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INTERACTION OF THE SILICOTUNGSTATE ANICN WITH NUCLEIC ACIDS *

This report describes an investigation of the interaction
of the silicotungstate anion with DNA in acidic solutions. The
properties of ecuilibrium density gradients of solutions of
sodium silicotungstate were determined. It was found that the
silicotungstate anion binds to protonated sites in DNA with a
subsequent 1lncrease in buoyant density. Denatured DNA binds
silicotungstate at a higher pH than native DNA. Equilibrium
dialy31s measurements show that protonation must precede bind-
ing of the silicotungstate, and that the mechanism of binding
between tne Drotonated species and the anion is not simply
counterion binding as required by electrical neutrality. A
"local insolubility" mechanism is proposed for the binding.

The application of this system to the investigation of the
proverties of DNA, particularly the detection of short single
stranded regions in molecules, has been explored. The DNA from
b bacteriophage has been investigated with the hope of
separating the linear form (with single stranded ends) from
the two circular forms (hydrogen bonded and covalently closed.)
This study was troubled by the decyclization of the hydrogen
bonded rings in the low salt banding medium, and by difficulties
in the preparation of closed circular A DNA.

Introduction ZEquilibrium sedimentation in a density gradient

has proved to be a very useful technique for the isolation and
characterization of nucleic acids. A variety of inorganic salts
have been used as solutes in the density gradients, generally
’cesium or lithium salts.  The requirements for a banding solute
are (1) solubility of the nucleic acid in the solution, and
(2) sufficient solubility of the salt that densities greater
then the buoyant density of the nucleic acid can be obtained.
There are also two secondary requirements. The solution should
be clear in the region around 365 MM SO that the absorption

optical system can be used. And the system should have as high

* This research was done under the direction of Dr. Jeromse Vinograd.



a resolving power as possible so that small differences in buoyant
density can be detectedj The usual choice of banding solvent is
a concentrated aqueous solution of CsCl.

One application of this method has been the investigation
of the alkaline buoyant density titration of DNA in CsCl. As
the unionized hydrogens of DNA are removed by base, cesium is
bound as a counter ion and the buoyant density increases. Single
stranded DNA undergoes a sharp transition at pH 10.8. Double
stranded DNA undergoes an extremely sharp transition at pH 11.5..
This transition is presumably a cooperative denaturation resulting
in strand separationi

In a study of the hydration of DNA by Hearst and Vinograd?
the banding solute lithium silicotungstate (Liq[SiOQ\12EKE])'was
used to obtain buoyancy at very high levels of hydration. The
very high molecular weight of the silicotungstate anion means
that solutions of a salt of the anion have a high denéity at low
concentrations, agnd thus have high water activities. The hydration
of DNA is incﬁeased very greatly with increasing water activity
in this region of high water activity. The water activity of a
lithium silicotungstate solution at the buoyant density of DNA is
almost 1.0. The buoyant density of DNA at pH 7 in CsCl is about.
1.7 em cm >, while in sodium silicotungstate it is 1.05 gm e S
Because of this high hydration this system has a very poor resolv=:
ing power, and even very dilute solutions of the silicotungstate

anion are opague in the ultraviolet. The interesting and poten-

tially useful property of the silicotungstate anion is its high

dhe - )
mass. By analogy withnalkaline buoyant density titration in CsCl,



the acidic buoyant density titration of DNA in silicotungstate
should proéeed via protonation of the bases followed by counter-
ion binding of silicotungstate. Because of the high mass of the
anion this should result in a large density change.-‘Also, because
the titration will move the nucleic acid into a region of lower
watef’activity,'the dehydration will cause a further increase in

density. This system should therefore be very sensitivé to the

presence of single stranded regions in DNA, Which will pratonate Sooned,

The Silicotungstate Anion and its Eoquilibrium Density Gradient

The silicotungstate anion is a member of a class of compounds of
tungsten and.molybdehum known as 12-heteropoly anions. These an--
ions have a’Keggingstructure congsisting of a central tetrahedron
bearing.the formal charge which is surrounded by twelve tungsten-
oxygen or molybdenum-oxygen octahedra which share apices. The
overall diameter of the anion is 12.1 A. The heteropoly acids

are very strong acids, highly dissociated electrolytes, and very
stable within a prescribeq acidic pH range? The cage structure
with a central electronegative element results in a very low
surface charge density; The silicotungstate anion is probably
the mosﬁ stable of the heteropoly anions. This species is stable
up to a pH of about l..5. The base hydrolysis reaction leads-to
other heteropoly species; especially 1=, 10=, 6=, and perhaps 5-
silicotungstates, plus free tuhgstate§ The reaction is very slow
and results in the rélease of Hédfions so a neutralized soiution
of a heteropoly acid.shows a slow drift of pH with time. Solutions

at pH's slightly higher than pH .5 are probably stable for some



time. The hydrolysis reaction is effectively irreversible so
neutralization of the acid must be done with care to avoid high
local pH'é.

