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Europium as a Fluorescent Probe of Transfer RNA 
Structure? 

J .  M. Wolfson1 and D. R.  Kearns* 

ABSTRACT:  The binding of europium( 111) to Escherichia 
coli tRNAfMet,G'u and to unfractionated E.  coli tRNA has 
been investigated by using the 4-thiouridine sensitization of 
europium 5Do + 'FI emission and changes in the lifetime 
of the 5Do state of europium reported earlier (J. M. Wolf- 
son and D. R. Kearns (1  974), J .  Am. Chem. Soc. 96, 3653). 
Binding of the first 3-4 europium ions is independent and 
sequential, approximately 600 times stronger than the mag- 
nesium binding, and the binding sites are located near the 

T h e r e  are a number of experiments which demonstrate 
that divalent metal ions stabilize tRNA in biologically ac- 
tive conformations (Fresco et al., 1966). 

Magnesium fulfills the divalent cation requirement, but 
other divalent ions (Mn2+, Zn2+) and even trivalent rare 
earth ions can substitute for Mg2+ in the amino acylation of 
tRNA molecules (Igarashi et al., 1971; Kayne and Cohn, 
1972). The rare earth ions are especially well suited for use 
in studying the metal binding properties of polynucleotides 
in solution since their optical properties (relative intensity 
of bands in the absorption and emission spectra, band posi- 
tions, polarization, lifetime, radiative and nonradiative 
quantum yields) are sensitive to the nature of attached lig- 
and groups (Gallagher, 1964, 1965). There is additional in- 
terest in the rare earth ions since they are currently being 
used in X-ray diffraction studies of tRNA crystals (Kim et 
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4-thiouridine residue found a t  position 8 in a number of E .  
coli tRNA. Competition experiments suggest the strong 
binding sites are the same for magnesium and europium. 
The europium binding properties of both unfractionated E.  
coli tRNA and purified tRNAfMet  are quite similar, indi- 
cating that the location of the strong binding sites and their 
binding constants are nearly the same for a large group of 
tRNA. The europium binding properties of native and de- 
natured tRNA are quite different, however. 

al., 1974; Suddath et al., 1974; Ladner et al., 1972; Pasek et 
al., 1973; Robertuset al., 1974). 

We have already published a preliminary account of opti- 
cal and nuclear magnetic resonance (NMR)  studies of the 
binding of Eu3+ to tRNA molecules in solution (Wolfson 
and Kearns, 1974; Jones and Kearns, 1974), and Formoso 
( 1  973) has reported preliminary studies of the binding of 
Tb3+ to RNA.  We now present the results of a comprehen- 
sive study of the binding of Eu3+ to a number of different 
tRNA. As we shall show, the binding of Eu3+ occurs inde- 
pendently and sequentially under our conditions (0.1 M 
NaCI, pH 7, no Mg2+) rather than cooperatively, as has 
been reported for Mn2+ ions under different experimental 
conditions (Danchin, 1972; Danchin and Gueron, 1970), 
and that most E. coli tRNA exhibit a similar pattern of 
metal binding. 

The general picture which emerges from these studies is 
that most tRNA exhibit nearly identical metal binding 
properties insofar as the strong metal binding sites are con- 
cerned, and this result supports the notion that the majority 
of the tRNA have similar conformations. 

Materials and Methods 
Biochemicals. Three samples of yeast tRNAPhc (purified 

by Robert Wang, K. Lim Wong, Donald Lightfoot, and 
Simon Chang) were used, all having 95% amino acid accep- 
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FIGURE 1: Schematic diagram of the apparatus used to measure the 
europium decay. 

tor activity. Mixed yeast tRNA which had fractions con- 
taining tRNAPhe,Lys,Cys removed was a gift from Brian 
Reid. Unfractionated E .  coli tRNA was purchased from 
Plenum (lot 73042). Pure species of E. coli tRNAfMet (lot 
15290) and for tRNAIIG’” (lot 15291) with 95 and 80% 
amino acid acceptance activities, respectively, were a gift of 
Oak Ridge National Laboratories. Poly(uridy1ic acid) (po- 
tassium salt, lot VH 617) was purchased from Mann Re- 
search Labs. 

