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Po tas sium per manga nate ox i da tion of py rim i dine bases is of ten used to probe sin
gle-stranded re gions in func tional DNA—pro tein com plexes. How ever, so far re ac tiv
ity of these bases in double-stranded DNA has not been studied quantitatively. We
have investigated the kinetics of oxidation of pyrimidines in supercoiled pDS3
plasmid dsDNA by quan t| tative KMnO4footpr|nt|ng inconnectionwith paral lel stud
ies on the ef fect of Mg on ki netics of ox i dation of in di vid ual thymines in the sin
gle-stranded re gion of the open tran scrip tion com plex of Escherichiacoli RNA poly-
mer ase at a cog nate Pa pro moter con tained in this plasmid. Rate con stants of ox i da
tion for pyrimidines, kj, in selected regions of pDS3 DNA, including Pa promoter,
were de ter mined under single-hitreactionconditionsinthe absenceand presence of
10 mM MgCl,. Their val ues ap peared to be se quence-dependent and were: (i) the larg
estfor Tsin5'TA3’ and 5'TC3’ steps, while 2—4 times smaller for 5’'-adjacentonesin
TT(A,G,C) and TTT(A) runs, (ii) for Cs |n 5'TC3 steps 2—4 fold smaller than for ad ja-
centTs, and (iii) in the pres ence of Mg * generally larger by ase quence-dependent fac
tor:in 5’ TC3' steps of about 2 and 4 for Tsand Cs, re spectively,in5 'TA3’' stepsof TTA
and TTTAse quencesfor 3'-ter minal Ts ofabout 3, while for their 5'-neigh bors of adis
tinctly smaller value of about 2. Com par i son of k; datafor cor re sponding Ts lo cated
be tween +1 and —10 re gions of Pa pro moter in dsDNA and in ssDNA form in the open
transcription complex, reported elsewhere, demonstrates that reactivity of pyrimi
dinesindsDNA is by 2—3 or ders of mag ni tude smaller. The ef fect of Mg 2*in dsDNA is
in ter preted in terms of elec tro static bar rier to dif fu sion of MnO,4 on DNA surface,
whichisloweredbydiffusive bindingoftheseionstobackbone phos phates, involving
also se quence-specific con tacts with bases inthe minorand major grooves of B-DNA.
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Potassium permanganate reacts with DNA
via oxidation of 5,6 double bonds of pyrimi
dines, primarily of thy mine, tocor responding
glycols [1, 2]. Since the 5,6 dou ble bond of py-
rimidineringisat tacked ei ther from above or
below the plane of the base, particularly effi
cient oxidation of pyrimidine residues has
been ob served when stack ing in ter ac tions be
tween base pairs in double-stranded DNA
were distorted thermally [3] or by intercala-
tion of polycyclic aromatic molecules [4], or
were absent as in single-stranded DNA do-
mains formed in com plexes with spe cific pro
teins [5] or with polyamide nu cleicacids [6, 7].
Therefore, KMnOg4 has been widely used as
the chemical probe for detection of sin-
gle-stranded regions of DNA in open tran-
scriptioncomplexesinvitro andin vivo [5, 8].

We have recently examined KMnOg4 oxida-
tion of the open tran scrip tion com plex formed
atthe synthetic con sen sus-likeEscherichiacoli
promoter Pa carried on pDS3 plasmid [9] by
the cognate RNA polymerase, in order to
quantify the effect of Mg2* ions on the rate
constantofoxidationofindividual Tresidues
within the transcription bubble. It has been
found that Mg2+ ions when bound to the com-
plexat 10 mM con centrationin crease the rate
of oxidationofall T residueswithin the tran
scription bubble and that the magnitude of
this ef fect strongly de pends on lo cation of Ts
with re spect to the tran scrip tion startsite: re
activ ity of Ts lo cated close to this site be came
2—3 fold higher than that of those lyingmore
distantlytherefrom.

