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Sumaary

Thie silver ion complexes of deoxyadenylic acid, deoxyadenosine,
and various derivatives of adenine have been studied and compared.
The major analytical methods used nave been potentiometric
determination of silver binding and pH-stat determination of
proton release during binding. Spectrophotometric data nave
been used as supplementary information in some experiments.

The maln reaction.for adenylic)acid aprears to be:
(+n

2n Ag" + nHA —> Ag;n A +nHT
T Frec.‘;o{taﬁ or pofymeric species
In sclution

Lo . molesﬂj bovad

lt;‘l '/n :'\: - ) .
with (k") [AgT [25][HA] Where %" fales HA preent

The actual binding is probably more complex.

Adenosine also forms polymers with silver. The mechanism
may be similar to adenylic acid binding; but a binding scheme
that fits the data better 1is a two-reaction scheme, with (a)

occuring twice as often as (Db):

(@ Agt+Ads — * (8- Ads—) ¥ + H
b) Rg+ + Ads +(CIO{} - Ads - Qgi(c:o‘,')

The 9-methyl adenine reaction is also a polymerization
reaction; it may well be similar to either the adenylic acid
scheme oOr tne adenosine scheme.

With adenine the first reactlon is prooably.
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followed oy a second reactiont

Ho o H
N \N,Hg

I F}ﬂ'&'____) + H+
I
/ﬁ | Ag
On the other hand, 6-N,N-dimethyl adenine has the sanme
first step as adenine, but does not have the strong second
reaction because of its blocked amino grdup.
I pro-ose that in all cases part of the driving force of
the reaction is the tendency to form polymers with structures

of the type illustrated here for adenine.
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Introduction

The members of this research group have recently been interes-
ted 1n the study of cation complexing with deoxyrivonucleic acild

(DNA)I'4

. It was hoped that these studies would yieid valuable in-
eight into DNA secondary structure, reactivity, and binding-site
availabilty. 7The mercury(II)- DNA complex studles were of special
interest, since mercury(II) binds much more strongly to the purine
and pyrimidine base groups than to the negative phosphates oi the
chainl. For this reason the mercury(II)-DNA studles were extended
to include an investigation of mercury complexing with various de-
rivatives of the four naturally-occurring purines and pyrimidines5’6+.
'8ilver(I) is known to have a complex chemistry and an electronic
structure similiar to mercury(II); and it also exhibits a high re-
activity with nitrogen bases., Hence, silver-DNA studies were con-
ducteéz. Unfortunately, the presence of four nucleotides in variéus
arrangements of base-pairg in the DNA molecule has made interpreta-
tion of the silver binding studies difficult. In an attempt to
remove these difficulties a study of silver binding complexes with
the separate purine and pyrimidine bases and with related compounds
was undertaien. The sllver-deoxyguanylic acld systvem was the first
studied extensivelya; the resultis are coﬁplicated aq@ are difficult
to explain by a simple mechanism. Further work on other silver
complexes; especlally complexes with deoxyédenylic acid, deoxyaden-
osine, 9-methyl adenine, 6-NN-dimethyl adenine, and adenine will

be described in this. paper.
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Experimental Apparatus and Techniques

The compounas studied were:
deoxyadenylic acid(5') disodium salt®3H,0
-Obtained from‘Calif. Corp. for 3Bioch. Research
~-Henceforth, abbreviated adenylic acid or Hid
deoxyadenosine
-Cal. Biochen.
~-Abbreviated adenosine or Ads

adenine
-Cal Biochem.

6-N,N-dimetnyl adenine
-Cal Biochemn.

9-methyl adenine
-Cyclo Chenmical

Each reagent was of the highest grade available.

Solutions of the above were made by dissélving the appropriate
compound in O.1 ¥ NaClO4 solution (to insure constant ionic streng@h
during reactions studied); the concentrations of species studied
ranged from 1072 to 3 X 1077 i.

In the binding study experiments 20,00 ml of the desired solu-
tion, which will be referred to by general cymbol A, was titrated
by the addition of micro-portibns of 0.1 if silver nitrate; the pH
of the solution waé kept constant by the addition of small vortions
of sodium hydroxide. The silver nitrate éolution andg the sodium /
hydroxide solution were delivered most conveniently from Burroughs
and Wellcome "Agla" micrometer syringes (accurate to at least AXIO'ﬁl)
The binding was followed by three electrodes in the solution: a
Beckman Glass Electrode, a 3eciman Saturated XCl-ealomel Electrode,
and a silver wire electrode. The ecalomel and ﬁlass electrodes were
used for pH readings from a Seckman Model 76 Expanded Scale pH HMeter.
The silver ahd ¢alomel electrodes were used to find the concentra-

tion of unbound silver in solution by balancing potentials with a
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Leeds and rorthrop Iype K-2 Potentiometer. . Keithly Model 200-3
VIV.: Zlectrometer fitted with a Keithly 200-3 Decade Shunt was
useda as a null meter on the potentiometer. A..sketch of the tictras
tion apparatus is shown in Figure 1l..

