T. COMPLEXES OF MERCURY (I) WITH POLYPHOSPHATE
AND DICARBOXYLATE ANIONS AND MERCURY (II) PYROPHOSFPHATE
COMPLEXES

IT. THE INTERACTION OF MERCURIC CHLORIDE WITH
DEOXYRIBONUCLEIC ACID

Thesis by

Tetsuo Yamane

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California

1960



ACKNOWLEDGEMENTS

It is a great pleasure to acknowledge that this re-
search was carried out under the supervision of Dr. Norman
Davidson, whose understanding, guidance and willingness to
help have seemed to be without bound. I also wish to thank
him for the opportunity I had for doing research since my
undergraduate years at the California Institute of Technology.

I am indebted to the Brazilian Government for CAPES
Fellowships and to the California Institute of Technology for

an Institute Scholarship and Graduate Teaching Assistantships.



ABSTRACT

I. It has been discovered that mercurous mercury forms
complexes with pyrophosphate, tripolyphosphate, oxalate, & -di-
‘methylmalcnate, and succinate. These complexes are stable to-
wards disproportionation to mercury (II) complexes and mercury.
If T7% is the anion, the principal complexes are Hg2 22q+2 nd
ﬂgg(OH)L Q+l. The formation constants were determined from the
potential of a mercury-mercurous electrode in ligand solutions.
Theory and experiment agree that mercurous complexes of ligands
(such as NH5 and CN™ ) which form strong covalent bonds to mer-
cury are unstable towards disproportionation to give mercuric
complexes but "ionic" chelating ligands can form stable mercu-
rous complexes.

The mercury (II) pyrophosphate complex was studied

II

from the potential of a Pt electrode in HgI, Hg pyrophos-—
2 k]

phate solutions at pH 7-10. The principal species is

Hg(OH) (P,0,)™7, with a formation comstant of (2.8%0.6)1017M 2.

2 7>
IT. The interaction of mercury (II) with DNA was

IT

studied. The formation of the DNA-Hg complex is reversible

according to spectrophotometric, viscometric, and biological
criteria. Based on the ultraviolet absorption spectra and on
the number of protons liberated from DNA during complexation,

1T

the binding sites of Hg to DNA are discussed.
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COMPLEXES OF MERCURY (I) WITH POLYPHOSPHATE AND DICAR-
BOXYLATE ANIONS AND MERCURY (II) PYROPHOSPHATE
COMPLEXES

INTRODUCTION

The equilibrium constant for the formation of mercurous
ion from elementary mercury and mercuric ion is 130 in 0.5 M

Na0104e1 The equilibrium is readily reversible. When a
Hg + Hg'" = Hgh" K = (Hg3")/(Eg™) = 130 (1)

complexing ligand is added to a mercurous solution, the usual
reaction that occurs is disproportionation of the mercurous
ion to give elementary mercury and a complexed mercuric ion.
This occurs, for example, with the complexing ligands, CN and
Nﬂﬁe It is due to the relatively greater stability of the
mercuric complexes. The same situation occurs for many in-
soluble compounds. Thus, mercurous ion is unstable in basic
solutions and in the presence of sulfide ion. Compounds such
as "mercurous sulfide" or "mercurous oxide" reported in the
past have been shown to be a mixture of mercury and the cor-
responding mercuric oompoundeg’5

The general impression conveyed by textbooks and by
the chemical literature is that there are no known stable com—
plexes of mercurous ion. Sillén and coworkers have suggested,

on the basis of potentiometric evidence, that there are weak
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55"
anions, with formation constants of: 2.5 Eml (HgENQE}, Oa5yw2

complexes of H formed by nitrate, sulfate and perchlorate

4>2
(HggGlOZ;).l’qw This presumably is mainly ion-pair associa-

. -1 -2 2 -1
(Hgg(h05)2)$ 20 M (Hg2804)? 250 M (Hgg(SO ) and 0.9U
tion. It is also possible that the assumption of constant
activity coefficients at constant ignic strengths is not suf-
ficiently reliable to enable one to identify such weak com-
plexes with certainty by potentiometric experiments.

> 6

However some time ago, Stromeyer” and then Brand  re-
ported that when sodium pyrophosphate solution is added to a
mercurous solution, a white precipitate forms and then redis-
solves in excess of the reagent, which suggests the formation
of a strong, stable complex.

We have confirmed and extended these observations and
have now found that mercurous ion forms stable complexes with
pyrophosphate (Py”4)S tripolyphosphate (Tp"5)9 oxalate (Oxmg)i
«=dimethylmalonate QMa”g) and succinate (Su“a) anions. For
all these cases, the presence of HgI in the solutions can be
shown by the quantitative precipitation of Hg2012 upon addi-
tion of NaCl solubtion, and also by the characteristic ultra-
violet spectrum of mercurous (see later). The HgI complexes
can be formed by mixing Hgllmligand solutions with elementary
mercury, showing that the ng complexes are stable to dispro-

7

portionation.
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EXPERIMENTATL

Materials. -~ Mercuric nitrate was prepared by dissolving HgO in
HNQ5 and was standardized by titration against KCNS with ferric
ion as indicator.a
Mercurous nitrate solutions were prepared by shaking to-
gether for one hour Hg, Hga(NOB)2 and HNOE@ The reagent was
standardized gravimetrically by precipitation of the chloride
and also by the bromophenol-blue meth@dsg
Baker’s reagent grade Na4P207»lOH20 was used. Sodium
tripolyphosphate, N35P3010~6H2O, was obtained from +technical
grade sodium tripolyphosphate as described by Wattexs.lo
Allied Chemical & Dye Corporation®s K2020¢@H20 was used
as a source of potassium oxalate. Potassium malonate was pre-
pared from the technical malonic acid as described by Bailarall
a-dimethylmalonic acid from K. & K. (Kuthe and Kuthe) labora-
tories was used as supplied. Matheson’s reagent grade sodium

succinate was recrystallized twice from water.

Potentiometric Method. - The cell was made up with a

Beckman saturated calomel electrode, a J-type mercury electrode
in which the mercury surface coﬁld be renewed by overflow, and
a sait bridge (0.75 M NaNOEDe There were provisions for ti-
trating in reagents and for maintaining a nitrogen atmosphere.

A magnetic stirrer was used. The cell was in a water-bath at

27 4 ¥ 0.1°. The emf’s were measured with a Leeds and Northrup

type K-2 potentiometer and a 0.01 pamp. per mm. galvanometer;



pH measurements were made with a Beckman GS pH Meter and a Beck-
man General Purpose Glass Electrode. In all cases, a stable
potential was established almost instantly after addition of

a reagent.

All optical measurements were made with a Cary Model 11
Spectrophotometer at room Temperature. A hydrogen lamp and
guartz cells with a path length of 1.00 cm. were used.

The potentiometric measurements were made at 27@4iO®lQG
and in most cases, at an ionic strength of 0.75 M adjusted
with NaNog, Due to low solubilities of mercurous oxalate and
mercurous succinate salts, an ionic strength of 2.5 M, adjusted

with NaNO%, was used in both cases.

RESULTS

Analysis. - The experimental data indicate the neces-

sity of considering the following equilibria:

-2q+2

5 ()

(3)

Hg§+ + 2179 = Hg,L

1=
PO

Hgg+ + OH  + L79 - Hgg(OH)L'q+1

I
-

The potential of the mercury electrode with respect to

the reference electrode is given by
E = E° + 29.7 log (Hgy") (4)

with E° vs. S.C.E. = 539 mv at 27.4°C.
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From stoichiometric considerations we obbtain for the to-

sk
tal mercurous ilon concentration

(2 Hgl) = (Hgh) + (Hg,(0mT™9h) + (Hg,L5792) (5)

and with the equations for the formation constants, the follow-

ing relation results:

S Hel
E___ﬁal. -1 = El(OH->(L“Q) + EE(L“Q)Z (&)
(Hg§+)
(= Hgl)
DA =SO | (™% = g (0HT) + K, (L7 (7)
(Eg3")

The total mercurous concentration, (Z)Hgg), is of course
known. The free mercurous ion concentration, (Hg§+), is calcu~-
lated from the observed potential by equation 4. Usually,
the ligand concentration was much larger than the total mercu-
rous concentration; where necessary, corrections for the amount
of ligand complexed were made by a successive approximations
procedure. Corrections for the hydrogen ion equilibria of
the ligands were also made as discussed below.

Since the determination of formation constants involves
the concentrations of unprotonated ligands as they exist in
solution, effective pK’s were measured by pH tiftration curves

for the media used in the complexing experiments. The results

* We should also include Hg.(OH)' with a formation constantl®
of 169 E”l, but its concentTation 1s negligible compared to
Hgg(OH)L and Hg,L,.
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are displayed in Table I. Since the alkali metals form com-
plexes with pyrophosphate and tripolyphosphate iensgl5 the
values given in Taeble I differ from those determined in media
where the supporting electrolyte contains tetraalkyl ammonium
cations. The results in Table I, of course, are appropriate

values for the analysis of our complexing data.

