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4-Thiouridine, a Built-In Probe for Structural Changes 
in Transfer RNA? 

N. Shalitin and J. Feitelson* 

ABSTRACT: The luminescence of an aqueous solution of 4- 
thiouridine was compared with its emission when forming part 
of the polynucleotide chain of tRNA. In both cases excitation 
into the last absorption band at  335 nm yields a weak emission 
in the 520-550 nm region. However, while in aqueous solution 
this emission has a lifetime of -240 ns, it increases in native 
tRNA to T N 6.6 ps. Oxygen and CI- ions quench the 
thiouridine emission efficiently in aqueous solution while Na+ 
and Mg2+ ions have no influence on it. On the other hand 
thiouridine which forms part of a tRNA molecule is quite in- 

T h e  base 4-thiouridine ( 4 - t ~ ) I  is present in various transfer 
RNA molecules obtained from Escherichia coli (Lipsett, 
1965a,b; Lipsett and Doctor, 1967). It is found at  position 8 
from the 5’ end of the molecule (Zachau, 1969; Barrel1 and 
Sanger, 1969) and, thus, occupies a strategically important 
location between the double helices of the acceptor and the 
dihydrouridine stems of the tRNA clover leaf as suggested by 
Holly (Holly et al., 1965). X-Ray diffraction data (Kim et al., 
1973, 1974) show the eighth base (in tRNAPhe) to lie between 
the two major double helical regions which appear in their 
model. Furthermore, N M R  data suggest the formation of a 
non-Watson-Crick base pair between 4-tU at  position 8 and 
adenine at  position 14, thus taking part in the tertiary structure 
of the molecule (Wong and Kearns, 1974; Wong et al., 1935). 
The above x-ray data show that such a hydrogen bond is indeed 
possible. Also, the 4-tU residue has been shown to form pho- 
todimers with cytidine in position 13 (Pochon et al., 1971; 
Favre et al., 1971, 1972), which again indicates its proximity 
to the dihydrouridine loop. The spectroscopic properties of 4-tU 
might therefore be expected to be influenced by changes in the 
secondary and in the tertiary structures of the tRNA molecule. 

4-tU has a characteristic absorption band at 335 nm (Lipsett 
and Doctor, 1967) and a room temperature emission at 550 
nm (Pochon et al., 1971). The emission properties of 4-tU in 
solution have been described in a previous study (Shalitin and 
Feitelson, 1973). Briefly, it was found that the 550-nm emis- 
sion has a lifetime of about 250 ns and that it comes froin a 
triplet state. In liquid solution this emission is quenched by 
oxygen with a diffusion-controlled rate constant of 6 X lo9 
M-’ s-’. In a low-temperature glass, two emissions with dif- 
ferent lifetimes were observed, emissions which come from two 
different triplet states of 4-tu.  The excitation spectrum showed 
that both emissions derive ultimately from the excited singlet 
of 4-tU and it was proposed that one of them is the ordinary 
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sensitive to CI- ions and to 0 2  while its emission is greatly 
enhanced by Na+ and Mg2+ ions. From these salt effects as 
well as from data on the temperature dependence of the 
emission yield and the decay curve, it is concluded that the site 
of the thiouridine residue is very well protected within the 
tertiary structure of tRNA. Both permanent changes in the 
secondary and in the tertiary structures of the polynucleotide 
as well as dynamic conformation changes can be observed by 
following the emission characteristics of its thiouridine residue. 

triplet of 4-tU while the other is formed by a rapid first-order 
process either directly from the singlet or from the above triplet 
state of 4-tu.  Some of these findings have since been confirmed 
by Favre (1 974) who also described the quenching of the 4-tU 
emission by halogen and by paramagnetic ions. 

