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Footprinting stud ies of prokaryotic open tran scrip tion com plexes (RP ), based on
oxidation of pyrimidine residues by KMnO4 and/or OsO4 at a single oxidant dose,
have sug gested that the ex tent of DNA melting in the tran scrip tion bub ble re gion in
creases in the presence of Mgz+. In this work, quantitative KMnO,4 footprinting in
function of the ox i dantdose of RPq, us ingEscherichiacoli RNA poly mer ase (Ea7o) at
afully functional syn thetic promoter Pahaving—35and—10 con sen sus hexamers, has
been usedtodeter mineindivid ual rate con stants of oxidationof T residuesinthisre
gion at 37°Cinthe ab sence of Mg2+ and in the pres ence of 10 mM MgCl,, and to eval «
ate there from the ef fect of M92 ontheextentof DNAmelting. Populationdistribu
tionsofend-labeled DNAfrag mentscorrespondingtooxidized Tswere quantifiedand
analyzedaccordingto thesin gle-hit ki netic model. Pseudo-firstor der re ac tiv ity rate
constants, k;, thus ob tained dem on strated that Mg2+ ions bound to RPy merely en-
hanced thereactivityofall 11 oxidiz able thymines be tween the +3and—11 pro moter
sites by a po si tion-dependent fac tor: 3—4 for those lo cated close to the tran scrip tion
start point +1 in ei ther DNA strand, and about 1.6 for those lo cated more dis tantly
there from. On the ba sis of these ob ser va tions, we con clude that Mg2+ ions bound to
RPgpat Pado notin flu ence the length of the melted DNA re gion and pro pose that the
higher re ac tiv ity of thymines re sults mainly from lower lo cal re pul sive elec tro static
barrierstoMnO, diffusionaroundcarboxylate bind ingsitesinthecatalyticcenter of
RPo and pro moter DNA phos phates.
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It has long been known that Echerichia coli
RNApoly merase (Eo70) inthe pro cess of RNA
synthesis exhibits an absolute requirement
for MgZ+(or anotherdivalentcation)[1,2],re
lated to the binding of metal chelates of the
ribonucleoside 5'-triphosphates to the elon ga
tion site of the transcriptional complex [3]
and to the involve mentof Mg?* in the cataly-
sis of internucleotide phosphodiester bond
formation [4-9]. More recently it has been
surmised that Mg2+ ions participate also in
enlargement of the transcription bubble
[10-15]. Magnesium ions at 10 mM concen-
tration led to a several-fold increase in the
number of KMnOy-oxidized pyrimidine rest
dues in the APr promoter open complex
within the melted region, therefore propaga-
tion of DNA strands open ing from the cen ter
of the tran scrip tion bub ble out wards was pro
posed [11]. Also backbone reactivity of the
APR promoter template strand in the open
complex toward HO® radicals, generated lo-
cally in the reaction of Fe(EDTA)Z‘ with
H,0,, was found sig nif i cantly en hanced by 10
mM MgCls in the sin gle stranded re gion of the
template strand at positions from —4 to +1
[12]. Studies on the de pend ence of the rate of
dissociation of the binary open complex at
APR promoter on MgCl, concentration have
suggested that this process can be accompa-
nied by the re lease of about 3 Mg2+ ions [10].
All these findings together with the evidence
ontheexistence inanumber of DNAand RNA
polymerases of two crucially important
carboxylate MgZ+-binding sites near the cata-
Iytic site [8], led to the pro posal that 2 of the 3
Mg?* ions bound spe cifi cally to the RPq, form
of the Eo70—/IPR open complex are located
near the transcription start site [12]. Unidk
rec tional ex pan sion of the bub ble to wards the
transcription start point as a result of M92+
binding has also been postulated for E. coli
RNAP-T7A1 promoter complex [13] as well
as for pro moter com plexes formed by Bacillus
subtilis [16] and Thermatoga maritima [17]
RNA polymerases.

Thestudiesconcerning Mg2+-in duced ex pan
sion of the tran scrip tion bub ble were based on
comparativeanalysesof KMnQg foot prints of
opencom plexes ob tained un der ase lected sin
gle oxidant concentration and time of expo-
sure (a single oxidantdose) un der Mg2+ con-
ditions. In most of these re ports, how ever, nek
ther the experimental methods used nor the
data ob tained were pre sented in suf fi cient de
tail to assure the readers that the conditions
of single oxidation event per DNA molecule
were rigorously controlled (single-hit foot-
printing). Such conditions should be fulfilled
to make possible a reliable interpretation of
footprints in terms of relative oxidizabilities
of bases in DNA—protein com plexes. Only re
cently it has been shown [18] how to extract
these data quantitatively from footprints ob-
tained under multiple-hit conditions in func-
tion of the oxidantdose.

We have therefore studied gquantitative
KMnOQ4 footprinting as a function of the oxt
dant dose on the open transcription complex
formed at a synthetic consensus-like E. coli
pro moter Paby the cog nate RNA poly mer ase,
in order to determine individual reactivity
rate con stants for T res i dues within the tran
scrip tion bub ble re gion, inthe ab sence and in
the presence of 10 mM MgCIZZ, andtoevaluate
on this ba sis the ef fect of Mg“* ions on the ex
tent of DNA melting. The functional, kinetic
and thermodynamic properties of the open
com plex at this pro moter [19—22] were shown
to be generally similar to those of the com-
plexes at natural promoters thus far studied
[22—26]. A great ad van tage of the use of pro
moter Pa in footprinting of the open com plex
was the presence within the melted DNA re-
gion of as much as 14 AT base pairs. We have
demonstrated thatbind ingof Mg?2* ions to the
open transcription complex is not accompa-
nied by an extension of the melted DNA re-
gion. Thisbindingmerely inducesacharacter
istic change in the oxidizability pattern of T
residues within the transcription bubble: a
3—4 fold increase of reactivity rate constants
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of those located close to the transcription
start point and a smaller, about 1.6-fold one,
in the rate con stants of those ly ing fur ther up
stream thereof. In a separate study [27], we
have also investigated quantitatively the ef-
fect of 10 mM MgZ+ on KMnOy-oxidation of
pyrimidines in double-stranded DNA, and ob-
served a similar increase in their reactivity.
Most likely all these effects are due to the
shielding by Mg2+ ions of negatively charged
groups on DNA and RNAP surfaceslowering
thereby repulsive interactions with MnO4~
anions.

