero. k , , ,  the  fast formation rate  constant ,  
w a s  assigned a constant  value of 5 . 0  X IO4 sec-’, a typical value for the formation rate constant of a hairpin helix ( T  10 psec). In (A) 1111 
parameters were varied in order to obtain the best fit t o  the relaxation ampli tude and  relaxation t ime as a l‘unction of temperature.  In ( B j  
Tmy and AHY were assigned the values fro111 fi t  (A) and T m ~ t ~  and A H T t X  were varied to obtain the best fit t o  t he  relaxation data.  In  ( C )  
a n  additional 5 4  kcal, corresponding t o  the uncoupled TGC helix melting at  61°C  (Crothers e t  al., 1 9 7 4 )  was added to A H y ;  T m y  is the 
temperature for ivhich AGO for the complete  transit ion T-X-- T - X Y - i s  zero.  Case (C) is shown to indicate the lack of fit t o  a model  
Lvith a larfer nucleus Y. 

= l D . Y 7  / -I ,o 

/ 6 /  l r  
/ /  1 5  

FIGLRk  4: “T,,,.“ the temperature of maximum amplitude for the slow 
relaxation T I  and the curve representing r .  the number of  Mg2+ ions 
bound / tRNA at  4OC (Stein and Crothers. 1976), vs. the logarithm of 
the Mg?+ concentration. 

( X  = 0), becoming a t  higher MgZf concentrat,ions the D 
and T$C arms; at  high Mg2+ the whole molecule melts to- 
gether from native form to coil. This approximation allows 
the calculation of the number of Mg2+ ions released upon 
the melting of known parts of the tRNA.  

For a helix-coil melting equilibrium coupled with a small 
molecule binding equilibrium the following relation holds 
(Crothers, 1971a). 

A r  = (d T,/dpMg j [ ( AHa’),/2.3RTmZ] ( 5 )  

where Ar  is the number of Mg*+ ions released upon melt- 
ing, (rh - r c j r  according to the stoichiometric equation 

hehx(rhMg*+) ~i coil(r,Mg2+) + (rh - r,jMg2+ 

a t  Mg2+ activity a .  (AHa’),,,is the heat of melting a t  T, 
and Mg2+ activity a and includes the extra heat of Mg2+ 
binding. The chahge in T, with log [Mg2+] is shown in 
Figure 4 along with the Mg2+ binding isotherm a t  4OC. 
Pertinent data are given in Table I .  The values of AH and 
2.r for the highest Mg2+ concentration are likely to be low 
due to the sharpness of the transition and possibly the in- 
complete melting of the acceptor stem. a Direct Measurement of Mn2+ Released upon Terti- 
ary Unfolding. At low “free” Mg2+ or Mn2+ concentra- 
tions (= 1 X M) the melting of the tertiary-D helix 
interactions is well separated in temperature and time from 
the other transitions and may be treated independently to a 
good approximation. I f  Mn2+ is released during this unfold- 
ing, a decrease in fluorescence should be observed in the 
fluorescent temperature-jump experiment with the same 
characteristic 5-msec relaxation time as the absorbance sig- 
nal due to the perturbation of the fast metal-dye equilibri- 
um by the slowly relaxing melting equilibrium. Figure 5a 
shows the absorbance relaxation signal at  5 I0C ,  the T ,  of 
the tertiary-D helix transition at  3.0 X M Mg2+ (or 
Mn2+j, and Figure 5b shows the fluorescence signal at  
50°C due to the release of Mn2+ a t  a “free” MnZ+ concen- 
tration of 1.4 X low5 M .  The relaxation time is 5 msec and 
the amplitude reaches its maximum a t  5OoC, just where the 
tertiary-D helix T, should be according to the Mg2+ data 
in Figure 4.  The “free” Mn2+ concentration was calculated 
from the binding constant of the dye, the dye concentration, 
and total Mn2+ concentration. Taking into account the 
Mn’+ bound to t R N A  (=7 b M )  leads to a negligible cor- 
rection. 