The refractive index of solutions of silicotungstic acid
and partially neutralized solutions was determined as a function
of dehsity. The result is |

nl = 0.1167 P + 1.2159

| P =8.5690 n¥® = 10.4190

for n§§:1.h10,{”§ 1.700, This result does not depend on the pH
of the solution. The density as a function of concentration was
also determined. ' This result ié

P =fs + 245 m |
for P‘< 1.80, m in moles/liter. A value is given in the liter=-
ature of f’ = PS + 2.6 m., The value of the constant depends
~somewhat on the.pH, and increases with pH as expected.

Dengity gradients were generated.in a preparative ultra-
centrifuge at 25 Krpm, in an SW39 rotor at either 30aC or 600.
Polyethylene tubes contaiping 3 ml of solution were used and
drops collected with a standard dripping device. The density
of each sample was determined by measurement of refractive index.
The results for one initial density are shown in figure f. This
density gradient was compared with the results of Johnson, Kraus,
and Scatchardékho investigated the extended Debye-Huckel theory
of ionic activity coefficients by analysis of equilibrium density
gradients. They find a distance of closest approach of 7.6 X
which agrees fairly well with the crystallographic value of 7.0 X

(comparison is not simple because of the high charge type and the
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very large difference in sizes of the H30+ and silicotunestate

anion.) This parameter and the known value of ¥ are used to

calculate the density gradient at r, , the radius at which the

original unifomn’densitj occurs, in this system from the relation
dp/ar = (4f/dlna) (1 - ¥p) (Mw'r/RT) (2/n+m)

for an n:m electrolyte. (d#/dlna) is the term given by the extended

Debye-Huckel theory. In this case f’— 1049, and T = 30 C. The

The prcmmenﬁwl fCS..\H i3

-2 "
result is (d /dr) = 2,926 X 10 gnm cm . , Gradients generated

2,976 X gmemn®
at 6°Chad a smaller slope. The gradient at r, as a function of

caLc,

initial density were determined as shown in figure 2. Densities
from almost 1.0 to 2.5 can be generated in a 3 ml (~3 cm) column.
The buffer concentration in these density gradienté was
generally 2 X 152 M sodium acetate. Acetate buffers well in the
region of interest (pH 3.5 - 5.0). The buffer concentration was
kept low so that the ionic strength would be due primarily to the
silicotungstate. Under these conditions signifiCant pH gradients
are generated in the column. These pH gradients were»measured
for solutions with several pH's. In each case the starting
density was 1.0L9, the same as that used for the density gradients
in figure 1. These pH gradients are shown in figure 3. These pH
gradients are probably generated by_the migration of the lighter
Hsdfand Na ions with the heavier silicotungstate anions. If there
were no voltage gradient in the column, the density and pH grad-
ients should be parallel whenfexpressed in the same logarithmic
mdnner. According to this rodel, if the concentration of silico-
tungstate (which effectively determines the density) is e¢(r),

then{Hsdi =4c(r), where X = (H3dq / [silicotungstate] = constant.
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The rest of the charge is compensated for by sodium ions whose
concentration would be [Néf] = (4 -X)e(r). The ratioE:HstV[Naj
=A /(L =& ) is assumed to be a constant because there, should be
very little centrifugal redistribution of these light species.
Thus, if pc = =log silicotungstate 9
pH = =log(c(r)) = =logx + pec.
This predicts thaﬁ the plots of pH and pec vs. r should be parallel.
It does not imply that these plots should be straight lines.
These plots are shown in figures l. and 5.for the extreme pH's
of interest. There is a considerable error in the determination
of the siiicotungstate concentration from the refractive index
at these low concentrations because of the large corrsction for
the solvent. A better method would be to determine the concen-
tration by measuring the uv absorbance.‘ These nreliminsry
results do indicate, however, that this simple model accounts
for the obsérved pH gradient?- |
| The near linearity of the logarithmic plot of concentra-

tion vs. radius is also interesting. The expression for
sedimentation equilibrium is |

