
HAL Id: hal-00528544
https://hal.science/hal-00528544v1

Submitted on 22 Oct 2010

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Equivalence of Mg and Na ions in salt dependence of the
equilibrium binding and dissociation rate constants of RNA

polymerase open complex
Tomasz Łoziński, Krystyna Bolewska, Kazimierz L. Wierzchowski

To cite this version:
Tomasz Łoziński, Krystyna Bolewska, Kazimierz L. Wierzchowski. Equivalence of Mg and Na ions in salt
dependence of the equilibrium binding and dissociation rate constants of RNA polymerase open complex.
Biophysical Chemistry, 2009, 142 (1-3), pp.65. ⟨10.1016/j.bpc.2009.03.004⟩. ⟨hal-00528544⟩

https://hal.science/hal-00528544v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


�������� ��	
���
��

Equivalence of Mg2+ and Na+ ions in salt dependence of the equilibrium
binding and dissociation rate constants of Escherichia coli RNA polymerase
open complex
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Abstract 

Conflicting experimental data on the influence of Mg
2+

 ions on the salt dependence of 

formation/dissociation of open transcription complex (RPo) of Escherichia coli RNA 

polymerase led us to carry systematic measurements of the dissociation rate constant (kd) and 

thermodynamic stability of complexes at λPR and Pa promoters in a broad range of [NaCl] 

and [MgCl2] at 25, 31 and 37°C, using fluorescence detected abortive transcription assay. 

Values of kd determined in MgCl2 in the presence of heparin, as a commonly used anionic 

competitor, were shown to depend on heparin concentration whereas in NaCl this effect was 

not observed. Kinetics of dissociation was therefore determined in the course of salt-induced 

down-shift of the binding equilibrium. Salt derivatives of kd’s (nd) appeared to be similar in 

NaCl (∼8.5) and MgCl2 (∼10) for both complexes. Isotherms of fractional occupancy of 

promoters by RNAP as a function of ln [salt] were shown to conform to a sigmoid Boltzman 

function parameterized to include binding constant of RPo and a net change (nobs) in the 

number of electrolyte ions associated with complex components upon its 

formation/dissociation. The fitted values of nobs appeared also similar in NaCl and in MgCl2: 

∼18 for RPo/λPR and ∼20 for RPo/Pa, respectively. Overall unfavorable vant’Hoff enthalpy 

(∆Hobs) of RPo proved to be much higher in MgCl2 than in NaCl by ca. 20 kcal/mol for both 

complexes, rendering them profoundly less stable in the former salt. In both salts, ∆Hobs was 

higher by ∼30 kcal/mol for RPo/Pa relative to RPo/λPR. Similarity of nobs and nd values for the 

two salts indicates thermodynamic equivalence of Mg
2+

 and Na
+
 in [salt]-controlled binding 

equilibrium of RPo. This finding remains in disagreement with earlier data and suggests that 

salt effects on open complex stability should be sought in global compensating changes in 

distribution of all ionic species around the interacting complex components.  

Keywords: Escherichia coli RNA polymerase; open transcription complex; λPR promoter; 

salt dependence of open complex stability; effect of Mg
2+

 on open complex stability  
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Introduction  

The divalent magnesium cation is an essential element for the growth and maintenance 

of living cells, whose transport and role in cell homeostasis are extensively studied [1, 2]. It is 

an essential cofactor required for catalytic function of a variety of enzymes, in particular for 

DNA and RNA polymerases [3, 4]. However, the role of Mg 
2+

 ions in salt-controlled kinetics 

of initiation of transcription by bacterial RNA polymerase and in stability of open 

transcription complex is not well understood. 

The major contribution to the free energy driving formation of transcription competent 

complexes by Escherichia coli RNA polymerase at cognate promoters in dilute salt solutions 

is of entropic origin connected primarily with a net change in the number of cations associated 

with negatively charged DNA phosphates [5-7]. The corresponding equilibrium binding 

constants of these complexes are thus strongly dependent on salt concentration. Kinetic 

experiments in NaCl have revealed that both the association (ka) and dissociation (kd) rate 

constants for the open transcription complex (RPo) of Escherichia coli RNA polymerase (R) 

at the λPR promoter (P) vary as [Na
+
]

-12
 and [Na

+
]
8
, respectively. Consequently, the 

corresponding equilibrium constant, Kp = ka/kd, varies with [Na
+
]

-20
 [8]. In dilute MgCl2 

solutions, this dependency has been reported to be very different for the association and 

dissociation reactions [6, 9]: while ka varied as [Mg
2+

]
-5

, the value of kd appeared only very 

weakly [salt] - dependent, with an exponent of ca. 0.4. The latter observation has been 

interpreted as a net result of (i) reassociation of ca. 4 Mg
2+

 ions (equivalent to 8 Na
+
) upon 

renaturation of the melted promoter DNA to double-stranded form during RPo dissociation, 

and (ii) concomitant release of 3 Mg
2+

 ions from a postulated Mg-induced form of the 

complex called RPo2. In a similar study for RPo at a model Pa promoter [10], shown to 

conform like λPR to the three-step mechanism of the complex formation [5, 6, 8], we have 

demonstrated that kd varies as [Mg
2+

]
4
. To resolve the apparent discrepancy between the two 
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works, we extended our investigations on [salt]-dependence of the kinetics of dissociation of 

RPo at both λPR and Pa promoters to a broader range of [MgCl2]. Parallel reference 

experiments were conducted in NaCl solutions. The reported herewith results of these studies 

demonstrate that: (i) heparin in the presence of Mg
2+

 inactivates RPo in a bimolecular reaction 

so that it does not behave as a true polyanionic competitor what explains discrepancy between 

the earlier measured values of [salt]-derivatives of kd, (ii) salt-derivatives of heparin-

independent kd’s in MgCl2 and in NaCl are similar one with another. Subsequent 

determination of binding isotherms for RPo in the two salts at a number of temperatures 

allowed confirmation of the latter finding by showing that also [salt]-dependence of the 

binding equilibrium constant in the two salts is similar. Thermodynamic stability of RPo at 

both promoters appeared to much lower in MgCl2 than in NaCl, however, owing to a higher 

unfavorable overall enthalpy of the complexes in the former solvent. 

Experimental 

RNA polymerase 

RNA polymerase (EC 2.7.7.6) was prepared according to [11] as described previously [10, 

12, 13]. The enzyme was stored at 0 °C in buffer S (50% glycerol, 100 mM NaCl, 10 mM 

TRIS-HCl pH 7.9, 0.1 mM DTT); its activity was estimated according to [14] at ca. 50%. The 

enzyme concentrations reported here refer to its active form. 

Promoters 

Model promoter Pa was synthesized and cloned into pDS3 plasmid as described previously 

[12]; λPR promoter, encompassing positions from –59 to +21 with respect to its transcription 

start-site, was obtained by PCR [13] and cloned similarly into pDS3 plasmid. DNA fragments 

bearing promoter sequences: Pa (226 bp long) and λPR (264 bp long) were prepared by PCR. 

Concentration of PAGE purified DNA fragments was determined spectrophotometrically. 

Sequences of the two promoters are shown in Scheme 1. 
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(Place for the insertion of the Scheme 1) 

Reagents and chemicals 

γ-ANS-UTP was prepared according to Yarbrough et al. [15]. ANS was from Fluka. UTP, 

ApA, CpA, heparin, Tris and 1.0 M solution of MgCl2 were from Sigma. Poly(dT) was from 

Miles Laboratories. NaCl stock solution was prepared from dried salt (Chempur).  

