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Abstract. The transfer of the ideas and methods of nuclear physics
and nuclear chemistry to the study of structural biology has led to
the creation of a new method of studying the accessible surface and
the three-dimensional structure of biological materials. We shall
review the papers which have formed a basis for the tritium
planigraphy method and the main directions in which the method
has developed in its applications to molecular biology problems.
The bibliography includes 129 references.

I. Introduction

Recent advances in the study of many biological phenomena at the
molecular level have stimulated the search for and development of
new approaches to the study of the structure of supermolecular
systems, to the determination of the size and composition of the
surface of the interacting components in the system, and to the
study of the mechanism of specific protein—protein and
protein —nucleic acid interactions.

High-resolution (1 -2 A) X-ray structural analysis is the only
experimental method capable of giving wide-ranging data on the
three-dimensional structure, and therefore also on the surface area
of the object. However, its range of applications is limited to a
relatively narrow choice of materials, available as highly ordered
crystals. In addition to the purely technical problems associated
with the growth of these crystals (especially in the case of large and
labile complexes) there are difficulties in the interpretation of their
complex diffraction patterns. Furthermore, demonstrating the
identity in structure of a given compound in a crystalline sample
and in solution (the natural working medium of biological
systems) remains an unsolved problem.

Because of these difficulties methods such as NMR are still
used in studies of relatively low-molecular peptides and proteins.!
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In the case of large-scale objects (100 nm or more) structural
information can be obtained by electron microscopy methods,
which (in conjunction with the most recent data processing
techniques) offer a resolution of the order of 20 A, increasing to
5 A in cryoelectron crystallographic studies.>? This method
allows the molecular architecture of complexes to be studied,
together with the distribution of the component masses in the
complex, the relative localisation of the molecules, and the
quaternary structure of the protein (see, for example, Holzenburg
et al.?).

The new scanning electron microscopy method, which offers
the highest reported resolution (~1 A), must also be mentioned
among the methods of studying the surface, but it has not yet
achieved the status of a generally usable method. So far its
application to biological materials is mainly in general illustration
of areas of interest, but we may well find that with some further
development the method will provide information at the level of
localisation of individual atoms.’

Traditional approaches, based on the introduction of various
types of probe and of modifier, are widely used in studies of
the surface topography and the structure of biological systems.
The recently produced low-frequency ESR spectrometers have
allowed whole cells and even fragments of tissue to be studied
in vivo.® However, the structural information obtained in this way
applies exclusively to local fragments of the object, or (in the most
favourable case) to the nearest surroundings of the tracer species,
and is totally unrelated to the structure of the sample as a whole.
Perturbations which can seriously alter the native structure of the
object can be induced by the introduction of probes of various
kinds, and should not be ignored when this information is
interpreted.

In all the studies listed above the use of modifying agents
labelled with radioactive isotopes increases the sensitivity of the
detection by a large factor. Successful studies of the selective
iodination of surface proteins in cell membranes’ and of intact
hepatitis A virus particles® are good examples of this effect.

However, there is also another group of methods based on the
use of radioactive indicators. In these methods structural data are
obtained directly from the method used to introduce the label,
which establishes the accessibility of the various groups in the
three-dimensional structure to the particular test label.

A good example of this approach is the study of the surface of
specific protein-transfer RNA complexes, in which the label was
introduced into the H-8 position of the purine bases of RNA by
exchange with HTO water.® Of course, there are many cases in
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which both groups of methods can be applied: in these, the steric
accessibility of the reactive group is established (from the yield of
the labelled product) together with its structural surroundings (for
example, from the spectral characteristics).

The tritium planigraphy method belongs essentially to the
second group. It is characterised by lack of selectivity of the
labelling. As will be shown below, it can be used to determine
the steric accessibility of the hydrocarbon groups (—CH, —CHs,,
—CHs) to attack by a hot tritium atom under free flight
conditions. The result of this attack is the replacement of 'H
hydrogen by its radioactive isotope trittum, which takes place in
all the sterically accessible fragments of the object with approx-
imately equal probability and does not affect their properties:
the labelled product and the unlabelled initial molecule are
chemically identical. The range of application of this method is
quite wide, since practically all the biological molecules are
derivatives of hydrocarbons. It should be pointed out that the
small size of the tritium atom results in a higher level of structural
discrimination than can be achieved by using larger probes or
labels.

In this review we shall not discuss the various methods of
introducing the tritium label: interested readers are referred to the
monograph by Neiman et al.!® We shall instead confine the
discussion to the tritium planigraphy method, in which the hot
tritium atoms are generated by thermal dissociation of molecular
tritium,

I1. Fundamentals of the method

The tritium planigraphy method is based on chemical reactions
involving fast particles (the so-called hot-atom chemistry), which
began to be studied in the 1950s and 1960s. The most important
result of these studies was the concept of the excitation function of
a chemical reaction, i.e. the dependence of the probability (or
cross-section) of the reaction on the energy of the particles. It was
shown that in many cases this function has a limiting character,
and the cross-section of the reaction increases from zero over a
relatively narrow range of energies. Obviously, if several reactions
(with different thresholds) can occur together in a given system the
process can be shifted in the required direction by varying the
energy. Thus, if the particles X and Y can interact by three
channels having activation energies E;, E», and Es;, where
E; < E, < Ej,all three products can be formed in the system when
E > E;. However, if E; < E < E; only two channels are available
to the reaction, and lastly for E; < E < E, only one reaction is
possible (Fig. 1).

The most important chemical process taking place during the
interaction of hot hydrogen atoms with saturated hydrocarbons is
the substitution reaction, which (according to the energy of the
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Figure 1. Dependence of the probability of a chemical reaction (o) on the
energy of the interacting particles (E) for three possible channels with
thresholds E;, E,, and Es: AE is the loss of energy for a single nonreactive
collision.

atoms) can proceed by the direct substitution mechanism
(activation energy 1.5 eV) 1112

RH+H —= RH+H, M
or through a free radical formation stage

RH+H — R +H,, ©
R+H — RH, 6)

where the asterisk denotes a hot atom and the dot denotes a free
radical. The limiting step is the removal of the hydrogen atom,
whose activation energy lies between 0.3 and 0.4 ¢V (depending on
the bond type).!> The recombination reaction (3) has a zero
activation energy, and takes place with the participation of hot
hydrogen atoms. The nonreactive collision is accompanied by loss
of energy (thermalisation) of the hot atom:

RH+H —= (RH) +H, @

where (RH)' is an excited molecule. The probability of the
collision and the amount of energy transferred in a single collision
depend on the velocity of the incident particle, and also on the
structural and energy characteristics of the partner molecule.
When ordinary hydrogen is replaced by its isotope (tritium) the
product of the substitution reaction is labelled. As a method of
studying the accessible surface and the three-dimensional
structure of the object tritium planigraphy is applicable only
under conditions in which the chemical substitution reaction
leading to the incorporation of the label occurs at the first collision
between the hot atom and the hydrocarbon molecule. Obviously,
this requires a source of atoms having energies which satisfy the
condition 0.3 <E <1.5eV and E— AE < 0.3 eV, where AE is
the loss of energy accompanying a nonreactive collision. In this
case one nonreactive collision makes the subsequent reaction
impossible, and only reaction (2) (hydrogen removal) is observed
in the system.

The ideal variant would seem to be the presence of a source of
monoenergetic particles having energies in the required range, but
this is extremely difficult to realise in practice. The tritium
planigraphy method relies on the atomisation of diatomic gases on
heated metal filaments, first stadied by Langmuir.'* On the
surface of an incandescent filament the gas molecules dissociate
into atoms, which are emitted from the surface with an cnergy
corresponding to the temperature of the filament. This method
was used in studies!16 of the reactions between oxygen and
hydrogen atoms.

At a filament temperature of 2000 K the average energy of the
emitted atoms is 0.17 eV, and in the Maxwelil spectrum of the
atomic beam ~25% of the atoms have an energy sufficient to
displace hydrogen (E = 0.3 eV).!? The proportion of the particles
having energies of 1.5 €V, and therefore able to replace hydrogen
by the direct substitution mechanism [reaction (1)}, is small
(<3%), and therefore reaction (1) can be ignored.

