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The binding of Hg2+ and 3,6-bis-(acetatomercurimethyl)-dioxane (BAMD) to sonicated calf 

thymus DNA was studied by small-angle X-ray scattering and viscosity measurements. The scat­
tering experiments with DNA complexed by different amounts of mercurials (for Hg2+ 
rb =  0-0.79, for BAMD rb =  0 -0 .8 6  mol of mercurial bound per mol of base pairs) established 
that the rod-like character of the DNA molecules is maintained up to high binding ratios. They 
revealed further a steady decrease of the cross-section radius of gyration Rc for the DNA • H g2+ 
complex and a similar decrease of Rc for the DNA • BAMD complex up to rb =  0.35. This behav­
iour is certainly caused by the incorporation of both mercurials near the axis of the DNA helix. 
Binding of BAMD at rb >  0.35 led to an increase of Rc which behaviour obviously reflects the lo­
cation of mercury atoms at large distances from the axis, possibly on the surface of the helix. The 
increase of the mass per unit length M c upon binding of the mercurials was found to be much 
higher than expected. This finding established that the length of the DNA helix decreases by 
0.10±0.01 nm per bound mercurial at low binding ratios (i.e. up to rb =  1/3 for BAMD, up to 
possibly rb =  0.5 for Hg2+). A similar conclusion was also drawn from the observed decrease of 
intrinsic viscosity [77] with increasing rb. The analysis of M c at high binding ratios suggests that 
every BAMD molecule bound beyond rb = l / 3  decreases the length of the DNA by 
0.21 ±0.05 nm whereas Hg2+ when bound beyond rb =  0.5 causes no change o f the length.

Introduction

Mercury as Hg2+ or as CH3H g+ binds to native 
and to denatured D N A  with a remarkable specifity 
for AT-rich polynucleotides [1]. The binding process 
is cooperative and results in a disturbance o f the 
structure o f the helix.

Recently, the binding o f 3,6-bis-(acetatomer- 
curimethyl)-dioxane (BAM D) and o f  4,5-dibromo- 
2,7-di-(acetatomercuri)-fluorescein (D D M F) to 
DNAs o f different base com position was also stud­
ied [2, 3], Both substances bind also cooperatively to 
native DNA, but binding is by more than one order 
of magnitude weaker as compared to Hg2+. H ow­
ever, DDM F shows the same and BAM D shows 
even an enhanced specifity for AT-base pairs. The
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AT-specifity o f Hg2+ and o f BAM D can be used for 
the separation o f D N A  species o f  different base 
composition [4 -  6].

Hg2+ as well as BAM D form intramolecular com ­
plexes only [7], Hg2+ is assumed to be able to form  
both interstrand and intrastrand crosslinks between 
thymine residues [8, 9]. The classical CD spectrum o f  
B-form DNA is practically reversed by binding o f  
Hg2+ [10]. The CD spectrum o f D N A  • Hg2+ com ­
plexes resembles that o f D N A  in organic polymer 
solutions [11] or even that o f D N A  with left-handed 
Z-structures [12-14]. When at least 0.5H g2+ ions are 
bound per base pair, D N A  • Hg2+ com plexes do not 
show any melting transition (A. Walter, unpublished  
results). Under the same conditions, D N A  • BAM D  
only shows a small continuous increase o f absorption 
at 260 nm upon heating to 80 °C (unpublished re­
sults). Generally, the changes in the UV spectrum  
observed upon addition o f BAM D to D N A  solutions
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resemble those observed after addition o f  Hg2+; 
however, the helical structure seems to be disturbed 
by BAMD much more than by Hg2+ [2].