MATERIALS AND METHODS

Pa promoter DNA and Es’° RNA poly-
merase. Promoter Pa was obtained, cloned
into the pDS3 plasmid and DNA was purified
asdescribedear lier [19—21]. RNA poly mer ase
was prepared from E. coli K12 according to
[28, 29], using Sephacryl S300 instead of
Bio-Gel. Klenow fragment of DNA polymer-
ase | and polynucleotide kinase were from
Boehringer (Mannheim), and [y-SZP]ATP was
from Amersham. Two DNA prim ers, Pr(t) and
Pr(nt), com ple men tary to the tem plate (from
—138 to —117) and non-template (from +78 to
+99) DNA strand, respectively, were synthe-
sized by the solid phase phosphoramidite
method, and purified by de natur ing PAGE fol
lowed by DEAE-Sephacel columnchromatog
raphyandethanolprecipitation.The5'-end of
the primer was phosphorylated with a 2-fold
molar excess of [y-32P]ATP by polynucleotide
kinase. All other chem i calswere molecu lar bt
ol ogy grade prod ucts.

Open complex formation and KMnOy
footprinting. Modification of nucleotides in
DNA by KMnO4oxidationasafunctionofthe
oxidant dose applied and their detection by
primer extension were performed according
to [30, 31]. To minimize scatter of data, we
used premixes that were aliquoted into a se-
ries of re ac tions and vol umes that could be ac
curately pipetted.

Abufferedso lution of RNA poly mer ase and
supercoiled plasmid pDS3 car ryingtheinves
tigated promoter Pa was divided into halves,
to one MgCl, was added to a final concentra-
tion of 10 mM and the other sup ple mented ap
propriately with pure water; then each solu-
tion was aliquoted into 50 u«l sam ples con tain
ing: 1 pmol of pDS3, 2 pmoles of RNA poly-
merase, 25 mM Tris/HCI, pH 7.0, 100 mM
KCI, 0.2mM EDTA. For for ma tion of the open
complex each sample was placed at constant
time intervals in a water bath at 37°C for 15
min. Then 5 ul of a KMnO, solution (freshly
di luted from 0.3 M stock) was added to ob tain
the desiredfinalconcentrationoftheoxidant
(0.05, 0.1, and 0.2 mM), and the re ac tion mix
ture was incubated for precisely 3 min at
37°C. There actionwas quenched by ad di tion
of 150 ul of stop solution (containing: 2 mM
EDTA, 1% of B-mercaptoethanol and 5 nmoles
of marker DNA — the Sall-HindlIl frag ment
of the same plasmid). The samples were de-
proteinizedbyphenol/chloroformextraction,
the water phase collected and the oxidized
DNA pu ri fied us ing a Sephadex G50 spin cot
umn.

The samples prepared as above were sub-
jected to quantitative analysis for the extent
of oxidation of thymine residues within the
transcription bubble located both in the non-
tem plate and tem plate DNA strands. For this
anal y sis the sam ples were di vided into halves
andthe primerextensionreactionwascar ried
out sep arately for each half with the ap pro prt
ately designed 32p.end-labeled primer, Pr(nt)
or Pr(t). Reaction conditions were optimized
for each strand sep arately toen sure the spec
ficity of primer’s hy brid iza tion. In the case of
the nontemplate strand, 35 ul of the purified
DNA was mixed with 4ul of 0.01 M NaOH con
taining 2 pmoles of 32p.end-labeled primer
anddenaturedat80°C for 3min. After cool ing
to 0°C it was neu tral ized with 8 ul of Klenow
reaction buffer (containing 250 mM Tris/HClI,
pH 7.2, 50 mM MgSO4, 1 mM DTT and 2.5
mM of each dNTP) and hybridizedbyincuba
tion at 45°C for 15 min. Then 2 units of
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Klenow fragment of DNA polymerase | en-
zyme in 2 ul of the enzyme diluent (contain-
ing 25% glycerol, 25 mM KH>POq4, pH 7.0,
1 mM DTT and 50 mg/ml BSA) were added
and primer extension performed at the same
temperature for 10 min. The reaction was
quenched by addition of 18 ul of a stop solu
tion (containing 3 M ammonium acetate, 20
mM EDTA and 2 ug tRNA). Products of the
Klenow reaction were ethanol precipitated,
rinsed with 70% ethanol, dried and dissolved
in 10 ulof gel load ing buffer (con tain ing 70%
freshly deionized formamide, 7 M urea, 3 mM
NaOH, 0.1 mM EDTA and 0.02% Bromo-
phenol blue and Xylene cyanol). After dena-
tur ing the prod ucts at 95°C for 2 min, 3 ul of
single-stranded DNA solution were resolved
indu pli cate on 6% polyacrylamide se quencing
gels in TBE buffer (containing 0.089 M
Tris/borate and 2 mM EDTA, pH 8.3). Dried
gels were exposed to storage phosphor scre-
ens from Molecular Dynamics. With respect
to the tem plate strand, all the re ac tion con di-
tions were the same except that neutraliza-
tion, hybridization and primer extension
steps were carried out at 60°C, directly after
denaturationat80°C, with out the cool ing step
at0°C.

Each footprinting experiment was dupli
cated and products of each of the two reac-
tions resolved on 2 footprinting gels, so that
on the whole 4 foot prints at each ox i dant con
centrationwere obtained and analyzed, as de
scribed below.

Phosphorimager analysis and quantif
cation of band intensities. Images of foot-
prints were ob tained with the use of a Mo lec -
lar Dy nam ics Phosphorimager. In te grated in
tensities of bands (or groups of bands) and
their intensity profiles along gel lanes were
obtained using the “ImageQuant” software,
by the volume integration and area integra-
tion options, respectively. For area integra-
tion, the lowest intensity point in the graph
was used as the horizontal baseline (back-
ground). For volume integration, local back-
ground was used for bands corresponding to

pro moter bub ble DNA frag ments, whereas for
the whole lanes gel with outany radio activ ity
(out side the lanes). These data were an a lyzed
further with software: “OriginTM" from
MicroCal Software and “Quattro Pro 4.0”
from Borland.

