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The thermodynamics of RNA polymerase (RNAP) binding to a 108 base pair (bp) synthetic promoter with
consensus sequences at the —35 and -10 bp binding regions upstream from the transcription start point were
determined using isothermal titration calorimetry (ITC). The binding constant at 25 °C is 2.37+0.18x10” M,
which is reduced to 0.17+0.06x10” M~ with mutations in the —10 bp region but remained the same with
mutations in the - 35 binding region. The binding reactions were enthalpically-driven with exothermic binding
Keywords: enthalpies ranging from -57+6 k] mol™! at 15 °C to -271+20 k] mol ™! at 35 °C yielding a large binding heat
Differential scanning calorimetry capacity change of ~10.7+1.9 k] mol™" K™/, indicating a conformational change upon binding to the RNAP.
DNA Differential scanning calorimetry (DSC) scans of the thermal unfolding of RNAP and the promoter-RNAP
Isothermal titration calorimetry complex exhibited an unfolding transition at 55.5+0.6 °C and at 58.9+0.5 °C for the RNAP but only one
Promoters transition at 60.5+ 1.1 °C for the complex with van't Hoff enthalpy to transition enthalpy ratios of, resp., 3.2+0.3
RNA polymerase and 4.3+0.5. The single transition of the complex results from a shift to 60.5 °C of the low temperature
Thermodynamics transition upon promoter binding to the structural unit unfolding at the lower temperature in RNAP. The large
Transcription transition enthalpy ratios indicate that the o, &, &, {3, and 3’ subunits unfold as almost independent entities. The
dissociation thermodynamics of short transcription “bubble” duplexes of 7 promoters sequenced from -1 to
-12 bp were determined from ITC and DSC measurements. The free energy change of the promoter binding to
the RNAP and the free energy requirement for formation of the transcription bubble at the low promoter
concentrations in the cell are sufficient to drive the initiation of transcription through the isomerization of the
closed to the open form step of the RNAP-promoter complex.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The transcription of 300 promoter sequences in E. coli [1] is
initiated by a sequence of thermodynamic events including the initial
formation of a “closed” RNAP-promoter complex followed by
isomerization to an “open” complex which includes unwinding of a
subset of DNA sequences of the promoter near the transcription start
point to form a transcription “bubble”[2]. The first step in this sequence
of events is the binding of RNAP to the promoter principally at two sites
on the promoter, a consensus TATAAT site centered at —10 bp and a
consensus TTGACA site centered at -35 bp upstream from the
transcription start point [1]. Nitrocellulose binding assays of the
binding of a promoter to RNAP as a function of temperature show that
the binding is accompanied by a large heat capacity change of -5.9+
1.3 k] K™!, implying a conformational change in the RNAP-promoter
complex to align the DNA template onto the catalytic site of the RNAP
[3]. The conformational change may occur exclusively in the RNAP or
may be attributed to the bending of the promoter near the TATA box
region, as observed in scanning force microscope images [4].
Dissociation of the sigma 70 (0 70) subunit from the promoter—-RNAP
complex then occurs during isomerization of the “closed” complex to
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the open complex resulting in the formation of the transcription bubble to
facilitate transcription of the promoter to messenger RNA. More
specifically, the transcription bubble is formed by dissociation or “melting”
of the complementary strands of the promoter from —12/-11 bp upstream
to one or two bases downstream from the transcription start point and,
thus, usually consists of almost the entire consensus TATAAT site
centered at -10 bp upstream [5]. An interaction between T429 of the o
subunit of RNAP and a =11 A/T bp is believed to initiate separation of
the DNA strands into the transcription bubble [5]. This kinetically-
derived mechanism has been supported by FRET measurements [6]
and by structural models developed from X-ray crystallographic data
on the core enzyme from Thermos aquaticus [7] and on yeast RNA
polymerase [8]. The proposed structural model involves the P’ and
ao’ subunits of RNAP and consists of inserting the promoter in a cleft in
the RNAP formed by the R’ subunits and the N-terminal domains of
the oo’ subunits so that the transcription bubble formed on the
promoter is in contact with the catalytic site of the B’ subunits at the
bottom of the cleft [7,8]. The catalytic site then employs the single
strand DNA template of the transcription bubble to generate a RNA
sequence complementary to the single DNA strand. The isomerization
of the initiation complex to the open complex form occurs when the
transcription bubble is formed and is then followed by elongation,
termination, and editing of the RNA transcript as described earlier
in terms of a qualitatively-integrated thermodynamic, Kinetic, and
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structural model [9]. Remarkably, all of these processes of promoter
binding and formation of the transcription bubble upon isomerization
to the open initiation complex are solely driven by the binding free
energy and not by coupled hydrolysis reactions as is hypothesized for
other biological processes [10].

In this investigation, the thermodynamic events accompanying the
formation of the open form of the initiation complex are determined
quantitatively from calorimetry measurements. The binding thermo-
dynamic parameters of a synthetic 108 bp consensus lace promoter
with consensus binding sequences centered at —10 bp and -35 bp
upstream from the transcription start point (sync on promoter), as
shown in Fig. 1, were determined as a function of temperature and of
sequence changes in the -35 bp and -10 bp RNAP-binding regions
using ITC. Any implied conformational changes in RNAP upon binding
of the promoter to form the closed complex were explored by
comparing the DSC results on the thermal unfolding of the free RNAP
to the thermal unfolding of the RNAP-syncon promoter complex.
Differences in the thermodynamic requirements for the formation of
the transcription bubble from separation of the DNA strands of the
three 108 bp syncon promoters between the transcription start point
at+1 bp and - 13 bp were determined from DSC results on the thermal
dissociation of the short 12 bp transcription bubble duplexes. Short
12 bp bubble duplexes of four additional promoters with different
rates of formation of the promoter-RNAP complex [11], as listed in
Table 1, were also included in this investigation. The DSC results were
compared to the ITC results on the formation of the 12 bp duplexes.
The length of the transcription bubble duplexes employed in this
investigation was based on several considerations. It was observed
that for bacillus subtitles sigma RNAP bound to the flagellant promoter
that the transcription bubble extends from the -10 bp region to near
-1 bp at 20 °C and to +3 bp at 40 °C facilitated by the presence of
nucleoside triphosphates and Mg*? [12]. The formation of the
transcription bubble of the spollG promoter [13] by bacillus subtilis
sigmaD RNAP was hypothesized to occur in two steps with first
formation or “melting” between —13 bp and -3 bp of the promoter in
the absence of nucleotides followed by extension to the +1 bp start
point in the presence of nucleotides. Similarly, the formation of the

