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The nature of calf thymus DNA in aqueous compounds, even approaching DNA precipita-
solution, in the presence of the organotin(lV) tion, suggests that the condensation process
species SN Mes, SiYMe, and SV Me, possibly  involves isolated DNA chains. Copyright
partly hydrolysed and/or hydrated, was investi- © 2000 John Wiley & Sons, Ltd.
gated by small-angle X-ray scattering (SAXS),
ultraviolet spectroscopy (UV) at different tem-
peratures and circular dichroism (CD). The
results are compared with those of previous
11951 Méssbauer studies on condensed DNA
phases. The effects of tin—phosphate oxygen
bonding on the DNA melting profile in DNA—
Sn'V Me systems are in agreement with previous
reports on DNA—Main Group metal ion inter-
actions. The structure and conformation of the |INTRODUCTION
DNA double helix are not influenced by SH’ Me,,
species, even in experimental conditions near the The molecular basis of the biological activity of
onset of DNA condensation. Gel electroehoresis organotin compounds is of interest (see, for
indicates that DNA is not degraded by S Me,,;  example, Ref. 1) because of their widespread use
the X-ray radii of gyration of the DNA cross- and subsequent release into the environment,
section and its mass per unit length, determined where they interact with living organismsTheir
by SAXS from aqueous solutions, are constant application as possible antitumor agents has also
and independent of the nature and concentration been considered (e.g. Ref. 5)
of the SAYMe,, species present in the solutions. In this context, the bonding and structure of the
The invariance of the interparticle distances in  tin environment have been investigated HySn
solution at very low ionic strengths, in the Md&ssbauer spectroscdpy in a series of organo-
presence of increasing amounts of SXMe,  tin—deoxyribonucleic acid (DNA) condensates ob-
tained by addition of organotin halides in ethanol
solutions to aqueous DNA. DNA condensation is
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hedralSnR,(H,0),[O,P(OR),], andtrigonal bipy-
ramidal SnRy(H-,O)[O-P(OR),] tin environments,
havebeenestablishedy point-charganodellingof
the 1°Sn Méssbauernuclear quadrupole split-
tings.® Thesefindings indicate the existenceof
solid-state complexes of SHVR, and SnVR;
moieties with mononucleotidesand phenylphos-
phates:**? Moreover,**°Sn Méssbaueistudiesin
agueoussolutionsat neutralpH (frozento 77.3K)
indicate that SnMe(OH), and SnMe(OH) are
coordinatedby phosphateand D-ribose 5-phos-
phate® while nointeractionsoccurwith adenosine
3:5'-cyclic monophosphatedimethylphosphinate
and DNA.™® Potentiometric studies in aqueous
solutions(pH < 6.5) gaveevidencefor the forma-
tion of 1:1 complexesetweenSnMey(H,0), " and
adenosine-or inosine-5-monophosphatethrough
phosphatexygens-*

The structureand polyelectrolyte propertiesof
DNA in aqueoussolution have been previously
investigatedby SAXS, as a function of ionic
strength,DNA concentratiorand temperaturé>*®
The structuralparameters;adiusof gyrationof the
cross-sectionand mass per unit length give
evidenceof thediameterof the DNA chainswhich
behaveas long stiff rods, independentlyof ionic
strength DNA concentratiorandbiologicalsource.
It is also possibleto obtain information on the
interparticledistancesfrom the interferencepeak
presentin the scatteringpattern of native DNA
solutionsat very low ionic strength.

Circular dichroism (CD) and UV absorption
spectroscopiegrewidely employedn thestructural
characterizatiorof nucleic acidsin solutions'’~*°
Thermal denaturationof DNA, and the melting
temperature,T,,,, as determinedby variable-tem-
perature UV spectroscopy,give indications on
binding sitesof metalsand organometalliaderiva-
tives in nucleic acids: binding to nitrogen bases
destabilizesthe double helix and decreasesT,,,
while the reverseoccursin the caseof binding to
phosphodiestegroups?®=23 The effect of metal
bindingonthe UV andCD spectreaof nucleicacids,
poly- and mono-nucleotidesand nucleosideshas
beenreviewedrecently®*

We reportresultsof anextensiorof thesestudies
to representativesi¥Mes, SHYMe, and SiYMe
systemsnteractingwith DNA in aqueoussolution
using small-angleX-ray scattering(SAXS), circu-
lar dichroismandvariable-temperaturdV spectro-
scopy, in order to investigate the influence of
methyltin(IV) chlorideson the secondarystructure
of DNA in its nativeform. In particular,the aim of
the following investigationds to establishwhether

Copyright© 2000JohnWiley & Sons,Ltd.

