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1. INTRODUCTION

Du:’ng the last three decades, there has been a very strong
tendency towards the unification of all the natural sciences: physics,
chemistry, and biology. After the discovery of modern quantum theory
in 1925, physics and chemistry were unified in 1928 -through the quantum-
mechanical explanation of the nature of the covalent chemical bond by
Heitler and Lcndonl) leading to the development of quantﬁm chemistry.
In cellular biology, most of the important achievements have been
obtained by considering the cells as huge chemical and physical systems
subjects to the ordinary laws of chemistry and physics, which has lead
to the development of biochemistry and biophysics. In the recent develop-
ment, more and more emphasis has been put on the fundamental mole-
cular structure of the living systems and on thé detailed electronic and
protonic structure of the molecules involved leading to the development of
moleéula,r and submoiecular.biologyz) . The electrons and protons are
fundamental particl  which do not obey the laws of classical physics but
the laws of modern guantum mechanics, and the detailed structure of the
biologically interesting molecules has hence to be treated by quantum
chemistry which has lead to the opening of a new field'which ‘should per-
haps be called "quantum biology". In describing nature in terms of a
few elementary particles, physics, chemistry, and biology have hence
established a common basis, and we note that this unification has become
conceivable only through the development of modern quantum theory in
addition to and as a consequence of the fundamental expe:rifnental dis~-

coveries.

Tt is clear that, also in the biological systems, the question of
intermblecular forces must be of essential importance and, in this paper,
we will concentrate our interest on a particular link between molecules
which is known as the "hydrogen bond". - The fundamental importance of
this bond in biology seems first have been clearly pointed out by Pauling3)
and his associates, who used it'to explain the stability of the secondary struc-
ture of the proteins in the helical polypeptides. Today it is believed that
the hydrogen bond plays a fundamentil role in many of the most important
aspects of biochemistry, and in this paper we will particularly discuss the
properties of the hydrogen bond in connection with questions concerning

the structure and stability of the genetic code.



2. STRUCTURE AND STABILITY OF'DNA; INTRODUCTION

-

The development in biology during the last three decades has
shown that the genetic message in the chromosomes is contained in a
giant molecule called deoxyribonucleic acid (DNA). Of the landmarks
of the history of this fascinating discovery we will here mention only
Griffith and his genetic transformation principle in 1928, Avery, Mac
Leod, and McCarty and their identification of the compound carrying the
transformation and the genetic message with the well-known deoxyribo~
nucleic acid in 1944, Chargaff and his pioneering studies of the base
contents of DNA in 1950, Wilkins and his X -ray investigations of the
stereo structure of DNA in 1953,'-and finally the Watson-~Crick stereo
model of DNA in the same year. For a more complete account, we -
would like to refer the reader to another paper4)." According to the
Watson-CrickS) model, the DNA molecule is a double fwlix consisting
of two intertwined helical sugar-phosphate chains held together by‘ a
sequencé of pairs of nitrogen bases joiﬁed by hydrogen bonds. Thell;e are
only four such nitrogen bases involved, namely adenine A, guanine G, ~
thymine T, and cytosine C. D¢peﬁding on the special structure of these
hydrogen bonds, the pairing of the nitrogen bases in DNA is specific
according to the scheme A-T, G-C, and each base pair consists of two
"complementary” bases. There is strong evidence for believing that the
t genetic information is contained in the sequence of base pairs along the
DNA -molecule 05:.,' which is appérently the same, in the sequence of bases
along a single strand, i.e. in the form of a "chemical script" of fou‘r.
symbols, e.g. ATTAGCATG ... « Even for such a simple d'rga'nism-’és"

E. Coli, the script contains about two million "signs".

- Before the cell duplication, the DNA-molecule has to replicate

itselfland, in this process, the hydrogen bonds are released, the two

DNA strands become at least partly free, and each one serves as a

template for the formation of a new co&nplemen’cary strand formed from

mutation material in the environment, so that two complete DNA molecules
~with the same base-pair sequence as the original one are produced. The
~.schematic structure of DNA, the rough template character of the base

pairs, and the selection of complementary bases at DNA -replication are

illustrated in Figs. 1-3, respectively..
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Fig. 1 b. The structure of the genetic code
N D c unwound. The genetic templates

G Ll ‘ are the surfaces in the middle
indicated by the broken lines; they
are held together by hydrogen bonds,
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Fig. 2. Schematic form of the templatcs'mformed'by the normal bases
occurring in DNA.
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Fig. 3. Selection of complementary bases at the replication of DNA;

curved arrows indicate that the bases come from the environment.



. Watson and Crick also pointed out that the nitrogen bases may

3

% &
, and C , which

* i
have another pairing scheme A <C, G -T, etc. depending on the

* e
occur in certain rare tautomeric forms A , T , G

change of the template; see Fig. 4. Incorporation of these tautomeric
forms may then cause errors in the genetic code leading to mutations;

see Fig. 5.

The template idea of the genetic code may to a certain extent be
tested by treating DNA with certain chemicals which change the templa.t‘e
in a specific way, as e.g. nitrous acid. This compound causes an
"oxidative deamination” of the bases which influences the template, so
that, for instance, adenine goes over into hypoxanthine with a guanine-
like template. It turns out that nitrous acid, as well as other compounds

6)

with a similar template effect, are strong mutagens ’.

The Watson~Crick model of DNA, the complementary concept,
and the template idea have been of fundamental importance in the recent
development of bicchemistry and medicine. Even if these ideas have been
almost universally accepted, they have also been criticized by some Qrémines
scientists who have questioned whether the template really has such
physical and chemical properties that it explains the enormous stabilit%r)
has expressed the opinion that, at the normal temperature of the human
body (T = 310° K), the thermal disturbances of the order kT = 0,03 eV

are enough to destroy in the long run any peffect order of electrical

of the genetic code over thousands and thousands of years. Commoner

charges in the template, and that any theory of the stability of the genetic
code has to take this fact into account;’"Heitlers) - one of ﬂ;e fathers of
quantum chemistry - chose in 1964 the DNA-replication as an example
of a biclogical process w/hich has such an enormous accuracy that it can
har&l‘y be understbod on the basis of the present laws of physics and

chemistry.

The problem of the occurrence of incorporation errors in the DNA
replication(see Fig. 5) was further emphasized by some recent measure-
ments of the tautomeric equilibrium constants of some of the nitrogen

)

1 ofoo  of the "short" bases may occur in the rare tautomeric forms. =

basis by Katrizky and Waring which indicated that somewhat less than
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Fig. 4. Schematic form of t_hq_templ,ates of the rare tg.utomeric forms
of the bases ocourring in DNA.

Fig. 5. Effect of incorporation err_ors;' note that diagrams are only very
schematic, and that the processes in reality are considerably
more complicated (see also Fig. 30). -



This implies that, since a DNA molecule usually consists of more than a
mil_].ioh base pairs;” there may be several hundred tautomeric errors per
replication. Experience tells us, hgwever, that the replication mechanism
is remarkably exact, and that such a large number of incorporation errors

in some way is avoided.

It is hard to give reliable figures for the internal stability of DNA
or for the over-all accuracy at a DNA -replication. After careful studies
of experimental mutatidn rates, Freeselc) has found that the probability
for a spontaneous error per base pair and generation should be in the range
‘ 10_8 to 10'-11, which means that spontaneous mutations are exceedingly
rare events and that the genetic code has a most unusual internal and

replication stability.