When 4-tU forms part of the tRNA molecule, it has been 
found that in the presence of Na” and Mg2+ ions its long 
wavelength emission intensity increases appreciably (Pochon 
et al., 1971). On the other hand it is known that the physical 
properties of biologically active tRNA depend upon the pres- 
ence of Na+ and Mg2+ ions (Henley et al., 1966; Lipmann, 
1969; Fresco et al., 1966; Cole et al., 1972). The temperature 
dependence of both the absorption and emission of the 4-tU 
residue seems to reflect conformational changes in the tRNA 
molecule (Pochon et al., 1971; Seno et al., 1969; Pochon and 
Cohen, 1972; Dourlent et al., 1971). In view of the available 
information, it seemed of interest to compare the following 
emission properties of 4-tU in solution and as a constituent of 
the tRNA molecule, properties which in one way or another 
reflect some structural features of tRNA: (1) the emission 
wavelength, quantum yield, and lifetime as a function of Na+ 
and Mg2+ concentration and temperature (a detailed study 
of these variables might in part reveal the mechanism of the 
so-called “melting” of tRNA); (2) the quenching rate of the 
4-tU emission by oxygen and by C1.- ions (this should yield 
information on the rigidity and/or the dynamics of confor- 
mational changes (Lakowicz and Weber, 1973; Saviotti and 
Galley, 1974) of the structure encasing the 4-tU residue in 
t-RNA); (3) the quantum yield and lifetime of the emission 
for the two systems in solution and in a low-temperature glass 
(these data again may indicate the feasibility of dynamic 
conformation changes in tRNA as will be described in the 
Discussion). 

Experimental Methods 
Partially purified tRNA, from E.  coli w, was obtained by 

courtesy of Mr. Ehud Ziv of our biochemistry department. 
Two preparations, both of which had undergone separation on 
BD-cellulose, were used in this study. One was more than 90% 
pure tRNAIVal and had a biological activity of 500/0. The other 
had an overall activity of 80%, about equally divided between 
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four tRNA species active towards valine, methionine, alanine, 
and glycine. Highly purified tRNAVa1 was obtained from 
Boehringer (Mannheim). 

The preparations were freed from salts by dialysis against 
neutral EDTA (0.01 M) in presence of 0.1 M NaCl and sub- 
sequent dialysis against triply distilled water. The absorbance 
ratio in water at  260 and 340 nm of the final preparation was 
OD340/OD260 N 0.03 for the tRNAIVal, 0.022 for the tRNA 
mixture, and 0.0217 for the Boehringer preparation. 

All measurements were carried out at a tRNA concentration 
of -2 X M (A340 = 0.15-0.3). The chemicals used were 
of analytical grade. Water was triply distilled and ethylene 
glycol was of spectroscopic grade. Emission spectra were 
measured in a standard fluorimeter consisting of a 250-W Xe 
lamp, two Bausch & Lomb 500-nm focal length monochro- 
mators and an EM1 6256 S photomultiplier. Quantum yields 
were measured by comparison with quinine bisulfate fluores- 
cence (Calvert and Pitts, 1966) which was also used to correct 
the measured spectra (Berlman, 1965). Emission decay curves 
were determined by exciting with a (1 0 ns) nitrogen laser 
(Avco, Everett) (Aex 337 nm) and feeding the signal directly 
into a Tektronix 545 oscilloscope (Shalitin and Feitelson, 
1973). 

Temperature dependences were measured either in a ther- 
mostated cell or, at low temperatures, in a quartz Dewar flask 
fitted with three-way double windows and a copper-block cell 
holder. 

Results 
The emission quantum yield of the 4-tU residue in a salt-free 

tRNA solution is similar to the corresponding value for free 
4-tU (4 N 3 X Its room temperature emission peak lies 
between 550 and 560 nm, similar to the emission band of free 
4-tU at -450 nm. In both cases the excitation spectrum of this 
emission coincides with the long wavelength absorption band 
of the 4-tU moiety at  335 nm. Though the spectral properties 
of the above two 4-tU systems are similar, the effects of salts 
on these properties are dramatically different. 

Effects of Salts and of Oxygen on the Emission. In the 
following experiments the preparation of pure tRNAVa' was 
used since particularly the melting curves, described in the next 
paragraph, might well differ for different tRNA species. The 
pI3 of all aqueous solutions was in the range pH 5.5-7.2. 

