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A Comparative Kinetic and Thermodynamic Perspective of the
s-Competition Model in Escherichia coli
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ABSTRACT Transcription is the most fundamental step in gene expression in any living organism. Various environmental cues
help in the maturation of core RNA polymerase (RNAP; a2bb

0u) with different s-factors, leading to the directed recruitment of
RNAP to different promoter DNA sequences. Thus it is essential to determine the s-factors that affect the preferential partitioning
of core RNAP among various s-actors, and the role of s-switching in transcriptional gene regulation. Further, the macromolec-
ular assembly of holo RNAP takes place in an extremely crowded environment within a cell, and thus far the kinetics and
thermodynamics of this molecular recognition process have not been well addressed. In this study we used a site-directed bio-
affinity immobilization method to evaluate the relative binding affinities of three different Escherichia coli s-factors to the same
core RNAP with variations in temperature and ionic strength while emulating the crowded cellular milieu. Our data indicate that
the interaction of core RNAP-s is susceptible to changes in external stimuli such as osmolytic and thermal stress, and the degree
of susceptibility varies among different s-factors. This allows for a reversible s-switching from housekeeping factors to alternate
s-factors when the organism senses a change in its physiological conditions.
INTRODUCTION
Initiation of transcription is the most fundamental step in
controlling the gene expression of prokaryotes. Although
there are a multitude of interaction interfaces between
DNA and RNA polymerase (RNAP), the focal point
of interest is the contact of RNAP with a promoter (1,2).
For example, Escherichia coli possesses seven different
s-factors (s70, s38, s32, sF, sE, sfecI, and s54), each of which
has its own unique promoter sequence that acts as a genetic
switch for the positive regulation of transcription (3,4).
Therefore, global regulation of transcription is determined
by the competition among different s-factors to bind to
the same core RNAP (5,6). Earlier studies indicated that
fluctuations in the cellular levels of different s-factors alone
are not responsible for the altered gene product pattern
observed in bacteria (7). It follows, then, that preferential
partitioning of core RNAP among s-factors must depend
on the relative binding affinities of the s-factors under
changing physiological conditions. Several estimates of
core RNAP-s interactions are available in the literature
(8–11); however, they were obtained under different exper-
imental conditions. As such, a direct comparison among
them is not possible and we cannot predict the role of the
s-competition model in global gene regulation. These
previous studies also did not explore the effect of tempera-
ture, although thermal stress is one of the important external
stimuli responsible for changing the transcription pathway
from the housekeeping s-factor to the alternative s-factors.
Further, the macromolecular assembly of holo RNAP takes
place in an extremely crowded environment within a cell,
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and thus far the kinetics and thermodynamics of this molec-
ular recognition process have not been well addressed.

Recent research showed that macromolecular crowding
can exert significant effects on the kinetic pathways of reac-
tions (12). Thus, methodological and conceptual advances
are necessary to take into consideration these nonideality
effects. In this work, we performed a systematic and quan-
titative comparison of the binding affinities of housekeeping
s-factor in E. coli (s70) (13) and two other stress-related
s-factors (s38 and s32) (14,15) under changing conditions
of osmolarity and temperature. We used site-directed and
bioaffinity-based immobilization methods to interrogate
the core RNAP-s interaction under conditions of macromo-
lecular crowding to obtain a more practical understanding
of s-switching in vivo. By making use of the Langmuir-
Blodgett (LB) method and surface plasmon resonance
(SPR), we were able to analyze the interactions for real-
time kinetics as well as equilibrium-binding thermody-
namics. Our data indicate that although the interaction of
core RNAP-s70 is strongest under physiological conditions,
it is extremely susceptible to changing external stimuli
and hence allows for a reversible s-switching to alternative
s-factors under conditions of osmolytic and thermal stress.
MATERIALS AND METHODS

Purification of recombinant E. coliRNAP subunits

C-terminally His-tagged a-subunit (a-His) (16) was purified under native

conditions by Ni-NTA affinity chromatography. The core subunits b, b0,
and u did not have any tag and were purified from inclusion bodies accord-

ing to a standardized protocol (17). All three s-factors were untagged and

were purified from inclusion bodies as described by Tanaka et al. (14) from

strain pARC81112 (s70) and plasmids pET3b and pET21H overexpressing

s38 and s32, respectively. We estimated the s-protein concentration using
http://dx.doi.org/10.1016/j.bpj.2012.08.013

mailto:dipankar@mbu.iisc.ernet.in
http://dx.doi.org/10.1016/j.bpj.2012.08.013
http://dx.doi.org/10.1016/j.bpj.2012.08.013
http://dx.doi.org/10.1016/j.bpj.2012.08.013
http://dx.doi.org/10.1016/j.bpj.2012.08.013
http://dx.doi.org/10.1016/j.bpj.2012.08.013


