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ABSTRACT. Transcription initiation by T7 RNA polymerase (T7 RNAP) is regulated by the specific promoter
DNA sequence that is classically divided into two major domains, the binding domdin o —5) and

the initiation domain{4 to +6). The occurrence of nonconsensus bases within these domains is responsible
for the diversity of promoter strength, the basis of which was investigated by studying T7 promoters with
changes in the promoter specificity regionl3 to —6) of the binding domain and/or the melting region

(—4 to —1) of the initiation domain. The transient state kinetics and thermodynamic studies revealed that
multiple steps in the pathway of transcription initiation are modulated by the promoter DNA sequence.
Three base changes in the promoter specificity regionldt, —12, and—13, found in the naturah3.8
promoter, reduced the overall affinity of the T7 RNAP for the promoter DNA bBZold and decreased

the rate of pppGpG synthesis, the first RNA product. Promoter opening is thermodynamically driven in
T7 RNAP, and a single base change in the melting region (TATA to TAAA) decreased the extent of open
complex generated at equilibrium. This base change in the melting region also increakgatlie-1)

GTP and the dissociation rate of pppGpG. Thus, transcription initiation at various T7 promoters is
differentially regulated by initiating GTP concentration. The specificity and melting regions of T7 promoter
DNA act both independently and synergistically to affect distinct steps of transcription initiation. Although
each step in the initiation pathway is affected to a small degree by promoter sequence variations, the
cumulative effect dictates the overall promoter strength.

The promoter DNA sequence contains all the information to —5) is duplex and the melting region-4 to —1) is single
to direct and regulate the synthesis of RNA during transcrip- stranded and suspended toward the active site pocket.
tion. The promoters of bacteria or bacteriophages such asMutagenesis and crystal structural studies indicate that the
T7, T3, and SP6 contain a consensus sequence that iST7 RNAP—DNA complex is stabilized by specific interac-
recognized by the respective RNAMistinct domains of  tions of the protein with bases in the specificity region as
the promoter DNA are recognized at different stages of well as the melting region of the promoteé8—+10). These
initiation, and when a functional initial complex, referred to  interactions confer specificity and somehow dictate the
as the closed complex, is formed, it undergoes multiple transcriptional efficiency of the T7 RNAP, both of which
conformational changes during which a DNA region close ¢an be altered by base changes in the promoter D8IA (
to the initiation site is melted. Kinetic and thermodynamic 11-13). The promoters of bacteriophage T7 share a con-
_studies show t_hat_ trans_cription initiation is a multistep process gensus sequence of 23 base pairs freli7 to +6 relative
in bothEscherichia coland T7 RNAP £—3). To understand ¢ the initiation site+1 (14). The class IIl promoters possess

how initiation is regulated, one needs to identify the he exact consensus sequence and are considered strong
elementary steps, determine their rate constants, and deter:

; ) romoters whereas the class Il promoters have divergent
mine how these steps and their rate constants are affectecg

b dor b < tion f o ases and are weak promotelis{18). It is well-known
y promoter sequence and/or by transcription factors. that the promoter sequence itself is responsible for modulat-
RNAP, being a relatively simple enzyme, is an ideal system

to studv and to derive orinciples of how transcriotion ing transcription by T7 RNAP along with the negative
to study Ve princip W Pt regulator, T7 lysozyme proteid@—23). A number of studies
initiation can be regulated by the promoter DNA sequence. . s :
reveal the hierarchy of base pair preference in T7 promoters,
The crystal structures of the T7 RNARNA complex and measurement of the overall efficiency of transcription
reveal a detailed view of the promoter in the open complex y P

i : reveals the importance of a particular base in the promoter
4-7). In th tructures, the promoter bindin maih o .
(4=7) ese structures, the promoter binding domaii{ sequence 24, 25). Although it is obvious that promoter

' This research was supported by NIH Grant GM51966. sequence is responsible for promoter strength, the molecular
* Corresponding author. Telephone: 732-235-3372. Fax: 732-235- basis for the promoter strength is not fully understoad (
4783. E-mail: patelss@umdn;.edu. 26, 27). The promoter sequence can dictate the efficiency

1 Abbreviations: RNAP, RNA polymerase; 2-AP, 2-aminopurine; f initiati | Ith hesi
bp, base pair; t, template; nt, nontemplate; ds, double stranded; p-ds Of initiation and promoter clearance and control the synthesis

partially double stranded. of the final RNA transcript. Obvious targets of regulation
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are the rate-limiting steps and those with an unfavorable and volume using the equation:
equilibrium constant. Studies have not been done to sys-
tematically analyze the effect of promoter sequence variation Ut 5(AbS,+Absem)
Fo = Fopd | % 10°
0

(1)

on each step of initiation.

We have focused our studies on transcription initiation to
understand promoter strength using T7 RNAP as a modelwhereFqs is the observed fluorescence intensityjs the
system. Considering that bacteriophage RNAPs show simi-final volume of the solutionyy is the initial volume, Abg;
larity to mitochondrial and chloroplast RNAP28), detailed is the absorbance of the T7 RNABNA solution at the
studies of T7 RNAP can be valuable in understanding the 2-AP excitation wavelength of 315 nm, and Ahss the
mechanism and regulation of transcription in higher organ- absorbance of the same solution at the 2-AP emission
isms. We have developed fluorometric and radiometric wavelength of 370 nm. The corrected fluorescence was
methods to measure the transient state kinetics of each steplotted as a function of total DNA concentration, and the
during transcription initiationq, 3, 29). We apply these  data were fit to the quadratic equation (eq 2) to obtain the
methods to examine the basis of promoter strength differ- K4 values:
ences between3.8, a weaker promoter, a0, a strong
promoter, and a modifie@d3.8 promoter. The results of these Fe = Frax

studies indicate that regulation of transcription occurs at _ 2_ \
several steps during initiation, and both intrinsic rate (Kg+ B + Dy \/(Kd +E+ D)~ 4ED) ()
constants and equilibrium constants are modulated by the 2

promoter sequence. Some of the steps that are regulated )
include the equilibrium constant of closed and open com- WhereE:andD are the concentrations of total enzyme and