the binding mode of organotin(lV) to DNA,
detectedin the condensedohase,also occursin
agueoussolutions. For this purpose,the experi-
mentaltechniquesppliedhereareamongthe most
efficientto establishthe preferentialinteractionof
metal derivativeswith the inner or outerregion of
DNA, becausehey give complementaryinforma-
tion. In fact, eventuainteractionof cationicspecies
with the phosphate groups should leave the
secondarystructure and hence its chirality and
cross-sectiomliameterof DNA almostunchanged,;
at the sametime the melting temperatureshould
increase, because of the stabilization of the
electrostatic repulsion between the negatively
chargedphosphategroups.In contrast,the inter-
action with the nitrogen basesshould producea
changen DNA helicity, adecreasén thediameter
of the cross-sectiordue to the axial elongationof
the doublehelix, detectableby changesn the CD
spectrumand possibly in the SAXS data, and a
destabilizationof the secondarystructureaccom-
paniedby a decreaseof the melting temperature.
Moreover, information about the interparticle
distancesbtainedby SAXS givesinsightinto the
mechanismof DNA condensatioty meansof the
organotin(lV)compounds.

EXPERIMENTAL

Materials and methods

Calf thymus DNA, M ~ 10°, was from Serva
FeinbiochemicgHeidelberg Germany);SnMeCk,
SnMeCl, and SnMe&Cl were from Aldrich ltalia
(Milan, Italy) and Tris—HCI was from Sigma (St.
Louis,MO, USA); otherreagent@ndsolventsvere
from C. Erba (Milan, Italy). The purity of the
commerciabrganotin(lV)compoundsvaschecked
by their melting points; SnMeCl, and SnMe&Cl
were recrystallizedfrom benzeneand light petro-
leum respectively?®24

DNA was resuspendedn 1 mmol dm~2 tris-
(hydroxymethyl)amiomethangTris), pH 7.5,and
dialysed,for at leastsix hours,againsta solution
containing 5mmol dm3 ethylenediamine-
N,N,N',N'-tetra-acetate disodium salt (NayH,
EDTA) andthe appropriatebuffer, at pH 7.5, and
five change®f the appropriatebuffer. The dialysis
bag (Visking, Prodotti Gianni, Milan, Italy; M
cutoff 12000-14000Da) had been treated pre-
viously following standardprocedures® All DNA
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solutionswere extensivelydegassedindervacuum
beforethe measurementweretaken.

The concentrationsof the aqueousstock solu-
tions of DNA werearound19 mmol dm ™3 (mono-
mer units), as determined by UV spectro-
photometry,in appropriatedilute sampleswith a
Kontron Uvikon 922 (Neufahrn, Germany)or a
Varian Cary 1E (M|Ian ItaIy) mstrument Jusinga
value of 7000 dm? mol 1 for the molar
absorptlwty(o at260nm? TheconcentratlonNas
expressed inmgcm > assuming a molecular
weight of 315Da per monomer? The pH of the
solutions or supernatantswas measured with
RadiometerPHM62 (CopenhagenDenmark) or
Crison(BarcelonaSpain)pH metersequippedvith
aglasselectrode.

Small-angle X-ray scattering

SAXS experlmentsrvereperformedon calf thymus
DNA solutions of about 5mgcm 3 (monomer
units), in the presenceof mono-, di- and tri-
methyltin(1V) m0|et|es added as chloride salts
from 0.05 moI dm™3 aqueousacidic solutionsin
1 mmol dm~2 Tris—=HClI, in variousratiosr = [Sn]/
[DNA phosphatk (MmOl sr¥Me, /mmol DNA mono-
mer) and in three dlfferent conditions: 1 mmol
dm~3 Tris—HCI, 1 mmol dm™2 Tris—HCI 150mmol
dm—3 NaCl and150mmol dm~2 Tris—HCI.

The X-ray scattering experimentswere per-
formed on the double -focusig monochromator-
mirror camerax33?’ of the EMBL in HASYLAB
on the storagering DORIS IIl of the Deutsches
ElectronerSynchrotron(DESY)atHamburg using
alinear posmon sensitivegas detectorwith delay
line readout® with standarddataach|S|t|on and
evaluationsystems™ Theobservatlorrange using
az2 m cameralength, was 0.01nm *<s< 0.4
nm ™%, wheres = 2 sind/)\, 26 is the scatteringangle
and X =0.15nm is the wavelengthof the incident
radiation.