NaCl and MgCl2 quench the emission of thiouridine in so- 
lution in a bimolecular reaction, the Stern-Volmer constant 
for NaCl being ksv = 125 M-I, which corresponds to a 
deactivation rate constant of kd = 8 X lo8 M-' s-l. Since both 
CH3COONa and (CH3C00)2Mg do not affect the 4-tU 
emission (ksv is close to zero), the quenching can be attributed 
to the C1- ions only and it can be concluded that Na+ and 
Mg2+ do not influence its emission. On the other hand the 
emission of the 4-tU residue incorporated in tRNA increases 
drastically upon addition of NaCl and MgC12 as shown in 
Figure la .  It is seen that, when NaCl is added to an aqueous 
solution of tRNA until its concentration reaches 0.1 N ,  the 
emission increases by a factor of 2.5 .  A further addition of 
MgC12 ( lod3 M) causes an additional increase in the emission 
by a factor of two to three. The final solution, therefore (0.1 
N NaCl, M MgC12), has a quantum yield about six times 
larger (4 2 X than that of free 4-ti] in a salt-free so- 
lution. Since similar results were obtained by sodium and 
magnesium acetate as by the corresponding chlorides, it can 
be concluded that in the case of tRNA the influence of C1- ions 
is negligibly small which agrees with the data of Favre (1 974). 
In separate quenching experiments, it was indeed found that 
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FIGURE 1: Emission properties of 4-tU in tRNAVa'; dependence on Na+ 
and Mg2+ concentration. Na+ was added as sodium acetate (no buffer), 
or as NaCl in 0.01 N Tris buffer, pH 7.2.  Mg2+ was added as magnesium 
acetate (at 0.1 M sodium acetate), or as MgC12 (at 0.1 M NaCI). (a) 
Quantum yield of emission; excitation at  340 nm; (b) lifetime of emission; 
excitation by laser at 337 nm; (c) wavelength of maximal emission. Dashed 
vertical line separates sodium and magnesium regions. 

the quenching rate constant of C1- ions for 4-tU in tRNA is 

It is seen from Figure l b  that, in parallel with the quantum 
yield, the lifetime of the excited 4-tU in tRNA increases from 
about 600 ns to a value of 6.6 ps upon addition of Na+ and of 
Mg2+ ions. The corresponding value for thiouridine in a pure 
aqueous solution is 240 ns and decreases upon addition of C1- 
ions in accordance with the above mentioned quenching of 4-tU 
in solution. 

It was found that the total effect on yield and lifetime is the 
same irrespective of whether the concentration of Na+ ions at  
which Mg2+ is added is 0.01,O. 1, or 0.2 N .  

kd N 2.3 X lo5 M-'S-'. 
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FIGURE 2: Temperature dependence of tRNAIVa' emission (a) in presence 
of 0.1 M sodium acetate, (b) in presence of M sodium acetate [3 X 

M Mg(CH3C00)2], (c) temperature dependence of 4-tU in water. 
(The slightly lower melting temperatures in our work when compared with 
those of Seno et al. are probably due to the lower overall salt concentrations 
which we used.) 

Finally, Figure I C  shows that the peak of the emission in- 
tensity over the range of Na+ concentrations between 0.0 and 
0.1 N is blue shifted by about 25 nm. No such effect is observed 
for free 4-tU in solution. Contrary to the effect on the quantum 
yield, the subsequent addition of Mg2+ ions does not influence 
the location of the peak any more. A further blue shift of the 
peak can be achieved upon cooling a solution of tRNA in an 
ethylene glycol-HzO mixture down to 77 K, as described in 
the section on low-temperature measurements. 

Although oxygen decreases the quantum yield of the emis- 
sion of thiouridine in solution with a diffusion-controlled 
deactivation rate constant of k d  = 6 X lo9 M-l s-l (Shalitin 
and Feitelson, 1973), the effect on 4-tU which forms part of 
a tRNA molecule is much smaller. The value of the quenching 
constant in this case is only k d  < 1.6 X lo7 M-' s-l. No 
measurable decrease in the decay rate was observed in the 
presence of oxygen, as can be expected for such a small value 
O f  k d .  

Effect of Temperature on the Emission. (a) The 10-70 O C  
Range. Measurements were carried out a t  3 X M mag- 
nesium acetate in the presence of either M sodium acetate 
or 0.1 N NaCl with 0.01 M Tris buffer, pH 7.2, added. The 
pure tRNAVa' was used. 

The emission of the free base 4-tU in aqueous solution is not 
influenced by the presence of the above buffers. Between 20 
and 70 OC it decreased uniformly by about 50%, while the 
emission of 4-tU which formed part of the tRNA chain be- 
haved quite differently. To begin with its quantum yield was 
much greater as described in the preceding section. Between 
10 and 45 OC the emission intensity decreased by more than 
50%. It then leveled off so that no change in emission occurred 
between 45 and 60 O C .  Raising the temperature still further 
caused a sharp decrease in emission until it reached the level 
of free 4-tU at about 75 OC. The inflection in this curve or so- 
called "melting temperature" occurred at 65 OC. It can be 
compared with corresponding absorbance data in the literature 
(Seno et al., 1969; Dourlent et al., 1971). 