plexes, extent of promoter melting, thg of initiating NTP, total DNA, Ky is the dlssoc!atlon constant of the T7 RNAP
and the rate of the first phosphodiester bond formation PNA complex, andFmax is the maximum fluorescence
reaction. change at saturating [DNA].
To measure the extent of open complex formed at
MATERIALS AND METHODS equilibrium, the fluorescence intensity of buffer A, T7 RNAP
(4 uM), DNA (1 uM), or the T7 RNAP-DNA mixture (4
Protein. T7 RNAP was purified using a modified proce- uM T7 RNAP + 1 uM DNA) was measured after excitation
dure fromE. coli strain BL21/pAR121930). The enzyme at 315 nm and emission at 370 nm. The fluorescence intensity
was >95% pure and free of contaminating exonuclease of the T7 RNAP-DNA (ED) complex was determined after
activity. The protein was stored at80 °C after dialyzing correcting the fluorescence of free DNA and T7 RNAP using
against the buffer containing 50% glycerol (v/v), 20 mM the formula fluorescence F.(f) — F¢(nf), whereF(f) and
sodium phosphate, pH 7.7, 1 mM MEDTA, 1 mM F.(nf) are the fluorescence intensities of the ED complex
dithiothreitol, and 100 mM NacCl. The enzyme concentration with fluorescent (t-4) 2-AP modified) and nonfluorescent
was determined from its absorbance and molar extinction (unmodified) DNA, respectively.
coefficient of 1.4x 10° M~* cm™* at 280 nm. Stopped-Flow KineticsThe stopped-flow experiments
Promoter DNA. The 2-AP-modified and unmodified were carried out using a SF-2001 spectrophotometer equipped
oligodeoxynucleotides were purchased from Integrated DNA with a photomultiplier detection system from KinTek Corp.
Technologies (Coralville, I1A). The chemically synthesized (Austin, TX). Varying concentrations of T7 RNAP (4Q.)
DNAs were purified by gel electrophoresis. The DNA band from one syringe were rapidly mixed with a constant amount
corresponding to the desired length was excised, electro-(0.154M final) of t(—4) 2-AP DNA (40uL) from a second
eluted, ethanol precipitated, resuspended in water, and storegyringe at 25C at a flow rate of 6.0 mL/s. The sample was
at —20 °C. After purification, the ssDNAs of the desired excited with light at 315 nm wavelength, and the progress
length were the only band detectable, and we estimate thatof the reaction was monitored by measuring the intensity of
the purity of ssDNAs was 95%. The DNA concentrations  the emission using a cut-on filter360 nm (WG360). About
were determined from the calculated molar extinction coef- 5—10 traces (one trace per mixing) were averaged at each
ficients, as described previoust®9, 31). The dsDNAs were  concentration of T7 RNAP and the time courses at all
prepared by annealing the individual ssDNA strands. The concentrations best fit to a single exponential equatios,
exact ratio of the two ssDNAs used to prepare the dsDNA A(1 — e *d) + C, whereF is the 2-AP fluorescence at time
was determined from titration experiments performed on a t, A is the amplitude of the fluorescence chankgsis the
16% native polyacrylamide gel that resolves the dsDNA from observed rate constant, afis the fluorescence dt= 0.
the ssDNAs. The kqps thus obtained under pseudo-first-order conditions
Fluorescence Measuremente equilibrium DNA bind- was plotted as a function of total T7 RNAP concentration,
ing experiments were carried out at 25 in a 3 mLquartz ~ [Elw and fit to eq 3 using SigmaPlot (Jandel Scientific) to
cuvette on a FluoroMax-2 spectrofluorometer (Jobin Yvon- 0btain the maximum observed rate4,), the Ky, andkor
Spex Instruments S.A., Inc.) using the DataMax software from they-intercept:
program B81). Fluorescence titrations were carried out by
adding small aliquots (24 uL) of t(—4) 2-AP DNA to a Kype = Knad El; K, 3)
constant amount of T7 RNAP (0:8M) in 2.5 mL of buffer S Ky, + [E] f
A (50 mM Tris—acetate, 50 mM sodium acetate, 10 mM
magnesium acetate, 5 mM dithiothreitol). The corrected The Ky for GTP was determined by measuring the kinetics
fluorescenceK.) was obtained after correction for inner filter ~ of fluorescence change after mixing a complex of T7 RNAP
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(0.45uM final) and nt(+4) 2-AP DNA (0.15«M final) with o10

varying concentrations of GTP (or GTH# GMP) in a AAATTAAT | ACG | ACTCAC | TATA | GGGAGACCACAACGGTTTC
stopped-flow instrument, as described above. The observedTTTAATTA | TGC | TGAGTG | ATAT | CCCTCTGGTGTTGCCAAAG
rates were plotted as a function of final [GTP], and the

dependency was fit to the hyperbolic equation: $3.8
TAATTAAT | tga | ACTCAC | TAaA | GGGAGACCACAGCGGTTTC
Vil GTP] ATTAATTA |act | TGAGTG | ATt T | CCCTCTGGTGTCGCCAAAG
bs — (4)
Kq+ [GTP] $3.8 (A-2T)

. ) TAATTAAT | tga | ACTCAC | TATA | GGGAGACCACAGCGGTTTC
whereVmay is the observed rate of a conformational change aATTAATTA |act | TGAGTG | ATAT | CCCTCTGGTGTCGCCARAG

