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Tr-,e silver ion complexes of deoxyadenylic acid, deoxyadenosine, 

and various derivatives of adenine have been studied and compared. 

'I'hc major analytical methods used have been potentiometric 

determination of silver binding and pH-stat determination of 

proton release durin5 binding. Spectrophotometric _ data have 

bee:-1 used as sup:_olementary information in some experiments. 

spee,ies 

The actual binding is probably more complex. 

Adenosine also forms polymers with sj_lver. The mechanism 

may be similar to adenylic acid binding; but a binding scheme 

that fits the data better is a two-reaction scheme, with (a) 

occuring twice as often as (b): 

(a.) A~++ Ads ~ ~ (-Aj- Ads~\ i + H-t 

lb) Aj ++Ads + ( c,01-~ ~ Ads - A3 +_ (c 161-) 

·r11e 9-methyl adenine reaction is also a polymerization 

reaction; it may well be similar to either the adenylic acid 

scheme or the adenosina scheme. 

With adenine the first reaction is probably: 
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followed by a second reaction: 
tt, ,, 11 

N 

6=> -t- A~+~ 

On the other hand, 6-H, l'J-dimethyl adenine has the same 

first step as adenine, but does not have the stron3 second 

reaction because of its blocked amlno group. 

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 

·rhe members of this research group have recently been interes­

ted in the study of cation complexins with deoxyrioonucleic acid 

(DNA)
1

-
4

• I~ was hoped that these studies would yieid valuable in­

sis ht into DNA secondary structure, reactivity, and binding-site 

availabilty. The mercury(II)- DNA complex studies were of special 

interest, since mercury(II) binds much more strongly to the purine 

and pyrimidine base groups than to the negative phospha~es of' the 

chain1 . For this reason the mercury(II)-DNA studies were extended 

to include an investig,ation of mE·rcury complexins with various de­

rivatives of the four naturally-occurrine; purines and })yrimio.ines5,6+. 

• Silver( I) is lrnown 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

ductet"1. Unfortunately, the presence of four nucleotides in various 

arrangements of base-pairs in the DNA molecule has made interpreta­

tion of the silver binding studies diffi~ult. In an at~enpt to 

remove these difficulties a study of silver binding complexes with 

the separate purine and pyrimidine bases and with related compounds 

was undertalcen. ·rhe silver-deoxyguanylic acid system was the first 

studied extensive1y6 ; the results are complicated a~d are difficuft 

to explain by a simple mechanism~ Further .work on other silver 

aomplexes, especially complexes with deoxyadenylic acid, deoxyaden­

osine, 9-methyl adenine, 6-t,,&,~;..dimethyl adenine, and adenine will 

be described in this . paper. 



Experir:iental Apparatus and Techniques 

The co::1pouncis studied were: 

deoxyadenyl;c,..acid(5'.) disodium salt·3H2o 
-Obtainea rrora Calif. Corp. for Bloch. ~esearch 
-Henceforth, abbreviated adenylic acid or HAd 

deoxyad.enosine 
-Cal. .oiochem. 
-Abbreviated adenosine or Ads 

adenine 
-Cal Biochem. 

6-N,N-dimethyl adenine 
-Cal .i3iochem. 

9-methyl adenine 
-Cycle Chemical 

Each reagent was of the highest grade available. 

(3) 

Solutions of the above were made by dissolving the appropriate 

compound in 0.1 M Nac104 solution (to insure constant ionic strength 

durinc reactions studied); the concentrations of species studied 

ranged from 10-3 to 3 X 10-3 M. 

In the binding study experiments 20,00 ml of the desired solu­

tion, which will be referred to by general rymbol ~, was titrated 

by the addition of micro-portions of O .1 l·f silver nitrate; the pH 

of the solution was kept constant by the addition of small :portions 

of sodiwn hydroxide. The silver nitrate solution an~ the sodium 

hydroxide solution were delivered. most conveniently from Burroughs 

and Wellcome "Agla" micrometer syringes (accurate to at least 4Xlo-ib .. ) 

The bindin0 was followed by three electrodes in the solution: a 

Beclcman 'Glass Electrode, a .3ec .. cman Saturated iCCl-Calomel Electrode, 

and a silver wire electrode. The talo~el and jlass electrodes were 

used. for pH readings from a .i:3eckman Mod.el 76 Expanded Scale pH Meter. 

The silver and calomel electrodes were used to find the concentra­

tion of unbound ·silver in· solution by balancing potentials with a 

_; . . • 



Leeds and. .::orthrop Ty_pe K-2 1=bt0ntiometer. ., Keithly 1-!odel 200-.B 

v-rv:: :.Slectroneter fl tted with a Keithly 200-.a Decade Shunt ,1as 

used. as a null meter on the potentiometer. A .. 3ketch of the t.i ::.ra.;., 

tion apparatus is shown in Ficure 1;-. 