1326 Ganguly and Chatterji
the Bradford assay at 3 mg/ml, 2 mg/ml, and 2 mg/ml for s70, s38, and s32,

respectively (Fig. 1).
In vitro reconstitution of E. coli RNAP from
recombinant subunits

Invitro reconstitutionof coreRNAPwas carried out according to the protocol

described in Tang et al. (18) with slight modifications. The reconstituted

mixture was first passed through a Ni-NTA column matrix (see Fig. S1 a

in the Supporting Material) and then further clarified by passage through a

Heparin-Sepharose column equilibrated with TGED (10 mM Tris-HCL,

pH 7.9 at 4�C; 0.1 mM EDTA; 0.1 mM DTT; 5% glycerol) with 150 mM

NaCl to eliminate any excess His-tagged a that might have eluted from

Ni-NTA column. The protein was eluted with TGED with 600 mM NaCl.

The fractions were checked for the presence of core RNAP on a 10% SDS-

PAGE gel (Fig. S1 b). Fractions containing reconstituted core RNAP were

pooled together and concentrated by ultracentrifugation. The protein concen-

tration was estimated via a Bradford assay at 2.6 mg/ml. Data related to

the details of protein purification, reconstitution of core RNAP, and genera-

tion of Scatchard plots and van ’t Hoff plots used for the kinetic and thermo-

dynamic analyses are provided in the Supporting Material.
Formation of the NiA-HisRNAP/NiA-HisRNAP-s
LB monolayer

The Ni-arachidate monolayer was formed on an LB trough (Nima Tech-

nology, Coventry, UK) by spreading 25 ml of 1 mg/ml arachidic acid dis-

solved in chloroform (HPLC grade; Merck, Rahway, NJ) on 200 ml of

NiSO4 solution (pH 7.4 with 2 mM Tris-HCL buffer and 10 mM NaCl)

at a concentration of 10�4M (Milli-Q water, resistivity 18.2 MU. cm). At

this pH, the carboxyl group of arachidate molecules will remain ionized

and interact with the Niþ2 present in the subphase to form a Ni-arachidate

template (19). To form the NiA-HisRNAP monolayer, core HisRNAP was

injected just below the preformed NiA monolayer after 30 min to a final
FIGURE 1 Purification profile of s70, s38, and s32 on a 10% SDS-PAGE.

The migration position of the marker is shown on the right.
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concentration of 7.4 nM. To study the interaction of the s-subunit with

core HisRNAP, we injected different amounts of s-subunit (3.7–23 nM)

below the preformed NiA-HisRNAP monolayer after ensuring that NiA-

HisRNAP monolayer had reached equilibrium (over a period of 6 h). There

was no stirring of the subphase after the injection of proteins, and the barrier

speed for performing all of the pressure-area (P-A) isotherm measurements

was 20 cm2/min. The area/molecule values for kinetic experiments were

estimated at a surface pressure of 12 mN/m when the monolayer was in

its condensed state. To evaluate the area/molecule changes due to addition

of s-subunit, we recorded P-A isotherms 1 h after injecting the s-subunit.