gsggtagtrif l:grjrdplng and is the equilibrium dissociation Ficure 1: Sequences of synthetic T7 DNA promoters. The upper
L row of each 40 bp double-stranded DNA represents the3’5
Pre-Steady-State Kinetics of RNA SyntheSise pre-  sequence of the nontemplate strand of the promoter DNA. The
steady-state kinetic experiments were carried out on a rapidsequences shown are froa21 to+19 relative to the start site, G,
chemical quench-flow instrument (KinTek Corp., Austin, at+1. {hftprorln)oter SpeCifiCifty regior’rt(13 t?—llt?]and melting
TX) (2). A typical quench-flow experiment was carried out ;?1%\?\/?1 » bgld_lettse?gu%rw]ges or prci’:“%egs reng gompans,fn are
as fqllows. T7 RNA_P (1M flr_1a|) and prqmoter DN_A (10 2T) promoters from the co?gsé?wpl?s :ec?ug:ggﬂretc?—k%(gso?(gblo
uM final) were preincubated in buffer A in one syringe. In promoter are shown in lowercase letters.
another syringe was loaded the substrate solution containing
GTP and {-3?P]GTP (from Amersham Life Science). The We have shown previously that even multiple 2-AP substitu-
temperature was maintained constant atQ&using a water  tion (from —4 to +4) has no deleterious effect on transcrip-
bath. The reaction was initiated by rapidly mixing equal tion (29).
volumes of the two solutions in the quench-flow instrument.  Nonconsensus Promoters Bind T7 RNAP with a Weaker
After predetermined time intervals, the reactions were Affinity Than Consensus Promotershe affinity of T7
quenched by rapidly mixing wit 1 N HCI from a third RNAP for the promoter DNA has been estimated by a
syringe. Chloroform was then added, and the reactions werenumber of methods, including fluorophore-labeled DNAs
neutralized using an appropriate volume of 0.25 M Tris base measuring either the anisotropy changes or fluorescence
and 1 M NaOH within 1 min. The RNA products were intensity changes of the DNA9, 32). Here we have used
resolved by electrophoresis at 86 (110 W) on a highly  the fluorescence method to determine the relative binding
cross-linked 23% polyacrylamide/3 M urea gel on a Bio- affinities of the three promoters for T7 RNAP. To measure
Rad sequencing gel apparatus (0.25 mm thick spacers andhe K4 of promoter DNA by the fluorescence method, the
comb). The gel was exposed to a phosphor screen for aboupromoter DNA was modified with the fluorescent adenine
15 h and scanned on a Phosphorimager instrument (Molec-analogue, the 2-AP. The fluorescence of 2-AP base (incor-
ular Dynamics), and the RNA products and the substrate wereporated in the TATA sequence;4 to —1) increases when

quantitated using the ImageQuaNT program. T7 RNAP binds the promoter DNA2Q, 31, 33). Previously,
The pre-steady-state kinetic data were fit to the burst we measured th&y's of ¢10 and¢3.8 promoters using
equation (eq 5) using SigmaPlot software: multiple 2-AP’s incorporated in the-4 to +4 region @9);
the ¢3.8 promoter exhibited 2-fold weakiy relative to the
y=Al—-e+bt+C (5) ¢10 promoter. Recently, we reported a peculiarly large

, , . ) fluorescence increase from a single 2-AP incorporated at the
whereA is the 'burst gmphtudek is the exponential burst t(—4) position @1) and attributed to 2-AP unstacking from
rate cons’gantb is the linear steady-state rate constant, and he neighboring #5) guanine when the TATA sequence
C is they-intercept. The GTP concentration dependence of mejts during open complex formatiod)( This fluorescence
the burst rate was fit to the hyperbolic equation (eq 4).  jncrease provides a sensitive signal for measuring the affinity
RESULTS of the promoter DNA for the T7 RNAP (and also the kinetics
of initiation, described below) with minimal perturbation.

The ¢3.8 and¢10 promoter sequence from21 to +19 In the fluorometric titration, a constant amount of T7 RNAP
was incorporated into 40 bp oligodeoxynucleotide constructs was titrated with increasing concentrations of4) 2-AP
as shown in Figure 1. These two natural T7 promoters were DNA, and the fluorescence of 2-AP was measured at
selected as representatives of class Il and class Il promotersequilibrium. The corrected fluorescence was plotted versus
The two major “domains”, binding{17 to—5) and initiation [2-AP DNA], and the equilibrium DNA binding isotherms
(—4 to +6), have been further subdivided into specificity (Figure 2) were fit to a single-site DNA binding model (eq
(—13 to—6) and melting {4 to —1) “regions”. To explore 2) to obtain the overal for each promoter. Bott3.8 and
distinct effects of the promoter specificity and melting ¢3.8(A—2T) promoters show a 2-fold weaker affinity for
regions on steps of initiation, a variant {&T) of ¢3.8 T7 RNAP, withK, close to 1uM, relative to¢10 promoter
promoter was also prepared. TH8.8(A—2T) promoter has  with a Ky close to 0.5uM. The maximum fluorescence
the same sequence @8.8 in the binding domain, only the increase Emay is different for each promoter, witp10
—2A base in the initiation domain was changed—aT to showing the largest increase a$d.8 the lowest.
restore the consensus sequence TATA. To enable measure- The measured dissociation constants are macroscopic
ment of the kinetics and thermodynamics of promoter parameters that provide the over#l} of the complexes
opening and GTP binding, the-td) and nt{+4) adenines generated when T7 RNAP binds to the promoter DNA. We
were individually substituted with the fluorescent base 2-AP. have proposed that the pathway of open complex formation
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Fluorescence (x 105), cps

[2-AP DNA], pM

Ficure 2: Equilibrium binding of$10, ¢3.8, and¢3.8(A—2T)
DNA promoters. The fluorescence of the T7 RNABPNA complex
using 2-AP DNA was measured at increasing DNA concentration
and at constant T7 RNAP concentration (M) at 25°C for ¢10

(0), 3.8 @), and p3.8(A—2T) (»). The corrected fluorescence
versus 2-AP DNA concentration was fit to eq 2 to obtain kae

(+ standard error) o$10 (0.47+ 0.02uM), ¢3.8 (0.95+ 0.10
uM), and ¢3.8(A—2T) (1.13+ 0.08 uM).
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measured here for all three promoters using the 2-AP
fluorescence assay. The 2-AP fluorescence has been a subject
of numerous theoretical and experimental stud&s 88),
especially because 2-AP has proven to be a valuable probe
in studying the dynamics of nucleic acids and nucleic acid
binding proteins. These studies of 2-AP fluorescence indicate
that quenching of 2-AP fluorescence in DNA is mainly due
to base stacking interactions and collisions with neighboring
bases, and the fluorescence of 2-AP in DNA is relatively
insensitive to base-pairing or H-bond interactions. Thus, the
fluorescence intensity changes of 2-AP in promoter DNA
can be interpreted in terms of the degree of 2-AP base
unstacking during open complex formation. The fluorescence
method is quantitative and provides sensitive measurement
of the kinetics and thermodynamics of promoter opening with
minimum perturbation.

