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~ OPTICAL PROPERTIES OF ADENYLIC ACID AND ITS OLIGOMERS f?

Stephen L. Davis

Lawrence Radiation Laboratory
University of California
Berkeley, California

ABSTRACT

Each of the nucleotide molecules possessesicharaoferistic
physical properties which are altered when the molecule 1s
linked into a polymeric chain. Among the properties so
altered ere the absorption and_rotation of ligh‘g..J the degree
of complex formation with certaln metal lons, and the degree
of,conformational ehahge which occurs upon going from an
aqﬁeous to a non-aqueous solvent environment.

| One could, theoretically, prepare a linear array of

nucleotides of length n,‘composed of some arbitrarily chosen
sequence of molecules. It was more practieal to restrict our
experiments to the monomer units; several,dimer units,'and
longer polymers, the latter composed only of adenylic acid
residues. Our experiments_emphasiéed some of the differences
in properties between the monomer and dimer of adenylic acid.

The dimer of adenyiic acid forms.complexes with mercuric
chloride more readlly than does the monomer, and longer
poiymers of adenyllc acid, more readily stillf

As one changes the solvent environment of adenylic acid

.dimer from water to binary solutions composed of ethanoi/water

or trimethyl phosphate/water, the spectral characteristics of”
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the diﬁer come to resemble those of the ménOmer. We ihvesti—
gated this phenomenon in terms of conformational changes
likely involved.

Theoretically, one ought to be able'to obserVe spiittings
in the optical absorption bands of a molecule composed.of two
like, 1light absorbing units. One cannot pbserve such a
splitting at room temperature in the gbsorption spectrum of
the adenylic acid dimer. We utilized geveral methods of low
temperature spectroscopy in an endeavor to resolve the pre-
dicted splitting.

It proved feasible wlth some of our experimental pro-
cedures to look at properties of other pertinent mblecules
(ail constituents of nucleic acids, or aﬁalogs of such

constituents.) We did not hesitate to do so.

Lyl



INTRODUCTION

vNucleic.aQids_arevbiological polymers of ﬁhe'greatest
importénce. They subser?e the funétions of cellular repro-
duction and of protein synthesis.

The nuclelc aclds are bullt from nucleotlde molecules
which are linked together by phosphodiestef bonds.1 There are
a number of kinds of nucleotide molecules. The physical
properties, and biological function 5% the polymer depend upon
the sequence into which the nucleotide units are ordered.
Given a sequence of nucleotide units, and some defined solvehf
environment (a virus, the nucleus or cytoplasm of a living
cell, a test tube)Aa nucleic acid necessarily assumes a
paﬁticular physlcal conformation. This conformation 1s the
result of the interactions between the nucleic acid and the
mélecules of i1ts énvirbnment, as wellAas intramoleculaf inter-
actions among the nucleotide residues of which the polymer is
composed.2 |

When in its native cdnfofmation, the nuclelc acid can

carfy out some partilcular biological‘prbcess (or processes) for

- which 1ts presence 1s vital. One 1s thus led to study, in

artificial systems, the sorts of interactlons which can occur
between nucleotldes and molecules of thelr solvent environment.
Likewise by iookihg at properties of small polymers of nucleo-
tides (dimers, trimers, etc.) one may begin to get an idea of

the intramolecular interactlons which occur in nucleic acids.
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The simplest system from which to glean knowledge of
intramolecular interactions 1is one in which all the monomer
building blocks are the same. A large porti&n of our experi-
mental work involves the study of differences in behavior
between the monomer, adenylic acid and its dimer.

Katz was the fifst to study the interactions of nucleilc
acids with mercuric ions.4 Yamane and Davidson'showed the
great differencés.in the reactivity of mercuric ion with
nucleic acids and with thelr separated monomer residués.5 We
thought it would be interesting to look at the reactivity'of‘
mercurlc ion with polymers of adenylic acids of vafying chain
lehgths, viz. the monomer, dimer and trimer.

In‘the course 6f work on the mercﬁric interactlons with
adenylic acid oligomersﬁ we also léoked at thé mercuric
interactioﬁs With,sevéral heterodimef molecules in an attempt
fo clarify some points about the reactlion mechanism.

The conformations of biologicél polymers (proteins and
nucleic acids) give rise to characteristic Optiéal absorption
and rotation spectra. The optical characterlistics are greatly
altered when the solvent eﬁvironment‘of the molecules 1s

. , 6
“changed. X

" The effect of -solvent changes upon the spectra of
the nucleotide monomers, e.g., adenylic acid, on the oﬁher hand,
are real but hardly spectacular. The dimer'ofvadenylic acid
exhibits Spectral'characteristics vastly different from those
of the monomer. How would solvent changes effect the conform-

- ation of the dimer and hence its spectral charactefistics? Is

1t necessary to have a long polymer before solvent changes
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wlll have large effects, or will such changes‘eqﬂally effect
a short polymer like the dimer or trimer? '
We employed two main solvent.SYStems for studying the

adenylic acld dimer in nonJaqueous'environments, ethanol/water,

~and trimethyl phosphate/water. We studied, in addition, the

general effects of a trimethyl phosphate solvent upon the
spectra of several nucleoslde molecules. | | |

In observing‘the optical absorptlon spectrum of the
adenylic acid dimer; the most readily apparent différence

between 1ts spectrum and that of the monomer 1s the diminished

integrated intensity of the 260 mu.electronic absorption band

ih the dimer (per,ﬁnit residue of monomer). Theoretically,
thére should be yet another observablé effect of putting two
similar l;ght absorbing‘moleéules together in a dimer. One
should be able to observe a split%ing infthe-eléctronic‘absorp—
tlon band due to a coulombic interaction between the light
absorblng poftions of the'nucleotide,s.8 At room temperature.
thls splitting 1s not observable. Perhaps by goling to low
temperatures, we could'resolve such a splitting. Such a split—
ting, if found could.givé us a better idea of the strength of,:
the base-base interactions between the adenine groups of the
two adenylic acid residues in the adenylic acid dimer.

Our low temperature work was of two sorts. One 1nvolved

‘spectral changes af liquid nitrogen temperatures occurring in

molecules Wwhen the iatter'had’as thelr solvent environment,

thin blocks of 1lce. In addltlion to looking at spectral changesQ
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occurring with adenylic and 1ts dimer under these circumstances,
we also looked at the absorption spectra of a number of con-
stituents of nUcleic'acids. The most interesting of this

latter work involved the spectral changes occurring.with thymine
molecules under theAexperimental conditions. These changes
correlated very nicely with the work doné by Wang on thymine

3

dimer formation. Our other low temperature solvent system

was ethanol near -100°C in which we took the spectra of a

number of nucleic acld constituents and analogs.
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MERCURIC BINDING TO POLYNUCLEOTIDES:

A Summary 6f Previous Work

Katz performed the’first experiments involving the
complexing of nucleic acids with mercury (iI) ions.4 He found
‘that the Viscosity of solutions of DNA was decreased at rela-
tively low concentrations of Hg(II), and that the electro-
phoretic and light-scattering properties of such solutions
were likewlse changed. It appeared from hils measurements that
the DNA molecules aggregéted to form dimers, but that there
was a great decrease in the size of each individual DNA
moleéule. The size of the dimer aggregate turned out to be
no larger than that of the uncomplexed molecule. -Fﬁrthermore,
hevfound~that all the physical propertiles of his original
solutions were restored upon adding sufficient KCN to bind with
the mercuric ignsﬁ | | | | |

when Katz used oxyacld salts of mercuric as a complexing
agent (mercuric nitrate, or mercuric acetate) he obtained, upon
thelr addition to DNA solutions, an appreciable amouht of
precipitatioh.4 | | '_

With an added amount of HgCl, such.that the total mercuric/
nucleotide residues was equélbto 1.15, Katz found that .47
moles of thils méfcuric was bound‘per nucleotlde. Hls first
'thoughté‘upon the matter were that the binding was at the |
phosphate groups. Other metal ions, even a£ éoncentrations,'le
that of the mercury chlorlde did not leéd to any such drastic

4

changes in physical properties of DNA solutions.



Thomas demonstrated that the ability of HgClZ'to SO
markedly alter the physical properties of 'DNA solutions was
due to the abiiity of this compound to bind, not to the phos-

11 He demon-

phate groups, but rather to the nucleotide bases.
strated this very simply by showing the marked change in the
UV spectra of the solutions upon the addition of HgClZ.

Thomas demonstrated that when the HgClz/nucleotide ratio was
less than .6, an isosbestic point occurfed amongst a series of
11

DNA solutions, titrated with mercuri§ chloride. With a ratio

between .6 and 10, a Second and different isosbestic point
appeared. This situation, Thomas attributed to the occurrence
of two types of reaction sites upon the DNA moleeuie.ll Yamane
and Davidson subsequently found similar behavior for a variety
of DNA molecules.sv Thomas speculated that the HgCl2 reacted
either with the amino groups of the nucleotides, or possibly
with thelir pil-electron system.ll
Just as Katz showed the reversibility of the mercuric
induced changes in solutlons of'DNA, s0 Thomas found that the
optical changés, caused by the addition of mercuric could be
completely reversed by decomplexing the mercuria.with KCN.Q’ll
Perhaps the most convincing evidence shown by Dove and
 Yamane of the reversiblilty of the mércuric cempiexiﬁg is that
transforming activity of E.*gggi DNA can be regained by removing
'added mercuric from this DNA with appropfiate”agehts.24 ‘Katz

-and Santilli showed, similarly, that RNA from tobacco mosailce

virus reacts reversibly with HgCl,, both in its physical
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characteristics as well as I1n 1ts bilological property bf
infectivity.25 RNA shows similar optical changes when it is
complexed with.HgClZ. These include red shifts in the épectra,.
and at low concentrations of mercuric chloride, isoébestic
points. _ 4 .

As they added HgCl, [or Hg(C10,),] to solutions of DNA
Yamane and Davidson obser&ed the simultaneous release of protons.5
At the initial addition of the metal, a maximum of two protons
were released per HgCl, [or Hg(C10,),] added. This ratio
declined as increasing mércuric was added to fhe solu%ions, buf
it must be kept in mind that metal addition to the solutions,
not to the nucleotides, was the parameter being measured. Since.
thé‘struéture of the DNA doublé helix is completely restored
upoh removing the mercuric, one must postulaté that the two
strands ‘of the double helix were never completely disrupted.

One possibility which the authors suggested could account for
prdtonation data, as well as for the reversibility of the
reaction was a cross strand_linkage of the mercuric between the

N, of thymidine residues, and the amino nitrogen of adenosine

3
groups, displacing in this fashion two protons. . They likewilse
postulated some-siﬁilar,linking between C'and G groups. Katz
did an extensive analysis of the data of Yamane and Davidson
‘"which led‘him to'beiieve thgt the‘initial'mercuric caused a
shifﬁ in the two strands of the double helix.$’26 This shift
_océurs in such a fashion that two thymidine molecules come into

register, and are cross~-linked by a mercuric ion.



When Yamane and Davidson added chloride to remove mercuricf

from DNA, they found that solutions became less acidic as the
DNA took ﬁp its lost protons.5 |
The release of protons iIn binding mercuric lon to thymidine

or guanldine clearly seems to be from the N3 of the former and
17

from Nl of the latter. But the site of binding in adenosine
and in cytidine is much less clear.
Unlike mercuric dihalides, or the mercuric cation, “the

methylmercuric cation, CH Hg+,”seem able to .coordinate .

3

only one ligand.-z9 Gruenwedel and Davidson used this cation to
complex solutions of DNA. Unlike the mércuric dihalides and
the mercurid cations, it odght,not to be able to cross-1link the
twd strands of a DNA double helix. And, indeed, although the
methyl-mercuric can be removed from the DNA, the double helix

structure 1s permanently destroyed.so



Prelinminary Experiment

Yamane and Davidson studied the reversible mercuric ion
bindihg to polynucleotides és well as to the adenosine molecule.5
The difference in fhe behavior of the mercuric ion towards the
monomer and polymer forms of the nucleotides Was very pronounced.
The complex formation of mercuric ion Wiﬁhvshort oligomers of.
adenylic acid should display characteristics somewhere between
what was seen in the polymeric and monomeric nucleotide: forms.

A preliminary set of experiments to test this h&pothesis showed
that it Was corfec%.

We used a commerclal preparation of AM(5' )P from Pabst

'Laboratories.g The polyadehylic acid used was likewlse a

commercial preparation, from Mlles Laboratoriesilo The dimer,
trimer, and tetramers of adenylic acid (ApA, ApApA, ApApApA)

were a giff from Myron Warshaw of our lab, who had previously

‘prepared them bYIChromatographic procedures. All the samples

used in this preiiminary study were in solutions containing

4:)
to a pH of 5.7. Each- sample contalned roughly 5xlO-5M‘aden0sine

1M NaCloO and buffefed with‘gcetate/acétic acid, .O0lM/.O00LlM,
residue, to which,_for'complex formation study, we added
5xlo"4 M HgClz. Spectral changes occurrlng as a result of

complex formation were recorded wlth a Cary‘ls spectrophotometer

~and a Cary 60 spectropolarimeter. The reference;celi of the ..

spéctrophotometer 6ohtained a like amount of mercurilc chloride

‘as in the sample cell as Well,as the buffer and the sodium

perchlordte.
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The results of these'experiments are illuétrated in
Figs. l»through 9. - Each figure contains two spéétra, one Withi.
and the other without mercuric chloride present. The absorption
spectra, especially;vgive a rough 1idea of the relative bindiﬁg
abilities these oligomers have with mercuric chloride. The
estimate may be improved by oﬁserving the ratio of fhe absorption
peaks at 285 and 260 mu. At the former WaveQength, the absorp-
tion is due primarily to the complex species which has formed
with the merburic chloride. The degree of mercuric 5ihding is
easlily seen to increase'as the oiigomer is 1engthened,l

The conformations which thé oligomers of adenylic acid,
and especially which the polymer of this molecule poésesé lead
to:a large amount of optical rotation in the neér uvf Binding
of ﬁercuric chloride is seen to disrupt that_cqnformation, and
greatly reduce the optical rotation. . 4 "

:Previous workers. have shown that agents which complex
“mercurlc ion stfongly, will reverse the binding of the metal

4’5’11 Likewlse, our observed spectral

to polynucleotides.
changes were reversible by .1N NaCl. Fﬁrthérmore, .2N perchloric

acid reverses the binding'of the mercuric chloride.
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. . Figure 6, Optical absorption of (Ap)BAL, with and without mercuric chloride as a

complexing agent.
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Interaction of Adenylic Acid Oligomeérs. With

Mercuric Chloride: Experimental

Following the preliminary experiments, we attempted to
obtain some quantitatively more useful data on the binding
of mércuric chloride'to the monomer, dimer and.the‘frimer of
adenylic acid. |

The conditions of these exﬁeriments, unless otherwiée_
noted were the same as for our preliminary experiments.
Nucleotide solutions were prepared containing HgClZvin incre-

> 5 and 107 M. In these series

ments of 5x10° ,M,beﬁWeen 5x10~
of absorption measurements, mercuric chloride was not present
in the reference cell. Instead, for reference, we recorded
absbrption‘spectra'of solutions of mercuric of the above
concentrations. vThese are shéwn ianig. 10. The monomer,
dimer, and trimer we usged in this‘éxperiment pbssessed mixed
terminal (2’,.3‘) phosphate groups. These oligomers:were pre- .
pared by column chromatography as detailed in an appendix to
this paper. | | |

Figures 11 through 18 show the changes in absorptive and
rotational prOpértieé of the o1igomers>with increasing concen-
trations. of mercuric chloride.

What‘stands.out most clearly in these sets of spectra 1s
the much greétér spectral changes~shoﬁnvby the ollgomers, than
by the monomer in reactlng with mercuric éhloride. it behooves
us tolascertain the nature of the 1nt¢fa¢tion of Hg012 with the

monomer, and to see in what fashion the'reaction.with.the

oligomers differ fromﬁfhis.
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Figure 10, Optical absorption of mercuric chloride,



©

)

S f g g i e s s o

\=

N

35 & 3 3

'

ADENYLIC ACID MIXED (2 3') PHOSPHATE

Numbers below -

indicate

JHocix 105,77/

or5R Y B8 B

Ilhcreosing [HgCIZ]

Incfeasing

HHgClzl

INTERACTION WITH
MERCURIC CHLORIDE

[AMP] = 485X [075u

- [HgClo) = 000 —100 X i0-5a

Increments of 105w

53

€(Ap)X 10°3u

|
Z]

|
240

1
260
) A (mp)

Figure 11, Optidéi absorotn.on of a.denyl:.c ac:.d with 1ncrea31ng
of mercuric chloride,

320

MU.J8147

concentratlona

ot e et # S A | <t oo e



S

T T T T

a

ol c INTERACTION OF AMP WITH HgClp |
d
b

{AMP)= 485X 10°°M
12
o0
bl - R
="
a /
g o::::;7‘44;::::
. | .
) = ] :
b . L
= (HgCly) Y
c a —
a b 15X10°%M
n d e 5 |
. b d. 10
: I 1 | 1 1 ]
220 . 240 260 280 300 320 340
' \ (mp)

ML!-35904

3
;

e i o e e e msee g e e e e ey = v 3

TFigure 12, Optical rotatory dispersion of adenylic acid with increasing concen=

trations of mercuric chloride,



ApAp
INTERACHQN WITH MERCURIC CHLORIDE

. - _ 5 :
lnmagx 105w (ApAp) = 2.41 X 107 o —15

o
(9

€(Ap) X 1073

X (mp)

' MU-36150

i

r with increasing concens

Figure 13, . Optical absorption of adenylic acid dime
trations of mercuric chloride, :

-qaq



10 T - f I I

- d :
ADENYLIC ACID DIMER (Ap Ap) INTERACTION WITH HgClg
8t , -
: (ApAp) = 2.4 X 1079 M
= ~ g::::};<::::
b o a
x
< i {HgClo)
S.gl- —
o —
| b 35 X 104 ™
c 7.5
-6k d 100 i
.24 | 1 1 1 1 1 ] 1
220 - 240 260 280 300 320 340 360 380
)\(mp)
MU_35914

Figure 1k, Optlcal rotatory dispersion of adenyllc acid d:uner with 1ncrea51ng
concentrations of mercuric chloride,

LS

eSau

¢ e e



i

'

ADENYLIC ACID TRIMER INTERACTION WITH MERCURIC CHLORIDE
WITH VERY LOW MERCURIC CONCENTRATION

. 5
HoCla X 107 (ApApAp) = 1.79 X 10-Si

»auo

HgCly X 105w

| | =

|
240 260 )\ (mp) 280 300 320

i
i
!
{
J
‘
!
H

|

O e(Ap)xl03 ©

340

MU-38148
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' Throughdut‘the range of increasing_mercuric chloride
concéntfations, the monomer and the dimer of adenylic acid.
contalned i1sosbestic points in their absorption spectra. (Figs.
11 and 13). This indicateés that in these ranges, at least,
only a single mercurlc complexed specles 1s formed. Likewlse
the spectra of the trimer possess an lsosbestlc point when
the concentration of HgCl, is less than 4x10_4.M.(Figs.v15band
lé). Above this concentration of mercuric ¢hloride, the
l1sosbestlc polnt 1s lost, 1ndlcating the fdrmation of yét
another speciles of complex. Our.discussibn willl be concerned
chiefly with complex formatlon 1n ranges of mércuric chloride |
cogcentrations.where the absorption spectra of'thé oligomers
poésess isosbestic points. _

| The mercuration reaction for dny oligomer gf adenylic acid

may be wriltten crudely as

an(Ap)n + pn HgCl, :;::F(Ap)ﬁl%n;(H5012)ghd

‘where n represents'the 1ength of the adenylic-acid (Ap) olig-

~omer. What are the stolichiometrles for the reactions, and-what‘
" are the équilibrium.constants? Probing more deeply, what 1s
the reactlon site, and could there be more.thﬁn one such slte?
Are protons or chloride lons, or both released in the.reaction?
How does the reactioﬁ'diffep in the monomer and in the oligomers?
Finally, what ére the changes 1n electronic configuration which
‘givevrise to the spectral chénges observed wlth complex‘

formation?
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Reaction of Mercuric_CHLOride'W1th Adenylic Acid

Yamane and Davidson have shown that with an excess of

mercuric perchlorate, a l:1 mercuric:adenosine complex is

formed, and with this formatibn, a single proton is released.5

Simpson believes that the proton is displaced from the amino

group of the adenosine molecule by the mercuric ion.12

When silver lon reacts with 9-methyladenine or 5'-deoxy-
adenylic acid, one mole of protons 1s released per mdle of

silver bound, and only one such mole of silver is bound.l3 In

binding with adehine; sillver appears to react at both the 9 N

site, as well as at the amino group. At any rate two moles Qf
silver are bdﬁnd‘by adenine, and two moleslof protons are |
released into.the solution. The reaction of silver ion with
N,N-dimethyl 9-methyladenine is much weaker than with the
.abbve molecules,'dnd there is no measurable proton releaée.
According to Simpson there are two maJor binding sites

12

for mercuric ion upon the adenosine molecule. One is on the

amino group, and the other upon 'the_Nl ring nitrogen.

