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ABSTRACT: Conformations of tRNAmet,  free and methionyl-tRNA synthetase bound forms, are analyzed 
by using singlet-singlet energy transfer as a spectroscopic ruler. tRNAfMet(8-l 3,3’-Flc), tRNAmet(8- 
13,D-Etd), and tRNAmet(3’-Flc,D-Etd) are prepared by sequential chemical modifications. The  methio- 
nyl-tRNA synthetase binding affinity of these double-labeled tRNAfMe% is similar to those of unmodified 
tRNAmet.  The  fluorescence properties of the individual fluorophore in these tRNAs, including emission 
spectra, anisotropy, and quenching by methionyl-tRNA synthetase, are similar to those of single-labeled 
tRNAmet.  The  transfer efficiencies of double-labeled tRNAfMe$, as determined by both donor quenching 
and sensitized emission, showed efficient energy transfer in all cases. Random orientation being assumed, 
the apparent distances are 25 8, between 8-13 and D20,44  8, between 8-13 and the 3’-terrninus, and 49 
8, between the 3’-terminus and D20, res ectively, in free tRNAfMet. Upon binding of methionyl-tRNA 

and 54 8, between the 3’-terminus and D20, respectively. These results provide topographic models of these 
specific locations in free and methionyl-tRNA synthetase bound tRNAmet and suggest that the immobilized 
3’-terminal a rm in the amino acid acceptor stem bends toward the inner loop of the L-shaped t R N A  upon 
binding of methionyl-tRNA synthetase. 

synthetase, the apparent distances are 25 1 between 8-13 and D20,45 %, between 8-13 and the 3’-terminus, 

N u c l e i c  acid-protein recognition has been extensively 
studied. It has become increasingly clear that conformational 
changes in both the nucleic acids and the proteins play critical 
roles in the mutual adaptation processes. Interaction of 
tRNAfMet and methionyl-tRNA synthetase has been used as 
one of the model systems in the elucidation of the general 
characteristics of RNA-protein recognition (Schimmel & Soll, 
1979). The high-resolution crystal structures of both tRNAM“ 
(Woo et al., 1980) and an active fragment (Cassio & Waller, 
1974) of methionyl-tRNA synthetase (Zelwer et al., 1982) 
have been determined. Extensive studies of their interaction 
have been carried out by a variety of approaches, including 
photo-cross-linking (Ackerman et al., 1985; Rosa et al., 1979), 
chemical modification (Schulman et al., 1983), base substi- 
tution (Uemura et al., 1982), fluorescence spectroscopy 
(Blanquet et al., 1973; Ferguson & Yang, 1986a), neutron 
scattering (Dessen et al., 1982), and affinity chemical mod- 
ification (Wetzel & Soll, 1977; Hountondji et al., 1985). All 
evidence appears to be consistent with the general picture that 
the synthetase binds the inner loop of the L-shaped tRNA 
molecules. 

Relatively little is known as to the conformation of 
synthetase-bound tRNA. In a comparison of fluorescence 
properties of the fluorescent-labeled tRNAfMet with those of 
enzyme-bound tRNAfMet, 3’-terminal and delocalized con- 
formational changes were found, on the basis of changes in 
the local environment, anisotropy, and solvent accessibility 
(Ferguson & Yang, 1986a). To further define the confor- 
mation of tRNA and the tRNA-synthetase complex, we an- 
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alyzed the proximity relationship among different locations 
in tRNAme‘ using singlet-singlet energy transfer. 

Singletsinglet energy transfer of fluorescent-labeled tRNA 
has been previously applied to the conformational studies of 
tRNA in solution (Beardsley & Cantor, 1970; Yang & Soll, 
1973) and the tRNA-ribosome complexes (Fairclough & 
Cantor, 1979; Wells & Cantor, 1980). Since the efficiency 
of energy transfer depends on the proximity as well as the 
relative orientation of the donor and the acceptor (Forster, 
1966; Cantor & Schimmel, 1980), energy transfer provides 
a highly sensitive method for the detection of conformational 
changes of macromolecules. In addition, conformational 
constraints in terms of the apparent distances can be derived 
from the observed transfer efficiency. 

In this paper, we report the results of the conformational 
analysis of free and MetRSl-bound tRNAMet using tRNAfMet 
bearing two fluorescent groups. Topographic models of tRNA 
are constructed on the basis of the present results. 