The scattering patterns of the solutions and
corresponding solvents were recorded in ten
separatel min time frames,to monitor radiation
damage.The solvent scatteringwas subtracted,
thenthedatawerenormalizedto theintensityof the
primary beam and corrected for the detector
responsefollowing standardprocedure® imple-
mentedin the program SAPOKO (D. Svergun,
M.H.J. Koch, unpublishedresults). For rodlike
molecules the linear extrapolation of a fit of
log(sl(s) vss* to s= 0 yieldsaslopecorresponding
to the radiusof gyrationof the cross-sectiomf the
rod, and an interceptproportionalto the massper

Copyright© 2000JohnWiley & Sons,Ltd.

unit length. The extrapolationrwasmadein arange
Wheremterferenceeffectswere negligible andthe
relation4n’s’R72 < 1is vaI|d ! usingtheprograms
OTOKO? and GNOM 32

Gel electrophoresis

Agarose(1%) gel electrophoresisf DNA samples
used for SAXS experimentswas carried out |n
40mmoldm—2 Tris—acetatebuffer 1 mmoldm 2
EDTA, pH 8, using standardprocedure$? EcoRl
plusHindlll restrictionfragmentsof phagel DNA
(Sigma, St Louis, MO, USA) were used as
molecular-weighstandards.

Circular dichroism and variable-
temperature UV spectroscopy

CD andvariable-temperatur&V were performed
on calf thymusDNA solutionsin 1 mmoldm 3 or
10mmoldm3 Tris—HCI. ThefmaIDNA monomer
concentratiorwas0.02mgcm ™= or 0.31mgcm™>.
The spectroscopiinvestigationsof DNA solutions
in the presenceof SnMgCl,_, (nh=1-3) were
planned to determine the DNA-methyltin(IV)
binding modesand DNA conformation,in condi-
tlonsanalogou$o thoseof the previouscondensed-
phase studies>™® Hence SnMeCls_, (n=1-3)
were added from 0.01 or 0.1moldm 2 ethanol
solutionsto aqueousDNA solutionsat neutralpH
(max.3.2%ethanolin thefinal solution). The[Sn]/
[DNA phosphatk ratios, r, were the sameas for the
condenseqbhasesandwereselectecbnthe basisof
assumecSrf Me, valencesandthe dependencef

1195 Mossbauerparametersan r, reportedelse-
where®”

CD spectra,four accumulationgor eachspec-
trum, were recordedat room temperaturein the
range320—-200nhmonaJascq Tokyo, Japan)-715
spectropolarimetenysing a 1-cm or 0.1-cm path-
length cuvette, and the buffer baseline was
subtracted.

Variable-temperater UV spectrawererecorded
in the range 320—-220hm on a Varian Cary 1E
spectrophotometeMilan, Italy), equippedwith a
double-cell Peltier thermostatingsystem (Varian,
Milan, Italy), using 1- or 0.1-cm pathlength
cuvettes. T,,, values were determinedfrom the
inflection point of the melting profile: the hyper-
chromicity at 258nm wasplottedagainstempera-
tureandthe centralpartof the sigmoidfitted with a
fourth-degreepolynomial.
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RESULTS AND DISCUSSION

The organotin(lV) species presentin aqueous
solutionsare determinedby the respectivehydro-
lysis constantswhich havebeenestablishedanainly
by potentiometry*®>® Recentresultsare availabie
for SHY Me;***"andSnY Me,.28*°The hydrolysis
of Sr¥Me hasbeenstudiedby *H andll%n NMR
spectroscopt*? and potentiometry*®> Briefly,
from the reportedresults*>>~*the main, possibly
hydrated,speciesexisting in aqueoussolutionsin
different pH rangesmay be assumedo be:

(@) pH ~ 1-5: SnMeg™; SnMe*"; [(SnMe),
(OH);]%*; SnMe(OHY"; SnMe(OH)™.

5-7.5: SnMe(OH)*; [(SnMe,)-
(OH)s]"; dimeric or polymeric SrYMe
speciesSn—O-Srbridged.

(c) pH = 7.5-10.5:SnMe&y(OH); SnMey(OH),.

(d) pH ~ 8.5-11:SnMe(OH}.

In ethanol solutions, molar conductancesof
SnMeCl and SnMeCl, suggestthe existenceof
nearly undissociatedspecies, in line with other
data on organotin(lV) chlorides in organic sol-
vents***The additionof organotin(IV)chlorides
from 0.1mol dm~3 concentrateethanolsolutions,
to aqueousative DNA in 1 mmoldm ™3 Tris—HClI
at neutralpH, inducesDNA condensationvith the
formation of gel phases,interpretedas the neu-
tralizationof the negativechargeof phosphodiester
groupsby cationicorganoting In the solutionsat
low concentration®f DNA monomerandorgano-
tin chloridesusedhere, organotin moietiescould
interactwith both phosphodiestegroupsandH,0.
The importanceof waterin assistingthe coordina-
tion of SV Me, to phosphat®xygensof DNA has
recentlybeenestablished’ Thelatterwould result
in theformationof hydrolysisproductsof SiY Me,..

