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ABSTRACT: A derivative of thes”® subunit fromEscherichia colRNA polymerase with specific fluorescence
probes in conserved region 2.3 (DNA “melting motif”) was prepared by replacing tryptophan residues at
positions 314 and 326 of the wild-type® with alanine. The remaining two tryptophan residues (Trp

433 and 434) of [Ala 314, 326]° were biosynthetically replaced with 5-hydroxy-tryptophan (50HTrp),

a fluorescent tryptophan analogue with unique emission that can be selectively observed both in free
50HTrp[Ala 314, 326§7° as well as in 50HTrp[Ala 314, 326]° bound to the core RNA polymerase.
Fluorescence quenching experiments revealed that positions 433 and 434 were solvent exposed in free
50HTrp[Ala314, 326§7°. The binding ofo™ to core polymerase reduced the solvent exposure of these
residues. In the presence of single-stranded oligonucleotides, fluorescence of 5O0HTrp at position 433
and 434 was quenchedb65% and these residues became inaccessible to the solvent. Using fluorescence
of 50HTrp at positions 433 and 434 as a specific signal of DNA binding, we show thatftdmund
single-stranded DNA weakly and did not discriminate between nontemplate and template strand of promoter
DNA. Binding of 07°to the core increased the affinity for binding nontemplate DNA, whereas the affinity

to template or “nonspecific” DNA was reduced, resulting in a holoenzyme which could bind nontemplate
strand~200-fold better then the template strand. We concluded that Trp 433 and 43%a€ located

within a single-stranded DNA binding region of° and that binding o6"° to the core enzyme induced
conformational changes in a single-stranded DNA binding region of the protein. As a consequence of
these conformational changeg? subunit gains the specificity for the nontemplate strand of the melted

region in the “open” complex.

Transcription initiation irEscherichia colis catalyzed by
RNA polymerase holoenzyme (RNAP)a multisubunit
enzyme (subunit compositiom,85'0) (for review, see ref
1). Transcription initiation involves two major steps (eq 1):
RNAP + DNA — RNAP-DNA

—
closed

RNAP-DNA, ., (1)

In the first step, RNAP and promoter DNA rapidly form a
labile “closed” complex which in a second step isomerizes
to a stable “open” complex. This isomerization involves
melting of 1-1.5 turns of DNA around the transcription start
point and most likely involves more intermediate steps
(recent reviews, ref® and 3). Melting of DNA is an
energetically costly step and, since in the casdotoli

RNAP and promoter DNA. It was suggested that one of

such favorable RNAPpromoter interactions could be the

binding of a nontemplate strand of the melted DNA region
by one of RNAP subunits3(5). Such single-stranded
DNA—RNAP interaction could reduce the energetic cost of
DNA melting and facilitate “closed” to “open” complex
isomerization. The binding of RNAP to nonspecific ss DNA
has been observe®)(as well as the affinity of RNAP for

artificially introduced single-stranded bubbles in the duplex

DNA (7, 8. RNAP was shown primarily to recognize bases
in a nontemplate strand of thel0 promoter region and these
base-specific and strand-specific contacts were shown to
persist even after melting of the DNA duple®.( Sequence-

specific binding of RNAP to nontemplate strand oligonucle-

otides corresponding to a10 region sequences was also

RNAP does occur spontaneously, the energy spent on DNAdemonstratedl0—15). Such preference for the nontemplate
melting must come from some favorable interactions betweenstrand was also observed by chemical probing of open
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complexes 16—22).

The involvement of the’® subunit in nontemplate ss DNA
binding was most clearly demonstrated by a preferential
cross-linking of this subunit to ss oligonucleotides in
holoenzyme-ss oligonucleotide complex4,(15, 23. On

the basis of sequence homology to eukaryotic single-stranded

DNA binding proteins region 2.3 was proposed to be
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involved in promoter melting and ss DNA binding)( Such chromatography usgna 1 mLResourceQ column (Pharma-
role of region 2.3 is consistent with alanine scanning cia).

mutagenesis of regions 2.3 and 2.4 Bf subtilis 0A. Cloning and MutagenesisThe plasmid containing the
Substitutions of Tyr 425, Tyr 430, Trp 433, and Trp 434 wild-type (wt) ¢’° gene under T7 polymerase promoter
(amino acid numbering 067% producedo with impaired (pGEMD) was a kind gift of Dr. A. Ishihama (National
DNA melting propertiesZ4). The DNA-melting defects of  Institute of Genetics, Mishima, Japan). The [Ala 314,
these mutants could be surmounted with an increase 0f326]0"° mutant was prepared in pPGEMD plasmid using the
temperature or with the use of supercoiled templagts (  Clontech Transformer site-directed mutagenesis kit (Clon-
26). Marr and Robertsld) showed that a mutation in region tech, Palo Alto, CA) according to manufacturer’s instructions.
2 (Q437H) known to affect promoter DNA recognition by Initial experiments showed that using this plasmid the
the holoenzyme2Q7) resulted in a similar effect in binding  expression ob’® in a media containing 50HTrp was very
of ss nontemplate oligonucleotide. This further pointed to poor. Thereforeg” coding region was introduced to pQE60
regions 2.3/2.4 as the site for ss DN& interaction and plasmid (Qiagen, Chatsworth, CA). This was accomplished
showed that, indeed, specificity of RNAP interaction with by abolishing (using site-directed mutagenesis) an endog-
—10 region was mostly dictated hyinteractions with the  enousNcd restriction site ino” DNA by changing the codon
nontemplate strand. Subsequently, Huang efl&).showed for Ser 506 (TCC to TCT). AmMcd site was then introduced
that replacing some of the aromatic residues of region 2.3 at the ATG start codon using site-directed mutagenesis. The
also affected binding of ss oligonucleotides. The hydro- entire translated region of rpoD gene was excised usi
phobic residues of region 2.3 appear to be solvent exposedandHindlll restriction enzymes. Restriction digest product
in a recently published three-dimensional structure of a was purified using agarose gel electrophoresis and ligated

fragment ofo” and are located on an extendedhelix which into gel-purified pQEG0 vector, also digested witbhd and
includes residues from region 2.4 found previously to be Hindlll. The mutations were confirmed by dideoxy DNA
important for—10 duplex promoter region recognitio2g). sequencing49).

