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ABSTRACT: The extent of self-association of Escherichia coli DNA-dependent RNA polymerase core enzyme 
has been investigated by velocity sedimentation as a function of both NaCl and protein concentrations. 
The core enzyme, existing as essentially monomeric species having a sedimentation coefficient of 13.1 S 
at NaCl concentrations greater than 0.2 M, undergoes reversible self-association at lower salt concentrations. 
Estimates for the stoichiometry of association and equilibrium constants of reaction were determined 
from the effect of protein concentration on the weight-average sedimentation coefficient measured at 
different NaCl concentrations. Data analysis by a nonlinear curve-fitting procedure indicated that protein 
self-association is best described by a sequential model characterized by weaker association constants for 
each additional step of oligomerization, and any model that involves cooperative formation of oligomeric 
species can be excluded. These findings are at variance with the conclusion of a previous study [Shaner, 
S. L., Platt, D. M., Wensley, C. G., Yu, H., Burgess, R. R., & Record, M. T. (1982) Biochemistry 26, 
5539-555 11 which suggested that core RNA polymerase exists in equilibrium between monomeric and 
tetrameric forms of the enzyme and excluded the existence of intermediate species. Simulation of 
sedimentation velocity boundary and gradient profiles are used to assess the validity of both models of 
association of core protein. It was clear that had the core enzyme undergone a cooperative monomer == 
tetramer mode of association, then bimodality would have been observed in the derivative tracings of the 
sedimentation boundary under these experimental conditions. Nevertheless, no such observation was 
reported by Shaner et al. and this study. The sequential model favored by the results of this study is 
consistent with the proposed model resulted from a small-angle X-ray study [Heumann, H., Meisenberger 
O., & Pilz, I. (1982) FEBS Lett. 138, 273-2761. Further analysis of the data by the Wyman linked- 
function relationship [Wyman, J. (1964) Adv. Protein Chem. 19, 223-2861 implies that core enzyme 
monomer loses approximately three counterions per contact upon association to higher oligomeric species. 

The DNA-dependent RNA polymerase of Escherichia coli 
(EC 2.7.7.6) is a multisubunit protein that occurs in two 
forms, comprising four different polypeptide chains in the 
holoenzyme (a@'u: M ,  = 45 0000) which reversibly 
dissociates into the core enzyme (a&l': M ,  = 380 000) and 
the 0 factor (Burgess, 1969b; Berg et al., 1971). The 
holoenzyme binds DNA and initiates specific transcription 
in the absence or presence of other DNA-binding regulatory 
proteins including cyclic-AMP receptor protein (CRP); 
interaction between RNA polymerase and CRP in vitro has 
been reported to be both dependent and independent of the 
presence of DNA (Nissley et al., 1972; Wu et al., 1974; Blazy 
et al., 1980; Malan et al., 1984; Spassky et al., 1984; Pinkney 
& Hoggett, 1988; Heyduk et al., 1993). Once chain 
elongation has begun, the 0 factor dissociates from the holo 
RNA polymerase as the core RNA polymerase continues to 
move along the DNA molecule and synthesizes RNA. The 
dissociated 0 factor can subsequently bind to another core 
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RNA polymerase, which is incapable of binding to promoter 
DNA and effectively initiating transcription, thereby allowing 
a new round of transcription to occur (Burgess et al., 1969; 
Travers & Burgess, 1969; Burgess, 1971; Wu et al., 1975; 
Chamberlin, 1976). 

It has been reasonably well documented that both holo 
and core RNA polymerase exist in different states of 
aggregation as a function of salt concentration (Richardson, 
1966; Stevens et al., 1966; Burgess, 1969a; Berg & Cham- 
berlin, 1970; Shaner et al., 1982; Heumann et al., 1982). 
These results have led to the proposal that the extent of 
aggregation of RNA polymerase provides a mechanism for 
regulation of transcription from different promoters (Travers 
et al., 1982). However, there is limited amount of informa- 
tion that adequately describes the modes of protein self- 
association, equilibrium constants between various oligo- 
meric species in solution, or the potential role played by this 
phenomenon in the regulation of transcription. An effort 
has been made to characterize the self-association of both 
E. coli RNA polymerase holo and core proteins. Sedimenta- 
tion velocity ultracentrifugation data indicated different 
modes of association for both forms of the enzyme (Shaner 
et al., 1982). In the absence of Mg2+ ion these authors 
suggested that holoenzyme undergoes anion-dependent dimer- 
ization, whereas core protein self-associates cooperatively 
to tetramer; the presence of Mg2+ caused aggregation of core 

0006-2960/95/0434-8752$09.00/0 0 1995 American Chemical Society 



Self-Association of RNA Polymerase Core Enzyme 

enzyme to octamer without having further effect upon the 
aggregation state of holoenzyme. Since the stoichiometry 
of the RNA polymerase association reaction is greater than 
2 as reported by Shaner et al., a cooperativity of aggregation 
is suggested. Furthermore, a proposed stoichiometry of 4 
for the self-association of RNA polymerase core protein 
should lead to bimodality in the derivative curves of the 
sedimentation velocity boundaries as predicted by theory 
(Gilbert, 1955, 1959, 1963), but not reported as an experi- 
mental observation. The validity of the proposed two-state 
model is therefore open to question and deserving of further 
scrutiny. 

In order to provide a thermodynamic characterization of 
this aggregation phenomenon, an extensive sedimentation 
velocity ultracentrifugation study of the self-association of 
purified E. coli RNA polymerase core protein was conducted 
as a function of both salt and protein concentrations. Our 
data analysis presents a sequential self-association model of 
this enzyme. Models involving cooperative formation of 
oligomeric species can be excluded. Comparison of experi- 
mental and computer simulated sedimentation velocity 
boundary and gradient profiles has been used to assess the 
validity of the variant models for protein self-association. 
Light scattering is used to confirm the basic tenets of the 
step-wise association model that emanates from the sedi- 
mentation studies. 

MATERIALS AND METHODS 

All experiments with E.  coli polymerase core protein were 
conducted at 20 "C in buffer comprising 50 mM Tris (pH 
7.8), 1 mM EDTA, and 1 mM DTT (TED buffer) supple- 
mented with appropriate concentration of NaCl. Spectro- 
photometric determination of protein concentrations were 
obtained using an absorption coefficient of 5.50 at 
280 nm (Burgess, 1976) and molecular weight of 380 000 
(Berg & Chamberlin, 1970; Pilz et al., 1972) for core RNA 
polymerase. 