From the amplitude of this relaxation signal the number 
of Mn” ions released upon the melting of the tertiary-D 
helix interactions can be calculated. The melting equilibri- 
um is ( X  = 0, Y = D) 

K (rMn’+) T-D-(r’Mn’+) + l r M n Z i  

because the Mn2+  concentration is low and earlier results 
(Crothers et al., 1974) show that the transition 7 2  consists 
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of melting the tertiary structure and D helix under these 
conditions. From the stoichiometry of the reaction: 

Ar  = ( r  - r') = ACM.Z+/ACN (6) 

where ACM++ and ACN denote the concentration changes 
of these species. Therefore, 

Ar = (dF/dCM"'+)-'(AF/ACN) (7) 

where dFldCM++ is the fluorescence change per unit 
change in Mn2+ concentration under the conditions of the 
experiment and A F  is the amplitude of the relaxation sig- 
nal. AF/ACMni+ was determined to be 36 mV/fiM, A F  = 
45 mV, and at  T, 

ACN = AHCTAT/~RT, '  (8) 

where AH = 61 kcal/mol, T ,  = 5O.O0C, the temperature- 
jump size AT = 2.7loC. and the total t R N A  concentration 
CT = 2.0 x M. Using these values Ar = 0.31 f 0.05. 
From the Mg2+ binding data at  4OC (Stein and Crothers, 
1976) the number of strongly bound metal ions at  a free 
metal ion concentration of 1.4 X M is 0.29 (0.15 
weakly bound) corresponding closely to the number of 
Mn2+ ions released. This result, and those of the previous 
section show that unfolding the tertiary structure leads to 
loss of the strong binding site, with a rate of ion release 
equal to the rate of structural unfolding. 

We stress that these results do nor mean that the equilib- 
rium between free and bound Mn2+ (or Mg2+) attached to 
the native or unfolded forms occurs at  the rate of unfolding 
the tertiary structure. Rather. since we see only a single re- 
laxation time for ion release under conditions where individ- 
ual tRNAs have different numbers of ions bound, the sepa- 
rate ion binding equilibria must he rapid: 

MA+ + pJ - c N(r,M'+) s;+ T-X-(r,M'+) e T-S- + M" 

fast ion slow unfolding fast ion 
binding and coupled binding 

equilibrium ion relpase equilihrium 

In this equilibrium, r~ and r2 ( r l  > r2) are the average 
number of ions bound per mole of native (N)  and unfolded 
(T-X-) tRNA.  Since the enthalpy of ion binding is near 
zero, we could not measure signals due to the fast equilib- 
ria. The slow ion release we measure arises because native 
and unfolded forms differ strongly in  affinity for divalent 
metal ions. The release of ions with relaxation time r2 
shows clearly that the srructure responsible for strong ion 
bindinz unfolds in relaxation process T ~ .  

Discussion 

(a) IdentiJicarion of Relaxation Signals. We have as- 
sumed for analysis of the results reported here that the pre- 
viously determined order of melting events in tRNArMC' is 
valid. Recently reported investigations raise legitimate 
questions in this regard. In particular, some of the reso- 
nance assignments used in our earlier study (Crothers et al.. 
1974) have become questionable because of the discovery of 
resonances associated with tertiary hydrogen bonds (Hil- 
bers and Shulman. 1974, Wong and Kearns, 1974%. Daniel 
and Cohn, 1975). Of special interest for tRNArMetl is the 
careful study by Daniel and Cohn (1975). who showed that 
removal of the contaminating photocross-linked tRNArMC't 
produced an N M R  spectrum with much-improved peak res- 
olution. They estimated 27 f I exchangeable protons in the 
region - 1  1 to -15 ppm. compared to the assumed value of 

a )  Absorbance 

u 2 o r n s e c . " P P e r  IraC. 
4 msec.Iower trace 

b )  Fluorescence 

- 2 0  msec 
FIGURE 5:  Oscilloscope tracts o f  the 5-micc reliixation characteristic 
of the tertiary-D helix melting in the presencc 01 low   on cent rations o l  
Mgz+ or Mn? (a) Absorbance signal, 266 nm at S I T .  3.0 X IO-' M 
Mgz+, is due to tertiary-D helix melting: (b) fluorescence signal. exci- 
tation wavelength 368 nm, 5 0 T .  1.4 X IO- '  M Md+, is due 10 Mn'+ 
ions released upon melting tertiary-D helix interactions. 

19, equal lo the number of cloverleaf base pairs. which we 
adopted in our earlier study (Crothers et al., 1974). 

