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Footprinting stud ies of prokaryotic open tran scrip tion com plexes (RP O), based on
ox i da tion of py rim i dine res i dues by KMnO4 and/or OsO4 at a sin gle ox i dant dose,
have sug gested that the ex tent of DNA melt ing in the tran scrip tion bub ble re gion in -
creases in the pres ence of Mg2+. In this work, quan ti ta tive KMnO4 footprinting in
func tion of the ox i dant dose of RPO, us ing Esch e richia coli RNA poly mer ase (Eσ70 ) at
a fully func tional syn thetic pro moter Pa hav ing –35 and –10 con sen sus hexamers, has 
been used to de ter mine in di vid ual rate con stants of ox i da tion of T res i dues in this re -
gion at 37°C in the ab sence of Mg2+ and in the pres ence of 10 mM MgCl2, and to eval u -
ate there from the ef fect of Mg2+ on the ex tent of DNA melt ing. Pop u la tion dis tri bu -
tions of end-labeled DNA frag ments cor re spond ing to ox i dized Ts were quan ti fied and 
an a lyzed ac cord ing to the sin gle-hit ki netic model. Pseudo-first or der re ac tiv ity rate
con stants, ki, thus ob tained dem on strated that Mg2+ ions bound to RPO merely en -
hanced the re ac tiv ity of all 11 ox i diz able thymines be tween the +3 and –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
RPO at Pa do not in 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
bar ri ers to MnO4

– dif fu sion around carboxylate bind ing sites in the cat a lytic cen ter of
RPO and pro moter DNA phos phates. 
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It has long been known that Echerichia coli
RNA poly mer ase (Eσ70) in the pro cess of RNA 
syn the sis ex hib its an ab so lute re quire ment
for Mg2+ (or an other di va lent cat ion) [1, 2], re -
lated to the bind ing of metal che lates of the
ribonucleoside 5 ′-triphosphates to the elon ga -
tion site of the transcriptional com plex [3]
and to the in volve ment of Mg2+ in the ca tal y -
sis of internucleotide phosphodiester bond
for ma tion [4–9]. More re cently it has been
sur mised that Mg2+ ions par tic i pate also in
en large ment of the tran scrip tion bub ble
[10–15]. Mag ne sium ions at 10 mM con cen -
tra tion led to a sev eral-fold in crease in the
num ber of KMnO4-ox i dized py rim i dine res i -
dues in the λPR pro moter open com plex
within the melted re gion, there fore prop a ga -
tion of DNA strands open ing from the cen ter
of the tran scrip tion bub ble out wards was pro -
posed [11]. Also back bone re ac tiv ity of the
λPR pro moter tem plate strand in the open
com plex to ward HO• rad i cals, gen er ated lo -
cally in the re ac tion of Fe(EDTA)2– with
H2O2, was found sig nif i cantly en hanced by 10 
mM MgCl2 in the sin gle stranded re gion of the 
tem plate strand at po si tions from –4 to +1
[12]. Studies on the de pend ence of the rate of
dis so ci a tion of the bi nary open com plex at
λPR pro moter on MgCl2 con cen tra tion have
sug gested that this pro cess can be ac com pa -
nied by the re lease of about 3 Mg2+ ions [10].
All these find ings to gether with the ev i dence
on the ex is tence in a num ber of DNA and RNA 
polymerases of two cru cially im por tant
carboxylate Mg2+-bind ing sites near the cat a -
lytic site [8], led to the pro posal that 2 of the 3
Mg2+ ions bound spe cif i cally to the RPO2 form 
of the Eσ70–λPR open com plex are lo cated
near the tran scrip tion start site [12]. Uni di -
rec tional ex pan sion of the bub ble to wards the
tran scrip tion start point as a re sult of Mg2+

bind ing has also been pos tu lated for E. coli
RNAP–T7A1 pro moter com plex [13] as well
as for pro moter com plexes formed by Ba cil lus
subtilis [16] and Thermatoga maritima [17]
RNA polymerases. 

The stud ies con cern ing Mg2+-in duced ex pan -
sion of the tran scrip tion bub ble were based on 
com par a tive anal y ses of KMnO4 foot prints of
open com plexes ob tained un der a se lected sin -
gle ox i dant con cen tra tion and time of ex po -
sure (a sin gle ox i dant dose) un der  Mg2+ con -
di tions. In most of these re ports, how ever, nei -
ther the ex per i men tal meth ods used nor the
data ob tained were pre sented in suf fi cient de -
tail to as sure the read ers that the con di tions
of sin gle ox i da tion event per DNA mol e cule
were rig or ously con trolled (sin gle-hit foot -
printing). Such con di tions should be ful filled
to make pos si ble a re li able in ter pre ta tion of
foot prints in terms of rel a tive oxidizabilities
of bases in DNA–protein com plexes. Only re -
cently it has been shown [18] how to ex tract
these data quan ti ta tively from foot prints ob -
tained un der mul ti ple-hit con di tions in func -
tion of the ox i dant dose. 
We have there fore stud ied quan ti ta tive