For electrode measurements on the solutions containing Ag4 it 

is necessary to separate the saturated calomel electrode fro~ the 

solution by a salt bridge containing 0,1 M Nac104. Sinte this is 

essentially the ionic medium .in the solution being stua.ied, there 

is no liquid junction. 

The 5lass electrode was zeroed against the calomel electrode 

at pH 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 Nac104 
and pH , 7 .Beckman buffer would develop. 

In a typical titration experiment approximately 30 ml of the 

d.esired A solution was bubbled with argon in a special bub0ling 

tube and adjusted to the deslred pH. Meanwhile, the two syrine;es 

were filled, an~ the potentiometer was calibrated against a standard 

cell. After at least 45 minutes, 20.00 ml of the bubbled solution 

was transierred to the titration tube and argon was allowed to play 

slowly over its surface; then the Glass Electrode and the Calomel 

Electrode with its 0.1 F salt brig.ge were placed in the solution. 7 

After the pH stabilized at the desired readine;, its value was noted. 

A small aliquot of 0.10 N AgNo
3 

solution was add.ea. to the sample 

( from a syringe). The silver wire electrode was then ~'Jlaced in the 

solution. The pH was adjusted to the original value with 0.05 F 

NaOH from the other 11 Ae;la1
~ The silver po:t_ential was read for the 

silver electrode vrs. the C~lomel reference. Then, the pH value 
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was read anci. recordec.. These readin5s many timec were repeated 

until 11 eq_uilibration. 11 Then another aliquot of silver nitrate was 

adced for the next determination. 

Host ti trations were done at pH 7; but some e'X peri rnerrts were 

q.onc:i at pH 6 or- 8. A water bath and ma3net1c stirrinc were used 

~o :c- the te~perature at 2511° c. 

The arson atmosphere was used to prevent co2 interference in 

proton release determinations. ·fwo switches on the electrode leads 

i-,ere used to allow independent reading of potential and pH. I-fetal 

shieldinc of the various components of the system, in conjunction 

with a grounding system to the_ 11 solution c:,round11 connection on the 

pH Meter, were used to remove a large error in potential and pH_ 

readin0s due to A.C. pickup from the surroundings<t. 

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 :-Ii tche1J)!0 

The fact that many of my silver~potential standards varied :-. 

tremendously from Jensen's plot was _responsible for the eventual 

grounding and shielding of the apparatus against pickup. Even after 

the shielding corrections, a number of my standard curves deviated 

from Jensen's line fo'r an unlrno,vn reason (possibly due to non­

reproducibility of liquid junction). Hence, in later experiments 

a quiclr 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 s-µbtracting the [Ag + free] ( as measured by the poten­

tial) :i.rom the total silver added. Fro:n this, a useful quantity rb 



(7) 

was calculatec:;.; 11 r,/ is defined a$ "the ratio of tl1e moles of silver 

bound to the moles of total P:, present. 11 

?Jext, from the amount of NaOri necessary to raise tJ.1e pH ac;ain 

to its ori5inal value, the proton release per silver bound at any 
-6 H~ 

point in t:1e t ~ tration(.:1 t1,, . . )and the total proton release were cal-
, ~i b-.1 .. + . (L.\ ti, 

culatecl. Graphs of r 0 vrs. [Asfree] and~,;~)vrs. r 0 were plotted. 

Vollune corrections in the calculations were made when necessary. 

'rhe essE.•ntial purpose of the work was to compare the titration 

data under varie~ conditions in an effort to formulate suitable 
+ 

mechanisms for AG binding to adenine and the diffe r ent substi-

tuted adenines. In some experiments other techniques (::1ost notably 

UV spectrophotometry with a Cary Hodel 14 Spectrophotometer and 1 

ram quartz cells) were used and supplementary data were recorded. 

These will be mentioned later as is necessary or enlichtenin6. 



Results 

The ~eactiaLs of silver with the several adenine derivatives 

studied are somewhat complicated, and the data that were obtained 

do not ahrays lead to a unique, simple interpretation. I have 

tried to describe the results in sose detail so that the reader 

can judc e the validity of the conclusions for himself. however, 

in the interest of clarity, each section of these results begins 

with a presentation of my inter})retation of the data of t::-iat sec­

tion. 

Adenylic acid 

At pH's of 7 and 8 the reaction of silver ion with ad.enylic 

acid ,:iay be approximately represented by the equation: 

"Z. n Aj t + n H Acl =-:-► [ A3~ Ad]:h + h H + 

where the proton involved is from the amino group of each adenylic 

acid molecule. The polymeric species is soluble for r < 1. 6, but 
b 

a precipitate forms when r, annroaches 2. At pH 6 precipitates 
0 --

form at lot,er r, values; this is probably due to protonation of 
0 

the phosphate groups. 