Buffers Binding buffer (BB) used for RPo formation contained: 0.01 M Tris-HCl/pH 7.9, 

0.001 M DTT, 0.01% BSA, and varying concentration of either NaCl (0.15 – 0.45 M) or 

MgCl2 (0.05–0.13 M). For experiments in pure Tris-HCl buffer, pH 7.9, [Tris] was set at 

0.225 M. Transcription buffer (TB) used for quantification of RPo in experiments carried out 

in the presence of NaCl contained: 0.01 M Tris-HCl/pH 7.9, 0.001 M DTT, 0.01% BSA 0.1 

M NaCl, 0.01 M MgCl2 and 10 µg/ml of heparin; in experiments conducted in MgCl2 

concentration of the latter salt in TB was 0.04 M, while when in pure Tris-HCl/pH 7.9 buffer - 

[Tris] was set at 0.15 M. 

RPo formation  

RPo complexes for equilibrium binding experiments were formed by incubating DNA 

fragment containing λPR or Pa promoter (4 nM) and RNAP (40 nM) in the BB buffer 0.15 M 

in NaCl or 0.05 M in MgCl2 for 2 hours at 37 °C. These conditions were established with a 

reference to the published data [8, 9], our laboratory experience [10] and results of the present 

work. They proved to be optimal for full occupancy of promoter DNA in formation of both 

RPo/λPR and RPo/Pa complexes. Higher [salt]’s in BB were used to set the binding 

equilibrium at a lower level of promoter occupancy. For kinetic studies the complexes were 

formed at a lower [RNAP]/ [DNA] ratio of 4-5 and a smaller reactants concentration.  

Modified fluorescence detected abortive initiation assay (MFDAI) 

In order to be able to measure fast rates of RPo dissociation at high salt concentrations and to 

increase general accuracy of fluorescence detected abortive initiation assay (FDAI) [9, 10], 
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used for quantification of RPo at equilibrium, we modified this assay in following way. A 

series of equilibrated RPo formation or dissociation reactions in BB buffer were sampled and 

immediately brought to TB buffer containing a lower [salt] and heparin (10 µg/ml), to prevent 

any changes in the original binding equilibrium, and substrates for abortive transcription 

initiation (final concentration: 0.2 mM in initiating dinucleotide, ApA or CpA respectively for 

RPo/Pa and RPo/λPR, and 0.1 mM in γ-ANS-UTP). The thus started steady-state transcription 

in the whole series of samples was carried out at 37 °C up to ca. 20% of consumption of the 

ANS-UTP substrate and then stopped by several-fold dilution with 0.02 M of EDTA solution. 

Finally, fluorescence intensity of accumulated fluorescent 5’-pyrophosphate-ANS product, 

proportional to content of RPo, was measured using earlier described dedicated 

spectrofluorimeter [10] and/or a microplate Fluorecence Reader (FLx Biotek). Control 

experiments showed that during the long lasting transcription reactions the extent of 

inactivation of RPo was very small and similar within the whole series of samples, so that 

relative content of RPo therein could be accurately determined.  

Kinetics of RPo dissociation as a function of salt concentration 
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Dissociation of preformed open complexes in BB solution, equilibrated at a selected [salt] and 

temperature (25 or 37 °C, for RPo/λPR and RPo/Pa, respectively), was initiated by addition of 

an equal volume: (1) of a concentrated MgCl2 or NaCl solution to a desired final [salt], to 

shift the binding equilibrium to a lower level (called salt-shift method), or/and (2) of a 

solution containing DNA competitor (heparin: 10 – 60 µg/mL, or poly(dT): 0,8 mg/mL), to 

make the reaction irreversible [9, 10]. Fractions fRPo of open complexes remaining at time t 

after initiation of dissociation process were determined using the MFDAI assay described in 

the preceding paragraph. The first-order dissociation rate constants kd were evaluated from 

linear least-squares fit (Origin 4.1) of the function: ln(fRPo) = A + kd × t to the experimental 

(fRPo, [salt], t) data points. 

Determination of equilibrium fraction of RPo as a function of salt concentration 

The amount of complexes formed in BB solution at a number of [salt]’s, or attained after 

shifting down the binding equilibrium by addition of a concentrated salt solution to the 

binding reaction equilibrated at the optimal [salt], was determined with help of the MFDAI 

assay at three selected temperatures: 25, 31 and 37 °C. In the latter case, equal volume 

aliquots were taken from a bulk solution containing preformed RPo at the optimal salt 

conditions, mixed with a series of BB solutions to set the final salt concentration (NaCl, 

MgCl2, or Tris-HCl) at successively higher values. Reactions were then partitioned into three 

samples and each equilibrated for 6 h at a different of the three selected temperatures. 

Thereafter samples were diluted with salt solutions containing substrates to establish in all the 

samples of a given series the same standard conditions for transcription in TB buffer, 

appropriate for the MFDAI assay. Sigmoid plots of fluorescence intensity versus ln [salt] 

were first fitted to Boltzman function (using Origin 4.1) and then normalized yielding the 

sought fRPo (ln [salt], T) binding isotherms. The experimental procedure applied for 
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determination of the isotherms allows considering relative values of the fitted parameters as 

highly reliable.  

Results 

Dependence of kinetics of RPo dissociation on salt concentration and heparin presence  

First-order dissociation rate constants (kd) for RPo/λPR and RPo/Pa were determined as 

a function of [salt] in MgCl2 and NaCl solutions by MFDAI assay (cf. Methods). The reaction 

was initiated either by addition of heparin as a polyanionic competitor, or/and by the salt-shift 

method to bring the equilibrium fRPo to a lower value. Values of kd thus obtained in NaCl 

proved to increase single-exponentially as a function of [salt], so that plots of lnkd versus 

ln[salt] for both complexes in this salt were linear in the whole range of salt concentrations 

studied with a similar slope of nd ≈ 8 (cf. Fig. 1A and inset), independent of whether the 

reaction was initiated by addition of heparin  or by an increase in the salt concentration in the 

higher range of concentrations studied (cf. fRPo vs.. ln[salt] isotherms in Figs. 3 and 4 below). 

In the lower range of [NaCl], an increase in [heparin] from 10 to 100 µg/mL had practically 

no effect on the measured kd value. The slope of the double logarithmic plot nd ≡ Skd = 

7.7±0.2 reported previously [8] for RPo/λPR at 25 ºC in a narrower range of [NaCl]: 0.19-0.27 

M and in the presence of heparin, remains in a reasonable agreement with the one measured 

presently. 