In the presence of 0.1 N NaOAc only, Le., with no Mg2+ 
ions added, the above sharp decrease occurred at -45 OC (see 
Figure 2). 

(b) The f 2 0  to -196 O C  Range. In these experiments the 
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FIGURE 3: Emission spectrum of tRNA excited at  335 nm in ethylene 
glycol-water glass at 77 K. (a) Overall spectrum; (b) long-lived component 
(71 = 2.6 ms); (c) short-lived component (r2 = 0.6 ms); broken line shows 
emission in aqueous solution at room temperature (-20 " C ) .  

preparation containing four tRNA species was used. (See 
Experimental Methods.) Measurements of the emission in this 
range were carried out in an ethylene glycol-water (1:l) 
mixture in order to obtain a clear glass at low temperature. For 
the same reason the lower salt concentrations of M so- 
dium acetate and 3 X M magnesium acetate were used 
which still are sufficient for the tRNA to be in its active con- 
formation. 

The emission intensity of the 4-tU residue in tRNA increases 
with decrease of temperature from a quantum yield of d, N 2 
X at 22 "C to about 4 = 0.2 at 77 K (Figure 3). For free 
4-tU in solution the quantum yield at liquid-air temperature 
has a similar value (d, - 0.16), while the yield at 22 O C  is al- 
most an order of magnitude smaller (4 N 3 X Fur- 
thermore, two distinct emission peaks at -530 and at 475 nm, 
having different lifetimes, were observed for free 4-tU in the 
low-temperature glasses, while in tRNA a single peak is ob- 
served. This peak shifts gradually with decreasing temperature 
from -530 nm at 22 OC to -480 nm at 77 K. When, however, 
the lifetime of this emission is measured at the short and at the 
long wavelength edges of the peak, two distinctly different 
decay times can be resolved. In liquid air (77 K) at 455 nm, a 
purely exponential decay of 7 = 2.6 f 0.1 ms was measured 
(Figure 4a). At longer wavelength at this same temperature, 
a second short-lived component appeared in the decay curve. 
At the long wavelength edge of the emission peak, the short 
decay predominated, though some of the long-lived component 
still prevailed. Similar to previous data in free 4-tU, it appears 
that the two different species decay independently. The two 
lifetimes were resolved as follows. If two independent decay 
processes take place in tRNA, the time dependence of the 
emission is described by 

z ~ ( z )  = Lyhe-l/TI + ,BAe-'/T2 (1) 
where I i ( t )  denotes the emission intensity at time t ,  and ai  and 
( 3 ~  represent the initial emission of the two excited species with 
lifetimes 71 and 7 2 .  In our case 71, the lifetime at the short 
wavelength, is known since it could be measured directly. At 
long times ( t  2 71) only the long-lived component 71 contrib- 
utes to the emission and hence in the long-time limit log Z i ( t )  
should decrease linearly, with slope 1/71, as a function of time. 
A straight line with the known slope of 1 /7, was fitted to the 
long-time edge of the log I i ( t )  decay curve and the value of log 
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Table I: Emission Properties of 4-Thiouridine. 

Monomer in Aqueous As a Constituent of the 
Soh t R N A  Chain" 

Quenching 

by 0 2  

Influence on 

kcl- = 7 X IO* M-t 

kol = 6 X lo9 M-' 

kcl- = 2.3 X lo5 M-ls-l 

ko2 < 1.6 X lo7 M-' s-l 
by C1- S-1 

S-1 

quantum yield 
ofb N a +  None Increase X 2.5 
(0.1 M )  
of (addit.) None Further increase X 2-3 
Mi?+ 

( 3  Xl10-3 M) 
Lifetimes T 

At 2OoC 24011s 6.6 f i s  
At -196 O C C  0.4 ms, 1.0 ms 

Quantum yield 4 

At -196 O C '  -0.05 (T = 0.4 ms) 
-0.10 (T = 1.0 ms) 

0.6 ms, 2.6 ms 

At 20 "C 3 X 2 x 10-3 
0.05 (T = 0.6 ms) 
0.15 (T = 2.6 ms) 

