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ABSTRACT. Escherichia colipromoters for transcription of ribosomal and tRNAs are greatly activated by

an A+T-rich “UP” element upstream of the 35 region. These same promoters have also been found to
otherwise deviate in several respects from the consensus promoter sequence. Here we present the results
of a kinetic characterization of the interaction B$cherichia coliRNA polymerase with UP element-
containing promoters which by virtue of consensus or near-consensus sequence features should be among
the most optimal that can be encounteredBsgherichia coliRNA polymerase. We show that for such
promoters, (1) the second-order rate constant describing formation of the initial (closed) complex is close
to that expected for a diffusion-limited process, (2) the extent of activation by the UP element is temperature-
sensitive, (3) the UP element accelerates a process after DNA binding by RNA polymerase, and (4) the
presence of the UP element delays promoter clearance upon addition of nucleoside triphosphates to
preformed RNA polymerasepromoter complexes. Finally, we provide evidence in support of models
which describe the DNA melting process accompanying open complex formation as initiating-ia@he
promoter region and progressing in the downstream direction.

The identity of promoters forEscherichia coliRNA tion of the functional or open RNAPpromoter complex,
polymerase (RNAP)is chiefly determined by two DNA  9). As a result of these features, open complexes formed in
elements, the-10 and—35 regions 1); these two elements,  vitro at this and other ribosomal RNA promoters are unstable
together with the spacer DNA separating them and the start(11), but can be stabilized in the presence of high concentra-
site of transcription, form the so-called “core” promoter. The tions of the initiating nucleoside triphosphaie). Open and
ability to recognize the core promoter is imparted to the closed complexes are in rapid equilibrium, in which the
RNAP holoenzyme by its sigma subunit. The promoters for closed form of the promoter predominates, but addition of
transcription of ribosomal RNA2), as well as some other nucleoside triphosphates can pull the equilibrium dramati-
strong promoters irE. coli (3—6) and B. subtilis (7, 8), cally in the direction of the opened form. Using NTP
additionally have a very (A& T)-rich region upstream of base  stabilization of open complexes at ribosomal RNA promoters,
pair —40 (the so-called “UP” element). Transcription in vivo it has been determined that open complex formation in vitro
and in vitro as well as the rate of open complex formation is very fast. Kinetic investigations on these promoters by
at therrnB P1 promoter §) was decreased by more than necessity have been carried out under conditions of very low
10-fold upon deletion of this UP element. The UP element concentrations of RNAP and promoter in order to bring the
has also been shown to activate promoters that do notrates into experimentally tractable time regimes.

naturally contain such an elemei @, 10. We have undertaken a kinetic characterization of promot-

Ribosomal RNA promoters can direct initiation of one ers which by virtue of their UP element, in combination with
transcript per second, which is more than any other promoterentirely consensus 10 and—35 regions, should be among
promoters, rmB P1, deviates from the sequence of the stydies exploited a recently developed spectroscopic assay
consensus core promoter in several ways, including the for RNAP—promoter complexes which allows the determi-
sequence of the-35 element, the length of the spacer DNA ' nation of the kinetics of formation of these complexes over
separating the-35 and—10 regions, and the sequence of the time scale of second43). We show that the second-
the DNA region that becomes strand-separated upon forma-grder rate constant describing formation of the initial (closed)
complex is close to that expected for a diffusion-limited
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MATERIALS AND METHODS here) to yield 300uL of a solution containing 10 nM
promoter complex, 20&kM of each NTP, and 5@g/mL
heparin. The fluorescence intensity was monitored over a
time span of 10 min. Each clearance result is based on the
average of the data from at least 10 separate determinations.
The averaged data were fit to a single exponential:

Materials. E. coliRNAP holoenzyme prepared by the
method of Burgess and Jendrisdld) was further purified
by chromatography on phosphocellulose in the presence of
50% glycerol, as described). The concentrations of RNAP
reported here are those of the active holoenzyme; our
preparations were 56 10% active. 2-AP-containing oligos y = Amp[1 — exp(~k,t)] + F
were purchased from core facilities at the University of " ©
Wisconsin, Madison, or at Case Western Reserve University;\yherey, Amp andF, are as in eq 1, any, is the first-
other synthetic DNAs were from Gibco/BRL. Promoters with - order clearing constant. In Figure 3, values on yhexis
2-AP substitutions were assembled by ligation of synthetic representy — Fo)/Amp, to obtain normalized curves.
DNA oligos. Proper assembly was monitored by running
analytical agarose gels. Purification of assembled promotersRESULTS

was accomplished by the use of 10% nondenaturing poly- The two consensus promoter constructs (designated UP

acrylamide gels. Ribonucleoside triphosphates were pur- S
chased from Pharmacia and used without further purification. .CC and UPCC to indicate whether the UP element sequence