.. s Mercurlc binding slte
: NH2 )

mercuric :
binding site

Simpéon belleves that the reaction at the amino group occurs

preferentially in neutral or basic media. That on Nl tends



 shown by infrared spectroscopy.”
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to occur most strongly in weakly acidic media. Eichorn and

Clark believe they have showh unedquivocally, binding by mercurid

14

chloride to the amino position at pH 9. There 1is a distinctive

spectral shift in the UV absorption of adenosine with the

addition of mercuric chloride to the solution. When these
authors added formaldehyde to a solution of adenosine, there

was also a distinctive spectral shift, presﬁmably due to the

reaction

Wheﬁ in additibn t§ the formaldehyae, the authors added mercuric
chloride to the‘solutioﬂ of adenosiné thej found'noAadditionali
change in Spéctrum'bgyond what already existed with the formyl?
ationﬁQ In general, the pK for mercuration of a nitrogenous
group is rather similar to the pK forlits p,rotonation.15
Adénosine ié'protonated at pH 3.7-upon the N, site'as
16 Cne might expectvmercuration
to occur upon that site rather than upon tﬂe amino group.

The interaction of mercuric with aniline 1s the simplest

. example of the mercuration of an aromatic amino group. With

4

5 M, and aniline about 10”% M. The complex formation -

HgCl, 10

is rather slight. With an‘oxyacid salt of mercuric (the nitrate)
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the complex formation is.mére pronounced”(Fig,‘IS). When a
like concentration of pyridihe is complexed by mercuric nitraﬁe;
there 1is also'an.absorption.excited in the regibn of 300 mu as
shown in.Fig. 20. "Quantitatively, the aniline reacts‘moré
strongiy than the reutral pyridine molecule towards mercuric,
but the naturé of the spectral changés are qualitatively the
same. In adehosine, then, one cannot on the basis of the
jforegoing experiment, choose the ring'nitrogen or the amino
nitrogen{as the binding site of thé mercuric chloride at pH
5.7, under our reaction conditions. vPerhaps I.R. spectra
'might help to clarify things. If the‘peak of the‘I.ﬁ._Speqﬁrum
due‘to the aminé gfoup's vibration is greatly altered upon the
molecules mercuratlon, then the binding site'would very likely
be that amino group. | | |

At a'pH.of'3.77, an excess of mercuric chloride does not
cause the feléase of protons ffom-AM(ZF,S')P} There 1s no
evidence of spectral changes upon the addition of mercuric
chloride to AMP at this pH. RaiSing the pH of the mercuric
chloride, AMP solution £to. 5.7, does result in complex formation.
At the relatively high concéntrations we used (J.O_3 HgClz,

5x10~%

AMP).wejgot some pfeaipitate fbfmatioﬁ. From the drop
in the absorption &t 260 mu at least 12% of the AMP had been
~complexed by the mércﬁrio chloride.  This would have an'easily
measurable 6x107° M’protdn'feiease had the mercuric chléride

" displaced hydrogen ions from the adenylic acid. It did not.
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Likewise, addition of mercuric chloride to adenosine, -
under conditions Where-a complex will form does not appear to ;
result in the release of hydrogen ions.. |

The mechanism which Simpson proposed for the mercuration

of adenosine by methyl mercuric hydroxide, CHngOH, is shown

below. _
NH, H-N-Hg-CH,
N N N N
‘ + CH HgOH === ‘ + HL0
' )
[ l
R , } R

His proposed meChanism possesses, he belleves, an equilibrium
constant of 12.5. He arrives at this figure through the
spectral changes occurring with the.addition‘of methylmercuric

hydroxide-tofsolutions of adenosine. With very high concen-

trations of methylmercuric hydroxidé, he obtains a species

which has an extinction at 285 mu of 20,000, which he believes

~is the extinction coefficient at that wavelength for the

species drawn above. From his data, Simpson further believes
that in the pH range of 4-6; mercuration,upoﬁ the-fing nitrogen,
Nl’ enhances the binding of mercuric to the amino group.12 |

Our own data, Fig. 11, on the binding of HgCl, to
AM(2',3')P possess. - an easily distinguishable isobestic point,
implying, as earlier stated; that the reaction in our system

is at a single site, with the production‘of a single Specieé

of complexed molecule. Whether this site is the ring nitrogéﬂAi

or the amino group remains an enlgma.



. -‘37_

In DNA, the amino énd N; nitrogens of.adenosine are
.involved in hydrogeh bonding{ These should,_then; be considered
as_the likely sites of mercuration. If one prepares crystals:
from 1/1 mixtures of S—ethYIadenine and l-methyluracil, the

unit cells of the crystalsﬂformed contain one each .of these
heterocycles. The O4lof the uracil is hydrogen bonded fo the
amino group of the adenosine. The NS.Of the uracil is hydrogen

34

ponded to the N. of the adenine. Likewise in forming, from

7
poly A and poly U a-2/1 U/A triplée helix polymer the N, of the
adenines is involved in this triple stranded fopmation and is
involved in hydrogen bond formation. Thus the ﬁ% of adénosine‘
might welltbe.ihvoived in some maﬁner in the mercuration
reéction; |

The reaction of mercurlc (II) with nitrogenous groups
is common'enbugh but the reaction With double bohd sysﬁemé to

form reversible compléxes has not been so widely investiga-ted.l5

Chatt investligated the complexing of mercuric (11) by‘olefins,zs_
If one reacts an olefin |
R ¢ . R"
(a) , \C=C/
| RV OR™

with HgX, one initially gets an addition product

. AR

S X,
R/ _ \R"\

In a variety of organicbsolvents, this reaction probably

progresses to.a compound



-38-

@)

Indeed, one may 1solate stereoisomers 6f the above type of
compound. In aqueous solution, the reactions with mercuriclare
often reversible,lpossibly not proceeding beyond the weak
addition product illustrated in (b). ’Especially liable to this
‘type of addition reaction are alpha-beta unsaturated ketones
such as are . believed to exist in uridine and guanosine.

Wnile most subsequent literature on the addition of Hg(II)
to nucleotides implicate Qither aromatic amino groups or ring
nitrogens as the reaction sites; the possibility of addition

'acfoss double bonds cannot be completely eliminated.
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Chloride Release

The next problem ig whether chloride is released when

mercuric chloride binds AMP. Is the reaction best wriﬁten as
HgCl, + AMP === HgClAMP™ + C1~ (1)
or as

HgCl2

+ AMP === HgCl,AMP. | (11)
Our evidence for this 1is quite indirect.; From calculations
we performed on the binding of HgClé to dimer or trimer
adenylic acld molecules, it would appear that (II) is the
likely reaction mechanism. Details of why we believe this to
be so appears léter. Mercuric, further; has the ability to
bind six or even elght ligand groups undéf the appropriate

27,28

conditions. A number of studies indicate that the halides

remain with mercuric, when mercuric dihalides complex additional
nitrogenous gfoups asvligands.32’35'

Clark and Williams Showéd reéctions between metal halides,
including»mercuric chloride, with the pyridine.moleculé as
illustrated.32

O
MXZ-%-'Z /:.f;-__*,lVDCZ

N :

~

They‘studied fhe IR spectra of thé adducts forméd. They were
"able to analyse the pyridiné ring vibrationé andvthé}r change
upon metal complexing. They could observé the metal halide

Stretch vibréﬁions, and they could look at the metal pyridine

vibrations. They performed the IR measurements in a Nujpl mall.
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They believe (on,the basls of x-ray crystallographic'measure—
ments) that the mercuric chloride-pyridine is probablyAin the
fqrm of a polYmer.

pyr byr
\¢ \¢
\01’ T \01/ T \

pyr pyr

Each mercuric of thisvpolymer has two strong mercuric-chloride

bonds, two weaker chloride bonds, and each mercuric is further

coordinated to two pyridine molecules. The vibration of the

Hg-Cl bond in HgCl, itself occurs at a frequency of 375 cm .

The ring vibrations of pyridine occur at 405 and 604 cm_l. On

the addition of mercuric chloride to'pyridine, the ring vibra-

-1

tions appear with frequencies of 420 and 641 cm The stronger

of the tWQ types of mercuric-chloride bonds appears at a

frequency of 292 ém-l; The crystallographically determined weak
mercuric—chloride and the meréuric-nitrogen bonds are likely at
a freguency below ZOO"cm*;, and could not be measured.with
their IR absorptiéh speétrophqtomefer.‘ When the mercuric
chloride—pyridiﬁe'ocﬁahedral ooﬁplex'is disSolved in pyridine,
the polymer appears to disaésqciate with the formation of a

tetra pyridine complex,
AN
(HgC1, ' P

N '4‘

Stldham and Chandler report the formation of a simllar complex

of mercuric chloride with pyrazine. 35
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' N _
4 ~ .
HgCl, + (‘\J
: S |
From an aqueous solution they obtain a precipitate whose
structure correéponds to 1 HgClz/l pyraZine. The infrared

sﬁectra indicates that the precipitate is composed of mercuric

vchloride tetrahedrally bound as a polymer.

cl » Cl
A A
Ve N—fg— N—
ci c1 o

The authors were unable to observe, in their infrared spectfa,
either the metal pyrazine or the metal halide vibrationé. - The
-lack of the former they attributéd to .the dependence of this
frequency upon the éhain léngth of the poiymer formed. Since
this polymer length would likely be highly random, the band
correspbnding to the metal pyrazine stretch shbuld be qguite
broadened. That they were unable to identify the metal halide
bond, they attfibuted to the formation of a pl bond between the
mercuric and the chléride.‘ They pdstulated that the electrons
in.this_bqnd would be deloéalizea into the-pyrazine ring with
a Weakening bf the.Hg—Cl bond stfehgth below the minimum
resolvable frequency of their spectrophotometer.

Jungbauer and»Currén using IR teéhniques_have shown .that a
vast array of divaient metai halides reacé with éniline as

shown below, without thé release of halilde acid.Sl‘

MK2 + 2 [::j,:::-mxz [::]

© NH,, NH, © 2
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Let us begin to construct a model of the reaction of
HgCl2 with AMf. On the basis of our own titrations, we do noti
£ind any proton release in the mercuration of AMP at pH 5.7,
using Hg012 as a complexing agent.

On the basis of indirect evidence, we assume that no c1”
is released when HgCl, binds adenylic acid. |

Since Wi@h”concentrétions of HgCl, between 5x10_5‘and

3 M our 4.8x10°°

10 M solution of adenylic acid contain isos-

- bestic points in their'absorption spectra, we feel safe in

concludlng that mercuration is at a s1ngle 81te, and that a
single spe01es of mercuric complexed molecule is formed. We
will assume that there is only 1 HgClZ/l AMP. In general, the
reaction constant for the formation of a féurth ligand bond
with merquric, ké, is significantly less than that for thé
formaﬁionAof the third ligand bond, ks.rrwithout lookling at the
IR spectra as we mentioned earlier, to state'whether the
reaction site were the Nl’ amino nitrogen, or maybe eVen_N7
would be mere guesswork; We prefef’to.remain~noncommital to
this questibn. | o

Having assumed a reaction model,
HgCl2 + AMP == HgCleMP
we should like to get an idea of the equilibrium constant for
"this reaction.
Consider Figs. 10 and 1l.at 260 mi. The absorption at

260 mu in Fig. 11 is due to (a) uncomplexed 'AMP, (b) HeCl,

complexed AMP, and (c) HgCl,. We can subtract the contribution

-
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of the latter from the absorption curves in Fig. 10. Consider
in both Figs. 10 and 11, the case when the concentration of

3 M. If we subtract the contribution of the HgCl2

HgCl, is ;o“
we find that there.is a net decrease in the 260 mdk absorption
of .01 OD units. If we assume that the extinction coefficient
of the complexed Species at 260 my is negligible compared to
the 15,300 of the AMP we'may obtain a minimum value for the
fraction of the AMP complexed. It is merely the fractional
decrease of the 260 my absorption. With the AMP in solution

along with 107°

M Hg012 thils fractional decrease 1s of the
order .015. The calculated equilibrium constant would then be

given by

K = (HgCl,AMP)/(HgCl,)/(AMP) = (HgCl,AMP)/(HgCl,)y(AMP),

where the subscript O, simply indicates the total amount of
the constituent ih the reaction mixture whether complexed or
not. Since the fractional amount of AMEO complexed is .015

(f = .015) we have

K = f(AMP)O/(AMP)O(nglz)O = f/HgClZO = .015/.001 = 15

‘This ‘is a'minimum value for the eQuilibrium_cbnstant of complex
formation, and if account were taken of the value of the
absorptioh,of,thé species HgCl,AMP at 2604mu a higher value.
' for the equilibriuﬁ éonstant would be found. | |

There is another method‘to estimatewtheiequilibrium constant
fof the fqrmatiOn of the HgCl,AMP compiéit Assume that the

AMP-Hg012 ligand bond, which results in the absorption increase
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at 285 mk, is the same in thevmonomer,.dimer, polymer, etc;
Assume that in the monomer, for whatever reasons, less of these
bonds are formed, giving rise to a less dramaticlspectral change.
In the trimer and the polymer, with relatively high concen-
trations of HgCl2 we'find that the extinction at 285 mu, per
adenylic acid residue,‘is near 10,000.

The optical density at 285 mu in ouf AMP Hg012 mixtures

may be written as:

0D(285 mu) = OD(AMP;‘285 mL) + OD(HgClZAMP complex, 285 mu)
At this wavelength, there is_no correction necessary for absorp-
tion of the mercuric chloride. Calling the fractional amount

of AMP complexed, f, and the tétal amount of AMP, comblexed énd

free, AMPO, we have

OD(285 mu) = (1-f) e(AMP free, 285 mu) AMP,

+ £ e(HgCl,AMP, 285 mu) AMP,

.The extinction of AMP itself at 285 mi, e(AMP free, 285 m ),
we know to be 870. We havé estimated the extinetion of the
complexed speéies to be 10,000 at this wavelength. From our
data in Fig. li, and using our pfOposed reaction mechanism,
we calculate values of the equilibrium constant, K, for several
values of mercuriclchloriae concentrations. See Table I.

There could be a number‘of reasons for lack of agreement
.between the values of K, calculated at different HgCl2 concen- -
trations. 'The mercurlic chloride'might be binding té some other

sites(s) in such a way as not to effect the absorption spectra.



Table I. Binding of Adenylic Acid (2',3') Phosphate

by Mercuric Chloride

HeC1

HgCl, AMP  AMP

AMP

A 2 . - £ K(1it/mole)
Total Free , Total Complexed Free '
- - 4.85%107° - 4.85x107° - -
-5 -5’ n -5 -5
15x10 14.8x10 .16x10 4.69x10 . 033 230
50x107°  49.7x107°> " . 27x107°  4.58x107°  .056 120
100x107°  99.6x107° " .38x107°  4.47x107° . 078 90

_S%_
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The assumption that the extinction of HgCl2 at 285 md is
10,000 might be mué¢h in error. The mercurated species of the"
monomer mightAreally possess totally different spectral charac-
teristics than-those of the oligomers,'i.e., the ligand bond
between the monomer and Hg012 might be of quite a different

nature than those in higher polymers. The spectral change of

the monomercurated species under these conditions might really

. be very small. This is a possibility that we cannot prove or

disprove, for at.much higher concentrations of HgClz, or of
AMP, we tend to get precipitate formation.
More dramatic spectral changes occur When adenylic acid

or adenosine is complexed with oxyacid salts of mercuric, e.g.,

the perchlorate or the nitrate, or with methylmercuric hydroxide.l2

Figure 21 shows the effect upon the absorption spectrum of AMP
wheﬁ mercuric perchlorate is used as a complexing agent. Qver
the rangevof concentfations of mercuric perchlorate used these
spectra do not possess an isosbestic point, indicating that the
reaction involves the formation of more than one species of
complex. | |

The changes in the Opt;cal rotatory dispersion spectra of
AMP as H_gCl2 is added is seen in Fig. 12. The very.low signal

level, and the high noise level in the recording leads to &

~difficulty in resolving‘suCh true spectral changes as might

occur in the rotatory dispersion of AMP as small fractions of
the molecules are complexed. The only consistency in the ORD
spectra of the monomer, ollgomers and polymer of mercuric

complexed adenylic acid is the appearance of a red shifted
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‘cotton effect with a crossing point in the range of 310-330

3

mi. A hint of such an effect is seen in the AMP with 10°° M

HgCl This high wavelength cotton effect 1s seen much more

2.
clearly when AMP i1s complexed with mercuric perchlorate (Fig.

22).



T T T
d\
o
c —
0 a,b
o : ,
x %P
Rt 4 ROTATORY DISPERSION OF AMP  _
9 WITH Hg(cClOg)p
[Ha(cl104)p] (AMP)
2k a — 4.6%x105y s
b .9xi10*M 4 .
c 1.8 46
d 27 a22
2 ' am— L
- 280 . 300 )\(mp) 320 T 340
MU-35903

Figure 22° Interact.lon of mercuric oerchlorate wlth aden;yllc ac:.ds change in ro=
tatory dispersion,

-6T1m

'
+ e S i P T TR
B

e e e s o



-50-

Nature of the Spectral Shift

The nature of the absorption spectral changes ihvmercuric.
complexes of the adenylic acids (and other nucleotides and |
poiynucleotidés) appear td be duelto charge transfer'phenomeﬁa.