By comparing the fluorescence of the T7 RNABNA
complex of an already melted p-dsDNA with that of dSDNA,
we can determine the extent or percentage of open complex

goes through at least one intermediate, a closed complex ED at equilibrium. The p-dsDNA is used as a control and as a

that is formed before the formation of the open complex,
ED, (31). The measured&y values are therefore close to
Ki(1 + Ky), whereK; is the association constant of thetE

D < EDc reaction and; is the association constant of the
ED. < ED, reaction. The highek, values of3.8 promoters
indicate that either the association constintor both K;
andK; are affected by the promoter sequence. Kygs of
p-ds¢10 and p-dg)3.8 promoters were also estimated from

kot and ko, Values obtained from pre-steady-state stopped-

flow kinetics reported earlier2Q). The p-dsDNAs contain
only the ds binding domain and lack the melting and coding
regions and therefore provide an intrin&igof the promoter
region. The binding affinity for p-dg3.8 was found to be
60-fold weaker than p-d$10 (18 vs 0.3 nM). The weaker
affinity of p-ds ¢3.8 was reflected in a 70-fold faster
dissociation ratelgs) than p-ds¢10 promoter due to the
nonconsensus promoter binding sequence only.

The Extent or Amount of Open Complex Is Lower with
the Nonconsensus PromoteBsomoter melting is a critical

mimic of a fully melted DNA in an open complex. The
p-dsDNA contains an upstream duplex promoter binding
sequence-21 to —5) and a downstream single-stranded
initiation and coding sequence-4 to +19). The t(-4) base

in the p-dsDNA is similarly substituted with 2-AP, and
although it is unpaired, its fluorescence increases when the
p-dsDNA binds to T7 RNAP because the-#) base unstacks
during open complex formatiors(7). We have shown that
the p-dsDNAs of botl10 and¢3.8 promoters bind to T7
RNAP with a very tight affinity in the low nanomolar range
(29). We assume that the fluorescence intensity of p-dsDNA
complexed with T7 RNAP represents the expected fluores-
cence of a 100% open complex. If all of the dsDNA in
complex with T7 RNAP is converted to the open form, then
the fluorescence of the ED complex with dsDNA should
increase to the same level as the fluorescence of the ED
complex with p-dsDNA. We use saturating concentrations
of T7 RNAP and DNA to ensure that all of the DNA is
bound. As a control, the fluorescence of ED complexes with

step that can be controlled at the kinetic or the thermody- respective nonfluorescent DNAs was used to correct for any

namic level by RNAP-DNA interactions that occur during
closed complex formation. The preinitiation open complex

Kq effects and also to eliminate fluorescence contribution of
bound T7 RNAP, so that the resulting fluorescence comes

formation has been investigated in T7 RNAP using various only from the 2-AP base in the T7 RNADNA complex
methods such as measurement of linking numbers in a(33). This method provides a very strict comparison of the

plasmid relaxation assag4), KMnO, oxidation of unpaired
thymines in the TATA region35, 36), and measurement of
2-AP fluorescence in DNAJL). All methods indicate that
although most of the T7 RNAP is bound to DNA, only part
of the T7 RNAP-DNA complex is in the open form, as
ED,. In addition, it was observed that when GTP, the

2-AP base environment in dsDNA versus p-dsDNA com-
plexes.

Figure 3A shows the results of such a fluorescence
equilibrium experiment. The p-dsDNAs of all three promot-
ers in complex with T7 RNAP showed similar increases in
fluorescence. The dsDNAs of all three promoters in complex

initiating nucleotide, and ATP were added, the open complex with T7 RNAP, however, showed a lower increase in

was readily detected by increase in KMp@odification of
the TATA region 86), change in the plasmid linking number

fluorescence. Figure 3B shows the ratio of dsDNA complex
to p-dsDNA complex fluorescence taken from Figure 3A.

(34), and as an increase in the fluorescence of 2-AP DNA Becausep10 and¢3.8 have different sequences, taking the

in the TATA region (Stano and Patel, unpublished results).

ratio of dsDNA with respective p-dsDNA rules out any

We interpret this result to mean that, in the absence of effects of the DNA sequence (such as TAAA versus TATA)

initiating nucleotide, most of the T7 RNAFDNA complex
is present as EDthat contains DNA in the closed or
unmelted form, which is in equilibrium with Epand GTP
+ ATP binding drives ERto ED, conversion. The promoter

on the fluorescence of 2-AP in DNA and thus allows us to
compare the percentage or extent of open complex generated
by the three promoters. The fluorescencepdf dsDNA
promoter in complex with T7 RNAP is about 30% (289

sequence could affect both the equilibrium and kinetics of 0.6) of the fluorescence of th¢10 p-dsDNA complex.

preinitiation open complex formation, which we have

Similarly, the fluorescence of thg$3.8 dsDNA promoter
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$3.8(A-2T)
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Ratio (dsDNA/p-dsDNA)

0.0
¢10 $3.8 $3.8(A-2T)

Ficure 3: Extent of open complex formation. The fluorescence of
40 bp dsDNA or p-dsDNA promoters ¢iM) modified with 2-AP

at t(—4) was measured at 2& in the presence and absence of T7
RNAP (4uM). The fluorescence was corrected using the formula
fluorescence= F(f) — F¢(nf), where F¢(f) and F¢(nf) are the

fluorescence intensity of the ED complex with fluorescent (2-AP
modified) and nonfluorescent (unmodified) DNAs, respectively.
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FIGURE 4: Stopped-flow kinetics of open complex formation. The
time-dependent increase in fluorescence of4) 2-AP DNA
promoter (0.15«M final) was measured at 25C in a stopped-
flow instrument at various T7 RNAP concentrations. The observed
rate constantsips are plotted against T7 RNAP concentration for
¢10 ©), ¢3.8 @), and¢3.8(A—2T) (»). The rate dependency fit
to eq 3 with the followingKy/s, kmax andkes (= standard error)
values for¢10 (1.0+ 0.4 uM, 182 £+ 14 s, and close to zero),
$3.8 (3.3+ 1.9uM, 120+ 14 s'1, and 41+ 11 s'1), and¢3.8-
(A—2T) (2.0£ 1.3uM, 120+ 12 s'1, and 18+ 16 s%).

concentrations of T7 RNAP. The observed rate of promoter
opening was obtained from the time-dependent increase in
DNA fluorescence, as reported previousd{,(33). The DNA
binding kinetics were similar fop10, ¢$3.8, and$3.8(A—

2T) promoters. The fluorescence increase with time was
monophasic, and the observed rate of this phase showed a

Three measurements were taken for each sample, and the standardyperbolic dependency on the T7 RNAP concentration for

error in data acquisition was less than 2% in each experiment. (A)

Fluorescence intensity of p-dsDNAI( and dsDNA M) in complex
with T7 RNAP from a representative experiment. (B) The experi-
ment in (A) was performed twice, and the mean ratiostandard
deviation) of the fluorescence intensity of ED complexes of dsDNA
versus p-dsDNA for each promoter DNA is shown. The ratio is
0.289+ 0.006 for¢10, 0.145+ 0.005 for¢3.8, and 0.244 0.014

for $3.8(A—2T) promoters.

complex is 15% (14.5+ 0.5) of the fluorescence of its
p-dsDNA complex, and the fluorescence of h@&.8(A—
2T) complex is 25% (24.% 1.4) of the fluorescence of its

all three promoters (Figure 4).