In order to get further insight into the binding o f  
Hg2+ and BAMD to native D N A  and to compare the 
structural changes induced by the binding o f these 
mercurials, we performed small-angle X-ray scatter­
ing (SAXS) and viscosity measurements with D N A  
and with DNA • Hg2+ and D N A  • BAM D complexes. 
Due to the use o f low molecular weight D N A  for 
this study, the viscosity measurements were expected 
to yield direct information about changes o f  the 
overall shape and size o f the rodlike D N A  m ol­
ecules. The SAXS method has already been used 
successfully for the investigation o f com plexes be­
tween D N A  and actinomycin or actinomine [15]. 
Some preliminary results o f  the present study have 
been reported elsewhere [16, 17],

Materials and Methods

Preparation o f DNA and DNA complexes

Mercuric acetate was purchased from Merck; 3,6- 
bis-(acetatomercurimethyl)-dioxane (BAM D) was 
prepared from allyl alcohol and mercury (II) oxide 
and recrystallized from glacial acetic acid [18]. Calf 
thymus DNA, type I from Sigma Chemical Com ­
pany, was dissolved in 0.2 m  NaCl, 0.01 M sodium  
phosphate buffer (pH 7.1) and purified by several 
phenol extractions. Low molecular weight D N A  (M r 
about 140000) was obtained from purified D N A  by 
effective sonic degradation [19] at ice bath tempera­
ture for a total o f 30 min o f sonification with a MSE 
ultrasonicator. The D N A  samples were clarified by 
centrifugation and dialyzed in visking dialysis tubes 
(Serva) several times against a large volum e o f  buf­
fer containing 0.02  m  sodium acetate, 0.1 m  sodium  
perchlorate (pH 7.4) for preparation o f  mercuric 
acetate complexes or against 0.1 m  sodium sulfate,
0.005 m  sodium tetraborate (pH 9.1) for m easure­
ments with BAMD. The molecular weight o f D N A  
was calculated from sedimentation coefficient or in­
trinsic viscosity [20 ].

Complexes o f D N A  and mercuric acetate or 
BAMD were formed by equilibrium  dialysis to 
guarantee a uniform complex formation. For a par­
ticular experiment 5 ml samples were filled into 
pretreated dialysis tubes (cf. [2]) and dialyzed separ­
ately in closed glass tubes against 20 ml o f buffer

containing the calculated amount o f  mercuric ace­
tate or BAMD respectively. The buffer was stirred 
by a magnetic stirrer. The amount o f  mercuric ace­
tate or BAMD bound to D N A  was calculated from 
dithizone measurements at 490 nm as described 
earlier [2]. 8.33 x 10-8 mol o f BAMD and 
6.11 x 10~8 mol o f Hg2+ were equivalent to a differ­
ence of absorbance o f 1.00 (measured at 490 nm in
1 cm cells) if  samples o f  3 ml o f experimental solu­
tion were used. The D N A  concentration was cal­
culated by using the molar absorption coefficient 
4 60 =  6540 M _1 cm -1 [21]. It ranged from 6.7 m g/m l 
to 9.6 mg/ml for the different samples.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments 
were performed by means o f a Kratky camera [22] 
similarly as in a previous study on D N A  ([15] and 
references therein). Measurements were taken at
4 °C in an angular range from 2.5 to 125 mrad.

To avoid a noxious influence o f  radiation 
damages, a frequent exchange o f the samples turned 
out to be essential especially in the case o f  the 
DNA • BAMD complexes. The evaluation o f the ex­
perimental data was performed by means o f several 
computer programs [23], Each scattering curve was 
plotted as log 1(26) vs. (29)2\ the approximation o f  
the data in this cross-section Guinier plot by a 
straight line yielded the radius o f gyration o f  the 
cross-section, Rc, and the mass per unit lenght, M c 
[24, 25]. This parameter was obtained by applying 
the multicomponent formalism described previously 
([15]; cf. also Density Measurements).

Density measurements

The apparent isopotential specific volumes 0'2 [26] 
of unliganded D N A  and o f the various com plexes 
were determined by means o f density measurements 
by using a digital density meter DM A [27]. The 
measurements were performed at the same tempera­
ture as the SAXS measurements. As measurements 
on independently prepared series o f  solutions yield­
ed slightly different results, possibly because o f  d if­
ferences in the preparation procedure, buffer 
composition, and/or concentration standards, slight­
ly different <t>'2 values were used for the evaluation  
of the various SAXS measurements.

To estimate the apparent specific volumes 0'L o f  
the ligands, the experimental <P'2 values were ana-
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( 0 ' ) r ( l + . X )  =  ( 0 ' ) o + 0 ' L * .