Inthisconnection, itwasofinteresttodeter
mine the reactivity of pyrimidine bases to-
wards KMnOQy in free pDS3 plasmid DNA, in-
cluding Pa promoter, and the effect of Mg2+
ions thereon in order to com pare the reactiv
ity of thymines in dsDNA with that within the
transcription bubble in which the DNA
strands are separated and embedded in pro-
tein matrix of Eo’®. To our best knowledge,
the reactivity of pyrimidine bases in dsDNA
with KMnQO4 has been stud ied only semi-quan

titatively [3], with the aim to elu ci date the ef
fect of A, bend ing tracts on lo cal DNA struc
ture. Therefore,evaluation of oxidizability of
py rim i dine bases in dsSDNA seemed to be also
ofamoregeneral interest. Here we re port the
results of this study. Quantitativeanalysisof
foot prints of the stud ied dsDNA ob tained at a
num ber of the ox i dant doses al lowed de ter mi
nation of the reactivity rate constants of py-
rimidines in selected DNA fragments dif fer-
ing in base se quence in the ab sence and pres
ence of Mg2+ ions. We show that reactivityof
pyrimidine residues in dsDNA is se-
quence-dependent, by 2—3 orders of magni
tude lower than that found for T residues in
single-stranded DNA within the tran scrip tion
bub ble [9], and, in the pres ence of M92+, gen-
er ally in creased by a se quence-dependent fac
tor of 2—4. These findings indicate that en-
hancement by Mg2+ ions of the reactivity of
py rimidinesindsDNAtowards MnO, attack
isgenerallyelectrostaticinnaturebutitsvart
ation parallels sequence-dependent hetereo-
geneity of dsDNA structureand dy namicsas
well as base-specific bind ing of hy drated ions
in DNA grooves.

MATERIALS AND METHODS

Materials. The supercoiled pDS3 plasmid
DNA (4081 bp) containing promoter Pa was
obtainedand purifiedasdescribedear lier [10,
11]. Klenow fragment of DNA polymerase |
and polynucleotide kinase were from Boeh-
ringer (Mannheim), and [y-32P]ATP from
Amersham. A DNA primer, Pr(nt), comple-
mentary to the non-template DNA strand
from po si tion +78 to +99 rel a tive to the tran
scription start point +1 of the Pa promoter,
was synthesized by the solid phase phos-
phoramidite method and pu ri fied by de na tur-
ing PAGE fol lowed by DEAE-Sephacel col umn
chromatography and ethanol precipitation.
The 5-end of Pr(nt) was phosphorylated in
the presence of a 2-fold molar excess of



Vol. 48

Potassiumpermanganateoxidationofpyrimidine 513

[y->2P]ATP by polynucleotide kinase. All other
chemicalsweremolecularbiologygrade prod
ucts.

KMnOy4 footprinting. Oxidation of py rimi
dines in dsDNA by KMnO, as a func tion of the
oxidant dose, and detection of the oxidation
products by the primer extension reaction
with use of the Klenow enzyme were per-
formed according to [8]. The procedure ap-
plied was exactly the same as used for
footprinting of tran scrip tion open com plex at
the Pa pro moter on pDS3 plasmid [9], ex cept
that higher oxidant doses were used. Reac-
tions were carried at following final KMnOg4
concentrations: 0.5, 1, 2, 4 and 8 mM, for 4
min at 37°C. Footprints of one DNA strand,
corresponding to nontemplate strand of the
Pa promoter, were analyzed. Each foot-
printing reactionwasdu plicated and prod ucts
ofeachreactiontwiceseparatedinparallel by
PAGE, so that on the whole four foot prints at
eachoxidantconcentrationwereobtainedand
analyzed, as described below.

Phosphorimager analysis and quantifi-
cation of band intensities. Images of foot-
prints were ob tained with the use of a Mo lec u
lar Dy nam ics Phosphorimager. Inte grated in
tensities of arbitrarily selected groups of
bands, marked as blocks 1 to 3 in Fig. 1, were
ob tained by the volume inte gration method of
the “ImageQuant” software, using as a back-
ground an area of the gel without radioactiv-
ity (out side the lanes). These in ten si ties were
used to calculate corresponding fractions of
the oxidized DNA corrected for spontaneous
termination of primer extension at non-oxi-
dized bases, the ex tent of which was eval u ated
from the con trol lane with non-oxidized DNA.
In ten sities of re solved DNA bands and groups
thereof in blocks 2 and 3, as signed to par tic u
lar oxidized bases, were evaluated using the
area integration option of the ImageQuant.
The intensity profiles thus obtained for par-
tially overlapping bands were deconvoluted
into individual Gaussian components with
help of ORIGIN 4.0 software under assump-
tion of a constant band halfwidth.