-35
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GCGCAACGCAATAAATGTGATCTAGATCACATTTTAGGCACCCCAGGCTTTACAC
CGCGTTGCGTTATTTACACTAGATCTAGTGTAAAATCCGTGGGGTCCGARATGTG

ITTTATGCTTCCGGCTCGTATAATGTG’I‘GGMTTGTGAGCGGATAACAATTTCA
AAATACGAAGGCCGAGCATATTACACACCTTAACACTCGCCTATTGTTAAAGT

T t
-10 Transcription Start Point
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AAATGT CCGCGT
1
-35
Syncon B TATAAT - CATGAT
ATATTA GTACTA
1
-10
Synlac TATAAT -« TATGTT
ATATTA ATACAA
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AAATGTGATCTAGATACAATTTTA -«
TTTACACTAGATCTATGTTAAAAT

t
-61

TAATGTGAGTTAGCTCACTCTCAT
ATTACACTCAATCGAGTGAGAGTA

Fig. 1. Sequences of the promoters used in the RNAP binding measurements. Syncon A is
a —-35 bp region mutant of the syncon promoter. Syncon B is a =10 bp region mutant of
the syncon promoter with two separated mutations. Synlac is a - 10 bp region mutant of
the syncon promoter with two adjacent mutations.

Table 1
Promoter transcription “bubble” duplexes

Promoter Sequence Rate of RNAP complex
formation 108 M™' 57!
Peac OF Py Ps® TATAATGTGTGG 0.85
ATATTACACACC
P? GATACTGAGCAC 0.10
CTATGACTCGTA
P TATAATGGTACC 11
ATATTACCATGG
Ppra® GACAATAACCCT 0.10
CTGTTATTGGGA
Pras? TATAATAGATTC 2.9
ATATTATCTAAG
Pyp, CATGATGTGTGG
GTACTACACACC
pEe. TATGTTGTGTGG
ATACAACACACC

The bases in the bold letters are at the —10 position on the promoter.
2 These sequences are from reference [11].

transcription bubble by E. coli. RNAP is believed to proceed initially
with nucleation or localized melting of the promoter near -11 bp and is
then followed by extending the incompletely initially-formed bubble
to a final fully developed transcription bubble [5]. In addition, different
start points for transcription have been observed for many promoters
in E. coli. [14] and so RNAP may be somewhat flexible in the extension
of the transcription bubble starting from localized melting of the
promoter near - 11 bp. Accordingly, in this investigation, the promoter
DNA duplexes chosen to compare the thermodynamic requirements
for the initial formation of the transcription bubble in the absence of
the nucleoside triphosphates and Mg*? were promoter sequences from
-1 bp to -13 bp. In fact, short 14 bp promoter duplex fragments
consisting of only the —10 consensus sequence have also been shown
to undergo melting at temperatures above 14 °C when bound to RNAP
[10]. All the promoter sequences employed in this investigation
contained the critical =11 A/T bp [4,15] and lacked mutations at -7,
which would significantly affect the binding affinity to RNAP [10].
These different thermodynamic contributions to the initiation of
transcription are then discussed in terms of the thermodynamic
requirements for the initiation of transcription in E. coli.

2. Experimental
2.1. Materials

The RNAP was prepared and purified according to the procedure
described by Lowe et al. [16] and an extinction coefficient of
2.77x10° cm™! M™! at 280 nm was used to determine the concentra-
tion of the RNAP, although not all of the RNAP in the sample was active
to bind the promoters [17]. The enzyme activity of the RNAP was
checked by following the protocol described by Zhang et al. [ 18] which
employs a 10 min pre-equilibrated 25 pL reaction mixture consisting
of 0.5 nM of a 203-bp lac operon, 40 nM of the purified RNAP, 50 nM
[o->2P]UTP from Amersham Pharmacia Biotech, and 200 pM cNMP in
a buffer consisting of 40 mM tris|Hydroxymethyl]aminoethane (tris)-
HCl at pH=8.0 containing 100 mM KCl, 10 mM MgCl,, 2 mM mercap-
toethanol, and 5% glycerol at 37 °C. The enzyme reaction was initiated
by the addition of ApA to the mixture at a concentration of 0.25 mM
ApA and then allowed to proceed for 15 min. The reaction was
terminated by the addition of 25 pL of a solution of 80% formamide,
89 mM Tris, 89 mM boric acid, 2 mM EDTA, 0.05% bromphenol blue,
and 0.05% xylene cyanol. The reaction product, [a->?P]AAUU, was
resolved by electrophoresis on a 20% polyacrylamide and 8 M urea gel
and quantified by using a storage phosphor autoradiography method
in conjunction with a Molecular Dynamics 300 E Phosphor Imager
equipped with Image Quant software. The RNAP core was obtained
from Epicentra Biotechnologies and the original concentration of
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0.7 g L™ as stated by the supplier was taken as the concentration of
the RNAP core after it was dialyzed in the phosphate buffer described
below for the RNAP ITC binding measurements. The 108 bp syncon
promoter was from -82 to +22 of the lacUV5 promoter, so that it
contained the principal RNA polymerase binding site sequences at
-10 bp and -35 bp and 108 bp promoters with mutations at =10 bp
and -35 bp, as shown in Fig. 1.

Each complementary strand of the 108 bp promoter was
synthesized on the pmol level on a DNA synthesizer and purified by
gel electrophoresis. The complementary sequences were annealed by
heating equal amounts of each strand in 10 mM tris-HCI buffer
containing 1 mM MgCl, and 0.5 M NaCl at pH=7.4 up to 95 °C followed
by slow cooling down to room temperature. The concentration of the
108 bp syncon promoters was determined from OD measurements at
260 nm using an extinction coefficient of 1.3x10° cm™! M~ based on
an OD of 1 for a 50 ng pL™! solution [19] and a molecular mass of
65,000 g mol™ . The ITC promoter to RNAP binding measurements
were performed in phosphate buffer consisting of 50 mM K3PO,4 and
contained 0.2 mM dithiothreitol (DTT), 0.2 mM ethylenediamine
(EDTA), and 0.15 mM KCl at pH=7.0. The potassium phosphate salts,
sodium chloride, potassium chloride, tris, DDT, and MgCl, were
reagent grade from Sigma Chemical Co. The DTT was ultra pure brand
from GIBCOBRL. The sodium salt of EDTA was from Serva Co. The HCl
and glycerol were reagent grade from Mallinckrodt.

