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INTRODUCTION




"Tha reasonings about the wonderful and intricate cperations
of Nature are so full of uncertainty, that, as the Yise-man truly
observes, hardly do we gurss arioht at the things that are upon.
earth, and with labour do we find the things that are bofore us,"

(Stephen Halas, 1727)

Despite the fact that in ancient times, Egyptian; Greek and
Roman physicians were aware of the importancé of iron as 2 thera-
peutic agent it was not until some three hundred years ago that
important contributions to our knowledge of the biclogical role

Fa)
i

o iron were made, and since that time our understanding of the
subject has developed enormously,

It was at the end of the seventeenth century that Sydenham
(1850) tirst described the mode of action of iron in the afflice
tion known, both to the veterinarian and the botanist alike, as
chlorosis, Some years later, in 1713, Lemmery znd Geoffroy
(1903) observed the presence of iron in both animal and vegetable
tissues. Following this work sevgral tissurs wers examined agd
shown to contain various types of "haemin" iron, however, as a
result of the difficulty in analysing such small quentities of
this trace slement, some of these findinne were misinterpreted
and were the basis of controversies., One such controversy was
between Levy (1889.) and MCﬁuhn_(1886) and concerned the distri-
bution of iron in tissﬁeso Léuy was convinced that haem was a
chemical unigque to red blood cells while the studies of MeMunn
demonstrated the ubiquity of this substance, B8y 1867 Hoppe-
Seyler (1890) had managed to isolate and crystallise haemoglobin
from red blood corpuscles,

Up to about this time iron had always besn found as haemn

(ice. complexed with porphyrin) and non-haem iron was not in fact




dascribed until the present century, It was in 1925 that the two
French scientists, Fontés and Thivolle_(1925), succeeded in
demonstrating the presence of such non-haem iron in the circulaﬁn
ing plasma and Barkam (1927) later showed that the iron was
protein«bound and also described a method for the determination
of such iron,

At about this time histologists had observed small, dark,
water-insoluble granules uwhich they called haemosiderin and they
assumed these to be the result of rapid destruction of red blood
cells ( Cook, 1929 ). 1In 1934 Laufberger (1934) isolatsd From
horse spleen a brown-coloured material which he called ferritin
and by 1937 he had managed to purify and crystallise some
ferritin with cadmium sulphate ( Laufberger, 1937 ), In 1949,
Surgenor, Koechlin and Strong (1949) isolated siderophilin
(transferrin), a serum protein with the specific properties of
binding and transporting iron, which Koechlin (1952) managed to
crystallise'soma three years later,

Historically speaking, we are to all intents and purposes
now at the point in time in which we started gaining, as is
witnessed by the ever increasing bibliography, a more préfound
understanding of the actual function fulfilled by iron as a trace
element in the physiology, biochemistry and pathology of the cell
at the mclecular level,

When we speak of iron in the context of biochemistry we
often think only of haemoglobin and paossibly of some of the probe
lems concerning anaemias. Houwsver, if we ever had recourse to
the extensive bibliography we would soon see that the importance
of iron in cell function is far from limitsd to haematoloogy,
Instead it is found that iron participates in transport and store

age and is also involved in numerous enzymatic systems owing to its
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ability to catalyse oxido-reduction mechanisms by a simple change
of valency, The main classes of iron-containing proteins are
listed in Table 1,

Such proteins are intimately associated with bhoth the
physical and the chemical activities that constitute_thq normal
functioning of the cell, It is now a well known fact'that while
some proteins serve as important structural elements of the body
( hair, collagen ), others may be enzymes, hdrmones, proteins
associated with genes ( histones ), oxygen carriers, proteins that
are concerned with immunnlogical defence ( antibodies ) and a
variety'of other functions, In essence, it has bescome the obhject
of the protein chemist to attembt to explain the particular
physiological and biochemical functions of these macromolecules
in terms of their molecular structure. The nature of the present
problem was to consider the iron-storage protein, fervitin, in

the light of such a structure~function relationship.

General Properties of Ferritin and Apgfernitin,.

Haemoglohin and myoglobin together account for about three-
quarters of the total body iron while about 90% of the remainder
is in the form of the two principal iron-storage proteins,
ferritin and haemosiderin.

For hasmosiderin it will suffice at this stage to merely
indicate the probable relationship that this molecular species
has with ferritin =2nd to brieflv outline some af the similar and

some of the dissimilar properties that it has with ferritin,

Haemosiderin is a dark, weter-insoluble, granular substance which
can easily be seon microscopically and; electven micrographs of
this material show agoregaltes of electron~dense particles,

Principally beacause of this ease of detection ard because its



Table 1. The table lists the main classes of iron-containing
proteins and was taken from 'Biochemical Functions of Iron', by
B~G. Malmstrom, in "Iron Deficiency, Pathogenesis, Clinical
Aspects, Therapy", edited by L. Hallberg, H-G, Harweth and A,

Vannoti, Academic Press, London and New York, (1969), p. 10,
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Haem (H) ox

Protein Function
non-Haem (N)

Haemoglobin,
myoglobin H 02 Carxier
Hydxroperoxidases Inzymes with
(catalase, per=- H H,0, as substrate
oxidase)
Cytochromes H ‘ Electron carriers
Cytochrome ¢ -
oxidase® Terminal oxidase
Flavoprotein
dehydrogenases N Oxidising enzymes

and oxidases

Oxygenaseab N® Enzymes catalysing
incorporation of 02
into substrates

Ferredoxin N Electron carrier

Haemexrythrin N 02 Carrier

Transferrins N Transport, storage

(blood, egg~

white, milk)

Ferritin N Transport, storage

%phis enzyme contains copper as well

bNot all members of this class are ivon-proteins

®one oxygenase (tryptophan 2,3~-dioxygenase) is a haem~protein
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solubility properties tended to defy conventional systematic
biochemical analysis it received considerably more attention from
histologists and anatomists than from the biochemists, On the
other hand, fTerritin, despite its empiricel interest to electron
microscopists, was a much more suitable target for the intcrect
of the protein chemist principally because of its water solubile
ity and relative mase of extraction. The number of individuals
who had actually earried out experimental work on both these
materials remained extremely small and this dichotomy parsisted
until just about a decade ago. This gap between the various
disciplines was finally bridged as a result of the work carried
out principatly by the two American scientists, Shoden and
Sturgeon (1958, 1959, 1960, 1961, 1962a,b, 1963), The results aof
their intensive investigation revealed that haemosiderin was a
rather heterogeneous entity, the composition of which was very
variable. It accounted for about 20% of the total storage form
of iron in @he normal liver and was composed of dense granules
which varied in size from less than 1 micron in diameter to about
5 microns., 0On quantitative analysis these granules had a sub-
stantially greater iron content than ferritin, the nitrooen con-
tent was much less and the phosphorus was again much greater. On
dissolving in mercapto-acetic acid 1t showed, unlike ferritin, a
peak at 412 nm which was assumed to be associated with the pres-
ence of porphyrin. Immediately prior to these studies certain
workers ( MocKay and Fineberg, 1958; Richter, 1959; Wohler, 1960 )
had observed that the protein component of haemosiderin showed
certain similarities to that of ferritin although McKay and Fine-
berg (1958) had also demonstrated the presence of other proteins,
Michaelis, Coryell and Granick (1943) had alsa shown that the

iron of haemosiderin was, for the main part; in the sam= magnetic
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state as that in ferritin, The question that Shorden and Sturéeon
asked themselves was, "Whal was the relationship between these
two species ?" They had many similarities but just as many, if‘
not more, dissimilar properties, They tackled this problem by
considering what influenced the proportion of hasmosiderin and
ferritin in liver and they studied the kinetics of iron-storage
by a series of double~label radio-isotopic experiments. Analysis
of their data suggested that in the parenchyhal cell, ferritin
iron was the precursor of haemosiderin iron, Ffigure 1 shous
schematically the proposed relationship that these workers ep=
visaged and certainly at present it seems to take into account
all of the available experimental data,

This now brings us to consider ferritin, that protein which
accounts for the other 80% of the total body iron-storage capae.
city. The iron in ferritin is stored until the need for its
function arises and is then readily available for utilisation
elsewhere in the body, be it for haemoglobin or mycglobin syn-
thesis or for cellular enzymes. It acts as a reserve depot
againét the possibility of an increassd iron loss due to bleed-
ing. Iron is also required during periods of rapid growth or for
its transport to the foetus. Recently Arora, Lynch, Whitley and
Alfrey (1970) published a paper entitled "The Ubiquity and
Significance of Human Ferritin", Although probably the only
criticism of this publication is the grammatical error in the
title, a paper entitled "The Ubiquity of Ferritin' would certain-
ly not be too far from the truth.

Ferritin has now been found in species aé diverse as the

marine Elasmobranch, Scvllium caniculas and invertebrates

(Teece, 1952; Roche, Bessis, Brenton~Gorius and Stralin, 19613

Towe, Lowenstam and Nesson, 1963}, in plants as phytoferritin




Figure 1, This figure illustrates schematically the proposed
relationship between ferritin and haemosiderin as a result of
the investigstions carried out by Shoden and Sturgeon (see

text for references).
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Ferritin
(Liver iron load= O-100mg/
100g tissue)
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100q tissue)

mature - Haemosiderin
(Liver iron load:- ZOqu/100q tissue)
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(Hyde, Hodge, Kahn and Birnstein, 1963), in the mycelium, spor-

angiospores and spores of the fungus Phycomyees blakesleeanus

(David, 1969}, in the hepatopancreas of Octopus vuloaris | am

(Nandi, Muzii and Puca, 1971), the dolphin (Delphinus cotacaa)

spleen (Kato and Shimada, 1970), in the eqgns and early embryos of
Rana piquiens (Brown and Caston, 1962), in tuna fish (Thunnus
obesis) spleen (Kato, Shinjo and Shimada, 1968), and in a great
numher of mammals. |

In mammals it is principally found in those organs which are
intimately concerned with the reticuloendothelial system, nramely
the liver, spleen and bone marrow although ferritin has also been
found to a lesser extent in extracts of the adrenal, brain,
circulating plasma (in certain pathological conditions), heart,
intestine, kidney, lung, neoplasms, pancreas, placenta, skeletal
muscle, sking; testes and in the thyvroid (Arora, Lynch, Whitley
and Alfrey, 1970).

It has been shown by a number of workers (later section)
that the iron contained in ferritin could be removed by reduction
of the ferric iron to the ferrous state to give a colourless,
iron~free protein called apoferritin, Rothen {1944) demonstrated
that, when a fraction of ferritin was fractionated on a molecular
weight basis, a distribution profile was obtained as shown in
Figure 2 and that such a profile is clearly indicative of a
Aheterogeneous species. He showed that the more slowly moving
substance was in fact the iron-free protein, apoferritin, and
that this constituted 25% of a ferritin preparation., Unlike the
heterngeneity exhibited by the iron-~containing ferritin particles,
apoferritin gave on sedimentation a very sharp boundary and wes
considered to be a very homogeneous protein with a sedimentation

coefficiont of about 17,6 Svedherg units, As will be considered
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Figure 2. Typical distribution profile obtained by sedimenting
a sample of horse splesn ferritin. Such a sedimentation pattern
was interpreted as shown in the figure, with the sharp uniform
peak representing iron~fres apoferritin while the more dif‘f‘usé
peak is composed of protein molecules differing only in their

ireon content,
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Sedimentation Pattern of Horse Spleen Ferrifin
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in greater detail at a later stzoe, ferritin is thouoht to bn a
hollow protein shell surrounding an inscluble micelle of ferric
hydroxyphosphate, Thus the heterogensity exhibited by Ferritin.
was assumed to result from varying amounts of iron contained withe
in the protein shell and Van Bruggen (1962) claims to have demon-
strated the presence of such'Full, empty and partially Tull molse
cules by electron microscopy and he has also estimated ths number
of each of these in various samples. This qualitative interpret-

ation of Rothen's experimental data is also shown in Figure 2.

Isolation and Purification of Ferritin and Apoferritin.

Despite the fact that many protein and enzyms extractions
and purifications are laborious and time-consuming they are an
essential preliminarcy to any systematic investigation. By many
standards, the extraction and purification of ferritin is a rela-
tively simple procedure and the reasmné that make it so are
essentilally threet
(a) the source of the material is both rich and reliable (at
least for most of the ferritins so far studied),

(b) the protein is heat~-stable at 75-80°C and,
{(c) the large size of the protein-iron complex.

There are principeally two routine methods for the isolation
and purification of ferritin and these are shown in Figure 3,
Method A makes use of the fact that ferritin can be crvstallised
from a 4-5% cadmium sulphate solution (Granick, 1942), while
Method B utilises the large size and weight of ferritin to isole
ate this protein by ultracentrifugation (Penders, De Rooij-Nijk
and Leijnse, 1968).

The type of ferritin crystals obtained by fMethod A are opti-

cally isotropic and the crystal form they adopt is that of a




w 14 -

Fiqure 3. Principal routine methods for the isclation and

purification of Territin.
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Tigsue

Homogenise in 4 volumes
(w/w) distilled water

@‘.«m ot e P P it AT

Tissue homogenate

Heat treatment at 75-80°C
followed by filtration

Method A Fif{rate Method B
Make 30% (w/v) with Centrifuge at
ammonium sulphate 78,0009for 1 hour
and leave at 0°C Y
overnight then Precipitate
centrifuge
%/ Dissolve in dist-
Precipitate illed water and

centrifuge at

Dissolve in distilled 7,0009for 1 hour
wvater and make 4-5% Vi
(w/v) with cadmium Supernatant

sulphate and leave

overnight Centrifuge at
%f 95,0003for 1 hour
Crystals of ferritin i
. Precipitate

Dissolve in die-
tilled water and
centrifuge at

95 ,0003 for 1 hour

N
Precipitate
(Purified ferritin)
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twinned ochahedron (tetrshadral pyramids on each face of a cibe)
althounh the edges are found tn ba slightly curverd as shown

schematically in Figura 4,

It is oenerally accepted that the storsge and mobil isation

of iron in the body is cortrolled hy its oxidation 2pd reductinn,

e

In ferritin the iron exists in the ferric state and scveral

jr

LN

workers have shown that it is possihle to remove this by certs
‘&

reducing agents, These can be roughly classified as two types,

(a) the chamical reducing agents and (h) the biological reducir

agente, Class (a), tvpified by reagents like =odium dithionite

'.u
l_!.

(Na 5,0 ), provide a useful laboratory method for the removal of
the iron in the preparation of apoferritin (Granick and Michaelis,
1943; Behrens and Taubert, 1952), and class {b) consists of
reagents like cysteine; olutathione, ascorbic acid, glucose anf
ATP (Mazur; Baez and Shorr, 1955b; Bielig and Bayer, 1955b;
Miller and Perkins, 1969) which have been shown to release the
ferric iron from ferritin, althouch at a much slower rate, the
implication being that the latter may bg concerned with such
transfer in viva. In this context; xanthine oxidase has been
accredited with the physiologiczl role of ferritin iron reduction
and mobilisation (Mazur and fGreen, 1959). However, Davis and
Deller (19046) have shown thal several agents which inhibit xanth-
ine oxidase have negligible effect on in vivo iron absorption,
Release of iron from ferritin in tissue slices under anasrobic
conditions has a2lso heen demonstrated (Mazur, Basz and Shorr,

w o
1955). It was, in efFect,AtheL§earch for such physiological
agents involved in iron transfer from Ferritiﬁ that som=z workers
demonstrated that the transfer was affected by low molecular

weight chelating agents (Miller and Perkins, 19693 Pape, Multani,

Stitt and Saltman, 1968b), Although it is generally accepted




Figure 4. This figure shows schematically the crystalline form
adopted by both ferritin and apoferritin. This is essentially
that of s twinned octahedron as shown, the only difference
being that in the crystal the edges are slightly curved. This
schematic‘representation can be compared with actual crystals

as shouwn in Figure 14.
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Twinned Octahedron

(tetrahedra set on each face of 2 cube)

,

Ferritin Crystal Form
(optically isotropic with slight curved edges)




w 19 -

that these havae an effect on transfer, there is no complebte anrees
ment as to their mode of action since some workers bhelieve that
these chelators work in the absence of redox systems (Pape, MU -
tani, Stitt and Saltman, 1968b) while others believe that reduc-
ing agents are necessary and that these chelators merely enhance
transfer (Miller and Perkins, 1969),

The apoferritin obtained by any of these tezhniques is
colourless and crystallises from cadmium sulphate as octahedral

crystals which are isomorphous with those of ferritin.

Structural Aspects of Ferritin and Apoferritin,

Groes Structure gf Ferritin and Apoferritin,

Until about twenty years ago conflicting interpretations of
the data existed as to the nature of the gross stfucture of these
ﬁroteins. There existed at this time two schoolé of thought, the
first belieying that the iren micelles were situated outside the
apoferritin shell while the second beliesved the converse to be
true. Almost certainly the reason for the existance of such cont-
roversies over the then existing data was because such experiment.
al data was obtained from rather indirect approaches to the solu-
tion of the problem, Thus Granick (1951) believed the micelles
to exist an the surface of the protein because of the differences
in the heat-coagulation profiles betuween solutions of ferritin
and apoferritin, A ferritin solution coagulates reversibly =t
60°C whereas apoferritin does not and Granick believed that this
was due to the presence of iron micelles on the surface of the
protein (Granick, 1942). Also as it was shown that cysteine could
effect the reduction of ferritin iron (Mazur, Litt and Shorr,

1950b) and since Granick considered that cysteine was too larga
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to penetrate hetwern the surface polypeptide chains of apo-
ferritin, he concluded that the micelles must be on the surface,
The evidence for the existence of an iron-micelle surrounded by'a
protein shell seemed to be somewhat more welg ty. Eoth Rothan
(1944) and Mazur and Shorr (1950) demonstrated that ferritin and
apoferritin have identical electronhoretic mobilities and since
such mobilities depend upon surface charne densities, it was
argued by these workers that the micelle could not be situated ﬁn
the outside of the protein. Mazur and Shorr (1950) also showed
that a precipitin-antibody to horse spleen ferritin would pre-
cipitate an identical amount of horse splecn apoferritin peedads
(based on its nitrogen content) and Mazur, Litt and Shorr (1850a)
further demonstrated that solutions of ferritin and apoferrvitin
have identical viscosities,

Such was the state of opinion whan, in 1954, Farvant (1954)
first demonstrated directly by electron microscopy that the iron
micelles were situated on the inside of a hollow protein shell,
This study by Farrant (1954) has since been confirmed by a vare
isty of physical techniques including low resolution X-ray diffra-
ction measuréments on wet crystals (Harrison, 1963) and small
angle X-ray scattering (Bielig, Kratky, Steiner and Wawra, 1963;
Bielig, Kratky, Rohns and Waura, 19643 Fischbach and Anderegn,
1965) as well as a more detailed investigation by many electron
microscopists (Kuff and Dalton, 1957; Labaw, Wyckoff, 19573 Riche~
ter, 1959b; Bessis and Breton~Gorius, 19603 Van Bruggen, Wiebenna,
and Gruber, 1960), As a resglt of these studies it appears at
present that ferritin consists of a hallow, roughly spherical
protein shell, apoferritin, with internal and external diamsters
of about 60 - 704 and 110 - 120ﬁ respectively, surrounding a

micelle of ferric hydroxyphosphate which can vary in size within
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the interior. "Ths nolecular weioght for the apoferritin shell has
been determined by a number of physical technicues and shown to
he in the range 430,000 - 480,000 (Rothen, 1944; Harrison, 1963#
Fischbach and Anderegg, 1965; Harvison, 19593 Richter and Walker,
1967) although De Bornier (1957) obtained a much smaller value,
340,000 daltons, by osmotic pressure measursments,

Because of the heterogeneity exhibited Ey ferritin, a mole-
cular weight has no real significance, However, it is useful to
know the highest molccular weight for ferritin since this can be
used to evaluate the maximum possible amount of iron contained
within the protein shell. Based on the calculations made by
Harrison (1964), except to extend over the range of molecular
weight for apoferritin, we can calculate a molecular weight for
full ferritin and hence calculate the number of atoms of iron
that can exist within the protein shell., The highest Fe:N ratios
that have been reported lie within the range 2.5 - 2,9 (Van
Brugoen, 19623 Mazur, Litt and Shorr, 1950a; Philippot and De
Bornier, 1959)., Using this fact and assuming that the nitrogen
of apoferritin constitutes 16.1% of the protein and that the iron
accounts Fﬁr 59% of the weight of the core (Granick and Michaelis,
1943), the molecular weight computed for full ferritin is 720,000
~ 900,000 which is in good agreemenf with experimentally deter-
mined values (Fischbach and Anderegg, 1965; Harrison, 1954),

From such treatment it can be calculated that the hollow centre
of the protein shell can accomodate about 4,000 atoms of iron,

The arrangement of these iron atoms within the micelle is
still not known with any degree of certainty, Treatment of
ferritip with 1N sodium hydroxide for ten minutses at roon Lempera~
ture caused the protein shell to be strippe& from the iron cora

and micelles <o oblained were found to have a decreased phaspho-
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rus: iron ratio which tended to favour the view that phnsphorus
was at the interface of the micelle and the protein., However,
this ratio never reached zero which seems reasonably interpretea
as indicating that phesphate is present both on the surfece and
also within the micelle (Granick and Hehn, 1944; Harrison, Fische
bach, Hoy and Haggis, 1967). The mole of phosnphorus, if any, is
still uncertain and has yet to be determined, However, the
indications are from recent reconstitution studies that the
requirament for phosphorus is not fundamental %o the svynthesis of
ferritin (see later section). Iron core analogues have also
recently been prepared and the nature of these and their inter~
action with protein will be considered at a later staoge,

Granick and Hahn (1944) have suggested that a possible
composition of the micelle is [(FeOUH)BQ(FaU.DDSHZ)]n and [1ich-
aslis, Coryell and Granick (1943) have studied the macnetic prop-
erties of the iron in ferritin. The iron in the micelles is
paramagnetic and has a magnetic susceptibility of 3.8 Bohr magne-
tons. Several workers have noticed a certain degree of orcder in
the micellar structure and have proposed several substructures
for these, be it for four subunits at the corner of a sfuare
(Farrant, 1954) or at the vertices of a tetrahedron (Richter, 1950
b) or of six subunits at the vertices of an octahedron (Bessis
and Breton-Goriusy Muir, 1960) or at the vertices of a trilateral
prism (Van Bruggen, Wiebenga and Gruber, 1960), Homevér, as has
been the case so many times bofore, the experimental datz concern-
ing such substructures is conflicting. Harrison (1963), Fisch-
bach and Anderegg (1965), Haonis (1965) and Harrison, Fischbach,
Hoy and Haguis (1967) have demonstrated by a variety of physical
and optical technigues thzat the micelle appears to be a uniform

species and suggestad that perhaps the observations of suhstruct-




ure within the micelles were artifacts of the mode of preparation
of the samples for electron microscopy.

It was sesn on page 10 that as a result of its variable ir&n
contept, ferritin was a heterogengous species while the ivaon-frec
apoferritin was homocenenus, at least with respect to molocular
weight. However, further studies on apcoferritin demonstrated a

polymorphism resulting from self-association phenomena.

Polymorphism of Ferritin and A-pferritin,

By ultracentrifugation, Rothen (1944) had observed for human

0
20

units) which accounted for approximately 1 - 10% of the total

and horse apoferritin a faster moving substance (S., = 25 Svedberg
protein and considered this to be an impurity, PMore recently,
however, this has been shown not to be the case, This minor com-
ponent is present even after ten recrystallisations (Harrison and
Gregory, 1965) and was unambiguously ohserved, teogether with othen
minor components, by étarch gel eiectrophoresis and by polyacryle
amide gel electrophoresis by a number of workers (Saadi, 19623
Richter, 1963a,b, 19643 Fine and Harris, 1963; Kopp, Voot and
Maass, 1963, 19643 Theron, Hautrey and Schirren, 1963; Carnevali
and Teece, 19643 Suran and Tarver, 1965), Although certain in-
vestigators originally bhelieved that thess bands were in no way
attributable to either stable polymers of apoferritin or to apoe
ferritin molecules in reversible association~digsociation eoui-
librium (Kopp, Voot and Maass, 19633 Richter, 1964), it has now
become currently accepted that this is, in fact, the eyplanation
for such heterogeneity., The reasnns for such general acceptance
stemmed from an ultracentrifugal study of the problem., It was
demonstrated that such fractions. could be observed by sedimental.

ion in ths wvliracentrifuge and that the various fractions corres-
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ponded to thosé visualised by elesctrophoretic studies, Ths
various components of ferritin and apoferritin have been termed
®,B,8,8, and € and it has heen shown by a number of workers
that these species correspond to monomsrs; dimers, trimers,
tetramers and pentamers respectively (Harrison and Gregory, 19653
Suran and Tarver, 1965; Kopp, Vogt and Sund, 1966),

Kopp et al (1964) suggested that theol, 3 and § fractions of
Ferritin'might have different iron binding capacities and this was
what was found in a vecent study with model experiments for the
study of iron transfer by Miller and Perkins (1969). They found
that the order of iron uptake of the various fractions of ferritin
from transferrin was o> f§ >¥ . However, these fractions wers
shown to differ in neither their iron content nor in their amino
acid composition and this then led Miller and Perkins (1969) to
interpret their data as resulting from some form of steric factor
and that; in an undefined way; some iron binding sites were
masked by polymerisation (see later section). The ultracentri-
fugal studies gave the values for the sedimentation coefficients
of the ol , B, and ¥ bands as 1718 S, 24-25 S, and 335 respecte
ively, As Harrison and Gregory (1965) pointed out, the ratio
of the sedimentation coefficients, 1.4 (/&) and 1.9 (8/a) agree
reasonably well with the ratios calculated from Perrints formulae
(Svedberg and Pedersen, 1940) which are 1,52 for dimer/monomer
and 1,87 ~ 1,98 for trimer/monomer {limits are for linear or tri-
angular arrangements respectively).

It was stated earlier that in view of all these dzta there
now seems to be general agresment st present that such polydis-
persity arises as a result of association phernomena, however,
there is no general agreement as to whether such associatinn is

reversible or irreversible, Harrison and Gregory (1965) and




Williams and Harrison (1960) propased that in the olinomeric
state, the monomer units comprising it were covalently bound,
This assumption was based on tho vesistance of the oligomens to
various chemlcal denaturants and that the existence of such
oligomers axhibited no concentratinn dependence and Lthay were
stable even on storage., They showad that no dissociatinn of
oligomers occurred in 87 urea; 2 - 6 M guanidine hydrochloride,
1% sodium dodecyl sulphate (for hydrophobie interactions); 2-
mercaptoethanol- BM urea, dithiothreitol (Ffor disulphide bondé);
pronasa (for pepltide bonds); EDTA (for bivalent cations) and
desferrioxamine (for ferric ions). On the other hand, Richter
and Walker (1967) showed by o comhination of lighiwscatterinn,
gel electrophoresis; ultracentrifugation end electron microscopy
that in fact the polymerisation was reversible and they demonstr.
ated a marked concentration dependence., The free enercy changes
for the association monomer to dimer, AG° = «7,72 kcal/mnle, and
for dimer to trimer,[&Go = «7,59 keal/mole, were shown by these
workers to be incompatible with covalent binding.

As an understanding of the quatermary structure of a protein
plays an important part in the understanding of its biological
function it was of interest to see if sdditional levels of
structural organisation existed for the apoferritin molecule, oth-

er than association products of the protein molecule,

Subunit Structure of Ferritin snd Anoferriting,

Physical and Chemical Evidence Ffon Suhunits,

The existence of subunits for ferritin and apoferritin was
first categorically demonstrated by Harrison in 1959 (Harrison,
1059), This was done by Y-ray diffraction studies which revealed

that the space group of apoferritin was probably F432 with four
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molecules per unit cell ond =22ch molecule having a point croup
symmetry 432. Har»ison interpreted this as suggesting 24n
identical sﬁbunits and a possible molecular structure would he
ona with the subunits at each of the vertices of a snub cube,
Saadi, Shapira and Creyfus (1951} concluded from their study on
the number and nature of the tryptic peptides of apaferritin and
from the amino acid composition that there were ahout 30 subunits
of molecular weight approximately 15,600, This work was repeated
by Harvison and Hofmann {1962) and they ?ounﬁ only ane trytophan
containing peptide, as did Saadi st al (19A1), but rather.more
major peptides, From this data it was sugoested that the number
of subunits was not more than 24 and not less than 12 and that

the most probable number was 20 with a molecular weight of 24,000,

This was further confirmed on calculating a mimnimum molecular

:

veight based on the amino acid compositicn. By this method, a
value of 23,000 for the subunit molecular weight was obtained on
the basis of the tryptophan content (Harrison, Hofmann and Maine
waring, 1962; Hofmann and Herrison, 1962) for a molecular weight
of 480,000 for the apoferritin molecules (Harrison, 1960). This
was also a value suggested hy Harrison (1963) from a more detaile
ed examination of the diffraction patterns. This latter study

revealed that the crystals exhibited pseudo $:3:2 or 5:2 ‘symmetry

and Harrison suggested a structure bhavino pseudo-icosahcdral symm-
etry, twenty subunits at the vertices of a pentagonal dndecahed-
ron, Hoefmann and Harrison (1963) mananed to deqradse the apoferr=
itin into subunits by treating with sodium dodecyl sulphate and
were able to determine the molecular weight of the protsin-dafaorg-
ent complax which; after correction for the amount of bourd deter-
gent, yielded a molecular weinht for the subunit of 25,000 -

27,000, The coneept of a tuenty-subunit model for the quaterrary
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structure of apofervitin was also confirmed by quantitative
Nemterminal determinations. BSuran (1966) demanstrated that the
Helterminus is N-acetvlated and Mainwaring and Hofmann (1968)
determined the bound zcetyl ogroups and Founrd a velus of 19,6 £ 1
mole per mole of apoferritin (molecular weight 480,000), Thoy
also demonstrated that carboxypeptidase B released 18-19 moles of
arginine per mole of apoferritin.

Because of. its obvious architectural similarity uith small
spherical viruses, Harrison and Gregory (1968) studierd some of
those methods which had been used to degrade viral particles, By
this appreach it was found that treatment of protein with ice-cold
67% (v/v) solution of acetic acid for one hour was sufficient to
disaggregate apoferritin just as it was for tobacco mosaic virus
(Fraenkel~Conrat, 1957)., Also it had been shown that dilute alk-
ali slowly disagnregates the protein, but only to about 50% and
this process is complicated by alkaline hydrolysis of peptide
bonds (Hofmann and Harrison, 1963),

More recently Smith~Johannsen and Drysdale (1969) determined
the subunit molecular weight by Sephadex gel filtration on Sepha-
dex G~200 with sodium dodecyl sulphate contained in the eluting
buffer. The value thalt these workers obtained for the apparent
molecular weight was of the order of 12,000,

David and Easterbronk (1971) determined the molecular weight
of the apoferritin subunit obtained from the ferritin of the
fungus Phycomyces by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and showed this to be identical to that of horse
spleen apoferritin. Van®&ek and Keil (1969), using the fact that
apoferritin can be dissociated by lyonhilisation (Hofmann and
Harrison, 1%€%), fractionated horse spleen apoferritin that had

been lyophilised and resolved this intc at least thre= components,
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one which was probably inmdissocisted material and Luo others, one
of which eluted atead of bovine pancreatic ribonioclease (molzcular
weight 13,000). They 2lso showed that the amino acid compnsitién
of these components were identical and that the smallest component

may represent subunits,

Spati=l Arrannenent of Subunits in Apoferritin Fnlecule,

The results obtained from the various pﬁysical and chemical
studies on the apoferritin subunit strongly suggested that apo-
ferritin consisted of twenty identical subunits,

Figure 5 shous a possible spatial arrangement for a twenty-
subunit model, This is an arrangement in which the subunits are
situated at the apices of a pentagonal dodecahedron. For such a
model to be sterically possible it has been shown that the twenty
subunits, being themselves asymmetric, cannot occupy identical
envirorments {Casper and Klug, 1963), This, as Hanson (1968) has
shown, necessitates recourse to one of two possibilities, (a)
there must be two types of subunit which possess the same primary
structure but adopt one of two alternative conformations nr (b)
there must be present two different types of subunit which can
gither be completely different or resemble sach ether closely.

Such subunit heterogeneity has recently received the attente
ion of Drysdale (1970) who, by isoelectric focusing on gels,
observed such nnlydispersity and suggested that it may in fact be
due to different subunits, Urushizalki, Fukuda, Matsuda, Miitsu,
Yokota and Kitango (1970) and Urushizaki, Niitsn, Ishitami, Mat-
suda and Fukuda {1971), using frec-flow isueléctric focusing also
demonstrated hetesrogeneity in samples of rat liver and horse zple
een #nd corcluded that this prohably represented a polymorchisn

at the level of the subunits. Housver, in a study usinno Sephardey
2 ot \




Figure 5. Model of a proposed guaternary structure for apoferr-
jtin. This is an arrangement of twenty subunits in which each
subunit is situated at an apex of a pentagonal dodecahedron and

is viewed perpendicular to a pentagonal face.
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G~75 superfine as the ecupnorting media for thin layer isneleciric
focusing, Radola and Delince= (1971) obtained only a sinnle hand
for ferritin,.

Hich resolution elechtron microscopy has been used as a
method of indicating malecular shapes and the investigation of
Casterbrook (1970) has tended to support the concept of a tuenty
subunit structure for apoferritin, Figure 6 shows ferritin mole-
cules negatively stained with uranyl amatate;(mag. 500,000),
Figure 7 shows photographic enlargement (x10) nf various selected

areas and conhtain sufficirnt surfacs detail to allow interpretate

ion in terms of the guaternary structure of a possible model,

Amino Acid Secuence Studies on the Apoforritin Subunit.
D

In the last five years or so sequence data an apoferritin has
been slowly accumulatinog.

The N and C-terminal peptides have been determined by Suran
(1966) and Mainwaring and Hofmann (1968) and these are shoun
schematically in Figure 8,

The fact that these wvorkers find unigue sequences Tor both
of theses megions of the polvypeptide chain tends to suprort the

view that the subunits are identical.

Another interesting =2spect in protein structure«function
studies is to examine the protein from a variety of organs and
species and see if these differ from each other in any way.

From such studies it nay be possible to determins those feahurss
of the structure of the protein that might be important for bio-
logical function and also to determine those features of the

structure thalt are unimportart for the proteins catalvtic ective

ity
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Fiqure 6. High resolution electron micrograph of ferritin
molecules negatively stained with uranyl acetate, (Easter-
brook, 1970).

Magnification x 500,000
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Figure 7. High resolution electron micrograph of ferritin
melecules. These micrographs were obtained by photographic
enlargement of individual molecules from the previous Figure.
The fine detail present is interpreted in terms of a model of
a pentagonal dodecahedron as shown. (Easterbrook, 1970),

Magnification x 4.4 million




5»

Ua

XU

Ub

Uc



« 36 ~

Figure 8. Schematic representation of the known sequences of
horse srleen apoferritin. The sequence starting N~acetyl-Ser~
represents the N~terminus of the protein while the sequence

ending in «Lys-Arg constitutes the C-terminal peptide,
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N-scetyl-Ser-Ser-Gln~Ile-Axrg MWWN:}

et o 58T -Gln-Gly~Asn-Ala-Leu-Lys-Arg
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Orgon and Snncies Snecificity of Fercitin =nd Anofeppitin,

Bone are the days when it was imacinad that sach preotein was
a unigue and indivisible entity. The one cistron-one ponpepti&e
chain postulate does not; of course, imply that there cannat be
more than one form of an enzyme or protein and in faclt isoenzymes
~ the products of diffeorent ganomes « are now known to be comnop,
Proteins vary; moreover, according to the oroan and erganism from
which they are derived,; so that if such polymorphic divarsity is
encounteraed, the number of distinct proteins.exhibi%ing a piven
function becomes legion., The realization that humans do not all
share the same stock of proteins came with Landsteiner's demonstre
ation of the ABD blood group system (Landsteiner, 1901) and more
recently with the observations of Pauling, Itano, Singer and
Wells (1950) who found that the haemoglobin of patients with
gickle cell anaemia was electrophoretically different and there-
fore chemically different from normal haemoglobin.