The subscripts o and r refer to unliganded DNA  
and to a complex o f binding ratio rb, and x  is related 
to the molar mass M L o f  one ligand and to the molar 
mass Mnp o f one nucleotide pair by x  =  rb M L/A /NP. 
Some typical results o f such an analysis are the fol­
lowing: (0 ')o =  0.537 cm 3 g _1, 0 l  =  0.062 cm 3 g -1 for 
Hg2+, and 0 'L =  0.307 cm3 g_1 for BAMD. The <Z>l 
were only used for the estimation o f the excess elec­
trons of the ligands in the analysis o f the cross-sec­
tion radii o f gyration.

Viscosity m easurem ents

Viscometric studies were performed by means o f a 
micro Ubbelohde viscometer type Ic at 25 °C. 
Measurements were performed at several concentra­
tions, the intrinsic viscosity [rj\ was obtained by 
extrapolation o f the reduced viscosities to zero con­
centration. An extrapolation to zero shear rate was 
not performed because a pilot experiment with a 
sample o f unliganded D N A  showed almost no vari­
ation of [rj] with the shear rate.

lyzed according to the linear relation Results and Discussion

1. Small-angle X-ray scattering

Some typical cross-section Guinier plots for 
unliganded D N A  and for D N A  • Hg2+ and 
DNA • BAMD complexes at several binding ratios rb 
(/-b =  mol o f mercurial bound per mol o f base pais) 
are shown in Fig. 1. The curves 1 - 6  for the un­
liganded DNA, for the D N A  • Hg2+ com plexes and 
for the DNA • BAMD complexes up to rb =  0.567 are 
o f similar shape except for the different slopes. The 
linear course over a wide angular range is character­
istic o f rodlike particles with uniform cross-section. 
The curve for the D N A  • BAM D com plex with 
/•b =  0.861 (curve 7) is at smaller angles considerably 
steeper than the other curves, but its slope decreases 
towards larger angles. The linear course at small 
angles suggests that this curve too reflects the pres­
ence of rodlike particles. The cross-section o f these 
particles is possibly non-uniform or inhom ogeneous 
as may be concluded from the shape o f the curve.

The analysis o f the scattering curves for the un­
liganded DNA established a value o f  R c =  0.845 nm 
for the radius o f gyration o f the cross-section o f  the

Fig. 1. Cross-section G uinier plots of selected 
scattering curves for unliganded DNA (O, 
curve 1) and DNA • Hg2+ (□, curves 2 -4 ) and 
DNA • BAMD (A, curves 5 — 7) complexes. 
The binding ratios rb (= mol of mercurial 
bound per mol of base pairs) are: 2 rb =  0.290;
3 rb = 0.610; 4 rb = 0.791; 5 rb = 0.262; 6 rb = 
0.567; 7 rb =  0.861.

10
(2 $ )2 [rad2]

15x10'4
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Table I. Molecular parameters Rc, M c, I, [7] and L for unliganded DNA and for 
DNA • Hg2 + and DNA • BAMD complexes

'•b Rc
[nm]

M c
[g mol-1 nm -1]

/
[nm]

[7]
[ml g-1]

L
[nm]

unliganded DNA 0 0.845 1947 0.340
DNA • Hg2+ 0.043 0.826

0.087 0.847 2008 0.338
0.182 0.773 2171 0.318
0.248 0.793 2308 0.308
0.275 0.796 2313 0.310
0.290 0.768 2281 0.316
0.610 0.719 2652 0.295
0.791 0.714 2848 0.288
0.036 0.847 (2235)a 70 b 62
0.073 64.7 61
0.127 0.819 (2289) 58.1 60
0.192 0.811 (2489) 55 58
0.221 0.797 (2649) 51.4 57
0.278 0.789 (2764) 52 56

DNA • BAMD 0.050 0.804 2029 0.339 84 69
0.114 0.789 2177 0.331 84 67
0.153 0.774 2319 0.319 72 66
0.262 0.800 2582 0.309
0.264 0.774 2462 0.324 66 62
0.304 0.773 2602 0.314 54 61
0.354 0.758 2824 0.299 46 60
0.567 0.850 3822 0.250
0.861 0.990 5114 0.216

a The Mc values for this series are probably affected by a systematic error; for the cor­
responding unliganded DNA, Afc = 2228 g • mol-1 • nm -1. 
b For the corresponding unliganded DNA, [>7] = 73.5 ml • g-1.