The absorption spectrum of mercuric chloride, near 200
ml seems due to a charge transfer phenomenon from the chloride
(or maybe ﬁhe pi bond between fhe chloride and the mercuriq)
to the mercuric ioﬁ. -Similar phenomena occur in all the other
mercuric halide complexes.55

Orgel suggests that métal amine complexes exhibiting
stfohg electronic absorptiohs do so because of charge transfer
phenomena from the ligand to the metal.56

Bonds between mercuric and halide ions-are largely
‘covalent in chafacter, and likely, the mercuric amine, or
mercuric-ring nitrogen bonds are also of this type. From this
and the foregoling discussion it is possible that there is some
delocalization of the ring pil electron system into the mercuric
nitrogen bond of the nucleotides. .It would then be possible

that the charge transfer phenomenon involves The transfer of

an electron from this entire pi system to.the mercuric ion.
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Summary of Mercuric Binding to AMP

We may say that under our conditions of reaction, HgCl2
reacts 1/1 with AMP to form a complex. The reaction site is
probably the amino nitrogen or the ring, Nl,_nitrdgen. No
proton is released in this‘reaction, at least not-at pH 5.7.

The chloride ions likely remain complexed to the mercuric,

énd the addition of an AMP molecule_repreéents the fbrmation-

of a third ligand bond. If the ligand bond is of the same
nature as occurs in the much more highly reactive oligomers of
adenylic acid, then the equilibrium constant for the mercuration

is of the order of 100 lit/mole.
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Mercuric Chloride Binding to ApAp

Tﬁe reaction of the ApAp dimer with HgClz, we see from
Fig. 13, results in much greater spectral changes than its
interaction with the monomer. Either the nature of the inter-
action (the specific reaction site and/or the strength of the
ligand bonds) are different than in the mdnomer, or simply more
Ap residues are bound by the mercuric chloride. We proceed
with the discuésion of the dimer (as well as trimer and polymer)
complex assuming & similar sort of bond is formed at the same
sites in all the oligomers including the monomer.

Because the absorption spectra of the dimer with mercuric
chloride contain an isosbestic point, we are justified in again
believing that over the range of chié used for a complexing
agent, that a single metal bound species is formed. A possible
reason for the greater strength of reactioh between the dimer,
than between the monomer and HgC12 could be the formation of a

chelated species as diagrammed below.

Adenine - Adenine

Ribose — Phosphate — Ribose + Phosphate + HgCl,:

Adenine Adenine
/ .

— AY

~—— Ribose //Hg Ribose — Phosphate
\01 " Ne1
' Phosphate

In assuming similarities between the reaction of Hg012
with the monomer and the dimer, we assume that neither gt nor

Cl™ is liberated in the reaction.
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According to Bjerrum the reaction of mercuric ion with

diaminoethane is described as

—CH

NH2 NH2 >
++ NN ++ .

with the amino ligands of the two bidentate chelates tetra-
hedrally bound.15 In 1ts interactions wilth ethyl émine,‘mercuric
ion reacts strongly with only two of the ligands. The point
here is that the firsf two ligand bonds in mercuric complexes
aré relativelj eagy to form, e.g., the»above;complex with the
two amino ethéne groups, the dihalides of mercuric, or even the
complex between AMP and mercuric perchlofate Figs. 21 and 22.
But to form‘the'third and fourthycoordinate bonds réquires
either a strongly reacting molecule’ such as one capable of
forming a‘chelate, e.g., diaminoethane or ApAp, the dimer of
adenylic acid, ér a large éxcess of reactant such as Cl—.in
forming HgCl,.

From.the'fractional change in abéorption‘at'ZSO mL.Wwe may,
aé,with the monomér, estimate a minimum value for the amount
of AphAp cpmplexed.by~the mércuric chloride. _(By assuming no
absorption at 260 mu for the complexed species, and correcting
from Fig. 10 for the absorption at 260 mu of the HgCl,.) Since
the chelated species.iikely‘has a non-zero extinction at 260

mu, the éctual'fraction chelated 1s greater than this calculatéd

minimum. Thus from Fig. 13, the minimum fraction of chelate
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M HgCl, is added to a solution 2.4x10™° M

formed when 1070

in(ApAp is .37.
The felative absorption at 285 mu ié also’indicative of

the fraétion of ApAp chelated bu mercuric chloride. What is

not known is the extinction coefficient of this chelated species

at that Wavelength. As with the monomer; we assume an extinc-

tion coefficient of 10,000 for the HgCl,AMP complex which

would amount to 20,000 for the HgClZApAp complex, i1f Dboth

mercuric adenyllc acid ligaﬁd bonds’ were the same (and the same

as that in the monomer complex). The eXtinction'of uncomplexed

 ApAp at 285 mu is 1870 (935 per Ap residue).

Designating f as the fractionm of the ApAp molecules

chelated, and ApApO as the .total (chelated + free) ApAp we have:

oD

085 = OD285(free ApAp) + 0D285(che1ateq Aphp)

'lOD285 = ¢(free AphAp, 285 mu)(l—f)ApApo

+ e(chelated ApAp, 285 mu)fApAp,

From the optical densities of Fig. 13 we may calculate the

values of f at different concentrations of mercurilc chloride,

and from these may calculate—values for the equilibrium constant

of the reaction.

~ Table II gives the calculated values of f and of K for
different concentrations of HgClZ, under the‘assumptioh that
e (chelated AbAp,‘285 mt) is equal to 20,000. While all the '

values of the equilibrium constant are of the same order of
e

magnitude the agréement between  them could be better. One



Table II. The Equilibrium Consﬁant fdrlthe Formation of the Chelated .

Complex HgClZApAp:

(HgC1

2) and of Assumed e (HgCl

2

Calculated Values as a Function of

ApAp, 285 mp)

(HgC1,), R | |
Total eon- °~ € = 15,000 € = 20,000 e = 25,000 ¢ = 30,000 € = 35,000
- centration o ' : - ' )
of mercuric ~e -
“chloride -  f K £ K - £ K £ K £ K
10x107° ..047 500 .034 360  .027 280 .022 230 .0l9 192
. 25x107° .316. 1910 .229 1210 .179 890 .148 702 .125 580
50x107° 641 3690  .465 1770 .364 1170 .299 867 .254 690
75x107%" .837 /7050 .606 2100 .475 1230 .391 867 .332 670
100x107° .932 14040 .675 2120 .529 1140 .435 780 - .370 590

_99_
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possibility was to see if the agreement could be improved by
using different values for c(chelated ApAp, 285 mu).

We prepared a éomputer,program which varied the value of
this extinction coefficient, and from each such value calcu-
lated sets of equilibrium constants and sets of values of £,
the fraction of ApAp calculated at different concentrations’
of HgClz. We ran the program on an IBM 7090.

As discussed, for the greatest concentration of Hg012

3 M, the extinction coefficient

used in these experiments, 10
cannot be allowed to give a value for the fraction 5f ApAp
chelated which is less than .37. This sets an upper limit to
¢(chelated ApAp, 285 mu) of 35,000.

° M HgCl, 100% of the ApAp is

Now'aésume that at 10~
chélated; an obviouswupper limit to £. The OD285Aunder these
conditions is .35, qnd the cqncentratioh of total dimer, ApApO“
now all assumed to be complexed, is 2.4x107° M. This gives a
llower, physically allowed, 1imit to the value of the extinction
of .35/2.4x10°% = 14500.

In Table II sets of Qalues for frand K appear, each sét
‘based upon some value ofle(chelated ApAp, 285 mu) chosen within
the above physical limitations. The best agreement aﬁong a set
of such values of K occurs by assuming'a value for the extinec-
tion near 1ts upper allowed'limit‘ |

That we do not get better agreemént éﬁong a set of
equilibrium constants may be due (as pointed out in the dis-

cussion on HgCl2 binding to the monomer) to some binding of



Hg012 at an additional site which does not much effect the
light absorption propertles of the aromatic ring portion of
adenylic acid. Thomas points out that some of the mercuric

1 mis charged species

‘dihalide is dissociated in water.
might very wéll react with the negatively charged phosphate
groups of the nucleotides. While the optlcal absorption spectra
show an isosbestic point, Fig. 13, the rotatory dispersion
spectra of the dimer upon incremental addition of HgCl2 do not
(Fig. 14). - This might indicate that some additional mercufation
1s occurring which alters the cohformation of the molecule,
while only minimally effecting the optical absorption.

From the same data of Fig. 13; there 1s some furﬁher
indication that C1l  is not released in the reaction of Hg012
With ApAp. Let us assume our same model for chelation, but

also assume that upon forming the complex with the adenine rings

HgCl, does lose its €1~ ions.

HgCl, + ApAp === HgApAp' ' + 201~

Ky = (HéApAp++)(01")2/(H€012)(APAP)

Assﬁme that the e(HgApAp++, 285 mu) = 20,000. Using this value
while 1t did not‘giVe peffect agreement'between'calculated
‘eQuiiibrium constants in Table IIL, at_léast the values obtained
forvdifferent concentrations of Hg012 are within the same order
of_magnitude: Using this,sfor-the;extinction:We<compare,g.}-

in TablelIII, fhe calculated values fof the equilibrium constaﬁﬁs

(2) with the above model for the chelation reation, and (b) with
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Table III. Comparison of_Chélation Models Assuming. -
c(chelated ApAp, 285 mu) = 20,000

(HgClz)g £ : |

Total fraction K(1it/mole) K,(mole/1it)
mercuric of ApAp .

chloride- chelated

10x107° . 034 360 -~ 32x107 10
25%107° 229 " 1210 1500x10710
50x107° 465 1770 8300x107 0
75x107° .606 2100 18400x10710
100x10~° 2120 23000x10 +°

.675
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our previously assumed model, HgCl2 + ApAp = HgélepAp.
Clearly, assuming that no chloride is released leads to a
significantly better agreement among calculated equilibrium
_conétants‘as the concentration of mercuric chloride is varied.
Thére is yet a thipd way to get some information on the

equilibrium constant of the dimer-mercuric chloride complex
formation. At relatively high concentrations of HgClé, the
concentration .of uncomplexed mercufic chloride'is nearly equal
to that of the total mercuric chloride éoncéntration, since

-~ only a small fraction is.actually.complexed with the dimer.
‘[HgCIZJ 2]O,'
(sayAgreater than 25%) of the dimer is complexed, almost all

= [HgC1 At 285 mu, when even a small percentage

the absorption is due to the complex alone.

oD = ¢(ApApHgCl,, 285 mu)[ApApHgCl,].

285.

The equilibrium constant for the complex,formation,_K, is equal
to '
[ApApHeC1,]/[HgCl,1[ApAp]

= [ApApHgClZJ/[HgClZ][(ApAp)Ou—ApApHgClz]«

Abbreviating the above extinction as merely-e, and.ODZ-85 as
simply OD, and utilizing the two abbve approximations con-
cerning mercuric conéentration“énd light absorption at 285 mu
we ha&er | | | | |
- _ 0D/ e
j [HgClZJO[(ApAp)O - 0D/€]

This can be put into,thé-form
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1/e + (1/ek)(1/[HgC1,],) = [ApApl,/OD

which is of the form y = mx+b. By plotting [ApAp]O/OD vS.
l/[HgClz]O, and extrapolating the line found to essentlally

infinite mercuric chloride concentrations, one finds the

intercept on the y axis, b, which gives the value of 1/¢. From

this, and the slope of the line, m, which is equal to 1/Ke, one
may find the equilibrium constant for the reaction.

The
5

210
data for this plot is taken from Fig. 13. [ApAp]O is 2.41x10°

Figure 22a 1s a plot of [ApApl./OD,.c vs. 1/[HgCI
v " 285 Y&+ /1

We have drawn a somewhat arbitrarily éhésen best straight line
through the points obtained. The points which represent.the
lowest concentrations of mercuric chloride are neglécted in
drawing this 1line, for'at low mercurié cohcentrations, the two
approximations Just given do not hold.

From the vy axis intercepf and the slope of our best
straight line we find that the value of e(ApApHgClz,‘EBS mL) =
26,400, and the equilibrium constant for the reaction is equal
tov1560. If we aSsume, as heretbfofe, that the‘ApAp.HgCl2
chelate is composed of the two Ap molecules of the dimer
similarly Qomplexed to an Hg012 molecule, then per unit Ap
residue, or per mercuric-nitrogen bond, the'extiﬁction coeffi-
cient at 285 mu is equal to 13,200.. |

A more complete reaction with the dimer (judging from OD

285 mu) occurs when the mercuric is used as 1ts oxyacid salt

rather than as the chloride. These larger changes are observi

able in either the absorption or rotatory dispersion_spectra,

Figs. 23 and 24. Neither of these sets of spectra possess

M.
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isosbestic points, indication that more than one species of
complex molecule is formed. At still higher concentrations

of mercuric pefchlorate, there 1s a tendéncy to get precipitate

formation.

Our model has assumed that there 1is a 1/1 mercuric chloride/
ApAp chelate formed. It would be nice to verify that the two

molecules truly do combine in this ratio.
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The Determinatior of StoichIometry in the

ApAp—Hg.Cl2 Complex Formation

Suppose ‘there is a chemical reaction in which
nX+Y :‘—" XnY

and suppose that ohe wishes to find the value of n. If XnY
possesses a physlcal characteristic nét possessed by eitherv

X or Y, e.g., optical absorption, optica1 rotation, etc., then
it 1is pdééible to find the ratio n, characteristic of the

product XnY.58

Let

X = [HgClZJ;‘Y = [ApAp]; an = [ApAp(HgClZ)n]

The absorbancies of the two reacting molecules at 300 mp are

very small, that of the complex which is formed from them is

'Quite large.

- Let

.[chlz]-+ ntApAp(HgCiz)h]

Xo = [Hellaloioy =

Yo = lapApli ey = [Apapl + [apap (HeC1,) )]

If we set the sum of the two reactants equal to some constant,

and vary the ratlio of the reactants XO +'YO = A at what ratlo,

XO/YO do we achleve a maximum of complex formation? " Put in

another way, at what ratio of reactants is there a maximum OD

at 300 mu;(where only the complex significantly absorbs light)?
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Xy + ¥ == X¥

Il

n
K ,XnY/X Y

K

7/ (%02 )N¥g-2)

Differentiating to find the conditions for maximal complex

formation.

dZ/dXo =0 dZ/dYO =0
under the restraint of both reactants, XO +'YO = A

nZ/(XO-nZ)n+l(YO—Z)-= 2/(Xqn2)" (¥ 4-2)

‘.n(YO—Z) =v(XO—nZ)

Xo/ Y= n
Whether érotons, or chloride ilons are réleased in this
reaction or nof, carrying thrdugh the mathematics will show
~ that the maximum complex formatioh still occurs when the
ratio of the reactants, XO/YQ,’is équal to the ratio of their.
composition in the cqmplex, n.
| We prepared solutions, whosé_combositions are shown in
the table bglow;, The sum of the ApAﬁo.and the-HgClzo was, in
all cases, equal to 5x10"% M. All solutions contained a pH
5.7 acétate‘buffer (.o1/.001 aCetaté/aceﬁic acid) and all were

1M in NaC10,.
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Composition of Solutions

ApApO : HgCl2
v 0
5.00x10"% M -
4.00 1.00x107% M
3.00 2.00
2.50 2.50
2.25 2.75
2.00 3.00
1.67 3.33
1.00 £.00

Figures 25 through 28 show both absorption and rotatory
dispersion measurements of the mixtures of solutions above.
Figﬁres é5 and 27 are the‘results of.spectra taken through a
1 mm path length of solution. Figures 26 and 28 result from
the utilization of a 1 cm path length. The former two figures
give an overall pilcture of the spectra, the later two magnifj
the region of eSpeeial interest. This is the region where both
rotation and absorption are pfimafily due to the presence of
the mercuric complex. |

We see that both the 290 mu absorption, and the 320 mu
cotton effect afe maximal with an‘HgClzo/ApApo ratlo of 3/2,

Fig. 28A. According to the theory, then, this should be the

‘ratio in which the two constituents of the cOmplex combine.

It is hard to reconcile this with the seeming simplicity of
the reaction as Judged from the existence .of 1lsosbestic points

in the absorption spectra. -
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Suppose that there also exists another site upon the
ApAp which competes for the mercuric chloride. The reaction
at that site must have, as its distinguishing characteristic,
no involvement with the aromatic portions of the molecuie, and
hence no direct effect upon its 260 myu electronic absorption

band. We may write this reaction as

*
ApAp + HgCl, :;::(HgClZ) ApAp

‘Where the * indicates a mercuric chloride hound aﬁ the second

reaction site of the ApAp molecule. Leaving the definitions
of other quantities unchanged, we redefine Z as being the total
concentration of ApAp COmﬁlexed by Hg012 at the site which |
giVeé rise to the 290 ml. absorption and to the 320 mu cotton
effect. This includes ApAp complexed at the second site |

additionally.

‘ *
Z = [ApApHgCl,] + [HgCl, ApApHgCl,]

T, on the other hand 1s defined as the total ApAp complexed

at the second site by HgClz, whether or not the ApAp also has

an HgCl2 otherwise complexed.
; ¥ *
- T = [HgCl, ApAp] + [HgCl, ApApHgCl,]

If 1t is.assuméd that the reaction responsible for the 290 mu
absorption band and forltheESBO mu cotton effect is a i/l
HgClz/ApAp complex formation, how would the fcrmaﬁion.of the
second site complex alter the ration Xd/Yd at which‘we would
see the maximum of theée effects? This ratio would no longer

be at unity, but rather would occur when
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([HgC1,15-1)/ (Aphpg) = 1 or <(He0l,) o/ [Apap,]

=1+ T/ [ApAp ]

This could well -account for the observed 3/2 ratio obtained.



~T4-

Mércuric Chloride Binding by Heterodimers

In trying to elucidate further, the nature of the reaction
lof mercuric chloride with the adenylic¢c acid dimer, we lpoked
at the complexing reactions bf some analogous compounds, ApU
and ApC.

‘Consider the reactilon of mercuric chloride with uridylic
acid. See Fig. 29. The spectral change here is quite the
same as Simpson obtained with a many times excess of mercuric
or methyl mercuric ion, and probably represents a fairly com-
plete reaction of the uridylic acid With‘the mercurle chloride.

Simpson found that the reaction

0 0

HN - CH;HgN ..
CH, HgOH + = + HZO
(o] )
o) $ : 0 ‘$
R

proceeds with ansequilibrium constant (log K = 4.3), and that

the reaction

. 0
A HN , OHHgN ,
Hg(OH), + = - + H,0
" R
R R

'proceeds with a constant (log K = 5.1)?2 That the hydrogen
of the cyclic imide structure 1s replaéed is to be expected,
for such generally occurs upon mercuration of such s‘éructures.-l7

Furthefmore, the small change in spectral properties upon
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mercuration.of a ring nitrogen is not inconsistent with the
equally small changes fbund upon mercuration of the pyridine
molecule. Figure 20. The reaction of uridylic acid, 6x107° M
with HgClz, 5x10_4 M, took placé‘in an acetate buffered medium,
pH 5.7 with .1N NaGlQ4 present.  There was no'HgCl2 in reference
chamber of the Cary 15 recording spectrophotometer, see Fig. 10.
If one uses'inStead of uridylic acid alone, an equimolar

combination of adenosine and uridylic adid each SXlO—5 M, and

all other conditions as above, the spectral changes are indica-

tive of a mercuration of uridylic acid alone, Fig. 30. The

changes in rotatory dilspersion spectra with the mercuration of

this mixture of compouﬁds may be seen in Fig. 31. Compare
changes 1in adenylic acid alone which occur'upon mercuration,
Figs. 11 and 12. If one now leaves all conditions the same,
butrlinks the equimolar Quantities'of‘adenosine and uridylic
acid into the ApU dimer, the reaction with mercuric chloride,
based upon spectral changes, 1s greatly enhanced, Figs. 32 and
33. . The spectral changes are of_the same.nature seen with ApA,
and likely the same sort of chelate formation is involved. Our

hypothesized structure iIs illustrated below.