Stopped-Flow Experiment®pen complex formation at IS present or not, ar(;c! tTﬁ.t theSE and—th, rt_as;;t_achveli/,_rh
2-AP-substituted promoters was studied in transcription are consensus) used in this work are shown in Figure 1. The

buffer [30 mM HEPES (pH 7.6), 100 mM KCI, 10 mM UP element is from rrnB P1, the spacer froguPas is the
MgCl,, 0.1 mM DTT, and 100'/0 ’glycerol] on an, Applied start site and the region downstream from it. Other constructs

Photophysics SX18MV stopped-flow spectrophotometer in 2'2? Witz r_elsgeﬁtt_o ;?qALgXZ?%Pf thé}s (’\_I - S'TCS\IA(-:
the fluorescence mode as describd®)( The excitation ) an (N= ) regions; e.g.,

monochromator slits were set at 2 nm, and the wavelength g,"’_‘rsp\t_:_]i:_rz,eliminﬁf W'tt.h35 — 5.'TAGtATA3' andl—zo =t b
at 315 nm. A 350 nm “cut on” filter (transparent to light - masl KInelic experiments were carried out by

: iXi lutions of RNAP and 2-AP-substituted promoter
with a wavelength greater than 350 nm) was used for the mixing SO
emitted light. Each determination kfysinvolved averaging DNA on a stopped-flow spectrophotometdi3). The ob-
of data collected in three or more mixing events. The served Increase in 2-AP flgorescencg, primarily due to
promoter DNA (5 nM) and the RNAP solutions loaded in unstacking of (2-AP) bases in the region melted by RNA

the syringes of the instrument were adjusted to contain the polymerase, was followed over time !ntervals of10 s,
same concentration (10%) of glycerol in order to obtain depending on the promoter being studied. Observed rates of

optimal mixing open complex formation were determined by fitting the time
Data Analysis Initial data analysis was carried out with dependence of the 2-AP-derived fluorescence signal to a

the software provided with the stopped flow. The experiments single exponential, as described §; Matgnals and Meth-
were conducted with RNAP in at least 3-fold excess over 2dS]- These values are shown as a function of the concentra-

the promoter fragments so that the kinetics would be pseudo-t'on of RNAP in Figures 2a,b. For the CC promoter, the
first-order. The data were fit to the equation: observed rate constants are among the fastest obtained for

an E. coli promoter. The presence of the UP element

y = Amp[1 — exp(—k,,d)]+ F 1) accelerates complex formation less than 2-fold at@over
° the range of RNAP concentrations examined. This is in
Herey is the observed fluorescence signal at 370 nis, contrast to the experiments carried out both on the same

the time in seconds after mixing promoter DNA and RNAP, Promoter at 15C and on the nonconsensus promoter at 15
ks is the pseudo-first-order rate constant, Amp is the as well as 25°C, when stimulation by the UP element is
observed amplitude (i.e., the total change in signal betweenreadily apparent at the higher concentrations of RNAP
t = 0 andt = «), andF, is the starting fluorescence signal. investigated. The lines drawn in Figures 2a,b represent
For each promoteik,,s was obtained at 25 and PC as a hyperbolic fits (eq 2) of the data. Values of the parameters
function of RNAP concentration. The parameke(see eqs ~ Ka andk: are collected in Table 1.