In the presence of M Na+ and 3 X M Mg2+, except for 
b. Relative to a salt-free aqueous solution. In ethylene glycol-water 
( l : l , v / v ) .  

ah was determined from its intercept at time zero (Figure 4b). 
By subtracting CyAe-f/Tl from Z h ( t )  and plotting log ( Z h ( t )  - 
cuhe-r/rl)  against f ,  7 2  was obtained from the slope and log PA 
from the intercept of the straight line. By repeating the pro- 
cedure for different wavelengths, the same value of 7 2  should 
always be obtained if indeed the decay curve is described by 
two exponentials. This was found to be the case within the 
experimental error range, and a lifetime of 7 2  = 0.6 f 0.06 ms 
at 77 K was obtained. The ratio of the initial emissions from 
the two states, of different lifetimes, can be obtained from the 
difference of the two intercepts log CY - log P = log (a/@) in 
the above plot (see Figure 4b). On the other hand, integration 
from time zero to infinity of eq 1 

Jm Zx(t)dt = CYYXT~ + p~72  = F ( A )  (2) 

yields the intensity in a certain wavelength interval (A to (A + 
AA)), a quantity which is also directly obtained from the 
steady-state emission spectrum F(X) .  A knowledge of the 
quantities (YIP, 71, and 7 2  from decay curves at different 
wavelengths, A, as well as of L Y T ~  + p72, as obtained from the 
emission spectrum, allows us therefore to separate this spec- 
trum into its two components (see Figure 3). From these sep- 
arated spectra it is seen that, in a solution containing 0.01 N 
Na+ and 3 X N Mg2+ ions, the long wavelength emission 
peak is shifted toward the blue upon lowering the temperature 
to 77 K. 

The various emission properties of 4-tU in solution and for 
a 4-tU residue in the polynucleotide chain of tRNA are sum- 
marized in Table I .  

Discussion 
Lately the highly sensitive NMR method has been developed 

to probe specifically the various base pairs in tRNA for their 
structure and for structural changes in their vicinity (Kearns 
et al., 1973; Shulman et al., 1973a,b). The luminescence 
emission described here might supplement this information 
in that it reflects changes in the neighborhood of a base which 
is hydrogen bonded in a nonconventional manner (Wong and 

455nm 
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1.2- 

1 2 3 4 t,msec 

- 
Y e 

m 
0 

1 2 3 t,msec 4 
FIGURE 4: Separation of components from lifetime measurements. (a) 
Experimental value of log I ( t )  is shown by full circles. (b) Log [ I ( ? )  - (Y 

exp(-?/q)] refers to the open circles only. The slope of the straight line 
(TI) is taken from measurements at X 455 nm where 0 = 0. 

Kearns, 1974; Wong et al., 1975) but is located between two 
sequences of Watson-Crick base pairs in a region known to 
have a tertiary structure (Kim et al., 1973, 1974). 

From the hypochromicity at  260 and at 340 nm and from 
its temperature dependence it is known that in the presence of 
Na+ ions the base-paired regions of tRNA form double helical 
structures (Seno et al., 1969). The addition of Mg2+ ions, 
which are necessary for tRNA to be biologically active, does 
not cause an appreciable additional hypochromic effect. 
However, the addition of Mg2+ ions is probably accompanied 
by the formation of a stabilizing, tertiary structure, since the 
temperature at which the double helical structure disappears 
is raised in the presence of Mg2+ ions. 

The dependence of the 4-tU emission in tRNA on the Na+ 
and Mg2+ ion concentrations is more complex than the ab- 
sorption data. Our reference state is a solution of tRNA which 
has been freed from Mg2+ ions (see Experimental Methods) 
and subsequently dialyzed to remove the Na+ ions. The tRNA 
in such a solution still contains a small amount of bound Mg2+ 
ions which are not removed by our procedure. Addition of Na+ 
ions to this solution of tRNA causes an increase in the emission 
yield, an effect which levels off at a concentration of approxi- 
mately 0.1 N Na+. However, a small addition of Mg2+ ions 
to this solution increases again the emission yield significantly. 
Since no additional stacking takes place we think that what is 
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Table I 1  

4-tu in solution 1200 120 
4-tu in tRNA 300 90 

being seen is the formation of the above tertiary structure 
caused by addition of Mg2+ ions, a structure which shields the 
chromophore from the ambient solution. That the vicinity of 
the 4-tU residue within the tRNA becomes better protected 
upon addition of Mg2+ ions can also be seen from the concur- 
rent increase in the excited-state lifetime which parallels the 
increase in quantum yield. 