The temperature of the trough was maintained at T 5 0.1�C with the

help of a thermostat bath attached to the trough. The trough was placed

under a Perspex box to avoid any dust.
SPR studies

The binding experiments were carried out in a BIAcore 3000 using a CM5

chip. The s-factors were diluted to a concentration of ~400–600 pM in

10 mM sodium acetate buffer, pH 4.0, and injected over the activated

flow cells at a flow rate of 2 ml/min until a response unit (RU) change of

1000–1200 RU was obtained. Channel 1 was left underivatized to correct

for nonspecific binding. To follow the kinetic interactions, we allowed

50 ml of core RNAP at the desired concentration (200–600 mM) in

HEPES-buffered saline running buffer (10 mM HEPES, pH 7.4, 150 mM

NaCl, 3 mM EDTA, and 0.005% Polysorbate-20) to flow over all of the

channels at 10 mL/min. The chip was regenerated with 10–20 ml of

10 mM NaOH at a flow rate of 50 mL/min, followed by washing with the

running buffer until the baseline stabilized.
RESULTS

Probing the protein-protein interaction
at the air-water interface

We evaluated the binding of core RNAP to different
s-factors using the LB technique. This technique detects
macromolecular interactions by observing changes in
instantaneous surface tension (g0 � g) as a result of molec-
ular interactions at the interface (20,21). Although the LB
technique is frequently used for quantitative evaluations of
surface-active molecules such as polymers and phospho-
lipids (22), its use to follow the activity of nonsurface-active
biomacromolecules has been restricted. Recently, our labo-
ratory used the unique property of fatty acids to spread as
isotropic lamellar structures on aqueous solutions, as well
as their ability to interact with divalent cations (Niþ2), to
successfully modify the LB technique. We demonstrated
the ability of Ni(II)-ion coordinated arachidic acid (NiA)
monolayers to provide a two-dimensional scaffold for char-
acterizing and quantitatively assaying sequence-specific
RNAP-T7A1 promoter DNA interactions under conditions
of molecular crowding (19). His-tagged core RNAP was
regioselectively immobilized at the air-water interface (as
described in Materials and Methods). This ensured that
despite its immobilization, the polymerase retained suffi-
cient mobility for the s-interaction interfaces (located
mainly on the b and b0 subunits) to remain exposed. Site-
directed immobilization ensured a homogeneous surface
density of molecules, and the specificity of the coordination
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bond (180–200 kcal/mol) both minimized nonspecific
adsorption and allowed us to probe noncovalent protein-
ligand interactions (0.6–2.59 kcal/mol) without any surface
leaching of the bound molecules (16). The restriction in the
degrees of freedom of the molecules took care of protein
aggregation and other side reactions without affecting the
intrinsic binding interfaces between the cognate partners.
However, in contrast to conventional bioaffinity immobili-
zation techniques, immobilization at the air-water interface
allowed us to study the reactions in a physiologically
compatible buffer system without any loss of functional
activity of the biomolecule.

Nonobligatory heterocomplexes such as RNAP
(a2bb

0us), which are assembled dynamically in response
to cellular needs, are very susceptible to changes in osmo-
larity. Hence, it is essential to define the ionic strength of
the medium in which the free energy of the complex is opti-
mized. In a previous work (23), we showed that increasing
concentrations of monovalent Naþ, beyond a concentration
range of 0–25 mM NaCl, compromised the rigidity of the
monolayer by lowering the condensation effect of a divalent
ion like Niþ2. For RNAP-s interactions, optimized binding
was observed at a salt concentration of 10 mM NaCl.
Although this ionic strength is low compared with the phys-
iological ionic strength usually maintained for in vitro
studies (0.05–0.15 M NaCl or KCl) (24), we should keep
in mind that the requirement of ionic strength to study
macromolecular interactions at the interface is different.

s-Competition model evaluated using the LB technique

To compare the binding affinities of different s-factors for
core RNAP, we first evaluated the kinetic parameters of
the core RNAP- s70 interaction by conducting a saturation
binding experiment at 25�C (25). Fig. 2 a (inset) shows
the immobilization of 7.4 nM of core HisRNAP at the NiA
monolayer. The P-A isotherms were checked for hysteresis
over a period of 6 h until the area/molecule value for NiA-
HisRNAP reached equilibrium. This ensured that the
changes we observed after injecting the different s-factors
were due to the core-s interaction alone, and ruled out
any contribution from excess His-RNAP present at the
monolayer. After ensuring that NiA-HisRNAP monolayer
had reached equilibrium, we injected s70 at the monolayer
in increasing amounts until saturation was reached, as indi-
cated by no further increase in area/molecule values upon
addition of s-subunit. Fig. 2 a shows the P-A isotherms
for the NiA–HisRNAP-s70 monolayer when different mole
fractions of s70 were injected relative to a fixed concentra-
tion of His-RNAP at 25�C. Saturation was reached for
a core/smolar ratio of 1:3. In all cases, the initial concentra-
tion of the ligand was kept to at least 10 times the probable
KD value to achieve 90% occupancy. Assuming that because
HisRNAP is bound directly at the monolayer, it is respon-
sible for showing surface activity, and s70 does not have
any distinct surface activity, we generated a fractional satu-
ration plot (n versus L) for the binding of different fractions
of s70 to a fixed amount of core His-RNAP (25). The frac-
tional saturation (n) of His-RNAP with s70 was determined
using the equation