Since the Wats_c‘m—CricE model is of such a fundamental importance,
‘the author felt that it may be worthwhile ‘to'inVestiga‘te tﬁe problem of the
stability of the genetic code as expressed in the template idea in greater
theoretical detail. A preliminary sf:u.d.y'1 o8 of the problem showed that
there is an additional element of instability in the hydrogen bonhds themselves.
In classical chemistr’y;_ a hydrogen bond is a hydrogen atom simultaneously
attracted to two electronegative atoms, but, in modern terminology, 2
hydrogen bond is a proton shared between two electron lone pairs. Each
electron pair gives rise to. a potential well for the proton, and the proton
is hence usually situated in a "double-well” potential with two classical
equilibrium poinﬁs- The proton xﬁay jump from one of these equilibrium
positions to the other by going over the potential barrier between themlz),
or it may move through the barrier by .means of the quantum-mechanical
tunnel effect as gmphasized by the authorll). If a proton changes place, it
is often causing another proton to move to keep the gross elect:;-ic neutral-
ity, and the total effect will be a change of the genetic templates which is
equivalent to an internal tautomeric shift; see Figs. 6 and 7. This effect is
temperature dependent and, at T = 310°K, this proton transfer above or
through the b;trrier may be a very important source of error which may
greatly disturb the stability of the genetic code. In our study, it seemed
hence necessary to take the possibility of such proton jumps into full

account.
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Theoretical investigations of the stability of the genetic code have
been carried out at the Quantum Chemistry Group of Uppsala University
during the last three years. Even if the results I can report here are only
of a preliminary nature, they are still highly favourable in the sense that
they indicate that the genetic code in the Watson-Crick model seems to
have enough loﬁg-time stability to correspond to the experimental experi-

eNnce.

It should perhaps be pointed out that our main problem has not

been to find new mutation mechanisms but to explain why spontaneous

‘mutations as a whole are as rare as they are, in spite of all possible

disturbances of the genetic code. In this connection, we believe that we

have clarified at least some of the possible mechanisms for spontaneous
mutations as well as some specific mod.is for induced mutations caused

by radiation or the influence of specific chaimicals. All theoretical results
obtained so far confirm the template idea and the importance of the hydrogen

bonds in storing and transferring the genetic information. oo

3. THECORETICAL. _ANALY;‘SIS OF THE CHARACTER OF THE
GENETIC CODE

In the previous section, we have only indicated the genetic template
in a very crude way, and it is now desirable to analyze it in greater
detail. The nucleic acids were discovered by Miescher in 1868, and thelr
chemical structure had been revealed by skilful chemical methods by
Hammarsten, Todd, Caspersson, and many othersls-) lon,g before dne had
resiized their fundamental importance in genetics. It had been found that
they consisted of sugar -phosphate chains to which their were four nitrogen
bases (A,G, T, C) attached. In the "tetranucleotide hypothesis®, it was
assumed that these bases occurred repeatedly in a regular order, but
Chargaff could show that this is not the case and that, for DNA, one has
only the yule [A] = [T) R [G} #[G] for the molar contents. In the
Watson-Crick model of DNA, the nitrogen bases may occur in an arbitrary
order corresponding to the "genetic script", and the Chargaff rule forms
the essential experimental basis for the specific base pairing A-T, G-C

in linking two chains together in the double helix.



The steréqstructure of DNA is illustrated in F'igs. 8 and 9. We
will here particularly emphasize the nature of the hydrogen bonds, and
we note that the A-T pair has two and the G-C pair three such bonds
consisting of hydrogen atoms shared between the electronegative atoms

nitrogen and oxygen in the combinations NH ... N or NH... ©

In order to proceed, it is necessary to study these hydrogen bonds in
greater detail, and we will then also consider their electronic structure.
According to Lewis, it is convenient to let 2 chemical symbol denote the
atomic nucleus plus the electronic rare-gas shell and indicate the valence
‘electrons with additional dots. In this notation, the symbol H means
hence a proton, whereas the hydrogen atom is denoted by He, For the

lightest elements, one obtaines the notations:
® ( & ° “ﬁ‘ ee e )
He He, li+ Bes B+ -6 N+ :0- 7: Ne
- @ ) e 3 [} ) L P ® ) )

Lewis also observed in 1916 that, in a chemical compound, each covalent

bond was in some way associated with an electron pair: shared between the

two atoms linked by the bond, for instance:
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The deeper explanation of this bond was later given by quantum-
mechanical methods by Heitler and Londoni) . Each bond has further a

o e

particular difection,' and this directional property was treated guantum-~
mechanically by the idea of orbital hybridization introduced independently
by Sl_ater14) and Paulingis) in 1932, An atomic s-orbital is spherical-
ly symmetric around the nucleus, whereas a p-orbital has an angular
distribution in the form of dunfnblé consisting of two spheres with différéht

signs; see Fig. 10. By a superposition of an s-orbital and a pk—orbital,
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Fig. 9. The normal base pai.rs in DNA:
a) A-T base pair with two hydrogen bonds.
b) G-C base pair with three hydrogen bonds.



one obtains a hybrid

= %b+pPyg, (250, £0)

which has its maximum electron density in the k direction. The
normalization gives Q>( + 2 = {, and the ration Y] = Z/‘0(2 is often
used to characterize the hybrid which is given the symbol 'spn . We note:
further that the geometrical angle 6 yz Detween two hybrides spnl
and sp "2 is given by the formula )

: -1 :
6, = — (mgm‘%)/& } (@)

giving the connection between the geometrical structure of the molecule
and the amount of hybridization of various bonds. We note finally that,

if one has four hybrids characterlzed by the numbers and

21 e Py
Dy, ‘one has the additional relation o +(>{ +0~:&Z = 1, since the
total amount of s character has to be used up by the hybrids. This gives

the auxiliary condition:
-1 4 t =1
(o +1) o+ (et = (gr) H gt ) =1,

The carbon atom in the methane molecule CH4 is characterized
by four equivalent valence arms having n =3 and the hybridization
sp3~ On the other hand, the carbon atom in the b'enzéne molecule
66}16 has three equivalent valence arms in a plane formmg an angle of
120°  with each other, and apphcatmn of (2) gives then n =2 andthe
hybridization sspz‘ For the fourth hybrid, one obtains according to (3}
that ny =90, which means that this hybrid is pure p-orbital perpen-
dicular to the molecular plane; see Fig. 11. The benzene molecule
contains a total of 6 x 4 + 6 = 30 vale‘_nc'é electroﬁs,'vof;which 24 are con-
tained in the 12 single bonds in the & -skeleton formed by the spz
hybrides, whereas 6 are assigned to the so-called w-electron cloud
associated with the six pure Zp ~orbitals. According to the new ideas
developed by H{l’mckel”} in 193i -32, one may construct six molecular

orbitals associated with the benzene ring by linear combination of the -+
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(a) (b) (c)

= s sVe Schematic diagrams of angular distributions of various

orbitals: (a) s-orbital, {b) p-orbital and {c} hybrid.

(a) (b}

Fig. t1. Eleétronic distribution in the benzene molecule C %HG:
(a) ¢ -skeleton, (b) T -electron cloud.



six atqmic ZpZ-or}sitals, perpendicular to the ring , and the six w-
electrons are then assigned to the three molecular orbitals having the
lowest energy with two electrons ir each. There are hence three empty
molecular w-orbitals, and there is a considerable energy gap between

the highe st occupied orbital and the lowest empty orbital.

‘This quantum-mechanical picture gives an excellent explanation
of the saturated character of the benzene molecule and its aromatic .
properties. The Hllckel scheme with mobile w~electrons around the ring -
replaces thus the classical chemical picture with alternating single and
double bonds. This model holds not only for the benzene molecule but
for the conjugatéd systems in general, and we will in the following deal with
such a system by‘ considéring the & -skeleton formed'by the single bonds
in the plane of the molecule and with the m-electron cloud replacing the
classical double bonds. '

This separation of the electrons into two groups is very important
also for the analysis of the character of the genetic code. In order to
approach this problem, we will now carry out a thought experiment
consisting of dropping one of the protons in the benzene ring in Fig. 11
into the neighbouring carbon nucleus giving rise to a nitrogen nucleus;

see Fig. 12. This leads to the formation of a pyridine molecule charac-

‘terized by having an electron lone pair sitting in a spz‘ hybrid on the
nitrogen atom, and this lone pair will attract every proton or positive
group in the neighboui'hood. This tendency of pyridine to try to catch a
proton and become a pyridinium ion CSNH6+ gives it a chafactériSﬁc

v 4

"base" character.

