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ABSTRACT
Part I+ Cation-Binding Properties of Nonactin.,

In an effort to elucidate the cation specificity of
certain macrocyclic antibiotics in metabolic behavior, the
nature of the binding of K+; Na+ and Cs+ ions to the macro-
tetrolide nonactin and the molecular structure of the nonac-
tin complexes have been investigated by 220 MHz proton
magnetlic resonance spectroscopy. Studlies were made in dry
acetone and 1n an acetone-water mixture as a function of
varying perchlorate salt concentrations., Salt-induced
chemical shifts were observed for all the nonactin protons,
except H2 and H21. with accompanying changes in the vicinal
coupling constants between the H2 and H3 protons and between
the H5 and H6—H6, protons. Analysis of the salt-induced
shifts yielded apparent formation constants for each of the
ions in both solvent systems. The results indicate that all
three ions bind to nonactin with equally high affinity in
dry acetone, but that in wet acetone the binding constants
are preferentially reduced making the potassium complex
highly favored. It is shown that in wet acetone the alkali
ion must be stripped of its hydration shell prior to its
accomodation in the nonactin cavity, and hence we surmise
that differences in hydration energies for the various ions
must contribute significantly to the lon selective behavior
of nonactin., Analysis oflimitingchemical shifts and
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coupling constants also indicates that the nonactin mole-
cule undergoes sizable.conformation changes on complex
formation, but that the complexes formed, all spherical
with a nonsolvated ion at theilr center, differ little in
exterior geometry. These results are interpreted in terms
of their implications on a simple model for ion transport

in a blological membrane,
Part 1IIs Salt Effects on Nucleotide Conformation.

Agqueous solutions of uracil, uridine, deoxyuridine,
uridine 3'-monophosphate (3'-UMP), and uridine 5'-monophos-
phate (5'=-UMP) have been investigated by proton magnetic
resonance spectroscopy as a function of electrolyte concen-
tration. The addition of a "solvent-structure breaking"
salt such as Mg(ClOu)2 or NaCl0, to solutions of the nucleo-
sides and nucleotides was found to result in significant
upfield shifts of the uracil H6 resonance. In the cases of
uridine and 5'-UMP, these salt-induced shifts were accom-
panied by a decrease in the ribose Hl"HZ' coupling constant,
and in the case of 5'-UMP, significant changes in certain
intramolecular nuclear Overhauser effects were observed.,
These observations are interpreted in terms of a salt-
induced conformation change, involving the orientation‘of
the uracil base about the glycosidic bond and the puckering
of the furanose ring. In view of apparent correlation be-

tween the salt-induced shifts of the uracil H6 resonance



and the "solvent-structure breaking" properties of the salt,
it 1s proposed that the addition of salt modifies the sol-
vent structure of the solution, which in turn can affect
the average orientation of the base about the glycosidic
bond, The ribose conformation change 1s considered to be a
secondary effect resulting from nonbonded interactions be-
tween the base and furanose moleties and occurring only to
an extent commensurate with the rigidity of the ribose ring.
Calculations based on current theories describing the roles
of the solvent in hydrophobic bonding are given in support

of these conclusions.
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PART I

CATION=-BINDING PROPERTIES OF NONACTIN



1. INTRODUCTION

The mechanism of ion transport through natural
membranes, especially that of Nat-x* transport, is of great
importance in biology. Membranes which are normally
impervious to ions are here provided with complex enzymatic
transport systems which provide for the selective, and even
active, transport of potassium ion against established
electro-chemical potentlals. This process 1s essential to
the transmission of nerve impulses, the secretion and
absorption of ions by specialized cells, the maintenance of
cellular volume and the regulation and coupling of a host
of metabolic systems. In spite of its potential signifi-
cance, the elucidation at a molecular level of this
potassium transport chain has escaped researchers for many
years; this basically because of its inherent complexity

and intimate coupling to other membrane functions.

1.1 Characterization of the Ionophorous Antibiotics

There are, however, simple molecules which, when
added to a natural or artificial membrane, can mimic the
more complex transport systems in many respects. These
molecules, designated ion transport or "ionophorous" anti-
biotics, impart ion permeability and selectivity to syn-
thetic membranes and enhance ion transport in functioning

natural membrane systems. They may ln fact be a part of the



transport chain in the unicellular organisms from which
they are isolated. These molecules can thus aid in the
study of naturally occurring lon transport systems, not
only by analogy, but also by their additive and repressive
effects on the more complex systems found in higher
organisms.(l’z)
Most of the lonophores were discovered in connection
with the antimicrobial activity of certalin strains of the
(3,4)

streptomyces family of fungil; hence their classifica-
tion as antiblotics. The actlive agents in these strepto-
myces fermenfations were lisolated and from these a number
of ionophores characterized.(s'é)
Although they display similar physlologlical effects,
these molecules are chemically quite diverse. The diversity
is apparent from the examples given in Figure 1. The
molecules range from cyclic polypeptides, such as gramicidin

(7) (1)

S and alimethicin, to macrotetrolides, such as
(8)

nonactin and dinactin. Cyclic depsipeptides like valino-
mycin and the enniatins(8> are included along with the less
well characterized carbohydrate molecules monensin(l) and

(9)

nigericin. Recently Pedersen of duPont has also succeed-
ed in making synthetic analogues of the natural lonophores,
namely the cyclic polyethers exemplified by the dibenzo-18-
crown-6 depicted in Figure 1.(10’11)
Pressman has suggested the division of the ionophores

into two classes on the basis of a difference in their



FIGURE 1

Ionophorous antibiotics:

(a)
(b)
(c)
(d)
(e)

nonactin
dibenzo~18-crown-6
gramicidin S
valinomycin

monensin.,






. (1.12
action on respiring mitochondria.( 12} These are the

valinomycin class which stimulates the active accumulation of
K+ in mitochondria and the nigericin class which, although
also stimulating transport, does so in such a way as to
dissipate the energy-supported K+ gradient normally present.
The members of each class, although still chemically
diverse, have a great many properties in common. For
instance, the members of the valinomycin class are all
neutral, cyclic molecules, having a basically hydrophobic
exterior and an lonophilic core. They are small molecules
of molecular welght 500 to a few thousand and they have a
curious alternation of d and 1 lsomers about their rings.
In addition to valinomycin itself, this class includes:

nonactin, gramicidin S, and the enniatins a and b.(lz)

The
members of the nigericin class tend to be linear, at least
with respect to their primary structure, with an ionizable
carbonylic acid group as a salient feature. Cyclic second-
ary structures for these molecules have, however, been

(1)

proposed. They, like the valinomycin-type molecules,
have large, hydrophobic areas and exhibit an affinity for
certain alkall cations. The nigericin class includes, in
addition to nigericin, molecules such as monensin and

(12) In this thesis we wish to direct our

dianemycin,
attention to the macrotetrolide nonactin, a valinomycin-
type antiblotic.

The earliest and most extensive physiochemical



studies employing nonactin and other valinomycin class anti-
bilotics concern thelr effects on the metabolic processes of
mitochondria, bacterial chromatophores and other subcellular
structures., Mitochondria have as their principal function
the production of energy-storing ATP through the oxidative
phosphorylation cycle. The membrane structure of mitochon-
dria provides for the organization of enzyme systems and the
maintenance of the ion gradients which seem essential to the
production process. The addition of a valinomycin-type
antibiotic to this structure disrupts the normal flow of
synthesis, presumably by changing the permeability
characteristics of the membrane. The principal results of
this disruption are: a stimulation of respiration,(IB'IS)

(5,15) an uncoupling of the

(5,15)

an increase in ATPase activity,

normal oxidation to phosphorylation ratio,

of the mitochondrial structure(7'13’14’l6) and an uptake of

(7,13,17)

a swelling

kT from the surrounding medium,
In bacterial chromatophores photosynthesis replaces
oxidation as the primary energy source. As a result, un-
coupling of photophosphorylation, rather than oxidative
phosphorylation, 1s a frequent consequence of the addition
of an ionophore. In additlion, light dependent H+ uptake,
membrane swelling, and the inhibition of ATP formation is
observed in the presence of the antibiotics.(l8-20)

Present concepts of the mechanism of the antibiotic

action arose slowly from these and subsequent studies. The



observation that all of the effects depended on the simulta-
neous presence of an alkali cation, preferentially K+, first
led to the bellef that valinomycin action was mediated

(17)

through the K+ transport system. The relation of ion
transport to the other processes of oxidation, phosphoryla-
tion, and membrane swelling is a complex one. The two most
common theories involve coupling via a common high energy

(21)

intermediate, or via an electrochemical potential,
established by unidirectional movement of hydrogen ions
during the oxidation process.(zz) According to the first
theory the valinomycin class antibiotic would act by facili-
tating transport of the ion to the initiation site for the
active transport chain putting an additional drain on the

common high energy intermediate.(12'15)

According to the
second theory, which seems more applicable in the case of
the nigericin-type antibliotic, the potential driving ATP
synthesis would be somewhat reduced, either by the neutrali-
zation of charge through the promoted efflux of K+ or by a
more direct effect due to the transport of H+ in the

neutralized form of the antibiotic.(lu’ZB)

Regardless of
the mechanism which proves to be correct, both rely on the
ability of the ionophore to increase to some extent
membrane permeability., That the antibiotics have this
ability was subsequently established by K+ tracer studies on
(24)

natural membrane systems and conductance measurements on

a number of synthetic analogues.



Foremost among the conductance studies are measure-
ments on 1lipid bilayers. Here Meuller and Rudin measured
directly the bilayer conductance and biionic potentials in
the presence and absence of valinomycin, the gramicidins,
the enhiatins, nonactin, and dinactin. Valinomycin reduced
membrane conductance by as much as a factor of lO8 and
selective permeabllity ratios for K+ over Na+ as high as

(8)

LOO0 were observed. Stefanac and Simon have demonstrated
similar behavior using antibiotic —CClu saturated sintered
glass discs as a model membrane. For nonactin saturated

membranes, EMF measurements indicated selectivity constants

(25)

for KT over Na© of 500 or more., These induced conduct-
ance changes make plausible thelanticipated permeability
increase in natural membranes as well as the preferential
requirement for potassium.

The conductance studies have also given rise to a
number of more direct studies involving the interaction of
antibiotics with lons. In organic solvents, notably methan-
ol, several antiblotics have been found to form stable, 1 to
1 complexes with the ions. In a few cases binding constants
have been measured and, although they show a qualitative
preference for K¥, they do not in general show selectivity
of the magnitude observed in conductance experiments.(26'27)
These studles, nevertheless, glive some insight into the

interaction of the antiblotic with the lon. Infrared

observations of the enniatins, nonactin, and valinomycin have
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established that the central carbonyl groups of many of
these compounds interact with the bound ion, and have led to
the picture of the ion being bound in a polar core, while
the quite hydrophoblc exterior allows the complex to be

(26,28,29)

lipid soluble. In fact, thls picture has been

recently confirmed, at least in crystal form, for K+ com-
plexes of valinomycin and nonactin by X-ray studies.(Bo'Bl)
Experiments, such as the conductance measurements and
ion binding studies, have provided sufficient information
about the properties of these antibiotics to lead to several
proposed mechanisms for ion transport. One of the earlier
proposals postulates the antiblotics to be surface active
forming an ilonophilic pore in the normally lmpervious mem-

(14) This was later

brane through which the ilon could pass,
extended to a channel model which necessitates the alignment
of a series of the toroidal antibiotics in the form of a
continuous ionophllic channel through the membrane. Here
the ion 1s rapidly passed from one stationary ilonophore to
another during the transport process. Both models derive
their ion selectivity from steric limitations of the macro-
cycle pore, invoking a correlation between either ionic
radius or hydrated ionic radius and pore size to determine

(8)

the selected ion. A more recent and linherently simpler
theory relles on the ability of the lonophore to act as a
lipid soluble ion carrier. The antibiotic complexes with

the ion at or near the surface and then diffuses as an



11

entity through the 1lipid phase to the opposite interface

where the lon is released.(lz’Bz)

In general, this may in-
volve the participation of several lonophores, the ion
being péﬁsed from one to anether during the course of
diffusion.(33) Elsenman et _al. have treated the model in
detail for a somewhat simplified case in which the process
is diffusion limited and have met with limited success in
(34)

explaining conductance data. Here the complex is
formed rapidly and reversibly at the surface and then
diffuses slowly through the membrane. Under these circum-
stances Eilsenman feels that selectivity is determined
largely by a difference in aqueous solution complex forma-
tion constants. There are, however, differences of opinion
over this point. It has also been proposed that for this
model selectivity can arise from a difference in complex
mobilities.(Bz) In the lipid phase these differences would
come largely from variations in the exterior complex
geometry. Such variations could be indirectly the result of
size variations of bound non-hydrated or hydrated ions.,

As is apparent from the diversity in these proposed
models for ionophore faclilitated transport and ion selecti-
vity, there remain & number of important polnts which must
be conslidered if the various mechanlisms are to be distin-
guished. The first is the question of precise complex
stoichiometry., Existing X-ray and spectrophotometric

studies have provided only evidence of 1l:1 complex
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(26,30) but under appropriate conditions the

stoichiometry,
antiblotic must have some tendency for aggregation i1f the
channel mechanism is to be at all feaslible. An experiment
capable of detecting such aggregation would be of value in
testing the plausibility of the channel mechanism.

Providing a distinction between carrier and channel mecha-
nisms is made, one is faced with a second question of the
origin of ion selectivity. An important consideration here
is that of complex geometry. In the pore model it was
proposed that selectivity arises from rigid steric limita-
tions imposed by the ring, and in the carrier model differ-
ences in exterior geometry were cited as giving rise to
selectivity through their effect on complex mobilities.
Recently a few structural studies of gramicidin S, valinomy-

(35-37)

cin, and monensin have appeared, and earlier X-ray
work on nonactin has provided some information about the
conformation of 1its K+ complex in crystal form,(Bo) but
without further data on complexes wlith other lons no
comparison of structural properties can be made., In Eisen-
man‘’s model selectivity arises from simple thermodynamic
properties of the iong(Bu) so here a determination of equi-
1librium complex formation constants becomes important. For
the study of ion-binding the cholice of an appropriate medium
is particularly important and especially the role of water
and an ion hydration sphere should be investigated. A

third question for study is one involving the kinetics of
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the transport process. An ion carrier model such as Eisen-
man's depends heavily on the validity of certain assumed

kinetic 1imits.(3u)

Only when complex formation rates in
the aqueous phase are extremely fast can thermodynamic
binding constants influence directly selectivity in ion
transport, and only when dissoclation rates In the 1lipid
phase are very slow is a single carrier involved in the
transport process. Therefore an independent measure of the
rate of any one step in the transport process would be of
considerable value.

As an attempt to clarify some of these points we have
undertaken a detailed proton magnetic resonance (pmr) study
of the solution properties of the lonophorous antibiotic
nonactin. Complex stoichiometry, especlially any tendency
for aggregatlion, will be noted. The characterization of
the solution conformation of & number of alkall lon-nonactin
complexes will be attempted. The thermodynamic binding
constants for the various lons will be determined, specifi-
cally in the presence and absence of ion hydration spheres,
and kinetic limits for the complex formation process will
be estimated., The successful completion of this study
should add substantially to our insight into the action of

at least this one lonophorous antibiotic.
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1.2. Selection of Pmr as a Method of Study

Although the properties of nonactin could have been
studied in part by the use of a number of experimental
techniques, the selectlon of proton magnetic resonance was
not entirely by chance. Pmr as an experimental technique
offers many advantages. First, a wealth of data is attain-
able from most biological molecules, since pmr requires only
the presence of a proton, as opposed to a more complex
molecular chromophore. Second, the data obtained can be
interpreted in structural terms in a relatively straight-
forward manner. Third, for processes which occur at a rate
of 10 to 104 times per second kinetic, as well as structural,
data are avallable. And fourth, these data can be obtained
in a solution environment which at least approximates the
natural one. Therefore for a molecule of the size and
complexity of a typical lonophore, having as an important
feature the structure of its hydrocarbon exterior and in-
volving kinetics occurring at the rate of K+ transport,
proton magnetic resonance (pmr) spectroscopy is perhaps one
of the more useful methods.

In the conventional magnetic resonance experiment
there are three parameters which can yield useful informa-
tion: the chemical shift, the spin-spin coupling constant,
and the inherent resonance line width. The chemical shift

is a measuré'of the relative extent of shielding of the
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proton from an externally applied field., For C-H bonds the
ma jor effect ls that of diamagnetic shielding arising from
the electronic structure of the bond involving the proton
in question. This, however, is modified by space contribu-
tions of functional groups having large magnetic aniso-
troples which directly alter the shielding of the proton
from the externally applied magnetic field or of functional
groups whose electric polarizations can distort the electron
distribution about the proton in such a way as to indirectly
change the extent of local shielding. Effects of both local
electric fields and magnetic fields depend strongly on the
spacial relationship of the source and the proton in qﬁes-
tion making the chemical shift sensitive to both molecular
conformation changes and molecular associations.(38) Now,
with respect to the problem at hand, changes in chemical
shift can be interpreted in terms_of the molecular structure
of a free or complexed antiblotic and, under fast exchange
conditions, alterations in chemical shifts arising from the
association of ion and ionophore may be used to monitor as a
function of solution stoichiometry the extent of complex
formation. In this way lon assocliation constants, as well
as structural information, can be determined.

Coupling constants can also be useful in the investi-
gation of molecular conformation by pmr. Scalar proton
coupling 1is transferred from one proton to another via'

nuclear polarization of the intervening electrons. The
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magnitude of the coupling constant is then determined by
the electron density at the two coupled nuclei, as well as
the extent of electron exchange along the bonding chain of
atoms. The electron density is largely independent of
molecular conformation, but the exchange term, at least for
vicinal coupling along C-C double bonds, depends on the
dihedral angle between H\C-C fragments, Karplus has ex-
pressed this relationship in equation form and this equa-
tion will be used to give insight into nonactin conformation
in free and complexed states.(Bg)
Line widths, although giving little conformational
information, imply much in relation to the kinetic processes
involved. For systems in which the magnetic environment of
a proton differs either through a conformational or associa-
tive change, line widths can be chemical exchange broadened.
For changes which occur at a rate that is fast compared to
the difference in resonance frequencies of protons in the
two states (usually faster than 10u times/sec), a single set
of sharp resonances is observed, whose resonance positions
are characterized by an average magnetic environment. For
systems which exchange slower than this difference (usually
slower than 10 times/sec) two sets of sharp resonances are
observed, one for each of the distinct speclies., Between
these limits lines are exchange broadened and the widths
can be used to infer kinetic informationo(uo) Or more

significantly, they can be used to set limits on the rates
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of various processes lnvolved in ion transport.

In spite of the possibilities for application of
magnetic resonance to the problem of ionophore-~facilitated
ion transport, there are some severe limitations. First nmr
is a relatively insensitive technique, it being difficult
to work below concentrations of 10"3 M with presently avail-
able instrumentation. This is a very real concern for a
system such as this where the molecules are physiologically

5 %0 107 M. Secondly, it 1is

active at concentrations of 10
not always possible to resolve individual resonances for
such detailed interpretation. Protons of large molecules,
those of the size that are so often important in biological
processes, frequently have spin lattice relaxation times
which give rise to significant life time broadening of the
resonances. Also, molecules such as these which have large
numbers of nearly chemlical shift equivalent protons give
rise to a multitude of closely spaced resonances. Both of
these effects make it difficult to resolve and identify
individual resonances. These problems have been somewhat
alleviated by the development of a 220 MHz spectrometer
which has more than doubled the dispersion of chemical
shifts over the previous 100.MHz instruments, while at the
same time more than doubling the inherent sensitivity. In
addition to the study to be presented here,‘41°u2) evidence

of these instrumental improvements has been demonstrated in

the recent applicatlion of magnetic resonance to



18

conformational analysis of valinomycin, gramicidin, and a

number of related cyclic polypeptides.(43-47)

1.3« Selection of Nonactin as a Subject of Investigation

Just as the selection of pmr as a spectroscopic tool
is not without Jjustification, so the choice of nonactin as
an ionophore appropriate for this study ié well founded. A
selection among the various antibiotics had to take into
account not only the goals of this work, but also the
advantages and limitations of the pmr method.

The macrotetrolide nonactin seems ideal in many
respects for a study such as this. It is a relatively
simple molecule of the valinomycin class, being composed of
four similar nonactic acid residues which have little
functlionallity other than the ester and tetrahydrofuran
oxygens and which appear to be involved in coordination to
a centrally bound lon. There are several protons in close
proximity to these functional groups whose resonances would
be expected to be extremely sensitive to conformational
changes and ion-binding. In addition, several vicinal
proton=-proton couplings occur along the nonactin backbone.
These too should provide information as to cénformational
differences among complexes, In the crystal structure
(Figure 2), the molecule is nearly in the form of the seamn
on a tennis ball approaching Sb symmetry.(BO) Thus, despite

the alternation of two optical isomers in the four nonactic
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FIGURE 2

CPK model depicting Kt-nonactin crystal structure.
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acld residues of which the ring is composed, analogous pro-
tons in the four subunits remain magnetically equivalent
giving a fourfold enhancement to each resonance in the pmr
spectrum. All of these properties add to nonactin's suit-
ability for thils pmr study.

Our preference for a given solvent system in which to
conduct this study would normally be governed by an attempt
to mimic the environment where the antiblotic affects ion
transport. In this sense it would obviously .be desirable to
study nonactin complex formation in an aqueous phase,
Unfortunately, nonactin is soluble only to the extent of

o

10 molal in water and a compromise solvent had to be

selected where nonactin concentration could be raised to a
concentration accessible to a pmr experiment (10-3 M or
more). Also in order to study the binding process the free
ion must exist independently in solution. This requirement
eliminates a large class of possible organic solvents from
consideration. The choice we eventually reached for the
study of ilon-binding is the d6-acetoneo dé-acetone~D20 sys-
tem. It will eventually become apparent that this system is
sufficiently close to an aqueous system to make some gener-
alizations about binding selectivity in the more natural
medium. For the study of nonactin in a more lipid-like
phase a solvent with a low dielectric constant was chosen,

namely CD0130 Studies of the cation-binding properties of

nonactin as determined in these two systems are described in
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the following sections and will be interpreted in terms of
thelr implications on ionophore~facilitated ion transport
in & simple membrane system,

2., EXPERIMENTAL SECTION

2:1. Materials and Methods

For the study of nonactin ion complexation properties
in a quasi-aqueous environment, dry acetone and wet acetone
solutions of the antibiotic in the presence of varying
amounts of alkall salts were employed. The nonactin used
in this study was generously provided by Dr. B. Stearns of
the Squibb Institute for Medical Research, New Brunswick,
N.J. The KClOu, NaClOu, and 030104 were supplied by the
Mallinckrodt Chemical Works, St. Louis, Mo., by the G.
Frederick Smith Chemical Company, Columbus, Ohio, and by
Research Inorganic Chemicals, Sun Valley, Calif., respec-
tively. The kKt and Na+ salts were reagent grade chemicals,
while the Cs' salt was 99,9% pure. All were used without
further purification. Solutions were prepared by the simple
addition of the salts and nonactin to acetone-d6 or D,0-
acetone—d6 mixtures. The deuterated solvents were used to
minimize interference from solvent protons in the spectra.
The acetone-d6 was obtained from Chemi Standards, Inc., New
Castle, Delaware, or from Dia Prep Inc., Atlanta, Ga. The

D,0 was supplied by Columbia Organic Chemicals, Columbia,
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For the studies in anhydrous solutions, special pre-
cautions were taken to exclude water from the system: the
salts were dried under high vacuum at elevated temperatures,
and the acetone-d6 was distilled from anhydrous CaSOu and
(48)

sealed under wvacuum. Subsequently, solutions were pre-
pared by welght in a water-free atmosphere. After prepara-
tion, residual water as detected by pmr spectroscopy was
found to be less than 3 x 1077 mole fraction. For the

studies in wet acetone solutions, sufficient D.O0 (Columbia

2
Organic Chemicals, Columbia, S.C.) was added to make up
solutions 0.39 to 0.55 mole fraction in water, To facili-
tate the determination of binding constants, nonactin was
added to the extent of 0.005 M in these solutions while the
salt concentration was varied.

For the study of nonactin and its complexes in a more
lipid-like phase, CDCl3 solutions were employed., The CDClB
was a Chemli Standards Inc. reagent and the Na+ and K+ per-
chlorate salts were those described in the acetone experi-
ments. However, presumably because of the kinetic limita-
tions imposed by the extreme insolubility of these salts in
chloroform, solutions could not be prepared in the straight-
forward manner employed in the preceding experiments.
Instead, a method analogous to that used by Haynes et al,
in the preparation of the valinomycin—K+ complex was

(45)

followed, The complex was prepared in methanol, the
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methanol was removed under vacuum and then the complex was
redissoived in CDClB. Attempts were made to prepare a cst
complex in a similar manner using both perchlorate and thio-
cyanate salts. However, both efforts were unsuccessful,

probably due to a thermodynamically unfavorable situation.

2.2, Instrumentation

The pmr spectra of these samples were recorded at
l7°C on a Varlan HR-220 nmr spectrometer, operating at a
magnetic field of 51.7 kilogauss. This magnetic field was
produced by a superconducting solenoid immersed in liquid
helium. The advantages of the greater dispersion of chemi-
cal shifts possible at the higher magnetic fields as well as
the high-grade performance of the spectrometer both in
sensitivity (90:1) and in resolution (2 parts in 109) were
clearly evident in this work. TMS was used as an internal
standard and chemical shifts were measured relative to this
standard by sideband modulation techniques, Where addition-
al signal-to-noise was necessary, a Varian C-1024 time-

averaging computer was employed.

3. RESULTS

3.1, Spectral Assignment

Although the nonactin macrotetrolide consists of

four nonactic acid subunits, two optical isomers of the
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residue are involved and these are arranged alternately
about the nonactin ring. There are, therefore, in actuality
only two identical sets of carbon atoms and they are usually
numbered accordingly. But despite thils geometrical non-
equivalence, there 1s no a priori reason to expect magnetic
nonequivalence of the protons attached to analogous carbon
atoms of the two optlcally related subunits. In fact, if
the backbone of the macrocycle assumes an overall configura=-
tion which possesses an Su symmetry axis, as it nearly does
in the K1 -nonactin crystalline complex,(jo) the magnetic
environments of the protons in the two types of subunit
would be identical. We observe this magnetic equivalence in
all of our pmr spectra, and hence in Figure 1 and the follow-
ing discussion we have used the numbering system for the
protons in the first subunit to refer simultaneously to the
remaining three.

The 220 MHz pmr spectrum of nonactin is shown in
Fiqure 3. The assignment of this spectrum is based on the
correlation of intensities, chemical shifts, and coupling
constants with the chemical environment of each proton. It
was later confirmed by double irradiation experiments. The
H18 and H21 methyl resonances are readily ldentified by
their intensities, their vpositions at high field, and their
coupling to a single proton. The three groups of resonances
at low fleld are expected to arise from the H7, H3,and H

5
Protons, these protons being adjacent to ether oxygens.(ug)
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FIGURE 3

220 MHz pmr spectrum of nonactin in CCln.
Nonactin concentration: 0.026 m;

temperature: 17°.
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Irradiation of the spin multiplet furthest downfield'was
found to collapse the downfield methyl doublet to a singlet.
These resonances must therefore be assigned to H7 and Hpq,
since neither H3 hor H5 is expected to be coupled to a
methyl proton. Irradiation of the remaining methyl doublet
(Hl8) was shown to collapse the quintet at 7.58 r to a

doublet, thus assigning the H, multiplet. Similarly,

2
irradiation of the H2 spin multiplet collapses the quartet
at 6,081 to a triplet, identifying the H3 multiplet, since
the H2 and H3 protons are expected to be coupled. By the
process of elimination, we therefore assign the multiplet
centered at 6.20 7 to H5 and the remaining resonances in the
spectral region between 8.64 r and 7.96 r to the various
methylene hydrogens. On the basis of similar double-
irrediation experliments, the methylene multiplet centered at
8:.33 + can be assigned to the Hgs Hé, protons with reason-
able certainty. This tentative assignment was later veri-
fied by computer simulation of the methylene Hé' H6° spin
multiplete.