Purification of Core RNA Polymerase. A mixture of both 
RNA polymerase holo and core proteins was purified from 
500 g of E. coli K12 cells according to a modification (Lowe 
et al., 1979) of the method of Burgess and Jendrisak (1975); 
purified RNA polymerase core protein was subsequently 
obtained by removal of o factor from the holoenzyme by 
chromatography through a Bio-Rex 70 column and subse- 
quently stored at -20 "C in storage buffer containing 10 
mM Tris (pH 7.9), 0.1 mM EDTA, 0.1 mM DTT, and 50% 
glycerol until required. Enzymic activity of RNA poly- 
merase was determined by the assay of Chamberlin et al. 
(1979) using calf thymus DNA as template. Protein solution 
was better than 95% pure as judged by SDS-polyacrylamide 
gel electrophoresis. 

Sample Preparation. Protein samples used in investiga- 
tions were dialyzed against TED buffer supplemented with 
appropriate NaCl to remove glycerol, clarified by centrifuga- 
tion for 30 s in a Beckman benchtop microfuge, and then 
diluted to the required concentration with the same buffer. 

Sedimentation Velocity. Sedimentation velocity experi- 
ments were performed at 20 "C using a Beckman Model E 
analytical ultracentrifuge equipped with an electronic speed 
control, monochrometer, ultraviolet photoelectric scanner 
with multiplexer, and RTIC temperature control unit. Double- 
sector, charcoal-filled Epon centerpieces and sapphire win- 
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dows were used in AN-E rotors at 52 000 rpm. Digital scans 
of reaction boundaries were obtained at 280 nm and recorded 
on an IBM PS/2 computer linked to the scanner and 
multiplexer unit. Weight-average sedimentation coefficients 
(S20,w) at all defined total protein concentrations were 
determined from an approximation of the second moment 
of digitized scanner traces of the reaction boundary (Arisaka 
& Van Holde, 1979) and normalized to standard conditions 
after correction for solvent density and viscosity. 

For any model-independent system undergoing self- 
association the weight-average sedimentation coefficient can 
be determined from 

- 

where si and Ci are the sedimentation coefficients and 
equilibrium concentrations of the ith species, respectively 
(Schachman, 1959). Therefore, weight-average sedimenta- 
tion coefficient can be expressed as a function of protein 
monomer (CI) concentration as 

where 3: is the sedimentation coefficient of the ith species 
extrapolated to infinite dilution, g, is the respective hydro- 
dynamic nonideality coefficient, C,,, = X , C ;  and K, is the 
Adair equilibrium intrinsic association constant between 
monomer and any i-meric species present in solution. Kl is 
equal to unity, by definition. 

The data obtained from these experiments were analyzed 
using a nonlinear least-squares curve-fitting procedure (Mar- 
quardt, 1963) previously adopted in this laboratory (Hester- 
berg & Lee, 1981, 1982; Luther et al., 1986; Callaci et al., 
1990). Thus, estimates of the interaction parameters that 
best describe self-association for RNA polymerase core 
protein have been determined from the best-fit of the protein 
concentration-dependence of 3: at fixed salt concentration. 

In the curve-fitting procedure attempts were made to fit 
the weight-average sedimentation coefficient to every rea- 
sonable model for core protein self-association in order to 
determine the model that best describes aggregation phe- 
nomenon. The various models include a variety of two-state 
models, sequential polymerization and isodesmic association. 

Criteria for Model Selection. In analyzing the data to 
determine the stoichiometry and equilibrium constant, it 
became evident that, under certain conditions, more than one 
mode can describe the data equally well. Hence, the 
following set of rules was adopted to aid in assessing the 
reliability of data analysis. 

(1) Use either the standard root mean square deviation (0) 
or sum of squares of residuals (SS) to select the mode of 
association. The lower the value of o or SS, the better are 
the calculated data compared with those determined experi- 
mentally. 

(2) If two or more modes of association have equal or 
very similar o values, then the mode with the smallest 
number of species is chosen. 

(3) If rules 1 and 2 cannot allow differentiation between 
modes of association, then only those equilibria with 
consistent values for apparent association constants qPp are 
included in the final data analysis. 

Assumption of Molecular Geometry. In these data analy- 
ses, an estimate of the S;o,w for the species undergoing 
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Table 1 : Frictional and Sedimentation Coefficients for Oligomers 
of E. coli RNA Polymerase Core Protein" 

1 13.10 1.000 13.10 1 .ooo 13.10 
2 20.80 1.042 19.96 1.044 19.92 
3 27.25 1.105 24.66 1.112 24.50 
4 33.01 1.165 28.33 1.182 27.93 
5 38.30 1.224 31.29 1.255 30.42 
6 43.26 1.277 33.87 1.3 14 32.92 
8 52.40 1.374 38.14 1.433 36.57 

Values were calculated using the spherical geometry approximation 
[eq 3 and Schachman (1959)l where value for monomer species of 
13.10 S determined from linear regression through concentration 
dependence of weight-average sedimentation coefficient in TED buffer 
containing 0.25 M NaC1. Frictional coefficients have been taken from 
Table IX of Schachman (1959) and correspond to oligomers having 
proportionate axial ratios when considered as ellipsoids of revolution. 
* Sedimentation coefficients for oligomers exhibiting identical behavior 
characteristic of globular proteins, Le., flfa = 1.000, Frictional and 
calculated sedimentation coefficients for oligomers considered as oblate 
ellipsoids of revolution. Frictional and calculated sedimentation 
coefficients for oligomers considered as prolate ellipsoids of revolution. 

association is required. In the absence of definitive values 
of sedimentation coefficients for different oligomeric species 
of RNA polymerase core protein other than monomer (1 3.1 
S ) ,  estimates for values of ith species can be obtained by 
assuming spherical geometry relationship (Schachman, 1959) 

( 3 )  

where M; and M I  are the molecular weights of the associating 
species with i and 1 subunits, respectively; f is the frictional 
coefficient of the associating species and f o  is the frictional 
coefficient of a spherical molecule with the same mass and 
partial specific volume. It is reasonable to make the initial 
assumption here that all oligomeric species exhibit behavior 
typical of globular proteins having identical frictional ratios, 
Le., f7J0 = 1 (Cann, 1970; Nichol et al., 1964). 

In order to investigate the effect of the assumption of 
spherical geometry relationship in the uniqueness of the mode 
of RNA polymerase self-association, curve-fitting analysis 
of experimental data were also conducted by considering the 
higher oligomeric species of RNA polymerase core protein 
as being either oblate or prolate ellipsoids of revolution. 
Values of standard sedimentation coefficients used in this 
analysis are summarized in Table 1. 