In general, protons are usually attached to molecules by means
of electron pairs and, in many cases, the bonding is so strong that it is
very hard to remove the protons. According to Lewis, however, there is
a very important class of chemical'comﬁéunds in which the eaéy remov;al
or attachement of protons is one of the fundamental chemical properties,

namely the acids and the bases.vThey are characterized by the reaction:



The main feature of the base is hence that it has at least one electron lone

pair éva‘ilable, and the hybridization theory gives a much better under-
standing of the properties of localized electron pairs than was possible
before modern quantum theory. An acid is characterized by having "lcose™
protons which are more or less e-asily removed. There are also mole-
cules which like water are both proton doﬁors and acceptors, and one

and the same molecule may hence have both properties . An electrolytic
dissociation of the typé HCle2 H+ + Cl~  is much better understood if
one considers the fact that it occurs when hydrogen chloride is solved in
water, and that a molecule of the latter steals a proton from a molecule of
the former, so that H,0 + HCl--e"—‘-H30+ +Cl7, or

o . oa o8 6@
HiQ: + He:: == HsQ:H + ¢ U:
ﬁ ad ;:& ve .
The hydrogen chloride HCl is hence a proton donor or a Lewis acid, and
TN + ' .
we note that the hydroniumion H3O is here a very natural consequence
of the hybridization theory. For the dissociation associated with the
solution of ammonia H.,N in water, one has similarly

3
H,N + H,0 2H N+ OH ™, or
H H

H;{\,“ T H%@:% == HaNsH + 20
) ~ H H H

which means that H,N is a proton acceptor or a Lewis base.

4

A very interésting phenomenon occurs in a liquid or-solid system
of molecules having free electron l‘one-pairs, siﬁce there will then be a
competiﬁionbetv&ieen the molecules to catch any évailable.free; or loose
_,pi*c»tons in the environment. If two molecules %hrough their electron lone
pairs are attracted to one and the same proton, the molecules are said to

be joined by a hydrogen bond. In modern te rminology, a hydrogen bond is

hence a link between two molecules which consists of a proton shared between

two electron lone pairs. A hydrogen bond between two pyridine molecules

is illustrated in Fig. 13.

A hydrogen bond is a comparatively weak chemical bond having a

binding energy of the order 6-12 k.c:al_/mole,. It is of fundamental importance



Fig. 12. Pyridine molecule with an electron lone pair on the nitrcgen

atom pointing out from the ring.

Fig. 13. Hydrogen bond between two pyridire molecules consisting

of a proton'H shared between two electron pairs.



biocxdinary chemigtry as well ag in biochemistry, and here we will study

i connectivn with DNA and the genetic code.

The venetic code as 3 proton- electrcnpa*r pattern. « Let us now consider

ithe hydrogen bonds bstween the base pairs in DNA and resolve the two hydro-
gzen bonds in the adenine-thymine pair and the three hyc%.rc@éﬁbonds in the
guaniﬁe«-cytosine pair into their proton and electronpair components. From
the chemical structures in Fig. 9, we obtain the results indicated in

Fig. 14, which imply that the genetic code consists of a pattern of elemen~
tary particles,” and that each baée has a chéra.cteristic template consisting

of protdns and electronpairs as outlined in Fig. 15. These detailed

patterns may now be compared with the séhematic templates used in the

introductory part in Fig. 2.

ifa protofx iz moved from its normal electronpair to a free
slectronpair within the same teraplate, one obtains a tautomeric form ‘which
may be important as a possible cause of errors in the DNA replication ¢
mnechanism. The proton- elcctronpmr codes of these tautomeric forms are
cutlired in Fig. 16, and they should be compared with the schematlc
.cmplates illustrated in Fig. 4. There are, of course, many other tautomers
vihich may be of importance in other connectmns . but we will here limit

sur discussion to the main forms listed in Fig. 16,

it is perhaps somewhat surprising that the genetic code ultimately
consists of a rather simple combination of elementary particles, and we

. : oL : : : : i .2
will now show that this may have important consequences.

. doublz~well potentizl; tunnel effect

Flach elecizon poir in a hydrogen bond attracts the proton, and

s attraction may physically be described as a potential.well with a
enecifiic minlmum representing the classical equilibrium position of the
proton. Since there ave two electron pairs involved, the proton in a
myoregen pond feels a potential which is the superposition of two asingle?v
viell potentials with different minima and which is hence usually a double-

vm' rnotential; see Fig. 17. The two minima in these potential are

mv e soeng s s




Fig. 14.

Fig. 15.

Fig. 16.

~here H denotes a proton and the symbol ¢
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usually not of the same height, but we will discuss both the symmetric
and asjrmmetric case. In classical physics, a particle would stay in one
of the wells, unless it has sufficient energy to pass the "potential

barrier" in the form of the maximum separating the two minima.

In modern physics, the circumstances are rather different since
the proton is an elementary pa.r’cicle which obeys the laws of quantum
theory and may be descrlbed as a "wave packet" having the ablhty to ¢ ..
penetrate also into clas smally forbidden regions. This phenomenoh iz an
immediate consequence of Schrédinger's wave equation, and it implies
that, if two classically permitted regions are separateci by a_ potential
barrier leading to a classically forbidden region, an elementary particle
may penetrate the classically forbidden region from one permitted region
to another; see Fig. 18. This so-called tunnel effect was discovered
19) in 1928-29

in exﬁ)laining the general phenomenon of radioactivity which involves the

independently by Gamoww) and by Gurney and Condon

escape of certain particles through nuclear potential barriers. The tunnel
effect is now a well-known phenoménon inphysics, as e.g. in the predissocia-
tion of molecules in molecular spectroscopy, in the ammonia clock, in the

tunneling dicdes, in corrosmn, etc.

The tunnel effect is Itreat_ed in most textbooks in quantum theory.
The probability that the wave packet will pass the potential barrier upon
hitting it is called the transmission-vcoefficien‘i: g, and this quantity is

given approximately by the formula:

% = o ., .‘) ()

K = & /ioz E-V()]

with the notations used in Fig. 18; m is the mass of the partlcle,

and h is Planck's constant.

It is instructive to start with the problem of tunneling out of a
single well; see Fig. 19. The particle is from the very beginning in the:
left-hand well, where it oscillates with the frequency )) and hits the

1
barrier’ ))1 times per second. It is convenient to introduce the notations
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Fig. 17, Typical double-well potentials felt by a proton in a hydrogen
bond; the left-hand potential is syzametric, and the right-
hand potential is asymmetric. o
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to forraula (4).



C, =)),3, ) T’\:f 7, = 4/1913

(5)

and ‘c1

time" with a physical meaning which will be described below. In our

will be called the "tunneling rate"™ and rC(.l the "tunneling

applications, the transmission. coefficient g will be very small, so
that g<«&l.

At every hit of the wave packet, the population in a particular
energy level of the left~-hand well will be decreased by a factor (1-g),
and, after p hits, the decrease will hence be described by the factor

(1-g)P. 1If the energy level pépulation is originally a,, the population

[Ml

m () = ¢, (1) o

after t secs will thus be

.

which is a step function. However, if the tra_nitsmlss:.pn coefficient. g is
sufficiently small, the quantity (1-1 / g- 1)g may be approximated by

the number e-l, which leads to the"smeared out " formula:

- ))1
m!(&): ini("“‘ ‘/"* 8 }8[ 121 ~ (7)

a3 CL e "
Th1s means that the step function may be replaced by a function with a

continuous derivative satisfying the simple differential equation: )

dn, _ g
d}-l = lc‘ml ’ (8)

The part of the population which has passed the barrier during the time

t is hence: .