The chemical shifts of the various protons and the
coupling constants deduced from analysis of the various
spin multiplets are summarized in Table I. These results
do not include data for the methylene protons of the tetra-
hydrofuran rings, since the spin multiplets corresponding

to these protons were not analyzed in detail. The chemical

shifts for the protons in various solvents and at various
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TABLE I: Observed Proton Chemical Shifts and Coupling

Constants of Nonactin in Acetone-d6.

Chemical Shifts® (7) Coupling Constantsb (Hz)
° = ° i- .
Hy 5039 JH7-H21 6.4%0,2
i & = 6.4%0,
H3 6.013 E(JH7-H6 + JH7-H6.) 6.4%0,4
= 0 i 0
H5 6+129 JHB'HZ 7.6%0,4
H 7513 3(J + J ) = 7.010.4
Hyq 8.785 JHZ"HIB = 7.1%0,2
H 8.946 %(J + J ) = 6,230.4
18 & H5—H6 H5-H6.
H -H 8.260 £(J + J ) = 6.810.4
6 60 © HS"'HZO HS"HZOQ
J = 12,0%0.4
He~He

& & 0,005, Pabsolute values.
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concentrations are included for comparison in Table II. One
notes that neither solvent nor concentration affects the
chemical shifts to a great extent. The same can be said of

any coupling constant involved.

3.2, Cation-Induced Changes with Acetone as a Solvent

When NaClOu, KClOu or CsClOu i1s added to an acetone
solution of nonactin, a number of these resonances are
shifted gradually downfield as the concentration of the
alkali cation is increased. Several of the coupling con-
stants are also modified. The fact that during the course
of these spectral changes the lines remain a sharp single
set of proton resonances indicates the redistribution of
nonactin between rapidly interconverting complexed and un-
complexed states. Under these circumstances, the high salt
limiting values of the chemical shifts and coupling con-
stants in themselves give insight into the structural
changes which have occurred upon the incorporation of the
ion. A detalled study of the chemical shift changes as a
function of salt concentration and solvent system alsc
provides a convenient method for following the relative
affinities of the nonactin aperture for various ions under
&a variety of experimental conditions.

The induced chemical shifts observed upon the addi-
tion of these Na+, K+ and Cs+ salts are more quantitatively

presented in PFigures 4, 5 and 6. The results for dry
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TABLE IIs Chemical Shifts of Nonactin Protons in Various

Solvents at Various Concentrations.

Solvent  Cone® H, Hy Hg Hyg Hyy H (Hz)
CDC1, 0,02 1092 882 846 238 270 550
CDC1, 0,11 1093 882 847 236 267 552
CD,C0CDy 0,005 1092 877 852 232 267 547
CDyCOCDy  0.02 1090 876 851 231 267 547

8Concentration in molal units.
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FIGURE &4

Salt-induced shifts of the nonactin H7, H3' H5, H2,
H18° and H21 protons as a function of KClO4 concentration
observed in (a) dry acetone-fd6 containing minimal water
(<7 x ].0"3 mole fraction), and (b) wet acetone-d6 containing

0.34 mole fraction D20. Nonactin concentration: 3.0 x 10'”

mole fraction; temperature: 170.



(Ol X UOODJ} BlOW) UOLDHUIIUOD Yo10

32

§ ¢+ 9 ¢ ¥ £ ¢ | 0

—10 -0

40l -0l

-0¢ —02
Joe —-10¢
10% 0%
-0¢ -06
409 —~09
-0L —04
—08 -08
-06 -06
~00! —00I
-0l -101

(ZHW 022 {0 ZH) Hlys psdnpu]l



33

FIGURE 5

Salt-induced shifts of the nonactin H7, H3’ HS' HZ'
H18’ and H?l protons as a function of NaClOu concentration
observed in (a) dry acetone-d6 containing minimal water
(1 x 10-3 mole fraction), and (b) wet acetone-d6 containing
0.39 mole fraction D20. Nonactin concentration: 3.1 x 1O-u

mole fraction; temperature: l7°.
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FIGURE 6

Salt-induced shifts of the nonactin H7, HB' HS' Hz.

, and H protons as a function of CsClOLL concentration

Hg 21
observed in (a) dry acetone-d6 containing minimal water

(3 x LLO“3 mole fraction), and (b) wet acetone-d6 containing
0.55 mole fraction D,0. Nonactin concentration: 3.7 x 10~
mole fraction; temperature: l7°.
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acetone are shown in Figures lUa, 5a and 6a, and those for
wet acetone in Figures 4b, 5b and 6b. The largest shifts in
all cases are observed for H7, H3 and H5. From an examina-
tion of the crystal structure of the potassium complex,
these are the protons which are expected to be in close
proximity to elther one of the coordinating keto oxygens or
to one of the coordinating ether oxygens of the tetrahydro-
furan rings.

In dry acetone, Figures 4a, 5a and 6a, the induced
 shifts are quite abrupt being essentially complete at a
salt concentration of 5 x 10-4 mole fraction for the Nat
and K+ studies. In these cases the limiting shifts can be
measured directly and should be highly accurate. In the cst
study, the shift as a function of salt 1is again reasonably
abrupt, but, because of solubility problems, a limiting
shift could not be reached experimentally and the value had
to be determined by least squares fit to a theoretical
chemical shift equation to be presented later. As a result
these shifts are more susceptible to error. The limiting
shifts determined for the H39 H5p H7, H21 and H18 protons
are presented in Table III. The induced shifts of the re-
meining methylene resonances were not followed because of
the complexity of this region and interference from reso-
nances of residual protons in the dé-acetone. However,
shifts in this region are not expected to exceed 50 Hz.

Meaningful trends in the data for the three complexes
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TABLE IIIs Chemical Shifts of the Nonactin Protons in the

Na+, K+ and cst Complexes.a

Na ™t -113t5 =62%3 -39% 2 -23%1 -8.8%1 4,41
kt(dry) -115%5 -103%4 -56% 2 -20%1 -1.9%¥1 2,2%41
Kt(wet) -113%5  -97%4 | -1741 1 #1 5 %1
cst -67413  -90%18 -60%12  -20i4  1,8%1  4.8%1

8Relative to their corresponding values in free nonactin.
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are difficult to detect because of the interplay of a num-
ber of effects on the chemical shifts, However, if one
considers the ratios of the H3 to H7 shifts or the H5 to H7
shifts rather than their absolute magnitudes, there appears
to be a notable increase in these ratios as one increases
the size of the central ion (Table IV ). For H3 the ratios
are 0.55, 0.89 and 1.34 for Na¥, Kkt ana Cs+, respectively,
and for H5 they are 0.35, 0.49 and 0.90. The salt-induced
shifts of the other protons are too small to interpret with
any degree of confidence.

In wet acetone, Figures 4b, 5b and 6b, induced shifts
are not nearly so abrupt. For the Kt complex formed in an
acetone solution containing 0.34 mole fraction D,0, the salt-
induced shifts reach their limiting values only when a salt
concentration of 8 x 10"4 mole fraction is attained, nearly
twice that required in dry acetone., However, the limiting
shifts could still be directly measured, with the exception
of H5 where 1t was necessary to extrapolate on the basis of
other data due to interference by the HDO resonance at
higher salt concentrations. The limiting shift values for
this K¥ case are also presented in Table III. It is apparent
for each proton that they agree within limits of error with
values obtalned in dry acetone solution. For Net and Cs+
complexes in solutions contalning similar proportions of
Dzo. the salt-induced shifts are much more gradual, being

small and nearly linear with salt concentration throughout
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TABLE "IV:s Ratlos of the Salt-Induced Shifts for the
Various Nonactin Complexes in Dry and Wet~

Acetone Solutions.

Na+ K+ Cs+
Lo O 0.55 0.89 1.3k
H,/H ‘
377 wet 0.47% 0.85 1.162
, dry 0.35 0.49 0.90
H./H
5777 wet 0.33% 0. Ll 0,752

8pxperimental errors <+ 10%; otherwise  5%.
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the range studied. As a result, limiting shifts in these
cases could not be reached experimentally. The relative
shifts of the various protons, however, could be measured
and it is apparent that they are similar for a given complex
whether formed in wet or dry acetone (Table IV ). For ex-
ample, in the acetone-water ﬁixture, the ratios of the H

3

and H_ shifts to the H, shift for cst are 1.2 and 0.8,

7
respeitively, and the corresponding ratios for Nat are 0.5
and 0.3, These can be compared to the ratios obtained in
dry acetone solutions: 1.3 and 0.9 for the H3 and H5 protons
in the case of Cs+, and 0.6 and 0.4 in the case of Na+. Thus
ratios of chemical shifts can change dramatically with the
size of the central ion, but are essentially constant for
the complexes formed in dry and wet acetone. Since at any
point in the equilibrium, the ratios of the shifts for any
two protons must be equal to the ratios of their limiting
shifts, it seems reasonable to conclude that the limiting
shifts for complexes with Cs+ and Na*t salts are also very
similar in dry and wet solvent systems,

In addition to inducing changes in the chemical shifts
of certain protons, the addition of Na"'9 KT and Cs+ saits to
either solvent system modifies several vicinal proton-proton
coupling constants. With the exception of H18 and H21’ all
the spin multiplets involve spin coupling of the proton in
question to at least two vicinal protons and with the excep-

tion of these two methyl multiplets all undergo some degree
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of change on ion complexation. ©Such changes are apparent in
the variations of the I-I5 and H7 multiplets presented in
. Figures 7 and 8.

The H, multiplet results from coupling of the H2 pro-

2
ton to H3 and H18' The effects of the H2~Hl8coupling can be
ascertained by measuring this coupling constant directly
from the H18 methyl resonance; the residual H2-,-H3 coﬁpling
can then be readily determined, albeit with some uncertainty.
For all three ions, complexation increases the value of
JHZ__H3 substantiaily (from 7.6 to 9.3 for potassium), however,
the solvent system again has little effect on the limiting
value in each case, Values for the JHZ-H in the uncomplexed
nonactin molecule, as well as the Na+, K* and cs™ complexes,
are given in Table V. The size of the bound ion, however,
seems to have little effect on this coupling constant.

The H7 proton is coupled to the H21 methyl protons,
as weli as the two nearly chemical shift equivalent methyl-
ene H6'H6“ protons. The H7 multiplet essentially consti-
tutes the X spectrum of an ABPBX system,(50) where A, B
refer to the nearly chemical shift equivalent H6-H6, pPro-
tons; and P denotes the three megnetically equivalent H

21
methyl protons. Its overall width is expected to be given

by 3|J + |J + J « Since |J can be
| H7-Hzll l H,~Hg H7-H6.,I | H,~H,,

measured directly from the H21 resonance, the value of
!JH7-H6 + JH7-H6-l can in theory be determined from the

overall width of the multiplet. Because of second order
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FIGURE 7

Comparison of the observed and calculated spectral

changes in the H, multiplet of nonactin upon ion complexa-~

7
tione ( ==== computer simulated.)
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FIGURE 8

Comparison of the observed and celculated spectral

changes in the H_ multiplet of nonactin upon ion compexa-

5
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TABLE V: Vicinal Proton-=Proton Coupling Constants

Observed for Nonactin and its Complexes.

(Hz) [J |J + J J + J

Nonactin 7.6t0,4 12,420,4 13.0%0,.4
Net Complex 10,0%0.4 10.9£0 .4 13.240.4
KT Complex  9.440.4 11.,0%0.4 13.,0%0.4

csTComplex  9.7%0.8 9.3%0.8 13.0£0.8
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effects, the positions of other lines in the H7 multiplet
depend upon the quantities
2 2|3
= + 1 -
Dy = Bi[egp ¥ B,y - ) |7+ 3y 2 ’ (=

specifically ID+ - D_l, where &, is the chemical shift
difference between the methjlene H6-H6, protons in Hz.
These parameters can also in theory be determined directly
from the multiplet structure. In practice, however, the
lines of the multiplet are not well resolved. We therefore
have resorted to a computer simulation technilque to‘deter-

mine more accurately JH7—H6 + Jy -Hé-l and ID+ - D {.

The technique simply involves ploZting the sum of Lorentzian
lines of appropriate position, intensity and width in an
iterative manner until the multiplet pattern is reproduced.
The results of this procedure are shown along with experi-
mental spectra for the H7 multiplet in Figure 7. The line
position so determined was used to determine the spectral
parameters given in Table V. The results show that in all
cases complexation does not vary the total width of the H7
multiplet from that observed in the uncomplexed molecule,
This implies that since JH7-H21 is known not to change,
IJH7-H6 + JH7-H691 must remain constant. The observed
change in the multiplet structure must then be the result

of a change in !D+ - D_lo As the geminal spin-spin coupling
constant !Jﬂé_Hé,l is not expected to be altered by the

formation of the complex, the observed spectral changes in
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the Hy multiplet must be due to changes in (JH7_H6 -
JH?'Hé') and/or 6,5, In view of the constancy of (JH7-H6 +
JH7'H6°)’ changes in the magnetic nonequivalence between
the H6-H6. protons appear to be more likely. This magnetic

nonequlvalence must vary slightly from complex to complex,

while (JH7_H6 + Jg ) remains fixed. Again, the solvent

-H
7 0
system did not affect any of these parameters greatly.

The analysis of the H5 multiplet proceeded along

gsimilar lines. The H, multiplet is best characterized as

5
the X spectrum of an ABPQX system, arising from coupling of

the HS proton to the Hg-Hg, methylene protons (A,B) and to
the Hyy-Hyqs tetrahydrofuran ring protons (P,Q)s Theoreti=~
cally the overall width of the H5 multiplet should be given

by IJH5_H6 + JH5_H6'| + |JH5_H19 + JH5-H19-|’ and the
observed changes in line width of this multiplet could be
due to modifications in either coupling. In our computer

simulation it was not possible to distinguish between

changes in IJH5-H6 + Jy I by

and |J + J
556 Pag-iyg * T,
simple curve fitting. However, the tetrahydrofuran ring 1is

expected to be relatively rigid and little change in
EJHS_ng + JHgH g .| is likely. Therefore, the value of

!JH5_H6 + JH -, [ was determined holding IJH +

-H
19

JH -H [ constant at its uncomplexed value of 13.6 Hz for
57519

all cases. Since second order effects are involved in both

H19 and Hg terms, values of |D, -~ D_| were determined for

o+
both, but they are not necessarily unique. The experimental



50

spectra for the H5 multiplet in the wvarious complexes are
reproduced in Figure 8.along with computed curves. The
limiting values determined for the various coupling con-
stants sensitive to backbone conformation changes are
reported in Table V for Na+, Kt and cst complexes along
with values for the free nonactin molecule. The value of
IJHS'Hé + JH5-H6el seems to be quite sensitive both to the
presence of an lon and a variation in ion size.

For the uncomplexed molecule the H6-H5 and H6-H7
coupling parameters determined in the above manner were
used ih conjunction with the LAOCN3 program to calculate the

(52)

H6-H6. region of the spectrum. Unfortunately, because
of the interference of HDO and CHDZ-CO~CD3 resonances, a
spectrum suitable for comparison could not be obtained in
acetone solutions at 0,005 M nonactin concentration. How-
ever, in Figure 9 a comparison with a spectrum taken in

CClu is made and it is apparent that reasonable agreement is

obtained with aAB = 22 Hz and JH6‘H6- = 12,2 Hz,

3¢3. Cation=-Induced Changes with Chloroform as a Solvent

In sharp contrast to the coupling constants and chem-
ical shifts observed in acetone solution, where these para-
meters represent an average of complexed and uncomplexed
environments, two sets of resonances are apparent simulta-
neously in CDCly solution: one set characteristic of Kt and

Na*t complexes, and a second independent set characteristic
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FIGURE 9

Comparison of the observed and calculated H6-H6,

multiplet. ( ----'computer simulated,)
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of the free nonactin molecule (see Figure 10). This is
indicative of a slow exchange situation where the lifetimes
of the complexed and free nonactin are long compared to the
chemical shift difference in reciprocal seconds, In this
case, relative intensities of the resonances for each state,
rather than the extent of induced shift, indicate the propor-
tionate populations of each, and the chemical shifts and
coupling constants observed for the various complexes

measure directly the properties of the nonactin molecule in
that particular configuration.

Coupling constants were measured from the various
multiplets using procedures outlined for the acetone experi-
ments. In both K' and Na¥ complexes, JHZ'HB’ JHZ'HIB and
JH7~H21 were found to be identical within experimental
error to limiting values measured for the corresponding
complexes in acetone solution. The H7 multiplet was again
fitted by computer simulation and was found to be identical
to the extrapolated H? multiplet in acetone. The same
appears to be true of the H5 multiplet for the Kkt case, For
the Na+ case, however, the H5 multiplet of the complex in
CDClB appears slightly different. Nevertheless, computer
simulation shows !JH5‘H6 + JHS'H6‘! to be invariant to sol=-
vent changes and, in fact, the entire multiplet can be
reproduced with a slight decrease (about 0.5 Hz) in the
value of |D, =D_| for the Hyg,Hjgs = Hg coupled set of pro-
tons. This probably indicates the difference to originate
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FIGURE 10

Slow exchange spectrum of K+-nonact1n-nonactin
solution in CDCl3. Nonactin concentration: 0.01 M;

temperature: 17°,
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in a change in the chemical shift nonegquivalence of the H19

and H protons.

19+
9Such a variation in H19-H19, chemical shift nonequi-
valence between complexes formed in acetone and CDCl3 seems
more reasonable in light of discrepancies observed for other
proton resonances. The chemical shifts of the free and com-
plexed forms, both Na® and X', are summarized in Table VI.

A comparison of the induced shifts in CDC13, with induced
shifts measured in acetone,'is also made. From the table it
is apparent that the induced shifts observed in CDCl3 suffer
from an additional upfield contribution of 10 to 30 Hz in
the complexed form. Although most protons are still

shifted downfield in the complexed forms, and H7, H3 and H5
are stlll shifted to the largest extent, the magnitudes of
the shift are less than those observed in acetone. Some
protons, the H2 proton for example, are even shifted slight-
ly upfield. Although such differences in chemical shifts
for complexes formed in the two solvent systems do exist,
they can be shown to result from a difference in extent of
ion pairing and solvent polarization in the different medisa,
rather than any difference in the conformations of the com-
Plexes, and it is the similarities between spectra in the
two solvents, rather than the differences, which should be
Stressed, |

The sharpness of the lines observed in these CDC13

Spectra 1s also of interest. In a slow exchange case,
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TABLE VIs Comparison of Induced Chemical Shifts for
Nonactin Complexes in Acetone and
Chloroform.

i eDCl, -85 =70 =34 | ~0 25

k¥ acetone =115 =103 =56 =20 -2 2

Difference 30 33 22 9 2 23

Na© cDel, “82  =21.8 =14.8 =20.5 =11.2 17.7

Net acetone =113 -62 =40 -23 -9 -5

Difference 31 Lo 25 2 -2 23
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linewidth 1s indicative of the lifetime of the species.
Since no variation from the uncomplexed widths of 1-2 Hz is
noted, exchange between complexed and uncomplexed states
must indeed be very slow. In the Kkt case an attempt was
even made to enhance intermolecular exchange of an lon be-
tween two nonactin molecules by increasing the free nonactin
concentration from 0,01 to 0,11 M, making the free ionophore
concentration a factor of 10 in excess over the complex
concentration employed. Again, no change in line width or
chemical shift could be observed. This observation has im=-
portant kinetic implications on the mechanism of ion trans-
port and will be discussed more fully in the following

sectlions.,

L4y, DISCUSSION

From the results thus far presented it is apparent
that all three alkall cations considered interact strbngly
with the nonactin molecule, both in acetone and in chloro-
form solution. It is also apparent that the interaction
with each is slightly different in terms of extent and in
terms of interaction mode. However, to determine whether
these differences are of the proper magnitude and direction
to successfully explain selectivity in transport on the
basis of one of the models currently under consideration,

we must consider our results in more detail.
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Lh,1. Complex Stolichiometry

The stoichiometry of the complexation process is
easlily established. In the slow exchange CDCl3 spectra,
two, and only two, species were observed regardless of the
extent to which the ratio of free nonactin to complexed
nonactin was ralsed above 1l:1. The intensity of the free
nonactin resonances simply increased, while those of the
complex remained constant.  In addition, the magnetic para-
meters corresponding to the two species were not in any way
concentration dependent. Therefore, at least in this sol-
vent, the interaction of ion and nonactin appears to be 1
to 1 with no tendency for aggregation with the excess iono-
phore molecules, The same is true of the dry acetone data.
No changes in the nmr spectra appear to occur much beyond a
1 to 1 ratio of ion to nonactin. In view of these facts,
cooperation between lonophores to form conduction channels
seems unlikely and the origin of ion selective transport
must be sought in the properties of the ion-nonactin complex

itself,

L.,2, Complex Conformation

Foremost among the properties which may influence
selectivity is the solution conformation of nonactin. Bind-
ing selectivity could originate in the geometry of the polar

core on the basis of steric limits to ion size or,
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alternatively, differences in the exterior structure of the
various complexes could lead to discrimination on the basis
of diffusion rates within the membrane. Both of these
structural factors can be investigated through a careful
interpretation of the limiting chemical shift and coupling
constant data obtained for the various complexes,

In a magnetic resonance experiment both chemical
shifts and vicinal coupling constants are sensitive to
variations in molecular conformation. It is, however,
difficult to unequivocally assign the conformation of a
molecule, such as nonactin, on the basis of this information
alone. Therefore, it is convenient to have an alternate
structure determination, such as that done for the potassium

(30)

complex by Kilbourn et al., to which the magnetic para-
meters can be compared. In view of this, we will first
discuss the consistency of our observations for the Kt com-
plex in dry acetone with the crystallographic data and
interpret our observations for the free molecule and other
complexes as departures from this structure.

At a somewhat superficial level, the chemical shift
date obtained from the limiting behavior of the K+ complex
appear to be consistent with the crystal structure of
Kilbourn. There is no noticeable salt-induced magnetic
honegquivalence between similar protons on the four subunits,

S0 one must conclude that at least on the nmr time scale

the potassium ion is coordinated symmetrically to the four
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subunits of the nonactin molecule. This is in agreement
with the Kilbourn structure. Upon examination of a molecu-
lar model of the nonactin molecule constructed using CPK
atomic models and the crystal structure data, we also note
that the protons whose resonances are shifted to the great-
est extent upon comp;ex formation, namely H7 and H,, are
those which are geometrically in close proximity to one of
the four centrally directed carbonyl groups, each located
at the corners of an approximate tetrahedron enclosing the
central cavity of the nonactin ring. This observation
suggests possible particlpation of these carbonyl oxygens
in coordination of the potassium ion. The H5 proton also
experiences a falirly large downfield shift upon complex
formation. Since this proton is not in close proximity to
a carbonyl group, but is instead adjacent to the ether oxy-
gen of its tetrahydrofuran ring, one might infer from the
sizeable H5 shifts some participation of the ether oxygens
in the coordination as well, Approximate eight-fold cubic
coordination has been indicated by the crystallographic
studies of Kilbourn with the carbonyl oxygens occupying the
alternate corners of a cube and the ether oxygens occupying
the corners of the remaining tetrahedrone(3o)

This cursory comparison, however, could be misleading
and a more detailed analysis of chemical shifts would be
desirable. Although valuable, such an analysis is not

straightforward since the shifts are actually the result of
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the interplay of several effects. The least complicated of
these effects 1s that due to the direct electrostatic polar-
ization of the various C-H bonds by the bound positive ion.
In equation form the additional contribution to the shield-

ing of a proton can be expressed as

-12 -18_2
Oolec = -2x10 E, - 10 E™» (2)

where E 1s the electric flield due to the bound positive ion
and Ez is the component of that field along the C-H bond
(53)

axis. Since the E fleld varies with the inverse square
of the distance, the effect depends on the distance between
the polarizing ion and the proton in question, as well as
the relative orientation of the polarizing fleld and the
bond axis, Thus, addition of a centrally located positive
charge contributes in varying degrees to the observed limit-
ing chemical shifts of protons, and to a certain extent they
can be interpreted in terms of these distance and orienta-
tion parameters. The more difficult effects to take into
consideration are those which have their origins in polar
substituents or magnetically anisotropic groups within the
nonactin molecule, Because of their proximity to the coor-
dinating ligands, it is likely the H7 and H5 limiting shifts
reflect, in part, interactions of the potassium ion with its
ligends and conformational changes which alter the spatial
relatlonships of these protons and their adjacent ligands,

Some additional effects due to interactions with solvent
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molecules are also expected, but at least for the protons
undergoing large shifts, these should be of secondary
importance.

Although the limiting shifts observed for the hydro-
gens on the periphery of the nonactin ring, such as those
attached to Cyg or Crys are more susceptible to solvent
effects, they are relatively far removed from more serious
complications such as the coordinating ligands and other
polar substituents of the ring. Therefore, it is reasonable
to attempt thelr interpretation on the basis of direct
electrostatic polarization of the C-H bonds by the central
lon, Calculations based on the standard formula for elec-
tric field effects and the geometry of the crystalline com-
plex, in fact, succeed very well in predicting these values:
30 Hz for the H,g proton and 4 Hz for the Hy, proton. The
H5 proton, although adjacent to one of thé coordinating
ligands, the ether oxygen of the tetrahydrofuran ring, is
relatively fixed in orientation with respect to this group.
Therefore, its shift was also quite successfully predicted
on the basis of this model (70 Hz as compared to an experiw
mental value of 55 Hz), But as might be expected, the
shifts of H? and H7 are far more complex. In the case of
H79 for example, ion-induced polarization accounts for a
mere 10% of the observed limiting shift., Thus, unless the
geometry of the conplex assumed in these calculations is

grossly in error, we are forced to conclude that
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complexation of the K* ion results in some modification of
the electronic distribution of the carbonyl groups and/or is
accompanied by a conformational change about the ester link-
ages which brings the carbonyl oxygens in close proximity

to these protons. We take this as positive evidence for the
participation of the carbon&l groups in the coordination of
nonactin to the centrally bound potassium ion. The H2 reso-
nance is complicated by similar effects., Here the calcu-
lated polarization shift is some 50 Hz downfield, whereas
the observed salt-induced shift is small and upfield. Since
the H2 proton is adjacent to both the ether oxygen of the
tetrahydrofuran ring and the carbonyl oxygen of the ester
linkage, it is possible that the small shifts here reflect

a compensating contribution originating from conformational
changes in this part of the nonactin ring. In fact, there
is other evidende for a salt-induced conformation change
about the C2-C3 bond which could easily decrease the net
deshielding effect of the ether oxygen on the H2 proton.
Thus, even under more detalled analysis, the chemical shift
data 1s largely consistent with the potassium crystal struc-
ture, but one must invoke fairly large conformation changes
on complexatlon which bring at least the ketone oxygens from
& less restricted environment into close coordination with
the central ion. These conformation changes will become
more apparent in consideration of coupling constant data.