The minimal mechanism for promoter binding leading to
open complex formation can be described by a two-step
mechanism, shown in reaction 1:

reaction 1
kl k3
E+D o ED, ™ ED,

where ER is the closed complex and EDOs the open
complex; the forward rate constais, corresponds to rate

p'dSDNA Complex. These results indicate that the extent of of Opening koper), and the reverse rate constant for the same

promoter opening in the nonconsengi3s8 promoter is 50%
lower than in the consensuslO promoter. Interestingly,

step,ks, corresponds to rate of closinkifsd. This two-step
mechanism predicts biphasic kinetic39) where the first

changing the nonconsensus melting region TAAA to con- phase is the sum of all four intrinsic first-order rate constants
sensus TATA ing3.8(A—2T) results in an increase in the  (=|,[E] + k, + ks + ki) and exhibits a linear dependence
extent of promoter opening to 83% of the consensus TATA gn [E], whereas the second phase is expected to show a
sequence. Note that the 2-AP fluorescencg provides informa-hyperbolic dependency on [E]. The rates of two phases must
tion about the degree of base unstacking. These resultsgiffer at least 8-10-fold to be observed as separate phases.
indicate that either the nature of the initiation bubble is ynder the conditions of the stopped-flow experiments
different or the equilibrium constant of closed to open reported here, the kinetics were monophasic, whose rates
complex conversion is different in the three promoters. jncreased in a hyperbolic manner with increase in T7 RNAP
Assuming that the nature of the initiation bubble is similar concentration. The hyperbolic dependency is consistent with
with ¢10 and$3.8 promoters, using the fluorescence values the two-step minimal model of open complex formation
we can estimate the overall equilibrium constant between shown in reaction 1. If the first step, B D to ED,

closed and open complexes. The equilibrium constant, conversion, is a rapid equilibrium step, then monophasic

Keg,open fOr the step ER <= ED, for ¢10, ¢3.8, and$3.8-
(A—2T) is estimated as 0.3, 0.15, and 0.25, respectively.

kinetics are expected. It is also possible that the first phase
is too rapid relative to the time resolution of the stopped-

The Kinetics of Open Complex Formation Is Affected by flow instrument and the fluorescence signal for the faster

the Promoter Sequenc&he 2-AP-modified fluorescent

phase is lost in the dead time of the measurement. Alterna-

promoter DNAs can be used to monitor the real time kinetics tively, the first step may not be a rapid equilibrium step, but

of DNA binding and melting. The kinetics of open complex

the rates of the two phases are not very different and hence

formation under pseudo-first-order conditions was measuredthe two phases are not resolvable.

by the stopped-flow method. A constant amount of 40 bp

DNA with 2-AP at t(—4) was mixed with increasing

We attempted to fit the rate dependency data in Figure 4
to the explicit equation for reaction 39), but unique values
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for intrinsic rate constarkpenandkgesecould not be obtained. 60
We therefore fit the rate dependency to the hyperbolic
equation (eq 3), which provided macroscopic parameters such
as the apparetty (y-intercept) K1z, andkmax of T7 RNAP—
DNA open complex formation. Thie of ¢10 could not be
accurately determined, as the fitting predicted a value close
to zero, bui3.8 andp3.8(A—2T) rate dependency indicated
that the apparerit of the nonconsensus promoters is faster
and close to 40 and 18% respectively. The appareKt,,
for DNA binding was close to 1.@M for ¢10 but higher
for nonconsensus promoters, equal to 38\ for ¢3.8 to
2.0 uM for ¢3.8(A—2T). The meaning ofKy, is not
straightforward. If ERformation is a rapid equilibrium step,
then Ky, corresponds to thé&y of ED. (ko/ki). If ED.
formation step is not a rapid equilibrium step, thHéip is a
complicated function of all the intrinsic rate constants in
reaction 1 89). The knax Values ranged from 18075 for
¢10 to around 12078 for ¢3.8 and$3.8(A—2T) promoters.
The kmax is approximately equal t&s + ks Or Kopen + Keiose
(39). The apparenk,, for ED, formation can be calculated
from the ratiokma/K1/2. The consensus promoter has-a53
fold higherk,n equal to 18QuM~* s relative t0¢3.8 (36 Time, s
uM7t 57 and ¢3.8(A-2T) (60 uM~* s). Thus, the g ees; Pre-steady-state kinetics of G-ladder RNA synthesis at
nonconsensus promoters form theJgEdmplex at an overall  various GTP concentrations. The time course of G-ladder RNA
slower bimolecular rate constant. synthesis by the T7 RNAPDNA complex (154M T7 RNAP +

To determine he values iy andlus, we combine oL O e e o
the result; of two experlments.. The rakiedKeiose OF Keq,open (A) shows the pre-stead;p/)-state kineticqs of total G-ladder RNA
was obtained from direct equilibrium fluorescence measure- synthesis with¢3.8 promoter at GTP concentrations of 1081
ments described in Figure 3, alilax = Kopen T Keiose Was (), 200uM (), 250uM (®), 300uM (O), 500uM (<), 1000
obtained from the hyperbolic fit of the stopped-flow DNA M (¥), 1?00_{%!3(&%, azan) %(r)gr?q/gl\t/ler(:z. G(_I?%) scr:)cr)]vggn?r :tiirggzrof
binding data shown in Figure 4. THgpe, and kjose Values experiment withps.olA—
for the step ER < ED, were thus calculated to be 41 and 1&0@? (2), 3004M (T), 5004M (), 1000uM (v), and 1500
141 st for ¢10, 16 and 1048 for ¢3.8, and 23 and 97°% “ '
for ¢3.8(A—2T) promoters. These values indicate that observed rate of pppGpG synthesis, although the extent of
although the observed rate of open complex formatiekix promoter opening can influence both of these parameters.
+ ko) is relatively unaffected by variations in the promoter  Figure 5 shows the pre-steady-state kinetics of G-ladder
sequence, the individual rates of opening and closing areRNA synthesis with¢3.8 and¢3.8(A—2T) promoters at
affected. Hence the equilibrium constant of the closed to openvarious [GTP]. The pre-steady-state kinetics of G-ladder
complex formation step is different and dictated by the RNA synthesis under identical conditions with tigdO
promoter DNA sequence. promoter has been reported previous® 8). All of the