KMnO4 footprinting as a func tion of the ox i -
dant dose on the open tran scrip tion com plex
formed at a syn thetic con sen sus-like E. coli
pro moter Pa by the cog nate RNA poly mer ase,
in or der to de ter mine in di vid ual re ac tiv ity
rate con stants for T res i dues within the tran -
scrip tion bub ble re gion, in the ab sence and in
the pres ence of 10 mM MgCl2, and to eval u ate
on this ba sis the ef fect of Mg2+ ions on the ex -
tent of DNA melt ing. The func tional, ki netic
and ther mo dy namic prop er ties of the open
com plex at this pro moter [19–22] were shown 
to be gen er ally sim i lar to those of the com -
plexes at nat u ral pro mot ers thus far stud ied
[22–26]. A great ad van tage of the use of pro -
moter Pa in footprinting of the open com plex
was the pres ence within the melted DNA re -
gion of as much as 14 AT base pairs. We have
dem on strated that bind ing of Mg2+ ions to the 
open tran scrip tion com plex is not ac com pa -
nied by an ex ten sion of the melted DNA re -
gion. This bind ing merely in duces a char ac ter -
is tic change in the oxidizability pat tern of T
res i dues within the tran scrip tion bub ble: a
3–4 fold in crease of re ac tiv ity rate con stants
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of those lo cated close to the tran scrip tion
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 sep a rate study [27], we
have also in ves ti gated quan ti ta tively the ef -
fect of 10 mM Mg2+ on KMnO4-ox i da tion of
py rimi dines in dou ble-stranded DNA, and ob -
served a sim i lar in crease in their re ac tiv ity.
Most likely all these ef fects are due to the
shield ing by Mg2+ ions of neg a tively charged
groups on DNA and RNAP sur faces low er ing
thereby re pul sive in ter ac tions with MnO4

–

an ions.

MA TE RIALS AND METHODS

Pa pro moter DNA and Eσ70 RNA poly -
mer ase. Pro moter Pa was ob tained, cloned
into the pDS3 plasmid and DNA was pu ri fied
as de scribed ear lier [19–21]. RNA poly mer ase 
was pre pared from E. coli K12 ac cord ing to
[28, 29], us ing Sephacryl S300 in stead of
Bio-Gel. Klenow frag ment of DNA poly mer -
ase I and polynucleotide kinase were from
Boehringer (Mannheim), and [γ-32P]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, re spec tively, were syn the -
sized by the solid phase phosphoramidite
method, and pu ri fied by de na tur ing PAGE fol -
lowed by DEAE-Sephacel col umn chro ma tog -
ra phy and eth a nol pre cip i ta tion. The 5 ′-end of 
the primer was phosphorylated with a 2-fold
mo lar ex cess of [γ-32P]ATP by polynucleotide
kinase. All other chem i cals were mo lec u lar bi -
ol ogy grade prod ucts.
Open com plex for ma tion and KMnO4

footprinting. Mod i fi ca tion of nu cleo tides in
DNA by KMnO4 ox i da tion as a func tion of the
ox i dant dose ap plied and their de tec tion by
primer ex ten sion were per formed ac cord ing
to [30, 31]. To min i mize scat ter of data, we
used pre mixes that were aliquoted into a se -
ries of re ac tions and vol umes that could be ac -
cu rately pipetted.

A buf fered so lu tion of RNA poly mer ase and
supercoiled plasmid pDS3 car ry ing the in ves -
ti gated pro moter Pa was di vided into halves,
to one MgCl2 was added to a fi nal con cen tra -
tion of 10 mM and the other sup ple mented ap -
pro pri ately with pure wa ter; then each so lu -
tion was aliquoted into 50 µl sam ples con tain -
ing: 1 pmol of pDS3, 2 pmoles of RNA poly -
mer ase, 25 mM Tris/HCl, pH 7.0, 100 mM
KCl, 0.2 mM EDTA. For for ma tion of the open 
com plex each sam ple was placed at con stant
time in ter vals in a wa ter bath at 37°C for 15
min. Then 5 µl of a KMnO4 so lu tion (freshly
di luted from 0.3 M stock) was added to ob tain
the de sired fi nal con cen tra tion of the ox i dant
(0.05, 0.1, and 0.2 mM), and the re ac tion mix -
ture was in cu bated for pre cisely 3 min at
37°C. The re ac tion was quenched by ad di tion
of 150 µl of stop so lu tion (con tain ing: 2 mM
EDTA, 1% of β-mercaptoethanol and 5 nmoles
of marker DNA — the SalI–HindIII frag ment
of the same plasmid). The sam ples were de -
pro teinized by phe nol/chlo ro form ex trac tion,
the wa ter phase col lected and the ox i dized
DNA pu ri fied us ing a Sephadex G50 spin col -
umn.
The sam ples pre pared as above were sub -