D N A  double helix and a value of M c =  1947 g m ol-1 
nm-1 for its mass per unit length. The values for both 
parameters are in good agreement with the results 
from previous investigations on D N A  [15]. Accord­
ing to the mean mass o f one nucleotide pair, 
M NP =  661.9 g m ol-1, the experimental M c cor­
responds to a length increment o f the D N A  helix o f  
/ =  0.340 nm per nucleotide pair. This result is con­
sistent with the B form o f DNA. The value for R c is 
a measure for the overall cross-section o f the D N A  
double helix plus a shell o f counterions (cf. [28, 15]).

As can be seen from the data listed in Table I, the 
formation o f complexes between D N A  and mer­
curials leads to significant changes o f  the par­
ameters Rc and M c. This behaviour is not surprising 
because the occurrence o f changes o f  R c and M c 
upon ligand binding can be expected from the at­
tachment o f additional masses to D N A  in any case, 
even when no structural changes o f D N A  should ac­
company the binding process.

The dependence o f R c on the amount o f  Hg2+ ions 
or BAMD residues bound to DNA is shown graphi­
cally in Fig. 2. As can be seen, the binding o f  H g2+

causes a decrease o f Rc in any case. At a binding 
ratio of about 0.8 Hg2+ ions per nucleotide pair the 
decrease o f Rc amounts to about 0.13 nm or more 
than 15% as compared to the Rc value for the un­
liganded DNA. The formation o f the D N A  • BAM D  
complex, on the other hand, leads to a decrease o f  R c 
only at low binding ratios. At rh =  0.354, the de­
crease o f R c amounts to nearly 0.09 nm. A further in­
crease o f rb, however, causes an increase o f R c, 
eventually even above the value for the unliganded 
DNA.

The observed decrease o f R c upon binding o f mer­
curials to D N A  does not necessarily reflect an actual 
decrease o f the D N A  cross-section. This can be con­
cluded from a thorough analysis o f the experimental 
R c values by means o f  a procedure established pre­
viously [15]. If one assumes that for each ligand 
bound to DNA a number o f n nucleotide pairs are 
structurally influenced by the ligand, while all other 
nucleotide pairs are unaffected, then the following 
equation
/n  N9 Z Np (/? c )o (l- 'b H ) +  /'b (P c ) l(Z Np « +  Z L) 
(RcJf 7  , 7

^N P +
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E 0 .9  -  
c

Fig. 2. Plot of the cross-section radius of gyration Rc versus 
the binding ratio rb for DNA • Hg2+ (□) and DNA • BAMD 
( a )  complexes. The solid and dashed curves have been cal­
culated for models as described in the text.

relates the average cross-section radius o f  gyration 
(R c) r at a given rb to the cross-section radius o f  gy­
ration (R c)0 o f unliganded D N A  and to the cross-sec­
tion radius o f gyration (R c)b o f  a D N A  segment 
consisting o f n nucleotide pairs and the bound li­
gand. In the above formula Z NP and Z L designate 
the number o f excess electrons o f one nucleotide pair 
and of one ligand, respectively. By using the ap­
propriate specific volumes (cf. Materials and 
Methods), Z NP was calculated as 141, and Z L was es­
timated to be about 72 for the Hg2+ ion and about 
133 for the BAMD residue.

The absence o f an obvious change in the de­
pendence o f R c for the D N A  • Hg2+ com plex on rb at 
high binding ratios suggests n =  1 for this complex. 
On this basis, a value o f (/?c)b =  0.678 ± 0 .0 2 6  nm 
follows from the R c values given in Table I (cf. also 
the corresponding curve drawn through the points in 
Fig. 2). This value corresponds to the cross-section  
radius o f gyration for a D N A  • Hg2+ com plex with 
/-b =  1. It agrees within the limits o f error with the 
theoretical value o f R c =  0.688 nm that can be cal­
culated on the assumption that one Hg2+ per nucleo­
tide pair is bound in the helix axis without any 
change o f the DNA cross-section.