In reexamining our earlier data i t  is evident that the terti- 
ary resonances do not appear as well-defined peaks in our 
thermal difference spectra. probably because of the partial 
photomodification of the structure. For example, the ther- 
mal difference spectrum we associated with melting of the 
anticodon helix contained a broad and barely detectable 
contribution from 14.3 to 14.8 ppm which we assigned to 
one proton in A.U base pair 28. The work of Daniel and 
Cohn (1975) indicates that the region probably contains 
two tertiary resonances; AU 28 is more likely to be found a t  
12.8 ppm (Wong and Kearns. 1974b). It is probable that 
there is some additional contribution by nonintegral tertiary 
resonances to the thermal difference spectrum we measured 
for melting the anticodon helix, especially since the T-jump 
measurements indicate that the tertiary structure is actual- 
ly melting in the same temperature range. 

In considering the problem of the order of melting of 
tRNA structure, it is worth recalling that the T-jump shows 
four relaxations for tRNArMe',,  and the N M R  investigation 
is based on a data set of at  least I9 resonances. It is evident 
that some error can be tolerated i n  the larger set without 
necessarily implying error in the assignment of the four re- 
laxations. We do not see grounds for reversing any of our 
assignments of the order of optical melting of the various 
cloverleaf arms, especially since the assignment made is 
consistent with the predicted stability order of the helices 
(Crothers et al., 1974). The identification of the tertiary 
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melting relaxation is strongly supported by the influence of 
single base changes in regions not hydrogen bonded in the 
cloverleaf (Crothers et al., 1974; Leon, V., Altman, S., and 
Crothers, D. M., to be published), by earlier spectroscopic 
arguments (Cole et al., 1972), and by the finding reported 
in this paper that the structure that melts in the “tertiary” 
relaxation is responsible for the strong Mg2+ binding site. 
The D helix melting is included in the melting of tertiary 
structure because no separate relaxation signal was found 
for its melting, and because stability predictions indicated it 
should melt a t  the T ,  of the tertiary structure. Simulta- 
neous unfolding of the D helix and tertiary structure is en- 
tirely consistent with the close involvement of the D helix 
and tertiary structure revealed by x-ray diffraction studies 
(Robertus et al., 1974; Kim et al., 1974). 

Finally, Wong et al. (1975) reported significantly differ- 
ent results on the melting of tRNAfMet measured by N M R  
than we found (Crothers et al., 1974). The simplest expla- 
nation is that their samples a re  not really Mg2+ free, so that 
the two measurements a re  not strictly comparable. In  our 
early attempts a t  the problem we had difficulty removing 
Mg2+ from the concentrated t R N A  samples prepared for 
N M R  measurements. W e  were not satisfied on this point 
until the optically observed T ,  for the tertiary melting 
transition, measured a t  335 nm, was the same in high and 
low concentration t R N A  samples. Comparable control 
measurements were not reported by Wong et al. (1975), 
and it is evident from their spectra that the tertiary melti.ng 
transition occurs at  higher temperature than we found. The 
results of our  present paper show this to be the expected ef- 
fect of small amounts of Mg2+. In  any event, T-jump mea- 
surements are much better suited for providing a simple 
picture of tRNA unfolding than are N M R  measurements, 
which detect primarily transient opening of helices, not un-  
folding. Furthermore, the N M R  approach seems to be 
subject to continuing uncertainty on resonance assignments. 

( b )  Qualitatice Eflects of Mg2+. It is clear that at  0.1 7 
M U a +  ion concentration, Mg2+ preferentially stabilizes 
the tertiary and D helix interactions. Upon increasing the 
Mg” concentration to about 1 X M the sole effect on 
the high resolution differential melting curve is a stabiliza- 
tion of the first peak corresponding to 72. the tertiary-D 
melting. As indicated in Table I ,  the T ,  corresponding to 7 2  

increases by about 8OC while the enthalpy remains about 
the same. 7 2  decreases slightly, but there is no significant 
change in the relaxation spectrum indicating that no rear- 
rangement of base pairs or major reordering takes place 
when Mg2+ is added. 