jected to quan ti ta tive anal y sis for the ex tent
of ox i da tion of thy mine res i dues within the
tran scrip tion bub ble lo cated both in the non-
tem plate and tem plate DNA strands. For this
anal y sis the sam ples were di vided into halves
and the primer ex ten sion re ac tion was car ried 
out sep a rately for each half with the ap pro pri -
ately de signed 32P-end-labeled primer, Pr(nt)
or Pr(t). Re ac tion con di tions were op ti mized
for each strand sep a rately to en sure the spec i -
fic ity of primer’s hy brid iza tion. In the case of
the nontemplate strand, 35 µl of the pu ri fied
DNA was mixed with 4 µl of 0.01 M NaOH con -
tain ing 2 pmoles of 32P-end-labeled primer
and de na tured at 80°C for 3 min. Af ter cool ing 
to 0°C it was neu tral ized with 8 µl of Klenow
re ac tion buffer (con tain ing 250 mM Tris/HCl, 
pH 7.2, 50 mM MgSO4, 1 mM DTT and 2.5
mM of each dNTP) and hy brid ized by in cu ba -
tion at 45°C for 15 min. Then 2 units of
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Klenow frag ment of DNA poly mer ase I en -
zyme in 2  µl of the en zyme dil u ent (con tain -
ing 25% glyc erol, 25 mM KH2PO4, pH 7.0,
1 mM DTT and 50 mg/ml BSA) were added
and primer ex ten sion per formed at the same
tem per a ture for 10 min. The re ac tion was
quenched by ad di tion of 18 µl of a stop so lu -
tion (con tain ing 3 M am mo nium ac e tate, 20
mM EDTA and 2 µg tRNA). Prod ucts of the
Klenow re ac tion were eth a nol pre cip i tated,
rinsed with 70% eth a nol, dried and dis solved
in 10  µl of 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). Af ter de na -
tur ing the prod ucts at 95°C for 2 min, 3 µl of
sin gle-stranded DNA so lu tion were re solved
in du pli cate on 6% polyacrylamide se quenc ing 
gels in TBE buffer (con tain ing 0.089 M
Tris/bo rate and 2 mM EDTA, pH 8.3). Dried
gels were ex posed to stor age phos phor scre -
ens from Mo lec u lar Dy nam ics. With re spect
to the tem plate strand, all the re ac tion con di -
tions were the same ex cept that neu tral iza -
tion, hy brid iza tion and primer ex ten sion
steps were car ried out at 60°C, di rectly af ter
de na tur ation at 80°C, with out the cool ing step 
at 0 °C.
Each footprinting ex per i ment was du pli -

cated and prod ucts of each of the two re ac -
tions re solved on 2 footprinting gels, so that
on the whole 4 foot prints at each ox i dant con -
cen tra tion were ob tained and an a lyzed, as de -
scribed be low.
Phosphorimager anal y sis and quan ti fi -

ca tion of band in ten si ties. Im ages of foot -
prints were ob tained with the use of a Mo lec u -
lar Dy nam ics Phosphorimager. In te grated in -
ten si ties of bands (or groups of bands) and
their in ten sity pro files along gel lanes were
ob tained us ing the “ImageQuant” soft ware,
by the vol ume in te gra tion and area in te gra -
tion op tions, re spec tively. For area in te gra -
tion, the low est in ten sity point in the graph
was used as the hor i zon tal base line (back -
ground). For vol ume in te gra tion, lo cal back -
ground was used for bands cor re spond ing to

pro moter bub ble DNA frag ments, whereas for 
the whole lanes gel with out any ra dio ac tiv ity
(out side the lanes). These data were an a lyzed
fur ther with soft ware: “Or i ginTM” from
Micro Cal Soft ware and “Quattro Pro 4.0”
from Borland. 
The scans were ana lysed in three steps.

First, the in te grated in ten sity (IQ vol ume in te -
gra tion) of the group of bands cor re spond ing
to DNA frag ments ter mi nated at all ox i dized
bases within the tran scrip tion bub ble was
mea sured and nor mal ized to the in te grated in -
ten sity of the whole lane. Then the dis tri bu -
tion of the in te grated in ten sity within the bub -
ble along the lane, an in ten sity pro file, was ob -
tained us ing the IQ area in te gra tion func tion.
In te grated in ten si ties of par tic u lar bands
were eval u ated by deconvolution of the in ten -
sity pro files as sum ing Gaussi an dis tri bu tion
of the in ten sity within the bands and a con -
stant halfwidth for all the bands.