Ribose — Phosphate — Ribose
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A similér'account may be glven for the binding‘of,HgClz
to mixtures of adenosine and cytidylic acid, as opposed to itsj
binding to the ApC dimeric molgcule, Figs. 34, 35, and 36. In
the eXperiments with ApC, there'are a feW changes in the
experimental conditlons to be noted. Each base residue was

5.M; and in the absorption

present at s concentration of 2.3x10”
spectrum, the reference blank was 5x10% M in HgCl,. Data
upon the extinetion coefficients of the two dimers used.was
provided by’the Work of Warshaw.l8

We illustrate a:probable structure for the mercurilc
complexed ApC below. The reaction site of cytidine poses many

of the‘same'problems as does that of adenosine. Is the site

really the amino group, or could it be at the ring nitrogen?12

Ribose — Phosphate — Ribose
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The Binding of Ap Trimér by Merciiric Chloride

The complex formation of mercuric chloride with the
adenylic acid trimer, ApApAp behaves in a fashion similar to

that with the dimer, but it is a stronger reaction, Figs. 16,

17 and'18.

We have used a trimer concentration of 1.8:&10"5 M, with

.other conditionsvof the reaction as in the complex formation

with the monomer and dimer of adenylic acid.

At concentrations of HgCl, less than,4xlo—4 M; the absorp-
tion spectra possess an isosbestic point. _This leads one to
suspect the formation, under these conditions, of a single
species’of complexed molecule. _If the reaction were the same
as that with the dimer, it would involve the chelating of
mercuric between two adenine residues. In the dimer (on the

basis of Courtauld Mbdelslg) there appears to be some steric

“difficulties in so accommodating the mercuric chloride. In

the—trimer,vthe Hg012 could be chelated by (and easily accom-
modated between) the two ehd adehosine residués, leaving the
middle residue to react separately at sufficiently high concen-
trations of HgCl,. This ease of accommodation could well be
the reason for the greater degree of reaction of the trimer
over that of the dimer. |

Above 4x10"4,M HgCl,, the isosbéstic point seen at lower .
concentrations is lost, probably due to the formaﬁion of somé
second site compléx, involving the middle adenosine group.

Keeping our atténtion on the situation below an HgCl2
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concentration of 4x10—4vM, one ma&y propose the reaction model

shovmn below |

| HgCl, + ApApAp == Adenine--------> Hg-+--—------Adenine

ribose——phos——ribése——phos——ribose-—phos
adenosine
As with the dimer, we can find a maximum and minimum value
for the fraction of trimer bound at the first mercuric chloride
chelation sites. If we assume that at 4x10_4_M HgCl2 all
trimers are so chelated, wé may calculate a minimum value for
e(chelated trimer, 285 mu). From Fig. 16, the absorption at

285 my of the trimer in the presence of 4x107%

5

HgCl2 is .495.

The concentration of trimer is l.8xlo— M. The minimum value -

for chelate extinction is thus .495/1.8}:10_5

= 27,000, or 9,000
pef Ap residue.

The minimum fraction of trimer which can bé bound 1is
obtainable, as with the dimer, from the fractional change in
the absorption at 260 mu,'appropriately.correctéd for the
absorption of HgClé.' Again ffom Fig. 16, this fraction comes
to .34 (calculated also at HgCl, concentration of 4xlo—4).

The extinction coefficient for the unchelated trimer at
285 mu 1is 3900, or 1300 per‘Ap residue. By gueésiné values
for the exﬁinction'oﬁ the chelated trimer at 285 mu consistent
with the above stated physical limitations, we may calculate

equilibrium constants for the mercuric chloride binding.
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ODéss = e(free ApApAp, 285 mi ) (1-£ ) ApApAp

+ e{chelated ApApAp, 285 m ) £APAPAD

where f is the fraction of the trimér which 1is bdund,'and ApApApo
1s the total concentration of trimer, bound and unbound. Table
IV gives values for £, and for K according to.the selected

velue of the extinction. As with the dimer, better agreement
among a set of equilibrium constants occurs at the highér o
physically allowed values of the extinctlon céeffiéient. What
detiation there i1s among a set of equilibrium constants,‘as

the mercuric chloride concentration is'varied; 1s likely due to
the same céuses discussed for dimer’qhelatioﬁ.

- Assuming that chloride ions are released in the mercuration -
‘of the trimer leads to a sét'of éduilibrium constants whose
values diverge from 6ne another by many ofders<ﬁ‘magnitﬁde.

This 1is just what we have found ih the dimer.

For the dimer, usiﬁg the absorption at 285 mu, we plotted
-[ApAp]O/OD zg,'l/[HgClz]o where the subscript O,'indioatés the
total concentratitn of the particular constituent (complexed
as well as free).

This allowed us, as discusséd, to estimate évvalue for
'e(ApApHg012,’285.mu) as well as for'the'equilibrium constant
for the dimer-mercuric chloride complex formation. In a similar
fashion, using Fig. 16, we plot [ApApApl. /0D o vs. 1/[HgCl,ly.
We draw the best straight. line tﬁrough thése points, aéain, as
in the dimer, negiecting poihts at the lowest few mercurilc

chloride concentrations. The intercept of this line on the



Table IV. Equilibrium Constant and Chelate Formations as

c(chelated ApApAp, 285 mu) is Varied to Arbitrary Values.

(HgC1

2)o e = 30,000 € = 40,000 € = 50,000 ¢ = 60,000 ¢ = 70,006'
Total mercuric. . | . —
reggiggidgiigure £ K. £ K 3 K- £ K £ K
5x107° M .105 © 2460  .O77 1710 " 060 1300 .d49 1060 .04l - 890
10x107° M 395 .7180  .290 4290  .226 3050 186 2360 .158 1930
15x107° M 575 9850 .418 5050 .328 3380 .269 2540 .228 2030
20x10“5 M .715 ’12970 512 5500 .40l 3430 .330 2530 .280 1990
25%107° M 774 14720 .561 5340 .440 3240 .361 2320 307 1810
30x107° M 840 18480 .608 5360 .4AT6 3110 .391 2190 .332 1690
35x107° M 875 20430 .630 5040 .494 2860 .406 1990 .344 1530
40x107° M 890 24600  .655 4860 .512 2680 421 1850  .359 1410
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¥ axis, and its slope give us, respectively, l/é(ApApApHgClz,
285 mu) and 1/K e(ApApApHgClZ, 285 mu), from which the
extinction coefficient and the equilibrium constant may be
found. _ - ‘

This plot is shown in Fig. 36A. We fihd that thé equil-
ibrium constant is 8900, and the extiﬁction coefficient of the
chelated species at 285 mu 1s 35,700, or about 12,000 per Ap
residue.

If we contend fhat all HgClZ—nitrogen bonds are the same
in the dimer and the trimer, we are faced with a problem. In
ApAp Where‘we likely have two mercuric nitrogen bonds.(One per
Ap residué) the extinction per residue at 285 mu is close to
15;000.: If, in ApApAp, we assume that only the two end residues
are involved in the chelate formation, we would have an-extinc-
tion per'(mercuric bound ) Ap residue of 18,000. If on the other
hand we allowed for the possibility thét in chelation with the
trimer, all three Ap residueé could somehow bond to thégmercuric
chloride, then the extinction per mercuric.chlbride bound Ap
residue would be close to 12,000, a value not inconsistént with

the 13,000 found for the dimer.



Figure 36a, Reciprocal plot of ApApAp-HgCl, complex formation.
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The Binding of Polyaderylic Acid by Hgll,

Kawade performed experiments of a similar nature, using

HgCl, to bind polyadenylic acid. 20

His conditions differed

a bit from the ones we employed with the oligomer binding
experiments. He used a pH' 7 phosphate buffer, and a .14M con-
centration of sodium perchlorate. His conditions imply that

the poly A he used was in the form of a single stranded

polymer.21

The spectra of the solutions of poly A, upon addition of
mercuric chloride, do not podssess an isosbestic point. We may
still obtain some idea of the strength of binding. Take the
extinetion of the AMPHgCl2 complex to be 10,000 at 285 mu. The

extinction per Ap residue of poly A at 285 mu is 1600.2% In

his expériments, the solutions of poly A containéd 5.65xlO_5 M
Ap residue. On the basis of the change in OD,gc With repeated
addition of HgClz, one may get a rough ldea of the fraction

of Ap residues complexed.  These data, gleaned from Fig. 11 of

Kawade's paper are given in the table below.

Binding of HgCl2 to Single Stranded Polyadenylic Acid
- (From Kawade) |

(chié)64 "HgClZ free ApHgCl, ‘ 'Ab Uncomﬁiexéa
.9x107° - .9x107° 4.75%107°

1.8 | - 2.3 3.35

3.0 - 3.8 1.85

4.5 . 4.4 1.25

6.0 1.7x107° 4.6 1.05




In light of .the foregoing expérimentS'upon the oligomers
of adenylic acid, the most plausibie reactlon mechanism would
seem to involve the chelation of the meréuric chloride by two
residues of thé pbly A. The HgCl2 could be bound between
.residués n and n + 2 of the polymér, as well as between n and
n + 3, etc. The polymer chain would thus be twisted and coiled
in every cénceivable.fashion, and one would not expect the

appearance of an isosbestic point.
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From the_evidence of both a direct as well as an
indirect nature it appears that Ap oligomers react with

mercuric chloride according to the following meéhanism:
HgCl, + (Ap)n HgClZ(Ap)n_

where n 1s 1, 2, and 3, as we are dealing, respectively, with
the monomer, dimer or trimer of adenylic acid. The equilibriumi
constants for these reactions are an order of magnitude sep-
arated‘from one another, being in the range of 50-200 1lit/mole
for thé monomer, SOO—ZOOQflit/mdle for the dimer, and 5000-
20,000 for the trimer.

The reaction between the Ap fesiduesIOf polyadenylic acid
- and mercuric chloride is even stronger than that between the
oligomers and HgClz, but 1t is a more complex reaction, with
many: - . mercuric chloride molchleé likely attached tb each -

polyadenylic acid strand.
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DENATURATION OF ADENYLIC ACID DIMER

Denaturation by Ethanol

It had been our original intent to study the.intefactioné of
the base residues at low temperatures. We tried, and failled -
to find augmented interactions between the rings of ApA ﬁith
the compound below -100°C dissolved in ethanol.

" The extinction maximum of adenosyl 3'-5' adenylate (ApA)
in ethanol (per adenosine residue) was 15600 * 300. Likewise,
adenosine possessed an extinction in this solvent of 15600 +
300. .We could not accurately determine the extinction of
adenylic acid in pure ethanol. The solubility of this latter
compound appears to vary greatly with the moisture content
of both solute and the ethanol. But bne may probébly assume
correctly that its absorption characteristics in the near UV
do not differ significantlj from those of the nucleoside. In
ethanol, then, the'hYpochromism of ApA vanishes. |

The foregoing, leads to the conclusipn that ethandi, far

from béing a solvent 1n which we could hope to see augmented
base~-base interactions, 1s d solvent iﬁ which the ihteractions
are reduced. When 1t became availlable to us, a spectropolar- ,
imeter providedlmeasﬁrements'to show, quite spectacularly, that
base—baéé interactions of ApA in ethanol afe greatly reduced. o
The specific rotation of thé dimer (per adenosine.residue) is 
reduced to near that of adenosine itself, that is, by nearly ”

an order of magnitude. Some of these phenomena are illustrated

“in Figs. 38 and 39.
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To obtaln a clearer idea of the denaturation effect of
ethanol upon ApA, and from this perhaps some'information upon
.the.strength of the base—base interaction in that molecule, we
investigated spectral changes in the adenylic acid dimer
.dissolved in ethanol/water mixtures. Because of its avail-
ability, we used the dimer possessing a terminal phosphate for

the followling experliments.
Methods

We prepared a stock solution of ApAp, .1M in NaC10, and
buffered to pH 5.7 With‘;Ol/.OOl sodiumbacetate/acetic acld.
A similar solution, but lacking the ApAp, served as a standard
‘solvent. We also prepared an ethanol solution containing like
amounts of sodium perchlorate, sodium acetate, and acetic acid.
The test solutiens contained: a fixed Volume_of stock solution;
measured volumes of alcohol SOlution; and adequate etandard |
solvent to achieve a fixed final volume. From a known .volume
of ethanol, and a known final volume, we were able to compute,
for each test mixture, the Weight perceﬁtage of ethaﬁol present.
We obtalned the spectra: with a Cary 15 speotrophotometer and
a Cary 60 spectropolarimeter.
ﬁeeults

Figures 40 and 41 illustrate the effect of increasing
concentrations of ethanol upon the‘optical,absorption and
optical rotatory dispersion spectra of ApAp. From the fact

that both sets of spectra contain isosbestic points throughout

the concentration fange of ethanol we used, we feel confident
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that there are only two specles of ApAp present. We will

refer to these species as being "stacked" and "unstacked".

Discussion

To what physical mechanism may one attribute the denatur-
ation or ”unstacking“ of the ApAp molecule? One could not
rule out protonation of the adenosine rings as a possible
factor in the observed spectral changes. Michelson shows ﬁhat
when the adenosine rings are protonated ApA does not exhibit
hypochromism.37 Further, qushaw demonstrated that the proton-
ated form of ApA exhibits low specific rotation.18 |

Julliard diécusses data relating to the effect of methanol
upon the alteration of the pK values of organic acid§.38 The
pK of benzoic acid, for instance, 1is changéd from 4.21 in 
water to 5.9 in.55% methanol to 2.35 in absolute methanol.
There is as yet no consisﬁent'way'to predict how the pKs will
change. 1Wé measured spectra of the absorption of adenosine,
in roughly 95% ethanol, with several different concentrations
of HC1. TUnder these coﬁditions, 1t 1s found that a protonation .

3 M and 107° M. This

occurs between concentrations of HCL of 107
indicates that the pK of adenosiné (and hence probably of ApA
or ApAp) in ethanol 1s between 3 and 5. Especially from this
latter piece of evidence one may cdnclude that protpnaﬁion
is likely not a facfor in the observed denaturation of the

dimer by ethanol. Though Hanlon and Klotz discuss the possi-

bility that some of the phenomena occurring in "helix-breaking'

LS
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solvents may be due to protonation occurring upon the macro-
molecules,-such does not appear to be.the case 1n our syStem.30
The more usual way of looking at denaturation phendmena
1s to consider the magnitude of interactions among pértions of -
the maéromolecule, efg.,'intramolecular hydrogen bonds, van der
Waals forces, and the like. One compares the magnitude of these
sorts of interactions With those which could exist between
sélute and solvent. If the former are energetically more
favorable; one 1is likely to have intact, (undenatures) ﬁacro—
molecules.2 Situations which lead to stronger solvent-solute
interactions would also tend té lead to the diSruption of the
intramolécular struoture; and hence to somé degree of denat-
urdtion. As one changes solvent -environment from water to
organhic solvents, such disruptions are more likély to occur
as interactions indrease between the organic macromolecules
and the solvent. Obviously‘the strength of such interactions
'depends upon‘the particﬁlar~solvent i employed. If one
‘denatures. proteins or polypeptides with an arganic solvent,
one can, bj adding small amounts of a second solvent, even
further increase the degree of denaturation, as.measured by
" changes in optical,absofption or optical rotatory dispersion
measurements. This 18 the method of solvent perturbation of
Herskovits ahd Herékévits apd Mescanti.6’7
Since macrémolecules tend to be most stable, .and possess a
maximum of intramoiecular ordering'in‘aqueous solutions, the

40,41

idea of the ice-cage came to prominence. The basic idea
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of the ice cage is that solvent-solvent interactions (or
ordering) éontributesla great deal of the stabilization energy;
to the structure of macromolecules (in water). Nemethy explains ~
the disruption of macromolecules by urea as being due tolthe |
disruption of an icéllike structure suppésedly surrounding

42a
such a macromolecule.

In a dissolved macromolecule, sur-
rounding each relatively non-polar portion of the molecule is a
supposed sheath of ordered water or ice. For such an arrange-
ment, the entropy is decreased over a situation in which there

would not be such an ordering phenomenoh. Since

AS < O
-T'S > O
and

AR > O

A more energetically favorable state of the molecule would be
one in which the non-polar portions of the molecules were packed
together, for this would tehd to reduce the total amount of
water ordered by the macromolecule. Such a packing togéther

of the non-polar portions of a macromolecule would constitute
its ordered or non-denatured form.ﬁ” ~Jencks does not accept
this argument, for he polnts out that solutes having an ordering
or disordering effect ﬁpon the structufe of water, do not ’ .v .
'correlate this property wifh Their ability toldenature macro-
molecules.45 | )

Klotz describes the ability of methane, under high pressure

to form about itself an orderly array of water.42 This methane
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water étructure is stable to temperétures greater than 50°C¢
Klotz refefs to this theory of the importance of solvent-
solvent stabilization as the hydrotactoid hypothesis, és oppoSed
to the hydrophobic hypothesis.“” This latter treats the'energy
of intfamolécular reactions among non-polar groups as providing
the major amount of energy for stabilization bf the macro-
molecules. Further evidence for the hydrotactold theory is
provided by the.féct'that as one adds to water, solutes favoring
(ostensibly) its orderiﬁg, there 1s a shift in the i.f. gspectrum
of wéter closer to that spectrum seen in ice.42

Kuwahra and Kaneko discuss the ordering effecﬁ of solute
molecules upon a number'of classes of solvents. Thelr model

compounds were varlous length polymers of polydimethyl sil-

oxane.44 ‘Thus the idea of ordering'of solvents by solutes is

not restricted to the ordering of water molecules.

Sinanoglu and  Apbdulnur offer;'a rather concrete theory of

40,41 They consider the solvent as

the hydrotactoid type.
macroscoplc, and the nucleotides as existing in cavities con-
tained in the solvént., When the dimer is stacked, it éxists

in a cavity, circumscribed about itseif. The area of the

cavity (which we assume to be spherical) we call Al. When thé
molecule becomesvunstacked; we assume the creation of a new
davity. While each of the cavitles surrounding a nucleotilde
residue are smallér than the one surrouhding the dimer, the
total surface area of the cavities is bigger. Let us call this
area'2A2 where A2 is the drea of one of the caVities;u~ReaSOh?u'

able values for the radlii of these cavities ére
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rl =T7.3 A

r, = 5.6 i .
We obtalned these figures by estimation from Courtald Models_.19
They were based upon the radil of the smallest spheres which -
could be circumscribed about the van der ‘Waals volume of the -
monomer and dimer respectiveiy. The surface areas of the -
cavities would be

A, = 670 &%

‘2a, = 782 4°
The energy in creating these cavities would be expended,
according to Sinanoglu and Abdulnur primarilly by surface tension
forces of the solvent.éo’41 As one increases the concentration
of ethanol, the surface tension of the solvent is lowered, and
1t ought to become easler to create greater cavity areas.
Hence the equilibrium fof the reaction

APAD 4t o eked ;=ﬁ'ApApunStacked
ought to become more favorable. We can estimate the equilibrium
constant for this reaction .