The Rate of the First Phosphodiester Bond Formation Is promoters show burst kinetics indicating that pppGpG
Reduced by the Nonconsensus Promoter SequAfieethe synthesis at the active site of T7 RNAP is fast and a step
promoter DNA is melted and the template is placed at the after pppGpG or G-ladder synthesis, either the product
active site, the initiating NTPs must bind in a template dissociation step or T7 RNAP recycling, is slow. The
sequence directed manner followed by the formation of the biphasic kinetics of RNA synthesis witlp3.8 is less
first phosphodiester bond. All three promote¢d0, ¢3.8, pronounced relative t¢10 or$3.8(A—2T). This is because
and¢3.8(A—2T), initiate with the (+1)GGG sequence; thus the steady-state rate of G-ladder synthesis is actually greater,
the kinetics of initial RNA synthesis can be measured with indicating that early RNA products such as pppGpG dis-
GTP alone. We have shown for tigd 0 promoter that the  sociate faster from the T7 RNAR)3.8 complex. At 506
synthesis of pppGpG, the first RNA product, is a rate-limiting 600uM GTP, the observed rate of RNA synthesis wjB.8
step during initiation Z, 3). To determine the effect of is about one-fourth that @10, and that of3.8(A—2T) is
promoter sequence on the steps of GTP binding and pppGpCone-third that of¢p10. The slower rates of RNA synthesis
synthesis, the pre-steady-state kinetics of G-ladder RNA with the ¢3.8 promoters relative t¢10 could be due to a
synthesis was measured. Previous studies have shown thadecrease in the intrinsic rate of initiatioks,, and/or an
G-ladder synthesis under pre-steady-state conditions occursncrease in th&y of +1 and+2 GTPs. The pre-steady-state
with burst kinetics 2, 3). The fast phase or the burst phase burst rates at various GTP concentrations were analyzed to
depends on [GTP], and the dependency provides the cumuladetermine thés,, andKq values of GTP for each promoter
tive Kq of +1 and+2 GTPs and the intrinsic rate of pppGpG DNA.
synthesis Ky,o). High concentrations of T7 RNAP and The Binding Affinity of Initiating GTPs and Rate of
promoter DNAs enable accurate measurement of the singlepppGpG Synthesis Are Decreased by the Nonconsensus
turnover kinetics. Thus, th&y of the T7 RNAP-DNA Promoter Sequence€&igure 6 shows a plot of the pre-steady-
complex or the rate of promoter melting does not affect the state burst rate as a function of [GTP] for all three promoters,

40

20 +

[total RNA], pM

[total RNA], uM
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1000 1500 2000
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Ficure 6: Apparent dissociation constant efl/+2 GTPs for
promoterspl0, ¢3.8, andp3.8(A—2T). The biphasic pre-steady-
state kinetics of RNA synthesis in Figure 5 were fit to the burst
equation (eq 5), and the burst rates are plotted against [GTP]. The
[GTP] dependency was fit to the hyperbolic equation (eq 4). The
computer fit providedp (=Vimax in €q 4), the maximum rate of
pppGpG synthesisi{ standard error), equal to 78 0.7 s'1, 4.8
+ 0.8 s'1, and 4.2+ 0.1 s and apparent dissociation constants
for GTP of 330+ 86 uM (3), 1560+ 456 uM, and 558+ 44 uM
for promotersp10 (O), ¢3.8 @), andy3.8(A—2T) (»), respectively.

¢10, $3.8, andp3.8(A—2T). The [GTP] dependencies were
fit to the hyperbolic equation to derive the kinetic parameters
including the overallKy of +1 and +2 GTPs and the
initiation ratekyo, listed in the table of Figure 8. The pppGpG
synthesis occurs with a 2-fold slower rate with t%8.8
promoter, which binds GTP with a 5-fold weaker affinity
(1560+ 456 uM) relative to¢10 (330+ 86 uM) (3). The
¢3.8(A—2T) promoter also shows a close to 2-fold slower
rate of pppGpG synthesis, but the affinity for GTP (558

44 uM) is 3-fold tighter than$3.8 and closer in value to
¢10. The specificity constanky./Kqy, is a parameter that
provides the overall efficiency of RNA synthesis during
initiation, and this parameter is 8 times lower 8.8 and
only 3 times lower for¢3.8(A—2T) relative to¢10. An
interesting result from these studies is that promoters with a
consensus-4 to —1 TATA sequence have a higher affinity
for initiating GTP. Similarly, promoters with a consensus
specificity region sequence show a faster rate of pppGpG
synthesis. These effects are most likely due to allosteric
mechanisms and not the result of the different binding
affinities of the various promoters. Thus, promoter specificity
and melting regions that are away from the site of RNA
synthesis can affect the efficiency of RNA synthesis by
modulating different steps of initiation.