Such location is consistent with a “melting motif’ role Expression and Purification of 50HTrp[Ala 314, 326Y.
proposed for these hydrophobic residugk ( The pQEG60[Ala 314, 326]° construct was introduced into

In this work, we use a specific signal from fluorescence & Trp auxotrophic strain W3110 (a kind gift from Dr. J. B.
probes incorporated into conserved region 2.88fo study ~ Ross, Department of Biochemistry, Mount Sinai School of
the conformation of this region and its DNA binding Medicine, NY) which was cotransformed with pREP4
properties. Our results confirm that this region is involved Plasmid (Qiagen). The cells were grown at &7, shaking
in single-stranded DNA binding and show that DNA binding at 240 rpm,m 1 L of M9 minimal media supplemented with
and conformational properties of this region are modulated 2 MM magnesium sulfate, 1QeM calcium chloride, 0.4%
by the 67%—core RNAP interaction. The core RNAP acts glucose, 0.1% thiamine, 1% casamino acids, 28DL-Trp
as an allosteric regulator of increasing its affinity for the ~ and 10Qug/mL ampicillin, until ODso = 0.5. The cells were
nontemplate ss DNA, decreasing its affinity for the template collected by centrifugation in a Sorvall GS-3 rotor at 5000
strand, and thus, resulting in a core-bouriflable to bind ~ rpm for 20 min. The cell pellets were gently resuspended

nontemplate stranet200-fold better then the template strand. into anothe 1 L of thesame media containing no tryptophan.
After 30 min of shaking at 37C, 0.5 mM 50HTrp was

EXPERIMENTAL PROCEDURES added to the media and the cells were shaken an additional
30 min. Protein overexpression was induced with 1 mM

Materials. Acrylamide, thallium(l) acetate, and 50HTrp  |PTG, and cells were shaken for an additional 3 h. The cells
were purchased from Sigma Chemical Co. (St. Louis, MO), were collected and were stored-a80 °C until needed.
and potassium iodide was from Fisher Scientific (Chicago, The purification protocol for 5OHTrp[Ala 314, 326]°
“_) All other chemicals were of hlghest purity CommerCia”y was based on the procedure outlined by |garashi and
available. Restriction enzymes were purchased from New |shihama 80). The cells were lysed and tlé° protein was
England Biolabs, Inc. (Beverly, MA). Oligonucleotides were - extracted with guanidine-HCI from the inclusion bodies as
obtained from Midland Certified Reagent Co. (Midland, TX) described in ref30. The extracted denatured protein was
or were synthesized in our laboratory on a model 392 then precipitated with 50% ammonium sulfate by the addition
automated oligonucleotide synthesizer (Applied Biosystems, of saturated ammonium sulfate solution. The protein pellet
Inc., Foster City, CA). The reagents for oligonucleotide \yas collected by centrifugation at 10000g for 20 min, and
SynthESiS were purchased from Glen Research (Sterling, VA)the pe”et was disso'ved in TGED buffer [10 mM Tris (pH
The oligonucleotides were purified by ion-exchange chro- 8), 5% glycerol, 0.1 mM EDTA, and 0.1 mM DTT)
matography o a 1 mLmonoQ FPLC column (Pharmacia), containirg 6 M guanidine-HCI. Protein was renatured by
or by a reverse-phase HPLC of trityl-on oligonucleotides on dialyzing the sample against 500 mL TGED buffer contain-
a 4.1x 150 mm PRP-1 column (Hamilton, Reno, NV). ing no guanidine-HCI at 4C with two additional changes

A 114-bplacUV5 promoter used in some of the experi- of the buffer. The sample was then purified on DEAE-
ments was prepared from synthetic 67-nt DNA strands cellulose column (Sigma, St. Louis, MO). After loading the
corresponding te-89 to —23 of the top and-42 to+25 of protein, the column was washed with TGED buffer contain-
the bottom strand of thiacUV5 promoter. The strands (5 ing 0.1 M NaCl. The protein was eluted from the column
uM) were hybridized through their'@nd 20-nt comple-  using a linear gradient of 0.1 M to 0.5 M NaCl (in TGED).
mentary regions and the single-stranded extensions weres eluted at~0.3 M NaCl. Peak fractions were pooled and
filled-in with the Klenow fragment of DNA polymerase. The diluted to the conductivity of TGED buffer containing 0.25
114-bp DNA duplex was purified using ion-exchange M NaCl. The sample was then applietlda 6 mLResource
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Q column (Pharmacia Biotech, Uppsala, Sweden) and eluted Fluorescence MeasurementBluorescence measurements
using a linear gradient of 0.25 to 0.65 M NaCl in TGED were performed using an Aminco-Bowman Series 2 spec-
buffer. Purified protein was dialyzed against 50% glycerol, trofluorometer (Spectronic Instruments, Inc., Rochester, NY).
10 mM Tris (pH 8), and 0.1 M KCl, and stored &R0 °C All fluorescence quenching experiments were performed in
until needed. The vyield frm 1 L of culture was~10 mg. 50 mM Tris/acetate (pH 8) and 0.25 M potassium acetate
Concentrations of 50HTrp[Ala 314, 3268f were determined  containing 5% spectroscopic grade glycerol (Aldrich).
by measuring the absorbance at 280 nm using an extinctionSamples of 20Q.L of free 5OHTrp[Ala 314, 326}7° (250
coefficient of 25 970 M! cm™ calculated according to Gill  nM) or 50HTrp[Ala 314, 326}"° holoenzyme (250 nM)
and von Hippel 81). were titrated with 4uL aliquots of 0.54 M quencher stock