Attempts to use the thermal activation method to prepare
labelled compounds began in the middle 1960s. Moser et al.’®
bombarded films of sugars with tritium atoms, and obtained
labelled products, but the high yield of decomposition products
even then raised serious doubts as to the practical value of the
method. For the same reason other similar studies (for example,
early attempts to label whole granules of starch)!? have not been
developed further. It was found that the main decomposition
mechanism was the use of excessively thick targets, which
suppressed the removal of heat from the reaction zone. The
surface of the target became heated by absorbing the luminous
radiation of the filament, by heat transfer through the molecular
gas, and also by the heat evolved by the reaction of the trittum
atoms with the substance. It was subsequently shown that by using
effective heat removal procedures almost 100% of the substance
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could be preserved.?® This required working with thin layers of
organic materials and cooling the target with liquid nitrogen. Even
after a long exposure the temperature of the target was not more
than 10— 15K higher than the liquid nitrogen temperature.?! A
low target temperature (77 K) suppresses the mobility of the free
radicals formed by hydrogen removal, and therefore the main path
for their disappearance is the recombination with thermalised
tritium atoms with formation of the labelled initial molecule
[reaction (3)].

The possibility of studying the accessible surface and the
three-dimensional structure of the macromolecules is due to the
small penetration depth of the tritium atoms which are able to
react with the target atoms. The direct measurement of the depth
of penetration of the reactive tritium atoms is experimentally
difficult. However, this quantity can be calculated by making
certain assumptions, and it can also be obtained from some
indirect results. The calculations show that for tritium hot-atom
initial energies close to the threshold energy of the removal
reaction even a single nonreactive collision is sufficient to transfer
the particle to a region in which hydrogen removal becomes
impossible. Fig. 2 shows the dependence of the fractional number
of tritium atoms with an energy E > 0.3 eV upon the depth of
penetration into a layer of organic compound. It can be seen that
whereas at X = 0 (i.e. at the surface of the object or at the first
collision of the tritium atom with the molecule) the fractional
number of reactive atoms is 26% this value decreases to 0.4%
when the atoms have penetrated within the layer to a depth of only
6 A. Inpractice the free path of the reactive atoms (the thickness of
the reaction layer) is even smaller, since their number in the beam
passing through the target is lowered also by a chemical reaction
whose cross-section is comparable to the collision cross-section in
the case of atoms with an energy higher than the threshold value.10
This means that if a macromolecule is used as the target the
distribution of the label over its fragments becomes a measure of
its steric accessibility for a collision with the primary bombarding
particle, i.e. it characterises the surface area of the macromolecule
accessible to the tritium atoms. The thickness of the reaction layer
can also be estimated from the results of experiments on the
introduction of a tritium label into adsorption layers of surface-
active substances with hydrocarbon chains of different lengths

n*/n(%)

x/A

Figure 2. Decrease in the relative number of reactive particles during the
passage through a layer of thickness x in a condensed organic substance
(calculated for atoms with a temperature of 2000 K under conditions of
elastic retardation, E,,y = 0.3 eV).
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Figure 3. Glass reactor for trittum bombardment.

(from C, to Ci6).?2 From the dependence of the yield of labelled
product (incorporation of the label) on the length of the molecule
and on its orientation at the interface it was concluded that a
change in layer thickness by one methylene group, i.e. by ~3 A,
has a marked effect on the yield of labelled product. This length
can be used as a quantitative characteristic of the thickness of the
reaction layer. A similar value is suggested by experiments on the
incorporation of tritium into myoglobin, which will be discussed
below.

The apparatus used in all the experiments on tritium labelling
isshownin Fig. 3. The central part of the apparatus (the reactor)is
a cylindrical glass vessel () fitted with an axial tungsten wire (2)
heated by an electric current. The target material (3) is deposited
as a thin film on the side wall of the vessel, which is cooled irt liquid
nitrogen (4). The reactor is evacuated to a residual pressure of
105 Torr, and gaseous tritium is then admitted into the system. In
the reaction vessels used in the majority of experiments (60 mm in
diameter) the pressure of molecular tritium was 5 x 10~3 Torr.
When the filament was heated to 2000 K the tritium was atomised
on its surface, and the resulting atoms (formed under conditions of
free flight to the target) were aliowed to bombard the walls of the
reactor. Experimental details and the sequence of operations have
already been discussed in some depth,!? and in this review we shall
confine ourselves to examining the methods of preparation of the
target and the general methodology adopted for analysing the
distribution of the label.

The simplest method is the lyophilisation of a solution of the
substance. However, if this method is chosen it is essential to
ensure that the resulting film is firmly attached to the reactor walls
over the whole of its internal surface. Furthermore it should not be
forgotten that the lyophilic drying process may itself influence the
structure of the substance under study.

In order to study the structure of the macromolecule in solu-
tion a target can be prepared by ‘smearing’ the experimental
solution as a thin film by rapidly rotating the reactor immersed in
liquid nitrogen. In many cases this method gives good results, but
there are at least two aspects which limit its application. The first is
the crystallisation of the water induced by the relatively low rate of
cooling. When the vessel is immersed in liquid nitrogen the latter
boils, forming a layer of gas bubbles close to the wall which slows
down the cooling. This effect can be avoided by choosing other
cooling agents (for example, liquid ethane), but working with this
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gas has some undesirable features. The formation of a crystalline
phase of ice must be avoided in work with materials containing
‘internal’ water, such as macromolecules and their complexes
(including clusters) including more than 10 water molecules,
liposomes, and whole cells.

The second limitation is due to the specific features of the
method. Since the incorporation of the label is confined to a zone
accessible to the first collision of the tritium atom incident from
the gas phase, i.c. to the surface of the target, and in practical
experiments the specific radioactivity is measured, it is essential to
know, or at least to be able to control, the concentrations of the
solute at the surface and in the bulk of the sample. In the method of
target preparation described above a liquid solution exists for a
certain time, giving a water—air interface. Therefore the
bombardment by atomic tritium is experienced by an adsorption
layer of molecules, whose parameters are determined by the
adsorption process. The concentration of solute molecules in this
layer is described by the adsorption isotherm. It is most convenient
to work under conditions of complete saturation of the surface
layer: these offer adequately reproducible results even when the
surface concentration of the substance is not known. Calculations
show that for solutions of macromolecules the time of formation
of the saturated layer is a few minutes (~2 — 5 min), which is of the
same order as the time of preparation of the sample. The
formation of a saturated layer is confirmed by the observed
dependence of the time on the concentration of the solution.?? In
the case of amphiphilic substances the use of this method of target
preparation can lead to the orientation of the molecules with
respect to the phase separation boundary, and in this case the
distribution of the label will represent the character of the
orientation rather than the structural features of the object. In
substances of low-molecular mass the orientation effects are
especially clearly displayed. The orientation of macromolecules
requires long times, and their amphiphilicity is weaker.

Both these difficulties (crystallisation of the water and the
contribution from adsorption processes) can be avoided by
rapidly freezing the solution using a ‘spraying’ technique. The
solution is sprayed as very small droplets onto the inner surface of
the reactor previously cooled in liquid nitrogen by using a specially
designed nebuliser. The lifetime of each drop, and therefore also of
the water —air interface, is small (equal to the time of flight from
the nozzle of the nebuliser to the wall), and adsorption cannot take
place. However, the rate of cooling of the drop incident on the
reactor surface at 77 K is so high that the solution solidifies as a
glass. Under these conditions we find a state of affairs similar to
that which exists on a freshly cleaved solid surface. The concen-
tration of molecules on the cleaved surface can be related to thatin
the bulk by the simple expression C; = C2%3. The dependence of
the activity taken up by the sample on the concentration
= €%%7) is found to be consistent with the above relationship in
experiments with both substances of low-molecular mass and
solutions of proteins.'%-22.23,

Yusupov and Spirin?* proposed an original method of
target preparation which avoided the artefacts associated with
the crystallisation of water and with the adsorption of the
solute on the phase separation surface. A solution or sus-
pension of the sample was introduced dropwise into liquid
nitrogen. The very small particles of ice formed in this way
were crushed directly in the liquid nitrogen, and this ‘sturry’
was deposited on the reactor walls. The liquid nitrogen quickly
boiled off, and the ice particles were left firmly adhering to the
reactor wall. The results obtained confirm the effectiveness of
the proposed method, but its practical application requires
special skills.