The DNA melting profile®>*®4%in the system
DNA-SAYMe (Fig. 1) displaysanincreaseén T, as
r increasesfrom 0.33 to 0.66, correspondingto
stabilization of the double helix possibly due to
counterion coordination to the phosphodiester
group?*4° Addition of SrYMe, or SnVMe; has
no effecton the DNA meltinqgofiles,in line with
the reportedinvariance of **°Sn Méssbauerpar-
ametersAE in agueousSnMe(OH),~DNA and
SnMey(OH)-DNA systems:> The behaviour of
srYMe (Fig. 1) maybeattributedto theoccurrence
of cationic, hydrolysed species;in fact, neutral
SnMe(OH} is only dominant at pH> 8.5, as
indicated above. Analogous effects on T,, have
been reported’>°>? for a seriesof DNA-Main
Groupmetalion systemgC&* ", Mg®", SP*, B&+,

Copyright© 2000JohnWiley & Sons,Ltd.

40 q

&
£ 30 4 @ A ﬁ
< /d Ao
< g pd
720 4 4 Al
< v
: g AL
X ]
S 104 ) e o
® &
& f
0 G T3 73 -3 GEEEAA - 31
& T T T T T
20 30 40 50 80 70 80 90
T/°C
Figure 1 Melting profile of calf thymus DNA,

7.10x 10 2mmoldm~3 (monomer units) in 1 mmoldm 3

Tris—=HCI, in the presenceof SHYMe (addedfrom SnMeCk
in ethanolapprox.0.5%ethanolin ther = 0.66solution;seethe
Experimentabkection.)Percentagencreaseof theabsorbancat
258nmvs T: O, r=0.00,pH=7.5T,,=57°C; A, r=0.33,
pH=7.4,T,=62°C; [],r=0.66,pH=7.2,T,,=66°C.

Pt r =0.6-2.5)theincreaseof T, by thecations
beingattributedto metalion—phosphodisterinter-
action?1°%2 The results obtained indicate that
thereis a stabilizing interactionbetweenSn¥Me
andDNA. The sameinteractioncannotbe inferred
for SV Me, andSr¥ Mes.

The ultravioletandcircular dichroismspectraof
calf thymusDNA areinvariantin the presenceof
SnVMe, moieties at low r=[SnVMe,/ [DNA
monomer],at nearlyneutralpH, asshownin Fig.2.
Similar findings have been reported for DNA—
Mg* (r < 6);>> DNA-PB*" (r = 0.5-3.0)>* DNA—
Ca&", DNA-SP", DNA-Be*" (r=0.5P° and
attributedto counterionbindingto DNA phospho-
diesteP>>*with the consequenstabilizationof the
doublehelix. In agreementvith the resultsof the
melting studies,the interactionbetweenDNA and
SV Me, or SV Me; speciessannotbe assumedo
occur, becausehesewould consistof the hydro-
lysis productsdescribedabove,at neutralpH.

As far as or%anometallicspeciesare concerned,
HgMe(OHY?%3 and SnMe(OH),>® do not induce
variationsin the CD and UV spectraof DNA at
r < 1.0, while large changeshavebeenreportedat
high r values and interpretedin terms of DNA
denaturationdue to binding of Hg"'Me to DNA
nitrogen base$>?® aswell asto DNA conforma-
tionaltransitionanducedoy Sr¥ Me,.>® Theresults
arein agreementvith the trendsdetectedn DNA
solutions in the presenceof a large excessof
Cca&">" or other Main Group metal ions.
SnMe(OH), speciescan be assumedo interact

Appl. Organometal Chem.14, 189-196(2000)
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Figure 2 Examplesof UV (a) and CD (b) spectraof calf

thymus DNA and DNA-SrYMe, systems.[DNA mono-
mer]=7.10 10~ 2mmoldm™3 in Tris—HCI (1 mmoldm™3);

sV Me, = SiYMe, addedfrom ethanolsolutionsof SnMeC}

(see Experimental); r = moles SiVMe per mol of DNA

monomer= 0.00-1.00; pH =7.3-7.5. Analogous spectra are
obtained for DNA-SNVYMe; and DNA-SrYMe, systems
r=0.00-0.10,pH=7.3-7.5, as well as for DNA-SHYMe,,

n=1-3,pH=6.1-7.1(n=3,r=1-5;n=2,r=0.5-1.0;n=1,

r =0.33-0.66).

with both nitrogen bases and phosphodiester
groups,given the T, increasefromr=1tor =2,
andr =20tor =50, andthedecreaséromr =5 to

r =10-15>" To our knowledge,such T,, trends®
havenot beenreportedpreviouslyfor DNA—metal
derivativesystems.