3 and 4 under Results) as well as the second-order rate The interpretation of the parametdesandk is model-
constank, was obtained from the hyperbolic fit of the data dependent. Two different models will be considered, differing

to the equation: in whether the initial complex between RNAP and the
promoter (R, where the subscript ¢ denotes a closed
Kops = KK[RNAP]/(KJRNAP] + k;) 2 complex where strand separation has not yet occurred) is in

rapid equilibrium with free RNAP and promoter (eq 3), or
Promoter Clearance AssayBromoter clearance experi- is converted with high probability to the nucleated intermedi-
ments were carried out at room temperature {€3 on a ate RR; (16, 17), poised to proceed down the pathway to

Perkin-Elmer LS50B spectrofluorometer using a 3d0 open complex formation (eq 4):

micro cell. Samples were excited at 310 nm (5 nm slit width),

and emission was monitored at 370 nm (15 nm slit width). R+ P<LB_>RPC1 ﬁ,Rpcz 2, re, 3)
The reaction was initiated by the addition of #& of an

NTP/heparin mixture to a cuvette containing 225 of a R+P—m RP Lo, RPg, o, RP, (4)
1:1 mixture of RNAP and promoter DNA (incubated for an

hour to ensure complete formation of RNA polymerase Here R is RNAP, P is promoteKg is the association

promoter complex at even the weakest promoters investigatedconstant describing the rapid equilibrium between RNAP and
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Ficure 1: Sequences of synthetic promoter DNAs used in this work. Each promoter is 95 bp in length, spanning peS8itms- 32

with respect to the start site. The35 and—10 regions and the start site are indicated. (a) The top promoterGOPhas a functional UP
element as indicated; the bottom one (@) does not. The positions of the nine 2-AP+{d&, —4, +2, and+3 on the top strand, and6,

—3, —2, —1, and+2 on the bottom strand) are indicated by the asterisks. (b) The constructs with 2-AP substitutions (shown by asterisks)
at different positions in the melted region.

b o Table 1: Kinetics of RNA PolymerasePromoter Interaction:
5 _a 1B°C wet | Effect of UP Element
—~ promoter DNA  temp{C) ki (s™Y) kax 108 (M~1sh)
9 4 | UPtCC 15 8.9+ 2.7 1.4+ 0.4
& gl . UP-CC 1.7+ 0.2 1.3+ 0.3
2 UP*CC 25 9.7+ 1.7 36+1
= 2 30 UP 1 T UP-CcC 57+ 0.4 2.7+ 0.4
L . UP*NC 15 1.6+0.1 0.7+ 0.1
UP-NC 0.2+ 0.02 0.1+ 0.01
o UP*NC 25 4.4+ 13 1.1+ 0.4
,|b 25°C Ji Uty | UP-NC 1.0+ 0.1 0.6+ 0.1
—~ 6} I
o 2_ 1 be a conformational change in RNA polymerase; the actual
3 Ol o1 uvl DNA melting would occur in a subsequent step [s&6) (
8 ar T and (L7) for recent reviews]. For a reaction near the diffusion
x~ 3F ( . limit (as may be the case for all but the URC promoters),
2t 1 the appropriate description is eq 4; tHer= ki, andk: = k;
1+ 4 (9). The calculated values for the second-order rate constant,
S ks, are among the largest observed for any promoter, and
0 10 20 30 40 50 60 70 80 close to the expected diffusion-limited rate for the initial
[RNAP] (nM) specific interaction of RNAP and a promoter, as required
FiGURE 2: Effect of the UP element, for the CC promoter, at two by eq 4. The effect of the UP element is found to be less
different temperatures. The rate of open complex formatieg, pronounced at the strongest, CC, promoter, and at the higher

is plotted as a function of the concentration of RNAP. Each value temperature (25C). It can be seen from the data collected
of kopswas obtained in at least three independent mixing events on . )

the stopped-flow spectrophotometer. Error bars represent standard” Table 1 that the pfﬁsence of an UP element, compared to
deviations determined from averaging these multiple determinations. the same promoter without an UP element, leads to increases
The curves represent hyperbolic fits (eq 2) of the data. (a) Data in k; ranging from 2-fold for CC at 28C to 8-fold for NC
obtained at 15C. (b) Data obtained at 2%C. at 15°C. The data in Table 1 also show thais lowest for

the closed promoter complex, and R®the open promoter  the NC promoter. Assuming that open complex formation
complex. While the overall mechanism is likely more at this slower promoter can be described by an initial rapid
complex, this description of intermediates up to and including equilibrium (eq 3), thelky/ki = Kg and agairk; = k. Values

the rate-limiting step (the RPto RR.; conversion) is a useful ~ for Kg can be estimated from the data for tNC: Kg =

