
Vol. 105, No. 1, 1982 

March 15, 1982 

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 
Pages 51-56 

EFFECTS OF SIGMA SUBUNIT AND DNA TEMPLATE ON THE ACCESSIBILITY 

OF RIFAMYCIN BOUND TO RNA POLYMERASE 

By Lyle S. Rice and Claude F. Meares 

Chemistry Department 
Universi ty of Cal i fo rn ia ,  

Davis, CA 95616 

Received January 19, 1982 

Summary. Measurements of energy t ransfer  in the rap id-d i f fus ion l im i t  from 
terbium complexes to rifamycin bound to E. col i  RNA polymerase core and 
holoenzyme show that removal of the enzyme's sigma subunit markedly decreases 
the access ib i l i t y  of bound rifamycin to small probe molecules in solut ion.  
Binding of holoenzyme to DNA also decreases the access ib i l i t y  of enzyme- 
bound r i fan~cin.  These resul ts are consistent with the notion that rifamycin 
binds in a c l e f t  on RNA polymerase which is held open by the sigma subunit, 
and which is involved in DNA binding. The use of DzO buffers to improve 
experimental accuracy is also described. 

INTRODUCTION: DNA-dependent RNA polymerase is a mult isubunit  enzyme whi;h 

catalyzes the t ranscr ip t ion  of DNA. In procaryotes, the enzyme has two basic 

funct ional forms; core, #B'm2, and holoenzyme, ##'~2~ (1). The sigma subunit 

has a wel l -def ined role in t ranscr ip t ion ,  great ly increasing the spec i f i c i t y  of 

i n i t i a t i o n  (2). 

Rifamycin spec i f i ca l l y  inh ib i t s  procaryot ic RNA polymerases; i t  binds 

t i g h t l y  to both core- and holoenzyme as well as to RNA polymerase:DNA 

complexes (3). The primary locus of the rifamycin binding s i te  on RNA 

polymerase appears to be on the beta subunit (4) although a f f i n i t y  label ing 

experinlents have shown that the rifamycin binding s i te actual ly l ies within 

about l nm of a l l  the subunits of the enzyme including sigma (5,6).  

The access ib i l i t y  of enzyme-bound r i fan~cin to small molecules in 

solut ion has been probed with energy t ransfer  in the " rap id-d i f fus ion  l i m i t , "  

in which a f ree ly  d i f fus ing energy donor is influenced by many possible 

energy acceptors during i ts  l i fe t ime (7). Because al l  mechanisms of 

Abbreviations; HED3A, N-hydroxyethylethylenediaminetr iacetate; 

Tb-HED3A, the te rb ium( I l l )  complex of HED3A. 
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rad ia t ion less  energy t rans fe r  depend s t rongly  on the distance between donor 

and accepter, the e f f i c i ency  of energy t rans fe r  in the rap id -d i f f us i on  l i m i t  

w i l l  depend on whether a macromolecule-bound energy accepter is accessible 

to co l l i s i ons  with the energy donor. The t rans fe r  of energy from f r e e l y -  

d i f f us ing  luminescent terbium chelates to the red chromophore of r i famycin 

showed that  holoenzyme-bound r i fan~c in  is exposed to small molecules in the 

solvent (7).  

As described below, dif fusion-enhanced energy t rans fe r  experiments 

performed wi th r i famycin bound to pure core enzyme, or to the holoenzyme-DNA 

complex, show that  whi le holoenzyme-bound r i famycin is f r e e l y  accessible to 

small probe molecules in the so lvent ,  r i f an~c in ' s  a c c e s s i b i l i t y  is reduced by 

removal of the sigma subunit ,  or by addi t ion of the DNA template. 

MATERIALS AND METHODS 

These were as prev ious ly  described (7) ,  except for  the fo l low ing .  The 
THGD buf fer  contains lO mM tris(hydroxymethyl)aminomethane hydrochlor ide,  
pH 7.5, O.l mM d i t h i o t h r e i t o l ,  O.l mM HED3A and 5% g lycero l  ( v / v ) .  For 
experiments in D20 buf fe rs ,  stock so lut ions were made in 98% D20 and stored 
desiccated at 4°C. No special e f f o r t  was made to achieve I00% deuterat ion.  