Coupling constants between vicinal protons along the
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backbone of the nonactin ring are sensitive to rotations
about the various carbon-carbon bonds. In nonactin, for
example, JH6-H7’ JH6-H5’ and JHZ-H3 would be sensitive to
such rotations. For simple aliphatic compounds a theory
developed by Karplus is probably adequate to relate these
coupling constants to the appropriate dihedral angles.(39)

Basically it expresses the vicinal coupling constant as

follows:
J = 8.5 cos® 6 - 0,28 rfor 0°< e < 90°
(3)
and J = 9.5 cos® @ - 0.28 for 90° < o < 180°,

where 8 ls the dihedral angle between the vicinal protons.
The theory has been refined somewhat for the interpretation
of coupling along peptide chains, but these refinements con-
g8ist merely of slight changes in the values of the constants .
in eq (3)-(SU) The theory thus retains its qualitative,
and much of its quantitative, significance, even in this
case., Since the present situation is complicated not only
by the presence of functional groups, but'also by the possi-
bility of direct electrostatic effects when the positive ion
is bound, we will here rely principally on these qualitative
aspects of the theory. From the rather large changes in
coupling constants on complex formation it is apparent that
Sizeable changes in the backbone structure do occur. The
increase in IJHQ-H3l from 7.6 to 9.3 Hz, for instance, indi-
cates a change in the dihedral angle between the Co-H and
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CB-H bonds. If one wishes to make quantitative estimates,
the value of 9.3 Hz observed for the complex would corres-
~pond to a dihedral angle near 180°., This is approximately
the angle predicted from the crystal structure data of
Kilbourn g&:gl.(Bo) A departure from 180° to a dihedral
angle of l55° would account for the coupling constant of 7.6
Hz observed for the free nonactin molecule. Lilkewise, the

+ J

apparent decrease in IJ Hé.l from 12.4 to 11.0

Hg,Hg " “Hs,
Hz indicates a small increase in the H5-C5-C6-H6 dihedral
angle, of perhaps 10 or 15°, Manipulation of a molecular
model of the nonactin ring indicates that the above changes
in dihedral angles would produce a change in the size of the
central cavity without requiring further conformational
changes in the remaining parts of the ring. A large confor-
mational change, involving rotations about the 06-07 single
bond, seems unlikely since the sum of the vicinal coupling
constants between the H7 and Hg protons remains unaltered
upon formation of the complex. Unfortunately, on the basis
of the present study, it is not possible to rule out confor-
mational changes about the ester linkages, and hence we
cannot ascertain more precisely the conformation of the
uncomplexed ring. There is little question, however, that
the dry acetone conformation of the potassium complex is in
reasonable agreement with the crystal structure. In other

words, the complex is nearly spherical, with the backbone

resembling the seam of a tennis ball.(3o) The ion 1s at the
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center, thoroughly screened from the solvent, with at least
the four keto oxygens participating in the coordination
shell. The molecule also appears to be quite flexible,
easily undergolng a reversible change to an uncomplexed
structure which is quite different and probably much more
open., It would thus appear that nonactin would have few
steric limitations to ion size and should be able to adapt

to fit a range of ionic radil.

4,2,1e Adaptability of the Ring

The suspicion that nonactin can adapt to the binding
of a number of different ions is confirmed by analysis of
the conformations of complexes formed with Na+ and Cs¥ ions
of ionic radii 0,98 and 1.67, respectively.

In comparison to the relatively large changes in
the coupling constants observed upon complex formation
the alternations which occur on changing the size of the
central ion are relatively minor. In fact, IJHZ‘H3! and
!JH7-H5 4 JH7-H6. [ are essentlally identical for the three
complexes. !JH5-H6 + JH5‘H6'I is also invariant within
experimental errocr for the kt and Na” complexes, But some
changes do occur. In fact, IJH5-H6 + JHS-Héo ldecreases
from 11,0 to 9.3 Hz on substituting Cs* for X*., The smaller
!JHS'Hé + JH5~H6.! coupling constant indicates that the
C19=C5~Cg~Cr dihedral angle is less than 1ts value of near

180° in the free nonactin molecule and the Nat and k™
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complexes. An examination of a CPK molecular model of no-
nactin indicates that such a decrease in dihedral angle can
contribute to a slight expansion in the case of the Cs+ com-
plex. Thus, it appears that although the three complexes
are quite similar as far as their geometries about the

02-03 and 06-C7 bonds are concerned, some adaptation does
occur at least in the case of the Cs¥ complex., It is also
important to realize that, because of the limitations of the
Karplus theory and the fact that we can monlitor rotations
about only 12 of the many ring linkages, it is not possible
to characterize the conformational differences among the
complexes more completely on the basis of coupling constant
data alone.

Variations in the limiting chemical shifts observed
for analogous protons of the three complexes provide some
additional insight into the conformational differences among
the complexes. The limiting shifts for the H5 proton are
again relatively easlily interpreted on the basis of an
electrostatic model, Since the orientation of the C5-H bond
wlth respect to the ether oxygen of the tetrahydrofuran ring
is relatively fixed, to a first approximation, differences
in the limiting shifts for this proton can be used tq.indi-
cate changes in the stgreochemistry of the tetrahydrofuran
ring relative to the centrally bound ion. The observed trend
can, for example, be accounted for by & reorientation of the

tetrahydrofuran ring, which points the ether oxygen more
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directly into the central cavity and tips the C5-H bond to

a more obtuse angle with respect to the‘M+-H5 vector in the
case of the larger ion., Examinatlion of a molecular model of
nonactin indicates that this conformation change would lead
to the change in the 019-05-06-07 dihedral angle suggested
earlier by the coupling constant data and the accompanying
expansion of the central aperture necessary to accommodate
the larger ion. This conformational change possibly brings
the tetrahydrofuran oxygens into more effective coordination
with the central ion, which may also contribute to the in-
creased downfield limiting shifts as one goes from Na+ to Kt
to the Cs+ complex, The H7 limiting shifts again do not
readily lend themselves to this simple interpretation.

Since in the complex, the H7"s are in close proximity to the
coordinating carbonyl groups, it is likely that the ma jor
part of the salt-induced shift observed here results from
some modification of the electronic distribution of the

keto groups and/or an accompanying conformational change
about the ester linkages which brings the carbonyl oxygens
into closer proximity with these protons. The observed
differences in the H7 limiting shifts for the three com-
Plexes, for example, probably reflect differences in the
Stereochemistry about this ester linkage. Thus the smaller
Hy limiting shift for the Cs™ complex may indicate that the
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group has been rotated about the ester linkage so that the
C7-H bond points more directly into the central cavity and
is less eclipsed with the carbonyl group. Examination of
the molecular model indicates that this conformation change

would also lead to a slight expansion of the nonactin aper-

ture.

L,2,2. Uniformity of Exterior Geometry

While it 1s apparent from thils analysls that confor-
mational differences among complexes do exist which appar-
ently allow the interior core to more effectively coordinate
to ions both larger and smaller than K+, conformational
changes are not large compared to those which occur on com-
plex formation and structural differences from the complex
exterior are probably difficult to discern. We note that
for protons near the exterior of the molecule, namely H18'
H21 and Hp differences in limiting shifts among the com~
plexes are small (I 2 for Higs f 5 for Hyy and I 5 for Hy).
Of course, because of thelr distance from the ion and coor-
dinating groups the sensitivity of H21 and ng to electro-
statlc effects is also somewhat decreased, but at least they
confirm that no gross exterior differences exist. There

is also some indirect evidence for the similarity of
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exterior structures in Na¥ and k¥ complexes from chemical
shifts in CD013 solutions, Limiting shifts in acetone and
CDCl3 for the two complexes are presented for comparison in
Table VI, At first glance the differences might seem to indi
cate a change 1n complex conformatlon as a function of sol-
vent., However, thlis seems unlikely in consideration of the
lack of any simultaneous change in coupling constants and
the absence of any solvent-induced chemical shift or
‘coupling constant change in the free nonactin molecule (see
Table II). More likely, the differences ére the result of
variations in the cation-induced external associations of
other constituents in the two solvents, namely anions and
the solvent molecules themselves,

Of major importance is the presence of a bound anion
in CDClz. While lon palr formation was minor in acetone
solution (30% under the worst conditions encountered), in
CD013 the complex is expected to be nearly 100% ion paired.,
The effects on chemical shift of this additional surface-
bound negative charge can again be treated on the basis of

(53)

Buckingham’s electric field effect equation. Because
the resonances of the four sets of analogous protons on the
nonactin ring again remain magnetically equivalent, we know
that in a time-average sense the bound charge is distributed
over the surface with a high degree of symmetry. We have

therefore calculated expectation values of E, and E2 for

various distributions of anions about the nonactin complex
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and used these to estimate chemical shift effects. In the
case that the time-average distribution of the anion was
spherical, effects on chemical shifts linear in the anion
electric field would, of course, average to zero and the

E2 effect would be in the wrong direction. However, the
tightly bound ion more likely seeks some discrete point of
closest approach to the center of the nonactin complex, pro-
ducing a more complex field distribution within. Fields for
these more discrete time-average distributions have also
been calculated. But axial, tetrahedral, octahedral and
cublic distributions still give results which often do not
agree even qualitatively with our observations. The results
for the square planar distribution do give qualitative
agreement with the observed solvent-induced shifts, but in-
magnitude it can produce only about one-half the effect
needed. The square planar distribution is nevertheless
reasonable in that the ions tend to fill the indentations
formed by the four loops of nonactin®s "tennis ball seam"
backbone configuration.

The remaining half of the "solvent" effect could be
due to a second solvent-linked phenomenon which produces an
effect similar in magnitude and direction to the square
planar charge distribution. This involves the alignment of
the highly polar acetone solvent molecules (x = 2,88 debye)
about the complex in that solution. Such alignment is less

Significant or entirely absent in CDCl3 (u=1,02)., In
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splte of the fact that acetone molecules are largely

aligned (about 80% at 17°C for a single charge dipole inter-
action at 7 R), the binding is less tight than that of the
anlon, so a spherical distribution seems reasonable, In
thls model static electric field effects due to the oriented
dipoles willl be zero. However, this 1s not necessarily the
case for the effects due to the anisotropic magnetic suscep-
tibility of the C=0 group. The thru-space contribution to
chemical shift of the magnetic susceptibility of an oriented
group, such as the acetone carbonyl, is generally expressed
in tensor form. However, under conditions of rapid rota-

tional averaging, the following formula will hold:(55)

- %% ;%; :i: X; (3 coszﬁi—l) . (4)
Here the Xi are the principal axis elements of the suscepti-
bility tensor, the di are the angles between the principal
axes and the group~to-nucleus vector, and R is the magnitude
of the vector. Assuming that on the average six fully-
oriented C=0 groups surround the nonactin complex in &
Spherical array at 7 to 10 X distance, and employing accept-
ed values for‘the susceptibility tensor elements,(sé) an
anisotropic susceptibility contribution to the chemical
shifts of the internal protons of the nonactin complex is

calculated to be approximately 0.1 ppm downfield. Thus, the

observed upfield solvent shift in going from acetone to



7h

CDCl3 is probably the result of chenges in anion and magne-
tic susceptibility effects., This result could lead to some
ninor modifications in our interpretations of salt-induced
shifts, but more importantly it sheds light on the exterior
conformation of the complexes. Both effects are highly
dependent on the exterior size and shape of the nonactin
complex and, since solvent-induced shifts are so similar for
Na+ and x* complexes, the exterior geometries must be simi-
lar to a commensurate extent,

Thus, it seems highly probable that differences in
the geometries of anhydrous complexes cannot produce suffi-
cient variation in complex mobilities to account for trans-
port selectivity in membranes., It is more likely that
selectlivity resides in ion-binding constants, but, in view
of the flexiblllty of the nonactin ring and the apparent
adaptabllity of its core to the effective coordination of
ions of wvarious size, selectivity cannot be the result of
simple imposition of steric limits to ion size. 1t is
therefore necessary to more closely examine the lon-binding

broperties in these systems.

b.3. Complex Formation Constants

4.3,1, Determination of Constants

As @ first step in a detailed analysls of the nonac-

tin ion-binding process, we have subjected our acetone and
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acetone-water salt concentration studies to a theoretical
analysis designed to accurately determine binding constants
and limiting spectral parameters for the various complexes
formed. In acetone solution, all three ions studied ex-
change rapldly between the solvent and the nonactin cavity,
and as a result the salt-induced shifts, summarized in
Figures 4, 5 and 6, reflect the distribution of nonactin
molecules between the free and complexed states. The dis-
tribution can be described more precisely in terms of the

following simple equilibrium:
Nonactin + K+$ Complex . (5)

The salt-induced shifts observed for a given proton become
an average of the chemical shifts in the free and complexed
environments, weighted by the respective fractlions in each
state.(57) Expressing these fractions in terms of an equi-
librium constant and stoichiometric concentrations of the

constituents, it is readily shown that:

& = %58 -{(l+d+n)~ [(l+¢+n)2~ud}%}o' (6)

c

where &6 1s the observed salt-induced chemical shift, §c is
the chemical shift of the proton in the complexed state
relative to that in the uncomplexed environment, ¢ is the
stoichiometric concentration ratio of ion to nonactin, and

7 1s the reciprocal of the product of the apﬁarent formation

constant K and the stoichiometric nonactin concentration.
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Since the stoilchiometric concentration of nonactin is fixed
in our experiments (changes in the mole fraction of nonactin
upon the addition of salt are negligible owing to the low
salt concentration), and the apparent formation constant K
is not expected to vary significantly over the range of salt
concentration investigated, ﬁ may be taken to be a constant
in our treatment of the data. Equation (6) then suggests a
graphical procedure for the determination of K. In Figure
11 we have plotted theoretical curves of 6/6c versus 4 for
various values of 7. This family of curves can be compared
with the experimentally observed variations of 6/6c with 4,
and in this manner K can be obtained. Since values of the
limiting shifts can only be determined to within 10-20%
visually, further refinement of the 6 ,'s and K's was made
by least-square fitting of the data to the theoretical ex-
pression,

The salt-induced shifts observed for the nonactin H7
proton on the binding of K* to nonactin in both dry acetone
and the acetone-D20 mixture are plotted versus 4 in Figure
11,  Comparison of the data with the theoretical curves
yields the apparent ion-binding constants of (7 ¥ 2) x 10%
and (1.7 * 0.2) x 10% (concentrations expressed in mole
fractions) for dry and wet acetone, respectively. Examinae
tion of Figure 11 indicates that the binding of K™ to nonac-
tin in dry acetone is almost stoichiometrically complete,

and hence the extent to which nonactin molecules are
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FIGURE 11

Theoretical curves of 6/6c versus ¢4 for various
values of 7, and fitting of the salt-induced shifts
observed for the nonactin H,_A proton in dry acetone (X)

7

and wet acetone (®).
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complexed, as expressed by 6/6 is not particularly sensi-

c?
tive to the binding constant. In wet acetone, on the other
hand, the smaller binding constant can be determined with
conslderably higher precision. Thus, in addition to facili-
tating the determination of K, the method of data treatment
outlined above provides some visual assessment of the accu-
racy of the binding constant determined,

Binding constants and limiting shifts for Na*t and cst
complexes in dry acetone were determined in a similar mesnner
and are presented along with those for Kt in Table VII.
Binding constants for Na*t and Cs+ in wet acetone are also
presented, However, because of their extremely low values
it was necessary to assume 1imiting_chemi¢al shifts, based
on values determined in the dry acetone case, prior to
making the binding constant determination,

In all cases the data fit the theoretical expressions
within reasonable limits, indicating that the complex formed
is indeed 1 to 1 and that there are few complications due to
variations in the activities of any of the components during
the course of the experiment. This is perhaps not surpris-
ing for a system such as the nonactin-alkali salt system in
acetones, Since the equilibrium involves the interaction of
a univalent cation with a neutral speclies to form a charged
complex, interionic effects on the activities of the charged
Species are expected to largely cancel in the equilibfium

expression, except at high lonic strengths. We have also
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TABLE VII: Formation Constants of the Various Alkali
Ion-Nonactin Complexes in Dry and Wet

Acetone Solutions at 17°C.

Salt D,0 (mole fraction) K (mole fraction units)
NaClo), 1 x 1077 7 % 2x 10"
NaCl0), 0.39 210 £ 10

KC10,, 7 x 1077 7 + 2 x 104

KC10,, 0.34 1.7 £+ 0.2 x 10%
CsC10), 3 x 107 | 15 £ 12 x 107

CsClo0, 0455 400 % 80
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considered the effect of ion-pairing. However, on the
basis of reasonable lon-pairing constants in acetone, the
salts can be shown to be largely dissociated under the

(58)

conditions of our experiments. Furthermore, ion-
pairing constants do not vary dramatically within the
series, so that any residual effects will tend to cancel
when comparing binding constants within the series of lons.
Therefore, the constants determined should represent fairly
accurately the relative affinity of the nonactin cavity for
the cation in question in a particular solvent system.,

If, on the other hand, one wishes to compare binding
constants determined in different solvents, one must define
more precisely the initial and final state involved in the
reaction. This is especially true since some factors which
change the activity of an ion, antibiotic, or complex are
independent of ion concentration and generally included as
part of an apparent equilibrium constant Kﬁ = IM?_IE K
Ion solvation is predominant among these factors.c It may
influence the activity of the ion through a direct interfer-
ence of the bound solvent molecule with the nonactin com-
plexation process or through a more subtle change in the
free energy of either the initial or final state of the ion
in the binding equilibrium. The extent to which ion activi-
ty effects of this type might vary from experiments con-

ducted in dry acetone to experiments conducted in wet

acetone can be ascertained through an examination of ion
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hydration constants for the acetone solvent system. In
acetone a monomeric water molecule binds to sodium ion with
e binding constant of about 40 (in mole fraction units).(59)
Thus in the dry acetone solutions considered here, with less
then 3 x lO'3 mole fraction water present, no more than 10%
of the sodium ions would be associated with a water mole-
cule, even at thelr maximum concentration, and the measured
apparent K of 7 x 10}"P should very nearly represent the
binding constant of an acetone-solvated sodium ion to a
nonactin molecule, In the case of K+ or Cs+ hydration con-
stants are expected to be lower and solvation should be
entirely by acetone. In wet acetone (0.5 mole fraction
water) employing the same hydration constant, nearly all
sodium ions (95% or more) should be hydrated to some extent
and the binding constant determined in this sclvent system
would thus represent the binding of a hydrated sodium ion.
A similar statement can be made for the other alkali ions.
The extent of solvation in each case should be independent
of ion concentration simply because the predominant solva-
ting speclies is in great excess at all times, Thus, the
effects of solvation on ion activity will appear as varia-
tions in the apparent binding constants.

Variations in the activities of the free nonactin
molecule, or the complexed nonactin molecule, among differ-
ent solvent systems are also possible. For example, the

increased solvation of nonactin's coordinating ligands by
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water could equally well interfere with the ion complexation
process, producing a decrease in the apparent K for the pro-
cess in a more aqueous environment. Or, increased solvation
of the complex 1itself by water may significantly lower or
raise the free energy of this state with a concomitant in-
crease or decrease in binding constant being the result.
External solvation may significantly stabilize the complex
or, if the hydrated rather than the unhydrated ion is bound,
direct distortion of the nonactin ring may lower the appar-
ent binding constant.

That these possible solvent effects are important is
apparent when binding constants determined in wet and dry
acetone are compared. In dry acetone nonactin seems to have
a high affinity for all three acetone-solvated cations, but
little selectivity among them. Within limits of error there
is no difference in binding constants for Na¥ and K*, The
binding constant for the larger Cs+ ion is somewhat reduced
which may indlcate the approach of a steric 1limit to ion
size. However, the departure from the potassium binding
constant, still only a factor of 5, is not nearly large
enough to account for transport selectivity. The picture
in wet acetone is quite different, First the affinity of
nonactin for a hydrated ion 1is much less. In fact, the
binding constant for a hydrated sodium ion 1s a factor of
300 lower than that for the acetone-solvated case. But

more importantly, the reduction in affinity is far greater
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for Na+ and Cs+ than it is for K* making the binding of K+
favored over Nat by a factor of 100 and over cst by a factor
of 50, Thus in the hydrated system nonactin exhibits bind-
ing behavior which could qualitatively explain 1ts behavior
(8)

in membrane transport.

4,3.2. Discussion of Ion Selectivity

The origin of the difference in binding constants for
hydrated ions we belleve to arise from a decrease in the
activity of the ion itself, rather than from any change in
the ion specific properties of the nonactin ring. We note
that the apparent reduction in binding constant in itself is
not sufficient evidence for this hypothesis since water may
indirectly affect the properties of free nonactin or the
complex. The possibility that water affects complexation_
through solvation or the resulting distortion of the free
nonactin ring can easily be eliminated since we have already
noted that the magnetic environments of the protons in the
free nonactin molecule are not affected by the presence of
water, either in terms of coupling constant or chemical
shift (Table II), As demonstrated in the previous section,
chemical shifts and coupling constants are extremely sensi-
tive to conformational change or association of highly
polar groups. Thus, changes in geometry induced by water
Solvation or an extensive change in solvation itself would

be apparent in these parameters,
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Variations in the conformational state of the three
complexes 1n water-acetone as compared to dry acetone solu-
tion can also be investigated through observations of these
parameters, Changes in geometry linduced by the addition of
water through the accommodation of the larger hydrated ion
in the complex should result in differences in the limiting
chemical shifts observed in the nonhydrated and hydrated
systems. In the case of the potassium ion where the limit-
ing shifts for complexes formed in both wet and dry acetone
could be measured directly, differences in limiting shifts
between the two solvent systems for all the protons were
found to be no more than 10%. The limiting coupling con-
stants, lJHz-H3|° IJHS-Hé + JH5-H6,l and lJH.?—Hé b JH7-H6.|’
are also similar for the limiting complexes formed in the
two solvent systems.

In the case of Cs¥ and Na+, where the effect of hy-
dration is more pronounced, the limiting shifts of H7, H3
and H5 could not be reached experimentally. However, the
relative shifts of H7, H3 and H5 here are equally indicative
of changes in the properties of the complex formed, as evi-
denced by the changes in the ratios of these shifts as the
central ion is changed. We have summarized these ratios in
Table IV, The ratio of the H3 to H7 shifts, for example,
changes from 0.55 to 1,34 on substituting Cs+ for Na+.' In
comparison to this gross dependence on ion size, the small

changes in the ratios observed between complexes formed in
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anhydrous and wet acetone solutions (see Table IV) are
insignificant. Since it is inconceivable that the central
aperture of the nonactin ring could accommodate the large
hydrated ions without grossly distorting the ring conforma-
tion from that observed for the complex containing only the
unhydrated ion and without mbdifying in the process the
aforementioned vicinal coupling constants, chemical shifts
or chemical shift ratios, we conclude that only the unhydra-
ted ions are bound in the central aperture of the nonactin
ring and that the same complexes are formed in the two sol-
vent systems regardless of the state of hydration before
formation. The apparent reduction in the complex formation
constant when water is added to the system is then the
result of a simple reduction in ion activity.

Therefore, on the basis of our knowledge of the
limited adaptability of the nonactin ring and the necessary
removal of a hydration shell from the complexed ion, a com=-
plete picture of the origin of ion-binding selectivity and
the variation of thils selectivity from sclvent to solvent
can be formulated. Since our model proposes the replacing
of an lon solvation shell with the coordinating groups of
nonactin and we know that the interaction of free nonactin
or complex with the solvent does not vary greatly from wet
to dry acetone, it is largely the differences in the free
energy of the ion in the solvated and complexed states that

we must conslder. In dry acetone fhe similarity of binding
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constants for Na+, Kt and ¢s™ would suggest a rather similar
dependence of the free energy of lon-coordination on ion
size for both nonactin and the acetone solvent; at least
over the range of lonic radii investigated, This result is
perhaps not surprising if the nonactin ring 1is reasonably
flexible, since the keto groups of the acetone molecules
could mimic rather well the coordinating carbonyl oxygens of
the macrocycle. A first approximation to the exact manner
in which free energy of solvation or complexation depends on
jonic radius and on the properties of the solvent can be
obtained by considering the energy of interaction of a
polarized solvent of dielectric constant D and an ion of

(60)

charge Ze and radius r. The results are summarized in

the following equation:

2 2

- NZ e 1
AGSOl = T (1 - -D—) (7)

In view of this result it 1s also not surprising that water
solvates the ion more strongly than does acetone, sincé D
increases from 20 to 80 in going from a water to an acetone
solvent, It is at first surprising, however, that the diff-
erence between various solvation curves does not vary mono-
tonically with ion size, since the same expression predicts
&8 %% variation of free energy with‘ionic:radius in all
cases, But we believe the result to arise merely from the
subtle deviations from ideal behavior which'occﬁr especlially

for the smaller ions with discrete first solvation shells,
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In fact, more sophisticated theories of ion solvation
attempt to take these deviations into account by considering

(61,62) To illustrate

first shell contributions separately.
the subtle differences which may exist we have depicted
schematically in Figure 12 possible dependences of the
standard free energies of ion complexatlion and ion solvation
for nonactin and the two solvent systems under considera-
tion. Here, the standard free energies of hydration of the
alkall lons relative to the free gaseous ions have been used
to provide a meaningful scale to the free-energy diagran,
and the standard solvation free energies of the lons in our
water-acetone mixtures were assumed to be the same as in
bulk water.(63) The curves for dry acetone and nonactin
were included on the basis of the binding constant data
reported in this paper. The similarity of the curves for
acetone and nonactin simply reflects the constant free
energy difference between them as dictated by the radius
invariant binding constants (RT In K = «AG). Similarly,
the different shapes of water and nonactin curves are the
source of ion selective behavior. The differences in the
water and acetone solvation curves can be interpreted in
terms of ion activity coefficients relative to a standard
state in acetone. (AG? = = RT 1In y) The activities calcu-
lated from these differences for Nat, k¥ and cs™, 0.003,
0.25 and 0.03, respectively, bear a qualitative correspond-

ence to the transport activities in membranes.(8) An
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FIGURE 12

Plot of free energy versus reciprocal ionic

radius for ion solvation and complexation.
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important point to notice in Figure 12 is that the varia-
tions between the solvation free energy curves in the two
solvents, water and acetone, are actually small compared to
the total free energy involved. It is then perhaps not so
surprising that subtle variations in the radius dependence
of the free energy curves for ion complexation and ion sol-
vation (hydration) are difficult to predict on the basis of
theories which describe the more general aspects of total
solvation energy. Nevertheless, it 1s these differences in
free energy which lead to the differential reduction in ion
activity for the various ions and thus the observed ion
selectivity when water is added to the acetone solution.
This interpretation of the origin of selective bind-
ing constants in acetone and acetone-~water systems also
gives some justification for extending our conclusions to
systems more representative of membrane systems, First, the
deviations from 1 radius dependence which seem to result in
ion selective be;;vior originate in the first few solvation
shells. Since in the acetone-water systems the preferential
binding of water to the lon makes water the predominant
species in the first shell, selectivity measured in this
‘system is probably a good approximetion to a pure agueous
environment. Also for the complex in a more lipid-like
environment, nonactin 1igands occupy these first shells, and
beyond this the solvent behaves as a pure dielectric making

Solvation energy proportional to (1 = %%)o Since the
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dielectric constant of chloroform in retrospect is not that
different from a pure hydrocarbon, extrépolation of CDCl3

results to the lipid phase seems more reasonable.

4,4 Complex Formation Kinetics

But even with binding constant date extrapolated to
an appropriate system, their implications on selectivity in
ion transport can only be seen through the choice of an
appropriate transport model., From the discussion thus far,
the ion carrier model seems most appropriate. The lack of
change in spectral parameters as a function of nonactin
concentration indicates that the molecules do not tend to
associate'in either aqueous or non-aqueous systems. Also,
the complex conformation, which is believed to present a
spherically symmetric hydrophobic exterior, leaves little
possibllity for exchange of ions between molecules. Thus
neither channel, pore, nor shuttle mechanisms seems likely.
But in addition to this negative evidence for other models,
some additional support for the detalled steps in the
carrier mechanism can be gleaned from the kinetic limits

imposed by these pmr experiments.

4,4,1., Estimation of Rates

In an nmr experiment, the line widths are indicative
of the rates at which certain molecular processes are occur-

ring. If a proton exchanges between two or more magnetic
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environments at a rate fast compared to the frequency separ-
ation of these environments, a single sharp resonance is
observed, whose parameters are representative of the average
environment of the sites. If the exchange rate is much
slower than this frequency separation, two individual reso-
nances are observed, each characteristic of one of the sites,
In the intermediate range the lines broaden in & complex
manner, one state changing continuously into the other, but
near either limit a simple analytical expression for the
exchange broadening can be obtained.

In the acetone experiments, a single, fast exchange
set of resonances was observed under all conditions. 1In

this 1limit, any residual broadening due to the two site ex-

change process can be expressed aSz(sn)

1 _ 2 2 _ 2

T = By P (0 =) (7, 4 7y) (8)
where PA and PB are the populations of the two sites, TA

and T are the life times and (wA - wB) is the chemical

shift difference between the sites. For some protons, H7

1

for example, w, - w_ reaches as much as 700 sec™ ™ and an

A B
increased line width of 3 or 4 sec.'l could easily be detect-
eds Therefore, in the absence of any noticeable broadening,
the life times of the complexed and uncomplexed states in a
quasi-agueous medium must be much less than 107" sec.,
Measurements by Elgen have, in fact, indicated that they
7 (65)

reach as little as 10 ' sec.
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In the more lipid-like medium, in this case chloro-
form, exchange was found to occur at a much slower rate.
-Here two sets of sharp resonances were observed, one for
free nonactin and one for complexed nonactin. In the slow
exchange 1limit, contributions to the line width take the
form _1 = _1 , where r, is again the lifetime of the

A
2'to wih (64)
species, to which the resonance corresponds.