In MgCl2, the pattern of double logarithmic plots of kd([salt]) data (Fig. 1B) appeared 

quite different, however. In experiments in which the dissociation reaction of RPo/λPR was 

initiated by addition of a small amount of heparin (5 µg/mL), lnkd increased nonlinearly with 

ln[MgCl2] in such a way that in the lowest range of salt concentrations (0.02-0.05 M) the 

slope of the plot was very small, nd ≈ 0.3, then it rose fast approaching a concentration 

independent value of nd ≈ 10 between ca. 0.07 and 0.12 M MgCl2. Moreover, when the 

kinetics of reaction was studied in the latter range of [MgCl2] by the salt-shift method in the 
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absence of heparin, the plot was practically linear with the same value of nd ≈ 10. The plot of 

lnkd(ln[MgCl2]) data of Suh et al. [9], measured in 0.02-0.06 M range of [MgCl2] at 5-15 

µg/mL of heparin (assumed mean value 10 µg/mL), is similar in shape but corresponding kd 

values are higher by one order of magnitude than those determined by us at 5 µg/mL of 

heparin (cf. Fig. 1B). To get a better insight into the mechanism of this heparin effect on 

kinetics of RPo dissociation we measured kd as a function: (1) of [MgCl2] at a much higher 

heparin concentration of 60 µg/mL, and (2) of [heparin] at a selected constant [MgCl2] = 0.04 

M. The shape of the double logarithmic plot of the data set from the first experiment (Fig. 1B) 

is similar to that obtained at 5 µg/mL of heparin except that the whole plot is shifted up to 

higher lnkd values corresponding to much faster kinetics of RPo dissociation than that 

observed both at 5 and 10 µg/mL of heparin. The second experiment demonstrated that kd 

increases linearly with heparin concentration (cf. Fig. 2). These results clearly indicated that 

heparin in MgCl2 solutions does not behave as a true polyanionic competitor in the process of 

RPo dissociation. In early heparin challenge kinetic transcription initiation experiments [16-

19], in addition to the true dissociation of initiated complexes also their inactivation by 

heparin in a bimolecular attack has been observed. This seemed to be the case in our 

experiments. Indeed, the observed dissociation rate constant could be represented as a sum of 

two components, i.e. kd,obs = kd + kd,hep[Hep]. The nonlinear lnkd,obs vs. ln[MgCl2] plots could 

be dissected into two linear functions, as exemplified in Fig. 1C, one representing the true 

heparin-independent dissociation (kd) extrapolated to lower[salt]’s, and a [heparin]-dependent 

one corresponding to inactivation of RPo by bimolecular heparin attack (kd,hep[Hep]). In the 

lower range of [MgCl2], kd << kd,hep[Hep] so that observed reaction is dominated by heparin 

attack on RPo. Owing to the strong [salt]-dependence of the true dissociation reaction it 

becomes dominant at higher concentrations of the salt. 
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 Experiments with use of poly(dT) as an anionic competitor demonstrated ultimately 

that RPo/λPR dissociation also at low MgCl2, i.e. between 0.02 and 0.06 M, is characterized 

by a similar value of nd to that observed in the higher range of salt concentrations (cf. 

corresponding data points in Fig. 1B). 

The results of kinetic experiments on RPo/Pa dissociation in MgCl2 appeared 

generally similar to those on RPo/λPR, both in the presence and in the absence of heparin, (cf. 

insets in Fig. 1B). The nd values for RPo/Pa in both salts were also found closely similar to 

those determined for RPo/λPR. Since the experiments for RPo/Pa and RPo/λPR were carried 

out at different temperatures of 37 and 25 ºC, respectively, similarity of the corresponding nd 

values indicates that they can be regarded practically independent of temperature, as it has 

been observed previously for RPo/Pa [10]. 

The presented results fully explain the apparent discrepancy between the earlier 

determined slopes of double logarithmic plots of kd([MgCl2]) data for the two complexes [9, 

10] as due to different heparin and MgCl2 concentrations. More importantly, they demonstrate 

unequivocally that heparin-independent [salt]-dependency of kd for RPo is similar in MgCl2 

and in NaCl. 

Dependence of the thermodynamic stability of RPo on salt concentration 

 Open complexes at the λPR and Pa promoters were preformed in the binding buffer at 

optimal salt and temperature conditions for each promoter and 10-fold excess of RNAP at 

which the equilibrium fraction of RPo reached fRPo ~ 1 (full occupancy of promoter DNA). 

They were then exposed to successively higher salt concentrations (salt-shift) of either NaCl 

(0.15-0.45 M) or MgCl2 (0.06-0.13 M) at three selected temperatures (25, 31 and 37 ºC) for 

sufficient period of time to bring the equilibrium amount of RPo to a lower value. 

Alternatively, the complexes were formed at the same final [salt] in the binding buffer. The 

equilibrium amount of RPo at each [salt] was quantified using the MFDAI assay described in 
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the Experimental section. The thus obtained sigmoid binding isotherms: fRPo = F(ln[salt], T), 

conforming to Boltzman function, are shown in Figs.3 and 4. The isotherms obtained by the 

use of either of the two alternative methods of bringing the system to the equilibrium at a 

given [salt] proved to be similar, as exemplified in Fig.4A (cf. filled and open symbols). 

Therefore, in most experiments the more convenient experimentally salt-shift method was 

used. 

The sigmoid form of the isotherms reflects the dependence of the equilibrium constant 

of RPo: 
][][

][][][ /

DNARNAP

AMeRPo
K

AC
nn

eq ×
××

=
−+++

, on salt concentration and ACobs nnn +=  - the net 

change in the number of electrolyte ions associated with the free and bound complex 

components upon RPo formation/dissociation (nC and nA are not equal necessarily). The 

Boltzman function was thus appropriately parameterized to include these quotients, as 

described in the Appendix (cf. eq. A11): 

)ln]ln[(
1

1
KsaltnRPo

obse
f −×+

=                                                                                                          (1), 

where lnK = lnKeq+ln[RNAP], Keq corresponds to Kobs extrapolated to 1.0 M salt, abbreviated 

as Kobs,1.0M. Under experimental conditions such that [RNAP]>>[DNA] (as in this work where 

[RNAP]/[DNA] = 10]), concentration of RNAP can be assumed constant in the whole range 

of fRPo values (for assessment of possible errors caused by this assumption see Appendix). 

Global fits of the fRPo(ln[salt], T) data for a given complex and salt were performed assuming 

that the parameter nobs does not depend on temperature (cf. representative plots & fits in Figs. 

3 and 4). This assumption is well justified since the general structure and the extent of open 

region in RPo do not change in the studied narrow temperature range of 25 – 37 ºC [10, 13]. 

Values of the fitted parameters: lnK and nobs, and of the corresponding lnKeq calculated using 

known [RNAP] = 40 nM, are collected in Table 1. Salt concentration, x0, at which fRPo = 0.5, 

characteristic for salt stability of RPo at a specified RNAP concentration (obtained either by 
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fitting of the classical Boltzman function to fRPo(ln[salt], T) data or calculated from the 

relationship lnK/nobs = ln(x0), are also collected in Table 1. Since pH of Tris-HCl buffered salt 

solutions decreases with a rise in temperature (but negligibly with [salt]) [20], the fitted values 

of lnK at 304 and 310° K, had to be corrected for this pH-effect before calculation of 

thermodynamic parameters. For this purpose a series of isotherms fRPo(ln[salt],pH) for the 

RPo/λPR in pH range of 7.6-8.2 was measured in both salts (data not shown) wherefrom the 

sought common relationship: dlnK/d(pH) = −0.57 (lnKNaCl = −19.5(±0.9) −0.57(±0.12) ×pH) 

was determined and the fitted values of lnK at 304 and 310 °K corrected for by −0.1 and −0.2 

units, respectively. 