The method of Lowe et a l .  (8) was used to pu r i f y  RNA polymerase from 
E. co l i  MRE 600 ce l l s  which were purchased from the Grain Processing Co. To 
separate core from holoenzyme, the method of Weissbach and Poonan (9) was 
used to prepare a s ing le-s t rand DNA column. Enzyme pu r i t y  was confirmed by 
SDS-gel e lect rophores is  ( lO) .  Before physical studies the enzyme was con- 
centrated, e i t he r  by stepwise e lu t ion  from a DEAE-cellulose column using 
THGD + 0.5 M NaCl, or by using a M i l l i p o r e  u l t r a f i l t r a t i o n  c e l l ,  to give a 
f i n a l  enzyme concentrat ion of lO-12 mg/ml. A f te r  concentrat ion the enzyme 
was dia lyzed in to  THGD + 0.5 M NaCl in e i t he r  H20 or DzO. I f  DNA template 
was included, RNA polymerase and template were concentrated together and 
dia lyzed against THGD + O.l M NaCl in D~O buf fers .  Protein concentrat ions 
were determined by the method of Sedmak and Grossberg ( l l ) .  The assay 
method of Burgess (12) was used to determine RNA polymerase a c t i v i t y .  

Stock solut ions of r i famycin SV were f resh ly  prepared in the appropr iate 
buf fer .  The terbium chelate stock solut ions were prepared in e i t he r  H20 or 
DzO and were always 50 mM Tb ( I l l )  with a 20% excess of HED3A to ensure 
complete binding of the metal ion. The concentrations o f the  r i famycin SV 
solut ions were measured on a G i l f o rd  spectrophotometer using c44s = 14240 cm -~ 
m - I  (13). 

Mi l l isecond Fluorescence L i fe t ime Measurements. L i fe t ime measurements of ex- 
c i ted Tb donors were measured using a home-made arc-gap f lash lamp as an 
exc i ta t i on  source. The lamp was pulsed at 15-25 Hz; pulse durat ion was 
~lO -8 sec. The output of the exc i t a t i on  source was f i l t e r e d  with a UV band- 
pass f i l t e r .  Terbium emission was monitored at 546 nm with a 56DVP photo- 
m u l t i p l i e r  tube a f t e r  passing through a potassium dichromate so lu t ion f i l t e r  
and a 546 nm in ter ference f i l t e r .  The pho tomu l t i p l i e r  output was accumulated 
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Table I.  Rate constants for energy transfer from Tb-HED3A to rifamycin at 
20°C in THGD buffer + .5 M NaCl (for the DNA experiment, THGD 
+ . l  M NaCl). 

Acceptor Solvent 10 -7 K2(M-I sec - I )  

rifamycin H20 2.5 ± 0.02 

D20 2.04 ± 0.6 

rifan~cin + holo H20 1.43 ± 0.25 

D20 0.94 ± 0.13 

rifamycin + core H20 0.34 m 0.06 

D20 0.28 ± 0.03 

rifamycin + holo + DNA D20 0.37 ± 0.05 

in a Nico le t  l l 70  mu l t i s ca le r ;  several thousand decays were summed. Excited 
state l i f e t imes  were determined by a non- l inear  least  squares f i t  of the 
data to a s ingle exponential  decay. 

In a l l  experiments there was a two- fo ld  excess of RNA polymerase to 
r i famycin SV. Because of the l im i ted  s o l u b i l i t y  of the enzyme, only low 
concentrations of bound r i famycin could be studied. In  some cases, the 
resu l t i ng  change in the measured l i f e t i m e  was as small as 6% (core RNA poly-  
merase + r i famycin in  H20 bu f fe r ) .  To be sure that  t h i s  e f f ec t  was measured 
accurate ly ,  a l l  experiments were performed on at least  three independently 
prepared samples according to the fo l lowing protocol .  F i r s t  the l i f e t i m e  of 
the terbium chelate was measured in the presence of RNA polymerase; then the 
desired amount of i n h i b i t o r  was added and the donor l i f e t i m e  measured again. 
Afterward the r i fan~c in  concentrat ion was confirmed by v i s i b l e  absorbance 
measurements and the enzyme was assayed to confirm i n h i b i t i o n  was occurr ing. 
In th i s  way p ipe t t i ng  er ror  (the major cause of va r ia t i on  in the measured 
l i f e t imes )  could be corrected before ca lcu la t ion  of  the rate of energy 
t rans fe r .  The resu l t i ng  values fo r  the rates showed l i t t l e  v a r i a t i o n ,  as 
indicated by the standard deviat ions in Table I .  

L i fe t ime measurements were performed at 20°C using 50-60 ~l of f r esh l y  
prepared so lu t ions.  The enzyme concentrat ions were 20-24 ~M. For the ex- 
periments invo lv ing  template, the solut ions contained 22 ~M RNA polymerase, 
0.5 mg/ml poly dAT, and lO mM MgCl2. The f i n a l  concentrat ion of r i famycin 
SV in each so lu t ion was 9-12 ~M. The concentrat ion of the Tb chelate was 5 mM. 