The obvious change in the dependence o f  R c for 
the DNA • BAMD complex on rb at binding ratios 
above 0.354 suggests n =  3 for this com plex. With 
this assumption, the analysis o f the experimental R c 
values (cf. Table I) yields (/?c)b =  0.746 ± 0 .0 3 7  nm. 
This value corresponds to the cross-section radius o f  
gyration for a DNA • BAM D complex with rb =  1/3.

Fig. 3. Plot of the mass per unit length Mc of DNA • Hg2+ 
complexes versus rb. The lines have been calculated on the 
assumption of the follwing changes of the length increment
/ upon ligand binding: (-----) AI = -0 .10  nm; (----------- )
A l=  - 0.08 nm; (------- )A 1= 0 .

The theoretical cross-section radius o f gyration o f  
such a complex would amount to 0.737 nm when all 
mercury atoms o f bound BAMD are placed in the 
helix axis o f B-form DNA.

The observed increase o f Rc at high binding ra­
tios o f BAMD could indicate a structural change of 
DNA leading to an enhancement o f the D N A  di­
ameter, but it could as well reflect a change in the 
binding mechanism for BAMD by which mercury 
atoms would be placed in positions on the surface o f  
the D N A  or at still larger distances from the helix 
axis. Possibly both effects contribute sim ul­
taneously to the increase o f R c. A simple esti­
mation shows that, without any change o f the D N A  
cross-section, the experimental R c value at rb =  0.861 
could only be achieved when either all mercury 
atoms are placed at a radial distance o f about 
1.15 nm from the helix axis or when the presence o f  
mercury atoms at smaller radial distances is com ­
pensated by the location o f other mercury atoms at 
significantly larger distances. For instance, the lo­
cation o f one BAMD per three base pairs in the helix 
axis would have to be compensated by the location 
of the mercury atoms o f all further bound BAMD  
molecules at radial distances of about 1.35 to 1.45 nm.

The dependence o f the mass per unit length o f the 
DNA • Hg2+ and D N A  • BAMD complexes on rb is 
shown in Figs. 3 and 4. As the figures convincingly 
demonstrate for both kinds o f complexes, the actual 
increase o f A/c with rb exceeds by far the increase 
which can be expected for a mere binding o f the li­
gands. Since the observed decrease o f R c rules out a
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--------------------- rb
Fig. 4. Plot of the mass per unit length M c of 
DNA • BAMD complexes versus rb. The lines have been 
calculated on the assumption of the following changes of
the length increment / upon ligand binding: (—--------)
Al =  -  0.15 nm; (— ) Al =  — 0.10 nm; (--------) A l— 0.

m  fb

Fig. 5. Plot of the length increment / versus rh for 
DNA • Hg2+ (□) and DNA • BAMD ( a )  complexes. The 
straight line is the best approximation of the data for both 
kinds of complexes at low binding ratios.

-------------------- *■  rb
Fig. 6. Plot of the intrinsic viscosity [7 ] versus rb for 
DNA • Hg2+ (□) and DNA • BAMD ( a )  complexes.

lateral association o f D N A  molecules upon com plex  
formation, the behaviour o f M c obviously indicates 
a decrease o f the length increment /. The extent o f  
this decrease can be derived from a plot o f I versus rb 
(Fig. 5). The values for / which are also listed in 
Table I were calculated from M c according to (cf.
[15]).

A/jsf p ~t~ /~b A / l  

'  Me '

As can be seen from Fig. 5, the data for both kinds 
of complexes can be approximated at low binding 
ratios by the same straight line. The slope o f  this 
straight line corresponds to a change o f the length in­
crement by A l=  — 0.10±0.01 nm per bound ligand. 
The inclusion o f the I values at high binding ratios 
leads to mean values o f  z J /= -0 .0 8 n m  for the 
D N A  • Hg2+ complex and o f A l=  — 0.15 nm for the 
D N A  • BAMD complex (cf. also Figs. 3 and 4).