The scans were analysed in three steps.
First, theintegratedintensity (IQvolumeinte
gration) of the group of bands cor re spond ing
to DNA fragments terminated at all oxidized
bases within the transcription bubble was
measuredandnor malizedtotheintegratedin
tensity of the whole lane. Then the distribu
tion of the inte grated in ten sity within the bub
ble along the lane, an in ten sity pro file, was ob
tainedusingthelQareaintegrationfunction.
Integrated intensities of particular bands
were eval u ated by deconvolution of the in ten
sity profiles assuming Gaussian distribution
of the intensity within the bands and a con-
stant halfwidth for all the bands.

RESULTS

Our main goal in this study was to de ter mine
the rate constants of oxidation by KMnO, of
individualthy mineresidueswithinthe melted
DNA region of the open complex and evalua-
tion on this ba sis of the ef fect of Mg2+ ions on
the re ac tiv ity of these bases and the length of
thetranscriptionbubble. For thispur pose, the
open com plex formed by Eo " at a strong syn-
thetic promoter Pa, containing —10 and —35
consensus rec og ni tion hexamers and the bub
ble region made exclusively of AT base pairs
(Fig. 1), was subjected to increasing concen-
trations of KMnO, at a constant exposure
time (dose: x = [KMnOy4] X 180 s) at 37°C in
the ab sence and pres ence of 10 mM MgCls in
the reaction buffer. Conditions of the oxida-
tion reaction were chosen according to the
commonly used recommendations [31], in-
cluding KMnOg4con centration highenough to
satisfyconditionsfor pseudofirst-orderoxida
tion re ac tion with py rimi dines, a proper time
ofexposuretotheoxidantandclosetophysio
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log i cal 10 mM MgCl, concentration. Thymine
residues oxidized to corresponding thymine
glycols [32] were localized on both the
nontemplate (nt) and template (t) DNA
strands by the technique of DNA primer ex-
tension with Klenow fragment of DNA poly-
merase |, and appropriately designed

ST GAGT TAT T A A AT TATT TATTTAT TATTTATAATTATTTAATT GAATTC-3 1
JT-TATTAATAAATTAD-S'

>
ditection of Put)[- 138, -117] extension

ual bands were used to cal cu late frac tions f; of
DNA fragments corresponding to particular
oxidized T; residues. Partition of DNA frag-
ments be tween twin bands due to ter mination
of the primer ex ten sion re ac tion both at a thy
minegly col (Tg) and ata pre ced ing base when
the glycol form was hydrolyzed to urea (Tu),

+1
—>
nontemplate strand

template strand
<
direction of Print)[+78.. +99] extension

Fig ure 1. Se quence of the syn thetic pro moter Pa cloned into pDS3 plasmid.

Transcriptionstartsite (+1) indicated by kinkedar row, 14 AT bp longtranscrip tionbubble in bold font, ar rows in di
cate di rec tion of ex ten sion of end-labeled prim ers Pr(t) and Pr(nt) by Klenow en zyme (in bracketslocationrelative

to the start site).

5'-32p.Jabeled DNA prim ers [31]. This al lowed
to compare directly the reactivity of the two
DNA strands within the melted DNA re gion of
the open com plex. End-labeled DNA prod ucts,
viz. DNA fragments terminatedatindividual
oxidized thymine residues in a given strand
within the transcription bubble, were sepa-
rated on a polyacrylamide sequencing gel
yielding footprints exemplified in panels (a)
and (c) of Fig. 2. The integrated areas of
groups of bands corresponding to oxidized
bases within the bubble region, corrected for
local background radioactivity and normal-
ized to the integrated intensity of the whole
lane, were deconvoluted into individual com-
ponents assuming Gaussian distribution of
the in ten sity within bands (cf. panelsband d
of Fig. 2). Note that due to the terminationof
the primer extension reaction at a base pre-
ceding T, when the glycol form of the latter
was hydrolyzed to an urea derivative during
alkaline denaturation [33, 34], some oxidized
Ts appear as doublets of bands while those
corresponding to Ty, runs were unresolved n
+1 multiplets (cf. bands in di cated by ar rows in
panelsbandd of Fig. 2). Areasun der indi vid

was ac counted for in cal cu lations of f;’sun der
the as sump tion that the ratio of the two forms
f(Tg)/f(Tu) was independent of base se-
quence. This ratio was estimated from inte-
grated ar eas of the bands seen at the edges of
footprinted sequences: T(+2)T(+3)G(+4) and
A(-12)T(-11) in the non-template and tem-
plate strands, respectively.

Inspection of the footprints and intensity
profiles shows that, at a sufficiently high oxi-
dant dose applied, even in the absence of
MgCl,, the DNA bands of greatly differenti-
ated intensity seen between the —10 and +1
promoter regions correspond to 11 thymine
residues lo cated therein: T+3, T+2, T-2, T-3,
and T—4 of the nt strand, and T+1, T-1, T-5,
T-8, T-9 and T—11 of thet strand. In the pres
ence of 10 mM MgCl, all these bands appear
at a lower ox i dant dose. None of these bands
were pres ent in foot prints ob tained in the ab
sence of RNA polymerase for intact and
KMnO, oxidized DNA under similar condi-
tions (not shown). The KMnOgreactivityofre
spec tive Ts in dsDNA form of the Pa pro moter
under simi lar salt con di tions was shown else
where [27] to be 2—3 orders of magnitude
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Fig ure 2. KMnO,4 footprinting of Eo'’—Pa pro moter com plexes.