Core RNAP was purified frork. coli K12 cells (obtained  solution. Fluorescence intensity at 334 nm (excitation at 313
from University of Alabama Fermentation Facility) using the nm) was measured after each addition of the quencher. The
method of Burgess and Jendris&2), Purified core RNAP intensities for free 5OHTrp[Ala 314, 326]° were corrected
was dialyzed against 50% glycerol, 50 mM Tris (pH 8), and for the background signals measured with blank samples in
0.25 M NaCl and stored as aliquots-a20 °C until needed. which the protein was omitted. The intensities for the
Concentrations of core RNAP were estimated spectroscopi-holoenzyme were corrected for background using blank
cally by measuring the absorbance at 280 nm and using ansamples containing 250 nM core RNAP. All quenching
extinction coefficient of 0.55 mg/mL and a molecular mass experiments were performed at 26.
of 378 kDa. For holoenzyme, an extinction coefficient of  After correction for dilution, data were plotted according
0.62 mg/mL and molecular mass of 449 kDa were uS&l (  to the Stera-Volmer equation:

For all experiments stored 50HTrp[Ala 314, 328]was
dialyzed against 250 mL of 50 mM Tris/acetate (pH 8) and FJF =1+ Kq\[Q] 2
gbZOSﬂ'\LA OF;O;%SSI.:.J:S[ g(;e?lti, iza%v\/e;/renrg% er;A ggl;lgrt:a?;_ Fo andF are the fluorescence !ntens.ities in the absence and
graphed on an FPLC sizing column (40 mL Superdex 200 presence of quen_cher, respectivélyy is the SterrrVolmer .
column; Pharmacia) equilibrated with the same buffer to dynamic quenching constant, and [Q].'S the concentration
remove aggregates formed upon storage at high concentraplc quencher. The Sterf/olmer quenching constants were

tions (>20uM). The peak of monomeric 50HTrp[Ala 314, cglculated from Fhe slopes (.)f corresponding plots. The
326)p7° was used in all measurements and was identified in bimolecular collisional quenching constagtvas calculated

Superdex 200 column profile by comparison with molecular

mass markers. ky = Key/@0 3)
Samples of holoenzyme were prepared by dialyzing v

aliquots of 50HTrp[Ala 314, 326f° and core RNAP  where Z[is the mean (intensity weighted) fluorescence
separately against 250 mL of the 50 mM Tris/acetate (pH |ifetime of 5OHTrp[Ala 314, 326}°. The fluorescence
8), 0.25 M potassium acetate buffer. After dialysis, 5OHTIp- |ifetimes of 50HTrp[Ala 314, 326}"° were measured using
[Ala 314, 326} and core RNAP were incubated together cross-correlation phase and modulation techni@@edt the
with 1.5 molar excess af"°to the core, at 30C for 30 min  |aboratory of Fluorescence Dynamics, University of lllinois,

(1). Samples of 10QuL of the mixture were chromato-  Urbana, IL. The relative quenching constaris.j were
graphed on 40 mL Superdex 200 column to separate calculated using

holoenzyme from frees’>. The holoenzyme peak was
concentrated using either Microcon 10 or Microcon 30 Kret = (Ksv/Ksy acryd (KSy " TKSG g 4
microconcentrators (Amicon Inc., Beverly, MA) at°C.

For the experiments with wt’®, the samples of free™® Ksv andKsy acryiare Stera-Volmer quenching constants for
and the holoenzyme were prepared as described above fom given quencher and acrylamjdespectively, determined
the 5OHTrp[Ala 314, 3261™. for a 5OHTrp[Ala 314, 326§7°. Kgy™ and Kg)l., are

Transcription Actiity Assay Transcriptional activity of Stern-Volmer quenching constants for a given quencher and
50HTrp[Ala 314,32647° was measured using a runoff acrylamiderespectively, determined for a model compound
transcription assay described in & with T7 DNA as a (N-acetyl-tryptophan amide; NATA).
template or using abortive initiation ass&pb) with 114 bp DNA Binding Experiments The following DNA’s were
lacUV5 DNA fragment as a template. In place of the used in DNA binding experiments: (i) a 12-nt ss DNA
radioactive UTP used originally, we used a fluorescent fragment (TCGTATAATGTG) corresponding to positions
derivative of UTP (UTPy-ANS) prepared as described —4to—15 of the nontemplate strand of teeUV5promoter,
previously 86). To prepare the holoenzyme for the activity (i) a 12-nt ss DNA fragment (CACATTATACGA) corre-
measurement 4 molar excess of 5OHTrp[Ala 314, 326] sponding to position—15 to —4 of the lacUV5 template

was incubated with the core RNAP at 3C for 30 min. strand, (iii) a “nonspecific” 12-nt ss DNA fragment
The activity of the wis?® reconstituted with the core RNAP  (TCGCGCGGCGTG) in which all conserved As and Ts in
as described above was also measured for comparison. —4 to —15 were changed to C's and G’s, (iv) a 12-nt

CD Measurements CD spectra of wiz”® and 50HTrp- nontemplate randomized ss DNA (TTGATATCGTAG) hav-
[Ala 314, 326p7° were recorded using JASCO model 720 ing the same base composition as the nontemplate strand
in 0.1 cm cuvette. Spectra between 200 and 260 nm werebut randomized sequence, and (v) a 20-bp DNA duplex
recorded taking measurements every 0.5 nm usindv8 (CGGCTCGTATAATGTGTGGA, nontemplate strand se-
protein solutions in 20 mM sodium phosphate (pH 7.5) quence) corresponding to positiofi4 to —19 of thelacUV5
containing 100 mM NacCl. promoter DNA. DNA binding was monitored by a decrease
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Ficure 1: (A) Location of the Trp residues @f’® in the primary structure of the protein. The conserved regions of the prdéjrafe

marked by boxes with corresponding numbers. Conserved regions 2.3 and 2.4 are colored yellow and blue, respectively. The arrows illustrate

the steps which were used to obtai™d derivative with specific fluorescence probes in the 2.3 region. These steps were (i) replacement

of Trp 314 and 326 with Ala through site-directed mutagenesis and (ii) replacement of Trp 433 and 434 with 50HTrp residues through a

biosynthetic incorporation (see Materials and Methods). (B) Location of Trp 433 and 434 (red) in the three-dimensional structure of 114

448 070 fragment. The figure was drawn with RIBBONS4j using coordinates for 114448 fragment o670 (28). The conserved regions

2.3 and 2.4 are colored yellow and blue, respectively.

in fluorescence of 5OHTrp[Ala 314, 326 (excitation at bp lacUV5 promoter fragment was added to a final concen-

313 nm, emission at 334 nm). All DNA binding experiments tration of 290 nM and after a 30 s delay during which the

were performed in 50 mM Tris/acetate (pH 8) and 0.1 M sample was mixed, the recording of fluorescence intensity

potassium acetate containing 5% spectroscopic grade glycerobs a function of time was resumed and continued for 2 min.