Upon addition of more Mg2+ the relaxation spectrum 
gradually changes as shown in Figure 1 .  I f  the melting of 
each part of the molecule were truly independent, 7 2  would 
be expected to shift to higher temperatures without af- 
fecting the other relaxation processes. The observed behav- 
ior indicates that other parts of the molecule cannot melt 
independently when the tertiary structure is intact. Similar 
qualitative observations on coupling effects due to Mg2+ 
have been reported (Riesner et al., 1970; &mer et al., 
1970a,b). Changes in the relaxation spectrum are qualita- 
tively those predicted from the simplest considerations of 
coupling, such as the simulated effect illustrated i n  Figure 
2, and can be fitted in detail by the mechanism 3. 

( c )  Nature of the Nucleus for  Refolding. According to 
eq 3 and the experimental data in Figure 3, the relaxation 
kinetics for 7 2  imply a nucleus Y for refolding the tertiary 
structure with an enthalpy of melting A H y  = 32 kcal/mol, 

independent of Mg2+ concentration. Several lines of evi- 
dence indicate that Y is the D helix. First, the known mech- 
anism of melting without Mg2+ has only the D helix and 
tertiary (T) interaction melting in the first transition. I n  
this case there is no plausible alternative for Y, unless we 
assume that Y is part of the tertiary structure itself. Sec- 
ond, the T ,  (35°C) and enthalpy (32 kcal) found for Y 
(when T is melted; see Table 11) are in reasonable agree- 
ment with predicted properties of the isolated D helix, 
based on parameters (Gralla and Crothers, 1973) that yield 
accurate values for other tRNArMet helices (Crothers et al., 
1974). The predicted T ,  for the isolated D helix is 47”C, 
with predicted enthalpy 28 kcal/mol. The slightly lower 
measured T ,  could be due to unusually large electrostatic 
interactions. Third, the crystal structure of tRNAPhe shows 
many bonds to the D helix, so it is structurally reasonable 
that the D helix be required i n  order to nucleate the tertiary 
bonding. Finally, recent results on tRNAGi \  from wheat 
germ embryo (A. Stein, unpublished results) in which the D 
arm is extremely unstable, 1 A-U and 2 G-U base pairs (B.  
Roe, personal communication), show that the rate constant 
for tertiary folding is several orders of magnitude slower 
than in tRNAfMet.  This is consistent with the D arm acting 
as a nucleus, since the smaller value of K l 2  in mechanism 3 
would yield a smaller k f  = K12kr3 .  The finding of Coutts et 
al. ( 1  974) that the D helix in tRNA,‘sp is stabilized in the 
intact molecule far above the T ,  in fragments is consistent 
with the mechanism proposed here. 

( d )  Dicalent Ion Release upon Melting Known Regions 
of t R N A .  Location of the strong binding site can be in- 
ferred from the results on the Mg2+ and Mn2+ released 
upon melting known regions of tRNA.  Table I shows that 
a t  3 X M Mg2+ where only the tertiary-D helix inter- 
actions “melt out” at  5 1 O C  the average number of ME2+ 
ions released in the transition 7 2 ,  0.48, is in close agreement 
with the number of strongly bound Mg” ions a t  4°C. 0.47. 
This result implies that the strong binding site is lost when 
the tertiary and D helix interactions are lost. The conclu- 
sion is reasonable if  the temperature dependence of the 
Mg2+ binding to the “native” form of tRNA is not very 
large. Enthalpies calculated from the low-Mg*+ relaxation 
data indicate that the heat of Mg2+ binding is small. Also. 
Rialdi et al. ( 1  972) found that the enthalpy of ME*+ bind- 
ing to yeast tRNAPhe is near zero at  25°C by mixing calo- 
rimetry. Finally. the Mg2+ binding constant for several po- 
lynucleotides, under conditions similar to those reported 
here, is nearly temperature independent (Krakauer, 197 1 ). 

The data indicate that several Mg2+ ions are released 
upon the melting of the helical arms of t R N A  indicating 
that these sections are stabilized to some extent by Mg2+. 
The result that not all of the weakly bound Mg” ions are 
released upon melting indicates that the unfolded and possi- 
bly the single-stranded regions of t R N A  still have an appre- 
ciable affinity for Mg2+. Schreier and Schimmel ( 1  974) as- 
signed a class of about 12 Mn2+ sites to the cloverleaf heli- 
cal sections of yeast tRNAPhc from binding studies with 
synthetic polynucleotides. They also found that single- 
stranded polynucleotides have an affinity for Mn2+ which 
depends significantly upon the base composition. 