RE SULTS

Our main goal in this study was to de ter mine 
the rate con stants of ox i da tion by KMnO4 of
in di vid ual thy mine res i dues within the melted 
DNA re gion of the open com plex and eval u a -
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
the tran scrip tion bub ble. For this pur pose, the 
open com plex formed by Eσ70 at a strong syn -
thetic pro moter Pa, con tain ing –10 and –35
con sen sus rec og ni tion hexamers and the bub -
ble re gion made ex clu sively of AT base pairs
(Fig. 1), was sub jected to in creas ing con cen -
tra tions of KMnO4 at a con stant ex po sure
time (dose: x = [KMnO4] × 180 s) at 37°C in
the ab sence and pres ence of 10 mM MgCl2 in
the re ac tion buffer. Con di tions of the ox i da -
tion re ac tion were cho sen ac cord ing to the
com monly used rec om men da tions [31], in -
clud ing KMnO4 con cen tra tion high enough to
sat isfy con di tions for pseudo first-order ox i da -
tion re ac tion with py rimi dines, a proper time
of ex po sure to the ox i dant and close to phys i o -
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log i cal 10 mM MgCl2 con cen tra tion. Thy mine
res i dues ox i dized to cor re spond ing thy mine
glycols [32] were lo cal ized on both the
nontemplate (nt) and tem plate (t) DNA
strands by the tech nique of DNA primer ex -
ten sion with Klenow frag ment of DNA poly -
mer ase I, and ap pro pri ately de signed

5′-32P-labeled DNA prim ers [31]. This al lowed 
to com pare di rectly the re ac tiv ity of the two
DNA strands within the melted DNA re gion of 
the open com plex. End-labeled DNA prod ucts, 
viz. DNA frag ments ter mi nated at in di vid ual
ox i dized thy mine res i dues in a given strand
within the tran scrip tion bub ble, were sep a -
rated on a polyacrylamide se quenc ing gel
yield ing foot prints ex em pli fied in pan els (a)
and (c) of Fig. 2. The in te grated ar eas of
groups of bands cor re spond ing to ox i dized
bases within the bub ble re gion, cor rected for
lo cal back ground ra dio ac tiv ity and nor mal -
ized to the in te grated in ten sity of the whole
lane, were deconvoluted into in di vid ual com -
po nents as sum ing Gaussi an dis tri bu tion of
the in ten sity within bands (cf. pan els b and d
of Fig. 2). Note that due to the ter mi na tion of
the primer ex ten sion re ac tion at a base pre -
ced ing T, when the gly col form of the lat ter
was hy dro lyzed to an urea de riv a tive dur ing
al ka line de na tur ation [33, 34], some ox i dized
Ts ap pear as dou blets of bands while those
cor re spond ing to Tn runs were un re solved n
+1 multiplets (cf. bands in di cated by ar rows in 
pan els b and d of Fig. 2). Areas un der in di vid -

ual bands were used to cal cu late frac tions f i of
DNA frag ments cor re spond ing to par tic u lar
ox i dized Ti res i dues. Par ti tion of DNA frag -
ments be tween twin bands due to ter mi na tion
of the primer ex ten sion re ac tion both at a thy -
mine gly col (Tg) and at a pre ced ing base when
the gly col form was hy dro lyzed to urea (Tu),

was ac counted for in cal cu la tions of fi’s un der
the as sump tion that the ra tio of the two forms
f(Tg)/f(Tu) was in de pend ent of base se -
quence. This ra tio was es ti mated from in te -
grated ar eas of the bands seen at the edges of
footprinted se quences: T(+2)T(+3)G(+4) and
A(–12)T(–11) in the non-template and tem -
plate strands, re spec tively.
In spec tion of the foot prints and in ten sity

pro files shows that, at a suf fi ciently high ox i -
dant dose ap plied, even in the ab sence of
MgCl2, the DNA bands of greatly dif fer en ti -
ated in ten sity seen be tween the –10 and +1
pro moter re gions cor re spond to 11 thy mine
res i dues 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 the t strand. In the pres -
ence of 10 mM MgCl2 all these bands ap pear
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 poly mer ase for in tact and
KMnO4 ox i dized DNA un der sim i lar con di -
tions (not shown). The KMnO4 re ac tiv ity of re -
spec tive Ts in dsDNA form of the Pa pro moter 
un der sim i lar salt con di tions was shown else -
where [27] to be 2–3 or ders of mag ni tude
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Fig ure 1. Se quence of the syn thetic pro moter Pa cloned into pDS3 plasmid. 

Tran scrip tion start site (+1) in di cated by kinked ar row, 14 AT bp long tran scrip tion bub ble 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 brack ets lo ca tion rel a tive
to the start site). 
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Fig ure 2. KMnO4 footprinting of Eσ70–Pa pro moter com plexes. 

Footprinting as a func tion of KMnO4 con cen tra tion in the ab sence and in the pres ence of 10 mM MgCl2 was per -
formed as de scribed in Ma te rials and Methods. Panels (a) and (c): autoradiograms of PAGE re solved 32P-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 -
spec tively; KMnO4 con cen tra tions (in mM) in di cated at the top of lanes 1–6, “–” and “+” signs in di cate the ab sence
and pres ence of 10 mM MgCl2 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 nt and 833 nt long 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 Gaussi an com po nents P1–P10 (dot ted lines) cor re spond ing to in di vid ual ox i dized thymines
(marked by ar rows).