Since binding isotherms were obtained in the presence of Tris-buffer it was necessary 

to evaluate also the effect of its concentration on RPo stability. Therefore, the binding 

isotherm for RPo/λPR in pure Tris-buffer (pH 7.9) at 25 °C was measured (data not shown) 

and the corresponding parameters determined: x0 = 0.259 M, nobs = 21.8, lnK = –29.5. 

Equivalent NaCl and MgCl2 concentrations of 10 mM Tris buffer (pH 7.9, 70% Tris
+
) were 

calculated from the ratio of the corresponding x0 values: 7 and 2 mM, respectively, small 

enough to be neglected. Both salts have a common Cl
–
 anion so that it can be concluded that 

Na
+
 and Tris

+
 (

+
N(CH2OH)3) contribute almost equally to RPo stability. Capillary affinity 

electrophoresis data on mobility of dsDNA in different buffers [21] led the authors to a 

similar conclusion, that Tris
+
 ions are associated with DNA to approximately the same extent 

as sodium ions. 

Calculation of equilibrium constants using eq. 2 (cf. A12 in Appendix): 

]ln[]ln[ln]ln[lnln ,],[, saltnRNAPKsaltnKK obsTobsTeqTMeAobs ×−−=×−=                          (2), 

allowed evaluation of the salt-dependent thermodynamic parameters from linear relationships:  

])ln[(,0.1,, saltnTRGG obsTMobsTobs ×××+∆=∆  and ])ln[(0.1, saltnRSS obsMobsobs ××−∆=∆ the 

values of which extrapolated to 1.0 M salts (R - gas constant, T - temperature in °K), 
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∆Gobs,1.0M,T and ∆Sobs,1.0M, are collected in Table 1.The [salt]-independent enthalpy values, 

∆Hobs, were calculated from vant’Hoff plots (cf. insets in Figs. 3 and 4). Independence of 

∆Hobs on [salt] is a consequence of the assumption that nobs does not depend on temperature. 

In view of a good fit of the linear vant’Hoff equation to lnKobs,T data (average correlation 

coefficient: 0.995) the thus obtained ∆Hobs values could be regarded temperature-independent 

in the studied narrow temperature range of 25-37°C. 

Earlier estimation of enthalpy for RPo/λPR [22] was based on determination of Arrhenius 

enthalpies of activation for ka and kd in a broader temperature range of 13-37°C, and 

calculation there from of Kobs = ka/kd and of the corresponding temperature-dependent 

vant’Hoff enthalpies. The limited experimental Kobs data available for 25-37°C range (two 

data points only) [22] allowed only rough estimation of the overall ∆H for RPo as ca. 15 

kcal/mol. The latter value remains in a reasonable agreement with the presently determined 

value of 20.4 kcal/mol. 

Discussion 

 The most important novel findings of this work are: (i) the close similarity of [salt]-

derivatives of  RPo dissociation rate constant (nd) and equilibrium binding constant (nobs) in 

MgCl2 and NaCl solutions, (ii) the much larger and independent of the promoter sequence 

overall enthalpy of RPo formation in MgCl2 than in NaCl, rendering the complex much less 

stable thermodynamically in the former salt, (iii) the much larger overall enthalpy of RPo at 

Pa than at λPR promoter in both salts, adding strength to earlier indications of the dependence 

of this thermodynamic function on promoter sequence, and (iv) the demonstration that heparin 

in the presence of Mg
2+

 does not behave as a true polyanionic competitor of DNA in RPo 

dissociation.  
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 We shall comment on each of these points below in the context of the pertinent 

experimental data and interpretations of salt effects on RPo and some other protein-DNA 

complexes.  

Similarity of [salt]-derivatives of dissociation rate and equilibrium binding constants of 

RPo in MgCl2 and NaCl 

 We did not measure directly the kinetics of RPo formation, nevertheless [salt]-

derivatives of this process at equilibrium, na, could be deduced from the relationship: na = nobs 

− nd (as dlnKobs/dln[salt] = dlnlnka/dln[salt] − dlnlnkd/dln[salt]) using the experimental nobs 

and nd values (cf. Tables 1 and 2). For RPo/λPR one obtains na,NaCl ≈ na, MgCl2 ≈ − 9 (±1).We 

are conceived that the earlier reported lower value of na ≡ Ska = −5.2(±0.3) for RPo/λPR in 

MgCl2 [9] was underestimated owing to rather scanty experimental evidence (three data 

points only in a narrow [MgCl2] range ). The demonstrated similarity of [salt]-dependencies 

in NaCl and in MgCl2 for kd and Kobs  and the deduced na values for ka can be summarized in 

the well documented three-step minimal mechanism of open complex formation [5, 6, 8, 23-

26], as shown in Scheme 2.  

 Similarity of nd values has provided ultimate proof that the hypothetical fourth step in 

this mechanism [5, 9], postulating conversion of I2 into a final form of open complex, RPo2, 

upon binding of 3 Mg
2+ 

to a partially opened RPo1 intermediate, can be definitely omitted in 

this scheme. Alleged Mg
2+ 

-induced extension of the transcription bubble underlying this 

hypothesis [27] has been disproved earlier by several independent lines of evidence [10, 13, 

28, 29]. 

 (Place for the insertion of the Scheme 2) 

For RPo/λPR similar values of respective na ≡ Ska, nd ≡ Skd and nobs ≡ SKp parameters 

in NaCl and sodium acetate (NaOAc) [9] as well as of na ≡ Ska, in potassium glutamate 

(KGlu) [30] were previously reported. It should be recalled in this connection that also 
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replacement of Na
+
 by a much larger in size Tris

+
 cation (Tris[hydroxymethyl]-

aminomethane
+
) had only a small effect on nobs (cf. Results and Table 2). All these parameters 

resemble in magnitude those found in this work for the same complex in NaCl and MgCl2. 

Therefore, [salt]-derivatives of the kinetic and equilibrium parameters of  RPo can be 

regarded independent of both cations and anions nature. 

According to polyelectrolyte theory [5], in solutions containing a single species of 

cation, it is the valence of the latter which determines primarily [salt]-dependence of the 

observed equilibrium binding and kinetic constants of formation/dissociation for DNA-

protein complexes. These predictions are consistent with results of experimental studies on 

monovalent [salt]-dependence of the equilibrium  constant for binding of z-valent oligolysines 

and oligoarginines to double- and single-stranded nucleic acids [31-33]. Different anions 

(fluoride, acetate, chloride,) were found to exert only a small effect on this derivative the 

magnitude of which correlated with anions’ position in the Hoffmeister series [6]. Also a 

simple model protein-DNA system of λ phage lac repressor-operator DNA complex conforms 

to the polyelectrolyte interpretation since the N- terminal headpiece of the repressor binds to 

the operator sequence as an octacation with the release of  Na
+
 or/and Mg

2+
 ions in 2:1 

stoichiometry [34, 35]. 

 The currently demonstrated independence of cations’ valence of salt dependency of  

the kinetic and equilibrium parameters for RPo distinguishes this complex from simpler DNA 

–protein systems referred to above. In RPo, promoter DNA and  RNAP form an extensive 

interface involving a large number of specific (-35 and -10 recognition hexamers and 14 bp 

transcription bubble) and nonspecific contacts (most of 17 bp linker and downstream dsDNA) 

involving altogether at least 60 bp [7]. At a first sight, one could thus expect that the salt 

dependence of kinetic and equilibrium parameters for RPo should be dominated by the 

polyanionic properties of DNA. This is apparently not the case, however. It is thus obvious 
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that the salt dependent properties of  RPo can hardly be explained solely in terms of 

polyelectrolyte effect emphasizing the role of DNA and local salt dependent interactions.  