Chemicals and Solutions. These were purchased from 
the following sources: europium chloride hexahydrate, Alfa 
Inorganics; sodium cacodylate, NadEDTA, and ethidium 
bromide, Calbiochem; deuterium oxide, 99%, Aldrich Di- 
aprep. The commonly used buffer (N-buffer) contains 0.1 
A4 NaCI-0.05 M (sodium) cacodylate (pH 7.0). 

tRNA Preparation. Excess salt was removed from the 
tRNA by dialysis, Sephadex (3-25 chromatography, or eth- 
anol precipitation. The tRNA then was put in 0.05 M 
EDTA, 0.1 M NaCI, and 0.01 M cacodylate (pH 7.0), and 
the miture was chilled in ice-water, dipped into a 70-75” 
water bath for 20 sec, and quickly returned to the ice-water 
(standard heat treatment). EDTA, salt, and buffer were re- 
moved completely by repeated Sephadex (3-25 chromatog- 
raphy or by dialysis, first against salt and buffer, to remove 
the EDTA-metal complex, and then against deionized dis- 
tilled water. tRNA prepared by this method is considered to 
be “denatured.” To “renature” the denatured tRNA an 
aqueous solution was dialyzed vs. N-buffer at 5’ for at least 
6 hr. An attempt to produce renatured E .  coli tRNAG1” by 
putting denatured material directly into N-buffer followed 
by heating a t  40” for 35 min yielded tRNA which produced 
the same results as denatured material. A11 tRNA concen- 
trations were determined from the absorbance of 260 nm in 
N-buffer assuming that a concentration of 2.00 pA4 tRNA 
has an absorbance at 260 nm of 1 .OO (Litt, 1969). 

Lifetime Measurements. Fluorescence decay was mea- 
sured using the apparatus shown schematically in Figure 1 .  
Either a Westinghouse FT 230 lamp, with a half-life of 
about 20 psec, or a Chadwick Helmuth Model 135 strobos- 
copic lamp (half-life of -20 or -50 psec) was used. The 
spectral bandpass of the (nominal) 395-nm excitation filter 
(two Corning 5-60 glass filters) and the 620-nm emission 
filter combination (combination of a 650-nm interference 
filter, Optics Technology; 2-61, 2-62, and 2-73 Corning 
glass filters) were measured using a Cary Model 14 record- 
ing spectrophotometer. For later discussion it is important 
to note that this “nominal” 395-nm excitation band trans- 

I 2 3 4 5 

T I M E ,  ms 
FIGURE 2: An example of nonexponential decay of the europium 
emission illustrating the way in which it can be resolved into a sum of 
two exponential decays. 

mits a considerable amount of light at shorter wavelengths 
which allows excitation of thiouridine residues in tRNA 
and thus subsequent energy transfer to Eu3+. The emission 
filter combination allowed the 61 8-nm emission peak of eu- 
ropium to pass while effectively screening the 595-nm peak. 
An alternate excitation filter used was a (Jena Glaswerk) 
364-nm monopass filter with a 12-nm half-width and 33% 
transmittance at the maximum. The signals from several 
flashes were averaged by superimposition on the oscillo- 
scope storage screen and photographed, and these data were 
converted into a plot of log (relative fluorescence intensity) 
vs. time. When this plot was linear it was possible to calcu- 
late a decay time from the slope and an initial fluorescence 
intensity from the zero-time intercept based on the equation 
of first-order exponential decay: 

I = P exp(-t/ .r)  (1) 

where I is the intensity at time t ,  I o  is the intensity at t = 0, 
and T is the decay time. In all cases the lifetime of Eu3+ 
emission was much longer than the decay time of the excit- 
ing lamp. Nonexponential decays were fit using an equation 
for multiple, simultaneous decay: 

I = Czn0 exp[-t/ .r ,]  (2) 
n 

where the index n is either 1, 2, or 3 and Ino and T,, refer to 
the intensity due to component n, with lifetime T,. The 
method used to fit the curves was primarily trial and error, 
with educated guesses based on the single component life- 
times found for extreme cases. The quality of the data did 
not justify the use of more elaborate fitting procedures. The 
resolution of a typical nonexponential decay is shown in 
Figure 2. For single component decay (or for a single com- 
ponent in multicomponent decay) the integrated intensity 
(total intensity) is calculated using 

In = l = i Z n o  exp[- t / -r , ]dt  = In%, (3) 

Steady State Fluorescence Intensity Measurement. All 
measurements were made using a Turner Spectro 210 spec- 
trofluorimeter unless otherwise noted. To correct for drift in 
instrument gain standards were used during all titrations. 
Linear corrections of the intensity for volume changes due 
to dilution were made in all the reported results. 
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FIGURE 3: Excitation and emission spectra of renatured E .  coli 
tRNAfMe'-europium complex in 25:l D20-H20. D20 was used as the 
solvent in these experiments to enhance the intensity of the europium 
emission. 