For electrode measurements on the solutidns cohtaining Ag+ it
is necessary to separate the saturated calomel electrode froa the
solution by a salt bridge containing 0,1 M NaClO,. Sinte this is
essentlially the lonic medium.in the solution being studied, there
is no liquid junction.

The glass electrode was zeroed against the c¢alomel electrodé
at DH 7 in the conventional way without using the special salt
bridge on the calomel electrode. If the salt bridge were used in
the pH 7 standardization, 'a liquid junction between 0.1 M NaClO,
and pH.7 Beckman buffer woulda develop.

In a typical titration experiment approximately 30 ml of the
desired A solution was bubbled with argohvin'a special bubuwling
tube and adjusted to the desired pH. Meanwhile, the two syringes.
were filled, and the potentidmeter was calibratéd against a standard
cell. After at least 45 minuteé, 20.00 ml of the bubbled sqlution
was transferred to the titration tube and argon was allowed to play
slowly over its surface; then the Glass Electrode and the Calomel
Electrode with 1ts 0.1l F salt bridge were placed in the solution.]
After the pH stabilized at the desired reading, its value was noted.
A small aliquot of 0.10 N AgN03 sglution was added to the sample
(from.a syringe). The silver wire electrode was then »placed in the
solution. The pH was adjusted to the original value with 0.05 F
NaOH from the other "Agla! The silver potential was read for the

silver electrode vrs. the Calomel reference. Then, the pH value



H meter—>

Ejia Po‘;‘en%—iamderv}/z ;J\+o

Avgon Bubblin —_
g Tobe .

7-‘—\#,..{..4.-!:4'-

e WJ,_/
B

G lass ElecTrode

—Beckman CaiomeL/Eledrer,

S

Test Selution

\\\<

/V
=

neT S v
Ag wire e‘ec‘frode M“ﬁ et Cgari ng

FIGURE 1 TITRATION APPARATUS




vas read and recordeC. These readings many times were repeated

1

until "equilibration.” Then another aliquot of silver nitrate was
added for the next determination.

llost tlitrations were done at pH 7; but some experim:nts were
gone at pH 5 or 8. A water bath and megnetic stirring were used
Lo Ic... the temperature ét 2511° c.

The argon atmosphere was used to prevent COs interfefence in
proton release determinations: 1©wo switches on the electrode leads
were used to allow independent reading of potential and pH. Hetal
shielding of the'various components of the system, 1in conjunction
with a grounding system to the "solution ground" connection on the
vH Meter, were used to remove a large error in potential and pH .
readings due to A.C. pickﬁp from the surroundingsq.

In analyzing the data the concentration of free silver in a
solution was determined by comparison with Ron Jensen's experimental
standard silver-potential graph(in agreement with Yamane and Mitchelﬂjo

The fact that many of my silverfpotential standards varied
tremendously from Jensen's plot was responsible for the eventual
grounding and shielding of the apnaratus against pickup. Even after
the shielding corrections, a number of my standard curves deviated
from Jensen's line for an unknown reason (possibly due to non- )
reproducibility of liquid junction). Hence, in later experiments'
a quick silver potential standard curve was'run on the apparatus‘
just before a binding experiment. If this plot fit Jensen's graph

(as it usually did), the experiment was continued.

The amount of silver bound at any point in the titration was

determined by subtracting the;_Ag +freé] (as measured by the poten-

tial) irom the total silver added. From this, a useful quantity ry
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" o 1s defined as "the ratio of the moles of silver

was calculated; "r
bound to the moles of total A present.”
fext, from the amount of NaOH necessary to raise the pH again

to its original value, the proton release per silver bound at any

AH?

point in tae tltration:ﬁ/%‘ land the total proton release were cal-
: dét % ) AH*

culated. Graphs of T, vrs. [Agfree] anqgg%;)vrs. rb were plotted.

Volume corrections in the calculations were made when necessary.

The essential purpose of the work was to compare the titration
data under variea conditions in an effort to formulate sulitable
mechanisms for Ag+ binding to adenine and the different substi-
tuted adenines. In some experiments other techniques (nost notably
UV spectiropnotometry with a Cary iHodel 14 Spectrophotometer and 1
aim quartz cells) were used and supplementary data were recorded.