Light Scattering. Protein solutions were exhaustively 
dialyzed against TED buffer with 50 mM NaCl to remove 
glycerol, clarified by centrifugation,and then filtered through 
a membrane filter to remove insoluble particles after being 
adjusted to the required concentration. Scattering measure- 
ments were carried out at 633 nm wavelength and 20 "C in 
a Chromatix KMX-6 small-angle photometer as described 
by Williams (1986), with the use of angular ranges 2-3", 
4-5", and 6-7". Solutions were introduced into the 
photometer's flow-cell through membrane filters (Millipore 
filter Type HA, 0.45 pm, followed by Type GS, 0.22 pm) 
that remained in the flow circuit for the duration of the 
experiment. 

RESULTS 

Reversibilitj of Aggregation Equilibrium. Before any 
attempt can be made to quantify self-association phenomena, 
it is important to ascertain that the observed changes in 

sedimentation coefficient reflect existing rapid equilibria. The 
criterion is the independence of S20,w as a function of rotor 
speed. The effects of rotor speed were investigated at fixed 
protein and salt concentration at rotor speeds varying between 
15 000 and 52 000 rpm. Protein solutions were first sedi- 
mented at either high or low speed, mixed, and then 
sedimented again at incremental lower or higher rotor speeds, 
respectively. The effects on measured values of S ~ O , ~  were 
negligible at all rotor speeds tested in this manner. These 
results established that the self-association is rapid and 
reversible. The data are, therefore, amenable to further 
analysis for equilibrium constants and stoichiometry. 

The effect of NaCl concentration on the reversibility of 
self-association of core RNA polymerase is further tested 
by monitoring the ability to recover the same value of 
Szo,w after subjecting the system to a perturbation by a 
change in salt concentration. Solutions of E. coli RNA 
polymerase (0.72 mg/mL) were initially subjected to sedi- 
mentation velocity at low salt concentration (TED buffer 
containing 0.01 M NaC1); samples recovered and dialyzed 
against TED buffer containing NaCl at a concentration 
greater than 0.20 M; protein concentration adjusted to 0.72 
mg/mL and again subjected to sedimentation velocity. This 
procedure was then adopted in reverse to retum to low salt 
concentration. An alternative approach was to subject a 
protein solution, previously dialyzed against low or high salt 
buffer, to removal of buffer by ultrafiltration through Amicon 
YM-10 membranes, followed by three washes with a buffer 
containing the appropriate NaCl concentration; this concen- 
trated protein was then collected in the same buffer, diluted 
to the desired protein concentration, and subjected to 
sedimention. This procedure was then repeated to change 
salt concentration of protein solution. A perturbation of the 
aggregation state of the enzyme by either of the above 
mentioned protocols yields essentially identical results. 
These results clearly attest to the reversibility of the self- 
association equilibrium for this protein under all the salt 
concentrations tested in this study. 

Salt Concentration Dependence of Self-Association. Hav- 
ing demonstrated that the self-association behavior of RNA 
polymerase is a true thermodynamic phenomenon, the salt 
concentration dependence of weight-average sedimentation 
coefficient of core RNA polymerase was obtained at the same 
fixed core protein concentration (0.72 mg/mL) by varying 
the salt concentration over the range of 0.01 -0.25 M in either 
NaCl or KC1. The data, presented in Figure 1, exhibit 
behavior that is qualitatively similar to that previously 
reported for this protein (Shaner et al., 1982) but have 
significant quantitative differences. The effects of both NaCl 
and KCl on the aggregation of core RNA polymerase are 
apparently identical, a fact which supports the conclusion 
that the observed effect could arise from specific interaction 
of anion with negatively charged core protein (Shaner et al., 
1982). At salt concentrations greater than 0.20 M, core 
protein appears to sediment as a homogeneous species having 
an apparent S20,w of 13.1 S .  The weight-average sedimen- 
tation coefficient increases to 22.4 S at salt concentrations 
below 0.05 M. The value of sedimentation coefficient in 
the plateau region is lower than that of 26.7 S reported 
previously in the absence of Mg2+ (Shaner et al., 1982). In 
both instances, the plateau region reflects the weight distribu- 
tion of the various oligomeric species at equilibrium. Hence, 

- 

- 

- 
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FIGURE 1: Salt concentration dependence of weight-average 
sedimentation coefficient for E. coli RNA polymerase core protein. 
Results were obtained from velocity sedimentation of fixed total 
core protein concentration (0.72 mg/mL) following extensive 
dialysis against TED buffer comprising 50 mM Tris (pH 7.8), 1 
mM EDTA, and 1 mM DTT supplemented with either NaCl (0) 
or KCl (0). All experiments were performed at 52 000 rpm and 
20 "C in Beckman Model E analytical ultracentrifuge. Weight- 
average sedimentation coefficients have been corrected to standard 
conditions. The curve drawn through data points is theoretical 
dependence of weight-average sedimentation coefficient deduced 
from eqs 2 and 4 for RNA polymerase core protein exhibiting 
sequential self-association of monomers. Appropriate values for K,  
have been determined from linear regression through Wyman plots 
for salt concentration dependence of respective Ki values describing 
self-association (Figure 8). 

- 
the specific value of S20,w depends on mode of association, 
association constant(s), and protein concentration. The 
observed difference in the value of S20,w between the two 
studies does not necessarily reflect a difference in the intrinsic 
mode of association of the enzyme. A more complete study 
is required to elucidate the mechanism of self-association 
of the core enzyme. 

Protein Concentration Dependence of SelfAssociation. 
The effect of protein concentration (0.05-4.00 mg/mL) on 
the weight-average sedimentation coefficient was determined 
under conditions of a fixed NaCl concentration. The data 
presented in Figure 2 clearly show differences in the extent 
of core protein self-association as NaCl concentration is 
increased from 0.01 to 0.25 M. The result obtained in buffer 
containing 0.01 M NaCl provides a typical example for a 
polymerizing system. The weight-average sedimentation 
coefficient initially increases with increasing protein con- 
centration, indicating a system undergoing association- 
dissociation, then approaches a plateau and subsequently 
decreases in a linear fashion, as a consequence of hydrody- 
namic nonideality (Schachman, 1959), as protein concentra- 
tion is further increased. Extrapolation through this linear 
region of the curve yields an estimate of 0.12 mL/mg for g, 
the solution hydrodynamic nonideality coefficient of eq 2. 
This value represents a balance between the opposing factors 
of protein self-association and solution nonideality. The 
larger-than-normal magnitude of this coefficient may be 
attributed to the extreme nonideality encountered in a buffer 
containing such low concentration of salt as a result of the 
primary-charge effect. Consequently, the apparent sedimen- 
tation coefficient is depressed due to differential sedimenta- 
tion of charged macromolecule and its counterions. 