lower than that found for nt strand thymines:
T+3, T+2, T–2, T–3 and T–4 in ssDNA form in 
the RPO. 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 +3 and –11 of the pro -
moter Pa.
It is ap par ent that while all Ts of the t strand

within the tran scrip tion bub ble did ap pear ox -
i diz able, T–6, T–7 and T–10 in the –10 re gion
of the of the nt strand were in ac ces si ble to the
ox i dant un der the sin gle-hit re gime. Faint
bands due to re spec tive DNA frag ments were
too weak to be quan ti fied re li ably; more over,
they came up more clearly only at higher ox i -
dant doses (not shown) cor re spond ing to mul -
ti ple-hit re ac tion, ac com pa nied by si mul ta -
neous ox i da tion of RNAP and se vere per tur -
ba tion of the open com plex struc ture (T.
£oziñski, un pub lished ob ser va tion).
The fi data de ter mined as a func tion of the

ox i dant dose (x = c t, [Ms] ), plot ted in Figs. 3
and 4, were sub jected to ki netic anal y sis. The
plots clearly show the strong and greatly dif -
fer en ti ated ef fect of Mg2+ ions on the oxidi -
zability of par tic u lar thymines within the
melted DNA re gion.
The range of ox i dant doses within which the

sin gle-hit footprinting re gime could be re -
garded to pre vail was eval u ated ac cord ing to
the pro posed cri te ria [18]; in most cases the
up per limit was found be tween 0.018 and
0.036 Ms. The fi(x) data as well as frac tions
fu(x) of unoxidized DNA cor re spond ing to
these con di tions con formed to a sin gle ex po -
nen tial func tions:

fi = 1–exp(–ki x) (1)
and

fu = exp(–Σki x) (2),

where x = ct is the ox i dant dose, Σki is the
pseudo-first or der rate con stant of ox i da tion
of an i-th thy mine, and Σki a sum taken over
all i. At x ≥ 0.036 Ms, fi did not obey a
pseudo-first or der re la tion ship with the ox i -
dant dose (not shown ex cept for x = 0.036 Ms,

cf. data points fall ing down from the fit ted
curve in some pan els of Figs. 3 and 4; these
points were not in cluded in fit ting), i.e. the
footprinting con di tions cor re sponded to the
mul ti ple-hit ox i da tion re gime [18].
The rate con stants ki were de rived with a

rea son able ac cu racy from the global non-li -
near least squares anal y sis of all the ex per i -
men tal fi(x) and fu(x) data ac cord ing to equa -
tions (1) and (2). In spec tion of the ki netic data 
col umn plot ted in Fig. 5a shows that, in the ab -
sence of Mg2+ ions, val ues of the mea sured ki
vary in a char ac ter is tic way with the lo ca tion
of cor re spond ing T with re spect to the +1 tran -
scrip tion start point and greatly dif fer one
from an other by a fac tor up to approx. 20.
Thymines lo cated close to the tran scrip tion
start point: T+1, T–1 of the t strand and T+2
of the nt strand 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 com ple men tary
coun ter part of the nt strand. In the pres ence
of Mg2+, the re ac tiv ity of all Ts in both strands 
was strongly en hanced (cf. plot of ki,Mg/ki val -
ues in Fig. 5b). The larg est in crease in re ac tiv -
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
fac tor of about 3.7 and 4.3, re spec tively, and
T+3 and T+2 of the nt strand by a smaller fac -
tor of approx. 2.6. The re ac tiv ity of all the re -
main ing Ts, lo cated in ei ther DNA strand
more dis tantly from the tran scrip tion start
point, was in creased by a sim i lar fac tor of
approx. 1.6. Thy mine res i dues wihin the bub -
ble re gion of the Pa pro moter can be thus di -
vided into two classes of dis tinctly dif fer ent
re ac tiv ity and mag ni tude of Mg2+ ef fect: (i) lo -
cated close to the ac tive cen ter of RPo and (ii)
up stream there from. 

DIS CUS SION

The pre sented re sults of KMnO4 foot -
printing of the open com plex formed by Eσ70

holoenzyme at the cog nate Pa pro moter
clearly dem on strate that, in the ab sence of
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Mg2+, the up stream end of the melted DNA
do main is de fined by the most re ac tive T–11
in the t strand and the down stream end
thereof by T+3 in the nt strand. Since these
two thymines are 3′-flanked by unreactive
pur ines, the length of the tran scrip tion bub ble 
do main is at least 14 bp long. In the pres ence

of bound Mg2+ (at 10 mM MgCl2), the po si -
tion-dependent re ac tiv ity of all the ox i diz able
Ts is in creased in a char ac ter is tic man ner:
strongly of these lo cated in ei ther DNA strand 
close to the +1 po si tion, and uni formly to a
smaller ex tent of those lo cated more dis tantly
there from.
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Fig ure 3. Ki net ics of ox i da tion of thymines in the bub 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 i(x) cor re spond ing to DNA frac tions of unoxidized DNA (fu, panel a) and ox i dized thymines (fi, marked
Ti in pan els b–f) at dif fer ent KMnO4 doses (x) in the ab sence (solid squares) and in the pres ence (solid cir cles) of 10
mM MgCl2 were ob tained by quan ti fi ca tion of foot prints (ex em pli fied in Fig. 2, pan els a and 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 fi(x) value.
The solid lines cor re spond to fit ted sin gle-exponential func tions (eqns. 1 or 2).
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Fig ure 4. Ki net ics of ox i da tion of thymines in the
bub ble re gion of the tem plate DNA strand of the
Pa pro moter in the open tran scrip tion com plex at
37°C. 