Footprinting as a func tion of KMnOg4con cen tra tion in the ab sence and in the pres ence of 10 mM MgCI2 was per-
formed as de scribed in Ma te rials and Methods. Panels (a) and (c): autoradiograms of PAGE re solved *2P-end-labeled
DNA prod ucts of Klenow primer ex ten sion re ac tion car ried out on the nontemplate and tem plate DNA strands, re-
spectively; KMnO,con cen tra tions (in mM) in di cated at the top of lanes 1-6, “—" and “+” signs in di cate the absence
and pres ence of 10 mM MgCl, in footprinting re ac tions; along the rightmost lanes are in di cated DNA bands cor re
spond ing to mark ers DNA'’s (329 ntand 833 ntlong in (a) and (c), re spec tively) and to in di vid ual bases of Pa within
the bub ble re gion. Panels (b) and (d): se lected (lanes 4) in te grated in ten sity pro files of Pa bub ble (solid lines),
deconvoluted into Gaussian components P1-P10 (dotted lines) corresponding to individual oxidized thymines
(marked by ar rows).



Vol. 48

Aquantitative KMnO, footprinting study 501

lower than that found for nt strand thymines:
T+3, T+2, T-2, T-3 and T—4 in ssDNA form in
the RPq. Thus, it can be safely con cluded that
the tran scrip tion bub ble re gion spans at least
14 bp be tween po si tions +3and —11 of the pro
moter Pa.

Itis ap par ent that while all Ts of thet strand
within the tran scrip tion bub ble did ap pear ox
idizable, T-6, T-7and T-10inthe—10region
of the of thentstrandwereinaccessibletothe
oxidant under the single-hit regime. Faint
bands due to re spec tive DNA frag ments were
too weak to be quantified reliably; moreover,
they came up more clearly only at higher ox i
dant doses (not shown) cor re spond ing to mul
tiple-hit reaction, accompanied by simulta-
neous oxidation of RNAP and severe pertur-
bation of the open complex structure (T.
£ozifski,unpublishedobservation).

The f; data determined as a function of the
ox i dantdose (x=ct, [Ms] ), plot ted in Figs. 3
and 4, were sub jected tokineticanalysis. The
plots clearly show the strong and greatly dif-
ferentiated effect of Mg2* ions on the oxidi-
zability of particular thymines within the
melted DNA region.

The range of ox i dant doses within which the
single-hit footprinting regime could be re-
garded to prevail was evaluated according to
the proposed criteria [18]; in most cases the
upper limit was found between 0.018 and
0.036 Ms. The fi(x) data as well as fractions
fu(x) of unoxidized DNA corresponding to
these conditions conformed to a single expo-
nentialfunctions:

fi = 1—exp(=k;i X) (1)
and
fu = exp(==k; X) (2),

where x = ct is the oxidant dose, 2k; is the
pseudo-first order rate constant of oxidation
of an i-th thymine, and Zk; a sum taken over
all i. At x = 0.036 Ms, f did not obey a
pseudo-first order relationship with the oxi-
dant dose (not shown ex cept for x =0.036 Ms,

cf. data points falling down from the fitted
curve in some panels of Figs. 3 and 4; these
points were not included in fitting), i.e. the
footprinting conditions corresponded to the
multiple-hit oxidation regime [18].

The rate constants kj were derived with a
reasonable accuracy from the global non-li-
near least squares analysis of all the experi-
mental fj(x) and fy(x) data ac cord ing to equa
tions (1) and (2). In spec tion of the ki netic data
column plot ted in Fig. 5a shows that, in the ab
sence of M92+ ions, val ues of the mea sured K;
vary in a characteristic way with the location
of corresponding T with re spect to the +1 tran
scription start point and greatly differ one
from another by a factor up to approx. 20.
Thymines located close to the transcription
start point: T+1, T-1 of thet strand and T+2
of the ntstrand proved to be weakly re ac tive.
The most re ac tive were T-11, T-9 and T—8 of
the t strand and T—3 of its complementary
counterpart of the nt strand. In the presence
of MgZ+, thereactivity ofall Tsinboth strands
was strongly en hanced (cf. plot ofk; y¢/k; val-
uesinFig.5b). Thelargestincreaseinreactiv
ity was ex hib ited by weakly re ac tive thymines,
es pe cially by T+1 and T-1 of the t strand by a
factor of about 3.7 and 4.3, respectively,and
T+3 and T+2 of the nt strand by a smaller fac
tor of approx. 2.6. The reactivity of all the re-
maining Ts, located in either DNA strand
more distantly from the transcription start
point, was increased by a similar factor of
approx. 1.6. Thymine res i dues wihin the bub
ble re gion of the Pa pro moter can be thus di
vided into two classes of distinctly different
reactivityand mag nitudeofMg2+ ef fect: (i) lo
cated close to the ac tive cen ter of RPo and (ii)
upstream therefrom.

DISCUSSION

The presented results of KMnO4 foot:
printing of the open complex formed by Ec"°
holoenzyme at the cognate Pa promoter
clearly demonstrate that, in the absence of
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Figure 3. Kineticsof oxidationof thyminesinthebub ble re gion of the nontemplate DNA strand of the Pa
pro moter in the open tran scrip tion com plex at 37°C.

Data points f;(x) cor re spond ing to DNA frac tions of unoxidized DNA (f , panel a) and ox i dized thymines (f;, marked
T;in pan els b—f) at dif fer ent KMnO, doses (x) in the ab sence (solid squares) and in the pres ence (solid cir cles) of 10
mM MgCl,were ob tained by quan ti fi ca tion of foot prints (exem pli fied in Fig. 2, panelsaand c) as de scribed in Ma te
rials and Methods; cal cu lated mean stan dard de vi a tion (n = 4) was in the range of 5—20% rel a tive to the f;(x) value.
The solid lines cor re spond to fit ted sin gle-exponential func tions (egns. 1 or 2).