()= g, (1-¢ %)

The "tunneling time" 'T: { is.the time requested for the original

(9)

population to decrease by a factor e-1 and, for very small times

t«‘T,'l, one may use the linear relation n3(t)~ a t/(/ £
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' In order to get an idea of the tunneling times for various potential
barriers, we have in Table I tabulated ”C y asa function of the barvier
width  a_ (in A) and barrier height v, (in eV) for a parabolic

barrier for a proton and a deuteron under the assumption that the proton

frequency in the well is approximately )> 1013 ge "1, The guantity
rﬁl turns out to be a function of the parameter )(o =a V'V , which
varies from 'C = 10713 sec  for X,=0 to T = 3% 10° years for

)«(o = 2; the 1atter time corresponds to the age of the universe according

to the modern estimates just presented here in Dr. Sandage's lecture.

If the thermal equilibrium is quickly reached in the left~hand well,
the population wﬂl assume a Boltzmann distribution over the various
energy levels pr()portmna.l to the Boltzmann factor B = exp{ - AV/k T}*
The Boltzmann factor is tabulated in Table II for three typlcal temperamres:
T= 273 K, 310 K and 373°K,

After these preparations, we will now study the tunneling in a
double-~well potential, in which case particular attention has to be devrgted
to the guestion of "back~tunneling™ from the more shallow to the deeper
well. L.et us assume that initially at the time t = 0,  the particle is
entirely in the left-hand well having the part a,'l(E) of its population in
a specific energy level E with the transmission coefficient g = g(E).
If ny = _nl(t) and ny = 113(t) dencte the parts of the population in this
level at time ¢ in the two wells, respectively, one obtains by generali-

zing (8) a system of differential equations:

C dm e e o

Cu’iz.-.--cim}«k Ce,‘"%,) .

3 (10).
M,

X & C&m:”"?&m@ )

where c, = Qig' and c,= ))3g are the rates for tunneling in the two
opposite directions. The initial condition - nl(O) =a, n3(0) =0

corresponds to the solution
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 CaG c, o, —lave)#
™ ('Q - ci—(; i Ci,,w‘, © 4
! ‘2, d 3
ca, _ ¢ a, ~@ra)d

2) = . : (11)

The time T, 137 {c 1t 03)—1 may be denoted as the relaxation time
14 .
characteristic for the double~-well potential. For small times, t<x €~C1 43
?
the tunneling part of the population is given by the formula:
)92:
4 = Q¢ - --a,c,(c+c%>—--f+'~} (12)

where the linear term is.associated with o}ﬂy left-right tunneling, and the

quadratic term shows also the first effect of the "back-tunneling”.

For t':>’>"f:1 37 the solutions have an entirely different chéraéter,
since nl(t) and n3(t)‘ quickly approach the constant values: '
Vg Oy Y Gy

MW Sy 0 WS By 0 W

which are essentially indebendent of the value of the transmission
coefficient g. -The quantities (13) ccrrespond to an equilibrium situation,
in which one has | Py = ))3113 In this case, the system is approaching
a thermal equilibrium over the energy levels of the double well w1th the
population of each level divided into the fractlons )> )) over thej two
separate wells. This results imply that, in a first apprommatmn, the final
distribution of the particle population is independent of the particle mass
m. This similarity between the proton and the deuteron for t»T;l 3.
has to be remembered in mterpretmg such mutation experlments as are
aimed at studying the tunneling phenomena in general by using deuterated

20)

organisms /.



Table I. Tunneling times T { for

Ta.bie II. Boltzmann factors

the proton and the deuteron as B = exp §.- AV/kT} for three
functions of the barrier width - temperatures T as functions of
ao(in A) and barrier height v, AV(in eV).
(in eV).
a, V V, | Proton T 1 Deuteron T, i v | T=273° | T=310°K T=373°K
1 ' "’mlog B | 40 log B 100g B
0 10713 gec 10713 gec 0 0 0 0
- - - -l - 5
0.1 w0 1501 ot aec 01 1.846 1.626 1,351
-10 -9 0.2 -3.692 - -3,252 ~2.7024
6.2 10 "~ sec 10 ° sec 0.3 | -5.538 -4.878 -4.053
0.3 | 1078 %sec 107 sec 0.4 | -7.384 | -6.504 -5.404
0.4 10-7 sec 10"4 sec 0.5 -9.230 -8. 130 '-6'.75‘.)
0.6 | -11.076 ~9.756 =8, 106
0.5 1072 Sgec 1072 sec ,

: R : 0.7 ~12.922 ~-11.382 -9.457
0.6 10"“\4 sec 1.3 sec ‘Q.S -14.768 -13,008 -10.808
0.7 10-2 2 min 6.9 ~16.614 ~-14.634 -12.159

~1 1-0 '18-460 ‘16-260 “13w5i0
0-8 |10 3.7 hrs 1.5 | -27.690 | -24.390 | -20.265
0.9 3 sec 20 days 2.0 | -36.920 | -32.520 -27.020
1.0 | 2min 8 years 2.5 | -46.150 | -40.650 | -33.775
1.1 53 min 107 years 3.0 | -55.380 | -48.780 440,530
1.2 1.16 days 1.3x10°years | | 3.5 | -64.610 | -56.910 -47.285
1.3 1.22 months {. 7x107years 4.0 ~73'_. 84? -65. 040 -54.040
9 14.5 | -83.070 ~73. 170 -60.795
1.4 | 3years 2.2x10%years \i's o | .92.300 | -81.300 -67.550
1.5 100 years ' ' L
1.6 3000 years
1.7 105 years
1.8 3x106yea.rs
19 108 years
2.0 3x109years



Sponté.néous proton tunneling in DNA. - Let us now consider-a DNA

molecule in its stable form during a period when it is biologically inactive
so that the genetic message is not Wndergoing replication or transcription.
According to Fig. 14, one can express the essential properties of the base

pairing through hydrogen bonds as shown in Fig. (9.«

Even if the double-well potentials in each hydrogen bonds are
rather asymmetric, one can expect that there will always be a small
probability for proton transfer in each bond through (and above) the
potential barrier in accordance with the results discussed previously. If
the two bases are originally equally charged, the tunneling of one proton
in one direction will very likely induce a tunneling of the other proton in
the reverse direction to keep balance between the groéé electric charges.

This "simultaneous” proton exchange implies hence the base transitions:

A-T — A=T" ) G-C — §=C°

which lead to the production of pairs of tautomeric bases. If the hydrogen
bonds are released in this posij;ipn{ the tautomeric forms will lead to

errors in the next replication, i.e. to mutations, as indicated in Fig. 6. This
means that it is necessary to consider also the possibility of an internal

proton exchange in studying the stability of the genetic code in DNA.

The problem is complicated by the fact that, in each base péir, there
are at least two h}frdrogen bonds involved, which meéans that one has to
study the motion and stability of two protons in a four-well potential. Since
. the movements of the protons will further influence and pdla.:;-i‘zé both the
6’ and T electron clouds, a complete solution involves a solution of
a quantum-mechanical many-body problem. Before treating this problem,
we will now first discuss the influence of the incorporation errors on the
stability of DNA. "



4. STABILITY OF GENETIC CODE AT REPLICATION

In connection with the DNA replication process, Watson and Crick 5)
suggested that the hydrogen bonds between the base pairs in some way were
:;'eleased, that the two DNA strands become at least partly free, and that
each one of them sexrves as a template for the formation of a new comple~
mentary strand formed from nutrition material in the environment, so that
two complete DNA molecules with the same base-pair sequence as the
original one are produced. However, Watson and Crick did not discuss the
obviously rather complicated unwinding -~ winding mechanism involved in

21)

this replication, and this problem has later been discussed by many authors™ /.

A) 23)

Through the experiments by Meselson and Stah}. , Taylof s

24) 25) 26)

rather conclusively that each one of the daughter molecules actually

Yoshikawa and Sueocka 7/, Nagata ~’, and Cairns ’, it has been shown

contains one strand from the parents molecule of DNA. As to the unwin-~

ding ~winding mechanism, one has now essentially adopted the Y«»model or

21) -

experimental support for this model has alsc been obtained through

"speedometer-cable” model first suggested by Delbrilck and Stent™ "/, and

Cairn's pictures of the replication process produced by autoradiographyzé),
It shoul_d be observed, however, that there are still some difficulties in

this model associated with the enzymes necessary to build the two new
sugar-phosphate chains of different polarity simultaneously, and particularly

27)

the work by Kornberg "/ is of importance in this connection.