dlna/dr = (const.)(1-¥pP )r.
But

dlna/dr = (dlne/dr)(dlna/dlne) = (dlne/dr)c(dlna/de).
The term dlna/dc was claculated from the extended Debye-
Huckel théory and found to behvery nearly a constant. Thus

dlnc/dr = (const.)(1 -'VP Y(r/e).
Since dlnc/dr is approximately constant, a plot of (1 - V{’)/c

vs. 1/r should be linear. JIf v is assumed constant, the linearity

* pH %rad}uﬁs in the alkatine CscCli gysiem hart been pfOPOS“Q as &

possible  explemation ag e xtremely sharp obseNed fransitons,
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of / with ¢ implies that 1/c vs 1/r should be linear. This plot

is shown in figure 6. This explains the lihearity of the pH

gradients since they are directly related to the dens@ty grad-

icnt.7 Silicotungstate‘gradients are quite different from CsCl

gradients where the concentration is roughly linear in radius.
The specorum of the silicotungstate ani§n in the UV is

shovm in figure 7. This spectrum happens to be very similar

to that of DNA or the free bases.

Experiments with Nucleic Acids Radioactively labeled 18§ and

288 ribosomal RNA obtained from the laboratory of Dr. Giuseppe
Attardi was used to étudy the possible use of silicotungstate

as an RNA:banding medium. The pH was kept as high as possible

and was generally around L.5. In all of a series of 21 experi=-
ments using starting densities ranging from f? = 1,05 to /0 =1.99
(?m&x of about 2.6) the'RNA was on the bottom of the tube. The
radioactive counts were distributed over a considerable portion
of the tube, however, indicating that precipitation had not
occurred. (Precipitationaresults in very narrow bands.)

An experiment with native and denatured T-li DNA was pre-
formed using the analytical ultracentrifuge and schlieren optics.
Cne cell contained T-li DNA which had been denatured by boiling,
while the oﬁher contained a nixture of native and denatured
material. Both solutions weré'/p = 1,046 and pH lL.L. The cell:
with the mixture of DNA's contained a band at'p = 1,051, while
the cell containing only denatured DNA had no band. The value

of 1.051 for the density of native DNA agrees well with the
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measurenents of Janet Morris in this laboratory. It differs
from the wvalue of Hearstzbecause of a different buffer concen-
tration.

An experiment was pe¢lormed in the preparative ultra-
centrifuge using Pizlabeled, native, linear A DNA at a variety
of pH's. A%t pid L.17 there was a peak at a density of about 1.05,
but at pH's 3.59 and 3.05 the material was at the bottom of the
cell. These are starting pH's and not the pH's at band peak.
Fuorther experiments of the same type show that at pH = LL..027

there is a light band while at pH 3.678 it is much denser. These

experiments have also been pe«formed by Ponzy Lu in this labora-

o

o

tory. He found that at pH 3.80 the density of the DNA was 1.65,
while at pH‘h.OO it was about 1.07. He also investigsted the
density change of denatured A DNA, and found that it could be
banded only at pH's of about 5, where it was very light (fz-l.OS.)
In all cases the bands had normal widths indicating that there
was no precipitation.

Thus, at pH's between pH L.0 gnd 1.5 this system easily
separates native and denatured DNA. Because of this property
it should be possible to separate compleﬁely double stranded DNA
from DNA which contains short single strénded regions. The linear
form of N DNA contains a short'single—stranded region at each end
which is now known to be about (0O nucleotidesllong?) The linear
DNA can be formed into hydrogeén bonded 'circles by heating and
slowly cooling a dilute solution of linears in 0,6M NaCl? Dilute

solutions favor cyecligzation over polymerization. The rather high

salt concentration seems to be necessary to stabilize the circles



by lowering the phosphate repulsion energy. A series of
experiments were pecformed to try to separate the linear and
circular forms of A DNA in silicotungstate density gradients.
Une experiment with Plllabeled DNA gave>two peaks with areas
roughly corresponding to the initial concentration ratio and
with 'a separation of about 0.006 gm et Ghis experiment was
preformed at a pH of about L..3. Attempts: to repeat this
experiment have, however, been unsuccessful. The difficulty
is almost certalinly the instability of the hydrogen bonded
rings under these conditions. ‘The ionic strength of these
solutions is only about 0.25, and it was shown that the rings
were unstable at/& = 0,10. Also, since pH's less than L.O seem
to cause denatw ation of the DNA (althéugh this has not really
been shown), the low pH probably causes small regions of local
denaturation which could open the circle. This difficulty could
be avoided by use of the covalently closed circular ) DNA formed
during the eclipse period of :'Lni‘gact:'x.oni.:;l Attempts in this labor-
atory to prepare purifie@,labeled,closed_circular A DNA were
’unsucessful, however. Newer methods for the isolation of closed
circular DNKBénd methods for the enzymatic closure!of linear
DNA into cecovalently closed circle;&Qould probably have greater
success.