These will be mentioned later as is necessary or enli hitening.
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Results

The reactions of silver with the several adenine derivatives
studlied are sonmewnat compliccted, and the data that were obtained
do not always lead to a unique, simvle interpretation. I have
tried to describe the results in some detall so that the reader
can judce the validity of the conclusions for himself. Kowever,
in the interest of clarity, each section of these results begins

with a presentation of my interwvretation of the data of that sec-

tion.

Adenylic acld

At DH's of 7 and 8 the reaction of silver ion with adenylic
acld aay be{approximg?ely represente%hby theviguation:

2n A+ n HAdT—> [Ag Ad[ " + n H
where the proton involved is from the amino group of each adenylic
‘acid molecule. The polymeric species is soluble for r5<1.6, but
a precipitate forms when rb avproaches 2. At pH 6 precipitates
form at lower r. values; this 1s probably due to protonation of

the phosphate groups.

Adenylid acid is seen to bind far less strongly than guan-
ylic acid at pH 7 (Figure 2); but cytidylic and thymiéylic acids
have even less binding affinity for silver. This fact would
imnediately indicate (as expected) that the silver-adenylic acid
binding is not involved primarily with the sugar of phosphate
groups.

The.amount of silver bound is a function of adenylic acid

concentration (Figure 3); there is also a definite dependence of
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silver binding on pH (Figure 3), stronger binding at a lower
hydrozen ion concentration ( pH range studied: 6 to 8). Yet,
the difference in binding curves for pH 7 and pH 6 is much
smaller that the pH 8 to pH 7 difference, indicacing more than
a simple »H devendence.

Proton releace data (Figure 4) show continued and rela=
tively constant reléase of 0.5 protons per silver bo.nd up to
r.~~v 2 for adenylic acid. The total proton release per adenylic

b
acid molecule present (taken for experiments that seemed to

reach vartial saturation at high rb values) varied from~0.9
to 1.1 for four different experiments (Table‘I); this value
is pfobably a good indication of total available protons per
adenylic acid molecule. |

0f the compounds studied, adenylic acid was the most dif-
ficult to precipitate; for four experiments at pH 7 and 8, no
precipitate was noticed before r = 1.6. Yet experiment (f)
at pH 6 had a precipitate at rp= 0.3 (Figure 3). This early
vrecipitation can be atiributed to a greater degree of proto-

nation of the phosvhate groupsll

at oH 6, making less silver
binding necessary to.neutralize the polymer. This change in
phosphate prbtonation between pH 6 and pH 7 may also ?e respon-
sible for the non-linear pH depéndence‘(Figure %) mentioned
above. |

The ulteaviolet absorption spectrum of adenylic acid at
PH 8 changes considerably upon addition of silver ions (Figure 5);
two isosbestic points develop and remain until ry~1 at 241'%“ V

and 274 g#. l%plot_of absorbance vrs. Iy for any aneleng h

t
would be linear if there were only one complexing speciesB;
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TAZLE 3
Svecies jio)s! L. &y end %%%%é%%ﬁi%ﬁ%%
Adenylic acid 8 2.7 | 1.13%0,05
" 7 2.84 1.0 %0.05
" 8 2.5  0.95%0.2
! 7 2l 0.91%0.10
Adenosine 7 >1.5 1.0 TG.1
9-methyl adenine 7 1.6 0.94%0.1
N 7 1.5 T %1
" 7 >1.5 0.8 0.1
© 6-N,ii-dimethyl adenine 7 1.1 0.9 t0.1
" 7 1,47 0.99%0,02
Adenine. 7 1.6 1.5 %0,2

*% Experiment done prior to argon bubbling system.

Correction made for CO, interference.
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suitable »nlots for 250 %M and 235 A show linearity up to

r,~1.5 or 1.7, followed Dy a distinct break (Figure 6).

Hence, at least two complex species are indicated for binding
below rb“'Q. Preciplitation evidence indicates that high polymers
with two or more binding sites are more likely (even prior to

actual nrecipitation).

Adcnosine

The silver-adenosine reaction has not been studied as
extensively as the silver-adenylic acid system; hence, the
mechanism is not as well understood. At pH 7 silver seems to
bind to adenosine on at least two distinct binding sites; one
of the binding vositlions is assoclated with the releace of an
anino hydrogen. There is extensive polymerization, and there
is early precipitation of the polymers. There is some evidence
to suvport the following two reactions occuring simultaneously,

with (a) occuring twice as often as (b):
(a) Ag" rAds — ECAg-Ads=) b+ H7 S
(b} ,qg+ +/‘?ﬂl5 +(C104-)‘—% lqufﬂgf"(C/Ol/—)

For adenosine the amount of silver bound shows the same .
concentration dependence as for adenylic acid (Figure 7) but
with less reproducibility. All adenosine titrations were done
at pHE 7, so no vH dépendence can be estimated.