Adenylic acid is seen to bind far less strongly than guan­

ylic acid at pH 7 (Figure 2); but cytidylic and thymidylic acids 

have even less binding affinity for silver. This fact would 

im1aediately 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· oinclin~ on pH (Fi5ure 3), stron[;er binding at a lower 

hydrocen ion concent~ation ( 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, indicac.ing more than 

a simple pH dependence. 

P.coton release data (Figure 4) show continued and rela:.:. _ • 

tively constant release of 0.5 protons per silver bo :nd up to 

rb"' 2 for adenylic acid. The total proton release per adenylic 

acid molecule present ( tal{en for experiments that seemed to 

reach partial . saturation at high r .. values) varied from -o. 9 
D 

to 1.1 for four differ~nt experiments {Table I); this value 

is probably a good indication of total available protons per 

ad.enylic acid molecule. 

Of the compounds studied, adenylic acid was the most dif­

ficult to preclpitate; for four experiments at pH 7 and 8, no 

precipitate was noticed before rb = 1. 6. Yet experiment ( f) 

at pH 6 had a precipitate at rb= 0.3 (Figure 3). This early 

precipitation can be attributed to a greater degree of proto­

nation of the phosphate groups11 at pH 6, mal{ing less silver 

binding necessary to ne_utralize the polyJI1er. This change in 

phosphate protonation between pH 6 and pH 7 may also be respon­

sible for the non-linear pH dependence (Figure 3) mentioned 

above. 

The ultraviolet absorption spectrum of adenylic acid at 

pH 8 changes considerably upon addition of silver ions (Figure 5); 

two isosbestic • points develop and remain until rb- 1 at 241 .mf-

and 274 mf. fi plot of absorbance vrs. rb for any wavelength 

would be linear if there were only one complexing species8; 

u /) 
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(13) 

TA.3LE t 

~o7ution Suecies 
10-fol H'.,. r~ leo.s~ 

12H r. ~ end lo-to.L B. 
.,. 

-o prden 1... 

a Adenylic acid 8 2.7 1.13!0.05 

b II 
7 2.84 1.0 :to.05 

d II 8 2.3 0.96!0.2 

e II 
7 2.1 0.91~0.10 

{.' 
0 .Adenosine 7 >1. 5 LO :to.1 

k 9.:..metnyl adenine 7 1.6 0.94:to.1 

1-::- II 7 1.5 1.0 ±0.1 

i:1 
IL 7 > 1. 5 o.8 ±0.1 

O ·"· .. ,,- ' T " • • t' 1 0-1~ , ~:-0.lJJe. ::iy adenine 7 1.1 0.9 -to.1 

p II 7 1.47 O. 99±0. 02 

r➔~ Acienine- 7 1. 6 1.5 ±0.2 

* Experiment done prior to argon bubblins system. 

Correction made for co2 interference. 
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suitable lJlots for 260 ~ and 2)5 fil/"'- show linearity up to 

r 0 "' 1. 5 or 1. 7, followed by a distinct brealc (Fi5ure 6). 

Hence, at least two complex species are indicated for binding 

belo,·1 rb rv 2. P.r-ecipi ta tion evidence indicates that hic;h polymers 

with two or more binding sites are more likely (even prior to 

ac ~ual precipitation). 

Ade:nosine 

The silver-adenosine reaction has not been studied as 

extensively as the silver-adenylic acid system; hence, the 

mechanisn is not as well understood. At pH 7 silver seems to 

bind to adenosine on at least two distinct bindins sites; one 

of the binding positions is associated ,-lith the releabe of an 

amino hydrogen. There is extensive polymerization, ano.. there 

is early precipitation of the polymers. There is some evidence 

to support the following two reactions occuring simultaneousJ.y, 

with (a) occuring twice as often as (b): 

Ca) Ait ,- Ads -? ~ (-,qj_flJs-)n ~ t H+ R:>lymer 

(b) Rg+ +Ads +(Clo~-)-4 Ads-:-A/-{cto'I-) 

For adenosine the amount of silver bound shows the same 

concentration dependence as for adenylic acid (Fi5urs 7) but 

with less reproducibility. All adenosine titrations were done 

at pE 7, so no pH dependence can be estimated. 

The chances of equilibrium in adenosine titrations are 

probaoly less than for the comparable adenylic acid solution, 

for adenosine titra.tions yield precipitates at ·much 

lower r. values (Figure 7). At similar concentrations 
0 

(I 5) 



0 

00 

0 

G 
0 
e 

0 

I 
/ 

_/0 

i 
; 

I 
; 

I 
,0 

/ 

0 

f 

f 

I 

f 

I 

; 

}!) 

I 
' 

X 
i 
l 
i 

I 
I 

0 
I 
!/ 

\ u 

\ ;f 
\
, f 
' ' ,, i 

0/ \x· 
I ' 

I 

i [lb)~ 
I 
I !,, 
I 

i "' / 
j 
I 

0 ' ~ 

' 7'·2 

X. 