The lyophilized synthetic 12mer single strand DNA sequences were
obtained from two sources, Oligos, Etc. and Integrated DNA Technol-
ogies, de-salted and HPLC purified and used without any further
purification. The ITC binding experiments between the DNA com-
plementary strands were performed in 10 mM sodium phosphate +
1 mM EDTA at pH=7.0 buffer. The concentration of the ssDNA was
determined by UV absorption measurements at 260 nm and use of the
extinction coefficients from the supplier. DSC melting scans were
performed on the resulting DNA duplexes from the ITC measurements.
DSC scans were also performed on the ssDNA sequences to determine
if they are stacked at ambient temperatures.

2.2. Isothermal titration calorimetry

The binding constants and binding enthalpies for the 108 bp syn-
con promoter mutants binding to RNAP and for formation of the short
promoter DNA duplexes were determined from ITC measurements,
using a Microcal, Inc. VP Titration Calorimeter as described previously
[20]. The reference solution vessel contained the dialysate and the
sample vessel contained 1 to 3 ptM RNAP in the potassium phosphate
buffer solution and 2-4 pL aliquots of the 0.03 to 0.1 mM syncon or
mutant promoter in the potassium phosphate buffer solution were
titrated 3 to 4 min apart into the RNAP solution until the binding to
RNAP was saturated as evidenced by the lack of a heat exchange signal.
(The ribonucleotide triphosphate reactants and Mg*? were absent
from the solution.) Prior to the promoter into RNAP solution titration,
2-4 L aliquots of the promoter solution was titrated into the dialysate
in the sample vessel to determine any heats of dilution of the
promoter solution. The same procedure was followed for the
formation of the transcription bubble duplexes where 5 L aliquots
of 0.1 to 1.0 mM short promoter DNA sequences were titrated into 10
to 20 puM solutions of their complementary sequences in 10 mM
sodium phosphate buffer at pH 7.0 with 1.0 mM EDTA. The same buffer
was in the reference vessel of the ITC.

Analysis of the titrations consisted first of subtracting an average
heat of dilution of the titrant (promoter or DNA solution) from their
corresponding binding isotherms where the total integrated heat
exchanged as a function of the total number of moles of titrant are
plotted as a function of the ratio of the moles of titrant to the number of
moles of reactant in the sample vessel of the ITC. A single-site binding
model equation is then fitted to the resulting binding isotherms to
determine values for ApH, Ky, and n, the amount of moles of titrant to

the amount of moles of reactant in the sample vessel at half the
saturation of the reactant in the sample vessel, as described previously
[20]. The fitting procedure was performed by the software program
Origin from Microcal, Inc. It was found that fits of a single-site binding
site model to the promoter binding to RNAP isotherms yielded binding
constants and enthalpies that were dependent on the concentration of
the promoter titrant in the stirrer syringe but independent of the
approximate concentration of active RNAP in the sample solution.
Accordingly, the n values of the promoter to RNAP binding reactions
are not recorded. Values of the binding free energy change (A,G®) and
the binding entropy (A,S°) were then determined from the funda-
mental equation of thermodynamics:

ApG® = -RTIn {Kp} = AH-TA,S° 1)

The heat capacity change for the binding reaction, AyCp, was
determined as the slope of the assumed linear dependence of the
binding enthalpy on temperature.

Uncertainties in n, K, and A,H° for each ITC scan were generated
from the final iterative fit of the single-site binding model to the ITC
isotherm data. Each ITC reaction was performed at least twice and the
uncertainties in the values of n, Kp,, and Ap,H® of each ITC scan were
employed as weighing factors in determining average values for n, Ky,
and ALH® from the ITC reactions. The uncertainties are, thus, reported
as standard deviations of the average n, K, and ApH® values.

2.3. Differential scanning calorimetry

AVP-DSC Microcalorimeter from Microcal, Inc. (Northampton, MA)
was employed for the DSC measurements. The DSC consists of a
matched pair of 0.511 mL sample and reference vessels. In a series of
DSC scans, both vessels were first loaded with the buffer solution,
equilibrated for 15 min at a pre-set temperature of 25 °C and scanned
up to 95 °C at a pre-set scan rate. The buffer versus buffer scan was
repeated once for a second scan following cooling of the first scan.
After cooling of the second scan, the sample vessel was then emptied
and loaded with the transcription bubble DNA or the RNAP solution by
means of a syringe and prior to the 15 min equilibration period at the
lower temperature. The RNAP solutions were scanned at pre-set scan
rates from 15 to 90 °C h™! to determine any dependence of the RNAP
transition parameters on DSC scan rate, whereas the reversible DNA
duplex solutions were scanned only at 60 °C h™". The solution scans
were repeated several times to determine if the transitions were
reversible. After completion of a set of scans, the second buffer versus
buffer scan was used as the baseline scan and subtracted from each of
the solution versus buffer scans for analysis. The net solution versus
buffer scan was converted to a heat capacity versus temperature scan
and the DNA duplex and RNAP transitions were analyzed in terms of a
two-state thermodynamic transition model by using the EXAM
software program [21]. The EXAM program [21] employs a sigmoidal
baseline, which follows the profile of the transition peak for
extrapolation of the pre- and post-transitional baselines under the
transition peak to determine the transition peak area, the transition
van't Hoff enthalpy (AusHyy) and the transition temperature (Tg)
where the transition peak area is half of the total area. The transition
van't Hoff enthalpy is determined from d(In{K(T)})/d(1/T) where the
transition equilibrium constant, K(T) is determined from the fractional
area, o(T) up to a temperature T. The ratio of the transition peak area
to the amount of RNAP or DNA duplex in the sample vessel yielded
values for the transition enthalpy (AysH). The RNAP transitions were
analyzed in terms of a two-state A—B transition model by using EXAM.
The dissociation or “melting” of the transcription “bubble” DNA
duplexes was analyzed in terms of a A,—2B two-state thermodynamic
transition model to yield the dissociation temperature of the duplex
(Tq), the dissociation enthalpy (AqH,y) in terms of change of enthalpy
per duplex, and the dissociation enthalpy (A4H) from the area of the
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dissociation transition to the number of modes of duplex in the DSC
sample. Although the dissociation of the DNA duplex to its
complementary strands is best represented by AB—~A+B, the A,~2B
dissociative model was used since whether or not the products are
identical, the profiles of the transition peak are the same [21], and so
are values of the transition temperature and the van't Hoff dissocia-
tion enthalpies [21,22]. The uncertainties in the transition tempera-
tures, the van't Hoff enthalpies, and the transition/dissociation
enthalpies were determined as standard deviations of the average
values of repeated DSC scans of the samples.