 Results of application of nonlinear Poisson – Boltzmann (NLPB) model with added 

salts [36] to description of salt dependent DNA-protein interactions seem to provide clues for 

understanding of the similarity of NaCl and MgCl2 effects on RPo binding equilibrium. In this 

model, the counterion atmosphere around a polyion is treated as a single population of 

continuously distributed salt dependent ion atmosphere resulting from long range electrostatic 

interactions. Finite-difference NLPB calculations of the salt dependent contributions to the 

electrostatic binding free energy of λcl repressor and EcoR1 endonuclease [37] with cognate 

DNA sequences have  amply demonstrated that changes in the global pattern of cations and 

anions distribution accompanying formation of these complexes are responsible for the 

observed salt effects. Moreover, subsequent NLPB calculations of the electrostatic binding 

free energy of the λcI repressor- OLI complex in pure NaCl and MgCl2 salts [38] have shown 

that the total free energy of binding in the two salts varies linearly with log[salt] with similar 

correlation coefficients (mbind) of 3.89 and 3.29, respectively. Since composite salt effects of 

all ionic species in solution underlie mbind, the authors argue that value of this parameter is a 

sensitive function of the charge distribution of the interacting molecules but not of the valence 

of the binding ligand. A significant contribution to mbind was shown to be due to the mlig 

constituent characterizing salt dependence of the free energy of interaction of the repressor 

with its own ionic atmosphere, strongly dependent on Cl
−
 concentration. This finding stressed 

importance of anion-protein interactions in the overall salt dependence of the binding process. 

A deeper insight into the role of long-range electrostatic interactions in nucleic  acid – protein 

complexes  was provided by recent experimental and NLPB modeling studies [39] on a model 

complex, of known NMR structure [40], made of a small α-helical peptide from the λ phage 

N protein and its cognate box B RNA hairpin. They showed that all the 12 positive and 
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negative peptide charges up to 11A from backbone phosphate groups contribute significantly 

to the electrostatic free energy of RNA binding, while only a subset of positively charged 

groups remains in a close contact with RNA phosphates. They have indicated also that anion 

release contributes to salt dependence of this complex formation.  

  Results of the studies referred to above allow us to propose that explanation of the 

independence of cation’s valence of the observed salt effects on RPo kinetic and equilibrium 

binding parameters should be sought according to the NLPB model in global changes in 

distribution of ions in the field of long- range electrostatic interactions upon complex 

formation/dissociation. Inspection of the present model of RPo structure [41], based on low 

resolution crystal structure of Thermus aquaticus RNA polymerase holoenzyme complexed 

with a fork-junction promoter DNA fragment, in connection with the high resolution structure 

of  Thermus thermophilus RNA polymerase elongation complex [42] provides arguments in 

favor of our proposal. 

 For interpretation of the nd values it was of interest to estimate the number of potential 

ionic contacts between various regions of RNAP and promoter template and nontemplate 

DNA phosphates. In the RPo model [41], the nontemplate channel RNAP regions σ 2.1 and 

2.3 provide a strip of four positively charged residues (corresponding to Arg
385

, Lys
392

, Lys
393

 

and Arg
426 

of E. coli RNAP) potentially positioned to interact with DNA phosphates between 

−5 and −2 positions. Also Arg
99

 of σ 1.2 region could contact the backbone of nontemplate 

DNA strand between the −10 element and the transcription start site, as it has been suggested 

recently [43]. At the entrance to the template strand channel there is located a cluster of four 

universally conserved basic amino acids (Arg
436

, Lys
462

, Arg
465

 and Arg
468 

in E. coli enzyme) 

which may contribute to the electrostatic potential directing this strand into the tunnel. Since 

presence of Mg
2+

 ions does not influence the size of transcription bubble [10, 13, 29, 44], the 

somewhat larger nd value in MgCl2 than in NaCl (at most by ca. 1, cf. Tables 1 and 2) may 
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indicate formation of an additional Mg
2+

-mediated ionic contact(s) between template DNA 

strand and the NADFDGD Mg-binding motif of RNAP within the RPo catalytic site [41].The 

number of direct ionic contacts between DNA phosphates and basic RNAP groups that could 

be formed upon promoter DNA melting ranges thus between 8 and 10, formally in close 

correspondence with the experimental nd values. The number of the positively charged groups 

in RPo protein channels is far from sufficient, however, to neutralize all the 24-28 negative 

ssDNA charges. Possible explanation of how most of these charges could be neutralized in 

protein channels comes from the recent high resolution crystallographic study of the 

elongation complex of Thermus thermophilus RNAP [42]. It has been shown namely that the 

13 bp long downstream DNA duplex is stabilized in the protein channel (made by β,β’-

pincer’s) elements through long-distance electrostatic interactions with very few direct polar 

contacts. Similarly, both short- and long-distance interactions with basic amino groups can 

thus be held responsible for stabilization of the separated ssDNA strands in the open complex. 

Negative phosphate charges can be also neutralized by electrolyte counterions able to 

penetrate the highly dynamic structure of RPo. This has been demonstrated indirectly by 

showing that kinetics of MnO4
−
 oxidation of thymine bases within the transcription bubble of 

RPo in the presence of low Mg
2+

 concentration becomes faster in a position-dependent 

manner[13], owing to more efficient screening of DNA phosphate charges by divalent than 

monovalent ions. Mg
2+

 ions were also shown to mediate the interaction of newly synthesized 

RNA with RNAP in the RNA exit channel in of the elongation complex [42]. Formation of 

RPo requires also a shift of the highly negatively charged σ1.1 region (net charge −13) from 

its position in the holoenzyme between β andβ’ pincers, destined to hold the downstream 

DNA duplex, to a new location on the highly positively charged domain (lobe 1of β pincer) 

[24, 42, 45, 46]. This rearrangement, known to influence the rate of RPo formation [47], can 

be expected to contribute to the [salt]-dependence of RPo formation/dissociation. Similar 
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opening of specific binding sites for ssDNA and dsDNA has been shown to occur in T4 gene 

32 and T7 gene 2.5 proteins by salt dependent removal of their negatively charged C- terminal 

domains from original locations [48-50].  

 All these considerations indicate that salt dependent properties of RPo are most 

probably due to dominance of long-range electrostatic interactions involving complex 

components and, consequently, also all the ionic species in solution. We are thus tempted to 

propose that the independence of the cations’ valence of nobs and nd parameters can be 

regarded as a thermodynamic signature of involvement of such interactions. Quantitative 

verification of this hypothesis should be sought within frameworks of the NLPB model [36-

38] when a high resolution structure of the complex will be available. 

Mg-effect on thermodynamic stability of RPo 

 Although the [salt]-dependence of the kinetics of RPo formation/dissociation is shown 

to be independent of the electrolyte nature, the latter exerts a profound effect on the 

thermodynamic stability of RPo. Comparison of the isotherms (Figs. 3 and 4) and related 

thermodynamic parameters in Table 1 leads to a number of quantitative observations 

concerning effects of electrolyte nature on thermodynamic stability of the open transcription 

complex.  