That 4-tU in the folded tRNA molecule is well protected 
from external influences is also seen by the very low quenching 
constants of oxygen and of CI- ions in the solution containing 
Na+ and Mg2+ ions. Quenching rates by 0 2  have lately been 
employed to study dynamic changes in the tertiary structure 
of proteins (Lakowicz and Weber, 1973; Saviotti and Galley, 
1974). Similarly the low quenching rates in tRNA might be 
used to study the kinetics of the conformational changes re- 
quired for the oxygen molecule to reach the excited 4-tU res- 
idue in the tRNA interior. 

In the temperature dependence of the emission from 4-tU 
within tRNA in presence of Na+ and Mg2+ ions, we can dis- 
cern three stages. In the lower temperature range between 10 
and 40 “C, the emission yield decreases twice as fast as for free 
4-tU in solution. I t  seems that in this range the (tertiary) 
structure of tRNA, in the vicinity of the 4-tU residue, under- 
goes some gradual destruction. In the middle range between 
45 and 60 OC practically no change in the emission yield oc- 
curs. Here, therefore, the structure seems to be conserved in 
spite of the increase in temperature. That the structure of 
tRNA in the vicinity of the 4-tU base is much more resistant 
to disruptions in the presence of Mg2+ than in the presence of 
Na+ ions only is indicated by the higher “melting temperature” 
(see Figure 2) of the molecule. During this high-temperature 
melting stage, apparently any tertiary structure still left dis- 
appears together with the secondary structure. 

Within the limitations of our equipment, the above disrup- 
tion of structures was very similar for both tRNAVa1 and for 
a mixture of the various tRNA molecules. A more refined 
technique might perhaps reveal differences between the various 
specific tRNA types. 

Another indication for structural effects can be seen in the 
wavelength dependence of the emission of the 4-tU residue. 
The emission of the free base, 4-tU, and of a salt-free solution 
of tRNA lies a t  -550 nm. Upon addition of Na+ ions the 
emission from tRNA shifts gradually toward 530 nm, in 0.1 
N Na+ (see Figure IC). No further changes in wavelengths are 
observed when Mg2+ ions are added to the solution. It seems, 
therefore, that this blue shift of emission is due to an effect 
within the base-paired stack similar to what is measured by the 
hypochromicity which also is almost unaffected by the presence 
of Mg2+ ions. 

That the 4-tU luminescence reflects structural features of 
tRNA in its vicinity can also be deduced from a comparison 
between the quantum yield and the decay of 4-tU in solution 
and i n  the tRNA molecule. The low temperature emission 
dependence and the resolution of the spectrum at 77 K (Figure 
3) show that in both cases we are dealing with similar triplet 
emissions. W e  had previously proposed that the short wave- 
length emission ( A  475 nm) represents the triplet of 4-tU while 

the long wavelength emission ( A  -550 nm a t  room tempera- 
ture) is a triplet which derives by a fast first-order process ei- 
ther directly from the singlet or from the 4-tU triplet. This 
first-order process was thought to involve either an intramo- 
lecular process or a solvent rearrangement in the neighborhood 
of the excited chromophore. In view of the rather rigid envi- 
ronment of 4-tU within the tRNA network, the latter process 
seems somewhat improbable. 

The data in Table I show that, though in a rigid medium the 
quantum yield increases appreciably, the lifetime increases to 
an even greater degree. While the lifetime indicates the extent 
to which the 4-tU residue is protected from environmental 
quenching, it is the quantity d / ~  which measures the initial 
population of the emitting state. If we look a t  the d / ~  values 
for the long wavelength emission of 4-tU, which represents the 
above state reached by an intramolecular first-order process, 
the picture illustrated by Table I1 emerges. 

These values show that the largest initial population of the 
emitting state is achieved by 4-tU in free solution a t  room 
temperature (Q/T = 1200). Embedding the 4-tU residue in the 
native tRNA network already impedes the above first-order 
process so that the initial population decreases by a factor of 
four ( d / ~  = 300). The even more rigid environment in a low- 
temperature glass decreases the probability of reaching the 
(long wavelength) emitting state further till a value of S/T - 
100 s-I is reached. It seems, therefore, that a degree of free 
molecular movement is necessary for the intramolecular pro- 
cess, which forms the species emitting in the 530-550 nm 
range, :to take place. 