v ¼ At � Ao

Amax � Ao

; (1)

where At is the area per molecule value of the NiA–
70
HisRNAP-s monolayer at any intermediate concentration

of s70, Ao is the area per molecule of only NiA-HisRNAP,
and Amax is the area per molecule of NiA-HisRNAP-s70 at
saturation. Assuming that the reaction has been allowed to
proceed to equilibrium, a fractional saturation plot is then
generated for the saturation binding of the ligand to the
analyte. For a simple equilibrium reaction,

KD ¼ ½AL�
½A�½L�: (2)

Again,

n ¼ ½AL�
½A� þ ½AL�; (3)

where KD is the apparent dissociation constant, [AL] is the

concentration of core RNAP bound to s, [A] is the unbound
core RNAP (analyte), and [L] is the unbound s (ligand)
given by

L ¼ L0 � vA0; (4)

where A0 and L0 are the total core RNAP and s-concentra-

tion, respectively.
FIGURE 2 (a) From left to right, P-A isotherms

of NiA and NiA-HisRNAP with different amounts

of s70 in a molar ratio of (i) 1:0, (ii) 1:0.75, (iii)

1:1, (iv) 1:1.2, (v) 1:1.3, (vi) 1:1.5, (vii) 1:1.75,

(viii) 1:2.1, (ix) 1:2.5, and (x) 1:3.1 at 20 mM

NaCl until saturation was achieved. (Inset) From

left to right, P-A isotherms of NiA and NiA-HisR-

NAP (7.4 nM) over a period of 6 h at 25�C and

10 mM NaCl, until equilibrium was reached. (b)

Plot showing the variation ofmacroscopic dissocia-

tion constant values with change in temperature for

the binding of core RNAP with s70, s32, and s38.

Biophysical Journal 103(6) 1325–1333
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Combining Eqs. 2 and 3 gives

n ¼ ½L�
KD þ ½L�: (5)

The nonlinear rectangular hyperbola fit was linearized for
easier analysis (Fig. S2 a) using the Scatchard equation:

n

L
¼ 1

KD

� n

KD

: (6)

From the slope, the dissociation equilibrium constant was
determined as KD ¼ 5.00 (50.66) � 10�9 M, and the
number of binding sites (n) was one. From the equilibrium
constant, the Gibbs free energy of reaction (DGr) was calcu-
lated as

DGr ¼ �RT ln KA ¼ RT ln KD

¼ 2 � 298 � ð�19:114Þ kcalmol�1; (7)

where R is the gas constant and T is the absolute tempera-
ture. This gave a value of DGr ¼ �11.39 (51.2) kcal
mol�1 of the free energy of reaction at 25�C for the overall
process.

A similar kinetic analysis was carried out for the binding
of His-RNAP with s32 and s38 at the interface under the
same experimental conditions (Fig. S2, b and c). The
binding affinities for each s-factor with core RNAP at
25�C and in the presence of 10 mM NaCl, along with
their respective free energies of interaction are given in
Table 1. From the values, it is evident that at 25�C and in
the presence of 20 mM NaCl, the relative binding affinity
of core RNAP with different s-factor varies as s-38 <
s-32 << s-70.

Temperature sensitivity of core RNAP-s binding
at the LB monolayer

The binding of s70, s32, and s38 with core RNAP was esti-
mated over a temperature range of 20–40�C. We followed
the interaction beyond the physiological temperature
because heat-shock gene products are known to come into
play at temperatures of R42�C. Thus, we wanted to study
the affinity of stress-related s-factors (sH and sS) at the
temperature at which their functional role is optimized.
However, one should keep in mind that these were in vitro
studies carried out with pure components, and the effect
of other cellular components could not be traced. The vari-
TABLE 1 Macroscopic equilibrium dissociation constant and therm

with different s-factors at 25�C and 10 mM NaCl

s-Factor

Macroscopic dissociation

constant (KD) at 25
�C (M)

Free energy of interact

(DGr) at 25
�C (kcal/m

s-70 5.00 (5 0.66) � 10�9 �11.39 (51.2)

s-32 5.71 (50.28) � 10�8 �9.90 (50.87)

s-38 6.12 (50.49) � 10�8 �9.28 (5 1.02)
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ation in macroscopic dissociation constant values with
temperature is tabulated in Table 2. From the presented
data, it is evident that the binding affinity of all three
s-factors decreases with an increase in temperature. How-
ever, the temperature sensitivity of this interaction varies
as s-38 < s-32 < s-70.