Since then, of course, many protein polymorphisms have bean
detected in man and other species. [More than one hundred variant
forms of haemoglobin alone are known, most of them differing by a
single amino acid substitution from the normal molecule, and pra-
sumably arising by a single base change in its gene. Harris
(1969) has shoun that about one third of all the amino acid sub-
stitutions provide a change in electric charge, and it is probably
only these substitutions that are detected by starch gel electro-~
phoresis. The proteins studied so far, mainly enzymes, appear to
have a heterczygosity of five per cent per locus. Correcting

this to allow for undetected variants,; the conclusion is that each
individual is heterozygous in about 15% of the genetic loci and
Lewis (1971) believes that it is "probable that almost every

protein, structural or enzymatic, can be made to reveal some
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degrac of variability",

That such a2 degree of variability existed for ferrvitins from
different spacies was demonstrated hy several workers (Theron,
Hawtrey and Schirren,; 19A3; Richter, 196843 Kopp, VYogt and Maass,
19643 Zimiri and Mason, 1948) but it remains controversial as to
whether or not different normal tissues in individual animals
produce distinet ferritins. These workers showed that the horsea
fearritins, human ferritins and rat ferritins wers different for
the different species and also that the ferritin extracted from
either human or rat neoplasms differed from those of the no;mal<
tissues (Richter, 1963b, 1964, 1965; Richter and Lee, 1970; bLos
and Richter, 1971b). However, within a species Richter (1964,
1970) claimed to demonstrate that no such differences existed
between ferritins from different organs. The results that
Richter obtained with various types of ferritin by means of poly-
acryiamide gel electrophoresis ars summarized in Figure 9,

On the other hand,; Alfrey, Lynch and thitley (1967) report-
ed that they observed electrophoretic differences betuween ferri-
tins isolated from human marrow, spleen, liver and reticulocytes
and this was confirmed by Gahuzda and Gardner (1967) for Tabbit
ferritins although they failed to resolve the human liver and
human spleen proteins electrophoretically. Alfrey et al (19567)
also observed two ferritins derived from human bons marrow and
Gabuzda and Pearson (1968, 1969) reported the presence of a
similar polymorphism within one oroan when they observed tug
ferritins in rabbit bone marrow and they called these 'catabolict
(of reticuloandothelial origin) and 'anabolic; (of erythroblast-
ic origin), Houwever, Yamada and Gahkuzda (1970) have since re-
peated this work and found only one type of ferritin in normal

human bone marrow and showsd this to be of the 'catabelic! ver-
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Figure 9. Results of polyacrylamide gel electrophoresis of a

variety of ferritins from different organs and species,
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lety, Linder-Horouwitz, Ruettinger and Funrn {1970) rooentiy
reported, for femele Fisher rats; the presence of two ferritins
in vat he~srt and rat kidney and that these ferritins differed
from rat liver ferritin although, Richter and Lee (1970) found

no such difference Tor female ATT rats, Arorz eht al (197n)
studied the ferritins obtained from a wide varisty of human
tissurs and demnnstrated electrophoretic dissimilaritics on
cellulose acetate and also showed that bone ﬁarrom, heart, ardren=
al and brain each had two 'isoferritins' and concluded that these
may have arisaen fron two different cells of origin or that they
may have two different functions within the oxgan. They also
suggest that these differences in mobility, which reflect a diff-
erence in protein structure, may be nacessary for ferritin to
function or that these minor changes could alter the iron binding o
capacities to suit the function of ferritin within each organ;

At present there does not seem to be general agrsement that
the ferritin produced by malignant tissues appears to be differ.
ent from that of normal cells (Richter, 1964, 19653 Richter and
Lea, 19703 Lese, Richter and Jackson, 1968; Linder~Horowitz,

Munro and Morrié, 1970). Several lines of neoplastic human cells

vitro (Hela, KB, and HER~2) and certein hepatocarcinoma cells

[=% % [N
3J 3

vivo (NMovikoff ascites, Reuber H-35, R-21, and Morris 39244,
3683F, 5123, 7777, 7793, 7R00) have been shown to contain ferrite
in with a different clectrophoretic mobility than the ferritin
from normal rat livers, spleen and kidney. It is dinterasting
also that, the most histologically differentiated of the tumours

so far studied, Reuber H=139, has a ferritin which is ind

e

sting-
vishable from the normal protein and Richter and Lee (1970) are
interested to see if the H-139 cells will eventually produce a

\

‘malignant!' ferritin after long-continued transplantation,




In the same vein, it hae long been the interest of thn bhige
chemist to se= if the ferrvitin of patients sufferine From idin
nathic heremachromatosis differed from that of a normal patient;i
The regulation of the iron stores in man is normally controlled
by an equilibrium betueen iron zbsorption and iron loss (eee
later sectiorm). In haemochromatosis this vegulating mechmnism
is impaired and excessive accumilation of iron occurs as the
storage compounds ferritin and haemosiderin, It was suocested
that the aetiology of this disease was .of structural orioin i.e,
a patholegical alteration of the ferritin malecule itself, and as
such is analogous to the molecular diseases affecting hzemnolobin,
However, Saadi (1962) investigated such a hypothesis by comparing
the ferritin isoclated from a haemochromalotic and that from a
normal patient by starch gel electrophoresis, uliracentrifugation
and by fingerprinting of a tryptic hvdrolysate and found no Jiff.

erence between the two proteins,

One area of study that is capable of yielding impeortant in-
Farmation on a proteirs structure~function relationship is the
study of the proteins conformation, By this method it is possible
to detect snall structural changes that moy occur when a protein
binds a ligand and these changes may have an important hezripg on
the mechanism of catalysis,

=y

Conformatinn nf the Pentein Mointy of Ferritin and Angferreritin,

Recently the available technitues for protein conformation
analysis have undergone considerable refinement and it became thn

interest of certain workzrs to see if the iron micelle-corn

-

caused the protein shell to adopt s slightly different conform-

J

ation from that of the apoprotein. Listowsky, Betheil and
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Englard {1967} demonstratad that the optical rotatory dispereion
properties of native ferritin were independent of iron contant as
performed on ferritin fractions of varyinc iron content obtained
by density oradient centrifugation, They confizmed these findinos
by investination of the ecircular dichroisam epestra of all of

these components and found them to bo conformationally indistinge
uishable (Listowsky, Blauer and Betheil, 1971). They 4id, how-
over, show by optical rotatory dispareion (0RD) that apoferniting,
preparar by chemical reduction of ferritin, %ﬁpeﬂred to have a

more folded structure at pH 4.7, Further, they demonstrated that

the protein's ORD properties were unaffacted by 10M u;en althounhb
3-6M guanidine hydrochloride did alter the conformation and that
this appeared to result in dissociation into subunits (Listoushy,
Betheil and £nqglard, 1967), BQ circular dichroism(CD) they were
able to demanstrate that while ferritin would dissociate in 7R
nuanidine hydrochleride at pH 7.5, apoferritin would nnt, unless
thg pH were redueced to pH 4,5. Analogous behaviour was demonstro-
ted with hinh concentrations of ure; wﬁere the protein remained
intact at pH 5,0 ~ 8.0 but dissociated at louwer oH values (List-
owsky, Blauer and Betheil, 1971). Uood and Crichton (1971) by a
combination of ORN and CD demonstrated that at pH 3.2 anrd above,
ferritin has a much lower proportion of ordered structure than
apoferritin although the apoferritin used in this study was ob=-
tained following chemical reduction with dithionite, These stud=-
ies, taken in conjunction, thervefora raise thn cuestion as to the
nature of this irreversible conformational changs on removal of

ferritin iron by chemical reduction and as yet this guestion

to

,3.

remains unanswered although Kopp, Voot and Maass {1964) cla;

have demonstrated that native apoferritin and apoferritin obtained

following chemical reduction are rot identical by starch gel alas-




tropharesis, Thrse vorlaers found thab on electrophoresis chemie
cal reduced apoferritin noave rien tod, B zwwlxtbands wherees
the native apoferritin geave only the ol hand,

Crichton (1969, 1971b) has also studied the conformation of
ferritin and spnferritin by considerine their raspective shsceptie
bilities to proteolysis by a variety of proteclytic enzymes, By
such a technidue he was ahle to show that dicestion with trypsin

caused apoferritin to be cleavaed sionificantly faster than forrite

ins This was also the casa with chymotrypsin, papain and subtile

e

siny; although cathepsin D ard pepsin digested the two proteins
at a similar rate. Uhen the digestion was carried out at pH 2.5,
howesver, it was shoun that spoferritin was more susceptible to
proteolysis by pepsin and he concluded that this may merely
reflect the extent of denaturation of the protein at the lower pH
value, The unigue result obtained with cathepsin D was assumed

to reflect the relatively non-specific mode of proteolysis.

Functional Aspects of Ferritin and Apoferritin,

Iron Absarotion,

By studying the factors which affect iron absorption cne can
get some insight into a possible mechanism of iran transport,
The body iron content of man and other mammals is regulated by
the controlled intaestinal absorption of the iron contained in
food-stuffs and not as was previously thought by regulaéqd iron

losses (for discussion see, McCance and Widdowson, 1937), Normal

adult animals absorb only a small fraction of their total dietary

1=

iron intake but, under certain physiclogical and pathelngical
conditions, the absorbed fraction may rise and may even apnroach

unity. The molecular drtails of the absi%tive process and how




the process is controlled, thouoh much studied in the past, are
as yet not well understood, The iron present in the diet cen be

absorbed all elong the gastrointestinal tract but, primarily the

»

region of most active absorption is the diuodenal region, Jjust
below the pyloric sphincter, Hahn, BRsle; Ross, Balfour and Yhipp-
le,(1943) demonstrated, using radicactive iron, thab chronic

blood loss resulted in an increase in irvon abeorption although

the amount of 59Fe absorbed waz suppresser b? pre-~feeding with un-
labelled iron prior to testing.for absorption. As a result of
this sturdy and the fact that Granick (1946z) had demonstrated the
deposition of ferritin in the mucosal cell following iron sdminie
stration (Granic&, 1946a,b), the mucosal block! theecry was put
forward.

This stated that there was, in the mucosal cell; an acceptor
system which could be alternatively saturated or desaturated and
that this acceptor could well be apoforritin. The fact that
Graniclk: could not detect apoferritin in the mucosal cell,; he
argued by suggesting that its synthesis was induced by the presencs
of unbound iron (Granick, 1949, 1954), It was some twenty years
before evidence was obtainsd which contradicted the 'mucosal
block!' at which time it was shown by a number of workers that an
increase in the dose resulted in an increase in the absolute
amount of. iron absorbed and also that iron deficient humans ah-
sorbed more iron than normal patients a®t all dose levele (Smith
and Dannacciulli, 1958; Beutler, Kelly apd Beutler, 1962; Gitlin
and Cruchaud, 1962; Bannerman, 0'Brien and Wilte, 1962), fodep
ate quantities of ferritin were ohserved in tha duodenal mucosal
cells of pormal subjects while minimal amounts arae present in
iron~-deficient or haemoshromatotic humans (Rosa and Chapin, 1941;

Pirzio-Riroli and Finch, 196N), These facts, togother with many
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others, were incorpnrated into a new bypothesis on the renulation
of irom absorntion propoundsd by Conrad and Croshby (1763%), 1In
this, they ascumad that there was some form of feadbacl and that
the quantity of iron supplied from the body store to the mucosal
oell reculated the grantity of iron that could be ahsovhed from
the quts, Figure 10 shows this hypothesis schematically and it
can be seen that when 1little iron is surplinsd to the mucnsal cell
from the body stores, as is the case in iron deficiency, then
considerably more can he absnrhed and conversaly when the body
store is heavily loaded with iron, then 1little can bz absorbed,

The next stage in tho absorption of iron by the body is
relatively slow compared te that fram the qut to the moecosal
cell, This is the transfer of iron from the muceosal cell to the
serosal cell. The nature of the iron as it passes through the
mucosa is not clear. Some workers believe that the storapne forn
is ferritin while others have been unable Lo demonstrate this
protein in the duodenal epithelial cells, Ficure 11 summarises
the present vicw on the uptake of iron from the gut and its

eventual dopocition as the storage form, ferritin,

Qith a view to an understanrding of the biological role
played by ferritin and apoferritin it is imporfant to know the
conditions necessary for the protein subunits to associate and
also to lnow the details of how the iron is incorporated into the

protein shell to form ferriting

Reagennbly and Rpconetibtution of Ferritipn and Annferritin.,

In the presceseding sectinon the nronessed method for the trans-
port of iron from the out to ths serosal cell wes outlined, It

remained only to describ=z the nature of the intoracticn of iron
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Fiqure 10. Schematic representation of the hypothesis of Conrad
and Crosby (1963) for the regulation of iron absorption, When
little iron is supplied to the mucosal cell from the body as in
the case of iron deficiency, then considerably more can be ab~
sorbed and conversely when the body store is heavily loaded

with iron, then little can be absorbed.
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Figqure 11. Pathway for the uptake of iron from the gut into the
mucosal cell, the blobdd stream and eventually into ferritin in
those organs concerned with the reticuloendothelial system, bone

marrow, liver, spleen etce.
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with apoforritin to oive Frzritin, although it can b said &hat
the details of such an interaction are stil) not absolutely
clear,

In essence there seen to be three viewpoints pervading this
topics
(a) that the apoferritin remains intact during a passive oxirda-
tion of the ferrous ions within the interior of the proteir shell.
(h) as before, except that the oxidation is cetalysed by specifTic
amino acid residues on the protein, and
(c) that the ferritin is formed by the addition of subunits
around a preformed iron core,

Harrison and Gregory (1968) demonstrated that it was possw
ible to dissociate both ferritin and apoferritin by treatment
with 67% (v/v) acetic acid for 1 hour at 0¢ and to maintain the
protrin as subunits in an agueous glycine buffer at low p!l values,
Uhen, however, the subunits were dialysed against an acuesous
phosphate buffer at a pH around neutrality, they observed spont-
anecus reassembly of the apoferritin molecules as determined by
electron microscopy and ultracentrifugation, This study at least
showed that iron cores were not nacessary for the formation of
the protein shell,

YWorking on the nature of the product formed by hydrolysis
of ferric ions in agueous solution, some investigators have
demonstrated that these are upiformly sized ferric hydroxide
micelles which in terms of size, shape, magnetic and Mdscshauer
properties, stability under physiological conditions, visible and
ultraviolet spectra are very similar to ferritin cores (Aasa,
Malmstrom, Saltman and VYanngard, 12643 Allerton, Renner, Colt and
Saltman, 19663 Spiro, Allerton, Renner, Terzis, Bils and Sazltmar,

18663 Spiro, Bates and Saltman, 1967; Spiro, Pape and Saltman,




1967). This then led Pape, flultani, Stitt and Saltman {(1063)

to propose that ferritin is formed by the addition of subunits
aroundd such a preformed iron core, The prerimental evidense on
which this is based is as follows. Tncubation of non-crvstalle~
isable ferritin; which thaese workers show by electron microscopy
ta be apparently ferritip that has lost a few cubunits, with zpee

ferritin gives risn to ferritin which is indistinguishable from

that of native ferritin. The view that rnpn-~crvstallisable
4

.

in

or

farri s ferritin deplete of a few subunits is, as Drysdale,
Haggis and Harrison (1963) have pointed out, not in agroement
with the finding of Farrant (1954) who found, following nenatiuve
staining in two directions, non-crystallisable ferritin to be
indistinguishahle from that of ferritin and thet the fow crescent
shapaes which were visible in both preparations were assumed to be
artifacts.

In a recent abstraét from Saltman's laboratory (Cepurneek,
Hegenauer, Meltzer; Winslow, Spiro and Saltman, 1971) they have
described a method feor the formation of ferritin from a solubtion
of apoferritin subunits and a sclution of natural cores which
were obtained from native ferritin, The reconstituted ferritin
is indistinguishable from pative ferritin by a number of criteria.
This work was also done with svnthetic micelles with similar
findings. These workers have, however, since shoun that their

product is unstable and very qu ly precipitates on storing

(P. Saltman, personsl communication),

b
.

One of the main objections to this model for ferritin bio-

synthesis is the work of Finebrrg and Greenberg (1955) and of

Orysdale and Munro (1966) who have rlemonstratnd by radinactive

JJ'

tracer studies that, following induction of ritin binsynthes

18,

the components with the highest specific activity were thoss of
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lou irvon content and that the epecific astivity decreas-d with
increasing iroen cortent, This then tends to imply thab apofrerr.

itin or lew iron ferritin is the pracursor of fopritine Recept-

]

1y, however, Hiederer (1970) argued that this still did not rule
out the possihility of Saltman's model if it is assurod that the
protein shell of ferritin is in some way stabilised and dissocie
ates into suburnits less rapidly than low~iron ferritir, Tris

being the case, the process is complicated by a mixing with the
pro-existing liver ferritin pool, Hiederer (1970), housver,
raconstituted ferritin from apoferritin and ferrous asrmoniim sule
phate and, taking samples at different tinn intervels, drmonstras
ted, although his data ie difficult to interpret, that ferritin
was formed by a graduval uptake of iron and not as would bé pre-
dicted on the basls of Saltman's model,

The alternative to Saltman's scheme is an oxidatinn-teduction
system as demonstrated by several investicators (Granick znd Hahn,
19445 Harrison, Fischbach, Hoy and Hagris, 1267; Bielig and
Bayer, 1955a; Loewus and Fineberg, 1957). Loewus and Finrberg
(1957) have shown that ipcubation with ferrous ammonivm sulphate

\ . R a ,
in neutral bicarbonate buffer at 0°C resulted in the formation of
ferritin from apoferritin, with shout 80% of the original iron

content and if the system was first deoxygenated and nitronen

oassed then no ferritin was formed, Thi

(5]

was also done under
slightly different conditions by Harrison, Fischbach, Hoy and
Haggis, (1967) who found ferritin with the appearance of native
ferritin, Th=a system in the hands of Pepe, Multani, Stitt and
Saltman (1968) resulted in a2 proaduct that was slightly smaller
(102 R) than native (120 A) and had a smaller central iron core,
48 A as oppognd ta the velue of 70 R for the native, Houavern,

such differencee betmaen reconstituted and native ferritins wsre




not ohsorved by Harrison pb Al (1967 ),

Recently it has been shown in the reconstitution of Territ

Tate

n

N

from the apoprotein and ferrous ilons that the apofervitin can aét
as an enzyme, a fearrovidase, which actively oxidisass ferrous inns
Lo ferric and therehy forms ferritin (Niederer, 1970). In an
affort to determine those groups involver in the catalysis,
Hiederer allkylatrd sulphydryl groups and found no chanoe, Howe
ever, he did find that reanents specific for histidine impaired
the catalysis and concludad that histidine was at the active site.
Sinece reaction with diazonium-Hetetrazole, which alkylated 107

of the protein's histidine; had no effect on thes oxidatirn he
concluded that the reagent was too large to penetrate to the
inside of the protein shell where he sugnested the Yactive' hise
tidine residugs wers situated.

That apoferritin acts as a catalyst hes also been demonstn
ated by Macara,; Hoy and Harrison (1972) and, on the basis of
their study, they put forward a mechanism for iron uptake by
anoferritin which is basically a model in which the core orows
within the protein shell, These workers determined the nature of
the product by a variety of technicues and found that it had all

the appearances of native ferritin,

The Nature of the Prasent Study on Ferritin and Anaferritin,

The nature of the present study was to further investigate
some structural aspects of the protein and to establish suitable
conditions for reconstitution such that the kinestics of the pro-
cess could be established,

In the structural studies it was intended to re~determine
the subunit molecular weight, The inherent difficulties of

direct molecular weight determination of a protein subunit by
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conventional analytical gel chromatography in dilute anueous
buffers are essentially twofold (Andrews, 1964, 1965), 1In the
narmal. aqueous buffers employed the interpretation of the oroteins
chromatographic behaviﬁur can bre, in 2110 likelihpod, complicated
by a polymerisation, beesdigomars. The obher major problem stems
largely from the differences in moleculaor shane and density of

the various molecular speciss employved to calibrate the svaban,
Fortunately, both of these difficilties can be overcome by
carrying out the fractionation in tha preaenﬁa or a denaturant,
This approach was initially developed by Small snd coworkers
(Small, Kehn and Lamﬁ, 16633 Cehra and Small, 18967), latar hy
Davison (1968) and in a more recont and extensive study by Fish,
Mann and Tanford (1969) and consisted of chromatography in the
prosence of 6f quanidine hydrochloride. Reduced proteins in high
concentrations of guanidine hydrochloride are dissociszted %o
their constituent polypeptide chains and adopt a true random coil
conformation, retaining ne clement of their original native
conformation (Tanford, Kawahara and Lapanje, 1967),

A related technique of molecular weight determipations is by
polyacrylamide gel electrophoresis in the presence of 1% {(uw/v)
sodivm dodecyl sulphate (Maiznl, 196f; Shapiro, Scharff, Maizel
and Uhr, 19663 Shapiro, Vinuela and Maizel, 1967; Shapiro and
Maizel, 1969), This systen differs from the latter in that true
random coils are not obtained on denaturation, but instead; the

reduced proteins are discociated to constituent polypeptido

=

chains which complex with the detergent, It h2e besn shoun for
all of the proteins so far studied that each binds a2 similar
fractional amount of sodium dodecyl sulphzate (SD5), 1.4 n/o0 prot-

2in, and that the complexes so produced adopt identical hydro.

dynamic shapes (rods or =21lipsoids) (Pitt-Rivers and Impinmhbato,




1968 Rnyholdgnand Tanford, 1870). Studies of the hydrodynamic
and optical propecties of these protein-S0S complexes have shown
that the lennth of the complex variee uniquely uith the mol@culﬁr
weight (Reynolds and Tanferd, 10703 Tiffany and Krimn, 16600,

These tvo empirical technioues for the determinations of tho
molecular weinghts of proteirs and polypeptire chains have cvecent..
ly received critical evalustion and have been choun, with little
exception, to afford a precision of 5-6% (Fish, Mann an< Tenford,
19603 Ueber and Osborn, 1969),

Apoferritin was also shouwn to be dissocirted to suburits by
treatmont with 679 (v/v) scetic acid at 0°C for 1 hour and this
material remained as subunits followino dialysis into dilute
glycine~HCl buffer, pH %.0 (Harrison and Grenory, 1968), This
tdissociating condition was used as the basis of another method of
molecular welght determination by Sephadex gel chromatogranhy,

ALY of the above denaturanlts were also used to prodica sub-
units, the molecular weights of which, were determined by sod-
imentation equilibrium in the analytical ultracentrifuge,

In th~a structural studies on apofsrritin we were interasted
in the products of ecyanogen bromide cleavane and for this reason
we attempted to characterize their molecular weights by ertending
the range for 350S-polyacrylamide gel electrophoresis snd alsc for
gel filtration in 6M guanidine hydrochloride,

It was decided to re-investinate the tryptophan content of

tha protein as thic was one of tha methods on which the literatu

oy

o
value for the subunit molecular weight was based (Harrison and
Hofmann, 1961). The method we chose for the guantitative determe.
ination was that of Scoffone and coworkers which consisted of
treating the protein with 2-nitropherylzulphenyl chloride

(Scoffone, Fantana and Rochi, 1968n;b; Borrnu, Veronese; Fontana




and Denagsi, 1070), Ry this method we nepsrated in the ini-ok
pretein a chramophore, the absorpticn of which was monitored in
the visible reninn. The tryptophan content was also Aeternined
by the two independent epectronhotometric methods of Edoliioch
(1967) and Rencrze and Sehnid, (1°57),

Apofarritins from a vapietv of orpans and species (horae
spleen and liver, human cpleen and liver,; human haemcchron=totic
spleen and liver, rat spleen and liver and pig liver) were eve
anined by quantitative tryptophan debermirations and molecitar
weight estimations by a variety of methods teo sze if the prabeins
were organ or speciss spocific, at\least with respect to thesg
two criteria,

Tn an effort to determine the number of subunits per apo-
ferritin molecule we decided to determine the undissociater
molecular weight by sedimentation equilibrium in the analytical
_ultracentrifuge. In this context; electron microscopy was used
as a means of determining any symmetry elements in electron
micrographs of the undissocilated apoprotein and isoelectric
focusing was used as a method of demonstratinng any microhetero-
geneity that may exist,

It was also decided to undertake a study of the association.
dissociation of the subunit-monomer system. This could he studied
bhoth by use of the analytical ultracentrifuce and also by ulirae
violet difference spectroscopy, The determination of the dissw
ociation constant, pK, for the dissociation of protons from ione
isable sidewchain groups is an important apnlication of speciro-
scopy to protein chemistry. Such determinations are rossible if
the process of dissociation perturbs the spactrum of ome or more
of the protein's chromopheores. The oroup icnising need not

necnesarily be the chromonhore itself but instead any oroip that




interacts with a chromophore and co causes tho protein's spectra
to change on ionisation, Because such spectral chanans are often
small a solution of similar absorption properties is used as the
reference and measurements are obtainsd as differences from fhis
reference solution,

Thisy together with the ultracentrifugal shtudy, provided
useful information on the pH stability of the protein, the posse
ible nature of the groups involusd in subunit-subunit irtrraction,
the environments of the proteifs chromophores onrd the neture of
conformational changes that occurred in the protein,

All of these studies taken tonether provided a good hasis of
knouwledgr on the structural aspects of the protein,

As far as the functional asprcts of the study were concerned
it was decided Lo investinate the sugnested ferroxidase activity,
This term results from the recent work of Osaki and couerkoers who
pbserved that ceruloplasmin poseesses an extremely potent cepaw
city to oxidise ferrous to ferric ion (Osaki, 19A6; Osaki,

Johnson and Frieden, 1566), Indeed they find that this resction
is the reaction catalyged most efficiently by the protein and
have proposed that the protein be renamed ferroxidases., They
sprculated that its fupction is to ensurs that serum irvon is
present in the oxidised valency, thus facilitating its transport
in complex with trarsferrin. |

Just as it was gratifying to find a plausihle role for
ceruloplasmin, so too would it be satisfying to find an enzymatic
role for apoferritin,

By studying the catalysic of ferrous iroﬁ ta ferric, it uas
hoped to establish suitable assay conditions, The initial studies

were involver in the epatahlishment of a suiltable huffer svetem

and optimal conditions for pH, suhstrate concertration 2pd protein
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concentration etc,, Stuitahle oriteria were ectablisherd for the
identification of the product, ferritin, These were the eybhincte
ioen at 412 nm, el electraphoreesis (staininm for both iron and
protein) and electron microsecapy. Ry establishing a shecific
extinction coefficient for the iraon micelle it was possiblo,
using tha first of these criteria, to determire the cuantity of
ferric iron per protein molecule and, from the latter, it wvas
possible to detnrmine the disfribution of the iron within the
protein molecules,

Once a suitable assay was developed, kinetic paramatars were
evaluated and these studies provided suitnble characterization of
the proteir’s prohable function,

A useful study at this stage was the gelective chomical

modification of a variety of groups and the number of croups

nodified prouvided some information on the accessibility of that

0n

pecific residue, The modified proteins uvere analysed hy sera

imentation velocity or column chromatography teo determinn whether
thay had remained as monomer or whether the nodification had
causer the protein to dissociate irto subunits., These modifi.
cations provided further information on the possible nature of
the subunite-subunit interactions, Further,; the modified proteins
were used in the assay system Lo determine tho effects, if any,
that such modifications had on the catalvtic function,

By such chemical modifications it was pocszible to rrlate

function to structure and yine versnag

e s s—o.

—

n his introduction to the 1st. Federation of Biochemical
Societies Symposium held in lLondon in 1944, Sopoer commentad
that, "The chemical rprocnsses of livipg matter are almost entirze

ly dependent cn the catalytic nctivity of onzymes, so that the




problems af what wnzymes arn and how they worl are twn af the
most fundamental in biochrmistry. Tt is clear that this activity
must dnrpend on the evact chemizal structure of the meolocule and
narticularly or Ebe nabies of that part of the enzyme thet nones
into cortact with the substrate and is oenartally roferrard ko ag
the 'active eite'. In ths past, many studies haves usned indirech
approaches to deducc somethine of the nature of active zites,
but these hauve hann grestly happered by a lack af the knowleugo
of the chrmical structure of the mézqua involvetesecee

eone The problem will be deslt with mainly from the noint of
vicw of the protein chemist; however, thore are many other aspect
of enzymology thalt must be considerad in any attempt to undere

stand enzymes,".

This then is the subjesct of the present study,

4]




MATERIALS AND METHODS
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General.

Proteins and Peptides. Apoferritin (horse spleen), catalasc (bove

ine liver), eytochrome ¢ (horse heart), glucagon and gramicidin'
wers obtained from Mann Research Laboratories, New York, N.Y, j
alcohol dehydrogenase (liver), chymotrypsinogen A, lima hean trype=
sin inhibitor, ovalbumin and trypsin from Worthingten Biochemical
Corporation, Freehold, N.J. j creatine phosphokinase (rabbit
muscle), cytochrome ¢ (horse heart), haemoglobin and insulin from
Sigma Chemical Company, St. Louis, Missouri j; fercritin (horse spl-
een), and transferrin (horse, pooled plasma) from Pentex Inc.,
Kankakee, 111, ; alcohol dehydrogenase (baker's yeast), myoglobin
{horse heart), and trypsin inhibitor (soya bean) from British

Drug Houses Ltde, Poole, Great Britain ; albumin (bovine serum),
and ﬁuglobulin (human serum) from Serva, Heidelberqg, Germany ;

and bacitracin, insulin (bovine parcreas) and ferritin (horse

spleen) from Schwarz / Mann, Drangeburg, N.Y..

Reagents Used for Chemical Modification. 2enitro-phenylsulphen-

yl chloride and 1;§mcyclohexanedione were obtained from Fluka AG,
Budhs 5G, Switzerland ; o-methylisowmurea from Serva, Heidele-
berg, Germany § iodoacetic acid from British Drug Houses Ltd.,
Poole, Great Britain § tetranitromethane from Aldrich Chemical
Company Inc., Milwaukee, Wisconsin, U.5.A. and 5,5%-dithiobis=

(2-nitrobenzoic) acid was a gift from Dr. Richard Laursen,

. . . 55 . .
Radiochemicals., Ferrous ammonium sulphate - g and iaodoacetic

acid -~ 2 = 014 were purchased from the Radiochemical Centre,

Amersham, Great Britain.

General Reagents. For the experiments on isoelectric focusing,
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the Ampholins carrier ampholytes,; range pH 3 -~ 6, pH 3 ~- 5, pH

3 - 10, were cbtained from LKB-Produkter AB, Bromma -~ 1, Sweden
while the acrylamide ( four times crystallised, heavy metal
free) was purchased from Serva.

The ferrous ammonium sulphate used in the kinetic studies was
obtained from either Fluka AG,; Switzerland; Merck, Darmstadt,
Germany or British Drug Houses Ltd., Great Britain and the caco-
dylic acid from Roth OHG, Karlsruhe, Germany.

Ultrapure guanidine hydrochloride used in thé spectroscopic
studies was purchased from Mann Research Laboratories. A1l
other chemicals were analytical grade, available from commercial

SOULCES .

Chromatographic Materials. Sepharose 68 (Lot No. 5073) with a

nominal agarose content of 6% was obtained from Pharmacia, Upp~
sala, Sweden while Bio~Gel A-5m (100 ~ 200 mesh, control no. 49
62) was purchased from Bio~-Rad Laboratories, Richmond, Californ=-
ia, U.5.A, Sephadex G~10, G-15, G~75, and G-100 wsre also ob-

tained from Pharmacia.

Treatment of Data. Much of the routine handling of the data i.e,.

the calculation of coefficient of linear correlation and rate of

regression, standard deviation and § values etc, was facili-

20,w
tated by the use of the B8livetti Programma 101 desk-top computer
while most of the data from the analytical ultracentrifuge was

processed on a PDP -~ 8/L computer (Digital Equipment Corporation,
Reading, Great Britain) by programs written in FORTRAN 4K by Dr,

.

R. Eason.

Dialysis Cell, In the course of the kinetic studies we desired
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some means of continual sampling of both the material being dia-
lysed and the diffusate. For this reason, a dialysis cell was de-
signed and is shown schematically in figure 12. This was furthér
modified to allow gassing of both materisls., The apparatus was
also used in determining the extent of modification of dialysis

tubing on acetylation,

Preparation of Ferritin and Apoferritin. Much of the work carried

out in the study of horse spleen apoferritin was performed on
commercially available protein althaugh, many of the experiments
were also performed with material isolated from horse spleens in
our own laboratorye. Since the only ferritin that is commercially
available is that from horse spleen, all of our studies on ferrit-
in from other organs and speciss were carried out with material
which we isolated and purified ourselves., In all cases, except
for the rat liver and spleen, the isolat;on was carried out as soon
as possible after receiving the fresh tissue, Rat liver and spleen
were kindly collected by fir, W. Melville over a period of about
one month and stored at -10°C until these amounted to about 500g.
The method used for the isolation and purification was essentially
a combination of that of Granick (1943) and of De Groot, Hoenders,
Gerding and Bloemendal (1970), but with a few minor modifications.
The scheme for the isolation is cutlined in Figqure 13, In the
heat precipitation step the tissue homogenate was stirred contine
gously, the heating being performed in a large water bath to avoid
local overheating. After spinning the heat-ccagulated waterial,
the brown supernatant was made 35% (w/v) in ammonium sulphate by
the addition of the crystalline reagent (enzyme grade) and left
overnight at 0°C with gentle stirring. The precipitate formed

was isolated by low spesd centrifugation and dissolved in water,




Fiqure 12, Cross-sectional view of the dialysis cell used in
some of the kinetic experiments and also in the assessment of

the degree of aceylation of dialysis tubing.
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Figure 13, Isolation and purification procedures for ferritin

as used in this study,
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The material at this stage was Usually dark brown but rather
turbid and this turbidity was probably due to a small amount of
membranous material which had come through from the heatntreatn.
ment step. The material was clarified by a short centrifugation
at 23,000g. The major problem with any ferritin preparation is
‘the large volume involved and any step which reduces the volume
is useful. De Groot st al (1970) described just such an isola-
tion procedure where the volume can be drastically reduced at an
early stage in the isolation by merely sedimenting the ferritin
by ultracentrifugation. The pellet so obtained can then be
further purified by a combination of low and high speed centri-
fugations. These workers showed by gel electrophoresis that
such a procedure gave rise to a highly purified ferritin and that
the yield was extremely good., The only modification made of
thelr procedure was the introduction of a dialysis step at the
beginning in an effort to remove the large amount of salt present.
It was found that by doing this, the process of sedimenting the
ferritin was both cleaner and faster.

In some of the earlier experiments with human liver and spleen,
the proteins were prepared by Drs, Crichton, Miller and Cumming
by the somewhat different method as shown in Figure 13, After
concentration by ultrafiltration and remcoval of any traces of
bacterial contamination, these workers either purified the
protein by passage through a Sephadex G-200 column, where only
the material eluting with the void volume was collected, or by
crystallisation from 5 -~ 10% cadmium sulphate,

Apoferritin was prepared from ferritin by either treatment with
sodium dithionite and bipyridyl (Behrens and Taubert, 1952) on,
more usually by dialysis against 1% (v/v) thioglycollic acid

overnight., Thse apoprotein sco produced was extensively dialysed
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against distilled water and then against buffer, The apoferritin
was then centrifuced at 23,000g for 20 minutes and either stored
at 4°C as a solution in pre-sterilised bottles or as lyophilised
material.

Native apoferritin, that is apoferritin that has heen isoclated
without recourse to reduction, was prepared by spinning a stock
solution of ferritin at 260,000 g for 2 hours (Macara, Hoy and
'Harrison, 1972)., This treatment causes the heauier ferritin to
be sedimented and the supernatant which contained the colourless
apoferritin was carefully removed and stored at 4°C as a solution

in sterile bottles,

Crystallisation of Ferritin and Apoferritin. Crystallisation of

ferritin and apoferritin from a protein solution was achieved by
making the solution 5% with cadmium sulphate and leaving undiste
urbed for 2 days at 4°C. Crystals were obtained by filtration

and air-~dried,

Amino Acid Analysis. Routinely 1 mg of protein was dissolved in

2 ml of 5.7N hydrochloric acid (constant boiling) and 200 M1 of
2-mercaptoethanol added., The resultant solution was transferred
to 2 boiling tube and the contents alternati%pl;’dqu;ted and
nitrogen gassed sseveral times prior to sealing the tube. This
procedure minimised loss of methionine due to oxidaticn, The
sample was then incubated for 20 hours at 110°C, 150 J1 of the
resultant hydrolysate were taken to dryness by rotary evaporatie-
on and the residue repeatedly dissolved in Qéﬁer and re~evaporat-
ed in order to completely remove all the hydrochloric acid. The

hydrolysate so produced was analysed by the single column system

and stepwise elution on either a Jeolco amino acid analyser
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(Japan Electron UOptics Laboratery Company Ltd., Chiyodawku,
Tokya) or on a Unichrom amino acid analyser (Fa, Beckman,

Munich, Germany).