MATERIALS AND METHODS 
Aminoacylation assay and fluorescence measurements in- 

cluding fluorescence titration, anisotropy, and dynamic 
quenching were carried out as previously described (Ferguson 
& Yang, 1986a). Preparation and characterization of MetRS 
and fluorescent-labeled tRNAme‘, including tRNAfMet(3’-Flc), 
tRNAfMet(8-1 3), and tRNAfMet(D-Etd) have been described 
(Ferguson & Yang, 1986a). Titrations of MetRS and 

I Abbreviations: Flc, fluorescein; Etd, ethidium; MetRS, methio- 
nyl-tRNA synthetase; tRNAMet(8-1 3,D-Etd), tRNAfMe‘ with reduced, 
photo-cross-linked S8-C 13 and ethidium replacing D20; tRNAMe1(8- 
13,3’-Flc), tRNAmCt with fluorescein thiosemicarbazide at 3’-terminus 
and reduced photo-cross-linked S8-C 13; tRNAm“(3’-Flc,D-Etd), 
tRNAfMe1 with D20 replaced with ethidium and fluorescein thiosemi- 
carbazide at 3’-terminus. 
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fluorescent-labeled tRNA were carried out and analyzed as 
previously described (Ferguson & Yang, 1986a). 

Preparation of tRNAfMet(8-1 3,3'-Flc). tRNAfMet(8-1 3) 
was labeled at  the 3'-terminus with Flc under the same con- 
ditions described for the preparation of tRNAfMet(3'-Flc) 
(Wells & Cantor, 1977; Ferguson & Yang, 1986a). Treat- 
ment of tRNAfMet(8-13) with periodate reduced the 8-13 
emission intensity by 10%. The stoichiometry of labeling of 
tRNAfMet(8-1 3,3'-Flc) was determined from the absorption 
spectrum of purified tRNAfMet(8-1 3,3'-Flc). The absorbance 
of the 3'-Flc and 8-13 fluorophores was corrected for the 
contribution of 8-1 3 and 3'-Flc, respectively, by reference to 
the absorption spectra of the corresponding single-labeled 
t RNAfMe%. 

Preparation of tRNAfMet(8-13,D-Etd). tRNAfMet was 
photo-cross-linked as described previously (Favre et al., 1971; 
Ferguson & Yang, 1986a). The same conditions are used for 
NaBH, reduction of the s4U8-C1 3 photo-cross-link and the 
D20 nucleotide. Following NaBH, reduction, the D20 nu- 
cleotide was replaced with Etd by the procedure described for 
the preparation of tRNAfM"(D-Etd) (Wintermeyer & Zachau, 
1979). The stoichiometry of labeling of tRNAfMet(8-13,D- 
Etd) was determined from the absorption spectrum of 
tRNAfMet(8-I 3,D-Etd). The D-Etd and 8-13 absorbance was 
corrected for the contribution of 8-13 and D-Etd absorbance, 
respectively, by reference to absorption spectra for the cor- 
responding single-labeled tRNAfM%. 

Preparut ion of t RNAfMet( 3 'Flc, D-Etd) . t RNAfMet( D-Etd) 
was periodate-oxidized and reacted with Flc under the same 
conditions described for the preparation of tRNAfMet(3'-Flc). 
Periodate oxidation did not alter the emission intensity of 
tRNAfMet(D-Etd). The 3'-Flc labeling stoichiometry was 
determined from the absorption spectrum of tRNAfMet( 3'- 
Flc,D-Etd). The 3'-Flc absorbance was corrected for the 
contribution of D-Etd by reference to the absorption spectrum 
of tRNAfMet(D-Etd). The labeling stoichiometry was deter- 
mined by comparing the D-Etd emission intensity at 600 nm 
(Aex = 320 nm) in tRNAfM"(3'-Flc,D-Etd) and tRNAfMCt(D- 
Etd). 

Measurement of Energy- Transfer EfJciency. The apparent 
transfer efficiency (ED) was measured as the extent of 
quenching of the donor emission with eq 1 (Fairclough & 

ED = 1 - ~ A ( X ~ , X ~ ~ ) / F ~ ( X ~ D ~ , X ~ ~ )  (1) 
Cantor, 1978), where eA(Xe,X,Xbm) and e(Xe,X,Xbm) are the 
emission intensity of donor in the presence and in the absence 
of the acceptor with the excitation wavelength (XEj and the 
emission wavelength (Abm) of the donor. The excitation and 
emission spectra of the donors are not shifted in the presence 
of the acceptor in the present cases. Inner filter effect and 
dilution are corrected. 

The apparent transfer efficiency was also determined from 
the sensitized emission with eq 2 (Fairclough & Cantor, 1978), 

where AkA(XD) and AEA(XD) are the absorbances of the ac- 
ceptor and the donor at  the donor's absorption wavelength of 
the sample with both donor and acceptor and FkA(Xe,X,Xim) and 
F2(X?,Aim) are the emission intensity of the acceptor in the 
presence (sensitized emission) or absence of the donor at the 
emission wavelength of the acceptor and the excitation 
wavelength of the donor. The intensity of the sensitized 
emission was corrected for the contribution of donor emission 
with species containing donor only. The absorbance of the 

donor or acceptor was determined from the respective ex- 
tinction coefficient, the molar concentration of tRNAfMet, and 
the labeling stoichiometry. For a given energy-transfer ex- 
periment, all measurements for different samples are carried 
out at the same time with identical instrumental settings to 
minimize necessary corrections. 