The chances of equilibrium in adenosine titrations gre
probably less than for the comparable adénylic acid solution,
for adenosine titrations yield precipitates at much

lower Ty values (Figure 7). At similar concentrations
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adenosine anc adenylic acid have comvarable binding curves

o

t low ry values; yet adenosine binds weaker at Py 2 L (Fig-
ure 7), the deviation probably caused by the non-cquilibrium
and earlier precinitation.

Proton release is higher for adenosine (Figure 8) at
low ry values than for adenylic acid (Figure 4); yet, pro-
ton release tends to stop after r, =1 for adenosine. "To-
tal vroton release" data (Table T) for adenosine also shows
one avallable proton per base, even though ry 2 1.5 (exper-
iment ). This would indicate two different binding posi-
tions, the stronger involving release of a proton.

The charge of the phosphate group is vrovably the main
reason for tne differences in silver binding by adenylic
acld and adenosine. If silver binds the bases together
in a polymer, adenylic acid would be expected to precip-
itate much less readlly because of the accunulation of ne-
satlve charges in the polymer. The differences in proton
release could possibly be explained as a charge effect in
volymer formation,

Adenosine sample (g) was complexed to ry~0.5 and cen~
trifuced; and the precipitate and supernatant were analyzed

~—
.

separately for adenosine and silver content. The total

2 Mt
vroton release was~zx 7
- 3 A9y
i

tained ~ 3 of the original adenosine and greater than

; and the precipitate conw.

©
Py

=
of the silver bound. A mechanism that fits this date will

be presented in the discussion section.
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wWith D-metayl adenine, extensive rolymerization and early

orecinltation are ovserved. There are two or more binding sites

N

or silver lons; amino protons are released during binding.

No csultable binding mechianism has been found as yet.

Tne vsual dependence of silver binding on concentra.ion
and on pi 1s shown Ly 9-methyl adenine (Figure 9). FProton
releace starts out at~0.7 and tapers off after rbZ 1 (Figure 8).
The olnding curve 1n general tapers off after rb§ 1l; but the
binding is not very reproducible at these high r,, values. The

binding uncertainties at nigh r. values are probably due to

b
early vrecipitation of the polymers (Figure 9). 4t low r.

o
values very reproducible results were obtalined for two equiva-
lent binding studies even_though one of the experiments )
weas dche previous to the electronic grounding system.

“ratal proton release" data on three titration runs taken
un Lo rb~ 1.5 indicated one available proton per base present
(Table I); a two-position binding is again suggested, the first
involving the replacement of a proton.

The binding of silver by 9-methyl adenine 1s much stronger
than adenosine or adenylic acid binding at pH 7 (Figure 9).

There i1t no easy way to explain these differences; possibly
packing effects in polymer precipitates may Dbe important;.but
polymerization ef.ects are in general very difficult to analyze
or to reduce to simple mechanisms. It 1s reasonable to say that_
the differences cannot yet be explained, but probably have some- -
thing to do Qith precipitation orientations and packing; and

9-methyl adenine must stand out as an anomaly in the analysis.
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i X I L Ym e o I OARE. (e 1 o ]
O-wn,-.=Giletiivl adenine and adenine

In Joth adenine and 6-i,i-dimethyl adenine, silver is bound
gtronily to the 9-position with release of the 9-position pro-
ton caa with »recipitation:

AgT+ HA—> A5 A R s "Primary binding"
Acenine continues to bind past ro = 1, with release of an amino
nroton ("Secondary binding"). 1In 6-N,N-dimethyl adenine there
are no amino hydrogens availaole; but there is a much weaker
("Ihird level") binding of silver to ring nitrogens without

any additional nroton release.

The strongest binding vosition for silver is obviously the
9-positioh, as can easlly be seen by comparison of Figure 10
with other binding curves. Adenine and 6-N,N-dimethyl adenine
voth bind silver far stronger than the other compounds studied,
and 1otn releése almost one proton per silver bound up to rb:>1
(Figure 11). Precipitates were noticed in all solutions at
low rb values. After this point there are interesting dis-
tinetions.