Gel electrophoresisf organotin(IV)—INA solu-
tions indicatesthat DNA is not degradedseefor
exampleFig. 3). All systemsnvestigatecherethus
consistof unalterednative calf thymusDNA, and
organotin(lV) speciesjn essentiallyaqueoussolu-
tions, sincethe final ethanolvolume concentration
is lessthan 3%.

The log(si(s) vs s* plots of 5mgcm 3 calf
thymus DNA solutionsin three different condi-
tions: 1 mmoldm™3 Tris—HCI, 1 mmoldm™3 Tris—
HCI/150mmol dm~3 NaCl and 150mmoldm3

3

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 3 Agaroseelectrophoresigel of DNA. Lanel: Ecd
plusHindlll restrictionfragmentof Phagel DNA. Lane2: calf
thymusDNA, 6 mgcm ™3 (in monomerunits),in 1 mmoldm—3
Tris—HCI, pH=7.0. Lanes3- 6: electrophoresisf representa-
tive SiVMe, (n=1-3)-calf thymus DNA (2-5mgcm™2 in
monomerunits) systemsjn 1 mmoldm~2 Tris— HCI aqueous
solutions. For the hydrolysed SHYMe, speciespresent at
different pH values, seethe Resultsand Discussionsection.
r = mmol SAYMe, /mmol DNA monomer.Lane 3: SiYMe;,
r=1.0, pH=5.0. Lane 4: as in lane 3, r=0.75. Lane 5:
SiVMe,, r =0.25,pH = 6.0.Lane6: SHYMe, r =1.0,pH =6.0.

Tris—HCI, areshownin Fig. 4. At the lowestionic

strength an interference peak is visible around
s=0.05nm™%, which vanishes at higher ionic

strength.This peakis characteristiof short-range
orderin solution,with an interparticledistanceof

about20nm, due to electrostaticrepulsionof the

negativelychargedDNA rods!®

Addition of organotin(IV)compoundsnarkedly
decreasethe pH of the solutionandthe solubility
of DNA. ThepH valuesandthe radii of gyrationof
the cross-sectiorof DNA, obtainedfrom SAXS
of 5mgem 2 DNA in 1 mmoldm 2 Tris—HCI
(Fig. 5), or in 150mmoldm™2 Tris—HClI, or in
1mmoldm™3  Tris—HCI/150mmoldm3  NaCl
solutions, and in the presenceof methyltin(IV)
compoundsarereportedin Table 1.

Similar R, datawere measuredor a seriesof
systemsDNA calf thymus—SH Me,, in Tris—HCI
1 mmoldm 3, otherexperimentatonditionsbeing
asfollows:

Appl. Organometal Chem.14, 189-196(2000)
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Figure 4 Variation of the SAXS intensity (arbitrary units)
log(sl(s)) with s for calf thymusDNA (5 mgcm ™2 in monomer
units)in Tris—HCl aqueoussolutionspH 7.0, at concentrations
of () 1 mmoldm~3; (b) 150mmoldm~3; (c) 1 mmoldm2 in
presenceof 150mmoldm™2 NaCl. The curves have been
displacedalongthe ordinatefor bettervisualization.

(1) SnMeg™; SnMey(OH) (r =0.01-0.50; pH
5.1-6.9;[NaCl] = 0.0 or 150.0mmoldm>3):
R:.=0.97-1.03m.

(2) SnMe";  SnMe(OH)";  [(SnMey),
(OH)J*";  [(SNMey)(OH)g] " (r=0.05—
0.25; pH 4.2-5.4; [NaCI]=0.0 or 150.0
mmoldm~3): R.=0.91-1.00m.

(3) (SnMe), Sn—O—Srbridges(r =0.05;pH5.4;
[NaCl]=0.0mmoldm™™): R.=1.11+0.04
nm.

DNA condensatesare formed in analogous
systems containing SnMe(OHf"™ and SnMe
(OH),*, r=0.05-0.25,pH 3.9-4.9,[NaCl]=0.0
or 150.0mmoldm™3,

Acid solutions originate from hydrolysis of
organotin(lV) moieties,forming the speciedisted
in Table 1. DNA condensatioris inducedby the
cationicorganotin(IV)speciegseeTablel), in line
with the results of previous studies on DNA
condensateinducedby SnMe;™ and SnMe*" at
pH =~ 2.5-3.5%7 due to electrostaticinteractions
with DNA phosphodiestét:®

No variationsof the SAXSfeatureof DNA were
observed upon addition of methyltin(lV) com-
pounds in either 150mmoldm 2 Tris—HCI or
1mmoldm™3  Tris—HCI/150mmoldm™ NaCl
(Table 1). At thesesalt concentrationsno inter-
particleinterferences detectablegvenatlower pH
values(Tablel).