Mgz+, the upstream end of the melted DNA  of bound Mg2+ (at 10 mM MgCly), the post
domain is defined by the most reactive T-11  tion-dependentreactivityofall theoxidizable
in the t strand and the downstream end  Ts is increased in a characteristic manner:
thereof by T+3 in the nt strand. Since these  strongly of these lo cated in ei ther DNA strand
two thymines are 3-flanked by unreactive  close to the +1 position, and uniformly to a
pur ines, the length of the transcriptionbubble  smaller ex tent of those lo cated more dis tantly
do main is at least 14 bp long. In the presence  therefrom.
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The approx. 14-bp length of the melted DNA
domain in the open complex formed by EgO
at Pa lies well within the limits of 12—15 bp
found to become accessible to footprinting
agents inanum ber of other cog nate pro moter
complexes thus far studied [15, 35]. The
length of the melted DNA re gion is most prob
ably pre de ter mined by lo ca tion of the—10 re
gion and the +1 site within the structure of
Eo'0 [9, 36—39]. According to the recent
model of RPq [39], based on crys tal struc ture
of T. aquaticus core RNA poly mer ase at 3.3 A
resolution [9] and over 100 UV-induced
crosslins mapped between individual phos-
phates of lacUV5 pro moter DNA andindivid
ual segments of Ec’0 subunits, the extreme
downstream end of the transcription bubble
including positions +4 to +1 of the t strand
and position +4 of the nt strand, binds deep
within the ac tive-center cleft while the re main
der of the tran scrip tion bub ble up to po si tion
—11 of the t strand rises from the floor of the
active-center cleftalonganaxisperpendicular
to the he lix axis of the down stream du plex. So
the lim its of the bub ble re gion found for RPq
at the Pa pro moter are in agree ment with this
model.

The model [39] provides also a structural
framework for inter pre tation of the ob served
oxidizability pattern of Ts in both sin-
gle-stranded DNA strands within the bubble
region of the open Eo’'%—Pa complex. The t
strand of the transcription bubble is held
within an apparent channel formed by g and
B’ subunits leading from the extreme down-
stream end surrounding position +1 at the
floor of the active-center cleft, about 20 A
from the ac tive-center Mg2+, to wards the edge
of the holoenzyme. This channel is large
enough to accomodate the A-form DNA:RNA
hybrid formed during initial abor tive syn the
sis of RNA, so that the reactive 5,6 double
bond of all the un paired Ts at and up stream of
position +1 should be sterically accessible to
MnO,~ anions (similar in size and shape to
ortophosphate). Theap parentreactivityof Ts
can be ex pected to de pend, how ever, both on
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Figure 5. Rate constants of oxidation by KMnO,
ofthy mineresiduesinthetranscriptionbubble of
the open com plex formed at pro moter PabyE. coli
RNApolymerase.

Panel (a): white and gray col umns cor re spond to k; de-
ter mined in the ab sence of Mg2+ and in the pres ence of
10 mM MgCl,, re spec tively; panel (b): plot of ki,Mg/ki
ratios. Sequence above the numericalscale, indicating
positions of the bases in Pa promoter DNA, corre
sponds to the nontemplate strand, se quence be low this
scale — to the tem plate strand.
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sterical and electrostatic accessibility of
MnO, ™ anionstothe reaction cen ter. The low
reactiv ity of Tsator close to the +1 pro moter
region, being fully accessible to specific
base-pairing with initiating NTPs, together
with |ts marked en hance mentin the pres ence
of Mg * strongly suggest that ki netics of ox i
dation of these bases is primarily under the
controlofahlghelectrostatlcbarrler Binding
sites for Mg *within the ac tive-center of RPo
are most likely aspartates in the conserved
motif NADFDGD of the 8’ subunit [8, 36].
They were implicated in chelating catalyti-
cally active Mg * ions [8] since their replace
ment by Fe?* in the open com plex of Eo' at
T7A1 promoter led to cleav age of the tem plate
DNA strand around +1 po si tion in the Fenton
reaction, whereas Eg'° carrying the triple
D - A mutant in the NADFDGD mo tif failed
to cleave this DNA strand in the presence of
Fe?*, Inspection of the footprints of RPg
formed at the A1T7 promoter by the mutant

Iacklng the specific binding sites for
Mg2+ in the catalytic center (cf. Fig. 3 of ref.
[8]) shows that in the presence of 10 mM
MgCl, some thymines close to +1 position
were weakly oxidized. The anionic binding
sites in this reglon of the latter complex
screened by Mg are, of course, DNA phos-
phates. Theincreasedreactivity of T residues
lo cated int strand close to the cata lytic cen ter
of RPg formed by wild Eo can thus be ex-
plalned reasonably by electrostatic shielding
by Mg *ions of neg a tive charges of aspartates
of the NADFDGD motif and of ssDNA phos-
phates.

The observation that the triple D - A mu-
tant in the NADFDGD mo tif of Ea’ is able to
form RPg in the ab sence of Mg2+ [8] sup ports
our conclusion that these ions are not re-
quwed for the open com plex for mation by wild
Eo’? at the Pa. Recent stopped-flow spectro-
fluorometricinvestigations on the kineticsof
open complex formation have also |nd|cated
that DNA open ing is not af fected by Mg *ions
[40].

The gradually increasing reactivity of Ts in
the t strand with their distance from the +1
promoter site, to gether with the uni form and
smaller effect of Mg (k,,Mg/k, = 1.6) for
T-5, T-8, T-9 and T—11, sug gest that the ob
served variationink; may be due to a par al lel
de crease of the steri cal bar rier for the ox i da
tion to wards the edge of the t-strandchannel,
at a constant height of the electrostatic bar-
rier asso ci ated with ssDNA phos phates.

The nontemplate strand along the entire
length of the bub ble do main of RPg, up stream
the tightly constrained extreme downstream
end within the active-center cleft (see infra),
lies in adeep nar row groove the walls of which
are made by a frag ment of the § subunit, and
in the —10 region contacts o0 region 2 “cap-
ping” DNA in the active-center cleft [39].
There are several lines of evidence that
strongly conserved nt strand adenines: —11,
—9and—8areinvolvedinspecificinteractions
with res i dues Y425, Y430, W433 and W434 in
the sequence YKFSTYATWW of the con-
served subregion 2.3 of ¢’% forming the
sSDNA binding site on the pathway to RPg
formation and play an important role in the
nucleation and maintenance of promoter
melting [35, 39, 41]. All these residues are
aligned along one face of the amphipatic he lix
14 in the crystal structure of 0270 [42] which
contains also Q437 implicated in recognition
of the con served —12 A—T base pair, unmelted
in most promoters. The very low if any
oxidizability of T residues in the —10 re gion of
RPg at the Pa promoter: T-10 and T—7 and
T—6 of the nt strand of promoter Pa, can be
thusexplainedbytheirstericalinaccessibil ity
to MnO4 ™. Relatively high reactivity of T—4,
T-3 and T-2 (cf. Fig. 5) indicates that these
basesaresimilarlyaccessibletotheoxidantas
the distantly located Ts in the t strand and
thus are probably not involved in specific in-
ter ac tions with amino acid side chains of E¢ "
do mains in con tact with DNA back bone phos
phates. The mag ni tude of the Mg * ef fect for
these bases, kj mg/ki = 1.6, is the same as for
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their distantly located counterparts in the t
strand; this indicates that the electrostatic
barrier to oxidation is also associated with
negative charges of ssDNA phosphates. It is
apparent from the RPy model [39] that
thymines T+2 and T+3 are located further
apart from the Mg2+ locus within the ac-
tive-center than T+1 and T—1 of the t strand.
This ex plains why the mag ni tude of the Mg2+
effect for these bases, ki mg/ki = 2.6, is dis-
tinctly smaller than for those in thet strand.