The apparent transfer efficiency from eq 1 or 2 was cor- 
rected for the acceptor binding stoichiometry with eq 3, where 

= E q p / f A  (3) 

Eapp, E,,,, and fA are the apparent transfer efficiency (EA or 
ED), the corrected transfer efficiency, and the fraction of 
tRNAfMet containing acceptor molecules. 

Calculation of Apparent Distances. The relation of the 
transfer efficiency of singlet-singlet energy transfer and the 
proximity between donor and acceptor has beer, shown 
(Forster, 1966) as 

R = (1 /E  - 1)'/6R, (4) 

where Ro = [(8.79 X 10-5)&?d@DJDA]1/6 and R and E are 
the apparent distance and the transfer efficiency. The overlap 
integral, J ,  was computed by numerical integration. The 
refractive index, n, was taken as 1.4 (Fairclough & Cantor, 
1978). Quantum yield of the donor, @D, was determined from 
the relative quantum yield and corrected emission spectra and 
was corrected for the polarization effect (Shinisky, 1972). 

The orientation factor, p, was treated according to Hass 
et al. (1978). The anisotropy of the fluorophores in fluores- 
cent-labeled tRNAmet has been previously determined (Fer- 
guson & Yang, 1986a). 

RESULTS 

tRNAfMet(8-13,D-Etd). tRNAfMet(8-1 3,D-Etd) was pre- 
pared as described in under Materials and Methods. 
tRNAfMet(8-13,D-Etd) contains 0.97 mol of 8-13 and 0.90 
mol of D-Etd per mole of tRNAfMet. 

The properties of tRNAfMet(8-1 3,D-Etd) are compared with 
the single-labeled tRNAfMet(8-13) and tRNAfMet(D-Etd) as 
shown in Table I. The absorption, excitation, and emission 
maximum wavelengths of the 8-13 and D-Etd fluorophores 
in tRNAfMet(8-13,D-Etd) are the same as those for the cor- 
responding single-labeled tRNAfMet'. In addition, the 
steady-state anisotropy and the limiting anisotropy and the 
slope of the Perrin plot for the fluorophores in tRNAfMet(8- 
13,D-Etd) are close to those of the corresponding single-labeled 
tRNAfMet. These results indicate that the structure and the 
local environment of the fluorophore are not significantly 
perturbed by the additional modification. 

As shown in Table I, tRNAfMet(8-13,D-Etd) can be ami- 
noacylated with methionine by MetRS to an extent of about 
70% of that for unmodified tRNAfMet'. The acceptor activity 
of tRNAfMet(8-13,D-Etd) was greater than that of 
tRNAfMet(D-Etd). The MetRS binding constant and the 
extent of MetRS tryptophan quenching for tRNAfMet(% 
13,D-Etd) are close to those of the corresponding single-labeled 
tRNAfMet, which are, in turn, very similar to the values for 
unmodified tRNAfMet. Upon binding of MetRS, tRNAfMet- 
(8-1 3,D-Etd) exhibited the emission anisotropy and excitation 
and emission maximum wavelengths similar to those of the 
corresponding MetRS-bound single-labeled tRNAfMet. The 
MetRS-induced quenching in D-Etd emission intensity is 
similar for tRNAfMet(D-Etd) and tRNAfMet(8-1 3,D-Etd) 
(Table I). These results suggest that the interaction of the 
double-labeled tRNAfMet(8-1 3,D-Etd) with MetRS is very 
similar to that for single-labeled tRNAfMet(8-1 3) and 
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FIGURE 1: Spectra of the 8-13 donor and the D-Etd acceptor in 
tRNArmet(8-13,D-Etd). The excitation (-) and corrected emission 
(--) spectra in tRNAmd(8-13) are shown. Also shown are the D-Etd 
absorption (a-) and emission (-. -) spectra for tRNArmCt(D-Etd). 

Table 11: Energy-Transfer Parameters for Free and MetRS-Bound 
tRNANe'(8-l 3,D-Etd) 

free MetRS- 
tRNAmct- bound 
(8-13,D- tRNANe'- 

Darameter' Etd) (8-13.D-Etd) 
donor 
acceptor 

8-1 3 
D-Etd 
1.3 x 1014 
0.60 
33 
0.77 

EA 0.76 
fA (mol of acceptor/mol of tRNAmet) 0.90 
EDwr 0.86 

25 W / 3 )  (4 
R(2 3)lR 0.89-1.13 
R (  x 22-28 

8-13 
D-Etd 
1.3 x 1014 
0.60 
33 
0.76 
nd 
0.90 
0.84 
25 
0.89-1.1 3 
22-28 

'The parameters are defined under Materials and Methods: J ,  
spectral overlap; @D, quantum yield of donor; R0(2/3), characteristic 
distance with I? = 2/3; ED, transfer efficiency by donor quenching; 
E,, transfer efficiency by sensitized emissions; fA, fractional occupancy 
of Etd; EDMr, corrected transfer efficiency; R(2/3), apparent distance 
separating the donor and the acceptor with Ro(2/3); R(2/3)/R, range 
of ratios of distances with a probability parameter (Q) of 0.5 and the 
apparent distance based on the anisotropy of the fluorophores accord- 
ing to Haas et al (1978); R, range of distances with a probability pa- 
rameter (Q) of 0.5. 