(Aldrich) at 25°C. Aliquots of 0.2-0.4 uL of DNA were The experiment was performed in 50 mM Tris/acetate (pH

added to 20Q:L protein sample (250 nM), and 60 s after 8), 0.1 M potassium acetate, 10 mM MgGRb glycerol at

mixing, the fluorescence intensity was measured. The datalO and 20°C.

for free 5OHTrp[Ala 314, 326}° were corrected for a

background of the buffer containing the respective DNA RESULTS

concentration, and the holoenzyme data were corrected for ¢7° Derivative with Fluorescence Probes in Region.2.3

a background of the core RNAP containing respective DNA Figure 1A shows the strategy used to prepare a derivative

concentration. The correction for the inner filter effect was of o7° with fluorescence probes in region 2.3. This strategy

not necessary because at the excitation wavelength used (318lies on the use of 50HTrp, an analogue of tryptophan

nm), even at the highest concentration (28), these which can be biosynthetically incorporated into proteBt,

oligonucleotides had an absorbane6.022. 39). Unique spectroscopic properties of 5OHTrp (absorbance
Detection of Nontemplate Stran8OHTrp[Ala 314, 3264 extending to approximately 325 nm) allow observation of

Contact Formation in the Open CompleXhe fluorescence  the fluorescence signal of 5OHTrp in the presence of even

of 200 uL of 50HTrp[Ala 314, 32647° holoenzyme (190 a large excess of Trp. Native’® contains four Trp

nM) was monitored as a function of time for 45 s. The 114 residues: Trp 314, 326, 433, and 434. Residues 314 and
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FIGURE 2: Absorption spectra of 5OHTrp[Ala 314, 3269 (A) and wto’? (B). The dotted line in panel A represents the fit using LINCS
program 89, 40 to the protein absorbance spectrum using the t-boc-50H¥-gxetyltryptophan amide, aridtacetyltyrosine amide basis
spectra. The fit revealed that91% of Trp residues were replaced with 50HTrp in 5O0HTrp[Ala 314,3%%6The ratio of Tyr to total Trp
from the fit was 5.9 which was in a good agreement with the value of 6.5 expected from the primary sequencedd@i@3pr

326 are in a nonconserved region of the protein, and Trp A
433 and 434 are located in the conserved region 2.3. In the 407
crystal structure of 116448 fragment ot7° (28), Trp 433 20 -

and 434 are located in an-helix containing residues from
regions 2.3 and 2.4 and appear to be solvent exposed (Figure
1B). To prepare a derivative of®with specific fluorescence
probes in region 2.3, Trp 314 and 326 were replaced with
alanine. The resulting [Ala 314, 326P mutant was
expressed in a tryptophan auxotroph strain in media contain-
ing 50HTrp resulting in a replacement of Trp 433 and 434
with 50HTrp. 100 -
Comparison of the absorption spectra of 5OHTrp[Ala 314,

326J0™° (Figure 2A) and the wib™ (Figure 2B) showed
efficient incorporation of 50HTrp. Additional absorbance

-20

-40

-60

Ellipticity (mdeg)

-80

-120

140 |

T T T T T T T

in the 300-320 nm range characteristic for 50OHTrp residues 200 210 220 230 240 250 260
is apparent in the 50HTrp[Ala 314,326 spectrum. Using wavelength (nm)

a linear combination of spectra analysis (LINCS39(40

we estimated that the degree of SOHTrp incorporation was 1 2 3 4

91%. The transcriptional activity of 50OHTrp[Ala 314, B i

326]07° holoenzyme was 8890% of the wio"® holoenzyme. Sl .

Replacement of Trp 314 and 326 with alanine and Trp 433
and 434 with 50HTrp did not affect significantly the overall
conformation of the protein as shown by CD measurements
(Figure 3A) and sensitivity to proteolytic digestion (Figure -
3B). The far-UV CD spectra of 50HTrp[Ala314, 3267 Pt
and wto”® were identical (Figure 3A). The spectra obtained

were characteristic for a protein with a highkhelical content

and were very similar to a CD spectrum of aav® purified - ;
from E. coli cells under nondenaturing conditiongly. BT 1 il el
Digestion of both 50HTrp[Ala 314, 326]° and wto"® with ! :
trypsin resulted in a generation of protease-resistant 40 kDa

fragment (Figure 3B). The same characteristic 40 kDa FIGURE3: (A) Far-UV CD spectra of wt™ (circles) and SOHTrp-
[Ala 314, 326p7° (triangles). The spectra shown are averages of

prote_ase-resistant_product of trypsin digestion was Observedthree scans. (B) SDSPAGE of products of limted proteolysis with
previously for nativec™ (42). Thus, we concluded that  {ypsin of wt o™ (lanes 1 and 2) and 50HTrp[Ala 314, 328)
50HTrp[Ala 314, 32647 had the biological activity and the  (lanes 3 and 4). Lanes 1 and 3 show untreated proteins, lanes 2
conformation very similar to wo™. and 4 show protein digested with 10 ng of trypsin for 30 min at

- . . room temperature. Positions of 40 kDa protease-resistant band is
DNA Binding Properties of Region 2.3 of SOHTrp[Ala . qicated with an arrow.