Table 1

pK's of Ligands Studied

Pyrophosphate PEK, = 8.00%
PK 5= 5.68%
Tripolyphosphate p§5= ?,58b
Pk, = 5@29b
Oxalate® d-dimethylmalonate Succinate®
p§2 %.66 5.48 5.20
pgl 1.62 2.88 %.85

H

(a) DE,= 8.93 and pks= 6.13 for p = 1.0 i (OH5)4N01.15
(b) DEc= 8.81 and PE,= 5.83 for p = 1.0 i G
() p = 2.5 M NaNOg; all other data for 0.75 il NaNOy.

[}

Mercury (I) and Mercury (II) Pyrophosphate Complexes.-

Figure 1 is a plot of the function on the left-hand side of
eguation 7 wvs. molar concentration of PzO;4 at a given pH.

(The concentration of PEO was calculated from the tobal

wdf
7
pyrophosphate concentration, using the acid constants of Table
I, and making the necessary small corrections for the amount

complexed). Equation 7 predicts an intercept of gl{OH“) and



Fig. 1

Pilot of equation 7 at different pH’s for the determination
of K, = intercept/(0CH ) and 52 = slope; (Z‘Hg§+)r 1x10™2 -

1x10~%

Py (2 Py)~ 0.004 - 0.3 F; » refers to the points ob-
tained from the potentials either more positive or only
slightly less positive than that of an Hg, HgD electrode.
Nete the change in horizontal scale for the upper half of

the figure.
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a slope of gg. At low pH (K9), the intercepts increase with
increasing pH and the slopes are constant, as expected from
equation 7. However at high pH and low pyrophosphate concen—
trations, the plots curve upwards as the pyrophosphate concen-—
tration decreases. We believe that this behavior is due %o
the disproportionation of mercurous salts to mercuric oxide

and mercury
Hgg — HgO + Hg

The standard potential of the Hg,HgO electrode 1514
Hg + 2H,0 = (Hg0), + 2H + 2e” E° = 931 mv
E (vs. S.C.E.) = 690 + 59.5 log (H") (8)
o A . =4 (14) .
- ~»The solubility of HgO is 2.25x10 "M ; so, in solu-

41\& 5

oy

tions where the mercury concentration is less than 2.25x107
mercury will be present in solution as HgO if the potential is

more positive than that given by the equation

E = 690 + 29.75 log—=L8) 59,5 10 (5") (9)
2.25x10

The data in Fig. 1 which do not conform to equation 7 were all
for potentials either more positive or only slightly less posi-
tive than calculated from equation 9. However, at high pyro-
phosphate concentrations at pH 9.55, the expected behavior from
equation 7 with reasonable values of K, and §2 is observed.

In summary of this point, the situation at high pH ap-
pears to be that at low pyrophosphate concentration, there is

disproportionation according to the equation
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Hg%{@ﬂ)?y’a + OH™ = HgO + Hg + Pye4+ H,0 (10)

and the observed potential is close to that of the Hg,HgO elec-
trode. At higher Py concentration, reaction 10 proceeds to
the left and the mercurous hydroxy pyrophosphate anion is pre-
sent. It is remarkable that the mercuric oxide formed at low
Py is not lost by adsorption on the walls and that reaction
10 is quantitatively reversed at high Py.

The results obtained for the slopes and intercepts, and
hence for gl and gg of equation 7, are given in Table II. TFor
reasons to be explained shortly, we now refer to gi rather

than gie

Table II
Slope (52) and Intercept (gi/{OH“)) from Fig. 1

pH k710717 W2 K,+1071% ue
7.12 2.70
745 2.84
8,34 5.95 2.10
8.%9 5.90 1.95
8.83 7.20 2,80
8.90 6.90 (2.40)%
9.55 15.2 3.70°
ave. (6.5%0.7)10%7u"2 (2.4%0.6) 10122

(a) Only one pyrophosphate concentration, slope assumed.
(b) Slope and intercept from high pyrophosphate concen-
tration onlys; results not included in averaging.

It is worthwhile to explicitly report that the Nernst
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law behavior as regards Hg;+ concentration was observed both

at high and low pH (for points where the potentials showed

that HgO was not present). These data are shown in Table III.

Table III
Validity of the Nernst Law
(¥ Py) = 0.020 F

pH = 7.12 pH = 8.90
(£ Hg3)-10° B (obs.)  E (eale.) E (obs.) B (cale.)
F nv mv
0.951 167.8 106.0
1.89 176.5 176.7 115.2 114.9
3.84 186.5 185.8 124.6 124.,0
5.75 192,32 191.2 129.9% 129.2
9.35 198.8% 197 .4 137.0% 135.5

(a) Corrections were made due to a slight change in pH.

Mercury (II) pyrophosphate complexes were studied from
the potential of a Pt electrode in a Hg++, Hg+* pyrophosphate
solution.

The potential of the mercurous-mercuric couple with

respect to the reference electrode is given by

E = B° + 59.5 log (Hg**)/(ugh")¥ (11)
with E° = 637 mv (vs. S.C.E.) at 27.4°C.

Substituting (Hg§+) as a function of K, and K the

1 2°

following equation resulits:
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log(Hg™) = ;~%5 + % log(THg) - % 1og[gl(0H“)(Py“4)+§2(9y”4>?]

The ratio (EHgiT)/(Hg™™) /(Py ") (0H™) gives fairly
constant value at different pH’s (Table IV), which indicates
that the main species in these media is HglI(OH)Py_B with a
formation constant of K;;= 2.8 X 10t/ M”gg It is to Dbe
noted that the data were taken at pH’s where the main mercu-
rous species is HgéPy§6, so the uncertainties about giconsid«

ered below do not affect the evaluation of Kite

Table IV

Mercury (II) Pyrophosphate Complexes

pH (Z?Hglz) (EPy) (Zﬁgfi)/(H§++>
(Ppy ) (0H)
7.62 1.0x10™%F 5x10™ 2~ 3x10™°F 3,42 x 1007
8.00 51072~ 4x10™" 2%x10™ %2 2.41 x 1017
8.00 5%x10™ 2~ 4x10™" 9%10™2 3.%7 x 10°7
8.42 ox10™ %~ 2x1072 5x10™2 2.29 x 10%7

ave. K1 = (29816.6)1017§m2

We may now inquire as to the possibility of the dis-

proportionation reaction

He,(OR) (Py)™> = Hg'T(OH)(Py)™> + Hg K (12)

From the equilibria

Hg'® + Hg = Hg,' K = 130
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HglT(om)Py™2 - Hg™ + om~ + Pyt K = 1/Kpq

Hgh" + OB + Pyt - Hgl(om)Py~O K

we calculate for equation 12, using for gi the value of gi of

Table 1T, Lo

indicating significant disproportionation of Hg%(@ﬂ)?y-B to

= 0.3%3. This value is of the order of unity,

HglI(OH)Pymﬁ, Thus, the solutions used for determining the
3

formation constant of Hgg(OH)Py“ contained significant quan-
tities of HgII(OH)Pymgg It should be noted that the occur-

rence of this disproportionation reaction would not affect the
functional dependence of the potential on Hgl, Py and OH con-

centrations in the mercurous experiments. However, equation

7 would now become

= K, (1 + E)(0H) + K (By ™) (13)

(
_4> 2

(Py

Thus, the constant Ki is K (1 + Kjy).
From the equations

W15
K} = 6.5x1077 = K, (1 + Kp)

582107
K = 2.8%10
K, =  SII/E,x130 , we obbain

a8 corrected values
= 0049
= 4.4(%0,6) x 10%° M2,

|
i
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However, the possibility remains that our data are
quantitatively in error and that the complex we have identi-
fied as Hg;(OH)Py™” is entirely Hg "(OH)Py™ .  We believe
that this possibility is eliminated by direct observations of
the equilibrium of equation 12 by chemical analysis and ultra-
violet spectrophotometry.

A Hg(IX)-pyrophosphate solution {@EH%(IE}}:4;?X1@¢Q

7,
(ZPy) = 0.02 F) at pH 9.4 was equilibrated with elementary
mercury. The amount of Egg formed was analyzed by taking its
characteristic ultravioclet spectrum and alsc by sepesrating 1t
in the form of ngClgf These analyses gave an average of
3.8x107'F for (EHgy). Since the ratio (Hgg(OH)Py“B)/(Hgchy)£6)
= 2.34 at pH 9.4 and ($Fy) = 0.02 F, the K, from this experi-
ment for equation 12 comes out 0.31 in good agreement with the
calculated value from the potential measurements.

As shown in Fig. 2, there is a characteristic ultra-
violet spectrum for mercury (I) which is just about the same
for ng+§ Hg%(?y)é6 and Hg%(OH)Py“EO The change in absorbance
with pH is Jjust as expected on the basis of the equilibriun
constants derived previously, which also tends to confirm the
existence of Hg%(OH)}?y"5 (Fig. 3). It should also be mentioned
that in the alkaline solutions air oxidation of .T,-igg(OH)Pym3 to
HgII(OH)Py_B is rapid and difficult to avoid.