In order to verify the reliability o f the experim en­
tally determined AI values, the possible influence of 
counterions and preferential interaction on our re­
sults was carefully checked. It was found that the AI 
values do not depend much on these factors; an in­
sufficient consideration o f counterions and preferen­
tial interaction might possibly result in a slight 
underestimation but hardly in an overestimation of 
the AI values.

2. Viscometry

The determination o f the intrinsic viscosities o f  
the D N A  • Hg2+ and D N A  • BAMD complexes es­
tablished a decrease o f [rj\ with increasing rb (c f  
Table I and Fig. 6). Apart from the small contri­
bution o f the bound ligands, this behaviour o f [ ]̂ 
might reflect a decrease o f length o f the D N A  m ol­
ecules or a decrease o f their rigidity as well. In order 
to distinguish between these two effects, measure­
ments would have to be performed on several sam­
ples o f sufficiently different molecular weights [29]. 
In our case, however, a decrease o f length has al­
ready been established by SAXS. Therefore we 
chose the following procedure: we analyzed [77] for 
the changes o f the length increment, thereby neglect­
ing any changes o f rigidity, and alternatively we es­
timated from [7] the changes o f rigidity by using the 
AI from the SAXS investigation.

On the assumption that the D N A  m olecule is a 
circular cylinder o f length L  and radius r, thus its 
axial ratio is given by p  =  L /2r, the intrinsic viscosity
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may be expressed by (c f  [30])

r ] -  2 N * V^ ( P )
3 M 2

M 2 is the molar mass o f the particles, Fh2 is their 
hydrated volume, N \  is Avogadro’s number and 
A(p) is given by [31]

\ P2 P2 14A(p) = ------- ----------+ --------- ---------- +  —
5 (In 2 p - A )  15 (In 2p - B )  15

with A =  1.5 and B =  2.5 [32, 33]. The ratio Kh2/A f2 
in the above formula can be replaced with a ratio o f  
the SAXS parameters Rc and M c as follows

Vh2 _  r2 n L 2 R 2 n 
M 2 M 2 m c

because L =  M 2/M c and r =  R c V2.
Thus from [rj\, R c and M c first A(p) and then p  can 

be obtained. L  can be calculated from p  and R c. A s­
suming a linear dependence o f L on rb, one obtains 
the molar mass M 2 o f the unliganded D N A  from its 
length L0 and its mass per unit length, and AI from 
the slope (dL/drb) after multiplication by the factor 
M np/M 2. It has turned out to be useful to refine the 
parameters thus obtained in the following way. By 
using L and the molar mass o f the complexes (as cal­
culated from M 2 for the unliganded D N A  and from  
M l  and /*b) new M c values can be obtained which  
can serve as a modified basis for a recalculation o f  L 
from [ty], Rc and M c. This refinement procedure can 
be repeated several times until constant results are 
obtained. In our analysis, the entire evaluation o f  [rj\ 
was performed by means o f a computer program. 
The Rc of unliganded D N A  was used as a measure 
for the radius o f the complexes as well. D ue to the 
refinement procedure, the final results depend only 
on the values o f [rj] for the complexes and on the 
SAXS data for R c and M c o f the unliganded D N A . 
The AI values are practically independent o f the un­
known molecular weight distribution o f the D N A .

The analysis o f the data for the D N A  • BAM D  
complexes yields a value o f A/ 2 =  138 000 ± 6  000 g 
m ol-1 for the unliganded D N A  (this corresponds to 
L0 =  71± 3n m ) and a value o f Al =  -  0.155±  0.06 nm 
per bound BAMD residue. For the D N A  • Hg^+ 
complexes the analogous analysis yields L 0 =  
6 3 ± 2 n m  and A l=  -  0 .13± 0 .04  nm. The length L 
for the various samples is given in Table I.

The analysis o f [rj] on the basis o f the formalism  
developed by Reinert [29] yielded similar AI values.