tRNAfMa(D-Etd) and in turn to that of unmodified tRNAmet. 
The spectral overlap integral for the 8-13 donor and D-Etd 

acceptor was calculated with the corrected emission spectrum 
for tRNAfMet(8-13) and the absorption spectrum for 
tRNAfMet(D-Etd). These spectra are shown in Figure 1. 
&,(2/3) for the 8-13 donor and D-Etd acceptor was calculated 
to be 33 A (Table 11). 

The energy-transfer efficiency between the 8-1 3 and D-Etd 
in tRNAfMa(8-1 3,D-Etd) was determined by measuring both 
the donor quenching (ED)  and the sensitized emission (EA).  
Donor quenching, eA, was monitored a t  440 nm (X, = 390 
nm), and sensitized emission, F i A ,  was monitored a t  600 nm 
(Aex = 390 nm). The emission intensities, 6 and e, were 
determined from the fluorescence spectra for tRNANet(8-1 3) 
and tRNAfMet(D-Etd), respectively. The energy-transfer 
parameters for tRNAfMet(8-1 3,D-Etd) are summarized in 
Table 11. The transfer efficiency measured by donor quenching 
is in close agreement with that by sensitized emission, sug- 
gesting that Forster energy transfer accounts for the 8-1 3 
quenching. In practice, the transfer efficiency can be measured 
with greater precision by donor quenching than by sensitized 
acceptor emission. This is due to the nature of the defining 
equations and because the 8-13 emission intensity is much 
greater than the D-Etd emission intensity. Having established 
that the donor quenching is due to Forster energy transfer, 
the transfer efficiency in the presence of MetRS was deter- 
mined by measuring donor quenching only. 
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FIGURE 2: Fluorescence titration of 0.91 pM tRNAmet(8-13,D-Etd) 
(O), 0.37 pM tRNAmet(8-l3,3’-Flc) (A), and 0.41 pM tRNAmet’- 
(3’-Flc,D-Etd) (0) with MetRS, as monitored by the change in 
energy-transfer efficiency. The energy-transfer efficiency, ED, was 
determined by measuring the extent of donor quenching. The emission 
intensity of the donor emission intensity occurs in the absence of the 
acceptor. The quantities eDA and FD are defined in the text. The 
solid curves have been calculated with eq 2 in Ferguson & Yang 
(1986a). The binding parameters [ K  (pM), A(1 - E&,,, and n, 
respectively] used to fit the data are as follows: tRNA “(8-13,D- 

tRNAFMet(3’-F1c,D-Etd), 0.12, 0.090, 1.0. 
Etd), 0.12, 0.015, 1.0; tRNAmC‘(8-l3,3’-Flc), 0.14, 0.033, 1.0; 

tRNAfMet@-1 3,D-Etd) was titrated with MetRS, and the 
emission intensity of the 8-13 donor was monitored. The 
change in 1 - E D  with increasing concentration of MetRS is 
shown in Figure 2. The overlap integral is identical for free 
and MetRS-bound tRNAfMet(8-13,D-Etd) (Table 11). The 
quantum yield of tRNAfMet(8-13) is not changed when the 
tRNA is complexed with MetRS (Ferguson & Yang, 1986a). 
R0(2/3) is, therefore, expected to be identical for free and 
MetRS-bound tRNAfMet@-1 3,D-Etd). Given the above 
considerations, it is apparent that any change in the donor 
emission in tRNAfMet(8-l 3,D-Etd) intensity on binding to 
MetRS reflects a change in the energy-transfer efficiency. The 
energy-transfer parameters for tRNAfMet(8-1 3,D-Etd), in 
complex with MetRS, are given in Table 11. 

The energy-transfer efficiency for the 8-13 donor and D-Etd 
acceptor in free tRNAfMet(8-l 3,D-Etd) is determined to be 
0.86 (Table 11). The distance separating the 8-13 and D-Etd 
positions in free tRNAfMet@-13,D-Etd) is calculated to be 25 
f 3 A. Addition of MetRS to tRNAfM“@-13,D-Etd) induces 
a small increase in the 8-13 emission intensity that corresponds 
to a reduced transfer efficiency (0.84). The maximal 
MetRS-induced increase in donor emission intensity, when all 
tRNAfMet(8-l 3,D-Etd) is bound to MetRS, was calculated 
from the data and the fitting binding function given in Figure 
2. The calculated apparent distance separating the 8-13 and 
D-Etd fluorophores in MetRS-bound tRNAfMet@-1 3,D-Etd) 
is 25 f 3 A. These results suggest that the apparent distance 
and orientation between the 8-1 3 and D-Etd probes are vir- 
tually unchanged when tRNAfMe‘(8-1 3,D-Etd) complexes with 
MetRS. Upon binding of MetRS, there is an increase in the 
emission anisotropy of 8-1 3 and D-Etd in tRNAfMet(8-1 3,D- 
Etd) (Table I). In the present case, the relatively small in- 
crease in acceptor and donor anisotropy does not affect the 
range of the apparent distance “R” due to the uncertainty in 