In summary, then, we believe the evidence strongly

proves the existence of the complex Hg%(OH)Py“B9 as well as



Fig. 2
Molar absorptivity, € = {1/20)1@@10(10/1)3 of several mercu-—
rous solutions. Conditions: (SHgp) = 7.50%x10"°F, (£Py) =
0.020 F, po= 0.75 F (NanOg)e Using the equilibrium con=
stants in the text, the curve labelled Eggfy26 at pH 7.70
is calculated to contain 90% HggPy§6 and 10% HgE(OR)PyW§;the
curve labelled Hg,(OH)Py™> is calculated to contain 71%
He,(OH)Py™> and 20% HgaPygéﬂ In agreement with these con-
stants, the spectrum changes but slightly in the range 6.70-
8.00. The curve labelled Egg+ was a HgQ(ClO&)Q solution in

0.1 M HC10,, 0.75 M NaCl0,. Hgli(OH)Py™> curve obtained from
u u 4

Agg?
a solution (SHg ') = %.0x10™" F and (5Py) = 0.020 F at pH

8.60; the Hg'' curve was a Hg(C10 solution, 0.5 M in HC1O0

3
4.2 4

and Bo= 0.75 M (NaGlO%).

Fig. 3
Plot of A (absorbance) = long{IO/I) for A= 237 mp for mercu-
rous pyrophosphate solutions at different pH’s, vs. mole frac-
tion of HgEQOH)PymE calculated from the equilibrium constants
in the text. This graph shows that the change in A with pH
is consistent with K, and 32 determined potentiometrically.

The pH is given next te the points.
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the complexes Hgé?yg6 and HgII(OH)Eym5« Roughly speaking, of
the mercurous complexes, HggPy§6 is the main species at (ZPy)
= 0.02 F for pH’s between 7 and 8.5; Hgy(OH)Py > is predomi-

nant in the pH range 9.% to 10. In the strongly alkaline so-
lutions, Hg(OH)a forms at low Py concentrations. There is no

3

evidence for soluble complexes containing HPy - species; at
pH?s less than 6.5, however, insoluble pyrophosphate salts
precipitate. A precipitate also forms in the pH range 7-9.5
if the Hgg concentration is raised above 10mze (However, in

6 F K4EQO7 solution, the Hgg concentration could be raised to

about 0.07 M before precipitation occcurred).

Mercury (I) Complexes of Tripolyphosphate and Dicar-

boxylate Anions. - Fig. 4 shows the plots of equation 7 for

-5 -
the anions tripolyphosphate (Tp ), oxalate (Ox 2)g A-dimethyl—

malonate (Ma“z) and succinate (Su“g)@

The plots all indicate
formation of HggLZ and Hg%QOH}L complexes. Hspecially for
the dicarboxylic acids, the complexes are less stable than the
pyrophosphate complexes, and rather high concentrations of
ligand are needed to keep the potential below that for the for-
mation of mercuric oxide. The values of K, and £, are given
in Table V.

In all cases clear solutions were obtained on adding
mercurous solution to the ligand solution, indicating no dis-

proportionation, and in all cases calomel could be precipitated

from these resulting clear scolutions. The following quantita-
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Fig. 4

Plots of equation 7 for the determination of K, and gggﬁiﬁgé}
x> 5X10m6 - 8x10“5§, Only a rather narrow range of Hg§+ con—
centration could be used as Hg,L precipitated at higher Qﬂgg},
and at lower (Hgg} the emf’s ceased to be well reproducibley
(2 Tp)= 0.01 - 0,1 F; (2 0x)=Z0.05 - 0.7 F; (&£ Ma)= 0.0L -
0.05 F; (2 Su)x 0.1 - 0.8 F; A refers to the potentials close
to that of Hg,HgO electrode. The numbers next to the curves

give the pH for the particular set of measurements.
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Table V

Complex Formation Constants

Hg2L§2q+2 | HggiOH)L”Q+l

Ligand K, u° K, WM°
32054 (2.4%0,6)10+° (4.4%0,6)101°
P,0:5 (1.7%0.3)1011 (1.0%0.2)10%°
C,05" (9.5%0.2)10° (1.1%0.2)1017
H.C GO |
2ol 2 (3.3%0.6)10" (3.8%0.5)10%%
HyC7 003

H_C-CO.~ + v ; 13
Hgg_coe_ (1.9%0.3)10 (2.8%0.6)10

tive experiment i8 of interest. A solution at pH 7.0, 0.30 F

4 IT

in sodium &-dimethylmalonate and containing 5.65x10  F Hg

was stirred in the presence of elementary mercury for 15 hours.
After separation from the mercury pool, the solution was made

1 M in Hcloq, It showed the characteristic Hgé+ absorption
spectrum. The concentration of Hg§+ (by spectrophotometry and
by precipitation of HgQClg) and of Hg'™" (dithizone extraction

into GHGLB) obtained were (Hg%)'x 4@7X10B4§ and (HgII) =

4

0.8x107 'F. According to Table V, the ratio of Hg%(OH)L to

HgaLg should be about 3% in this solution. Thus the result
clearly shows that the complexes obtained are Hgg complexes,

2

and that both HgaMaz and Hgg(OH)Maml exist.

High concentrations of the complexing anions are also
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necessary to prevent precipitation of insoluble salits.

It should be mentioned that non-reproducible results,
potentials that varied with time, and the formation of a black
precipitate were observed with unsubstituted malonic acid.
There is probably mercuration of the reactive d-hydrogens and
disproportionation to &-mercuric malonate and mercury. Malo-

15

nic ester derivatives are known to form mercury derivatives.

DISCUSBION

The values of K, and ga for all ligands studied are
given in Table V. Tripolyphosphate has a negative charge of
5 and can be a tridentate ligandlg and Hirschfelder-Taylor
models indicate that bonding of the metal ion to the two ter—
minal phosphate tetrahedra and to the center tetrahedron as
well can occur without strain in either a square planar or an
octahedral complex, whereas pyrophosphate has a charge of -4
and is bidentate. Tripolyphosphate is usually a much stronger
complexer than is pyrophosphate, but this order is reversed
for the mercurous complexes.

The dicarboxylate complexes are substantially weaker
than the pyrophosphate complexes. The six-membered ring of
d-dimethylmalonate appears to give slightly stronger complex-—
ing than for the 5 and 7 membered rings of oxalate and suc-

cinate respectively.

The square root of gg may be taken as a rough estimate
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for the binding of a single L™ 9 by Hg,

Hgs' + 179 = HgEL_q+2 K~ K2

Then the ratio gl/gg is an estimate of the equilibrium constant

for the reaction, Hg L %2 4 OH™ - Hg,(OM)L™ %1, It comes

2
out fairly constant as can be seen in Table VI.

Table VI
Values of X /K}é
K, /%5
Ligand K, /K% x 1077 u

Pyrophosphate 2
Tripolyphosphate 5
Oxalate 4
d-Dimethylmalonate 6
Succinate 6

9

H%§+ + OH = Hg20H+ K = 1x10 (12>9 8xl09§l7)

Values given in the literature for the reaction
++ - +
Hg2 + OH = Hggoﬁ

are included in Table VI, agé are of the same order of magni-
tude as gl/gé. Thus this very crude argument indicates

that the binding of OH by HgEL_Q+2 is approximately constant,
independent of the nature of L and of the charge =-g+2.

If L is a ligand which can form complexes with both
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Hg™ and Hg ™, ﬁggLﬁ and Hg Lm respectively, we can write the

following disproportionation equation:

Hg + Hg''L_ = HgIL_ + (m-n)L.

What are the structural and electronic characteristics of L
which make the mercurous complexes either stable or unstable

for disproportionation?

o

We first recall that Hg+ tends to bind two monodentate

ligands strongly in a linear configuration, and additional 1li-
gands are bound with much weaker affinity. In the crystal
structure for many mercuric compounds, there are two short Hg-X

distances in a linear configuration and additional long Hg-X

18

bonds to give a distorted octahedral arrangement. There are

also some cases of tetrahedral HgXQ structures, viz., crystal-

line Hgl, and HgXi“(lg) (X = C17,Br ,I7) ions in solution, butb

18

Hglg and Hng are linear in the gas phase. The first two

T with €17, Br~ and I~ are much

20,21

binding constants for Hg+
greater than 55 and 54.
For the few crystal structures which are known for
mercurous compounds, there are linear X-Hg-Hg-X structures,
with additional ligands at larger distances around each Hg
atom to give a distorted octahedral coordination. From an
electronic and structural point of view, therefore, mercurous
compounds are Jjust like linear HgX2 compounds, except that one

of the bonds is a Hg-Hg bond.
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Table VIT

Interatomic Distances in Some Mercurous Compounds

Hg-Hg Hg-X Ref.

o

Hg, T, 2.4% & 2.13 & 22

HgC1, 2.53 2.52 22

Hg,Br,, 2.58 2.57 22

He T . 2.69 2.68 22
oo,

o N o

Hg, N hc, 2.90 23

* mercurous diacethydrazide

Table VII displays the mercury-mercury and mercury-
ligand distances for some mercurous compounds. The substance
mercurous dilacethydrazide has the structure

H,C

5 0=0 HE
-N_ Hg
ES»/
_C=0
HBG n
The binding constants for complex formation with Hg++
increase in the order, ¥ , C1°, Br , I~ and NH§EO’4E? 2% ana

if we take a very rough point of view that the nitrogen in the
diacetyl-hydrazine is about as good a complexer as is NH§% then
Table VII shows that the stronger the Hg-X bond, the longer and
weaker the Hg-Hg bond.