Data points fi(x) cor re spond ing to DNA frac tions of
unoxidized DNA (fu, panel a) and ox i dized thymines (fi, 
marked T i in pan els b–g) at dif fer ent KMnO4 doses (x)
in the ab sence (solid squares) and in the pres ence
(solid cir cles) of 10 mM MgCl2 were ob tained by quan ti -
fi ca tion of foot prints (ex em pli fied in Fig. 2) as de -
scribed in Ma te rials and Methods. For fur ther ex pla na -
tions see the leg end to Fig. 3.



The approx. 14-bp length of the melted DNA
do main in the open com plex formed by Eσ70

at Pa lies well within the lim its of 12–15 bp
found to be come ac ces si ble to footprinting
agents in a num ber of other cog nate pro moter 
com plexes thus far stud ied [15, 35]. The
length of the melted DNA re gion is most prob -
a bly pre de ter mined by lo ca tion of the –10 re -
gion and the +1 site within the struc ture of
Eσ70 [9, 36–39]. Ac cord ing to the re cent
model of RPO [39], based on crys tal struc ture
of T. aquaticus core RNA poly mer ase at 3.3 Å
res o lu tion [9] and over 100 UV-induced
crosslins mapped be tween in di vid ual phos -
phates of lacUV5 pro moter DNA and in di vid -
ual seg ments of Eσ70 sub units, the ex treme
down stream end of the tran scrip tion bub ble
in clud ing po si tions +4 to +1 of the t strand
and po si tion +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
ac tive-center cleft along an axis per pen dic u lar 
to the he lix axis of the down stream du plex. So
the lim its of the bub ble re gion found for RPO
at the Pa pro moter are in agree ment with this
model.
The model [39] pro vides also a struc tural

frame work for in ter pre ta tion of the ob served
oxidizability pat tern of Ts in both sin -
gle-stranded DNA strands within the bub ble
re gion of the open Eσ70–Pa com plex. The t
strand of the tran scrip tion bub ble is held
within an ap par ent chan nel formed by β and
β′ sub units lead ing from the ex treme down -
stream end sur round ing po si tion +1 at the
floor of the ac tive-center cleft, about 20 Å
from the ac tive-center Mg2+, to wards the edge 
of the holoenzyme. This chan nel is large
enough to accomodate the A-form DNA:RNA
hy brid formed dur ing ini tial abor tive syn the -
sis of RNA, so that the re ac tive 5,6 dou ble
bond of all the un paired Ts at and up stream of 
po si tion +1 should be sterically ac ces si ble to
MnO4

– an ions (sim i lar in size and shape to
ortophosphate). The ap par ent re ac tiv ity of Ts
can be ex pected to de pend, how ever, both on
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Fig ure 5. Rate con stants of ox i da tion by KMnO4
of thy mine res i dues in the tran scrip tion bub ble of
the open com plex formed at pro moter Pa by E. coli
RNA poly mer ase.

Panel (a): white and gray col umns cor re spond to ki de -
ter mined in the ab sence of Mg2+ and in the pres ence of
10 mM MgCl2, re spec tively; panel (b): plot of ki,Mg/ki
ra tios. Sequence above the nu mer i cal scale, in di cat ing
po si tions of the bases in Pa pro moter DNA, cor re -
sponds to the nontemplate strand, se quence be low this
scale — to the tem plate strand. 



steri cal and elec tro static ac ces si bil ity of
MnO4

– an ions to the re ac tion cen ter. The low
re ac tiv ity of Ts at or close to the +1 pro moter
re gion, be ing fully ac ces si ble to spe cific
base-pairing with ini ti at ing NTPs, to gether
with its marked en hance ment in the pres ence
of Mg2+ strongly sug gest that ki net ics of ox i -
da tion of these bases is pri mar ily un der the
con trol of a high elec tro static bar rier. Bind ing 
sites for Mg2+ within the ac tive-center of RPo
are most likely aspartates in the con served
mo tif NADFDGD of the β′ sub unit [8, 36].
They were im pli cated in che lat ing cat a lyt i -
cally ac tive Mg2+ ions [8] since their re place -
ment by Fe2+ in the open com plex of Eσ70 at
T7A1 pro moter led to cleav age of the tem plate 
DNA strand around +1 po si tion in the Fenton
re ac tion, whereas Eσ70 car ry ing the tri ple
D → A mu tant in the NADFDGD mo tif failed
to cleave this DNA strand in the pres ence of
Fe2+. In spec tion of the foot prints of RPO
formed at the A1T7 pro moter by the mu tant
Eσ70 lack ing the spe cific bind ing sites for
Mg2+ in the cat a lytic cen ter (cf. Fig. 3 of ref.
[8]) shows that in the pres ence of 10 mM
MgCl2 some thymines close to +1 po si tion
were weakly ox i dized. The an ionic bind ing
sites in this re gion of the lat ter com plex
screened by Mg2+ are, of course, DNA phos -
phates. The in creased re ac tiv ity of T res i dues
lo cated in t strand close to the cat a lytic cen ter
of RPO formed by wild Eσ70 can thus be ex -
plained rea son ably by elec tro static shield ing
by Mg2+ ions of neg a tive charges of aspartates 
of the NADFDGD mo tif and of ssDNA phos -
phates. 
The ob ser va tion that the tri ple D → A mu -

