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1. Introduction 

DNA-dependent RNA polymerase has to fulfill dif- 
ferent complicated functions during transcription. For 

a detailed understanding of these functions, it is nec- 
essary to know the structure of this enzyme. The 

eubacterial RNA polymerase has the general composi- 

tion formula /3’/302 (core enzyme) and /3’Polza (holo- 
enzyme), respectively. The best characterized RNA 
polymerase is that of E. coli, which was used in our 

studies. 
Since protein crystals of RNA polymerase are not 

available, other methods were used for analysing the 
structure, such as electron microscopy [I], neutron 

[2,3] and X-ray small angle scattering [4]. Since, at 
that time the preparation and small angle scattering 

technique had not been developed as it is today, we 

describe here a new approach using X-ray scattering 

to study the structure of core enzyme (M, 395 000) 
and partial complex /301Z (M, /3 155 0OO;Mr cr2 

73 000). 
For a detailed model of core enzyme it is necessary 

to know the structure of its subunits. The structure 
of isolated o2 has been investigated in [S]. Isolated 
subunits 0 and $ are not suitable for X-ray scattering 
experiments, because of their tendency to aggregate. 

The study of the structure of the partial complex 
/3az, which can be homo-dispersly distributed in solu- 
tion, will give information about the structure of /I. 

The aim of this paper is to verify the model of 
RNA polymerase core enzyme developed by neutron 
small angle scattering and to refine this model using 
information about the structure of isolated cr2 and 

B&z. 
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2. Materials and methods 

2.1. Preparation of the partial complex Pa2 and core 
enzyme 

RNA polymerase was isolated from E. coli by the 
procedure in [6] with slight modifications [7]. The 

complex /302 and core enzyme have been isolated from 

purified RNA polymerase by phosphocellulose chro- 
matography [8,9]. For elimination of unspecific aggre- 

gates, core enzyme and /3cr2 were sedimented in a 
sucrose-glycerol gradient. The main fractions were 

pooled, concentrated by ammonium sulphate precipi- 
tation and dialysed overnight against a buffer con- 
taining 0.05 M Tris-HCl (pH 7.5), 0.55 M NH: and 
low3 M mercaptoethanol. The po12 fraction reconsti- 
tuted with /3’ and u results in fully active holoenzyme. 
Core enzyme was stimulated 12-fold by addition of u 

using T7-DNA as template. The purity of core enzyme 

and po12, respectively, was >95% as checked by SDS 
gel electrophoresis. The molecular homo-dispersity of 

the proteins was checked by sedimentation in an ultra- 
centrifuge (Spinco model E). Both core enzyme and 
po12 ran as single sedimenting material, but Pa2 con- 
tained -5% faster sedimenting material. The protein 
concentration was determined by the staining pro- 

cedure developed [lo], calibrated as in [7]. 

2.2. Small-angle X-ray scattering 
The measurements were carried out using a Kratky 

camera with slit collimation system [ 1 I] on a copper 
tube (50 kV, 30 mA). Protein solutions were investi- 
gated at 4’C. Scattered intensities were recorded at 
96 different anglesover 0.00216-0.123 radians, using 
an entrance slit of 120 pm. Each scattering curve was 
recorded several times with a fixed number (10’) of 
pulses per angle in order to minimize statistical errors. 
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The experimental arrangement and the procedures 

used for data evaluation were as in [5,12]. 

3. Results and discussion 

3.1. Radius of gyration and mavimum dimension 
A concentration series was measured using 5-22 

mg/ml. The inner parts of the scattering curves were 
plotted according to Guinier (log I/c vs (2f3)‘) and 
extrapolated to zero concentration. This plot should 

yield a straight line whose slope is proportional to the 

square of the radius of gyration. After desmearing [8] 
the radius of gyration was calculated to be R = 6.5 k 
0.1 nm (core enzyme) and R = 6.86 + 0.1 nm @a2). 
These values agree with the values computed from the 

p(r) function [ 121. The intraparticle distance distribu- 
tion function p(r) was calculated with the evaluation 
program [ 131. p(r) becomes zero at values of r exceed- 
ing the maximum particle dimension D,, . From 

p(r) T Dm, of core enzyme amounts to 24 + 1 nm, and 

D max of pOr2 to 30 f 1 nm. Fig.1 and fig.3 show the 
desmeared scattering curves of po12 and core enzyme. 