\ 
\ 

' \. 

<:::, 

: :r 
ci 

X 



0 

' • • • " u 
> u 

9 

'8 

7 

6 

4 

3 

2 

l 
9 

8 

7 

6 

5 

4 

3 

2 

l 

0 

-~ --'---" -' -i:- -=l==":§E =i=;:--'=-i= 
---~ =!::::::t:::=::4- -~--=---.,- - :_ • _-:_ _±- S[J_§ 

H-+- ' ' 
I ' 

I-

I I 
I 

' I 

I I 

• i I T I"'! 
I 
0 

1-__ ,.. __ c:..=r 
i=-.-1- _, __ r·_ 

-f= I= 

I ' 

1 

H-t+- '- ~ 
~ ... 

f---HH----+---l--l--l--l---l--l--l-+-+-+--l--!-!-!-H'-l----+----+-l--l--l---1--1--!--+-+-+--l--!-!-I--HH----+----+---l--l--l--l--+--+--l-"+--t--+--'+-!-i-''- - t -·t-t-i-' ~ l"__Jl::i~-t-t--!'-t-t---J-7 
I 

_ _ ,_ ,. ' 
1 ... I 

I 
[j !Iii 

I / 
., I< L \ 

-:t-,.~ 1r- ... ~ I ' 0 -, 
- 4 .. 

--

f ~- ,~ 
1-'-' •• 

,._ 
--1 ~ . 

1--1--J, ....j 

T ' M.J--
~ -

1-- ~ -
f---

1--~ 11:l+-t...'..G 
--

~ -

~ .,.. _ 
-- - I 

~ ,- I 
--'-• 

~ ~=-" 
~ ... ·- --. 
l=l=t='-,..;;- ~= 
-:=i-=:- _:_~;:. --t-; 

. 
t=-~·E= ' 1--

1--~-t"=-l-· ( , 

,- .- " --"' '" ' 

, .... •• 1- ,., ... ,'.,, 
l"I[ J I '-:- -~ ,. 

,.)c' , ., .:. "' 'I; ~ 
..... ' I - .., 

+~++-_.k..-1-+'t'?f-.h-t+~+H--H+t++-l+t++-l+H-+-iH-+-t-t-H-+-t-t-t++-t+H--H+tt-H-t-tt-H \n 
,;;-- 1.--i'- µ:! \ 

-:;-- _-..,, 
._/ c--1. 

,..:B- -~ . ...... 
0 00 ..0 C"\. 

C 

~ 
~ ~ 

~ c5 
~ 

0 0 



ad.eno sine anc~ ad.enylic acid have cou:parable bind.ins curves 

at l0'\1 r 0 values; yet adenosine binci.s wealter at r 0 > 1 (Fis­

ure J), the deviation pro~ably caused by the non-equilibrium 

and earlier precipitation. 

?~oton release is hieher for adenosine (Ficure 8) at 

lo,v r 0 values tiian for aclenylic acid ( Fis_ure 4) ; yet, pro­

ton r0lease tend.s to stop after rb = 1 for adenosine. 11 To­

tal ~Jroton release 11 data ( .Table ?·) for adeno sine also shows 

one available proton per base, even thouGh rb~ 1.5 (exper-

l,. ,·-1en-'- r.·) 
" I.., i..:, • This would indicate t,·10 different bindinc.; posi-

tions, the stronger involving release of a proton. 

The char3e of the phosphate sroup is probably the main 

i·•eason for t11e differences in silver bindinc; by adenylic 

acid and adenosine. If silver binds the bases tosether 

in a poly1:1er, adenylic acid would be expected to precip­

itate much less readily because of the accumulation of ne­

cative chare;es in the polymer. The differences in proton 

release could possibly be explained as a charse effect in 

polymer formation. 

Adenosine sample (g) was complexed to rb-0.5 and cen­

trifuced; and the precipitate and supernat~nt were analyzed 

separately for adenosine and silver content. 'l'he total , 
2. 

proton release was....__ 3 ; and th~ precipitate con~ 

taineo. A,,; ~ 
2. 

of the original adenosine and greater than 3 --

of the silver bound. A mechanism that fits this data w:t.l+. 
be presentec in the discussion section. 
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a.<5.enine 

'dit:-:. '.) - ::"let:ayl ad.enine, exten:::ive 9oly1-:1erization ano. early 

preci·oi tation a.re ooserved. There are tuo or ,~1ore bindinc sites 

for silver ions; a::1ino protons a:ce released during bindin5. 

No suitable bindinc me chanism has been found aa yet. 

The usual dependence of silver binding on concent rau ion 

anc:L 0~1 p~: is s11own by ')-methyl adenine (Figure 9). .P.roton 

release starts out at,,.,,o. 7 and tapers off after rb~ 1 (Fic;ure 8). 