In conclusion, we feel that both quantities 7 and $/7 might 
be well suited to yield information about structural changes 
in the vicinity of the 4-tU residue in tRNA. 
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Spatial Relationship of the G Subunit and the 
Rifampicin Binding Site in RNA 
Polymerase of Escherichia coli? 

Cheng-Wen Wu,*,t Lynwood R. Yarbrough, Felicia Y.-H. Wu, and Zaharia Hillel 

ABSTRACT: u subunit of Escherichia coli RNA polymerase 
is known to stimulate specific RNA chain initiation. Rifam- 
picin, an inhibitor of RNA chain initiation, binds to a single 
site on the /3 subunit of RNA polymerase. We have used the 
fluorescence energy transfer technique to deduce proximity 
relationships of u subunit and the rifampicin binding site on 
the enzyme. Isolated u subunit was covalently labeled with 
fluorescent donors in two ways: specific labeling of a single 
sulfhydryl residue with N-(iodoacetylaminoethyl)-5-naph- 
thylamine- 1 -sulfonate ( 1 ,5-I-AENS) and nonspecific labeling 
on the surface of the protein with dansyl chloride (Dns-C1) 
adsorbed on Celite. The labeled u subunits were biologically 
active and formed a stoichiometric complex with core poly- 
merase. The efficiency of energy transfer was obtained from 
the fluorescence intensity and the excited-state lifetime of the 
a-labeled holoenzyme in the presence and absence of rifam- 
picin, which served as an energy acceptor. The transfer effi- 

T h e  u subunit of Escherichia coli RNA polymerase is known 
to stimulate specific initiation that yields asymmetric tran- 
scripts resembling the in vivo RNA products (Burgess et al., 
1969; Travers and Burgess, 1969). Since rifampicin, a specific 
inhibitor of the initiation of RNA chains, has been shown to 
bind to a single site on RNA polymerase (Zillig et al., 1970), 
it is of interest to determine the spatial relationship of the rif- 
ampicin binding site and u subunit in RNA polymerase. 
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ciency (2%) from AENS to rifampicin placed AENS some- 
where between 42 and 85 A away from the rifampicin binding 
site. The rotational mobility of the donor was determined by 
nanosecond fluorescence depolarization spectroscopy, while 
the acceptor orientation was assumed to be fixed at some un- 
known angle. The efficiency measured for energy transfer from 
Dns to rifampicin was 10% in the presence of 0.2 M KCl. The 
distance from the surface of (T subunit to the rifampicin binding 
site was calculated to be 27-38 A for a model having a ran- 
domly distributed and oriented array of donors on the surface 
of a spherical u subunit of 31-A radius. Our results indicate 
that rifampicin does not inhibit the initiation of transcription 
by RNA polymerase through a direct interaction with u sub- 
unit. In addition, energy transfer measurements under low salt 
conditions suggest that in RNA polymerase dimer the two 
rifampicin binding sites are symmetric with respect to each u 
subunit. 

Singlet energy transfer can be used to determine proximity 
relationships between sites on macromolecules which have been 
specifically labeled with fluorescent probes (Stryer, 1968). This 
technique can also be used to estimate intersubunit distances 
in multisubunit protein complexes by means of random surface 
labeling (Gennis and Cantor, 1972). This paper reports the use 
of singlet energy transfer to measure the distances from the 
rifampicin binding site on RNA polymerase to the surface of 
(T subunit randomly labeled with dansyl chloride (Dns-C1') and 

' Abbreviations used are: I ,5-I-AENS, N-(iodoacetylaminoethy1)- 
5-naphthylamine-1-sulfonate; AENS, N-(acetylaminoethyl)-5-naphthyl- 
amine-1 -sulfonate; AENS-a, fluorescent labeled 0 subunit; Dns-C1, 5- 
dimethylamino- 1 -naphthalenesulfonyl chloride or dansyl chloride; Dns, 
dansyl group; Tris, tris(hydroxymethy1)aminomethane; EDTA, ethy- 
lenediaminetetraacetic acid. 
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