Ligands which form good covalent bonds to mercury such

as NH5 or CN  cause disproportionation of the hypothetical
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Hgglg into Hgll

L2 complexes and elementary mercury. Thus, our
hypothesis is that a tendency to form a strong covalent Hg-X
complex weakens the Hg-Hg bond and leads to disproportionation.
In order to get good mercurous complexes therefore, one should
use strong "ionic" ligands, such as Pao;}’@9 Ggng, etc., which
complex by virtue of their charge and chelating characteris-—
tics. With these ligands, the contribution of covalent bond
formation to the binding is small, as indicated by their rela-
tively strong binding for the alkaline earth and group IIIb
tripositive ions. These are in fact the complexing agents
which do form mercurous complexes which are stable to dispro-
portionatien.*

The structure of the mercurous pyrophosphate and other

mercurous complexes which were studied here is an interesting

problem in structural chemistry. The three structures,
Q Q O~
0-p-o0, 0-P-0 0up 0Py
. Hg-Hg Q P Fol _
0- P-0" o~ P-0 0770 ~ He-lig — 0-p 0
A B
Q Q
0-P—-0—P-0
0. 0
Hg-H C
o SQ
0—P-0-P—-0
0] 0

* Beveral interesting facts may be mentioned incidentally. R.
Rosen and E.E. Reid report the existence of the compound



o

are all conceivable. The evidence that OH binds all

Hg%L”Q+2 ligands equally tends to indicate that the chelate

L is attached to only one mercury as in structures A and B.

HO-CH,-CH,-S-Hg-Hg-S-CH,~CH,~0H, a yellow solid, soluble in

2
hot alcohol and melting at 10800.25 It is not known whether
There are the

this substance is stable to disproportionation.

curious facts that the substances Hg2(0020X5)2 (X = C1L or F)

exist and are soluble in benzene.26
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THE INTERACTION OF HgCl, WITH

2
DEOXYRIBONUCLEIC ACID

INTRODUCTION

An interesting reaction of calf thymus deoxyribonucleic
acid (DNA) with Hg012 was first reported by Katz,l who found
that the addition of Hg012 causes a drastic decrease in the
viscosity of DNA solution, even at an ionic strength of 0.1 M,
an effect not observed with any other salt. In the wvarious
studies on the effects of other inorganic salts on the intrin-
sic viscosity of solutions of DNA, the observed viscosity
changes are much smaller, and in general most noticeable only

2=5 Katz1 further

in solutions with a low ionic strength.
observed that the addition of halide or cyanide ions com-
pletely reverses the complexation and the initial viscosity is
recovered. Besides this viscometric reversibility, Thomas6
found that the ultraviolet absorption spectrum of DNA (?Xmaxz
258 mp) is substantially altered by the addition of HgCl
IT

2
complex = 275 mF) and could be reversed by

(A nax OF DNA-Hg
the addition of sodium chloride. These spectral shifts are
not observed when other cations are added.

In accordance with our interest in mercury complexes,

the present study of the nature of the DNAmHgII complexes was

undertaken.
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EXPERTMENTATL

Calf thymus DNA, prepared by a modified Mirsky-Pol-
lister procedure involving Sevagging and ethanol precipitation,
was supplied by the Nutritional Biochemicals Corporation. These
samplés display an intrinsic viscosity of 7% dl/g, a protein
content of ca. 1-2%, a molar absorptivity 626O=6.65X105 cm”l
(mole P)ml and a phosphorus content of 7.3% bottle weight.

From the studies of hyperchromicity both by heat and acid de-
naturation and also from the high wviscosity displayed, we
infer that the sample has a reasonably high molecular weight,
Le€.y, it is a native sample.

M. lysodeikticus, D. pneumoniae and E. coli DNA were
prepared by the Marmur pchedureB and by a modified Avery pro-

9

cedure. Pneumococcal DNA was prepared from a strain resist-
ant to streptomycin, optochin and bryamycin. The pneumococ—
cal DNA preparation was stored in a rather concentrated state
(absorbance ca. 10) until use, in accordance with the wide-
spread observation that dilute DNA solubtions lose their bio-
logical activity.

Viscosity measurements were made with a viscometer fol-

lowing the design of Schneider?lo

with three bulbs and a 150
cm long capillary wound in a helix and led into an Ubbelohde-
type mixing chamber. The capillary was 0,50 mm in radius.

For this viscometer the three maximum shear gradients were ap-
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proximately 220, 150 and 90 secmlm Concentration dependences
were determined by running DNA solutions of about 10, 6 and
% mg/dl.

All optical measurements were made with a Beckman Model
DU spectrophotometer. A hydrogen lamp and quartz cells with a
path length of 1.00 cm were used.

Sedimentation experiments were performed in a Spinco
Model E analytical ultracentrifuge at a speed of 39,460 rpm.
The sedimentation rate was measured in solution with a concen-
tration of ca. 7 mg/dl, by an optical system based on light
absorption. The values of the sedimentation coefficient, Swgagf
Tfrom absorption runs were determined from densitometer tracings.
These sedimentation runs were kindly carried out by Mrs. J.

Morris.

VISCCMETRIC EFFECTS

The interesting fact sbout the interaction of Hg012
with DNA (0.1 M in Na0104) is that even a small quantity of
Hg012 is capable of lowering the intrinsic viscosgity substan-
tially. The loss in rigidity and viscous behavior of a rather
concentrated DNA solution when mercury (II) is added can be
visually observed and the rigidity is restored by addition of
halide ions, cyanide ions, versene or any good complexer of
mercury (II).

Figure 1 shows the effect of Hg012 on the intrinsic
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viscosity of DNA solutions. A concentration range of r = O
(r = total moles of added HgCla/ moles of P) to r = 2 in Hg012

was covered in the experiment. The DNA concentration was

4

kept constant at 1.5x10° M in P. A relatively large initial

drop in viscosity with » is observed which begins to level off
at ca. r = 1, in accordance with Katz’s finding.l It is im-
portant to note that the DNA solutions used here always con-—
tained 0.10 F Na0104 and 0.01 F sodium acetate (pH 5.7) before
the Hg012 was added. The effect is the same even in 0.4 F
l\TaLCILO!+ DNA solution. The effect of Cu(ClO4}2 is shown for
comparison in Fig. 1. In this case, in order to produce a
four-fold lowering in viscosity, an r of the order of 50 is

11

required. The effect of Mg++ is much smaller and the in-

trinsic viscosity of DNA is the same in 0.2 F MgCl, as it is

11

in 0.2 F NaCl. Iron (II) is also indicated to have a neg-

ligible effect.
It is of interest that the addition of denaturing

agents such as urea, guanidine hydrochloride and sodium sali-

cylate does not affect the intrinsic viscosity of DNA solution

at room temperature@15’14

Formaldehyde in high concentrations
(4 M) causes a decrease in the viscosity due to a slow reaction

with the primary amino groups.l5
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Fig. 1

BEffect of HgC12 on the intrinsic viscosity9ﬁﬁ]in dl/g, of
calf thymus DNA solution (1.5x107% inm P), in 0.1 F NaClO,
and 0.01 F sodium acetate, pH 5.7; r = moles of added HgClg/
moles of P.  Effect of Gu(C104)2 under identical conditions

ig shown for comparison.

Fig. 2
Effect of Hg012 on the Tm of the calf thymus DNA. Viscosities
measured at 2500 after 1 hr. exposure to the temperature

noted on the abcissa. Measurenments taken after removal of

Hg(II) by the addition of NaCl.

Fig. 3
Bffect of HgClZ on the rate of heat denaturation of DNA (calf
thymus). Viscosity measured atb EBOC after heating at a given
temperature for a time interval noted on the abcissa. Condi-
tions: 0.02 F NaClO4, 0.005 F, pH 5.7, r=1.5. Viscosity

measurements made after adding NaCl.
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HEAT DENATURATION EFFECT

The so called "melting temperature”, Tm? is defined as
the temperature at which 1 hour heating will reduce the in-
trinsic wviscosity, measured at ESOG after rapid cooling, to
one-half its original wvalue.