Fig. 3 gives a qualitative indication of temperature
susceptibility for the core RNAP-s interaction. The frac-
tional saturation plot for s70 (Fig. 3 a) showed that at lower
temperatures of 20�C, the binding was initially weak but
improved with increasing concentrations of s70. The inter-
action showed a more uniform binding pattern at higher
temperatures. Hence, the fluctuation in the estimated macro-
scopic dissociation constant values, and the enthalpy of
formation calculated from it, is higher at the lower temper-
ature of 20�C (11%) than at 30�C (8%). In the case of s32

and s38 (Fig. 3, b and c), we observed a uniform binding
pattern over all of the temperature ranges, with variations
in the range of 5–10%. Core RNAP binding to s38 appeared
to be unaffected by changes in temperature. As such, we
observe a reversal in the order of relative binding affinities
between s and core RNAP as the temperature increases
from 20�C to 40�C, with the crossover taking place at
~25�C (Fig. 2 b). Thus, at 20�C the affinity order appears
to be s-38 < s-32 < s-70 (in 10 mM NaCl), but at 40�C
the affinity order changes to s-70 < s-32 < s-38 (in
10 mM NaCl).

This reversal in the estimated affinity order is expected.
Because s70 is the principal s-factor responsible for turning
on genes involved with the growth of an organism, we
expect it to show the strongest binding to core RNAP at
optimal temperatures. However, as the organism is sub-
jected to stress (i.e., heat shock), the binding of s70 weakens
to allow other s-factors to come into play. This probably
explains the greater temperature sensitivity of sH (s32) as
compared with sS (s38) (Fig. 3, b and c), because the former
is directly responsible for transcribing the heat-shock
proteins that can buffer the organism against elevated
thermal energy levels (26). The results justify our hypoth-
esis that temperature plays a major role in controlling the
transcription pathway for stress-related gene products.

We also constructed a van ’t Hoff plot for the temperature
range of 20–40�C (Fig. S3) for the core RNAP-s interaction
using the equation

ln KD ¼ DH

RT
� DS

R
: (8)
odynamic constants calculated for the interaction of core RNAP

ion

ol)

Enthalpy of interaction

(DH) (kcal/mol)

Entropy of interaction (DS)

(cal/mol/K)

�25.70 (5 4.369) �40.00 (58)

�18.70 (5 2.8) �22.23 (54.01)

�9.90 (51.02) �1.84 (50.22)



TABLE 2 Variation in macroscopic equilibrium dissociation constant values with temperature for core RNAP-s interaction

Temperature s-70 KD (M) s-32 KD (M) s-38 KD (M)

20�C 1.25 (50.22) � 10�9 2.25 (50.11) � 10�8 5.90 (50.39) � 10�8

25�C 5.00 (50.66) � 10�9 5.71 (50.28) � 10�8 6.12 (50.49) � 10�8

30�C 9.09 (50.71) � 10�9 7.29 (50.34) � 10�8 6.25 (50.56) � 10�8

35�C 1.27 (50.10) � 10�8 9.29 (5 0.31) � 10�8 6.57 (50.46) � 10�8

40�C 1.58 (50.17) � 10�8 1.25 (50.08) � 10�7 -
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The slope of lnKD versus 1/T provides DH/R, from which
the enthalpy was calculated, and the y-intercept DS/R
gave the entropy change of the system. The enthalpy and
entropy values thus obtained are compared in Table 1.
Although a negative free energy of interaction indicates
that the reaction is spontaneous, the negative entropy of
FIGURE 3 Fractional saturation plot for interaction of core RNAP with

(a) s70, (b) s32, and (c) s38 at temperatures of 20�C, 30�C, and 40�C.
reaction [DS ¼ �40.00 (58) cal/mol/K] coupled with a
comparatively small magnitude of enthalpy [DH ¼ �9.90
(51.02) kcal/mol] released indicates that the interaction
may involve large-scale protein conformational changes.
This is further elaborated in the Discussion section.
Kinetic and thermodynamic evaluations of core
RNAP-s association using the SPR method