tant in the NADFDGD mo tif of Eσ70 is able to
form RPO in the ab sence of Mg2+ [8] sup ports
our con clu sion that these ions are not re -
quired for the open com plex for ma tion by wild 
Eσ70 at the Pa. Re cent stopped-flow spectro -
fluoro metric in ves ti ga tions on the ki net ics of
open com plex for ma tion have also in di cated
that DNA open ing is not af fected by Mg2+ ions 
[40].

The grad u ally in creas ing re ac tiv ity of Ts in
the t strand with their dis tance from the +1
pro moter site, to gether with the uni form and
smaller ef fect of Mg 2+ (ki,Mg/ki ≅ 1.6) for
T–5, T–8, T–9 and T–11, sug gest that the ob -
served vari a tion in ki 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-strand chan nel,
at a con stant height of the elec tro static bar -
rier as so ci ated with ssDNA phos phates. 
The nontemplate strand along the en tire

length of the bub ble do main of RPO, up stream 
the tightly con strained ex treme down stream
end within the ac tive-center cleft (see in fra),
lies in a deep nar row groove the walls of which 
are made by a frag ment of the β sub unit, and
in the –10 re gion con tacts σ70 re gion 2 “cap -
ping” DNA in the ac tive-center cleft [39].
There are sev eral lines of ev i dence that
strongly con served nt strand adenines: –11,
–9 and –8 are in volved in spe cific in ter ac tions 
with res i dues Y425, Y430, W433 and W434 in 
the se quence YKFSTYATWW of the con -
served sub re gion 2.3 of σ70 form ing the
ssDNA bind ing site on the path way to RPO
for ma tion and play an im por tant role in the
nu cle ation and main te nance of pro moter
melt ing [35, 39, 41]. All these res i dues are
aligned along one face of the amphipatic he lix
14 in the crys tal struc ture of σ2

70 [42] which
con tains also Q437 im pli cated in rec og ni tion
of the con served –12 A–T base pair, unmelted 
in most pro mot ers. The very low if any
oxidizability of T res i dues in the –10 re gion of
RPO at the Pa pro moter: T–10 and T–7 and
T–6 of the nt strand of pro moter Pa, can be
thus ex plained by their steri cal in ac ces si bil ity
to MnO4

–. Rel a tively high re ac tiv ity of T–4,
T–3 and T–2 (cf. Fig. 5) in di cates that these
bases are sim i larly ac ces si ble to the ox i dant as 
the dis tantly lo cated Ts in the t strand and
thus are prob a bly not in volved in spe cific in -
ter ac tions with amino acid side chains of Eσ70

do mains in con tact with DNA back bone phos -
phates. The mag ni tude of the Mg 2+ ef fect for
these bases, ki,Mg/ki ≅ 1.6, is the same as for

Vol. 48 A quan ti ta tive KMnO4 footprinting study 505



their dis tantly lo cated coun ter parts in the t
strand; this in di cates that the elec tro static
bar rier to ox i da tion is also as so ci ated with
neg a tive charges of ssDNA phos phates. It is
ap par ent from the RPO model [39] that
thymines T+2 and T+3 are lo cated fur ther
apart from the Mg2+ lo cus 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+

ef fect for these bases, ki,Mg/ki ≅ 2.6, is dis -
tinctly smaller than for those in the t strand.
Re ac tiv ity of sterically ac ces si ble Ts de pends 

on lo cal ef fec tive con cen tra tion of MnO4
–,

which in turn de pends on the ex tent of con -
den sa tion of counterions on neg a tively
charged DNA phos phates. Pref er en tial dif fu -
sive con den sa tion of Mg2+ at 10 mM con cen -
tra tion in the pres ence of 100 mM monovalent 
elec tro lyte [43] low ers the height of a neg a tive 
elec tro static bar rier mak ing thus thy mine res -
i dues ap par ently more re ac tive to wards the
ox i dant.
Our pre lim i nary footprinting ex per i ments

aimed at de ter mi na tion of ki in func tion of
Mg2+ con cen tra tion in di cate that the two
classes of Mg-binding sites, aspartates and
phos phates, dif fer in the mag ni tude of the re -
spec tive dis so ci a tion con stant, Kd, be ing
about 3-fold smaller for aspartates within the 
cat a lytic cen ter of the open com plex. Thus,
the dif fer ent mag ni tude of the ef fect of Mg2+