When considering the technique of the method we must
particularly note the special factors which determine the
reproducibility of the results obtained. Among customary factors,
such as the precision of radioactivity measurement and of the
determination of temperature of the wire, of the pressure of
molecular tritium, of the exposure time, and also of the errors

introduced by the chosen method of analysis, we should
include the reproducibility of the total surface area of the
target bombarded by the tritium atoms. When the techniques
of solution spraying or evaporation from a suspension are used
it is difficult to achieve good reproducibility of the total target
area. To ensure a correct comparison of the results of
independent experiments we must normalise the reported
values with respect to the total flux of tritium atoms reacting
with the target surface. Obviously, the latter quantity
corresponds to the total radioactivity of the sample, including
the activity of the sample itself and that of the solvent. If all
the other standardisation conditions are observed (for example,
the mass of the label attached to the C-~H bond) the
assignment of the radioactivity of the substance under study to
the flux of tritium atoms should be constant for a given
substance. An additional method (in some cases, the only
possible method) of standardising the experiment is to use a
different kind of monitor: organic substances placed at a fixed
distance from the filament. Monitors of this type include
various polymer films, cellulose or paper filters, etc.

In studies of proteins the transition from the amount of label
included to the determination of the steric accessibility (or, in
other words, of the accessible surface area) requires an allowance
for the probability of the incorporation of tritium into aminoacid
residues of different types under identical exposure conditions.
These calibrating coefficients are needed also in all other cases of
experimental samples consisting of components of different
chemical nature. Several attempts have been made to determine
the relative reactivities of aminoacid residues by comparing free
aminoacids 2’ and short peptides,?? and determining the inclusion
of the label in the aminoacid residues and in proteins with known
three-dimensional structures in which the accessibility (exposure
response) of the residues could be calculated from X-ray structural
analysis results. Though the results of different workers, obtained
for different systems, show some discrepancies they can be
summarised as follows:

(1) in proteins we find a linear relationship between the
amount of label incorporated and the accessible surface area
calculated for the hydrocarbon fragments of the aminoacid
residue;

(2) the nature of the neighbouring residue on the polypeptide
chain does not affect the amount of label which is taken’ up (if
normalised for unit area of accessible surface); this amount is also
independent of the site on which the residue is located (the N or the
C end of the peptide);

(3) the inclusion of the label in the residues of different
aminoacids has almost equal probabilities when calculated for a
single C—H bond or for unit area of accessible surface.

The results obtained by Gedrovich and Badun?? deserve a
special mention: these workers found that in the composition of
di- and tripeptides the relative reactivities of three aminoacids
(valine, leucine, and isoleucine) are several times higher than those
of other aminoacids. This effect was ascribed to the presence (in
the side group) of tertiary carbon atoms, from which the removat
of hydrogen is substantially easier than in other configurations.26
Table 1 shows the probabilities of including the label into the
residues of aminoacids, established experimentally for the model
protein lysozyme. We consider these results to be among the most
reliable.

In conclusion we should dwell briefly on the general
methodology used in the analysis of the distribution of the label in
the experimental object. It varies according to the particular
problem being studied, and it is determined by the required level of
‘resolution’. Even the first stage [the determination of the overall
amount of label remaining in the sample after removal of the
labelled solvent, i.e. the sum of the labile (exchangeable) and of the
stable labels (held in the C—H bond), and also the labelled water
strongly bound to the surface of the macromolecule] allows us to
determine the total area of accessible surface of the sample. Since
the overall amount of label is usually 2 -3 orders of magnitude
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Table 1. Probability of including the label (K) in the aminoacid residues
of lysozyme, normalised for unit area of accessible surface of the
hydrocarbon fragment (C,— H, side groups).*’

Aminoacid K2 Aminoacid K2
residue residue

Lys 0.12 Pro 0.11
His 0.16 Ala 0.12
Arg 0.10 Val 0.11
Asx 0.10 Ile 0.10
Glx 0.20 Leu 0.08
Thr 0.10 Tyr 0.07
Ser 0.10 Phe 0.09
Gly 0.09

a Standard deviation 20%.

greater than the amount of stable label in the C—H bonds the
differences between the probabilities of interaction of tritium with
aminoacids of different types are quite unimportant.

Preliminary estimates can be made, and a fairly wide range of
problems whose solution requires a knowledge of the total amino-
acid content of the solvent can be examined, by determining the
label incorporated in aminoacids of different types. To this end the
protein freed from the labile label (by dialysis, chromatography,
electrophoresis, etc.) is hydrolysed, and the inclusion of the label in
individual aminoacids is determined by analysing the hydrolysates
and at the same time measuring their radioactivity.

Often we need to know the distribution of the label along
the polypeptide chain of a protein. In this case the protein is
fragmented into peptides, the mixture of peptides is separated, the
peptides are identified and hydrolysed, and lastly the inclusion of
label in each aminoacid is determined. Obviously, in an ideal
situation, peptides in which each aminoacid occurs only once are
produced by the fragmentation of the protein. In practice this state
of affairs is very seldom met, but every effort is made to minimise
the number of repeat occurrences. Lastly, a sequence of peptides
with an analysis of the activity in each of the aminoacids removed
is also possible.

Thus, by correctly preparing the target, labelling the sample,
and choosing an appropriate strategy for analysis of the
distribution of the label, the latter parameter can be used to
construct a model of the three-dimensional structure. This
possibility was first demonstrated in a study of labelled

Figure 4. Schematic of the ‘unfolding’ of the surface of the a-helix region
A of the whale myoglobin protein (residues 4—18). The one-letter code is
used for the aminoacids. The cross-hatched regions are aminoacid residues
sterically inaccessible to the tritium atoms (regions of ‘shadow’).

myoglobin.?’ According to the X-ray structural analysis results
the N end of the protein fractions is an a-helix A, including the
residues 3 —18 (Fig. 4) and oriented so that part of its surface is
directed outwards, and part is in the ‘shadow’ produced at its
contact with the G and H helices where A connects them with a
chain fragment.2® The distribution of the label in the N end of the
protein (aminoacid residues 1-20) shows that the label is
incorporated only in the aminoacid residues pointing outwards,
and not in those localised in the region of contact and therefore
not accessible to the tritium. A reasonably good correlation was
obtained in comparisons of the incorporation of the label with the
area of the accessible surface in the same residues, calculated by
the method of Lee and Richards?® from X-ray structural analysis
data. This experiment confirmed earlier reports of the dependence
of the take-up of the label on the three-dimensional structure in
peptides, and predicted the possibility of developing a new experi-
mental method of studying the structure and the topography of
the accessible surface of macromolecules and of supermolecular
systems: the tritium planigraphy method.

II1. Study of the accessible surface of proteins.
Limits of application of the method

The interaction of polymeric molecules takes place through
groups of atoms localised on their surface. Methods proposed to
describe the surface (Fig. 5) include determining the area of the
macromolecule surface accessible to water molecules: this was
found to be a very important concept, because this surface plays
a fundamental role in the formation, stabilisation, and operation
of the native structure of biopolymers. A new term was created
by Lee and Richards?® to describe it: the ‘accessible surface’.
It denotes the surface which can accommodate the centres of
spherical test species (probes) with a radius of 1.4 A (approx-
imately equal to the radius of water molecules) in contact with
the van der Waals surface of the macromolecule. The macro-
molecule itself is treated as an assembly of atoms approximating
van der Waals spheres, and the coordinates of their centres are
determined by high-resolution (1-2 A) X-ray structural analysis.
Lee and Richards obtained a quantitative description of the
accessible surface by applying a specially developed computa-
tional algorithm, which they used to calculate the accessible
surface area of three globular proteins: lysozyme, ribonuclease A,
and myoglobin.?® These calculations were subsequently applied to
a series of other globular proteins, whose three-dimensional
structure was thus determined with an acceptably high resolution.

The great functional importance of the surface of macro-
molecules, and its relationship with the characteristics of their
three-dimensional structure, stimulated a large number of studies
(mainly theoretical) of various aspects of the correlation of the
area, composition, and topography of the surface with the globule

Figure 5. Description of the ‘surface’ by testing with a spherical probe of
radius Ry in a two-centre system.30 (1) contact surface; (2) accessible
surface.
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volume, the molecular mass of the protein, its packing density, and
other parameters of the three-dimensional structure (see, for
example, Refs 31-36).