The b inding curve in general tapers off a fter rb~ i; but the 

bindinz is not very reproducible at these hic;h r 0 values. The 

binding uncertainties at hich rb values are probably due to 

early precipitation of the polymers (Ficure 9). At low r ­o 

values very reprociucible results were obtained for two equiva­

lent binding studies even though one of the experiments ('9,.) 

wa 2, d.cne previous to the electronic grounding system. 

11 'I'otal proton release 11 data on three titration runs taken 

U t> to rb~ 1. 5 indicated one available proton per base present 

(fable I); a two-position binding is again suggested, the first 

invo1vin3 the replacement of a proton. 

The binding of silver by 9-methyl adenine is much strone;er 

t:1an adenosine or adenylic acid binding at pH 7 (Fi5ure 9). 

There is no easy way to explain these diffe~ences; possitily 

packing effects in polymer precipitates :nay be important; but 

poly~orization ef Lects are in ceneral very dif f icult to analyze 

or to reduce to simple mechanisms. It is reasonable to say that 

t:1e a.iff erences cannot yet be explained, but probably have some­

thine to do with precipitation orientations and paclcing; and 

9-methyl adenine must stand out as an anomaly in the analysis. 
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6-~.~-di~ethyl adenine and adenine 

In oath adenine and 6-J,N-dimethyl adenine, silver is bound 

stron_::;l:,: to t:1e 9-position with release of the 9-position pro­

ton ~nd ~iti ~rGcipitation: 

11 P.l."iinary bind:Lnc 11 

Ac.enine continues to bind past rb:: 1, v1i th release of an m1ino 

proton ( 11 Secondary bindin5 11
). In 6-N,N-dimethyl adenine there 

are no a~ino hydrosens availaole; but there is a much weaker 

( 
11 ·.rhird level 11

) binding of silver to ring nitroc;ens without 

any aQditional proton release. 

The strongest binding ~)Osi tion for silver is obviously the 

9-position, as can easily be seen by comparison of Figure 10 

with other binding curves. Adenine and 6-N,N-dimethyl adenine 

bot:1 bind silver far stroncer than the other comrounds stucUed, 

and 1Jot~1 release almost one proton per silver bound up to r
0

:: 1 

(Fi5ure 11). P.cecipitates were noticed in all solutions at 

low r values. After this point there are interesting dis-
b 

tinctions. 

For 6-N,N-dimethyl adenine there is a levelling off of 

bindinc; at r :: 1, whereat the [Agf-t ] increases one-hundred b ree 
fold before significant excess silver is bound. At 

r,,_5.,.. ]= 10-4 F, rb. is only - 1.1. The eventual secondary 
\;: free 
binding (beyond rb"'l) is accompanied by negligible proton 

release. The "total proton rclease 11 was very close to 1.0 

protons per 6-N,N-dimethyl adenine molecule present ('l'able I), 

indicating one site capable of releasing a proton. 

Adenine, however, continues to bind silver and continues 

to release protons past rb- 1, reaching rbN 1.6 a~[Ag;re} =10-
4 

'E.' 

(Figures 10,11). Also, the 11 total proton release" for adenine 

(22) 
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(at rb = 1.6) was approximately 1.5 (Table I), seemingly not 

yet a saturation value, and clearly indicating more than one 

available proton. 

The adenine and 6-N,N-dimethyl 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 during the binding. The differences between adenine 

and 6-N,N-dimethyl adenine must be due to the 6-am.ino group; 

this would indicate that the secondary binding for adenine must 

be associated with the amino group. Accompanying thitS 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 accept the-9-position as the strongest 

binding posltion for silver; but electronically similar mercury(II) 
. ·; 

binds to ring nitro~ens more readily than to the amino groups. 5 

Nevertheless, although the secondary binding need not be to 

the amino group of adenine, it obviously must be as~ociated 

in some way with the amino group; and the simplest solution 

would be the displacement of an amino hydrogen. It must also 

be remembered that the primary binding causes precipitation 

and probable polymerization, making analyses of binding mech­

anisms more difficulta 

Returning ·to adenosine, adenyiic, acid, and 9-methyl 

adenine, we see that the newly proposed silver binding scheme 

{.25) 



fits many of the binding results rather well. The "stronger 

binding" in each of the species could easily have involvecl.. . 

release of an amino hydrogen; the "weaker binding" might have 

been to ring nitrogens. 