ob served for the two groups of Ts seems to be 
due pri mar ily to dif fer ent oc cu pancy of bind -
ing sites at a given MgCl2 con cen tra tion.
The in ter pre ta tion of the ef fect of Mg2+ ions 

on the re ac tiv ity of thy mine res i dues out side
the cat a lytic cen ter of the open com plex in
terms of elec tro static in ter ac tions is strongly 
sup ported by the re sults of our par al lel stud -
ies on their ef fect on per manga nate oxi -
diation of py rimi dines in dou ble-stranded
pDS3 plasmid DNA [27]. Re ac tion rate con -
stants of ox i da tion of the ma jor ity of py rimi -
dines of the Pa pro moter in the dou ble-
stranded DNA form, were gen er ally 2–3 or -
ders of mag ni tude lower than those mea -

sured for the same Ts in the sin gle-stranded
DNA do main of the open com plex, while in
the pres ence of 10 mM Mg2+ were found
larger by a fac tor vary ing in the range of 2–3
in a se quence-dependent way. A sim i lar ef -
fect of Mg2+ on oxidizability of py rimi dines
in free dsDNA and within the open tran scrip -
tion com plex in ssDNA em bed ded in pro tein
ma trix [39] strongly sug gests that in both
cases the main un der ly ing mech a nism of the
en hance ment of re ac tiv ity of thymines to -
wards MnO4

– an ions is the elec tro static
shield ing of neg a tive charges of phos phates
by counterions con densed on DNA sur face.
The re duc tion by bound Mg2+ of neg a tive

charge den sity due to the Eσ70 carboxylates
and DNA phos phates, lead ing to an in crease
in lo cal con cen tra tions of MnO4

– and
Fe(EDTA)2– an ions, has been pro posed pre vi -
ously [12] as a pos si ble ex pla na tion of the in -
creased re ac tiv ity of DNA bases and back bone 
close the start site of λPR pro moter in RPO. A
sim i lar, though smaller, ef fect of Mg2+ on
mod i fi ca tion of thymines by the highly po lar -
ized hexacoordinate OsO4–2,2’-bipyridine
com plex [13, 41] in our opin ion can be anal o -
gously ra tio nal ized. In view of the multistep
mechanizm of thy mine gly col for ma tion in the 
lat ter re ac tion [44], the ef fect of Mg2+ on the
re ac tiv ity of Ts is prob a bly more com plex.
The claimed smaller length of this re gion in

the open com plex formed at the λPR pro moter
in the ab sence of MgCl2, called RPO1, and its
ex ten sion to the full 14 bp length in the
transcriptionally com pe tent RPO2 form upon
bind ing of Mg2+ [11] can be due to in suf fi cient 
sen si tiv ity of de tec tion of weakly ox i diz able T
res i dues lo cated close to the +1 po si tion on ei -
ther DNA strand at the se lected sin gle ox i dant 
dose, as they come up more clearly in foot -
prints only in the pres ence of bound Mg2+

ions. Sim i lar re mark seems to ap ply to
“Mg-induced ex ten sion” of T7A1 pro moter
[13] probed by OsO4–2,2’-bipyridine at a very
low level of DNA ox i da tion (es ti mated as ≤
10%); un der these con di tions DNA bands due
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to T+1 and T+2 might have not ap peared in
the ab sence of Mg2+ ow ing to the very low re -
ac tiv ity of the two bases.

CON CLUDING RE MARKS

The pre sented anal y sis of ki net ics of ox i da -
tion by KMnO4 of thy mine res i dues un der
con trolled sin gle-hit con di tions in the open
pro moter com plex formed by E. coli RNA poly -
mer ase at the Pa pro moter has un equiv o cally
dem on strated that bind ing of Mg2+ 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 RPO [39], for ma tion of the open com -
plexes at other cog nate pro mot ers may ap pear 
also to be in de pend ent of Mg2+, be cause the
up per length of the melted DNA re gion seems
to be pre de ter mined by the struc ture of Eσ70.
The ob tained dis tri bu tion pat tern of the ox i da -
tion rate con stants of thymines within the
tran scrip tion bub ble pro vides a mea sure of
their rel a tive steri cal ac ces si bil ity within each
of ssDNA strands in the open com plex struc -
ture.
Ear lier claims that bind ing of Mg2+ ions to

the open com plex is 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 re gion of the tran scrip tion
start-point, were based on the sin gle-dose
footprinting ex per i ments. In such ex per i -
ments, if the ox i dant dose is too low, ox i da tion 
of weakly re ac tive py rim i dine res i dues
around the +1 re gion can eas ily be over looked. 
The ex tent of the pro moter DNA melt ing can
be, of course, af fected by se quence-dependent
ther mo dy namic sta bil ity of the bub ble re gion
and thus also by tem per a ture at which a
footprinting ex per i ment is car ried out. A
mean ing ful com par i son of the melt ing prop er -
ties of open com plexes formed at dif fer ent
pro mot ers can be thus made only on the ba sis
of py rim i dine re ac tiv ity rate con stants to -
wards a given ox i dant mea sured un der sim i -
lar ex per i men tal con di tions.
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