Cyanooen Bromide Digestion. A 100~fold molar excess of cyanogen

bromide was added to hecrse spleen apoferritin dissolved in 70%
(v/v) Formic acid (5 mg/ml). After 20 hours incubation at room
temperature; the reaction was stopped by dilﬁtion with 10 volumes
of iee-cold water, The resulting peptide mixture wss re-lyophi-
lised from water several times to completely remove any excess
reagent or volatile by-products. Cyanogen bromide digestions
vere also performed on trypsin, myoglobin and cytochrome o by the
same method, In addition, horse spleen apoferritin was digested
by cyancgen bromide by a second method. In this case the protein
was treated; prior to the addition of cyanogen bromide, for 20
hours at 25°C with a solution of 3mM dithiothreitol in 80% (v/v)
formic acid which had been saturated with nitrogen. The digestion

and purification were then carried out as described earlier,

End Group Analysis, The Neterminal amino acids of the total

cyanogen bromide cleavage mixture were determined by the dansyl
method of Gray (1967)s The dansyl derivatives of the amino acids
vere separated and identified by thin layer chromatography on

polyamide sheets by the method of Woods and Wang (1967),

Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis,

The proteins and peptides used in this study as molecular weight
markers are listed, together with their molecular weights, in
Table 3., The method employed was essentially that of wWeber and

Osborn (1969) and of Shapiro and Maizel (1969). 0.5 mg of each
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protein were prepared for clectrophoresis by dissolving in 1 ml
of 0.01M sodium phosphate buffer, 1% sodium dodecayl sulphate, 1%
Z=mercaptoethanol, pH 7.0 and incubating at 37°C for 4 - 5 houréc
The solutions were dialysed overnight against DOU1M sodium phoge
phate buffer, 0,1% sodium dodecyl sulphate, D.1% 2emercaptoethan-
ol; PH‘?aUc The samples were then diluted with an equal volume
of the same buffer containing 0,005% bromophenol blue and 20%
glycerol. The glass gel tubes used in this study (10 or 15 cm)
were immersed in hot deternent for two hours, thoroughly rinsed
with distilled water, and oven~dried prior to use. In these ex-
periments 10% acrylamides 0,27% methylensbisacrylamide gels were
used and the gel mixture was thoroughly dearated before addition
of 0,5% ammonium persulphate., The gels also containsd 0,1% sod-
ium dodecyl sulphate and 0,1% 2-mercaptoethanol. Before polymerisa-
tion was complete; a few drops of water were carefully applied to
the top of the gel solution to ensure a smooth gel surface, The
electrophoresis buffer was 0.1M sodium phﬁsphate, 1%. sodium dow
decyl sulphate, pH 7.0, 100 pl of the sample (corresponding to
about 25/pg of protein) were carefully layered on to the top of
the gels, under the electrophorssis buffer, and were electrophoresed
at 20 ma per gel for about 4 - 6 hours, After electrophoresis,
the gels were removed from the tubes by rimming with water and
were scaqned with a Vitratron densitometer (Vitratron Instruments
Ltdes Dieren, Netherlands), in order to determine the distance
travelled by the blue marker dye and also to determine the length
of the gel prior to staining. These measurements were necessary
since the mobilities of the various proteins were expressed relat-
ive to bromophencl blue and also bscause during staining and de-
staining, the acetic acid causes the acrylamide to swell to some

extent, The gels were then stained for 20 minutes with a sclution
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containing 205.9 amido black 10B; 454 nl methanol, 92 ml glacial
acetic acid and 454 ml distilled water. The stained gels were
reﬁoved and allowed to destain for 20 - 50 hours in a solution
containing 7.5% (v/v) glacial acetic acid and 5% (v/v) methanol,
Once the gels were completely destained and the background was
colourless, they were once again scanned in the densitometer in
order to determime the distance(s) travelled by the protein(s)
and peptide(s) and the length of the gel after staining., The

electrophoretic mobility is defined as,

distance of protein migration gel length before staining

~distance of dye migration gel length after staining
This parameter was calculated for sach protein and peptide and
a plot of logarithm of molecular weight versus electrophoretic

mobility was constructed.

Sephadex Gel Filtration. A Sephadex chromatographic column

(2,5 % 100 cm) was packed to a height of 95 cm with Sephadex
G~100 equilibrated with 0,01 glycine-HCl buffer, pH 3.0,

Samples were prepared by dissolving 30 mg of each protein in 1 ml
of 67% (v/v) acetic acid and maintained at 0°C for 1 hour. The
.Qixture was dialysed for 16 hours against the_O.U1M glycine-~HC1
b:ffe#'and the diffusate was then made 0.5% in blue dextran and
b.1% in tryptophan., A few drops of glycerol were then added and
005 ml of the sample was applied by momentarily stopping the col-
umn flow and carefully layering under solvent onto the top of the
column, The column flow was started again and the flow of buffer

was maintained at 25 ml/hour using a Watson-Marlow peristaltic

pump (Yatson Marlow, Buckinghamshire, Great Britain). The efflu~
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ent from the column was passed through the flow cell of an LKS
Uvicora I1 monitoring at 280 nm (LKB Producter, London, Great
Britain). Blue dextran was used to measure the void volume (Uo)’
while tryptophan was used as a measure of the total volume (Ut)o
Several proteins of known molecular weight were used to calibrate
the column,

Another Sephadex chromatographic column (2.5 x 100 em) was packed
to the same height with Sephadex G~75 eguilibrated with 1M acetic
acid, Samples far Sephadex G-75 gel filtration were preparad hy
disselving 30 mg of vach protein per ml of 18 acetic acid at room
temperature. Blue dextran and glycercl were then added as before
and the column runs and calibration were performed exactly as des-
cribed for the Sephadex G=100 polumn except that the effluent was
collected in 3.6 ml fractions in a BTL Chromofrac fraction collecte-
or. Prolein was estimated spectrophotometrically at 280 nm in a
tem light path and blue dextran was monitored st 630 nm,

A third column (2.5 x 100 cm) was packed with Sephadex G-100 equi~-
librated with 67% (v/v) acetic acid and the éolumn runs and cali-
bration were performed exactly as described earlier. Samples for
this column were prepared hy dissolving the protein (30 mg/ml) in
ice~cold 67% (v/v) acetic acid and incubating at 0°C for 1 houre
Following this incubation,; the samples were applied to the column
as described previously,.

Partial peptide fractionation and desalting wers routimrely carri-
ed out on either a Sephadex G=10 column or a G-15 column (2.5 x

50 cm). These were equilibrated with 1M acetic acid or with D,1M
borate buffer, pH 7.0, In the case of the studies on chemical
modification, the modified proteins were desalted on a calibrated
Sephadex G=75 column (2 x 100 cm) equilibrated with 0,1M borate

buffer, pH 7.0, This snabled the low molecular weight reactants




to he removed and the molecular weight of the modified protein

to be determined.

Gel Filtration in the Presence of 6M Guanidine Hydrochloride.

GuanidinekHydrochloride Purification. Commercially available
guanidine hydrochloride is relatively impure (95%) and, since some
of the impurities present are highly absorbing at 280 nm, it is
necessary to remcve these prior to use., The method used for this
study was to dissolve a weighed amount of commercial guanidine
hydrochloride in sufficient glass distilled water to give a 6M
solution and the pH was decreased to about pH 2.0 « 3,0, Acti-
vated charcoal was then added to the brown-colourad solution and
the resulting mixture was heated with intermittent stirring to
60°C in a partially closed flask (te minimise solution lossss

due to evaporation) for about 4 - 6 hours, After heating, the
solution was allowed to stand at room temperature cvernight and
was then fi;tered through a fine filter paper (Whatman No. 42).
The resultant colourless solution was adjusted to the required

pH (either 5.0 or 8.6) and an absorption spectrum run to snsure
adequate purification, This was adjudged to be the case when

the absorption of a 6M guanidine hydrochloride sclution at 280 mm
was less than 0.1

Gel Equilibration. The gel filtration media used in these exper-

iments were Sepharose 68 and Bio-Gel A-5m, both with an nominal
agarose content of 6%, Pharmacia chromatographic columns (1.5 x

90 cm) which had been silanized before use (treatment with 5% (v/v)
dimethyldichlorosilane-toluene at 60°C for 2 hours) were packed

to a height of 85 cm with the respective agarose gel which had

been equilibrated with &M guanidine hydrochloride at pH 5.0. At

this stage of equilibration great care was exercised to prevent
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partial degradation of the agarose beads. To do this, the gel was
allowed to equilibrate essentially by slow diffusion of the
guanidine into the gel matrix and, after a period of about 20
hours, the mixture was deﬁ?;ted without stirring.

Sample Preparation, The proteins and peptides were prepared for

gel filtration by incubation in 6M quanidine hydrochloride, D0.1M
2-mercaptoethancl, pH 8.6 for 6 hours at 37°C,  The proteins/pep-
tides thus unfolded and fully recduced were then carboxylmethylated
by teeatment with iodoacetic acid by the method of Crestfield
(1963). Blue dextran (5 mg), tryptophan (1 mg) and 3 « 4 drops
of glycerol were then dissolved in 1 ml of the protein soluticn
and, 0.2 ml of this sample was applied to the column., The column
effluent was then passed through the flow cell of an LKB Uvicord
(LKB Instruments, London, Great Britain) monitoring at 280 nm and
the effluent from this was collected in 1 ml fractions in a BTL
Chromofrac fraction collector (Baird and Tatleck Ltd., London,
Great Britain), thus allowing readings at 630 nm (blue dextran) to
be taken manually on a Beckman DB spectrophotometer (Beckman Ins-
truments Ltd., Palo Alto, California, U.S5.A.)s The fiow of elut.
ing solvent was maintained at a rate of 2 ml per hour by use of
the difference in height of a solvent reservoir,

Proteins could be recovered by removing the guanidine hydrochlor-
ide by extensive dialysis., In the case of small peptides, the
dialysis tubing so used had firslt to be acetylated in an effort
to reduce the effective pore size.,  This was achieved by heating
the dialysis tubing with 25% (v/v) acetic anhydride in pyridine
at 60°C for 8 hours. The effect of this treatment on the criti-
cal pore size was determined by use of the dialysis cell describ-

od earlier., The treated membrane was stretched between the two

compartments and the lower was filled with distilled water. The
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cell was connected to an LKB Uvicord II and flow throuch the
system wes allowed to proceed for about 2 hours in which time
the basemiina was steady. At this time a concentrated agueous
tryptophan solution was added to the top chamber and this event
was marked on the recorder. An increase in the recorder reading
was noticed and this continued until an equilibrium was reached
at which time the recorder reading had reached a plateau, This

procedure was also carried out for untreated dialysis membrans,

Quantitative Tryptophan Determinations.

Spectrophotometric Method I. The method used was essentially the

spectroscopic method of Edolhoch (1967). Tryptophan determinatie
ons were carried out by this procedurz for horse liver and spleen,
human liver and spleen and human haemochromatotic liver. The
protein (0.2 ~ 1,0 mg/ml) was allowed to unfold in the presance
of 6M guanidine hydrochloride, pH 6,50 (Mann, ultra pure) for 18
hours at 37°C. The pH of the guanidine sclution was adjusted
accurately fo pH 6,50 by means of a times-ten scale expander,
Duplicate absorption spectra were obtained with a Cary model 15
spactrophotometer, Estimates of the tryptophan and tyrosine |
content were evaluated as shown below. Including the contribut-

ion of cysteinyl residues to the absorption at 280 nm and 288 nm

we have,
EZBU = NtrpSGQD + Ntyr1280 + LGySEZU
= ! :
E288 htrp4815 + Mtyr385 + Lcys75

where N, M and L are the number of moles of tryptophan, tyrosine

and cysteine per mole of protein. Eliminating M we have,

tyr

Ntrp = 5288/3103 o E280/10318 - Lcys/83.55



™ T8 -

Thus by measuring the absorpticn at 280 rm and 288 nm and by using

the literature value for L
cys

avaluated, O0Once Ntrp has been determined from experimental data

s the value of N can readlly be
trp

the value of mtyr can be evaluated from either of the equations
given earlier.

Spectrophotometric Method II. This method was essentially that of

Bencze and Schmid (1957) in which a protein solution (0.1 ~ 1.0 mg
per ml) was quickly adjusted to pH 12.5 and duplicate absorption
spectra were run in the region 350 nm -~ 200 nm on a Cary model 16,
A tangent was drawn from the two maxima and the slope of the line
s0 produced was calculated. This could then be compared with the
range of values obtained by Bencze and Schmid for model compounds
and a value for the ratio tyrosine / tryptophan evaluated. Now 4
knowing the number of moles of tyrosine per mole of protein from
amino acid analysis, the number of tryptophan residues per protein

molecule could be easily established.,

Chemical Modification Method. A method was recently devised for
the conversion of tryptophan to 2-(2=nitrophenylsulphenyl )~trypto-
phan and the subsequent quantitative evaluaticn of this modified
residue (Scoffone, Fontana and Rochi, 1968a,b; Boccu, Veronese,
Fontana and Benassi, 1970). The protein used in this study was
fully reduced and carboxymethylated as describsd sarlisr, Ths
protein was then dissolved in 50% (v/v) formic acid to give a
solution of about 10 mg/ml. To 1 ml of this solution was added
0.5 ml of glacial acetic acid containing 2.5 mg of 2-nitrophenyl-
sulphenyl chloride. The resultant mixture was stirred vigorously
and incubated at room temperature for ten minutes after which

time the reaction was terminated by the addition of 100 ml cof ice=~
cold acetone ceontaining 2.5 ml 1N hydrochloric acid, The mixture

immediately appeared flocculent and was allowed toc stand at 0°c
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for about 2 hourss The precipitate was isolated by centrifugat-
ion, washed with ice~cold acetone and then dried in a dessicalor
over concentrated sulphunic aclid. To reverse the modification of
any cysteinyl residues the protein was then dissolved in 0,1N
sodium hydroxide and gassed with nitrogen for 1 hour at room
temperature. The protein was then precipitated with ice-cold
acetone and purified as before. The protein content uf the puri-
fied tryptophan-modified protein was determined by taking an alie
quot of a solution (about 0,5 mg/ml) for amino acid analysis,

The absorbance of the remainder of the solution was measured on a
Cary model 15 spectrophotometer at 365 nm, To guantitate the nume
ber of tryptophan residues modified per protein molecule, a

molar absorptivity of € 4000 was used (Boccu gt_al, 1970),

o

fAnalytical Ultracentrifugation.

Dissociated Apoferritin., Sinece it is known that apoferritin can

be dissociated into subunits by several protein denaturants, it
was decided to determine the molecular weight of the subunit
obtained from different disscciating conditicns,

Dissociation by 6M Guanidine Hydrochloride. Lyophilised apoferri.

tin was digsolved in 6M guanidine hydrochloride, pH 7.0 and in-
cubated at 37°C fof 4 hours. The solution was then dialysed
overnight at room temperature against the guanidine solution, The
sedimentation equilibrium.determinations were performed over a
protein concentration range of 0.2 ~ 0.8 mg/ml.

Dissociation by Acetic Acid, An apoferritin solution (0.2 - 1,0

mg/ml) was incubated in ice~cold 67% (v/v) acetic acid for 1 hour
at DDC. The solution was then dialysed extensively against sever-
al changes of 0.,01M glycine-~HCl buffer, pH 3.0,

Dissociation by Alkélio -Lyophilised apoferrvitin was dissolved in
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0.01N sodium hydroxide and 0.1N sodium hydroxide and the result-
ant solutions were dialysed against the respective bases for 16
hours at room temperature. The sedimentation equilibrium runs
were performed over a protein concentration range of 0,2 - 0.8
mg/ml .

Dissociation by Sodium Dodecyl Sulphate, Apoferritin dissociated

by the anionic detergent sodium dodecyl sulphate was prepared as
described earliér for sodium dodecyl sulphate~ polyacrylamide gel
electrophoresis, The protein concentration range used in this
centrifugal study was 0.4 « 0,8 mg/mle

For all of the dissociated protein sclutions described above, the
molecular weight detsrminations were performed with an An-G Ti ro~
tor at a speed of 20,000 revs. per minute.

Both these and the sedimentation equilibrium runs carried out with
undissociated apoferritin were performed on a Spinco model E
analytical ultracentrifuge (Beckman Instruments, Palo Alto, Cali-
fornia, U.S.A.) equipped with electronic speed control and a
regulated temperature control unit, The use of the split beam
photoelectric scanner accesseory, in conjunctien with a monochrom-
ator and the ultraviolet absorption optical system (Schachman and
Edelstein, 1966) permitted the recording of sedimentation patterns
at 280.nm and made possible the use of very low concentrations of
protain. >whole cell apparent weight average molecular weights

(m ) were determined at 20°C,

Wy app

Undissociated Apoferritin. Before examining the protein by sedi-

mentation equilibrium, we studied the effects, if any, of buffer
pH, buffer ionic strength and protein concentration on its sedie-
mentation properties. Protein was dissolved in distilled water
and in 0,017, 0,02, 0.05, 0.1 and 0.2M phosphate buffer, pH 6.4

and dialysed against the respective buffer for 20 hours. Sedimen
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tation velocity rung were carried out on each of the sampless
Frequehﬁly the protein dialysed against distilled water pre-
cipitated but it was found that on pelleting this material by
centrifugation, enough remained in solution to monitor by ultra.
violet optics during ultracentrifugation. To study the effects
of pH, we used a 0,01M phosphate buffer at pH 5,5, 6.0, 6,5, 7.0,
and 7.5 and the material for centrifugation was prepared as des-
cribed above. The effect of protein concentration was examined
in 0.D1M phosphate buffer, pH 6.4 éver a concentration range

0.2 = 1.0 mg/mle In order to avoid problems of adsorption, es-
pecially at low protein concentrations, the centrepiece was Fille
ed and emptied several times befors the final filling. No layerw
ing 0il was used in these experiments. In all these preliminary
studies,; the distribution of sedimenting species was plotted as

a function of 520911J utilising a FORTRAN 4 program on the PDP 8/L
digital computer. Such sedimentation velocity experiments were
performed using an AnG-~Ti rotor at a speed of 40,000 rpm at

20°C. Once suitable conditions were establishedy; protein was
diss6lved in the required buffer at various concentrations (0.2 -
1.0 mg/ml) and dialysed extensively against the same buffer.
Sedimentation equilibrium tuns were then performed on these samp-
les using the same rotor as above at a speed of 4,000 rpm and a
temperature of 20°C. The time of centrifugation was 4 dayse.

Data obtained from the scanner traces were processed into 1n C
and r2 values, using an Olivetti 101, and a plot of ln C versus
r2 was constructed, from such a plot dln C/ dr2 could be svalue
ated and the whole cell apparent weight average molecular weight

was then obtained by,

2RT din C

W1 8PP (1 =01 ) w? dr?




where M is the apparent whole cell weight average molecular
Weapp
weighty, w is the angular velocity of the rotory, and U' is the eff~

goctive partial specific volume of the protein.

Ispelectric_focusing. The iron of the ferritin was reduced by

dialysis against 0.01M phosphate buffer, pH 6.4 , 1% (v/v) thio-
glycollic acid for 16 hours at 4°C and the apoferritin so produce
ed was dialysed against several changes of 0,01M phosphate buffer,
pH 7.2 in order to remove the acid. The protein was then diluted
with the same bufFeq&o give a solution of concentration 1-2 mg/ml
and the resultant solution was further dialysed against more bufe
fers In the case of those proteins which had been lyophilised,
samples were prepared by dissolving in 0.1M phosphate buffer, pH
6e4 and then dialysed against several changes of 10 mM phosphate
buffer, pH 7.2. Such samples were routinely clarified by centrie
fugatione 3,75 g acrylamide, 0.1 g N,N' = methylenebisacrylamide
and 30 pl N{N,N’SN' « tetramethylethylenediamine were dissolved in
distilled water and made up to 48 ml, 1 ml of the desired amphol«
ine ard 1 ml of protein sample were added and the resultant solute
ion stirred gently and dearated for a few minutes, This volume is
slightly in excess of that required to Till twenty gel tubes (0.5
x 8 cm) which had been thoroughly cleaned before use, 100 Fl of
riboflavin (0,5 mg/ml, stored in the dark at 4°C) were then

added and the gel tubes filled, making sursz that no bubbles form-
ed at the bottom of the tubes. A layer of distilled water was
then c;refully placed on the top to ensure a flat surface on
polymerisation which was effected by exposure to ultraviolet
light. Gelling was usually complete in 10 - 20 minutes under the
conditions used. The gels were then allecuwed to equilibrate at 4

for 1 -~ 2 hours prior to focusing.
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The electrolyte solutions used in this study were 3.5% (v/v)
aqueous ethanolamine (cathode) and 2,5% (v/v) phosphoric acid
(anode). The cathode was at the bottom of the slectrophoresis
apparatus. Voltage was applied and was gradually increased to a
value of 100 volts. With such an applied potential, the current
dropped fram an initial value of 2.4 ma to a final value of 0,3
ma as focusing proceded. The voltage was fixed at 100 volts and
the gels were electrophoresed for 16 -~ 20 hours at 4%,

The gels were removed from the tubes by rimmimng with distilled
water from a fine syrirmge nesdle. In order to fix the protsin
and also to remove the carrier ampholytes, the gels were immersed
in several changes of 10% (w/v) trichlorocacetic acid for 2 - 4
days after which time they were stored in an agueous solution
containing 7.5% (v/v) acetic acid, 5% (v/v) methanol for a furth=-
8r 24 hours. The gels were then steined with amido black (2.5 g
amido black in 908 ml 50% (v/v) methanol, 92 ml glacial acetic
acid) for 1 hour and destained by storing in several changes of
aqueous solu£ion containing 7.5% (v/v) acetic acid, 5% (v/v)
methanol. It was found that the gels were sufficiently destained

for photography in about 2 - 3 days,

Dissociation of Apoferritin by Extremes of pH. In this study of

the pH stability of apoferritin it was decided to use a universal
buffer in an effort to eliminate any problems arising from salt
effects, The buffer prepared was essentially a combination of
Theorell and Stenhagen's citrate~phosphate buffer and Sdrenson's
glycine I and II buffers. This buffeqbas prepared by dissolving
42,03 g citric acidy, 12.37 g boric caild; 15.01 g glycine, 11.69 g

sodium chloride and 13,6 ml phosphoric acid in 1 litre of distill-
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ed water. The buffering capacity of such a solution was in the
range pH 1.0 ~ 13,0, 50 ml of this stock buffer were adjusted to
the required pH using concentrated hydrochloric acid or sodium |
hydroxide and then made up te 250.ml. Protein was dissociated

by ice~cold acetic acid as described previously and the resulting
solution dialysed for 24 hours at room temperature against univere
sal buffer, 0,01 glycine~HCl buffer or 0.01M glycine~acetate
buffer at a variety of pH values, Protein més also dissociated
by dissolving in 0.01M glycine~HCL buffer, pH 1.5 and this mater-
ial was ther dialysed for 24 hours against 0,011 glycipe-HCl and
0.01M glycine~acetate buffers in the range pH 1.5 = 5.0, After
the dialysis,the pH of the various solutions were then redeterm-
ined using a Radiometer pH meter, model 25 with a times ten scale
expander (Radiometer, Copenhagen, Denmark)

Sedimentation velocity runs were carried out on the various prote
ein solutions using the AnG ~ Ti rotor at a speed of 40,000 rpm
and a temperature of 20°C, Sedimentation coefficients were

corrected, where possible, for salt and concentration.

Ultraviclet Difference Spectroscopy. In measuring difference

spectra, a solution of apoferritin at the same concentration was
used as the reference and measursements were obtained as differences
from this reference solution. Because such spectral changes

vere often small, amplifier drift on warm-up could be signifie
cant, For this reason, both the spectrophotometer (in this case

a Cary model 16) and the recorder (Honeywell Electronik 194,
Honeywell Controls Ltd., Great Britain) were éiuen sufficient

time to stabilize. This was adjudged to be the case when the ab-
sorption of empty cell compartments (air-air baseline with no

cells) reached a constant value. Before sach set of experiments




the baseline wés adjusted with buffer blanks to zero with the
instrumental multipots for the region 400 - 200 nm., The protein
solutions in both the sample and reference compartments, preparsd
ag described on the previous page, were made from the same stock
solution, the optical density of which was between 0,5 « 1,5, A
series of sample and reference solutions, each having different
protein concentrations, was prepared and difference spectra were
cbtained for esach pair of matched solutions, A plot of the height
of the maximum absorption of the difference peak against the
protein concentration was constructed., Prior to obtaining
spectra, the protein soclutions were routinely clarified by centrie
fuging for 4 minutes on a Baeckman Microfuge 152 (Beckman Instrue
ments Ltd., 5310 Alto, California, U.5.A.),

In an effort to improve resolution; slit-widths were never allowed
to exceéd 0,8 mme The instrument was Titted with a 0 « 0,1, 0 =
062y, 0 ~ 05, 0« 10, 0 = 2,0 optical density slide wire on a
Cary 1626 Recorder Interface., Since almost all spectra showed
svidence for light scattering in the region 400 - 310 nm, they
were corrected by the method of Winder and Genf (1971)s By this
spectrum and evaluation of the slope of the line obtained allowed
the contribution from light scattering to be assessead,

A value of €2 = 2381 was used for the molar absorption coegff-

95
icient for the difference spectrum resulting from the ionisation
£ sine i i o alue < = c =
of tyrosine (Mihalyi, 1968). Values of € o, = 1600 gnd 85 =
540 were used for the change in molar absorbance preduced by
transfer of a tryptophan chromophore from the interior of a prot-
ein into water and for the change in molar absorbance resulting

from the perturbation of z tyrosine residue respectively l.e, six

times that for the free aminc acid (Donovan, 1968),
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The experiments carried out in the acid region were performed in
D.81M glycine~acetate buffer at various pH values while those in
the alkaline region were performed in the universal buffer des-
cribed sarlier. Apoferritin was dissociated by ice~cold acetic

acid as described earlier and the resulting solution dialysed

against a variety of buffers in the range pH 1.0 - 5,0,

Chemical Modification.

Modification at Cysteine Residues,

Method I. The method employed was essentially that of Canfield
and Anfinsen (1963). 50 mg horse spleen apoferritin were diss-
olved in 5 ml 0.1M tris buffer, pH 8,6 containing 1% (w/v) sodium
dodecyl sulphate and 100 Fl 2.-mercaptoethanol. The solution was
gassed with nitrogen for 5 minutes and incubated at 37°C for 4
hours. The protein was then precipitated with 100 ml ice-cold
acetone containing 2.5 ml 1N hydrochloric acid. The precipitate
obtained following centrifugation was dissolved in dilute acid at
pH 2.0. A ten fold molar excess of iodoacetic acid was added and
the solution made alkaline by the addition of 30 Pl concentrated -
ammonia. The pH was maintained at pH 8.6 for ten minutes after
which time 200 Fl 2-mercaptoethanol was added, The modified
protein was then precipitated as before, resuspended in acetone
and centrifuged again. Finally the protein was dissolved in 1M
acetic acid and lyophilised. The entire procedure was repeated
with another 50 mg of apoferritin except that the sodium dodecyl
sulphate was not added.

The iodoacetic acid used was iodocacetic acid - 2 - C14 with a
specific activity of 154.045 PCi/mmole. Following modification,
an aliquot was hydrolysed and taken for amino acid analysis. An-

other aliguot was removed, weighed accurately, and taken for
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scintillation bounting usiﬁg Packard Insta~Gel as the scintillatore
The efficiency of counting an in Insta~Gel was determined by adde
ing a known standa;d (toluena - 614) to an aliquot. The effici;
ency for counting 614 in such a scintillator was found to be 79,4%,
Method II, Titration of the protein with 5,5%«dithiobis (2wnitro-
benzoic) acid was carried out essentially by the method described
by Ellman (1958,1959), Protein was dissolved in 0,05M tris-HCL,
0.,4M sodium chloride, pH 8,0 at a concentrationbf about 1 mg/ml

and to this was added a 20-fold molar excess of 5,5'-dithiobis (2«
nitrobenzoic) acid dissolved in 0,05M tris-HCl, pH 8,0, The course
of the resction was monitored at 412 nm on a Cary model 16
spectrophotometer. The titration was prepeated at pH 5,0 and an-
other with 1% (w/v) sodium dodecyl sulphate present in the mixe
ture, A molar extinction coefficient of 13,600 was used for the
liberated thiolate anion (Ellman, 1958, 1959),

Method IIl. The thiol content of apoferritin was also determined
by bolarographic titrafion with phenylmercuric acetate according
to the method of Cecil and Snow (1962). A sample of protein was
denatured by 1% (w/v) sodium dodecyl sulphate, Before measurem
ments were made oxygen was removed from the solution by evacuation
and the oxygen remaining was removed by gassing with nitrogen.

The solution was kept deoxygenated by making it 50 mmolar with

. sodium sulphite, and potassium chloride was added as supporting
*electrolyte. The electrodes used in this study were a saturated
calomel electrode and a dropping-mercury indicator electrode,

The sclution was titrated with a standard phenylmercuric acetate
solution (0,5mM), 10 pl aliguots of titrant were added and the
mixture was agitated by a stream of nitrogen. The concentration
of uncharged mercurial was determined by measurement cof the

diffusion current at -0,6 volts., The helpful advice and discusse




ions from Or. R. Paterson of the Chemistry Department is grate-
fully acknowledged and thanks are also.due for the provision of
the equipment,

fModification at Tryptophan Residues., The method used for the

conversion of tryptophan tah2m(2~nitrophenylsulphenyl) - Lrypte
ophan has already been described. 2~(2-nitrophenylsulphenyl) w
tryptophan was determined spectroscopically using a molar abe

sorptivity of €-3 = 4000,

69

Modification at Tyrosine Residues. The method employed for the

nitration of tyrosine was essentially that of Sokolovsky, Riordan
and Vallee (1966), Protein was dissolved in 0,05M tris buffer,
pH 8.0 (1 - 8 mg/m)). Stock tetranitromethane (8,4M) was dile
uted 1 : 10 with 95% ethanol. 10 - 50 ul-of this diluted tetra-
- nitromethane was added to the protein solution in 5 Pl aliguots
with stirring. UWhen the reaction was being monitored spectro-
photometrically, 1 mg of protein in 1 ml 0.05M tris buffer, pH
8,0 was in the sample cell while 1 ml of the same buffer was in
the reference cell. 10 Pl of the diluted nitrating reageﬁt was
added quickly to each cell and the recorder switched on., The cells
vere monitored at 428 nm until the reaction was complete.
Determining the extent of nitration spectrophotometrically is
complicated because the nitroformate anion produced in the course
of the reaction also contributes to the absorbance at 428 nm,
However, Bustin (1971) has described a method for determining a
corrected value for nitrotyrosine from the spectrophotometric
data at 428 nm, He has shoun that the nitroformate anion has a
wavelength maximum at ?50 nm and that the absorption of the anion
at 428 nm is 4% of the maximum absorption of this species. He
further demonstrated that the molar absorpticn of the nitroform-

ate at 350 mm is 3.5 times the molar absorbance of nitrotyrosine
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at 428 nm, This being the case, we have,

nitrotyr nitroformate
Absorbance Y Absorbance ¢

Absorbanceazg 498 + 428

]

- e nitrotyr | . . nitroformate
= AbSledﬂCEAZB 4 Oaﬁdﬁbsmxbanue350
B 5 egnitrotyr X nitrotyr
= Aasorhanceaza | D.14Absolbancuaze
nitrotyr

n

1e14 P\bsorbance428
It can be seen from this calculation that the absorption contri-
bution of the nitrotyrosine residues is 87.8% of the total ab=-
sorption at 428 nm and not 86% as Bustin quoted.

Spectral measurements were performed on a Cary model 16 spectro-
photometer, In both cases the modified protein was desalted and
purified on a Sephadex G~75% column as described earlier. The
purified protein was lyophilised and an aliquot was taken for
amino acid analysis,.

Modification at Lysine Residues. The method used for the guanid=

ination of lysipes was essentially that of Tu, Hong and Solie
(1971). Horss spleen apoferritin (50 mg) was dissolved in 20 ml
0,6M o-methylisoteEmurea, pH 10,5, The pH was checked after adde
ition of the protein and was readjusted, if necessary, to pH 10.5
by the additiomn of 1N sodium hydroxide. The reaction mixture

was then incubatad at 25°C for 3 days after which time it was
dialysed extensively against several changes of 0,011 borate buf=-
fer, pH 7.4. The protein was then lyophilised and stored. Some
modified protein was dissolved in 1M acetic acid and chromatographe-
ed in the calibrated G~75 calumn described previously, The extent

of modification was calculated from amino acid analysis which
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demonstrated a decrease in the lysine peak with the corresponding
appearance of a new peak, homoarginine, which eluted after argine
ine on the amino acid analyser. The same colour factor for argé

inine was used throughout. Homearginine is stable and undergoes

little or no destruction during acid hydrolysis (Kimmel, 1567).

Modification at Arginine Residues, The method employed for the

conversion of arginine residues to Nsm(4woxo«1,3udiazaspiro [égq
‘nonu2~ylidmn@-m L ~ ornithine was basically that described by Toi,
Bynum, Norris and Itano. (1967) except that the reaction was carr-
ied out in 0.1M triethylamime buffer, pH 10,9, 20 mg of protein
were dissolved in 2 ml 0.1M triethylamine and the solution was re-
acted with 10 mg of 1,2 -~ cyclohexanedione dissolved in 0,5 ml of
0¢.1M triethylamine at room temperature for 24 hours at pH 10,9,

In early studies it was found that lowering the pH to 7.0 in
order to stop the reaction, caused the protein to come out of
solution., Fof this reason the reaction was terminated by extens-
ive dialysis agaimnst triethylamine buffer at pH 10,0. The pH was
then decreased very slowly until the modified protein remainad in
solution on dialysis against 0.01M borate buffer, pH 7.4, The
product was then lyophilised.

The extent of modification was estimated by the decrease in arg-
inine content as measured by amino acid analysis following acid
hydrelysis of the modified protein. The decrease in arginyl rese
idues was reflected in the concomitant appearance of some new
peaks and these were all found to chromatograph on amino acid

analysis with the basic amino acids.

Functional Aspects of Apoferritin.

General, All glassware and cuvettes used in these studies were

soaked in concentrated hydrochloric acid and washed with deionised




water to remove trace elements and all solutions were prepared
with deionized water. Ferrous iron was determired as the red-
coloured Fo' 'wbipyridyl complex. To 2 ml of 0.5% 2,2-bipyridyl
solution in 0.1# buffer, pH 7,4 and 10% {v/v) ethanol was added.
100 pl sliguote of various concentrations of ferrous iron and the
resultant solution stirred and allowed to stand for % hour. The
absorbance of the solutions were then read at 520 nm. A ‘standard
curve of ASZU versus concentration of ferrous iron was plotted

and treated by regressional analysis and a ualua'for the molar ex-
tinction coefficient was evaluateds The assay was repeated as

before except that the reaction mixture and the ferrous salt

solutions were 1% (v/v) thioglycollic acid.

Preliminary Assay Experiments. In a prelimipary study several

buffeqkystems were used to find the most suitable., These include
.ed phosphate, carbonate, bicarbonate, borate, cacodylate-borate,
tris~-maleate=-sodium hydroxide and imidazole, Once a suitable
buffer system was chtained, the effect of ionic strength and pH
on the solubility of ferrous ammonium sulphate was studied,

Thus the ferrous iron content of ferrous ammonium sulphate at a
variety of pH values and buffer ionic strengths was established
by the quantitative bipyridyl reaction. The results were plotited
as percentage ferrous iron remaining in solution against pH ,
ionic strength etce A time éourse for the deposition of FeOOH
was also established by use of the bipyridyl reaction., Also
found in these preliminary studies was the effect of ferrous
ammonium sulphate on the initial pH of the buffer and this was
measured at different buffer molarities. In all the experimenis
on the functional aspects of horse spleen apoferritin, the react-

. . . . 8]
ions and incubations were carried out at 25 C,
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Tdentification of Product. Since the product of reconstitution
B

experiments would; if successful, bhe ferritin we were obliged to
establish criteria for the determination of (a) the extent of
iron incorporation into the protein and (b) the degree with which
the product resembled native Territin,

Method I, One method for the identification of ferritin is poly=
acrylanide gel electrophoresis. 6.5 g acrylamide, 0.1758 g N,N'-
methylenebisacrylamide were made up to 99 ml with 0,01 borate
buffer, pH 6.,4. 150 Hl N,y NT NV wtetramethyl~1,2-diaminoethane
wore added and mixed and dearated for about 10 minutes. 25 mg
ammonium persulphate wvere dissolved in 1 ml of buffer and this

was mixed with the acrylamide solution and gels were cast in 10
cm gel tubes, For these conditions, gelling was usually complete
in about 10 minutes, Samples, which were routinely reconstituted
ferritin that had been extensively dialysed against 0,1M borate
buffer,; were applied and electrophnresed at 40 ma for about 2 =

4 hours, On completion of electrophoresis, the gels were r»emoved
and stained for either protein (with amido bleck, as for sodium
dodenyl sulphate-polyacrylamide gel elctrophoresis) or for iron

(2 g potassium ferrocyanide dissolved ip 1 litre of 2% hydrochlor«
ic acid).

Method 11, Samples of apoferriting native ferritin and reconstit-
uted ferritin were very kindly examined by Mathias Wabl (Max-
Planck-Institut fir Molekulare Genetik, Berlin) using a Siemens
Elmiskop 1 electron microscope. The conditions for microscopy
were, B0 kV operating voltage, cooling stage, 2006 nm condensor
aperture and 50 nm objective aperture, The magnification was x65,
000 and photographs were magnified fivefold from the photographic
plate. The procedure used for the preparation of the sample was

essentially the Valentine technique, A very thin carbon film,
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made by indirect evaporalion, was floated on the protein solution
(concentration 0,02 -~ 0.5 mg/ml). One minute wzz allouwed for
adsorption after which time the thin film was transferred into é
0.5% uranyl acetate solution for one minute., Onto the top of the
film, ‘holey' carbon film grids were layed down and the combinate
ion was then carefully pdicked up., The grid was then air-dried
for a few minutes. Samples were photographed at secticns on the
grid where the holes of the thick carbon films were covered by

the thin film with the specimen on it,

Molar Absorpltivity of the Micelle. Reconstitution of ferritin

from the apoprotein could be monitored continuously at 420 nm on

a Cary 16 spectrophotometer. This, despite being a qualitative
epproach, allowed the rate of uptake of iron by apoferritin to be
determined. The extent of iron incorboration into,the protein
could be determined only if the specific extinction coefficient of
the micelle was known. To determipme this, 10 Hl of stock ferritin
was dissolved in 1 ml of D0.,01M acetate buffer, pH 5.0 and the ab-
sorbance measured. This was vepeated several times in order to
evaluate any inherent 'error and so calculate the mean and stand-
ard deviation. Next, 50 and 100 H1 of original stock solution
were added to 0,85 or 0,90 ml thioglycollic acid respectively,

The samples were incubated at 45°C for one hour, after which time
they were cooled and clarified by centrifugaltion if necessary.