314, 326p"°. The presence of a tryptophan residue in the
vicinity of a DNA binding site in the protein often results in  DNA complex as shown by nucleic acid-binding experiments
quenching of Trp fluorescence upon formation of protein  with model Trp-containing peptidedd, 49. We therefore
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FiIGURE 4: DNA binding to the 2.3 region of 5OHTrp[Ala 314,3289 measured by quenching of 50HTrp fluorescence. The binding was
measured with free (open circles) and core-bound (squares) 50HTrp[Ala 316¥32@) Binding of a 12-nt ss DNA fragment
(TCGTATAATGTG) corresponding to positions4 to —15 of the nontemplate strand of tkecUV5 promoter. (B) Binding of a 12-nt ss
DNA fragment (CACATTATACGA) corresponding to positionsl5 to —4 of the template strand of tHacUV5 promoter. Solid lines
correspond to a nonlinear regression fit of the data to a simple binding equation describing formation of a 1:1 50HTrp[Ala34,326]
DNA complex.
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FiIGURE 5: Fluorescence quenching of 50OHTrp[Ala 314,3Z6Free (circles) and in complex with the core RNAP (squares). Fluorescence
guenching of a model compound (NATN;acetyl-tryptophanamide) which structurally mimics a freely accessible Trp residue involved in

a peptide bond is also shown (triangles). The quenching experiments were performed with acrylamide (A), iodide (B), and thallium (C).
The data shown are the average of three experiments and the error bars shown correspond to standard deviations. The solid lines are linear
regressions to a simple Sterlolmer equation (Materials and Methods) in the case of free 5OHTrp[Ala 314326h the case of the
holoenzyme, the lines are shown to guide the eye only.

expected that if region 2.3 is involved in ss DNA binding Table 1: Apparent Dissociation Constants for Binding of ss
we should be able to detect the ss DNA binding to region Oligonucleotides to Free™ (Kiee) and Core-Bound ™ (Knolo)

2.3 by quenching of fluorescence of 50OHTrp at positions ss oligonucleotide Kiree (uM) Kholo (4M)

433 and 434 ?n the presence of ss DNA. Figure 4A shows 5 nontemplate 1.7(11,32 0.05(0.03; 0.13)

a result of a titration of free 50HTrp[Ala 314, 326 and 12-nt template 5.0 (4.6; 5.6) 10.5 (9.1; 12.5)
50HTrp[Ala 314, 326§7° holoenzyme with a 12-nt ss  12-nt“nonspecific - 20(15;2.7) 11.0(9.3; 14.0)
oligonucleotide corresponding te4 to —15 sequence of the 12-nt nontemplate randomized 10.3 (7.8; 13.9) 17.6 (11.1; 30.0)
nontemplate strand dacUV5 promoter. With an increase aThe numbers in paranthesis correspond to 95% confidence limits

of ss DNA concentration, the fluorescence was quenched in©f the equilibrium constanb TCGTATAATGTG. ¢ CACATTATAC-

a manner characteristic for complex formation between DNA GA. TTCGCGCGGCGTGT TTGATATCGTAG.

and 50HTrp[Ala 314, 326]°. The maximal quenching was

~65% both for free and the core-bound protein. Figure 4B ss DNA since in the presence of ds DNA only small
shows results of similar titration but now with a 12-nt ss quenching of fluorescence was observed (not shown). The
oligonucleotide corresponding tel5 to—4 sequence of the  experimental data in Figure 4 could be fitted to an equation
template strand dfacUV5 promoter. As in the case of the describing a simple 1:1 complex formation betweghand
nontemplate strand, 60¥0% of fluorescence quenchingwas ss DNA. Table 1 shows values of apparent dissociation
observed in the presence of ss DNA. However, a striking constants for complexes of° with nontemplate and template
difference between the data in Figure 4 is that, in the casestrands, with nonspecific oligonucleotide in which all
of the nontemplate strand, the binding was much tighter for conserved A’'s and T's of the nontemplate strand were
the holoenzyme, whereas in the case of template strand, theeplaced with C’'s and G’s and with randomized nontemplate
binding was weak for fre@’® and became even slightly strand (the same base composition as the nontemplate
weaker for the holoenzyme. The binding was specific for oligonucleotide but random sequence). All four oligonucle-
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Table 2: Solute Fluorescence Quenching Parameters for
50HTrp[Ala 314, 326§

Stern—Volmer bimolecular relative
guenching constantquenching constant, quenching

quencher Ksv (M71)2 kg (M~ts1)P constantKe
acrylamide 12.3 4.% 10° 1.00
iodide 7.7 2.7x 10° 1.30
thallium 13.6 4.7x 10° 0.99

a Stern-Volmer quenching constants were calculated using eq 2
(Materials and Methods}.Bimolecular quenching constants were
calculated using eq 3 (Materials and Methods). The intensity averaged
fluorescence lifetime (2.9 ns) for 5SOHTrp[Ala 314, 326} measured

as described in Materials and Methods, was used in theses calculations.

¢ Relative quenching constants were calculated using eq 4 (Materials
and Methods).

otides bind frees’® with a similar micromolar affinity. The
template strand, the nonspecific oligonucleotide, and the
randomized nontemplate oligonucleotide bind the holoen-
zyme with a similar affinity and in each case slightly worse
then the frees’®. In contrast, nontemplate strand binds the
holoenzyme very tightly, with an affinity-200-fold higher
compared to the binding of template, nonspecific, and

Callaci and Heyduk

2.0

(Fo/F)-1

0.00

0.04 0.08

Acrylamide (M)

Ficure 6: Comparison of fluorescence quenching of 50HTrp
residues with acrylamide in free 5OHTrp[Ala 314, 326](filled
circles) and in 50HTrp[Ala 314, 326]° in complex with a 12-nt
nontemplate ss DNA fragment (open triangles). Solid lines cor-
respond to a linear fit to a simple Sterolmer equation (eq 1).
The Stern-Volmer constants were 12.3 and 0.8 Mor free and
DNA-bound 50HTrp[Ala 314, 326{°, respectively.

randomized nontemplate oligonucleotides to the holoenzymeconcentration used, the quantitative analysis of nonlinear

and with affinity ~40 higher compared to the binding of all
oligonucleotides to the free’®. Thus, frees’®is unable to

Stern—Volmer plots for the holoenzyme was not possible,
but it is apparent from the data in Figure 5 that Trp 433 and

discriminate between different ss DNA sequences, whereas(or) 434 became less solvent exposed in the holoenzyme.

the holoenzyme shows high selectivity for binding the
nontemplate strand.