In recent years the surface of macromolecules has been
analysed increasingly by the molecular cartography method,
which allows almost the whole of the protein surface to be ‘viewed’
simultaneously.3” By using these charts Barlow and Thornton 38
studied the distribution of charged groups, and Fanning et al.?®
and Novotny et al.*? studied the topography of the protein surface
with the aim of localising the antigenic centres. An analysis of the
surface features can be carried out by super-imposing three
different charts.4! This analysis of the nature of the accessible
surface provided an unambiguous interpretation of
the hydrophobic properties of proteins, calculated exclusively
from their aminoacid composition. The concept of an accessible
surface has proved very fruitful in the construction of models of
the self-organisation of the polypeptide chain.4?-44

Without belittling the value of the computational methods of
determining the accessible surface we note that all the calculations
are based on high-resolution X-ray structural analysis results.
There is no doubt that the tritium planigraphy method now offers
the fullest possible information on the accessible surface of the
object. As stated above, this method relies on establishing the
steric accessibility of the hydrocarbon groups (CH, CHa, and
CH3) of all the component units (in the case of proteins, the
aminoacid residues) in the substance under study, and provides
information on its surface. As could have been expected, a simple
relationship has been observed between the specific radioactivity
(4) and accessible surface area calculated by the Lee and Richards
algorithm (S): A = kS, where k is the probability of finding the
label in the aminoacid residue of a given type, normalised for the
accessible surface area. By using model proteins with known three-
dimensional structures it was shown that this relationship applies
for the majority of protein residues.?’-45 In most cases the results
corresponded to those given by calculations of the accessible
surface by the Lee and Richards algorithm.?? However, some
discrepancies were noted: these were associated with special
features of the mechanism chosen to introduce the label and with
the difference in size between the tritium atom and the water
molecule. A new model, proposed to eliminate these
contradictions, describes the accessibility to tritium atoms of
fragments of the sample on the assumption that any scattering
event must result in loss of reactivity.*¢ A calculation by this model
for the 20 N end residues of myoglobin gave a better agreement
with previously reported 27 experimental data. The effective radius
of the tritium atom (1.1 A) was found, as expected, to be smaller
than the radius assumed for a water molecule.

It should not be forgotten that the surface defined by the
tritium planigraphy method differs in principle from the accessible
surface in its generally accepted sense. In the surface accessible to
the incorporation of the label there are no atoms not directly
linked to hydrogen atoms (in the proteins these are the oxygen
atoms of the carbonyl groups, =C=0, in disulfide bonds and in
methionine they are the sulfur atoms). There are also no groups
from which the label is readily removed by exchange with water
(the —OH, —SH, —NH,, =NH, and —COOH groups). The
fragments which are sterically inaccessible to reactions with
tritium atoms incident on the surface with a rectilinear trajectory
are also not included. As a result, the surface determined by
tritium planigraphy includes breaks associated with the regions
containing the atoms and groups of atoms listed above, whereas
the surface calculated by the Lee and Richards algorithm is free
from discontinuities.

It is legitimate to ask to what extent and between what limits
the tritium planigraphy data can be correlated with calculations
of the accessible surface by the ‘sliding’ probe method. To answer
this question the radius of the probe approximating the tritium
atom, for which the calculation by the algorithm which assumes
‘lining’ of the van der Waals surface agrees most accurately
with experiments on the incorporation of the label, had to be

determined. It was also necessary to determine the limits
between which these data can be extrapolated to test probes
having other radii. These studies were carried out with the model
protein lysozyme, for which high-resolution X-ray structural
analysis data are available, and the accessibility profile of the
aminoacids towards the introduction of the tritium label was
established.4’
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Figure 6. Dependence of area of accessible surface in a lysozyme globule
upon the radius of the test probe (Rp). (1) Accessible surface of the
globule (SZ,), (2) accessible surface of the hydrocarbon fragments &

By using a slightly modified algorithm (as compared with that
proposed by Lee and Richards) the surface area of the protein
accessible to probes with radii between 0.1 and 2.0 A (and even
10.0 A) was calculated for each aminoacid residue and for the
protein globule as a whole. The calculation was carried out
separately for cach residue, including the ‘labile’ hydrogen-con-
talmng groups (SZ), and only for the hydrocarbon fragment
(SSH) of the aminoacid. Fig. 6 shows the dependence of the
accessible surface area of the protein globule upon the radius of
the test probe. It can be seen that for low radii (from 0.1 to 1.0 A)
the accessible surface decreases sharply (by ~40%) as the radiusis
increased, an effect ascribed to the smoothing of the surface
topography. For probe radii greater than 1.0 A the S value
stays almost constant until it begins to increase again for the
largest probes (10 A) as a result of the increased radius of the
‘sliding’ trajectory. For a probe w1th a radius of 1.4 A (the water
molecule) the calculated value of SZ stays practically constant at

the level of 6510 A2, which is close to the value of 6710 A2
obtained by Lec and Richards.?® The best agreement between
experiment and calculation is obtained by assuming a sphere
with a radius of 0.9 A as an approximation to the tritium atom
(Fig. 7.

Fig. 8 shows experimental and calculated accessibility profiles
for the peptide chain of the protein. Data on the inclusion of
the label are presented as the ratio 4/K, which is equivalent to the
accessible surface area (in A2). It can be seen that on the whole
the correlation between the two distributions is acceptably good.
Accessibility calculations for probes having different radii showed
that the results obtained for a tritium atom assumed to have a
radius of 0.9 A can be extrapolated with reasonable assurance to
probes having radii of up to 2 A for aminoacid residues with a high
(> 50%) or amoderately high (20% —50%) average level of acces-
sibility if the ratio of the residue areas (in the composition of the
protein molecule) to the area of a hypothetical fully unfolded
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Figure 7. Deviation function @, describing the discrepancy between
calculated and experimental data for test probes having different radii.
The minimum of the function corresponds to an effective radius of the
tritium atom of R = 0.9 A.
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Figure 8. Accessibility profile of the polypeptide chain in lysozyme,
obtained experimentally by introducing the label (a) and calculated for a
test probe of radius 0.9 A (b). 4/K is the specific activity of the aminoacid
residues, normalised for the probability of incorporating the label, S is the
accessible surface area in Az, N is the number of the aminoacid residue in
the protein sequence.

polypeptide chain for a probe with a radius of 1.4 Aistakenasa
measure of the accessibility (the trans-peptide Ala—X—Ala is a
suitable model compound). In the case of poorly accessible
residues (< 20%) the data on the incorporation of the label should
be interpreted with some caution. However, the proportion of
these residues on the surface of the macromoleculeis not large, and
it cannot introduce a significant error into the final result. In the
determination of the total area of the protein their contribution
balances out.

In the same investigation the coefficients needed to convert the
accessible surface area of the hydrogen fragment into the total area
of the residue (S = vS Z ) were determined. It was found that the
parameter y depends not only on the nature of the residue (which is
not surprising) but also on its level of accessibility in the tertiary
structure. However, at the level of the entire globule this quantity
remains constant over a wide range of probe radii (0.410.06).
We note that according to Chothia®! the fractional amount of
accessible surface formed by nonpolar atoms (mainly, the
hydrocarbon fragments) depends on the molecular mass of the
protein: it decreases as the latter increases. In the work of Lee
and Richards?® this fraction was 0.392 for lysozyme, which
corresponded to the value obtained by Bogacheva et al.#’

Gedrovich et al.5% suggested an approach which allows quanti-
tative estimates of the total accessible surface area of the protein
from the amount of label included in the aminoacid residue groups
which are free to exchange and in the water molecules firmly
bound to the surface (hydration shell). They examined a group of
proteins having known three-dimensional strugtures (lysozyme,
ribonuclease S, myoglobin, papain, subtilisin, and a-chymo-
trypsin), and obtained a linear dependence in 1g7-1gS coor-
dinates. The straight line thus obtained can be treated as a
calibrating plot, and used to determine the accessible surface area
of globular proteins of unknown structure (Fig. 9). Calculations of
this type carried out for the globular protein parvalbumin III
found in the pike gave an accessible surface area of 57004900 A2,
Using the empirical dependence of the accessible surface area on
the molecular mass of the protein gave3* an area of 5800 AZ,

The results of experiments with proteins whose three-dimen-
sional structure had been determined by high-resolution X-ray
structural analysis allowed the method to be extended to objects
on which structural information was inadequate or totally absent.