Results and Discussion 
Most data were obtained with tRNAfMet so we begin by 

considering these results first. We then show how these re- 
sults and those obtained with other tRNAs permit us to 
draw broader conclusions regarding the metal binding prop- 
erties of tRNA in general. 

( A )  E .  coli tRNAMet .  (a) EVIDENCE F O R  S E N S I T I Z E D  
E N E R G Y  T R A N S F E R  T O  E U R O P I U M .  In initial studies of 
the effect of complexation with tRNA on the Eu3+ emission 
properties we noticed striking differences between the opti- 
cal properties of Eu3+ bound to E. coli tRNA as compared 
with yeast tRNA (Wolfson and Kearns, 1974). Since many 
E .  coli tRNA species (Barrel1 and Clark, 1974), but no 
yeast tRNA, contain a 4-thiouridine (S4U) we suspected 
that S4U was responsible for enchancement of the Eu3+ 
emission when bound to E.  coli tRNA. The excitation spec- 
trum (A,,, 340) of the Eu3+ emission shown in Figure 3 
confirms this. Even with excitation at 395 nm, most of the 
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Eu3+ emission is due to S4U absorption. 
(b) STEADY STATE EMISSION AND LIFETIME STUDIES 

OF E U 3 +  BINDING.  When a solution of Eu3+ is excited a t  
395 nm and titrated with increasing amounts of native E. 
coli tRNAfMet the intensity of the Eu3+ luminescence in- 
creases and passes through a maximum when the metal/ 
t R N A  ratio is about 3:l (Figure 4A). With the addition of 
more tRNA the intensity diminishes (even though the total 
amount of light absorbed increases) and eventually plateaus 
at the value obtained when there is one metal per tRNA. 

The complex behavior of the titration curve indicates 
more than one type of binding site is involved and this is 
confirmed by measurements of the lifetime of Eu3+ emis- 
sion. In tRNA-free solutions, the decay of the Eu3+ emis- 
sion is exponential (7  = 1.4 msec in D20, 0.14 msec in 
H20). The decay in the presence of tRNA was definitely 
nonexponential, but we found that it could be fit u s k g  a 
single long lifetime of 1.9 msec and a range of shorter life- 
times between 0.8 and 1.3 msec (in D20). A plot of the rel- 
ative contributions of the short and long lived components 
of the fluorescence decay to the total luminescence intensity 
is shown in Figure 5A and B. As tRNA is added to the 
Eu3+ solution, there is a sharp increase (factor of 5) in the 
intensity of the short lived component until the Eu/ tRNA 
ratio is 3:l. Further addition of tRNA causes a decrease in 
the short lived component, but an increase in the long lived 
component leveling off at a Eu / tRNA ratio of 1 : I .  

(c) LOCATION OF Eu3+ BINDING SITES. The excitation 
spectrum shown in Figure 3 clearly demonstrates that ener- 
gy transfer from the S4U (A,,, 340 nm) at position 8 is re- 
sponsible for the enhancement of the Eu3+ luminescence. 
The small peak at 395 nm is due to direct excitation of the 
Eu3+, whereas the much larger peak a t  340 nm is due to ab- 
sorption by S4U (there is no detectable Eu3+ absorption a t  
340 nm). 

Further evidence for energy transfer from S4U comes 
from comparison of the titrations of E. coli tRNAfMe' with 
Eu3+ before and after photolysis at 340 nm (see Figure 
6A). This photolysis cross-links the S4U at position 8 with 
the cytosine at position 13 (Favre et al., 1971; Leonard et 
al., 1971; Bergstrom and Leonard, 1972). The reduction in 
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FIGURE 4: Variation of the steady-state europium emission with added t R N A  (renatured). (A) Effect of adding E .  coli tRNAfMc' ,  tRNAG1" ,  and 
unfractionated t R N A ,  395-nm excitation. (B) Effect of adding unfractionated E .  coli, 340-nm excitation. 
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FIGLRE 5 :  Variation in the intensity of the long and short lived components of the europium emission when a fixed amount of europium was titrated 
with renatured tRNAfMe‘ in (A)  H20,  or (B) D20, or with denatured tRNAFMe‘ in  (C) H20, or (D) D2O. 