In terms of x0, that is at a salt concentration at which free energy of RPo attains the 

same value independent of the promoter structure and electrolyte nature, the complex at the 

both promoters studied is profoundly more stable in NaCl then in MgCl2: x0,298 in NaCl lies at 

3.5-fold higher salt concentration than in MgCl2. This means that RPo in MgCl2 is practically 

nonexistent in that range of [salt]’s in which it is still stable in NaCl.  

Analysis of thermodynamic parameters indicates that the salt-dependent equilibrium 

between RPo and its components is entropy driven, in agreement with earlier observations [5, 

6, 8], and provides explanation of the large differences in RPo stability between NaCl and 
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MgCl2. The generally large and unfavorable ∆Hobs is more than compensated by the 

T∆Sobs,[salt] term, which decreases with increasing [salt]. The increase of ∆Gobs,[salt],Tin the 

studied range of 298-310° K is solely due to the rise in temperature bringing the T∆Sobs,[salt] 

term to a larger value. Plots of the experimental ∆G298 = − RTlnKobs data as a function of 

ln[salt] for RPo/λPR (Fig.5) in NaCl (this work and [8]), in NaOAc [9] and in MgCl2 (this 

work) indicate that at 0.1 M salt, ∆G298 = − 6.3 kcal/mol in MgCl2, triplicates in NaCl to 

−19.1 kcal/mol (23.2, [8]) and quadruplicates up to −28.2 kcal/mol in NaOAc. The distinctly 

lower stability of RPo/λPR in MgCl2 relative to that in NaCl correlates with the larger by ∼18 

kcal/mol overall enthalpy of its formation in this salt, ∆Hobs = 38.0 (± 1.7) kcal/mol, as 

compared with that in NaCl, ∆Hobs = 20.4 (±2.1) kcal/mol. Similar difference between ∆Hobs 

in the two salt (∼20 kcal/mol) was found in the case of RPo/Pa (cf. Table 1). Since both salts 

have common Cl
−
 anion, Mg

2+
 ions must thus play a major and specific role in the lowering of 

∆G298 – most probably by enthalpy stabilization of the structure of one or both of the free 

components of RPo making thus the overall ∆Hobs more endothermic. Stabilization of 

RPo/λPR in MgCl2, without any significant change in nobs, requires thus correspondingly 

higher entropy gain, what can be achieved only in the lower range of [salt] than that observed 

in NaCl. On the other hand, the smaller∆G298value for RPo/λPR in NaCl than in NaOAc at 

similar [salt] testifies that OAc
−
 interacts weaker than Cl

−
 with positively charged amino acid 

residues involved in electrostatic interactions with promoter phosphates at the DNA–RNAP 

interface, as it has been suggested earlier [6]. The overall enthalpy of RPo formation in 

NaOAc can be thus expected to be lower than that measured in NaCl. This remains to be 

tested experimentally. 

 What a specific role can be played by Mg
2+

 ions in stabilization of the structure of one 

or both RPo components that makes the overall enthalpy of its formation more endothermic? 
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It is well known that Mg
2+

 ions, having by two-order of magnitude higher affinity to dsDNA 

as compared with that of monovalent Na
+
 and K

+
 [6, 9, 34, 51], increase both dsDNA melting 

temperature and the corresponding [salt]-dependent free energy∆GT,salt[52-55]. Recent 

PAGE experiments of dsDNA molecules with solitary nicks and gaps [56] demonstrated that 

base-stacking is the main stabilizing factor in the dsDNA helix and that temperature- and 

[salt]-dependencies of this term determine the observed dependence of DNA stability on these 

variables. Nothing is known, however, about the effect of Mg
2+

 on the enthalpy contribution 

to the free energy of DNA. 

 Information on how binding of Mg
2+

 ions by free RNAP may affect its structure and 

thermodynamic stability is rather limited. It has been known since a long time that there is 

number of Mg
2+

-binding sites on RNAP holoenzyme, among them one of a high affinity 

involved in the binding of NTP substrates [57, 58], which may be identical with that of the 

RNAP catalytic center NADFDGD motif [42, 59]. In the crystal structure of Thermus 

thermophilus RNAP multiple Mg
2+

 ions were found located on the protein surface [59]. Since 

RNAP is an acidic protein these ions are presumably chelated to carboxylic groups located on 

the holoenzyme surface. We have found recently that RNAP in the presence of Mg
2+

, both in 

the free and bound state in RPo, is strongly protected against KMnO4 oxidation, probably 

owing to compaction and stabilization of its structure preventing thereby deeper penetration 

of MnO4
–
 anions to vulnerable amino acid residues [28]. Protection by Mg

2+
 of E. coli RNAP 

holoenzyme from trypsin cleavage has been also earlier demonstrated [60]. 

Effect of promoter sequence on RPo stability 

In both salts RPo/Pa is more stable than RPo/λPR by a similar factor of x0(Pa)/x0(λPR) 

= 1.2 in spite of the fact that the overall unfavorable enthalpy of RPo formation at the Pa 

proved remarkably higher in either salt by as much as ∆∆Hobs ∼ 30 kcal/mol. The higher 

stability of RPo/Pa relative to that of RPo/λPR in both salts is due to a large gain in entropy of 
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∆∆Sobs, 1.0 M ∼ 100 e.u.. For instance, at 0.1 M salt and 298 K the calculated difference in free 

energy between RPo/Pa and RPo/λPR amounts to ca. −3.6 and −2 kcal/mol in NaCl and in 

MgCl2, respectively. The higher values of thermodynamic functions: ∆Hobs and ∆Sobs, 1.0 M and 

|∆Gobs,T| correlate with ∆nobs ≈ +2. (cf. Table 1). Since both promoters are located in the same 

region of the studied DNA fragment, the observed difference in thermodynamic stability of 

the respective complexes must be due to their different sequential structure (cf. Scheme 1).  

The standard enthalpies of DNA melting, ∆H°, calculated [61] for 14 bp (−11…+2) 

fragments of λPR and Pa promoters: respectively as −113 and −105 kcal/mol, are much larger 

and in reverse order than the corresponding ∆Hobs. For Pa, ∆H° is thus by 8 kcal/mol smaller 

than for λPR.. Therefore, the ∆∆Hobs ∼30 kcal/mol difference between the two complexes can 

not be related to the different stability of promoters’ dsDNA in the transcription bubble 

region. For RPo/Pa, ∆∆Hobs correlates positively with ∆nobs ≈ +2 both in NaCl and in MgCl2. 

The latter difference is due primarily to the higher na values (cf. Table 2). This may indicate 

formation of 2 additional ionic contacts and larger interface area between RNAP and Pa 

promoter in the (I1-I2)
‡
 state of the complex. Formation of additional contacts may contribute 

unfavorably to ∆Hobs owing to a higher refolding energy required for accommodation in RPo 

of the Pa promoter bearing canonical −10 and −35 hexamers and 17 bp AT- linker (cf. 

Scheme 1). Different overall vant’Hoff enthalpies found for RPo at other promoters: lacUV5 

(70 ± 14 kcal, [25]) and tetR (40 kcal, [26]) can be attributed similarly to their particular 

sequential structure. Any reliable analysis of how the promoter sequence may affect mutually 

related folding processes of complex components on the path to RPo and, consequently, also 

the overall enthalpy of the complex formation would require knowledge of its high resolution 

structure. 