In nearly all NaCl - concentrations used in these investiga- 
tions the value of S20,w increases with increasing protein 
concentration. These results imply that RNA polymerase 

- 
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FIGURE 2: Protein concentration dependence of E. coli RNA 
polymerase core protein self-association phenomenon. Weight- 
average sedimentation coefficients, corrected to standard conditions, 
were determined from velocity sedimentation experiments per- 
formed at 52 000 rpm and 20 "C in TED buffer supplemented with 
NaCl concentrations indicated. Curves drawn through data points 
are theoretical fitted curves for core protein undergoing sequential 
self-association scheme terminating at trimer determined from 
nonlinear regression computer curve-fitting routine (see text for 
details). Line drawn through experimental data points obtained in 
buffer containing 0.25 M NaCl is linear least-squares regression 
line extrapolated to infinite protein dilution. 

aggregates under these experimental conditions. The large 
solution nonideality effect observed in 0.01 M NaCl buffer 
apparently disappears at higher NaCl concentrations. Clearly, 
RNA polymerase core protein does not exist as purely 
monomer in 0.20 M NaCl buffer as evidenced by the 
apparently linear increase in weight-average sedimentation 
coefficient at protein concentrations greater than 1 mg/mL. 
However, at 0.25 M NaCl the weight-average sedimentation 
coefficient decreases in a linear fashion as protein concen- 
tration increases, according to the classical equation S ~ O , ~  = 
S&w (1 - gC,,). Linear least-squares analysis through this 
data set yields a value of 0.045 mL/mg for the hydrodynamic 
nonideality coefficient, a value approximately one order of 
magnitude higher than that expected for a nonassociating 
globular protein (Teller, 1973). The ordinate intercept yields 
a sedimentation coefficient extrapolated to infinite dilution, 
S'&w, of 13.2 f 0.08 S. In combination of the results 
shown in Figure 1 the sedimentation coefficient of 13.1 S is 
adopted for monomeric core RNA polymerase. 

In a system undergoing cooperative self-association equi- 
librium between monomer and oligomers larger than dimer, 
bimodal derivatives of the sedimentation boundaries should 
become evident with increasing protein concentration (Gil- 
bert, 1955, 1959, 1963). Examination of moving-boundary 
profiles obtained in these experiments showed no evidence 
of bimodality for any protein concentration at fixed NaCl 
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FIGURE 3: Experimental sedimentation velocity profiles of RNA 
polymerase core protein in TED buffer with 0.01 M NaCl at pH 
7.8 and 20 "C. The experimental conditions are as follows: (A) 
0.29 mg/mL, 30 000 rpm, 68 min; (B) 1 .O mg/mL, 24 000 rpm, 35 
min; (C) 1.75 mg/mL, 24000 rpm, 35 min. In each frame, the 
derivative curve is superimposed on the reaction boundary. 

concentration. Typical profiles at three different protein 
concentrations are shown in Figure 3. This suggests that 
RNA polymerase core protein undergoes a sequential mode 
of self-association and not the two-sate model previously 
suggested for this protein system (Shaner et al., 1982). 

Determination of Parameters Describing Self-Association 
of Core Protein. Parameters for the extent of core protein 
self-association, including stoichiometry of association and 
intrinsic association constants for the equilibria between 
oligomeric species, have been obtained from nonlinear 
analysis of the protein concentration dependence of weight- 
average sedimentation coefficient. Theoretical estimates for 
these parameters can be obtained from eq 2 as a function of 
C1, sp, g,, and K, fitted to the observed dependence of 
weight-average sedimentation coefficient upon total core 
protein concentration. Using the calculated values of sp for 
different oligomeric species and preliminary estimates for 
g, and K,, refined values of these parameters were obtained 
by a reiteration scheme to ensure minimization of the sum 
of the residual squared (SS) convergence criterion for each 
set of concentration-dependence data at fixed NaCl concen- 
tration. Hence, the scheme that globally best describes self- 
association of RNA polymerase core protein can be deter- 
mined from that which yields the lowest SS value at all NaCl 
concentration. Results from this approach are summarized 
in Tables 2 and 3, where sp values used are those calculated 
for oligomers with the assumption of the spherical and other 
geometry approximation, respectively. Values for equilib- 
rium intrinsic association constant are Adair constants for 
association of monomer to the indicated oligomer; units are 
expressed in terms of (mL/mg)'-'. Not all of the possible 
models are presented in Tables 2 and 3 as it was impossible 
to obtain adequate fittings for certain modes of protein 
aggregation, e.g., two-state systems having stoichiometry of 

Table 2: Summary of Fitted Equilibrium Intrinsic Association 
Constants for Self-Association of E. coli RNA Polymerase Core 
Protein as a Function of NaCl Concentration" 

[NaCl] K2 K3 K4 
(M) schemes (mL/mg) (mL/mg)2 (mL/mg)3 g SS 
0.01 1-3 498 0.13 8.42 

1-2-3 0.19 494 0.13 8.44 
1-2-3-4 0.21 526 42 0.13 9.06 

1-2-3 169 3500 0 4.75 
0 3.24 1-2-3-4 192 4020 780 

1-2-3 12.9 23.5 0 4.75 
1-2-3-4 13.2 21.3 7.44 0 4.49 

0 46.5 
1-2-3 0.55 0.21 0 11.9 
1-2-3-4 0.57 0.20 2.51 x 0 12.1 

0.18 1-3 0.08 0 0.70 
1-2-3 0.01 0.08 0 0.70 
1-2-3-4 0.01 0.08 6.00 x 0 0.71 

0.05 1-3 129 0 69.2 

0.08 1-3 17.1 0 254 

0.15 1-3 0.45 

Values for thermodynamic parameters governing self-association 
have been obtained using eq 2 where sedimentation coefficients of 
oligomers have been calculated on basis of spherical geometry 
approximation (f& = 1) and S& for monomer of 13.1 S .  Values in 
bold have been used to draw theoretical curves through experimental 
data points in Figure 2 and for determination of weight distribution of 
species in Figure 4. 