Wavelength (nm) 

FIGURE 3: Spectral relationshi s characterizing the 8-13 donor and 
the 3’-Flc acceptor in tRNAdt(8-13,3’-Flc). The 8-13 excitation 
(-) and corrected emission (--) spectra in tRNAmet(8-13) are 
shown. Also shown are the 3’-Flc absorption (-.) and corrected 
emission (-+-) spectra for tRNAmet(3’-Flc). 

the orientation factor (Haas et al., 1978). 
tRNAfMct (8-1 3,3’-Flc). tRNAfMet( 8- 1 3,3’- Flc) was pre- 

pared as described under Materials and Methods. 
tRNAfMet(8-13,3’-Flc) contains 0.92 mol of 8-13 and 0.98 
mol of Flc per mole of tRNAfMct. 

The properties of tRNAfM“(8-1 3,3’-Flc) are compared with 
the single-labeled tRNAfMet(8-1 3) and tRNAfMet(3’-Flc) as 
shown in Table I. Periodate oxidation of tRNAfMet@-13) 
results in a 10% loss of the 8-13 emission. The absorption, 
excitation, and emission maximum wavelengths as well as the 
steady-state anisotropy and Perrin plot’s limiting anisotropy 
and slope of the fluorophores are the same for tRNAmet(& 
13,3’-Flc) and the corresponding single-labeled tRNAfMe%. 

Following 3’-labeling, tRNAfMet cannot be aminoacylated 
with methionine by MetRS. However, 3’-fluorescein-labeled 
tRNAfMet does bind to MetRS with the same affinity and 
induces close to the same extent of MetRS tryptophan 
quenching as unmodified tRNAfMet (Ferguson & Yang, 
1986a). The MetRS binding affinity and extent of tryptophan 
quenching for the double-labeled tRNAfMct(8-1 3,3’-Flc) are 
similar to the values determined for the corresponding sin- 
gle-labeled tRNAfMe% (Table I). The binding constant de- 
termined from the quenching of 3’-Flc emission by MetRS 
and the maximal extent of 3’-Flc quenching induced by MetRS 
are very similar for tRNAfMCt(8-1 3,3’-Flc) and tRNAfMet- 
(3’-Flc) (Table I). 

The overlap integral for the 8-13 donor and 3’-Flc acceptor 
was calculated with the corrected emission spectrum of 
tRNAfMet(8-1 3) and the absorption spectrum of tRNAfMet- 
(3’-Flc) (Figure 3). Ro(2/3) was calculated to be 45 A. 

The energy-transfer efficiency was determined by donor 
quenching and sensitized acceptor emission. Donor quenching 
was monitored at  440 nm (Aex = 390 nm), and sensitized 
emission was monitored at  520 nm (Aex = 390 nm). The 
emission intensities 6 and were determined from the 
fluorescence spectra of tRNAfM“(8-1 3) and tRNA”(3’-Flc), 
respectively. The energy-transfer parameters for tRNAfMet- 
(8-13,3’-Flc) are summarized in Table 111. The transfer 
efficiency measured by donor quenching and sensitized 
emission are in agreement. 

Since the quantum yield and spectra of the tRNAfMet(8-13) 
are not changed upon binding of MetRS, any MetRS-induced 
changes in the 8-13 emission intensity of tRNAfMet(8- 
13,3’-Flc) reflect a change in the energy-transfer efficiency 
between the 8-13 donor and the 3’-Flc acceptor. The 3’-Flc 
excitation wavelength maximum is red-shifted 5 nm, upon the 
binding of tRNAfMet@-13,3’-Flc) to MetRS. The slight shift 
in the 3’-Flc excitation spectrum reduces the overlap integral, 
but did not result in significant change in R0(2/3). 
tRNAfM“(8-13,3’-Flc) was titrated with MetRS, and the 8-13 
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11 ’ I Table 111: Energy-Transfer Parameters for Free and MetRS-Bound 
tRNAfMc‘( 8- 1 3,3’- Flc) 

MetRS- 
bound 

free tRNAme‘- 
tRNA”“(8- (8-13,3’- 

Darameter“ 13.3’-Fl~l Flc) 
donor 
acceptor 
J (M-I cm-’ nm4) 
9D 
~ , ( 2 / 3 )  (A) 
En 

8-13 8-1 3 
3’-Flc 3‘-Flc 
9.7 x 1014 9.2 x 1014 
0.60 0.60 
45 45 
0.51 0.48 

EA 0.52 nd 
fA (mol of acceptor/mol of tRNAfMet) 0.98 0.98 

0.52 0.49 
44 45 
0.89-1.10 0.88-1.1 3 
40-50 40-5 1 

“The parameters are defined under Materials and Methods and in 
Table 11. 