Mg
2+ 
effect

 
on the rate of RPo dissociation in presence of heparin  
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 Heparin since a long time has been used as an effective polyanionic competitor of 

DNA for discrimination between weak nonspecific and stronger specific DNA- RNAP 

complexes as well as in studies on kinetics of dissociation of the latter by rendering this 

process irreversible [6, 8-10, 16-19]. Weaker polymerase-promoter complexes are destroyed 

by bimolecular attack of heparin followed by DNA displacement. We have now shown that 

this is the case for RPo at the two studied promoters in MgCl2 and that the bimolecular 

reaction is much less dependent on salt concentration than the true first-order rate of RPo 

dissociation. The large and apparently specific effect of heparin in the presence of Mg
2+

 on 

the rate of RPo rises a question whether this effect is solely due to the lower stability of RPo 

in MgCl2 or/and also to some specific effect of Mg
2+

 ? As pointed out earlier in the 

Discussion, E. coli RNAP holoenzyme has a number of weak Mg
2+

-binding sites in addition 

to that one of high affinity involved in catalysis and binding of NTP substrates [57, 58]; also 

multiple Mg
2+

 ions were found located on the surface of Thermus thermophilus RNAP in its 

crystal structure [59]. RNAP is an acidic protein so that it is highly likely that Mg
2+

 binding 

sites are provided by carboxylic groups. One can thus envisage that Mg
2+

 may facilitate direct 

attack of heparin on RPo by chelating  -COO
−
 groups on RNAP surface and thus lowering 

negative charge of the protein. Since effective charge of Mg
2+

-chelated separated carboxylic 

groups is positive, heparin polyanions may accumulate around RNAP. Our observation that in 

the whole range of [MgCl2] studied RPo did not form when RNAP was first incubated with 

heparin adds strength to this proposal. Heparin molecules bound dynamically to RNAP in 

RPo may migrate by fast surface diffusion to their ultimate targets viz. protein channels 

bearing template and nontemplate promoter strands causing displacement of one or both of 

them and thus destruction of the whole complex.  
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It should be recalled in this connection that enhanced binding of heparin to other 

proteins in the presence of Mg
2+ 

has been observed, for instance to endostatin [62] and to 

some membrane-bound heparin binding proteins [63]. 
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Appendix 

Interpretation of experimental binding isotherms for RPo 

 According to the theory of polyelectrolyte effect [5, 7] at low to moderate salt 

concentrations the equilibrium constant of a protein-DNA complex is controlled primarily by 

ion-exchange processes with its components. In the case of RPo in a univalent salt solution, 

like NaCl, in principle both cations (Me
+
) and anions (A

-
) can be involved in salt-control of 

complex stability. Therefore, for RPo at equilibrium with its components: 

−

++⇔+ +−+ AnMenRPoRNAPAnDNAMen ACAC )()(                                                     (A1), 

the corresponding equilibrium constant can be written as: 

][][

][][][

DNARNAP

AMeRPo
K

AC
nn

eq ×
××

=
−+

                                                                                         (A2). 

Under conditions of a large excess of RNAP over DNA concentration, [RNAP] > > [DNA], 

one can assume that [RNAP] does not change practically as the equilibrium of the reaction 

(A1) is shifted by variation in salt concentration, so that: 

K
DNA

AMeRPo
RNAPK

AC
nn

eq =
××

=×
−+

][

][][][
][                                                                   (A3). 

Measured by MFDAI fluorescence assay [RPo] is linearly proportional to the fluorescence 

intensity (Y) corrected for background emission (Y2): 

2][ YYRPo −≡                                                                                                                     (A4), 

while [DNA] is proportional to the difference between a maximum value of the fluorescence 

signal (Y1) when all DNA is bound in RPo, and the measured one (Y): 

YYDNA −≡ 1][                                                                                                                     (A5). 

Eq. (A3) can be thus rewritten as: 

)1(

][][)2(
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AMeYY
K

AC
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−
××−

=
−+

                                                                                        (A6), 
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and transformed into the logarithmic form: 

)1ln(]ln[]ln[)2ln(ln YYAnMenYYK AC −−×+×+−= −+                                                (A7), 

and rewritten as: 

]ln[]ln[ln
1

2
ln −+ ×−×−=

−
−

AnMenK
YY

YY
AC                                                                   (A8a), 

by setting 
obsAC nnn =+ , eq (A8a) can be simplified to read: 

]ln[ln
1

2
ln MeAnK

YY

YY
obs ×−=

−
−

                                                                                      (A8b). 

After antilogarithmic transformation and rearrangement one obtains: 

])ln[(ln

])ln[(ln

1

21
MeAnk

MeAnK
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e
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×−

+
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=                                                                                                (A9). 

After a number of algebraic rearrangements eq (A9) takes the following form: 

2
1

21
)ln]ln[(
Y

e

YY
Y

KMeAnobs
+

+
−

= −×
                                                                                               (A10), 

identical with the sigmoid Boltzman equation with ln[MeA] as an independent variable x and 

parameters lnK/nobs and 1/nobs set to x0 and dx, respectively. Measured fluorescence intensity 

Y (Eq. A10) corrected for background emission (Y2) and normalized relative to the maximal 

signal increment (Y1−Y2), represents fractional occupancy of promoter DNA: 

)ln]ln[(
1

1

21

2
KMeAnRPo

obseYY

YY
f −×+

=
−
−

=                                                                                   (A11). 

Values of Y1 and Y2 can best be obtained by fitting the Boltzman function to the original 

fluorescence (Y,[salt]) data. Using fitted values of the lnK and nobs parameters, and known 

concentration of active RNAP, the apparent equilibrium binding constant, 

][][

][
],[,

DNARNAP

RPo
K TMeAobs ×

=  , at any electrolyte concentration and temperature (T) can be 

estimated using the following expression: 

]ln[]ln[ln]ln[lnln ,],[, MeAnRNAPKMeAnKK obsTobsTeqTMeAobs ×−−=×−=                   (A12). 
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Control calculations concerning the validity of the assumption underlying eq.A12, viz. 

that [RNAP] remains practically constant when used in a large excess over [DNA], have 

shown that at [RNAP]/[DNA] ≥ 10 is satisfactorily fulfilled since a ca. 10% change in 

[RNAP] would produce deviations in the values of fitted parameters within the limits of 

experimental error. 
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Table 1. Binding equilibrium and thermodynamic parameters calculated by fitting 

experimental isotherms: fRPo = F(ln[salt], T) (Figs. 3 and 4) to Boltzman function (eq. 1). 

In brackets standard errors returned from the fits using Marquard minimization algorithm. 