Here no
line broadening could be detected even at 0.1 M excess of
free nonactin in a solution 0.01 M in potassium complex.
In other words, the lifetime of the species must have ex-

ceeded 0,25 sec.

b,4,2, Application to a Transport Model

The relation of these rates to the process of ion
transport by a lipid soluble ion carrier, such as nonactin,
can be most easily seen on the basis of a simple carrier
model. In its most elementary form, a membrane having
transport properties can be considered to be an ion imperm-
eable organic phase separating to squeous phases. The ion
carrier is distributed between these phases, but is largely
in the organic phase due to its high partition cocefficient
{(of the order of 106 for nonactin). This system is depicted
schematically in Figure 13. Transport across this membrane
can be broken into a number of intermediate steps. In phase
I, near or at the membrane surface an antibiotic-cation com-

Plex is formed; this complex enters the organic phase;
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FIGURE 13

Model for nonactin-facilitated transport

across a lipid bilayer.
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whereupon 1t diffuses across the membrane; and on reaching
the opposite interface the complex undergoes these steps in
reverse order. Any one of the steps could be the rate
limiting one for ion transport. The rate most easily'esti-
mated is thét of diffusion of the complex across the organic
layer. It 1s well known that the interior of a lipid bi-
layer is a semi-fiuid hydrocarbon layer of about 70 2 thick-
ness. Thus, a simple hexadecane phase of appropriate thick-
ness will probably give a good lower limit for a diffusion
time. (Palmitic acid, a common residue found in phospho-
lipids, has a 16 carbon chain.) Using the viscosity of
hexadecane and appropriate assumptions about the size and
geometry of nonactin, a lower limit of about 10"6 sec for
the croésing of the membrane is predicted. Estimates of

the rates for the other processes can be obtained from nmr
and other data. The rate of complex formation is known to
be faster than J.O"LF sec by the acetone experiments and is

of the arder of 10" (65)

sec according to Eigen's work.
Therefore, it seems reasonable to assume that this process
is fast enough compared with diffusion, so that the concen-
tration of the complex near the interface is maintained by
reversible complex formation in accordance with the aqueous
solution equilibrium constant K. The rate of entrance into
the organic phasé cannot be estimated directly from our

data. The rate, however, is more llkely determined by the

energy necessary to remove the complex solvation shell. But
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because of the envelopment of the cation in the complex, the
solvent interactions which might have imposed a high activa-
tion energy to an lon entering the organic layer should be
small and non-discriminant as far as the alkall cations are
concerned. Therefore, we also expect this step to be fast
enough to allow equilibrium between phases in accordance
wlth a partition function, k, and electrostatic potential,
¥ before diffusion takes place. Once in the organic phase,
we lknow that the lon will not shuttle between carriers since
the 1lifetime estimated on the basis of pmr data, 0.25 sec,
is long compared to any reasonable diffusion time. Exchange
between carriers has, in some cases, been observed in iso-
tope labeling experiments, but only under conditions of high
carrier concentration, 0.01 M, and extremely thick membranes,
2.25 mm.(33) Thus, a model such as the one proposed, where
transport is governed by an equilibrium distribution of
species except at a rate limiting step of diffusion through
the orgaenic layer, seems extremely reasonable.

Eisenmen has made some detailed calculations of the
conductance properties of a membrane on the basis of this
model and has found good agreement with experiments for

(34)

nonactin-like molecules., Among other things the theory

predicts that conductivity be described by

2 ukKa
F_.C¢ ____ 1 (9)
d 1l + Kai
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where C is the total concentration of the macrocyclic anti-
biotic, u 1s the complex mobility, K is the aqueous binding
constant, and ay is the activity of the ion. The selecti-
vity is glven by:

“jkiKi

== 4 (10)
K3%3%9

where the subscripts designate the different ions. The
expression (10) can be simplified somewhat on the basis of
our experiments. Differences in u, the complex mobility,
are largely determined by the exterior geometry of the non-
actin molecule for the various complexes. Since this geo-
metry was found to be very similar for all alkali cation
complexes, the subscripts can be dropped from the up's and
they can then be eliminated from the expression. The same
is true of k. It is largely determined by the solvation
interactions in the two phases. Beyond the first few sol-
vation shells this can be described simply in terms of sol-
vent dielectric, complex size and ionic charge. In the non-
actin complex the first few hydration shells have been re-
placed with the nonactin ligands, so that from the complex
exterior all ions appear to be of the same size and same
charge. Thus, k is also a constant, independent of ion and
can be eliminated from the selectivity expression. This
leaves ;%9 the ratio of the agueous binding constants, as
the onlnyactor determining selectivity in transport. Thus,

our discussion of the origin of ilon binding selectivity can
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be extended to the interpretation of selectivity in ion
transport at least for antibiotics of the nonactin type.

Of course the model, although being in excellent
agreement with some experiments, is grossly oversimplified,
For example, it cannot in its present form explain the
unusual depression of i conductivity through lipid bi-

++.(32) But even here the

layers in the presence of Ca
model becomes amenable with minor modification. In the
original calculation Eisenman considered the effect of an
electrostatic potential within the membrane, but only the
part established by the steady state density of the complex
itself. In actuality phospholipid bilayers and other mem-
branes have an additional potential arising from membrane
bound charges. For a 1lipid bilayer this potential might be
approximated by an electrical double layer in place of the
surface phosphatidyl choline groups as depicted in Figure 13,
This double layer would normally increase the concentration
of the positively charged complex in the hydrocarbon phase,
However, in the presence of salts which form insocluble com-
plexes with phosphates (Ca++ for example) the normal poten-
tial may be depressed to a point where the concentration of
complex in the lipid phase is decreased and with it the gt
conductance., Thus, it may well be that the apparent compe-
tition of Ca++ with K+ is the result of a subtle effect on

one of the other transport steps, rather than an effect on

the bindlng selectivity itself. Other modifications of the



101

model might also have to be made before it can be applied to
more natural systems, for example effects on the activity of
the various species in the region where the complex is
formed. Both of these points no doubt merit further study,
but they should not affect our general interpretation of the

origin of selectivity in transport.
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5. CONCLUSION

Therefore, in summary, an antiblotic such as nonactin
acts baslcally as a lipid-soluble ion carrier. The selecti-
vity in transport arises through a difference in agueous
solution binding constants for various ions which originates
in subtle variations in the differences between the free
energy of solvation and the free energy of coordination by
the antibiotic.

One must remain cognizant of the fact, however, that
there are a number of criteria which the antibiotic must
fulfill before the description of selective ion transport
can be simplified to this extent. Fifst, the lonophore must
be flexible so that complex formation can be rapid compared
to the diffusion rate for the complex. Second, the anti-
biotic must envelope the ion, so that the solvation energy
of the complex 1s small and non-discriminatory in its effect
on the partition of the complex between solution and mem-
brane phases. And third, the exterior geometry of the com-
plex must be independent of ion so that differénces in
diffusion rates are inconsequential: On the basis of our
pnr data we know that nonactin in most respects meets these
criteria, but other antibliotics may not. For example, in
cases such as the more rigid, open, cyclic polyethers one
must apply caution in making any analogous interpretation

of the transport phenomenon.
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PART II

SALT EFFECTS ON NUCLEOTIDE CONFORMATION
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1. INTRODUCTION

l.1. General Aspects of Nucleotide Conformation

During the past few years a great deal of research
has been devoted to the investigation of the forces which
determine the preferred conformations of DNA, RNA and their
shorter oligonucleotide derivatives. Base-stacking inter-
actions have been foremost among the forces investigated
and they appear to be influential in maintaining the
‘parallel and stacked configurations of the planar purine

(1-8) Rela-

and pyrimidine bases found in these molecules.,
tive base orientation, however, 1s not the sole significant
feature of nucleotide conformation. Other degrees of free-
dom exist within each nucleotide unit, both with respect to
changes in orientation of the base about its glycosidic

bond (Cl'-Nl) and with respect to conformational alterations
in each contiguous ribose moiety.

The importance of these additional degrees of con-
formational freedom in nucleotides is suggested by the
frequent observation of structurally and functionally dis-
rtinct base~stacked conformers of chemically identical di-
nucleotides or pelynucleotides. In the dinucleotide ApA,
Tor example, the anti-antli base-stacked conformation, where
the adenosine bases are rotated so that the six-membered

portion of their purine rings .is away from the ribose

molety, 1s predominant over the syn-syn and syn-anti
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(6)

base~-stacked conformations., But appreciable populations

of the minor rotomers are nevertheless known to exist,(g)
and in some nucleotides, the guanosine nucleotides for

(10) It

example, they may even represent a major fraction.
has been proposed that the differences exist not as the
result of base-stacking, but as the result of variations in
non-bonding interactions between base and ribose moieties,(é)
making base orientation, along with base-stacking tendency,
a detérmining characteristic of nucleoside or nucleotide
conformation.

Along with possible variations in base orieﬁtation
and base-stacking tendencies, concomitant variations in
ribose conformation have been noted. In ApA, ApC, and CpA,
for example, ribose conformation seems to change on destack-

(7,11) and in polynucleotides variations in

ing the bases,
ribose conformation exist even among thermally stable con-
formations. The DNA double helix, for example, can exist in
at least two formss the A form where base planes are tilted
with respect to the helix axlis, and the more common B form

(12)

where bases are perpendicular to the axis, BRNA can also

exist in several different double helical forms, most of

(12) These

which are similar to the less common DNA A form,.
various forms, to the extent to which they have been

characterized, would seem to differ very little in their
base-stacking interactions; the number of bases per pitch

1s nearly the same (f 1) and base pairs seem effectively
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overlapped in all cases, Differences in the conformation

of the ribose-phosphate'backbone in these helices are then
of major significance. In fact, a change from 3'-endo to -
2°=endo ribose conformation has been cited as a characteris=-
tic difference between A and B forms of the DNA double
helixo(IB)

The possible biological significénce of such varia-
tions in nucleotide structure is intriguing. It has been
suggested that the two forms of DNA can differentiate
transcription and replication cycles in living systems.(13)
At various stages of cell development DNA must either
replicate itself or transcribe its code through the template
synthesis of either a complementary DNA or a complementary
messenger RNA chain. It is perhaps significant that only
one form of DNA, the A form, seems compatible with the RNA
helical structure. Also, flexibility within the nucleotide
unit, either with respect to the glycosidic bond or with
respect to the ribose moiety;, is one of the major tenets of
the “wobble hypothesis” which attempts to explain the
(14)

degeneracy of the genetic code, For example, the codons
GCC and GCU are degenerate, both pairing with the anticodon
for alanine, CGI. Crick postulates that a flexibility or
"wobble” in the C base of the codon is a major factor in
allowing the abnormal I-C pair to form. Thus ribose and

glycosidic bond conformations, although often reported as

insignificant aspects of nucleotide conformation, may in
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themselves have important biological implications. Despite
this potential significance, conformational differences
among nucleotide units have not been well characterized and
a more detailed study, even of mononucleotide segments,

poses a subject worthy of further investigation.

120 General Forces Influencing Nucleotide Conformation

The forces which influence ribose or glycosidic bond
conformation are likewise of much interest and merit further
study. A few theorles attempting to explain factors which
determine or alter nucleotide conformation have been
advanced, but in general they leave many experimental obser=-
vations unexplained. One explanation for the preferred
anti conformation of many nucleosides and nucleotides
recently expounded by several authors on the basis of
crystal structure data relies on the effect of steric inter-
actions between base and ribose atoms about the glycosidic

bondo(15-17)

These interactions are no doubt important and
they do point to the fact that rotation about the glycosidic
bond and changes in ribose conformetion may be closely
correlated. Such interactions, however, cannot explain the
apparent sensitivity of glycosidic and ribose conformation
to changes in the nucleotide’s external environment. For
example, dehydration or the addition of a high concentration

of salt to & DNA solution can cause a transition from the B

to the A form, and the addition of salt or a viral protein
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coat to BNA can produce similar changes in the secondary
structure of this molecule,(lz) some of which presumably
involves a change in ribose~-phosphate conformation. Even
in the case of simpler mono and dinucleotides, the addition
of a non=polar solvent has induced changes in the CD spectra,
which have been interpreted as variations in the angle about
the glycosidic bond.(18)
A second factor, deemed by some to be crucial in the
maintenance of secondary structure of ribonucleotides, is

the proposed hydrogen bond between the 2'-hydroxyl of the

ribose ring and either a proton acceptor on the nucleoside
(8,19)

(1,20)

base, or an adjacent phosphate group on the backbone

chain. In the case of the polynucleotides this could
be the principal source of difference between the RNA helix
and the DNA helix, which lacks such a 2'-0H group. And in
lower nucleotides, its effect on conformation would be more
sensitive to external environment than mere steric inter-
actions. However, despite the intuitively appealing nature
of this suggestion, there 1s an increasing store of evi-
dence which indicates that this too cannot be the only
significant factor in determining nucleotide ribose-
phosphate conformation. For exampleg'mononucleotides, with
and without a 2°«0H group, have been observed to display
similar glycosidic bond conformations.(Zl’zz) Many crystal

structures indlcate that nucleotides exist in conformations

in which such hydrogen bonds are not geometrically possible,
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and studles of polymer derivatives lacking a 2'-0H group
show these compounds to behave in a manner more analogous to
a ribose compound, than a deoxy compound.(23°25) All of the
above studies indicate that the contribution of the 2°'-0H
hydrogen bond to ribonucleotide conformational stability is
a relatively minor one.

A third proposal directed at an explanation of the
effect of lonic strength on the structure and stability of
double helices has been based on electrostatic arguments,

In the case of at least divalent cations, binding to the
negatively charged phosphates should reduce the chain—ghain
repulsions normally present in a double helix, thus increas-

‘ing the stabllity of the double stranded structure.(26)

An
analogous argument might be set forth to explain transitions
between various helical forms. But this explanation cannot
be extended to the dramatic effect of some non-binding
anions or the destabilizing effects of salt concentrations
in excess of 1 M which do not follow predictions based‘on
ionic strength effectso(27°28) Also, non~ionic perturbants
have produced changes in non-helical, non-base-stacked
nucleotide fragments, which certainly cannot be explained on
& purely electrostatic basiso(18)

Therefore, there are a great many unanswered ques-
tlons about the precise conformational changes which can
occur in a nucleotide unit and about the forces which drive

these chenges that merit further study. To a large extent
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changes in nucleotlide conformation, although often observed,
have not been characterized in terms of detailed changes in
angle about the glycosidic bond and/or changes in population
of various ribose conformations. And to a large extent the
factors which influence conformational changes of this type
have not been investigated in a systematic way in a system
free of other secondary structure-perturbing factors, such
as base-stacking interactions. It is these investigations
that we plan to pursue and it is these conformational

changes which we wish to characterize.,

1.3 A Proposal for Further Study

1.3.1, Uracil Nucleoslides and Nucleotides as a Subject of

Study

To resolve these questions we have undertaken a
detailed study of the agueous solution conformation of
single nucleosides and nucleotides undef various systematic
perturbations of the solvent system, In a single nucleotide
unit we need not consider interference from changes in
intramolecular base~stacking interactions, but, since inter-
molecular base-stacking can still occur, it is clear that it
would be desirable to examine a simple case in which there
is little base-~stacking or where base=-stacking does not
alter the conformation of the nucleotide or nucleoside unit.

Of course, in the latter case, the property monitoring the
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conformation must also be insensitive to what base-stacking
may exist., Uridine, deoxyuridine, uridine-~5'-monophosphate
(5'=UMP), and uridine-3'-monophosphate (3'-UMP) satisfy
these requlirements. These molecules seif—associate only
slightly at low concentrations (less than 0.02 M) and, as
far as we can tell, any self-assoclation which does exist,
does not alter the molecular conformation or affect any of
the propertles which we shall use in this work to monitor
the conformation of the molecule, Thus the effect of added
perturbant can be interpreted directly in terms of its
effect on ribose and glycosidic bond conformation for these
moiecules.

In order to put the evaluation of these conforma-
tional changes on a more quantitative basis we shall adopt
a terminology developed in connectlon with X=-ray and

theoretical studies of nucleotide struoture,(16'29)

Here,
conformational changes about the glycosidic bond, as well as
rotatable single bonds in the ribose moiety, have been
described in terms of the various torsional angles indicated
for 5'-UMP in Figure 1. Donohue and Trueblood defined the
torsional angle about the glycosidic bond,(¢CN),as being the
dihedral angle between the plane of the base and the plane
formed by the Cl.-ol. bond of the furanose ring and the

(29)

Cy4-N;, glycosidic bond. The torsion angle, & is 0°

CN’
when 06 of the pyrimidine base is eclipsed with the ether

oxygen (Ol°) of the furanose ring, and poslitive angles are
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FIGURE 1. 5°'-~UMP,
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measured when the base is rotated in the clockwise direction
when viewing from Nl' to Cl" The anti conformation expect-
ed for the pyrimidine nucleosides and nucleotides describes

a range of torsion angles centered at dCN ~ -300, and X-ray

crystallographic studies have shown that this range can

65°, (15}

extend from -5° to - In solution base orientation
about the glycosidic bond is not fixed and is likely to be
represented by a distribution among rotomers with torsional
angles largely within this range. We shall use the
térsional angle, ﬂCN’ to gauge changes in the average of
this angular distribution.

The conformation of the ribose ring can be described

in terms of the angles, Toy Tl' 72, 73,'and Tu. which
correspond to dihedral angles about the Ol"cl°’ 02"C3'”
(16) Positive

C3.-04., and Cyp¢=0qs bonds, respectively.
angles are measured as clockwise rotations about the bonds,
as viewed from the low number carbon atom, and zero values
are obtained when all bonds of the ring are planar and cis
with respect to one another. The ribose conformation
corresponding to all torsional angles equal to zero is
inherently unstable and normally one carbon atom is dis~
placed from the plane. Structures with an atom (n') dis-
placed toward the side of the base and phosphate group are
described as n'=-endo, or alternatively, those with n' to
the opposite side of the plane are described as n'=-exo.

Usually either C,, or C,, is dlsplaced, leaving four

39
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possible ribose conformers: C,,-endo, C,,~exo0,

20 2! CBO
CB.-exo. But in the present study, due to the limited data

-endo, and

accessible with our experimental technique, we have consid-
ered the ribose conformation to be represented by a equili~
brium between the two most common forms shown in Figure 2:

the 2'=endo and 3°'-endo conformers.(ll)

More recently
studies have appeared which consider the existence of all
four conformers, These results, however, are not inconsis-
tent with the 2°-endo, 3'~endo interpretation adopted
(30,31)

here,

1¢3.2. Ponr as a Method of Study

As a method for monitoring changes in the conformae
tional equilibria for uridine, deoxyuridine, 5°'=-UMP, and
3'«UMP, resulting from perturbations to the solvent system,
we propose to employ a proton magnetic resonance (pmr) tech-
nique, The applicatlon of pmr to problems of biological
interest has been well illustrated in work on other nucleo-
tides(6-9) and in the work on nonactin described in Part I
of this thesls: Pmr should therefore be of equal value
here. As in the case of nonactin, the chemical shift, being
a function of local magnetic environment, is sensitive to
conformational changes which alter the spacial relationships
of protons and various functional groups, Thus an analysis

of induced chemical shifts as a function of solvent per-

turbation will aid in our interpretation of conformation
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changes, especially those involving changes in orientation
of the base about the glycosidic bond. And, as in the case
of nonactin, vicinal spin-spin coupling constants will be

used to monitor rotations about carbon-carbon single bonds.

In this work, the coupling constant. between the H and H_

i 2
ribose protons is particularly suitable for monitoring r

1

and, indirectly, the equilibrium between conformers of the
2

ribose ring.(3 »33) But, in addition to the two pmr para-

meters monitored in the nonactin work (chemical shift and
coupling constant), we have here been able to reinforce our
conformational deductions with the results of nuclear-
nuclear Overhauser experiments. The nuclear Overhauser
effect (NOE) stems from the fact that in the case of highly
proximate nuclei, the transitions between spin states of
one nucleus are coupled to the transitions of the other by
direct spin-coupling. Thus in a double irradiation experi-
ment, when the distribution between spin states of one
nucleus is altered, the intensity of the resonance arising
from the coupled spin is simultaneously changed. The
extent of this intensity change can in certain cases be
related to the degree of direct coupling and so to}the
geometrical relationshlip of the two protons. The technique

has been applied successfully in conformational comparison

of nucleotides of fixed geometry and so promises to be of

(9,34)

use here. Unfortunately, the technique requires

rather high sensitivity and as a result could only be
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attempted at rather high nucleotide concentration. Even at
this, the results are at the 1limit of statistical wvalidity.
Therefore, we must rely on a combined study of the chemical
shift, spin-spin coupling constant, and nuclear-nuclear
Overhauser effects as a function of a systematic perturba-
tion to the solvent system to yield information about the
conformation of these nucleosides and nucleotides and to
lead to the elucldation of the nature of the forces which
can alter the equilibrium diétribution‘between the wvarious

stable conformers,

1.3.3+ Electrolytes as Solvent Perturbants

The cholce of appropriate perturbants for our solvent
system must be made on the basis of their potential to
elucidate the nature of the forces which influence nucleo-
tide conformation, as well as on the basis of their having
some biological significance. Since steric, electrostatic,
and hydrogen-bonding forces have met with only limited
success in the explanation of changes in nucleotide confor-
mation, i1t seems most profitable to select a perturbant
which willl also probe the possible role of hydrophobic
bonding. Numerous agents exist which are capable of acting
as hydrophobic denaturants. Among the more common ones are
alcohols of various chain length, tetra-alkyl ammonium ions,

(35-39)

guanidinium chloride, and urea. But we have chosen

to employ here a group of ionic salts which are more
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commonly used to adjust ionic strength, than to denature
macromolecules. These are Mg(ClOu)z, NaCloq, NaCl,
NaOAc,(CH, ), NC1, and [CHB(CHz)B]uNCl. The salts, however,
have been used in some cases to perturb a solvent system;
specifically, they have been employed in investigations of
conformational stability of macromolecules such as ribo-

(27:35)  myeir influence on the stability

nuclease and DNA.
of these macromolecules has been well characterized and
their action has been attributed to a "structure-breaking"
and "structure-making”" effect on the solvent.(uo)
Although the non-lionic perturbants offer an advantage
in not having their effects on hydrophobic forces compli-
cated by alternative mechanisms for inducing conformation
changes, such as those of electrostatic nature described
previously, the lonic perturbants are particularly suitable
in a study such as that proposed here for a number of
reasons. The salts themselves are widely used in biologi=-
cally oriented studies for the regulation of ionic strength
and pH, with little regard for their structure perturbing
properties, Therefore, in addition to thelr implication as
to the forces which determine nucleoside conformation, an
illustration of their possible conformation perturbing
properties should be of value, There are, in fact, a
number of discrepancies in the literature regarding the

conformation of nucleotides which may have arisen from just

such & disregard of the possible conformational effect of
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(1,2,41) This study

salts used to maintain ionic strength.
should aild in resolving some of this conflict. In addition
to the potential significance of the results obtained with
these salts, they offer a purely experimental advantage in
that most of them add no spurious resonances to our pmr
spectra. The addition of these salts to our nucleoside and
nucleotide solutions should therefore provide both a con-
venient and significant way of systematically perturbing
the aqueous solvent system 1h an investigation of the poss-~

ible role of hydrophobic forces in maintaining nucleotide

conformation.
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2, EXPERIMENTAL

2.,1le Conventional Pmr Experiments

Uridine and uridine-5°'-monophosphate (disodium salt)
were obtained from Calbiochem, Los Angeles, Calif., as the
A grade materials, Uracil and uridiné-B'-monophosphate
(dilithium sélt) were purchased from P, L. Biochemicals,
Inc., Milwaukee, Wis. Deoxyuridine was obtained from Sigma
Chemical Co., St. Louls, Mo. These compounds were dried
over on5 under vacuum at room tempefature and were used
without further purification. Solutions were prepared in
99.7% D,0 supplied by Columbia Organic Chemicals, Columbia,
S. Co

The salts, NaClOu. Mg(ClOu)z. and NaOAc, were of
reagent grade. DBefore use, they were dried under high
vacuum at temperatures in excess of lOOOC. Tetraethyl=-
ammonium chloride (TMACl) was obtained from Matheson
Coleman and Bell. It was dried under high vacuum at 35°C,
Tetrabutylammonium chloride (TBACl) was prepared from the
iodide salt (Eastman Organic Chemicals) by ion exchange.
The salt was recrystallized from a C01@~hexane mixture and
dried under high vacuum at 55000 Reagent grade NaCl was
used without further treatment.

For the investigation of chemical shifts and

coupling constants, the nucleotide or nucleoside
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concentration was 0,01 M in DZO‘ The pD of each solution
was measured with a Leeds and Northrup 7401 pH meter,
equipped with miniature electrodes, and was taken to be the
observed pH meter reading plus 0.4 (the standard correc-
tion).(uz) The pD of all the nucleotide solutions was main-
tained at a constant value of 8¢3 £ 0.3. Where adjustments
were necessary, small amounts of 1 M DCL or 1 M NaOD were
added. The salt concentrations quoted in this paper do not
include the small amounts of sodium ion or lithium ion
existing as the counter ion to the uridylic acids and the
minute gquantities of sodium or chloride ion introduced in
the pD adjustments.

Measurement of salt-induced chemical shifts and
coupling constant changes of the 0.01 M solutions proceeded
in a routine manner. All spectra were run on a Varian HA-
100 high-resolution NMR spectrometer, operated in the fre-
quency sweep mode. A C-1024 time-average computer was used
to enhance the signal-to-noise ratio where necessary. A
TMS capillary provided the field/frequency lock signal and
also served as an external standard. Chemical shifts were
measured relative to the lock signal to ¥ 0.001 ppm by'
electronic counting of the difference between the lock and
sweep modulation frequencies., However, in order to correct
for changes in the bulk susceptibility of the solutions, all
the electrolyte shifts reported are referred to an internal

standard of either tetramethylammonium chloride or neopentyl
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alcohol.

2.2+ Nuclear Overhauser Experiments

For the nuclear Overhauser experiments only 5°-UMP in
the presence and absence of 2 M NaClOu was studied in
detail. The chemicals employed were those described above;
however, because of the necesslity of detecting rather small
changes in the intensity of the resonances, the samples were
prepared in a slightly different manner. First, the solu-
tions employed were brought to a rather high nucleotide
concentration, 0.10 and 0.30 molar in the two sets of exper-
iments conducted. Second, the 5°'-UMP was exchanged once and

lyophilized from D,0 to eliminate the contribution of

2
exchangable protons to the intensity of the HOD resonance
which frequently interferes with the detection and irradia-
tion of the proper resonance in the ribose region of the
spectrum. And third, after preparation of the sample and
ad justment of the pH, dissolved paramagnetic oxygen was
removed to minimize variatlions in the natural relaxation
mechanisms among samples and to maximize the nuclear Over-
hauser effects. This removal was accomplished by three
consecutive freeze-pump-thaw cycles, after which the samples
were sealed under vacuum,

The NOE measurements were made on these samples

employing the same basic instrumentatlion as that used above.

The HA-100 spectrometer was used along with a Hewlett-
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Packard model 120 B audio oscillator to supply the saturat-
ing modulation frequency. A modulation of 300 & 100 mv
amplitude was applied at the spectral position of an appro-
priate ribose proton (Hz. or HB') whlile the intensity of a
uracil base proton resonance (H6) was observed. Intensities
were measured employing the integration circuit of the
HA-100, and the percentage nuclear Overhauser enhancements
were calculated by comparison of these intenslities to the
average intensity found with the saturating frequency moved
100 Hz to either side of the ribose resonance in question.
The experlments were conducted with varying amplitudes of
the saturating frequency (0-600 mv). A near maximum nuclear
Overhauser effect was obtained at any amplitude over 200 mv,
but 300 mv was most frequently employed because of the im-
proved signal-=to-noise ratio at the lower irradiating ampli-
tudes., Even under these optimum conditions the reproduc-
ibility of integrals was none too good. But rather than
attempt the use of a time~average device with this inherent-
ly unstable system, the experiments wére repeated in the
sequence described a sufficient number of times to make the
results somewhat statistically valid. It is the average of

these results which we report in the following section.
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3. RESULTS

3¢1l¢ Initial Spectral Parameters

The proton magnetic resonance spéctrum of a typical
uracil nucleotide or nucleoside is presented in Figure 3.
The uracil H6’ HS' and ribose Hl' protons give rise to dis-
tinct resonances which are easlily monlitored, even at 0.0l m

concentration., The assignment of these resonances is based

(43)

on the work of Jardetzky et al. The Hé and H_ reso-

5

nances of the uracil base appear as doublets due to spin-
spin coupling between these protons. In the ribose nucleo-

side and nucleotides, the H resonance often overlaps the

lI
H5 resonance and is also a doublet due to spin-spin coupling

with the HZ' proton of the ribose ring. In the case of

deoxyuridine, however, the H resonance is a triplet due to

ll
coupling to both the ribose H2, and H2" protons. Since the

chemical shift difference between H and H protons is

2l 211.
small compared to the HZQ—HZN geminal coupling constant,

only the average H,,~H,,(H,,) coupling constant, 2T

(bl)

Le
+ Jqu_sz s can be measured.