Here we will adopt the Y-model as the starﬁng point for our study,
and we will particularly focus the mterest on the xeplxga‘tmn zone itself,

The results have previoulybeen reported by the author 28) at the Rave110

29)

that.the genetic code is opened up to the environment by rotating one of the

Conference in 1963. Following a suggestion by Crick™ "/, we will assume
strands 180° with respect tc the axis of the helix; see Figs. 20 and 21.
Two new nucleotides may now be added from nutrition rAaterial in the
environment, ‘so that there are a total of four nucleotide bases in the
replication region which may be vcha.racter’ized as a "replication plane”,
even if the exact steric conditions may be rather varying. Depending on
the attachments to the sugar~phosphate chains, the four ba.seé will in the
next stage of the process be separated into two base pairs in such a wlay""

that each daughter molecule will get one old base and one new base in



proton code

Fig. 20. Geometry of the base piane in DNA and opening of the genetigr

code by rotating one strand 180° around the helical axis.
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Fige. 2i. Following a suggestion by Crick, the genetic code may be opened
to the envivonment by rotating one strand 18@'0 around the helical
axis; the figure illustrates the two nucleotide base pairs in the
"open® position ready for the addition of a pair of complementary

bases. The syrubol #AAA indicates a temporary hydrogen bond.



complete agreement with the original Watson-Crick model; see Fig. 22.

It is now instructive to study the detailed structure of the
"replication plane” consisting of four nucleotide bases, and the result
ig illustrated in Fig. 23. The figures indicate that, in normal replication,
the replication plane may be stabilized by at least two temporary hydrogen

bonds and that, around the helical axis, one has a parallelogram consisting

of two amino groups and two keto groups situated in opposite corners.

It is interesting to analyze also the "replication plane" ~which
occurs if one tries to incorporate a rare tautomeric base from the en-
vironment; see Fig. 24. The normal hydrogen bonds will fit as before, but
we note that, instead of the two temporary hydrogen bonds,' one will obtain
only one such bond and an antibonding combination in which either two
protons or two electron lone pairs will meet. The appearance of the
various parallelograms around the helical axis is indicated in Fig. 25,
Since a replication plane with a single tautomeric error has an energy
which is several electron volts higher than the normal replication pla,r;e,
the probability for the incorporation of a single rare tautomer is corre-

spondingly small, as may be seen from the Boltzmann factors in Table II.

Actually such a "purification™ procedure in the DNA synthesis
seems to be strongly needed in order to prevent an excess of incorporation
errors, since the tautomefic forms. of the nucleotide bases - as we have
pointed out before - do not seem to be as "rare" as was originally anti~
cipated. Particularly for some of the pyrimidine bases, the measured
equilibrium constants‘ K are comparatwely h1gh For methylcytosme,
Kenner‘kso) et al. has found the value K = 107" , and, for uracil an(i
brommuracil, Ifa_}trlzky and Wa.rmgso) "3 3

and. K = 10 , respectively. One cannot expect that the nutrition

have found the values X =

material should necessarily be in tautomeric t—:qu.J.h!:;r:.u.m9 but the figures
give some indications of the orders of magm.tude. The occurrence of a
"replication plane” in the Y-model of the DNA synthesis may hence be

of essential importance for the accuracy of the DNA replication.

In concluding this section, it should be observed thaf the mechanism
of the replication plane does not prevent the incorporation of "tautomeric

pairs of complementary bases™. The probability of such an event is to \



Screw motion
downwards

Fig. 22,

= 183. -

Original double

To separated
dauqm@g helices

Study of the Y -model combined with the idea that the genetic
code is opened by rotating one of the strands t80°  around the
helical axis in the replication zmone. Note particularly the

occurrence of four nucleotides together in the "replication plane”.
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The four bases in the "replication plane” after the addition of
twa new nucledtides from the environmeni. Note the cccurrence
of a parallelogram consisting of two aminogroups and two keto-
groups around the helical axis and the temporary hydrogen bonds
dencted by AnAA
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¢ §
some extent rvegulated by the product Kx K, where K and K are

the tastormeric equilibrium constants for a complementary pair of nitrogen
bases. Thfﬁ purine basss have many tautoraeric forms, and the equilibrium
constants for the forms characterized by the codes outlined in Fig. 16 have
not yet ' been accurately measured. Il does not seem unreasonable, however,
to expect that the value of the product K x K' will be of the same order of
m&gmtude as the sponfzneous mutation probabﬂitles per base pair and ,
generation, i.e. in the range 10 -8 to 107 1 as previously mentioned. The
replication scheme associated with the incorporation of a tautomeric pair

of éomplamentary bases is not as straightforward as one may first expect,
however, and this problem will be further discussed at the end of next

section; see particularly Fig. 30.

5. INTERNAL STABILITY OF THE GENETIC CODE IN DNA

In order to investigate the internal stability of the genetic code in
the base p&irs in DNA, it is necessary to study the problem of the proton
exchange as outlined in Secc. 3. Thm problem can only be solved by evaluating
‘e potential energy surfaces for the protons by ca}.culatmg the complete
charge distributions in the G-C and A-T base paire for varicus
positions of the protons in the hydrogen bonds. Since the protons in their
motion are going to strepgly polarize the clouds of the mobile Cﬁ)w‘lectrérm'
as well as the & -electrons in the lone pairs, this is a rather formidable

problem even with the help of modern electronic computers.

One may get a first rough idea of the shape and depth of the potential
wells by co'nsidering the binding of the protdn in some simple inorganic
comz.munds_; as water and ammonia. According to Pauling, for exa'mpleh,'
the a\.re'rage energy of the OH bﬂnd in water is 110. 6 kcal/mole or 4.7%4 eV,
the bond distancz is 0.96 &, and the stretchmg frequency is 3657.05 cm’ =4
oz Y = 1.0963 x 10t sec‘,"ﬁ» The average energy of the NH bond in
amrnonia ic 93.4 keal/mole ov 4. 049 eV, the bond distance is 1.01 A, and
the stretching frequency is 3334.7 cmai or )) = 1.0094 x 1014 “j’
However, it should bé ohsevved that, in the DNA base pairs, these bondsg

are essentially modificd by the fact that the oxygen and ?iitrogex; atoms belong



to conjugated systems with mobile T -electrons, which are easily
polarized by the protons. The figures mentioned above give anyway an
idea of the orders of magnitude one can expect to meet for the fundamental

quantities involved.

The charge and bond orders of the G«C and A-T base pairs in

31)

the Hlickel scheme were first evaluated by the Pullmans™ /. Using these

28)

may be of interest to start the entire investigation by evaluating the

data, the author made a first rough estimate which indicated that it
double-well potential for the proton in the middle bond in the G-C Dbase

pair.

At this time, it was also felt that, in order to get reliable results.
it would be necessary to refine the T —electron calculations beyond the

Hfickel scheme, and a semiempirical MO-LCAO-SCF method for study-
32)

33)

ing the base pairs was developed by Rein.and Ladik Using the charge

orders for the G-C pair obtained in this way, Ladik calculated the
potential felt by the proton in the middle hydrogen bond under the assump-
tion that both the ¥ - and the @ -electrons stayed unpolarized, and he
found a double-well potential with an energy difference of 2.72 eV between
the two minima and a potential barrier of 3.40 eV with respect to the
lowest minimum. It was clear that, even if this result was qualitatively
correct, the figures were greatly exaggerated depending on the neglect of

polarization.