Discussion 

A secondary (associated in some way with the amino 

group) bindin5 and a 11 third-level bindin511 (probably 

associated with ring nitrogens) have certainly been in­

dicated by the results of a number of experiments; yet the 
11 primary" binding to the 9-position is the only type of 

complexin·g that seems reasonably well understood. With 

this in mind, it might be best to formulate a reaction . , 

mechanism for the 9-position of 6-N,N~dimethyl adenine as 

a preliminary to other quantitative models. The results 

of the 9-position analysis would give an upper level to 

the constancy attainable for models which correctly des­

cribe other binding mechanisms. Assun~ing that the primary 

binding for 6-N,N-dimethyl adenine is associated with the 

9-position only, and assuming that this reaction is com­

plete before other positions are attacked by silver, the 

following mechanism can be written: 

A j t- + ~ 1-1 __..) ~.J, + 1-l + 

: Ct-f+] QA~A ~ 
\<,, [A_,1-J [At-11 

'. I 

[H+] Q.Ac1A -
C-45tl [AitJ (t-.;b] 

fvr (A :fi~1lHAol anl. pH ? at eqv;J; by,·w~ 
• L ' . - ----

1(11 ~ CA_,t][ 1-(j, J 

Hence ( Ag+) ( 1-rb) should be a constant up to rb ""- 1. 

Reference to Table U shows that the· qonstants ( computed 

from different experimental binding points) vary by as _ 

much as a factor of three from each othere Nevertheless, 

we believe the model is essentially correct. Now, it -...­

would be desirable to find a model with that much constancy 

in describing other mo:oe interesting binding sites. 

(21-) 



Table II 

Experiments (o) and (p): 6-N,N-dimethyl adenine, 1.02 x 10-3, pH 7 

1.2 

1.5 

2.3 

2.2 

5.5 

1.2 X 1◊-7 

5.0 

1.5 X 10-S 

4.2 X 10-7 • 

0.049 

0.074 

0.123 

0.246 

Ou37 

0.61 

o.86 

0.98 

o.49 

0.98 

1.04 

1.11 

1.31 

1.74 

1.38 

2.14 

1.68 
' 1.0 

0.75 

o.84 



, 
K, diverges even faster than K,; it is also easy to show 

3 ~ 

that no other independent mechanism (obtained by altering 

the ratio of r1 and r 2 ) will give results better than K½. 

Another mechanism to try is : 

In Table IIIK21 is _shown to be unreasonable. 

The fact that all of the experiments have precipitates . 
at high rb values indicates that extensive polymerization 

is likely in the binding complex. The best assumption is 
' that a silver attaches to two bases forming a link betwe:en 

the two. The fact that the binding curves have such a lar5e 

slope (Figure 3) would indicate that there is a co-oper~tive 

mechanism in silver binding; i.e. once one silver has com-



Table III 

Experiment (a): Adenylic acid, 1.22 x 10-3 F, pH 8 

Ac+ • free rb 

5.7 X 10-5 0.053 

9 .0 0.082 

1.1 X 10-4 0.22 

1.2 0.46 

1.3 o.69 

1.55 0~91 

1.6 1.07 

1.9 1.28 

2.2 1. 1~9 

2.8 l.76 

4 ,-
• :::> 2.02 

7 X 10-4 2o2 

1 x ·io-3 2.4 

Experiment ( d) : Adenylic 

,,G+ ;,. , free rb 

6 X 10-5 0.13 

7 0.24 

7 0.35 

8 0.54 

9 0.73 

1.0 X 10-4 Oo90 

1. l~ 1.26 

2. l~ 1.81 

78.9 

16.2 

6.11 

3.44 

1.93 

1.15 

0.58 

0.157 

aqid, · 
', ' 

2.54 X 

K21 X 102 

~3'.15 

~-27 

10.2 

20.8 

31.1 

34.8 

1+4. 9 

49.2 

60 

10-3 F, pH 8 

Kn x 10-2 

11.7 

9.1 

9.8 

8.4 

7.7 

7.2 

5.4 

7.1 

0
,,. 7 

• :J 

6.9 



Table III (continued) 

Experiraent ( b) : 

Adenylic acid, pH 7 

0.98 X 10-3 F 
Experiment ( e) : Adenylic acid 

AG+free rb K X 10-2 2.54 X 10-3 l' pH 7 , 
n 

3 X 10-4 0.102 
Ag"" l"' K X 10-2 

. 11.9 free b n 

3.3 0.275 10.9 
l -4 

3.7 0.44 9.6 
.5 X 10 0.095 18.4 

4.1 0.60 8.7 
1.7 0.20 15.2 

4.8 0.82
2 

1.8 0.31 lLi-. 4 
7 

_,.. 
.o 

5.6 1.04 6.8 
2.0 0.51 13.2 

7.CJ 1.30 s.1 
2.2 0.67 12.9 

2.5 0.87 11.·2 
9.1 1.59 6-.o 

1.26 X 10-3 ·1.71 1.J •. 5 
3.5 1.2 8.1 

7 1.6 4.o 
1 .. 70 1.74 . 2. 7 

2.0 1.94 8.5 

2.85 1.96 6.3 

·. ' 

Experiment .( f) : .Adenylfc , ac_~d, 2. 54 x 10-3 F, pH 6 

A~+ K x 10~
2 

0 free rb n ,· 

2.2 x· io-4 

2.6 

2.4 

2.5 

3.0 

o.o6T 

0.30 

0.55 

0.71 

0.83 

84 

116 

,94 

-98 

75. 