Thus an analysis of the specific labelling of aminoacids in the
overall hydrolysate of the protein led to reasonable conclusions on
various parameters of the periphery of human serum albumin, 5 4°
for which available X-ray structural analysis data had a resolu-
tion of 6 A which was insufficient for the calculation.*® It was
found that (as compared with that of lysozyme) the accessible
surface of the albumin was enriched in hydrophobic aminoacid
residues, which accounted for 63% of the total aminoacid content
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Figure 9. Dependence of the reduced radioactivity on the accessible
surface area of proteins. (/) Lysozyme, (2) ribonuclease S, (3) myo-
globin, (4) papain, (5 ) subtilisin, (6 ) a-chymotrypsin. The I value includes
the label in the C—H bonds, in the labile groups, and in the strongly held
water, normalised for the flow of tritium atoms.
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of the surface (whereas in lysozyme the amount was 18%).
Summing the accessible surface areas in the aminoacids and
allowing for the number of residues of each type gives** a total area
SSH =19900 A2, Using the ratio SEH/SE, , whose value is 0.4 for
lysozyme, gave a total area of 49 000 A2 for the protein. Using the
empirical dependence of the accessible surface area of a fully
unfolded polypeptide chain on the molecular mass gave a
coefficient of 0.48 for the degree of unfolding of the polypeptide
chain. By treating the albumin globule as an ellipsoid of revolution
with axes of 140:40:40 A important structural parameters of
the surface were determined:>® for example, the ‘roughness
coefficient’ of the native protein was found to be 2.7. For the
lysozyme molecule the corresponding unfolding and roughness
coefficients were 0.68 and 1.7. From these results we may conclude
that the packing is less compact (and the surface topography is
more broken) in the polypeptide chain of human serum albumen
than in lysozyme, in good agreement with the known physico-
chemical properties of this protein and above all with its strong
hydrophobicity.5! The openwork appearance of its three-dimen-
sional structure is confirmed by many data on the capacity of
albumin to bind low-molecular hydrophobic substances (for
example, fatty acids), and is consistent with reports of the presence
of several hydrophobic cavities in the molecule of this protein.5?
The rough packing of the albumin globule is also consistent with
views on the flexibility of this molecule and on its tendency to
undergo volume fluctuations.

Bobkova et al.’*3% reported a comparative study of the
surfaces accessible to label introduction in two important
enzymes of protein biosynthesis (aminoacyl-tRNA-synthetase).
The two enzymes (phenylalanine-tRNA-synthetases from E. coli
and Thermus thermophilus) have complex quaternary structures.
The similarity in structure (at least, in the region of the active
centres of these enzymes) suggests that the thermophilic enzyme
catalyses the aminoacylation reaction of tRNA from E. coli,
whereas the enzyme from E. coli can catalyse the aminoacylation
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Figure 10. Aminoacid composition of the accessible surface
phenylalanine - tRNA —synthetase from E.coli (1) and from Thermus
thermophilus (2) expressed as a percentage of the total area of the globule.

of the thermophilic tRNA. The enzyme from Thermus thermo-
philus was obtained in the form of crystals suitable for use in X-ray
structural analysis, but attempts to prepare crystalline phenyl-
alanine-tRNA-synthetase from E. coli were unsuccessful. In these
circumstances the tritium planigraphy method is one of the
few methods available for studying the surface structure of the
enzyme from E. coli and for comparing it with that of its
thermophilic analogue. Fig. 10 shows the diagrams defining the
surface areas of the aminoacid residues for the two proteins,
obtained from data on the specific activity of the aminoacids and
of the total hydrolysates of the proteins. We note a fairly high level
of hydrophobicity in the surface of the proteins (60% for the
enzyme from E. coli and 67% for the thermophilic protein).
Comparing the data for the degree of hydrophobicity and for the
overall sum of hydrophobic residues in the two proteins shows
that this distribution is approximately the same for the mesophilic
and the thermophilic synthetase being studied. The proportionate
increase in hydrophobicity on the surface and in the inner parts
of the protein globule on passing from the mesophilic to the
thermophilic enzyme is a very interesting effect. However, the
possibility of identifying the difference in the aminoacid residues
localised on the surface of the protein is even more important.
The increased accessibility of the arginine residues in the
identifiable composition of the aminoacyl-tRNA-synthetase led
to an explanation333* of the increased sensitivity to exposure
of the charged residues on the globule surface in terms of the
tendency of the thermophilic tRNA-synthetase to compensate the
destabilising action of the high temperature by using additional
electrostatic interactions with the substrate.

Similar studies had been previously carried out with the
Fe- and MoFe-proteins of the azotobacter nitrogenase.!? With-
out discussing these results in detail we shall only point out
that they yet again confirm the possibility of obtaining
valuable structural information from a relatively simple
experiment.

IV. Conformational transitions in proteins

Obviously, any changes in the three-dimensional structure of a
macromolecule must affect the topography of its accessible
surface. This suggests very promising applications of the tritium
planigraphy method in studies of conformational transitions.
Volynskaya et al.56:57 demonstrated this prospect in a study of
the denaturation of lysozyme by 8 M urea with reduction of the
disulfide bonds. Distribution of the label on the aminoacid resi-
dues in the denatured form differs markedly from the native
distribution and approaches random distribution. The latter was
calculated by using the tripeptide Ala—X—Ala as a model,?
allowing for the probability of incorporating the label. Of course,
this model can only be accepted as a crude approximation.
In the analysis of the real structure of the denatured state we must
allow for the mutual screening of the residues by their nearest
neighbours, and also for the possible orientation of the
polypeptide chain on the surface of the target. Nevertheless the
calculated and the experimental distribution of the label in the
fully denatured form are reasonably close.

We note that, under the influence of 8 M urea only, a state
having a well-defined structure is formed without breaking
the S—S bonds. It is characterised by an accessibility of the
hydrophobic aminoacid residues greater than in the native
material, coupled with a small change in the accessibility of the
hydrophilic groups. This is interpreted 5657 as a breakdown of
the hydrophobic contacts although the globular structure as a
whole is retained. The interpretation is consistent with indepen-
dent data on the viscosity of the protein solutions in the presence
of 8 M urea, on the circular dichroism (CD) spectra, and on
optical rotary dispersion.58:?

The high sensitivity of tritium planigraphy led to the detection
of intermediate states of the protein, formed as a result of
weak denaturing interactions and not revealed by traditional
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methods.’® One of these states can be induced by adding 1M
lithium chloride and is characterised by an accessibility of the
polar aminoacid residues substantially lower than in the native
conformation, while the accessibility of the hydrophobic residues
is almost unchanged. This transition can be treated as a
‘compression’ of the globule. Conversely, another state is
characterised by an increased accessibility of all the types of
aminoacid residue, and is induced by the addition of 1 M urea and
guanidine-HCl, This transition is similar to an unfolding of the
globule while retaining all the other structural characteristics
(viscosity, CD spectra, etc.). Obviously, in this case we are dealing
with a slight ‘loosening’ of the packing of the elements in the
secondary structure without dissociation and without changes
in the overall architecture of the globule. A similar type of
intermediate state was detected also in ribonuclease.®

The conformational transitions observed in lysozyme have
been compared with the changes in enzyme activity. By using the
rate of lysis of Micrococcus lysodecticus as a test it was shown that
the ‘compression’ and the ‘loosening’ of the lysozyme globule
result in a decreased enzyme activity, the ‘compression’ effect
being the stronger. Similar changes were observed in ribonuclease
A% Low salt concentrations (0.1 —0.2 M) produced compression
of the protein globule, accompanied by a rapid decrease in the
enzyme activity. Under these conditions the intramolecular
mobility of the protein, monitored as its mean-square deviation
{X?) from Rayleigh scattering data for the Mdssbauer radiation, is
also substantially lowered. Unlike the addition of salts, low
concentrations of urea produce a loosening of the protein globule
also accompanied by a decrease in the enzyme activity. In this case
complete loss of enzyme activity was observed only in the presence
of 8 M urea.

The results of studies by tritium planigraphy of pH-dependent
conformational transitions in proteins call for a detailed
discussion. These changes often play a key role in the functioning
of macromolecules, and in this case changes in the pH of the
medium are one of the factors which control their biological
activity.

Human serum albumin is one of the most important proteins
in blood plasma, whose function is mainly to control the transport
of various kinds of biologically active substances. It is known to
undergo various pH-dependent conformational changes, of which
the most striking are the N—F and the N—B transitions, taking
place in acid (pH 3.5-4.5) and in alkaline media (pH 7.0-9.0)
respectively.61-62 In spite of extensive studies the nature of these
structural transitions is not well understood.

A comparative study by tritium planigraphy of the accessible
surface of a protein in the N, F, and B form produced some
valuable structural information.%3 64 It was found that in the N—F
transition the total accessible surface is increased 2-fold, in good
agreement with the change in size of the molecule, determined
by low-angle scattering and by viscosity measurements.55-66
Broadening of the globule in the F form is indicated by an increase
in the ratio of the molecular axes®” from 3.3 to 5.8, and also by a
50% increase in the hydration of the molecules.® In the F form of
the protein the hydrophobic residues are more accessible to
labelling than in the N form. This effect is well correlated with the
greater hydrophobicity of the protein in the F form as compared
with the native form. An analysis of the distribution of the label in
the B form of the protein indicates a greater accessibility of the
aminoacid residues in this form than in the native state, but the
scale of this increase and the number of residues undergoing a
change in accessibility are much smaller than in the N-F
transition.