10 Fl aliquots were then added to 10 ml 2,2-bipyridyl (0.5% (w/v)
in 10% ethanol) and absorbance readings (in triplicate) at 520 nm
were measured., Again the procedure was repeated several times in
order to determine the mean and standard deviation, From this

data it was possible to calculate the specific extinetion coeffi-

1cm

cient, qu s of the micella,



Enzyme Kinetics. Apoferritin was prepared from ferritin by the

thicglycollic acid treatment as described earlier, The apoprotein
vias then extensively dialysed against several changes of the
required buffer at the corrcct ionic strength and pH.ees,,

Cffect of Protein Concentration on Reaction Rate, Apofercitin

at various concentrations was dialysed extensively against 0,10
borate-cacodylate buffer, pH 5.5. Ferrous ammonium sulphate was
then added to the same buffer at a concentratiop of 10 mg/ml.,
Two 1 ml aliguots of this solution were added to two 1 ml cuvettes
and plsced in the spectrophotometer. 7The machine and recorder
were suwitched on and the baseline was steadied at zero ahsorbance.
50 gr 100 pl samples of protein were then added to the sample cell
while the same volume of buffer was added te the reference. . The
contents of the cells were mixed by guickly inverting and the
absorbance was then monitored continucusly at 420 nm., Initial
velocities (v) were calculated and a plot of v versus protein con=-
antration was constructed, Protein concentration was determined
1em

using E1% = 9,82,

Effect of Substrate Concentration on Reaction Rate, The assay

system was the same as described above, except that the protein
concentration was constant at 1 mg/ml while the concentration of
ferrous ammoniwm sulphate varied in the range 0 - 20 mM. Again
the initial velocities, v, were calculated and a plot of v versus
substrate concentration constructed. The data was also converted
to {/U and 1/5 (where S represents the substrate concentration)
and plotted according to the treatment of Lineweaver and Burke
(1934),

Effect of pH on Reaction Rate., In this series of experiments the

substrate concentration was constant (10 mg/ml) as was the protein

concentration (1 mg/ml). 1 ml samples of the protein solution




were extensively dialysed against 0.1M cscodylate-~borate buffer
at a variety of pH values in the range pH 4.0 ~ 5,5, Initial
velocities were calculsted for cach assay and a plot of v

versus pH was constructed,

Additicnal Experiments, Together these experiments established

an assay syEem andy using this,; various samples of lysozyme, § ~
globulin and bovine serum albumin were tested for ferroxidase
activity.

Native apoferritin (prepared as described earlier) and also
ferritins of low iron content were also tested for ferroxidase
activity using the same assay systems

Each aof ﬁhe pure modified proteins described earlier were also
tested for catalytic function by this method. They were assayed
in an identical manner to that described earlier and the data was
treated similarly,

Some of the functional studies were carried out using the dialysis
cell. Jn these $tudies, ferrous ammonium sulphate was dissolved
in the required guffer, centrifuged if necessary, and placed in a
reservoir. The solution was then pumped through the lowern Chaméer
of the dialysis cell. UWhen the system was at equilibrium (usually
in % hour), 2 ml of apoferritin (5 mg/ml) were added to the top
chamber, Ferrous iron was determined by the guantitative bipyri-
dyl reaction at 1 minute intervals for 60 minutes, An enzyme
blank was obtained by repeating the procedure but in this case,
adding 2 ml of buffer in place of the protein sclution. Data was
plotted as the percentage of ferrous ammonium sulphate oxidised

versus time of reaction,
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RESULTS AND DISCUSSION
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Tsolation and Purification of Ferritin and Apoferritin,

The protein was isolated from the respective organs and spec-
" ies as described on page 64. |

It was frequeptly found that decantation of the heat-treated

supernatant resulted in slight physical disruption of the pellst,
thereby causing some of the pellet to remain with the supernatant.
This, however, could sasily be removed by filtration through
Whatman Ne, 1 filter paper. After precipitation with ammonium
sulphate the precipitated protein was spun down at low spesd,
The supernatant was usually yellow in colour and was discarded.
In the event of the supernatant being darker brown in colour, a
second ammonium sulphate precipitation was carried out with 50%
(w/v) ammonium sulphate and the precipitates combined. Finally,
the ferritin was eithsr crystallised or stored as a solution in
sterile vials,

The type of corystals obtained from 5% (w/v) cadmium sulphate
were found to be twinned octahedra (tetrahedral pyramids on each
face of a cube) as shown in Figure 14. It can be seen that the
edges of the crystal form aré slightly curved. Apoferritin was
obtained from ferritin by the treatment described on page 69,
This materlal is colourless and crystallises from cadmium sulph-
ates as octahedral crystals which are isomorphous with thoss of
ferritin,

The protein isolated by these means was subjected te amino
acid analysis and sedimentation and electrophoretic studies.

An aliquot of the protein was hydrolysed as described and
subjected to amino acid anmalysis. The results for such analyses
for horse spleen and liver apoferritin and human haemochromatotic
liver apoferritin are shown in Table 2., Also shown in this table

are the results of amino acid analysis for guinea pig liver apge
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Figure 14. Photomicrographs of typical ferritin (top) and apo-
ferritin (lower) crystals obtained from horse spleen. It can

be seen that both ferritin and apoferritin adopt similar crystal
forms of twinned octahedra as was shown schematically in Fig. 4.
My thanks are due to members of staff of the Geology Workshop
for helpful advice in the taking of these photomicrographs and

also Tor the provision of the equipment,.
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Table 2. Amino acid compositions of apoferritin. The combosi»
tion of each amino acid is expressed as the number of residues
per 18,500 g protein., Horse spleen, horse liver and human
haemochromatotic (haemf) liver were determined in the present
study. Guinea pig liue% was analysed by Friedberg (1962) and
horse spleenz, was determined by Harrison (1964) and Williams
and Harrison (1968). n.d, not determined. 3 In the present

study tryptophan was chemically modified and sstimated as

2-(2~nitrophenylsulphenyl )~trytophan,
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Amino Acid Horse Horse Human Guinea Horse

Residue Spleen Liver Eiiz;* 5ieer Spleen2
Cysteic acid ned ned nod 1,03 1.89
Aspartic acid 17.38 1791 19.16 18.77 1729
Threonine 5.52 5.63 6.19 9.9 5.53
Serine 8.99 9.02 9,29 746 8.61
Glutamic acid 23,79 24,73 23,09 23,21 23,48
Pgoline 2,57 3,11 2,92 3,33 2031
Glycine 10,00 10.19 10,10 10,05 9.85
Alanine 13.88 13.38 13.67 12,86 14,00
Valine 6.93 6.93 6429 6.73 6.97
Methionine 2,77 2.54 2,94 2466 2,848
Isoleucing 347 3455 2,47 3,70 3,53
Leucine 24,67 24,20 23,38 22,02 24,33
Tyrosine 4,97 4,13 5,02 5.99 5,26
Phenylalanine 7.48 7465 6.92 6,21 7613
Histidine 5.62 6047 5,37 6,73 5,38
Lysine 8,77 8.78 10,43 9,31 8,31
Arginine 9.52 8,97 B.43 8,87 9,10
Tryptophan 2.D’l3 2.103 2.213 1.85 0,83
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ferritin (Friedberg, 1962) and horse spleen apoferritin (Harrison,
19643 Williams and Harrison, 1968) performed by other workers and
this allows direct compariscon to be made. It can be seen that
the results for horse spleen apoferritin are in very good agree-
ment with those of Harrison (1964) and Williams and Harrison
(1968) except for the value of tryptophan which will be discussed
more extensively at a later stage.

From our analysis, horse liver and horse spleen proteins
have very similar amino acid compositions,uwith horse liver pere
haps having one extra glutamic acid residue and one less arginine
residue, It is interesting to speculate that if this is the case
and, further, that if it is the result of a point mutation then
the glutamyl residue can only be present as glutamine. Thus,
either CAA or CAG is converted to CGA or CGG respectively and, as
far as the protein's intrinsic charge is concerned, then this is
for all intents and purposes conserved,.

The amino acid composition for human haemochromatotic liver
apoferritin is also quite similar, with perhaps the following
changes; one less glutamic acid, isoleucine and leucine, one more
aspartic acid and possibly two more lysyl residuss., In order to
implicate these changes to the aetiology of the disease and sugg~
est‘that idiopathic haemochromatosis is amnalogous to the molecular
diseases affecting haemoglobin then it would be necessary to
obtain postmortem liver from several different humans and obtain
amino acid analysis for purified protein from each, This would
allow any variation from individual to individual to be evaluated
and the standard deviation for each residues to be calculated.

This work is at present in progress but at this stage it is inter-
esting to note that there does seem to be a distinct difference

in the lysine content., This is in disagreement with the work of
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Saadi (1962) who, on fingerprinting a tryptic hydrolysate, found
no difference between the protein obtained from haemochromatotics
and that from normal subjects. This obviously merits some
further attention,

Guinea pig liver apoferritin has a fairly similar amino acid
composition, with a few minor changes. It can be seen that the
guinea pig protein appears to have two tryptophan residues which
agrees with our analysis for all apoferritins so far considered
but is in disagreement with the data obtained by Harrison and
Hofmann (1961) for the horse spleen protein using a modified
method of Spies and Chambers (1949),

Protein (2 - 5 mg/ml) was either analxsed by sedimentation
velocity using Schlieren optics or (0.5 - 1.0 mg/ml) by use of
the photoelectric scanner. The protein wés adjudged pure uwhen it
sedimented as a single homogeneous specles with a corrected sedi-
mentation coefficient of 17-18 S,

On electrophoresis by the standard method of Davis and Orne-
stein (1964) both pure ferritin and apoferritin gave rise to a
major sharp band. Also observed were two or mors minor bands
which were assumed to be dimer, trimer etc.. Both ferritin and
apoferritin monomer had identical electrophoretic mobilities.

The value obtained for the specific extinction coefficient,

E:fm (280 nm), for horse spleen apoferritin was 10,13, Harrison

1%
1cm

~ 9,70, and more recently a value of 9,0 has been used (Macara,

(1964) has reported a variable extinction at 280 nm, E = 8,60
Hoy and Harrison, 1972). A somewhat higher extinction has been
reported for guinea pig apoferritin, Egém = 10,1 (friedberag,
1962) which is in good agreement with that obtained by us. It
was found that by using the molar extinction coefficients of

model compounds (Sober, 1960; Edolhoch, 1967) then it was posse

EY




» 103 =

ible to calculate an empirical value for the molar extinction

1%

cosfficient and hence evaluate E1c

o (280 nm). Thus, on the basis
of the known content of tyrosine (5 residues, Em,ZBU = 1280 or

1330), tryptophan (2 residues, € ,280 = 5690 or 5600) and cyse

,
1%

1cm(280)

teine (2 residues, € ,280 = 120) an empirical value for £
of 9.80 -~ 9,83 was obtained which is in good agreement with the

value obtained sxperimentally,

Sodium Dodecyl Sulphate -- Polyacrylamide Gel Flectrophoresis.

Polyacrylamide gel electrophoresis in sodium dodecyl sulph-
ate is now considered tec be ane of the most quick, convenient and
reliable methods for protein molecular weight determinations. By
this method; the molecular weights of the unknown samples are
determined by comparison of their electrophoretic mobilities with
the mobilities of standard proteins of known molecular weights,

Figure 15 shows typilcal examples of the result of electro-
phoresis of a variety of protsesins and peptides in the presence of
sodium dodecyl sulphate (SDS). It can be seen that a very good
separation was obtained for myoglobin, chymotrypsinogen A, pepsin,
leucine amino peptidase and bovine serum albumin (Figure 15R-1).
Also shown in the figure is a densitometric trace of one of the
gels.

The proteins and peptides used as molecular weight markers
in this study, together with their molecular weights and relative
mobilities, are listed in Table 3. Uhen the relative electro-
phoretic mobilities wers plotted as a function of logarithm of
molecular weight, a biphasic relationship was obtained as shown
in Figure 16, It can be seen that in the region 12-80,000 a
linear relationship was obtained and this was characterised by

regressional analysis to give the function:
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Figure 15. Sodium dodecyl sulphate-~polyacrylamide gel electro-
phoresis. Typical gels obtained after electrophoresis,(stain=

ing and destaining as described in the text)are shown, Ay Gel

1, contains myoglobin, chymotrypsinogen, pepsin, leucine amino

peptidase and serum albumin, from left to right. Above this is

a densitometric scan of this gel (the sharp peak to the left of
centre is an artifact caused by the join of the two microscope

slides used to transport the gel in the densitometer), Gel 2

horse spleen apoferritin., B, Gel 1, human transferrin showing

the minor component (see text) and horse spleen apoferritin

Gel 2, ovalbumin and insulin j Gel 3, bovine serum albumin and

insulin,
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Table 3. Sodium dodecyl sulphate-polacrylamide gel electro-
phoresis, List of molecular weight markers used in this

study together with the values for their molecular weighte




Molecular Eléctrophoretic
Protein Weight Mobility
Bovine serum albumin 68,000 0,2165
Catalase 60,000 0.2575
¥=Globulin, H chain 55,000 0,2995
Leucine amino peptidase 53,000 0,3200
Ovalbumin 43,000 0.,4010
Alcohol dehydrogenase 41,000 0.,4130
Pepsin 35,000 044790
Carboxipeptidase A 34,600 0.4750
Chymotrypsinogen A 25,700 0.6181
¥~Globulin, L chain 23,500 D.6165
Papain 23,300 0,6500
Trypsin 23,000 0.6480
Myogleobin 174200 00,7520
l.ysozyme 14,300 0.8350
Ribonuclease 13,700 0.8475
Chymotrypsin, H chain 13,000 0.8620
Cytochrome ¢ 11,700 0.8960
Chymotrypsin, L chain 11,000 0,9120
Cytochrome c, CNBr T 7,650 1.0100
Insulin 6,000 1.0330
Synacthen 3,360 141270
Cytochrome ¢, CNBr T 2,530 1.0710
Cytochrome ¢, CNBr TTI 1,540 1.2010
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Figure 16. Sodium dodecyl sulphate-polyacrylamide gsl electroul
phoresis. The electrophoretic mobilities of the molecular
weight markers used in this study are shown as a function of
their respective molecular weights. The relationship so obtain-
ad appears to be biphasic and this is dicussed further in the

text.
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log (M,Wte) = 5.0712 =  1,1065 x Electrophoretic FHobility

The covefficient of correlation and rate of regression for this
relationship was found to be 0.9%5390,

Below a molecular weight of about 12,000 this relationship
between molecular weight and electrophoretic mobility was no
longer valid and the point at whichb this occurs is known as the
feritical point® or the 'point of inflection's A new linear
relationship between logarithm of molecular weight and electroe
phoretic mobility was apparent in the region 1,400.8,000 daltons

and could be expressed by the function:
log (M.Wt,) = 71732 -  3.,3237 x Electrophoretic Mobility

and this was found to have a coefficient of correlation of 00,9066,
The existence of such an inflection and a resultant biphasic
relationship was first demonstrated by Dunker and Reuckert (1969)
and subsequently by Swanik and Munkres (1971) and Williams and
Gratzer (1971). These findings helped to explain, in part, the
existence of 'anomalous! proteing, Shapiro, Vinuela and Maizel
(1967) had demonstrated that lysozyme and notably ribonuclease
had lowsr mobilities than expected. This was also shown in the
case of ribonuclease by Dunker and Rucckert (1969) although in the
present study and that of Weber and Osborn (1969) and Roberison,
Hammerstedt and Wood, (1971) no such anomaly was observed. Since
Shapiro gt al (1967) used 5% gels and the critical point for these
was 20,000 (Dunker and Rueckert, 1969) then this could éxplain
their observations. In the study of Dunker and Rueckert (1969)
this explanation seems reascnable for lysozyme but these workers
still found ribonuclease to have a decreased mobility. It is

known that ribonucleass still has enzymic activity in the presence
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of SDS (J.V. Maizel, personal comnunication) and this suggests
that this protein is particularly resistant to unfolding. It is
possible that as a result of maintaining at least some of its
native structure it is unable to bind the maximum amount of det~
ergent. Since, in such a situation of diminished detergent bind-
ing and/or the protein's intrinsic charge becoming significant,
this would result in a decreased electreophoretic potential and
may be a possible explanation for its anomalous behaviour,
Tanford, Kawahara and Lapanje (1967) have deﬁonstrated that the
time required for unfolding of a protein by SDS is about 1 hour
and since several proteins, notably pepsin and papain (Nelson,
1971) and ribonuclease (J.V. Maizel, personal communication), afe
known to be relatively resistant to unfolding then perhaps the
incubation time should be increased. In the present study this
incubation was normally sxtended to about 5 hours at 57°C,

The effect of the protein's intrinsic charge on its alectro-
phoretic mobility in this system is as yet unresolved, Just as
there have been several well deocumented reports of variable mobil-
ity on altering the protein's intrinsic charge by chemical modiw
fication (Swank and Munkres, 19713 Williams and Gratzer, 19713
Tung and Knight, 1971; Acndt and Berg, 1970), s¢ too have there
been several which indicate that the protein's mobility is in-
dependant of its native charge (Dunker and Rueckert, 1969
Furthmayr and Timpl, 19713 Segrest, Jackson, Andrews and farchesi,
1971).

In those proteins which have uncommon amino acid composite
ions like histones (Williams and Gratzer, 1971) or collagen
(Furthmayr and Timpl, 1971) or a branched structure like glyco-
proteins (Segrest, Jackson, Andrews and Marchesi, 1971) then, it

would appear that the method is limlted and that due caution

-
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should be exercised in the interpretation of the experimental
data,

Page énd Godin (1969) used columns of Sephadex equilibrated
with sodium dodecyl sulphate to determine protein molecular
welghts although, this system in ocur own hands did not prove
successful. In our experiments using a Sephadex G=200 column
(2.5 x 100 cm) equilibrated with 1% (w/v) $0S5, 1% (v/v) 2-mercap-
toethanol we observed that all proteins eluted with the same Kd
value irrespective of their molecular weights, This unusual
effect has also been noted by other workers (Jacobson and Pfude
erer, 1970),

The usefulness of SDS-polyacrylamide gel electrophoresis as
a method for molecular weight determinations is further improved
by the fact that it is possible to renature proteins from the
detergent by simply running on a column of Dowex--2X10 (Lenard,
1971). Also Inmouye (1971) recently demonstrated that, by using
dansyl derivatives of the proteins, it is possible to detect the
protein bands by ultraviolet light without recourse to staining
and destaining and further, that this method was sensitive to
0.2 Ha of protein.

Until recently the subunit structure and molecular waight
of transferrin were not well characterized and, as a further
application of the present method; we decided to investigate
these properties.

Transferrin is the iron~transporting protein of human serum
and it has been shown to specifically bind two atoms of iron per
molecule, The finding of a much smaller number of spots as pre-
dicted from the lysine and arginine content of a tryptic peptidse
map of chicken ovotransferrin (Williams, 1962) and human serum

transferrin (Jeppsson, 1967) led to the suggestion that the prot-
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ein contained tmq identical subunits, The fact that the protain
has two equivalent, non-interacting iron binding sites (nisen,
Liebman and Reich, 1966} lends credence to this view, Ffrom 5DS-
polyacrylamide gel electrophoresis we found that transferrin had
an electrophoretic mobility of 0,161 % 0,006 which corresponds to
an extrapolated molecular weight of 76,500 % 1,500 and we con-
cluded that no subunit structure was present. This value is in
close agreement with that determined for the reduced and carboxy-
methylated protein in B8M urea (Gfeene and Feeney, 1968) and also
for the protein in the presence of 6 guanidine hydrachloride
(Fish, Mann, Cox and Tanford, 1969; Aisen, Koenig, Schillinger,
Scheinberg, Mann and Fish, 1970)., It would thus appear from this
study that both human and horse transferrin probably consist of
one polypeptide chain and this is in agreement with the results
of E£lleman and Williams (1970) who identified 34 unique cysteic
acid peptides in ovotransferrin (ovotransferrin contains 31 moles
of halfwcystine per 80,000 g of protein) and also these of Hearn
and Parker (1966) who detected only one free N-terminal amino
acid, valine.

It would now appear from the work of Phillips and Azari,
(1971) that at some stage in its evolution, gene duplication has
occurred, They showed that cleavage with eyanogen bromide yilelded
only thres peptides and that the molecular weights of thess
fragments gave a valus of 37,400 which is approximately one~half
of the native structure., Recently Palmour and Sutton (1971) have
demonstrated that the transferrin isolated from hagfish (Eptatre-
tus stoutii) serum has an apparcnt molecular weight of approx-
imately 44,000 and that the protein has only one iron binding
site. It is interesting to speculate that this lower vertebrate

species may represent a primordial form of transferrin and that
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gene duplication took place in early vertebrate svolution.

0n electrophoresis of transferrin a minor component, consti-
tuting about 5-10% of the total protein, was found in all cases
for both the human and the horse preparations, This minor band
had an average clectrophoretic mobility of 0,205 & 0,004 which
corresponds to an estimated molecular weight of 69,000 % 1,000,
It was concluded that this species merely represented an impurity
in the preparation and, from the characterised molecular weight
of the polypeptide, was most probably ssrum élbumin°

Molecular weights were determined for apoferritins obtained
from the following sources:~ horse spleen and liver, human sple
een and livery human haemochromatotic spleen and liver, rat
spleen and liver and pig liver. The average electropﬁoretic
mobilities are listed, together'with the estimated molecular
waights, for each in Table 49 Horse spleen ferritin was also
dissociated by 5DS and the resultant incubation product electro-
phoresed as before. In the case of ferritin, a narrow band con-
taining iron was observed to travel a short distance into the gel
(average electrophoretic mohili£y, 0.038 £ 0,002),

From Table 4 it can be seen that the differences between the
various apoferritins lies within the experimental error and it
appears that, for all of the proteins studied, the molecular wei
ght for the polypeptide chain is of the order 18,400 ¥ 300 which
is in marked contrast to the previously accepted values of 23 ~
25,000,

The lower value obtained by us (Crichton and Bryce, 1970;
Bryce and Crichton, 1971aj; Crichton, Miller, Cumming and Bryce,

1972 ) has, however, since been confirmed by Bjork and Fish (1971).

Because the experimentally derived subunit molecular weight
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Table 4. Sodium dodecyl sulphate~polyacrylamide gel electro-
phorésis;° Results for the estimation of the molecular weights

of apoferritin from a variety of organs and species,
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. Electrophoretic Apparent
Protein Mobility Mol. Wk,
Horse spleen apoferritin 0,731 & 0,005 18,300 & 300
Horse liver apoferritin 0.729 & 0,006 18,400 & 300
Human spleen apoferritin 0.729 & 0,008 18,400 & 400
Human liver apoferritin 0.722 L 0,008 18,700 % 400
Human haemochromatotic 0.720 £ 0,014 18,800 & 600
spleen apoferritin
Human haemochromatotic 0,726 & 0,014 18,500 & 600
liver apoferritin
Rat splesn apoferritin 0,737 % 0.019 18,000 * 800
Rat liver apoferritin 0,724 X 0,014 18,600 % 600
Pig liver apoferritin 0,736 % D,012 18,100 & 600

Horse spleen ferritin

0,729 & 0,010

18,400

4

500
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disagreed with that of the literature value it was decided to
determine the molecular weight by other techniques. The methods
we chose initially were Sephadex gel chromatography and gsl

chromatography in the presence of 6M guanidine hydrochloride.

Sephadex Gel Chromatography.

Harrison and Gregory (1968) have shown that 67% (v/v) acetis
acid is capable of dissociating apoferritin into its constituent
subunits and this was chosen as the denaturant for the Sephadex
studies,

Sephadex G~75 Gel Chromatography,

Figure 17 shows the plot of relative eluticn volume (Ue/un)
against logarithm of molecular weight for the proteins used in
this study, It can be seen from the figure that cytochrome c
(molecular weight 12,300) does not lie on the straight line and
the interpolated value for the apparent molscular weight is
21,870, Figure 18 (a) shows a typical elution profile for album-
in and chymotrypsinogen A as monitored continuously at 280 nm
(LKB Uvicord). It can be seen by analysing the leading and trail~
ing edges that there is no indication of non-gnantiography,
whereas, the profile for cytochrome ¢ (Figure 18 b) is skew, in-
dicating an associating-dissociating system, possibly a monomer-
dimer interaction and this appears to be the reason for ths anom-
alous behaviour of this protein.

Under similar conditions, horse spleen apoferritin gives an
elution profile as shown in Figure 18 (c) and the molecular
weights calculated for these tuo peaks (b) and (c) are 45,400 and
29,700 daltons respectively. Both of these values are consider-
ably in excess of the subunit molecular weight as determined by

SDSnﬁolyacrylamide gel electrophoresis. This could be explained
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Figure 17. Calibration curve for Sephadex G~75 column operated
as described in the text., The proteins used in the calibration
were lysozyme (1), cytochrome ¢ (2), chymotrypsinogen A (3),
pepsin (4) and bovime serum albumin (5). The molecular weights
computed from the experimental data for horse spleen apoferritin
are shown. Also shown is the apparent molecular weight for

cytochrome ¢ as this does not lie on the linear relationship,
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Figure 18. Sephadex G-75 gel chromatography. Section (a) shows
a typieal elution profile for albumin and chymotrypsinogen A .
From this elution profile it can be seen that there is no india
cation of non-enantiography and both of these proteins satisfy
the linear relationship ebtained for this column, Cytochrome c
does not lie on the line and it can be seen from section (b)
that the profile for cytochrome c is skew, indicating an associ-
ating-dissociating system. Section (c) shows the elution pro-
fila.for horse spleen apoferritin chromatographed under similar

conditions,
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by acetic acid binding or by an associating-dissociating system
as appears to be the case for cytochrome ¢. Candlish and
Tristram (1969) recently demonstrated that quite extensive bind-
ing occurs between unlonised acetic acid and the peptide hond of
proteins and that the extent of binding depends on the individual
protein,

Sines such binding could account for the higher molecular
weights abtained for Sephadex gel chromatography it was decided
to determine the extent of acetic acid bound to apoferritin. Apo~

Ve
ferritin (30 mg) was dissolved in 1 ml of %

C~acetic acid (67%)
and maintained at 0°C for 1 hour. The solution was then dia-
lysed égainst 1M acetic acid and 100 Fl aliquots were removed
after certain time intervals., Figure 19 shows the results of
such an equilibrium dialysis experiment. Equilibrium was attaine
ed after about 5~6 hours dialysis and at squilibrium the eBxtent
of binding was evaluated by determining the amount of labelled
acetic acid inside and outside the dialysis sac. It was found
that at equilibrium there was no significant binding of the ac-
etic acida‘ Protein concentration was determined before and after
dialysis.

Because of the relative closeness of the peaks (b) and (c)
in the elution profile for apoferritin it was difficult to ex=
amine these by frontal analysis. It would appear, howsver, from
the profile and from the apparent molecular weights that if this
is an asscciating-dissociating system then it is not a simple

monomer~dimer interaction, but instead, a complex monomern

>
n-mer-3y m~mer etc. and an unambiguous interpretation of this would
be exceedingly difficult.

However, in this context it should also be noted that other

workers have found considerably higher molecular weight values
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Figure 19, Equilibrium dialysis experiment to determine the
amount of acetic acid bound to hocse spleen apofervitin,

Conditions for the experiment are given in the text.
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from Sephadex studies and they have emphasised the need for
caution when solely using this technique for molzcular weight

determinations (Milne and Wells),

Sephadex G-100 Gel Chromatoqraphy.

Figure 20 shows the plot of relative elution volume (UB/Ui)
against logarithm of molecular weight for the proteins used in
this study. 1In this cass cytochrome ¢ and myoglobin lie off ths
straight line and again by frontal analysis of their elution
profiles it seems possible that this can be explained in terms of
an associating-~dissociating systemy, again possibly a monocmere
dimer interaction,

According to VYan Holde (1966)‘globular proteins with about
30% content of hydrophobic residues (leucine, isoleucine, phenyle
alanine, valine and proline)} are likely to exhibit association-
dissociation phenomena. However, as most of the proteins used in
this study lie close to this dividing line, we cannot deduce
such interactions from this empirical rule.‘

In this study, just as in the case of Sephadex G-75, horse
spleen apoferritin had a complex elution profile, Figure 20 also
shows the average relative elution volumes for apoferritin and
the apparent molecular weights calculated for the two peaks are
47,000 and 34,000, Since equilibrium dialysis experiments again
indicated no significant ginding of acetic acid to the protein it
was concluded that in this study we also had a complex associat-

ing-dissociating system.

Sephadex G-100 Equilibrated with 67% (v/v) Acetic Acid,

Harrison and Gregory (1968) had demonstrated that 679 acetic

acid produced subunits and, when this material was dialysed
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Figure 20. Sephadex G~100 gel chromatography., Calibration of
the column was carried out using the molecular weight markers
shown, Myoglobin and cytochrome c do not appear to satisfy %he
linear relationship obtained with the other proteins. The mol~
scular weights obtained for the two peaks of apoferritin are '
indicated by the hatched lines. The figures in brackets are
the contents of hydrophobic residues expressed as a percentage

(see text).

TR
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against dilute glycine-HCl buffer, pH 3.0, then, the protein
remained totally as subunits,

Cur Sephadex data did not seem to agree with this study ana
so we decided to see if 67% acetic acid did, in fact, produce only
subunits, A column of Ssphadex G-100 equilibrated with this sol-
vent was set up as described. With this column the elution pro-
file for apoferritin was a single guassian peak as shown in Fige~
ure 21, It was naot possible to determine molecular weights with
such a column because the strongly acidic solution hydrolysed
the glycosidic linkages in the Sephadex gel matrix. This form of
dagradation has also been noted by other workers (Fairuweather and
Jones, 1971). As the hydrolysis was time~dependent we managed to
keep the Sephadex exposed to the strong acid for a short period
without any noticeable effect.

It seemed, therefore, that 67% acetic acid was capable of
producing apoferritin subunits but when this material was dialyse
ed against dilute glycine buffer, pH 3.0 some form of reassocia~
tion took place. As this finding disagreed with the observation
of Harrison and Gregory (1968) that the protein remains as sube
units in dilute glycine-HC1 buffer, pH 3.0 it was decided to re
investigate the system by analytical ultracentrifugation.

This observation of Harrison and Gregory (1968) was in fack
shown to be correct (later section) and therefore the disparity
could possibly be explained in terms of a concentration effect.
At the high concentrations of protein (30 mg/ml) used in the
Sephadex studies the equilibrium must be moved in the direction
of subunit polymers.

In terms of molecular weight determinations of the apoferrit-
in subunit; Sephadex gel chromatography was therefore found to be

impracticable,
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Figure 21, Sephadex G-100 gel chromatography. Elution profile
obtained for the fractionation of horse spleen apoferritin on a

column of Sephadex G-100 equilibrated with 67% acetic acid,
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Recently, similar elution profiles for horse spleen apoferri-
tin on Sephadex G-100 and Bio~Gel P-100 were observed by other
workers, although, they offered no explanation for their findinés
except that the fraction of lower molecular weight, which elutes
from the column ahead of bovine pancreatic ribonuclease (molecule
ar weight 13,000), "most likely represents the fundamental sube
unit" (Vanecek and Keil, 1969),

It would seem, however, from the argu%ments given earlier

that this is most probably not, in fact, the case.

Gel Filtration in the Presence of 6M Guanidine Hydrochloride.

:

Piez and coworkers (Piez and Carillo, 1964: Lewis and Piez,

1864) have demonstrated that the hydrodynamic volume of a protein
in the random coil conformation is approximately ten times great-
er than the hydrodynamic volume of its ordered  native structure,
Essentiallyxthis has the effect of reducing the exclusion limit

of the gel matrix (based on globular proteins)'tenf‘old° Thus
Sephadex G=150, which normally fractionates in {he range 5,000 -
400,000 should have an effective exclusion limit of about 40,000
in 6M guanidine hydrochloride and, Sephadex G~200 (5,000 -~ 800,000)
should fractionate proteins up to about 80,000 daltons. This can,
in fact, be shown to be the case from the experimental findings

of Cebra and Small (1966) who demonstrated that chromatography on
Sephadex G-200 equilibrated with 6M guanidine hydrochloride is
limited to material of molecular weight less than 100,000,

Agar is a polysaccharide extracted from sea-weed and consists
of two components: the major of these is a neutral component,
agarose, while the other contains carboxyl and sulphate groups
and is called agaropectin. Because of these ionisable groups on

agaropectin, considerable adsorption is frequently observed., How-




ever,; when this material is removed, the isvlated agarose, which
is Tree of ionisable groups, provides a very useful matrix for
gel chromatography. Agarose, itself; is a linear polysaccharide
consisting of alternate residues of D=galactose and 3,6-anhydro-
L~galactose (Araki, 1956). Though there are no covalent cross-
linkages stabilising the agarose matrix, it dozs not seem to be
affected by high concentrations of salt provided great care is
taken during gel equilibration to avoid hydrolysis of the glycos
sidic linkages., The advantages of the agarose gel rest undeubt-
edly on its ability to fractionate high molecular weight substance
es including viral particles, phages and even cell particles and
bacteria.

Because of the lack of well characterized high molecular
weight marker substances, the fractionation ranges for the agar-
ose series are somewhat vague., The value quoted for a gel with a
nominal content of agarose of 6% is 1x104 - dx106 and, as this
would allowlfractimnation up to about 400,000 in 6M guanidine
hydrochloride, this seemed an ideal choice of matrix for this
study,

The experimental procedure for column chromatography, gel
equilibration, sample preparation and application and alsc
guanidine hydrochloride purification have already been desecribed
(page 75)¢ Recently, Wong, Roxby ard Tanford (1971) suggested
that the absence of absorption at wavelengths higher than 225 nm
was not a good criterion of purity for guanidine hydrochloride.
These workers demonstrated the presence of large amounts of non~
absorbing impurities in a variety of commercially available
guanidine preparations and suggested that constancy of melting
point was a more sensitive and useful criterion. In this study

we werey; howsver, not concernsd with the extraction of enzymatic-




ally active forms of the proteins after fractionation in guanidine
hydrochloride, and for this reason the guanidine was adjudged
suitable if it had little or no absorption at 280 nm.

In this study all of the proteins and peptides were reduced
and carboxymethylated prior to chromatography.

In our studies on the structural aspects of apoferritin ue
became interested in the purification and characterization of the
peptides obtained following cyanogen bromide cleavage, For this
reason we decided to try to extend the rangelfor molecular weight
estimation by determining the mebilities of cyanogen bromide
peptides of wellecharacterized proteins, cytochrome c¢ , trypsin,
and myoglobin (sequences taken from Dayhoff and Eck, 1968).

In our initial studies in this respect with Bio-Gel A~5m ws
obtained a single peak for insulin. Fish, Mann and Tanford,
(1969) also previously noted that imsulin "eluted as a broad peak"
on a column of similar material. Also the calibration curve ob-
tained by us (Figure 22) compared very favourably with that cb~
tained by these workers. However, when we came to use the Sephar-
ose equivalent (Sepharose 6B), the A and B chains of insulin
were found to be easily separated.

Figure 23 shows two typical elution profiles for the same
sample on the two different sieving matrices following chromatog-
raphy under similar conditions. It can be seen that foxr the mola
scular weight range 11,000 to 88,000 there is very little differ-
ence in the elution pattern. For molecular weights less than
9,000, howsver, it is apparent that the resolving power of the
Sepharcse 1s considerably bstter than that of the Bio-Gel equiva-
lent, For the characterization of apoferritin cyanogen bromide
peptides it was decided, therefore, to use the ceolumn of Sephar-

ose 48,
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Figure 22. Calibration curve—gbtained for a column of Bio-Gel
A=5m sguilibrated with 6M guanidine hydrochloride. The data
was treated according to the theoretical treatment of Porath
(1963) and :<av"~l? was plotted as a function of molecular weight

to the 0.555 power,
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Figure 25, Effect of gel matrix on the chromatographic resolu=-
tione {a) Gel filtration on Sepharose 6B. (b) Gel filtration
of an identical sample on Bio-Gel A-5m. A= transferring B =

alcohol dehydrogenase; C = haemoglobing D = insuling D1 = inst=

lin, B chain D2 = inéulin, A chainj E = tryptophan,

A
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It is known that Sepharose beads are sxtremely elastic and
that the length of the gel packing is reduced at high flow rates.
Early attempts to increase the flow rates of the columns by pumﬁu
ing merely resulted in the development of compression in the gel
bed and the consequent diminution of flow rate., Also, at relate
ively fast flow rates, the resolution of the chromatography was
affected., Figure 24 shows the effect of the flow rate on the
resolution obtained by chromatography of identical samples of
marker substances. From this figure it can be seen that the
resolution increases with decreasing flow rate and that adequate
resolving power without significant zone broadening due to diff-
usion can be attained with a flow rate of 2 ml/hr. The flow was
maintained at this rate by adjustment of the height of a solvent

Ir8servoinr.

Treatment of Chromatographic Data.

At present there are a number of available methods for the
interpretation of gel chromatographic data and at times it is
useful to use more than one of thess in an effort to obtain as
much information as possible.