The binding constants determined from the ITC measurements
were extrapolated up to the transition temperatures of the RNAP and
employed to estimate the increase in the denaturation temperature of
each transition in its complexed state since the syncon promoter does
not bind to the unfolded state [23]. The equations utilized for the
above calculations are as follows for extrapolation of the ITC
determined binding constants up to the transition temperature of
the RNAP-promoter complex, Tg(P),

In[Ky (Ta(P)/K(To)] = [(=ApH(To) + AyCpTo) /R](1/Tc(P)=1/To) + (ApCp/R) In(Tc (P)/To)
)

and for estimates of the temperature shifts at the denaturation
temperature,

1/Te=1/Ta(P) = (R/AusH) In{1.00 + ([Po]~[RNAPo]/2)K, (T (P)}  (3)

where T, is the temperature of ITC determinations of Ky, Tg is the
transition temperature of each transition of the RNAP alone, T¢(P) is
the transition temperature of the complex, AysH is the transition
enthalpy of the complex, [P,] is the total initial promoter concentra-
tion, and [RNAP,] is the total initial RNAP concentration [23].

The DSC enthalpies on the dissociation of the shorter transcription
bubble duplexes listed in Table 1 can be compared to the ITC
enthalpies on the formation of the transcription DNA bubble
sequences since any heat capacity change upon formation of the
transcription bubble duplexes will be shown by ITC to be negligible.
For thermodynamic comparison of the dissociation of the transcrip-
tion bubble duplexes at 25 °C,

AqG(T) = T/Tq{AaG°(Tq) }~AaH® (Ta){1-T/Ta} (4a)

where, for non-identical complementary DNA sequences at the
dissociation temperature,

A4G°(Tq) = -RT4 In {4/C;} (4b)

T=298.15 K, Tq=dissociation temperature in K, and /C; is the total
ssDNA strand concentration [22]. The dissociation temperatures of the
transcription bubble duplexes are defined as the temperature where
50% of the duplex is dissociated into ssDNA and decrease with
decrease in concentration as shown by the following

Ln{[DNAJ;, /[DNAJ;} = ~AqH/R(1/Tq([DNAJ,)~1/T4[DNA]})) ®)

where [DNA];, is a high concentration of DNA and [DNA], is the low
concentration of DNA. The reciprocal of the temperature shift, 6(1/T) is
then

6(1/T) = (1/Tq([DNAJ,)~1/T4[DNA};) = ~R/AHLn{[DNAJ;,/[DNA}; } (6)

However, it should be emphasized that Egs. (5) and (6) are uniquely
applicable to short DNA duplexes and not necessarily to long oligomers
such as promoters [22].

3. Results

A typical ITC titration of 5 pL aliquots of 0.115 mM syncon promoter
into approximately 1.5 ptM RNAP solution at 25.0 °C is shown in Fig. 2.
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Fig. 2. An ITC titration of 5 pL aliquots of a 0.115 mM syncon promoter solution into
1.5 1M RNAP at 25 °C (upper panel). The binding isotherm of the titration is shown along
with a fit (solid line) of a 1:1 binding model of the promoter to RNAP (lower fit).

The ITC results on the binding of the syncon promoter and its mutated
syncon A, synlac, and syncon B forms to RNAP are summarized in
Table 2. The binding reactions are exothermic and enthalpically-driven
with the RNAP binding constants ranging from 0.17+0.06x 10’ M for
the syncon B promoter with 2 separated mutations in the - 10 bp region
t0 2.37+0.18x10” M" ! for the syncon promoter at 25.0 °C and binding
enthalpies ranging from -131+13 k] mol™ ! for the syncon promoter to
-73+3 k] mol™! for the syncon A promoter at 25.0 °C. The binding
constant of the synlac promoter with 2 adjacent mutations in the
-10 bp region is 1.73+0.50x 10’ M~ ", also lower than that of the syncon
promoter. The binding constant of the syncon promoter is close to the
binding constant of 2.7+0.4 x10’ M~ ! determined from a nitrocellu-
lose assay at 28 °C for P\ 861 bp promoter binding to RNAP [3]. The PA
promoter differs from the syncon promoter at the =10 bp and -35 bp
RNAP binding regions by TTGACT-17 bp-GATAAT for the P\ promoter
compared to TTTACA-18 bp-TATAAT for the syncon promoter, a
difference of only 1 bp in the -10 region and two bps in the -35
region. The binding constants of the syncon promoter and its syncon A,
the —35 bp region mutant, are the same to within experimental error
while the binding constant of syncon B, the - 10 bp region mutant, is an
order of magnitude lower than the syncon promoter binding constant.
There is also a reduction in the synlac binding constant to 1.73+
0.50x10” M™ ! at 25.0 °C resulting from mutations in the — 10 bp region.
(The mutations in the —61 bp region are not involved in the binding
reaction to RNAP.) The binding constants of the syncon promoter
exhibit an increase with increase in temperature as is observed with
the P\ promoter with binding constants of 2.1+0.9x10” M™" at 7.3 °C
and 4.6+0.8x10” M™! at 25.0 °C but for the P\ promoter there is a
decrease to 5.8+2.6x10° M ! at 37 °C [3]. A linear plot of the binding
enthalpy versus temperature for the syncon promoter yields a large
heat capacity change of A,C,=-10.7%1.9 k] mol™'K™", higher than the
reported heat capacity change of -5.9+1.3 k] mol™' K™! for binding of
the P\ promoter to RNAP determined from nitrocellulose binding
assays [3]. Since almost all experimental values are statistically within
three sample standard deviations of the mean value, the literature
value of -5.9+1.3 k] mol~ ! K™ ! may be considered within the acceptable
data set for the heat capacity change of ~10.7+1.9 k] mol™! K™, This
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Table 2

Thermodynamic parameters for promoter binding to RNAP from ITC

Promoter T Kyx107 -ApG°® - ApH°® ~TApS®
C M I mol ™!