The Binding Affinity of+1 GTP Is Decreased by the
Nonconsensus Promoter Sequentia. and Patel3) have
shown that the kinetics of GTP binding can be measured by
following the fluorescence of 2-AP in promoter DNA. The
2-AP probe can be incorporated in place of adenines in the
—4 to +4 region, and modification at any of these positions
provides a sensitive fluorescence signal for measuring the
kinetics of GTP binding. In the experiments described here,
a complex of T7 RNAP and nt(4) 2-AP-modified promoter
(¢3.8 and¢10) was mixed with GTP in a stopped-flow
instrument. The fluorescence of 2-AP at-r) increases in
a time-dependent manner upon GTP binding as shown in
Figure 7A. The observed exponential rate increases with
increasing [GTP] as shown in Figure 7B, and feof +1/
+2 GTP can be derived from the hyperbolic dependencies.
Consistent with the radiometric RNA synthesis assay (Figure
6), the overalKy of +1 and+2 GTPs is 3-fold higher with
the 3.8 promoter and the rate of a conformational change
induced by GTP binding is 2.5-fold slower relativedO.
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Ficure 7: Stopped-flow kinetics of initiating GTP binding. (A)
The fluorescence of nt{4) 2-AP DNA (0.15«M final) in complex

with T7 RNAP (0.45uM final) increases as a function of time
upon addition of GTP. The GTP binding kinetics at 5 were
measured at various [GTP], and a representative trace (in two time
windows) at 250Q«M GTP is shown forp10 promoter. (B) The
observed exponential rate of fluorescence increase was plotted
against [GTP], both in the absence of GMP and in the presence of
GMP. The data were fit to the hyperbolic equation (eq 4), which
provided an appareriy (£ standard error) fol0 and$3.8
promoters of 400t 70 uM (O) and 1300+ 275uM (O) in the
absence of GMP and &8 10 uM (®) and 130+ 50 uM (W) in

the presence of 600 and 10Q¢M GMP, respectively. The
maximum rate of conformational change induced by GTP binding
is 14.2+ 0.8 s! for $10 promoter and 5.Z 0.4 s! for $3.8
promoter, in the absence of GMP. The corresponding rates in the
presence of GMP are 145 0.4 st for $10 promoter and 6.4

0.5 st for ¢$3.8 promoter.

The same experiment was then carried out in the presence
of a constant amount of GMP to determine the relatye
values oft+1 and+2 GTPs. It has been shown that T7 RNAP
can initiate very efficiently with GMP 40), implying that

the +1 position can bind GMP. However, the binding of
GMP alone does not show any fluorescence change, but the
addition of GTP provides the observed fluorescence change.
Thus, in the presence of a saturating concentration of GMP,
one can estimate th&; of +2 GTP. In the presence of GMP,
the appareniKy of GTP is tight, and)3.8 shows only a 1.5-
fold higher K4 for +2 GTP relative t0¢10. From the
relationshipKq grps,overa= (Ka,(-1)61éKa 26192 we calcu-

late theKy of +1 GTP close to 13 mM fop3.8 and 2 mM

for ¢10 promoter. These results indicate that the affinity of
+1 GTP is modulated by the promoter sequence, but the
affinity of +2 GTP appears to be less sensitive to the
promoter sequence. Thus, GTP concentration can differen-
tially regulate the efficiency of transcription initiation at
various promoters.

DISCUSSION

T7 RNAP does not require any accessory protein factors
for initiation, and the efficiency of transcription is regulated
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Ficure 8: Transcription initiation pathway of consensus and nonconsensus T7 promoters. The minimal pathway of transcription initiation
defined by studies described here and in previous rep®r8; 29, 31) is illustrated. T7 RNAP and 40 bp dsDNA promoter are represented

by E and D, respectively. The template and nontemplate strands of DNA are colored red and blue, respectively. Part of the DNA shown
in solid lines in the E[Q complexes was constructed using the DNA coordinates from the crystal structure of the initiation complex (PDB

id 1QLN). The dotted line is the hypothetical extension of the two strands that illustrate the transcription bubble during initiation. The table
compares the kinetic and equilibrium parameters of each step during initiation for the three promoters obtained from the following
measurements: (1) fluorometric titrations (Figure 2), (2) equilibrium fluorescence measurements (Figure 3), (3) pre-steady-state kinetics of
RNA synthesis (Figure 6), and (4) stopped-flow GTP binding (Figure 7). Uncertainties of only experimentally determined parameters are

reported. The parameters such as appaignkopen Keiose Ka,+1ycth @andkpe/Kq calculated from experimental values are reported without
uncertainties.

by the T7 promoter sequence (and defined as promoterprovide sequences for “distinct” comparison of the effect of
strength), but the kinetic and thermodynamic basis has notthe specificity region only £10 vs ¢3.8(A—2T)) or the
been established. In this paper, we have investigated themelting region only ¢3.8 vs¢$3.8(A—2T)) or both (10 vs
kinetics and thermodynamics of each step of transcription ¢3.8). It is interesting to note that the 10 divergent promoters
initiation by T7 RNAP using promoter sequences to under- from class Il constitute an average of four nonconsensus
stand the effect of the divergent sequence on promoterbases per promoter, of which three lie in the initiation domain
strength relative to the consensus sequence. Rationallyand one in the binding domain. Therefore, it is not surprising
speaking, any number of sequences from class Il and clasghat regulation at the level of transcription initiation occurs
Il natural T7 promoter selection could be used for promoter mainly from the initiation domain and to a lesser extent from
strength comparison. Since all five class Il strong promoters the promoter binding domain. Transcription initiation is a
have absolutely conserved sequence frefiY to +6, only multistep process, as shown in Figure 8, and in principle
one promoter from this class is sufficient as an upper limit €ach step is a target of transcription regulation. Transcription
of promoter strength, and for our studies we chosegth@ can be regulated at the level of promoter recognition, open
promoter. Of the 10 class Il weak promoters, only five complex formation, by the affinity of initiating nucleotides,
promoters $1.1A, ¢1.3,$3.8,p4c, andp4.7) have divergent ~ and the rate constants of initiation, promoter clearance, and
bases in the promoter binding domainl(7 to—5), of which processivity during abortive and elongation phases of RNA
only one promoter, i.e3.8, has the most nonconsensus Synthesis. The rate-limiting steps and those with unfavorable
bases (total three bases) in the promoter specificity region€quilibrium constants have a greater influence on the overall
(—13 to—6). The$3.8 promoter also has an altered base (at efficiency of transcription. Our goal in these studies was to
—2) in the melting region €4 to —1) among six class || identify the steps of initiation that are most affected by the
promoters that have the most nonconsensus bases (one basBjomoter sequence. The results of our studies with three
in this region. Thus, with most divergent bases in both Promoters are summarized in Figure 8.