Use of D20. For energy t rans fe r  in the rap id -d i f f us i on  l i m i t ,  the rate of 
= + kT[A] = k r + kH2onH20 + k + kT[A], where decay of exci ted terbium is  k k ° x 

k r is the rate of photon emission, kH20 is the rate constant fo r  de -exc i ta t ion  

by coordinated H20 (with nH20 the number of H20 molecules coordinated to each 

terbium ion) ,  k x is the rate of de -exc i ta t ion  from other causes, and k T is the 
second-order rate constant fo r  energy t rans fe r  (wi th [A] the molar concentrat ion 
of acceptors). For Tb-HED3A, nH20 m 3 and kH20 = 215 s -~ (14). For Tb-HED3A in 

H=O-THGD bu f fe r ,  k H l o = ~ =  943 ± 50 s - I ,  whi le fo r  Tb-HED3A in D20-THGD buf fe r ,  

k D = l - 352 ± 16 s- I .o  
o TD 

o 
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Figure I .  

2 4 
MILLISECONDS 

Semilogarithmic plot  of terbium 546 nm emission in tens i ty  vs. 
time for  5 mM Tb-HED3A and 18 uM core RNA polymerase in H20-THGD 
buffer  in the presence (lower l ine)  and absence (upper l ine)  of 
9.4 uM rifamycin SV. This example represents the smallest e f fec t  
observed. Results are summarized in Table I and Figure 2. 

Since e n e r g y - t r a n s f e r  measurements are determined from the change in 

kT _ l l , the r e s u l t s  become inaccu ra te  as • ÷ ~ . l i f e t i m e ,  [A]  = k-k o • To o 

For the exper iments descr ibed here kT[A ] ~ lO 2 sec - I ,  which is more accu ra te l y  

measured as kT[A] ~ 452-352 sec - I  in D20 than as kT[A ] = I043-943 sec - I  in H20, 
when exper imenta l  e r ro rs  are cons idered.  

RESULTS AND DISCUSSION 

Figure l shows exper imenta l  Tb decays f o r  the s i t u a t i o n  w i th  the sma l les t  

e f f e c t  due to  energy t r a n s f e r ,  the core enzyme in HzO-THGD b u f f e r .  The r e s u l t s  

from these data are in  good agreement w i th  the more accu ra te l y  measurable DzO-THGD 

case, as summarized in Table I .  

The most s t r i k i n g  f e a t u r e  o f  the e n e r g y - t r a n s f e r  ra te  constants in 

Table I i s  t h a t  r i f amyc in  bound to core enzyme is cons ide rab l y  less 

access ib le  than r i f amyc in  bound to  holoenzyme; removal of  the sigma subun i t  

does not expose the r i f amyc in  s i t e  but r a t h e r  has the oppos i te  e f f e c t .  This 

r e s u l t  i s  p a r t i c u l a r l y  i n t e r e s t i n g  in view of  prev ious exper iments (see 
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Figure 2. 

CORE HOLO HOLO + DNA 

k'--b-b = O. 14 kb : 0 . 4 6  kb = O. 18 

Accessibi l i ty of Tb-HED3A to rifamycin bound to RNA polymerase 
core, holo, and holo + DNA, relat ive to free rifamycin 
accessibi l i ty .  Macromolecules are schematically represented as 
cylinders having longitudinal c lef ts ,  withrifamycin bound at 
the center. Tb-HED3A probes interact with bound rifamycin only 
when they diffuse into the c lef ts.  

reference 7) implying that r i famycin binds in a c l e f t  between enzyme 

subunits;  i t  is  consistent with the notion that  the sigma subunit holds th i s  

c l e f t  open. Because the sigma subunit is  required fo r  spec i f i c  binding of RNA 

polymerase to promoter s i tes  on DNA, i t  is natural  to speculate that  the 

c l e f t  has something to do with DNA binding. This is  consistent with the 

observation (Table I )  that  binding of DNA to holoenzyme reduces the 

a c c e s s i b i l i t y  of enzyme-bound r i famycin .  

The resu l ts  of these experiments are i l l u s t r a t e d  in Figure 2, where the 

energy- t ransfer  rate for  f ree r i famycin is compared to that  of r i famycin 

bound to each macromolecular complex. The enzyme is schemat ical ly  represented 

as a long cy l inder  (viewed end-on) with a long i tud ina l  c l e f t ,  having r i fan~c in  

at the center;  the c l e f t  angle may be calculated from the r a t i o  of energy- 

t rans fe r  rate constants. 

Because i t  reveals the a c c e s s i b i l i t y  of chromophores bound to macro- 

molecules, di f fusion-enhanced energy t rans fe r  can provide a quan t i t a t i ve  

measure of conformational changes which would be d i f f i c u l t  to  obtain other-  

wise. Studies of RNA polymerase as a funct ion of temperature, and comparison 

to the extensive k ine t i c  and thermodynamic data ava i lab le  (e.g.  3, 15, 16) may 

provide fu r the r  ins igh t  in to the s t ructure and funct ions of th is  mul t isubun i t  

en zyme. 
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