Although ordinarily divalent cations affect Tm more
strongly than monovalent cations, both effects are negligible
at a level of 0.1 ionic strength éNaClQ4). Mercuric ion is
the only known case which affects both Tm and viscosity very
strongly at an ionic strength of 0.1 (NaCEQ@) or higher. Meas-
urements of the viscosity at 25609 after rapid cooling, of a
series of DNA solutions which had been heated at various tem-
peratures in the presence of Hg012 for one hour were carried
out. Results are shown in Fig. 2 for r=0.5. Measurements
were made after removal of mercury (T by the addition of NaCl.
It is seen that the viscosity plot is shifted to lower tempera-—
tures by HgGlg. The temperature at which the viscosity has
fallen by half (Tm) is lowered ca. 5°, being ca. 7° for r=1.
This order of lowering is smaller than in the case of 8 M urea
(19%), 3.2 M guanidine hydrochloride (14°) and 0.8 M sodium

salicylate §80}915314

It should be mentioned that Tm is
not affected by the presence of HgClg in an excess of NaCl.
The nature of the denaturation process in the presence

of Hg@lg was examined by observing the change in viscosity as
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a function of the time of exposure to a given temperature. The
result is shown in Fig. %3, for r=1.5. Viscosity measurements
were made at 25°C after adding NaCl. The main feature of this
result is that the fall in viscosity levels out at a plateau
which is lower the higher the temperature, indicating that the
denaturation essentially comes to a stop short of completion by

an amount dependent on the temperature.

SEDIMENTATION EXPERIMENT

The sedimentation experiments were carried out in 0.1 F
NaClQ4, 0.01 F sodium acetate buffer (pH 5.7) with a concentra-
tion of 7 mg/dl for both undenatured and denatured DNA samples,

and with r=0, 0.5 and 1.2. Results are displayed in Table I.

Table I

Sedimentation Coefficients of Mercurated DNA

(7 mg/dl)
undenatured denatured
- gW,2O ) SW,2O ﬁd
0.0 18.8 Ve 21.72 25
0.5 47.6 17 43 4 4
1.2 62.5 7 60.8

It is evident from the Table I that we are not only
dealing with an increase in the molecular weight due to the ad~

dition of the heavy ligand but also with a drastic change in
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the shape or a collapse of the molecule.

Following the treatment recommended by Doty%6, mo -

lecular weights can be calculated by applying the Mandelkern-

Floryl7 equation

Cot/3, w | 3/2
. Qs Mo ()

(1 - vp)
0

where, s = the sedimentation constant at zero concentration,

fﬂ]z the intrinsic viscosity at zero gradient, ﬁoz the solvent
vigcosity, N = 6905x1023, (1 - vP) = the buoyancy factor and
@ = a constant which is 2.6X106 for a flexible coil and which
for rigid coils depends on the molecular weight, increasing
monotonically from 2.56x106 at 300,000 to 5529X106 at 8X1065
The molecular weights obtained by using the values of

@ = 5629X106 for the undenatured DNA in the absence of mercury.

and @ = 2.6X106

for the denatured and the mercurated DNA, are
given in Table II. Calculated molecular weights, assuming

the complexing of Hg++, are also shown in Table II.

Table IT
Molecular Weights According to the Mandelkern-Flory
Bquation
r undena?ured calc. denatured calc.
0.0 5, 7%x10° 5.6%10°
0.5 9.8%10° 7.7%10° 4. 2%10° 7 4x10°
1.2 7.6x10° 10.%x10°

In the above calculation, the specific volumes of the
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mercurated DNA’s were obtained by using the equation

T -
%-} l.vi + W2V2
mixture
2

Wy o+ W

where Wy o= the weight of DNA, %l = the specific volume of DNA
(0.55 m1/g),™® w, = the weight of HgCl, added and ¥, = the
specific volume of HgCl, (0.0085 nl/g) .12

All the above calculations are uncertain because (a)
in the Mandelkern-Flory equation, s® is the sedimentation con-
stant at zero concentration,while in the present calculation
Swggﬁ of a DNA solution of 7 mg/dl was used, and (b) the use
of @::ZMGXloé for a partially denatured DNA is not quite
valid. Due to the several factors involved, possibly aggre-
gation, we cannot fully discuss the results obtained.

It is plausible to assume that Hgll combines with the
bases rather than with phosphate. This asgsumption is infer-
red from the general character of HgII complexes and corrobo-
rated by the spectral evidence which 1s discussed later. The
viscosity decrease and the sedimentation constant increase
may be due to a collapse or folding of the molecule without
significant change in the degree of polymerization. It is
conceivable, however, that there is an aggregation of the DNA

I

molecules when Hgl is added and this might be the cause or =z

part of the cause for the change in the physical properties.
If the bases combine with HgII and certain hydrogen

bonds between the polynucleotide chains are destroyed, a more
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flexible molecule would result which would tend to spontane-
ously assume a more condensed configuration. ut since the
original size and shape of the DNA molecule appears to be

11 it is re-

completely restored, after the removal of Hg
quired that a sufficient number of pairings remain unde-
stroyed in order to provide a "skeleton" to guide the refor-
mation of the molecule when the reaction is reversed by the

IT
g @

e

addition of any good complexer of

Katzl determined the molecular weight of the DNAmHgII

complex by light scattering and interpreted the large molecu-
lar weight observed (16X10 ) as being the result of partial
aggregation. However, he assumed that the complex had the

same refractive index increment (dn/dc) as free DNA. A rough

approximation of this correction can be made by assuming the

additivity of refractive index increments, i.e., (dn/dec)

‘emplx
= f (dn/dc>ﬂgcj2 + ngdn/dc)DNA , where f; = the weight frac-
,L.L, . S S
tion of Hg™", f, = the weight fraction of DNA, (dﬁ’aa>q&01
20 21

= 0.1, and (dn/dc This correction leads to

dppa = 9-19-
a molecular weight not much difrerent from that reported by

1
Katz™ and teken at face value, this result indicates dimeri-

L 55 added.

zatlion of the double-strand DNA molecules when Hg
In our opinion, the above result should be accepbed
with reservation, since the accuracy and the applicability of

light scattering measurements, particularly for molecular
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weights greater than 5x107, have been found to be unreliable. »22

On the other hand, nothing is known about Tthe molecular form
of the mercurated DNA so that the application of the Mandelkern-
Flory equation based upon simple models is not Justified. Prob-

ably its molecular weight cannot be satisfactorily settled un-

til the sedimentation and viscosity data are rigorocusly inter-
&«
preted.

TRANSFORMATION EXPERIMENT

In order to determine whether the spectrophotometric
and viscometric reversibility of the binding of Hg@l? by DNA
is also biologically reversible, biological tibrations of mer-
curated pneumococcal DNA were carried out in collaboration
with Mr. William F. Dove, Jr.

Two samples of active DNA were dissolved in 0.1 F
NaClO,, 0.0L F in sodium acetate and 5X1@m5 £ in HgCl,. Ultra-
violet spectra indicated that the mercurated samples had in-

ed been saturated (A o™ 275 mF}e Both solutions were
then dialyzed overnight, first against 0.01 F cysteine and 0.1

£ NaCl and then against 0.1 F NaCl. After dialysis there was

6 ) . .o wn
* Thomas~ observed that the ethanolic precipitate of DNA in
the presence of HgCl, is a fine powder which settles gslowly.
2
It is fibrous in the absence of HgCl,.
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no spectral evidence for the presence of mercuric ion.
Bioclogical titrations of these two samples for both
streptomycin and bryamycin resistant transforming factors gave
results indicated in Fig. 4, which show that essentially no
activity is lost by the cycle of mercuration and demercuration
by dialysis, i.e., it remains "functionally intact". It is
also known that 4 ¥ urea does not cause inactivation of the

25

transforming principle.

Figg i —_—
Comparison of titration curvesg obtained with Hg012 treated and

control samples of transforming DNA containing the streptomycin

and bryamycin-resistance facbtors.
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SPECTROPHOTOMETRIC AND TITRATION EXPERIMENTS BEARING ON THE

A. Mercury Complexes.

background for the consideration of the nature of

. IT
the DNA-Hg

complex, a general discussion of the complex
- T .
chemistry of Hg will be given here.
In general, for most inorganic cations, the consecutbtiv

complex formation constants, K_, gradually decrease with in-
4

creasing n, K7>Kq>awe>KH% which ig partly due to purely sta-
b fa8 &

m

tistical factors. The first ligand to be taken up would be

bound somewhat more strongly than the subsequent cnes. However,

rokd o . :
Hg presents Ki = K, and shows a drastic decrease in K5 and

2
e . 11, .
K%a This is due to the fact that Hg has a strong tendency
to form two collinear sp bonds and resists a change in hybridi-

zabion.

Table ITIT

el

Pormation Constants of Complex 1@n325

NH% Bthylenediamine
pKl ng §K5 p?Q pK5 pK6 pKl ng pK5
Nitt 2.80 2.24 1.73 1.19 0.75 0.0%  7.66 6.40 4,55
cutT 4,15 3,50 2.89 2.1% 10.72 9.%1 -0.90
catt 2.65 2,10 1.44 0.9% 5.63% 4,59 2,07
Hg™ ™ 8.8 8.7 1.00 0.78 14.% 9.02
Imidazole
PE, ng
cu™  4.00 3.63

ca¥tt 2,80 2.10

Hg ™ 16.74  (8,)°"
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Table IITI shows the binding constants of several nitrogen
bases for various metal ions and several significant trends are
evident in it. In the first place, there is a gradual decrease
in Kl to KG for Ni™* (coordination number &), K, to K, for cutt
(coordination number #), etc., but in the case of Hg '~ K, and
K2 are approximately equal and K5 and Kq are very small. The
binding constants for imidazole and ammonia for complexing
metals are of the same order of magnitude. The increase in
binding from ammonia to ethylenediamine,(en), is very marked
for all of the metals except Hg++u Since ethylenediamine is a
bidentate ligand, chelate formation undoubtedly contributes
very significantly to the binding for the other metals. Because
of the tendency to form two strong linear sp bonds, chelate
formation contributes only slightly to the ligand binding for
He™*. In fact the ratios, pKl(en)/p@Q(NH5)9 where @géKlKa, are
1.52 (Ni*%), 1.40 (cu*?), 1.19 (ca*™) and 0.82 for Hg™. Hg''
forms the strongest complexes with nitrogen bases of any of the
cations.