In all of the studies, we describe the chromatographic be-
haviour of the protein or peptide by tha parameter, Kau

(Laurent and Killander, 1966);

Ky = (Y =V )/ (v, =V )

where VO, the exclusion volume, is obtained by chromatography of
Blue Dextran 2000 (a high molecular weight, coloured polysacchar-
ide), which is completely excluded from the gel matrix. Ut is

the total volume accessible to the solvent and in the present

axperiments this was obtained by chromatography with the amino
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Figure 24, Effect of flow rate on the chromatographic resolue

tion. (a) Elution profile obtained following chromatography at
4 ml/hr. (b) E£lution profile obtained following fractionation

of an identical sample at 2 ml/hr. A = bovine serum albuming

B = ovalbuminj C = horse heart myoglobin; D = cytochrome cj and

£ = trytophan,
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acid tryptophan, Ve is known as the elution velume and is the
position at which the protein or peptide elutes following gel
filtration. This distribution Ffunction , Kav’ can then be relaﬁed
to the molecular weight in a varisty of ways (Determann, 1968).
The most commonly used relationship is the empirical treat-

ment devised by Andrews (1964) in which,

Kau = a -~ be.log M

or the data can also be treated according to the theoretical

relationship determined by Porath (1963) in which,

where a, b, k1, k, are constants and M denotes molecular weight,

2

Taking the first of these, Figure 25 shows the plot of the
distribution coefficient, Kav’ against the logarithm of the mole~
cular weight markers used in this study. The protein or peptide
can be identified by its number in Table 5.

From this figure it can be ssan that a triphasic relation-
ship is obtained. In the region of molecular weight 11,000 -
B0,0D0 there is a region of apparent linearity and this is also
the case in the region of molecular weight 1,400 - 8,000, These

two linear portions of the curve were characterized by the method

of least squares and found to bse,

log M = 5,091 - 2,652 K_ (reg. coeffe 1,0008)ce0s.
log M = 5,176 ~ 2,357 K_ (reg. coeff, 069952)..000.2
respectively,

When the data was plotted according to the treatment of

Porath (1963) the results ohtained were as shown in Figure 26,
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Figure 25, Molecular weight determination by gel filtration on
Sepharose 6B in the presence of 6M guanidine hydrochloride.
Distriﬁution coefficient (Kav) is shown as a function of molec-
ular wa;ght and the linear relationships were computed by the

method of least squares analysis. The numbers refer to the

proteins and peptides listed in Table 5.
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Table 5. Gel filtration in the presence of 6M guanidine hydro-

chloride. List of proteins and peptides used as molecular

weight markers in this study,

CNBr, cyanogen bromide peptides
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Protein/Peptide Szlo Koy (lej% Kau%
141 Transferrin 76,600 | 0.0758 | 276,77 [0,4236
2 Bbvine serum albumin 68,000 | 0,1024 | 260,77 004682
3| Catalase 60,000 | 0,1144 | 244,95 |0,4857
4 | ¥-Globulin, H chain 55,000 | D,1343 ] 234,52 |0.5124
51 Ovalbumin 43,000 | 0,1768 | 207,36 {0,5616
6 | Alcohol dehydrogenase (liver) [41,000 | 0,1795 |202.48 |0.5644
7| Creatine phosphokinase 40,000 | 0.1875 | 200.00 [0,5727
8 | Chymotrypsinogen A 25,700 | 0,2380 | 160,31 | D.6200
9| ¥~Globulin, L chain 23,500 | 0,2673 | 153,30 {0,6445
10| Myoglobin 17,200 [ 0,3218 | 131,15 | 0,6855
11 { Haemoglobin 15,500 | 0,3630 | 124,50 {0.7136
12 | Cytochrome c 11,700 | 0,3763 | 108,17 |0,7222
13 | Trysin - CNgr I 9,240 | 06,4893 | 96,12 |0.7882
14 | Lima bean trypsin inhibitor 8,400 | 0.5141 91,65} 0.8012
15 | Myoglobin - CNBr I 84211 | 0,4960 | 90,62 |0,7918
16 | Cytochrome ¢ ~ CNBr I 7,650 | 0,5492 87.46 10,8191
17| Teypsin - CNBr IT 7,568 | 0,5518 8?.Dﬁ 0.8204
18| Trypsin -~ CNBr IO 69534 | 0,5731 80,83 |0,8308
19 [ Myoglebin -~ CNBr II 64265 | 0,5784 § 79,15 |0,8333
20! Glucagon 3,500 | 0,7021 59,16 10,8889
21| Insulin, B chain 34383 | 0,7127 | 58,16 [0,8933
22 | Cytochrome ¢ = CNBr II 2,530 | 0,7579 | 50,30 {0,9118
23 { Insulin, A chain 2,090 {0,7739 | 45,71 |0.9182
24 | Cytochrome ¢ - CNBr III 14540 | 0,8470 | 35,24 |0,9462
25 ) Bacitracin 15411 10,8563 | 37,56 {0,9497
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Fiqure 26. Molecular weight determination by gel filtration on
Sepharose 68 in the presence of 6M guanidine hydrochloride. The
figure shows the treatment of the experimentally cdetermined
distribution coefficients according to the method of Porath
(1963). Kau% is plotted as a function of molecular weight to
the power % and the linear relationships were computed by regre
@ssion analysis as before. The numbers refer to the proteins

and peptides listed in Table 5,
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From this treatment of the data two linear relaticnships vere
obtained, one for the region 1,400 «~ 9,000 daltens and the other
for 12,000 - B0,000 daltons, These were characterized by the

method of least squares to be,

L L
Kavé = 1,05 « 0,0027 M2 (regecoeff, 0o9957) cocooced
L L
and Kav3 = 0,91 ~ 0,0017 % (regocoeffs 06,9986) cooesed
respectively.

The fact that a linear relationship is obtained from this
treatment is a good indication that the proteins do exist in the
random coil conformation. Also from thess plots it can be calcul-
ated by extrapolation that the apparent exclusion limit is in
fact 120-150,00 and this agrees reasonably with the value of
400,000 which was expected in this system,

By inveking the concept of two gel populations with differ-
ent porosities it was hoped te explain the empirical relatione
ships that were obtained., In effecl, we are assuming a pore-size
distribution in the microstructure of the starting material such
that the material with the greater degree of cross-linking was
involved in the fractionation of the peptides while that with a
somewhat lesser degree of cross-linking was involved in the frace
tionation of the larger polypeptides. The rational behind this
stems principally from the earlier work of Determann and others
(Laurent and Killander,19663 Andrews, 1864; Determann and Michel,
1966) who observed that, for a given molecular weight, the Kav
increases with the deereasing degree of cross-linking over the
range of the Sephadex series

from equations 1 and 2 in the general form,

log M = C, = Chok
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it can he seen, for the region involved in protein chromatography,
the absolute value for C2 is greater than the corresponding value
for the linear region involved in psptide fractionation and, Frdm

equations 3 and 4 in the general form,

K

14

av £y = Cyell

the converse is trus.

Both these findings are consistent with the experimental
data obtained by other workers (Andrews, 19643 Determann and
Michel, 1966) and favours the view that there are two populations
of gel matrix differing only in their porosities.

This view, in itself, could possibly explain the reason for
the disparity between the resolution obtained for peptide chromae
tography by Sepharose and Bio-Gel in that the differences may
merely reflect a difference in the method of preparation of the
agarose spheres.

Unlike_dextrans which are cevalently cross-linked, the
degree of cross linking in agaross is attributable to hydrogen
bonding. Since hydrogen bonds are thought to be labile to high
concentrations of guanidine hydrochloride it is, in retrospect,
surprising that any such chromatography is possible,

In some earlier experiments with agarose columns eguili-
brated with 6M guanidine hydrochloride the flow of buffer sudden-
ly stopped. This was assumed to be the result of the generation
of fines as a result of the high concentration of salt present.
However, if extreme care was taken at the stage of equilibration
then the latter was seldom observed. In all cases the flow rate
did, however, decrease slowly with time but there was no discern-
ible effect on Kav values,

Another method for the interpretation of chromatographic
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data was recently described (Afanas'ev, 1970). This was derived
theoretically by Afanas'ev from consideration of the surface
energy at the protein-solvent interface and the dishribution of
substances in a two-phasc system, The relationship which he found

is given by the following equation,

P
~ \ K 2
In (k) = Ae22 (@1 =~ D) JTV

RT

where Kd is the distribution coefficient, o and ¢ are the sur-

face tensions at the macromolecule phase boundary, N is Avogad-
ro's numper, V is the specific volums of the macromolecule, R is
the gas constant, T is the temperature and M is the molecular

weight.

Simplifying this for a given system then,

2
log ( 1/Kd Y o= AU

where A is a constante

This treatment is unique inasmuchﬁs it defines one point
which should be on the line i.e. it would be expected that when a
graph is drawn with co-ordinates M% and log ( 'I/Kd ) a straight
line passing through the origin would be obtained.

" However, when we plot our dats in this fashion two linear
relationships are once again obtained and neither of £hese
passes through the origin (Figure 27). By supposing the presence
of two populations of gel matrix it was found possible to explain

the empirical relationships obtained from our data.

For the Gel Population of Lower Porosity,

If we assume that the fraction of the total gel matrix that

is involved in protein chromatography is C, then we have;




Figure 27. Molecular weight determinationé by gel filtration on
Sepharose 6B in the presence of 6M guanidine hydrochloride. The
figure shows thes treatment of the experimental data according to
the method of Afanastev (1970). (Molecular weight)% is plotted
as a function of log (1/Kav) and the linear relationships were

computed by regression analysis as before, The numbers refer to

the proteins and peptides listed in Table 5,
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where Kau (empirical) is the Kav value determined experimentally
and K_ (theoretical) is the true value for the Ky, #n the gel
matrix that is involved in polypeptide gel filtration, Thus from

equation 2 above, we have,

K (theoretical)
av

It
—
~
]

-]

Hi

1/C. Kau (empirical)

Taking logarithms of both side we have,

L

log [‘l/Kau (theoretical)J logl}/KaV(empirical)] - log (1/C)

Now from Afanas'ev's equation,

3 — - e 3
ALM = log[}/KaV (Lhemretlcal)]

hence, M= = 1/A.lcg [1/KaV (empirical)]

« 1/A.leg (1/C)
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From regression analysis of our data we obtained,

W

M = 1894,16 log (1/Kav) - 244 737
244,737
hence, log (1/C) = .
1894,16
= 0,1292
therefore, C = De7424

Thus from such computations it would seem that about 75% of the
gel matrix is responsible for the fractionation of the polypept-

ide chains,

for the Gel Population of Higher Porosity.

In the present study we used tryptophan as a measure of the
total volume accessible to the solvent, Ut” However, if we define

the theorstical value for this paramster as @: then we have,

(v, - v)

K y (empirical) = ———————- 3
@ (U, = V)
t o]
(v, - V)

K.y (theoretical) = 4
? (& - v)
0
(v, - V)

K V(tryptophan) = t 2 5
@ (% - )
0

from 5,
> ) Vp = Vg o+ UO,KaV(tryptophan)

Kav(tryptophan)
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Substituting this value in cquation 4

(v, = )

{Ut o VO + UooKau(tryptophan)

- Vg
+
| Kau(trypuophan)

1

K (theoretical)
av

Yo = Yo

= e K (tryptophan)
Voo av
t o

it

k., (theoretical) Ko, (empiricall)e K - (tryptophan)

Substituting this relationship once again into Afanas'ev's

equation we have,

[

Mm* = 1/A.log [1/Kav(empirical)] + 1/A.1log [T/Kav(tryptophanﬁ

From regression analysis of our data we have,

2
M> = 1265.8 log (1/Kav) + 43,603

Theoretically, the intercept on the y-axis should be the mols-

cular weight of tryptophan to the power %. Thus we would expect
2

this value to he (204.2)3, vhich is equal to 34.,68. It can be

saen that this value is close to the experimentally determined

value of 43,603, This would appear to justify our use of tryptow~




phan as a measure of Ut and indicate that there is very little,
if any, adsorption.

The value estimated for the molecular weights of various
apoferritins by this method are shown in Table 6. The value for
the distribution cesfficient, Kav’ represents the mean value and
standanrd deviation of several determinations. Again it can be
seen that,; for the apoferritins studied, the differences lie
within experimental errbr and it would appear that the molecular
weight is of the order of 18,700 % 500 and this result is in ex-
cellent agreement with the value obtained by SDS~polyacrylamide
gel electrophoresis,

This value obtained by us (Bryce and Crichton, 1971a,b,c:
Crichton, Miller, Cumming and Bryce, 1972) for the molecular
welight determined by gel TFiltration in 6M guanidine hydrochloride
has since been confirme& by other workers (Bjork and Fish, 1971),

It was also decided to apply the present method to the
determination of the molecular weight of the iron binding proteiﬁ,
transferrin, The value obtained for the distribution coefficient
of both human and horse transferrin was 0.,0758 * 00,0025 which
corresponds to an extrapolated value of 76,600 * 1,200 which is
again in excellent agreement with the value obtained by SDSwpoly-
acrylamide gel electrophoresis and provides further confirmation
for the view that transferrin consists of a single polypsptide
chaine

An example of the general applicability and potential of
this technique can be clearly seen from the results we obtained

from the fractionation of lima bean trypsin inhibitor, The

elution profile obtained from the fractionation of a commercial
preparation of lima bean trypsin inhibitor is shown in Figure 28,

All of the detectable trypsin inmhibitor activity was associated



Table 6. Gel filtration in the presence of 6M guanidine hydroe
chloride, Results for the estimation of the molecular weights

of various apoferritins,
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Protein

av

Apparent
Mol, Wt,

Horse
Horse
Human
Human

Human
liver

spleen apoferritin
liver apoferritin
spleen apoferritin
liver apoferritin

haemochromatotic
apoferritin

0.309
0.309
0,312

0,310

0,311

i 0,003
+ 0,005
¥ 0,004

0,004

8

+ 0,004

18,800 & 400

18,800 % 600

14

18,500 & 500

500

B+

18,700

18,600 % 500
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Figure 28, Elution profile obtained from chromatography of a
comimercial preparation of lima bean trypsin inhibitor on a
column of Sepharose 6B equilibrated with 6M guanidine hydro=
chloride, pH 5.0, The trypsin inhibitor activity is associat=-

ed with pesak C while peaks A and B merely represent impuritiss
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with the lower molecular weight species while the higher mole-
culer weight material may merely represent impurities (Jones,
Moore and Stein, 19635 Krahn and Stevens, 1971). The apparent-
molecular weights of the two high molecular weight species werc
calculated to be 28,500 and 20,100 respectively. It is intereste-
ing to note that the difference in molecular weight between these
two species is the same order of the molecular weight of the
trypsin inhibitor itself (8,400 daltons). This may result from
nothing more than chance or else it may represent a precursor-
type system in a manner analogous to trypsin-trypsinogen or
insulin-~proinsulin and for this reason this area probably merits
further study.

We also decided to apply this techniocue in an effort to
fractionate the peptides obtained from c¢yanogen bromide cleavage
of apoferritin and thereby obtain sstimates of the size of these
peptides, The results we obtained for the fractionation of the
cyanogen brqmide cleavage mixture of horse spleen apcferritin is
shown in Figure 29. Also shown is the elution profile of the
products aof cyanogen bromide cleavage of apoferritin by the sec-
ond method described on page 71 and it can be seen that treatment
with dithiothreitol improves the resolution of the separate pop-
tides. The molecular weights computed for the various peptides
ware 9,500, 8,400, 6,400 and 3,400, Since the amino acid conp=
osition based on a value of 18,500 for the molecular weight of
the subunit indicates that there are 3 methionines per subunit
then we should expect 4 peptides on digestion with cyanogen brow

mide, The four peptides that we obtained cannot be combined in

any permutation to give us the magnitude of the molecular weight
of the subunit. Also the second method of cleavage implied that

peptide I (9,500 daltons) probably was not a unique peptide and
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Figure 29. CElution profile obtained from fractionation of the
cyanogen bromide cleavage products of horse spleen apoferritin
on a column of Sepharose 68 equilibrated with 6M guanidine
hydrochloride, pH 5.0. (b) Elution profile obhtained from the
fractionation of the cyanogen bromide cleavage products of
horse spleen apoferritin by the modified methed of chemical

cleavage (see text).
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that it probably contained an intact methionine,

In an effort to rationalise the sxperimental data we were
obliged to assume the presence of an, as yet undetected, peptide.
There were two possible reasons for not detecting such a quantity
and these were, that it did not contain tryptophan or tyrosine
or else that it was sufficiently small to be included under the
tryptophan psak.

In early experiments we attempted to dialyse the guanidine
hydrochloride from the material by using dialysis tubing that had
been treated with acetic anhydride to lower the effective pore
size. This treatment had the effect of converting the half-escape
time for tryptophan from 1.8 hours to 28 hours. This proved to
be a rather troublesome procedurs and so it was decided to chrom-
atograph the total cyanogen bromide cleavage mixture on a column
0of Sephadex G=10 or G-15 equilibrated with 1M acetic acid. By
use of these gel matrices the larger peptides I, II, III and IV
should be eluted with the void volume and any peptide smaller
than 1,500 should be retarded. The elution profile obtained is
shown in Figure 30 and the material forming peptide V was purified
by »rechromatography. |

The peptide purified in this manner was hydrolysed and
subjected to amino acid analysis. Ffrom this the composition was
found tao be: Asx, 1.13 Glx, 0,983 Gly, 1.05; Leu, 1.9; Phe, 0,7;
Ser, 0.7; HSer, present but not determined. The peptide was
purified to the extent that conta%inating amino acids were present
at less than 0.15 moles per mole of peptide. From its composite
ion the molecular weight of the peptide was calculated to be 900
daltons,

Peptide I (9,500 # 500) can be explained in two ways. The

peptide, if it contains an intact methionine, could on cyanogen
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Fioure 30. Elution profile obtained from chromatography of the
cyanogen bromide cleavage products of horse spleen apoferritin
on a Sephadex G-15 column (2.5 x 45 cm) equilibrated with 1M
acetic acid. Peptides I, II, III, and IV are eluted as one
peak with the void volume while peptide V is retarded (see text

for peptide nomenclature).
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bromide digestion pive rise td either peptide 111 and IV

(65400 + 3,400) or to peptides II and V (8,400 + 900) as shown

in Figure 31, The alignment of these peptides is at present
under investigation.

The sum of the four peptides 8,400 % 400, 6,400 & 300, 3,400

& 100 and 900 add up teo give 19,100 % 800 which is in good agree-
ment with the subunit moleculer weight. Also the fact that only
four peptides were ohtained, as predicted, tends to confirm the
value for the subunit molecular weight.

This observation was further verified on determining the
number of free Nwterminal groups in the total cyanogen bromids
cleavage mixture. The method chosen was the dansyl method of

*¢?Gray (1967) and the separation and identification of the dansyl
derivatives was performed on polyamide layers as described on
page 71, The results are shown schematically in Figure 32,
Three dansyl amino acids were detected and these were glutamic
acid, glycine and lysine., The finding of only three end groups
is compatible ugth four peptides since it is Known that éhe N
terminal of apoferritin is N-acetylated (Suran, 1966). This
result is, however, in disagresement with the study of Crichton
(1971a) who found glutamic acid or glutamine s 9lycine and iso -
leucine by the method of Stark and Smyth (1963).

It was said earlier that chromatography in the presence of a
denaturant has the advantage over fractionation in normal agqueous
buffers in that it eliminates any specific or non-specific aggre-
gation. Recently a technique was developed in which the denatur=
ing solvent was phenol-acetic acid-water (1:1:1, w/v/v) (Pusztai

and Watt, 1970), Preliminary studies with such a system did not

prove to be successful, although Pusztal himself determined an

approximate molecular weight for the apoferritin subunit and found
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Figure 31. Possible peptide alignments for the products of

cyanogen bromide cleavage of horse spleen apoferniltin,
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 Figure 32. Upper figure illustrates a typical separation of a
mixture of dansyl amino acids on polyamide layer. The solvent
systems used in this study were water-formic acid (90%)(100:1.5)
and benzene~glacial acetic acid (9:1) according to the method

of Woods and Wang (1967). The lower figure shows the results

of amino~terminal analysis of the complelte cyanogen bromide

digest of horse spleen apoferritin using similar conditions,
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this to be of the order of 19,000 (A. Pusztai, personal communie

cation).

Quantitative Trytophan Determinations.

Another useful'methud for a molecular weight estimation is
to calculate the mininmum molecular weight from the amino acid
composition and based on the amino acid which appears least fre-
guently in the protein. In horss spleen apoferfitin, tryptophan
probably represents the amino acid in the smallest amount,

Since hydrolysis of a protein with 6N hydrochloric acid caus-
es almost complete destruction of trytophan, the quantitative
estimation of this amino acid is usually carcied out by methods
which avoid acid hydrolysis. This problem hag besen circumvented
by alkaline hydrolysis (Knox, Kohler, Palter and Walker, 1970),
colorimetrié procedures (Spies and Chambers, 19493 Barman and
Koshland, 1967) and spectrophotometric methods (Goodwin and Mor-
ton, 1946; Patchornick, Lawson and Witkop, 1958a,b). Recently,
however, seﬁeral workers have demonstrated that tryptophan car be
analysed by standard amino acid analysis following acid hydrolysis
of the protein, provided the 6N hydrochloric acid contains 4%
thioglycollic acid (Matsubara and Sasaki, 1969) or the hydrolysis
is performed in 3N p-toluene~sulphonic acid containing 042% 3-(2-
aminoethyl)~indole (Liu and Chang, 1971).

The method chosen by Harrison and Hofmann (1961) for the
guantitative trytophan determination of horse spleen apoferritin
was a modification of the Spies and Chambers (1949) method,
These workers used either urea~denatured apoferritin or instsad
apoferritin that was heat-denatursed and partially digested with
chymotrypsin and trypsin. The reason for this is that some prot-

eins developed a slightly different colour complex from that ob-
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tained with free tryptophan on treating with pedimethylaninobenz-
aldehyds (Mamilton, 1960). The result obtained for apoferritin
by this method was 21 tryptophan residues per 480,000 g protein.
and this was used as confirmatory esvidence for the existence of
20 subunits of molecular weight 23-25,000., Harrison and Hofmann
(1962) also determined qualitatively by staining a tryptic
fingerprint of apoferritin with pedimethylaminobenzaldehyde
according to the method of Reddi and Kodicek (1853). By this
method they demonstrated the presence of only one tryptophane
containing peptide,

In the present study we decided to redetermine the trypto-
phan content without having recourss to extensive denaturation
and the methods chosen were the spectrophotometric methods of

Edolhoch (1967) and Bencze and Schmid (1957) and by chemical mode
. &

eFy

ification as described by Scoffone and coworkars (Scoffone? Fonte
ana and Rochiy; 1968Ba,b; Boccu, Veronese, Fontana and Benassi,
1970). 1In the latter method the protein is treated with 2.nitro-
phenylsulphenyl chloride, By this method we generate in the
intact protein, a chromophere, the absorption of which we can
menitor in the visible region. Howsever, this reagent has been
shown to react with sulphydryl groups to form mixed disulphides,
although, the thiol function can readily be recovered under mild
alkaline conditions, with the gquantitative release of the nitro-
thiophenol moiety, thereby allowing accurate tryptophan determin-
ations. The reliability and general applicability of this pro-
cedure has been demonstrated for several well characterized prot-
‘eins (Bocou,; Veronese, Fontana and Benassi, 1970) and has the
advantage over Koshland's reagent in that multiple reactivity
with tryptophan does not occur (Barman and Kashland, 19673 Kendo

and Witkop, 1968; Dopheide and Jones, 1968)
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The reaction sequenco for the conversion of tryptophan to
Zw(2mnitrnphen§lsulphenyl)mtryptophan is shown schematically in
Figure 33,

The results obtained for a variety of apoferritins are shown
in Table 7,

In the case of the spectrophotometric methodgg protein was
determined by the method of Lawry, Rosehrough, Farr and Randall,
(1951) while in the chemical modification the protein content was
estimated from amino acid analysis,

It can be seen that the values obtained from the twe inde~
pendent methods are iwéxcellont agreement and that the difference
between the tryptophan contents for the various apoferriting lies
within experimental error. The average value from all such
determinations was calculated to bs 55.25 & 2,43 moles of trypto-
phan per mole of undissociated apoferritin. This figure is based
on a molecular weight of 480,000 daltons so as to be directly
comparable with the data of Harrison and Hofmann (1961, 1962) who
found 21 moles of tryptophan per mole of undissociated apoprotein
by the method described. The value obtained from the present
study would imply 2.13 £ 0,09 tryptophan residues per subunit of
molecular weight 18,500 and 2,65 % 0,11 tryptophan residues per
subunit of molecular weight 23,000,

In the spectrophotometric method of Edolhoch (1967) it was
also found possible to determine the tyrosine content of apoferri-
tin (page 77). The value obtained from such a study was 120 % 4,9
tyrosine residues per 480,000 g protein or, 4,62 & D.19 tyrcsine
residues per subunit of molecular weight 18,500 or 5.62 % 0,23
tyrosyl residues per subunit of molecular weight 22,500 which is
in very good agreement with the value obtained for this residue

by amino acid analysis., This then serves as a very useful check
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Figure 33, Reaction sequence for the formation of a 2-(2-nitro-
phenylsulphenyl )=tryptophan residue in an intact protein . It
can be seen that the reagent, 2=nitrophenylsulphenyl chloridse,

also reacts with cysteine residues but this modification can be

reversed by treatment with alkali.



- 176 -

Quantitative Evaluation of Tryptophan

7oA NH CONNA ) ~ooe NH CO AN~
\ /
CH CH
| I
CH2 CH2 |
— O
| 2
A
N N S
[‘ﬂ.‘ﬂ “@
H S —Ci H

2-(2-nitrophenylsulphenyl)-tryptophan

NO

2 E,, 4000 365nm

M

A~ NH CO A~ A NH COmn
\ / \ /
CH CH s
| |
H2 % / CH2
: 0.1 N NaOH |
—{\H S NO
.

's'-f?l \s

O NO mixed aromatic-aliphatic disulphide




o 177 =

Table 7. Quantitative tryptophan determinations for various
spoferritins,

Method a refers to the spectrophotometric method of Edolhoch
(1967) while Method b refers to the chemical modification
method of Scoffone et _al (1968).

¥*
Human Hasm Liver , human haemochromatotic liver.

ne.d, not determined,
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Protein Horse Horse Human Human Human
. X Haem.
o = 3
Method Liver Spleen Liver Spleen Liver
No, of tryptophan
residues/18,500 g | 2,05 1.99 2,27 2021 2021
. a
protein
No, of tryptophan
residues/18,500 g | 2.16 2,03 2413 ned nod
protein
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on the validity of the tryptophan determination.

The tyrosine and tryptophan content of apoferritin were also
analysed by the spectrophotometric method of Bencze and Schmid
(1957) as described on page 78, A line was drawn tangentially to
the tuwo peaks of the absorptilon spectrum of the protein and the
slope of this line (a/b)} and the maximum absorption near 280 nm
(Dmax) were determined. Theny using the relationship of Bencze

and Schmid (1957),

2

- 3 /
85 =  107.(a/b) / Dmax

ve find, on substituting these values, that § = +8.31 and theree
fore from the data of these workers, the molar ratio of tyrosins
/tryptophan was found to be 2.5 which is in excellent agreement
with all the data

Another criterion that served as a useful check on this data
1%
1c

Baged on the argu%ment already presented on page 102 it can bs

was the value of the specific extinction coefficisnt, £ m(280)o
shown that for apoferritin to have 1 tryptophan and 5 tyrusine
residues per subunit of molecular weight 18,500 then the value
computed for E1§m(280) is 6674, while for a subunit with 2 trype

tophans and 5 tyrosines the value for this parameter is 9.81.

1%

1cm(280) was found to be

The value obtained experimentally for E
1013 which is clearly in good agreement with the latter value
and once again tends to confirm the view that the subunit contains
2 tryptophan residues and net 1 as was previously accepted (Harr-
ison and Hofmann, 1961, 1962),

Friedberg (1962) estimated the tryptophan content for guinea
pig liver apoferritin and obtained a value of 1.85 tryptophan

residues per subunit of molecular weicht 18,500 by the method of

Graham, Smith, Heer and Klein (1947) and this value seems to
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agree with our analysis for the protein from both human and horse

SOUDCES,

Analytical Ultracentrifugation.

As the technigues already described for subunit molecular
weight determinations are essentially empirical in their approach
it was decided to re~determine the value by a method which was
theoretically well-defined. Sedimentation equilibrium is just
such a method and it was hoped to apply the theoretical treatment
to the data obtained for the apoprotein dissociated by a number of
denaturing'agenté;

In all of ﬁﬁé studieé on sedimentatlion equilibrium of the
protein subunit and also the undissociated protein the experiment-
al data was treated according to the eguation describing the

concentration distribution at equilibrium (Yphantis, 1964),
app . - 2 2
M = 2RT / (1 = U'@)eu o din C/dr

where M?pp
U

is the apparent weight average molecular weight, R is
the gas constant, T is the absolute temperature, U' is the effect~
ive partial specific volume of the solute,e is the density of the
solution, € is the concentration and r© is the distance from the
axis of rotation.

In order to avoid problems of adsorption , especially at low
protein loading concentrations, the centrepiecs was filled and em-
ptied twice before theﬂfinal filling, No layering oil was used
in these experiments,

The partial specifiec velume, V, for horse spleen apoferritin
was calculated from the amino acid compositicn by the method of

Cohn and Edsall (1943) as described by McMeekin and Marshall

(1952) and found to be 0,731 ml per q, whereas the value previous-
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1y published for the partial specific volume from pycnometric

estimation was 0,747 ml per g (Rothen, 1944),

Dissociation by 6M Guanidine Hydrochloride,

The data derived from sedimentation equilibrium experiments
at 20°C for horse spleen apoferritin were plotted as 1n C against
rz as shown in Figure 34, The rectilinearity of the plot attests
to the homogeneity of the dialysed sample., The linear relation-
ship was treated according to the method of least squares (reg-
ression coefficient 0D.9971) and dln E/dr2 was found to he 0,2774,
This value could then be substituted into the equation alrveady
described, However, one of the major problems in interpreting
data with guanidine~dissociated material in the ultracentrifuge
is that there is still not complete agrsement about the effect of
high guanidine concentration on the partial specific volume of
proteins. Since 6M guanidine hydrochloride has a high density
(11455 g/ml) small inaccuracies in V praduce a relatively large
error in the calculated molecular weight, Just as there have
been several well documented reports of a 1 to 2% decrease in V
(Marler, Nelson and Tanford, 19643 Small and Lamm 1966a.bj
Kielley and Harrington, 19603 Reisler and Eisenberg, 1969), S0
too have there been several which indicate no changs (Ullman,
Goldberg, Perrin and Monod, 19685 Reithel and Sakura, 1963; Yue,
Palmieri, Oleon and Kuby, 19673 Schome, Brown, Howard and Pierce,
19683 Castellino and Barker, 1968) or even a slight increase
(Green and lcKay, 1969; Schachman and Edelstein, 1966), From the
form of the equation a change in 2% in V constitutes a 6% variati-

: app
oR in Mm

o further, there is still some doubt about the extent
of preferential binding of guanidine to proteins (Ullman, Gold-

berg, Perrin and Monod, 19683 Reithel and Sakura, 1963; Castell-
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Fiqure %4. Molecular weight estimation by sedimentation equi-
librium in the analytical ultracentrifuge. A; shous the results
of a typical sedimentation equilibrium experiment performed

with guanidine hydrochloride~dissociated apoferritin . din C/
drzfor this line was calculated to be D0.2774 with a regression
ceafficient of 0.9971. B, shous the results of a similar sedi-
mentation experiment with acetic acid~dissociated apoferritin
that had been dialysed extensively against dilute glycine
buffer, pH 3.0, dln C/dr2 in this case was computed to be
0.4439 by the method of least squares analysis (regf%ssion C O
efficient = 0,9981),

Both equilibrium runs were performed at 20,000 revolution per

minute and ZDOC,
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ino and Barker, 19683 Noelken and Timasheff, 1967).

. A . ang
Since this is the case the results for the computed M are

W

presented in the form shown in Table 8.

Thus it can be seen that the value for the molecular weight
of the subunit of heorse spleen apoferritin as determined by sedie
mentation equilibrium on gquanidine~dissociated protein cén vary
from 15,100 to 21,400,

It is most probable that this subunit represents the smalle
est submolecular entity physically identifiable with the parent
molecule, since the work of Tanford and coworkers has established
that higher orders of internal structure in globular proteins
(i.e. secondary, tertiarvy and quaternary) are completely disrupted
in this solvent system {Tanford, Kawahara and Lapanje, 1967;
Nozaki and Tanford, 19673 Tanford, Kawahara, Lapanje, Hooker,
Zarlengo, Salahuddin, Aume and Takagl, 19673 Lapanje and Tanford,
1967; Tanford, Kawahara and Lapanje, 1966),

Recently Bjork and Fish (1971) determined the subunit mole-
cular waeight by long-column meniscus depletion sedimentation equi-
librium and found it to be 19,200 % 900 (V = 0.747) or 18,200 &
800 (V = D,733) which is in excellent agreement with the values

obtained by us (Bryce and Crichton, 1971a),

Dissociation by 67% Acetic Acid,.

A typical plot of ln C versus r2 for protein dissociated by
acetic acid followsed by dialysis inlo 0.01M glycine-HC1l buffer,
pH 3.0 is shown in Figure 34, Again it can be seen that a linear
relationship was obtained (regression coefficient 0.9961) which
implies a monodisperse macromolecular species, Using the value
of 0,4432 obtained for dln C/dr2 in this relationship, the appar-~

ent weight average molecular weight for horse spleen apoferritin
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Table 8. Sedimentation equilibrium experiments on horse spleen

apoferritin dissociated by 6M guanidine hydrochloride.

? The value for v from Rothen (1944)

The vaiue for U (Rothen,1944) with a 1% correction (Kiellsy
and Harrington, 1960).

® The value for ¥ (Rothen, 1944) with a 2% correction (Small
and Lamm, 1966). This is alsoc the value for U calculated from
amino acid composition (see text).

The value for U calculated from the amino scid composition
with a 1% cerrection (Kielley and Harrington, 1960),

The value for V calculated from the amino acid composition

with a 2% correction (Small and Lamm, 1966).

f GuHCl, guanidine hydrochloride.
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Extent of . o -

preferential Partial specific volume (V)

binding 0.747%  0.,740°  0.731°  0.724%  0,717°

No binding 21,400 | 20,100 { 18,700 | 17,700 | 16,800
£ \ .

0.059 of GuHCl

per o of protein | 205300 | 19,700 | 17,800 | 16,800 | 16,000
£

0.10g of GuHCL 19,300 | 18,100 | 16,800 | 15,900 | 15,100

per g of protein
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was computed to be 18,400 & B00 using v = 0,731 or 19,500 % 900
with v = 0.747,

The finding of a homogenecus material was in agreement with
the observation of Harrison and Gregory (1968) from sedimentation
velocity studies. It was shown earlier that this result was not
obtained by gel chromatography (page 117). One possible reason
for this disagreement is that the association-~dissociation
phenomena observed in gel chromatography could be concentration
dependent and that the high concentrations uéed for gel filtrat-
ion experiments shifts the equilibrium in favour irfevsee of

MoONOMEr.

Dissnciation by 1% Sodium Dodecyl Sulphate,

Once again the plot of In C 3§£§E§,T2 was rectilinear
attesting to the homegeneity of the sample (Figure 35), In one
experiment thé slope of the linear relationship was shown to be
0582,

In this method a value for the effective partial specific
volume is complicated by the extensive detergent binding., If it
is éssumed that the binding of SDS for giobular proteins is 1.4 g
detergent per g of protein, as has recently been suggested (Pitt-
Rivers and Impiombato, 1968; Reynolds and Tanford, 1970), then
the resultant U' for the protein~SDS complex is 0,8275 (v

protein

= 0,747) or 0,.8215 (V = 0,731) using a value of 0,885 ml/g

protein
for the partial specific volume of SDS (Granmath, 1953). Substi-
tuting these value into the equation we obtain a melecular weight
for the protein-SDS complex of 46,000 or 44,500 respectively,

which, after correcting for the bound detergent, reduce to values

of 19,200 and 18,500 respectively,

Hofmann and Harrison (1963) determined the subunit molecular
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fé£&£¥l$§i; Molecular weight estimation by sedimentation equi-
librium in the analytical ultracentrifuge. The lipear relation-
ship was obtained for apoferritin dissociated by the anionic
detergent sodium dodecyl sulphate., The other curve was obtain-
ed for protein dissociated by alkali, the upward curvature

indicating non-ideal effects,

Both equilibrium runs were performed at 20,000 rpm and 20°c,
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weight by sedimentation velocity and approach to equilibrium .
and found this to be 38,000-41,000 at infinite dilution which,
after correction for SDS binding (0.5 g/g protein), gave a value
for the molecular weight of the subunit of 25-27,000, It is
clear that if they underestimated the amount of detergent bound
to the protein then the value for the molecular weight of the
subunit would clearly be too high., If the accepted value of 1.4
g SDS/g protein is substituted, then their data gives values of

18,100-19,600 (V 0.747) or 17,500.19,000 (¥
? b4 9

protein” protein”

0,731) which are in very good agreement with the present study,

Dissociation by Sodium Hydroxide.

Hofmann and Harrison (1963) observed that apoferritin could
be dissociated by treatment with alkali, It was hoped that by
the use of such a dissociating condition we could determine the
subunit molecular weight without recourse to UV ecorrections.