monomer += tetramer or multistate models involving higher 
aggregates. Although the following analysis focuses on data 
based on a spherical geometry approximation (Table 2) ,  
generally the same conclusion can be derived from data based 
on other geometry assumption (Table 3). After a quick 
survey of the results shown in Table 2, it is clear that the 
mode of self-association of core protein must involve a 
mechanism that does not include cooperative binding of 
oligomers to form higher aggregates, a finding supported by 
the observation of no bimodality in sedimentation patterns. 
However, it is interesting to note that curve-fitting of the 
weight-average sedimentation coefficient data in 0.01 M 
NaCl buffer indicated a possibility of monomer == trimer 
stoichiometry of aggregation. The extreme nonideal behavior 
exhibited by the core protein in this buffer with low salt 
concentration may be the cause for not observing bimodal 
pattems even though a monomer trimer stoichiometry was 
indicated in data fitting. Other modes of aggregation that 
might yield bimodal patterns under the same conditions were 
discounted on the basis that the associated SS values are at 
least one order of magnitude greater than that for monomer 
==s trimer equilibrium. A closer examination of the results 
of fitting of data at higher NaCl concentrations indicates that 
this mode of monomer == trimer aggregation cannot be the 
correct mode to describe the associating behavior of core 
protein in all NaCl concentrations as the SS values are 
significantly higher in these experimental conditions. Since 
the same conclusion can be derived for RNA polymerase 
oligomers of different geometry, the assumption involved 
in the geometry of RNA polymerase does not affect the basic 
conclusion in excluding a cooperative model for further 
consideration. 

The only models that adequately describe the mode of self- 
association of E. coli RNA polymerase core protein are 
sequential modes of protein aggregation for which the Gilbert 
(1955) theory does not predict bimodality, as indicated by 
the consistently low SS values deserved for the model. SS 
values for sequential self-association models invoking ag- 
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Table 3: Summary of Fitted Equilibrium Intrinsic Association Constants for Self-Association of E. coli RNA Polymerase Core Protein as a 
Function of NaCl ConcentrationY 

KZ (mL/mg) K3 (mL/mg)’ K4 (~nL/mg)~ ss 
[NaCl] (M) oblate prolate oblate prolate oblate prolate ,e oblate prolate 

0.01 0.51 0.13 
0.58 1.96 

60 30.4 
0.05 8.65 1.40 

50.5 7.20 
2235 1443 

0.08 12.7 12.5 
24.0 20.9 
24.0 24.2 

0.15 0.59 0.60 
0.62 0.65 
0.75 0.77 

0.18 0.001 7.12 x 
0.03 2.56 x 
0.08 8.53 x 

3.95 x 104 
392 

1922 
3492 

62.4 
0.41 

0.37 
0.32 

0.11 
0.09 

1.06 x 105 
268 

1650 
I787 

65.9 
21.9 

0.33 
0.25 

0.12 
1.10 

6767 
6.00 x 104 

8325 
8.54 x lo6 

343 
344 

2.64 x 10-3 
0.28 

0.01 
0.05 

0.13 111 
8224 0.13 8.62 

0 3.51 
1243 0 3.20 

4.36 x IO6 0 7.23 
0 5.18 

255 0 3.81 
384 0 3.84 

0 12.2 
0.08 0 12.1 
0.30 0 12.6 

0 0.62 
9.87 x 10-3 o 0.80 
5.15 x 0 0.91 

3.10 x 104 0.13 11.1 

124 
8.60 
9.64 
3.49 
3.39 
7.15 
5.19 
3.90 
3.82 

12.4 
12.2 
12.5 
0.64 
0.65 
0.89 

Values for thermodynamic parameters goveming self-association have been obtained using eq 2 where sedimentation coefficients of oligomers 
have been calculated from consideration of higher oligomers as either oblate or prolate ellipsoids of revolution having appropriate axial ratios. 
Under colums oblate and prolate are values of K, obtained for oblate and prolate ellipsoids of revolution, respectively. 

gregation beyond trimer are essentially unchanged. There- 
fore, on the basis of SS values alone it is not possible to 
rule out models of protein self-association beyond trimer, 
but they may reasonably be excluded on the grounds that 
the equilibrium intrinsic association constants for self- 
association to higher aggregates (Le., K4, Ks ,  etc.) are 
considerably smaller than K3. Hence, sequential self- 
association of core protein monomers to form trimer was 
chosen as the simplest model to describe the aggregation 
phenomenon on the basis of rules established for similar 
investigations of phosphofructokinase (Luther et al., 1986; 
Cai et al., 1990) and listed in Materials and Methods. 

The excellent fit of theoretical curves drawn through data 
points in Figure 2 visually indicates that the association 
constants and stoichiometry of aggregation characterizing the 
sequential model of association adequately describe the 
behavior of core RNA polymerase. The values for hydro- 
dynamic nonideality coefficient (g) quoted in Table 2 are 
those that yielded lowest SS value in conjunction with floated 
values for equilibrium intrinsic association constants. The 
fitted value of 0.13 mL/mg in 0.01 M NaCl buffer is in good 
agreement with that of 0.12 mL/mg determined experimen- 
tally. At other salt concentrations tested in this manner, the 
value of g yielding the lowest SS is zero; SS increases in 
hyperbolic manner when fits are repeated with g constrained 
to be greater than zero and the Ki’s are floated (data not 
shown). 

Theoretically determined parameters that describe core 
protein self-association have not been presented for experi- 
mental data obtained in 0.20 M NaCl buffer. Various 
combinations of small values for equilibrium association 
constants provided equally good fits to experimental data, 
thereby not allowing discrimination of thermodynamic 
parameters that describe core protein self-association at this 
particular salt concentration. Thus, the curve drawn through 
this particular set of experimental data points merely indicates 
the trend of data. 

At NaCl concentrations higher than 0.01 M, models 
describing sequential self-association to trimer or tetramer 
can fit the experimental data well. An alternative model 
involving successive dimerizations (monomer == dimer 
tetramer) also provides adequate description of core protein 

self-association at most NaCl concentrations. It is not 
surprising that the stoichiometry is extended to tetramer for 
the protein with nonspherical geometry (Table 3). This is a 
natural consequence of the fact that asymmetric macromol- 
ecules are characterized by small values for Sqo,w (Table 1); 
thus, the same numerical value of S20,w would imply the 
presence of species of larger stoichiometry. Although a 
consideration of RNA polymerase core protein aggregates 
as either spheres or ellipsoids represent the extreme limits, 
the important feature to arise from these studies is that a 
sequential model of self-association provides the best 
description for this system and eliminates further serious 
consideration of cooperative model. 