- [ApAp]unstacked R {
;ApAp]stacked
b 3

from the lessening of the hypochrdmism as the concentration

of ethanol is increased.\ We can obtain the surface tension of

45

ethanol from appropriate tables. One must assume that the
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local solvent environment about the ApAp or AMP is the same
as the bulk solvent in its ratio of ethanol/water. Only then

would the surface tension in a cavity wall equal that, say,

- at the room air/solvent interface. We can estimate the free
energy'involvedihlcreating the éxpanded area of the cavity for
the unstacked dimer

E = (2A2 - A )Y
where Y 1s the surface tension of the solution. And we may
estimate the standard free energy of the reaction from the
equatioﬁ
AF° = - RT 1n X.
For the different concentrations of ethanol which we'used, the
measured and calculated quantitiles appear in the table below.
Energetics of Cavity Formatlion in Dimer Unstacking
' Surface Tension, 7  Energy Energy
% Ethanol (dynes/em) = . ergs/molecule  kcal/mole
0.0 73 , 8.18x1071° 11.8
3.1 58 . 6.50 - 9.3
15.8 41.5 4.65 6.7
- 32.3 37.5 3.53 5.1
50. 4 27 3.03 4.3
5 70.9 25 2.80 4.0

If we assume that at room temperature, in adqueous solu-

tion, (pH = 5.7, NaClO4 = .lM) nearly all the dimer is stackeé7;_
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it is easylenough to calculate the value.for the equilibrium
constants (stacked ‘dimer to unstacked dimer) at different
concentrétions‘of ethanoll But there is an UnCertainty in
this for we lack a trﬁe knowledge of the degree of unstacking
of the bases under theselconditions., Under these circumstances,
‘one can only assume several figures for this property. Assume
successively that in room temperature aqueous medium as‘above,
ApAp is totally stacked, 10%, 20%, 30%, 40% and 80% unstacked.
Under these conditionslit is possible to calculate a family
of curves for the values of the equilibrium constants vs. the
percent of ethanol in an ethanol water mixture (Fig. 42). From
these values of K, we may construct curves for AFO(= -RT 1n K)
vs. the percent ethanol in the ethanol water,mixtﬁres. Again,
we get a family of curveé depending upon @he guess as to the
relative amount of unstacking of the dimer ApAp at room temp-
erature in an aqueous medium (Fig. 43).
| We arrived at these data by a féirly strailght forwérd
pfocess. The extinction of the monomer, either in water or in
ethanol is close to‘15,400 at 260 mu. When completely unstacked;
or nearly so, és it is in 100% ethanol ApA- has an extindﬁion/f;
residue close to 15,400 (within experimental error). Thus in
any alcohol/water mixture, we consider the extinction/Ap residue
for an unstacked dimer %o bg 15,400.

In aqueous solution the extinction of the ApAp dimer/Ap
residue is 13,700. Depending upon the'percent of room temperF:

ature unstacking we choose to hypothesize we find a "true'
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extinction/Ap residue for the dimer.
13,700 = 15,400 (2f) + e(dimer/Ap residue)2(1l-r)

where f is the fraction of the unstacked dimer.

| With increasing concentrations of ethanol, the degree of
uhstacking increases, and using the dimer'extinctions calculated
above, and the OD at Z60 mu we can caiculate the percent of
unstacking at any alcohol concentration. From these values,
one may draw the two sets of curves described above (Figs. 42

and 43). Can the decreased surface Tension, and with it the

increased ease (decreased free energy) of cavity formation

account fbr the greater equilibrium towards unstacking seen in
efhanol/water solutiéns? To be quantitative, we first make

an arbitrary assumption that at room'temperature,_in aqueous ’
solution, the ApAp is 20% unstacked, i.e., f is initially .Z2.
The changé of standard free energy in waéer féf unstacking,
%20? is equal to .33 kcal/mole. The free energy necesséry
for cavity formation in water is 11.8 Kcal/mole. Thus there
are factors oﬁher‘than cavity formation involving in the
unstacking. As we increase the aicohol concentrations to, say,
50.4%, the freé energy for unstaCking; AFgO% ethanol decreases
to become equal to -5.5 kcal/mole. Since the surface tension
of the solvent, YSO% ethanol’ has been‘lowered,'the free energy
involved in cavity formation has decreaéed to 4.3 kcal/mole.
Cavity formation is easier by 11.8-4.3 = 7.5 kcal/mole in a
50.4% ethanol/water mixture. This 1s reflected in é reaction

whose overall ease (its free energy change) has been increased

by 5.5 + .83 keal/mole = #6.3 keal/mole.
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The decrease of free energy for cavity formation in a
50.4% ethanol/water mixture is more than enough of a decrease
to provide for the similar decrease for unstacking:ovapAp in
the same ethanol/water mixture; In the Table VI we'liét, for
each concentration of ethanol, the standard free energy of
unstacking of the ApAp; and the. free energy for cavity formation.
Purther, for each percent of alcohol the differenges between
these ffee'energies, and the corresponding values in pure.ﬁater
appear. One sees that iIn each instance, the change in free
energy for cavity formation 1s more than adeqﬁate to aécount
for a similar change in the ease of unstacking. Ease of
unstacking of the dimer increases monotonically with increasing
concentrations of ethanol in the ethanol/water binary mixture.
The surface tensioh decreases 1in a monotpnic fashioh. While
the latter phenomenon provides sufficient free energy for the
formef, there does not seem to be any simple relationsﬁips
between them. For this, there could be several reasons. Perhaps
éhe choice ofjf, the fraction of ApAp unstacked at rooﬁ»temper—
ature was faulty, maybe it is not 20%. More likely, as Sinanoglu
and Abdulnur pointed out, there is no guarantee that the surface
tension (and its changes with the composition in the solvent)
is the same locally, e.g&., surrounding a small cavity in which
there is a macromolecule) as it is in the bulk of thevsolution.4o
If one assumes an ice-like cage to .surround the organic mole-
cule, the local solvent properties would most definitely not
equal the bulk properties of the solvent. Thus Garst et al.

~ show & truly tiny amount of a. second solvent may selectively

X



h Table VI. 'Unstacking of ApAp in Ethanol/Water Mixtures Compared

to Ease of Cavity Formation in Such Mixtures (kcal/mole)

Standard ' Free energy

. free energy of AR° : of cavity E_., _
% unstacking in ethancl/water formation in ethanol/Hy0
Ethanol ethanol/water - g2 ethanol/water g
AR© . T H50 B - TH50
““ethanol/H,0 ethanol/HZO
.83 v . 11.8
5.1 | .81 -0 | 9.3 2,9
15.8 .29 - .55 | 6.7 5.0
32.3 - - .36 ~1.19 5.4 ~6.7
50.4 - .55 ~1.38 4.3 7.4
4.0 -7.6

S 70.9 . - =1.07 - - -1.91

-TTT-
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solvate a solute molecuie while leavihg the bulk properties
-of the.sblﬁent quite‘unchanged.46 ’

Though we have chosen 80% as éhe value for the stacking
of ApAp in HZO at room temperature, we see that even if stacking
were cdnsiderably higher, the surface Tension considerations |
would still provide for the major share of chénge in free energy
for the unstacking.

This‘is all a very simplified picture of things, and 1t
seems almost inevitable that other factors must enter.

In the denaturation of ApAp, both the absorption and
roftatory dispersion spectra possess isosbestic points, and the
first thought to occur is that the denaturation is a simple
unstacking phenomenon. Thus the stacked form of the molecule
would have some absorpfion'spectrum,.al(%), and somé rotational
spectrum, bl(k). The unstacked molecule would have scme absorp-
tion spectrum az(k), and a rotatory dispersioﬁ spectrum, bz(%).
We héve so far diécussedvthe denaturation of ApAp in these
terms. }

An added-proof that the unstacking mbdel is the correct
one would be if the relatlve change in rotation and absorption
Wére to parallel one another. We Wili mean, by total unstacking,
the situation in which both the optical absorption and optical
~rotatory dispérsion spectra of the dimer.become identical to
the spectra.of the nonomer in alcohol.. We normalize the change
in either rotatory dispersion or in absorption spectra (at a
given wavelength) to the change which would oceur in "total

unstacking" as defined above.. The extinction at 259.5 for the
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monomer in ethanol is 15,400 within experimental.errdr, and
ﬁe”define i1t to be the same for "totally unstacked" dimer.
Likewise, within experimental error, the specifilc optical
rotation of the monomer in ethanol at 285 mu is_—lSOO and we
define it to be the same for "totally unstacked" dimer.

The dimer, ApAp, in water, has an extincﬁion coefficient
at 259.5 mu of 13,500, and a specific rotatiqh at 265 mu of
-16,000. l(All these constants are giveq on a per unit residue_
Ap basis. )

We may then calculate the percent relative unstacking oh
the basis of both absorption spectra and rotatory dispersion
spectra, as a function of the fraction'of ethanol used as
solvent. The data for the changes in optical absorption comes
from Fig. 40, and for changesvin rotation from Fig. 41. The
formula for percent relative unstackihg baséd.uponbabsorption
changes at 259.5 my, and ﬁpon rotatibnal changeé at 265 mu
are réspectively_

| .(lOO)[e(Ap)259;5 -13,500]
Pop =~ (15,400 - 13,500)

and

(1oo)(1é,ooo-[@(Ap)]
TorRD T (16,000 - 1500)

265)

where e(Ap)259J5 ahd £®(Apj265 are the extinctibnAand specific
rotation per Ap residue in the ApAp dimer with some given
ethanol/water mixture as solvent; Top and Torp 2re the calcu- *

lated perbent relative unstacking in that ethanol/water mixture.



-114-

The results of performing the above computations are shown in
. i

the table below.

Percent Relative Unstacking of ApAp in Ethanol/Water
Mixtures as Solvents, based upon Changes in
Absorption at 259.5 mu and changes in
Rotation at 265 mu.

| % Relative ' % Relative
Percentage Extinction Unstacking Rotation - Unstacking
Ethanol - 259.5 mu Top 265 mu rORD
0 13500 0 16000 0
03.1 13500 0 15200 06
15.8 14100 32 11200 33
32.3 14700 63 6800 64
50.4 14900 T4 5500 73
70.9 . - 15100 84 4400 ) 80

Within experimental error, the changes in absorption and
in rotation follow one another very closely. = The 6% éhange
at 3% ethanol would bé too small a change to readily detect in
the absorptionxspectfum. |

From the fair degree of correlation in rotational and
-absorptive changes, we feel that the denaturation seen, at
least within the limits of ethanol concentrations used, is the

result of a simple unstacking;

[ 59



Summarz

| We see that ethanél denatures ﬁhe dimer, ApAp, which we
regard as ”staéked” when in agueous solution. The "unstacking".
which ﬁe observe is most likely not due to protonation or depro-
tonation.ofnthe ApAp_ One possibie way to look at the break-
down of structure in ApAp 1s to considerzit.as secondary ﬁo

the breakdown of an ice-like cage structure surrounding thew
ApAp molecules, as increasing quantities of ethanol are added.

The more macroscoplie theory of Sinanoglu and Abdulnur, which

'gives prime consideration to the surface tension of the solvent

in denaturation phenomena, gives results not inconsistent with

experimental observation.
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Denaturation of the Dimer by Trimethyl Phosphate

Trimethyl phosphate as a‘solvent for adenylic acid dimer
behaves much like ethanol. " Looking at the spectra for the
optical rotation and optical absorption of this compound in
Ttrimethyl phosphate, we find thét both phenomena are greatly
changed from what appears in aqueous solutions. The optical
rotatipn is greatly diminished towards the level of the monomer.
The hypochromatic effect seen in the dimer disappears (see
Figs. 447and 455.

We carried out some measuremenﬁs.on the denaturation of
the ApAp dimer in binary solvents compoéed of varying ratios
of water and trimethyl phosphate. (The terminal phosphate on
ApAp precludes its solubility in 100% trimethyl phosphate,
but it is soluble in up to 85% trimethyl phosphate. )

We_pfepared stock solutions of ApAp, .1IM in sodium
perchloraﬁe, and'buffered to pH of 5.7 with sodium aceﬁate,
acetic acid, .01/.00l. We prepared a similar standard.solvent,
containing all but the ApAp. To'equal volumes of our stock
solutions, we added various volunes of trimethyl phosphate
(itself made .1M in sodium perchlorate), and.diiuted.ail our
solutions to an equal final volume with standard soivent. With
these solufions we measured the spectra of the opﬁical absorp-
tion and of the optical rotétOry dispersion of ApAp in differing:
concentrations of trimethyl. phosphate solvent. THe-measurements
were made with the Cary 15 spectrophotometer, and the Cary 60
spectropolarimeter. Figures 46 and 47 show the results of

these measurements.
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These denaturation curves do not so clearly define an
isosbestic point as did simllar curves made in ethanol/water
gsolvents. This 1s especially the case at high'concentrations '
of trimethyl phosphate. |

Friedel, Schaffért, and‘Sieder measured the surface tensions

of trimethyl phosphate water mixtures;47

From their values

we were able to determine the surface tensions of our solutions,
which are indicated in the table below. We were interested

in the surface tension valueé (in comparison to those of

similar ethanol/water mixtures) for possible use in applylng

Sinanoglu and Abdulnur's theory of denaturation.%ou

Concentration Surface
of Trimethyl Tension
Phosphate fdxnegcm}
- 73
34 M - 57.5
1.60 M - 50.0
3,42 M 46.5
5.13 M 44.5
6.83 M

43.5

The free enérgy required to create two cavities for the
unstacked ApAp from the one cavity Which ostensibly exists
surrounding the stacked molgcule 1s calculated below, for the
differing trimethyl phosphate/water‘sblutions. The basis of
these calculations appéars in the previous section Where the

same calculations appear for ethanol/Water binary solvents.
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In the following table we give these energles calculated
in terms of kcal/mole expended in cavity formation when ApAp

is unstacked.

Free Energy
of Cavity

Compentrazion - Fomaclon tn oy
Phosphate (kcal/moleg (kcal/mole)
- 11.75 -

0.34 M 9.26 2. 49
1.60 M 8.03 | 3.72
3,42 M 7.50 L 4.25
5.13 M 7.19 4.56
6.83 M 7.07 ' 4.65

Qualitatively, the results of more elaborate calculations
such as we performéd with the ethanol/water mixtures, should
be much the same. Indeed almost any organic solvenf, miscible
with.water, should lower the surface tension, and shift the
eqﬁilibrium from one favoriﬁg.stacked dimers to one favoring
unstacked dimers. |

What is the possibility that the ApAp adenine rings are
protonated in trimethyl phosphate, and for this reason become
unstacked? It is unlikely because a 10% water solution of
trimethyl phosphate has a pH‘of near neutral. Furthermore,
adding sodium methoxide, a powerful accéptor of'protons.to
the ApAp dissolved in trimethyl phosphate does not in the least
alter the spectfum. Indeed, in the succeeding section of this

paper we shall show that of all the nucleosides dissolved in
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trimethyl phosphate, probably only the pK of.cytosine is
shifted sufficiently from that occurring in water to allow
some degree oflprOtonation of the ring.

At higher concentrations of trimethyl phosphate thére is
a distinct'broadeningJ espéciaily of the red side of the
spectral absorption curve.. Likewise in this limb, there is a‘
distinct inflection. This could be due to one of two causes.
First, some aggregatlion Might have occurred. This is unlikely,
because an exactly similar shift, broadening, and infiection
appéar in the spectrum of adenosine dissolved in trimethyl
phosphate (Fig. 54). Another‘possibility comes from ﬁhe work
of Clark and Tinoco.48 It appears likely that the 260 mu
absorption band of adenosine is composed of two separate
electronic absorption bands, Which.fortuitouély overlap in
‘Water solutions. However in an organic solvent such as tri-
methyl phosphate, the‘two bands may.become resolvable, one
of them becoming considerably red shifted.. This provides the
bréadening seen in the specﬁrum,.as well as the inflection.

t any rate, it seems that increasing conéentrations of tri-
methyl phosphate (from 0-85%) in water/trimethyl phosphate
solutions of ApAp givé rise to two phenomena. The first is an
unstacking of the ApAp, with a concomitant lessening of hypo-
chromism and of the specifig rotation. Thelsecond is a
spectral change jﬁst as occurs in the mdnomer; with the appearé
ance of a red broadening and an inflection in this portion of

the spectral band.
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General Properties of Nucleosides in Trimethyl Phosphate

Charney and Gellert interested in the interactions amongst
nucleotides in polynucleotides, looked at the spectra of some
nucleosides (and analogous compounds) dissolved in acetonitrile.49
There is evidence that in polynucleotides, the heterocyclic"
bases exist in a hydrophobic environmént. For this reason,
it might pfove interesting to ascertaln some of*the'character—
istics of the mononucleotides when they are subject to a non-
agueous environment. |

Trimethyllphosphate has the advantage over acetonitrile
of dissolving all the natural ribonucleosides, and we wished
to see the effects of this solvent upon ﬁhe optical properties
of these'molecules.

For rotation measurements, we used a Cary 60 spectro-
polarimeter, and for absorption méasurements, a Cary 15 spectro-
photometer. We.used commerclal preparations of ribonucleosides

50

from Cal Bioqhem; As a standard for'extinction values of

the ribonucleosides in aqueous solutions, we used data from
the Pabst-Corporation_Sl

From a measurement'of absorption of a glven weight concen-
tration df a nucleoside in_Water,'and_the'knowledge of its
extinction coefficient therein, we were able to obtain the
extinction of a nucleoside in trimethyl phésphate. It was bhly‘
necessary to determine the absorption of a known Weight con- -

“centration of nucleoside in a trimethyl phosphate solution,

with the absorption of the weight concentration in water known.

<
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We did all weighings on a Mettler52 balance .accurate .to
T.005 mg. All our samples had a total weight of about 1 mg,
giving us an overall accuracy of about 1%.

Charney and Gellert found decreased light absorptién (with
respect to aqueous solutions) for inosineh 9—pyranosyl adenine,

and cytidine, dissolved in acetonitrile.®!

The integrated
intensities of the near UV spectra were feduéed by roughly
20%, 10% and 5%, réspectivelj. There is a slight increase in
the integrated absorption (bf perhaps 1%), in the 280 mu
electronic absorption band of 5—bromodéoxyuridine in acetoni-
trile, although its lbwer wavelength band shows a definite
decrease 1in abéorption. They were able to rule out either
protonation of the compounds or base aggregatlon as being
responsible for the spectral changes. vThe changes they observed
had to be due to solvent-solute interactioﬁs in the aceto-
nitrile’different from those in water.