RESULTS AND DISCUSSION

Free pDS3 plasmid dsDNA bearing Pa pro-
moter was exposed to a number of KMnO,
concentrations (from 0.5 to 8 mM) for t = 4
min in a buffer con tain ing 100 mM KCl, in the
absence and presence of 10 mM MgCl,. The
oxidizedbases were de tected by the primer ex
tension reaction carried out on the non-
template DNA strand with the use of the
5'3°p-end-labeled Pr(nt) primer and Klenow
fragment of DNA polymerase I. The reaction
prod ucts ter mi nated at the first ox i dized base
encountered by theenzyme (oratapreceding
one when the gly col form of the ox i dized base
was hydrolyzed to urea [12]) were separated
on DNA se quenc ing gel. An autoradiogram of
a representative footprinting gel is shown in
Fig. 1, panel (a). For de ter mi nation of reac tiv
ity of pyrimidines in dsDNA, the footprints
were divided into three blocks and two of
them which contained well re solved bands of
shortest DNA fragments (up to 140 bp) were
analyzed: block b2 comprising the whole Pa
pro moter se quence rich in AT base pairs, and
b3 containing equal amounts of AT and GC
base pairs (cf. Fig. 1, panel b). The bands were
assigned to particular bases in sequence
shown along the rightmost lane of the
footprinting gel. The as sign ment was made on
the basis of known sequence of pDS3 and
characteristic pattern of intense DNA bands
within the Pa promoter sequence due to oxi-
dized Ts in 5'TA3’ steps, known to be highly
reactive [3].

The integrated intensities of most DNA
bands at the low oxidant doses applied were
rather small as com pared with those of the an
a lyzed blocks of the footprinting gels, hence it
was not possibletodeterminecorresponding
fractions of oxidized bases with a reasonable
accuracy. Therefore, first fractions of oxi-
dized DNAintheanalyzedblocksatmoder ate
ox i dant doses were de ter mined by vol ume in
tegration, andthen contributionsfrombands
due to particular oxidized pyrimidines
evaluted. The latter were de ter mined by area
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integration followed by deconvolution into  nied by a weaker band, cf. for instance those
gaussiancomponentsoftheintensityprofiles  assignedto T+3, T-2and T-16in5'TG3’ and
thus obtained. 5'TA3' se quence steps, due to ter mi na tion of
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Fig ure 1. Autoradiogram of KMnO, footprinting gel of a frag ment of pDS3 plasmid dsDNA con tain ing
cloned Pa pro moter.

KMnQ, con cen tration (in mM) in di cated at the top for pairs of lanes, in the ab sence (lanes marked “—) and pres-
ence of 10 mM MgCl, (lanes marked “+”). PAGE re solved™"P-end-labeled DNA frag ments are prod ucts of the primer
ex tensionreaction car ried on nontemplate pDS3 DNA strand, with re spect to the pro moter Pa. Along the right side
of panel (a) are in di cated blocks of bands (b1—b3) used for anal y sis, in panel (b) is shown an enlarged foot print of
b2+ b3, along its right side groups of bands are as signed to ox i dized py rimi dines in the se quences listed in Fig. 3; ar-
rows mark pur inesatwhich primer ex tension reac tionwas ter mi nated whenthe 5 'ad jacentoxidized thy minewasin
form of an urea de riv a tive (see text).