Syncon 15.0 1.59+0.44 39.7+0.7 57+6 172

Syncon 25.0 2.37+0.18 421+0.2 13113 89+9

Synlac 25.0 1.73+0.50 41.3+0.7 84+4 43+2

Syncon A 25.0 2.07+0.18 41.7+0.2 73+3 31+1

Syncon B 25.0 0.17+0.06 35.5+£0.9 110+19 84+17

Syncon 35.0 2.88+0.59 44.0+£0.5 271420 227+23

Syncon ApCp=-10.7+19 kj mol ' K™!

See Fig. 1 for the DNA sequences of the promoters.

large heat capacity change may be attributed to a bending of the
promoter [5] bound to RNAP or to a conformational change in the RNAP
upon binding to the promoter [3].

To determine if there are any conformational changes of the RNAP
in going from the unbound state to the closed complex with the
promoter, the unfolding thermodynamic quantities of RNAP were
compared to the unfolding thermodynamic quantities of the RNAP-
promoter complex using DSC. Typical DSC scans of a 0.43 uM RNAP
solution and the RNAP bound to the syncon promoter at a concentra-
tion of 0.96 uM are shown in Fig. 3. In Fig. 3, the DSC scan rate was
60 K h™! and the thermodynamic quantities describing the transitions
were found to be independent of scan rate from 15Kh™ ' to 90 Kh™ 1, as
also shown in Table 3. The transitions did not re-appear upon a re-scan
of the solution but the thermodynamic transition quantities deter-
mined from a least squares fits of a two-state transition model to the
DSC data were found to be independent of the DSC scan rate in Table 3.
Since the transition thermodynamic properties are independent of
scan rate, Manley et al. have shown that, even though they appear to
be irreversible, they can still be analyzed by a thermodynamic two-
state transition model [24]. Although the transition peaks at each
temperature could be a superposition of several two-state transitions
centered at each temperature, the transitions at each temperature
were analyzed in terms of single A-~B two-state transitions to
determine basically if there were any large conformational differences
between the unbound RNAP and the syncon promoter—-RNAP complex.
The single transition enthalpies and temperatures were found to be
independent of the RNAP concentration from 0.72 to 2.0 uM indicating
the absence of any association of the RNAP at and below the 2.0 M
level (Table 3). The DSC results in Fig. 3 exhibit a change in the
thermodynamics of the unfolding transitions so that the two
transition peaks in the unbound RNAP merge into a single transition
at a higher temperature for the syncon promoter-RNAP complex.
Continued scanning of the syncon promoter—-RNAP complex up to
95 °Cresulted in a second transition peak at 81.6 °C with a transition
enthalpy of 2900 k] mol™ . This second transition re-appeared upon a
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Fig. 3. A DSC scan of 0.43 pM RNAP alone and of a sample of 0.43 uM RNAP complexed
with 0.96 uM syncon promoter shown as data points and least squares fits of two-state
A~B transition models to the data shown as solid lines. The inset shows the dissociation
transition of the 0.96 uM syncon promoter in the sample.

Table 3
Thermodynamic parameters of the thermal denaturation of RNAP from DSC
RNAP Syncon promoter Scan Tg AgsHn  AusH AusH/
concentration concentration rate AwsHyn
1M M Kh' °C K mol-1 Ratios
0.72 t0 2.0 0 60 589+0.5 764+40 2500+200 3.2+0.3*
555+0.6 79453
0 90 59.5+0.5 724+36 2504+125 3.3+0.2%
55.4+0.05 787+39
0 15 57.840.5 580+58 2293+115 3.5+0.4%
53.840.5 745+37
0.78 to 2.0 1to4 60 60.5+11 756+112 2900+240 3.8+0.6
90 624+1.0 641+32 2764+138 4.3+0.2
15 59.6+1.0 670+10 3214+160 4.8+0.2
1.9 core 0 56.9+1.0 584+60 1643+164 2.8+04
0 519410 556+60

?The ratio was determined as the ratio of the average van't Hoff enthalpy of the two
transitions to the total calorimetric enthalpy.

re-scan of the sample and was also observed at the same transition
temperature in samples of just the syncon promoter solutions. It arises
from the dissociation (“melting”) of the syncon promoter into its
complementary DNA sequences at 81.6 °C. The thermodynamic
quantities describing the thermal unfolding transitions of RNAP are
summarized in Table 3. Ratios of the transition enthalpies to van't Hoff
enthalpies for the RNAP and the syncon promoter-RNAP complex
solutions are from 3.2 to 3.8 and indicate almost independent
unfolding transitions of thermodynamic domains of the RNAP. RNAP
in the unligated state consists of 2a, 23, and 10 subunit, a total of 5
structural subunits and, however, binding to the promoter releases the
o subunit from RNAP. The unfolding transitions observed for RNAP can
tentatively be identified with the unfolding transitions of the 5
structural subunits of RNAP where two or more of the structural
subunits of RNAP interacting strongly to unfold as a single entity. Two
unfolding transitions are also exhibited by the uncomplexed core
RNAP that contains all of the structural subunits of RNAP with the
exception of the o structural subunit. The thermodynamic quantities of
the unfolding transition of the uncomplexed core RNAP are also
summarized in Table 3. The single transition of the syncon promoter—
RNAP complex arises from enhanced thermal stabilization of the RNAP
domain or domains at the lower temperature transition of 55.5+0.6 °Cin
the native state upon binding to the promoter. (The higher temperature
transition is almost within experimental error of the temperature of the
single syncon promoter-RNAP transition.) Applying Egs. (2) and (3) to
the DSC results from a solution of 0.43 uM RNAP complexed with
0.96 puM syncon promoter (Fig. 3) yields a predicted temperature
increase to 63.7+0.6 °C for this transition, which is within 2x the
experimental uncertainty of the transition temperature of 60.5+1.1 °C
for the complex, i.e. a predicted lower limit of 62.5 °C versus an upper
experimental value of 62.7 °C. The lower-temperature transition can be
identified with unfolding of the R’ subunits, which contain the catalytic
site and act as the cleft for insertion of the promoter [7,8]. Accordingly,
the high temperature transition in the uncomplexed RNAP is unaffected
by the presence of the promoter and can be identified with unfolding of
the o’ subunits that act as the hinge of the cleft.