For 6—N,N—dimethyl adenine there is a levelling off of
binding at rb- 1, whereat the LA&f :llncreases one-hundred
fold before significant excess sgilver is bound. At |
[ég* J=107* F, r. is only ~ 1.1. The eventual secondary
~“fres b
binding (beyond rbﬁfl)'is accompanied by negligible proton
release. The "total proton reclease” was very close to 1.0
yretons per 6;N,N-dimethy1 adenine molequle'present (Table I),
indicating one site capable of releasing a proton.

Adenine, however, continues to bind silver and continues

to release protons past ry=1, reaching rbA'l 6 at[@gfre:i =10~ F 

(Figures 10,11). Also, the "total proton release" for adenine
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(at ry=1.6) was approximately 1.5 (Table I), seemingly not
yetb a saturation value, and clearly indicating more than one
évailable proton.

The adenine and 6—N,N-dimethy1 adenine results are very
reproducible despite the fact that three of the four experi-
ments were done prior to the electronic grounding system.

These results indicate clearly that a silver ion is very
strongly bound to the 9-position of adenine and that a proton
is released durilng the binding. The differences between adenine
- and 6-N,N-dimethyl adenine must be due to the 6-amino group;
this would indicate that the secondary binding for adenine must
be assoclated with the amino group. Accompanying this binding
is some proton release, perhaps amino hydrogens displaced by
silver. The second silver bound by 6-N,N-dimethyl adenine
could be to a ring nitrogen involving no proton displacement;
this somewhat weaker binding will be referred to henceforth
‘as "third-level binding." ‘

It is fairly easy to accépt the -9-position as the strongest
binding position for silver; but electronically similar mercury(II)
binds to ring nitrogens more readily than to the amino groups.5
Nevertheless, although the seéondary binding need not be to
the amino group of adenine, it obviously must be aséociated
in some way wlth the amino group; and the simplgst solutign
would be the displacement of an amino hydrogen. It must also
be remembered that the primary_biﬁding qéuses precipitatioh
and probable polymerization, making analyses of binding meqh—'
anisms more difficult.

Returning ‘to adenosine, adenylic, acid, and 9-methyl

adenine, we see that the newly proposed silver binding scheme
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fite many of the binding results rather well. The "stronger
binding" in each of the species could easily have involved .
release of an amino hydrogen; the "weaker binding" might have

been to ring nitrogens.



| (2%
Discussion

A secondary (associated in some way with the amino
group) binding and a "third-level binding" (probably
A>associéted with ring nitrogens) have certainly'been in-
dicated by the results of a number of experiments; yet the
"primary" binding to the 9-position is the only type of
complexing that seems reasonably well understood. With
this in mind, i1t might be best to formulate a reaction ::
mechanism for the 9-position of 6-N,N-dimethyl adenine as
va prelimingry to other quantitative models. The results
of the 9-position analyéis would give an upper level to
the constancy atpainable for modéls which correctly des-
cribe other binding mechanisms, Assuming that the primary_
binding for 6-N,N-dimethyl adenine is associated with the
9-position only, and assuming thét this reaction is com-
plete before other positions are atvacked by silver, the

following mechanism can be written:
Ag e AH — AgAL + AT o
' _ CH'] Qgen CH S A
Ky © m’ LA5+) LAl IL -]

ol Qﬁ\lmﬂlHAo-’.) am,{ FH 7 al{ t"qui“&i’“im
K F Farlia]

Hence (Ag+)(1-rb) should be a constant up to rb"-l.
Reference to Table I shows that the constants (computed
from different experimental binding points) vary by as
much as a factor of three from each other. Néveftheless,
we belleve tﬁe model 1s essentially corrgct. Now, it

would be desirable to find a model with that much constancy

in describing other more interesting b;nding sltes.
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Experiments (o) and (p): 6-N,N-dimethyl adenine, 1.02 x 10"3, PH 7

A+

1.1 x 10°

Lol

1.5

2-3

242
5.5

. 1.2

S.O

1.5 x

4.2

X

"
" Iree

8

Ty

0.049
0.074
0.123
0.246
0.37
0.61
0.86
0.98

0.49
0.98

(Ag*) (L-vy) % 10°

- 1.04

1.11

1.31

1.74

« 1.38

2.14
1.68
1.0

0.75
0.84
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For adenylic acid the following model can be proposed

enbodying two independent binding positions fo?{sﬁlver:
” HAC{,T + A t— A H Ad » K- - EAC’ H’q +7
2) s VORI Lf‘”;]”"sﬂ LA Ade AC HY
~ < L nftue‘ o C A \
g o I4 C of req o l) 2 LﬂACI' j[4J+J