Unlike theirﬁ5—bromodeoxyuridine, uridine in trimethyl
phésphate shoWs é definite décreaselin absorption intensity in
both.26o mu and 220 my bands. There is little 1ikelihood that
proteonation of the'molecule plays a part in the spectral dhanges
obser&ed.. The shape’of the spectrum is little changed, The
rotatory dispersion spectrum is considérably red—shiftedt(the
cross-over moving from 271.5 to 276 mu), and thé'loWer wave-
lehgfh portions of ‘the spectrum are shifted even more (Figs. 48

and 49).
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’

Guanosine exhibits some rise inlpeak height upon solution -
in trimethyl phosphate. Thé‘absorption spectrum 1s shifted in ;
ways quite differently from what would be expected with pro-
tonatibn...Further, since the pK for protonation in guanosine

1s 1.6,°3

such an occurrence 1s not too likely even with the
possibilities of changed pKs in an organic solvent. There is
a slight blue shift in the cross over of the very weak and
very nolsy rotatory dispersion spectrum of this molecule. The
data of Yolles on the ORD of guanosine shows a very dramatic
change in speétrum upon protonation, which our spectrﬁm 1ack554
(Figs. 50 and 51). | .' |
Cytidine alonévof the nucleosldes exhibits what appears
to be a definite protonationvwhen dissolved in trimethyl
éhosphate. The absorption spectrum has characteristics mildway
between those of the protonated and unprotonated species in
agqueous solﬁtion. Furthérmore, the cross ovef of the ORD is
red shifted, consistent with What occurs in the protonated
species.Sé‘ It i1s quite possible that the spectra we seé
fepresent a mixture Qf-protonated and unprotonated speciles.
Why is cytidine, of all the nucleosides, probably the only
protonated species in the organic solvent? Likely because the
pK for protonation is the highest of the four nucleosides,
being aboﬁf 4.5 (Figs. 52 and, 53).53 |
Adenosine, from its pK of'3.45 would bé,‘next to cytidine,

the most likely of the nucleosides to be protonated in trimethyl

phosphate,55 if protonation were due to an upward shift in pKs. '
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of the nﬁcleosides in this solvént{ Yolles' data on adenosine
shows thé cross over point of the ORD spectra for protonated
\ adenosine shifted from 260 to 245 mu. Our ORD spectrum of
adenosine in trimethyl phosphate is red shifted to 267.5 mi .
It is 1ikely thaﬁ some of the changes in the adenosine spectfa
are due to the composite nature of the 260 mu absorption band;48
(Figs. 54 and 55). |
Using a computer program designéed by Tinocd, and modified
by Warshaw we calculated some propefties oflthe electronic
absorption bands of the nucleoside residues, dissolved in both

neutral aqueous solution as well as in trimethyl phoSphate.55’56

The oscillator strength of an abéorption band is defined
as the integrated area under the absorption curve, with the
extinction coefficient plotted as a function of freduency
(cm—l). The-integral‘is multiplied by a cohstant, such that
the oscillator strength is dimensionless, If, as in our spectra,
the absorption bands overlap, one must make extrapolations to
zero of each overlapping absorption band, .of. times in an

arbitrary fashion.
oscillator strength = f = 4.315x1077 [ edv

where € is the extinction coefficient, and v is the frequency |

in wavenumbers.

The'dipole strength, D, is defined as

38 edv
f Sy,

.92x19 "

and its square root i1s the transition moment.
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The units of dipole strength are debyesz, and of trans-

ition moment, debyes.

The first moment or average frequency of an optical

absorption band is defined as

7 =

m
s !:
<

[N,
<1m
g

and 1its reciproéal is the average wavelength.:

A =

e

The second moment of an optical absorption band is given

by the integral

v2 _ {-Vedy

. f'gdv

Its square root defines the second moment average frequency,

and the reciprocal of the latter is the second moment average

wavelength. In the following two tables (VII and VIII) TMP
refers to the solvent, trimethyl-phosphatef |

A comparison in absOrptidn'properties for the spectra of:
(2) AM (2',3')P in pH 7 phosphate buffer; (b) AN (2',3")P in
trimethyl phOSphaté;.(é) ApA in pH T phosphate buffer; and (d)
ApA in trimethyl phospha%e can simiiaﬁly be extracted from the
raw spectral absorption data with the-use.bf the same computer

program. . These properties are shown in Table VIII. . ...



Table VII. Properties of Ribonucleosides in Trimethyl Phosphate (TMP)

vS. Properties in Adqueous Solutions

(_cm.)_2

Guanosine Cytosine Adenosilne Uridine.
Water -~ TMP Water :TMP, Water TMP Water  TMP
Oscillator‘Strength . 410 . 410 .379 L 305 . 322 . 333 . 222 . 201
Transition Moment ‘
(dobyes) 4,71  4.71  4.46 4.15 4,18  4.36 3.49 3,32
DPipole Strength 22,21 22,18 19.95 17.25 17.44 18.18 12.15 10.99
(debyes) ' ' :
-Averageiﬁrequency 39203 39237 40315 37494 39203 38877 38728 38889
(e ) ‘ _
AVGP?%E)W?Velengthf 255 255 248 267 255 257 258 257
Second Moment x10” 19 ’ : '
.154  ,155 L164 142 .154 . .152 .150  .152

-LST~
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Table VIII. Properties of Adenylic Acid and the ApA

Dimer in Water and in Trimethyl Phosphate

Adenylic Acid

(2',3" )Phosphate ApA
Water TMP Water TMP
Oscillator Strength . 329 - .353 . 297 . 340
Transition Moment : : | 4 -
(debyes) 4,21 4,38 4,01 4.31
Dlpole Strength 17.75 19.16 16.05 ~ 18.54 .
(debyes) :
Average Fredquency 59297 59095 39281 38965
(em ™) |
Average Wavelength 255 256 555 057
(mu) ' |
~-10 _ : :
Second Moment x10 155 153 154 153

(cm)™@




LOW TEMPERATURE EFFECTS

- Theory

The room temperatufé oﬁtical absorption spéctral curve of
the adenylic acid dimer is hopochromic: with respect to
'adenylicvacid. The ébsorption spectra are shown in Fig. 56,
and the molecular structures are diagrammed in Fig. 57. The

hypochromism is defined as

Where F=Oa is the oscillator strength for a given electronic
transition Oa, per residue of chromophofe (per adenylic acid
residue in the ApA dimer), and an is the oscillator strength 4
for the same transition in the monomer (adenylic acid).57v If}
as in the ApA dimer, we have two linked chromophores, each
with thé same absorption band, and if coulombic interaétions
can occur between them, the absorption band should be split.sl
In ApA, no such splitting is observable at room temperature.
If one could lower. the temperatufe at which the spectrum were
recorded, 1t might be possible to observe such a splitting,in
the electronié absorption,band‘of ApA.

Such a phenomenbn is a common enough thing in many physical
processes. Suppose one has two vibrating structures, and
suppose thelr vibrations are of a similar frequenéy, If one
couples the two structures, e.g., With a spring, but couples them
loosely, there will exist tw0 fredquencies at which the objects

will vibrate together. These latter are the normal modes of
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oscillation. If the coupling is adequately'loose, the fre—
‘quencies of the normal modes will be close to the original
frequency of Vibration of the separated objects. In guantum
mechanical realms,‘simiiar situations can arise. If we loosely
couple two like objects each capable of absorbing light, in a
given band, the ensemble should possess two light absorption
bands, and each should only be a small aﬁount removed from
that possessed by a single unit. In the gase ofiApA, the
adenylic acid dimer, the chromophores are the two adenine rings,
and the coupling is & coulombic interacfion beﬁween them.

We are interested only in the electrons of the adenine
rings, for only these are involved in light absorption in the

57

near UV range. . We follow the notation of Tinoco. In the

unexcited state, we call the wave‘function of'an adenosine
molecule ¢Ol’ When excited by the absorption of light, thé
wave function of the aromatic eleétrons of adenosine will. beccme

¢ which is the ath excited state of the molecule, and where

al

¢Ol and éal are appropriately orthcnormalized wave functions.

If we have a dimer, ApA, and there were no interactions between

‘the adenine rings, we could call the ground state wave function

of the entire dimer, wg = ¢Ol¢02; If the conformation of the two
rings were such that they would not iﬁtefact under any conditions
except when' the one. or the other of. the rings abSorbed a photon,

"the wave function of the dimer could be written as either

o _ o
Va1 = ‘%1‘1’02 or Yo = ¥4

or adenosine 2 were the excited ring. If there-is some sort &f

¢a2 depending upon whether adenosine 1,
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coulombilc interéotion between the two aromatic rings wﬁen
either has beeniexoited one may consider the situation as4anah[
logous to having moved from‘rest, cne of two pendula coupled

by a s'pring.s9 - In the éase of the pehdula, energy would pass
back éﬁd Torth from one to the other of the pendula, until it

was dissipated by friction. This is a non-stationary state for
the coupled pendula. There are also, as mentioned two stationary
statés, or normal modes for the pendula, in which the enérgy

is shared by the system as a wholé. In one of'these normal
modes, the penduia move in unison, in the otﬁer, in anti-

unison with one another, and they continue to move in this

fashion until all energy is lost by friction.

B N e

anti-unison motion of pendula

/4"7/ &:‘3\;‘“_,*_ BN
- - .*—'"—
unison motion of pendula :

If there is a coulombic interaction between the adenbsiné
molecules,-there exists; as with the pendula, two stationary |
electrdnic states for the mplecule as a.whole, the normai modes
"of the molecule. These wavé*functions for the excited.molecule
areldesignated wgl and WXE.'tln order that the problem be

tractable, we must consider that there is no interaction between
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the rings in the ground state in which case, the wave function-'

for the unexcited molecule as a whole may be written as before,

wg = ¢Ol¢02‘57}8 The two excited statiohary states may be

- 0 1 0 0 o) 1 0 0y

expressed as ¥,; =‘J?f(wal+'wa2) and as ¥, =/J§~(wal-—wa2).
0

Wal and wgz describe wave functions in which only one of the

" chromophores has been excited. The normal modes may further be

o _ 1 1
expressed as wAl =77 (¢al¢02 + ¢Ol¢a2) andAiﬁ'(¢al¢02 - ¢01¢a2)

where the ¢ij are wave functions referring only to a single

adenosine residue. The factor 1/4/2 is necessary to normalize
the wave function. If the coulombic interaction between the
chromophores in the dimer is exprgssed by Ul,z‘the energies of
the two stétionary excited modes of the molecule ought, in the
first approximation to equal Eo + Ul:z whefe.EO is the energy

of an excited monomer relative to the ground state, i:e., is

the difference in energles between the wave function ¢Ol and

, - 59
¢al or between ®02 and ¢a2'

_Physically,'Ul > 1s the result of a coulomblc interaction
' >
which can be'approximaﬁed by a dipole-dipole interaction between

the adenine rings in the dimer. Each of the adenine rings

'~ possesses a transition electric'dipole.moment.of about 2.8

debye.2 'The perpendicular distance betweeﬁ the two dipoles
ought to about equal the van der Waal thickness of the adenine.
(Assuming that in the-dimer, the two adeﬂine groups are lined
up parallel, and stacked the bne above the other.) The perpen-
dicglar distance Between the centers of the two rings is about

18

[o] 3 i - .
5.5 A and Uy , = pyDy/kr” where p; = p, = 2.8x10 ", the trans-

ition dipole moment for each adenine ring; r = 3.5x10_8 cm which
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is the‘distance between the centers of the two bases, and k is>f
the dielectric .constant of the solvent which is about equal |
to the square of the index of refraction at optical frequencies.
For w@ter, then, K is about equal to 1.T. Ul,Z = 2.29x1071°
ergs. In terms of‘separation-in wave humbérs this would be 560

cm—l and a séparationvof this nature of two bands' should be

extremely hard to reéolve. To each point of the monomer

'spectrum, of energy EO; there corresponds points of the two

dimer . spectra with energies EO T Ul,Z‘ Likewise, the peék of
the absdrption band should be split into tWo”peaks; separated
by like amounts of energy. At 260 ml the difference in wave-
length corfesponding to 560 cm_l is about 4 mu{ If the peaks
were smooth and bilatefally symmetrical there would be no

chance of resolving them. If two peaks are gaussian shaped

with width at half peak maximum of 30 mu; Jaffee and Orchin

show that the resolution of two péaks is possible only if the
separation is some 25 mu.6o
- Figure 58& shows the spectral curve of adenosine between
250 and 270 mu. If we were to split this band and separate
the two bands so split by 5 mu, we would have the situation
shown invFig. 58b. - The resultant of these two bands is seen
as Flg. 58c. No splittiﬁg is resolvable here.
| If we introduce some arbitrary jaggedness into.thevadenosine
speétrum (presumably the sort of vibratibnal structure we would

see at low enough temperatures) we would have a spectrum shown

as Fig. 58d. ' If we split this electronic band and»separdte
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the two bands thereby created, we have the situation ovaig,
58e. The resultant of these clearly shows the splitting of
the band, Fig; 58f.

Thus if we bring solutions of adenosine to adequately low
" temperatures,; we shQuld'see a spectrum like Fig. 98d, and if
we were to bring the ApA dimer to like temperatures, we should
see two vibrational peaks for each one seen in the monomer.
But the vibrational peaks must be large enough, and sharp enough

for the splitting to be resolvable.
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Our sample holder consisted of a single quartz plate,
spring loaded between two recessed copper blocks (Fig. 59).

1 The assembly, with its shallow layer of solution, could be
placed upon a block of dry ice to freeze the sample. We then
‘placed the assembly,»with its frozen sample into a qQuartz-
windowed dewar flask, and covered it with liquid nitrogen. The
whole unit fit into the 1462 Scatter Transmlssion Assembly.

We used plastic electric tape as a gasket between the
quartz plate and its restraining copper block. So that the
sample would spread evenly.over the_quarfz plate, we periodically
shined 1t with Shamva Metallographic Polish.lﬁ;L

We encountered a number.of experimental difficulfies.
While we could easily pipette a specified volume (and nence
thickness) of a solution ontd the quartz plate, the sample often
froze unevenly. This resulted in uncertainty of samplé thick-
ness, and prevented us from measuring the absolute absorptions
of our samples. It further resulted in some lrreproducibility
of scattering characteristics from sample to sample. Such
irreproducibility was especially troublesome below 245 mu.

The worst problem we encountered was the fiérce bubbling of
The liquid nitrogen in our dewar surrounding our copper sample
holder. This bubbling gave ug a great deal of noise in our
recorded spectra.  To get around this problem, we sometimes
tried to cool the copper sample holder asSemﬁly to liguid
nitrogen temperature; by immersiqn in N2, but delayed taking

the'spectrum until the level of the nitrogen had gone just
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: rigur@ 59, Ice film sample hOlQere
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‘below the ice.sample. Because of rapid temperaﬁure changes
with this method, as well asg problems with moisture fogging
the sample, wénwere still left with a certain amount of irre-
producibility. All in all, ocur method would allow us to see

only very promlnent spectral changes or splittings.

ApAp and AMP

Both the monomer and the dimer of.adehylic acid possess
spectra wnich differ considerably from those in neutral aqueous
solution. There are ihflections in the spectral curves,’both ,
above and below the peak maximum. These are réminiscent of the
vibration structure which we found in the low temperature

ethanol solutions of these molecules (Fig. 71). There are no
prominent differendes in the ice samples between the monomer
and the dimer. Both are considerably broadened over the spectra
seen in}aqueous solution. The spectra of'the monomer and of
ApAp were taken with the ice covered by liquid nitrogen (Figs. .
60A and 60B). The‘reéordings were very nolilsy, and we have
included in this figure several épectra taken with each sample.
From these, one may get an idea of the degree of reproduc-
ibility of our method. _

We took the spectra of the four ribonucleosides (Figs.
61 through 64) after the nitrogen had evaporated to below thev
.level of the samples. Like the spectra of thé AMP and ApAp.,

the spectra of the nucleosides are considerably broadened over

those in agqueous solutions.
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Figure 60A., Several specira of adenylic acid, taken in an
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Thymine Dimer

If one shines intense ultraviolet light on a dish con-
taining a frozen thymine solution, the molecules will dimericze
at a rate far surpassing the rate of the same phenomenon in

agqueous solwultion.:)’.a2

Likewise the optical absorption spectrum
of thymine solution is greatly changéd when it is frozen into

an ice (Fig. 65). This spectrum is very similar to one obtained
by Sinsheimer, Scott, ahd Loofbourow from thin films of sublimed

63

thymine, at low temperatures. A highly aggregated state of

the thymine molecules should tend to favor the photoreaction

"which gives rise to the dimer formation. Such an aggregated

system would also give rise.to spectral changes due to inter-
actions amongst the chromophoric thymine molecules. In
Sinsheimer's sublimed films, there probably exists a more or

less crystalline state of the thymine molecules, giving rise

to his obéerved speoﬁral changes. Likely, in our frozen
samples, we also possess a highly aggregated system of thymine
molecules. Wang belleves that when water solutions of thymine,
or soiutions of a similar nature are froéen, the solute collects
in vefy concentrated "puddles' of ligquid solvent, scattered

3,62

throughout the ice phase.o’ Such a phenomenon would explain

the aggregation effects. Harrison shows evidence for the
exlstence of water filled "puddles"” or pores in 1ce.%*
The formation of the thymine dimer is greatest on irradi-

ation at a wavelength of from 275-280 mu, the wavelength range

~ of the most dramatic spectral changes we observe. A number of

products may form in this dimerization reaction, one of which
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we show below.

‘ ' CH [
CH.
o

| | AN
N 0 ¢
H

o=
O

Wang found that as he added alcohol to a thymine solution,
.dimer formation from UV irradiation of frozen solutions pro-
gressively decreases, presumably due to the breaking up of the
highly aggregated puddlee of thymine.3’62 When Sinsheimer
.froze thymine into an EPA glass (ethanol, ethyl ether, iso-
pentane ), and tooklthe absorption spectrum, it was much ¢loser

to the aoueous solution spectrum than was that in his thln
films. We‘mmk an ‘absorption spectrum of a sample of a 10%
ethanol solution of uhymlne, frozen into an ice. The spectrum
appeared guite similar to that taken by Sinsheimer in EPA glass
(Fig. 66).

Wang found a good deal of photodlmer formatlon in samples
of uracil UV 1rrad1ated while in frozen solutlons 3 vThese;
again seem attributable tovthe highly aggregated stete of the
molecules under these circumstances. The spectralchange of
frozen samples of uracil are not nearly so dramatic as are
those exhibited by frozen samples of thymine (Fig. 67).
Sinsﬁeimer found a different spectrum for his sublimed uracil

£ilm than we found for our frozen sample. ©?

After he let his
film stand for a number of days, 1t came to resemble ours much

more closely.
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Figure 67, Optical absorption of uracil inm ice,
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Wang found that frozen solutions of uridylic and thymi-
dylic acids would also participate in photodimer formation
. when irradiated with UV light, though not to the degree of
the ffee base. Absorptlon spectra of the two compounds under
these éircumstances show conslderable changes from those 1in
neutral aqueous solutions (Fig. 68 and 69). |

The spectrum of adenine taken from a frozen sample, llke-
wise shows a large.change from that in solution (Fig. 70). It
1s very much like the spectrum obtailned by Sinshelmer from
his thin sublimed film of adenine.-

The probable highly aggregated state of thymine necessary
for photodimer formation gilves us a pretty good clue to why
we are unable to discern spectral differences between Ap and ApAp
'under the conditions we used~fbr obsefvation. The - general
spectrél broadening of all the substances we looked at, which
likewise probably resulﬁ from aggregation of the molecules,
reinforce that clue. The intermolecular interactions of Ap
molecules, under conditions of high aggregation could be as
strong as the intramolecular interactions of the chromophores
- In ApAp. One would then not expect to see much difference in

the spectra of these two substances.