In order to take the polarizing effect of the proton into full account,
Rein and Harris34) developed a refined MO-LCAO-SCF method in which
one considered explicitly the twentyfour Cfr-electrons cof the G-C base
pair as well as the four & -electrons of the hydrogen bond under con-
sideration; the calculations contain still one adjustable parameter K of
the type introduced by Wolfsberg énd Helmholtz35). The polarizing effect
of the proton was studied by solving the SCF equafioné rvepeatedly for twelve
subsequent protonic positions along the hydrogen bond. The resulting
potential was again a double~well potential with the energy difference 1.4
eV between the two minima and the barrier 1.8 eV with respect to the
deepest minimum. Even the excited and ionic states of the G-~C pair

have been treated in a similar’way36), and the results indicate that proton
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transfer in the hydrogen honds may be an important factor in the theory of

induced mutations caused by radiation or by charge-transfer compounds.

it hes been pointed out in Sec. 3. that, if a proton moves from one
eguilibrivm posiﬁon to the other in a hydrogen bond, it is likely to induce
the reverse motion of a proton in another hydrogen bond in order to main-
tain the gross electric neutrality of the system. The first ;’.nv_e,stigation of
the potential energy surface associated with the motion of two protons was
carried out by Rein and Harris?’?)
bonds in the G-C base pair. The MO-LCAQ~SCF equations for this

system of twentyfour W -electrons and twelve & -electrons were solved

in a study of the twa "upper" hydrogen

for 74 configurations of the two protons inthe N:H ... : N bond and the
upper O: ... H:iN bond. The calculations were carried out for several valu
of the Wolfsberg-Helmboltz parameter K, and finally comparatively

high values (K2%1.5) were chosen. The potential energy surface has

four minima corresponding to different metastable tautomeric forms, and
the equilibration among the tautomers through pfoton tunneling is estirnated
tc be comparatively fast with a tirmae constant of 3.8 x 10“5 sec; see Fig.
26. The enevgy difference aetween the normal form G-C and the tautomer
form G"< - Cq' obtained by double proton exchange along the two hydrogen
bonds is 0.65 eV, and the characteristic potential for simultaneous proton
exchange is illustrated in Fig. 27. We note that the equilibrium is quickly
achieved, and that the cnergy difference 0.65 eV at 310°K according to
Table Il corresponds to a Boltzmann factor of B = 10-10' 5., For a more
detailed discussion, the reader is referred to reference 27.

Using essentially the technique and computational prdg’ré.ms

38)

vnergy surface for the motion of the two protons in the hydrogen bonds of

developed in this way, Lunell and Sperber have evaluated the potential
the A-T base pair, and the results are illustrated in Fig. 28. There are
apparently three equilibrium positions, and the curve along the diagonal

is given in more detail in Fig. 29. Since the potential barriers are

comparatively high (f 2.7 eV), It is easily shown that only a negligible

amount of the proton population may pass over the barrier, whereas the
tautorneric equilibrium is instead quickly achieved through the tunnel

effect. The energy difference between the normal form A-T and the .
B3 3

main tautomeric form A T obtained through double proton exchange




|
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Fig. 26. Potential energy surface for the motion of the two protons in
| the two upper hydrogen bonds of the qué.nine-cytoéirié base pair
according to Rein ahd Harris (reference 37) All energies are
expressed in electron volts with respect to the deepest minimum.
*‘The coordinates RZ6 and RZO indicates the distances from the

guanine molecule for the upper proton and the middle proton,’
respectively. .
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hydrogen bonds of the adenine-thymine base pair according to Lunell and
Sperber (reference 38). Note that an energy difference of 0.7 eV at 310°K

corresponds to a Boltzmann factor of B =10~11.4,



is 0.7 eV, whichat T = 310° K corresponds to a Boltzmann factor
P - 1 1 = 4 ’
0of B =10

higher internal stability against mutations than the G-C base pair, in

39)

. This result iraplies that the A-T base pair has a somewhat
full agreement with data obtained by the Pullmans in an entirely

different wavy.

These calculations have been carried out by means of the IBM 709¢
computer at FOA in Stockholm and the CD 3600 computer ét the University
of Uppsala. Even if these calculations are some of the most elaborate
studies of siraple conjugated systems performed so far, they are far
from being sufficiently accurate for our purpose, and it is particularly
desirable to refine the treatment of the lone pairs and the & -skeleton
in general and eliminate the use of the Wolfsberg-Helmholtz parameter

K. Work along these lines is in progress.

Even in their present form, the figures obtained are probably
accurate erough to permis at least a qualitative discussion of the problem
of the internal stability of the genetic code in DNA. First of all, we
observe that the potential barriers seem to be high enough to prevent any
significant part of the proton population to pass above the barriers, and
that essentially all proton transfer occurs through the tunnel effect with
comparatively short tunneling times { ;’.0—5 sec), so that the tautomeric
equilibria are quickly achieved. The energy difference between the normal
base pairs and the tautomeric base pairs obtained through proton exchange
is 0.65 eV and 0.7 eV for the G-C and A-T pairs, respectively,

and these figures correspond to the Boltzmann factors 10«10' > and

167 . 4:. These factors should be compared with the spontaneous mutation
probabilities per base pé.ir and generation, which experimentally lie in
the range between 10-8 and 1(3‘“11 according to Freeselo . Such an
agreement is certainly “too good to be true"”, and we have all reasons to
be critical against so good results. However, it seems anyway rather
setisfying that the genetic code in DNA even within rather wide margins
seems to be sufficiently stable even with respect to proton tunneling. So

far, all data obhtained counfirm the Watson-Crick model.



1]

Proton-tunneling io the "rare” base pairs. - At normal temperature,

say T = 3IOOK, proton exchange in the normal base pairs G-C and

A-T is a quick but exceedingly rare event leading to the formation of
#* k * A ]

the tautomeric pairs G -C and A =T . It is now of interest to

study the phenomenon of proton tunneling in the four anomalous base pairs:

R, A=¢*, G"=T, 6-T"

which are related two and two by double proton exchange. A studyéo)

of
the “T -electron energies favors the forms AwC* and G*—T, in
which the bases A and T are normal. In time for the Study Week,
Lunell and Spe}:’bergg} have concluded a calculation of the double-well
potential for the A*wC base pair and found that the form A—Cs< has
a total energy which is 0.5 eV lower than the form A*-C and that the
potential barrier in the middle is .05 eV with Tespect to the higher
minirmum. This result implies that the form A - is unstable with
respect to double proton exchange and quickly goes over practically
completely to the form A- G . Prehmmary calculations indicate that
a similar result holds also for the G-«T* pair which quickly through

double proton exchange goes over into the form G -T.

-This double proton exchange in the "rare" base pairs seems to
be of essential importance in discussing the effect of incorporation errors
at DNA replication. One can expect that the nutrition material at the
replication contains all the nucleosidetriphosphateé of the bases A, T, G,
C and their "rare" tautomeric forms A*, ’I‘*, G, C* of the type
described in Fig. 16, as well as other tautomeric forms. One may get
an idea of the probability distribution over the various forms bjcalnculating
their total energies. However, since only the difference in energy between
the normal and the tautomeric form is of importance, one may, in a first
approximation,” calculate the difference between the energies of the mobile
electrons, since the change in polarization of these electrons is one of the

main effects of the replacement of the proton in the tautomeric shift.

The Y -electron energies of the nitrogen bases and their tautomeric

31)

forms were first evaluated in the Hlckel scheme by the Pullmans



Using slightly modified data from reference 4, p. 296, one gets the

following result:

A T G C

Normal form: 128 +1?.214ﬁ 12 +22.512P 14 +22.094f5 10X +16.096
Tautomeric form: 120 +16.940/5 12w +21.798F’ 14 +21.482ﬂ 100(+15.962/3
T " H
Difference: 0.274F O.?Mﬁ 0.612# 0..032/'33
where / i.s the Hlckel bond integral with the approximate value

& - 18 kcal/mole = - 0.78 eV. The results imply that, of all four
nitrogen bases, cytosine C 1is most likely to occur in its tautomeric form
¢’ - aresult already obtained by the Pullmans39) ~and the other bases

come then in the order adenine A, guanine G, and thymine T.