In 1 mmoldm~2 Tris—HCI, at very low ionic

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 5 Variationof the SAXSintensitylog(sl(s)) (arbitrary
units) with s of calf thymus DNA (5mgcm ™2 in monomer
units) in SHYMe, (n=1-3)-DNA systemsin 1 mmoldm—3
Tris—=HCI aqueoussolutions. For the hydrolysed Si¥Me,
speciespresentat different pH values, see the Resultsand
Discussiorsection.r = mmol SnMg/mmol DNA monomer(a)
SiYMe;, r =0.10, pH 6.3; (b) SHYMe,, r =0.05, pH 6.0; (c)
SdYMe, r = 0.01,pH 6.6. Thecurveshavebeendisplacedalong
theordinatefor bettervisualization. The patternsareidenticalat
lower pH values: curves (b) and (c) are identical to those
obtainedat pH 4.8 and5.4 respectively.

strength, the interference maximum of DNA

decreasesupon addition of larger amounts of

SnVMe; and SiVMe, and at lower pH values
(Fig. 5); thisis analogougo the effectof increasing
theionic strengthWhenSnY Me is addedatratiosr

above0.01,macroscopicondensationof DNA and
precipitationoccur.

In the caseof SrY Me; andSnY Me,, the radii of
gyrationof the cross-sectiormndthe massper unit
length are independentwithin experimentalerror,
of the ionic strength,pH andr values,indicating
thatthe structureof DNA is conserved.

Increasing the amount of methyltin(IV) in
solution,the positionof the interferencanaximum
remainsfixed arounds=0.05nm™* (Fig. 5), even
in conditions of incipient precipitation. This
suggestghat the interparticle DNA distancesare
fixed at about 20nm and that the condensation
processinvolves isolated DNA particles, rather
thanintermolecularDNA aggregates.

CONCLUSIONS

The behaviourof nucleic acid—di- and tri-methyl-

Appl. Organometal Chem.14, 189-196(2000)
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Table1l Radiiof gyration,R., of thecross-sectiomndextrapolatedntensityatzeroangle,/(0), of nativecalf thymus
DNAZ?in aqueoussolutions,in the presencef SV Me, speciegn= 1-3),asdeterminecby SAXS

Tris—HCF

Tri-, di- andmono-methyltin(IV)specie8 re pHY  (mmoldm3) Re (nm) 1(0)°

—af 000 7.0 1.0 1.00+0.03  12.2+1.8
— 000 81 150.0 0.97+0.04  10.9+28
SnMe™; SnMey(OH) 0.05 6.6 1.0 0.98+0.04 11.6+2.7
SnMe;; SnMey(OH) 0.10 6.3 1.0 0.99+0.04 124+ 2.6
SnMeg(OH) 0.10 8.1 150.0 0.96+0.04 10.0+£ 3.5
SnMg(OH) 0.80 7.9 150.0 0.94+ 0.05 95+24
SnMe(OH)*; [(SnMey)»(OH)] 001 6.7 1.0 0.99+£0.04  11.6+2.2
SnMe(OH)": [(SnMey),(OH)s] 005 6.0 1.0 0.97+0.05 12.1+ 2.7
SnMe(OH), 0.10 8.0 150.0 0.94+0.03 10.3+ 2.9
SnMe(OH), 0.70 7.7 150.0 0.94+0.04 10.9+ 2.6
(SnMe),, Sn—O-Srbridges 0.01 6.6 1.0 0.98+ 0.04 11.9+ 3.4
(SnMe),, Sh—O-Srbridges 0.70 7.4 150.0 1.05+ 0.05 15.9+ 2.3
SnMe(OH); (SnMe),, Sn—O-Srbridges 0.10 8.0 150.0 0.94+0.04 10.6+ 3.7

a Calf thymusDNA: 5mgcm™2 in monomericunits.

b Dominantspeciesasestimatecy Sr¥ Me, hydrolysisconstant¢seeResultsandDiscussiorsection)at theindicatedsolutionpH,

hydratedspeciesheingformed.
¢ sn¥Me,/DNA phosphatémol/mol).
9 DNA solutions(without addedSnY Mey,).

€1(0) (relative units)is proportionalto the massper unit lengthof the DNA rod; seethe Experimentalsection.
" In the presencef NaCl (150.0mmoldm™): R; = 0.99+ 0.05nm.

tin(IV) systemsjn aqueoussolutions,investigated
in the contextof the presentwork from the stand-
point of nucleic acid structure,is different from
thatof SrV Alk —andSrY Alk s~-DNA condensates,
studiedby *°SnMéssbauespectroscopy:® Melt-
ing-temperaturelatagive evidencefor tin bonding
by DNA phosphodiestegroupsin the caseof the
monomethyltin(lV) moiety, in agreementwith
literature data for a seriesof DNA—Main Group
metalion systemsThestructuralparametersf calf
thymus DNA in solution determinedby SAXS
remain unchangedin the presenceof all the
methyltin(IVV) species studied here. It can be
concluded that only when cationic organotin
speciesare presentin solution can an interaction
through the phosphategroupsof DNA be estab-
lished. SAXS resultsfor dilute solutionssuggest
that bonding of SnMg—DNA, in the appropriate
rangeof pH, mainly involvesisolatedDNA chains;
this is also presumedto be so in the DNA
condensatesbtainedif largeamountsof reactants
areinvolved.