We undertook a comparative kinetic analysis for the binding
of s-factors to core RNAP by evaluating the same interac-
tions using a different nonhomogeneous technique, SPR
(Fig. S4). Here, we fitted the data globally using a nonlinear
regression to determine the kinetic parameters. The concen-
tration of s-factors was varied between 200–750 nM for the
association phase and was kept at zero during the dissocia-
tion phase. The data were fitted to a simple 1:1 Langmuir
binding model (c2 ¼ 0.73–3.4). The kinetic parameters
obtained are tabulated in Table S1. When the temperature
of the system was kept invariant, the relative binding
affinities of the s-factors and kinetic parameters of core
RNAP-s binding were found to follow the same trend as
observed with the LB technique.

We estimated the effect of temperature on the binding of
core RNAP with s-factor using the binding of 400 nM core
RNAP with the immobilized s-factors, within the tempera-
ture range of 20–40�C (Fig. S5 and Table S1). The values for
strength of binding among the three different s-factors,
when all other variables remain unchanged, as well as the
variation in binding observed with changes in temperature,
correlate well with those obtained from the LB studies pre-
sented here.

Effect of ionic strength on the kinetics of the core RNAP-s
interaction

With the LB technique, we were unable to study the effect of
core RNAP binding to s-factors with variation in osmolarity
of the medium. We overcame this limitation by carrying out
SPR studies at ionic strengths closer to the cellular permis-
sible limits. Fig. 4 a shows the sensorgrams for 400 nM of
core RNAP interacting with s70 in the presence of
100 mM and 150 mM NaCl at 20�C. Fig. 4 b shows the
same interaction when it was followed at an elevated
temperature of 30�C. Quantitatively, core RNAP-s70

kinetics showed a pronounced salt effect at lower tempera-
tures. Similarly, Fig. 4, c and d, show the sensorgrams for
binding of the same concentration of core RNAP-s32 in
Biophysical Journal 103(6) 1325–1333



FIGURE 4 Comparative sensorgrams at differ-

ent ionic strengths of 100 mM and 150 mM NaCl

for the interaction of (a) core RNAP-s70 at 20�C,
(b) core RNAP-s70 at 30�C, (c) core RNAP-s32

at 20�C, (d) core RNAP-s32 at 30�C, (e) core

RNAP-s38 at 20�C, and (f) core RNAP-s38 at

30�C.
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the presence of 100 mM and 150 mM NaCl at temperatures
of 20�C and 30�C, respectively. In this case, the sensitivity
to ionic strength was negligible at both temperatures. The
salt sensitivity of s38 binding to core RNAP is shown in
Fig. 4, e and f. We observed a small amount of variation
with changes in the osmolarity of the medium, but changes
in temperature did not seem to affect this variation. This
indicated that the salt sensitivity of the s-factors varies as
s-32 < s-38 < s-70.
DISCUSSION

A comparison of the core binding affinity among the house-
keeping s-factor versus stress-related alternative s-factors
showed that the principal s-factor (s70) has the strongest
binding, with all other-factors remaining the same, and the
weakest interaction was observed in the case of core
RNAP binding to s38 (ss). We observed a 12-fold difference
in the core binding affinity of s70 and s38, whereas that
between the s70 and s32 core binding affinities was ~9-fold
(Table 1). Our data indicate that core RNAP-s binding,
especially that obtained with s70, is extremely sensitive to
changes in external stimuli. As such, it would be incorrect
Biophysical Journal 103(6) 1325–1333
to predict an absolute order of binding affinities for these
different s-factors without taking into consideration the
experimental variables. Thus, the order of relative binding
affinity of the three s-factors for the same core RNAP
may be summarized as follows:

1. s-32 < s-38 < s-70 (at 20�C, 150 mM NaCl).
2. s-70 < s-38 < s-32 (at 20�C, 100 mM NaCl).
3. s-32 < s-38 < s-70 (30–35�C, irrespective of salt

concentration).
4. s-70 < s-32 < s-38 (40�C).