Inspection of the footprints indicates that  theprimerextensionreactiononebasebefore
some bands, assigned to oxidized thymines  an oxidized pyrimidine when the glycol form
flanked from 3’ sidebyapurine,areaccompa  ofthelatterishydrolyzedtoanureidoderiva
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tive[12] duringde naturationof oxidized DNA
underalkalineconditions. Therefore,inevalu
ation of intensities of the bands along a lane
such dou bling of bands was taken into the ac
count. In the case when an oxidized pyrimi-
dine was 3'-flanked by apu rine, intensi ties of
the two bands were added; when the 3'-flank-
ingbasewasapy rimidine, firstacontribution
due to the ureido form to the band in ten sity of
the latter base was subtracted (it was evalu-
ated as sum ing the same ratio be tween the gly
col and ureido forms as measured in the for-
mer case) and the remainingintensity attrib-
uted to the oxidizedflankingbase.

ooo oia om 1ad [ ]

Fractions of oxidized DNA in each block
were de ter mined rel ative totheintegratedin
ten sity of a part of a given lane con tained be
tween the top of b1 and the bot tom end of the
analyzed block, to avoid complications con-
nected with quan tification of the foot printsin
the multiple-hit range of the oxidant doses
[13]. Fractions f; (i = 2, 3), determined at
[Mg?*] =0 and [Mg?*] =10 mM, are plot ted in
Fig. 2 (pan els aand b ) against corresponding
oxidant dose X, i.e. a product of oxidant con-
centration ¢ (in M), and time of exposure t
(in's). For some most re ac tive Ts in each block
it was possible to determine corresponding
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Fig ure 2. Plots of frac tions f;, of ox i dized pDS3 dsDNA in blocks b2 and b3, and of ox i dized T-10 and
TCC(+14,+15,+16), as a func tion of KMnO 4 dose (x) in the ab sence (solid squares) and in the pres ence

(solid cir cles) of 10 mM MgCl,,.

Data points, f(x), were ob tained by quan ti fi ca tion of foot prints (exem pli fied in Fig. 1) as de scribed in Ma te rialsand
Methods; the cal cu lated mean stan dard de vi a tion (n =4) var ied in the range of 10—30 per cent rel a tive to the f(x)
value. The solid lines drawn through the experimentaldata points are the calculated fitting functions found by
non-linear weighted leastsquaresanaly sisof the ex per i men tal data from the KMnO, dose (x) range of 0—0.96 Ms ac-
cord ing toeqn. 1. Values of the fit tedkj and kjparameters(in [M_ls_l]): ko =0.071, kp pmg = 0.162,k3 = 0.088,k3 g =
0.198, k1_10 = 0.0086, kT_10,Mg = 0.0218, k1414 = 0.024,K1414Mmg =0.053 (the lat ter two val ues were cor rected for the

pres ence of C+15 and C+16 in the TCC se quence).
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fractions fj of oxidized DNA in the whole
range of the ox i dant doses. Those for T-10 of
b2 and TCC(+14...+16) of b3 are simi larly plot
ted in pan els ¢ and d of Fig. 2.

Todeter minereactivity rate constants,asin
gle ex po nential function (egn. 1) was fit ted to
the fj and fj data from the single-hit range of
oxidant doses up to x = 1 Ms, conforming to
the proposed criteria[13]:

f = 1-exp(—kx) (1),

where k is kj = XZk;j, a sum taken over all in di
vidual reactivity pseudo first-order rate con-
stants k; of the bases contained within a
given DNA fragment, or k; when f = fj. The
fits proved to be sat s fac tory for all the f;(x)
and fj(x) data (cf. lines drawn through ex per
mental data points in Fig. 2). Values of the
fitted parameters are listed in the legend to
Fig. 2.

Values of k; for particular bases in a given
block were then calculated as products of k;
and fi/f;, i.e. contributions to f; of fractions f;
assigned to each oxidized pyrimidine. The
thus obtained k;j values for T+14 and T-10
proved to be similar, within an experimental
er ror of approx. 15%, to those de ter mined in
de pendently by fittingeqn. 1 to the re spec tive
fj (x) data for these two bases. This observa-
tionvalidatedtheanalyticalapproachapplied.
The reactivity profiles for the analyzed DNA
blocks at + Mg=" con di tions are shown as col
umn plots in Fig. 3 (pan elsaand b), along with
theratioof k;, gz/kj’ taken as a measure of the
influence of Mg“" on k;.