WH(’!’Q HAC{ ? WCaﬂS, (ST g‘l‘,‘ﬁ GWFW’LNR fe@ J 0"#”6’({(1._ ”
Le‘t I, = rH’z gw +mkle Nanypula i?oy\ WM CHF] - J (1-r,)
! ] S T r (F7) [/4777

=y t faki l=r. Tt = CAATCH~F; b7
Fint Tkyg 0= = kx fﬁ i ’%3’3 - f<%l

Table IIIshows K% to be unreasonable,

Takime 1r,=2r uvp r,= 1S as plied b uv studies =y
e i W b / y

At CARDR(In) W = e
o ol T
Rl GA

k’/3: K/z * é /57 )1"- :

Kg— diﬁerges even faster than K,; it is also easy to show
: )
that no other independent mechanism (obtained by altering
the ratlo of ry and r2) will give results better than Ki.
2

Another mechanism to try is :

7 At“f}* HAd ;i Af}z'QO‘ +.H+
o)
kL Kz = f%;j?IaF}k)

In Table IIIK,, 1s shown to be unreasonable.
The fact that all of the experiments have prgcipitates

at high Ty values indicates that extensive polymerization

1s likely in the binding complex. The best assunption 1s

that a silver attaches to two Eases forming a link between |

the two. The fact that the binding curves have such a large

slope (Figure 3) would indicate that there is a co-operative

mechanism in silver binding; i.es once one silver has com-
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Table III

Experiment (a): Adenylic acid, 1.22 x 1079 F, pi 8

At pres r, Ky x 108 Ky x 10 K, x 1072
5.7 x 1077 0.033 5.15

9.0 0.082 5.27 10.6
1.1 x 1074 0.22 78.9 10.2 7.6
1.2 0.46 16.2 20.8 7.4
1.3 0.69 6.11 3.4 7o
1,55 - 0.91 5.4 54.8 6.3
1.6 1.07 1.93 54,9 6.9
1.9 1.28 2,15 49.2 6.3
2.2 1.49 0.58 60 6.7
248 1.76  0.157 8.7
5.5 2.02

7 x 1074 2,2

1 x 1079 2.4

Experiment (d)s Adenylic acid, 2.54 x 1072 F, pH 8

A" rree 5 i By x 1072
6 x 1077 0.13 11.7
7 0.24 9.1
7 0.35 | 9.8
8 0. 5% 8.4
9 0.3 " 1T
1.0 x 107% . 0.90 To2
1.4 1.26 » 5.4

2.4 1.81 : 7.1
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Table III (continued)

Exveriment (Db):
Adenylic acid, pH 7

Experiment (e): Adenylic acid
0.98 x 10™2 F d

2.54 x 1075 F, pH 7

AGY rroe Ty K, x 10~2
AgT - X x 107°
3 z 10™4 0.102 11.9 ® free b n ¥
3.3 0.275 10.9 . |
o i - 1.5 x 10 0.095 18.4
De . o e
- g T 4 0.20 . 15.2
4,1 0.60 8.7
| 1.8 0.31 14,4
4.8 0.82, 7.6 -
: - 2,8 * v 0,51 13.2
5.6 1.04 . 6.8
2,2 0.67 12.2
Tl 1.30 : 5.1
: 2.8 0.87 11.2
9.1 l.59 6'0 . 3
-3 He 5 1.2 8.1
1.26 x 10 1.71 . 4,5
. b : : 7 . 1.6 4,0
170 - 1.74 2.7 '
2.0 1094 8.5
2.85  1.96 6.3

LK

Experiment (f): Adenylic acid, 2.54 x 1072 F, pH 6

-2
4 .
& f;ee rb Kn x 10

2.2 x 10°% 0.067 o84

2.0 0.30 116

2.4 o 0.55 94

2.5 . 0.71 98

3.0 . 0.83 « T8,



plexed to an adenylic acid, it is easier for a second sil-
ver to attach. Without as:zuming a large co-operative fac-

tor, it would be very difficult to build up large polymers,
12,
b

'especially at low ry“; yet, experimentally there is preci-

pitation (and presumably polymerization) for adenylic acid

run (£) at r, ~0.3,

b
The following model might be a fairly good represen-

tation of possible polymerization for adenylic acid:
Ad, | +nH*

: 4 HAA = Agun
2 Ag e - QA pplak. CH)”

Assuming that the activity of the polymer (like a preci-
plitate) remains fairly constant over a large range of bin-
ding, the nbh root of the constant can be extracted to oOb-

tain another approximate constant:
; ~ 1]
t '/"l e CH' = =
K, :kKh> -~ THAdD CAgH]* (271

The constant Kn not 6ﬁly works well for five éeparate
adenylic acid experiments each under different pH and con-
centration conditions (TabieIII); but its value is also
very reproducible from one experiment to another (with the
exception of the pH 6 experiment)! TFor a given adenylic
acid experiment the total range of K, is less than a fac-
tor of five; the total range far all four experiments at
pH 7 and 8 ia less than a factor of seven. The fact that
the conetant at pi 6 (though reproducible from point to
point) is off by a factor of ten from the other experiments

might be a reflection of the effects of protonation of the
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phosvhave groupll.