It was previously noted that s70 has a tendency to aggre-
gate at higher concentrations (27), which may affect the
interpretation of our kinetic data due to incorrect estimation
of the monomeric form of s-factor available to bind with
core RNAP. Dynamic light scattering (DLS) and size exclu-
sion chromatography studies were done to check the oligo-
meric status of the s-factors. The DLS studies showed that
at a concentration of 2 mM, all of the s-factors had a polydis-
persity of<12%, indicating that they exist as a single homo-
geneous species (Fig. S6). The hydrodynamic radius
calculated (R ¼ 7.5 nm) for s70 matched closely with that
of the V-shaped crystal structure for s70 (28). This indicates
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that at this concentration, the purified s-factors exist as
a monomeric species. Beyond concentrations of 6 mM, the
polydispersity increased to >16%, indicating that the popu-
lation distribution was heterogeneous in nature and possibly
consisted of a mixture of higher-order aggregates (Fig. S7).
The fast protein liquid chromatography profile of the
s-factors also showed a single elution profile (Fig. S8), indi-
cating a near absence of aggregates. In both the Langmuir
trough and SPR studies, the proteins undergo a 100-fold
dilution (nanomolar range), and as such would primarily
consist of a homogeneous population of monomeric
s-factors (11) needed to bind to core RNAP. Hence, the
differences in binding affinities observed were not related
to s-aggregation. The activity of the purified s70 was
checked in both multiple- and single-round in vitro
promoter-specific transcription assays on a T7A1 promoter
template (Fig. S8). A precise estimation of the functional
amount of each s was not possible here. However, we esti-
mated the kinetic and thermodynamic parameters using
saturation binding kinetics by varying the concentration
range of s within the molar ratio of 1:3 (core/s). Thus, we
ruled out the possibility that the rate of recruitment of
s-factors to core RNAP is dependent on the fraction of func-
tional s-factor present in each addition. The equilibrium
binding studies reflect only the intrinsic binding affinities
of s-factors for core RNAP under varying physiological
conditions and under conditions of molecular crowding
(using a quasi-three-dimensional model, the surface density
of immobilized molecules at the LB monolayer is estimated
at 170–180 mg/ml) (16,25).
A molecular thermodynamic perspective of the
core RNAP-s interaction

Protein-protein interactions involving a single adduct
formation from two individual partners are usually accom-
panied by an increase in the configurational entropy of the
system. Thus, it is unique to have a negative entropy of
interaction in the case of core RNAP binding to its
s-factors. This can only be explained if the interaction is
accompanied by large-scale conformational changes of
either interacting partner. A careful look at the s70 domain
organization indicates that the comparatively small
70 kDa protein must undergo distortions so that the
conserved regions 2.1 and 2.3 can simultaneously make
multiple contacts with both the b (150 kDa) and b0 (155 kDa)
subunits of RNAP (29,30). The energy for these conforma-
tional changes must be borrowed from the energy released
during the electrostatic interactions between the charged
protein lobes. Thus, the observed overall enthalpy for the
core RNAP-s interaction will be the excess energy released
after allowing for conformational changes on the s-factor.
The smaller the released enthalpy, the greater will be the
distortion involved for the s-factor to make molecular
contact with core RNAP and the magnitude of negative
entropy. Therefore, the magnitude of the enthalpy and
entropy values share an inverse relationship and can be
used as a putative indicator for predicting the relative
binding affinities of the three s-factors. Evolutionary
studies have shown that although they belong to the s70

family of s-factors, the alternative s-factors (s32 and s38)
show a divergence in amino acid sequence from the
conserved sequence of the principal s-factor (s70) (31,32).
This relaxation in conserved amino acid sequences may
be compensated for by a more stringent demand for binding
domain recognition to enable an interaction to take place.
Thus, the alternative s-factors would have to undergo
greater structural distortion to interact with core RNAP as
compared with �s70. This would account for the observed
lower free energy of interaction and smaller amount of
enthalpy released for core RNAP interacting with s32/s38

at 25�C as compared with the same for core RNAP binding
to s70 at this temperature (33,34). Thus, thermal energy and
osmolarity could act as regulators in preventing a nonopti-
mized binding of s-factors depending on the changing phys-
iological conditions. This hypothesis accords well with our
observed changes in binding affinity (Tables 1 and 2) and
puts our understanding of the structural and molecular
implications of domain organization in s-factors on a solid
basis (35,36).
Comparison of the LB technique and SPR