Unfortunately in all the above studies the label incorporated in
the sum of the aminoacids of various types was determined, and no
attempt was made to analyse the distribution of tritium over the
chain of the protein. This allowed the occurrence of a conforma-
tional transition to be established, and the most general charac-
teristics of the states thus produced to be identified, but none of the
information was helpful in identifying the detailed structure.

Interesting results were obtained in studies of pH-dependent
conformational transitions in hemagglutinin, a functionally
important protein of the virus membrane group. It is now firmly
established that the fusion of the viral and of the endosomal
membrane induced by pH changes (the most important contribu-
tion to the infection of the cell) takes place with the participation
of this protein.®® However, in spite of wide-ranging studies by
biochemical, biophysical, genetic, and immunologic methods,’°
the molecular mechanisms and the intermediate states of the
fusion of the membranes are still a problem to be solved.
Glushakova et al.”! proposed a sensitive experimental model for
studying pH-dependent conformational changes in proteins
leading to their interaction with the membrane.”!

The model system consisted of liposomes with the ionophore
nigericine attached to the lipid membrane and containing
hemagglutinin in their bulk. Lowering the pH of the surrounding
medium produced a corresponding change in the pH within the
liposome and induced a transition of the protein to a conforma-
tion able to interact with the liposomal membrane. Tritium
labelling was used to visualise the outer surface of the liposomes.
By comparing the specific labelling of the protein and the
distribution of radioactivity in the aminoacids in control samples
(at a neutral pH) and in the experimental samples (at the fusion
pH) of the liposomes the authors were able to explain the nature
of the protein —membrane interaction. It was found that in an acid
medium the specific activity of the protein is increased (the
activities of the hydrophobic aminoacids Ile, Phe, and Tyr
increased 2—3-fold). This indicates the introduction of a protein
molecule (or a part of it) into the membrane, and possibly also that
part of the molecule is exposed on the outer surface, and it con-
firms the widely held opinion that the hydrophobic N-end peptide
in a small subunit of the protein (the so-called fusion peptide) is
responsible for the interaction of the membranes. An analysis of
the intramolecular distribution of the label along the protein chain
from control and from experimental liposomes should unambigu-
ously establish the detailed pattern of the lipid —protein inter-
action. The model can be treated as universal for studies -of
lipid — protein interactions of any type, since any protein (and even
an entire virus) can be incorporated within the liposome.

The tritium planigraphy method has been used to study the
pH-dependent conformational change of hemagglutinin in the
composition of the whole virus, leading to its inactivation. So far
attempts have been made to calculate the change in the
conformation of the hemagglutinin after acid preincubation of
the virus from the change in the antigenic properties of the protein,
in its sensitivity to proteinases, and above all from changes
in the exposure of its ‘fusing peptide’. An attempt to study
this phenomenon by tritium planigraphy was reported by
Ksenofontov et al.,”2 who showed that on the one hand the
small subunit of hemagglutinin in the virus inactivated in an acid
medium is readily accessible, as shown by the approximate
doubling of its specific labelling as compared with the active virus;
on the other hand inactivation in an acid medium of the target
without membrane does not produce a strong exposure of the
‘fusion peptide’. These results led the authors to propose a new
model of the conformation of hemagglutinin in the composition of
the inactive virus.

V. Accessible surface and intramolecular dynamics
of proteins

Several published papers suggest a relationship between the
intramolecular dynamics of biopolymers and their functional
properties.”> Clearly, the intramolecular mobility (at least the
large-scale segmental mobility) should be reflected by the struc-
ture of the accessible surface. However, only a few calculations
aiming to demonstrate this relationship have been published so
far. In particular, Levit7%75 showed by a computer modelling
experiment that in dynamic calculations the accessible surface of
several aminoacid residues may differ from the static value by
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Figure 11. Temperature dependence of the inclusion of the label in
lysozyme. A is the radioactivity of the protein normalised for the activity
of the monitor.

50%—60%. No direct experimental data on the relationship
between the accessible surface and the dynamic parameters have
been published so far.

We know that the intramolecular mobility of biopolymers is
substantially dependent on two parameters: the water content of
the sample and its temperature.”® 77 This suggests the possibility of
studying the relationship between the accessible surface and the
molecular dynamics by the tritium planigraphy method by
analysing the distribution of the label for different target
temperatures and a constant humidity, or vice-versa.

A similar attempt was reported by Bogacheva et al.,” who
chose the protein lysozyme as the model substance and determined
the temperature dependence of the incorporation of the label in
both the protein as a whole and the aminoacid residues of each
type. The target temperature was varied between 77 K and room
temperature.” In Fig. 11 we show the temperature dependence of
the specific radioactivity of the protein, normalised for the flux
of tritium atoms (4) in the temperature range 77-293 K. Two
regions can be distinguished in the curve: a decreasing incor-
poration of the label at 77-163 K followed by an increase at
163-293 K. The increased level of labelling above 163 K cannot
be explained in terms of the temperature dependence of the rate
constant of the reaction leading to an increased incorporation of
the label, since the temperature of the hot tritium atoms incident
on the target surface (2000 K)is much higher than the temperature
of the sample. An increase in temperature from 77 to 293 K can
increase the incorporation of the label by not more than a factor
of 1.2, but the observed increase in activity is 3-fold. According
to data on the Rayleigh scattering of the Méssbauer radiation,
and by using paramagnetic probes, it was shown 7680 that an
‘unfreezing’ of the intramolecular mobility takes place at 170 to
190 K. This observation is well correlated with the observed 78
increase in the accessibility. The greater incorporation of the label
(corresponding to an increased accessible surface area) upon
lowering the temperature from 163 to 77 K is inexplicable in terms
of dynamic effects. It may be due to a change in the three-
dimensional structure of the protein as a result of the freezing of
the internal water, firmly bound to the protein, which destroys the
balance of forces stabilising the three-dimensional structure and
leads to its breakdown.

The temperature dependence of the probability of incor-
porating the label was studied also at the level of the individual
aminoacid residues. According to the features of this dependence
all the residues can conveniently be divided into three groups.
Most of the residues of the first group, whose accessibility
increases in the range of 170-293 X, lie outside the region of
enhanced mobility of the polypeptide chain. They are usually
located on the N and C ends of the structured regions, near the

sites of rotation of the polypeptide chain. The residues of the
second type have a lower accessibility, independent of the tem-
perature in this region. As a rule they are found in the middle of
a-helix regions, in the immediate vicinity of the residues forming
the inner region of the protein globule. Lastly 70% of the residues,
which form the regions of enhanced mobility, are residues of the
third type. Their accessibility changes only slightly in the range
160-270 K, but increases steeply at 293 K.

Unfortunately these results, like the results of the studies of
conformational transitions discussed above, are averaged over the
types of aminoacid and do not allow a detailed picture to be
established. We are only at the first stage in the attempt to show
that the accessible surface is a function of the molecular dynamics
and that this relationship can be studied by applying the present
method.

V1. Modelling the three-dimensional structure
of proteins

As was stated above, X-ray structural analysis and the NMR
method are laborious and have a number of fundamental
limitations which seriously hinder the study of the three-
dimensional structure of macromolecules. These shortcomings
stimulated numerous attempts to develop theoretical predictions
of the tertiary structure of proteins on the basis of data on the
primary structure, of a statistical and evolutionary analysis of
objects having a known structure, etc.’2-35 Unfortunately we
must conclude that (in contrast to the methods of predicting
the secondary structure) the theoretical modelling of the three-
dimensional structure is still an unresolved problem, even at the
level of predicting the general outline of the polypeptide chain.

Clearly, the most promising approaches are those which use,
in addition to the theoretical predictions, parameters obtained
directly from experiments (for example, data on the topography of
the accessible surface). In fact, since an unambiguous linkage
exists between the three-dimensional structure and the accessible
surface, and since this linkage can be calculated from the
coordinates of atoms, it is legitimate to formulate the inverse
problem, namely to construct a model of the three-dimensional
structure of the protein molecule from the accessibility of the
constituent aminoacid residues. The algorithm for the solution of
this problem can be defined in the following general form:

(1) determine the accessibility profile of the aminoacid
residues of the protein molecule labelled with tritium;

(2) predict the elements of the secondary structure of the
protein by using existing theoretical approaches;

(3) find a method of packing together the elements of the
secondary structure while ensuring their surface localisation on
the model of the chain fragments accessible to the tritium atoms,
and (conversely) identify the inaccessible regions within the model
of the globule.