intensity of the europium emission in the photolyzed sample 
shows that S4U is essential to the sensitization of the Eu3+ 
emission. Other studies of engy transfer from organic mole- 
cules to Eu3+ permit us to conclude that the emitting ions 
must be located quite close to the S4U residue (Heller and 
Wasserman, 1965; Lamola and Eisinger, 1969). 

Although not crucial to our discussion there are several 
reasons for believing that the sensitization involves energy 
transfer from the triplet state of the S4U rather than its 
lowest single state. First, Lamola and Eisinger (1969) find 
that quenching of the fluorescence does not lead to a con- 
comitant increase in the Eu3+ emission. Second, fluores- 
cence of S4U is apparently quite weak (#I and this 
greatly reduces opportunity for energy transfer (Favre, 
1974). Third, incorporation of thiocarbonyl groups into a 
molecule greatly enhances intersystem crossing from the 
singlet to the triplet state and this too would favor energy 
transfer from the triplet state (McGlynn et  al., 1969). 

The lifetime measurements demonstrate that with 
tRNAmet  in 25:l D2O (Figure 5B) there is short lived in- 
tensity which peaks a t  3:l Eu3+/tRNA. Since most of the 
emission intensity comes from energy transfer both a t  3: 1 

and 1:l europium per tRNA a t  least two of the three strong 
binding sites must be near S4U. The weaker of these two 
sites has a shorter lifetime and higher overall quantum yield 
than the other site which is stronger and has a longer life- 
time for Eu3+. 

B I N D I N G  SITES (0-3 Eu3+/tRNA). N M R  studies of 
the binding of Eu3+ to tRNA indicate that in the absence of 
Mg2+ the exchange of Eu3+ among the tight binding sites 
(or perhaps between tRNA molecules) is rapid compared to 
1-10 msec (Wolfson and Kearns, 1974; Jones and Kearns, 
1974). While part of the rapid exchange could be intermo- 
lecular these results suggest it is possible for Eu3+ ions to 
occasionally move around the molecule from site to site. 
Therefore, a Eu3+ nominally bound a t  some site distant to 
the S4U could migrate to and pick up energy from the excit- 
ed state S4U residue. While this mechanism may contribute 
to the S4U sensitization of the Eu3+ emission, the fact that 
the lifetime data show decidedly nonexponential behavior 
for the strong sites indicates the metals are more or less 
bound to specific sites for times approaching 1 msec. Mi- 
gration of the Eu3+ ions among the weaker sites (say for 

(d) RATE OF E X C H A N G E  OF Eu3+ A M O N G  T H E  T I G H T  
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FIGURE 7 :  A theoretical curve showing the expected variation in 
the intensity of europium luminescence when a fixed amount of euro- 
pium is titrated with various amounts of t R N A .  In the  particular 
model chosen, all emission is assumed to arise from the first and third 
most tightly bound europium (see text). Calculated titration curve for 
a model with three strong binding sites with K1 > K2 > K3 and $3 > 
$ 1  >> @2.  (A) Variation in the fractional occupancy cfn) of sites 1. 2, 
and 3 when a fixed amount of europium is titrated with t R N A .  (B) 
Variation in the total light absorbed by the t R N A .  (C) Predicted vari- 
ation in the sensitized Eu3+ luminescence (-) compared with the ob- 
served variation in the Eu3+ luminescence (- - -). The discrepancies a re  
due in part to the fact that more weakly bound metals still contribute 
to the total luminescence (see Figure 6)  and there is undoubtedly some 
contribution from the metal bound at  the second site. 

Eu3+ to tRNA ratios abpve 5:l) is probably responsible for 
the continued increase in the intensity of the Eu3+ emission 
as tRNA is titrated with increasing amounts of Eu3+ (see 
Figure 6A) .  