A typical plot of 1ln C versus r2 for this system is shown in
fFigure 3% and it can be seen that the relationship is no longer
linear,

It is known that plots uwhich concave upwards indicate polye
dispersity, and those which are concave downwards are an index of
non-ideality of the solution. It i1s thought that in this system
we have subunits and monomer, and ﬁerhaps intermediates and also
products of alkaline hydrolysis of the protein, all forming a very
complicated system. WNon-ideal effects arise because of steric and
electrostatic interaction of species in solution and can be de-
fined in terms of an empirical constant, the second virial
coefficient, The redistribution ache@ved at equilibrium leads
not only to a variation in molecular weight throughout the cell

but also the magnitude and number of virial coefficients change
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throughout the cell, Despite the fact thsl some workers have
managed to derive meaningful data from sedimentation equilibrium
experiments on non~ideal; polydisperse substances it was thought
that since the present system was very camplicated then such comw
plex treatment was not justified (Goldberg, 1953: Manelkern,

Williams and Weissberg, 19573 Rowe and Rowe, 1970),

Taking all the sedimentation equilibrium data together, then
it can be seen that, as a result of the discrepancy betuween the
measured and calculated V for apoferritin, the opposing views on
the effect of the various denaturants on the valus of U' and the
uncertainty in the extent of preferential binding of the various
denaturants to the protein, then the molecular weight estimatians
are subject to a rather large variation, Despite this, the appar=
ent subunit molecular weight is still substantially lowsr than

the value previously rcported by cother workers,

Table 9 summarises the results for the molecular weight
determinations of the subunit. It is clear that the polypeptide
chain comprising the horse spleen apoferritin molecule has a
molecular weight of the order of 18,500, Apoferritins isolated
and purified from a variety of other organs and species (horse
liver, human spleen and liver, human haemochromatotic spleen and
liver, rat spleen and liver and pig liver) were found toc be
indistinguishable in their subunit molecular weights fram the

horse spleen protein,

Sedimentation Studies on Undissociated Apoferritin,

In protein structural studies it is often of intersst to

know the number of subunits that constitute the monomeric protein.




Table 9. Summary of molecular weight obtained for the poly~

Pt

peptide chain of horse spleen apoferritin,
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Molecular Weight Method of determination
18,300 £ 300 50S-polyacrylamide gel electrophoresis
29,700-34,000 Sephadex gel filtration
18,800 % 400 Gel filtration in the presence of 6M guani-

dine hydrochloride

19,100 % 800 From the sum of the molecular weights of

the cyanogen bromide peptides

18,400 ¥ 80O Quantitative tryptophan determinations
15,100~18,700 Sedimentation equilibrium performed on
(using V =
0,731) and protein dissociated by 6M guanidine hydro=-
16,800~21,400
(using V= chloride
0.747)
18,400 & 800 Sedimentation equilibrium performed on
(using V =
0,731) and protein dissociated by 67% acetic acid and
19,500 * 900
(using V = dialysed into dilute glycine buffer
0.747)

- 18,500 Sedimentation equilibrium performed on
(Using U =
0.731) and protein dissociated by sodium dodecyl

19,200

(using V = sulphate (one oxperiment)

0747)
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To determine this with a protein containing identical, or at
least very similar, polypeptide chains is a relatively straighte
forward procedure in that , one is only reguired to determine tﬁe
molecular weight of the subunit and of the undissociated protein
and divide one by the pther,

The method we chose for the determination of the undissociat-
ad apoprotein's molecular weight was sedimentation eguilibrium in
the analytical ultracentrifuge. Since sediméntatimn equilibrium
suffers from the disadvantage that long time periods are required
for the attainment of equilibrium, we performed the initial ex-
periments by sedimentation velacity in an effort to sstablish
conditions i.e, solute concentration, pH, buffergionic strength
atc., such that aggregation to higher oligomers was minimal,

Sedimentation velocity experiments were performed at pH 6.4
and at various initial protein concentrations from 0,25 = 1.5 mg/
mle The dqta was plotted as the distribution of sedimenting
species, G(5), against SZD,u computed by a FORTRAN program on the
PDP 8/L digitsl computer and this is shown in Figure 36. At each
protein concentration the apoferritin sedimented as a single,
major component with a perceptible higher sedimentino species,
The latter constituted about 5% of the total material and was
assumed from its sedimentation coefficient value of about 275 to
be a dimer form of the protein. This was also detected using
schlieren optics as shown in Figure 37, Although this was pres-
ent even at low protein concentrations, it was not considered to
be a major source of error in molecular weight determinatian
since it was present in such small amounts.

Extrapolation of § values to zero concentration yielded

205w
a value for the sedimentation coefficient at infinite dilution of

17.12 as shoun in Figure 38. The concentration dependences ohser~
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Distribution of sedimenting species, G(S), shown as

g B et €

a function of the sedimentation coefficient, 520 W' This data
9

was obhtained from the experimental data by use of a FORTRAN 4

program on a PDP B/L digital computer.
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520,w
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Figure 37. Ultracentrifuge schlieren patterns of horse spleen
apoferritin., Sedimentation is from right to left, The protein
concantration was 4 mg/ml and the buffer used was 0,05M phosphe

ate, pH 6.4. Centrifugation was carried out at 40,000 rpm.
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Figure 38, Sedimentation coefficient (S ) of horse spleen

204w

apoferritin as a Tunction of protein concentration. Conditions

for the sedimentation velocity runs are given in the text.
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ved is characteristic of compact, glcbular macramolecules and
does not indicate an associationedissociation eqguilibrium under
the éunditions employgde

A similar series of experiments was carried out using a
variety of phosphate buffers at different ionic strengths
(Ce0MM = 0,2M) and distilled water. In all these studies aboub
5% higher agoregate was again found and it was apparent that such
aggregation was not dependent on ionic strength; at least for the
range considered, |

Similarly the data from buffers at a variety of pH values in
the range pH 5 = B8 showed no depsndence of such oligomers on this
parameter and as before the major sedimenting species was homoe

geftous with an of about 17-18S,

S209w

From these preliminary studies, the conditions for sediment.
ation equilibrium runé were sstablished and these were 0.01M
phosphate buffer, pH 6.4 carried out at a variety of protein
concentrations to see if mgpp was Concentfation dependent,

Figure 39 shows the results of sedimentggion equilibrium
of apoferritin under these conditions. The linearity of the plot
of log C versus r2 attests to the monodisperse nature of the
monomeric species. The data was analysed by the method of least
squares (regression coefficient 0.9997) and the value obtained
for dln C/dr2 was substituted in the eﬁuation and the apparent we-
ight average molecular weight computed.to be 443,000 using a
value of V = 0,731 or 469,000 using a valus of U = 0,747,

Some sedimentation equilibrium experiments were carried out
under the same conditions and the data processed on a Univac 1108
(National Engineering Laboratory, East Kilbride, Scotland) by a
FORTRAN program written by Dr. A.B. Barclay. The data for this

study was treated according to the mathematical analysis of
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Figure 39. Molecular weight estimation of undissociated horse
spleen apoferritin by sedimentation equilibrium in the analyti-
cal ultracentrifuge, The equilibrium runs were performed at a
spead of 4,000 rpm and a temperature of 20°C, Protein concen~

tration was G.9mg/ml (A} and 0.44 mg/ml (B).
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Scholte (1960} and consisted of fitting the best complete polye
nomial to the ln C,r2 data, The result obtained from such a
study was 430,000 % 22,000 (U = 0,731) for s concentration rangé
0,07 = 0,93 mg/ml and the M@Pp showed no concentration dependence.
The values obtained in the present study (Crichton, Eason,
Barclay and Bryce, 1972) are in excellent agreement with the pree
viously accepted value of 430..465,000 and this represents estimae
tions by a variely of physical techniques (Bjork and Fish, 1971;

Harrison, 19593 Rothen, 1944; Richter and Walker, 1967)

Isoelectric Focusing of Apoferriting

Before beginning a detailed discussion of a possible subunit
structure for apoferritin it is of interest to note that some
workars, using isoelectric focusing, cbserved a polydispersity in
apoferritin and voncluded that this was most probably a reflectw
ion of different types of subunit (Drysdale, 19703 Urushizaki,
Fukuda, Matsuda, Niitsu; Yokota and Kitago, 19703 Urushizaki,
Niifsu, Ishitani, Matsuda and Fukuda, 1971; Van Kreel, Van Eijk
and Leijnse, 1972), As this result is in conflict with some of
the physical and chemical investigations carried out in the preg-
ent study we decided to re~investigate the behaviour of apoferrie
tin by isoelectric focusing,

Since its introduction in 1961 by Svensson (1961) the techrie
que of isoelectric focusing has developed and received wide
application, As a technique it is extremely sensitive to small
changes in the sample, so much so, that resulis obtained from
this can be esasily everinterpreted if fairly extensive precautions
are not exercised.

The results obtained for isoelectric focusing in the range

pH 3~5 for various apoferritins are shown in Figure 40 (gels a~d),
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Figqure 40. Iscelectric focusing of horse spleen, horse liver,
human spleen and human liver apoferritins in the range pH 3 = 5
are shown in the first four gels repsectively (from left Lo
right). The fifth gel demonstrates the resulls ovbtained on
isoelectric focusing of a sample of lyophilised horse spleen
apoferritin in the range pH 3 = 5. The end gel shows an exam-
ple of isocelectric focusing of a sample of horse spleen apoe
ferritin in the range pH 3 = 10, 1In all cases the focusing was

carried out as described in the text,.
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There is only one band in each of the gels for the four different
proteins and the isoelectric point of each was approximately the
same., In the case of freezeedried horse spleen apoferritin we
frequently observed two bands which may represent native protein
and a denatured component (Figure 40, gel e).

The absence of any heterogeneity was also confirmed in the
range pH 3-10 as shown in Figure 40, gel f.

The only circumstance in which we observed multiple bands on
focusing in this range was with samples which had been lyophilise
ed although, some samples of lyophilised apoferritin also gave
only one band. We have observed thalt once a sample has been lyoe
philised it is frequently difficult to resolubilise and this was
also noted by Hofmann and Harvison (1953). From their study it
sgems likely that freeze~drying causes some denaturation,

Recently Bjork and Fish (1971) described the presence of two
peptides of molecular weight 11-14,000 and less than 5000 respsct-
ively, which together accounted For 10% of the total protein in
an apof“erritin:preparationo These workers assume that these
peptidas may be bone fida subunits, extraneous proteins bound to
the apoferfitin (although they do not consider this possibility
when they evaluate the molscular weight of the undissociated apo-
protein) or have resulted from a specific limited cleavage of the
proteine In all cur experiments with dissociating solvents we
have never been able to detect these peptides even with deliber-
ate over-loading of the gels (Crichton and Bryce, 19703 Bryce and
Crichton, 1971a). Of all the available electrophoretic techniques
the one with the greatest resoclution is isoelectric focusing and
even with this extremely sensitive technique and deliberate overs
loading of the gels we were still unable to detect these componen-

ts which may, therefore, merely represent dematured apoferritin
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or impuritics in the preparation,

The earlier investigation of isoclectric focusing of ferrit-
in revealed at leasl seven common bands and Drysdale (1970)
showed that this was not due to a variable ivon content since the
same pattern was observed with apoferritin. Apart from consider.
ations of buffer-protein interactions, other reasons for the
presence of multiple bands on electrophoresis could be (a) app-
lication of an impure ox denatured protein sample, (b) insuffi-
cient washing with trichloroacetic acid to completely remove all
the carrier ampholytes or {c) chemical modification of proteins
if persulphate is used as the catalyst for polymérisatiane With
regard to the first of ithese points it is obvious that if an ime-
pure sample is applied, one might reasonably expect multiple bands.
Lyophilisation may result in slight denaturation and this could
alsc lead to apparsnt polydispersity in gels,

With regard to the second possibility, it is obvious that if
the synthetic mixtures of aliphatic polyaminopolycarboxylic acids
which constitute the carrier ampholytes are not completely re-
moved from the gel prior to staining, these substances can give
rise to stained bands on the gel. Thus, only by extensive wash-
ing of these gels prior to staining can one avnid this prehlem
which could result in an incoﬁrect interpretation of polydispere
sity, Also it has been demonstrated that non-specific binding
of carrier ampholytes to proteins can occur and the presence of
these complexes cauld also result in a multiple band pattern foll-
owing focusing (Hayes and Wellnaer,196%). Recently this point has
been stressed by Lee and Richter (1971a,b) who found multiple
bands on focusing of ferritin. However, when the sample was re-
focused it was found that some of the bands were not consistently

present and it was concluded that these minor bands probably
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represented ferritin-ampholyte complexes. Thoss workers also
showed that, on free flow electrophoresisy, both ACI rat liver
ferritin and Reuber H«35 hepatoma ferritin had one major peak aﬁd
sgveral minor peaks and since the latter were not observed on
standanrd gel electrophoresis they concluded that they were un-
likely to represent distinct fisoferritins?! (Lee and Richter,
19716) .

Despite a few criticisms of the use of ammonium persulphate
as a polymerising catalyst, Drysdale (1970) Has apparently ruled
out the last possibility since similar results were ohtained on
focusing in a sucrose density gradient (unpublished observabion
quoted in Drysdale (1970)),

The results discussed here, however, clearly make it unlikee
ly that apoferritin molecules are heterogeneous and we conclude
that the polydispersity observed in the sarlier studies was an
artifact (Bryce and Crichton, 1972).

o

Subunit Structure of Apoferritin.

It would appear from these structural studies that the apo-
ferritin molecule, of molecular weight 437,000, consists of 24
identical subunits of molecular weight 18,500, A possible model
for such a structure is shown in Figure 41 and is one in which
the subunits lie at the vertices of a rhombo-cubo=tetrahedron.

Such a view 1s in disagreement with the previously accepted
concept of 20 subunits and, for this reason, the evidence on
which a value of 20 is based merits somes comment,

The molecular weight of the subunit was determined by
sedimentation~diffusion and approach-to~equilibrium techniques
and the value obtained was 25-27,000, As was stated earlier, if

the amount of SDS bound to the protein was underestimated then
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Figure 41. A model for a possible quaternary structure for

horse spleen apoferritin . The structure consists of twentye
four subunits placed at the vertices of a rhombo-cubo~tetra-
hedron. My thanks are due to Dr. £.3. Milner-White for helpe

ful discussions on possible quaternary structures of oligomers,
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this value would be atypically too highs

Although Harrison (1959) demonstated from preliminary X-ray
data that apoferritin exhibited 4:3:2 symmetry which is cunsist;
ent with 24 subunits, & more intensive study revealed a pseudo
5:3:2 symmatry which she interpreted as indicating that apoferri.
tin was composed of 20 subunits and Harrison suggested that these
would lie at the vertices of a pentagonal dodecahedron as was
shown in Figure 5 (Harrison, 1963),

The problem; however, with such a 20.subunit structure is
that the subunits cannot all occupy equivalent positions in the
structure, This means that there must be either at least two
different types of subunit or else the subunit must be able to
exist in two distinct conformations (Manson, 1968). As we have
seen above, there is no undispulted evidence as to the existence
of more than one type of subunit.

Further evidence on which a 20-subunilt structure was based
came from the observation that the number of tryptic peptides

“agreed
obtainedwell with the theorstical number from the lysine and
arginine content based on a molecular weight of 23,000.(Harri-
son and Hofmann, 1962), However, in view of the study with
turnip yellow mosaic virus, some caution should be observed in
interpreting such data. 1In the case of the coat protein of this
virus, the expsected number of spots based on the lysine and argi-
nine content were obtained from a tryptic fingsrprint, despite
the fact that 60% of the digest remained at the origin as a nine
hydrin negative spot, The reason for this spurious result was
that some peptides r;sultad from chymotryptic cleavage while
others represented products of incomplete digestion,

Further evidencs in favour of a 20-subunit structure was the

guantitative tryptophan determination of 21 residues / 480,000 g
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of protein. This work was repeated by several methods in the
present study and the valua obtained, 52,1 tryptnphan residues/
480,00C g apoferriting is clearly in disagreement, It can only-
be stated that the complex and indirect method employed by
Harrison and Hofmann (1961, 1962) could lead to inaccurate esti-
mates and the observation that there 1s only ome tryptophan-
containing tryptic peptide is not conclusive,

Mainwaring and Hofmann (1968) determined the N-acetyl groups
quantitatively and found 19.6 & 1 / 480,000 g protein, It is
possible that the indirsct method of estimating this is lass
accurate than would be required to distinquish between 20 or 24
subunits. This is also the case for the demonstration that
carboxypeptidase B liberates 19 moles of arginine and 15 moles of
lysine per mole of protein frem the C~terminus which has a «lyse
arg sequence (Mainwaring and Hofmann, 1968).

More recently,; direct evid;nce in fauourhof a 20«subunit
structure for horse spleen apoferritin came from high resolution

glectron microscopy (Easterbrook, 1970),

Electron Microscopy of Apoferritin.

In our studiss on the nature of reconstituted ferritin we
made use of electron microscopy as a means of identifying product
and during the course of these studies we found that thé microe-
graphs obtained for apoferritin were sufficiently deteiled to
allow speculation on the symmetry elements of the observed mole-
cules,

figure 42 shows an electron micrograph of horse spleen apo=-
ferritin. It can be seen from this figure that structures do
possess fine detail and in an effort to improve the image contrast

and thereby render this fine detail more visible we used the
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Fiqurse 42. High resolution electron micrographs of horse

Yo,

splean apoferritin.

Magnification x 500,000 3 % 1.9 million 3 and

X 3.2 million (from top to bottom),
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superposition technique of Markham, Frey and Hills (1863).

This was to photograph the ebject with 1/n times the normal
exposure then turn the object through 360/n deqrees and remphotbm
graph, again with an exposuré of 1/n x normal. This procedure
was repeated (n -« 1) times and the photographic platc developed.
If the object possessed n~fold symmetry then any fine detail
presant would be intensified while background noise would be
diminished. If the object did not possess sﬁch a symmetry then
the image would appear blurred. In the present study this was
repeated for several values of n. Filgure 43 shows the results
of such a technique and it can be seen that there is strong
evidence for a six-~fold symmelry which, from the model, can bo
sean Lo be consistent with 24 subunits at the vertices of a
rhombo-cubo~tetrahedrn,

In the earlier work of Easterbrook (1970) the image which
he uses as confirmatory evidence for a 20-subunit structure
merits some comment (for reference see Figure 7). If this is to
be compared with the model then tha central spa;e sHould be
larger than the others, since these are viewed at an angle, This
howsver, is not observed.

It enly remains to stress that such a technique is useful
as a rough guide to the subunit arrangement but is not really

capable of distinguishing between the two modsls,

Subunit Arrangement in Apoferritin.

Generalising from the various hypotheses put forward by
Crick and Watson (1956) and Casper and Klug (1962) it can be seen
that a 24-subunit structure is one in which it ls possible to
arrange identical units in identical enviromments to produce a

symmetrical struscture. Arranging identical units in identical
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Figure 43. Possible arrangement of the subﬁnitéiin the horse
spleen apoferritin molecule., The top image l1s a model of a
rhombo~gubo~tetrahedron and the drawing below this is a
representation of the appearance of a molecule with subunits
alt each of the vertices of suchJa’étructura. This compares
very favourably with an experimentally obtained high resolu-
tion electron micrograph of apoferritin that has been sub-
jected to the super-position technique (lower frame) as des-

cribed in the text (in this case n = 6),

Magnification x 5 million.
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environments necessarily procuces a symmetrical structure , and
there are only a neometrically limited number of kinds of symmetry,
The possible three-dimensional arrangements for a 24-subunit |
structure would be with the subunits at the vertices of a trunce
ated cube, a truncated octahedron or a rhombo-cubo=tetrahedron.

From our studies then, it can be seen that the results
strongly favour the concept of a 24~subunit structure for horse
spleen apoferritin and cast doubt on the conéept of a 20-subunit
structure, As Fuller (1969) has pointed outy, "for the same
reasons to thosse which favour the construction of macromolecules
from a linear arrangement of subunits through identical, equiw
valent linkages, those macromolecular assemblies which are cone

r

s%@cted by the binding of identical subunits in equivalent posie-
tions are more efficiently synthesised than those which are pro-
duced with little or no internal symmetry", It is a natural cons-~
equence that, for a 24-subunit structure possessing 4:3:2 symme
stry, it is possible to arrange identical subunits in identical
environments whereas, for a 20=-gsubunit structurs , as Cornish-
Bowden and Koshland (1971) have recently reported, it is impossie
ble to construct a pentagonal dodecshedron from asymmetrical
units (which the subunits must naturally be) such that they occwe
upy identical and eguivalent environments and dne has to resort
to a system of guasi~equivalencs.

Perhaps an appropriate comment at this stage would bs that

given by D!'Arcy Uentworth Thompson (1942},

"So here and elsewhere an apparently infinite variety of
form is defined by mathematical laws and theorems, and limited
by the properties of space and number, And the whole matter is

a running commentary on the cardinal fact that, under such




fosdera Naturel as Lucretius roecognised of old, thers are things
which are possible, and things which ars impossible, even to

Nature hersslfi.".

Once the protein's subunit structure had been elucidated, us
attempted to find out information concerning the pH stabilily of
the monomer, the pogsible nature of the environment of subunit -
subunit contacts and the chemical, reactivities of various groups
within the protein structure., The rsason for this course of acte
ion was to obtain a more detailed knowledgse of the protein's
structure and also to relate these properties to the function of

the protein.

The pl{ Stability of Apoferritin.

Studies at Acid pH.

Initially we chose the technique of sedimentation velocity
as a mebhod of monitering the disscciation of monomer inte subunits
as a function of pH. Sedimentaticn velocity nuns were carried
out as described sarlier (page 83), The results for the dissociw
ation and reassogiation of the protein are shown as a fuction of
pH in Figure 44, It can be seen that as the pH is decreased
there is a decrease in ths sedimentation coefficient of apoferri-
tin of 17-18S to a valua of about 2,55 with a sharp transition

~

between pH 2.8 and 1.6,

From the study of the resassoclation of dissocialed materisl
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Figure 44, The pH dependence of the dissociation of horse

spleen apoferritin. The percentage of slow-sedimenting species

was deltermined from concentration measurements from the scanner

traces.
Gty
B—3
[t ]
f—0

Dissociation of protein in 0,01 glycine buffer,
Dissociation of protein in universal buffer.
Reassociation of protein in dilute glycine and glycine-
acetate buffers.

Reassociation of protein in universal buffer. At pH
values greater than about pH 3.3 the protein precipi-
tated from solution and therefore the extent of

reassociation could not be sestimated,
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it is apparent that the process ls completely raversible but the
reassociation of subunits to monomer takes place at a more alkale
ine pHs In the case of dilute glycline and glycine-acetates buffe
ers the reassmniation.takes place 1.6 pH units higher, in the
region pH 3.0 = 4.4,

Beldw sbout pH 1.2; a high moleculay weight aggregate was
prosent whilch sedimented very much faster than monomer. It was
not possible to estimate the sedimentation coefficient of this
material and it was assumed to be acid-denatured protelin, It can
be seen from the difference in the dissoclation proflles of glye-
cine and universal buffers (0,23 pH units) that the stability of
the monomer is enhanced et lower lonic strength., This observate
ion may represent a case in which dissociation is enhanced by
interactimh of salts with ionisable side-chains of the protein,

a mechanism whigh has been frequently suggested for salteinduced
dissociation of proteins.

The protein used in thess studies was dissociated by 67%
acetlc acid in the cold for 1 hour. However, when protein which
was dissociated by dilute buffer at pH 1.5 was allowed to re~ass.
ovclate, an identical reassociation profils was obtained, This
demonstrates that the process is not vestricted to acetic acide
dissociated material and this, in itself, eliminates the possibi-
lity that the difference in the dissociatlon and re-assoclation
profiles was a result of aceltic acid bound te the protein.

In a study of the time~dependasnce of the systom, it was
shown that the percentage of subunit did not vary with increasing
time of dialysis; so that we can assume that we are dealing with
& system at equilibrium,

The data presented in Filgure 44 explains the findings of

Harrison and Gregory (1968) who demonstrated that treatment with
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67% acetic acid led to the dissociation of apoferritin into sube
units which were stable in glycine buffer at pH 3,0. In all of
the studies pressented here, no intermediates between oligomer ahd
subunit could be detected but, dus to the uncertainty in the
absolute value for the sedimentation wosfficient of the subunit,
it would perhaps be more correct to classify this as Yslow-sedle
menting® material.

The acid induced disscclation of apoferfitin was also invest.
igated by ultraviolel difference sg@ctrogcop§o ihen a neutral
solution of apoferritin was made acid, its spsctrum underwent a
blua shift (for a shift of the absorption epectrum along the wave-
length axis, [S);ax is taken positive for a red shift and negativae
for a blue shift). A typical difference spectrum for an apoe
ferritin solution at pH 3,06 relative to a solution at pH 1,63 is

~shoun in Figure 45, The gpectral data has been corrected for the

effects of light scaltering as described on page B85, From this

it can be seen that the acid differsnce spectrum shows wavelength

peeks at 280 nm and 287 nmy which is characteristic of a perturbed
tyrosine,.

When proteln subunits associate, chromophores, i.e. tyrosine,
tryptophan or phenylalaning, may be 'huried® at the interprotomer
surface. This results in an absorption change and the nature of
this change may be both gualitatively and guantitatively inter=-
preted, since the difference spectrum identifies the type of
chromophore, An example of such a study is the concentration -
dependent assoclation of insulin at pH 2,0 (Rupley, Renthal and
Praissman, 1967)., The difference spectrum obtained betueen solue
tions of 0,03 mg/ml and 26 mg/ml was characteristic of tyrosine i
andkhesa workers suggested that the formatlon of insulin dimers

affects the envirenment of one tyrosine residue. An instance in
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Figure 45. The acid difference spectrum for a 0.0688% solution
of horse spleen apoferritin measured at pH 3,063 relative to a

solution at pH 1.634, PMeasurements were made in 1.0 em matched
cells up to 400 nm and were corrected as in text for scattering

contribution

[&ﬂbsorbancs, difference in the absorption between the two solu-

Lions.
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uhiich no change in absarption eccurs is the o ;ﬂ-ﬁ dissociation
of glutemic dehydrogenase trimers to monomers (Cross and Flshaery
1965). Light scattering studies showed a considerable differcnce
in the degree of aggregation betwaen 0.1 mg/mi and 1 mg/ml solute
ians, Cross and Fisher (1965) interpreted this negative result
as indicating the absence of chromophorss on the sunfaces at
which association takes place.

It would appear then that the pmcess of dissociation of
apoferritin at low pH involves the tyrosine éhromophore in some
way. Flgure 46 shows a plat of the height of the tyrosyl differe
ence spectrum at 287 mm against protein concentration and it can
be sasn that, for the concentrations used in this study, adharance
to Beer's law was observed,

FMeasurements of difference spectrs wsre therefore made for
protein dissociated in dilute glycins and glycine~acetate buffers
at a variety of pH values In the range pH 1.5 - 3.0, with protein
at pH 1.5 as the reference, The spectra were corrected for iight
scattering and the difference in molar absorbancy at 287 nin,
ﬁ§52879 was plotted as a function of pH as shown in Figure 47,

As was the case in the sedimentation velogity studies; ree
association was performed with protein which had been dissocliated
either by buffer at pH 1.5 or by protein which had been treated .
with 67% acetic acide. The data obtained was treated in a similar
manner as that from the study of the dissoclation and is also

shown in Figure 47, Using a value of [§528 = 540 for the per-

7
turbation of a protein tyrosyl residue, it would appear that when
the pH of apoferritin is decrsased from pH 3.0 to 1.8, all five

of the proteints tyrosine residuss ars transferred from the inter-

lor of the protein into the solvent and the converss is true for

the re-association in the range pH 3.0 « 4.4,
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o Figure 46, Data from the acid difference spectra showing ad~
herence to Beer's law for the concentration range shown. Ab-
sorption measurements were corrected for the effects of light

scattering.
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Figufe 47. The pH dependence of the acid difference spectrum of
horse spleen apoferritin. Absorption measurements were correct=
ed for the effects of light scattering. Dissociated apoferritin
was dialysed against a variety of buffers at higher pH and the

data from the acid difference spectra is shown (transition from

pH 3.0 = 4,5)

o

Ae g difference in the molar extinction coefficient of
287nm

horse spleen apoferritin at 287 nm,
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From a comparison of this data with the sedimer%tion VELe
ocity data, it is clear that the deccrsase in the sedimentation
coefficlient exactly parallels the blue shift observed by ultra;
viclet difference spectroscopy. From these two studies, it
seems that on lowering the pH below pH 3.0, the apoferritin
subunits undergo a major conformatlonal change causing filve tyne
osine residuss to be brought from a hydrophobic region tu an
aguecus one. ‘

The only groups fonising in the pH region of interest here
(pH 1,0 = 5.,0) are carboxyls and, since the ionisation of these
cauges such major structural changes; it would appear likely
that these groups are strongly involved in maintaining the three
dimensional structure of apoferritin and perhaps are sven in-
valved in subunit-subunit Interactions.

According to Wetlaufer (1962), if the equilibrium observed
during disscciation involves only two microscopic gpecles; as in

tha case of carboxyl (-COOH) and carboxylate iom (~CO07), one

can calculate the apparent ilonisabtion constant, pK1 s as follows,

pK, = pH e« log [0( /(1 wol )]

where o is the fraction of one species and the valus obtalned
for qu is Ainveriant with Oﬁg within experimental error.

However, when a plot of the experimental data was constructe
ed of qu versys K ¢ a linsar relationship with zero gradient
was not obtained, as demonstrated in Figuré 48 and this implied
that more than two microscopic species wers involved. Since this
system appearsd to be an example of multiple equilibrla, we usre
interssted to see if the various rsactions occurred independent.

ly of one ancther, or whethsr they reacted in a co-operative

manner. Distinguishing between nonw-cooperative and coopsrative
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Figure 48, Plots of pK, against &%, where ol is defined as the

1

degree of dissociation.
Curve A was obtained by use of the equation of Wetlaufer (1962),

P, = pH - log @/ (1-%))

Curve B was obtained by use of the equation derived in this

study (see text),

pl(1 = pH - %109 (“/(1"0{))
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effects can sasily be determined by plobtting lmg[}é/(1 uc{{]
versus pHoand such a graph is known as a Hill plote. Uhen reactlons
oceur independently of one another, the slope of the line in thé
Hill plot is equal to unity while if co-operativity is expressed
then the slope obtained is greater than one.

In the dissociation of chicken egge-white macroglobulln by
acid, Donovan, Mapes, Davis and Homburg (1969) found from a Hill
plot of their data that the slope was close to unity and they
concluded thal the titratable groups of the protein which stabile
ize the subunit association and the conformation are non=cooperas
tive.

When the experimental data obtained for the dissociation of
apoferrcitin from sedimentation veloclty studies or ultraviolet
difference spectroscopic studies are plotted in such a manner, a
relationship was obtalned as shown in Figure 49, The reason for
the deviation from linearity at the extremes is that the errors
in these readings are quite significant; while the data in the
central region of the plot is the most accurate., From this plot
the gradient was found to be 2007.which indicates soms form of
co~operativity,.

For such co-operativily in a general titration system we

haves
Kk = -+
RH =L» R o« H
K o +
RZH Tl Rz 4 ﬁ
ROH  o=Rila Rf;“ + H
now, I% = h1ﬂ'[Hﬂ /EHHJ
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Figure 4%, The pH dependence of the dissoeiation and acid diffe
erence spectrum of horse spleen apoferritine. The data plotted

in this form is known as a Hill plot, ©( is the fraction of
slow-sedimenting material or the fraction of the total difference

spectrum of tyrosine at 287 nm,
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and K = k,‘@kzoooeaogokl

I¢
overall 1 e 1°n

R (T |
= [w", ilﬁﬁij/ﬁwﬂg

If we define ¥ as the fraction of deprotonated speciesf then it

follows thats

al
. (.. .
MU . TT{LMJ/&wﬂ}
izl & :
Kk . %:x./ (1 eot) €[]
ice, =log k = ulog{}&/(ﬁ o %2} w Nelog Wt
log X/ (1 =) = nopH = pK

From above 1t can be seen that n represents the number of
groups titrated. This means that the slope of the curve in the
Hil)l plot represents the number of groups being protonated. This
would indlcate that the dissociation of apoferritin into subunits
by acid is caused by the protonation of two carboxyl groups.

Uslng the theoretically dsrived equation above, it was poss-
ible to plot a theoretical dissociation profile for a given pK
and it can be seen from Figure 50 that this fits the experimental
data very well. Also by using this equation, it can be seen that
pK, is invariant with ol , within experimental error (Figure 48),

This then suggests that there are at least two carboxyl groups

involved in stabilising the quaternary structura of apoferritin
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Figure 50, Comparison of a theoretically derived dissociation
profile (dottéd line) with that obtained from the experimental
data (Full line)e

ol is the fraction of slow-sedimenting material or the fraction

of the total difference spectrum of tyrosine at 287 nm,
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and from the dilssociation profiles, the apparent pK values are
2,16 which is very low compared to the values of 3,6 for A -amino
groups and 4,73 for fiand}gwamino groups (Tanford and Cpstein,
1954).

It has been shown that hydrogen bonding of a tyrosine and
carhaxyl group (Figure 51) can cause a decrease in the pK of the
acid function but this would only amount to abeut 0.3 of a unit
(Laskowski and Scheraga, 19%4). It would also be possible to
have a carboxyl-carbaxyl double hydrogen bnn& system (Figure 51)
and this would lower the pK yet again. On the back titration of
the protein’s tyrosine residues it was found that the apparvent pK
was 3,78 whicih is much closer to the expected pK of an normal
carvboxyl group. This 1s to be expected since the dissociated
protein forms a more ‘open' structurs, as witnessed from the
snvironment of the tyrosine residues, and since the interaction
which imposes the restraint on the protonation of Lthese carboxyl
groups in the native structurc is no longor pressnt, then it folle-
ows that the pK observed will bs close to the inherent pK of that
titratable group.

With protein at pH 1.5 still as the reference; we analysed the
envirenment of the tyrosins residues in the region pH 0.0 « 1.5,
It was found that on decreasing the pH, the acld-~inducsd denatur-
ation blue shift was partially lost which suggested that in this
pH region some refolding and/or re-association was taking place
and this is in agreement with the study by sedimentation velocity
in which a fast sedimenting denatured product was observed.

For the acid dissociation of apoferritin we observed anothar
confarmational change in the region pH 3.0 « 3.5, In this study
we used protein at pH 3.0 as the reference and protein in the reg-

ion pH 3,0 « 4,0 as the sample, As showun in Figure 52, thae diff.
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Figure 51 * Possible hydrogen bond systems in proteins.
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Figure 52. The acid difference spectrum
splecn apoferritin measured at pH 3.241
at pH 2,977, Measurements were made in
up to 400 nm and were corrected for the

ering.
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ersnce spectrum obtained had a wavelength peak at 294 nm which
is characteristic of a perturbed tryptophan residue, The pere
turbation of this tryptophan was studied at a variety of pH
values and the molar absorbance changes at 2394 nm were plotied
as a function of pH as shown in Figure 53,

Using 4S§§94 = 1600 (Donovan, 1964, 1968) for the changs in
molar absorbance produced by the transfer of a tryptophan resie
dus from the interior of a protein into water, it can bs seen
that one tryptophan residue is involved in such a transfer in
apoferritin,

The carboxyl function being titrated in this region had an
apparent pK = 3.25 and the protonation of this causes a minop
conformational change in the environment of ons tryptophan res-
idus and it would appear that this is not involved in subunite-
subunit interactiong since no obssrvable change in the sedimente-
ation coefficient is apparent in this regiom., It is apparent,
howevery that the %transition is very sharp and this can be
tentatively explained in turms of a phenomenon which is referred
to as an tionisation explosion® (Scheraga, 1961), This manifests
itself as an abnormal stespening of the titration curve in the
region in which the carboxyl groups ionize. It has been demonse
trated, at least for bovine serum albumin, that such a titration
anamaly can be accounted for by carboxyl-carboxyl acetic acid
dimer-type bands (Loeb and Scheraga, 1956) and perhaps this is
the explanation in the present study, .

0n re-association, thes data is a little more complex to
interpret and the spectra shown in Figure 54 will help to explain
this: It can be seen that up to about pH 4,0 the only group
being perturbed is tyrosins, Howsver, at higher pH values ths

spectra have a long shoulder in the region 320 nm to 290 nme In
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Figure 53. The pH dependence of the perturbation of a trypio-
phan residue of horse spleen apoferritin., Measurements were

corrocted for the effects of . light scatteringe.
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Figure 54, The pH dependsnce of the perturbation of tryptophan

and tyrosine residues in horse splegen apoferritin. Measurements

were carried out in 1.0 cm matched cells relative to a solution

at pH 1.558%. All protein samples had been dissociated by acid

and then dialysed back into glycine-acetate buffers at higher

pH values,

(a) Protein sample pH 3,77

(b) Protein sample pH 4,12

(c) Protein sample pH 4.47

(d) Theoretical spectra calculated for the perturbation of five
tyrosine residues and one trytophan residue . Dotted lines

repraesent the absorption contribution from each of these,
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this region we were, in fact, monitoring the perturbation of the
tryptophan residus discussed sarlier. Using the molar extinction
coefficients for the perturbastion of "huried® tyrosine and trypé
tophan residues, then it is possible to construct a theoretical
spactrum for a protein with 1 tryptophan and five tyrosinss as
shown in Figure 54, It can be ssen from this that the agroesment
between the theoreical curve and the experimental cunrve at pH 4.5
is very good,

Using the equations derived by Herskovits and Sorensen

(1968),

€ , ~ & . ) <
097 wpgz(Protein) = a°A291 w293 EER) b°ZK291 . 2g3{tyr)

&

(protein) _ & ZN% !
286 - 288 aoll286 nga(trp) + bl 288(Lyn)

§

where a and b represent the apparent number of exposed tryptapﬁan
(tep) and tyrosine (tyr) residues in the protein, it was possible
to calculate the region of pH in which the tryptophan in the
dissociated form of the protein was *buried!, in the native form,
on re~assnciation. This was found to be pH 4.0 = 4.5,

To summarize thils data we will make use of Figure 55 in
order to avoid confusion by the rather large number of different
effects caused by changing the pH in the region pH 0.0 « 5.0,
This figure schematically represents the various forms in which

the apoferritin molecule can axist,

Studlies at Neutral pH.