Summary
Sclutions of nucleotides, frozen into thin samples of ice
possess quite broadened spectra, probably. resulting from highly

aggregated states of the molecules.
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Figure 70, Optical absorption af adenine in ice.
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Aﬁ attemp% to see enhanced base-base interaction in ApA,
dissolved in ethanol, described in the next section, failed
because ethanol weakens the conformation of the molecule
necessary for such interaction.

Contrariwise, in frozen blocks of.ice, the aggregation
of tThe molecules is so close that intermolecular interactions
in Ap may become quite as strong as intramolecular interactions

in ApAp with resulting spectral indistinguishabllity.
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Light Absorption from Ethanol Solutions

at Low Temperatures

In an early expefiment, we brought ethanol solutions of.
adenylic acid and its dimer mdlecule to iow temperatures
(-120°C). We had hobed that the dimer spéctrum recorded under
these conditions would exhibit evidence of augmented base-
base interaétiﬁn. But ethanol, as well as most*orgénic sol-
vents weaken such ‘base-base intéraction as exists in the dimer
in aqueous'solutioh. Thils experimént was likely doomed from
the start; however, we were able, with the same-procedures, to

observe the vibrational structures of the UV absorption bands

for a number of molecules of interest.

Methods

In taking low temperature measurements, we used a cryostat

65 Cuvettes, for

based upon the design of Jones and Wiilérd.
optical absorption measurements may be placed in the light
péth of a spectrophotometer. ~We can hold their température'%‘
at a fixed value (T2° petween -50 and -140°C). The coolant is
liduid nitrogen. The éold chamber holds two cuvettes. One

is filled with avsample solution, the other with solvent aloﬁe.
In the reference compartment one has é selvent blank at room
temperature. The measurement of cold solvent against that at
room temperature enables correcﬁions tc be made for changes.in

absorption characteristics of the solvent'with femperature. %he

cryéstat was ﬁsed with either a Cary 14 or Cary 15 spectro-

photometer.
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Changes 1in solvent density with temperature, with a

. - P ) . "
resultant increase 'In concentration of solute molecules, could
66

It was not so easy to correct for the occasional condensation *
of watér vapor upon the cuvettes in the cryostat. This caused
some degreé of light scattering, and consequent changes in the

base line of the recorded spectra:. Indeed, this was the major

.probiemjin the experimental procedure.

The solvent for all the Spectra heréin recorded was
absolute ethanol, though no precautions.were taken to insure
its dryness. The alcohol was used either alone, gassed with
HC1, or as a solutién with KOH or CHSONa; depending upon the
aclidity or basicity desired. The alcohol, With no dissolved
acid or base, tends to form a glass which cracks at about -120°C.
According to Ronayne.absoiute alcohol whiéh is maintained,thor—
oughly dry (e.g., over sodium metal) may be distilled directly
into a cuvette and erms a glass which resists cracking, even
at liquid nifrogen temperatures,67

.The AM(5' )P we used %as a commercial préparatibn from

Pabst laboratories. The ApA was a gift from Dr. Myron Warshaw.

The 9-methylhypoxanthine was commercially available from the

58  the other compounds were commercial -

Cyelo Chemical Corporation.
preparaﬁbns from Cal BiOchem.Bo

The spectra of comﬁoundS; even‘at the‘low temperatures
contaln too feﬁ vibrational peaks to make éxtensive correlatidﬁs

with the IR spectra; however, the splittings we do observe fall

within reasonable values expected from the IR data.
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" APA and AMP

There 1s some difference in the low temperature spectra
of AMP and ité_dimer, ApA (Fig. 71). We have arbitrarily set
the héight of the two spectral curves equal. Wé cannot say
.definitely whether the differences between the two curves are
real,'or the result of scattering problems and changes in base
line as previously mentioned. The only features of the spectra
we tfust coﬁpletely are the pfominent peaks and,shoulders'they o
exhibit. These do not appear to differ significantly in the
monomer and the dimer, see the table below. The accﬁracy in
reading oﬁr spectra leads to an uncertainty in tabulated wave
number values of perhaps T50 em™ T
Splittings in Adenylic Acild Spectrum

(and APA Spectrum)

. . Ehergy
Wav;iengch Wave ?%mber giggeggggzr Difference
: cm - in ergs
| | =13
252.5 - 39604 : 994 1.98x10

250 38610 | 1227 2. 44 }
267.5 37383 | |
|

An infrared peak in the 900-1000 cm ™~ range is character-

istic of most purine molecules.69 A peak in this range appears

very prominently in the IR spectrum of adenine.To

Such a peaﬁ”i
16 '

persists in the spectrum of adenosine. It is likely
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‘characteristic of a ring vibration of the purine structure.

- {
I splitting.

The same explanation seems to hold for the 1227 cm
Other IR'peaks appear in these regions due to sugar and
phqsphate groupingé, but these could not couple to an electronic

transition. Very_strong IR peaks fof adenosine and adenylic
acid are due to the deformation of the amino groupé and appear

Tz This vibrational mode

near 1700 cm T in the IR spectrum.
‘despite its Stfength, does not appear‘céupléd to the electronic
absorption spectrﬁm. Ethanolic solutions of ApA and‘adenosine
appear much the same as one another at:room temperature, and

neither exhibits vibrational structure (Fig. 38).

Spectfa of Other Purines

The simplest of the purine molecules, purine itself, is

indicated below.

Its near UV absorption spectrum possesses a maximum at 264 mu.
This band seems composed of two overlapping bands. ' The second
and smaller is obsérvable as a large bump on the blue tail of
the absorption band. .Cooling an ethanol solution of purine

to =~100°C adds no discernable vibrational‘strucﬁure to the
absorption.spectrum, nor does it alter the shape of the spectrum
(Fig. 72). The spectrum in‘ethanol is identical to that in
néutrai aqueous solution. The spectrum of purine in ethanol,:
saturated-with sodium methoxide is shifted in'wavelength and

shape‘just as in basic water solution. The pK for lonization
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o5 Again, no vibratlonal structure becomes

in water is 8.9.
apparent upon cooling the basic solution to -100°C. The
probable structure of the ionized molecule (again in analogy

to adenine) is shown below.

Spectra of purine in ethanol (.05-.9M in HCl) possessed
identical shapes. This is consistent with a pK for protonation
of 2.3 in‘Water. This spectrum contained some'Vibrational
detall, but this was not increased on cooling the solution. The
‘shape'of the spectrum did change when ﬁhe solution was cooled,

‘however (Fig. 73). 1In analogy with adenine, the purine is

‘ probably protonated upon the Nl position.

Shoulders and Peaks of Purine

A ) v(om—l) .Aw(cm'l)‘_
Protonated 20°C
260 38400 ' 700
265 37700 1000
272.5 . 36700
Protonated —lOO°C

261.5 38200 500
265.5 37700 800

271 38900
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Why the vibrational structure of the spectra shows. so
much more clearly in the protonated than in the unprotonated
or lonized forms of purine is hard to say.

Ih-ethanol as a solvent, the néér UV spectrum of adenine
differs from that in water only by lacking such a pfominant
. shoulder at 267.5 mu. There is some vestige of thils shoulder,
hoﬁever. Other than accentuating this shoulder, the spectrum
at low temperature posseséesvno‘additional structural detail.
The molecule remains unprotonated with.HCI concentrations of ..
less than 1074 u (Fig. 74). With spectra taken in ethanol,

2_10—3

107 M in HQl, we appear. to have the singly protonated
adenine moiecule. When we raise the HCl concentration above . 2M
the spectral ohangés indicate that yet another (diprotonated)
form of adenine predominates. This spectrum rémains the same
even when we increase the HCL concentration to 2M. Both the
protonated forms possess spme vibrational detail when cooled

to ~100°C (Fig. 75).

The moét iﬁteresting spectrum in this study is that of the
lonized adenine molecule, structure shown’below. 'Aé,foom temp—
erature, in either water or ethanol made basic, there is a
shoulder on the red limb of the spectrum at about 280 mu. On
coolingrin ethanol, this shoulder devélops into a very prominant.
spike-1like structure. In addition, the major spectral peak
'develops considerable vibrational detail (ﬁig. 76). For
reference, the pK's of adenine in water are: “less than zero; .’

4.22, and 9.8.°°
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Figure 76, Adenine in ethancl at low temperature, basic.




Peaks and Shoulders of Adenine UV Absorption
Spectra of Adenine in Ethanol

A (mu ) v{em™) Av(cm;l)

Neutral (-100°C)

262.5 38100 1100
270.5 37000

107° m HO1 (-100°C)
258.5 38500 650
264.0 37850 2620
284.0 35200

1M HC1. (-100°C)

261.0 38300 950
266.5 37550 1350
276.5 36200 - 550
280.5 35650

NaOCH5 saturated

ethanol (-100°C)
263,5 37900 . 400
266 37500 500
270.0 37000 300
272.5 36700 500
276.0 " 36200 750
281.5

35450




-186~

The apparent splittings for ionized adenine are rather
smaller than the cut off for recording of most IR spectra,
" and correlation is not possible.

The strange absorption spectral properties of adenine in
pasic ethanol at low temperatures are matched by its properties
of fluorescence. 1In basic (although also in neutral ethanol)
adenine at ~100°C fluoresces more (by an order of magnitude)
than any other naturally occurring nucleic acid base, nucleoside
or nucleotide.73 |

The protonated form of 9—methy1hypoianthine exhibits
considerably less vibrational structure at —lOOéC in ethanol
than does the neutral specieé (Fig. 77). 1In the profonated
molecule, the main absorption band exhibits two maxima, one at
246, and the other at 251 mu. This splitting is some 900 cm*l.
The probable molecular structures of the neﬁtral and protonated
forms of S-methylhypoxanthine are shown below. Like 9-methyl-
hypoxanthine so also guanosine in the neutfal form possesses
more absorption'band vibrational detail than does the protonated
form. Lowering the temperaﬁure does not greatly effect the |
spectra of elither form. The maxima in the guanosiﬁe appear at
250, and 256 mu, again a difference of 900 em™t (Fig. 78).

Given the structural similarities.ofAthe protonated and neutral
forms of guanosiné to similar forﬁs of the:QFmethylhypoxanthine,
‘similarities in their spectra should not be unahticipated. See

below.16
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9-methylhypoxanthine 9-methylhypoxanthine
- (protonated)

wde
I [
N N
HN |lli> ' HN
T N
R R-
guanosine guanosine

(protonated)

The ionized form of guanosine shows vibrational details at
~100°C when dissolved in basic ethanol.. Indeed, the vibrational
interaction is considerably greater here than in the neutral or

protonated forms of guanosine (Fig. 79).

guanosine
Tionized)
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Peaks and Shoulders in Ionized
Guanosene Ethanol (-100°C)

Amw ) v(cm_l) Av(ém-l)
251 39700 500
255 39200

272.5 36800 1100
280 35700

Angell has taken the IR spectrum of guanine hydrochloride,

Tz However, guanine (the

but does not discuss it in his paper.
neutral form) a strong IR absorption at 1172 cm—l° Our
spectrum of guanine hydrochloride at -100°C possesses four

peaks and shoulders as given below (Fig. 80).

Peaks and Shoulders of Protonated
Guanine (-100°C Acidic Ethanol)

A (i) viem™)  Av(em™)
246 40600 1100
260 36500 1200
268.5 . 37300 - . 1200

277 37100

The protonation of guanine likely occurs; as in guanosine,

upon the N7 ring nitrogen.
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Figure 80, Guanine in ethanol at low temperature, acidic,
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Spectra of Some Pyrimidines

The spectrum of pyrimidine exhibilits two distinct absorption
bands in the near UV. One of these is centered near 240 md .
The otﬁer, weaker peak is located at 282.5 md. The laﬁter peak
possesses a large amount of vibrational structure in the gas

4 It appears only as a single, smooth band in an

phase.
alcohol solvent. Neither by lowering the temperature to fIOO°C,
nor by saturating the ethanol with NaOCH3 do we change the
spectrum of pyrimidine significantiy, although‘cooling the
sample'slightly sharpens the already evident vibrational peaks.‘
" In acid solution (.7M HC1 in éthanOl) a lot of the struc-

tural detall is eliminated, and a new, very-weak transition
appears which is centered at 320 mu (Fig. 81).v Mason shows

that the protonated form of 1,2 dihydrd,Z'iminopyrimidine

e N . 15
possesses a similar sort of spectrum.
N nt HN
f Y FNH,
pyrimidine protonated 1,2 dihydro,2-imino-
pyrimidine pyrimidine

There 1s a prominent peak near 800 cm—l in the IR spectrum
of pyrimidine.75 "This peak likely corresponds to the benzene
vibrations which absorb at 849 cm-1 [

in the IR.
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Vibrational Detail in UV Spectrum of Pyrimidine

o (my) | ﬂv(cm~1) By (em™)

Ethanol (20°C)

234 42600 800
239 - 42800 800
244 41000 900
249 . 40100 '

HCL .7M in Ethanol (20°C)
239 41800. 800
244 41000 1000
250 40000

HC1 .7M in Ethanol (-100°C)

239 41800 1000
245 40800 800
250 40000 |

The room temperature, ethanolic spectrum of cytosine
matches, very closely fhat of ﬁhe molecule'in'neutra1 aqueous
solution,77 At -100°C, the spectrum shows a failr amoﬁnt of
vibrational detail. The Spectfum_in ethanol, 1M in HC1 is
shifted to the red sOme 40 mu. from that of the corresponding
'protonated from in water. When cooled to'—lOOéC 1t exhibits
a pattern of vibrational detall similér to the nonprotonated
molecule. The neutral and protonated qums shown below follow

- , ' g 16
the structures mentioned by Tsubol.
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0 .

N

H i
cytosine ‘ . protonated cytosine

The ionized form of the cytosine molecule formed by
solution in ethanol 1M in XOH likewise has vibrational struc-
ture when cooled to -100°C,. and its probable structure is

shown below. (Fig. 82).

ionized cytosine

The pK's for the protonation and'ioniZation of cytosine -
are 4.6 and 12.16, respectively.55
Pyrimidine,; as well as substituted pyrimidines éxhibit
a vast number of absorptién bands in the frequenéy range below
1000 cm_l, although there appears to be no speclific data availl-

able for cytosine in the region'below_TOO,cm-l.

At room tempefa‘tureJ the spectrum of uracil in ethanol
is Jjust as in neutral adqueous solution, With‘an extinction
maximum at 259.5 mp. In ethanol acidified with .6M HC1 the

peak maximum 1s shifted to 260 miu. This 1s the same as occurs

in water, where thé pK for‘protonation is .5. Just where the

5
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CYTOSINE IN ETHANOL

€x103

MU.IS5260

Figure 82, Cytosine in ethanol, at low temperature, acidic.

neutral, and basic. '

-
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Cytosine Vibrational Detail

A () v(em™)

Ethanol (-100°C)

266 37600 600
270 37000 800
275 36400 | 800
281 35600

1M HC1 in Ethanol (-100°C)

278.5 . 35900 ' 550
283 35350 600
288 34750 900
295.5 33850

1M KOH in Ethanol (-100°C)

281 35600 650
286 34950 650
291.5 34300

proton goes 1s not quite so obvious as in some of the other
pyrimidines. At -100°C these two sbecies cannot be spectrally
distinguished from each other. Both seem to posseés a peak
at 261 mu and a shoulder at 267 mi. There 1s a bit of addi-

tional vibrational structure on the red limb of the absorption

pend (Fig. 83). When the uracil is dissolved in a 10 ° M
ethanolic solution of KOH, and cooled to -100°C, a good deal

of vibrational structure becomes evident. The neutral and

ionized forms of the uracil molecule are likely as shown below,

although the N, rather than'the Ns could be the site of proton

1

"loss.
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Pigure 83, Uracil in ethanol at low temperatures
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0
-N
O g
uracil ionized uracil
Vibration Structure in Uracil 10°° M
KOH in Ethanol (-100°C)
A (mu) viem™)  Av(em™l)
279.5 35800 700
285.0 35100 - 700
290.5 34400 700

296.5 33700

Uracil itself does not possess an IR absorption at YOO'cm-l,

although it does possess bands at 600 and 800 cm_l; however,
the ionization of the.molecule could certaiﬁly lead to changes
inlthe frequencies of some df the modes of vibration.71

| The spectrum of thyminé in ethanol 1s as in‘aqueous
solution. Acidifying with 1M HC1l causes no discernable'change
in spectrum. Cooling to —100?0 causes.a slight shift in peak
maximum, but the promirient shoulder on the red limb, visible
in uraéil is not visible in thymine under these circumstances

(Fig. 84). Thymine in 107° M KOH ethanol solution seems to

possess the same sort of vibratilonal pealks as in uracil under
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the same circumstances, but they are not nearly so prominent.
This is probably due to the destruction of some symmetry prop-
erties which occur with the introduction of the methyl group
at 05{

In some cases, the extinction.coerfilcients upon our sgpectra
were based on gravimetric determinations of solute dissolved
into the ethanol solvents. They are probably accurate to only
10%. In other cases, where the spectrum in neutral ethanol
resembled that in neutral aqueous solution very ciosely; we
arbltrarily set the extinction of the peak of the former equal
to a reference value for the latter. Cold temperature spectra,
or spectra in acidified or basic ethanol were then read relative

to the spectrum in neutral ethanol at room temperature.

Summary

Low temperature spectra in ethandl provide only a glimpse
of the vibrational modes of the purine and pyrimidine molecule.
It would be interesting to look at the same compounds at even
lower temperatures. The greatest difficulty to this 1s the

cracking of an impure ethanol glass below 120°C.
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CONCLUSIONS

The function of nucleic acids in biological systems results
not only from thelir primary structure (the seguence of monomer
units which makes up the polymef), but also from the native
steric conformations(s) which the polymers assume. To study
the nature of these conformations, it would be very helpful to
have as much knowledge as possible of the férces which can act
between monomer uhits of nucleic acid polymers.

The simplest model system in which to study such inter-
actions would be a dimer molecule, With both unifs the same.

The model system we used was the adenylic acid dimer, ApAp, and
in some instances, ApA, the dimer lacking a terminal phosphate
group.

Nucleic acid polymers react strongly with mercuric chloride,
but the individual monomer units react quite weakly. We have
found that as we consecutively go from the monomer to the dimer,
to the trimer, to the polymer of adenylic acid, the reaction
constant of mercurlc chloride—adénylic‘acid complex formation
increases by ordefs of magnitude. This we have attributed to
-the monomer's weak reaction at the third coordiﬁation site of
the mercuric chloride, as opposed to the ability of the oligomers
to form chelates with the mercuric chloride, occupying two or
perhaps even more coordination sitesf | |

Tt would be interesting to study the binding properties of
a number of metals to'oligonucleotides,.as the polymer chaln is

consecutively lengthened from monomer to long polymer. It would
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be especially interesting to compare reactivities as a function
of chain length for two classes of metal ions: those which are
’ known to react preferentially with the pﬂosphate groups of the
nucleotides, and those which react preferentially with the

purine and pyrimidine rings.

Native nucleic acids possess a high degree_bf conformational
asymmetry, indeed some possess a helical structure. Becauge of
thils, they also have a very high specific optical rotation pér
nucleotide residue. The specific optical rotations of the
individual nucleotides are much smaller, and are due only to
structural asymmétry of the atoms about carbons of the ribose
sugar groups. Asione changes the solvent environment of a
nucleotide, the change in optical roéatory dispersion is very
small. On the other hand, when one changes the solvent environ-
ment of a helically ordered nucleic acid polymer, the changes
An the ORD spectrum are truly huge.