On the assumption, that the persistence length [34] o f  
DNA does not change upon ligand binding, we de­
rived values o f z / / = - 0 . 1 3 n m  for DNA • BAM D  
and J /  =  - 0 . 1 2 n m  for D N A  • H g2+. Almost the 
same values were also obtained by the method used 
in [35]. On the other hand, when AI was assumed to 
be - 0.1 nm for both kinds o f complexes as derived 
from the SAXS measurements at low binding ratios, 
Reinert’s method yielded a decrease of the persis­
tence length by about 0.1 to 0.2 nm per bound mer­
curial.

Conclusions

Our SAXS measurements on D N A  • Hg2+ and 
D N A  • BAMD complexes have established that at 
least up to binding ratios o f about 0.8 for Hg2+ and 
0.6 for BAMD the rodlike character of sonicated 
D N A  is not destroyed by the binding of the mer­
curials. The maintenance o f the rodlike character at 
even higher binding ratios o f BAM D is probable. On 
the other hand the occurrence o f significant structur­
al changes during complex formation is clearly in­
dicated by the decrease o f the length o f the liganded 
D N A  molecule. This decrease has been established 
unambiguously by the SAXS results and has been 
confirmed by the viscosity measurements. The visco­
metric results have possibly indicated the occurrence 
o f slight changes o f rigidity too. These would be too 
small to affect the scattering behaviour in the angu­
lar range o f our SAXS experiments.

In spite o f the structural changes, which may in­
clude a successive loss o f base pair stacking and hy­
drogen bonding as suggested by the previous investi­
gations [1, 2] the mercurials must certainly hold the 
opposite strands in register to each other: upon ad­
dition o f complexing agents for the mercurials native 
D NA is readily regenerated from both kinds o f com ­
plexes [2, 4], This finding fully agrees with the ob­
served maintenance o f the rodlike structure.

The results o f our experiments are in best agree­
ment with those models which place both mercurials 
in the axis (or very near to it) o f the rodlike D N A  
molecule.

Our data for the cross-section radius of gyration o f  
the complexes suggest that the incorporation o f Hg2+ 
into the helix takes place in a steady and somehow  
regular manner up to high binding ratios, whereas 
the binding of BAM D obviously changes drastically 
above rh =  0.35. At low binding ratios BAMD is cer­
tainly bound in the interior o f the D N A  helix similar
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to Hg2+. BAMD bound at rb >  0.35 seems to be at­
tached to the surface o f DNA. Possibly there occurs 
also a structural change by which already bound 
BAMD is shifted from the inside to the outside o f  
the DNA helix. Anyway, the limiting rb value o f 0.35 
gives a hint for the molecular structure o f the 
DNA • BAMD complex at low binding ratios.

From model building with CPK space-filling  
models one can deduce that the mercury atoms in 
the BAMD molecule have a distance o f 0.58 nm to 
each other. This is about 0.10 nm less than the dis­
tance between 3 base pairs in B-form D N A . The 
CPK model also shows that both mercuries are able 
to undergo simultaneous binding by their main 
valencies at right angles to the long axis o f the m ol­
ecule. By their tetrahedron angles the methylene 
groups between the mercury atoms and the dioxane 
ring allow structures with syn- and anti-conforma- 
tion for the heavy metal atoms. Both structures 
favour simultaneous binding o f both mercuries in 
planes 0.58 nm distant to each other, when the m ol­
ecule is oriented parallel to the direction o f  the D N A  
helix axis. This orientation might direct the complex 
formation in the following way. One BAM D m ol­
ecule binds by one of its mercuries to a thymine in 
N3-position o f the base, which must rotate out o f its 
normal position to enable the binding. Binding o f  
the second mercury to a further thymine, two base 
pairs apart, is possible after preceding rotation o f  the 
base into appropriate position. Stacking o f  the in­
volved bases is lost and the distance between them  
can be lowered from 0.68 nm in the helix to 0.58 nm 
or less in the complex. If the dioxane ring is not 
strictly oriented in the direction o f  the helix axis dis­
tances shorter than 0.58 nm are also possible.