Modelling greatly facilitates the acquisition of additional
information: for example, data on the number and localisation of
disulfide bonds, on the binding sites of ligands, substrates, and
metals, on the localisation of individual functional groups, and
antigenicmapping data. Taken as a whole this information may be
sufficient for the choice of the optimum method of packing the
elements of the secondary structure at all stages in the assembly of
the model.

The first attempt to construct a model of the three-dimen-
sional packing of a polypeptide chain was undertaken for the
protein in the shell of the tobacco mosaic virus.® The simplicity of
the object, containing only four a-helix portions, made it easy to
construct a three-dimensional model satisfactorily consistent with
the X-ray diffraction analysis data.’’

More recently the scope of this approach was tested on the
globular protein, pike parvalbumin, belonging to the family of
Ca2* binding proteins 8 (a relatively small protein containing 108
aminoacids). Two widely used methods were used to calculate the
elements of the secondary structure: those of Chow and Fasman 8°
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and Lim.%° The five-predicted a-helices included 69 aminoacids,
corresponding to 64% of the whole number of aminoacids. This
feature greatly facilitated the modelling. Models of the three-
dimensional structure of the protein were constructed by the
method of Ptitsyn and Rashin,®! which includes as an essential
step a search for the contacts between neighbouring a-helices
(using rigid cylinders as an approximation to the a-helices in this
case). The stacking of the polypeptide chain was carried out by
first searching for the contacts between the inner C and D helices
(classified as inner from the standpoint of their accessibility to
tritium labelling), and then successively adding to the resulting
complex the helices E, F, B, and A. The choice of the relative
orientation of the helices was helped by a knowledge of the
calcium binding regions, which imposes strict limitations on the
mutual disposition of the residues which coordinate the calcium
ions.?2 The model of the three-dimensional structure of pike
parvalbumin (Fig. 12) was found to be very similar to that of the
homologous protein carp parvalbumin.®?

Figure 12. Model of the three-dimensional structure of the protein, pike
parvalbumin ITI.

The similarity in structure of these two proteins is seen also in
the similar topographies of their accessible surfaces, observed by
comparing calculated data for carp parvalbumin with experi-
mental data for pike parvalbumin.?’

The results examined in this section cannot be treated as a
complete concept, allowing three-dimensional models of proteins
to be constructed from a combination of experimental data on the
topography of the accessible surface and of theoretical predictions
of the elements of the secondary structure. However, there are
good reasons to hope that the further development of this
approach and the application to it of the appropriate elements of
computer modelling will provide researchers with a new and
fruitful method of obtaining information on the three-
dimensional structure of macromolecules.

VII. Three-dimensional organisation of
supermolecular systems

The relationship between label distribution and structure of the
accessible surface demonstrated above for proteins is seen even
more clearly in studies of supermolecular systems, in which the
mutual screening effects of the components play a substantial role.
Depending on the experimental plan, information was obtained
on the most general characteristics. of the structure (general
architecture of the complex, relative distribution of the
components of the system in three dimensions, localisation
of the contact surfaces, etc.) as well as on structural details such as
determining the accessibility of the individual monomer units of
the protein in the composition of the complex system.

As far as can be established the first attempt to use the tritium
planigraphy method to study the three-dimensional structure of a
complex supermolecular object was the tritiation of the ribosome
from E. coli. As we know, a ribosome is a nucleoprotein com-
plex which contains two molecules of highly polymeric RNA:
16S-RNA in the smaller moiety and 23S-RNA in the larger. The
composition of the large 50S-subparticle also includes the low-
molecular 5S-RNA. In the small 30S-subparticle, 21 proteins are
associated with the 16S-RNA, and the large subparticle contains
32 different proteins.

By comparing the amounts of label incorporation in the
proteins of the isolated subparticles of the 30S and 50S ribosomes
and in the whole 708 ribosome, the proteins exposed on the surface
could be identified and the absence of proteins on the contacting
surface of the subparticles was demonstrated.?*94-% As was
shown in separate experiments, under these conditions the RNA
molecules retain their integrity and their ability to undergo specific
interactions with proteins.” However, when considering the
absence of proteins from the contacting surface of ribosomal sub-
particles, we should not forget that in practice the contact of two
ribosomal subparticles is not very tight and cannot prevent the
incorporation of tritium in the protein in the region between the
subunits.

An interesting attempt to determine the accessibility of a
polypeptide chain synthesised on the ribosome has been
reported.?®-9° It has been suggested that the first units of the
growing peptide are accommodated in a channel whose geometry
allows the polypeptide chain to unfold into a helix. However,
experimental approaches aimed at demonstrating the existence of
the channel mostly relied on large macromolecules (protease and
its antibody) as test reagents applied to the proteins synthesised by
the ribosome. It was found that the small size of the tritium atom
offers information with the required detail. The data on the
inclusion of the label showed that a polypeptide chain already
three or more residues long is exposed on the ribosome surface.
Unfortunately these workers used a synthetic poly-(Y)-dependent
cell-free translation system, i.e. they did not allow for the initiation
of the translation in the form found in the translation of natural
mRNAs. This may account for the discrepancy between the results
and current views on the presence of a channel.

Another example of a nucleoprotein complex which has been
studied by tritium planigraphy are the chromosomes from mouse
fibroblast.!% It was found that in the metaphase chromosomes
both the chromosome proteins and the RNA are accessible to
tritium. An analysis of the take-up of label by the protein showed
that the ‘scaffold’ proteins are the most exposed, which suggests
that they are located on the outer surface of the metaphase
chromosomes.

A substantial volume of work has been devoted to applying
the tritium planigraphy method to studies of the three-dimen-
sional architecture of protein complexes having many subunits.
Thus, Mironov and coworkers0:192 tried to determine the
relative accessibility of the protein subunits in the composition
of cytochrome oxidase and in its complex with cytochrome C.
Cytochrome oxidase is the terminal enzyme of the respiratory
chain of living cells. It is a transmembrane protein, consisting (in
the higher mammals) of 12 different subunits. Tritiation of the free
enzyme and of the enzyme incorporated in the complex was
carried out in order to establish, confirm, and add some detail to
the existing model of the structural organisation of the subunits
in cytochrome oxidase, and also to identify the regions of inter-
action of the enzyme with cytochrome C. Comparing the specific
labelling values of the subunits showed that in the formation of the
complex the cytochrome molecule is partially screened by the
subunits I, II, VIc, and VIIa-VIIc of the protein, which agrees
with previous reports.10?

Applications of tritium planigraphy to the study of membrane
structures (in particular to the study of the topography of
transmembrane proteins) are of special interest because the
presence of a lipid bilayer should lead to marked differencesin
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the accessibility to tritium between the exposed and the
intramembrane parts of the polypeptide chain. In fact, as
was shown in the experiments with liposome loaded with
hemagglutinin discussed above, the bilayer lipid membrane
weakens the flow of tritium atoms by a factor of 10.72 The cell
membrane almost completely screens the contents of the cell from
the incident tritium atoms. Thus, in the case of erythrocytes it was
observed that the level of incorporation of the label into the
hemoglobin within the cell is more than two orders of magnitude
lower than the same level in the free protein.!%

The first example of the study of membrane structures by
tritium planigraphy was applied to bacteriorhodopsin.!04-106 This
is one of the best characterised membrane proteins, for which the
type of three-dimensional organisation has been established in
general traits and various exposed residues have been identified
(see, for example, Ovchinnikov et al.197), This work allowed the
prospects of the method to be assessed, and (in the case of
favourable results) it also allowed additional experimental data,
needed for checking and more detailed characterisation of existing
models of the protein location in the membrane, to be obtained.
A packing scheme (Fig. 13) was proposed by analysing the
incorporation of label in the aminoacid residues of the protein in
the membrane composition, and shown to agree satisfactorily
with the model constructed from theoretical predictions.!%® As a
result of this work the positions of the tryptophan residues were
accurately established (positions 10 and 12), and shown to lie near
the surface rather than within the membrane, as had been
suggested earlier.19%:119 The new model allows for the partial
screening of the fragments not included in the composition of the
intramembrane o-helix segments.!!! ]

The fact that residues within the membrane, at least 5 A
distant from the surface (i.e. at a distance greater than the mean
free path of the tritium atoms), nevertheless include some tritium
can be attributed to the number of lipids in the purpuric membrane
(10 molecules per molecule of protein!12) being insufficient to
make the inner part of the polypeptide chain wholly inaccessible to
tritium.