Acknowledgements Thefinancialsupportof theMinisteroper
I'Universita e la RicercaScientificae Tecnologica(MURST,
Rome),which madepossiblethe acquisitionof the UV andCD
spectrometeraind relatedequipmentemployedin the present
work, is gratefully acknowledgedOne of us (GB.) thanksthe

Copyright© 2000JohnWiley & Sons,Ltd.

EMBL andMURST (Rome)for fellowshipsandsupportunder
the EuropeanUnion (HCMP Accessto Large Installations
Programmecontractno. CHGE-CT93-0040).

REFERENCES

1. Barbieri R, Huber F, Pellerito L, Ruisi G, Silvestri A. in
Chemistryof Tin, Smith PJ, (ed). Blackie Academicand
Professional:London, 1998; Chapter 14, 496-540, and
referencegherein.

2. BlundenSJ,CusakPA, Hill R. Thelndustrial Usesof Tin
ChemicalsTheRoyalSocietyof Chemistry:.London,1985.

3. BlundenSJ,ChapmarA. In OrganometallicCompoundsn
the EnvironmentCraig PJ, (ed). Wiley: New York, 1986;
Chapter3, 111-159.

4. ThayerJS.OrganometallicCompoundsnd Living Organ-
isms AcademicPressNew York, 1984.

5. (a) Gielen M (ed). Tin-basedAntitumor Drugs Springer
Verlag: Berlin, 1990; 5(b) Haiducl, SilvestruC. Organo-
metallics in Cancer Chemotherapy CRC Press: Boca
Raton, FL, 1989; Vol. 1, Chapter 5, 129-176; 5(c)
ZuckermanlJ(ed). Tin and Malignant Cell Growth CRC
PressBocaRaton,FL, 1988.

. BarbieriR, SilvestriA. J. Inorg. Biochem.1991;41: 31.

. BarbieriR, SilvestriA, Giuliani AM, PiroV, Di SimoneF,
MadoniaG. J. ChemSoc.,Dalton Trans.1992;585.

8. Barbieri R, Ruisi G, Silvestri A, Giuliani AM, BarbieriA,

~N o

Appl. OrganometalChem.14, 189-196(2000)



196

G.BARONEETAL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.
23.

24.

25

28.

29.

30.

SpinaG, Pieralli F, Del Giallo F. J. Chem.Soc.,Dalton
Trans 1995;467,andreferencegherein.

. PosanteS. Dissertation,University of Palermo,Faculty of

MathematicsPhysicsand Natural Sciences1996.

See for example Bloomfield VA. Curr. Opin. Struct.Biol.
1996;6: 334, andreferencesherein.

Barbieri R, Alonzo G, HerberRH. J. Chem.Soc.,Dalton
Trans 1987;789.

Viet DungNgo, SaxenaA, HuberF, BarbieriR. Third Int.
Symp. on the Effect of Tin upon Malignant Cell Growth,
Paduajtaly, 5—6 Sept.(1986); Abstracts,C8, 21.
BarbieriR, SilvestriA, PiroV. J.ChemSoc. DaltonTrans.
1990;3605.

HynesMJ, O'Dowd M. J. Chem.Soc.,Dalton Trans.1987;
563.

Koch MHJ, SayersZ, Sicre P and SvergunD. Macromol-
ecules1995;28: 4904.

Puigdomenech, Perez-Gral., Portad, VegaMC, SicreP
andKoch MHJ. Biopolymers1989;28: 1505.

SauerK BiochemicalSpectroscopyMethodsin Enzymol-
ogy.AcademicPressSanDiego,CA, 1995;Vol. 246,Sect.
I, chapters2—7,13-168.

Bayley P. In An Introductionto Spectrosopy for Bioche-
mists, Brown SB (ed). Academic Press:London, 1980;
chapter5, 148-234.

CantorCR, SchimmelPR. BiophysicalChemistry Partsl|
andlll. FreemanSanFrancisco,CA, 1980.

Eichhorn GL. In Inorganic Biochemistry Eichhorn GL,
(ed).Elsevier:Amsterdam,1973;Vol. 2, chapter34,1210—
1243.

. (@) DuguidJG,Bloomfield VA. Biophys.J. 1995;69: 2642;

21. (b) DuguidJG,Bloomfield VA, BenevidesIM, Thomas
GJ,Jr. Biophys.J. 1995;69: 2623.