Hlo-Hze
The chemical shifts of

these resonances and the various coupling constants in the
molecules investigated are summarized in Table I,

The resonances of the other ribose protons, although
easily discernible in the spectrum of Figure 3, are not so

easlly perceived at 0.01 m, both because of decreased
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FIGURE 3

100 MHz pmr spectrum for a 0O.ll m solution
of 5'-UMP in D,0 at pD 8.3, 30°,
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sensitivity and the interference of the strong HDO reso-
nance. Thus, for the chemical shift and coupling constant
studies, no attempt was made to monitor these signals.
However, for the higher concentrations used in the nuclear
Overhauser experiments, the Hz, and H5, could be assigned
on the basis of thelr multiplet patterns and spin-spin

coupling to the H proton.

l!
Since the initlation of this work more detailed
studles of the ribose protons have appeared which assign
and analyze the entire ribose region of the spectrum. These
works are,in general,consistent with that presented
(30,31,33)

here.,

The hydroxyl and N-H proton resonances were not ob-

served because of exchange with the solvent.

3.2« Salt-Induced Chemical Shifts

Although chemical shift data for H6’ H_, and Hl' pro-

5
tons have been collected, the principal changes on the addi-
tion of electrolytes are observed in the position of the Hé
resonance. These changes for the varlous nucleosides and
nucleotides in the presence of the several electrolytes
studied will be considered first,

Uridine. The chemical shifts observed for the uracil
Hg resonance of uridine upon the addition of various salts

to a 0,01 m uridine soclution in Dy0 at pD = 8.3 are de-
picted in Figure 4, Mg(ClOu)2 produces the greatest effect,
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Salt=induced shifts of the H6 resonance for a

0,01 m solution of uridine in D,0 at pD 8.3, 30°,
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shifting the H6 resonance 0,07 ppm upfield over a salt con=-
centration range of 1 m. Similarly, 2 m NaCl0), and 2 m
NaCl shift the H6 resonance upfield by 0.07 ppm, and 0,018
ppm, respectively., However, 2 m TBACl causes a downfield
shift of 0,13 ppm.
The H, and H

5 L
addition of these electrolytes. However, the shifts are

resonances are also shifted by the

all less than 0.03 ppm over the entire range of salt concen~
trations investigated.

5'«UMP. The chemical shifts of the Hé, H_ , and H

5 1t

resonances of a 0,01 m solution of 5'-=UMP at pD 8.4 as a
function of the concentration of the varlious salts under
study are summarized in Figures 5 and 6. These salts can be
seen to produce a pronounced shift of the resonance position
of the H6 proton. Mg(0104)2 has the greatest effect, induc-
ing an upfield shift of 0.19 ppm over a salt concentration
range of 0.6 m. At salt concentrations of 2 m, the observed
electrolyte shifts for NacCl, NaCl0y, and NaOAc are 0.124,
0.125, and 0,054 ppm upfield, respectively. Tetramethyl-
ammonium chloride has little effect on the Hg chemical shift
over the entire concentration range studied, while the
shifts observed in tetrabutylammonium chloride are slightly
downfield (=-0,012 ppm at 2 m). |

In contrast to the nearly linear induced shifts ob-
served with increasing salt concentration for the H6 reso-

nance of uridine, the corresponding shifts for 5°'=-UMP at
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low salt concentrations can be seen to be abrupt. Thig
abrupt change is most pronounced in the case of magnesium
perchlorate and is also evident for the sodium salts,
although to a lesser extent., At high salt concentrations,
however, the H6 resonance appears to vary linearly with salt
concentration. As we shall show, the abrupt ‘shifts arise
from binding of the cation to the negatively charged phos-
phate group.

The effects of these salts on the H5 and H reso-

10
nances of 5'~UMP are again small compared to effects noted
for the H6 resonance, However, these salt-induced H5 and
Hl' shifts are somewhat larger than those observed for
uridine.

j'-UMP. In the presence of salts, similar electro-
lyte shifts are observed for the H6(Figure ‘Al HS’ and Hy,
resonances of 3°'-UMP as in uridine. The H6 resonance, how-
ever, does not exhibit the abrupt shifts depicted by 5'-UMP
at low salt concentration. The magnitudes of the salt-
induced shifts observed for 3°~UMP are also smaller, At
0.6 m Mg(ClOu)zg the He resonance is shifted 0,065 ppm
upfield from its value in the absence of salt, and the
corresponding shifts induced by 2 m NaC'lo4 and NaCl are
0,09 ppm and 0,05 ppm, respectively. Again these salts do
not affect Hl' and H5 chemical shifts significantly, the
induced shifts being less than 0.03 ppm,

Deoxyuridine. Decoxyuridine was investigated in
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FIGURE 7

Salt=-induced shifts of the H6 resonance
for a 0,01 m solution of 3'=-UMP in D,0
at pD 8.1, 30°.
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order to ascertain the possible influence of the 2'-hydroxyl
group on the electrolyte shifts observed for uridine, 3'-
UMP and 5'-UMP. It was found that the addition of salts
agaln shifts the Hé resonance upfileld from the aqueous solu-
tion value. The shifts, however, are somewhat smaller than
those observed for the ribose nucleoside and nucleotides.,
For 2 m NaClOu. the upfield shift is 0.042 ppm, and for 1l m
Mg(ClOu)z. the observed shift is 0.030 ppm. The salt=-
induced shifts of the Hl“ and H5 resonances are again of
smaller magnitude, being 0.02 ppm or less over the salt
concentration range investigated.

Uracil. A similar study was undertaken for uracil to
ascertain any direct effects which the electrolytes might
have on the chemical shifts of the ring protons. Both the
H5 and H6 resonances were found to be shifted upon the addi-
tion of salt. 1In salt solutions of NaClOu, NaCl, and:
Mg(ClOu)é, these resonances are shifted downfield. At 1 m
salt, the electrolyte-induced shifts are 0,008, 0.028, and
0.019 ppm, respectively, for the H6 resonance, and the

corresponding electrolyte shifts for the H_. resonance are

5
0,012, 0,017, and 0,028 ppm, respectively. TBACl (1 m)
produces & downfield shift of 0.047 ppm for the Hg resonance

end an upfield shift of 0.023 ppm for the H5 resonance.
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3¢3¢ Salt-Induced Coupling Constant Changes

Changes in the H6 chemical shifts described above
were in many cases accompanied by simultaneous changes in

the J coupling constant.

Hl""Hz v
5'=UMP. For 5'-UMP, for example, the same salts
which produced large H6 shifts were found to have large
~ effects on the coupling constant between the Hl' and H2,
protons of the ribose ring. These results are summarized
in Figure 8. lJHlv-Hz-l is generally reduced upon the addi-
tion of salt. For example, it is lowered from 4.8 to 3.8
cps when the Mg(ClOu)2 concentration is increased from 0.0
to 0.6 m; 2 m NaCl0, causes a 1.0 cps decrease. Tetrabutyl-
. A
Hl|-H2 N
near linear correlation between these induced coupling con-

ammonium chloride, however, has no effect on J

stant changes and the induced H6 chemical shifts can be
demonstrated for this molecule by the simple plot shown in

Figure 9. For 5°-UMP the slope of the plot, A Jy ' /

1r-Hpe
As , is equal to 8 Hz/ppm.

Uridines In uridine, a2 similar relation exists as
can be seen in Figure 10, Mg(ClOn)2 again produces the

greatest effect, with !J l decreasing from 4.5 to 3.9

Hlﬁ "’H2 [}
Hz at a salt concentration of 1 mo ‘A 0.7 Hz decrease in the
coupling constant was noted for 2 m NaClOu, while NaCl and
TBAC1l were found to have only a small effect. The plot of

an induced coupling constant change versus an induced shift
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FIGURE 8

Salt-induced change of |J for a

Hl'_HZ'
0,01 m solution of 5'~UMP in D,0
at pD 8.4, 30°,
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FIGURE 9

Correlation of salt-induced H6 shifts with the salt-

induced change of |J for various 0,01 m solutions

ch -HZ ]

of 5'«UMP in D20 containing different electrolytes at

pD 8.4, 30°,
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FIGURE 10

Salt-induced change of IJ for a

ng-H2|
0,01 m solution of uridine in D,0
| at pD 8.3, 30°.
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is again linear, but A J / A& is 10 rather than 8 Hz.
Hl!"'HZ' i
3'-UMP. Not all nucleosides or nucleotides can, how-
ever, demonstrate such a relation between induced shift and
induced coupling constant change. In contrast to the
coupling constant changes observed for 5'-UMP and uridine,

the Hl,-H coupling constant in 3°'-UMP appears to be insen-

20
sitive to the added electrolytes: Mg(ClOu)z. NaC104 and NaCl
(Figure 11). Since some induced H6 shift does exist for

3'-UMP this can be viewed as a case where the A J versus A

plot has a slope equal to zero.

Deoxyuridine. And finally, for deoxyuridine the

average H,,-H,, coupling constant, % Iy + J

l'- l'—HZ'
also appears to be unaffected by the addition of salt to the

Hl' 'Hz " !

deoxyuridine solution. However, here the small value of the
induced shifts and the relative insensitivity of the average
coupling constant would tend to obscure any non-zZero corre-

lation which might exist.

3.4 Nuclear Overhauser Effects

Nuclear Overhauser effects between nuclel of the same
species are relatively small and in our experiments we wish
to observe a change in this relatively small effect. There-
fore, it is logical to choose the system which is apt to
produce the largest effect. In view of the chemical shift
and coupling constant experiments; 5'<-UMP in the presence or

absence of 2 m NaClO, would seem the best choice.
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FIGURE 11
Salt-induced change of |J for a
Hl (] "HZ (]

0.0l m solution of 3°'~UMP in D,0

at pD 8.1, 30°.
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The results for irradiation of the Hé, proton and
HS"5" protons while observing Hg of 0.1 M 5'-UNMP solutions
are presented in Table II. The optimum irradiation ampli-
tude for each proton and each sample was determined to be
300 £ 100 mv. Experiments at this amplitude were repeated
15-30 times to determine the average effects and standard
deviations presented in the table. In comparing the effects
in the 2 M NaClQ) solution to those in the 0 M NaClOLP solu-
tions, we note that the NOE for H2, has increased slightly,
12,0 to 17.1%, and the effect for HS"H5" has decreased
slightly, 12.4 to 6.8%. Unfortunately, the uncertainties
are such as to place the results at the limit of statistical
validity. An attempt to improve the situation by going to
0.3 M solutions was made. The results, as presented in
Table 1I, are qualitatively the same, but the magnitude of
the change seems to have decreased so as to place these
results in doubt also. The experiments as a whole are in-
cluded only as corroborative results consistent with the

model to be derived on the basis of chemicel shift and

coupling constant data to be presented in the next section.
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TABLE IIs Nuclear Overhauser Effects Observed for the

H6 Proton of 5°'~UMP.
Proton Irradiated
Hzo H5| ’5.-
091 _]Z_I_ SG-UMP
12,0 £ 6,0 12.4 £ 5,5
ONM NaClOu
0,1 M 5°-UMP
17 el & Hgl 6.8 £ 2,8
2 M NaClOn
0.3 M 5°=UMP
151 £ 1.8 9.2 £ 2,5
0N NaCth
0.3 M 5'=-UMP ,
164 £ 1,5 5.5 % 1.9
2 M NaClOu
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b, DISCUSSION

The addition of salt to agueous solutions of uracil
nucleosides and nucleotides appears to affect the chemical
shifts of the base protons, the value of the Hl,~H2. ribose
coupling constant, and the magnitude of the intramolecular
proton=proton nuclear Overhsuser effects, The chemical
shifts could be modified either through direct interactions
between the lons and the nucleoside or nucleotide molecule,
or through indirect effects of the salt on the solvent
structure, In addition to being the consequence of a con-
formation change in response to modification of the solvent
structure by the added electrolyte, the chemical shifts
could arise from specific ion-binding, both to the uracil
ring and to the phosphate group of the ribose moiety, as
well as from a more general change in the solvation of the
uracil base. The changes in coupling constants and the
changes in nuclear Overhauser effects, however, most cer-

tainly arise solely from an induced conformation change.

L,1, Initial Nucleotide Conformation

Interpretation of conformational changes induced by
the addition of salts to aqueous solutions of the uracil
nucleoside and nucleotides necessitates the assignment of
some initial aqueous solution conformation to these mole-

culess The uracil base can assume several rotational
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conformations relative to the ribose moiety about the glyco-
sidic bond, and there are also several possible ribose con=
formations. The rotational conformation of the base and

the conformation of the ribose ring, however, might not be
totally uncorrelated, since nonbonded interactions -presum-
ably play an important role in deciding the average confor-

(15-17) But, analysis of our nmr

mation of each moiety.,
data, along with data already in the literature, can be

used to assign an initial conformation to each.

4L,1,1. Chemical Shift Implioatiohs

Considerable evidence has been accumulated in recent

(15-17)

years, both from crystallographic studies and from

AHARE b Sndtents Hheh bie votationsd

solution nmr studies,
conformation of the pyrimidine base in the pyrimidine nucleo-
sides and nucleotides is preferentially anti. In the case

of 5'=UMP, the conformation of the uracil base in solution
can be inferred from the chemical shifts of the H5 and H6
base protons relative to the corresponding shifts in uridine.
In a situation where chemical shifts of protons with identi-
cal local molecular bonding are to be compared, chemical
shift differences can be considered the result of variations
in the electric polarization or magnetic anisotropy of
neighboring groups. In comparing uridine and 5°~UMP, the
addition of a negatively charged phosphate in 5'-UMP is

particularly significant. Buckingham has proposed o method
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(k5)

for treating such charge effects. For an atom in an

S state, the presence of an external electric field will
distort electron distribution in such a way as to reduce
the circulation of electrons which normally gives rise to
diamagnetic screening. Since the atom has spherical sym-
metry in this case, the effect must be insensitive to
field reversal and thus proportional to the square of the
field:. In an axially symmetric molecule, X-H, terms which
depend on E in another manner arise. A dependence on Ez,
for example, is expected for a factor which measures the
extent to which the external field reinforces or cancels
the existing bond polarization. Buckingham has calculated
proportionality constants for these two terms and has
applied the resulting equation (1) for the induced shield-

ing, z&&e y to the calculation of shifts for C-H protons

lec
in a number of molecules.

-12 -18 2
A éelec = =2 x 10 EZ - 10 x E (1)

In this work, we will apply the equation to the induced
shifts of the H5 and H6 protons.

In the case of 5'-UMP, H5 and Hé resonances appear.
appreciably downfield from the corresponding protons in
uridine (see Table I), and it can be concluded from this
observation that the uracil base assumes a rotational con-
formation about the glycosidic bond, such that the part of

the uracil ring bearing these protons is in close proximity
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to the doubly charged phosphate group (Figure 1), where both
EZ and E2 terms are expected to produce downfield shifts.
This deduction is substantiated both by protonation studies
and by the diamagnetic ion-binding studies presented in this
work. Protonation of the phosphate group over the pD range
between 8 and 5 has been shown to result in an upfield shift
of 0.15 ppm for the H6 resonance (Figure 12)., Qualitatively,
this upfield shift can be understood in terms of the de-
creased electric field effect accompanying the reduction in
the effective charge of the phosphate moiety upon phosphste
protonation., Similar upfield shifts are observed on the
binding of magnesium ions to 5°'=UMP in aqueous solution.

In the case of uridine, deoxyuridine, and 3'-UMP,
there is less direct pmr evidence to indicate the preferred
solution conformation of the uraclil base about the glyco-
sidic bond. In these molecules, the phosphate moiety is
either absent or, in the case of 3'-UMP, constrained to a
position far removed from the base., Perturbations of the
phosphate, therefore, have little effect on the resonance
positions of the uracil base protons. There is, however,
no a priori reason not to expect a similar antl conformation
for the uracll base in these molecules, since the rotational
conformation of the base about the glycosidic bond is
largely determined by nonbonded interactions between the

(15)

base and the ribose ring. Esterification of the nucleo-

side to the phosphate group at either the 3°- or 5'-
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FIGURE 12

pD=induced shift of the H6 resonance for a

0.01 m solution of 5'=UNP in D,0 at 30°,
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position of the ribose ring is not expected to have a pro-
nounced effect on the rotational conformation of the base,
even though some perturbation undoubtedly occurs indirectly
through the effect of the phosphate substitution on the
conformation of the ribose ring. Beyond characterization
as being within the anti range, it becomes difficult to

assign an absolute value of the torsional angle, ¢ for

CN’
any nucleoside or nucleotide., First, the actual conforma-
tion 1s not likely to be fixed, but more probably represents
a time-average of several rotomers within the anti range,
and second, any precise estimate of dCN on the basis of nmr
data requires consideration of factors far more complex than
the effect of a charged phosphate group. We shall, however,
attempt to employ the Donohue-Trueblood notation to desig-
nate relative differences in rotational conformation of the
base about the glycosidic bond for various nucleosides or
nucleotides, all of whose average glycosidic rotational con-
formations may be within the limits of the antl range.

In making & distinction between various conformations
within the anti range, we must flrst consider the effects of
other neighboring groups on the chemical shifts of the H6
and H5 protons. For example, the proximity of the H6
proton to the ribose ring and the variability of this geo-
metric relation with glycosidic bond angle may make the
dipolar groups of the ribose molety a particularly important

consideration. The small differences between the chemicsal
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shifts of the H6 proton in uridine, deoxyuridine, and 3'=-
UMP may, in part, be due to small variations in the base
orientation and base-ribose interaction in these molecules.
Experimentally, the effect of the ribose ring on the reso-
nance position of the H6 proton can be ascertained by com-
paxring the H6 chemical shifts in uracil and uridine. The H6
resonance of uridine is 0.34 ppm downfield from the corres-
ponding resonance in uracil. In other words, attachment of

the ribose moiety to N, of the uracil base causes an appre-

1
ciable downfield shift of the H6 resonance., This does not
appear to be caused by an inductive effect due to an alkyl
type substituent, since a nearly equal shift of 0,30 ppm(43)

is observed when the methyl group in N.-methylcytosine is

1
replaced by the ribose moiety in cytidine. The 0.3 ppm
downfield shift induced by the ribose ring most likely
arises from an electric field effect and/or magnetic aniso-
tropy effect due to some group in the ribose ring, and can
be treated in a manner analogous to the phosphate effect.

In view of the proximity of the uracil H6 proton toc the
ether oxygen linkage, this ether group appears to be the
most likely candidate., The magnetic anisotropy effect on
chemical shift 1s expected to be small, compared to the
electric dipole effect, on the basis of results obtained for

(46) The effect

other oxygen-containing functional groups.
of the ether dipole moment can be estimated by substituting

a dipolar field for the point charge field used in the
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calculation of the phosphate effect. The dipole moment was
assumed to be that of a tetrahydrofuran ring with the dipole
centered on the ether oxygen, and the proper geometrical
relationships were assessed by examination of a CPK model of

5'-UMP, For torsion angles, ¢ in the viecinity of ~=-30°

cN’
(the base conformation which is generally observed for the
pyrimidine nucleosides in the crystalline state), the calcu-
lations indicate that the electric field effect of the ether
oxygen can account for the observed ribose shift of the H6
resonance., When dCN ~ -60°, this electric field effect was
found to be negligible, Although such calculations have
often been found to be gquantitatively unreliable, it is,
nevertheless, clear from these considerations that the chem-
ical shift of the uracil Hé proton would be expected to be
sensitive to the conformation of the base, relative to.the
ribose moiety about the glycosidic bond. Specifically, the
H6 resonance is expected to move to higher fields when the
uracll base assumes average rotational conformations corre-
sponding to more negative torsion angles. This should prove
useful in the analysis of salt effécts on chemical shifts,
as well as in the assignment of initial nucleoside conforma-
tions.

At first glance, one might also expect the chemical
shift of the fibose or deoxyribose Hl' proton to give a
similar indication of the rotational conformation of the

base, due to the close proximity of this proton to the
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2-keto group of the uracil ring when the base conformation
is anti. Both the bond dipole and the magnetic anisotropy
of the carbonyl group are expected to influence the chemi-
cal shift of this proton, with the dominant electric field
effect being of the order of several tenths of a ppm down-
field. The dependence of the carbonyl effect on the base

orientation is not difficult to ascertain. Since rotation

of the base towards a torsion angle, 4 ., of o =Gi% brings

CN

the keto oxygen in closer proximity to the H proton, a

10
downflield shift is to be expected when the average orienta-
tion of the base tends towards more negative torsional
angles within the range of Oo and -900. However, in the
ribose nucleosides and nucleotides, the 2'-0H group of the
rivbose ring also contributes to the Hl' shifts, and this
contribution is most likely dependent upon the conformation
of the ribose ring. The 2°'-0H group results in increased

shielding of the H proton, as can be ascertained by com-

lﬂ

paring the chemical shifts of the H protons in the ribose

10
and deoxyribose nucleosides in Table I. Conformational
changes within the ribose ring, which alter the dihedral
angle between the 1°'=CH and 2°'-~C0 bonds and the distance
between the anomeric hydrogen and the 2°'-0H group, should
10
resonance. A change in the ribose ring conformation from

therefore be reflected in the chemical shift of the H

2'-endo to 3°'-endo, the two most commonly found ribose con-

formations, for example, would be expected to result in an
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upfield shift, since the 2'-0H group is closer to the Hl'
proton when the ribose conformation is 3'-endo. The factors

which affect the H shifts are therefore quite complex, and

10
the 1lnterpretation of these shifts is not necessarily
stralghtforward, since the two contributions which we have
considered here can add or subtract, depending on the de-
tailed nature of the conformational changes within the
nucleoside or nucleotide molecule., Moreover, there are

probably other factors influencing the H shifts, such as

lv
the local solvent structure, the solvation of 2°'-ketoc oxy=-
gen, the 2'-0H group, and the ether oxygen of the ribose

ring.

4L,1.,2 Nuclear Overhauser Implications

The nuclear Overhauser results also give some in-
sight into the initial conformation about the glycosidic
bond. For a dilute solution of a molecule such as 5'=UMP

in an aprotic solvent, in this case DZO’ spin relaxation of

the various protons is mediated largely by intramolecular
spin-spin interactions and, to a certain extent, strongly

coupled transitions of the type a o <—f . and a . <>

PN NN NN
BNBN° become important. Under these circumstances, altera-

tion of the population levels of one nucleus, in this case

through saturation of the H2° or H resonances, can lead to

SV
effects on the population of the coupled spin levels (Hé)

and an observed nuclear Overhauser enhancement. The effect
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can be more easily illustrated with the aid of the diagram
(47)

wN and wN, correspond to the more usual

single nuclear transitions, while X and Y correspond to the

in Figure 13.

double nuclear transitions of interest here. The transition

probabilities between various states, weighted by appropri-

+q* +(g-q’
ate Boltzmeann factors, are then W eiq, W._,e q » Xe (a-q ),

N N'
and Yei(q.-q)o Under steady state conditions, the sum of
the transitions into any one level must equal the sum of the
transitions out of that level., Expressing this fact in
equation form and imposing the condition that nucleus N is

saturated by applied rf power (i.e., N = %N+, and

ac' = Nggr
Nyg+ = Nggr = iN~) one finds the following equation for the

ratios of the populations of the a' and B' spin states:

N~ 2W + X + Y

N G2 [“ 2q (Y - X) } (2)
N'

Since the thermal equilibrium ratio of N+ to N is Simply

ezqu (Y - X) can be viewed as a nuclear Overhauser

ZWNu + X + X

enhancement factor (for dipole-dipole interactions Y > X).

In general W (the sum of the normal spin-lattice transi-

NO
tions) is much larger than either X or Y and the enhance-
ment is roughly proportional to (Y - X). X and Y transi-
tions arise only from time dependent perturbations which

have non=zero matrix elements between states which differ in

spins of both nuclei. In other words, the perturbation must
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FIGURE 13

Energy level diagram illustrating transitions
in a dipole~dipole coupled two spin system.

O.NBN, o
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be of one of the following forms: <BB|I"I'[ao>,
<aa|I+I'+|BB>, <aB|I+I"|Ba>, or <Ba[I°I'+[aB>. The direct
dipole~dipole interaction (3),

20 2
8y BN -

w M U geps7T (3)
D 3

H

where D 1is a tensor containing only angular dependence, and
r 1s the internuclear distance, can be expanded in a form
which has elements of this type. Since transition proba-
bilitles are proportional to <|Hp|>*+ X, Y, and, hence, the
nuclear Overhauser enhancements are roughly proportional to
-%6. Thus for a nucleotide in the anti conformation one
would expect appreciable enhancement of the H6 resonance
when the neighboring protons, Hy, or Hg,, are irradiated.
This situation has been experimentally verified in the case

of uridine by Hart and Davis,(Bu)

These authors cite their
results as evidence for a range of rotational isomers for
uridine, anti presumably being dominant. Our results with
5%~UMP show a 12% enhancement through both H,,-Hg and
H5o,5n-H6 interactions and can be interpreted in a similar
manner. We have chosen H,,~Hg and H5.95"-H6 interactions
for study in our salt effect experiments simply because they
reach a maximum at alternate limits of the normal anti con=-
formational range (dCN=-5°. anddCN=-65°) and should be of

use in observing small shifts in the equilibrium among anti

rotational conformers. A shift to more negative torsional
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angles decreases the H2.-H6 distance and increases HS.-Hé-
An increase in torsional angle on the other hand produces
the opposite effect with a corresponding difference in the

observed NOESs.

4,1.3. Coupling Constant Implications

Having assigned the initial base conformation about
the glycosidlc bond to be anti for these uracil nucleosides
and nucleotides, and having established means of monitoring
variations within the anti range, we must accomplish similar
ends with respect to the conformation of the ribose moiety.

The H H coupling constant provides a means of monitoring

i1v 2"

the average conformation of the ribose ring. Vicinal proton
couplings along carbon-carbon single bonds occur principally
via the transfer of spin polarization through the interven-
ing bonding electrons. The couplings then depend on the
electron density at each of the coupled nuclei, as well as
electron exchange integrals between orbitals centered on
atoms along the coupling chain. The former is fairly inde-
pendent of bond angle, but the latter is not. A calculation
of these terms even on the basis of simple valence bond
structures leads to a prediction of & coupling constant
dependence on the dihedral angle (0) between the two planes
defined by the atoms of the H\C__C/H group. Karplus first
(48)

expressed this relation in a simple functional form:
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8.5 cosze-0.28 ) 90°

N

J =

0°%<
(4)
Ly 9.5 00529-0.28 90°% o < 180°

It has since been applied with only minor modification to a
(33,49,50)

variety of compounds by many authors. Of course,
factors other than molecular geometry may influence electron
densities or electron exchange in the intervening bonds and,
in turn, the observed coupling constants may vary. These
factors, including the effect of increased substituent
(51-53)

electronegativity, have also been considered, But in
general effects on coupling constants are small, even when
electronegativity is changed substantially. Chemical shift
is a far more sensitive probe of such factors: a change of
several ppm normally corresponding to a coupling constant
change of a few Hz. Since variations in substituent electro-
negativity among the molecules considered here are small and
since chemical shift variations are of the order of one or
two tenths of a ppm, coupling constants would seem & rather
straightforward indicator of rotational geometry of the
single bond in the ribose ring. However, even with this
assurance of the theory's validity, we shall stress only
the qualitative aspects of its predictions.