Apoferritin was studied under nsutral conditions in the
range pH 5.0 « 9,0 by ssdimentation velocity in the analytical

ultracentrifuge. The sedimentation coefficisents were corrected




Figure 5%, Summary of the pH dependence of the dissociation,
the perturbation of the tyrosine residues and the perturbation

oft a tryptophan residue of horse spleen apoferritin.
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for tempesrature and c%ggntration and the results obtainzd are

shown in Table 10. It can be seen that, within the limits of exp-
erimental error, the ppotsin‘s sedimentation proper%ias are conste
ant in this pH region and the only species detectazble was moncmer.

In one experiment to try to detect the presence of a small
amount of subunit, the protein copcentration used uas'ZU mg/ml and
the cell was scanned at 230 nm at which wavelength, the optical
density of apoferritin is increased approximataly five«fold, 1In
this expariment we wopuld have been able to dﬁﬁect at least 0,05
pptical density units of nonegedimenting species and this would
have represented approximately one«twothousandth of the protein
material applied, UWhen the solution was sedimented, no reéiddal
non-sedimenting material was found as shown in Figurs 56a, That
we did not detect subunit does not prove that an equilibx»ium does
not exist, but rather that the equililibrium lies well in the direct.
ion of the monumer,

This experiment was also psrformed by gel filtratlon on a
calibrated Sephadex G=100 columnp\using the sams pretein concente
ration and monitoring at 286 nm and 233 nm. The results are
shown in Figure 56b and once again no subunit was detectabls.

Ultraviolet difference spectroscopy uwas applied to apoferrite
in in this pH region and the resulits were negative. This finding
does not, however, ruls out any minor conformational changes
that do not affect the environments of the various chrdmophores°
It does; howsver, imply that the titration of the imidazole groups
af apoferritin in this pH rangs does not give rise to some form
of charge psrturbation on the chromophdres as was observed for
pancreatic ribonuclease (Donovan, 1965). In this study Donovan
(1965) demonstrated a pH dependent tyrosine differsnce spectium

in the region pH 5=9, Howevern, the A& for the change was abnormal-
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Table 10, Sedimentation coefficients obtained for horse spleen
apoferritin in the range pH 5 « 9, These values uwere corrected
for concentration and temperature. The conditions for the runs

are given in the text,
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Figure 56. ' Studies on horse spleen apoferritin at neutral pH
(a) Typical scanner trace from sedimentation velocity run on
the analytical ultracentrifuge. Boundary (1) represents the
start of the run while the more diffuse boundary (2) represents
the end. Protein concentration was 20 mg/ml and the cells wers
scanned at 230 nm,

(b) Typical elution profile obtained from the chromatography of
a solution of horse spleen apoferritin on a éolumn of Sephadex
G~100 equilibrated with 041M borate buffer, pH 7.0. Protsein

was monitored at 280 nm (full line) and 233 nm (dotted line).
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ly low and he suggested that the dissociation of protons from
imidazole groups produced a direct slectrostatic perturbation of

a phenolic chromophore,

Studiess at Alkaline pH.

Sedimentation velocity experiments were carried out with
protein in the zegion pH 9 - 13.5 and the sedimentation coeffi-
cilents obtained were corrected for concentretion and tempsrature.
The fraction of the slowesedimenting material of the total was
expressed as a percentage and the value§obtained were plotted as
é furction of pH as shown in Figurd 57. The appaﬂént sedimantat-
ion coefficient for slow-sedimenting speciles at pH 13.0 was found
to be 0,02 which suggested, that at this pH; hydrolysis was prob-
ably oceurring. Since sedimentation véiocity was not a critical
test for such hydrolysis; we resortsd te gel chromatography on a
calibrated Sephadex G~75 column. By this method we were able to
detect products of aslkaline hydrolysis at pH valuess in excess of
pH 12:.2 » 12,4 whille in buffers below this value no hydrolysis
was apparent, In order to avoid complications oeccurring from such
products of hydrolysis, we studied the re-association of subunits
from pH 12.0 downwards and the results are shown in Figure 57,

It can ba sesn from this figure that the prnceéé of dissociation
is reversible and that the re-association follows the pH.dspend-
ent dissociation exactly,

Also shown in this Figure are the results of an alkaline
dissociation study carried out by Williams and Harrison (1968)
and it can be seen from compariseon, that the diffaeraence bstween
the two studigs is approximately 0.44 pH units. One possibility
for the disparity was the ionic conditions for the run, in the

prasent study universal huffer was used, while Williams and Harrie
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Figure 57. The pH dependence of the alkaline dissociation of
horse spleen apoferritine The percentage of slow~sedimenting
species was determined from concentration measurements from the

scanner trases,

g——-& Dissoclation of apoferritin in universal buffer.
0-——-0 Reassociation of apoferritin from protein which had
been dissociated at pH 12,0 and then dialysed into
universal buffer at a variety of lower pH values,
m;w“43 Results of Williams and Harrison (1968) for the
dissociation of apoferritin in 0.02M bhorate buffer.
f—d_y Results of Williams and Harrison (1968) plotted as

parcentage of subunit to monomer (see text),
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gson (1968) employsd 20 mfl sodium borate buffer, but this has not
as yat besn investigated, It should be noted, howsver, that the
data of thesc workers was obbtained for a dimer-enriched smlutioh
of apoferritin. Since thess workers showed that the dimers wers
resigstant to high pH values and, since the equilibrium that we
were investigating was monomer to subunit, then a better compari-
son of their data would be ohtained by estimating the fraction of
subunits to monomer plus subunits. When this is done, the agree-
ment between the two studies is much better with a A‘PKapp = 0,28,
In a similar manner to the acid dissociation study, ultraw
violet difference spectroscopy was employed to the study of a
variety of apoferritin solutions in the range pH 9.0 - 13.5, By
use of this technique it was found possible to titrate spectro-
photometrically all of the tyrosyl residues of apoferritine
Spectra were obtained for apoferritin seolutions at a variety
of pH values using protein at pH 7.5 as the refersnce solution,
Alkaline difference spectra were obtained, as shown in Figure 58,
miﬂ%hglwavslangth maxima at 294 nm which is characteristic of
ty;néineo.'Tha difference in the molar absorption coefficient at
294 nm was plotted as a function of pH as shown in Figure 59,
Using values of A§f5294 = 2357 for tyrosine and éflqé = 830 for
tryptophan for the alkaline difference spectra (Mihalyi, 1968) it
can be calculated that all five tyrosine residues have been dg-
protonated and from the apparent dissociation coefficient, pKapp
= 11.8; it can be seen that all of them have abnormally high pK
values, the normal being about 9.6 (Tanford and Epstein, 1954),
This is further confirmation that all of the tyrosyl resid-
ues ars inaccessible to solvent and can be titrated only after

unfolding of the polypeptide chain.

From a comparison of the data of the spectrophotometric
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Figure 58, Typical alkaline-induced ultraviolet difference
spectrun for horse spleen apoferritin measured at pH 12.92

relative to a solution at pH 7.52,
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Figure $9. Spectrophotometric titration of the phenolic groups

of horse spleen apoferritin.
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titration study and the alkaline dissociation study, it can be
sesn that, Just as in the case of the acid-induced conformational
change , the two parallel sach other very well., Thus it weuld
swsem reasonable to assums. that the digscciation of monomer to
subunit at alkaline pH values is caused by a major pH dependent
conformational change which yesults in the cleavage of inter and
intra-molecular hondso

From the appersnt pK of the change it should ba possible to
speculate on the nature of the groups involved in such bonding,
althaugh such axtrapolgtiona fnust obviously be made with caution.
The pKﬁpp obtained from this study was 11.8 and this would suggest
anomalous tyrosyl residues (involved in hydrogen bonding) or salt
linkages with €~amine groups of lysine (pK 10,53) or even the
guanido groups of arginine (pK 12 = 12.5)., As will be seen later
two lysyl residues and one arginyl residue per subunit are found
to be refractive to chemical modification and it is intersesting
to speculate that these groups may well be involved in the maine

tainance of the proteints quaternmany structure.

Chemical Modification of Apnoferritine.

In the thres-dimensional structure of a protein, ths side
chain groups of some amino acld residues may be present on the
surface in contact with the solvent medium and not intsracting
with the other side chain groups, Others may be buried in the

internal region and not accessibhle to tha solvent medium. Still
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others may be on the surface but blocked by the interaction with
the other amino acid side chaln groups and, thus, not bs avail-
able for chemical modification. A detailed study of the rsactive
ity of the amino acid residuss may give valuable information,

not only about the state of the particular amino acid residuas,

but also about the folding of the polypeptids chain ef the protein.

Modification at Tryptophan Residues.

The protein was modified by 2=nitrophenylsulphenyl chloride
exactly as described earlier (page 78) and the extent of modifie
cation was calculated by use of the molar extinction coafficient,
zﬁﬁ%ss = 4000, for 2»(anitrophenylsulphenyl)mtryptophan. The
reaction sequence Tor the modification is shown on page 176 and
the amino acid analysis of the modified apofercitin ls shown in
Table 11,

It can be sesn that the only group affectad by ths reagent
is tryptophan and this is quantitatively converted to 2-(2-nitro-
phenylsulphényl)wtryptophanp The modifisd protein was chromalo-
graphed on a calibrated Sephadex G=75 column and the elutisn
profile obtained is shown in Figure 60 . From this it can be
sgan that the protein elutes with the vold volume and none was
present 1n the reglon expected for the subunit, The modified proe
tein was also analysed by sedimentation velocity in the analytical
ultracentrifuge and gave a homogenesous sedimenting material with
a corrected sedimentation coefflcient, Szosw # 17,4 which ia inde
icative of apoferritin monomes From these two studiss it can be
sgen that modification of the two tryptophan residues does not
cause the protein to dissociate into subunits,

From the studles of the acld dissociation of apoferritin it

wag evident that one trypltophan was inaccessible to solvent while
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Table 11 Amino acid composition of tryptophan-modified horse
spleen apoferritin. The amino acid residues are expressed as

the number of residues pesr 18,500 g of protein.

* n

n.d, not determined.

Nps—tryptophan, 2-(2-nitrophenylsulphenyl )-tryptophan.
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Amino Acid Residue Control Modified
Cysteic acid ned Ned
Aspartic acid 1747 17,63
Threonine 5.23 5,21
Serine Bo77 8,99
Glutamic acid 23,91 23,77
Proline 2,16 2.51
Glycine 9,95 10,04
Alanine 14,04 14,05
Valine 6,92 697
Methionine 2.84 2,22
Isoleucine 3617 2,87
Leucine 24,94 25,11
Tyrosine 5,09 5,04
Phenylalanine 7462 7481
Histidine 5.89 5,87
Lysine 8.86 8,92
Arginine 9,72 9,66
Nps~tryptophan 0,00 2,03
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Figure 60, Typical elution profile obtained from the chromatoa
graphy of tryptophan-modified horse spleen apoferritin on a
eolumn of Sephadex G~75 equilibrated with 0,1M borate buffer,

pH 7.0. Protein was monitored at 280 nm and also 365 nm (dotted

line),

Modification was achieved by treatment with 2-nitrophenylsulph-

enyl chloride.
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the other was completely accessible. The conditions under which
chemical modification of tryptophan by sulphenyl halides was
carried out did; however, assure adeguate unfolding of ths poly-
peptide chain i.e. 50% acetic or formic acid (pH~1.8). At this
pH the Tburied® tryptophan would bs normalized and could easily
be medifisd. Once modified, the peotein can, on raising the pH,
re-aggsociate to give apoferritin monomers,

Altheugh the nitrophenylsulphenyl group introduced does not
greatly change the hydrophobic nature of the tryptophan side chain
it does constitute a significant sterie factor. As vet, we have
not investigatsed whether this steric factor ie significant
shough to excluds the modified tryptophan from the 'buried' region
that the group occupies in the native structure. This could
probably be determined by ultraviolet diffeiencsspsctroscopy in
the acid pH region using the difference spectrum of 2-(2-nitro-
phenylsulphanyl)mtryptophan as a measure of the minﬁr conformate
ional change in the region pH 3.0 -« 3,5,

It has besn observed by some workers that the pressnce of a
nitro-phenylsulphenyl=tryptophan does cause major conformational
changes (Parikh and Omenng 1971¢ Atassi, Perlstein and Habeeb,
1971). In staphylococcal nuclease the modified tryptophan lies
between two major stretches of A~helix, and although the modifie
cation causes major disruption of K«hellx, as witnessed by
ejgalar dichroism, the speciflc activity of the protein is not
significantly altered (Parikh and Omenn, 1971) whereas in lyso-
zyme the nitrophenylsulphenylemedifiad protein, which again has a
significant conformational change, is reported to have no enzymic
activity (Atassi, Perlstein and Habeeb, 1971),

It will be seen later that ths nitrophenylsulphsnyl-modifiled

apoferritin does retain full activity and this would certainly



w 2786 «

suggast that tryptophan is not involved directly in the catalytic
function of apoferritin, but there may be prasent a small, as yst
undatented, conformational change and this is being investigated

at present.

Modification at Tyrosine Regidues,

Since the first studies on the use of tetranitrowethane as &
selective agent for modification of tyrosine residues in proteins
(Sokolovsky, Riordan and Valles, 1966), the technigque has hesn
used in a great number of studies to determine the accessibility
of the tyrosine residues to modification (Cuatrecasas? Fuchs and
Anfinsen, 1968, 19693 Christen and Riordan, 19683 Irie and
Sawada, 1967).

The reaction of tyrasine with tetranitremethane is shown in
Figure 61, It has been shown that the reagent can also react with
cysteine as shown in the figure and, in one case, a tryptophan
residue was modified (Cuatrecasas, Fuchs and Anfinsen, 1968).

Apoferritin was treated with tetranitromethans as described
on page 88 and the course of the reaction was monitored at 428 nm.
The results are shown in Figure 62, Using an GﬂQS = 4200
(Sokolovsky, Rioﬁdan and Vallee, 1966), a value of 1.03 was
calculated for the number of tyrosine residues orthonitrated.

An aliquot of the modified protein waes hydrolysed and the
amino-acid composition of the resultant hydrolysatso was determined,
Nitrotyrosine was observed to elute on amino acid analysis just
after phenylalanine as shown in Figure 63 and the ninhydrin col-
our factor was determined from a commercial sample of nitrolyrde-
sins, The results of amino acid analysis indicated the presence
of 0,96 nitrotyrosyl residues and 3,89 tyrosyl ressidues per sube

unit and it can be seen from a comparison between this and the
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Figure 61. Reaction sequence for the nitration of tyrosine and

cysteine residues by tetranitromethans,
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Figure 62, Nitration of horse spleen apoferritin by tetranitro=-
methane monitored spectrophotometrically, Nitration was carried

out at pH 8,0 and the protein concentration was 1.54 mo/ml,
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Figure 63, Analyses of the neutral amino acids in untreated
horse spleen apoferritin (upper trace) and tetranitromethane-
treated apoferritin (lower trace)e The peaks in order of
elution represent; isolsucine, leucine, tyrosine,; phenylala-

nine and 3-nitrotyrosine,
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control that the amount of nitvotyrosine plus tyrosine in the
modified protein is sgqual to the amount of tyrosinse in the une
treated protein within the limits of the experimental srror as
shown in Table 12,

The degiee of modification determined by spectral measurse
ments agrees very well with the results of amino acid analysis
and becauss of the relatively limited reaction time, formation of
3p8=dinitrotyrosine was not detected,

It has been reportsed in some Instances that nitration of
proteins caused intermolecular cross-linking asa result of co=
valent cross-links Tormed between tyrosine rosidues (Doyle,

Bello and Roholt, 1968; Boesel and Carpenter, 19703 Vincent,
Lazdunski and Delaaga, 1970), Tuwo tyrosine residues linked by
biphenyl bonds gives ‘dityrasine!’ [?92°ndihydroxy~595'mdim(ZuQarm
bnxymZnaminosthyl)biphanyl] which is compound I below, while
thres tyrosines give [%ﬂZV,2“«trihydr0xym5,5'95“9~trim(2ucarboxyw
Zmaminoethyl)terphenyi] s wompound 11, and these compounds have
been detected following treatment of tygposine with tetranitrometh

ane (Williams and Lowe, 1971)

OH OH

(1) (11)

These probably arise as a result of a condensation reaction bete

ween phenexide anions,
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Table 12. Amino acid composition of tyrosine-modified horse
spleen apoferritin. Amino acid residues are expressed as the

number of residues per 18,500 g of protein.

n.d, not determined,
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Amino Acid Residue Control Modified
Cysteic acid ned 1,83
Aspartic acid 1727 17.73
Threonine 5,20 5.55
Serine 9,01 8,51
Glutamic acid 23.82 23,79
Proline 2431 157
Glycine 9,60 10,05
Alanine 13.55 13.67
Valine 7,02 6.28
Methionine 2,83 2.85
Isoleucins 3.44 3462
Leucine 24,93 24,99
Tyrosine 5,02 3.92
Phenylalanine 7461 7445
Histidine 5,88 5,39
Lysine 8,69 8.21
Arginins 8.77 10,06
Tryptophan ned ned
Nitrotyrosine 0,00 0,96
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which have been implicated in the mechanism of the nitration

reaction (Beuice, Gregery and Walters, 1968).

To test if such cross-linking had occurred as a result of
rniitration of horse spleen apoferritin we examinad the protein by
sadimentation velocity in the analytical ultracentrifugs. Uhen
a sample of thse nitrated apoferritin was sedimented in the ultra-
centrifuge there was no slow-sedimanting material, indicating
that nitration of one tyrosine residus had not caused the protein
to dissociate., Although the majority of the protein sedlmented
with a sedimentation coefficient of 16,9 (indicating monomer),
there was a vontinuous concentration-dependeint association pheno-
mena observed, As the protein was belng centrifuged, oligomers
sedimentsd fast to the bottom of the cell. This caused a rediste
ribution in the monomer speciss (about 10% of the total) and some
material aggregsted to higher oligomers and this equilibrium-type
situation continued for the duraticn of the run. This has un-
fortunatsely not, as yelt,; been studied by gel chromatography which
would perhaps provide more readily interpretable data for this
re=distribuytion, This aspsect of the modification is currently

-
being lnvestigated.

The reactivities of tyrosyl residues are, in part, a reflect-
ion of their exposure to the solvent, particularly in the nitrati-
on of the protein with tetranitromethane because of the relative
mildness of the rsagent. It would appear then from the nitration
of apoferritin that one tyrosine ls accessible to the reagent.

Howsver, it will be remembered that the results from the spectro-
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photometric titration studies, both in the acid and alkaline
region, led to the view that all the Lyrosine residuss were ine
accessible to solvent (page 224 & 262). Myers and Glatzer (1971)
have, houwever, rscently stated that cauvtion should be applied in
interpreting such data and that; the accessibility of tyrosins to
tetranitromethane cannot always be teken as a measurs of the ex-
posurs of this residue to the polar solvent in which the protein
ie dissolved., On nitratlon of subtilisin with tetranitromethane,
a reagent whose action is presumably dependent on the environmant
of the tyrosine residues, these workers héue obtained evidence
that in some cases phenolic groups in apolar locations can be
preferentially nitrated.

The tyrosine nitrated in spoferritin may well be an example
of such a situation and {this would be a possible solution for ths

causs of ths apparent disparity between the two studies.

Modification at Lysine Residues.

The conversion of protein amino groups to guanidineo oroups
by o~methyliso®wmsmurea salts (Hughes, Saroff and Corney, 1949
Roche, Margue and Baret, 19543 Bello, 1955) has been shown to be
both highly selective (Chervenka and Wilcox, 19563 Klee anq
Richards, 1957) and patentially useful in the study of chemically
modified proteins and in sequence studies,

It has been damonstraﬁed that; on modification at pH 10.5,
lysina residues are converted quantitatively to homoarginina
residuss and little or no other modification was observed (Hughes,
Saroff and Corney, 1949; Roche, Margue and Baret, 19543 Plapp,
Moore and Steiny 1971) although modification ¢an occur to a
minimal extent at the ™-amino group of the N=terminal amino agid

(Kimmel, 1967) and also at a cysteinyl residue of papain when
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cerried out at pH 7.0 as shown in Figure 64 (Banks and Shafer,
1972), Also shown in Figure 64 is the reaction sequence for the
guanidination of lysine residues by o-methylisormmures,.

The most direct and precise mothod for the estimatilon of the
extent of guanidination is to determine the homoargining content
of the protein hydrolysats. This amino ascid is stable to acid
hydrolysis and on amino acld analysis it elutes as a symmetrical
but slightly broad peak which elutes after arginine. In the
pressnt study homoarginine was assumed to have the same colour
factor as arginina.

The guanidination of lysine residuss has been found usaeful
for studying the environment and essential nature of lysine side
chaing in proteins amnd it has been shown in a great many casss
to extensively modify the lysine residues with 1little or no
affect on the protein's enzymic activity (Chervenka and Wilcox,
19564 Shilelds, Hill and Smith, 1959).

A further use of this medification procedure comes in seque-
nce studies since trypsin is unable to cleave the peptide bond
at homparginine (Shields, Hill and Smith, 1959). This not only
facilitates the ordexring of the possible peptide alignments but
also provides larger peptides which are usaful, both for the
automatic protein sequenator of Edman and Begg (1967) and the
peptide sequencer of Laursen (1971).

In the present study, the apoferritin was reacted with o~
methylisowmeurea as described on page 89 and the reaction was
terminated by extensive dialysis,

On amino acid analyeis of the hydrolysate of the pure, modi-
fied protein, a dacrease in the lysine content was ohservad with
a corresponding appeearance of homoarginine as shown in Figure 65,

Tha amino acid composition was calculated and is shown in Table
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Figure 64, Guanidination of lysine residues in a protsein by
treatment with o-methylisommsurea at pH 10.5. The amino acid

residue formed by this reaction is homoarginine. (A).

g-methylisowmmurea can also react with cysteine residues to

form @-methylcysteine (see text). (B)
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Figure 65, Analyses of the basic amino acids in untrested

horse spleen apoferritin (upper trace) and O-methylisoisessurea
. «t

~treated apoferritin (lower trace). The peaks, in tHe order of

glution, represent histidine, lysine, ammonia, arginine and

homoarginine.
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13, From this it can be sesn that lysine was the only group
modified and the sum of the lysine plus homoarginine was always
found to be equal to the lysine content of the untreated protein;
within the limits of the experimental error

In the prasent study, no guanidination of the N-terminal
™ «amino acid would be expected as this group is Neacetylated,
The modified protein was chromatographed on a calibrated Sephae.
dex G=75 column and a typical elution profile obtained is shown
in Figure 66, From this it can be seen that the protein elutes
as a single homogeneous species and no subunits or intermediates
were present. That the modified protein remeined as monomer
was further verified by the presence of a single sedimenting
species with a sedimentation coefficient, SZDQLU = 17.0 when sub-
Jected to sedimentation velocity in the analytical ultracentri-
fuge,

From these studles, 1t cen be seen that seven of the nine
lysine residues in apoferritin can be guénidinated by o-methyle
isowmmsirea and that the modification of these groups does not
cause the monomer to dissociste into subunits.

It is quite praobable that ths groups reacting most readily
with this reagent are likely to be the most available spatially
and, that unavailability of the remainder could bs due to their
involvement in strong salt bridges although the modified amino
groupsg could also participats in ionic or hydrogen bonding with
only slightly less effectiveness than the primary amino groups.

From the study of the alkaline dissoclation of apoferritin
it was suggastéd that salt linkages could be involved in the
maintalnance of the native structurs andithe pK for these was

shouwn to be about 11.8.

The present modification by o-methyliscemmurea was carried
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Table 13. Amino acid composition of lysine~modified horse
spleen apoferritin, Amino acid residues are .expressed as the

nunber of wesidues per 18,500 g of protein,

n.d, not determined,
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Amino Acid Residue Control Modified
Cysteic acid ned Ned
Aspartic acid 1773 17,69
Threonine 5655 5,60
Serine 8.47 8,78
Glutamic acid 2355 2387
Proline 2431 2,64
Glycine 10405 9,94
Alanine 13467 13,90
Valins 6633 A,60
Methionine 2441 2,26
Isaleucine 3435 2,93
Leucine 24,49 24,87
Tyrosine 5.11 4,58
Phenylalanine 7.07 7438
Histidine 5449 5,67
Lysine B.77 1692
Arginine 10,02 0.84
Tryptophan ned Ned
Homoarginine 0,00 B.66
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Figure 66, Typical elution profile obtained from the chromato=
graphy of lysine~-modified horse spleen apoferritin on a column

of Sephadex G-75 equilibrated with 0,1M borate buffer, pH 7.0,

Protein was monitored at 280 nm,

Modification was achieved by treatment with o-methyliso -

urea (see text),
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out at pH 10,5 at which valus no disscoclation was observed and
therefore if such salt-linkages oeccurgthen, at this pH, they
would be expected tw be intact. It is possible, therefore, thaﬁ
either one o» both of the lysine residues that are refrasctive to
modification by ovemethylisosmmurea aie invelved in stabilization
of the native structure by a salt lipkage. An interssting extene
tion of this study would be to guanidinate the apoferritin in the
presence of a denaturant, say 1% sodium dodeéyl sulphate; and see
if all the lysine groups are modifisd. If so, it would be intere
esting to see if the protein subunits were then able to reassoci-
. ate to monomer. Howaver, thils aspect of the modification has,
unfortunately, not as yet been investigated.

The catalytic activity of the modified protein will be dis-

cussed at a later stage,.

Modification at Arginine Residues.

Since the pK for arginine groups in proteins is very high
(>>12) this amino acid normally occurs in the protonated form and
this, together with the resonance stabilization of the guanido
group, make it a relatively difficult group to modify epecificale
ly. The amino groups of arginine residues can condense with
carbaonyl groups to give Schiff bases but these reactions are
normally reversed on acidification with the regeneration of arge
inine., Housver, it has been demonstrated that the Schiff bases
can be stabilized if heteroccyclic xnings are formed during the
course of the reaction, An sxample of this is ths reaction of
1,2-cyclohexanadions with arginine giving a final product of
Nsu(émoxon1,3~diazaspiro [doéj non-2«ylidene )~L=ornithine which

is stable to acid hydrolysis (Figure 67),

The reaction of cyclohexansdione with apoferritin was carri-
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Figure 67. -Reaction sequence for the formation of N5~(4mox0~
1,3~diazaspiro[4°4]nonm2~ylidene)~Lm0rnithine residues by the

reaction of 1,2-cyclohexanedione with arginine residues.
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sd out at pH 10.9 as described on page 90,

A sample of the modified protein was hydrolysed and the
hydrolysate was analysed by ion=axchange chromatography on a Jenle
co amino acid analyser. The resultg for this analysis are shown
in Figure 68 and it can be seen that the arginine content of the
modified protein is significantly lower than that of the contrel.
The amino acid composition of the modified protsin was calculated
and is shown in Tables 14,

In order to determine the slution position for Nsm(amoxog
a,Smdiazaspiro[ﬁoélnon«Zmylidene)mLﬂornithinB on amino acid anale
ysis by the standard method, we modified a small amount of free
arginine by the same procedure, The amino acid analysis of the
sanmple was then determined routinely and the elution profile for
the basic amino scids is shown in Figure G9. No material was found
on the long column as would be expected for acidic and neutral
amino acids. On the short column, a peak corresponding to un-
roacted arginine was found and also a peak in the position of
ornithine which is reported to bs a by-product of the reaction
causgd by alkaline degradation of the Nsw(4noxmm1,3mdiazaspiro
@o{lnonu2my1idena)uLmDrnithine (Toi, Bynumy, Norris and Iltano,
1967), Two small peaks were observed in the region of ammoenia
and these have not, as yet,; been identified, The Nsm(émox0m193m
diazaspiro[ﬁoéjnoan»ylidane)anornithina elutes in a position
almost identical to that of lysime., For this reason of the
complexity of products on arginine modification we have, as yet,
been unable to quantitatively identify the products of the react-
ion and at present we can only say that nine of ths ten arginine
residues are appearently reactive with 1,2-cyclohexanedione; while
ons rasidus appears to be refractive, Measurements for the other

amino acid residues in apoferritin indicate no significant aller-
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Figure 68, Analyses of the basic amino acids in untreated
horse spleen apoferritin (upper trace) and 1,2mcyclohefxan8w
dione~treated apoferritin (lower trace). The peaks, in
order of elution, represent lysine, histidine, ammonia,

arginine and arnithine.
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Table 14. Amino acid composition of arginine-modified horse
spleen apoferritin. Amino acid residues are expressed as the

number of residues per 18,500 g of protein.

n.d, not determined,
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Amino Acid Residue Control Modified
Cysteic acid ned Ned
Aspartic acid 17455 17,94
Threonine 5452 5.55
Serine 9,02 B.75
Glutamic acid 23,36 23,99
Proline 2,44 2.89
Glycine 9,90 9.81
Alanine 13490 13,78
Valine 6.93 6.17
Methionine 24,64 2,19
Isoleucine 3:11 2.85
Leucine 24,87 24,89
Tyrosine 5,14 5,02
Phenylalanine 7438 7.63
Histidine 5.67 5,59
Lysine 8,54 ned
Arginine 10.01 0,86
Tryptophan Ned Ned
Ornithine 0,00 0,87




Figure 69, Analysis of the basic amino acids in the product of
the reaction of free arginine with 1,2-cyclohexanedione. The
elution positions for known amino acids are indicated. The
peaks which have.been identified are, in order of elution, Nsm ~

(4wox0m1,3~diazaspiro [464] non=2-ylidena )eL=ornithine (CHO~ARG),

unreacted arginine (ARG) and ornithine (ORN).
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ation in any of these groups.

It can he seen that the reaction appears to be specific for
the gquanido group although, some workers have obtained a partiai
loss of cysteins, possibly as a result of ths strong alkaline
conditions used (Kassell, 1967). This side reaction has also bsen
observed by other workers who demonstrated that the use of 0.2M
sodium hydroxide as the solvent for modification of arginine by
cyclohexanedione caused the destruction of disulphide bondes in
certain disulphide-contalning proteins (Habeeb and Habeeb, 1971),
They also showed that when the reaction was carried cut in 0,1M
triethylamine at pH 10,9, no such reactions occurred and for this
reason this solvent was chosan for the present studys

The pH for the reaction was 10.9 and it can be seen from
Figures 57 and 59 (pages 260 & 265 respectively) that at this
pH value the conformation of apofervitin will probably still be
repyresentative of the native state. If this is the case, then it
would appear that nine of the ten arginine residues are accessible
to the reagent while one residus is refractory., As with the case
of the two refractive lysyl residues, this arginine could bs ine
accessible to the modifying reagent because it is at the surface
of contact of subunitesubunit interaction, possibly in the form
of a salt linkage.

The modified protein was analysed by a combination of gel
chromatography on a calibrated Ssphadex (G-75 column and sedimenta-
tion velocity in the apalytical ultracentrifuge and found to
exist as a homogenesous species which corresponded to apoferritin
monomer (Figure 70).

The catalytic activity of the arginine-modified protein was

axamined and thils will be discussed at a later stags.
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Figure 70, Typical elution profile obtained from the chromato-
graphy of arginine-~modified horse spleen apoferritin on a
column of Sephadex G-75 equilibrated with 0.1M borate buffern,
pH 700; Protein was monitored at 280 nm,

Modification was achieved by treatment with 1,2~cyclohexane-

dione,
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Modification at Cysteine Residues.

By Polarogiraphic Titratione

By making use of the fact that free sulphydryl groups (—SH)
will react with mercury salts to form mercaptide bonds, it has
been shown possible to estimate the thiol content by polarograph-
ic titration,

Essentially, this method consists of maintaining a solution
of phenylmnercuric acetate at an applied potential. The heavy met-

al salt lonises to give,

¢ O Y Hg " + CH,C00”

and the phenylmercuric lons (PhHg+) migrate to the cathode and
thereby cause a current known as the diffusion current. If, hou=
BVer, anyvmaterial ig present that 1s capable of complexing with
the PhHg+ ions then the diffusion current is decreased, More
phenylmercuric acetate can be added until the complexing material
is saturated and at that point the diffusion current increasss
shatply.

A typical polarographic wave is shown in Figure 71. The
potential was gradually increased and the corresponding value of
the current was recorded aﬁtomatically, The discharge of each ion
species is accompanied by a ‘wave'! represented by an increase of
current until a constant current,; the diffusion current (id)9 is
reached., Thse height of the wave, id’ is proportional to the
concentration im the solution of the ion being discharged. The
potential at the centre of the rising part of the wave is refer.

red to as the half-wave potential and serves to identify the ion,
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Figure 71, Schematic representation of a typical polarographic

wave. id represents the diffusion current.



- 311 -

Current (arbitary units)

iy
TR ———
('d
L"(q
Yy,
T4 X L \ ) i }
-0,6 -0.5 O -0.3 -0,2 0.1 0.0

Electrode Potential (volts)



#
£

-y

N
H

It can be seen that at the applied potentizl used in these
experiments; ~0,6 volts, we were within the platzau region.

The theory of this method has been outlined by Cecil and
Snow (1962).

The results of the experiments for horse spleen apoferritin
arg shown in Figure 72, Also shown in this figure are the pre-
dicted titration curves on the basis of 2 and 3 free sulphydryl
groups per subunit. It can be seen that in the present study, we
ware unable to titrate polarographically any sulphydryl groups
and this suggests that the 1 cystine found on amino ascid analysis
is present as cystine in the native structure of the protein,
Alternatively the thiol groups could be refractive to treatment

with phenylmercuric acetate,

By Raaction with 5,5' -~ Dithiebis(2-nitrobanzoic) Acid.

The schems for the reaction of sulphydryl groups with 5,5%=
dithiobis-(2=nitrobenzoic) acid (DTNB) is outlined in Figure 73.

A solution of apoferritin was incubated at pH 8.0 or 9,0
with DTNB under the conditions described on pags 87 and ths
reaction was monitored at 412 nm. The reaction was allowed to
proceesd for 4 hours at 25°C after which time there was still no
significant increase in the absorbancy (0.016 moles/18,500 g
protein). the protein was incubated in 1% SDS and the procedure
repeated. Again there was no liberation of thiolate ion, indicat-
ing thet there wers no reactive sulphydryl groups.

5,5'dithiobis-(2-nitrobenzoic) acid, Ellman's reagent, was
designed as a specific reagent for thiol groups (Ellman, 1959) in
1959 and since that time it has proved eminently successful as
shouwn by the numerous papers describing its use. It has been used

for the determination of the total, the protein-bound and none-
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Figure 72. Determination of thiol content of horse spleen apo-
ferritin by polarographic titration. The solution contained
protein at a concentration of 0,058 mg/ml, sodium dodecyl sulphe-
ate (1%), potassium chloride (35mM) and sodium sulphite (50mM).
The capacity of the polarographic cell was 4 ml, Titrant

(phenylmercuric acetate, 0.5 mM) was added in 10 Pl aliquots,

@—~@ Results oétained from the present study.

0—0 Theoretically derived results based on a thiol content
of two cysteine residues per 18,500 g protein (see text)

A—>N0  Theoretically derived results based on a thiol gontent

of three cysteine residues / 18,500 g protein (see text)
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Figure 73, Reaction of cysteinyl residues with 5,5'~dithiocbis~

(2-nitrobenzoic) acid,
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protein bound sulphydryl groups (Sedlsk and Lindsay, 1968) and
also for the determinaticon of disulphide groups in protsins
(Cavallini, Graziani and Dupre, 1966; Zahler and Cleland, 1968),
The technique wag further developed for the location of thiol
groups with differing reactivities at various levels of denatur-
ants which render originally ‘masked' thiol groups acce%?bla to
the reagent (Malkin and Rabinouwitz, 1967; Younathan, Pastkau and
Lardy, 19683 Eéglasy Johnson, Jdoynson, McMurray and Guifreund,
1969 ),

To ensure that the resagent was still functional we reacted
it with glutathione and cobserved an absorption change at 412 rm.
The change in molar absorption coefficient was evaluated and
agreed well with the value indicated by Ellman (1959),

The result for apoferritin strongly suggested the presence
cf a disulphlde bond and if thers was another sulphydryl group
then it would have tc remain inaccessible to the reagent even
aftenr S5D0S~danaturation. Alternatively, the protein bad either
two or three sulphydeyl groups and all of these would have to

remain ‘buried' on denaturation.

By Reaction with Iodoacetic Acid.