Analysis of the kj and kj\g data indicates
thatthereactivity of py rimidineswithKMnOy4
(i) depends on DNA sequence and (ii) in the
presence of 10 mM MgCls is larger also by a
sequence-dependentfactor.

In the b2 fragment, made for the most part
of AT base-pairs distributed in a number of
short T, A, and T3+ Ag tracts, the most reac-
tive thymines proved to be 3-terminal rest
dues of T, and T3 runs located in 5TA3

(-2,-6,-10,-12,—16,—19,—23,—-27 and —37)
and 5'TG3' (—34, +3) steps, and, in par ticu lar,
T-10 of the canonical promoter —10 region
hexamer TATAAT. Corresponding rate con-
stants of oxidation varied in the range of
0.03-0.09 M % st and were larger by a fac tor
of 2—4 than those for the 5 '-ad jacent thymines
in T, runs, while the 5'-terminal bases in T
runs exhibited comparable or somewhat
weakerreactivitythanthoselocatedcentrally.

It has been observed previously [3] that
thymines at the 3"-end of T, (n =4 or 5) runs
indsDNA are highly sus cep ti bleto MnO4 at-
tack, and was in ter preted in terms of the par-
ticular structure of Ay - Ty, tracts bendingthe
he li cal axis of B-DNA. Our data in di cate, how
ever, that locationinthe5'TA3' step is sufft
cient for such a high reactivity. Inspectionof
the footprints reproduced in the work re-
ferred to above shows that some thymines lo-
catedinisolated5'TA3' steps were also highly
reactive. Contrary to sequence-dependent re-
activity of thymines in dsDNA, in long T,
streches of sin gle-stranded DNA do mains, dis
placed from duplex DNA by a polyamide nu-
cleicacidanalogue, all basesexhibitedsimilar
permanganatereactivity[6,7].

In the b3 frag ment, made of both AT and GC
pairs, Tsin5'TC3" and 5’ TG3' steps, both iso
lated (e.g. +48,+45,+41, +36, +21 and +14) and
included in TTC and TTG sequences (+36,
+28, +8), exhibited high reactivity, similarly
as their counterparts in 5'TA3’ steps (be-
tween 0.005 and 0.01 M ~s™Y). Particularly re
active proved to be T+14 located in 5TC3’
step at the center of a short palindromic
(GGCC), sequence (cf. Fig. 3a); the corre-
sponding kj was found 3—4 times larger than
for other Ts in this frag ment. Ex tru sion from
supercoiled DNA duplex of a short hairpin
structure with unpaired A(+13) and T(+14)
may explain high reactivity of this base. In-
deed, facile oxidation by KMnO4 of a single
thy mine in the mid dle of the trip let re peat re
gion of ss(CTG);5 DNA has been ob served and
documented as due to formation by this
oligonucleotide of a hair pin struc ture [14]. In
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spection of the KMnOy4 footprints of various
fragments of pDPL6 plasmid dsDNA [3]
shows that also in this case the reac tivity of Ts
in5'TC3' steps was dis tinctly higher than that
of 5'-adjacent bases in short T, runs.

previously [3] that all Cs except the 3'-termi-
nal cytosine located in short G,.C,, (n = 3, 4)
tracts, react more significantly with potas-
sium permanganate. This observation appar-
ently does not apply to two-cytosine repeats.
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Fig ure 3. Col umn plots of k; (black), and kj g (White) rate constants of oxidation and of kjmg/kjratio
(gray) for the in di cated py rimi dine res i dues in b2 and b3 frag ments of pDS3 plasmid dsDNA, panels (a)

and (b), re spectively.

Re ac tiv ity of cytosines was found al most in
de pend ent of the na ture of the 3'- and 5'-adja-
centbases, including5'CC3’ steps, and gen er
ally much lower than that of thymines; in the
5'TC3’ steps it was 3—5 times lower than that
of 5’-ad jacent T (cf. Fig. 3b). It has been noted

In this con nec tion, it is worth to note that free
cytidine was re ported to be by far less re ac tive
than thymidine [1, 2].