The ribose rings of pyrimidine nucleosides and nucleo-
tides; in crystal structures at least, are most commonly

found in either the 3°'-endo or 2°=-endo conformations where

either the 3°=-carbon atom or the 2°'-carbon atom is out of
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the plane formed by the other four atoms of the ring and is
on the same side of the plane as the base and the 5'-linkage

(11)

(Figure 2)., Theoretical values for the H coupling

1+ ~Ha
constant when the Cl"CZ' bond has the appropriate geometry
for the 2'-endo and 3'-endo conformations are 6.9 and 1.7
Hz, respectively.(Bz) On the basis of these limiting
values, it appears that uridine, 5'-UMP and 3'-UMP, which
exhibif Hy,-Hy, coupling constants of L,5, 4.8 and 4.3 Hz,
respectively, all have average ribose conformations inter-
mediate between 2'-endo and 3'-endo, with the conformations
in uridine and 3°'-UMP pushed more toward the 3'-§ggg‘side.
More recent studies of uridine which have taken all of the
ribose coupling constants into account have been in general
agreement with this interpretation.(Bo’Bl) In the case of
deoxyuridine, the theoretical values for the average

+ J

coupling constant, %IJ , in the 2'-endo

Hl' "‘H2 ul
and 3'-endo limits, are 6.4 and 4.8 cps, respectively., The

Hl [] "Hz [

observed coupling constant is 6.7 Hz:; it thus appears that
the conformation of the deoxyribose ring in deoxyuridine

is centered about the 2°'«-endo form.

L,2, Salt=-Induced Conformation Changes

With the above background, we can now discuss the
salt=induced effects observed in this work. In view of the
low nucleoside or nucleotide concentrations, we do not be-

lieve that the observed effects arise from enhanced or
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reduced stacking of the uracil bases due to modification of
the solvent system. Even though uracil-uracil interaction
is not expected to be reflected in the chemical shifts of
the uracil H5 and H6 resonances due to the small magnetic

(54)

anisotropy of the uracil ring, changes in the base-

stacking interaction might be reflected in the JH H
1rTEg
coupling constants. We note, for example, that in 3'-UMP

and 5'-UMP, where the base-stacking interaction can be

monitored by the chemical shifts of the base protons, the

J s are also concentration dependent, these

Hla -Hz (]

coupling constants varying about 1 to 1.5 cps over the
concentration range of ~0.01l m to 0.2 g.(55) However, in

the present systems, we find that both the uracil H5, H6
shifts, and the ribose Hl"HZ' coupling constants are inde-
pendent of concentration over the concentration range of
0,01l m to 0.08 me Thus, our results would appear to be
indicative of a change resulting from a direct interaction

of the solvent with the nucleotide or nucleoside.

I,2s1e Chemical Shift Implications

We consider first the interpretation of our salt-
induced chemical shifts. Our results with uracil would seem
to rule out the importance of any effects related to speci=-
fic ion-binding to the uracil ring and to changes in the
solvation of the base as a consequence of modifications in

the solvent structure. With the exception of TBACL, the
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salt-induced shifts of both H5 and H6 resonances of uracil
are quite small, but more significantly, these shifts are
opposite in direction (downfield instead of upfield) to
those noted for the corresponding nucleosides and nucleo~
tides., Moreover, in the uracil nucleosides and nucleotides,
only the Hé resonance appears to be significantly shifted
upon the addition of salt to the solutions, indicating that
the perturbation in the magnetic environment of the H6 pro-
ton must be inherent in the close proximity of this proton
to the ribose or ribose-~phosphate moiety. In the case of
3=UMP ahd 5'-UMP, specific cation-binding to the negatively
charged phosphate group is expected with Mg(ClOu)z, and to
some extent with the sodium salts. However, only in the
case of 5'-UMP is the phosphate close enough for specific
ion-binding to directly affect the chemical shifts of the
uracil H6 proton. It thus appears that the addition of salt
to the nucleoside or nucleotide solutions has resulted in
some perturbation of the ribose moiety and/or a change in
the average conformation of the uracil base about the glyco-
sidic bond. In the case of uridine and 5'=UMP, the observed
changes in the Hl"H2" coupling constant upon the addition of
salt do indicate a change in the conformation of the ribose
ring. However, even though a salt-induced upfield shift of
the H6 resonance is noted in 3°'=~UMP, a concomitant change in
the Hl,-H2; coupling constant is not observed for this mole-

cule. These observations would seem to suggest that the
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salt-induced H6 shifts are not the direct result of confor-
mational changes in the ribose moiety, and, with the excep-
tion of 5'-UMP, we can also rule out contributions due to
speciflic lion-binding. With these possibilities eliminated
in the case of uridine, deoxyuridine and 3'-UMP, there
remains only one other reasonable interpretation of the
salt-induced upfield shifts of the uracil H6 resonance,
That is, the addition of salt to these nucleoside and nucleo=-
tide solutions produces a change in the average rotational
conformation of the uracil base about the glycosidic bond,
and the resultant variations in the position of the H6 Pro-
ton relative to the rlibose ring oxygen give rise to the
observed shifts. In accordance with our discussion of the
electric field effects arising from this furanose oxygen,
the upfield shifts induced by the addition of the
“structure-breaking” salts would seem to indicate a redis-
tribution among rotational conformations of the base about
the glycosidic bond to emphasize those with more negative
torsional angles,

The different variations in the salt-induced shifts
with salt concentration among the various nucleosides and
nucleotides are noteworthy and serve to distinguish 5'-UMP
from uridine, deoxyuridine and 3'-UMP. Whereas the induced
shifts are within experimental error, linear with respect to
the salt concentration over the range of concentration

investigated for uridine, deoxyuridine and 3°-UMP, the
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salt-induced shifts in the case of 5'-UMP, by contrast, vary
abruptly at low salt concentrations, even though the varia-
tion agalin becomes linear as the concentration is increased.
In the case of 5'-UMP, specific cation-binding to the phos-
phate group leads to additional shifts of the uracil H6
resonance, since the ion-binding in effect decreases the
effective charge of the phosphate and its deshielding effect
on the H6 proton. The effect of this complex formation on
the chemical shift of the H6 resonance can be estimated from
its pH dependence., Since the first protonation of the
doubly charged phosphate in 5'~UMP over the pD range 8 to 5
shifts the H6 resonance upfield 0.1l5 ppm, and the second
protonation of phosphate at a pD of 1.2 résults in an addi-
tional 0.12 ppm, one might expect, upon the formation of a
1:1 ion-nucleotide complex, an upfield shift of the H6 reso-
nance by 0.27 ppm for a divalent ion, and by 0.1l5 ppm for a
univalent ion. However, even for a divalent cation such as
ME? which is expected to bind quite strongly to the nega-
tively charged phosphate group, the complex formation is not
expected to be complete when the nucleotide concentration is
of the order of 0,01 m, due to the increasing importance of
activity coefficlents for the lonic species at the salt
concentrations necessary to drive the reaction toward com-
pletion. The observed chemical shift, therefore, represents
a welighted average of the shifts for the complexed and un-

complexed molecules; that 1s,
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8 ps = Sufu * 8T o (5)

where fc is the fraction of nucleotide complexed, fu is the
fraction uncomplexed, and 6u and 60 denote the chemical
shifts of the uncomplexed and complexed molecules, respec-
tively. When the shifts are not complicated by salt-induced
conformational changes, both 6u and 6c are independent of
the salt concentration. The following expression for the
salt-induced shift can then be obtained from mass-action
considerations for the formation of 1l:1 cation-nucleotide

complexes.

Here, M and N denote the stoichiometric concentration of
the cation and the nucleotide, respectively; K is the forma-
tion constant of the complex, and Tye Yye Yo 8T€ the activi-
ty coefficients of the cation, nucleotide, and the complex,
respectively.

We have applied equation (6) to the H6 shifts of
5'<UMP induced by the additlion of Mg(ClOu)z, but without
success, In this treatment, we have assumed that Yo & 1,

and have estimated YMYNfrom the known mean activity



177

coefficients (y,) of ZnSOu at the same lonic Strength.(Sé)

While equation (6) does predict the abrupt salt-induced
shifts at low Mg++ concentrations, it does not reproduce the
linear dependence noted at salt concentrations above 0.1 m.
Instead, calculations made using reasonable values of the
parameters (ac-éu R 0,27 ppm, K = 100 molal-l) indicate that
if speqific ion-binding were the only contribution to the
observed salt-induced shifts, the induced shifts would level
off at ~0,06 ppm at a Mg++ concentration of ~0.1 m. The
results of this analysis suggest that, as in the case of
uridine, deoxyuridine, and 3°'-UMP, the addition of salt to
the 5'=UMP solution induces a change in the nucleotide con-
formation which affects the chemical shift of the H6 reso-
nance., If this were the case, then 6, and 6., would both be
dependent upon the salt concentration. Under the assumption
that the effects due to specific ion-binding and those re-
lated to nucleotide conformation change are independent of

each other, we can write

6 = (69

o]
obs c + 55>fc * (6u + 6ﬁ)fu ’ (7)
where 62 and 63 denote the chemical shifts of complexed
and uncomplexed nucleotide, and 6é and 6& represent the
modifications in the shifts of the complexed and uncom-

plexed molecules as a result of the salt-induced
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conformation changes., If we now assume that the salt-
induced conformation changes are quite similar for both the

complexed and uncomplexed nucleotide molecule, then

= 6" =6&° (8)

] [] - ]
ﬁcfc + 6ufu = 60 v

and equation (7) simplifies to
6 = 8% +6°Ff +6° . (9)
obs c ¢ uu

For small conformational changes, we expect 6' to be propor-

tional to the salt concentration; hence,
6% = kM (10)

and we obtain the following expression for the salt-induced

‘shiftss

&

Y
-0 _ 1(s0_50 \ ji c -
obs au = kM + 2(80 5u) (1 + + >

Y 2 )
M C Lym 2

1 e iy o e 1
( *’Tf'*YMYNKN) N (11)
It is not difficult to see that equation (11l) does predict

the abrupt variations in the salt-induced shifts at low salt

concentration and the linear dependence observed at high
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salt concentrations. We have fitted the H6 shifts of 5'=
UMP induced by Mg(ClOu)2 to equation (11) without diffi-
culty. k can be determined from the linear dependence at
high salt concentrations; and the non-linear part of the
data, as given by the difference between the experimental
points and the broken line in Figure 14, can be fitted by
the second term in equation (11) using the following para-
meterss K = 60 molal-1 and 62-63 = 0,25 ppm. Both of these
values are reasonable., We have indicated earlier that the
binding of a divalent ion to the phosphate in 5'=UMP would
reduce the deshielding effect of the phosphate on the H6
proton by 0.27 ppm. The formation constant of the Mg=-5'-
UMP complex can be compared with the value of 90 molar'l
previously reported for: the Mg-5'-AMP complex by other

(57) A similar analysis of the data for the sodium

workers.,
salts can also be made. However, since the binding constant
for the Nat-nucleotide complex is much smaller, the effects
of specific lon-binding are much less dramatic, and at high
salt concentrations, the induced Hé shifts are dominated by
the linear portion of the curve. Thus in the case of 5'=-
UMP, the residual linear portion of the chemical shift

curve for both Mg?™t and Na¥ salts may be attributed to a
change in base orientation, Jjust as 1t was in the uridine,
deoxyuridine and 3'-UMP experiments.

It 1s interesting to compare the shifts associated

with the salt-induced conformation change for the various
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FIGURE 14

Mg(ClOu)z-induced shifts of the Hy resonance
for a 0.0l m solution of 5°~UMP in D,0
at pD 8_.14', 300.
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nucleosides and nucleotides. A comparison of the H6 shifts
for 3'-UMP, uridine, and deoxyuridine with the results ob-
tained for 5'-UMP in Figure 5 indicates that the effects are
much more pronounced for 5'-UMP than for the other molecules.,
At 0.6 m Mg(ClOu)z. e.8., the shifts attributable to the
salt-induced conformation change are 0.14, 0.07, 0.04, and
0,02 ppm for 5'-UMP, 3'-UMP, uridine, and deoxyuridine,
respectively. This may indicate that the Hé resonance in
5'-UMP is more sensitive to the orientation of the uracil
base about the glycosidic bond because of the close proxi-
mity of the H6 proton to the phosphate group. Or it may be
that the 5'-UMP molecule is more susceptible to the salt-
induced conformation change. In this connection, we note
that the salt-induced shifts per unit salt concentration are
in general larger for the nucleotides than for the nucleo-
sides. If the H6 shifts are indeed more sensitive to the
base conformation because of the deshielding effect of the
phosphate group, then we expect the shifts induced per unit
conformational change to depend upon the effective charge
of the phosphate group, in which case the assumption 6& = 6é
used in obtaining expression (1l) may not be valid. However,
since the fraction of nucleotide molecules complexed is not
large, even at the highest salt concentration studied (~25%
in the case of Mg(ClOu)z), any departure from the assumption

given by (8) is not likely to be discernible experimentally.
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Except in the case of 5'-UMP, the salt-induced shifts

observed for the H5 and Hl' protons of the uracil nucleo~

sides and nucleotides are quite small, and consequently do
not deserve the same attention which we have devoted to the
H6 shifts. The ribose ring might be expected to exert some
influence on the chemical shift of the H5.proton; however,
the H5 proton being further removed, the effect of the ether
oxygen is expected to be smaller, as can be seen by compar-
ing the chemical shift difference between uridine and ura-

cil for the H_ and H6 protons (0.1l ppm versus 0.34 ppm).

5

Small changes in the base conformation are then not readily

monitored by the position of the H_ resonance. Moreover,

5
with the exception of 5'-UMP, the salt=induced shifts of the

H5 proton are all downfield, as in the case of uracil,
illustrating the probable importance of changes in the local
solvent structure and specific solvation of the uracil base
in determining the small salt-induced H_ shifts. In 5'-UMP,

5

the negatively charged phosphate also deshields the H_ pro-

ton somewhat (~0.11 ppm), and part of the salt-inducei up-
field shifts observed, particularly in the case of Mg++, is
undoubtedly due to specific cation-binding. As mentioned
earlier, the factors which contribute to the éalt-induced |
qu shifts are quite complex, the electric and magnetic
properties of the uracil keto and the ribose 2°'=0H groups
being prominent factors in determining the Hl“ chemical
shift. As we shall point out in the followilng section,vthe
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salt-induced changes in glycosidic bond rotational angle in
uridine and 5'-UMP are accompanied by a slight shift toward
a 3'-endo ribose conformation and as a result the contribu-
tions of the 2'-keto and 2'-0H effect would be expected to
partially compensate one another, so that the Hl' salt-
induced shifts would be small. This is the generally ob-
served case. The large salt-induced upfield shifts observed
for the Mg(ClOu)z-S'-UMP system are somewhat surprising, but
may reflect gross changes in the solvation of the ribose
ether oxygen upon specific cation-phosphate binding in view
of the close proximity of the negatively charged phosphate
group to the ribose ether oxygen in this mononucleotide. In
this connection, we note that the chemical shifts of the Hl'
proton of 5'-~UMP appears to be somewhat anomalous in that it
is 0,08 ppm downfield from that of the qu proton of uridine
(see Table I).

In summary, we may say that the only interpretable
salt-induced shifts are those of the Hé proton. These
shifts may be divided into two parts: a part involving ion-
binding to the phosphate, apparent only in 5'-UMP, and a
near=linear part arising from a shift in distribution‘among
base orientations about the glycosidic bond. In the pres-
ence of a "structure-breaking" salt, such as NaClOu or
Mg(Cloq)Z, the shift is toward conformations with more nega-

tive torsional angles in accordance with our original inter-

pretation of the effect of the ribose-ring oxygen on H6
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chemical shift. The size of the shift varies somewhat from
nucleoside to nucleotide, 5'-UMP showing the maximum

response.

L,2.2s Nuclear Overhauser Implications

The results obtained by nuclear Overhauser experi-
ments on solutions of 5'-UMP in the presence and absence of
2 M NaClOu can be shown to be consistent with the proposed
shift in average glycosidic torsional angle. At 0.1 M
5'<UMP in the absence of added salt, for example, the NOEs

on Hé for H irrediation and H irradiation are 12.0

2° 50’5u
and 12.4% respectively. This would indicate a nearly equal

distribution among conformers which bring H6 close to H

2'
and conformers which bring H6 close to H5, or HS"' Now
when 2 M Na.ClO,_L is added, the NOE for H5' irradiation
decreases to 6.8 while the NOE for H lrradiation increases

20
to 17.1%. This indicates an increased dipole~dipole inter-

action between the H6 and H,, protons with a simultanebus

2

decrease in the H6~H interactions. There are two types

09519
of nucleotide conforiation change which might bring about
this effect. The first is the aforementioned shift to more
negative torsional angles for the uracil base, and the
second is a shift in the ribose conformgtional equilibrium.
We tend to discount the latter possibility. Although a

shift to the 2°-endo ribose conformation does tend to de-

crease the H6—H2, distance, examination of a molecular model
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shows this to be a minor perturbation compared to the change
in base orientation. Furthermore, it 1s difficult to see
how such a ribose conformational change could lead to a
simultaneous decrease in the HS"S" interaction. Thus, the
shift to more negative torsional angles in the presence of
NaClO4 seems to be the more likely implication of our
nuclear Overhauser data. There are, however, several com-
plications in the interpretation of NOE data which detract
from the definity of these experiments.,

First, the nature of the average conformation deter-
mined is slightly different from that determined in the
chemical shift experiments. In the NOE experiment the quan-
tity of primary importance is the expectation value of -ﬁ%—
to which rotomers with the closest sz and H5, approach
contribute predominantly. This makes the meaning of an
average rotational conformati&n somewhat tenuous, but quali-
tatively the increase in the population of rotomers with
more negative torsional angles would seem correct. Second,
NOE results depend to a certain extent on the intrinsic re-

laxation time for each proton (W_ ). Some effort was made

N
to keep this invariant by excluding excess solvent protons
eand dissolved oxygen in both samples, but other factors vary
inherently with the addition of NaClOu, A change in solvent
viscosity, for example, will affect natural relaxation

mechanisms, This difficulty is overcome to a certain extent

by our ability to monitor the NOE through two protons.
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Viscosity effects, at least, should be comparable for both,
and conslideration of one effect relative to the other should
eliminate much of the difficulty. But other factors (the
residual sensitivity of WN' to.molecular conformation
changes, for example) remain a problem. And third, the re-
sults of the 0.3 M 5°'~UMP seem at variance with the 0.1 M
results. Although the effect of adding NaClOLP again de-

creases the H effect and increases the HZ"Hé effect,

50750
the magnitudes are much reduced. This, however, we believe
to be the result of the necessarily high 5'-UMP concentra-
tion. If one compares the 0.3 M 5'-UMP, O M NaClO, results
to the results at 0.1 M 5'~UMP, it appears that the initial
conformation at 0.3 M is at more negative torsional angles,
even before the addition of salt. This 1is perhaps not un-
reasonable since at 0.3 M the 5'-UMP disodium salt could
itself produce a significant salt effect., Thus, in spite of
these difficulties we believe that the NOE results are valid

and at least qualitatively confirm the interpretation of our

chemical shift data.

4,2.30 Coupling Constant Implication

The changes in the JHlo-st coupling constant which
occur concurrently with the chemical shift and NOE changes
just described can be interpreted in terms of a change in
average ribose conformation on the addition of salt. Most

notably, the coupling constants for 5'-UMP and uridine
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decrease markedly when NaClo, or Mg'(ClOu)2 is added to the
solution and decrease somewhat less wheﬁ NaCl or TABCl is
added. Following the lines of our discussion of the initial
ribose conformation, these changes may be described as a
shift in the equilibrium between 2'-endo and 3°'-endo ribose
conformations toward the 3'-endo side when in the presence
of one of the perchlorate salts. The induced coupling con-
stant changes for 3°'-UMP and deoxyuridine are, however,
negligible, indicating that the ribose conformations in
these cases are either insensitive to the addition of salt
or are rigidly held in their initial conformations.

The changes observed for 5'-UMP and uridine may not
be wholly uncorrelated with the change in conformation about
the glycosidic bond predicted on the basis of the chenmical
shift and nuclear Overhauser data. We note that the plots
of change in coupling constant versus salt concentration are
again linear and the relative effectiveness of each salt in
producing the change, in general, follows the sequence
established in the chemical shift experiments. In fact, as
we pointed out in the results section, a plot of the changes

in iJ

Hyo=Hp. versus the observed salt-induced Hg shifts 1s

linear for both uridine and 5°'-UMP,

As it turns out, there 1is some rationale for such a
correlation. Examination of CPK molecular models for the
pyrimidine nucleosides and nucleotides indicates that,

while the base canassume a range of torslon angles near the
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antl conformation, the range of torsion angles allowed de-
pends upon the ribose conformation due to non-bonded inter-
actions between the H6 hydrogen of the base and various
atoms on the ribose.ring. When the ribose ring is in its
>2°-§ggg conformation, the steric interaction between the He
and H20 hydrogens is particularly important, and the allowed
torsion angles are limited to the range between ~ -10° and
~—60°° This non-bonded interaction is partially relieved,
however, when the ribose ring 1is in its 3'-endo conformation,
thus permitting the allowed range of torsion angles to be
extended toward more negative values somewhat beyond -900.
These ideas regarding the interrelationship between the
allowed base conformations and the conformation of the
ribose ring are in general agreement with the conclusions
obtained by Haschemeyer and Rich on the basis of their
analysis of hard sphere interactions in molecules having
crystal structures exhibliting different ribose and glyco-

(15)

sidic conformations. They conclude that the 3°-endo
ribose conformation has an allowed rare contact region for
glycosidic bond rotomers of the antl range that extends to
slightly more negative torsional angles. We should point
out that agreement on this point is not universal. Iaksh-
minarayanan and Sasisekharan, for example, contend that
there is little difference in ribose-base interactions for
3'~endo and 2°-gndo forms of the same torsional angle,

8
¢CN°(5 ) But in view of the very high energy of steric
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interaction on which all agree, we feel that the possibility
of a glycosidic rotomer to ribose conformer correlation
cannot be ignored, especiall& in view of the experimental
correlations of the coupling constant and chemical shift
data noted here., Thus, any perturbation which affects the
average rotational conformation of the base may induce a
conformational change in the ribose ring. The direction and
the extent of the induced conformational changes will, of
course, depend upon the nature of the non-bonded interac-
tions and the rigidity of the furanose ring toward changes
in the out-of-plane ring deformation. For example, in the
case where two furandse ring conformations are in equili-
brium, it is clear that changes in the non-bonded interac-
tions between fhe base and the furanose residue can influ-
ence the relative stability of the two conformations, with
the average ring conformation shifted toward the limit,
stabilized by the non-bonded interaction. In uridine and
5'-UMP, the observed ribose conformational changes towérd
the 3°4§ggg direction are, therefore, not contrary to expec-
tation, since on the basis of the salt-induced shifts of the
uracil H6 resonance, we have surmised that the addition of
salt induces a change in the rotational conformation of the
base toward more negative ¢CN'SB N
The difference in slopes for the AJ versus Ac plots
of 5'=UMP and uridine could be the result of either a change

in the flexiblility of the ribose ring or a change in the
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sensitivity of one of the measured parameters to a conforma-
tion change. Since the ribose ring structures of 5'-UMP and
uridine are identical, their rigidity is expected to be
quite similar and the smaller slope for the 5°-UMP plot is
probably a result of the greater sensitivity of chemical
shift to rotational isomerization because of the proximate
negatively charged phosphate group. In 3'-UMP, however, the
situation is quite the opposite. Here no salt-induced
ribose conformation change was observed, even though a size-
able salt-induced shift was observed for the uracil Hg reso-
nance of this molecule (0.065 ppm in the presence of 0.6 m

Mg(ClOu) This result probably reflects the increased

2)’
rigidity of the ribose ring when the 3°-0OH group is substi-
tuted with the bulkier phosphate group. No noticeable
coupling constant was

change in the average H —HZ,(H

1 2")

detected in the case of deoxyuridine., However, the salt-
induced shifts observed for the Hé resonances are also quite
small. The value of the average Hly-HZ,(HZ“) coupling con-
stant indicates that the conformation of the deoxyribose
ring is close to 2'=endo, and it may be that removal of the
2“QH group significantly stabllizes the 2°-endo conformation
in deoxyuridine. |

In summary then, the addition of a salt such as

Mg(ClOu)z or NaClO, appears to induce a linear shift in

average nucleotide conformation which involves a rotation of

the base about the glycosidic bond to more negative
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torsional angles and, in some cases, a shift in population
of ribose conformers toward the 3'-endo side. The two con-
formation changes may be correlated, the ribose change being
a result of the base conformation change, with the extent of
ribose change depending on the rigidity of the ring and the

initial population of the various ribose conformers.

4,3, A Possible Origin of the Salt Effect

Despite our ability to falrly accurately describe the
nucleotide conformation changes induced by these various
salts, the mechanism whereby they act remains open to con-
jecture. We would, however, like to explore one possible
mechanism in detail: that of a salt-induced variation in
hydrophobic forces. This mechanism is suggested by the fact
that irrespective of the nucleoside or nucleotide moleéule,
the various salts investigated possess the same relative
effectiveness in inducing the H6 shifts ( Mg(ClOLP)2 >
NaClOu > NaCl > NaOAc, TMACl > TBACl). Variations in the
magnitude of the effects observed for the four nucleoside
and nucleotide molecules studied might be accounted for on
the basis of minor differences in the local solvent struc-
ture about these molecules and/or small differences in the
non=bonded interactions opposing the conformational change.
The relative effectiveness of the various salts does not

appear to correlate with the specific cation or anion pre-

sent in the solution or with the solution ionic strength.,
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But there appears to be a rough correlation with the
solvent "structure-breaking" and "-making" properties of the

(35,40)

salts ( Mg(ClO > NaClOu > NaOAc > TMAC1l > TBACl).,

w2
These considerations suggest the possibllity that the salts
act indirectly through their effect on the water structure
in influencing the rotational conformation of the uracil
base about the glycosidic bond. In other words, hydrophobic

forces may be involved.,

L,3.1¢ Qualitative Aspects of Hydrophobic Factors

Several authors have attempted to put forth an eso-
teric description of the forces which underlie hydrophobic
bonding. Basically they portray the hydrophobic bond as
arising from a large negative entropy associated with ex-
posing a non-polar surface area to an aqueous solvent.
Water molecules at this surface self-associate extensively,
forming local regions of ice-like structure which greatly
reduce the entropy of the system. The minimizetion of
exposed non-=-polar surface area 1is thus a principal criterion
of a hydrophobically stable conformation. The addition of
salts to an aqueous soclution can influence the extent of
hydrophobic bonding in such a system. They act by increas-
ing or decreasing the extent of solvent structure in the
bulk solvent relative to that near the hydrophobic surface.
Since the net entropy change on exposure of the hydrophobic

surface is the important thermodynamic quantity, the
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addition of a "structure=-breaking" salt can increase or de-
crease hydrophobic bonding depending on whether its effect
on surface or bulk water structure is greater. If, as 1is .
usually the case,.its effect on bulk water structure is
greater it will increase the net entropy change on exposure
of a hydrophobic surface and thus shift a thermodynamic
equilibrium involving this change toward the state with
small surface area.