Reactivityofstericallyaccessible Tsdepends
on local effective concentration of MnO,4,
which in turn depends on the extent of con-
densation of counterions on negatively
charged DNA phosphates. Preferential diffu
sive condensation of Mg2+ at 10 mM concen-
tration in the pres ence of 100 mM monovalent
electrolyte[43] lowersthe heightofanegative
electrostatic bar rier making thus thy mineres
idues apparently more reactive towards the
oxidant.

Our preliminary footprinting experiments
aimed at determination of k; in function of
MgZ+ concentration indicate that the two
classes of Mg-binding sites, aspartates and
phos phates, dif fer in the mag ni tude of the re
spective dissociation constant, Kgy, being
about 3-fold smaller for aspartates within the
catalytic center of the open complex. Thus,
the differ ent mag ni tude of the ef fect of Mg2+
ob served for the two groups of Ts seems to be
due primar ily todif fer ent oc cu pancy of bind
ing sites at a given MgCl, concentration.

Theinterpretation oftheeffectofMg2+ ions
onthereactivityofthymineresiduesoutside
the catalytic center of the open complex in
termsofelectrostaticinteractionsisstrongly
supported by the re sults of our par al lel stud
ies on their effect on permanganate oxi-
diation of pyrimidines in double-stranded
pDS3 plasmid DNA [27]. Reaction rate con-
stants of ox i dation of the major ity of py rimi
dines of the Pa promoter in the double-
stranded DNA form, were generally 2—3 or-
ders of magnitude lower than those mea-

sured for the same Ts in the single-stranded
DNA domain of the open complex, while in
the presence of 10 mM Mg?* were found
larger by a fac tor vary ing in the range of 2—3
in a sequence-dependent way. A similar ef-
fect of Mg?* on oxidizability of pyrimidines
in free dsDNA and within the open tran scrip
tion complex in ssSDNA embeddedinprotein
matrix [39] strongly suggests that in both
cases the mainunderly ing mechanismofthe
enhancement of reactivity of thymines to-
wards MnO4~ anions is the electrostatic
shielding of negative charges of phosphates
by counterions con densed on DNA sur face.
The reduction by bound Mg2+ of negative
charge density due to the Eo’0 carboxylates
and DNA phosphates, leading to an increase
in local concentrations of MnO,  and
Fe(EDTA)Z_ anions, has been pro posed pre vi
ously [12] as a possibleexplanation of the in-
creased reactivity of DNA bases and back bone
close the start site ofAPR pro moter in RPqg. A
similar, though smaller, effect of Mg2+ on
modificationof thymines by the highly polar
ized hexacoordinate OsO4—2,2-bipyridine
com plex [13, 41] in our opin ion can be anal o
gously rationalized. In view of the multistep
mechanizm of thy mine gly col formationin the
lat ter re ac tion [44], the ef fect of Mg2+ on the
reactivity of Ts is probably more complex.
The claimed smaller length of this regionin
the open com plex formed at the AP promoter
in the absence of MgCl,, called RPg1, and its
extension to the full 14 bp length in the
transcriptionally com pe tentRP g, form upon
bindingofM92+[11] can be due to in suffi cient
sensitivityofdetectionofweaklyoxidizableT
residueslocated close to the +1 positionon et
ther DNA strand at the se lected single ox i dant
dose, as they come up more clearly in foot-
prints only in the presence of bound Mg?*
ions. Similar remark seems to apply to
“Mg-induced extension” of T7Al1 promoter
[13] probed by OsO4—2,2™-bipyridine at a very
low level of DNA oxidation (estimated as <
10%); un der these con di tions DNA bands due
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to T+1 and T+2 might have not appeared in
the ab sence of M92+ ow ing to the very low re
activity of the two bases.

CONCLUDING REMARKS

The presented analysis of kinetics of oxida-
tion by KMnO, of thymine residues under
controlled single-hit conditions in the open
pro moter com plex formed byE. coli RNA poly-
merase at the Pa promoterhasunequivocally
dem on strated that bind ing of MgZ+ ions does
not in flu ence the length of the melted DNA re
gion. In the light of the most re cent struc tural
model of RP g [39], for ma tion of the open com
plexes at other cog nate promoters may ap pear
also to be independent of MgZ+, because the
up per length of the melted DNA re gion seems
to be pre de ter mined by the struc ture of Eo'C.
Theobtaineddistributionpatternoftheoxida
tion rate constants of thymines within the
transcription bubble provides a measure of
theirrelativestericalaccessibilitywithineach
of ssDNA strands in the open com plex struc
ture.

Earlier claims that binding of Mg?* ions to
the open com plexis re quired for ex ten sion of
the melted DNA re gion to its full length, from
the nu cle ation site around —10 po si tion down
stream to the region of the transcription
start-point, were based on the single-dose
footprinting experiments. In such experi-
ments, if the ox i dant dose istoo low, ox idation
of weakly reactive pyrimidine residues
around the +1 re gion can eas ily be over looked.
The extent of the promoter DNA meltingcan
be, of course, af fected by se quence-dependent
thermodynamic stabil ity of the bub ble re gion
and thus also by temperature at which a
footprinting experiment is carried out. A
meaningfulcomparisonofthemeltingproper
ties of open complexes formed at different
pro moters can be thus made only on the basis
of pyrimidine reactivity rate constants to-
wards a given oxidant measured under simi-
lar experimental conditions.