way to treat kinetic datal®). The RR; to RP,, step would kiki is (5 + 1) x 10’ M7%, at both 15 and 25°C.
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2 L L AL L L Table 2: Kinetics of Promoter Clearance: Effect of UP Element
- ~TTGACA-TATAAT-- 1

wl A promoter DNA kar x 1% (s7Y) t12 (S)
g 1 UPCC 2.4+ 0.2 290+ 30
S osf - UPCC 6.4+ 0.6 110+ 10
2 1 UP*CN 6.0+ 0.1 116+ 2
‘g‘ 06 | 1 UPCN 9.3+ 0.1 75+ 1
ic UP™NN 9.3+ 0.1 76+ 1
E 04 T UP NN 15.0+ 0.4 46+ 1
-g 02 -1
g 35 o

0.0

0.2

] ’ 100 ' 200 ' 300 ' 400 ' 500 ' 600 25 3
Time (sec) w 20 _ 1
FiGure 3: Effect of the UP element on promoter clearance. The x‘g .
time-dependence of the loss of fluorescent signal upon addition of 15 -4 .
NTPs to preformed open complexes (see text for experimental 4
details) of the UPCC and UPCC promoters (Figure 1) at 2% 1.0 1 y

is shown. Data collection was initiated following addition of a
mixture of the four NTPs, each at 2@0. Each trace is the average

of at least seven determinations. The lines through the experimental
traces are single-exponential fits. See Table 1 for the resulting rate
constants.

-7,-6 -5,-4

2-Aminopurine Position

i ; RR i Ficure 4: Effects of the positions of 2-AP substitutions in the
Temperature-independent formation of d previously PTCC promoter (see Figure 1) on the observed rate constants for

also been demonstrated for several other promoters. Base pen complex formatiork,y,s The locations of the 2-APs in each
on the results presented above, we conclude that the UPpromoter DNA used are shown under the bar that represents the
element accelerates the conformational change in RNA value fork,ps obtained for that promoter; see also Figure 1b. The

polymerase that is the rate-limiting step in the formation of concentrations of promoter DNA and RNAP were 15 and 50nM,

. ; respectively. Values fdi,psrepresent averages of-9 independent
an open complex; as a result, another step, possibly DNAdeterminations, each itself the average of at least four individual

melting_ itself, may become rate _Iimitin.g for promoters traces. Error bars correspond to standard deviations in the averages.
containing the UP element (see Discussion). Grey bars: data obtained at 2G. White bars: data obtained at

The above experiments demonstrate that the UP elemeng5 °C.
plays a role during formation of the initiation-competent open
Comp|ex_ To determine if the effects of the UP element regions, with or without the UP element. It is seen that the
persist up to the time when RNAP clears the promoter to Promoters without the UP element were cleared faster than
commence the elongation phase of RNA synthesis, rates ofthose with the UP element by 1.5-fold for the NN and CN
clearance were determined for the W€ and UPCC promoters, and by 3-fold for the CC promoter.
promoters. This was done by monitoring the loss in  With the constructs shown in Figure 1b, we have attempted
fluorescence signal upon addition of nucleoside triphosphates,to follow the progression of strand opening by introducing
presumably as the result of reestablishment of base pairingclusters of two or three 2-AP at various positions in the
in the promoter. We have found that this loss of signal is strand-separated region of the t@fC promoter. If propaga-
dependent on the addition of NTPs: in control experiments, tion, rather than nucleation, of strand opening is rate limiting,
no such loss of signal was observed over the time course of2-AP proximal to the nucleation site would be expected to
the experiment, if NTPs were not added (data not shown). open faster (i.e., with a greatkg,9 than more distal ones,
In addition, we had previously shown that the presence of giving rise to a gradient in observed rate constants. The
2-AP substitutions at positions similar to those in"a& results obtained with these constructs at a single RNAP
and UP CC did not interfere with RNA synthesi&3). Thus, concentration and temperatures of 10 and@5are shown
we are not simply determining the rate of dissociation of in Figure 4. For two promoters, UEC(—9,—8), where the
RNAP from promoters in these experiments. The results arelocation of the 2-AP for A substitutions is shown by the
shown in Figure 3, where the loss of fluorescence signal is numbers in parentheses, and W@ (—3,-2,—1), no fluo-
displayed as a function of time after addition of the rescence signal was observed upon mixing of promoter DNA
nucleoside triphosphates. At least 7 trials were carried out with RNAP, even if the binding reaction was monitored over
with each promoter. For the UEBC promoter shown in 30 s (data not shown). This lack of signal does not reflect
Figure 1, significantly faster rates of promoter clearance an inability to bind to RNAP. In gel mobility shift experi-
(observed rate constants as determined from single-expo-nents (data not shown), we have determined that within 30
nential fits to the data; see Materials and Methods) were seens of addition of RNAP (100 nM) to solutions containing 1
than for the promoter with an UP element, 10C: The nM promoters UPCC(—9,—8) and UPCC(—3,—-2,—1),
observed rate constants for promoter clearance (and theessentially all promoter DNA was found in a heparin-resistant
corresponding half-lives) have been collected in Table 2 for band with a mobility characteristic of an RNAPpromoter
these as well as promoters containing nhonconsensus substitueomplex. Interestingly, we had also failed to obtain a
tions in just the—10 region, or both the-10 and —35 fluorescence signal with single-stranded DNA containing the