The p(r) functions are shown in fig.2. 

3.2. Volume 
The invariant volume was calculated as in [ 121. 

The values obtained by this method are V = 67.5 nm3 

(core enzyme) and V= 410 nm3 (jk~*), respectively. 
Experience shows that the volumes calculated from 

the invariants are usually affected by errors X%, 

presumably due to particle inhomogenities which 
come into effect at large angles. 

3.3. Shape 
Model calculations were performed by means of a 

computer program which uses Debey’s formula [ 141 
to calculate the theoretical scattering curves of models 
composed of arbitrafy spherical elements [ 121. This 
method does not allow a direct determination of the 
particle shape, but models which fit the experimental 

Fig.2. (a) Comparison of the experimental distance distribu- 

tion function p(r) of porz (o-o) with the theoretical p(r) 
of the porz model I (. . .), model 2 (---) and model 3 (-). 
(b) Comparison of the experimental function p(r) of core 

enzyme (o-o) with the theoretical one of model 1 (-) 

and model 2 (---). r = distance; @ = experimental data 

including propagated standard deviation. 
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Fig.1. Comparison of the experimental scattering curve I(h/ 
of the partial complex pol (o-o) with the theoretical I(h) 
of model pa1 (-_). I = scattered intensity; c = concentra- 

tion; h = (4r/h) sin .9 (A = wavelength of the Cu K, line, 20 = 

scattering angle). Two views of the model plvl are shown in 

the xy and yz drawing plane. One picture shows that the mod- 

el is composed of spherical elements. 
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curves well can be considered to have a high degree of 
reliability, if other results are in agreement with the 

proposed structure. 

3.3.1. Partial complex @YZ 
The structure of the isolated subunit a2 has already 

been investigated [5]. The best fit was obtained by a 

disc-like model of cr2 having one deep crevice as mod- 
el 1 in [5]. Here, the same model of a2 is used for 
constructing models of po12 and core enzyme. We 

assumed that the structure of isolated a2 is the same 
as that of 0~~ in complex with the other subunits SJ’. 
The validity of this assumption is discussed in [5]. The 

startpoint for our model calculations was the spatial 

arrangement of flo12 within RNA pqlymerase as deter- 

mined by neutron small angle scattering [2,3]. Many 

pOr2 models were calculated, varying the shape of sub- 
unit /3 and in addition the angle between the subunits 
/3 and (Ye. The theoretical scattering curves of all these 
models were compared with the experimental one in 

reciprocal space (Z(20)) and in real space @lrj). It 
turned out that the structure of fl is best approximated 

by an elongated model with aD,, = 19 + 1 nm and 
R = 5.13 nm. The bulk of mass is located near the 

~SCX~ binding site, forming an approximately conical 
structure. A good arrangement of the subunits /3 and 
(112 was given by a somewhat larger angle (110’) 
between 0 and (Y? (model 2, fig.2a) as it was found in 
the final core enzyme model 1 (-90”) (model 1, 
fig.2a,b). The used structure of isolated a2 was formed 
by a more or less straight arrangement of the two leaf- 

shaped (Y particles (180”). It turned out that the fit 
with the experimental scattering curve (fig.1) and the 
p(r) function (fig.2a) became much better, if the two 

(Y subunits were arranged not straight but angular. 
This fact can not be proved by model 3, suggested 
here, since many parameters could be changed by cal- 
culating /3a2 models. For example, a mixture of struc- 

tures with different angles between /3 and 01~ and 
between Q! and (Y could also be possible. Because of 

the number of uncertain parameters model 3 in fig. 1 
appears to be too detailed. It is pictured here because 
it shows the best fit of all tested models. It consists of 
325 spheres with a radius of 0.67 nm. 

3.3.2. Core enzyme 

It was found by neutron small angle scattering 
studies [2] that the subunits p, /~‘cY~ are elongated and 
arranged within the core enzyme forming a trigonal 
molecule. A trigonal overall shape of RNA polymerase 

was obtained by electron microscopy [ 11. To check 
the compatibility of our experimental data with a 
trigonal model, the volume of core enzyme was approx- 
imated by a small number of spheres (75) forming 

models of any shape, but taking into account experi- 
mental parameters, like R, V and D,, . Indeed, mod- 
els with trigonal structure showed the best agreement 

with the experimental scattering curve. 