Another interesting example is the hydrolysis of ngz

ion. In the sequence of reactions
Hg{ﬂ20)++ - Hg(HBO)OH+ + B = Hg(OH), + 2H*
with pKl = =%,70 and pK2 = _2@60,25 the second stage proceeds

more easily than the first, and the fraction of the total HgLI

content present in the form of Hg(OH)' will never exceed about
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12%. At pH» 4, HgII is present entirely as Hg(OH)QG

In general the order of thermodynamic stability of the
halide complexes of metal cations in aqueous solution is F »
C1 Br »I", which is expected from an electrostatic point of
view. However, HgII belongs to a small group of metal ions,

Gul5 Aglg GﬁII and PtII

which form halogen complexes with the
opposite sequence of stabilities, viz., I »Br > Cl »F (Table
Iv). For these metal ions something other than purely elec-

trostatic forces must contribute to the metal-halogen bond

strengths. Chatt25 points out that for the above metal ilons

Table IV
Mercury Halide Gomplexesg5
c1” Br~ I~
pKl 6. 74 8.94 12.87
pK2 6.48 7 94 10.95
pK5 0.85 2.27 %.778
pK# 1.00 1.75 2.2%

the greater stability of the chloro complexes relative to the
fluoro has its analogy in the much greater stability of thio-
ether (RQS) complexes relative to ether (RQO) complexes and
also trialkylphosphine QREP) complexes relative to trialkyl-
amine (R5N) complexes. Since the ligand atoms F, O and N

have no vacant corbitals, whereas Cl, S and P have vacant 4

orbitals, it is suggested that the greater metal-ligand bond

25

strength is a result of W bonding.” In the case of iodide,
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the ion-induced dipole binding is likely to be an important
factor due to the high polarizability of this ion.

Provided steric effects do not interfere, the above
mentioned metal ions show ceoordinating affinities in the se-
quence N»O»F, It is of interest that it is Just The ions
showing =~ the increased stabllity of iodide over fluoride

complexes in solution that are known to form olefin complexes.

B. Complexes A and B.

We now consider the spectral study of the DNAmHgII
comnplex.

Th@mas6 observed that for the calf thymus DNA, all
curves for which r< 0.6 pass through an isosbestic point at
262.5 m. On increasing the HgClg concentration from r = 0.6
to 10, the absorption curves display a new isosbestic point at
27%.5 mp and he concluded that the reaction proceeds by at
least two steps and that the first reaction is essentially com-
prlete before the second one begins.

We have confirmed his observations (Fig. ©6) except for
the isosbestic point at 23%38.5 mp which he found for all r. This
discrepancy may be due to different samples of DNA. It should
be mentioned that Beer'®s law holds for solutions with r» up to
Oe5 and this is indicative of the presence of one type of com-
plex. Identical spectra are obtained either with Hg(ClO4)?

or ﬂgC12@
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Fig. 5
Plot of A(absorbance) = loglO(EQ/l) of some purine and pyrimi-

dine bases and adencsine in the presence of Hg(Cl0

p]

N
uylpe T o=
moles of Hg(@log)g/meles of base. Conditions: 0,10 F NaOlOQ

for 5a, b, ¢ and d; 0.4 F sodium acetate (pH 5.7) for 5e and f.

For 5e, r = moles of Hgﬁl?/ moles of adenine.

Fig. ©

Effect of Hgﬁlg on the ultraviolet absorption spectra of DNA
of calf thymus (42% G-C), E. coli (50% G-C) and M. lysodeik-

ticus (72% G-C). Spectra taken in 0.10 F NaClO,, 0.01 F

L}_'}
sodium acetate buffer, pH 5.7, with increasing r; r = moles of

HgClg/lees of P,
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For simplicity let the first complex be called A and
the second complex B.

It is a well established fact that the purine and DpDy-
rimidine bases of DNA are primarily responsible for the absorp-
tion maximum at 260 mFQ The change in the absorption curve
and the shift in A — caused by the addition of ngi strongly
indicates that the binding is baking place at these bases, The
spectra of HgII withgome nucleosides and bases are shown in
Fig. 5 and the similarity of these spectra to that of the DNA-
Hg012 strongly suggests that HgII is bound to bases in DNA.

The spectrum of the adeﬁinemchlg system in O.4 F sodium ace-
tate, pH 5.7, is shown in Fig. 5e and no appreciable difference
exists between this and that taken with Hg(ClO@)E under iden-
tical conditions (Fig. 5f).

The fact that complex A is formed up to r ¥ 0.5, i.e.,
one mercury bound per one nucleoctide pair, leads to one of the
two following possibilities: (a) the base pair adenine-thymine
or guanine-cytosine complexes with two atoms of mercury con-
comitantly, or (b) one atom of mercury binds to an adenine-
thymine and another to a guanine-cytosine pair. In the present
discussion we neglect the possibility of the aggregation of
DHNA molecules.

If tThe first hypothesis is the correct one, the sgatu-

ration of the complex A should depend on the base composition,



i.e., if a given DNA presents 10% adenine-thymine or guanine-
cytosine content, then the complex A should be formed up to

r = 0.1, In order to elucidate this point, DNA from M. lyso-

deikticus (72% G-C) was prepared and spectra of the MEeTCULY
complex were taken. As shown in PFig. 6, the spectra are azl-
most identical to those of the calfl thymus (42% G-C) and BE.
coli (50% G-C) DNA®’s, showing an isosbestic point at 261 =

L mP for r up to 0.5. Therefore we can conclude that the

r

formation of the complex A is entirely independent of the base
composition and one should expect an isosbestic point at 261 it
1 mp up to r = 0.5 for any kind of DNA, and this indicates that
the complex A is probably due to the binding of one mercury o

an adenine-thymine pair and another to a guanine-cytosine pair.

-
The Hgl* spectrum 1s not much altered in a phosphate
IT

solution. Although the strength of the Hg - phosphate complex

is not known, we contend that it is much weaker than those of

Iz

the Hg 7~ nucleogides.

The next qguestion to be asked is whether Hg@lg ig bound

. < .
to DNA as Hg +? as Hg@l+? or in some other form.
IT . .

Since up to r = 0.5 an average of one Hg is bound to
one nucleotide pair, the complex formation reaction can be
written as (charges are not balanced)

(base-pair) + HgCl, = ((base-pair)-HgCl ) (2-m)C1l™ (1)

w2



N

where (base-pair) = moles of P/2, and the constant of dissocia-

i

tion, XK, is given by the equation

(baseapair){HgClp)

- K (c17)°m (2)
{(base~pair)»ﬁg@lm)

In the above equations, (2-m) is the number of chloride

H

ions displaced from chig and corresponds to the slope of the

plot of log &basempair)QHgGlg)/<(bagerair)ngClm)J versus

-

Log (C17).
In order to study the chloride dependence, varicus spec-
tra were btaken after adding a known concentration of chloride

to the solutions with r<0.5 and 0.10 F in NaCl0, and 0.01 F

.

in sodium acetate (pH 5.7). Necessary corrections were made
for the chloride liberated from HgCl.. It should be mentioned
2
that this analysis is wvalid only in the range of the chloride
concentration where Hg0i2 is the predominant species. The rela-
. . + + - -
tive concentrations of HgCl", HgCl,, Hg(OH)" and ﬁg(Oﬂ)2 at
3 ) ) o o under
pH 5.7 are given in Table V, which indicates thatiour experi-
mental conditions, Hg0l2 is the predominant species in the
absence of DNA. Since the experiments were done in 0.01 F
sodium acetate, in calculating the relative concentrations of

1T . .
Hg chloride and hydroxo complexes,we have considered that the

7oL . .
Hg 7~ acetate complex is not important.
The result of this analysis is shown in Fig. 7, and a

siope = 2 was obtained, which indicates that HgClZ loses both
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Table V

Relative Concentrations of HgII Chloride and

Hydroxo Complexes (pH 5.7)

=

+ T, TT e o - o
c1 Hgi% mgvlg ﬁgCl§ HgCL HbClg
Het HgOl*  HgCl,  HgOH*  Hg(OH),
1072 55 31 71077 0.55 0.013
107% 550 310 7%10”% 5.5 1.32
1072 5500 3100 9%10™° 55 132

chloride ions when it complexes with DNA.

Fig. 7 —_—
Plot of equation 2 for the determination of (2-m) = slcpe.