The ApAp dimer has optical rotatory properties which are
of a magnitude between those of the adenylic acld monomer and
those of polyadenylic acild. in addition to the optical rotation
of the dimer which comes from the structural asymmetry of the
molecule, a large contribution to the.rotation must éome from
conformational asymmétry, As éne adds organic solvents to

solutions of.ApAp or of ApA, the conformation giving rise to
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the augmented opt%cal rotation 1s changed, and the rotatioﬁ
is reduced to the magnitude (ahd spectral characteristics) of
the monomer. The hypochromism exhibited by nucleic acids is
likewise exhibited by the ApAp dimer. Thls feature of the
optical ébsorption spectrum 1s reduced or eliminated as organic
solvent is added to neutral aqueous solutions of’ApAp or of ApA.
We treated the breakdown of conformation in ApAp, as
ethanol 1s added to a water solution of'this molecule, according
to the theory of Sinanoglu and Abdulnur.' The experiméntal
results are consistent with their théory, but afe not conclusive
enough to rule out .other explanations for the denaturation.
According to theory, the absorption spectrum of ApAp, or
ApA should be split into two bands due to coulombic interactlon
between the two nucleotide bases. This splitting is not observ-
able at room temperatﬁres. We tried two techniques to resolve
this predicted splitting, both involving low temperature spec-
troscopy. (In the case of polyadenylic acld, theory predicts
ﬁhat aﬁ absorption band would be broken into n bands 1f there
were n residues present in the polymer. - These splittings would
be too fiﬁely spaced to be obsérvable under any Ciréumstances.)
We first froze water solutions of ApAp, and looked for
resolvable s?littings in the absorptidn spectrum, or at least
differences between this spectrum and that 6f the adenylic acid
" monomer measured undér the same conditions. We found none.
Additional experiments showed us that we had likely aggregated
the ApAp molecules so greatly that intermolecular interactions

between Ap residues became asg great in magnitude as intramolecular
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interaetions, thus destroying the conditions under which the
absorption spectrum would be split into two and only two bands.

The second procedufe we used was to dissolve ApA in ethanol,
and to lower the temperaﬁure to near —lOO?C. We found no split—'
ting ih the absorption spectrum. As mentioned, we found that
organic solvents greatly reduce base-base interaotions between
nucleotide bases. Had we known this result earlier,‘we would
not have anticipated any splitting in ethanol solutions of'ApA,
even at low temperatures.

To find the anticipated splittings, 1t will be necessary
to find a solvent which neither leads to the aggregation of ApAp
molecules.nor weakens the interaotions between the Ap residues.
In such a solvent, at low enough temperaturee, we might have a
‘chance of observing spectral Splittings.

Aside from the failure to find splittings, the sﬁudy of
properties of a dimer molecule does, indeed, provide us with a
simple model system to study factors important to the properties

¢

of the longer nucleic acids.
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APPENDIX A

Chromatographic Preparation of

Adenylic Acid Oligomers

The ApA, ApApA, and Qﬁﬁ3A used in our experiments was
prépared and given tb us by Dr. Myron Warshaw, to whom the
author is most grateful. For a number of experiments, with
Dr. Warshaw's help and advice, we prepared a set of adenylic
acld oligomers, possessing terminal phosphate groups. Thé
methods involved in this column chromatographic preparation

were first developed and utilized by Tomlinsqn and Tenor78

and Stachelin et al. >

The preparation of the oligomers, starting from commer-
clally available polyadenylic acidlo 1s best described in
séveral steps.

(1) The hydrolysis of the polyadenylic acid by KOH, and
the ngufralizatioh of this hydrdlysate.

(2) The fractlonation of this hydrolysate on a DEAE
cellulose column by a gradient elution technique,
with sodium chloride in TM urea.

(3) The removal of the urea and the NaCl from the
fracfions 5n a DEAE cellulose éolumn by elution
first with dilute, and then With‘céncentrated
(NH4)2003.. -

(4). Lyophilization of the urea freé, NaCl free oligomer,
which contains only carrier (NH4)2003, and evapdl—
ation of the ammonium cdrbonate at 45°C in a vacuum

oven.



-206~

(1) Hydrolysis. 250 mg of the potassium salt of poly-
adenylic acild are dissolved iIn 25 mg of water, and this solution
‘ mixed with 225 ml of 1M KOH. This gives a 1 mg/ml solution of
polyadenylic acid in .9M KOH. This is allowed to digest for
.six hours, hydrolysing the base labile phosphodiester linkages
of the polymer. At the end of this time H+ charged Dowex 50
ion exchange resin was added in an amount necessary to neutral-
ize the .225 equivalents of KOH present. The reaction with the
ion exchange resin is simply

+ +

+-Regin —= K

K"+ OH + H === K- -Resin + H,0
This has thé dual advantage of stopping further hydrolysis as
well as considerably reducing the idénic strength of the solution.
This latter 1s necessary for a proper fractlonation to occur.
Neutralization of the hydrolysate with é mineral acid would
have necesgsitated its dilution by a large factor.to adequately
lower the ionic strength. |

It is necessary to monitor the final addition of the resin
with a pH meter to insure that the solution does not become
too acidic. The final pH is adjusted (if necessary with a
small amount of KOH) to a value neér 8. The hydrolysate is
filtered free of the resin. |

There was, in our second experiment, a tendency:for'a large
amount of poly A to become adsorbed ﬁo Dowex AG 50. Mixing
filtered resin.With a small émount of pH 12 water, and rinsing

it with nearly 500 cc of water at pH 10 was necessary to remove

the last traces of highly UV absorbant material. A fairly
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small amount of freshly acidified resin served fto return the

‘total rinse material to neutrallity. The pooled hydrolysate

contalning solutlons, were lyoplilized till the voclume was

reduced to 400 ml.

In the first preparation we did not think to wash the
resin, and ended up with a total hydrolyéate sdiution after
lyophization of 125 ml.

To each 40 ml of final hydrolysate was added 1 ml of a .1M
tris phosphate buffer which had been previously adjusted ﬁo a
pH of 7.8 with HCl. The hydrolysates as they were then finally
prepared for application to the separatilon columns were approx-
imately .0025 of tris phosphate buffer,.and possegsed a pH
close to 7.8.

a. Preparation of Dowex AG 50 Ion Exchange Resin

The resin 1s rinsed, and then soaked 1iIn 1-2 M HC1. It
is washed free of excess acid with distilled H20 until
the pH of the wash water no longer 1is acidic.

. Preparation of Tris Phosphate Buffer CAM

A pH 7.8 buffer can be prepared from z5 ml of .2M tris
phosphate, 17.5 ml of .2M HCl, and adequate water to

bring the mixture to 50 ml.

(2) oradient elution of hydrolysates. Commercilal DEAE

‘cellulose mﬁst be sized and washed. Finally, one makes a slurry

of this cleaned and graded material with a solution TM in urea,
and 1M in NaCl. This same solution is used to fill a 2x40 cm

chromatography column roughly 1/3 full. Into thilis solution,
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one pours the resin slurry (doing so slowly).” The resin is
‘allowed to lightly pack, and then further increments are added.

. When the column 1s adeqguately filled, and the resin sufficiently
packed, the resin is-wéshed with TM urea, sufficient to remove
the sodium chlofide. (Adequate removal is indicated by =
negative silver chloride test.) All urea solutions used (with
or without NaCl) weré .0025 M in tris phosphate, adjusted to a
pH of T.8.

The column 1s loaded with concentrated hydrolysate
solutions (125 ml in our first preparation, 400 ml in the second).
We rinsed the column until the nucleoside fragment came off, and
then set up a gradilent elation system. In the_first preparation
this system ga&e a gradient of O to .2M NaCl in a total of 4
liters. 1In ﬁhis preparation, when the salt congentration of
the eluant reached..léM NaCl, 1t was necessary to refill the
reservoirs and reset the gradient so that it would run from .14M
to .28M NaCl in an additional 4 lifers of flow. 1In the second
preparation of oligomers we used a gradient running from O to
.3M NaCl in 8 liters, with the necessity of refilling the
reservolirs just midway in the elutibn.‘ |

In both preparations, we were able to reéoive chromatog-

. raphie peakslfhf@ugh the nonamer. Both prepayations pupging
the column at the-cuimination of a fractionation with 1M NaCl
removed considerable UV absorbing material. Apparently, the
hydrolytic preparation leaves some ofvthe polymer in rather

long chains.
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a. Washing and Sizing of DEAE Cellulose (Warshaw
uPreparationX Using DEAE -cellulose .55 me/gm, prepare'a medium
% water slurry.' Add sufficient NaCl to make the slurry 3-4 M
in this salt, and acidify to .1M in HCl. Soak thié overnight,
and then rinse, in a Buechner funnel with water until the NaCl
and HCl are removed. Make a thick slurfy of the resin in 1-2 M
(Na)ZCO5. Soek for 1-2 hours, and rinse with water in a
Buechner funnei. Repeat the washing procedure, but with sodium
carbonate in place of godium bicarbonate. In each soaking
procedure, stir_the slurry ofteﬁ. Wash out the sodium carbonate,
and resuspend the resin to make a medium slurry .1-.5 M in NaOH.
The resin should soak in this for from 1/2 to 1 hour. Wash out
the sodium hydroxide, and resuspendlthe‘resin in 95% ethanol
for 1/2 hour. Wash in a Buechner fuhnel with several volumes
of ethanol, followed by a thorough rinsing with water. This
resin preparabion may be stored in water.

Because the originél material 1s inhomogenéous in particle
size, and‘because There is some degree of breékdown of the
particles of cellulose in the cleaning procedures, it i1s necessary
to separate the smaller fragments, otherwise referred to as
"rines". To do this tﬁe equivalent of a bottle of DEAE cellu-
lose iz added to 8 liters of distilléd water, and stirred until
it 1s thoroughly suspended‘lt is allowed to settle for a period
of six minutes.. Whabt remains suspended are the "fines". This
suspension 1s decanted. The "fines" ﬁay pbe collected and saved,

for they are useful in the preparation of the TM urea solutions

described below.



~-210-

b. Preparation of TM Urea Solutions. Solutions of TM
urea,-both with and without added NaCl serves as the eluent
for the grédient fractionation of the oligoadenylic acids.
After the urea has been dissolved with adequate stirring, it
55 mixed with clean "fines'" of DEAE cellulose. ‘These hopefully
adsorbs contaminants in the urea which would otherwlise be
deposited on the resin in the column during the chromatography
procedures. The ”fines" are filtered from the urea, and any

NaCl which is necessary 1s added. Finally to each two l1liters

of urea solution 50 ml of pH 7.8 tris phosphate buffer is added.

(3) Purification of the oligomer fractions. The separated
fractions had to be cleansed of both urea and of sodium
chloride. A DEAE cellulose column which had first been flushed
with .1M.ammonium carbonate, and then with .0025 M ammonium
carbonate was used. Each saﬁple was applied to the column, and
washed with enough of the dilute (.0025 M) ammonium carbonate
to remove all traces of chloride. Presumably all the urea was
also removed in this procedure. Each fraction was flushed from
The column by using more concentrated solutions of ammonium
chloride. We should have concentration somewhat greater than
that of ﬁhe NaCl eluent which washed the particular oligomer
from the column durlng the iniltial ffactionation procedure. We
actually employed concentrations Which were somewhat lessi

The.total'collection volume for each purified fraction was

somewhere between 250 ml and oOne li
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(4) bLyophilization of the purified.fractionsland removal °
of carrier ammonium carbonate. Each of the fractions was
‘ lyopilized on:a commefcial freeze drying unit. The dry fractions
were put in a vacuum oven at 45°C, appropriately trapped with
liquid nitrogen. They wére dried to constant weight, with the
- removal 6f’carrier ammonlum carbonate. |

The final material was not pure in the sense that weight
.concentrations came out higher than the molar concentrations (the
latter determined spectrOphotometrically).'_Whether the contam-~
inants were HZO’ some unremoved ammonium carbonate, of yvet some
other materials, we could not ascertain. The contamlnants did
not seem to édversely effect the relative spectral properties
of the molecules. -

a. Determination of Purity-of Samples. By hydrolysing.

a glven sample of oligonucleotide with weak base (.1M NQOH)

the ollgonucleotide can be quantitatively converted intec a
mlxture of adenylic acids, of known spectral properties. In

| this way, from a given welght concentfationAof oligonucleotide,
we can determine the molar conéentratidn, the‘effective molécularv
welght, and hence the purity. Accofding'to the catalog of the
Pabst company,51 the experimentally detefmined average molecular
welght of adenylic acid (probably determined to constant dryness)
1s 569, which includes the average water»of hydration. Thils 1is
for the acld form of adenylic acid. Since we 1solated our
adenylic acild in the form of the ammdnium salt, we must take

this change of molecular weighf into account, 1n ascertaining

the purlty of our samples. Starting with 369 as the MW of
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the acid form of the monomer, the diammonium salt should possess
a molecular weight of 403, the dimer aﬁ MW of 787, and the (Ap):5
‘ trimer with its four ammonium groups, shpuld have an MW of 1171,
In the following table, we give the total yield, in mg of
the oligomers, driled in the vacuum'oven to a constant welght,
and where we possess the data, we give the percent of purity,

based upon the above molécular weights.

Chromatography 1 Chrdmatography Ii

Oligomer me, % purity ne % purity
Monomer 22.5 62 49.7

Dimer 17.5 85 51.9

Trimer .0 85 15.4 _ 79
Tetramer 6.7 4.7

Pentamer 18.4 2

Hexamer 12.8

Hexamer 4.7

Octamer .9

Nonamer : 9.5

In each of the two chromatographic preparatlions, we started
with 250 mg of poly A as the potéssium salt. _Oﬁr yields were
none too good. Thé problém seems tQ lie in two places. In the
hydrolysls, apparently a falrly slzable portion of the oligomers
remains adherent to the Dowex AG 507. Especlally obvious in the
second préparation is the fact that the hydrolysls went a bit
too far, giving way more of the small oligonucleotldes than

were desirable.
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A second source of loss, again in the second preparation

may have been in the cdlumn purification of the higher olig-

omers. There is a good possibility that beginning with the

pentaﬁer,'we did not elute with a sufficiently éoncentrated

- solution of ammonium carbonate to remove all the oligomer from

the column.
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APPENDIX B

Characterization of Some

Adenylic Acid Oligomers

In the pursult of our experimenfation, we ébllected,
sometimes purposefuliy, sometimes incidentally, data on
various of the adenylid acid oligomers. We segk in this
appeﬁdix, to compile these daté in as useful a form as possible.
The spectral characteristics of some oligomers appear in Figs.

85, 86, 87 and 88.

Extinction Coefficlents of Oligomers

Analysis of the extinction coefficients of our oligomefs
followed, generally,-the procedures of Michelson, though with
some added precautions.BO We performed these analysis with
the ApA, ApApA, and (Ap)SA given to us by Dr. Warshaw, asbwell
as with the dimer and trimer molecules of adenylic acid
possessing terminal phosphate groups.. In contrast to Michelson's
chemically synthesized oligomers; burs were obtalned by base
hydrolysis of poly A contalning exclusivelyIS‘-S” phospho-
dlester linkages.>© | |
| The samples were dissolved in sodium hydroxide (.2N excépt
.9N for the ApAp hydrolysis). .We heated.the ApAp for. 48.hours
at 37°C, the'ApApAp,er 30 hours at 39#0, and the remainder of
~the oligomers at 37°C for. 36 hours.. In each set ©f samples

there was a preparation of adenylle acid dissolved. in a.like -

‘concentration of base; This allowed us to compensate for the
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small amount of sample degradation of the oligomer. (Assuming

"that the same percent of degradatilion will.occur in the monomer

~as in the oligomer samples.)

Our best results, with the least degradation of sample,
occurred at an NaOH concentration .2N, and at 39°C for 30 hours.

In this case, 1in fact, none of the monomer sample, used as a

control, was degraded.

The differences in absorption makima of ApAp at pH 7 and
13.9 are trivial. On this basis we assumed a like behavior
between peak maximé at pH 7 and pH 13 with the other oligomers
analysed.

Likewise, the extinction maximum of the monomer varies

oniy slightly with the change in pH from neutral to basic

solutlons. From these analyses, we found the extinction coe- -

ficient maxima for the oligomers. These are listed in the

table below. Values obtained for adenylic acid oligomers by
Michelson also appeaf in the table, and are denoted by an

asterisk, (*).57

Sl L I B S S A S P AR B [

et v caih e wvies. . The value of the extinction coefficient

of the double strandqd poly A 1s taken from Jordon.21

55

From the program prepared by Tinoco, and ﬁodified by

Warshaw56 we evaluated some parameters for‘theT26O my electronic

.absorptiOn bands of these oligomer molecules. .All the values

are on a per residue of adenosine basis.
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Extinction Coefficient Maxima of Some Adenylic
Acid .Oligomers (per monomer unit)

Extinction Maximum

: Extinction (monomer)
...~ Oligomer Coefficient Extinction Maximum
Maximum (oligomer)

" (in vasic solutions)

Adenylic Acid - 15400 -
ApA 3'-5' phosphate 13700 1.12
"%#ApA 3'-5' phosphate 13600 1.13
*ApA 2'-5' phosphate 13000 1.18
*ApA mixed 2'-5', '
3'-5' phosphate 13400 1.15
ApAp 3'-5' phosphate 13600 1.13
(Ap)ZA 3'-5' phosphate 12900 1.19
(Ap)3 3'-5' phosphate 12800 1.20
*(Ap)oA mixed 2'-5', _ : ‘
3'-5' phosphate - 12500 1.23
(Ap)zA 3'-5' phosphate 12500 1.23
*(Ap)SA mixed 2'-5"', | . o
3'-5'" phosphates. 11800 : 1.31
*(Ap)éA mixed 2'-5', o
3'-5' phosphate . 11600 . _ A 1.33

The values of these various propértieéldepend upoh the
integrated area of under the absorption_band, and it was
necessary to extrapolate the blue limb of this-abéorption
band to zero. We did this in an admittedly arbitrary manner.
-Since the total area‘under an extrapolated portioﬁ of the

absorption band is small compared to the area under the entire
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absorption band, the error involved in the extrapolation is'

small. These parameters are listed in Table IX.



Table IX. Some Integrated Optical Properties of Adenylic Acid Oligomers

TR TR A T T

Adenosine ﬁgigy%g?) ApA  ApAp  ApApA  ApApAp ApApApA Poly A
pH T pH 5.7 pHS.7 pHT pH5.7 pH5.7 pH5.7 pHS5.7
Oscillator Strength .322 319 . 290 . 302 283 .290  .276 .199
Transition Moment 4.18 4.18 3.97 4.04  3.92 3.96 3.86 3.28
(debyes) ‘
Dipole Streggth 17.44 17.30 - 15.74 16.33 15.36 15.72  14.92 10.72
(debyes)
Averagelﬁiequency 39202 - 39110. 39138 39220 39098 39113 39174 39315
(cm) . ’
Ave?zﬁﬁ Wavelength 255 256 255 255 256 256 255 054
-10 -
Second Moment x10 154 .153 154 154  .153 153 154 .155

(em)™?

~ddd-
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