It is evident from the data presented here that the sensitivity
of the detection method used plays a significant role in
determining the value of the binding parameters. Unlike
the thermodynamic parameters of a system, which are its
intrinsic variables and define the system at equilibrium
(Table S2), the kinetic binding parameters are extrinsic vari-
ables and depend on the imposed conditions. As such, we
observe a 10- to 100-fold variation in the kinetic parameters
obtained using two different nonhomogeneous methods
(Table 3). Although both the SPR and LB techniques func-
tion on the principle of partitioning of reactants between the
bulk phase and the interface, their detection methods have
intrinsic differences that are reflected in the respective quan-
titative evaluations. In the case of the LB monolayer, one
can circumvent the problem of mass transport by evaluating
the binding parameters only after the system has reached
equilibrium (22,25). However, for SPR, where interactions
are followed in real time, mass transport will affect the
observed rate constant. The heterogeneity of covalent
linkage formation in SPR may also compromise the avail-
ability of the s-interaction domains, whereas site-directed
immobilization at the LB monolayer ensures that the core
RNAP-s binding interfaces remain unaffected (37). In terms
of data analysis and interpretation, the saturation binding
analysis used in the LB technique allows for inhomoge-
neous data points to be evenly spaced out along a linear fit
and gives a better idea of the binding. However, the use of
Biophysical Journal 103(6) 1325–1333



TABLE 3 (b) Comparison of macroscopic equilibrium

dissociation constant values for core RNAP-s32 interaction

Temperature

Evaluation of KD (M)

by SPR

Evaluation of KD (M)

by LB

20�C 1.03 (50.08) � 10�7 2.25 (50.11) � 10�8

25�C 3.12 (50.21) � 10�7 5.71 (50.28) � 10�8

30�C 6.14 (50.27) � 10�7 7.29 (50.34) � 10�8

40�C 1.72 (50.14) � 10�6 1.25 (50.08) � 10�7

TABLE 3 (c) Comparison of macroscopic equilibrium

dissociation constant values for core RNAP-s38 interaction

Temperature

Evaluation of KD (M)

by SPR

Evaluation of KD (M)

by LB

20�C 2.50 (50.22) � 10�7 5.90 (50.39) � 10�8

25�C 3.25 (50.23) � 10�7 6.12 (50.49) � 10�8

30�C 4.50 (50.22) � 10�7 6.25 (0.556) � 10�8

TABLE 3 (a) Comparison of macroscopic equilibrium

dissociation constant values for core RNAP-s70 interaction

Temperature

Evaluation of KD (M)

by SPR

Evaluation of KD (M)

by LB

20�C 6.00 (51.04) � 10�8 1.25 (50.22) � 10�9

25�C 2.01 (50.23) � 10�7 5.00 (50.66) � 10�9

30�C 4.75 (50.23) � 10�7 9.09 (50.71) � 10�9

40�C 3.00 (51.7) � 10�6 1.58 (50.17) � 10�8
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the Marquardt-Levenberg algorithm for curve-fitting in SPR
(Table S3) ensures a smaller window of deviation for the
values calculated. Similarly, when it comes to maintaining
the osmolarity of the solution closer to physiological condi-
tions, the SPR technique (100–150 mMNaCl) has an advan-
tage over the LB method (10 mM NaCl).

Despite the differences in estimated kinetic parameters
between the LB and SPR methods, the data sets generated
for each technique were internally consistent. Further,
although there was variability in absolute values, the relative
order of s-affinity for core RNAP under given experimental
conditions was found to be consistent for both measure-
ments. Thus, based on the analysis of data sets from
individual techniques, as well as a comparison of data ob-
tained under different experimental conditions, we may
conclude that both salt and temperature play a major role
in determining the degree of s-switching.
CONCLUSIONS

By estimating the binding parameters for different s-factors
under the same experimental conditions, we were able to
reach a consensus regarding the relative binding of
s-factors for the same core. The susceptibility of this inter-
action to external stimuli suggests that there is no absolute
order for the relative binding affinities of s-factors for
core RNAP. Rather, it appears that bacteria themselves
have adapted so that they can coordinate their gene expres-
sion profile based on environmental variables. The use of an
Biophysical Journal 103(6) 1325–1333
equilibrium binding model to evaluate the kinetic variables
reduced the possibility of inaccuracy in measurements asso-
ciated with partitioning of components between two phases,
and the reduced dimensionality of our system allowed us to
study the interaction under conditions of macromolecular
crowding (170–180 mg/ml). The system can also be used
as a model system for exploring other biologically relevant
protein-protein competitive interactions, which represent
a promising class of therapeutic targets.
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