GruenwedeDW, DavidsonN. J. Mol. Biol 1966;2:129.
CleggMS, GruenwedeDW. Z. Naturforsch.Teil C 1979;
34: 259.

BaroneG. Dissertation,University of Palermo,Research
Doctoratein ChemicalSciences]1997.

. McPhieP. MethodsEnzymol.1971;22: 23.
26.
27.

KennedySD, BryantRG. Biophys.J. 1986;50: 669.

Koch MHJ, BordasJ. Nucl. Instrum. Methods1983; 208
461.

Gabriel A, DauvergneF. Nucl. Instrum. Methods 1982;
201:223.

(a) Boulin C, Kempf R, Gabriel A, Koch MHJ. Nucl.
Instrum. Methods 1988; A269. 312; 29. (b) Boulin C,
Kempf R, Koch MHJ, McLaughlin SM. Nucl. Instrum.
Methods1986;A249: 399.

KochMHJ. In Handbookon SynchrotrorRadiation Ebashi
S, Koch M, RubensteinE (eds). Elsevier: Amsterdam,
1991;Vol. 4, chapter6, 241.

Copyright© 2000JohnWiley & Sons,Ltd.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42

44,
45,

46

48.
49.
50.
. EichhornGL. Nature(London)1962;194: 474.
52.

53.
54.

55.
56.

57.

Feigin LA, SvergunDI. StructureAnalysisby Small-angle
X-Rayand NeutronScattering.Plenum:New York, 1987.
SvergunDI, SemenyukAV, Feigin LA. Acta Crystallogr.
Sect.A 1988;44: 244.

SvergunDI. J. Appl. Crystallogr.1991;24: 45.

Koch MHJ, Vega MC, SayersZ, Michon AM. Eur.
Biophys.J. 1987;14: 307.

Tobias RS. Organomet. Chem. Rev. 1966; 1:93 and
referencegherein.

Tobias RS. In Organometals and Organometalloids:
Occurrenceand Fate in the Environment Brickman FE,
Bellama JM. (eds). Am. Chem.Soc. Symp.Ser. No. 82.
American ChemicalSociety: WashingtonDC, 1978; 130,
andreferencesherein.

Cannizzard/, Foti C, Gianguzza, MarroneF. Ann.Chim.
(Rome)1998;88: 45.

ArenaG, PurrelloR, RizzarelliE, Gianguzzah, PelleritoL.
J. Chem.Soc.,Dalton Trans.1989;773.

NatsumeT, Aizawa S, HatanoK, FunahashiS. J Chem,
Soc.,Dalton Trans.1994;2749.

De StefanoC, Foti C, GianguzzaA, Martino M, PelleritoL,
Sammartand. J. Chem.Eng. Data 1996;41: 511.
BlundenSJ,Smith PJ,Gillies DG. Inorg. Chim.Acta1982;
60: 105.

. BlundenSJ,Hill R.Inorg. Chim.Acta1990;177: 219.
.De Stefano C, Foti C, Gianguzza A, Marrone F,

Sammartand. Appl. OrganometChem.1999;13: 805.
KrausCA, Callis CC.J. Am.Chem.S0c.1923;45: 2624.
(a) ThomasAB, RochowEG. J. Am.Chem.So0c.1957;79:
1843; 44. (b) ThomasAB, Rochow EG. J. Inorg. Nucl.
Chem.1957;4: 205.

. PrinceRH. J. Chem.S0c.1959;1783.
47,

BaroneG, CottaRamusinaM, BarbieriR, La MannaG. J.
Mol. Struct.(Theochem)1999;469. 143.

Tikhonovall. Russiand. Phys.Chem.1986;60: 254.
Tinocol. J. Phys.Chem.1996;100 13311.

Duguid JG, Bloomfield VA. Biophys.J. 1996;70: 2838.

GasiorowskK, SwiatekJ, KozlowskiH. Inorg. Chim.Acta
1985;106 L1.

Luck G, Zimmer.C. Eur. J. Biochem.1972;29: 528.
Seuaris JM, SwiatekJ. BioelectrochemBioenerg.1991;
26. 15.

BhattacharyyaRG, Nayak KK, ChakrabartyAN. Inorg.
Chim.Acta1988;153 79.

KoutsodimouA, KatsarosN, Kovala-DemertziD. Transi-
tion Metal Chem.1984;19: 260.

Kornilova SV, Sorokin VA, Blagoi YP, Valeev VA,
Arutyunyan SG. Mol. Biol. (Moscow)1991; 25: 648 and
referencegherein; Mol. Biol. (Moscow)(Englishtransla-
tion) 1991;25: 522 andreferencegherein.

Appl. Organometal Chem.14, 189-196(2000)