(e) I h D E P E N D E N T  V S  C O O P E R A T I V E  B I h D l N G  OF 

Eu3+ T O  S T R O N G  SITES. Consider now the titration of 
Eu3+ with tRNAfMet (Figure 4.4). The rapid increase in in- 
tensity with added tRNA results from more of Eu3+ being 
bound near or having access to S4U with increasing tRNA 
concentration. The intensity is maximum for 3 Eu3+/  
tRNA.  These results indicate that the binding is essentially 
independent since in totally cooperative binding there would 
be no changes after all the strong sites are filled. This would 
occur a t  3 europiums per tRNA if there are only three 
strong sites and at  an even lower tRNA concentration if  
there are more than three strong sites. This interpretation is 
predicated on the assumption that under our experimental 
conditions all the Eu3+ ions in the tRNA containing solu- 
tions are  bound to the tRNA molecules, and this was dem- 
onstrated using unfractionated tRNA (see below). 

(f) POSSIBLE MODEL TO ACCOUNT FOR T H E  TITRA- 
T I O N  B E H A V I O R .  In view of the fact that the binding does 
not appear to be cooperative under our experimental condi- 
tions (moderately high salt, pH 7 )  we can assign binding 
constants K ,  to the various Eu3+ binding sites, and corre- 
sponding efficiency factors, &, for the S4U sensitization of 
the Eu3+ emission. In experiments where a fixed amount of 
Eu3+ is titrated with tRNA,  the amount of light absorbed 
by the S4U residue is proportional to the tRNA concentra- 
tion [ tRNA],  andf,, the fractional occupancy of site n, will 
depend upon the Eu/ tRNA ratio and the relative values of 
the K,,, The variation of the S4U sensitized Eu3+ emission 
with tRNA concentration is then simply given by the ex- 
pression 

I = a[tRNA] uJn 

One possible model consistent with the experimental data 
indicating three strong binding sites located close to S4U is: 
K1 > K2 > K3 and $3 > $ 1  > $2.  Energy transfer to Eu3+ 
ions bound at  other weaker binding sites is assumed to be 
much less efficient (Le., $ 3  > &). This model, which leads 
to the theoretical curve shown in Figure 7C, qualitatively 
accounts for the titration curve shown in Figure 4A and B. 

n 

(g) RELATION BETWEEN Mg2+ A h D  Eu3+ B l h D I N G  
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SITES. While the biochemical studies indicate that t R N A  
molecules are  functional in the presence of either Mg2+ or 
Eu3+ (Kayne and Cohn, 1972), this does not prove that the 
binding sites for these two metal ions are the same. Our 
studies indicate the strong Eu3+ binding constants are  on 
the order of -lo8 M-I ,  whereas Lynch and Schimmel 
(1974) and others find that the strong Mg2+ binding con- 
stants are  on the order of 2 X lo5 M-' (Sander and Ts'o, 
1971; Danchin and Gueron, 1970). Consequently, if Mg2+ 
and Eu3+ compete for the same binding sites, a -400-fold 
excess of Mg2+ should be required to displace 1/2 of the 
Eu3+. In accord with the above expectations, we find that 
addition of 600-fold excess of Mg2+ reduces the Eu3+ lumi- 
nescence by a factor of -2, as the results shown in Figure 
8A demonstrate. While this result does not prove, it certain- 
ly supports the notion that Eu3+ and Mg2+ compete for the 
same strong binding sites. 

tRNAme'. When the S4Us and 13C residues in tRNAme' 
are photocross-linked, there was a substantial reduction in 
the S4U sensitized luminescence (Figure 6A), indicating 
that approximately 80% of the molecules were affected. The 
fact, however, that this mixture of photolyzed and unphoto- 
lyzed molecules still exhibits a titration curve identical in 
shape with the original material (see Figure 6B) provides 
strong evidence that the binding constant for europium a t  
site(s) near S4U and elsewhere are not affected by photo- 
cross-linking. Specifically, if binding to site(s) near position 
8 was significantly weaker after photolysis the experimental 
intensity curve would have risen much more rapidly for the 
partly photolyzed mixture, since relatively more europium 
would be bound near S4U for the remaining unphotolyzed 
molecules. On the other hand, if the binding to the site(s) 
near position 8 was (were) much stronger on the photolyzed 
than on the unphotolyzed molecules, there would have been 
a distinct lag in the initial portion of the intensity curve. 
These observations are  also consistent with biochemical 
studies which, show that the degree of aminoacylation of 
tRNAfMet is unaffected by photocross-linking (Chaffin et 
al., 1971). 