Having determined the thermodynamic parameters that 
govern the self-association of core RNA polymerase, it is 
useful to know the distribution of all oligomeric species 
present in solution as a function of total protein concentration. 
Species distributions have been determined for two sequential 
self-association schemes terminating at trimer and tetramer, 
respectively, where oligomers obey the spherical geometry 
approximation. Extreme hydrodynamic nonideality in 0.01 
M NaCl buffer effectively precludes meaningful analysis. 
Both sequential self-association schemes yield essentially 
identical oligomer distributions, there being maximally less 
than 2% tetramer at the highest protein concentration used 
in these experiments and at all salt concentrations. Therefore, 
it is appropriate to discount further serious consideration of 
self-association of RNA polymerase core protein beyond 
trimer. Weight-percent distributions of oligomers in TED + 0.15 M NaCl are presented in Figure 4. 

Simulation of Velocity Sedimentation Boundary and De- 
rivative Profiles. A powerful tool to define the mode of 
macromolecular association is to compare and contrast the 
simulated and experimental sedimentation profiles. Bimo- 
dality in the derivative profiles of the sedimentation boundary 
is predicted for cooperative associating systems when n L 
3 (Gilbert, 1955, 1959). No evidence of bimodality was 
observed in the present sedimentation velocity experiments, 
a finding in accordance with the self-association scheme 
determined from curve-fitting. Therefore, in order to further 
assess the validity of this proposed sequential model of core 
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FIGURE 4: Weight distribution of oligomeric species for E. coli 
RNA polymerase core protein undergoing sequential self-association 
of monomer terminating at trimer. Curves are theoretical distribu- 
tions of monomer (solid line), dimer (short-dash line) and trimer 
(long-dash line) in TED + 0.15 M NaCl calculated from nonlinear 
computer curve-fitting routine (see text). 

tions of velocity sedimentation derivative profiles for the 
sequential self-association model (Figure 5b,d) do not exhibit 
bimodal pattems, a finding in agreement with classical 
Gilbert theory for associating systems; similar pattems are 
observed for both cases of geometric extremes. These 
simulated results based on the sequential model are in good 
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protein self-association, an extensive study of simulated 
velocity sedimentation boundary and derivative profiles was 
undertaken. Thermodynamic parameters obtained for the 
self-association scheme determined for globular (spherical) 
and ellipsoid aggregates have been used to simulate profiles 
for system exhibiting monomer =+ dimer == trimer equilib- 
rium. 

Simulations of velocity sedimentation boundary and 
derivative profiles were performed on a IBM PS/2 personal 
computer using minor modifications of the routine developed 
by Cox and Dale (1981). Diffusion coefficients for n-mers 
were determined by use of the Svedberg equation and 

The theory for sedimentation behavior of an associating 
system predicts the observation of bimodality in the sedi- 
mentation profiles of a cooperative model proposed by 
Shaner et al. (1982), but such an observation was not 
reported. Hence, in an effort to identify the cause of the 
difference in conclusions between the study by Shaner et al. 
and this report, simulations of core protein undergoing 
cooperative self-association have been performed using 
values of K4 deduced from Figure 8 of Shaner et al. (1982), 
where oligomers have been assumed to obey the spherical 
geometry approximation. Similar simulations have been 
performed for oligomers considered as ellipsoids of revolu- 
tion. Simulations were performed for 30 min velocity 
sedimentation at 32 000 rpm using the average core protein 
concentration (0.29 mg/mL) used in previous study (Shaner 
et al., 1982) or at 52 000 rpm and the same indicated core 
protein concentration in order to mimic the experimental 
conditions of this study and to allow direct comparison of 
profiles for differing modes of self-association. 
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FIGURE 5 :  Simulated velocity sedimentation protein concentration gradient profiles for RNA polymerase core protein undergoing different 
self-association equilibria. Profiles were obtained using distorted-grid simulation routine (Cox & Dale, 198 1). Values of sedimentation 
coefficients, diffusion coefficients, and appropriate equilibrium intrinsic association constants used in these simulations are described in 
text. Panels a and c are simulations for two-state model of core protein self-association where oligomers are considered as either spheres 
or prolate ellipsoids, respectively, at NaCl concentrations of (1) 0.228 M, (2) 0.190 M, (3) 0.167 M, (4) 0.121 M, and ( 5 )  0.079 M. Protein 
concentration = 0.29 mg/mL, rotor speed = 32 000 rpm, duration = 30 min, and g = 0.007 mL/mg for all simulated profiles. Panels b and 
d are simulations for sequential model of core protein self-association, oligomers considered as spheres and prolate ellipsoids, respectively. 
NaCl concentrations are (1) 0.18 M, ( 2 )  0.15 M, (2)0.15 M, (3) 0.08 M, (4) 0.05 M, and ( 5 )  and (6) 0.01 M. Protein concentration = 0.29 
mg/mL, rotor speed = 52 000 rpm, duration = 30 min, and g = 0.007 mL/mg at all salt concentrations; profiles were also abtained for 
self-association at 0.01 M NaCl(5) where g = 0.13 mL/mg in accordance with best-fit value of hydrodynamic nonideality coefficient 
obtained from nonlinear regression analysis through experimental data. 
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FIGURE 6: Protein concentration dependence of weight-average 
molecular weight of E.  coli RNA polymerase core protein. Results 
were obtained, as described in the text, from small-angle light 
scattering experiments performed using core protein in TED buffer 
(pH 7.8) containing 0.05 M NaCl at 20 "C. Scattering angles used 
were (0) 2-3", (V) 3-4", (m) 4.5-5.5", and (A) 6-7". Curves 
drawn through experimental data points represent theoretical 
dependence of weight-average molecular weight as function of core 
protein concentration: (- - -) protein exhibiting cooperative mono- 
mer-tetramer mode of self-association, and sequential self-associa- 
tion of monomer to trimer where oligomers are considered as sphere 
(-) and prolate ellipsoids (. * *), respectively. 

Profiles obtained for two-state monomer == tetramer 
stoichiometry of core protein self-association are presented 
in Figure 5 panels a and c for spherical and prolate ellipsoid 
oligomers, respectively, as a function of NaCl concentration. 
Bimodality is clearly apparent in these simulated protein 
concentration derivative profiles in agreement with predic- 
tions based on Gilbert theory (1955, 1959, 1963) for a self- 
associating protein where n 2 3. Under the specific set of 
experimental conditions, only a single peak will be observed 
at high salt concentration; as salt concentration is decreased, 
a second faster-moving peak becomes apparent with con- 
comitant decrease in the size of the slower-moving peak. 