Table IV: Energy-Transfer Parameters for Free and MetRS-Bound 
tRNAfMe‘( 3’-Flc,D-Etd) 

free MetRS- 
tRNAMe‘- bound 
(3’-Flc,D- tRNAfMe‘( 3’- 

parameter“ Etd) Flc,D-Etd) 
donor 3‘-Flc 3‘-Fk 
acceptor D-Etd D-Etd 
J (M-I cm-’ nm4) 3.0 x 1014 3.0 x 1014 

Ro(2/3) (A) 40 37 
@D 0.84 0.50 

ED 0.17 0.07 
EA 0.15 nd 

fA (mol of acceptor/mol of tRNAfMe‘) 0.75 0.75 
EDCO1 0.23 0.09 
~ ( 2 1 3 )  (A) 49 54 
~ ( 2  3 1 1 ~  0.91-1.08 0.91-1.11 
R ( )  8; 45-54 49-59 
“The parameters are defined under Materials and Methods and in 

Table 11. 

emission intensity was monitored. The change in 1 - ED with 
MetRS is shown in Figure 2. Upon binding of tRNAfMet(& 
13,3’-Flc) to MetRS, the 8-13 emission intensity is increased 
by 6%. The increase in 8-13 emission intensity corresponds 
to a decrease in the transfer efficiency from 0.52 in free tRNA 
to 0.49 in MetRS-bound tRNA (Table 111). 

The apparent distances between the 8-1 3 and the 3’-Flc 
fluorophores in free and MetRS-bound tRNAfMet(8-l 3,3’-Flc) 
are determined to be 40-50 and 40-5 1 A, respectively. The 
observed decrease in the transfer efficiency, upon the binding 
of tRNAfM&(8-1 3,3’-Flc) to MetRS, may result from a change 
in the average relative orientation or distance between the 8-1 3 
and the 3’-Flc fluorophores. 

tRNAfMe‘(3’-Flc,D-Etd). tRNAfMet(3’-Flc,D-Etd) was 
prepared, and the labeling stoichiometry was determined to 
be 0.75 mol of D-Etd and 0.92 mol of Flc per mole of 
tRNAfMet. 

The absorption, excitation, and emission maximum wave- 
lengths, emission anisotropy, and Perrin plot’s limiting an- 
isotropy and slope of the 3’-Flc fluorophore in tRNAfMet(3’- 
Flc,D-Etd) are identical with those in tRNAfMe(3’-Flc) (Table 
I). The fluorescence properties of the D-Etd in tRNAfMet- 
(3’-Flc,D-Etd) could not be determined directly because of 
the large contribution of 3’-Flc emission, and therefore, these 
properties were not compared with those for single-labeled 
tRNAfMet(D-Etd). The energy-transfer parameters for 
tRNAfMet(3’-Flc,D-Etd) are summarized in Table IV. The 

Wavelength (nm) 

FIGURE 4: Spectral relationshi s characterizing the 3’-Flc donor and 
the D-Etd acceptor in tRNAJet(3’-Flc,D-Etd). The absor tion (-a) 

and corrected emission (-. -) spectra for 3’-Flc in tRNAdt( 3‘-Flc) 
are shown. Also shown are the absorption (-) and emission (--) 
spectra for D-Etd in tRNAme‘(D-Etd). 

I I I 
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[MetRSl (pM) 

FIGURE 5 :  Fluorescence titration of 0.31 (A), 0.37 (A), and 0.44 WM 
(0) tRNAmet(3’-Flc) with MetRS and the fluorescence titration of 
0.41 FM tRNAme‘(3’-Flc,D-Etd) (0) with MetRS. The emission 
intensity of fluorescein was monitored at 520 nm (Aex = 480 nm). 
The solid curves fitting the data were calculated with eq 2 in Ferguson 
& Yang (1986a). The binding parameters of the calculated curves 
fitting the data for tRNAmCt(3’-Flc) are K = 0.13 fiM, (F/Fo)max 
= 0.59, and n = 1.0. The binding parameters for the curve fitting 
the data for tRNAMet(3’-Flc,D-Etd) are K = 0.15 wM, (F/Fo)max 
= 0.65, and n = 1.0. The uncertainty in (F/Fo)max was estimated 
to be <2=2%. 

overlap integral for the 3’-Flc donor and D-Etd acceptor was 
calculated with the corrected emission spectrum of 
tRNAfMet(3’-Flc) and the absorption spectrum for 
tRNAfMet(D-Etd) (Figure 4). R0(2/3) was calculated to be 
40 A for the 3’-Flc donor and D-Etd acceptor. Donor 
quenching, FEA, was monitored a t  520 nm (Aex = 480 nm), 
and sensitized emission, FkA, was monitored at 600 nm (Acx 
= 492 nm). The emission intensities of the donor, 6, and 
the acceptor, e, were determined from the spectra of 
tRNAfMet(3’-Flc) and tRNAfMet(D-Etd), respectively. The 
transfer efficiency measured by donor quenching (0.17) is in 
agreement with the transfer efficiency (0.15) measured by 
sensitized emission (Table IV). The corrected transfer effi- 
ciency (0.25) in tRNAfMet(3’-Flc,D-Etd) corresponds to an 
apparent distance 45-54 A between the 3’-Flc and the D-Etd 
fluorophores. 