The results of the titration of the mixture with 3 Eu3+/ 
tRNA by EDTA (Figure 8C) are  consistent with the known 
strong binding constant of about IO" M-I for the Eu3+- 
EDTA complex. The results show that a t  p H  7 (in N-buff- 
er) two EDTA molecules per Eu3+ are  required to remove 
Eu3+ from binding sites near S4U. This fact and the slight 
S-character of the titration curve indicates that chelation of 
Eu3+ with one EDTA is not adequate to remove it com- 
pletely from the tRNA.  

coli tRNAfMet. The results obtained with denatured 
tRNAfMe' were quite different from those obtained with na- 
tive material (compare Figure 5A,B and 5C,D). The peak 
intensity in the titration curves of denaturated tRNAfMe' 
occurs when there are about 20 Eu3+ per tRNA in contrast 
to the native material which peaked with about 3 Eu3+ per 
tRNA.  These results are especially important in that they 
illustrate the sensitivity of metal binding properties to the 
tRNA conformation. 

(k) Comparative Binding Strength of E .  coli tRNAfMet 
A N D  Y E A S T  tRNAPhe. Because yeast t R N A  lack the S4U 
residue the enhancement observed with the E. coli species is 
absent when Eu3+ binds to yeast tRNA.  This difference 
was used to study the relative binding strengths of E.  coli 

(h) BINDING P R O P E R T I E S  OF PHOTOCROSS-LINKED 

(i) C O M P E T I T I O N  W I T H  EDTA F O R  Eu3+ BINDING.  

(j) METAL B I N D I N G  PROPERTIES OF D E N A T U R E D  E. 
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FIGURE 8: (A) Variation in the steadylstate europium lumines- 
cence when a sample of E.  coli tRNAmCt  containing 7 7  m M  Mg2+ is 
titrated with europium. (B) Competition experiment in which 
tRNAfMet is titrated with yeast tRNAPhe and the intensity of the euro: 
pium emission monitored. (C) Competition experiment in which 
tRNAfMct  is titrated with EDTA and the intensity of the europium 
emission monitored. 

tRNA and yeast tRNAPhe. In  these experiments a sample 
of tRNAfMe' containing 3 Eu/tRNA was titrated with ali- 
quots of yeast tRNAPhe with the results shown in Figure 
8B. The addition of an approximately equal amount of 
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FiGCRE 9: Variation in the intensity of the europium emission result- 
ing from addition of unfractionated E. coli t R N A  to a fixed amount of 
europium: ( A )  in H20, 395-nm excitation: (B) in D20, 395-nm excita- 
tion; (C) in D20, 364-nm excitation. In these figures, the contributions 
from the long and short lived decay components to the total intensity 
are plotted as  a function of the t R N A  concentration. 

tRNAPhe caused a 50% reduction in the Eu3+ lumines- 
cence, indicating that these two different tRNA species 
have nearly identical Eu3+ binding strengths. 

tRNAfMet is unique in that it is the initiator tRNA so it 
was possible that it might exhibit rather special binding 
properties. We therefore examined the metal binding prop- 
erties of other tRNA.  

( B )  Unfractionated E. coli tRNA. To the extent that all 
tRNA have the same general conformation as E.  coli 
tRNAfMet,  they should exhibit analogous metal binding 

properties. Since most E. coli tRNA species that have been 
sequenced have a S4U residue at  position 8 (Barrell and 
Clark, 1974), this possibility was examined using the same 
techniques as in the study of tRNAfMet. Both the lifetime 
measurements (Figure 9A-C) and the titration of the 
steady-state luminescence (Figure 4B) reveal that the metal 
binding properties of the unfractionated tRNA are virtually 
the same as for tRNAfMet. As with tRNAfMet the peak in 
the titration curve (340- or 365-nm excitation) occurs when 
there are about 3 Eu3+/tRNA. If a significant percentage 
of the tRNA exhibited very different binding patterns (i.e., 
bound the Eu3+ much more strongly or weakly), the peak in 
the titration curve would have been shifted from that ob- 
served with tRNAfvet. The similarities extend to other as- 
pects of the metal binding. 