One of the ob jec tives of this work was to de
termine the differenceinreactivity of py rimi
dines in double- and single-stranded DNA in
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the melted re gion of the open transcriptional
complex. For this purpose, we compared the
rate constants of oxidation of Ts located be-
tween positions —4 and +3 of nontemplate
strand of the Pa promoter in dsDNA and in
the bub ble re gion of the open com plex [9], de
termined under similar salt and temperature
conditions. It is clear from inspection of the
data in Table 1 that the reactivity of corre-
sponding Ts in the dsDNA form is by 2—3 or-
ders of magnitude smaller as compared with
that in the ssDNA form within the melted re-
gion of the transcription open complex.

bar riers, aswell as for lon ger (n = 4—6) tracts,
de duced from*H NMR ex changetimesofade
nine imino protons [19-22]. In general, A-T
pairs at the 3'-end of such tracts are char ac ter-
ized by significantly shorter lifetimes and
lower activation enthalpies and entropies
than those of the successive pairs located
closer to the 5’-end. Also the open ing rates of
A-T pairs in the TATA box have been re-
ported to be faster by a factor of 2—3 com-
pared to those of the AATT sequence [21].
Faster exchange rates of guanine imino pro-
tons have been also found for the TGTG box

Table1l.Comparisonof KMnOg4reactivity pseudo-firstor der rate con stants for indi cated thymineswithin
nontemplate strand of Pa pro moter in dsDNA (this work) and in the open com plex with Escherichiacoli

RNA poly mer ase, in the ab sence of MgCl, [9]

. kM 'S .
Thymine Ratio
dsDNA Open com plex
T+3 0.008 1.83 229
T+2 0.002 0.75 375
T-2 0.0077 1.97 256
T-3 0.003 4.2 1400
T-4 0.001 1.24 1240

To rationalize the high reactivity of Ts in
5'TA3" steps it should be recalled that the
TA:TA step in B-DNA is characterized by a
broad major groove [15] wherefrom the 5,6
double bond of T can be attacked by MnO4,
has the larg est twist an gle among all the other
dinucleotide steps in B-DNA [16], a highly
flexibleconformation[17]andthe lowestfree
energy contributed to the ther mody namicsta
bil ity of B-DNA [18]. Thus, the high re ac tiv ity
of 5'T can be easily explained by the unique
structural and thermodynamic properties of
the step it be longs to. Since the GA:TC step is
also characterized by a large twist angle and
flexibleconformation[16],thehighreactivity
of thymines located therein can be explained
by a similar token. Fur ther more, the KMnO,
reactivitypatternsinTo and T 3 tracts resem-
ble closely those for correspondingA - T base
pair opening rates and their activationenergy

[23]. Theoretical molecular modeling of the
path way for the swing ing out of a thy mine to
an open state within a B-DNA du plex has dem
on strated [24] that this pro cess re quiresan ac
tivationenergysimilartothatde ter minedex
perimentally and is energetically coupled to
and followed by DNA bending, which might
well ac count for the DNA dis tor tions un der ly
ing the measured exchange rate for the pro-
tonsinduplexDNAandchemical reactivity of
sterically hin dered base sites. It is thus likely
that such a pathway for base pair opening is
also involved in permanganate oxidation of
py rimi dines in dsDNA.