This polymer-formation model of coufse also works well
for adenosine titrations at pH 7 and low ry values (Figure
7). Yet, it must also be noted that the higher proton re-
lease at the beginning of an adenosine titration (Figures
4 and 8) argues for a two-step mechanism similar to:
Aﬂ’f + Ads v uih chl%ls t "/+] Ve it Fdfymé‘//fZ&zh\&Vl
Ay Ads +/'b+.;i" Ajzﬂa{s cau.fl{u'fﬁbns f‘cﬁf}o/’f :

A two-step reaction may not fit the binding gtudies as Well
ag the Kﬁ-polymer model does; but it does a better job of
explaining the spectrophotometric experiment previously
mentioned. The adenosine spectrobhotometric experiment
fitg fairly well to the following two-positlon redction
scheme with (a) favored two to one over (b):
Qd). nﬁ]gf 4 HAO{;};; (‘A&—Aﬁl‘s“)h\[z +nHY ij—q—
(b) Agt + Ads —s AAS-ADJ’- (C!’O{) |

Undoubtedly, a rather cémﬁlicated binding scheme, involving
both 1) silver binding to at least two different distinct
types of sites énd 2) exte;sive polymefization, is indi-
cated by the dat.a... Unfortunately, it would be very diffi-
cult.to theoretically handle any more complicati?ns in =
~ reaction mechanism.

For 9-methyl adenine the polymer-formation model gave
a reasonably constant K. (Table IM) for rb‘il. Another
mechanism involving the formaﬁion‘of Agd and gggg precipi-
tates also gives a-éood fit to the data at low rb‘s. Nei-

ther mechanism, however, could adequately describe the bin-



Table IV..

Exreriment (L) : 9-methyl adenine, 1.00 x 1072 F, pH 7

AET. o B B, 2 B0
0.97 x 107% 0.10 111
1.05 0.20 " 100
1.1 0.29 95
o 0.39 . 103
1.2 0.58 98
1.3 0,67 89
1.4 0.76 83
1.6  0.84 67
1.8 0.97 60°
241 1.09 50
2.5 . L.18 39
3.0 S 1.25 29.6
E 1.32

5.6 Co1s

T ' 1.40



ding past r=1; agaln, the actual binding is probably al-
tered considerably from ideality by precipitation.

Notning has been said about the possibility of a sil-
ver bindiﬁg to a ring nitrogen and carrying a co-ordinated
hydroxide along with it .. This could, of course, account
for proton-release data. ¥Yet, the silver that binds in
this way could not be a Iink in a polymer chaiq, since a
silver lon does not very easily forms three co-ordination

bondslB. Still a suitable polymer of r. =2 can be built

b
ups Q- A QO See Fiqure 12
- ‘qg_ f?—- Aj A\ Aj ‘A |
Ag Ag fg
o okt oH

In this polymer the ring nitrogens could supply all of the
possible binding sites. Yet, this proposal certainly does
not indicate a reason for the distinetly different binding
of adening and 6-N,N-dimethyl adenine. The AgOH theory
would also seem t0 be non-gpecific as to the 1, 3, and 7
nitrogens; and no preferehce could be easily rationalized.
If the three positions were essentially.equivalent, how
can the "one.pfoton releaé;d per molecule" rule be ex=:
plained? The -AgOH theory is then unlikely, although not
impossiﬁle. \ '

The Binding results studled have proven to be very

compllicated; no correlation with the results for silver-DNA

binding seems at present possibile.

(35)



Fz’ﬁufﬁ /L A fa//vmer Bu/-/dinj /97%’70(-
2
(36)




87

Ackknowledgenents

I am very grateful for the aid and encouragenent given
to me by Profescor Norman Davidson in thils research endeavor.
I would Xike es@ecially to thank him for his endless patience.
I amn also indébted to Mr. Ron Jensen for his advice and assis-
tance. This research was made possible partially through a grant

from the California Foundation for Biochemical Research.