9x2AP
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2-AP substitutions at positions9 and—8 (19). It is unclear more is to be gained by facilitating the conformational change
what features of the interaction of the DNA with RNAP under these conditions: both a greater similarity of the DNA
underlie the absence of an increase in the fluorescence signasequence to the consensu$0 and—35 regions (as for the
when the 2-AP is at certain positions. For the constructs stronger promoters) and a higher temperatur®) (may
where a signal was observed, the rate constants determinedlready facilitate the conformational change to some extent.
at 10°C were smallest if the 2-AP substitutions were furthest If the UP element were to sufficiently accelerate the
removed from the—10 region [in UPCC@H1,+2,+3)]. conformational change in RNA polymerase, under some
These observations are indicative of DNA melting being conditions DNA melting might become limiting. As pointed
limiting, nucleation of the opening of promoter DNA out below, it is possible that this may be the case for the
occurring upstream of positiorsé and—7, and progression ~ UPTCC promoter at 10C. Recently a consensus sequence
of strand separation being in the downstream direction. This for the UP element was derived, which was found to be an
course of events is consistent with current ideas about theeven more potent activator than the rrnB P1 UP elen8)t (
progression of the strand separation proc28s41). At 25 Its effect on the kinetics of open complex formation at a
°C, the construct URCC(+1,+2,+3) binds RNAP with an core promoter with consensusl0 and—35 sequences has
observed rate constant-2 times greater than that seen at not yet been determined.
10 °C. The 25°C data may correspond to a case where It is important to address the extent to which the results
melting is not limiting; at this temperature, it may be the obtained here may have been affected by the presence of
construct with the centrally located 2-AP [H@C(-5, —4)], the 2-AP substitutions in the promoter DNA. We had
which, for unknown reasons, behaves anomalously. Experi- previously found that the presence of the same nine 2-AP
ments to further explore the behavior at®5are in progress.  substitutions as used here did not affect the rate of open
Data obtained at 18C (not shown) show an intermediate complex formation13) in a promoter similar to the UMNC
effect: the ratio ofkps for UPYCC(—7,—6) and UPCC- one described here. The 2-AP:T base pair is compatible with
(+1,+2,4+3) is 1.5, as compared to 2.0 at 10, and 1.0 at  the structure of double-helical DNA24—26), but may be
25 °C (see Figure 4). weaker than an A:T pair by about 0.5 kcal/mar), so that
nine 2-AP base pairs may lower the stability of the melted
DISCUSSION region by as much as 5 kcal/mol. The lack of an observed
We have observed remarkably high second-order rateeffect of the 2-AP substitution, for the URC promoter, is
constants for initial complex formation between RNAP and thus consistent with prior observations [reviewedlif) @nd
promoters, which for some constructs was close to B0 (17)] that a conformational change in RNA polymerase rather
M~ s71. No promoters have yet been observed to exhibit than the DNA melting step is rate limiting for open complex
faster rates than those we have described here. As ouformation.
promoters reside on very short DNA duplexes, this is an  Prior kinetic studies on the ribosomal RNA promoter, rrnB
indication that a mechanism of rate enhancement for the P1, are consistent with effects both on the bimolecular step
binding of RNAP to its target, involving nonspecific DNA  (the first step in eq 3) and on a concentration-independent
(e.g., linear diffusion or intersegment transfer), is not required step (the second step in eq 3),(rather than just the latter
to achieve fast rates of open complex formation. However, as observed here. In comparing our promoter constructs
on long DNA molecules, some mechanism of transfer of containing a UP element to those lacking such an element,
RNAP from initially formed nonspecific complexes to it is difficult to envision how the presence of the 2-AP
promoter DNA may still be important, to overcome the substitutions could erroneously have lead to the conclusion
adverse effects of nonspecific interactions in reducing the that not DNA binding, but a subsequent process is accelerated