Sobent Exposure of Region 2.3 in Free and Core-Bound
50HTrp[Ala 314, 326¢"°. It has been previously suggested
that duplex DNA binding properties of regions 2.4 and 4.2
of 67° could be regulated by the core RNAP through a steric
“unmasking” of these regions induced b¥*—core RNAP
interactions 45, 46. Since region 2.3 is adjacent to region
2.4, a similar mechanism could be involved in the regulation
of ss DNA binding properties of region 2.3 by the core
RNAP. Thus, we have measured solvent accessibility of Trp
433 and 434 in free and core-boua® using fluorescence
quenching experimentg(). These experiments were per-
formed with neutral quencher (acrylamide; Figure 5A),
negatively charged quencher (iodide; Figure 5B), and
positively charged quencher (thallium; Figure 5C). The
Stern-Volmer plots in the case of frag® (Figure 5, circles)
were linear. SternVVolmer quenching constants and bimo-

We have previously observed in preliminary experiments a
similar decrease in solvent exposure in a¥f substituted
with 50OHTrp upon binding of wo° to the core RNAPJY).
Now, using 50HTrp[Ala 314, 326f° this decrease in
solvent accessibility can be specifically assigned to residues
433 and 434. Decreased solvent exposure in core-bo{tnd

is observed with all three quenchers. The nonlinearity of
Stern—Volmer plots in the case of the holoenzyme suggests
that the environments of Trp 433 and Trp 434 were affected
to a different extent by core binding, consistent with protein
DNA cross-linking data of Huang et all%).

Solvent accessibility of Trp 433 and 434 was also
determined foro™ in complex with ss DNA. The pro-
nounced quenching of 50HTrp fluorescence observed in the
presence of ss DNA, although indicative of the close
proximity of bound ss DNA to these residues, does not
directly prove it. We expected that if these Trp residues
are located in ss DNA binding site of°, they should become

lecular quenching constants were calculated from these plotsinaccessible or less accessible to the solvent in the presence

(Table 2). The bimolecular quenching constant of 4.2
10° M~1 s1 for acrylamide quenching is characteristic for a
fully solvent-accessible Trp residué8) and thus shows that

in free 50OHTrp[Ala 314, 326}° Trp 433 and 434 are
exposed to the solvent. These residues show preference fo
guenching with a negatively charged quencher (iodide), as
shown by comparing the relative quenching constaéi®s (
50) for iodide and thallium (Table 1).

The Stera-Volmer plots for 50HTrp[Ala 314, 326{°
bound to the core RNAP were significantly different than
for the free 50HTrp[Ala 314, 326]° and were nonlinear.
Since the quantum yield (and thus most likely the averaged
fluorescence lifetimes) was not affected by 5OHTrp[Ala 314,
326J07%—core interaction, the interaction with the core RNAP

of saturating concentrations of ss DNA. Figure 6 shows that
this indeed was a case.

Fluorescence Detection of ss DNRegion 2.3 Contact
Formation in the Open ComplexPreferential quenching of
BOHTrp fluorescence in 50HTrp[Ala 314, 3287 holoen-
zyme by the nontemplate ss oligonucleotide suggested that
a similar quenching should be also observed upon mixing
of RNAP and promoter DNA under conditions allowing open
complex formation. Figure 7 shows the results of a kinetic
experiment in which fluorescence intensity of 50HTrp at
positions 433 and 434 was monitored as a function of time
after the addition of 114 bp fragment cUV5 promoter
DNA. These experiments were performed at lower temper-
atures (20 and 10C) such that the time scale of open

had apparently changed the solvent exposure of at least oneomplex formation would be compatible with the manual

of the tryptophan residues of 50HTrp[Ala 314, 326] Due
to the limited accuracy and the limited range of quencher

mixing of the reagents. Fluorescence was quenched upon
addition of the promoter DNA and the decrease in fluores-
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400 : in ~200-fold discrimination between nontemplate and tem-
Fe plate strands. A core-induced conformation change’h
is involved in regulation of ss DNA binding activity of’°.
T It has been shown previously thaf® ability to recognize ds
—10 and ds—35 DNA sequences is also regulated by core
350 7+ lacUvs promoter RNAP (@5, 49. Using fragments of"° protein, Dombroski

et al. @5) showed that conserved region 1 is most likely
responsible for this regulation. It was proposed that, in free
o™ protein, region 1 is positioned such that it sterically blocks
the DNA binding domains ob™ (regions 2.4 and 4.2),
preventing frees”® from binding to promoter DNA. Interac-
tion with the core RNAP was suggested to induce a
conformational change in the® protein in which region 1
0 50 100 150 moved away and unmasked DNA binding regions. It was
time (s) also proposed that Trp 434 may directly participate in

Ficure 7: Detection of a ss DNA region 2.3 of 50HTrp[Ala 314, I_nteractlng with region _15\3)' Our_results Show that most
326)57° contact formation during “closed” to “open” complex likely the ss DNA binding properties of region 2.3 are not
isomerization of thdacUV5 promoter. Fluorescence of 190 nM  regulated by a simple steric occlusion mechanism involving
S5OHTrp[Ala 314, 3265 holoenzyme (excitation at 313 nm, region 1. This conclusion is based on the observation that
emission at 334 nm, 28C) was measured as a function of time. jnteraction with the core RNAP results in decreaseof