These studies indicate that the silicotungstate ion binds
to native DNA at pH's lower than about .0 and to denatured DNA
at slightly higher pH's. By analogy with the alkaline titration
of DNA in cesium chloride, a reasonabie mechanism would be pro-

tonation of a ring or amino nitrogen in DNA followed by the



.inclusion of a silicotungstate anion in the solvation shell as
a counterion. No specific binding between the positive site and
the counterion is required. Electronsutrality of the buoyant
thermodynamiC'species1requires that the solvation shell of the
nacromolecule must be large enough that a number of ions sufficient
to ne&tralize the charge of the macromolecule are included in the
shell. In the case of an alkaline bﬁoyant density titrétion in
CsCl there is an increase in solvation which partly compensates
for the density increase due to Cs+ binding. In the case of the
sodium silicotungstate system, however, it would seem more reason-
able that the increased positive.charge on the molecule due to
protonation would be compensaeted by the removal of one of the
sodium ions from the solvation sphere. The silicotungstate
anion has an extremely low charge density and would not be
expected to bind to a positive charge. In fact, a molybdenum
anolog of silicotungstate, Hq[?OHVOA°11M003], has been shown to
be almost completely dissociated in dilute solutions. The
expulsion of an Na+ ion from the solvation shell could explain
he increased density. It seems more probable, however, that
there 1s some specific binding between t he protonated bases of
DNA and the silicotungstate anion.

In order to test this hypothesis & dialysis equilibrium
experiment was pevformed.. Calf‘thymus DNA at a high concentra-
tion was denatured by boiling: dialjsed to remove short segments
of DHA and they diaiysed against a dilute solution of silico=-
tungstic acid at pH 5.2 in the cold for 2l hours. There was

no detectable decomposition of the anion in this time. The DNA



was placed in a flask to wﬁich was added a stirring bar and a

dialysis bag filled with a top such that the contents of the bag couldpe
changed or removed. The bag was filled with the same. silico-

tungstate solution used for dialysis. The pH of the system was

then lowered by the addition of concentrated HCl. After equil-

ibri&m had been reached, the concentration of the silicotung-

state ion in the bag (where there was no DNA) was greatly lowered.

The experiment was continued by further lowering the pH and by
repeating the operation with other flesks.

The following model of this system is proposed., It is first
assumed that at pH 5.2 there is little if any binding of silico-
tungstate to the DNA, based on the results of Lu. Even a consid-
erable amount of binding of silicotungstate to the DNA at this
pH would not affect the evaluation of the experiment significantly.
As the pH is lowered, the bases are protonated. It is assumed
That there is only one pK for the bases. This would be the case

if only one base were involved or if the pK's of the reacting

bases are about the same, as is probably the case. This reaction is

K,
ut + B s HE

The next step is the formation of a complex between the protonated

base and the silicotungstate anion
: K,
+ o 2
(BB} +-(82) —== {(EB }{2% }.

This reaction is assumed to be 1:1. The mass actions equations
. for these reactions plus the équation for the conservation of
gilicotungstate anion leads to the equation

(/) (K, K/x) + (Kp/k) = ¢y /(e = ¢,)

wnere k is a known constant of the system involving the volumes



of the bag and flask and the concentration of DNA, H is hydrogen
ion concentration, c, is the concentration of free silicotung-