Conditions: 1¢0.5, 0.01 F sodium acetate (pH 5.7) and 0.10 F
‘Na@lﬁ%e

Fig. 8 _

Plot of pH-stat (5.43%) titration. The Hg(0164)2 solution

used was 5.0x107°F in Hg'l and 5.0x107° F in HCLO

L;”
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D. pH Dependence.

-
- . . AL
The pH dependence on the binding of Hg™

to DNA  wsas
studied by carrying out a pH-stat titration by adding ”g{@i@i
to a DNA solution and neutralizing the acid liberated to +the
initial pH. The blank titraticn, i.e., the addition of

IT

lg{GiOQ)g solution QEQOQXlQmﬁ F in Hg and 5®QQXlQm3 Boin

HCLQ4) to 0.10 F Na@i04 solution with the pH initially adjusted

ot

0 5.4%, dndicated, when corrected for the free protons, the

27

. cma o v I
iberation of 2 millimoles of protons per millimole of Hg*l

bt

added(Fig. 8). These two protons result from the hydrolysis

R
of the Hg ion

Hg'" + 2HOH = Hg(OH), + 2H"

I

(]

ol

The same pH-stat titration carried out on adding Hg

to DNA (?QOXZLQWﬁr M in P), in the absence of chloride, gave

1 3 : s T IE 3 TR
1.5 millimoles of protons per millimole of Hg ™ added (Fig. 8).

&y e

This result can be interpreted in three ways: (a) we can as-

; T ... i ¥ . .
sume that one Hg ™~ liberates one H W from DNA and binds to it

in the form of base~Hg-basge and another Hgl also displaces
one HY from DNA but undergoes hydrolysis, binding to DNA as
base~-HgOH; (b) an alternative interpretation is to assume that
one EgII displaces 2H' and another none but this one undergoes

N . N + o . -
hydrolysis, and (c¢c) two Hg ~ displace 3H° from the DNA,

A pH-gtat titration carried out in the presence of 1.0



a3 em

7 e - . o~ . . e /

(Fig. 8). In this range of chloride ion concentration, {a)

Hg@l? is predominant rather than Hg(CH). and the hydrolysis
. ol

-

of Hgli can be completely neglected (see Table V), and (b)
the chloride concentration is not sufficiently high to re-
verse the equilibrium of the DNA- H%I complex.

Therefore, from the pH-stat titration experiments, it

is conclusive that when the chloride concentration is low, one

Hg™* undergoes hydrolysis and binds to DNA as base-HgOH, while
IT L )
another Hg ~ attaches to DNA as base-Hg-base.

)

The above resgult is in contradiction with that ob-

o
D

cause if Hg ~ can bind to DNA

[

tained spectrophotometrically,

in two different ways, the equation (1) takes the form
N ] gy IT
2(base-pair) + 2HgCl 1, = (base-pair)dg ~ + (base-pair)HgCl + 3C1
I

I . . ;
) = ({base-pair)HgCl). Tneref@r@?fr@m

] I

where ((base-pair)Hg
T . = = n ~ . - 2 TE N 2

the plot of log [(babewpalr) (ngplgj /(complex A)
log (C17) we should obtain a slope of 1.5 instead of 2 Dbe-
cause at (C17)> 1@”5 F and pH 5.7 there is no possibility of
hydrolysis. Since the spectrophotometric experiments were
carried out in 0.0l F sodium acetate, it is possible that ace-

tate might have replaced chloride, base-Hg-Cl — base~Hg-OAc.

Mercuric acetate salt in aqueous solution is known to be only

— , . 26
slightly dissociated.”
From our general experience we infer that the spectro-
photometric result is somewhat unreliable. The mase action

law is not always obeyed too accurately. It is possible that



-

the discrepancy noted above is due to experimental error; it
is also conceivable that it is due to the formation of a
base-~-Hg~0Ac complex. However, we are rather inclined to
rely on the pH-stat titration results, and to assume that
there are two types of HgII, one which loses two chlorides and
binds to DNA as base-Hg-base and another which attaches as
base~Hg-Cl or base-Hg-0H. It seems plausible to assume that
protons are liberated from the bases and not from phosphates

since it is generally believed that phosphates in DNA are not

protonated at pH 5‘452?

B. Binding Sites.

Since the mercury (II) binding by the bases, nucleo-
tides and adenine-thymine and guanine-cytosine polymers is not
known, we can only speculate on the probable locus or loci of

1T

binding of the Hg to DNA.

According to molecular orbital calculations,28 Nl is
the most basic nitrogen on the skeleton of purine, and N? in
guanine. It is also confirmed by the X-ray study of the crys-
tals of adenine hydrochloride that the proton is attached to
Nl in adenineazg

In the case of Complex A, it is conceivable that one
mercury is bound to an adenine-thymine pair, probably between

adenine Nl and thymine Nl’ displacing the hydrogen of the

thymine Nl (Fig. 9). The adeninele - thymine—Nl distance is



Thymine

To dein

Reproduced from L.Pauling and R.B. Corey, Archiv. Biochem. Biophys.
65, 164-181 (1956) '

Fig. 9
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. L IT . . ; o .
32,00 8 and since a Hg ion requires about 4 A, this can

cause an opening up of the structure and may lead to a col-
lapse of the molecule. Then from the pH-stat titration re-

, ; I ; i + .
sult, another Hgl should also liberate one H from DNA and
coordinate either with OH or C1™.

ond one is going to a peripheral position, to either adenine

M? or guanine Eéa However, it is difficult to see how this
e

N . . . . N .
one can displace one H from a base. One possibility is to

assume the formation of a five-membered chelate involving N7

. . . Tt I P ot e ; .
and hJG in adenine; Hg might displace one H from the amine

and form a third Hg-Cl or Hg-OH coordination bond. But from

the general tendency of Hg to form two collinear bonds, this

IT

structure seems less probable. If we assume that one Hg™

®

is bound to the adenine Ny, in the form of base-Hg-0H or

base-Hg~Cl, then from the pH-stat titration result, we have to

. . I . . -
assume that the second Hg displaces concomitantly two H', and

41
A

b

no plausible locus can be thought of.
Because the guanine-cytosine and adenine~thymine pairg

. X 0O .. ]
invelve different numbers of hydrogen bcndgg§ it seemed t0o be

of interest to verify the effect of the base content on the
binding of HgCl,. The order of magnitude of the constant of

dissociation, K, can be obtained from equation 2 by extrapo-

order calf thymus (42% G-C), E. coli (50% G-C) and M. lyso~

« o - Vs e . Ea o . e e ' Tt 2 e ? -
deikticus (72% G-C), which indicates that the binding becomes
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FROPOSITIONS

1. Preliminary experiments show a change in the ultra-

violet absorption spectrum of HgCl. when acetbtate is added. No
g & 2

R

.

sosbestic point is observed which suggests the presence of the

fomde

mixed complex Cl-Hg-Ac. Table given below indicates the poten-—
tial one would obtain assuming various K’s for the complex
Cl-Hg-Ac, maintaining (C1l7)=1x10" F and considering the pres-
ence of H@ClQ% Hg&cg and HgClAc complexes. The potential of

the mercury electrode with respect to the reference elechrode

(8.C.E.) is given by = 593 + 29.7 log (Hg 4); KA = the con-
stant of formation of Hg012 = 1@66Xiolﬁ (1) K% = the constant
of formation of Hghc, = 1.66x107 (assumed).

7 o - - ¥

ae™) (&)Y (K, K" 2K, K;) "% 5(K, K )"

0 r 219 wv 319 mv 5219 mv 319 nmv

1072 318 317 317 314

1072 310 305 302 293

107+ 263 259 257 254

1 201 201 200 199

Due to the small potential difference obtained among
several K’s assumed, the potentiometric analysis would notb give
a reliable value of the constant of formation of the mixed com-

plex. Tho 8pectrophotometry might be the method indicated in

4

2. Although the existence of iron (III) phosphate com-
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plex has been recognized for more than a century, the exact na-
Ture of the complex is still not definitely known and in almost
all of the work reported in literature, the formula of the com-
plex has beeﬁ.assuméd@ (2). The only qué%itative study of the
FeIII phosphate made is due to Lanford and Kiehl (3). They in-
dicated the presence of FeHPOz .

It was observed by spectrophotometric and potentiomet-
ric methods that the main complexes are FeHPOI and FdEPOJEEPO4]

in the pH range 1-1.8, (ZFeT 1) = 1x10™*

i - .
T 5%107 - 1x107CR(4). This work should be exbended over a

-?Y?O”BF, (£ Phosphate)

wider range of pH and phosphate concentration. Under these

conditions, we should be able to find complexes involving tri-

=3
5.

tion, phosphate complexes of polynuclear iron (III), =Fe-O-Fe-,

orthophosphate, OH and PO At high iron (III) concentra-
are also expected to be formed.

A1l the complexes suggested in the past might exist un-
der specific conditions, but a more guantitative study of the
iron phosphate complexes is needed in order to obtain trust-

worthy wvalues of the formation constants.