REFERENCES

1. Springgate, C.F. & Loeb, L.A. (1975) On the fi-
del ity of tran scrip tion by Escherichiacoli ri bo
nucleic acid polymerase. J. Mol. Biol. 97,
577-591.

2. Krakow, J.S., Rhodes, G. & Jovin, T.M. (1976)
RNA polymerase: Catalytic mechanisms and
inhibitors; in RNA Polymerase (Losick, R. &
Chamberlin, M., eds.) pp. 127-157, Cold
Spring Harbor Lab o ratory Press, New York.

3. Wu, C.-W. & Goldthwait, D.A. (1969) Studies
on nucleotide binding to the ribonucleic acid
polymerase by a fluorescence technique. Bio-
chemistry 8, 4450—4458.

4. Koren, R. & Mildwan, A.S. (1977) Magnetic
res o nance and ki netic stud ies of the role of di
valent cation activator of RNA polymerase
from Escherichia coli. Biochemistry 16,
241-249.

5. Burgess, P.M.J. & Eckstein, J. (1978) Ab so lute
configuration of diastereoisomers of adeno-
sine 5-O-(1-thio-triphosphate); Consequences
for the stereochemistry of polymerization by
DNA-dependent RNA poly mer ase from Esche-
richia coli. Proc. Natl Acad. Sci. U.S.A. 75,
4798-4800.

6. Szafrafiski, P., Smagowicz, W.J. & Wierz-
chowski, K.L. (1985) Substrate selection by
RNA polymerase from E. coli. The role of
ribose and 5'-triphosphate frag ments and nu
cleotidesinteraction. Acta Biochim. Polon. 32,
329-349.

7. Sousa, R., Chung, Y.J., Rose, J.P. & Wang,
B.-C. (1993) Crystal structure of bacterio-
phage T7 RNA poly mer ase at 3.3A resolution.
Nature 364, 593-599.

8. Zaychikov, E., Martin, E., Denissova, L.,
Kozlov, M., Markovtsov, V., Kashlev, M., Heu
mann, H., Nikiforov, V., Goldfarb, A. &
Mustaev, A. (1996) Mapping of catalytic rest
dues inthe RNA poly mer ase ac tive cen ter. Sci-
ence 273, 107—1009.



508 T. £ozifiski and K.L. Wierzchowski

2001

9. Zhang, G., Campbell, E., Minakhin, L., Rich-
ter, C., Severinov, K. & Darst, S. (1999) Crys-
tal structure of Thermus aquaticus core RNA
polymerase at 3.3 A resolution. Cell 98,
811-824.

10.Suh, W.-C., Leirmo, S. & Record, Jr., M.T.
(1992) Roles of Mg2+ in the mech a nism of for
mationanddissociationofopencom plexesbe
tween Escherichia coli RNA polymerase and
the APz promoter: Ki netic ev i dence for a sec
ond open com plex re quiring Mg®*. Biochemis
try 31, 7815-7825.

11.Suh, W.-C., Ross, W. & Record, Jr., M.T.
(1993) Two open com plexes and are quire ment
for Mg?* to open the APy transcription start
site. Science 259, 358—361.

12.Craig, M.L., Suh, W.-C. & Record, Jr., M.T.
(1995) HO® and DNase I prob ing of Eo'® RNA
polymerase-AP; promoter open complexes:
Mg*? bind ing and its struc tural con se quences
at the tran scrip tion start site.Biochemistry 34,
15624-15632.

13. Zaychikov, E., Denissova, L., Meier, T., Gotte,
M. & Heumann, H. (1997) Influence of Mg**
and temperature on formation of the tran-
scription bubble. J. Biol. Chem. 272,
2259-2267.

14.deHaseth, P.L. & Helmann, J.D. (1995) Open
complex formation by Escherichia coli RNA
polymerase: The mechanism of polymer-
ase-induced strand separation of double heli
cal DNA. MicroReview Mol. Microbiol. 16,
817-824.

15. deHaseth, P.L., Zupancic, M.L. & Re cord, Jr.,
M.T. (1998) RNA polymerase-promoter inter-
ac tions: The com ings and goings of RNA poly-
merase. J. Bacteriol. 180, 3019-3025.

16.Chen, Y..F. & Helmann, J.D. (1997) DNA-
melting at the Bacillus subtilis flagellin pro-
moter nucleates near —10 and expands un-
idirectionally. J. Mol. Biol. 267, 47-59.

17. Meier, T., Schickor, P., Wedel, A., Cellai, L. &
Heumann, H. (1995) In vitro transcription

close to the melt ing point of DNA: Anal y sis of
Thermatoga maritima RNA polymerase-pro
moter complexes at 75°C using chemical
probes. Nu cleic Acids Res. 23, 988—994.

18. Tsodikov, O.V., Craig, M.L., Saecker, R.M. &
Record, Jr.,M.T.(1998) Quantitativeanal ysis
of multiple-hit footprinting studies to charac
terize DNA conformation changes in pro-
tein—DNA complexes; Application to DNA
opening by B’® RNA polymerase. J. Mol.
Biol. 283, 757—-769.

19. £ozifiski, T., Markiewicz, W.T., Wyrzykiewicz,
T.K. & Wierzchowski, K.L. (1989) Ef fect of the
se quence-dependent struc ture of the 17 bp AT
spacer on the strength of con sen sus-like E. coli
promoters in vivo. Nucleic Acids Res. 17,
3855—3863.

20.£ozifski, T., Adrych-Rozek, K., Markiewicz,
W.T. & Wierzchowski, K.L. (1991) Effect of
DNA bending in various regions of a consen
sus-like Escherichia coli promoter on its
strength in vivo and struc ture of the open com
plex in vitro. Nucleic Acids Res. 19, 2947—
2953.