At a point indicated by an arrow, 290 nM 114-lzrUV5promoter : .
DNA fragment was added. The recording of fluorescence signal solvent exposure at region 2.3, contrary to the expectation

was resumed-30 s after adding the DNA. The solid line for the if @ steric unmasking of this region would be_ induced by
data after DNA addition corresponds to a nonlinear regression fit the core RNAP. Thus, some other conformational changes

of the data to an equation describing a kinetic process involving a jn this region ofg” induced by the core RNAP have to be
single first-order rate constarit f= Fo + AF*(1 — exp(-kf], where jqyq1ved in the regulation of ss DNA binding properties of
F is the fluorescence signakg is a signal att = 0, AF is an . . L . -
amplitude of fluorescence signal change, &iglthe rate constant. the protein. Th's conclusion is consistent with the observa-
The fitted rate constants was 44102 s1. tion by Severinova et al1@) that 114-448 fragment of;"°
) . . . (lacking region 1) was able to bind ss DNA only when bound
cence as a function of time could be fitted to a single- to the core RNAP. It was also proposed that the autoinhi-
exponential decay equation. The rate constants obtainedyition of 67 DNA binding could be due to a presence of a
from this analysis were 0.032 and 0.044 st 10 and 20 gisordered acidic loop (residues 19211) in a cleft contain-
°C, respectively. For comparison, the value of the first-order jng residues from region 2.3 and 228{. The presence of
rate constant of open complex formation previously deter- thjs highly negatively charged loop near or at the DNA
mined at 20°C was 0.01 s* for wt 07 (52). The reasonably  pinding site of ¢ would inhibit ¢ interaction with
close correspondence of the rate constants 8€2lggests  negatively charged DNA. This mechanism is also unlikely
that indeed a ss DNA contact involving region 2.3 forms since we observe that Trp 433 and 434 are solvent exposed
concomitant with the open complex formation. This contact i free 67 and are preferentially quenched by negatively
can be detected by fluorescence quenching of SOHTIP atcharged quencher, iodide. Both observations are inconsistent
positions 433 and 434, and thus, it is very likely that the ss ith the presence of a highly negatively charged loop in the
oligonucleotide binding detected by fluorescence quenching yicinity of Trp residues.
corresponds to a biologically important ss DNA’ binding Thus, the exact nature of core-induced conformational
event. change in region 2.3 remains to be established. A possible
functional role for the observed decrease in solvent acces-
DISCUSSION sibility of region 2.3 induced by core RNAP could be the
The results presented in this paper show that a ss BNA improved specificity ofo” DNA binding site for ss DNA.
o’% interaction can be detected using a fluorescence signalSingle-stranded and double stranded DNA differ significantly
of specific fluorescence probes incorporated into region 2.3 in their diameters and one simple mechanism to facilitate
of 67% Fluorescence of 50HTrp at positions 433 and 434 discrimination between these two forms of DNA could be
of region 2.3 was quenched by ss DNA, and these residuesto restrict the accessibility of the binding site to molecules
became inaccessible to the solventifi-ss DNA complex. of the size compatible with ss DNA only.
Thus, our data confirm earlier proposals that such a ss DNA In summary, the currently available experimental data
binding site is present in’® (5) and that it is located in region  clearly suggests that a favorable interaction between region
2.3 of the protein&, 5, 13-15, 24, 26, 28 Our data also 2.3 of ¢7° and the nontemplate strand of the transcription
showed that, in the case of the holoenzyme, interaction with bubble is an important element of “closed” to “open”
ss DNA was specific for the nontemplate strand of promoter complex isomerization. We could directly detect té—
DNA as previously observe®{15). Additionally, our data ss nontemplate strand interaction during “closed” to “open”
allowed insights into how this nontemplate specificity in the complex isomerization using the fluorescence signal of
case of the holoenzyme is accomplished. It appears that thesOHTrp at positions 433 and 434 (Figure 7). The function
nontemplate specificity is a result of an allosteric modifica- of this interaction would be to lower the energetic cost of
tion of ”° DNA binding properties by’°—core interaction. promoter melting. Preparation of° fluorescent derivative
Core RNAP decreased™ affinity for the template strand  which allows specific detection of a nontemplate ss DNA
and increased™ affinity for the nontemplate strand, resulting  ¢7° contact formation opens possibilities for in-depth studies

Fluorescence (arbitrary units)

300
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of the role of this contact in the “open” complex formation.
The experiments in which this fluorescent derivative is used
to study the thermodynamics of ss DNAC interaction and

the

kinetics of ss DNA-¢"° contact formation are currently

being pursued in our laboratory.

ACKNOWLEDGMENT

We thank Dr. Theodore L. Hazlett (Laboratory for
Fluorescence Dynamics, University of Illinois at Urbana
Champaign) for help with fluorescence lifetime and CD
measurements, Drs. J.B. Alexander Ross and William R.
Laws (Mount Sinai School of Medicine, New York) for
providing us with the program for LINCS analysis, and all
members of our laboratory for critical comments about the
manuscript.

REFERENCES

1.

11.

12.

13.

14.

15

16.

17.
18.

19.
20.
21.
22.

23.

Chamberlin, M. (1976) ilRNA polymeraséLosick, R., and
Chamberlin, M., Eds.) pp 767, Cold Spring Harbor Labora-
tory Press, Plainview, NY.

Leirmo, S., and Record, Jr., M. T. (1990) Mucleic Acids
and Molecular Biology(Eckstein, F., and Lilley, D. M. J.,
Eds.) pp 123-151, Berlin, Springer-Verlag.

deHaseth, P. L., and Helmann, J. D. (198%)l. Microbiol.
16, 817-824.

Hinkle, D. C., and Chamberlin, M. (197Qpld Spring Harbor
Symp. Quant. Biol. 3565—72.

Helmann, J. D., and Chamberlin, M. (1988nnu. Re.
Biochem. 57839-872.

deHaseth, P. L., Lohman, T. M., Burgess, R. R., and Record,
M. T., Jr. (1978)Biochemistry 171612-1622.

Tripatara, A., and deHaseth, P. L. (1993)Mol. Biol. 233
349-358.

. Aiyar, S. E., Helmann, J. D., and deHaseth, P. L. (19P4)

Biol. Chem. 26913179-13184.

. Roberts, C. W., and Roberts, J. W. (199&)l 86, 495-501.
. Savinkova, L. K., Knorre, V. L., and Salganik, P. I. (1983)

Dokl. Akad. Nauk SSSR 270601-1504.