state ion, ¢

. is the original concentration (at pH 5.2), and

K; and K&are the équilibrium constants as given above. Thus a
plot qf 1/H vs. 92/(01— ¢, ) should be linear with an intercept
whicﬁ’gives K,and a slope which gives K;K;. This plot is shown
in figure 8. Since k = 1.228 X 10 this plot says that the pK
for protonation of thé bases is PK;= 3.73 which seems reasonablgf
The resulting dissocilation constant for the protonated base-
silicotungstéte_complex is 1.5 X 10-4. Notice that it is not
necessary to cohvert the absérbaﬁces of the heterépoly to con-
centrations sihce the extinction coefficient cancels. The factor
k could be off by a faector of 3/l to 1/L if only 3, 2 , or 1 of
the four bases protonate. If 3 of the bases protonate the pK
would be 3.95, 2 bases would yield li.12. The number of reactive
bases cannot be obtained from this experiment. The Donnan effect
in this systerm has not been analysed quantitatively, but it can
be seen that this would probably decrease the apparent binding
constant. The linearity of the plot shows that the reaction
between protonated bases and silicotungstate is one to one. This
would séem to be a reasonable result because the probability of
getting two protonated bases together must be fairly small.
At a pH of 3.682 the absorbance in the dialysis bag increased
with time.and the spectrum chéﬁged slightly. This indicates that
depurination was occuring slowly at this pH and SOC. This sets
e lower limit to studies of this system. |

This experiment proves that there is a mechanism of binding

¥ Magnedic vasonance expetiments by 3. L, Chan and Coweskers 5:\& o
Velue of H< ?K of 3,g0_(5‘_10 Cl«\an_, prwak COmmmch«anjg

o
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between protonated bases of DNA and silicotungstate which differs
from simple counterion binding. Chloride ion would serve as a
better partner in sn ion pair. Precipitation of the gilico-
tungstate-protonated bése complex is another possible explanation.
This seems unlikely, first, because of the band width in density
gradiénts mentioned above, second, because no precipitate was
observed in extremely concentrated mixtures of DNA and silico-
tungstate, and third, because the concentration of silicotung-
state is three orders of magnitude lower than that of the bases
of the DNA. It would seem unlikely that one silicotungstate every
1000 basespeirs would cause precipitation.

An explenation for the binding phenomenon can, perhaps, be
inferred from the éolubility behavior of the heteropoly acids in
general. The solubility pfoperties of all heteropolies are nearly

Videntical. The acids and sodium salts are very soluble in a wide
variety of rather nonpolar organic solvents such as alcohols
(including n-dodecanol), dioxane, and ethyl etheftg/This is
unusual for a strong electrolyte. The lithium and sodium salts
are very soluble in water, the potassium salt somewhat less so,
and the rubldium and cesium salts are very insoluble. In fact
211l large cations precipitate the heteropoly anions. These
include tetralkyl ammonium, pyridinium and similar organic cations.
Measurements of the variation of v with the charge type of the
heteropoly anion indicate thaﬁ[it lowers the density of a layer
of water surrounding it, similar to the iceberg effect of
.hydrophobic bonding. We are lead to the hypothesis that the
binding of the silicotungstate anion to protonated bases in DNA

is due to the formation of a locally insoluble complex which is



kept in solution by the high solubility of the remainder of the
polymer. As a simple case, pyridine and the free bases of DNA
form ‘precipitates with silicotungstic acid, while the, nucleosides
(base plus sugar) do not. Thymidine forms a soluble yellow
complex at high concentrations. This proposed picture of the
compfex may be somewhat similar the action of soap on organic
compounds in that the driving force of complex formation is
the higher entropy of the complex because the components disrupt
the structure of water. There is the further similarity that the

solubility of the comples depends on the presence of a distant

charged group;



~J

PREPARMNTION OF CLOSED CIRCULAR DNA FROM HelLa CELL MITOCHONDRIA

i

Radloff, Bauer and Vinogread have describedl3 the isolation
of closed circular DNA from the mitochondria of the human cervical
.cancer cells known as Hela cells. Electron microscopx of these
closed circles has indicated that most of these closed circles
are 5 microns in length and gquite uniform. About 10% of the
molecules, however, were multiples of this bésic,unit, primarily
doubles. Thnese doubles were pinched in the middle, giving the
appearance of joined singles. It has been shown in this lsbor-
atory by David Clayton'that’open doubies occur in human leukemia
cells. The author is presently involved in the preparation of
doubie length mitochondrial DNA from HeLa cells in sufficient
cuantities that some of its physical properties can be determined.
The basic gquestion is how the dduble length molecules are
related to the singles and what is their biological significance.
The open doubles in leukemia mitochondrial DNA were first
discovered by modifying the Kleinschmidt electron microscopy
procedure. These modifications are being used by the author
for the first Hela preparations. Mitcchondrial circles are
shown in figure 9. Largef quantities of the mitochondrial
circles are being prepared by the repetitive'processing of
increasing volumes of Hela cells by the methods of Radloff et.
el. It is hoped that the doubles can be separated from the

singles by velocity methods.
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