A typical ITC titration consisting of 5 pL aliquots of a 0.81 mM of a
5'TATAATGTGTGG3’ DNa solution injected into 40 uM of its comple-
mentary sequence, 5’CCACACATTATA3’, solution at 25.0 °C is shown in
Fig. 4. The resulting transcription “bubble” duplex sequence formed
from this titration is of the P¢,c promoter that has the same sequence
between the transcription start point and the —10 region as that of the
syncon promoter. The results of a least squares fit of a single-site
binding model to the binding isotherm are shown by the solid line in
the lower panel of Fig. 4. Similar thermodynamic binding parameters
for the transcription bubble duplexes presented in Table 1 are
summarized in Table 4. The stoichiometries of the binding reactions
are close to one and start decreasing with increase in temperature,
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Fig. 4. An ITC titration of 5 pL aliquots of 0.81 mM TATAATGTGTGG into 0.04 mM
CCACACATTATA at 25 °C (upper panel). The binding isotherm of the titration along with a
least squares fit (solid line) of a 1:1 binding model to the binding isotherm (lower panel).

probably as a consequence of the onset of dissociation of the duplexes
at the higher temperatures. The binding constants vary by more than
an order of magnitude at 25 °C, from 0.76+0.05x10% M~ for Pyys to
22.4%3.4%x10%° M™! for Py, and these differences may be partially
responsible for differences in the in vivo rate of RNA synthesis [11]
since the separation of the duplexes to form the transcription bubble
is one of the steps in the initiation of transcription. The binding
constants and enthalpies from 25 °C to 35 °C are in the same range of
values as those determined for the formation of 10 bp DNA duplexes
[25]. The binding enthalpies are independent of temperature from 25

Table 4
Thermodynamic binding parameters of transcription “bubble” DNA sequences to their
complement sequences at pH 7.0 from ITC results

Promoter n Ky, -ApG -ALH -TALS
x10” M™! k] mol™!

At 25 °C
P 1.15+0.01 2.24+0.34 42.0£04 288+38 246+38
P 0.75£0.01 1.99+0.19 41.7£0.2 350+26 308+26
Psp 0.85+0.05 1.52+0.24 41.0+£0.4 313+4 272+3
Pl 1.06+0.01 0.583+0.043 38.6+0.2 336+6 297+6
Pazm 1.07+0.01 0.581+0.068 38.6£0.3 223+19 184+19
Pbia 1.28+0.01 0.538+0.043 38.4£0.2 323+£25 285+25
Pnos 1.09+0.01 0.0755+0.0048 33.6+£0.2 266122 232422

At 30 °C
Pie 0.78+£0.01 1.12+0.17 40.9+0.4 335+33 294+33
Py 0.97+0.01 1.06+0.09 35.0£0.2 340418 305+18
Psp 0.90£0.02 0.329+0.011 37.84£0.1 310+8 272+3
e 0.81+£0.02 0.143+0.010 35.7+0.2 347+2 31143
Deem 0.79+0.01 0.373+0.091 38.1+0.6 277+66 239+66
Pbia 0.75+0.01 0.110£0.25 35.1+£0.6 414196 379+99

At 35 °C
Pac 1.09+0.01 0.345+0.012 38.6+0.1 282+7 243+7
P 0.99+0.01 0.0700+0.027 345+1.0 349+9 314+9
Psp 0.91+0.04 0.0488+0.0042 33.6+0.3 330+7 296+6
1P5e 1.23+0.04 0.0203+0.0010 35.7£0.2 360+5 324+5
P 0.88+0.01 0.0091+0.0009 35.2+0.2 267+39 232439
Pbia 0.63+0.03 0.0085+0.0019 35.0+£0.6 509+54 474+54
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Fig. 5. A DSC scan of a 0.120 mM Py, solution shown by the data points and a least
squares fit of a two-state A,~2B transition model to the data shown by the solid line.
The broken vertical line indicates the dissociation temperature determined from the fit.

to 35 °C so that over this temperature range there is no heat capacity
change for the formation of the DNA duplex. This lack of a heat
capacity change is also derived from the dependence of In{Ky} on 1/T
with slopes that yield values for ApH,y that overlap with the direct
values of ApH determined from the ITC measurements. (These values
are not presented in Table 4 because they are based on only 3
temperatures and yield large uncertainties of up to 50%.) The lack of
any heat capacity change upon binding of the complementary DNA
sequences also emphasizes the simplified form of Eqs. (4a) and (4b)
that neglect heat capacity changes.

The ITC results in Table 4 are compared to the dissociation
thermodynamics of the transcription bubble duplexes into separate
single strand DNA determined from DSC. A typical DSC scan is
presented in Fig. 5 for the dissociation of 0.120 mM of the P
promoter transcription “bubble” duplex at a scan rate of 60 K h™'. The
dissociation transitions re-appeared upon a re-scan of the sample. The
result of a fit of a dissociative A,—2B transition model to the DSC data
is shown for the 0.120 mM Py, solution by the solid line in Fig. 5. The
thermodynamic parameters from fits of this model to the DSC
dissociation scans of the other promoters are summarized in Table
5. The dissociation temperatures range from 34.5+0.5 °C for Pys to
56.9+0.7 °C for P; but are not in the same order as the association
constants at 25 °C, probably resulting from some contributing
thermodynamic parameters from partial stacking of the single strands
at 25 °C [26,27]. The ratios of the transition enthalpies determined
from the duplex concentrations to the van't Hoff enthalpies at high
concentrations are between 0.5 and 1.0 where 1.0 would be expected
from dissociation of the duplex into two complementary strands.
Calculated values for Ty based on the high concentration results using