Ostrovskii et al.1!3 tritiated the intact cells and the protoplasts
of Micrococcus luteus bacteria with the aim of localising the
components of the membrane (potential antigens) exposed on the

227 239

231232 (240
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Figure 13. Schematic diagram of the ‘placement’ of the polypeptide chain
of bacteriorhodopsin in the membrane. Filled circles denote aminoacid
residues in which incorporation of the label has been observed. The
sections 25-33, 66— 71, 83—118, 207-231, 232-239, and 240246 have
not been analysed.
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Figure 14. Experimental accessibility profile of the polypeptide chain in

the protein of the tobacco mosaic virus shell in the virion composition. N is
the number of the aminoacid residue in the polypeptide chain.

cell envelope. It was shown that over 90% of the non-exchanged
tritium is included in cytoplasmatic membranes, and that 98% of
this amount is associated with lipids, suggesting good prospects
for studying the asymmetric distribution of lipids in the cell
membrane. It was also found that in the case of protoplasts the
tritium is incorporated preferentially in three membrane proteins,
but in the case of cells in a single protein.

In most of the work discussed above the information on the
structure of the supermolecular object was limited to the
determination of the accessibility of whole molecular complexes
(with the exception of bacteriorhodopsin). A more detailed study
was carried out with the tobacco mosaic virus (TMV), Data for the
virus from an X-ray diffraction analysis ''* ''® with a resolution of
3.6 A, and a detailed antigenic characterisation of the virus
capsid,!!6 show that this object can be used as the ideal model
system.,

Whole virus particles were exposed to tritium bombard-
ment.!"7-119 In Fig. 14 we show the distribution of the label over
the aminoacid residues of the polypeptide chain of the protein.

h/A

60 -

20 |-

R/A

Figure 15. Schematic diagram of the placement of protein subunits in the
TMYV virion, demonstrating the possibility of penetration by the tritium
atoms into the inner region of the virion.!'$
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Relatively extensive regions can be observed, in which the amino-
acid residues are not accessible to the tritium atoms. Fig. 15 shows
a schematic view of the packing of the polypeptide chain for the
protein coat of the virus. Comparing the experimental results
on the distribution of the label in the protein with those given by
this scheme shows that the N and C end fragments of the protein,
located on the outer side of the virus particle, are the most
accessible; the part of the protein not accessible to the labelling is
found in the contact region between subunits. Surprisingly, at first
sight the label was found to be included in residues 93— 112 of the
polypeptide chain, which (according to the X-ray structural
analysis data) is remote from the surface of the virus and in contact
with the RNA molecule. The authors suggested that channels are
present at the ‘joint’ between three shell protein subunits, and that
the tritium atoms can penetrate into the bulk of the virion and
interact with the 93 — 112 residues and the virus RNA located oniits
‘bottom’. On the X-ray diffraction pattern these regions, 3—5 A
in diameter, appear as regions of low electron density.!14-16 It
appears that channels of this type have been observed by Neiman
etal.'2%in a study of the structure of the MS2-phage. According to
their results 25% of the label is combined with RNA within the
bacteriophage, which also suggests the presence of a relatively
large number of ‘pores’ in the capsid of the phage between the
protein molecules, through which the tritium atoms can interact
with the internal regions of the phage.

It is of interest to compare the information on the surface of
the virion obtained in this way with data on the localisation of the
antigenic determinants. In Fig. 14 we have marked the regions
1-10, 62—68, and 153158, which are the antigenic determinants
of the protein in the composition of the virus.!!6 It can be seen that

they all fall among the fragments accessible to labelling by tritium.
There can be no doubt that the tritium atoms are not the best
indicator of the location of antigenic determinants. The small
size (~1 A) of the tritium atoms allows them to ‘see’ too much.
However, a knowledge of the surface regions undoubtedly helps
this work by narrowing the circle of possibilities.

The results obtained for the model object stimulated studies of
a virus on whose structure (mainly the conformation of the
subunits of the shell protein and their packing in the virion) very
little was known. This was the X potato virus (XPV), one of the
most widespread members of the potato virus group. Its flexible
rod-like virion contains single-chain RNA, and the capsid of the
virion is composed of identical protein subunits containing
236 aminoacid residues. When this work was begun data on the
surface of the virion were scarce, and to some extent contra-
dictory. Immunological studies indicated the localisation of the
N-end region of the protein on the virion surface.!?! By predicting
the elements of the secondary structure of the protein in the shell
of XPV, using the three-dimensional structure of TMV as a first
approximation, Sawyer et al.!?2 were able to postulate a certain
generality in the formation of the architecture of virions, namely
the surface localisation of the N and C end regions in all the rod-
like vegetable viruses. Subsequently Schukla et al.'?® suggested
that the deflection of the polypeptide chains in proteins was a
general phenomenon, leading to surface localisation of their N
and C end regions in all the rod-like vegetable viruses.

In a comparative study by tritium planigraphy of intact XPV
particles and of XPV degraded in situ (lacking the first 19
aminoacids through the action of the protease in the cell sap 126) it
was shown that the distribution of the label (Fig. 16a) differs
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Figure 16. Experimental accessibility profile of the polypeptide chain in the X potato virus (XPV) in the native form {g) and partially degraded by
proteases of the cell sap (b). J/Jx is the portion of the activity attributable to the respective aminoacid residue; N is the number of the aminoacid residue in

the polypeptide chain.
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from the distribution observed for TMV (see Fig. 14): the sharp
boundaries between accessible and inaccessible regions have
disappeared. This suggests that XPV has a much ‘rougher’ surface
than TMV.124.125 We note that 85% of the total amount of label
incorporated by the preparation is located in the first 19 amino-
acids in the intact virus: this shows that the entire N-end region of
the protein is exposed on the virus surface. The absence of the first
19 end aminoacids (Fig. 16b) in the coat protein of the virus
preparation degraded in situ produces a qualitative change in the
labelling process. Evidently, the C-end region of the protein, which
apparently had been previously ‘covered’ by the N-end part of the
protein in the coat, has become accessible to the tritium atoms.

Figure 17. Model of the three-dimensional packing of the polypeptide
chain in the protein of the XPV shell. The o-helices are shown as cylinders;
the B structural regions are indicated by arrows. The numbers denote the
boundaries of the structured regions.

On the basis of the result obtained by tritium planigraphy, of
existing biochemical and immunological data, and also of the
basic principles governing the packing of the predicted elements of
the secondary structure in globular proteins Baratova et al.!?
proposed a model of the tertiary structure of the protein in the
coat of XPV (Fig. 17). In this model one B group, containing the
B structural regions 1—-12, 14—-22, and 2433, lies alongside the
molecule and forms the outer surface of the virus particles.

To conclude this review we shall briefly mention another
group of problems which could be solved effectively by the
application of tritium planigraphy. The concept of linear or con-
formational antigenic determinant proteins is widely adopted in
modern immunology and immunochemistry. It is assumed that
linear determinants are composed of several aminoacid residues,
amounting to a substantial proportion of the residues in the

protein sequence, whereas the conformational determinants
contain aminoacid residues from different parts of the sequence,
lying close together in the native structure of the protein globule.

However, recent work suggests that all the antigenic
determinants are conformational.127- 128 Thus, the surface of the
protein obtained from X-ray structural analysis data is always
complex and has a very broken outline. Even a visual analysis of
any structure shows that most of the residues on the protein
surface have neighbours which are quite removed in the primary
structure of the protein. Furthermore the most ‘unbroken’ parts
are mostly loops and/or projecting regions. This explains why
surface properties such as hydrophilicity, accessibility, and
mobility can be used to predict possible antigenic determinants.
This concept is well illustrated by the correlation between the
accessibility to tritium atoms and the antigenic properties of these
parts of the structure, observed in the TMV and XPV viruses and
(earlier) in globular proteins. By describing the structure of the
object in terms of data on its surface (provided by an analysis of
the tritium labelling), and also by a comparative analysis of the
surfaces of the free protein and of the protein complexes with a
monoclonal antibody, it should be possible, we believe, to identify
the conformational determinants. So far this possibility has been
realised only at the level of the X-ray structural analysis of
structures such as complexes with site-directed mutagenesis.!?®
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