~lexed to an adenylic acid, it is easier for a second sil­

ver to attach. Without asEu.ming a large co-operative fac­

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

especially at low r~2 ; yet, experimentally there is preci­

pitation (and _presu:nably polymerization) for adenylic acid 

run ( f) at r b - O. 3. 

The following model mif;!lt be a fairly good represen-­

tation of possible polymerization for adenylic acid: 

·2 V\ A-0 4 + n 1-f AcA ;:::::; A~2 1'\ Adri ~ + n H + J,... 
d - ,_i • [ 1--1'1 ·i 

• , _ Cl. eeliik. .-• h 
I<.,, - [ Ai(J-z.i, {Hild] 

Assuming that the activity of the polymer (like a preci­

pitate) remains fairly constant over a lar·ge range of bin­

di~e, the n
th 

root of the cons.tant can be extracted to ob-

The constant K not only works well for five separate n 
ade:riylic acid experiments each under different pH and con-

centration conditions ( Table III); but its value is also 

very reproducible ;from one experiment to another (with the 

exception of the pH 6 ·exnariment)! For a given adenylic 

acid experiment the total range of Kn is -less than a fac-
' 

tor of five; the total range for all four experiments at 

pH 7 and 8 is less than a factor of seven. The fact that 

the constant at pH 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 

(32) 



This polymer-formation model of course also works well 

for adenosine titrations at pH 7 and low rb values (Figure 

J). Yet, it must also be noted that the higher proton re­

lease at the beginning of an adenosine titration (Fi5ures 

j and 8) argues for a two-step mechanism similar to: 

A~.i1° + Ads ~ A~ AJs t 1--/ -+J w ;~ f~ly ~e.,,,; zCt ~r;, n 
A~ l+c:h + ~ t _ :;::;- A 3 /t ~ s _ ca ..... f I i (A +·io"1 ') re , ':l I b 1-e 

A two-step reaction may not fit the binding studies as well 

as the Kn-pQlymer model does; but it does a better job of 

explaining the spectrophotometric experiment previously 

mentioned. The adenosine spectrophotometric experiment 

fits fairly well to the followi~g two-position reaction 

scheme with ( a) favored two to one over (b): 

\61) n A 1-. J -{ 11 AJ_75 ~ (-A0-Ad';,-)h .J, 1-nf-l-t- foe{ Mt~ 

( b) A~+ +- Auls ~ Acls-~+_ (Cio"-') 

Undoubtedly, a rather compli~ated bindings~~, involving 

both 1) silver binding to at least two different distinct 

types of sites and 2) extensive polymerization, is indi­

cated by the data._. Unfortunately, it would be very diffi­

cult to theoretical 1y handle any more comp4-ications in .. 

reaction · mechanism.: 

For 9~methyl adenine the pplymer-formation model gave 

a reasonably constant Kn ( Table IM) for rb < 1. Another 

mechanism involving the formation of hi!.! and fil52£. precipi­

tates also gives a good fit to the data at low rb's. Nei­

ther mechanism, however, could adequately describe the bin-

(33) 



Table IV .. 

Exr:,eriment (J,) : 9-methyl adenine, 1.00 x 10-3 F, pH 7 

AG.,. 
free rb ;Kn x 10-2 

0.97 X 10-4 0.10 111 

1.05 0.20 100 

1.1 0.29 95 

1.1 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 Oa97 60' 

2.1 la09 50 

2.5 1.18 39 

3·.o 1.25 29.6 

3.8 1.32· 

s.6 1.34 

7.0 l.'40 



dins past rb =l; again, the actual binding is probably al­

tered considerably from ideality by precipitation. 

Nothing has been said about the possibility of a sil­

ver binding to a ring nitrog~n 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 link in a polymer chain, since a 

silver ion does not very easily for:n three co-ordination 

bonds13. Still a suitable polymer of _rb= 2 can be built 

up: 

[
-A'.:J- ~- Aj- ~- ·1t5 -~ -J 

A-~ A<j . A-~ 
' ' ' c, If 6lf OH • 

In this polymer the ring nitrogens could supply all of the 

possible binding sites. Yet, this proposal certainly does 

not indicate a rea.son for the distinctly diffe_rent binding 

of, adenine and 6-N,N-dimethyl adenine. The AgOH theory 

would also seem to be non-specific as .to the 1, 3, and 7 

nitrogens; and no preference could be easily rationalized. 

If the three positions were essentially equivalent, how 
'.' 

can the "one proton released per molecule" rule be ex:-:-i:· ::. 

plained? The -AgQB theory is then unlikely, althoush not 

impossible. 

The binding results studied have proven to be very 

complicated; no correlation with the results ·for silver-DNA 

binding seems at present possible. 