Quantitative calculations of the contribution of
hydrophobic bonding to conformational equilibria have been
approached along two independent lines of reasoning. The
first, exploited by Némethy and Scheraga, employs a
statistical-mechanical evaluation of the aqueous states of
various hydrophobically bonded moieties from which the

(59)

appropriate thermodynamic quantities are derived. In
essence, the exposure of a non-polar surface to its local
agqueous environment preferentially lowers the energy of a
structured water molecule relative to that of a labile water
molecule by van der Waals interactions with the solute, The
result is an increase in the population of the structured
state. Since the number of these interactions depends on
the number of geometrically allowed water-solute interac-
tions, thé total structuring depends on the area of the
hydrophobic surface, Partition functions are estimated for

the water in the structured and unstructured states, as well

as for the solute molecule 1itself, From these a free energy
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change is calculated,

The alternate system for treating hydrophobic forces,
and agueous molecular associations in general, is the more
empirical method proposed by Sinanoélu.(éo) He views the
free energy change in bringing a hydrophobic residue from a
gaseous environment to an aqﬁeous one as arising from two
termss a cavity term expressing the energy required to open
a hole of appropriate dimension to encapsulate the residue,
and an interaction term arising from electrostatic and van
der Waals forces between the residue and its new environment.
Entropy corrections for changes in free volume are, of
course, also included. Each of these terms 1s related to
physically measurable quantities. The cavity term is re-
lated to the macroscopic surface energy or surface tension
of the solvent, as well as the surface area of the cavity,
and the interaction term can be expressed in terms of molec-
ular polarizabilities, dipole moments and solvent dielec-

tric constants.

h,3.20 Calculation of Hydrophobic Factors

We have chosen to apply Sinanoglu's theory to our
data simply because the effects of adding various salts to
an agueous solution are more easily expressed in terms of
changes in solvent dielectric and solvent surface tension,
than in terms of a change in the partition function of the

system. The response to these solvent changes, a variation
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in molecular surface area, could be equally well interpreted
on the basis of either model.
In its final form, Sinanoflu's equation for the free

(60)
energy of solvation can be expressed as:

2
¥ 2
~AF° = a + b-é— - Ccv /BY - RTln = + eee 9- (12)
A vA A 1 vy

where Yl is the surface tension of solvent "1", vl is the

molecular volume of the solvent, u, 1is the dipole moment of

A
solute "A", and v, is its molecular volume. SinanofZlu con-

A
siders "a", "b" and "¢" all to be physical "constants" for
a variety of solutes and solvents, but here we shall con-
sider each explicitly. The "a" term is a measure of the
van der Waals interaction and depends on factors which
should be largely independent of the solvent changes con-
sidered here, Moreover, according to equation (12), the
free energies of molecular states, differing only in con-
formation, vary uniformly with changes in "a" and this term
need not be considered in our discussion. The same can be
said of the fourth term in the equation. The "b" term
arises principally from an electrostatic interaction of the
solute dipole with a reaction field induced in the surround-

ing solvent. For solute molecules of large molecular vol-

ume, proteins for example, it need not be considered, since

2/3
its ?%- dependence is quickly overcome by the vA depen-
A

dence of the “c¢" term. . But for these relatively small
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nucleotide and nucleoside molecules 1t cannot be disregarded.
The following expression for the "b" coefficient can be

extracted from Sinanoglu's paper:

?
2 Ds

3 l_D'<Q’A>__l_§_n’

S va

(13)

where D; is the reaction field in a dielectric medium,

2 (€s=1)
(Ze +1)

salt, b =~ 0.654., Replacing the dielectric reaction field

« For an aqueous solution in the absence of any

with an expression modified to take account of the presence
of an electrolyte, "b'" can be calculated, For a 1 M 1:1
electrolyte solution in water b' =~ 0,616,

The third term, or "c" term, is a measure of the
surface free energy of a cavity of the size required to
hold a nucleoside. In the case where curvature effects can
be neglected, as in the comparison of two conformations of
reasonably large volume, this should be simply the product
of the surface area and the solvent surface tension. In
equation (12) Sinanoglu has assumed all molecules to be
approximately spherical so that ¢ becomes the proportional-
ity constant between the area of a sphere and its volume to
the 2/3 power or 4.84, This constant should be independent
of our salt-=induced solvent changes. The surface tension
factor of the third term, however, will not necessarily be
insensitive to these changes. Upon the addition of 1 M NaCl,

for example, y changes by 1.5 gr sec'z.(él)
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We can now compare the magnitude of the change in the
electrostatic and cavity terms for a molecule such as uri-
dine on the addition of 1 M NaCl. The dipole moment of uri-
dine is dominated by that of the uracil ring, 3.9 debeyes,
and the molecular volume, YA’ is of the order of 500 23.
Therefore, the electrostatid term can be calculated to be
0.1 x lO'lu ergs. Similarly, employing our estimate of "c",
the change In surface tension for a 1 M NaCl solution and
VA2/3 = 63, the cavity term, is estimated to be 4.5 x 107 1Y
ergs. It is apparent that, although the energy is dominated
by the cavity term, both are important factors in producing
molecular conformation changes. The electrostatic term,
however, depends principally on the ionic strength of the
solution and should be more or less independent of type of
salt for equal concentrations of 1l:1 elecﬁrolyte. The
cavity term, on the other hand, will vary with the nature of
the salt. The effect on aqueous solution surface tension
for various electrolytes follows the classical lyotropic or
Hofmeister series, which 1is in close agreement with the
relative effectiveness of the salts studied here in inducing

(61)

a uridine conformation change. Thus for the preseﬁt
study, the cavity term would seem the more important consid-
eration. The magnitude of the free energy change on the
addition of salt, 5 x 10-14 ergs, we note, is of a magnitude
comparable to kT and should be sufficient to produce a per-

turbation in a uridine conformational equilibrium providing
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the various conformers differ in surface area by more than

a few percent, . We also note that, since the addition of
a "structure-breaking" salt increases the surface tension,

the equilibrium is expected to shift to the conformer with

the smaller surface area. |

It is therefore obvious that the next consideration
should be that of the surface area of various uridine con-
formers. In Sinanoflu's equation this surface area was
correlated with a molecular volume on the assumption. that
all molecules are approximetely spherical. Although ade-
quate for large globular proteins, this assumption is poorly
sulted to the smaller uridine nucleotides and nucleosides,
and we have resorted to a less restrictive evaluation.
Qualitatively, an examination of a CPK molecular model re-
veals the fact that a change from small negative glycosidic
torsional angles to large ones tends to fill a hydrophobic
pocket on the surface of the ribose moiety and thus reduce
the exposed non=-polar surface area. For a quantitative
estimate of this change, however, a more elaborate technique
must be employed.

The mathematical procedure used to calculate the
molecular surface area 1is explained in detail in Appendix I,
but, briefly, it may be described as follows: the molecule
in question is depicted as a set of Cartesian coordinates
representing the positions of its constituent atoms. A

sphere of appropriate size to represent the distance to
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which a solvent molecule may approach these atomic centers
.is moved toward the solute molecule until it contacts the
first solute atom, A point midway between the center of the
test sphere and the atom is then taken as a surface point
for the molecule. The locus of points determined in this
manner is assumed to represent the surface of the molecule
as seen by the solvent, and the area of this surface is used
in conjunction with Sinanoglu's theory to calculate solvent
effects, The calculation of molecular surface area was
performed for uridine in 2°'-endo and 3'-endo conformations
taken from typical uracil nucleosides and nucleotides of

(62,63)

these structures. The atomic coordinates were also
manipulated mathematically to produce molecules of varying
glycosidic torsional angles with the results shown in
Figure 15.

There are actually two variable parameters in this
treatment which warrant further discussion. First, the
radius of the test sphere should represent the effective
size of a water molecule at a hydrophobic surface. The
sphere used (radius = 2.76 X), although somewhat larger than
the sum of the van der Waals atomic radii for uridine and
water, is perhaps too small., It is rather important that
the surface water molecules be hydrogen bonded to a reason-
able number of its neighboring water molecules., This some-

what restricts the size of the surface cavity into which it

can actually fit. Unfortunately, no rational method exists
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FIGURE 15

Calculated molecular surface area as a

functlion of nucleotide conformation.
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for the accurate estimation of such an effective radius.,
Second, it is apparent that we should only consider the
hydrophobic parts of uridine as contributing to the non-
polar surface area, since highly polar groups may fit into
the water structure rather well. This distinction between
hydrophobic and hydrophilic groups 1is again somewhat arbi-
trary. In the calculations presented here, the exchangable
protons, the hydroxy oxygens of the ribose and the keto
oxygens of the uraclil were not considered a part of the
hydrophobic area.

In spite of the crudity of this calculation, the
results give some qualitative insight into a possible re-
sponse of the uridine molecule to the addition.of structure-
perturbing salts. First, over most torsional angles of the
glycosidic bond the 2°-endo conformation has a lower surface
area than the corresponding 3°'-endo conformer. Thus, our
observed 2°'-endo to 3'~endo shift on the addition of a
"structure-breaking” salt is contrary to what one might have
predicted on the basis of a minimization of molecular sur-
face area, The surface area dependence on glycosidic bond
torsional angle, especially that of the 3'~-endo conformer,
is, however, more promising. This shows a substantial, al-
though still not large, decrease in the surface area in
moving to more negative torsional angles: This is consis-
tent with our observations and our expectations on the basis

of Sinanoflu‘’s theory. In view of the fact that only a
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change in glycosidic bond angle appears to be a logical
response to the addition of these salts, the calculations
add credence to our suspicion that a change in average glyco=-
sidic bond angle is the primary responsé, while the change
in rivose conformation is the result of the strong coupling
between the two types of structural change by steric inter-
action. And, although contributions of other forces such as
those of electrostatic nature cannot be ruled out, the cal~
culations do hint at a possible role of hydrophobic bonding
in determining uracil nucleoside conformation. As for the
method itself, the.results show promise for the calculation

of hydrophobic forces in larger, less polar molecules,
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5. CONCLUSION

In conclusion, the results of this work indicate that
electrolytes can have important effects on the conformation

(64)

of nucleosides and nucleotides. The implications of
these findings to the conformational properties of dinucleo-
tides, oligonucleotides, and to polynucleotide structure,
however, remain to be ascertained, since the vertical base=-
stacking interactions presumably also play an important role
in stabilizing the base orientations and the conformations
of each furanose residue in these molecules, Some important
lessons can nevertheless be gained from the research pre-
sented here. The first is that common electrolytes are not
neutral agents, and their effects, hydrophobic, as well as
electrostatic, must be considered when they are employed in
any study of & biological macromolecule., Recently, there
has been some controversy over the nature of the intra-~
molecular base-stacking interaction in several.pyrimidine—
pyrimidine dinucleotides.(l'z’ul) However, in these works,
the molecules were examined under quite different experi-
mental conditions of added electrolytes and ionic strengths.,
The observed discrepancies are therefore probably real,
rather than experimental artifacts, and may well reflect
the effects of solvent structure on both the vertical stack-

ing interaction and the conformational properties of the

individual nucleotide units, as demonstrated in this work,
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This is especially true since the intramolecular stacking
interaction 1s generally considered to be weak in the
pyrimidine-pyrimidine dinucledtides, and subtle differences
in the conformational properties of the nucleotide units
might be expected to have a very profound influence on the
overall conformation of the molecule. The second point to
be gained from the present study is that ribose and glyco-
sidic bond conformation is an important aspect in the struc-
ture of a nucleotide which may change in response to its
local environment, even in the absences of base-stacking
forces. In this case the response to the addition of a
"structure-breaking" salt has been one of an increased nega-
tive glycosidic torsional angle and a concomitant shift to a
higher population of the 3‘-endo ribose conformer., The
exact nature of the correlation between observed changes in
ribose conformation and changes in base orientation about
the glycosidic bond will require further investigation.
However, temperature dependence studles of dinucleotides
which display a similar correlation,promiée to provide addi-
tional insight into the problem and pH studies of purine
mononucleotides now under way should further elucidate the
nature of the base=ribose interactiono(65) The significance
of these facts in relation to the conformational states of
the natural polynucleotides, DNA and RNA, of course remains

a point for speculation and further study.
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APPENDIX I

Program SUF2

General Description

It has become necessary in the course of this work to
estimate the surface area of a molecule as it 1s seen by 1ts
surrounding solvent. Previous methods of estimating surface
ares. have assumed a simple geometric molecular shape so that
surface area could easlily be related to a measured or calcu-
lated molecular volume.(60’65) The assumption, no doubt, is
reasonable in the case of a globular macromolecule, but for
the comparison of the surface areas of small molecules, such
as mononucleotides, differing only slightly in their confor-
mation, the imposition of a fixed molecular geometry seems
an undue restraint. To 1lift this restriction program SUF2
was written and used in conjunction with an IBM 360/75 com-
puter system to calculate molecular surface areas.

The program has as 1its basic tenet the assumption
that any cavity on the surface of a molecule with dimensions
large enough to accomodate a solvent molecule should be con-
sidered a part of the solute molecular surface. The various
parts of the program are then designed to manipulate the
molecular geometry, to establish a locus of surface points

describing the surface for each conformation, and to calcu-

late from thls locus of points a molecular surface area.,
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In the first part of the program the Cartesian coor-
dinates of a molecule are read into the system, and the set
of points is translated so that the first point entered be-
comes the origin of the coordinate system, In each succeed-
ing run the points undergo a rotational transformation which
corresponds to rotating the molecule about a given single
bond by a specified angular increment, producing, in effect,
a molecule of a different geometry.

In the second part of the program, a sphere whose
radius represents the sum of an average vén der Waals radius
of a solute atom and an effective radius of a solvent mole-
cule are used as a test sphere to determine the effective

(67)

surface of the molecule, The van der Waals radius of
the solute atom is included as a part of the test sphere,
rather than as a sphere about each fixed atomic center, as a
matter of convenlience in calculation. This complex test
sphere is moved along a radial line either toward the origin
until the first atom of the solute is contacted or away from
the origin until all solute atoms are outside the boundaries
of the test sphere. The true surface of the solute molecule
is then re-established by picking the surface point to be an
appropriate fraction of the distance between the test sphere
center and the point of'atomic center-test sphere contact.
Having established one point, the test sphere is moved a

specified angular increment in either ¢ or ¢ directions, and

the process repeated until a uniform distribution of surface
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points has been established.

In the last part of the program, the surface points
are connected to form a continuous surface of triangles
whose areas can easily be calculated and summed to give as
output the surface area of a molecule with variable mole-
cular conformation.,

The program, as it stands, has a few shortcomings
which should be noted. First, the surface area is somewhat
underestimated by the fact that the test sphere is forced to
move along radial lines. In cases where the surface is con=-
voluted inward, the program will tend to approximate the
surface area of the cavities with radially directed cones,
The effects of this approximation, however, can be partially
eliminated by repeating the calculation with the coordinates
of a number of different solute atoms chosen as origin. The
second shortcoming lies in the fact that the method of es-
tablishing surface points in a few cases leads to disconti-
nuities in the distribution of surface points, even in the
1limit of extremely small angular incrementation of the
radial test lines., These discontinuities occur when the
point of contact between solute and test sphere suddenly
shifts from one atomic center to another in the course of
incrementation of the radial test line. Both of these de-
fects are unavoidable with the present scheme of calculation,
but both contribute insignificantly to the error in calcu-~

lated surface area for solute molecules of sufficient size.
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Listing of Program SUF2

FORTRAN IV G _LEVEL 1, MOD & MAIN DATE = 5/23/70 15:00:36

(g}

C_____ PROGRAM TO ROTATE MOLECULAR COORDINATES ABOUT A GIVEN BOND
c NP AND NQ INDICATE THE RUTATABLE BOND AXIS
c N_IS THE TOTAL NUMBER OF POINTSsN<40

c Y{I,K) ARE THE COORDINATES OF THE ATOMS, Ky K<y=N
.. € RMIN AND RMAX ARE THE INITIAL AND FINAL VALUES FOR ROTATIUN
G c M 1S THE NUMBER UF ROTATION INTERVALS TO BE CONSIDERED
€ ALL ANGLES MUST BE GIVEN IN RADIANS
00C1 DIMENSION Y(3942)9X(3940)9W(3,40)9V(3940910)9RMAT(343),0(100,

1203,40),DIST(4009S(3),SUF(3,50,100)9A(3)9B8(3)9AA(3)eBB(3)y
1AREAT(10)

ooc2 READ(5,5) NPyNQsN
(oL} READ(5,15) RMINyRMAX,MI
AC&  READ(5¢6) LeNsJJyDELRyERRe START
0005 READ{5,16) RTEST,P
0006 _ ______ READ(5s25) (Y{leK)pY(2sK)oY{3K)eK=1yN)
[+ TRANSLATE ORIGIN TO POINT P
oon? DO 10 K=NP¢N
oocs D0 10 I=1,3
0009 10 X{IKI=Y{I4K)=Y(IsNP)
c CALCULATE SINs, COS VALUES FOR ROTATION MATRIX
0010 DISZ=SQRT{X(1,NQI**2¢X(2,NQ)**2)
0011 IFIDISZ) 94849
0e12 8 cosep=1.0
0013 SINP=0,0
00 e G60TO 7
no1s 9 COSP=-X(2,NQ)/DISZ
2016 o _SINP=X{1,NQ)/DISZ
0017 7 DISX=SQRT(X(1,NQI**24X(2,NQ)**x2+X(3,NQ)**2)
oo1s C0SQ=X(3,NQ)/DISX
0019 SINQ=DISZ/DISX
€ GENERATE VALUES OF SINO, COSO
9920 0(1)=RMIN
. 0021 ___RINC={(RMAX=-RMIN}/MI

0022 MM=MI+1
0023 DO 20 INC=1l,MM
0024 COSO=COS(O(INC))
0025 SINO=SIN{O(INC)})

TTTCTTTT ASSIGN VALUES OF RMAT
0026 RMAT(1,1)=COSO*COSP**24C0OSO*X(COSQ**2)xSTNP*%24(SINQ**2)xSTNP*%2
0027 RMAT (1,2)=SINO*COSQ+COSP*COSU*S INP-COSU*SINP*COSP*COSQ**2-COSP*

LSINPRSINQ**2 .

0028 T RMAT(193)=COSP*SINO*SINQ=-COSQ*S INP*COSU*SINQ+SINQ*SINP*CUSQ
0029  RMAT(2,1)=-SINO*COSQ+COSP*COSO*S INP*SINQ#%*2-COSP*SINQ*S INQ*SINP
0030 T RMAT(242)=COSO*SINP*%24C0OSO*(COSQ**2 ) %COSP*%x24S INQ*S INI*COSP*#2
0031 RMAT{2,3)=SINP*SINO*SINQ+COSO*COSQ*S INQ*COSP-COSP*COSQ*S INQ
0032 RMAT(3,1)==SINQ*COSP*SINO-SINQ*COSO*COSQ*S INP+COSQ*S INQ*SINP
0033  RMAT(3,2)=-SINQ*SINU*SINP+SINQ*COSO*CISQ*COSP-COSQ*COSP*SINQ
0034 RMAT (3,3 )=COSO*S INQ**2+C0SQ**2

€ OPERATE RMAT ON X(I,J)
0035 DO 30 K=NQsN
036 DO 30 I=1,3
0037 3C WOIoKI=RMAT(T o1 0%X{1oK)®RMAT(T 420 %X(2,K)¢RMAT(E930%X (35K}

- € TRANSLATION TO CRIGINAL COORDINATE SYSTEM
0038 DO 11 K=NQoN
0039 00 11 I=1,3

0040 T LY VAT Ko ENCI=WE ToK DY ToNP )
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0041 ... DO 12 K=1.NP
0042 D0 12 1=1,3
0043 e WUIeKI=YUIKI=Y{I,NP)
0044 12 V(IsKeINCI=Y(IsK)
C ___ PROGRAM TO CALCULATE THE SURFACE AREA OF A MOLECULE
C A TEST SPHERE OF RADIUS RTEST IS MOVED RADIALLY IN INCREMENTS OF
¢ DELR FROM START UNTIL IT IS WITHIN ERR OF THE NEAREST ATOM
[ JI%JJ/2 SUCH POINTS ARE FUUND
C P IS THE FRACTION OF RTEST WHICH APPROXIMATES THE VAN DER WAALS
C RADIUS OF THE SOLVENT = THE SURFACE POINTS ARE PLACED AT THIS
c DISTANCE
~C THESE POINTS FORM A CONTINUUM OF TRIANGLES WHICH ARE USED YO
c CALCULATE THE SURFACE AREA
c DELR MUST BE LESS THAN ERR
c DETERMINATION OF SURFACE POINTS
0045 DO 19 M=1,3
0046 ) DO 19 K=1,N
Co4T o 19 Z(MyK)=WI{MK)
0048 ) - DELA = 2%*3.16416/4J
0049 11=(JJ/21+1
005€C - B DT=10C0.C
0051 D=START
0152 DO 61 I=1,11
0053 T 00 71 J=1,44
0054 FJ=J-1
0055 FI=I-1
0056 S(1)=D*SIN(FI*DELA)*COS(FJ*DELA)
0ns7 T S(2)=D*SIN(FI*DELAI®SIN(FJU*DELA)
onss S(3)=D*COS(FI*DELA)
0059 74 CONTINUE
N069 D0 13 K=1,N
onel ' 13 DIST(K)I=SQRT((Z(L oK)=SEL) ) ®*24(Z(29KI=S(2) ) **24(Z(3oK)=S(3))*%2)
0062 CALL MAXMIN (DIST, Ny DMX, DMN)
0ne3 o D0 60 K=1,4N
0064 IF(DIST(K)=DMN) 60+ 70460
0065 i 70 KK=K
0066 60 CONTINUE
0067 87 CONTINUE
0nes IF(ABS(DMN-RTEST)-ERR) 23,23,29
0069 7 29T IF(DMN-RTEST) 40,40,50
on70 50 D=SQRT{S(1)*%2+S(2)%x%x24S(3)*%2)
0071 T st =S(1)-DELR*S(1)/D
naT2 S(21=S(2)~-DELR®S(2)/0
0073 ' S{3)=5S(3)-DELR*S(3)/D
0074 DMN=SQRT((S(L1)=Z(1y KK) ) %2+ (S(20=2(2oKK) ) ®*2+(S(3)-2Z(39KK) ) *%*2)
0on71s T LR (DMN-DT) T2,72,73
0076 72 DT=DMN
0077 T 760 10 80
0078 73 DT=0MN
0079 GO TO 76
coso 23 CONTINUE )
orgl D0 90 K=1,N
0082 90 DISTUKI=SQRTU{ZIL,K)I=S(LII#%2¢(2(2oKI=S(2) V%224 Z(3oK)I=S(3))*%2)
0083 T CALL MAXMIN (DESToNoDMX o DMND
0084 ‘ DO 21 K=14N

008% ’ T IF(DIST(KI-DMND 21931421



0086
0087
onss
0089
0090
0091
0092
0093
0094
0095

0096

0097
0098
0099

0100

0101
0102
0103
0104
010S
0106
0107
o1cs
0109
0110
o111
oll2

0113

0114
115
o116

0117
ol18
0119
0120
o121
0122
0123
0124
0125
0126
o127
0128
0129
0130
0131
0132

0133

0134

€135

0136
0137
0138
0139
0140
014l
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31 KK=K
21 CONTINUE
e VF(ABS(DMN-RTEST)-ERR) 41941940
40 D=SQRT(S(L)**2+S(2)**%245(3)*%2)
e ___St1)=S(1)+DELR*S(1)/D
$(2)=5S(2)*DELR%5(2)/0
S(3)=S(3)+DELR*S(3)/D
OMN=SQRT((SELI-Z( Lo KK} ) %24 (S(2)~Z(29KKI D¥¥2¢{S{3)=2(34KK))I**2)
o _IF(ABS(DMN-RTEST )-ERR}) 23,23,40
41 SUF(19Ted)=((1=P)%S(1)4P%Z(1oKK))
SUF(2919d)=((1=P)*S(2)¢P*Z(2¢KK)) _
SUFI3919J)=((1=P)&S(3)4P%Z(3,KK))
71 D=SQRT(S(1)**2eS(2)%%2e5(3)*%2)
61 CONTINUE
... € CALCULATION OF SURFACE AREA
D0 14 I=1,I11
. D0 14 M=1,3
14 SUF(MyI9JJel)=SUFIMeI,sl)
II1=11-1
AREAT(INC)=0.0
D0 22 I=1,111
00 22 J=1,J4J
DO 32 M=1,3
A(M)=SUF(MeI¢1sJ)=SUF(Ms15J)
BIM)=SUF(MyL,J#1)=SUF (MyI,4)
AA(M)=SUF(MyI141,J¢1)=SUF(MolsJe¢l)
.32 BBIM)I=SUF(MyI+10J+1)=SUF(M,I+1,J)
AREAA=SQRT((A(2)%B(3)-A(3)%B(2) )**2+(A(3)%B(L)=-A(L)I*B(3) )**2¢
LIA(L)*B(2)-Al2)*B(1) )%*%2) .
AREAB=SQRT((AA(2)*BB(3)-AA(3)*BB(2))%**2¢(AA(3)%BBIL)=-AALL)*BB(3))
L#%2+ (AA(L)*BB(2)-AA(2)%BB(1))%*%2)
AREA= (AREAA+AREAB)/2
.22 AREAT(INC)=AREAT(INC)+AREA
20 O(INC¢1)=0(INCI+RINC
€ ourput
WRITE(6,86) RTEST
WRITE(6495) P
WRITE(6996) ERR
o993 DO 91 INC=1,MM
WRITE(6,75) OCINC)
WRITE(6976) AREAT(INC)
WRITE(6445)
91 WRITE (69850 (KeV(LoKoINCIoV(20KoINCIoV(39KyINC)yK=1yNJ
5 FORMAT(3I5)
15 FORMAT(2F5.3,15)
25 FORMAT(3F10.5)
~ 35 FORMAT(315)
45 FORMAT(49H FOR K = (1= 2(2)= L{3)=)
55 FORMAT(3THTHE DISTANCE FROM 1 T0 J =)
65 FORMAT(19XI595X1545XF10e5)
75 FORMAT(/18HFOR O IN RADIANS =Fé6.3)
85 FORMAT(9XI5¢5XF10.575XF10:595XF10e5)
96 FURMAT(22H THE ERROR LIMIT IS Fl0.5)
95 FORMAT(43H  THE FRACTION DUE TO THE ATOMIC RADII IS F10.5)
86 FORMAT(/30H THE TEST SPHERE HAS RADIUS Fi0o5)
T6 FORMAT(/24KH  VHE SURFACE AREA IS Fl0.5)
16 FORMAT(2F10.5)
& FORMAT(315,3F10.5)
sSToP
END
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PROPOSITION I

Investigation of the Influence of Nonpolar Groups on Water

Structure by Attenuated Total Reflectance Spectroscopy

The postulated existence of regions of highly ordered
water structure within normal agueous solutions has been
with us for some time. Frank and Evans were perhaps the
first to introduce the concept when they proposed the forma-
tion of miniature "icebergs" about nonpolar groups to ex-
plain an apparent anomaly in the entropy change which occurs
on dissolving a hydrocarbon in an aqueous phase.(l) The
concept has, however, become a topic of much current inter-
est with the assignment of "speclial" properties to regions
of water near wvarious surfaces,(z'j) and with the implica-
tion of "hydrophobic bonding" as an important force in main-
taining the tertiary structure of numeroué biological macro-
molecules.(u’S)

A number of recent studies have appeared which claim

to demonstrate an increase in the "structuring" of an

aqueous solution in the presence of hydrophobic solutes.

(6) (7)

These have included investigations by nmr, ultrasonic

(8,9)

and infrared methods. The bulk of the evidence appears
to lie on the side of the "iceberg" model, but agreement is
by no means unanimous, And since most of the studies are
sensitive only to the bulk propertlies of the solution, esti-

mates of the extent of structuring about specifically
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hydrophobic regions vary greatly. Estimates of the depth to
which order extends range from a few molecular diameters on

(10) (2) on the

one hand, to a few hundred or even thousand
other hand. Thus, the physical exlistence of local regilons
of water structure, or at least the dimensions of these
regions, requires further study.

The study of water structure at hydrophobic surfaces
by attenuated total reflectance spectroscopy proposed here,
I believe, will further define both the nature and the ex-
tent of these local regions of order. The infrared region
of the spectrum has been shown to be sensitive to the hydro-
(8,9)

gen bonding properties of the water molecule, In fact,
Worley and Klotz have interpreted changes in the overtone
region of the HDO infrared spectrum on the addition of
polyvinylpyrrolidone to be the results of increased hydrogen
bonding among water molecules in structured regions. ' Atten-
uated total reflectance spectroscopy, on the other hand, has
proven useful in the investigation of surfaoq pPhenomena.,
Specifically, it has been used to monitor reactions at

(11)

electrode interfaces and to follow adsorption at various

surfaceso(lz) We therefore propose to combine the two tech-
niques in the application of ATR spectroscopy in the IR
region to the study of water structure near nonpolar surface
-groups. A polymer containing nonpolar groups could be

plated onto an ATR cell and water placed over it, much as

depicted in Figure 1. The ATR spectrum of the HDO (HDO,
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P N POLYMER

FIGURE 1

Attenuated total reflectance cell,
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rather than Hzo, is used because of its simpler IR spectrum)
could be studied as a function of polarity of the polymer
and as a function of distance from the surface. The experi-
ment should be similar to an infrared absorption study in
results, except for the following. First, the method is
only sensitive to a thin layer of water over the polymer, so
that surface effects masked out in a solution study should
become more apparent. Second, one can vary the number of
nonpolar groups at the surface without having the solubility
problems inherent in a solution study. And third, structure
can be studied as a function of distance from the surface to
determine the depth of structuring.