(a) BIYDING C O N S T A N T  ( S T R O N G ) .  The intensity of 
Eu3+ emission from a mixture of 10 p M  Eu3+ with 3.4 p M  
renatured unfractionated E. coli tRNA (in H2O N-buffer) 
was decreased by 50% by the addition of about 6 m M  
MgC12. Assuming that this represents 50% displacement of 
Eu3+ from tRNA the ratio of binding constants for Eu3+ to 
Mg2+ is 600: 1. This is in excellent agreement with the value 
of -600: 1 found with the steady-state titration experiment 
of tRNAfMe' with Eu3+. A dilution of the above mixture to 
1 : l O  with N-buffer showed a tenfold decrease in intensity, 
indicating very little dissociation. Dilution to 1 :loo, how- 
ever, caused more than a 100-fold decrease in intensity, in- 
dicating that a t  0.1 p M  Eu3+ and 0.034 1 M  tRNA there is 
some dissociation of Eu3+. If the strong binding constant 
for Mg2+ is 2 X lo5  M - '  (Danchin, 1972; Lynch and 
Schimmel, 1974), then, based on the competition experi- 
ments, it would be about I O x  M-l for Eu3+. Thus, we ex- 
pect to see the partial dissociation of Eu3+ which is ob- 
served a t  0.034 1 M  tRNA. This is good evidence that Eu3+ 
binds to the same sites as Mg2+. 

Eu3+ TO S T R O N G  SITES.  The steady-state titrations of 
Eu3+ with unfractionated E.  coli tRNA in H20, exciting a t  
both 340 nm (Figure 4B) and 395 nm (Figure 4A), are very 
similar to the titration with tRNAfMet. Consequently, the 
same independent binding must occur with most E.  coli 
tRNA species, and the location of the sites with respect to 
S4U is similar to those in tRNAfvet .  

(C) E u 3 +  Binding to E .  coli tRNAGiU. E.  coli tRNAGiu 
has no S4U residue, but it has a modified 2-thiouridine 
(S2U) residue in the anticodon loop (Barrell and Clark, 
1974) which is capable of sensitizing Eu3+ emission. The 
long wavelength tail of the absorption drops off more rapid- 
ly than does the S4U peak, so that when tRNAG'" is excited 
a t  395 nm a greater percentage of the Eu3+ emission (about 
50%) is due to direct excitation of the Eu3+ rather than sen- 
sitized via S'U. 

The titration of the steady-state Eu3+ emission with 
tRNAG'" (broad maximum around 4 Eu3+/tRNA (Figure 
4A)) and the lifetime data (Figure 10A) indicate that the 
maximum is located close to 4-5 Eu3+/tRNA. This is to be 
contrasted with tRNAfMet which showed a peak a t  about 
2-3 Eu3+/tRNA. The fact that, relatively, there is such a 
large europium emission in tRNAG'" with one Eu3+/tRNA 
is due in part to the large contribution from direct excita- 
tion of the europium. 

Independent of the exact interpretation of the tRNAG1" 
binding data, it is evident that the metal binding properties 
of the denatured tRNAG1" are quite different from the na- 
tive tRNAGiU as comparison of data shown in Figure 10A 

(b) I N D E P E N D E N T  V S  COOPERATIVE B I N D I N G  OF 
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and B indicates. Whereas the peak in the titration curves 
with native tRNA is located around 4-5 Eu3+/tRNA, it is 
displaced to around 20 Eu3+/tRNA with the denatured 
material. Again, we find the metal binding properties of na- 
tive and denatured materials are different, and this 
strengthens our notion that the binding behavior exhibited 
by the native material requires a rather special conforma- 
tion for the molecule. 

Summary 
The above studies demonstrate that there are at least 

three strong Eu3+ binding sites per E.  coli tRNAfMet with 
the third strongest and the strongest sites located near S4U 
(position 8). The Eu3+ bound to the site which has best ac- 
cess to S4U has a different lifetime and emission intensity 
than Eu3+ bound elsewhere. The three strong sites have a 
more independent than cooperative binding character and 
the average strong binding constant is about IO8 M-I,  or 
-600 times stronger than competitively binding Mg2+. 
Photochemical cross-linking of S4U with cytosine (position 
13) does not alter the overall binding of Eu3+. There are 
significant differences between the binding properties of na- 
tive and denatured tRNAfMet,  indicating that the titration 
curves obtained with native tRNAfMet are characteristic of 
a special tertiary structure which is different from that ob- 
tained using denatured tRNAfMeL. 