(35) 
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Prosnectus 

. Previous work has· emphasi·zed potentiometric data in . .. . 

analyses of binding mechanisms; future work may accomplish much 

by puttine; equal emphasis on spectrophotometric data and its 

quantitative study. Hence, more spectro:ohotometric titrations 

would be useful. 

Running adenosine at different pH's (to see if binding 

curve is still the same as for adienylic _acid under comparable 

conditions) would be very enlighteningQ Such experiments mic;ht 

eliminate the confusion surrounding pH 6 titration of adenylic 

acid. 

Other variations in pH and concentration for titration of 

the various species studied might ·suggest bette~ binding mechanisms 

than the ones presently proposed. 

Now that the equipment is seemingly so much bett,er, it 

might be wise to check some of the silver-DNA bindins curves. 

In many binding studies, anaiysis of precipitates, _if 

po.ssi ble, would be extremely helpful ..... • . 

Different titration. methods might _ answer doubts that have· 

been raised a~ to eq~ilibrium in the binding studies. Adenylic 

acid aliquots could, for example, be added to a solution of silvJr 
I 

nitrate to see if the binding is . the ·same as in standard titra-

tions. 

:Most important, thouc;h, two new compounds have been obtained 

and should be titrated.. The first is a few_:_'ing sample( probably 
-

just enough for one titration) of 6-N,N~ dimethyl, 9-methyl adenine. 

Its 9-position and its amino group are both blocked; hence, the 

theory formulated in this . paper would predict "third-level11 

(38) 



bindinc only, with probably little proton rel~ase. The second 

co:npound is 2, 8-bis-methylmercapto-6-dimethylamino-9-e:thylpurine. 

It could be titrated by itself (for it is completely blocked); or 

Raney nickel desulfurization could be used to produce 

6-dimeti"-,.ylamino-9-ethylp~rine ( 6-N, N.:.dimethyl, 9-ethyl adenine). 

2,8-bis..:methylmercapto-6-dimethylamino-9-ethylpurine: 



Epiloe5ue 

Since the completion of the work d·escribed in this thesis, 

· Ron Jensen has explored further into the problem of complexing 

silver with adenine and its derivatives. His work has lended 

much eup~ort to my conclusions; and he has also verified a few 

of the predictions in this thesis. A quick mentiop. of Jensen 1 s 

work would be a valuable addition to this thesis. 

Jensen has titrated a sample of 9-methyl-6-N,N-dimethyl 

adenine with silver. As predicted in my paper (Prospectus), he 

fo :_md only a very weal{: "third-level binding" with no proton re­

lease. 'rhi s binding is presumably to a ring ni trosen, since 

the 9-position and the amino . group are both . bloclrnd. 

For adenosine and 9-methyl adenine, Jensen has proposed the 

This scheme fits. we~l with the .proto;:a .release_ .. d~ta, _· w1t_h the 

binding curves,. and with the fact', ·that _the binding :· seems to reach 

a partial saturation at rb,.,, 1. 5·~ , • It is interesting to note that 

the above reaction scheme is ju~t a simpler way of writing the 
11 two overlapping reactions 0 mechanism which I proposed for aden­

osine titrations (Pages 15 and 33 of this th$sis)! 

Jensen's co~clusions for adenine, 6~N,N-dimethyladenine, 
' . . 

and adenylic _acid are in agreement _with my ··conclusionso, 

A paper has been prepared _combining Jensen's results with . . ~: . . 

the results of' my thesis. It is: Ke~th._Gillen~ Ronald Jensen., 

and Norman Davidson, 11 Binding of Silver Ion by Adenine and ·Substi­

tuted Adenines." This paper has been accepted by J.A.c.s. for 

future publication. 



Lesend for Fie;ures 

Fi ,:::ure 1: A sketch of the titration cell-. 

Fisures 2,3,7,9,10: Binding comparison curves 

Plots of rb vrs. log [Agtee]·for va~ious experiments 

Fi5ures 4,8,11: Proton release data 

/.:;,. H-;- 1 ~,_ d · f • . t - ----- - p o 1., 1.,e vrs. rb or various experimen s 
~ A~;,c¼ 

FiGure 5: Ultraviolet absorption spectrum of a sample of adenylic 

acid during a titration with silver. Spectrum is shown 

at various rb values during the titration. 

Adenylic acid::: 1.22 x 10-3 F; pH= 8 

Figure 6: Absorption data from spectrophotometric titration 

Plot of absorbance vrs rb for 1.22 x 10-3 F Adenylic acid· 

(pH 8) at 295 mf and 260 IDf• Non-linearity indicates more 

than one complex species. 

Figure ·12: A sample polymer buildup scheme'for adenylic acid 

with silvero The polymer shown would have a fihal rb= 2.0 

and would have a "total proton·release 11 of l.Oo I-Iany other 

such suitable polymers are theoretically just as reasonable. 

(Lf I) 
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