In most of these simulated profiles a value of 0.007 mL/ 
mg was used for hydrodynamic nonideality coefficient by 
assuming that the protein is globular. For low salt condition 
at 0.01 M NaC1, simulations have also been performed using 
the fitted hydrodynamic nonideality coefficient of 0.13 mL/ 
mg in order to illustrate the severe effect of solution 
nonideality prevalent at this experimental condition. Bimo- 
dality is clearly evident for core protein exhibiting coopera- 
tive self-association at the low concentration (0.29 mg/mL) 
used in previous study (Shaner et al., 1982) even in the 
presence of such nonideal solution environment. Thus, 
nonideality is unlikely to be the cause for the failure to 
observe bimodality by Shaner et al. 

Light Scattering Studies of Core Protein Self-Association. 
In order to acquire additional information on the sequential 
model of core protein self-association, studies by small-angle 
light scattering of core protein solutions were conducted at 
fixed NaCl concentration (0.05 M). 

It is evident from the results presented in Figure 6 the 
efforts to remove dust from protein solution has not been 
completely successful. Although it was not possible to obtain 
accurate estimates of weight-average molecular weights of 
protein solutions from resultant Zimm plots (data not shown), 
the measured values of M ,  do represent an upper bound to 
the true values and can be examined for consistency with 
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the models used to fit the sedimentation data. Theoretical 
protein concentratich dependence of M ,  was determined by 
use of the data from calculated oligomeric species distribu- 
tions (eq 2) for the cooperative and sequential models of 
core protein self-association. Values for K2 and K3 for 
sequential self-association are those presented in Table 2 
for spherical oligomers and Table 3 for prolate ellipsoids of 
revolution: the appropriate value of K4 has been deduced 
from Figure 8 of Shaner et al. (1982) for cooperative 
formation of tetrameric oligomer. The curves drawn through 
Figure 6 represent theoretically determined weight-average 
molecular weights (M,) for sequential monomer == dimer 

trimer self-association (solid line, spherical oligomer 
geometry; short-dash line, prolate ellipsoid oligomer geom- 
etry) and cooperative monomer-tetramer aggregation (long- 
dash line, spherical oligomer geometry). Owing to the extent 
of noise from "dust" in core protein solutions, one cannot 
definitively discriminate between theoretical curves deter- 
mined for spherical and ellipsoid oligomers; however, the 
bad fit observed for cooperative self-association scheme, 
where oligomers have been considered as spheres only, fur- 
ther supports the conclusion that the cooperative mode of 
association does not adequately describe data from this study. 

- 

- 

DISCUSSION 

The self-association of E.  coli core RNA polymerase was 
studied by a combination of sedimentation velocity experi- 
ments and computer simulation. The only self-consistent 
model that can best describe the data under all experimental 
conditions employed in this study is a sequential model. This 
conclusion is consistent with the results of small-angle X-ray 
study by Heumann et al. (1982). The cooperative model 
proposed by Shaner et al. (1982) is not compatible with the 
results of this study. One of the evidences that is inconsistent 
with the cooperative model is the absence of bimodality in 
the sedimentation profiles, which contain a wealth of 
information. While bimodality may be clearly evident in 
derivative profiles, which correspond to Schlieren pattems, 
evidence of bimodality cannot always be clearly observed 
at low protein concentrations from a casual survey of the 
moving-boundary profiles which are recorded by UV scanner 
attached to Model E analytical ultracentrifuge. Simulated 
moving-boundary and derivative profiles are employed to 
illustrate this important point, as shown in Figure 7. The 
experimental conditions of Shaner et al. (1982) were chosen 
for this simulation. It is evident that bimodality in the 
derivative profiles is observable even for a short sedimenta- 
tion run of 30 min. The reaction boundary corresponding 
to the slow-moving peak exhibits no special feature except 
an elevation from the baseline. The accuracy to define the 
value of S depends on the ability to precisely determine the 
end point of the reaction boundary. At low protein concen- 
trations, the signal to noise ratio will significantly increase 
rendering the precise location of the end points of the reaction 
boundary even more difficult. This difficulty is further 
aggravated in defining the boundary with longer durations 
of sedimentation due to the additional spreading of the 
reaction boundary. An error in defining the end point toward 
the meniscus will lead to an erroneously high S value. The 
difficulty in defining the end-points may contribute towards 
the significantly higher S values reported by Shaner et al. 
For example, in Figure 7C, the value of S ~ O , ~  for the fast- 
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FIGURE 7: Simulated sedimentation velocity profiles of RNA 
polymerase core protein at 0.29 mg/mL, 32 000 rpm, 1800 s of 
sedimentation time, Syo and D;o for monomer and tetramer are 
11.9S/2.76 x cm*/S and 28'.13/1.63 x cm2/S, respec- 
tively. The [Cl-] in M and K4 in M-3 are as follows: (A) 0.19, 
2.51 x 1017; (B) 0.167, 2.51 x lo1*; and (C) 0.143, 1.58 x 
In each frame, the derivative curve is superimposed on the reaction 
boundary. 

moving peak is 25 S while the value of s,o,, is 19.4 S .  
Under the same experimental condition, the value of S20,w 
reported by Shaner et al. is approximately 24 S .  Thus, it is 
conceivable that the difference between the conclusions of 
studies by Shaner et al. and this laboratory is not in the data 
but in the procedure of data analysis. It is imperative that 
in any study of macromolecular assembly by sedimentation 
velocity a careful analysis of the derivative profiles of the 
reaction boundary be conducted. The shape of these profiles 
contains a wealth of information pertaining to the mode of 
association. 

It should also be noted that Shaner et al. included at least 
3% glycerol in their experiments, a situation which could 
contribute significant thermodynamic nonideality from inclu- 
sion of inert space-filling solute in reaction mixture. Such 
effects of inert solute would be expected to enhance an 
existing equilibrium to favor the formation of large ag- 
gregates (Lee & Timasheff, 1977; Harris & Winzor, 1985; 
Sheanvin & Winzor, 1988). Thus, in the present case, the 
amount of tetramer would be increased at the expense of 
monomer, thereby making identification of slower peak 
difficult, if not impossible. 