Unfractionated E. coli tRNA exhibited a binding pattern 
which was entirely similar to tRNAfMet,  and competition 
experiments with tRNAfMet and yeast tRNAPhe show that 
these two different species have binding constants for the 
strong sites which are nearly the same. In view of the inter- 
pretation given to the tRNAfMet data, we conclude that the 
majority of the E. coli tRNA also have Eu3+ binding prop- 
erties which are very nearly identical with those exhibited 
by tRNAfMet.  Since the majority of E .  coli tRNA species 
which have been sequenced so far, including tRNAfMet,  fall 
into class I (Levitt, 1969) it will be interesting to see wheth- 
er some of the other tRNA which have large minor stems 
exhibit different Eu3+ binding properties. 

The europium binding constant measurement and mag- 

nesium competition experiment support the notion that 
Eu3+ and Mg2+ are binding at the same sites on the tRNA 
molecule. However, independent of this point these optical 
studies very nicely complement X-ray diffraction (Kim et 
al., 1974; Ladner et al., 1972) and N M R  studies (Jones and 
Kearns, 1974) currently in progress, and provide convenient 
structural probes of molecules that are biochemically func- 
tional. Although there are certain similarities there are im- 
portant differences between our results obtained with Eu3+ 
and previous Mg2+ binding studies. Specifically, the bind- 
ing of Mg2+ is found to be cooperative (Danchin, 1972; 
Lynch and Schimmel, 1974) whereas our data indicate that 
the binding of Eu3+ is noncooperative (Wolfson and 
Kearns, 1974; Jones and Kearns, 1974). Part of this differ- 
ence may be due to differences in the experimental condi- 
tions. In experiments where Mg2+ binding is cooperative, 
the concentration of NaCI was low (usually less than I O  
mM) (Danchin, 1972; Lynch and Schimmel, 1974) whereas 
in our experiments the NaCl concentration was relatively 
high (0.1 M ) .  It is known that high concentrations of NaCl 
can induce the same tertiary structure that is stabilized by 
much lower concentrations of Mg2+ (Cole et al., 1972; 
Wong et al., 1975) and furthermore, Lynch and Schimmel 
(1974) have shown that increasing the NaCl concentration 
decreases the degree of cooperativity in the Mg2+ binding 
experiments. Thus, if the proper tertiary structure were pre- 
formed by the presence of the high Na+,  the Eu3+ binding 
would not be expected to be cooperative. 

After this manuscript was submitted, a paper by Kayne 
and Cohn ( 1  974) on the binding of terbium and europium 
to tRNA appeared. They too studied the S4U sensitization 
of rare earth luminescence (Wolfson and Kearns, 1974) but 
arrive at somewhat different conclusions than we do. They 
interpreted their binding data in terms of a model with four 
independent strong binding sites for europium, all with ap- 
proximately equal binding constants of 1.5  X lo5 M - ' .  
Since the binding constants for magnesium are 2 X lo5 
M-I (Danchin, 1972; Lynch and Schimmel, 1974) their 
data indicate that the binding of europium is no stronger 
than the binding of magnesium. Although we agree in the 
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approximate number of strong binding sites (3-4) we find 
the europium binding constants are considerably larger ( lo8 
M - I )  and that the addition of the first three europium ions 
appears to be sequential (Jones and Kearns, 1974). The se- 
quential character of the europium addition is most clearly 
brought out in experiments where a fixed amount of euro- 
pium is titrated with tRNA (for example, see Figures 4, 6, 
and 9). When the titration is carried out in the reverse man- 
ner (fixed amount of tRNA titrated with europium) differ- 
ences in  the quantum yield associated with the different 
binding sites are not so readily apparent. Interestingly 
enough, Kayne and Cohn comment on the possibility that 
their titration curves may be sigmoidal, but felt their data 
were not adequate to warrant further analysis. 

Kayne and Cohn have presented one model to interpret 
their binding data (particularly Figure 4, Kayne and Cohn, 
1974) but we believe their results can equally well be inter- 
preted in terms of the model we developed above on the 
basis of more extensive experimental results (several differ- 
ent types of titrations, lifetime measurements, dilution and 
competition experiments, and NMR) .  All that would be re- 
quired is that the addition of more than three europiums per 
tRNA leads to some further increase in the intensity of the 
europium emission, and the results shown in Figure 6 con- 
firm that this is true. 
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