This binding model would explain the observed 
decrease o f length of about 0 .1—0.15 nm per bound 
BAMD molecule and the limiting /-b-value o f  0.35. 
The structure seems to be saturated with BAM D  
when 3 base pairs are complexed by 1 BAM D m ol­
ecule. Since other base pairs are also able to bind 
mercury [36], although with lower affinity, this 
sort o f complex seems to be possible for GC-rich 
sequences too.

Similarly, when Hg2+ is to crosslink bases o f  two 
adjacent base pairs in the opposite strands this can­
not be done without a reduction o f the distance bet­
ween the base pairs involved. In the B-form o f D N A , 
the shortest distance between the N3-positions o f  
nearest neighbour thymines on the opposite strands

is 0.52 nm, which is considerably larger than the 
N-H g-N length o f about 0.41 nm. Even a decrease o f  
the length increment o f the helix by 0.1 nm would 
not reduce the distance between the thymine ni­
trogens in the required extent. Thus apparently a 
larger decrease o f the length increment and/or other 
structural changes too are necessary for this kind o f  
crosslinking.

At least at the limiting rb-values o f 0.35 for BAM D  
and of 1.0 for Hg2+, both complexes might adopt a 
structure which resembles that o f Z-DNA so far as 
partially stacked bases are wound helically around a 
core which contains the more or less regularly 
spaced mercurials.

Though our results certainly do not allow definite 
statements on the location o f the sites to which the 
mercurials are attached, the proposed model is in 
good agreement with our data. The limiting values 
for the cross-section radii o f gyration o f the com ­
plexes, (R c)b =  0.678 nm for D N A  • Hg2+ and 
(Rc)b — 0.746 nm for D N A  • BAM D, imply that the 
mercury atoms o f bound mercurials (in the case of 
BAMD only at rh <  0.35) cannot be situated at too 
far distances from the helix axis. Model calculations 
show that any placement o f mercurials distant to the 
helix axis would lead to an enhancement o f (/?c)b. 
This effect could only be compensated by a sim ul­
taneous decrease o f the cross-section radius o f  gy­
ration o f the D N A  itself. The required extent ot this 
decrease can be estimated from the relations 
ARC =  — 0.3 for Hg2+ and J /?c =  - 0 . 2 r f J for 
BAMD, where rL designates the mean radial dis­
tance o f the mercury atoms. However, since both the 
assumed rotation o f bases out o f the helix axis and 
the reduction o f the distance between adjacent base 
pairs impede a decrease o f the cross-section radius 
of gyration o f D N A  and would even favour an in­
crease, the binding o f the mercurials at radial dis­
tances exceeding a few tenths o f nanometer is clearly 
ruled out.

The drastic change in the formation o f the 
DN A  • BAMD complex at rb >  0.35 is not only re­
flected by the increase o f the cross-secction radius o f  
gyration but possibly also by the behaviour o f  the 
mass per unit length and o f the length increment de­
rived therefrom (cf. Fig. 4 and Table I). Fig. 5 sug­
gests that the length increment decreases at high 
binding ratios more than at low binding ratios.

The opposite behaviour can be observed for the 
D N A  • Hg2+ complexes (cf. Figs. 3 and 5): here the
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length increment decreases at high binding ratios 
less than at low binding ratios. A plausible expla­
nation for this behaviour would be that at a binding 
ratio o f rb =  0.5, when on the average one base per 
base pair is involved in cross-linking, the structure o f  
the DNA has already transformed in such a way as 
to enable the binding of further Hg2+ without an ad­
ditional decrease o f length. This explanation is sup­
ported by the fact that the length increments found 
for the DNA • Hg2+ complexes at rb values above 0.5

(cf. Table I) are close to the value o f / =  0.29 nm 
which can be calculated on the assumption o f  
Al =  — 0.1 nm for every Hg2+ bound up to rb =  0.5 
and A l=  0 for any further Hg2+ bound beyond this 
limiting ratio. An analogous analysis for BAM D, 
performed on the assumption o f A l = -  0.1 nm per 
BAMD bound up to rb =  1 /3 , results in a value 
A l =  — 0.21 +  0.05 nm for every BAMD bound 
beyond the limiting rb.
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