Table 5
Thermodynamics of the dissociation of the transcription “bubble” promoter duplexes
from DSC results

Promoter Concentration Ty Calculated Tg* AgHyy ~ AgH AqH/

mM °C kJ mol! AdHyn
PL 0.134 56.9+0.7 427+5 2314  0.54%0.01
0.009 49.3+0.3 46.7 394+4 237+6 0.60+0.02
Pbla 0.112 52.8+0.1 389+7 2737 0.70+0.04
0.011 46.5+0.6 45.5 337+£20 210+4 0.62+0.04
P 0.120 50.0+0.1 400+48 328+11 0.82+0.08
0.008 44.8+0.1 43.0 449+4  250+5 0.56+0.02
| Pesm 0.134 494+0.3 399+10 267+2 0.67+0.02
0.013 42.8+2.0 421 369+30 212+36 0.57+0.19
ESS 0.120 46.0£0.2 411+5 280x9 0.68+0.02
0.0125 43.0+0.3 394 503+7 250+5 0.50+0.02
BE. 0.110 43.2+0.1 403+3 292+3 0.7210.02
0.012 39.0£0.2 370 413+4 3306 0.73£0.02
Pn2s 0.119 39.5+0.1 356+1 239x3 0.67+0.01
0.011 345+0.5 316 428+86 131+¥3  0.31+0.06

@ Calculated values from Eq. (5) in the text.
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Table 6
Thermodynamic comparison of the transcription “bubble” promoter duplex dissociation
from DSC with association from ITC

Promoter Concentration AgH ITC-AH®  Cal® AyG° (298 K)  ITC —A,G° (298 K)

mM kJ mol™! k] mol™!
|Pee 0.120 328+11 302+29 494+1.7 42.0+04
P 0.134 231+4 34616 46.2+1.7 41.7+0.2
ESS 0.120 280+9 320%9 429+14 41.0x0.4
Pepac 0.110 29243 34145 412404 38.6+0.2
Pcon 0.134 2672 272%5 44.0+04 38.6+0.3
Pbla 0.112 273+7 462+48 47.4%0.9 38.4x0.2
Pn2s 0.119 239+3 266x22 36.9%03 33.6x0.2

2 The ITC binding enthalpies are average values of the binding enthalpies at 25 °C,
30 °C, and 35 °C.

b The DSC free energy changes at 25 °C are extrapolated values via Eqs. (4a) and (4b)
in the text using the DSC transition enthalpy value.

Eq. (5) and the transition enthalpies are also presented in Table 5 and
are only in fair agreement with the experimental values at the lower
DNA concentrations. The DSC results are compared to the ITC results in
Table 6. The ITC binding enthalpies and the DSC dissociation
enthalpies are the same for Py, Pcon, and Pnps but less than 48%
higher for Py and Py, and less than 14% higher for Py, and Pgp. The
extrapolated DSC dissociation free energy changes are less than 8%
higher than the ITC binding free energy changes for Py, Psp, Psjac, and
Pnazs, less than 13% higher for Py, and Pgop,, and 20% higher for Py,;,. The
large error in the extrapolated DSC free energy changes arises from the
large uncertainties in the DSC transition enthalpies employed in Egs.
(4a) and (4b) for the extrapolation. The larger differences between the
ITC and extrapolated DSC free energy changes are for the weaker
affinity binding duplexes, Pcon, Ppia, and Pyos.

4. Discussion

The binding thermodynamics of the mutated syncon promoters
show that the promoter binding affinities to RNAP are dependent on
the base sequences in the -10 bp binding region, whereas the
promoter binding affinities exhibit little dependence on the base
sequences in the —35 bp binding region. This is especially apparent by
the order of magnitude reduction in the binding constant upon
mutation of two separated bases in the —10 bp region of the syncon B
promoter and by the reduction in the binding constant of the synlac
promoter with mutation of two adjacent bases in the —10 bp region.
The promoter-RNAP binding reactions are all enthalpically-driven,
arising out of hydrogen bonding and van der Waals interactions
between the promoter bases and the amino acid residues of the RNAP,
with some negative contributions from a decrease in the entropy upon
binding. Entropic contributions upon binding would result from the
release of counter-ions from the promoter phosphate backbone with a
commensurate increase in the binding affinity, from a decrease in the
translational/rotational degrees of freedom of the RNAP and the
promoter, and from changes in hydration [28]. For a number of
protein-DNA binding interactions, for example, it has been observed
that water is highly ordered in an AT-rich minor groove of DNA so that
its removal upon protein binding results in an increase in the binding
entropy [28]. Enthalpy-entropy compensation, where changes in the
binding enthalpy are compensated by changes in the binding entropy,
has been observed isothermally in a number of DNA-protein binding
reactions [29]. This is also observed in Table 2 for the binding of syn-
con, synlac, and syncon A promoters to RNAP at 25 °C and suggests an
important role for water molecules in the promoter-RNAP binding
reactions. Any large conformational changes in the RNAP or the
promoter in the promoter-RNAP complex would substantially reduce
the exothermicity of the binding reaction since such conformational
changes are endothermic in nature. However, the reduction in the
exothermicity of the binding enthalpy would be compensated by an
increase in the binding entropy resulting from the release of water

molecules to the bulk solvent during the conformational change [29].
A conformational change in the promoter—-RNAP complex upon its
formation is implied in the large binding heat capacity change of
ApCp=-10.7£1.9 k] mol™! K™! for the syncon promoter. Contributions
to a negative heat capacity change would also result from extensive
dehydration of a polar group on the RNAP as well as from dehydration
of a major groove of the promoter upon RNAP-promoter binding [28].
Identification of the nature of the conformational change could be
derived from comparison of the DSC results on the thermal unfolding
of RNAP in the presence and absence of the syncon promoter.