The fluorescence temperature-jump experiment shows di- 
rectly that divalent ions are released upon melting of the 
tertiary and D helix interactions. The characteristic 5-msec 
relaxation signal reaching a maximum amplitude at  50°C 
identifies the transient increase in Mn’+ as arising from the 
tertiary-D helix melting. Calculation of the average num- 
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ber of Mn2+ ions released by a method independent of the 
other relaxation data again indicates that the number of 
Mn2+ ions released corresponds to the number of strongly 
bound Mg2+ ions a t  4OC. Therefore, the single strong bind- 
ing site on tRNAfMetl  must be assigned to a region of the 
molecule involved in maintaining tertiary interactions, most 
likely near the D arm. 

( e )  Comparison with Earlier Work on tRNAfMe’.  Since 
this is the final paper in our present series on tRNAfMe‘, we 
would like to clarify those points on which our present un- 
derstanding has required revision of the interpretation of 
previous experiments. The most important matter con- 
cerns the difference in stability’ between tRNAfMet,  and 
tRNAfMet3. In our first paper on tRNAfMet relaxation ki- 
netics (Cole and Crothers, 1972) we did not realize that 
tRNAfMe$ was an important contaminant in the sample of 
tRNAfMet , ,  which is supposedly the major species. We 
found two tertiary structure relaxations and concluded that 
the tertiary structure melts in two steps. This is incorrect. 
As we later reported (Crothers et al., 1974), the first relax- 
ation (TI) refers to tRNAfMe$ and the second ( 7 2 )  to 
tRNAfMet , .  Melting of tertiary structure in tRNAfMe‘, 
shows only one relaxation, demonstrated clearly by the 
present results. Furthermore, since it was not necessary to 
resolve 71 and ~2 in the experiments reported here, the tem- 
perature dependence of ~2 could be determined much more 
accurately than previously. This accounts for our earlier 
failure to detect the small negative activation energy of 7 2  

below the T,. 
Finally, there is one point where the conflict with previ- 

ous results is only apparent. Our earlier N M R  studies 
(Crothers et al., 1974) indicated that the protons H-bonded 
in the D helix could exchange with solvent H20 more rapid- 
ly  than the tertiary structure could open. Yet in the present 
paper we interpret the results to mean that the D helix is a 
required nucleus for the tertiary structure. These results are 
mutually consistent if different paths dominate the kinetics 
of exchange and melting. For example, consider the mecha- 
nism: 

1 exchange 

where the symbol T’D- represents a structural fluctuation 
or “breathing” mode in which the tertiary structure is al- 
tered sufficiently to allow the D helix to open transiently 
and undergo proton exchange. When the melting and ex- 
change paths are separate, there is no necessary relation be- 
tween their kinetics. 
v) Functional Aspects of Folding. Our results raise two 

significant points concerning the possible role of t R N A  
folding and unfolding in vivo. First, the tertiary structural 
stability of t R N A  is very sensitive to Mg2+. It  is therefore 
plausible that selective ribosome-mediated removal of 
Mg2+ from t R N A  could trigger unfolding of the native 
structure. Bonds between t R N A  and r R N A  might also sta- 
bilize the unfolded structure. Refolding induced by return 
of Mg2+ a t  some later stage would result in a cyclic t R N A  
conformational change with important consequences for the 
mechanics of protein synthesis. 

Second, our results are indirectly relevant to the problem 
of folding t R N A  or its precursor during biosynthesis. It ap- 
pears that nucleation of the tertiary structure requires just 

the D helix and a t  least some of the bases involved in terti- 
ary bonding. The intact T$C helix is not required, for ex- 
ample. This means that the tertiary structure can be formed 
before biosynthesis is complete, which may be one of the 
ways incorrect conformational structures are avoided. 
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Preparation and Properties of the Repeating Sequence 
Polymers d( A-I-C),*d( I-C-T), and d( A-G-C),*d( G-C-T), -F 

Robert L. Ratliff,* Donald E. Hoard, F. Newton Hayes, David A. Smith, 
and Donald M.  Gray 

ABSTRACT:  The repeating sequence polymer d(A-I-C),. 
d( I-C-T),l has been prepared using the chemically synthe- 
sized oligomers d(A-G-C)4 and d(C-T-G)4 and the DNA 
polymerase from Micrococcus luteus. The enzymatically 
synthesized polymer was used as template for preparation 
of d(A-G-C),-d(G-C-T),. Both deoxyribonucleotide poly- 
mers were characterized by nearest neighbor analyses, 