21.£ozifski, T. & Wierzchowski, K.L. (1996) Ef-
fectofreversedorientationandlengthof A, T,
DNA bend ing se quences in the =35 and spacer
domains of a consensus-like Escherichia coli
promoter on its strength in vivo and gross
structure of the open complex in vitro. Acta
Biochim. Polon. 43, 265—280.

22.Kolasa, I. (2001) Ef fect of A,,- T,DNAbend ing
tracts on Kinetics of transcription initiation in
vitro. Ph.D. Thesis, Institute of Biochemistry
and Biophysics, Polish Acad emy of Sci ences,
Warszawa (in Pol ish).

23.Roe, J.-H., Burgess, R.R. & Record, Jr., M.T.
(1984) Kineticsand mechanismoftheinterac
tion of Escherichiacoli RNA polymerase with
the AP promoter. J. Mol. Biol. 176, 495-521.

24.Roe, J.-H., Burgess, R.R. & Record, Jr., M.T.
(1985) Temperature dependence of the rate
con stants of the Escherichiacoli RNA poly mer



Vol. 48

Aquantitative KMnO, footprinting study 509

ase—\Pg promoterinteraction. Assignmentof
the kinetic steps corresponding to protein
conformational change and DNA opening. J.
Mol. Biol. 184, 441-453.

25.Buc, H. & McClure, W.R. (1985) Kinetics of
open complex formation be tween Escherichia
coli RNA polymerase and lacUV5 promoter.
Biochemistry 24, 2712—-2723.

26.Duval-Valentin, G. & Ehrlich, R. (1987) Dy-
namic and struc tural char ac ter iza tion of mul
tiplestepsduringcom plex for mationbe tween
E. coli RNA poly mer ase and the tetR pro moter
frompSC101. Nucleic Acids Res. 15, 575-594.

27.£ozifiski, T. & Wierzchowski, K.L. (2001) Ef-
fect of Mg?* onkineticsofoxidationof py rimi
dines in du plex DNA by po tas sium per manga
nate. Acta Biochim. Polon. 48, 511-523.

28.Bur gess, R.R. & Jendrisak, J.J. (1975) A pro-
cedurefortherapid, large-scale purification of
Escherichiacoli DNA-dependent RNA poly mer
ase involving polymin P precipitation and
DNA-cellulose chromatography. Biochemistry
14, 4634—4638.

29.Sternbach, H., Engelhardt, R. & Lesius, A.G.
(1975) Rapid isolation of highly active RNA
polymerase from Escherichia coli and its sub-
units by matrix-bound heparin. Eur. J. Bio-
chem. 60, 51-55.

30.Sasse-Dwight, S. & Gralla, J.D. (1989) KMnO,
as a probe for lac pro moter DNA melt ing and
mechanism in vivo. J. Biol. Chem. 264, 8074—
8081.

31. Sasse-Dwight, S. & Gralla, J.D. (1991) Foot-
printing protein-DNA complexes in vivo.
Methods Enzymol. 208, 146—168.

32.Hayatsu, H. & Ukita, H. (1967) The selective
degradationofpyrimidinesinnucleicacidsby
permanganate oxidation. Biochem. Biophys.
Res. Commun. 29, 556-561.

33.Borowiec, A., Zhang, L., Sasse-Dwight, S. &
Gralla, J.D. (1987) DNA supercoiling pro-

motes formation of a bent repression loop in
lac DNA. J. Mol. Biol. 196, 101-111.

34.1de, H., Kow, Y.W. & Wallace, S.S. (1985) Thy-
mine glycols and urea residues in M13 DNA
constitute replicative blocks in vitro. Nucleic
Acids Res. 13, 8035—8052.

35.Helmann, J.D. & deHaseth, P.L. (1999) Pro-
tein—nucleic acid interactions during open
complexformationinvestigatedbysystematic
alternation of the protein and DNA binding
partners. Biochemistry 38, 5959—-5967.

36.Mustaev, A., Kozlov, M., Markovtsov, V., Zay-
chikov, E., Denissova, L. & Goldfarb, A. (1997)
Modularorganizationofthecatalyticcenterof
RNA poly mer ase. Proc. Natl. Acad. Sci. U.S.A.
94, 6641—-6645.

37. Darst, S.A., Polyakov, A., Rich ter, C. & Zhang,
G. (1998) Struc tural stud ies ofEscherichiacoli
RNA poly mer ase; in Mech anisms of Tran scrip
tion. Cold Spring Har bor Sym posiaon Quantita
tive Biology (Stillman, B., ed.) vol. 63, pp.
269—276, Cold Spring Lab o ratory Press, Cold
Spring Har bor, New York.

38.Finn, R.D., Orlova, E.V., Gowen, B., Buck, M.
& van Heel, M. (2000) Escherichia coli RNA
polymerase core and holoenzyme structures.
EMBO J. 19, 6833-6844.

39.Naryshkin, N., Revyakin, A., Kim, Y., MekKler,
V. & Ebright, R. (2000) Structural organiza
tion of the RNA polymerase-promoter open
complex. Cell 101, 601-611.

40.Strainic, Jr., M.G,, Sullivan, J.J., Velevis, A. &
deHaseth, P.L. (1998) Promoter recognition
by Escherichiacoli RNA poly mer ase: Ef fects of
the UP element on open complex formation
and promoter clearance. Biochemistry 37,
18074-18080.

41.Juang, Y.-L. & Helmann, J.D. (1994) A pro-
moter melting re gioninthe primary sigmafac
tor of Bacillus subtilis. Identification of func-
tionally important aromatic amino acids. J.
Mol. Biol. 235, 1470-1488.



510 T. £ozifiski and K.L. Wierzchowski 2001

42 .Malhotra, A., Severinova, E. & Darst, S.A. cleic acidsusing Pois son-Boltzman the ory. J.
(1996) Crys tal struc ture of ao'° sub unit frag Mol. Biol. 294, 1135-1147.
ment from E. coli RNA polymerase. Cell 87,

44 Paleeek, E. (1992) Probing DNA structure
with osmium tetraoxide complexes in vitro.
43.Misra, V.K. & Draper, D.E. (1999) The inter- Methods Enzymol. 212, 139-155.
pretation of Mg?* binding isotherms for nu-

127-136.