Savinkova, L. K., Baranova, L. V., Knorre, V. L., and Salganik,
R. 1. (1988)Mol. Biol. 22 651-656.

Savinkova, L. K., Sokolenko, A. A., Kel, A. E., Tolukhonov,
I. I., Kumarev, V. P., Baranova, V. P., Rar, V. A., and
Salganik, R. I. (1996Mol. Biol. 30, 188-191.

Severinova, E., Severinov, K., Féno., Marr, M., Brody,
E. N., Roberts, J. W., Chait, B. T., and Darst, S. A. (1996)
Mol. Biol. 263 637—647.

Marr, M. T., and Roberts, J. W. (1993Fience 2761258~
1260.

. Huang, X., Lopez de Saro, F. J., and Helmann, J. D. (1997)

Nucleic Acids Res. 22603-2609.

Siebenlist, U., Simpson, R. B., and Gilbert, W. (198@&JI
20, 269-281.

Simpson, R. B. (1979}ell 18 277—285.

Park, C. S., Hillel, Z., and Wu, C. W. (198Bucleic Acids
Res. 8 5895-5912.

Hilton, M. D., and Whiteley, H. R. (1985) Biol. Chem. 260
8117-8121.

Buckle, M., and Buck, H. (198%iochemistry 284388-
4396.

Buckle, M., Geiselmann, J., Kolb, A., and Buc, H. (1991)
Nucleic Acid. Res. 1833-840.

Chan, B., Minchin, S., and Busby, S. (199®BS Lett. 267
46-50.

Savinkova, L. K., Sokolenko, A. A., Tolukhonov, I. ., Knorre,
V. L., Salganik, R. I., Venyaminova, A. G., Repkova, M. N.,
and Komarova, N. I. (1993Wol. Biol. 27, 33—37.

24,

25.

26.

27.

28.

29.

30.
31

32.

33.

34.

35.

36.

37.

38.

39.

Callaci and Heyduk

Juang, Y. L., and Helmann, J. D. (1994)Mol. Biol. 235
1470-1488.

Aiyar, S. E., Juang, Y. L., Helmann, J. D., and deHaseth, P.
L. (1994) Biochemistry 3311501+11506.

Juang, Y. L., and Helmann, J. D. (199%ipchemistry 34
8465-8473.

Waldburger, C., Gardella, T., Wong, R., and Susskind, M. M.
(1990)J. Mol. Biol. 215 267—-276.

Malhotra, A., Severinova, E., and Darst, S. A. (19a8)I

87, 127-136.

Sanger, F., Nicklen, S., and Coulson, A. R. (17c. Natl.
Acad. Sci. U.S.A. 76463-5467.

Igarashi, K., and Ishihama, A. (199CEll 65 1015-1022.
Gill, S. C., and von Hippel, P. H. (1988nal. Biochem. 182
319-326.

Burgess, R. R., and Jendrisak, J. J. (1Bibrhemistry 14
4634-4638.

Burgess, R. R. (1976) iRNA polymerase(Losick, R., and
Chamberlin, M., Eds.) pp 69100, Cold Spring Harbor
Laboratory Press, Plainview, NY.

Chamberlin, M. J., Nierman, W. C., Wiggs, J., and Neff, N.
(1979)J. Biol. Chem. 25410061-10069.

Bushy, S., Kolb, A., and Minchin, S. (1998)ethods Mol.
Biol. 30, 397-411.

Yarbrough, L. R., Schlageck, J. G., and Baughman, M. (1979)
J. Biol. Chem. 25412069-12073.

Spencer, R. D., and Weber, G. (1989)n. N. Y. Acad. Sci.
158 361—-376.

Hogue, C. W. V., Rasquinha, I, Szabo, A. G., and MacManus,
J. P. (1992FEBS Lett. 310269-272.

Ross, J. B. A., Senear, D. F.,, Waxman, E., Kombo, B. B,
Rusinova, E., Huang, Y. T., Laws, W. R., and Hasselbacher,
C. A. (1992)Proc. Natl. Acad. Sci. U.S.A. 892023-12027.

. Hasselbacher, C. A., Waxman, E., Galati, L. T., Contino, P.

B., Ross, J. B. A., and Laws, W. R. (1991) Phys. Chem.
95, 2995-3005.

. Levine, B. J., Orphanos, P. D., Fischmann, B. S., and Beychok,

S. (1980)Biochemistry 194808-4814.

.Lowe, P. A, Hager, D. A., and Burgess, R. R. (1979)

Biochemistry 181344-1352.

43. Mascaotti, D. P., and Lohman, T. M. (1999j)oc. Natl. Acad.

Sci. U.S.A. 873142-3146.

44. Hdene, C., Dimicoli, J. L., and Brun, F. (197 Bjochemistry

20, 3802-3809.

. Dombroski, A. J., Walter, W. A., Record, M. T., Siegele, D.

A., and Gross, C. A. (1992Fell 70, 501-512.

. Dombroski, A. J., Walter, W. A., and Gross, C. A. (1993)

Genes De. 7, 2446-2455.

. Eftink, M. R. (1991)Methods Biochem. Anal. 3327—-195.
. Eftink, M. R., and Ghiron, C. A. (197®iochemistry 15672—

680.

49. Berman, A. H., and Taylor, P. (197Bjochemistry 171704

50.

51.

52.

53.

54
55.

1713.

Bujalowski, W., and Klonowska, M. M. (1994) Biol. Chem.
269 31359-31371.

Heyduk, T., and Callaci, S. (199&PIE Proc. 2137719
724.

Straney, S. B., and Crothers, D. M. (198idchemistry 26
5063-5070.

Gopal, V., Ma, H. W., Kumaran, M. K., and Chatterji, D.
(1994)J. Mol. Biol. 242 9-22.

. Carson, M. (1991). Appl. Crystallogr. 24958-961.

Burton, Z., Burgess, R. R., Lin, J., Moore, D., Holder, S., and
Gross, C. A. (1981Nucleic Acid Res9, 2889-2903.

56. Lonetto, M., Gribskov, M., and Gross, C. A. (1992)

Bacteriol. 174 3843-3849.
BI972041M