M o d e l  DNAs and RNAs have played important roles in 
the development of our present understanding of nucleic 
acid structure, function, and enzymology. Snythetic DNAs 
with repeating nucleotide sequences have been instrumental 
i n  elucidation of the genetic code (Khorana et al., 1966) 
and in determination of repressor binding properties (Riggs 
et a]. ,  1972). Synthetic DNA properties, such as buoyant 
density, have been used to derive relationships that describe 
the corresponding properties of natural DNA (Gray et a]., 
1974). Another type of model DNA has been used to study 
the influence of nucleotide composition in one region of a 
duplex DNA on the properties of a remote but contiguous 
region (Burd et al., 1975). It is clear from all these studies 
that the properties of a DNA depend upon its nucleotide se- 
quence. For a recent review of the influence of nucleotide 
sequence on DNA properties, see Wells and Wartell 
( 1  974). Here we report the synthesis of both the new re- 
peating trinucleotide DNA d(A-G-C),,.d(G-C-T),' and its 
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i  The abbreviation notation for complementary double-stranded po- 
lydeoxyribotrinucleotides is in  one of the two general forms recom- 
mended by the IUPAC-IUB Combined Commission on Biochemical 
homenclature  (1970) and further incorporates an  alphabetization con- 
vention that allows only one way to write the structure of each poly- 
mer. The left-hand member of the notation is stated as  the alphabeti- 
call) earliest three-letter set of the six possibilities in  the polymer. The 
right-hand member is then fixed to be complementary i n  reverse order 
of letters 

buoyant density measurements in cesium chloride and cesi- 
um sulfate, melting temperature, and circular dichroism 
(CD) spectra. The ribopolymers r(A-I-C),-r(I-C-U), and 
r(A-G-C),.r(G-C-U),, were transcribed from d(A-I-C),,. 
d(1-C-T),, and their C D  spectra were compared with those 
of the respective deoxyribonucleotide polymers. 

analogue d(A-l-C),-d( I-C-T),,, Both polymers have been 
characterized by nearest neighbor analysis, buoyant density 
in cesium chloride and cesium sulfate, melting temperature, 
circular dichroism (CD) spectra, and ability to serve as 
template for R N A  polymerase. A preliminary report of 
some of this work has been presented previously (Ratliff et 
ai., 1974). 

Experimental Procedures 

Chemicals and Reagents. Unlabeled deoxyribonucleoside 
mono- and triphosphates, ITP, and I4C-labeled ribonucleo- 
side triphosphates were obtained from Schwarz/Mann and 
unlabeled ribonucleoside triphosphates from P-L Biochemi- 
cals. The m3*P labeled deoxyribonucleoside and ribonucle- 
oside triphosphates came from New England Nuclear. The 
d l T P  and [ ~ - ~ ' p ] d l T P  were prepared by nitrous acid deam- 
ination of dATP and [a-"PIdATP, respectively (Inman 
and Baldwin, 1964). 2-Mesitylenesulfonyl chloride, 2,4,6- 
triisopropylbenzenesulfonyl chloride, and N,N'-dicyclohex- 
ylcarbodiimide were purchased from Aldrich Chemical Co. 
The sulfonyl chloride reagents were recrystallized from pe- 
troleum ether immediately before use. Hydracrylonitrile 
(Eastman) was fractionally distilled under vacuum. Pyri- 
dine used as solvent in the chemical syntheses was distilled 
successively from chlorosulfonic acid and solid potassium 
hydroxide, then dried over a molecular sieve (Linde, type 
3A). Cesium chloride and cesium sulfate were obtained 
from Harshaw Chemical Co. Agarose for gel permeation 
chromatography (Bio-Rad Laboratories) was purchased 
from Calbiochem. Whatman DE32 cellulose was employed 
for ion-exchange chromatography of chemically synthesized 
oligonucleotides. 

Enzymes. Micrococcal DNase and alkaline phosphatase 
were purchased from Worthington Biochemical Corp. 
Snake venom phosphodiesterase was obtained from Calbio- 
chem. Spleen phsophodiesterase was prepared by the meth- 
ods of Hilmoe (1960) and Richardson and Kornberg 
( 1964). Micrococcus luteus DNA polymerase, prepared ac- 
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