In theory, attenuated total reflectance spectroscopy
depends on the total reflection of radiation from the inter-
face between media of different indices of refraction when
the angle of incidence is greater than the critical angle.
This is true only for nonabsorbing regions. In absorbing
regions radiation is absorbed and the reflected intensity is
attenuated. Thus for the IR region? a spéctrum of reflected
intensity versus freguency has the same general features as
does an IR absorption spectrum. As stated previously, the
ma jor differences arise from the fact that only a thin
layer at the interface absorbs. The depth of penetration of

radiation into the rarer (absorbing) medium can be given by
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0.693 A
2n(sin261~n2)§

wj=

where d; 1s the depth at which the intensity has decreased
2
to one-half 1lts initial value, A 1s the wave length of radi-

ation in the denser medium, 6, is the angle of incidence,

i
and n is the relative index of refraction.(13) For an AgCl-
water interface in the region of the HDO asymmetric stretch,
the depth of penetration is calculated to be in the range of
5000 Z. Use of the absorptions in the overtone region
should give a correspondingly smaller depth of penetration.
Either depth should be suitable for the study of water
structuring proposed here and as indicated in equation (1),
the effective depth of penetration, depending on the angle
of incident radiation, can be easily varied throughout the
study. The addition of a sufficiently thin polymer film
between the cell and water phase 1s not expected to affect
these reflectance properties greatly.

The ATR spectral observations upon increased struc-
turing of the water near the polymer film should be similar
to the effects noted for the IR absorption study on dissolv-
ing hydrophobic solutes. Namely, an increase in hydrogen
bonding in structured regions should shift absorption to

-1

lower frequencies. For the HDO bond at 3400 cm the shift

is 60 cm"l to higher frequency on heating from 0 to 10000.(14)

A redistribution of intensities toward lower frequencies
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among overtone bands upon addition of structure-making'
agents has also been observed and may actually be more
definitlve in the case of a structure study such as this.“BB)
The exact nature of the polymer film to be appiied
to the cell is highly variable, the main requirements being
that the polymer can be applied to the cell in a thin coat,
that the coat be stable to water, but wettable to a certain
extent, and that the polymer‘'s IR spectrum be transparent
in the region of HDO absorption. Polymethyl-polyethylacrylate
copolymers fill these criteria. They also offer the possi-
bility of varying the methyl-ethyl ratio and thus the non-
polar character of the surface.
The experiment proposed then is to plate a thin film
of copoiymer on an ATR cell and observe a 6M HDO, DZO solu-
tion at this interface., The ATR spectrum will be monitored

in the 3000-4000 cm™1

region as a function of copolymer
ethyl content and as a function of the angle of incident
radiation. The resultant frequency shifts should give
direct evidence of the effect of a nonpolar group on water
structure and of the depth to which structuring might extend.
O0f course;, it would also be useful to study HDO over a

polyvinylpyrrolidone film by ATR for the purpose of compari-
son to the solution study by Worley and Klotz.
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PROPOSITION II

Study of the Guanine Tautomeric

Equilibrium by /0 NMR

Guanine, as found in nucleosides, nucleotides and
polynucleotides, can exist in several tautomeric forms, as

indicated belows

OH 0 0
z N N H_ /nt:[ji N H:E:fj:[:é\
Nﬂi:;::ﬂ:j£>_H S NHéE§N \ AEPH S E | §>-H

1 2 3

For years it was assumed, by analogy to cytosine, that the
ketone form (2) dominated this equilibrium with a small con-
tribution from the enol tautomer (l).(7) Despite the pre=-
sumed low percentage of the enol form it is by no means
unimportant. Even in the original papers postulating the
Watson-Crick base-pairing scheme, the existence of minor
tautomers was cited as the primary source of mutation and

(2)

transcription error. With this added motivation, several
estimates of the percentages of minor nucleotide tautomers
have appeared. Analysis of uv spectra and pK shifts has
given rise to estimates ranging from less than a tenth of a

percent in adenine to nearly 50% in inosine.(B) In the case
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of guanine, alone, a wide range of estimates have appeared.
In 1963 Miles et al. concluded that the keto form (2) was by
far the ma jor species by comparing the IR spectrum of
guanosine in DZO to that of 1,9-dimethyl guanine, which can
exist only in the keto form, and to that of 2-amino-6-
methoxy-9-d-ribofuranosyl purine, which can exist only in

(4) The keto form is characterized by a band

the enol form.
at 1665 cm™t found in both guanosine and 1,9-dimethyl
guanine, but because of the lack of a band definitely
characterizing the enol form, no precise limit on the minor
tautomer percentage was set. Subsequent theoretical calcu-
lations have been slightly more definitive, but they range

from 10'24 mole fraction minor tautomer in the G=-C base

pair(5) to ~1077 i

mole fraction in a free G molecule,
The calculations also suffer from the neglect of any contri-
bution from solvent hydrogen bond formation. Recently a
proton magnetic resonance study of the guanine equilibrium
has led to a much higher estimate (approximately 10%) for
(7)

the contribution of the enol tautomer. This estimate is,
however, an indirect one, based on a complex analysis of
kinetic data.

In view of the discrepancy in these estimates and in
view of the doubt shed on these methods, it would seem wise
to seek a more definitive method for the detection and

characterization of the guanine minor tautomers. We propose

here an alternate approach, again based on a nuclear
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170

magnetic resonance (nmr) technique, but employing the
resonance of Cé-substituted guanine derivatives., In nmr
experiments, detection of the minor tautomer is based on the
fact that the chemical shift of a given nucleus will be
slightly different for each of the tautomers. In the case
where the rate of tautomerization is slow compared to the
difference in chemical shifts of the species expressed in
frequency units, a distinct resonance can be observed for
each speclies and the analysis of percentage tautomer and
tautomer characteristics is straightforward. In the case
where the exchange rate is fast compared to this frequency
separation, a single resonance is observed whose chemical
shift is the weighted average of all speciles, and analysis
in terms of both percentage and identification of the
tautomer is often impossible. The existing proton experi-
ments lie close to the second case. The frequency separa-
tion of chemical shifts for the tautomeric species is small
(~0.15 ppm), not only because of the inherently narrow range
of proton chemical shifts, but also because of the remote
position of the H8 proton of the guanine base., As a result
of this small chemical shift difference; a true slow ex-
change limit could not be reached and the evaluation of the
tautomeric equilibrium had to rely on a complex analysis of
line widths in the intermediate exchange region.(7)

Although 17O nmr relies on the same principals, ob-

servation of the 1706 resonance can overcome many of the
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difficulties experienced in the proton work. First, 170

chemical shifts are very large. On the basis of shifts ob-
served in previous studies of keto-enol tautomerization we
might expect a chemical shift difference between tautémers

(1) and (2) of the order of 300 ppm.(8)

For comparable
magnetic fields, this pushes the slow exchange limit to a
time scale a factof of a hundred faster than that of the
pmr experiment. Thus it is likely that the minor tautomer
can be observed in the slow exchange limit where its per-
centage can be determined by integration and where it can be

identifled by direct observation of its ot

17

0 chemical shift.
0 nmr also offers an advantage in that the direct involve-
ment of the 17O at the 06 carbon in the tautomeric equili-
brium fécilitates the identification of contributing tauto-
mers. Assignment might be based on comparison of guanine
17O shifts to those of the l-methyl and 6-methoxy derivatives
in analogy to the IR study by Miles gﬁ_@l.(u)

There are a few possible disadvantages to working
with 1700 First, 1709 spin 5/2, has a quadrupole moment,
and the lines may be unusually broad due to quadrupole
relaxation. However, in a study of proton exchange in water

17

as a function of pH by 0 nmr, the maximum observed line

width was 10 ppm, or ~3% of the expected shift in the
' (9)

guanine keto=-enol equilibrium.
A second disadvantage in 170 nnr is the low natural

abundance of this isotope (0.,037%). A solution study, such
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as that proposed here, necessitates the synthesis of 170—
17

enriched compounds. 0 guanine can be easily synthesized

from commercially avallable 2,6-dichloro purine by modifica-

(10)

tion of a synthesis described by Reist (Figure 1). The

6-methoxy derivative can be made by addition of Mel?OH

1
instead of H2 7O in step 3. The l-methyl derivative can be

17 (11)

prepared by treatment of 0 guanine with Mel, Thus,

the 17O nmr studies proposed here should be feasible and
should yield added information about the tautomeric equili-

brium of the guanine base.
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PROPOSITION III

A Study of Micelle Structure by Fluorine

Spin Relaxation Measurements

A great variety of long chain hydrocarbons having
both a hydrophobic and hydrophilic end exist in aqueous
solutions as high molecular weight aggregates called
micelles. These structures have long been of importance
because of thelr detergent properties, but more recently _
they have become important as simple systems for the study
of hydrophobic bonding(l) and as simple systems for the
study of properties common to both synthetic micelles and
lipid aggregates found in biological membranes. In view of
these new interests it has become increasingly important to
understand the structural and dynamic nature of a micelle's
interior, especlally as it may affect permeatlion of the
micelle by various foreign substances.

It is generally accepted that a micelle of a molecule
such as sodium dodecyl sulfate or dodecyltrimethylammonium
bromide is a roughly spherical aggregate of 10 to 100 mole-
cules with polar groups directed outward and nonpolar hydro-
carbon chains directed inward. The hydrocarbon interior is
known to be a highly fluid hydrophobic phase, but the way
in which mobility varies as a function of distance from the
surface has not been fully investigated. It is the purpose

of this proposal tc elucidate this characteristic of the
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micelle interior.

Fluorine~-19 spin relaxation times are possible indi-
cators of molecular mobility at labeled sites., Both spin-
spin and spin-lattice relaxation are induced by fluctuations
in local magnetic fields. The spin-lattice relaxation time,
Tl’ for example, can, under certain simplifying assumptions,

be expressed as:

o - 2o m)ee
1 2 2 2

' L
1+1Tvorc

where y is the nuclear magnetogyric ratio, (H')z is the mean

square value of the fluctuating magnetlic interaction, Ve is

the Larmor frequency, and TS is a correlation time charac-

2)

teristic of molecular motion.( Under conditions where

(5°)%

HY is expected to be quite similar for different sites,

T, should glve a direct indication of relative mobilities at

1
the points of interest, since neither the Larmor frequency,

nor the magnetogyric ratio is variable. . If TETTZ is domi-
nated by intramoclecular interactions with its nearest-
neighbor atoms or functional groups and if substitution
sites differ only in position along a long hydrocarbon
chain, the required condition is fulfilled. We therefore
propose to synthesize, according to the scheme outlined in
Appendix I, a series of gemdifluoro-substituted surfactants
with substitution at various well-defined sites along the

chain, 19F relaxation times, both T1 and Tz, would be
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measured by pulsed nmr techniques for micelles formed from
these molecules. The relaxation times measured should be
characteristic of chain mobilities at various depths into
the micelle structure and should greatly clarify the struc-
ture of the micelle's hydrocarbon interior. The results
should be directly applicable to other micellar systems
since Muller has shown that fluorine substitution, at least
at the terminal methyl group, produces a negligible effect
on micelle properties.(B)

Extension of the experiments or results to the
lamellar phases important in bilological membranes, without
actually incorporating the substituted hydrocarbon in one
of the lipid molecules normally exhibiting this structure,
is open to criticism. But by studying a mixed lamellar
system or by arguing from analogy, the proposed experiment
may also be useful in this area. As an example, the results
may help to resolve a current controversy concerning the
interpretation of pmr line shapes observed in phospholipid
systems., In the lamellar phase the broad, non-Lorentzian
lines observed have been attributed both to molecular diffu-

sion within fleld gradients(u) and to the existence of

of magnetically anisotropic regions within the sample@(S)
Both mechanisms seem unlikely in view of the extent of
inhdmogeniety required to produce the observed line widths.
Arguments in favor of these mechanisms are currently based

on proton relaxation measurements which arise from the
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average behavior of a multitude of unresolved hydrocarbon
methylene protons. Measurement of relaxation times at
specific sites should prove to be a better test for these
explanations. Specifically, anisotropic properties of the
lamellar phase should affect the T2°s of all sites along a
given hydrocarbon chain similarly; whereas a mechanism

involving spin diffusion or incomplete averaging of dipole

(6)

interactions should lead to a distribution of T2 values,
It should also be noted that existing pmr studies of
both micelle(7) and 1amellar(u) systems show a single T

1
decay for all methylene protons. This 1s seemingly incon-

sistent with some esr spin label studies recently completed
which show a sharp drop in correlation time as the label is

moved toward the end of the chain.(8)

The study proposed
here should nicely complement the esr results in that the
gemdifluoro substituent provides a much different perturba-
tion to the hydrocarbon chain, both sterically and function-
ally, than does the nitroxide derivative used in the esr

study.
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APPENDIX I

The following is the proposed synthesis for a series

of gemdifluorododecyltriethylammonium bromides.

06H6 (9)
*CZH5COZ-(CHZ)nC=O + %CdECHz)m-CHéJZ )

1

2772

9 NH_NH HNO2 (10)
CpHgC00~ (CHy ), C= (CHp ) ~CHy — >

8 BrCH, CH (11)
NH,.-(CH,) =C-(CH,) =CH.," EEAN
2 2'n 2'm "3 4

- N 8 COF,  (12)
BT (CH,CHy) gN=(CHy ), =C=(CHy)  =CHy  —=)

- +
Br(CHZCHB)BN-(CHz)n-CFz-(CHZ)m-CH3



Ll

30

by
5e

6o

7o

8.

9.

10,

1l.

12,

238

REFERENCES

M. F, Emerson, A. Holtzer, J. Phys. Chem., 71, 3320
(1967).

J. A. Pople, W. G. Schneider, H. T. Bernstein, in
"High-Resolution Nuclear Magnetic Resonance," McGraw-
Hill, New York, 1959, p. 201.

N. Muller, T. W. Johnson, J, Phys. Chem., 73, 2042
(1969) .

J. R. Hansen, K. D. Lawson, Nature, 225, 542 (1970).

S. Kaufman, J. M. Stein, J. H. Gibbs, Nature, 225,

74l (1970).
S. A, Penkett, A. G. Flook, D. Chapman, Chem., Phys.

Lipids, 2, 273 (1968).
J. Clifford, Trans. Faraday Soc., 61, 1276 (1965).

W. L. Hubbell, private communication,

J. Cason, F. S. Prout, in "Organic Synthesis," Vol.
III, E, C. Horning, ed., Wiley, ILondon, 1955, p. 601,
P. A. S, Smith, in "Organic Reactions," Vol, III,

R. Adams, ed., Wiley, New York, 1946, p. 352,

D, J. Cram, G. S. Hammond, in "Orgenic Chemistry,"
McGraw-Hill, New York, 1964, p. 255,

P, S. PFawcett, C. W. Tullock, D. D. Coffman, J. Am.,
Chem. Soc., 84, 4275 (1962).




239
PROPOSITION IV

The Application of a New Chemical Method to the

Investigation of tRNA Tertiary Structures

One of the most active areas of research in molecular
biology today is the study of the secondary and tertiary
structures of transfer RBRNA molecules. The primary struc-
tures of these relatively small polynucleotides, so neces-
sary to the in vivo synthesis of proteins, are now known in
a humber of cases;, and the recent development of improved
purification and crystallization techniques promises to
lead shortly to the solution of the complete crystal struc-

ture for one or more of them.(l’z)

But before this step is
taken, much can be gained through chemical studies which
illuminate the structures of these molecules and, even.after
the crystal structures are known, chemical studies may be
necessary to relate the crystal structure to the solution
tertiary structures, a number of which are known to exist,
even under physiological conditionsﬁ

The currently accepted secondary structure proposed
for the tRNA molecule is that of the cloverleaf model de-
picted in Figure 10(3) Its existance is postulated largely
on the basis of maximization of intramolecular base pairing.
But it gains credence from the fact that most tRNAs now

characterized can be put into this general form. However,

complete confirmation of this structure and the
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characterization of a tertiary structure awaits further
chemical and physical evidence.,

Chemical evidence for this cloverleaf structure re-
lies on the proposition that the bases of the "looped"
regions are more susceptible to chemical modification than
the "paired" regions. Thus, by sequencing chemically treated
and modified tBNAs and comparing the results to the unmodi-
fied primary structure, the bases participating in the_
"loops" can be assigned. A number of studies based on this
principal have already provided information about the

(4,5)

secondary and tertiary structure of tRNA and the new
chemical studies which are proposed here will add to this
store of evidence., |

At present available chemical methods of nucleotide
modification are quite diverse and one might well question
the necessity of proposing yet another technique. Upon
closer examination of existing methods, however, it is
apparent that improvements can be made. Bromination and
alkylation were among the first reactions used, but they
have been largely abandoned because they rapidly destroy the
RNA molecule with little consequent structural information.
Many of the reactions which took their place are little
better., Semicarbazide, nitrous aclid, and acrylonitrile
treatment have all been used, but modification here too
proceeds under conditions which eventually totally deﬁature

the RNA molecule.(u) The use of formaldehyde has been
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attempted, but the reaction is reversible and complicated

(6)

by secondary reaction products. The hydroxylamine reac-

tion is widely used due to the extensive characterization of

(6) Unfortunately,

its rates and optimum reaction conditions.
it too leads to multiple products and can eventually degrade
the polynucleotide chain., The two reactions of most promise
are the perphthalic acid reaction and the carbodiimide
reaction.(é) The latter, which is specific for cytosine,
proceeds under very mild conditions, but suffers from the
fact that the added substituent is not only very bulky, but
carries a positive charge. There are, in fact, a number of
instances where this and related reactions have led to

large structural changes in the region of modification and
resultant secondary attack sites.(5'7'8) The perphthalic
acid reaction adds a less bulky group, producing an oxide at
the Nl position of a number of bases. It can be run under
conditions specific for adenine and as such is a useful

(9)

reaction. It is apparent, however, that a reaction pro-
ducing a less drastic base perturbation and preferably at a
base other than adenine would be of much. use.

The method we propose here fills these requirements.
It stems from the recent discovery that sodium bisulfite
reacts preferentially with cytosine to produce uracil,

10,11
according to the following mechanism»( rdl)
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The reaction seems particularly suitable for labeling
exposed regions of the tRNA structure for the following
reasons. First, the reaction is specific for cytosine and
thus nicely complements the perphthalic acid reaction.
Second, the reaction involves a group normelly protected by
a Watson=Crick hydrogen-bond, so that it should be highly
specific for unpaired regions. Third, the reaction condi-

tions (1 M NaHSO,, pH 5.2, 37°C) are mild enough not to

3
cause denaturation. In fact, in vivo mutations have been
observed with no simultaneous loss of cell function.(lz)
Fourth, the modification of the polynucleotide chain C—TU
should cause a minimum of structural perturbation. Also,
the C—U conversion will not alter the points of chain inci-
sion in the normal sequence analysis procedure, and thus
comparison of modified and unmodified oligonucleotide frag-
ments should be expedited. And fifth, the reaction offers

a number of possibilities for isotopically labeling modified

nucleotides, To the extent that the dihydrouracil deriva-

tive (intermediate 3) is stable, tritium can be incorporated
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by running the reaction in tritiated water and identifica-
tion of modified oligonucleotides can be expedited by radio-
autographic techniques.(IB) Also, the reaction might be run
in 180 enriched water. Incorporation of 18O would Dbe perma-
nent and specific for cytosine. ILabeled oligonucleotide
might be identified by activation analysis or related:

(1%) With these advantages, the bisulfite reaction

methods.
seems both useful and complementary to modification reac-
tions already in existence.

A specific éxample of a case where the reaction can
complement existing studies involves the characterization
of the tertiary structure of the TYC loop. It has been pro-
posed that this loop is folded against the main body of the
tRNA molecule and held there by hydrogen bonds involving

the ¥ and C residues.(9)

This conformation is believed
essential to proper interaction with the appropriate amino-
acyl synthase. A study of tRNAME't involving modification of
¥ with acrylonitrile is lknown to destroy this important part
of tertiary structure.(s) But because of the bulky cyano-
ethyl substituent, it is difficult to assess to what extent
the structure change is the result of a loss of hydrogen=-
bonding capability and to what extent it results from steric
interference. ©Since a C=G pair is also postulated to be
involved in this hydrogen-bonded region, modification of C

by the bisulfite reaction may give more definitive results.

tRNAygggt should be a sultable molecule for study. The
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only exposed C's, other than that in the TYC group, are in
the 3' terminal end which may be repaired after modifica-
tiono(B) tRNAser also exhibits a low temperature melting
of tertiary structure which may be useful in exposing the
TYC region for modification. Thus, the sodium bisulfite

reaction should be applicable here and in other studies

of tRNA tertiary structure as well.,



1.

by

50
6

7o
8.

9.

10.

11,

246

REFERENCES

S. Nishimura, H. I. Y. Yamada, U. L. RajBhandary, M.
Labanauskas,; P. G. Connors, Science, 166, 1527 (1969).

R. D. Blake, J. R. Fresco, R. Langridge, Nature, 225,
32 (1970). |

H. G. Zachau, Angew. Chem., Intern. Ed. Engl., 8, 712
(1969).

K.=I. Miura, in "Progress in Nucleic Acid Research and

Molecular Biology," J. N. Davidson, W. E. Cohn, eds.,
Academic Press, New York, 1967, Vol. 6, p. 39.
J. B. Lewis, P. Doty, Nature, 225, 510 (1970).

N. K. Kochelkov, E. I. Budowsky, in "Progress in
Nucleic Acid RBesearch and Molecular Biology," Vol. 9,
Je N. Davidson, W. E. Cohn, eds., Academic Press, New
York, 1969, p. 403,

J. C. Lee, V. M. Ingram, J. Mol, Biol,, 41, 431 (1969).

M. A. Q, Siddiqui, M. Krauskopf, J. Ofengand,

Biochem. Biophys., Res. Commun,, 38, 156 (1970).

F. Cramer, H. Doepner, F. v.p. Haar, E. Schlimme, H,
Seidel, Proc. Natl. Acad., Sci., U.S., 61, 1385 (1968).

BR. Shapiro, R. E. Servis, M., Welcher, J. Am. Chem. SoC.,
92, 422 (1970).

H. Hayatsu, Y. Wataya, K. Kai, J. Am, Chem. Soc., 92,
724 (1970).




12,

13.

14,

247

F. Mukail, I. Hawryluk, R. Shapiro, Biochem. Biophys.,

Res, Commun., 39, 983 (1970).

P, Sanger, G. G. Brownlee, B. G. Barrell, J. lNol,

Biol., 13, 373 (1965).
G. Amsel, D. Samuel, Anal. Chem., 39, 1689 (1967).




248
PROPOSITION V

X-ray Photoelectron Spectroscopy

of Lunar Surface Samples

The return of lunar surface samples to earth by
Apollo missions 11 and 12 has opened a whole new area of
research in analytical, physical, and lnorganic chemistry.
One of the more interesting problems uncovered in the recent
studles of these samples 1s the dlscrepancy in bulk composi-
tions of lunar rock and lunar fine samples, Foremost among
the differences noted 1s the increased concentration of
metallic iron in the dust samples. This increase has been
detected by several methods including bulk chemical analy-
sis(l) and electron spin resonance experiments.(z)
There are several possible explanations for the
origin of this metallic iron. The first is that the iron
centers imbedded in lunar dust particles are in a large part
of foreign origin, being remnants of micro-meteorites
thought to be of high metallic iron content. A second
possibility is that the lunar dust is largely the product of
eroded local materials, but that its composition has been
modified somewhat by impact heating or other thermal events
in the history of the moon. There is actually sufficient
evidence to support either of these explanations. Age
dating, which indicates that lunar dust may be significantly

(3)

older than the native rock formations, and the presence
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of Ni-Fe regions on some dust particles indicates a meteor-

1tic origin.(u) Measurement of 16O/18

O isotopic ratios, on
the other hand, show an increased proportion of l80 in glass
spherules found in lunar soll. This can be interpreted as

(5) In addition,

the result of high temperature fusion.
metallic regions have been found within crystalline samples
at the borders of troilite phases which are known to form
metallic residues under conditions of high temperature and

a reducing atmosphere.(é) Thus the origin of metallic iron
centers remains a question for further study.

An analytical technique sensitive only to the first
few hundred Xngstroms of the particle surface would seem to
be of use in resolving this question. If the metallic cen-
ters are the result of surface deposits of meteoritic ori-
gin, a comparison of the surface analysis results to bulk
analysis results should reveal a large discrepancy. If, on
the other hand, the metallic centers are formed through some
thermal conversion of lunar rock as the result of 1mpaét
heating or other process, the iron centers may be more uni-
formly distributed and the results of the two analyses
should not differ greatly.

Extensive bulk analysis results of lunar fines have
already been obtained, but to a lafge extent surface
analyses are lacking., Some electron microprobe studies have

(4)

been conducted, but they seem to have been confined to

sectioned and polished crystals and selected glass
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spherules, Nevertheless, in the case of the glass spher-
ules, some surface iron particles have been noted;(7) unfor-
tunately, most of the iron exists in centers of 100 X or
less, well below the level of detectlion by this techniqueKS)
We therefore propose to supplement these studies with an
analysis of iron by X-ray photoelectron spectroscopy which
will be sensitive to an average surface area of an untreated
sample and will penetrate to a depth of the order of 100 X.
Photoelectron spectroscopy by X-ray is based on the
absorption of X-rays and simultaneous emission of electrons

from inner atomic shells.(g’lo)

As a result, the energies
of the emitted electrons are reasonably lndependent of
atomic environment and quite characteristic of any given
atom. Examination of binding energies for electrons in the
ma jor elemental constituents of lunar soil shows that lines
and L

arising from electrons emitted from iron LI orbi=-

I 0
tals should lie in a relatively well resolved region of the

(11) and observation of electrons at these energies

speétrum,
should provide a convenient monitor of iron content. The
sensitlivity of photoelectron spectroscopy only to irons in
a surface layer arises largely from absorption of an elec-
tron's energy as it emerges from the sample. This absorp-
tion occurs in discrete amounts so the electron line is not
broadened, but its intensity does decrease as the emitting

atom is moved further beneath the surface. Absorption de-

pends largely on the electron energy and the density of the
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material, so for moon rock and a 600 eV electron, atoms much
below 300 X should not contribute to the spectrum.(lz)
These facts make the method ideal for the proposed study.
There are, however, several problems which must be
overcome before attempting quantitative anelysis of an
inhomogeneous lunar dust sample., The first is the poor
quantitative aspects of an irregular surface area, This can
be overcome by determining a ratio of two different consti-
tuents rather than an absolute value. For the present prob-
lem, free iron and iron oxide seem promising. Despite the
fact that we are observing an inner electron binding energy,
metal and metal oxide lines are often resolved and their

intensities can be compared directly.(IB)

II

However, should
resolution of Fe® and Fe lines fail to occur, measurement
of total Fe relative to total 0 near the surface can be
measured without questions A second factor to take into
consideration in a quantitative electron spectroscopy exper-
iment 1s the variation of photoelectron cross section with
atomic number., If two Fe lines are compared this is of no
consequence, but if Fe and 0 lines are compared an allowance
must be made., Fortunately, well tested empirical formulas
already exist(lu) and confirmatory experiments on iron
oxides of known composition could be carried out. A third
factor involves differences in absorption of energy from

electrons of differing velocity as they emerge from the

solid. This factor is again insignificant if two lines of
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(o)

9
Lir,111 L1, 111
for example. For the comparison of Fe and 0 lines, an

nearly equal energy are compared, Fe and Fe
empirical correction could be formulated from measurements
on a laboratory sample of known composition and density
approaching that of lunar material., With these factors
taken into consideration,; a quantitative determination of
the FeO/FeII ratio should be possible and should add signi-
ficantly to our understanding of the history of lunar dust

samples.
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