 

Complex →→→→ RPo/λλλλPR RPo/Pa 

Parameter, (units) T, K NaCl MgCl2 NaCl MgCl2 

x0, (M) 298 

304 

310 

0.247 

0.255 

0.267 

0.0694 

0.0740 

0.0795 

0.301 

0.323 

0.356 

0.0849 

0.0979 

0.1063 

nobs  17.30 (0.39) 18.34 (0.80) 19.61 (0.79) 20.78 (1.17) 

lnK
a
 ≡ lnKeq+ln[RNAP] 298 

304 

310 

−24.20 (0.55) 

−23.64 (0.54) 

−22.87 (0.52) 

−48.92 (2.11) 

−47.75 (2.06) 

−46.44 (2.00) 

-23.55 (0.95) 

-22.16 (0.89) 

-20.27 (0.81) 

-51.24 (2.88) 

-48.28 (2.71) 

-46.58 (2.60) 

lnKeq ≡ Kobs,1.0 M 298 

304 

310 

−7.16 

−6.60 

−5.83 

−31.88 

−30.72 

−29.40 

−6.52 

−5.13 

−3.24 

−34.20 

−31.25 

−29.55 

∆Gobs,1.0 M, T , (kcal/mol) 298 

304 

310 

4.24 

3.99 

3.59 

18.88 

18.56 

18.11 

3.86 

3.10 

1.99 

20.26 

18.88 

18.08 

∆H, (kcal/mol)  20.4 (2.1) 38.0 (1.7) 50.45 (6.6) 71.1 (8.0) 

∆Sobs,1.0 M, (e.u.)  54.0 64.0 156.4 170.6 

 

a
 Values at 304 and 310 °K corrected by −0.1 and −0.2 units, respectively; due to the decrease 

of Tris-HCl buffer pH at 298 °K by 0.15 and 0.3 units at the two higher temperatures, the 

necessary corrections were obtained from the relationship: dlnK/dpH = −0.57, determined 

from a series of experimental fRPo(ln[salt],pH) isotherms of RPo/λPR.
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Table 2. Salt-dependence parameters n =dlnX/dln[salt] of experimentally determined 

equilibrium, Kobs, and dissociation rate constants, kd, and of corresponding calculated 

association rate constants ka (na = nobs −−−− nd) for RPo/λλλλPR and RPo/Pa complexes at 25 °°°°C. 

In brackets standard errors at 0.95 confidence coefficient (as in Table 1) or calculated (for na 

and ∆n’s) as a square root of the sum of individual σ2
 values. 

 NaCl (0.15-0.45 M) MgCl2 (0.06-0.13 M) 

 nobs
 

nd
 

na
 

nobs nd na 

RPo/λPR −17.3 (0.4)
a 8.5 (0.1)

a −8. 8 (0.5)
a −18.3 (0.8) 9.9 (0.5) −8.4 (0.9) 

RPo/Pa −19.6 (0.8) 8.6 (0.4)
b −11.0 (1.0) −20.8 (1.2) 9.8 (0.1)

b −11.0 (1.2) 

∆n (λPR−Pa) 2.3 (0.9) −0.1 (0.4) 2.2 (1.1) 2.5 (1.4) 0.1 (0.5) 2.5 (1.5) 

 

a
Roe & Record [8] using different experimental conditions (0.01 M sodium HEPES buffer pH 

7.5) and filter binding assay have found for RPo/λPR in NaCl: SKp ≡ nobs = −19.6 (1.3), Skd ≡ 

nd = 7.7 (0.2) and Ska ≡ na = − 11.9 (1.1), in a reasonable agreement with the present data. 

b
 determined at 37 °C, independent of temperature between 25-37 °C 
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Scheme 1 − Sequences (nontemplate strand) of the λPR and Pa promoters; within restriction 

sites (underlined) used for cloning into pDS3 plasmid. Transcription start site, –10 and –35 

recognition hexamers are in bold font. 

 

                                -35                    -10        +1 

5’CTCGAGGATAAATATCTAACACCGTGCGTGTTGACTATTTTACCTCTGGCGGTGATAATGGTTGCATGTACTAAGGAGGTTGTATGAATTC 3’ (λPR) 

                     5’CTCGAGTTATTGACAATTATTTATTTATTATTTATAATTATTTAATTGAATTC 3’                  (Pa) 
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Figure legends 

Figure 1. Double-logarithmic plots of the dissociation rate constant, kd, as a function of 

[NaCl] (A) and [MgCl2] (B) in BB buffer for RPo/λPR at 25 °C (main panels) and RPo/Pa at 

37 °C (insets). Dissociation rates were measured in the high [salt] region in the absence of a 

competitor by [salt]-shift method (filled rectangles and circles); and in the lower [salt] region 

in the presence of competitors: heparin: at 5 mg/L (open rectangles). 10 mg/L (open circles), 

5-15 mg/L (crosses, data taken from [9]), 25 mg/L (open uptriangles) and 60 mg/L (open 

downtriangles), and poly(dT) at 800 mg/L (filled diamonds). Data points are mean values 

from 2 to 3 independent measurements; corresponding standard errors, comparable with the 

symbol’s size, are not shown for clarity, solid lines - fitted linear functions, for RPo/λPR : lnkd 

= 6.16(±0.21) + 8.52(±0.14)×ln[NaCl] and lnkd = 16.62(±1.19) + 9.85(±0.53)×ln[MgCl2], for 

RPo/Pa: lnkd = 5.58(±0.43) + 8.58(±0.42)×ln[NaCl] and lnkd = 16.63(±0.28) + 

9.79(±0.13)×ln[MgCl2].  

(C): Plot of the calculated function kd,obs = kd + kd,hep [Hep] (stars), using (kd,[MgCl2]) data  

from panel 1B (solid line) and kd,hep value at 10 mg/L heparin from Figure 2 (dotted line). 

 

Figure 2. Effect of heparin on the dissociation rate constant, kd, of RPo/λPR at 25 °C. 

Measured as a function of [heparin] in 0.04 M MgCl2 (open circles), and in 180 mM NaCl 

(filled rectangles). 

 

Figure 3. Binding isotherms for RPo formation at λPR promoter by E. coli RNA polymerase. 

(A) In MgCl2 and (B) in NaCl at 25 (filled rectangles), 31 (crosses) and 37 °C (filled 

diamonds), and corresponding vant’Hoff plots (insets). Fractional promoter occupancy 

(fRPo,[salt],T), measured with help of the MFDAI assay, was shifted down by successive 

addition of salts to preformed RPo in BB buffer at optimal salt conditions. Solid lines 
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represent a modified sigmoid Boltzman function (eq.1), the fitted parameters of which are 

collected in Table 1. Values of the apparent binding constants Kobs for linear vant’Hoff plots 

(in insets, average correlation coefficient 0.995) were calculated for 0.1 M salts and 40 nM 

polymerase using eq. 2 and corresponding fitted lnK and nobs parameters from Table 1; 

calculated ∆Hobs values in Table 1. 

 

Figure 4. Binding isotherms for RPo formation at Pa promoter by E. coli RNA polymerase. 

(A) In MgCl2 and (B) in NaCl at 25 (filled rectangles), 31 (crosses) and 37 °C (filled 

diamonds), and corresponding vant’Hoff plots (insets). Experimental details as in the legend 

to Fig. 1, except for that additional open symbols denote (fRPo,[salt],T) data points obtained by 

RPo formation at corresponding [salt]. 

 

Figure 5. Free energy, ∆G298, of  RPo/λPR formation at 298 °K as a function of ln[salt]. In 

MgCl2 (circles) and in NaCl (up triangles) calculated from corresponding Kobs  values (Table 

1), and from the published data of Record laboratory [8, 9]: in NaCl (rectangles) and NaOAc 

(down triangles). The small difference between ∆G298 values from the two laboratories can be 

due to somewhat different experimental conditions and methods of RPo quantification used in 

this work (MFDAI) and by the Record group (filter binding assay for 
3
H-labeled promoter 

DNA fragment).  
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