The titration of tRNAfMet(3’-F1c) and tRNAfMet(3’-Flc,D- 
Etd) with MetRS, as monitored by the fluorescein fluorescence 
a t  520 nm (Aex = 480 nm), is shown in Figure 5. The two 
3’-Flc-labeled tRNAMe% bind to MetRS with slightly different 
binding affinity. A portion of the reduced extent of quenching 
of 3’-Flc emission, upon the binding of tRNAMe‘(3’-Flc,D-Etd) 
to MetRS, results from a slight decrease in the affinity of 
double-labeled tRNAfMet toward MetRS. After corrections 
for these differences, as shown in Figure 2, the transfer ef- 
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ficiency between the 3’-Flc donor and the D-Etd acceptor 
decreases with increasing MetRS concentration. The transfer 
efficiency decreased from 0.23 to 0.09, upon the complete 
binding of tRNAfMet( 3’-Flc,D-Etd) to MetRS. The charac- 
teristic distance, Ro(2/3), for the 3’-Flc donor and the D-Etd 
acceptor is decresised when tRNAfMet( 3’-Flc,D-Etd) is com- 
plexed with MetRS, from 40 to 37 A, due to the MetRS-in- 
duced decrease in 3’-Flc quantum yield. The energy-transfer 
measurement for MetRS-bound tRNAfMct(3’-Flc,D-Etd) 
corresponds to an apparent distance between the 3’-Flc and 
the D-Etd fluorophores of 49-59 A. 
DISCUSSIQN 

In the present investigation, the conformations of tRNAfMet 
and MetRS-bound tRNAfMet are analyzed with tRNAfMe’ 
labeled with two fluorophores. Three species of tRNAfMet 
modified at  two of the three sites including the 3‘-end, di- 
hydrouridine, and 8-13 were used. The binding affinity for 
each of the modified forms of tRNAfMd to MetRS was slightly 
reduced but comparable to that of the unmodified tRNAfMe’. 
Each of the double-labeled tRNAfM“ was found to induce close 
to the same extent of MetRS tryptophan quenching as un- 
modified tRNAfMet. These results suggest that the interaction 
of the labeled tRNAfMet with MetRS is very similar to that 
of unmodified tRNAfMet. The conclusions drawn from the 
present studies may be reasonably extended to the interaction 
between unmodified tRNAfMet and MetRS. 

The quantitative relationship between the transfer efficiency 
and the distance separating the donor and the acceptor has 
long been established (Forster, 1966; Cantor & Schimmel, 
1980). Besides the relative proximity, the transfer efficiency 
is apparently affected by the spectral overlap, orierltation, sizes, 
shapes, rotational freedom, and spatial distribution of the 
emission and absorption dipoles of the donor and the acceptor 
groups. In practice, an apparent distance is calculated by 
assuming random orientation (e = 2/3). In addition, a range 
of apparent distances is obtained on the basis of the fluores- 
cence polarization of the donor and the acceptor (Haas et al., 
1978; Dale & Eisenger, 1979). 

tRNAfMe‘(8-1 3,D-Etd) showed reduced but appreciable 
methionine acceptor activity and MetRS binding affinity 
(based on the tryptophan quenching) comparable to that of 
unmodified tRNAfMet’. Highly efficient energy transfer be- 
tween 8-1 3 and D-Etd was observed by donor quenching and 
sensitized emission. The transfer efficiency was not changed 
in the presence of MetRS, suggesting that any conformational 
changes at 8-1 3 or D20 are not sufficient to reduce or enhance 
the transfer efficiency. 

The 3’-terminus in tRNAfMet has been shown previously to 
be highly flexible in free tRNA and to be rigid in MetRS- 
bound tRNAfMet (Ferguson & Yang, 1986a). As a result, the 
apparent distance between the 3’-terminus and 8-1 3 or D20 
is the weighted average of the actual distances of all possible 
3’-terminal conformations. The 3’-terminal unpaired nu- 
cleotides showed an extended conformation continuing the 
helix of the amino acid acceptor stem in tRNAPhe (Kim et al., 
1974; Robertus et al., 1974) and showed a conformation folded 
back toward the amino acid acceptor stem in tRNAfMet (Woo 
et al., 1980). These crystal structures may be representative 
of two of the possible 3’-terminal conformations in equilibrium 
in solution. Additional 3’-terminal flexibility may be mediated 
through the covalent linkage between the 3’-terminal adenosine 
and the fluorophore. Since the transfer efficiency is inversely 
proportional to the sixth power of the distance, the results of 
energy-transfer experiments in these cases weigh heavily to- 
ward those conformations with short distances. 