In sec. 4, it was shown that the incorporation of a single tautomeric
base in the "replication plane" was highly improbable, but that one céuid
not e}’cclude‘ the incorporation of a tautomeric pair of complementary bases
(A*,’ Ta‘) or (G#:, C*)a The T -electron data given above indicate
that the probability for the occurrence of a complementary tautomeric pair
is much smaller for (A*, T*) than for (G*, ‘C*), and the essential

incorporation error involves the latter pair.

It should be observed, however, that the replication schemes will be
modified by the previously ‘mentioned unstability of A*-C and G-T*
with respect to double proton exc'hange In Fig. 30 a, we have outlined the
replication scheme of a G-C base pair after the 1ncorporat10n of the
tautomeric pair (T A ) in the replication plane, and we note that 'the
process leads to a mutation G:C-» A-T which undergoes "biological
amplification" by the factors 2,4,8,16, 32, ... etc. In Fig. 30 b, we
have sketched the replication scheme of an A-T base pair after incor-
poration of the tautomeric pair (C*,' G*);' and we note that the process
does not lead to a mutation until the forms C* and G* in some way
have undergone a tautomeric shift and gone over into the normal forms.
Available data indicate that, if the pair (C*, G*) is very rare at
tautomeric equilibrium, the pair (T*,' A*) should be exceedingly rare,

and the processes discussed sbove may then also be of importance in the
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G._,... C Incorpo:gtic:z of a tautomeric
_ pair (T , A ) from the en-
/ d \ vironrﬁent in the replication
G—-—-T %J/ kA*____,C plane

l Double proton
o>

exchange

G— A—C

7 \/ \

G=-T
\

Fig. 30.

A—T A—T A—C” (a)
L J )

A T Incorporation of a tautomeric
R % .
- \ pair (C ', G ) from the en-
vironment in the replication
;*(-,\/ \ P

G i"‘T plane '

R \ ) )) (b)

Replication scheme for the normal base pairs under incorporation
of tautomenc pairs of complementary bases; note that the pair
(T A ) occurrlng in (a) is apparently rare in compamsor\ to the

pair (C G ) occurring in (b).



purification of DNA replication with respect to errors leading to mutations
and in explaining "why spontaneous mutations are so rare". The figures
in this section are, of course, highly preliminary, and it seems essential
to study these problems with considerably more accuracy in greater
detail.

6. BIOLOGICAL SIGNIFICANCE OF THE STABILITY OF DNA

The DNA molecule carrying the genetic message is situated in the
chromosomes in the cell nucleus, and from this position it regulates the
entire metabolism of the cell, particularly the protein synthesis occurring
in the ribosomes in the cytoplasm. The genetic instruction is carried
from the DNA meolecule to the various parts of the cell by a certain com-
pound called messenger-RNA. This is also a ribonucleic acid which seems

to be essentially one-stranded and contains the-érdinary four nitrogen
bases but with thymine T replaced by uracil U, which is analbgo‘us
to thymine having the methyl group replaced by hydrogen. It seems clear

that, in the transcription of the genetic message, messenger-RNA is

synthesized in the deep grc)ové of DNA by means of the template principle,
but it is not yet experimeh’c’aﬂy known whether this involves a temporary
opening of the genetic code by releasing the hydrogen bonds or whether the
genetic message is "read" in a proton-electronpair "copy" associated
with the 6-amino and 6-keto groups in the deep groove of DNA; see Fig. 14.
For a survey of the literature in this field, we would like to refer'to |

reference 4. S )

The mes senger-RNA regulates again the protein synthesis in the
ribosomes by the template principle. Each one of the twenty amino acids
is attached to an "adapter" in the form of a comparatively small molecule
of soluble RNA (s-RNA) which carries the amino acid to its correct place
" on the messenger RNA by means of cdhlplementarity between a small
nucleotide part of the adapter and the template. There are further good
reasons for believing that a triplet of consecutive bases in the genetic
message of DNA corresponds to one amino acid, and a great deal of research

is currently devoted to this so~-called coding problem. The metabolism



of the cell seems hence to be essentially regulated by the simpie rule:
DNA —> RNA —3 Proteins,

which is now almost universally accepted as the basis for the entire

molecular biology.

Mutations and Evolution of Life. - As mentioned in the introduction, one.

has strong experimental evidence that the change of the genetic template
of a single base pair may lead to a change of one amino acid in a specific
protein, which means that the change of a single sign in the genetic code
may lead to a mutationé). Since the introduction of the Watson-Crick model
of DNA, it has seemed clear that the occurrence of spontaneous mutations
in some way should be associated with the natural occurrence of tauto-
meric forms of the base pair, and the main problem has not been to find
possible. mitation mechamsms but instead to explain "why spontaneous;
mutations are as rare events as they are". The purpose of the study
reported here has also been to show that the genetic code has sufficient
stability against incorporation errors as well as against proton exchange

through tunnel effects.

At the same time, it is rather fascinating to realize that the
tautomeric forms differ from the normal forms only by having a single
proton replaced a distance which is approximately 2,3 A, or that tauto-
meric forms may be produced by: having a proton changing its place by
jumping about 1 A. One of the strongest driving forces in the evolution of
living orgamsms on the earth through mutations may hence be proton jumps
over a distance of 1 & = 10 -8 cm facilitated by the guantum- -mechanical

tunnel eff ect.

The spontaneous mutations involve changes of base pairs of the
‘type A-T&2G-C which are reversible. Our study indicates that the
A-T pair shéuld have higher stability than the G-C pair, which implies
that the spontaneous mutations should in the long run favor the direction
G-C —»A-T. It is perhaps not a mere coincidence that Chargaff's
investigations of the base contents of DNA show that the hlgher organism

have a considerably 1arger content of A-T pairs than G-C pairsin



their DNA-molecules.

Our result that the genetic template in DNA consists essentially
of a pattern of protons and electron pairs is of importance also in

discussing mechanisms for induced mutations. If one of the strands of

DNA becomes electrically charged - through weak UV -radiation, through
ionizing radiation, or through charge-transfer reactions - it seems very
likely that all protons of the hydrogen bonds in the base pairs may end up
on one and the same side leading to ionic tautomeric forms which will
then cause deletions at the DNA -replication. For a more detailed account,

we will refer to references 4, 33, 36, and 37.

In connection with mutagens having a certain steric structure, as
e.g. acridine, it is interesting to study to what an extent such compounds
may be incorporated in the replication planes instead of new nucleotides
(see Figs. 21 and 23), since this would lead to a simple interchelation
mechanism. Errors of this type lead to mutations which are irreversible,

since they depend on deletions in the genetic message.

Aging. - Even the aging of biological organisms is today a phenomenon
which is often considered on the basis of molecular and submolecular
biology. Several authors have emphasized the importance of possible
damage to the genetic code and the occurrence of somatic mutations as

. 41)
causes of aging " "’.

In this connection, there is a distinct difference between unicellular
and multicellular organisms. A unicellular organism propagates by cell
division and, since one cell suddenly becomes two, two becomé four: etc.,
a cell lacks individual identity and cannot age in the ordinary sense, particularly
if the time span between two cell divisions is comparatively short. If such
a cell becomes damaged, it will either die directly or lose out in the
struggle for existence in competition with normal cells. This implies that

a system of such cells will usually not show any loss of vigor with time.

_ In multicellular organisms, the circumstances are rather different.
The metabolism of each cell is regulated by its genetic code which is read
over and over again in the formation of messenger-RNA necessary for the
protein synthesis. The transcription is carried out by means of such |

templates that hydrogen bonds are formed and broken again. Our study in



Sec. 5 as to the double-well potentials indicates that each hydrogen

bond between complementary base pairs contains inevitably a "proton
error" of the order of magnitude 10"19 to IO-H, which becomes
manifested when the bond is broken, since the protons are then forced

to "choose side”. This means that every transcription introduces necessar-
ily a small error in the proton-electronpair code of DNA which has been
utilized for this purpose, i.e. there is a specific loss of genetic informa-
tion of the cell concerned which is essentially proportienal to the number
of transcriptions, i.e. to the rate of metabolism of the cell. Since the
proton error mentioned above is certainly only a lower bound, it seems
worthwhile to investigate whether this loss of genetic information through
repeated transcriptions in any way may be related to the primary cause

of the phenomenon of aging.