3. A method of preparing DNA and RNA deprived of pyrim-
idine bases (apyrimidinic acid) is proposed.

The stability of the N-glycosidic linkage of pyrimidine
nucleotides to acid hydrolysis is due to the ethylenic unsatu-

ration between the adjacent carbon atoms in the ring; reduction
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of the #4,5-double bond destroys the resonating structure and
renders the N-glycosidic linkage susceptible to acid hydroly-
sis. Cohn and Doherty (5) reported on the complete catalytic
hydrogenation of the 4,5-double bond of pyrimidine nucleotides
under mild conditions (1.0-1.5 atm of hydrogen with a 5% Rh

on alumina catalyst; pH 2.0-5.0). The product is cleaved by
dilute alkali at room temperature to give, e.g., in the case
of uridylic acid, the N-ribose-phosphate of @-ureido propionic
acid. Dilute acid hydrolyzes this substance to ribose phos-

shate and @-ureido propionic acid at room temperature.

OH OH OO
¢¢ /C\/\ - -
N Q HA N HQ OH HH QF H
. CH  —= c\ - OH _ O43\ - CF —
n-" 1 IN 2 3
S-P -P , —P
uridylic acid G-ureidopropionyl N-ribose-
5*-phosphate
0= NH, + 8Sugar-3’-phosphate
~NHECH,~CH,,~COOH e Spi

2 2"
@-ureidopropionic acid

It should be possible to apply this method to both RNA
and DNA in order to obtain nucleic acids deprived of pyrimidine
bases. It is known from Chargaff’s work (6) that nucleic acid
(2% solution) at pH 1.6 and at 37°C, undergoes hydrolysis of
the N-glycosididé linkage of the purine nucleotides. Therefore,
apyrimidinic acid under slightly more drastic condition than

that of step 3 should loose purine bases and lead to poly-
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ribose-phosphate and polydeoxyribose-phogphate polymers.
Zamenhof et. al. (7) reported the presence of the polyribose-
3*-phosphate in the Hemophilus influenza, type b, but whether

polydeoxyribose-phosphate exists -~ in nature is not known.

4. It was suggested that the sequence p-Pu-p-Py is pref-
erentially hydrolyzed by the pancreatic deoxyribonuclease
(DNase I)(8) and that the minimal length of %?-phosphoryl-ter-
minated fragments susceptible to attack by DNase I is three
nucleotide units (9).

A-p-A-p-T-p —» A-p-A + Dp-T-p
A-p-C-p +#>

However, Sinsheimer (8) observed that the single ex-
ception is the case of cytidylic and guanylic acids. The oc-
curence of dinucleotides in the digest of DNA with DlNase I
showed that the sequence guanylic-cytidylic is over five times
as abundant as its isomer, indicating that in this case the
sequence p-~-Py-p-Pu is preferentially hydrolyzed by the enzyme.
de Garille et al. (10) confirmed Sinsheimer’s observation butb
due to the small % of p-Pu-p-Py obtained in comparison to p-
Pu-p-Pu, p-Py-p-Py and p-Py-p-Pu, they considered that 5'-ter-

minated fragments may be fragments derived from the original

ot

ermination of the chain. But this discrepancy may well be due
to the presence of a different DNase not hitherto separated.

The cellulose ion-exchange chromatography has emerged
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recently as a powerful tool for separation of proteins in sin-
gle and complex biological mixtures. Mitz et. ale. (11) suc-
ceeded in isolating enzymes from solution and observed that
enzymes could be kept in the exchanger without much loss in
activity.

Since DNase is known to be unstable in aqueous solu-
tion, the use of cellulose exchanger might be a way of puri-
fying it and also of keeping it in an active form. It is con-
oeivable\that DNase ;}aonsidered so far as a homogeneous en-
zyme ,consists of two components and might be separated by cel-
lulose ion-exchanger. If separated into two enzymes, each one
should be Tested for its specifity on oligonucleotides in order

to clarify the discrepancy observed by Sinsheimer.

5. RNA is considered to have a secondary structure con-
sisting of small helical regions that involve approximately
half of its nucleotides (12). In agueous solution it is in =
rather contracted state similar to globular proteins (12).

It is proposed that when RNA is denatured,by heating or
by adding denaturing substances, one should observe an increase
in the viscosity due to the transition: contracted state —
random coil.

By a similar method used by Linderstrgm-Lang (13), one
may be able to estimate the % of hydrogens involved in hydrogen-
bonding. The existence of regions with helical configuration

in insulin was shown by Linderstrgm-Lang by the following
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method: (a) insulin is allowed to exchange all its hydrogens
with deuterium by equilibrating with deuterium of DQO; (b)
insulin is then carefully dried; (c¢) resolution in ordinary
water and the rate of appearance of deuterium, as measured by
density change in the solvent, permits the division of total
exchangeable atoms into those are instantaneously and slowly
exchéageable@ The slowly exchangeable hydrogens are involved
in hydrogen-bonding and from the total number of hydrogens ex-
changed one can estimate the % involved in the helical con-
figuration.

4 direct application of the Linderstrgm-Lang method to
RNA raises the problem of the solubility of RNA (step c). This
difficulty can be overcome by using a modified method as fol-
lows: (a) RNA is initially dissolved in a small quantity of
HgO; (b) RNA solution is then transferred to DBO; (¢) samples
are taken at every fixed interval of time and quickly lyo=-
philized and carefully dried; (&) resolution in ordinary water
and the amount of deuterium can be measured by density change
in the solvent. In this way the number of slowly and instan-

taneously exchangeable hydrogens in RNA can be determined.

6. According to the current concept, auxin constitutes
the prosthetic group of an enzyme; it must first combine with
a specific protein to form an enzyme which then catalyzes a

reaction essential to the growth process of plants. In sup-
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port of this concept, it has been shown that free auxin is re-
leased from plant tissues and plant proteins by proteolytic
agents (14), and that the kinetics of auxin action in Avena

coleoptiles are best understood in terms of a two-point ab-

tachment of auxin to some acceptor, presumably protein (15).

protein

An unambiguous confirmation of the existence of auxin-

proteins in plant cells was reported by Galston (16). Indole-

£

3

acetic acid fed to excised pea root Tips is quickly and firmly
bound to protein, approximately 0.1~1.0 mole of TAA being bound
@ér mole of protein of assumed molecular weight of 10,000.
Auxin is not removed from the protein by dilute acid or alksli,
acetone or bolling.

Whether or not the auxin-protein described by Galston
is the catalybtic entity involved in the growth reaction is not

It is proposed that labeled synthetic auxins be used

(J

and be separated from plant tigsue in the form of zuxin-protein

)

and reinjected into an another plant sample tissue in order to
verify if this auxin-protein has catalytic asctivity or not. It

o

known that auxins can promote the differentiation of buds,

fvta

the preduction of flowers, etc., and it may well be that each
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activity is related to a particular kind of protein bound %o

auxin. This whole experiment is based on the premise that

plant tissues absorb proteins. It would also be interesting
Ful [

to investigate the effect of the pyrimidine 5-fluorouracil on

the production of the proteins involved in the auxin acbivities.

7. It has recently been reported (17) that Ribonuclease
Tl splits the internucleotide bonds between the 3’-guanylic acid
groups and the 5%-hydroxyl groups of the adjacent nucleotides;
Ribonuclease Tg splits bonds between the 3%-azdenylic acid
groups and the 5'-hydroxyl groups of the adjacent nucleotides.

The specificities of Tl and T, are rather interesting
and it is proposed that

(a) RNases Tl and T2 should not require the presence of
the pyrimidine bases for their enzymatic activities which solely
depend on the purine bases. Therefore, RNases Ti and TZ should
act on RNA deprived of the pyrimidine bases;

(b) Adenine has a primary amino group atb Cg and guanine
has a primary amino group at 02 and a hydroxo group at ng
Therefore, the specifity of Tl and T2 depends on these two
groups or btwo loci, and it would be of interest to verify their
enzymatic activities on RNA treated with formaldehyde (this

substance is known to react with p-amino groups) and also on

RNA treabted with HNO

AV



8. It is known that if two hydroxyl groups on adjacent

carbon atoms in a ring compound have the cis configuration,

boric acid forms a complex as shown below:
3

~C-OH _ HO~
~C-08 * HO~

t

! | [

\ +

B-0OH +

AH
-2

The end group of RNA satisfies the above reguirement

and therefore one may be able to obtain RNA dimer intercon-

b

nected by borate, RNA-borate-RNA. Viscosity is expected %o
increase dué to dimerization.

This complex might be useful in characterizing the ter-
minal nucleotide in BRNA. If it is a 37-phosphoryl-terminated
end group, dephosphorylation of the terminal rnucleotide can
be carried out with phosphomonoesterase. The formation of
RNA dimer can be avoided by adding glucose with borate, 1 N
NaOH at 20°C for 18 hours bresks phosphodiester internucleo-
tide links of RNA at C-5* (18), leading to charged nucleotides
and a neutral complex which can be separated and characterized.
9. The pH-stat titration carried out by adding Zgzz
to calf thymus DNA solution (19) should be extended to DNA's
of different guanine-cytosine conbtents and also to guanine-
cytosine and adenine-thymine polymers. This information would

greatly help to elucidate the binding site of HgII to DHNA.

A ¥
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