The mag nitude of the posi tive effectofM92+
ions on permanganate reactivity of pyrimi
dines in dsDNA, measured as the ratio
ki, mg/Kj (cf. Fig. 3),_ prov_ed to be: (i) equal to
approx. 4 for cytosines in most 5'TC3’ steps
and larger by a factor of approx. 2 than for
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5'-adjacent thymines, (ii) similar for both Cs
in 5TCC3’ sequences, (iii) two-fold smaller
for Cs in 5'CA3’ steps, (iv) comparable for
thymines in 5TC3' and 5TA3' steps, but
somewhat larger (by approx. 20-30%) for
those in the latter steps than for preceding
thymines in TTA and TTTA se quences. In one
region of the Pa promoter sequence, i.e.
A(-5)...G(+4), the in flu ence of Mg2+ ap peared
distinctly lower (k;j mg/kj values for Ts at —4,
—3and -2 positionareinthe range of 1.1-1.5)
or even negative for thymines T+3 and T+2,
i.e. Kj mg/kj = 0.5. We shall re turn later to this
observation. The most important of the
(i)—(iv) observations are certainly those indi-
cating that Mg2* ions bind to dsDNA in solu-
tion in a se quence-specific man ner with a pref
erence for TC:GA and CC:GG steps.
Rationalizationofthe large en hance ment of
the rate of oxidation of py rimidinesin dsDNA
by Mg2+ ions should be sought, of course,
within the contest of the present knowledge
on the interaction of these counterions with
DNA polyanion. Itis be lieved that mag ne sium
interacts with DNA via two distinct modes,
the predominant diffuse binding, involving
long-range electrostatic interactions between
the polyanion and the surrounding counter-
ion atmosphere, and the site binding, result-
ing from trapping of diffusely bound cations
in negative electrostatic potential wells cre-
ated by the sequence-dependent irregular
shape of the molecular surface (cf. [25] and
ref. cited). In mixed salt solutions, competi-
tive interactions and counterion exchange
processesaffectdistribution ofMg2+ in the vi
cinityof DNA[25,26]. Experimentalandtheo
retically calculated cation competition coeffi-
cientsindicatethataffinityof Mg?* to DNA is
by two orders of magnitude higher than that
of either K™ or Na' [26]. Therefore, the num-
ber of Mg2+ ions bound to DNA per phos phate
group charge, vug, even at a high excess of
monovalent cat ions can be rel a tively high. In
deed, under the salt conditions used in the
pres ent study, viz. 10 mM MgCl, and 100 mM
KCI, vmg = 0.3 can be es ti mated ac cord ing to

[25] from magnesium-binding isotherms for
linear polynucleotides.

Preferential diffusive interactions of hy-
drated magnesium ions, Mg(OH2)62+, with
DNA phos phatesvia outer-sphere complexes,
in ac cord with the Manning’s counterion con-
densation theory [27], is well documented by
numerous solution studies, e.g. by Raman
spectroscopy (cf. [28, 29] and papers cited),
gel electrophoresis [30], ultrasonic velocity
measurements [31], and moleculardynamics
modeling [32]. However, experimental evi-
dence for se quence-dependent bind ing of mag
nesium ions in solution, involving both DNA
phosphates and bases, is still indirect and
scanty (cf. [22] and ref. cited, and [31, 32]). D
rectevidence fortheoccur rence of theseinter
actionsisnowemerging fromanaly sisof high
resolution X-ray crystal structures of Mg2+
salts of model B-DNA oligomers. It has been
dem on strated that Mg(OH 2)62+ cationsin ter
act with sr-elec tron sys tem of cytosines as well
as with N7 and O6 electron-donor groups of
guanine [33], and are preferentially coordi-
nated in the minor groove by bridging phos-
phate groups from op po site strands thus caus
ing further contraction of the groove at one
border of the A-tract [34—36]. The strongest
support to sequence-specific binding of Mg2+
and Ca?* to DNA co mes from the re centanal y
sis of high resolution (1 A)crystal structures
of four B-DNA decamer complexes and 24
other B-DNA oligomers [37], which showed
that binding of these ions to the minor and
ma jor grooves is se quence-specific. In the mi
nor groove, itinvolves H-bond in ter ac tions be
tween cross-strand DNA base atoms of adja-
cent base pairs and cations’ water ligands,
with the af fin ity for Mg?* de creas ing in the or
der G—-G > A—G > A-C; in the ma jor groove,
cations’ water ligands form H-bonds with N
and O at oms from ei ther a sin gle base or two
adjacent bases, with the affinity for Mg2+ in
the order G—-G > A-G > G-T.