promoter specificity and melting regions, #®8.8 promoter The first step during transcription initiation is the specific
represents the lower limit of promoter strength for compari- recognition of the promoter by the T7 RNAP, resulting in
son. An artificial class Il promotes3.8(A—2T) divides these  the formation of a specific closed complex in which an
upper and lower limits. Altogether, these three promoters initiation bubble is not yet formed. The closed complex
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isomerizes to an open complex in which the TATA sequence been proposed that DNA bending is the first step that occurs
from —4 to —1 region is melted 31). With the 40 bp during promoter opening, and bending the DNA results in
promoters, the resulting open complex would contain a base unstacking and nucleation of DNA melting at the RNAP
bubble approximately in the middle of the DNA. Using 2-AP active site 41). T7 promoters with TATA and TGCA
DNA and stopped-flow transient state kinetics, we infer that sequences in the melting region contain an intrinsic bend
the ¢3.8 promoter forms a much weaker closed complex than (42). When these promoters bind T7 RNAP, the DNA is
the ¢10 promoter. The equilibrium fluorescence measure- further bent 46-60°, and the bending is postulated to be
ments indicate a 2-fold reduction in binding affinity $3.8 centered at the-2 to +1 position ¢2). When we examine
promoters. Thus, bases at positiontl, —12, and—13 are the trinucleotide parameters that predict bendability of the
primary determinants of the binding affinity during closed —4 to —1 region of the dsDNA, they indicate that the
complex formation. The crystal structure shows specific bendability of the—4 to —1 region with sequence TATA
interaction of guanine at nt11) of the ¢10 promoter and TGCA is much higher than that with TAAAB). Thus,
sequence with the side chain of N748 7). Similarly, nt- the TATA box, a ubiquitous sequence found in promoters,
(—13) and nt-14) bases interact respectively with the side may be intrinsically easier to bend as well as easier to
chain amine and backbone amide of K98 (from the AT-rich maintain in a single-stranded form relative to other sequences
recognition loop). The relativ&y values of$3.8 and¢10 such as the TAAA sequence. Thus, a single base change
promoters indicate that these interactions correspond to acan alter the local bendability of the dsDNA, making
AAG value of 0.4-0.6 kcal/mol. nucleation of DNA melting an unfavorable process and
The overall on-ratek,,, for the three promoters indicates influencing on multiple steps of initiation.
that nonconsensus promoters bind T7 RNAP at a ratg-3 The promoter sequence also influenceskg®f +1 and

fold slower than the consensus promoter. Similarly, the 12 GTPs as well as the observed rate of the first phosphodi-
overall ko values for the three promoters suggest that ester bond, the pppGpG synthesis. This observation is similar
nonconsensus promoters form.a k_inetically unstable cor_nplextO that of E. coli rrn promoters that appear to be regulated
with T7 RNAP. These results indicate that T7 RNAP binds py the initiating nucleotide concentratiof. We show here
more efficiently and also stays more stably bound t0 a that T7 promoters are differentially regulated by initiating
consensus promoter. Several studies indicate that the formanTp concentration. The pre-steady-state kinetics of tran-
tion of open complex in T7 RNAP (in the absence of scription initiation showed that nonconsensus promoters have
MgGTP) is an unfavorable equilibrium reaction. Thus, the an gverall weaker affinity for initiating GTPs and a slower
preinitiation ED complexes co_nsist 'of a mixture of Eind rate of pppGpG synthesis. More specifically, it is #gof

ED.. The ratio of ER to ED; is estimated to be between 11 GTP that limits the rate of pppGpG synthesis. A promoter

7:1 by steady-state RNA synthesis ass&) @nd 3:1 by  \jth a consensus melting sequence (TATA) binds GTP with
the relative fluorescence increase of dsDNA versus p-dsDNA gy overall tighter affinity relative to a promoter with a

in ¢10 promoter DNA complexes with T7 RNART). The  onconsensus melting region (TAAA). The initiation rate,

fluorescence method therefore provideSegopenfor the¢10  that s, the rate of pppGpG formation, on the other hand is
promoter around 0.3, mdlcatln_g that at equilibrium 30% of dependent on the sequence of the specificity region. A
the total ED complexes is in the open form. Similar nomoter with a nonconsensus specificity region synthesizes

measurements with thy8.8 promoter provided Heq openOf pppGpG with a 2-3-fold slower rate relative to a consensus
0.15, indicating that only 15% of the total ED complexes promoter. Since the specificity region is away from the site
exists as open complexes. Interestingly, #&8(A—2T) of RNA synthesis, we propose that conformational changes

promoter with a consensus melting region showed a higheryegylting from the interactions between the T7 RNAP and

amount of open complex (25%), almost close to the level he gpecificity region are somehow relayed to the site of
observed in thg10 promoter. Thus, kinetic and thermody-  catalysis to modulate the rate of initiation.

namic studies of promoter binding and opening indicate that
base changes in the promoter specificity region affect the coNCLUSIONS
overall stability of the ED complexes whereas base changes
in the melting region affect mainly the stability of the ED The comparative studies @fLO andy3.8 promoters shed
complex. The observed rates of open complex formation light on the transcription initiation steps that are sensitive to
(=kmax + kof) are relatively insensitive to base changes in the promoter sequence. These studies have identified some
the specificity and/or melting region, but the individual rates, of the “intrinsic” regulatory mechanism built into the
kopenandkeiose are affected, and both nonconsensus promoterspromoter sequence that the T7 RNAP enzyme uses during
show a slowerkopen The values 0fkopen @and Keose are initiation to control the level of RNA synthesis without the
determined by considering a minimum two-step mechanism; aid of other protein factors. The results indicate that multiple
however, a complete mechanism of open complex formation steps in the pathway of transcription initiation are affected
may involve more than two steps. Therefore, intrinsic rates by the promoter sequence. Some of these steps include the
of promoter opening and closing need to be determined eitherstability of the closed and open complexes, the rate of the
by direct measurements or by computer simulation of the first phosphodiester bond formation, and the affinity for the
kinetic data. +1 initiating nucleotide. Transcription control at the promoter
How can a single base change in the TATA region affect melting step occurs by regulation of the equilibrium constant
the stability of E} and the equilibrium between closed and between closed and open complexes and to a lesser extent
open complexes? One parameter that can have a global effedby the rate of open complex formation. Our studies also
on the stability of the melted DNA is the bendability or indicate that although base variations in the promoter
deformability of the sequence in the melting region. It has sequence affect the individual steps to a small degree, the
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cumulative effect can significantly affect the overall yield
of the final transcript and dictate the overall promoter

strength.
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