W 

FIGURE 6 :  Relative proximity of the 3’-end; D20, 8-13, and the 
ethidium binding site in free tRNAmet (A) and methionyl-tRNA 
synthetase bound tRNAfMct (B). Distances are drawn in proportion 
to the apparent distances except those including the ethidium binding 
site (Ferguson & Yang, 1986c), which is located out of the plane of 
the 3’-end, D20, and 8-13. The actual distances are most probably 
within the 4-A @heres surrounding the sites. 
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FIGURE 7: Conforhation of tRNAMd in comparison with the plausible 
3’-terminal conformation in the tRNAmet-MetRS complex (dashed 
line). 

Upon binding of MetRS, the 3’-terminus has been shown 
to be rigidly bound in a nonpolar environment in MetRS 
(Ferguson & ,Yang, 1986a). The apparent distance between 
3’-terminus and 8-1 3 is slightly increased, and that between 
the 3’-terminus and D20 is appreciably increased (from 49 to 

The relative locations of the 3’-terminus, D20, and 8-13 in 
free and MetRS-bound tRNAfMet are shown schematically in 
Figure 6 (together with the apparent distances to the ethidium 
binding site previously determined by energy-transfer exper- 
iments; Ferguson & Yang, 1986~) .  The shift at the 3’-ter- 
minus is apparent and is close to 5 A. Since the synthetase 
is most likely binding the inner loop of the L-shaped tRNA 
(Rich & Schimmel, 1977), the 5-A shift of the 3’-terminus 
away from D20 suggests that the 3’-terminus is moving toward 
the synthetase upon binding of MetRS. One such confor- 
mation is illustrated in Figure 7. The main feature of the 
MetRS-bound conformation is the bending of the 3’-terminal 
strand as compared to the crystal structure of free tRNAPhe 
(Table V). Such a conformation is consistent with the results 
of neutron scattering studies of the tRNAfMd-MetRS complex 

54 A). 
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Table V: MetRS-Induced Conformational Changes in tRNAM”‘ 
distances (A) 

locations -MetRS +MetRS crystallographyb 
8-13 to 3’-end 44 45 50 
8-13 to D20 25 25 17 
3’-end to D20 49 54 60 
’The orientation factor, f?, is assumed to be 2/3. bMeasurements 

using yeast tRNAPhe and the computer display program developed by 
Dr. B. K. Lee. 

(Dessen et al., 1982), which suggest considerable flexibility 
must be imposed on tRNAfMet upon complex formation, such 
that the 3’-end can bind close to the center of the enzyme 
(Zelwer et al., 1980) and still allow the centers of mass of the 
enzyme and of tRNA to overlap. 

Bending of the 3’-terminal single-stranded region of 
tRNAfMet toward synthetase may be a general characteristic 
in tRNA-synthetase complex formation and possibly other 
RNA-protein interactions. The flexibility at the 3’-terminus 
and its bending in the tRNA-synthetase complex may be 
important in the kinetics of the tRNA-synthetase interaction. 
A flexible target site in a macromolecule can significantly 
increase the corresponding target area during the recombi- 
nation of the interacting macromolecules, and hence enhance 
the second-order rate constant. 

3’-Terminal nucleotides in tRNA evidently play an essential 
role in the tRNA-synthetase interaction (von der Haar & 
Gaertner, 1975; Krauss et al., 1977). We have previously 
observed delocalized conformational changes in tRNAM“ upon 
binding of MetRS (Ferguson & Yang, 1986a) and unsym- 
metric conformational changes in the two subunits in MetRS 
upon binding of tRNAfMet (Ferguson & Yang, 1986b). It is 
necessary to determine the structural and kinetic relationship 
of these conformational changes with the bending of the 3’- 
terminal strand in order to further elucidate the recognition 
process. Preliminary results suggest that the 3’-terminus has 
a pivotal role in the conformational changes in MetRS (B. Q. 
Ferguson and D. C. H. Yang, unpublished results). It is likely 
that MetRS in the newly formed conformation after binding 
the 3’-terminus subsequently interacts with the bulk of the 
tRNA molecule to form the final stable tRNA-synthetase 
complex. 

In summary, the intramolecular distance measurements 
suggest little changes in the overall conformation of tRNA 
except at the 3’-terminus. The results suggest that the 3’- 
terminal arm in the amino acid acceptor stem in tRNAfMet 
bends toward the inner loop of the L-shaped tRNA upon 
binding of MetRS, in contrast to the continuing helix shown 
in the crystal structure of free tRNA. It appears that 
tRNA-synthetase complex formation involves the immobili- 
zation, shielding (Ferguson & Yang, 1986a), and bending of 
the 3’-terminal strand in the amino acid acceptor stem of 
tRNAfMe‘. 
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