It is rather remarkable that, in multicellular organisms, the
gametes are set aside in an early stage of life and are not brought to full

metabolism and maturity until the time they are really needed.

In this connection, one should observe that the multicellular
organisms have two types of tissues, which will here be denoted by I and
iI, and which differ by their mbdes of ieplication. Tissues of type I renew:
themselves periodically by cell replication, whereas, in tissues of type 1I,
the cells have stopped their replication at a certain stage of life, so that
such a tissue belongs to the mature organism once and for all. Nerve cells

and brain cells are typical examples of the second type.

In tissues of type I, where the cells divide frequently, a lax,rge‘
damage to the genetic code will usually cause only little harm; since
the corresponding cell will immediately lose out in competition with the
normal cells. On the other hand, there is a certain "average” loss of the
genetic code in all the cells through the metabolism which may cause
tissues of this type to age, even if half of the DNA-molecule are sorted out

at every replication.

In tissues of type II, where the cells belong to themature organism
once and for all, the loss of the genetic information thi'ough the repeated
transcriptions necessary for the protein synthesis and the general meta-
bolism is a still more serious phenomenon, since the cell may finally lose

the information necessary to produce vital structural proteins or enzymes
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and will finally die. It does not seem unreasonable to think that the
primary cause of aging of m&lticellular organisms would be concentrated
to such cells, and it seems ét least worthwhile to study these problems

in greater detail, and particularly a closer investigation of the transcrip-

‘tion process would be of essential importance. ..

Qccurrence of Tumoré and Cancer. - A tumor may be described as an
"individual within the individual™, and it seems rather natural that many
authors have discussed the possibility that tumors and cancer may be
caused by somatic mutations, i.e. changes in the genetic code in the
cells of the body. Cancer may be described as the growth of abnormal
cells inthe organism which have a higher rate of metabolism and replica~
tion power than the normal cells and which heﬁce take over the organic
material in large areas and form maligﬁaht tumors. It is characteristic
for the cancer cells that they often seem to lose the specificity of the
tissue from which they originate, that they easily form daughter tumoexs
(metastasis), and that they do not seem to activate the ordinary 1mmun,o~

logical reactions of the organism. f,

The theory of the cause ef cancer is complicatéd by the fact th/a.t

many chemical compounds which are strong mutagens are not carcinogenic,

and vice versa, and today it seems hardly justified to assume that somatic

mutations associated with certain changes in the genetic code would be the

only cause of tumors.’ In the deletion hypothesis, cancer is assumed to be '

essentially caused by the fact that some growth - controlling factors in the
cell or in the organism - enzymes, hormons, etc. ~ for some veasons have
been deleted This may depend on an error in the DNA molecule 1tse1f e.g-
through a somatic mutation, or it may depend on other errors along the
basic assembly line DNA ~—> RNA —% prote:ms in the hormon producing

cells or in the cells of the tissue d1rect1y concerned.

In discussing these problems, it is important to understand how the
cell differentiation in a multicellular organism is achieved. One knows
from experience that each cell of the organism has the same complete genetic
message contained in a system of DNA molecules but also that, in the
differentiated cells, only a very small part of this information is utilized

for the synthesm of the structural proteins and enzymes which are needed.



Plattéz) has compared the system of DNA molecules with a book with
many chapters, in which only a specific ch%.pter is "read" and utilized
for controlling the metabolism in a special ltype of cell, whereas all the
other chapters are "closed". The reading of the open chapter of the book
is regulated by processes of the type successfully investigated by Jacob
and M«onod‘]:3 , but one still does not know whether similar processes
regulate also the closed chapters, or whether they are simply "closed"

by certain molecules blocking the reading of the deep groove in DNA.

One may wonder how a cell obtains such a specific message as
"read chapter one”, "read chapter two", etc. The simplest mechanism
is based on the idea that a certain information I, which originally rr}aiir
have been obtained e.g. by reading a single strand of DNA; is not duplicated
before a cell division but is instead divided into two parts, I = }Z1 + IZ’
going into different daughter cells. This leads to a replication scheme which

is schematically illustrated in Fig. 31.

: When the material in a tissue is renewed, it is essential that both
tﬁg DNA molecule as well as the molecules regulating the reading of DNA
ar\'*e properly duplicated before cell division. The DNA molecule has a
ste{bilizing protein (histone) in its shallow groove, and it seems very likely
that it has a similar protein cover also in the deep groove, which may be
removed for replication and transcription of the genetic message. If, at a
cell replication, some of the molecules which eventually block certain
parts of the deep groove of DNA would be deleted, the cell would lose part
of its differentiation and probably get a foreign appearence in the tissue.
However, since the cell does not contain a,;ny molecules which are foreign
to the organism, the usual immunologicai reactions are not immediately
activated. For the moment, one does not know what happens when a skin
cell starts reading the chapter about brain cells, but it seems certainly
worthwhile to investigate the existence and properties of partly 'dedifferen~
tiated" cells in connection with the problem of tumors and cancer. It is
also important to consider the DNA molecule with its protein cover, i.e.

as a nucleoprotein, and we note that a DNA molecule without its proper

framework may be very dangerous to the organism - not because of lack

of genetic information, but because of too much information simultaneously.



Fig. 31. Cell replication leaéing to a differentation of the cells. D = DNA

. content, I = Information for reading DNA.



This variant of the deletion hypothesis is appealing from the point
of view that it explains the tendency of cancer to form daughter tumors
through defect nucleoproteins as well as the lack of strong immunological
reactions. There may be many reasons for the deletion of the transcrip-
tion-controlling molecules: there may be a basic enzyme missing through
aging or through damage to the genetic code caused by radiation or
chemicals, or the controlling molecules themselves may have been damaged
by radiation or by chewmicals (inc;ludiqg external viruses). This is certainly
an immense area of rese‘arch, and wé have here only tried to emphasize
the fact that, in connection with tumors and cancer, one should not only
investigate the genetic message but also the instructions for reading this
message, including the "blocking” of a large part of the genetic code in

any differentiated cell.

The interest is again focused on the genetic code and the reading

and blocking of the message in the deep g'roove of DNA, and it seems rather

obvious that the templates formed by proton-electronpair patterns and”
the molding of new templates through hydrogen bonds are going to play a

fundamental role also in this connection.

Memory. - Our analysis of the genetic code in Sec. 3 shows that, in the
DNA and RNA molecules, nature has found an excellent mechanism for
the long-time storage of information in the form of a proton-electronpair

code of the type
<D H

Counting the proton, one gets the symbols O or I, and such a stdrage

is hence completely analogous to the storage mechanism in a2 modern
electronic computer, with the difference that the "microcomponents®

used by nature can hardly be beaten by any technical development. The
question is now whether nature is using a similar type of device also for
storing short-time information of the type usually referred to as "memory" -
the ordinary conscious memory, the reflex memory, the "chemical memory"
rendering immuhity against diseases, etc. There are strong indications

that nature is utilizing DNA and RNA molecules also for this purpose, b;xt

very little is known about the detailed mechanism. It seems very likely,



however, that the hydrogen bonds are of basic importance also in this

important field of biology.

Conclusions. - In this section, we have discussed certain fundamental

biological problems from the point of view of the Watson-Crick model
and the study of the stability of the genetic code carried out in Secs. 3-5.
There is hardly any question that all these problems have béen greatly
oversimplified, and that a complete discussion has to include not only the
properties of the DNA molecule and the metabolic assembly lire DNA —7
RNA —»proteins, but the cell and the organism as a whole. It is clear
that a great deal of additional experimental information is needed to give
the theory a firmer ground to work on. It is evident, however, that
hydrogen bonds are going to play a fundamental role even in the refined

theories to come.
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