Considering the trigonal structural feature of core 
enzyme and the already determined structure of a2 
and (3, we were able to construct a detailed model of 

core enzyme (model 1, fig.2b, fig.3). Model 1 consists 
of 536 spheres with a radius of 0.67 nm. Subunit 0’ is 
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Fig.3. Comparison of the experimental scattering curve of core 
enzyme (o-o) with the theoretical one of model 1 (-). 
Three views of model 1 in the xy. yz and xz drawing plane 
are shown, and a perspective view of model 3, in which the 

structure of model 1 is approximated by only 7 5 spheres. The 

intensities I at large angles of the model scattering curve are 

usually lower than the experimental I, because of lower reso- 

lution in the model. The model is calculated as a homoge- 

neous body. If arbitrary inhomogenities were included in the 
model, the calculation would be much better, but the resolu- 

tion of the method would remain unchanged. 
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approximated by a structure similar to that of sub- 

unit P. Only the value of II,, is somewhat larger 

(21 + 1 nm, R = 5.62 nm). The angle between o2 and 
fl is -90”. AI1 subunits are arranged in such a manner 

that a central cavity is left with a diameter of -2.6 nm. 

An intersubunit centre-to-centre distance between /I 

and $ of 5 nm fits optim~ly the experiments data 
(fig.1, model 1). The corresponding value of neutron 

scattering experiments is 7 nm. This value is realized 
in model 2 (fig.2b). The corresponding p(r) function 

shows however the m~imum at larger distances. Mod- 
el 3 in fig.3 shows a perspective view of a simple core 
enzyme model built up by 75 spheres which fits the 
experimental scattering curve (fig.3) and the p(r) func- 

tion (fig.2b) almost as well as model 1. 
Although it can never be excluded that other mod- 

els exist which would also fit the experimental curves 
model 1 for core enzyme has a high degree of reliabil- 
ity: It is in agreement with the model developed by 
neutron small angle scattering [2,3] and electron 

microscopy [I]. Further investigations of RNA poly- 
merase concerning the structure of holoenzyme are in 
progress. 

I. P. and 0. M. thank the Osterreichischen Fonds 

zur Forderung der wissenschaftlichen Forschung for 
generoussupport. We also thank B. Miiller for drawing 

the figures. H. II. thanks the Deutsche Forschungs- 

gemeinschaft for generous support of his work, Peter 
Stockel for valuable discussion and Gisela Baer for 

excellent technical assistance. 

References 

[iI 

121 

[31 

141 
[Sl 

161 

[71 

[81 

PI 

1101 
1111 
[I21 

[I31 
u41 

Williams, C. (1977) Proc. Natl. Acad. Sci. USA 74, 
2311. 
Stockel, P., May, R., Strell, I., Cejka, Z., Hoppe, W., 
Heum~n, H., Zillig, W., Crespi, H. L., Katz, J. J. and 
Jbel, K. (1979) J. Appl. Cryst. 12,176-185. 
Stiickel, P., May, R., Strell, I., Cejka, Z., Hoppe, W., 
Heumann, H., Zillig, W. and Crespi, H. L. (1980) sub- 
mitted. 
Pilz, I. (1972) Eur. J. Biochem. 28, 205-220. 
Meisenberger, O., Pilz, I. and Heumann, H. (1980) 
FEBS Lett. 120,57-60. 
Zilhg, W., Zechel, H.and Halbwachs, H. 1. (1970) Hoppe 
Seyler’s, Z. Phys. Chemie 351,221-227. 
Heumann, H., Stockel, P. and May, R. (1981) in prepa- 
ration. 
Zillig, W., Palm, P. and Heil, A. (1976) Subunit function 
and reconstitution in RNA polymerase (Losick, R. and 
Chamber~in, M. eds) pp. 101-125, Cold Spring Harbor 
Laboratory, NY. 
Burgess, R. R. and Travers, A. A. (197 1) Methods 
Enzymol. 21 D, 500. 
He& A. and Zillig, W. (1970) FEBS Lett. 11, 165-172; 
Kratky, 0. (1958) Z. Eiektrochem. 62,66-73. 
Meisenberger, O., Pilz, I. and Heumann, H. (1980) 
FEBS Lett. 112, 39-41. 
Glatter, 0. (1977) J. Appl. Crystallogr. 10,415-421. 
Glatter, 0. (1972) Acta Phys. Austr. 36, 307-315, 

120 