In accordance with previous findings, Shaner et al. (1982) 
showed that the self-association of core RNA polymerase is 
an anion-linked phenomenon. Hence, the chloride depen- 
dence of equilibrium intrinsic association constants describing 
aggregate formation is presented in Figure 8. The equilib- 
rium intrinsic association constants in this figure are pre- 
sented having units of M"-'. They are related to values 
reported in Table 2 by the relationship 

- 

(4) 

where M I  is the molecular weight of monomeric RNA 
polymerase core protein (380 000). This plot clearly shows 
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FIGURE 8: Dependence of fitted equilibrium constants for formation 
of RNA polymerase core protein aggregates upon NaCl concentra- 
tion. Adair constants having appropriate molar units have been 
calculated from data summarized in Table 2 and eq 4 where higher 
aggregates have been considered to obey spherical geometry 
approximation. The line drawn through the data is linear least- 
squares regression line excluding data obtained in TED buffer 
containing 0.01 M NaCl. 

a typical Wyman (1964) dependence of association constants 
for sequential dimer and trimer formation (k2 and k3) upon 
NaCl concentration. Apparent equilibrium intrinsic associa- 
tion constants for core protein aggregation in 0.01 M NaCl 
buffer are all depressed and do not obey linear linked- 
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Table 4: Intrinsic Association Constants Defining Binding of 
Successive Monomeric Subunits in RNA Polymerase Core Protein 
Aeereeation Phenomenon“ 

[NaCl] (M) scheme k2 (M-’) k3 (M-I) k4 (M-’) 
0.01 1-2-3 

0.05 1-2-3 

0.08 1-2-3 

0.15 1-2-3 

0.18 1-2-3 

1-2-3-4 

1-2-3-4 

1-2-3-4 

1-2-3-4 

1-2-3-4 

3.61 x lo4 

3.21 x lo7 

2.45 x lo6 

6.59 x lo8 

5.25 x 106 

4.62 x lo5 

3.99 x 104 6.35 x io* 2.27 x 104 

3.65 x 107 5.30 x i o 6  5.53 x 104 

2.51 x i o 6  4.08 x 105 9.97 x 104 
1.05 105 9.63 x 104 
1.08 x 105 8.91 x 104 3.58 x 103 
1.90 x 103 2.03 x 103 
1.90 x 103 2.03 x 103 2.14 x 105 

Calculated from Adair association constants presented in Table 2 
and converted to molar units using eq 4 for system where aggregate 
species have been considered to obey spherical geometry approxima- 
tion: microconstants for core protein self-association are defined where 
K2 = k2, K3 = k2k3, and K4 = kZk3k4. 

function relationship. This represents another manifestation 
of hydrodynamic nonideality arising from primary charge 
effect as evidence (see Figure 2)  from protein concentration 
dependence of the weight-average sedimentation coefficient 
at this salt concentration. Consequently, lines drawn through 
data points represent linear least-squares regression excluding 
data at low NaCl concentration. From slopes of these 
regression lines, each core protein monomer releases 3.6 f 
0.70, 2.8 i 0.23, and 3.1 f 0.24 chloride ions per contact 
upon association to dimer, trimer and tetramer aggregate 
species, respectively. Thus, it can be reasonably concluded 
that each core protein monomer releases three chloride 
counterions per contact upon self-association to higher 
oligomeric species. 

Equilibrium constants determined for core protein self- 
association are Adair constants for equilibrium between 
monomer and i-mer species which can be related to intrinsic 
microconstants for binding of successive core protein 
monomers (k j ,  having M-’ units), where 

K2 = k,  

K3 = k,k, 

K4 = k2k3k, (5) 
Dissected intrinsic microconstants are summarized in Table 

4. It is apparent that binding affinity of second and third 
monomers are approximately equivalent, there being slight 
negative cooperativity of trimer formation at salt concentra- 
tions greater that 0.05 M. Binding of further monomer to 
form higher aggregate species involves higher degree of 
negative cooperativity of binding. Therefore, it can be 
reasonably concluded that although self-association of RNA 
polymerase core protein apparently involves sequential 
addition of monomer in formation of higher oligomers the 
actual mechanism does not involve classical isodesmic self- 
association (van Holde, 1975) wherein standard enthalpy 
change is identical for each successive monomer addition 
and standard entropy change is similarly identical (Garland 
& Christian, 1975; Adams et al., 1978). However, in a 
purely qualitative sense, the observed decrease in theoreti- 
cally determined successive equilibrium microconstants ( k J  
is suggestive of the attenuated equilibrium constant (AK) 
model variant (Garland & Christian, 1975) of the more 
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tradition sequential equilibrium constant (SEK) model (Gar- 
land & Christian, 1975; Adams et al., 1978) which has been 
successfully applied in analysis of indefinitely self-associat- 
ing systems (Beckerdite et al., 1980). The AK model 
proposes that there should be varying entropy changes such 
that equilibrium constants (k,) are systematically attenuated 
for each successive step, thus k3 = k2/2 and k4 = k3/3, etc. 
The model-fitting attempts in this study have included efforts 
to constrain values of K, in order to accommodate the 
sequential model for core protein self-association with both 
SEK and AK models of isodesmic self-association; however, 
to date, these attempts have only resulted in a failure to 
converge on meaningful values. 

On the basis of the results of this study it is clear that 
core protein self-association phenomenon exists at physi- 
ologically relevant conditions of pH and salt concentration 
with all oligomers being present in solution. A significant 
proportion of intracellular RNA polymerase exists as core 
protein in vivo since purified protein displays variable extent 
of saturation with 0 factor, ranging from 40 to 80% saturation 
(Berg et al., 1971; Lowe et al., 1979). The extent of 
saturation of core protein with 0 factor in vivo has been 
estimated to be as low as 40-30% (Burgess, 1976). 
Estimates based on typical purification yields of 100-400 
mg of protein per kg of wet cells (Burgess, 1971) indicate 
that RNA polymerase core protein exists as an equilibrium 
mixture of oligomers comprising 87-96% monomer, 3.7- 
11% dimer, and 0.3-2% trimer in vivo. In fact, the situation 
pertaining in vivo is likely to be even more complex once 
account is taken of thermodynamic nonideality effects arisin, 
from presence of inert solutes which crowd the intracellular 
milieu. This “molecular crowding” effect would enhance 
protein interaction equilibria (Harris & Winzor, 1985; 
Shearwin & Winzor, 1988; Lee & Timasheff, 1977; Jarvis 
et al., 1990), a point which has not been addressed in the 
investigation. The present in vitro study was conducted in 
the absence of cellular milieu which will render the system 
thermodynamically nonideal. Such nonideality may be 
mimicked by macromolecular crowding. In view of the 
recent recognition of the potential importance of “macro 
molecular crowding” in macromolecular assembly (Jarvis et 
al., 1990; Zimmerman, 1994), it is important that the self- 
associating properties of the enzyme, which plays such a 
central role in transcription, be systematically characterized. 
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