effective free RNAP concentration. Interestingly, the rates by the UP element. A more likely possibility is that the
observed here for the formation of open complexes on mechanism whereby the UP element accelerates open
promoter DNA are much faster than those observed undercomplex formation is promoter dependent: It is possible that
the same conditions for sequence-specific complex formationthe UP element displays intrinsically different behavior in
between RNAP and small, single stranded oligas~ 10 the context of the rrnB P1 promoter, at which unstable open
M~1s1). This difference may be an indication that promoter complexes formX1), than upstream of promoters with which
DNA is better able to elicit in RNAP a conformational RNAP forms stable open complexes, such as those studied
change required for the formation of the open comple}.( here. Our attempts to use 2-AP substituted DNA fragments
From the [RNAP] dependence d&pns determined in bearing the rrnB P1 sequence in order to obtain a direct
experiments described here and also elsewh&@y (ve comparison thus far have been thwarted by the paucity of
conclude that the effect of the UP element is exerted at the strategically positioned A’s at which 2-AP substitutions can
level of a first-order process, after the binding of RNAP to be made. As a result of a weak signal, we have not yet been
the promoter, as reflected by the increas&iPossibly the able to collect reliable data.
interaction of the alpha subunits of RNA polymerase with  For all but the UPNC promoter, we have assumed that
the UP element?, 22) facilitates a necessary conformational k, is the second-order rate constant for formation of the initial
change in the RNA polymerase. The extent to which the specific closed complex, RE at the promoter. The values
presence of the UP element accelerated open complexfor k, we have determined here (as high asc310° M~
formation was found to be a function of the sequence of the s™1; see Table 1) are in the range predicted for a diffusion-
core promoter and the temperature at which the experimentcontrolled processlg, 28). However, relative values df,
was carried out. Greater effects were observed for the weakereflect relative rates of open complex formation only at
promoters and in experiments performed at the lower concentrations of RNAP that are well below those needed
temperature (see Figure 4 and Table 1). We speculate thato achieve a significant population of the initial complex.
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At the limit of high concentrations of RNAP, rates of open similar to those obtained with other promote0,(31).
complex formation are determined kywhich sets the levels  However, in all cases they were significantly slower than
of the plateaus fok,,s as seen in the plots of Figure 2. Our the rate of clearance at the rrnB P1 promoter in vivo, which
attempts to determine the direction of DNA melting (shown has been estimated to initiate (and clear) with a frequency
in Figure 4) were made under these conditions, and employedof about 1 per second. The much slower in vitro rates may
the promoter UPCC, for which the conformational change reflect the participation of additional cellular proteins in the
in RNA polymerase would be optimally accelerated, possibly process, or solution conditions that do not adequately mimic
to the extent that DNA melting became rate limiting. For the cellular conditions; alternatively, the nonconsensus
determinations carried out at 2@, a gradient in the values features of rrnB P1 may be important in facilitating the rapid
for kops is seen, with the values decreasing as the 2-APs areescape of RNAP from this promoter.

positioned in a more downstream direction of the promoter.

We infer from these results that under these conditions NOTE ADDED IN PROOF

melting may indeed be limiting, proceeding in a downstream  pacent results indicate that at the rrB P1 promoter, the
direction, after being nucleated upstream of positiefand  p glement stimulates open complex formation by facilitat-

—7, possibly in the-10 region. The fact that clear position- ;..o hoth RNAP binding and step(s) subsequent
dependent effects of 2-AP substitution were obtained makes g g Pes) a '
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