The ef fects of M92+ on the kineticsofoxida
tion of pyrimidines, observed in this study,
which are distinctly larger for Cs in 5'GC3’
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and 5'GCC3’ sequences than that on the ki-
netics of Ts oxidation in 5'TA3" and 5'TC3’
steps, be ing as well some what larger for Ts in
the 5'TA3' steps than for their 5-adjacent
neigbours in TTT and TTT runs, are much in
linewiththe conclusionsdrawnfromanalysis
of crystallographic data. Thus they provide
novel ev i dence for the oc cur rence of base-spe
cific and sequence-dependent interactions of
Mg2+ with dsDNA also in aqueous solution.

Screening of neg a tively charged phos phates
in B-DNA by diffusely and specifically com-
plexed Mg2+ can be ex pected to in crease lo cal
concentration of MnO4~ anions in proximity
of py rimidine 5,6 dou ble bonds. It can be thus
safely concluded that the observed effect of
Mg2+ on the rate of oxidation of pyrimidines
in pDS3 plasmid DNA is largely electrostatic
in nature.

There is also growing evidence that mono-
valent cations, interacting with B-DNA elec-
tro stati cally and non-specifically, ex hibit pref
erential binding to the minor groove of
Adtracts [38—41], more pronounced in AgT3
than in T 3A3 se quences [41]. The stron ger sta
bilizing effect of potassium ions exerted on
theconformationof A3T3 frag ments may thus
con trib ute to the low KMnQOy4 reactivity of Ts
in such short A-tracts, observed at 100 mM
KClinthe ab sence of mag ne sium (cf. Fig. 3a).

Conformation of supercoiled DNA, like the
pDS3 here stud ied, de pends strongly on ionic
conditionsgoverning both electrostatic re pul
sion between phosphate charges within the
double helix and between segments of the
interwound superhelix [42, 43]. It has been
shown that the effective diameter of 7 kb
pAB4 plasmid DNA of about 5 nm in 100 mM
NaCl solution strongly decreases upon addk
tion of MgCl, to 2.9 nm at 20 mM concentra-
tion ofthe lat ter, thisde crease be ingac com pa
nied by a decrease of the helical repeat by
about 0.05 and an increase in the negative
superhelical den sity by approx. 0.006 [43]. At
10 mM MgCl,, some what smaller changes (by
approx. 10 per cent) of these parameterscan
be inferred from the presented data. Similar

changes in conformation of 4 kb pDS3
plasmid DNA in 100 mM KCI solution can be
expected to occur upon addition of MgCl, to
10 mM concentration. Therefore, the ob-
served ef fect of Mg2+ on reactivity of pyrimt
dines in pDS3 DNA may in part be con nected
with the appearance of a more compact
plectonemic con for mation. Insome re gions of
the superhelix a higher steri cal bar rier to dif
fusion of MnO,~ anions may thus appear,
which would result as an apparently negative
effect of Mg2+ ob served for ki netics of ox ida
tion of T+2 and T+3 (see infra). Comparative
studies on oxidizability of Ts in this regionin
superhelical and lin ear forms of B-DNA might
helptoverifythevalidity of thesesuggestions.

The data points at x = 2 Ms and higher per-
manga nate doses (not shown) fall down from
the fit ted line (cf. Fig. 2) as if oxidizability of
DNA decreased with appearance of mult
ple-hit lesions. An upper number of oxidized
pyrimidines per whole pDS3 plasmid mole-
cule at x = 2 Ms can be estimated, using the
measured rate constants of oxidation of py-
rimidinesin dsDNA fragmentsconsidered (cf.
Fig. 3), as about 30 and 70 in the absence of
magnesium and at 10 mM MgCly, respec-
tively. Structural and ther mal melting studies
on a model dsDNA containing a single thy-
mine glycol residue instead of thymine [44,
45] have shown that the presence of thy mine
glycolinduces (i)asignificant, local ized struc
tural change in which the modified base
adoptsanextrahelical positionandintroduces
a kink to the host du plex, and (ii) low er ing of
the ther mal stabil ity of DNA. Accumulation of
suchoxidationproductsinsomeDNAregions
rich in re ac tive Ts can be ex pected to lead to
branching and compacting of plasmid DNA,
and, in turn, to a lower accessibility of some
py rimi dinesto the oxidant.
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