(38)

~ Prosvectus

Previous work -has emphasized potentiometric data in.. ..
analyses of binding mechanisms; future work may accomplish nmuch
by putting equal emphasis on spectrophotometric data and its
quantitative study. Hence, more spectrophotometric titrations
would be useful.

Running adenosine at different pH's (to see if binding
curve is still the same as for aﬁenylié.acid under pémparable
cpndiﬁions) wouid be very enlightening. Such experiments night
eliminate the confusion surrounding pH 6 titration of adenylic
acid.

Other variations inva and concentration for titration of
the various specied studied might'suggestAbetter binding mechanisms
ﬁhan thg ones presently proposed.

Now that the equipment 1s seemingly so much better, it
might be wise to check some of the silver-DNA binding curves.

In many binding studies, analysis of precipiﬁates,_if
possible, would be extremely'helpful.;;

Different titrationAmefﬁodé might answer doubts that have
been ralsed as to.equilibrium in the binding studies. Adenylic
acid aliquots could, for example; be added to a solution of silv§r
nitrate to see if the biﬁding igs. the same as in sténdard titra-
tions. |

Most important, though, two new compounds have been obtalned
and should be titrated; The first 1s a few;mg_sample(probably
Just enoﬁgh fér one titration) of 6-N,N+ dimethyl, 9-methyl adenine.
Its 9-posidion and'its amino group are both blocked; hence, the

theory formulated in this paper would predict "third-level"



binding only, with probably little proton release. The second
compound is 2,8-bis-methylmercapto-6-dimethylamino-9-ethylpurine.
It could be titrated by itself (for it is completely blocked); or
Raney nickel desulfurization could be used to produce

6-dimetihylamino-9-ethylpurine (6-N,N-dimethyl, 9-ethyl adenine).

2,8-bil s-'me‘c.hylmercapto—6-dimethy1amino—9 -ethylpurine 3

H}C . /oﬁ&




&Epilogue

Since the completion of the work described in this thesis,
Ron Jensen nas explored fufther into the problem of complexing .
silver with adenine and ite derivatives. His work has lended
much support to my conclusions; and he has also verifled a few
of the predictions in this thesis. A quick mention of Jensen's

work would be a valuable addition to this thesis.

Jensen has titrated a sample of 9-methy1-6;N,N-dimethy1
adenine with silver. As predicted in my paper (Prospectus),
found only a very weak "third-level binding" with no proton re-
lease. This binding 1is preéumably to a ring nitrogen, since
the 9~position and the amino. group are both,blqcked. |

For adenosine and 9-methyl adenine, Jensen has proposed the
following reaction scheme:?

3H++2Hgm+c¢oq e [Rg B, CIO&;]»L +2H7
This scheme fits well with uhe proton release data, with the
binding curves, and with the.fact;that‘the binding’ seems to reach
a partial saturation at rbﬁ'l;534'1t is interesting to-note that
the above reaction scheme ié just a simpler way of writing the
"two overlavping reactiénsﬁ mechanism which I proposed for aden-
osine titrations (Pages 15 and 33 of this thesis)!  *
Jensen's conclusions for aden;ne, 67H,N4dime£hyl_adenine,

and adenylic aclid are in agreeﬁent;with my'COnclusions. 

A paper has been prepaféd comoinlng Jensen s results with
the results of my the81s. It 13. Kelth Glllen, Ronald Jensen,
and Norman Davidson, "Blndlng of &ilver Ion by Adenine and Substi-
tuted Adenines." This'péper'has been accepted by J.A.C.S. for

future'publicatioﬁ.
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Lesend for Filgures

Fizure 1t A sketch of the titration cell.
Fipures 2,3,7,9,10% Binding comparison curves
] + _ .
Plots of Ty vrs. log CAgfreél for various experiments

Figures 4,8,11: ?Toton release data
igﬁgg%& plotted vrs. ry for various experiments

Figure 5: Ultraviolet absorption spectrum of a sample of adenylic
acld during a titration with silver. Spectrum is shown

at various r, values during the titration.

b
Adenylic ascid= 1.22 x 1072 F; pl= 8

Figure 6: Absorption data from spectrophotometfio titration
Flot of absorbance vrs ry for 1.22 x 107> F Adenylic acid
(pH 8) at 295 e and 260 %F. Non-linearity indicates more
than one complex species.

Figure 12: A sample polymer buildup scheme for adenylic acid
with silver. Tﬁe polymer shown would have a fihal ¥ = 2.0

and would have a "total proton release" of 1.0. Iliany other

such suiltable polymers.are theoretically Jjust as_reasonable.
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