The DSC scans of the RNAP alone exhibit two thermal unfolding
transitions at different transition temperatures but with almost equal
van't Hoff enthalpies. A high ratio of 3.2-3.5 is obtained if the average
van't Hoff enthalpy is divided into the total calorimetric enthalpy for
the transition. The unfolding transitions of simple globular proteins
yield enthalpy ratios=1.00, whereas more structurally complex
proteins consisting of several structural sub-domains may yield
several transitions at different temperatures, identified as a transition
occurring for each sub-domain, or several transitions occurring at the
same transition temperature [30]. In the latter case, the enthalpy
ratios would be greater than 1.0, depending on how strongly the sub-
domains interact. With a high ratio of 3.2-3.5 as observed for the
unfolding transitions of RNAP, it appears that this high ratio results
from almost independent unfolding of each of the o, o, B, B/, and o
structural subunits of RNAP. It is also possible to analyze the
transitions of RNAP as a superposition of two-state single A—B
transitions of up to four thermodynamic domains of the RNAP. Again,
these thermodynamic domains may be identified with the o, o, o/, B’
and B structural subunits of unligated RNAP. A single thermal
unfolding transition is observed in DSC scans of the RNAP-promoter
complex again with high A sH/AqsHyy ratios averaging 4.3, indicating
the existence of a superposition of two-state A-~B transitions of at
least four thermodynamic domains of RNAP. These thermodynamic
domains may be identified as the almost independent unfolding of the
oo, o, B’ and P structural subunits of the RNAP-promoter complex
(although upon binding to the promoter, the o subunit dissociates
from the complex, this subunit would still be present in the sample).
Similar independence of the structural subunits of RNAP is observed
on a higher evolutionary scale in the assembly of the analogous
transcription complexes with up to 50 co-factors in eukaryotic
transcription. A single transition observed at 60 °C in DSC scans of
the RNAP-promoter complex is predictable if the original high
temperature transition is unaffected by promoter binding and the
subunits unfolding at the lower temperature transition are thermally
stabilized via promoter binding specifically to these units. The thermal
stabilization will cause the low temperature transition to shift to a
higher temperature upon promoter binding to the degree predicted by
Eqgs. (4a) and (4b). The o, B, and (3’ subunits are the subunits of RNAP
that would interact with the promoter. If this is correct, then any
conformational change upon promoter binding to RNAP, implied by
the large negative heat capacity change, is not detectable by DSC or the
conformational change is the bending of the promoter upon binding
to RNAP as observed by scanning force microscopy [5]. Bending of the
promoter, particularly at a major groove, would result in dehydration
of the major groove and a negative heat capacity change [28].

Localized melting of a subset of DNA sequences in the promoter
occurs near the transcription start point to form a transcription bubble
as the initial closed form of the promoter-RNAP complex isomerizes
to the open form. In Table 6, the free energy changes required to melt
the promoter subsets range from AqG°=33.6+0.2 t0 36.9+0.3 k] mol ™!
for the Pyos bubble sequence to AqG°=42.0+0.4 to 49.4+1.7 k] mol ™!
for the Py, bubble sequence at 25 °C, which has the same sequence as
in the syncon promoter in Fig. 1. At the lower concentrations of the
promoters in the cell, the thermal stabilities of the transcription
bubble subsets are lower so that the free energy requirements for
melting of the short DNA duplex subset to form the transcription
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bubble are lower, as indicated by the DSC results at the dilute
concentrations of the bubble duplexes in Table 5. The dissociation
results are for the short duplex transcription bubble sequences, which
were designed from the transcription start point to the -12 bp
promoter sequence, and are only part of the full length promoter. It is
not known how the remaining promoter duplex contributes to the
formation of the transcription bubble. Bending of the promoter is
represented to begin at —12 bp from the transcription start point [4]
and this may weaken the effect of the remainder promoter upstream
sequences on the thermodynamic stability of the transcription
bubble duplexes. In addition, further justification of the use of
shorter DNA duplexes to mimic the formation of the transcription
bubble is that shorter 14 bp promoter duplex fragments consisting
of only the -10 consensus sequence underwent melting at tempera-
tures above 14 °C when bound to RNAP [10]. Less than 20% of the
RNAP consisting of amino acid residues 1 to 314 of the 3 subunit and
94-507 of the o subunit were required to melt an extended -10
promoter [10]. On this basis the dissociation thermodynamics of
the short promoter duplexes Piac, Pr, Ppia, Peon, and Pyps determined
from the DSC results are important to show that the free energy of
formation of the transcription bubble depends on the sequence by 33.6
t0 49.4 k] mol ™.

In summary, it appears that the free energy required for the
initiation of transcription of a promoter into messenger RNA arises
mainly from the exothermic binding energy of the promoter to the
RNAP. It does not appear from the DSC results on RNAP and the RNAP-
promoter complex that the large heat capacity change upon promoter
binding to RNAP can be attributed to a conformational change in the
RNAP upon promoter binding. The RNAP subunits appear to exhibit
minimal interaction and, thus, unfold almost as independent entities,
similar to eukaryotic transcription initiation complexes, which are
composed of up to 50 transcription factors. The process of binding
(ALG®), nucleation, and melting (A4G®) to form the transcription
bubble are driven by the binding free energy change [3]. In order for
the initiation of transcription to proceed including isomerization from
the closed promoter-RNAP complex to the open form (A;G°) and the
formation of the transcription bubble (A4G°), the net free energy
changes

ApG® + A4G° + AG°<0 (7a)
so that,
ApGO<—(A4G° + AG®) (7b)

For the syncon promoter where A,G°=-42.1+0.2 k] mol™' and
AgG°=42.0+0.2 k] mol™! at 0.120 mM syncon promoter and if the
concentration of the syncon promoter in the cell is 0.120 mM, then
A;G°=0. However, the promoter concentration in the cell is much
lower. For example using a 0.01 pM promoter concentration based on
200 nucleotide molecules in an E. coli. cell volume of 33x107 5 L [31]
and Eq. (5), then A4G° would be reduced from 42.1+0.2 k] mol™! to
~19 kJ mol™'. This would allow for the condition that

AG°<23 k] mol ™! (8)

and the initiation of transcription would proceed with the formation
of the transcription bubble. The subsequent processes of RNA chain
initiation, elongation, and termination would involve release and
hydrolysis of diphosphate from the ribonucleoside triphosphate
reactants as the promoter is transcribed into messenger RNA.

Certain commercial materials, instruments, and equipment are
identified in this manuscript in order to specify the experimental
procedure as completely as possible. In no case does such identifica-
tion imply a recommendation or endorsement by the National
Institute of Standards and Technology nor does it imply that the
materials, instruments, or equipment identified is necessarily the best
available for the purpose.
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