Apoferritin that had been reduced by 2-mercaptoethanol was

an in the absences and in the

reacted with iodoacetic acid - 2 -
presence of sodium dodecyl sulphate as denaturant as described
on page 86,

The purified labelled protein was run on a calibratead
Sephadex G=75 column and the eluant was monitored at 280 nm.
fFractions were collectad and examined for radicactivity and the

results of such a study are shown in Figure 74, Protein conce

entration was determined by amino acid analysis and by use of a
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Figure 74, Typical elution profile obtained from the chromata-
graphy of carboxymethylated horse spleen apoferrvitin on a cole
umn of Sephadex G~75 équilibrated with 0.1M borate buffer, pH
7.0, Protein was monitored at 280 nm.

Carboxymethylation was achieved by treatment with iodecacetic

acid at pH 8.6,
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specific gxtinction coefficient, Elf&(ZSU) = 9,81, Thugs, by

knowing the protain concentration of a sample of carboxymethyle
ated apoferritin éﬂd also the specific activity of the labelled
icdoacetic acid, it was possible to calculate the number of
groups carboxymethylated. The value for the number of qroups
modified was found to be the same, both in the absence and prage-
ence of denaturant, and this was 3,05 & 0,07 residuss per 18,500
g af protein.

A typical amino acid elution profile Fﬁr carboxymsthylated
apoferritin is shown in Figure 75, It can be sesn that a peak
caorresponding to S—carboxymathyleysteine is present and this lies
just ahead of aspartic acid. No cystine peak can be ohserved,
Another new peak elutes after alanine and prior to the normal
elution position of cystine and this was identifised as 3-mono-
carboxymethylhistidine,

The amino acid composition was determined for the modified
apoferritin and ths resulits are shown in Table 15, It can ba
saen that, the ioss of cystine is balanced by the appearance of
two residues of S-carboxymsthylcystelne per 18,500 g protein
and also the decrease in the histidine content by ébaut one resie
dua is matched by the appearance of a single residus of 3-mono-
carboxymethylhistidine, using the same colour factor for 3-mona~
carbaxymathylhistidine as for histidine.

Betwsen them, these residues account for the three carboxye
methylated residues found by radicactive labelling studies,

The reaction sequences for the formation of thase carboxymes
thylated amino acids are shown in Figure 76.

It has been demonstrated from studiss with molecular models
that in acetyl-l-histidine the 1-position is markedly hindered

sterically, both by the carboxyl group and the ®{~acetylamino



Figure 75. Analysis of the acidic and neutral. amino acids in
carboxymethylated horse spleen apoferritin. Modificaltion was
carried out by treatment with iodoacstic scid at pH B.6. The
peaks, in order of elution, represent carboxymethvlcysteine
(not present in the contrel), aspartic acid (ASP), threonine
(THR), scrine (SER), glutamic acid (GLU), proline (PRC), gly-
cine (GLY), alanine (ALA), 3-monocarboxymethylhistidine (not
present in the control) and valine (VAL). No cystine peak was
observed in the modified protein., The histidine peak of the
modified protein (not shown here) was found to be lower than

that of the control.
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Table 15. Amino acid composition of carboxymethylated horse

spleen apoferritin, Amino acid residues are expressed as the

number of residues per 18,500 g of protein.

n.d; not determined.
5--CM-cysteine, S~carboxymethylecysteine

J=CM-histidine, 3~mono-carboxymethylhistidine,
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Amino Acid Residue Control Modified
Cysteic acid n.d> Ned
Aspartic acid 17450 17639
Threonine 5,21 5.57

_ Serine 8,99 B.93
Glutamic acid 236,73 24,04
Proline 2,41 3425
Glyecine 9,70 9,88
Alanine 13,88 14411
Valine 6.91 6630
Methionine 2,65 2,38
Isoleucine 2,95 3.75
Leucine 24,77 24,85
Tyrosine 4,94 4,80
Phenylalanine Tel1 6,83
Histidine 5.81 5,07
Lysine 8455 8.21
Arginine 10,11 9.24
Tryptophan ned ned
S5~CMcysteine 0,00 2,05
3~CM~histidine 0,00 1.02




Figure 76. Reaction of cysteinyl and histidyl residues with

ilodoacetic acid.
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group. For this reason the 3-isomer would be expacted to bz form-
ed in the greatest amount and this is observedy both in othar
studies (Crestfield, Stein and Mmopeg 1963a,b) and in the present
orge with apoferritina‘

Since the modification rection was carried out at pH 8.6
most, if not all, of the hiétidina rasiduss would be in the basic
form, To avoid carboxymsthylation of histidine groups in proteins
at pH 8.6, some workers have restricted the toncentration of
alkylating agents to a small molar excess (Cbleg Stein and Moors,
19585 Sela, White and Anfinsen, 1959), This allows the more
rgactive sulphydryl groups to be preferentially alkylated, In
the present casse it would appear that in apoferriti;m there exists
a very reactive histidine. It would also sesm reasocnable to
agsume two Hcystine residuss and this is consistent with the data
of Williams and Harrison (1968) who found 1,89 residues / 18,500
g proteins It is also in very good agreement with the data of
Mazurglitt and Shorr (1950) who deduced 1.92 residues / 18,500 g
protein from studies with protein modified by iodoacetamide at
pH 7.4, The fact that there are two % cystine rssidues per sube
unit and that these could exist in the native structure of apo-
~fervitin in the form of a disulphlde bond provides am explanation
for bsing unashle to titrate any free sulphydeyl groups both
polaregraphically and by titration with DTNB, and this seems a re-
asonable interpretatlon of the data of thess two sarlier studies,

Again the purs modified proteinluas analysed by sedimentae
tion velocity in the analytical ultracentrifuge and by column
chromatography in the calibrated column of Sephadex G~75 and was
found to exist solely as the meonomer and, that no dissociation

into subunits occurred as a result of carboxymethylation,
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Functional Aspeclts of Apoferritin.

Proliminary Cxperiments,

Before studying the nature of the pretein's catalytic
activity it is necessary to consider some of the fundamental
aspacts of the chemistry of iron salts.

Iron has 26 slectrons and, according to the electronic theory

of valency, these would be arranged in the followlng way,
2 2 6. & 6 2 RN
(18)” 4 (28)7 5, (2p) @),(3p)” , (48)° , (34)

The most stable form of the irxon ion in solution is the ferric

state, Feo'*

*, in which the two (4s) electrons and one (3d) elect-
ron are lost, leaving five unpaired electrons in the d-level,
which 1s exactly one for each crbital and this gives a stable
configuration to the outer shell. Ferrous iaon, Fa++, results
from the loss of two (4s) electrons, leaving an outer shell of
(35)2(.’5p)6(3d)5 in the third layer and this is a2lso relatively
stable, However, owing to the limited solubility of ferric salts
in agueous solvents it was necessary to select a suitable buffer
system in which the solubility product for both the ferrous and
forric salt was not excesded and alsc ons in which rapid autoxie-
dation was minimal, thereby allouwing the catalytic oxidation of
ferrous iron to be cunv%@enﬁly monitored

Although ferrous ammonium sulphate is lsss soluble than
ferrous sulphate, it is less easily oxidised by air and for this
reason was preferred as the starting material in the present in-
vestigation. Since the autoxidation of ferrous ion is pH depend-
ent; we carried out a preliminary study an this aspect, prior to
an investigation for a suitable buffer., The percentage of ferrous

iron remaining in solution was determined by the quantitative
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bipyridyl reaction using an experimentally derived molar extincte-
ion goefficient ol 8158, The values obtained were plotted as a
function of pH as shown in Figure 77, From this it can bs seen
that ferrous iron is stable in acid solution up to about pH 6,0,
On lncreasing the pH the ferrous jon is slowly oxidised to ferrie
Iron untii at pH 9.0 and above, no ferrous iron exists. This
result is in very good agreement with that found by Conrad

(1970) for ferrous chloride. From this study we decided to use
buffer at pH 6.0 and the various buffers investigated are listed
in Table 16 together with the observed solubility of ferrous
ammonium sulphate in each of these,

It was shown, as milght have been sxpected, that phosphate
buffers could not be used and this is most probably becauss all
metallic phosphates, except those of the alkali metals, sodium,
potassium etec., are inspluble in water.

When ferrous ammonium sulphate was dissolved in 2% sodium
carbonate, a heavy precipitate was formed. In thig case the
ferrous carbonate was; presumably, rapidly oxidised by air to
ferric carbonate which hydrolysed at once to hydrated ferric

oxide as follows;

2F9,Sc03)3 + BH20 wmzrzFezo ¢3HzD + 6C0

3 2

This was also chserved in neutyral bicarbonate buffers and could.
be explained in the same way,

Imidazole and imidazole containino sodium thiosulphate and
potassium iodate also proved to be unsatisfactory in that a
precipitate of ferric oxide was ohserved on addition of ferrous
ammonium sulphate,

Trig-maleate~sodium hydroxide also proved unsabtisfactory,

although in this case the ferrous ammonium sulphate was oxidised
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Figure 77. Solubility of ferrous iron as a fuction of pH,

Ferrous iron was determined as the red-coloured Fe++nbipyridyl

complex at 520 nm (see text),
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Jable 16. List of solvents tested for suitability for use in
assay system. Using these the solubility of ferrous ammonium

sulphate was tested and the results are shown,

+ soluble,.

- insoluble,
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Solvent system Solubility
dgistilled water o+ o+ o+
0.1M phosphate buffer -
0.0B81M phosphate buffer - -
0.1 sodium carbonate - - - -
8.02M bicarbonate buffer - o -
0¢1M imidazole buffer - .
¢1M imidazole buffer, 50mM potassium e .
iodate, 200mM sodium thiosulphate
0.01M tris-maleate-sodium hydroxide buffer +
B.1M borate buffer + o+
0.02M borate buffer 4+ b 4
U°1M borate-cacodylate buffen 4+ A
8.02M borate-cacodylate buffer + + + 4
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to a ferric salt which was soluble. However, it was shouwn hy the
guantitative bipyridyl reaction that the oxidation of ferrous
ammonium sulphate in this system was extensive.

Iﬂ-the case of 100 mM borate buffer there was a slight initi-
al precipitate of ferric oxide on addition of ferrous ammonium
sulphate as shown in Figure 78 but it was found that this could
be conveniently removed by centrifugation and the colaurless
solution thatl resulted could be used in an enzyme assay systeme
Protein (~10 mg/ml) was extensively dialysed against 100 mf
borate buffer, pH 6.0, 100 Fl were added to 1 ml of ferrous amm-
onium sulphate solution (~ 5 mg/ml) and the reaction was monitored
at 420 nm as shown in Figure 79, It can be seen that there is an
initial hyperbolic increase in the optical density indicating
that some oxidabtion was occurring. Howsever, when the process was
repeated with lysozyme and bovine serum albumin, similar effects
werse nnﬁiced as shown in Figure B0, Since it seemed wunlikely
that both these proteins should sxpress a similar ferroxidase
activity, the apparent catalysis was most likely to bs non=enzymic.

An indication as to a possible explanation of these results
came from a study on the effect of ijonic strength on the solubil-
ity of ferrous ammonium sulphate. The results of this study are
shown in Figure B1 and it can be seen that the solubility dec-
teases with increasing molarity. One possible explanation is that
on dissolving ferrous ammonium sulphate the pH may decrease and
the solubility would be higher at acid pH. As the molarity in-
craases, the buffering capacity increases and so the solution
does not become so acild.

On testing this it was, in fact, found that the pH of borats
buffer was lowered on dissolving crystalline ferrous ammonium

sulphate and this demonstrates another important aspect of the
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Figurs 78, Solubility of ferrous iron in 100 mM borate buffer,

pH 6,0 as a fuction of time, A biphasic relationship is observe
ed, with an initial fast deposition of FeOOH followed by a very

slow oxidation of the ferrous iron.

Ferrous iron was determined as the red Fe++nbipyridyl complex

at 520 nm (see text).
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Figure 79, Oxidation of ferrous iron caused by the addition of
a solution of horse spleen apoferritin (2 mg/ml) to a sclution

of ferrous ammonium sulphate in 100 mM borate buffer, pH 6.0,
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Figure 80, 0Oxidation of ferrous iron caused by the addition
of a solution of albumin (A, 4 mg/ml) or lysozyme (B, 4 mg/ml)
to a solutioh of ferrous ammonium sulphate in 100 mM horate

buf’fer, pH 6.0,
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Figure 81, Cffect of the molarity of borate buffer on the
solubility of fewrrous iron. Ferrous iron was determined as

the red-coloured Fe''~bipyridyl complex at 520 nm (see text).
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chemistry of ths metal .

In gesneral, reactlons in agueous solutions are veactions of
complex ions. For sxampley a solution of ferric chloride is
really a solution containing hydrated ferric and chloride fons in
a number of complexss formad from the ferric and chloride ions

vizg

N

- F2 + - =2 -
FaCl s FaCl2 o Fell_ , FECL4 s FeC15 s raCLB

3

In additiony reactions in aqueous sclutions are complicated
since the chloride and ferric ion have a hydration shell attached,
and therefore sven these ars complex ions., Thus to understand the
reactions of ferric chloride, we must urderstand the factors that
getermine the structure and reactivity of complex ions, 1t is
accepted that with increasing charge and decreasing size of the
cation, the hydration energy increases (Speakman, 1962). The
effective radius for ferric cation is quite small, 0.6 ﬁ, and thus

the hydration ensrgy is high.

- 43 .. I R
Fe * DHZU 2 2 fe (H20)6

With such a high bond energy , the electrons concentrates betwaen
the Fe'*" and oxygen atoms. This shift of electrons makes the
hydrogen atom more positive than in normal. water and leads to
repulsion of the proten by the positively charged ferric ions,
coupled with a weakening of the OH bond, hence the following

hydrolysis occurssg

4

_ergéﬁ%H == (H,0) aFaigiz + H
597 5 275

This then is a possible sxplanation as to why sclutilons

containing iron yield acid solutions whereas solutions of sodium

salts (for which the cation hydration ensrgy is low) do not hydro-
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lyse, but yield neutral solutilong., It would eppear then; that
100 mM beorate buffer did not have sufficient bhuffering capacity
to cope with this effect and for this reason we attempted to find
another huffer system in the region pH 4 - 8 which would have
sufficient buffering capacity to cesolve this problem. The
buffer system chosen was 100mi borate~cacodylate.

With this buffer system we carried out preliminary investi-
gatlons on the effect of the buffer pH and ionic strength an the
oxidation of fgrrous ammonium sulphate and the extant of the
changes of the buffer pH caused by dissolving the ferrous ammonium
sulphate as described sarlier (page 91).

Figure 82 shows the smount of ferrous ammonium sulphate in
splution at a variety of pH values as a function of time. From
this filgure it can be seen that at pH 7.4 the rate of oxidation
of ferrous iron is very high while at pH values lower than about
pH 5.5 there is virtually no oxidation taking place, In Figure
83 these data are plotted as percentags of ferrous ammonium sule
phate in solutlon as a function of pHe It will be seen later
that the initial velocity can bs measured within about 4 minutes
of dissolving ferrous ammonium sulphate and therefore the amount
oxidised is not significant until values in excess of about pH
6.0,

The effect of ferrous ammnonium sulphate (FZAS) on tha‘initial
pH of the buffers at a varlety of pH values is plotted in Figure
B4, It can be seen that virtually no change in buffer pH occurs
up to about pH 7.0 while at higher values the pH dscreases sig~
nificantly. Thus 1t would appear that 100ml borate-cacodylate
buffer has sigpificant buffering capacity in the region pH 3.0 -
7.0 to counteract the inherent acidity of the ferrous and ferric

hydrated ions,
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Figure 82, The effect of pH on the solubilty of ferrous iron
in 100mM borate~cacodylate as a fupction of time. Ferrous iron
remaining in solution was determined as the redecoloured Fettu

bipyridyl complex at 520 nm.

"% horate~cacodylate buffer, pH 4,556
D borate~cacodylate buffer, pH 5,222
J Y borate-cacodylate buffer, pH 5.380

n—--a borate-cacodylate buffer, pH 5,556

0 horate-cacodylate buffer, pH 5,919
©h—b borate~cacodylate buffer, pH 6,391
O3 borate-cacodylate buffer, pH 6,888

B—-0 borate=cacodylate buffer, pH 7.402
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Figqure 83, The effect of pH on the solubility of ferrous iron
in 100mf1 borate~cacodylate buffer as a function of time, Ferrm
ous iron remaining in solution was determined as the red~colour-

ed Fe''ubipyridyl complex at 520 nm (see text),
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ey,

Figure B4, The effect of the addition of ferrous ammoniuﬁ slles
phate on the initial pH values of a variety of borate-cacodylate
buffers, Accurate pH values were determined by use of a:ﬂadiom
meter pH meter, model 25 equipped with a times-~ten scale expand-

er (Radiometer, Copenhanen, Denmatk),

O———0 These curves represent data obtained for 100mM borate
~cacodylate buffers, The pH values for the buffers
were (from the top down) 7.402; 6.888, 6.391 and
5,919, Data was also obtained for buffers at pH vale
ues 5.556, 5,380, 5,222, 4,656, 4,226 and 3.168 but
these are not shown. The pHi's of these buffers did
not change significantly.

~h These curves repressnt data obtained for 20mM borate
~cacodylate buffers. The pH values for the buffers

were (from the top down) 6.663 and 6,062,
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Identification of Product.

A quick and reliable test for identifying ferritin is to
elactrophorese a sample on polyacrylamide gel and stain duplicafe
gels with either amido black for protein or with potassium ferro-
cyanide for iron., UWhen this is done for ferritin the iron-conte
aining band is in an identical position as the protein zone.

The results of such an electrophoresis for the reconstituted
ferritin of thsse studies is shown in Figure 85,

This method effectively only tells us that the protein
containsg seme iron but does not, howsver, give us any indication
of the distribution of iron within the. protein i.e, it would not
be possible by this method to distinguish between a sample in
which 50% of the material containsd 'full' ferritin and 50% apos
ferritin and a sample of 'partially-filled! ferriéin which con-
tained about 50% of the total iron possible. For this reason it
was important to monitor on some form of distribution of the
ferritin molecules, be it on a molecular weight basis as in sedi-
mentation velocity studies in the analytical ultracentrifuge or,
by direct visualisation by use of the slectron microscopes.

By the method employsed for electron microscopy it is possible
to differentiate betwsen ferritin and apofercitin as demonstrated
in Figure 86, The ferritin molecules can be seen to have characw~
teristic dense, particulate cores and peripheral electron-lucent
shells while apoferritin molecules appear to have no such cores
and in some molecules there is even a marked subistructure as was
discussed earlier on page 213. from these electron micrographs
it is possible to determine the approximate size of the core and
of the protein shell and these were found to be approximately
70 E and 120 A respectively.

It has been found that by using the following equation it
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I

Figure 85, "Identification of reconstituted ferwitin by gel
olectrophoresis. Duplicate gels werse stained for protein
by amido black (gel, right) or for iron by potassium ~

ferrocyanide (gel, left)
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Figurs 86. Differentiation of ferritin and apofercitin by
electron microscopy. Top frameg ferritin molecules with
characteristic dense, particulate core and peripheral shell,
Lower frams: Apoferritin molecules with soms evidence for
detailed substructure.

Magnification x 700,000
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is possible to derive thege two parameters theoretically,

43RS = e (7, + 60

(Tanford, 1966), whers VU, is the partial specific volume of sole

2
ute, v? is the partial spegific volume of the solventfﬁljs the
effective solvation and is assigned a value of 0.19 o/g of dry
protain, N is Avogadro®s numbsr, M is the molecular weight of the
protein and R is the radius of the particle,

Thus by substitution of M = 18,500 and U, = 0,731 into the

2
equation we can calculate the radius of the apoferritin subunit
(Rvub)° With reference to Figure 87 we can calculate the radius

of the apoferritin molecule and the micelle,

. s}
Rtotal - Rsub + RBUIJ / sin 22 30¢%

: Ogay
Raub / sin 2230 R

Rmicells sub

By this process, the values obtained fTor these two parameters are
134 A and 60 A which are in good agresment with those obtained
experimentally.

Electron microscopy of the product of reconstitution gave
micrographs as shown in Figure 88 and it is clear that the pro-
duct is ferritin i.e, that the micelles formed are within the
protein shell, In the reconstituted samples, no significant diff-
erences could be found between the dimensions of the recanstituted
ferritin and native ferritin as was observed by Pape, Multani,

Stitt and Saltman, (1968),

In order to quantitatively interpret ths data obtainasd by

monitoring the reconstitution process at 420 nmy; it is necsssary

o
to know the specific extinction coefficient of the micelle | E:ch
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Figure 87, lodel for the determination of the theorstical

values for the radius of the apoferritin molecule and for the

radius of the iron micelle. The model used is that with the

subunits placed at the vertices of a rhombo-cubo~tetrahedron.



, 0
= Rsub/Sln 22301
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Figure 88, Electron micrographs of the product ohtained from
reconstibution experiments. Top frame: magnification 2x105,

middle frams: magnification 1x1UG, lower frams: 2x1069
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The method for determining this paramster was described sarlier
(page 93) and its value was estimated to be 61.4 & 1.5, This

represents the mean valug and standand deviation of ten exparim.
ments. This value is in disagreement with that of 100 cited by

Macara, Hoy and Harrisonm, (1972)e

Enzyme Kinstics.

Effeoct of Protein Concentration.

The effect of apoferritin concentration on the initial veloe
city was lnvestigated as described earlier on page 94. Typical
results from such studies are ghown in Figure 89 and the initial
velovity was measured for each concentration of protein. From
such a curve it can be seen that the progress of the reaction is
in the form of a recltangular hypsrbola. Studies were carried out
at concentrations of apoferritin in the range 0.2 - 4 mg/ml.

When the initial velocities wers plotted as a functien of protein
concentration a linear relationship was obtained as shown in
Figure 90,

It is a general rule that the initial velocity of an onzyme
catalysed reaction shows a first order dependence on the concentr-
ation of enzyme and this generality has been demonstrated for a
great many enzymes with widely diffepent specificities.

Deviations from this rule do occur and the best example of
this would possibly be pepsin for which the veloclty of digestion
was shouwn to be roughly proportional to the square root of the
concentration of pepsin. However, Northrop (1920) showed that
this was only true for an impurs preparation of pepsin and was not
the case with the highly purified enzyme. He also demonstrated
that on addition of products of peptic digestion the velocity

decreassed at high enzyme concentrations as a resull of the pres-
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Figure 89, Uptake of ferrous iron by apoferritin as a function
of time., The progress of the reaction is shown for two differe
ent concentrations of apoferritin and hyperbolic relationships

vere obtained as shouwn,e
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Figure 90, The effect of apoferritin concentration on the
initial velocity of iron uptake, v. Conditions were as des-

cribed in the text,
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ence of inhibitors which comblned with the pepsin. The majority
of other exceptions have, however, heen shown to be the effect of
the enzyme preparation on the pH of the solution,

In the only study on ths kipmgtics of apoferritin ferroxidase
activity, Macara et al (1972) observed a rather complex relatione
ship between initial velocity and apoferrltin concentration,

These workers axpiainmd this by stating that at low protein
concentrations the process was complicated by compets&tive format-
jion of K»FBDDH outside the protein,; while at higher concentrations
the decrease in initial velocity, v, implied that the protein
concentration was not rate-determining. If, however, one ra-
calculates their data it ls found that at the high protein concen-
trations,; say 2.6 mg/ml, which is squivalent to 5,9 FM’ then, the
number of ferrous atoms per protein molecule 1s only about 250.
From their data on the effect of substrate concentration on |
initial velocity it can be calculated that the initial velocity

is still increasing even when a 1000-fold molar excass of substre=
ate is present. It would appsar then that what these workers

were observing, at least in the region of protein cqncentration
0e8 = 2,6 mg/ml, was a reaction in which both the substrate and

protein concentration affect the reaction rate.

Effoct of Substrate Concentration.

The effect of substrate concentration on the initial velocity
was investigated as described on page 94,

The data obtained from such a study was plotted as initial
velocity against ferrous iron concentration as shouwn in Figure 91.
The curve so obtained was observed to have the form of a rectang-
ular hyperbola wvhich is typical for an enzyms catalysed reaction

defined by the Michaelis-Menten equation (Michaelis and Menten,
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Figure 91, Effect of the concentration of ferrous ammonium
sulphate on the initial velocity,v, of ferrous iron uptake,

The conditions for the assay are given in the text.
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\ 5 Vmax[s] / (Km [-Shl)

whers v is the initial velocity, Umax is the maximum velocity,
[S] is the substrate concentration and Km‘is the Michaslis
constant.

From this treatment it is possible to estimate approximate
values for the two kinstiec parameters, V__ and K , where K is

max m m

the substrate concentration at half the maximum velocity and
these values are sufficient to explicitly define the rate law for
the reantion,

The values obtained for these constants wsre 58 fmoles
ferrous iron oxidised/ min/ fmole protein and 2.62mfl respectively

This method for the determination of these kinetiec constants
is, however, subject to considerable error since it involves the

in

determination of an asw@tote which is an exceedlingly difficult
task, For this reason, several workers have investigated a varie-
ty of linear transformations of the Michaelis-{lenten equation and
the best known of these is the double reciprocal form of Line-
weaver and Burk (1934), Reearranging the Michaelis-Menten equa-

tion wae have,
o= K/ [E] 4 1 Ve

and thus a plot of 1/v yersus 1/[5] should yield a straight line
with gradient K/ V and an intercept on the ordinate of 1/V
m max max
When the experimental data is plotted in this form, a straight
lins was obtained as shown in Figure 92, The data of this figure
was subjected to unweighted linear regressional analysis and the
resultant coefficisnt of correlation was found to be 0.9991,

There have been numerous reports recently that significant

grror can be introduced uwhen linear regression is applied to such
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Figure 92, Lineweaver-Burke plot for horse spleen apoferritin,
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a problsm. The reason for this objection results from the
inherent form of the double reciprocal equation which causss the
data corresponding to high concentrations of substrate bsing
crowded together ne§rlth9 ordinate and as a result, an unweighted
least squares fit of the data is based wmuch too heavily on these
data puints, The data in the rsciprocal form can bs treated by
applying properly chosen weighting factors (Johansen and Lumcy,
1961 Wilkinson, 1961 Jor it can bs analysed by making least squars
fits directly to the Michaglis-Menten form of the curve (Cleland,
19633 Hanson, Ling and Havir, 1967; Atkins, 1971ayb). In the
present study, howsver, the data fit the assumed relationship
extremely well as demonstrated by the correlation coefficient and
therefore recourse to further refining by computational and
iterative methods was not required.

The values obtalned for Vmax and Km from this study were
61,53 Pmules ferrous iron oxidised / min / Pmola apoferritin and
20823mM ragpectivelyc

In the study on the kinetics of apoferritin ferroxidase
activity Macara et al (1972) observed a sigmoidal progress curve
and they interpreted this in terms of a crystal growth model.
Howaver, in the present study and that of Niederer (1970) this

sigmoidal relationship could not be dstected,

Effect of pH

The effect of pH on the initial velocity was investigated as
described earlier on pags 94. The data obtained was plotted as
initial velocity versus pH as shown in Figure 93 and it can be
seen that a smooth curve is obtainad,

In such an investigation the characteristic typs of curve is

a fairly symmetrical inverted parabola with the maximum reprssent-
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Figure 93, The effect of pH on the initial velocity,v, of
ferrous iron uptake. The conditions for the assay are given

in the text.
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ing the pH optimum,

This value can vary significantly from spzyvme to aenzyme
with the range of pH 1,5 = 2,0 for pepsin to pH 9,7 - 9,9 for
arglnase, although in some cases; notably xanthine oxidase, cata~
lase and bacterial dehydrogenase (Dixon and Thurlow, 1524;
Michaelis and Pechstein, 1913) independence of pH over a wide
ranye has been found and thus these protéins have no cobservable
pH optima. ‘

In the present case we can consider the experimental curve
obtained as representing the lower region of tha parabola, The
remainder of the curve, and hsnce the pH optimum, could not, howe
aver, be determined bscause the reaction is complicated by rapid
autaxidation at nsar neutral pH,

In all of these kinetic studies of Macara et gl (1972) and
of those in ths présant study, the progress of the resaction was
followed by formation of ferric oxilde hydrats. In some studies,
howsver, with the dialysis cell we monitored tho oxidation.by
following the loss of ferrous iron, making use of the gquantitative
bipyridyl reaction. The results of this study are shown in-Fig—
ure 94 and were found to be similar to the previous studies .

In the study of Macara gt al (1972), using an imidazole
bﬁffar, pH 7+4 containing sodium thiosulphate and potassium iod=-
ate, bovine serum albumin was shown to bs capable of oxidising
ferrous iron although the product was soluble., In Niedersr's
study he found that the opposite was true i.e. that serum albumin
slightly inhibited ferrocus iron oxidation and this was also trus
for lysozyme,.

We decidad to re~investigate this property in the pressnt
assay system and the results for a variety of proteins are shouwn

in Figure 95. It is clear that the only protein capable of oxid-
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Figure 94, Uptake of ferrous iron by apoferritin as a function
of time, The progress of the reaction was monitored by the
decrease in ferrous iron concentration as determined by the

guanitative bipyridyl reaction and again a hyperbolic relatione

ship was obtained as shouwn,
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Figure 95, The effect of various proteins on the oxidation of
ferrous iron in 100mM boratewcacodylate buffer. A, horse
spleen apoferritin (2.273FM), B, bovine serum albumin (13°@JN)

and lysozyme (26.6€FN).
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ising ferrous iron, under the co.ditions used, was apoferritin

and no non=specific oxidation or cabalysis was observed for the
other proteins. This has ths eohvious advantage in that attempfs
to determine slight changes in the kinetics of chemically modi-
fied apoferritin would be possible in this system but would not

be in the system described by Macava et al (1972).

Native apoferritin was isolated as described on page 70 and
this material was assaysd by the same method, The results are
shown in Figure 96 and the kinetic constants , Umax and Km 9
were determined, These were found to be 67 Fmoles ferroug iron
oxidised / min /'Fmole protein and 2,.84mM respectively. These
values do not differ from the corresponding values for apoferrite
in obtained from the chemical reduction of ferritin and therefors
chemical reduction of the iron from ferritin does not appear to

cause any apparent irreversible change in the protein's structurs,

From these studies it was found that suitable assay condi-
tions wers 100mM borate-cacodylate buffer, pH 5.5 with substrate
at a concentration of 25mM and protein at about 1 mg/ml (Crichton
and Bryce, 1972)

It is clear from the value of Vma that, on comparison with

X
other enzymes, the specific activity of apoferritin is not very
high although it should be remembered ‘that the conditions are not
optimal. This is also apparent from the very high value for Km

and possible explanations for this are discussed at a later

stage,

Another protein has recently been shown to demonstrate a

ferroxidase activity, both in vivo and in vitro, and this is the
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Figure $%. Lineweaver-~Burke plot for native horse spleen apo-

ferritine.
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copper~containing glycoprotein, ceruloplasmin (Ocaki, 1966,1967;
Usaki, Johnson and Frieden, 1966, 1971; Osaki and Johnson, 19693
Ragen, Nacht, Lee, Blshop and Cartwright, 1969; Lee, Roesser,
Nacht and Cartwright, 1970; Roesser, Lee, Nacht and Cartuwright,
1970). It is found in mammalian sserum, has a molecular wsight

of 155,000 and binds B8 molscules of copper. It was shown that
ceruloplasmin oxidises a number of polyphenols and polyamines

but it was not certain that this catalytic activity represented
biological function. However; Osaki and co-workers (1966, 1967,
1969, 1971) demonstrated that it had an extremely potent capacity
to oxidise ferrous te ferrilc ion. Since iron is absorbed in the
reduced state, but is bound to transferrin in the oxidised stats,
it has been proposed that this oxidation represents the biological
role of ceruloplasmin and for this reason these workers have pro-
posed that the protein be re~named ferroxidase or by its systam-
atic name of ferrousnDzwoxidaraductasee Recently it has been
called ferroxidase I since Topham and Frieden (1970) have purie
fied and idsntified a nonnceruloplasmin ferroxldase from human
serum and suggest that it be called ferroxidase 11,

With ceruloplasmin In mind and the present observation that
apoferritin also exhibits a ferroxidass activity 1t is interest-
ing to speculate on a possible route from iron absorbed from the
gut to the formation of haemoglobin and this is shown schematicale-
ly in Figurs 97. Thus, ferrous iron is absorbed into the serosal
cell vhere it is oxidised and stored by apoferritin to give
ferritin. The iron, when required, can perhaps be remgved by a
proposed ‘'ferriductase’ system to yield ferrous iron which can
pass through the cell membrans and be oxidised bq cerulocplasmin
to give ferric iron which can combine with apotransferrin to give

transferrin, The transferrin then contributes its iron directly
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Figure 97, Possible route from the ferrous iron absorbed from
the gastrointestinal tract to its incorporation into haemoglobine
Enzyme system 1 would most possibly be apoferritin itself,

Enzyme system 2 may perhaps be the ferriductase system found

by Osaki and Sirivech (1970), '

Enzyme system 3 is ceruloplasmin (Fferroxidase 1),
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to the reticulocyte cells of the hons marrow and it is thsse
vells that eventually produce the voung red blood cells that
make hagmoglobine

Such a ferritin reducing snzyme has besn demonstrated in
a number of different mammalian liver homogenatas and Osaki and
Sirived (1971) have shown its requirvement for NADH and FMN, They
also demonstrated that its reactlon is not inhibited by 1mM allo-
purinol and suggest, thersfore, that it is probably not livar
xanthine dehydrogenass,

Just as in the case of ceruloplasmin's peripheral activity
with polyphenols and polyamines, Mezuxr and coworkers demcnstrated
that ferritin exhibited biolegical activity in catalysing the
oxidation of adrenaline and also it had a vasodepressor activity,
but these activitiss were not really considsred to be major bio-
logical functions of ferritin. In fact in the oxidation of adren-
aline it appears that the catalysis is due solely to the iron and
not the proteln since they observed that apoferritin had no acti-
vity and that inorganic iron and other iron-containing proteins,
oxidlsed cytochrome c, methaemoglobin and ferricytochrome cy
were Jjust as active, if not more so,

These workers, howsver, did demonstrats that ferritirs
catalytic activity, both for vasodepressor activilty and oxidation
of adrenaline, was dependent on the sulphydryl content of the
protein. Thus they showed that 1ts vasodepressor activity is
associated with fres sulphydryl groups (which we did net find in
the present study) and when these are oxidissd the protein becomss
inactive while oxidation of the sulphydryl groups of ferritin
appears to increase the proteins ability to oxidise adrenaline.
Saltman, Fiskin and Bellinger (1956) , however, showed that uptake

of iron by ferritin is not affegted by lodoacetic acid or iodo
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acetamide, uhleh implies that sulphydryl groups or not a nescess-
ary requiremsnt for function, although, they do stress that the
inability of thess reagents to inhibit iron uptake could be
attributed to the poor permeation of these compounds through the
call membrane.

Since this problem of permeation does net exist for the in
vitro assay system established earlier (page 361) then we decided
to specifically modify groups in an effort to elucidate which
residuss were important for functicn and which were unimportant,

A number of chemical modifications of various residuss of
apoferritin have already been described (page 267-327) and the

products of sach of these was assayed for ferroxidasse acivity,.

Tryptophan-modified Apoferritin

For apoferritin modified by 2~nitrophenylsulphanyl chloride
the assay was carrisd out exactly as described for native apo-
ferritin and apoferritin obtained by chemical reduction of ferrit-
in, the conditions being 100mM borats-cacodylate buffer, pH 5.5
with protein at a concentration range of approximately 1 ma/ml
and substraée concentration inrthe range 0,5 « 20mM,

The results are shown in Flgure 98 and the kinetic constants
Vmax and Km wvers found to bé 63 Fmoles ferrous iron oxidised /
min / Vmola protein and 2.32mM respectively. These values are
not significantly different from unmodified apoferritin and it

would appear from this that the two tryptophan residues in apo-

ferritin are not reguired for catalytic function,

Tyrosine-modified Apoferritin

Apoferritin modified by tetranitromethane was assayed for

ferroxidase activity in the same way and the results are shown
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Figure 98, Lineweaver-Burke plot for tryptophan-modified horse
spleen apoferritin, Modification of the protein was achieved

by treatment with 2-nitrophenylsulphenyl chloride,
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in Filouze 99, The kinetic paramaters Umax and Km were computed
to be SBJVmolms ferrous iron oxidised / min / ymale protein and
2,71mM respectively and again these are not significantly differe
ent from the corresponding values for the unmodified protein,

In the case of tyrosylemodified apoferritin it was found that
qnly one residuc was modified (pags 274) and it seems that this
single tyrosine residue ls not involved in catalytic function of

apoferritin.

Lygine-modifisd Apoferritin.

A similer study was carried out on apoferritin modified at
lysine residues by o-methylisosmimurea. The results for the assay
are shown in Figure 100 and from this it was possible to calculate
Umax and Km for the modified protein. The values obteained for the
parameters were found to be 55}pmlnes ferrous iron oxidised / min
/ Fmole protein and 2.44mM respectively and these values are in
good agreement with those for the unmodified protein. In the
case of/égg?gggh by o~methylisowmimurea the modification was found
to be quite sxtensive, in that, seven of the nine lysine residues
wers cecnverted to homoarginine. It was shown earlier that thesa
seven residues are probably not involved in the maintainance of‘
the quaternary structure but instsad, are situated on the exterior
af the protein and are esasily accessible to solvant. From the
present study it would also appsar that modification of these
residues causes no change in the catalytic activity of apoferritin
and therefore it would seem reasonable to assume that these
groups are not involved sither directly or indirectly in the prot-

einfs ferroxidase activity.

Arginine~modified Apoferritin.
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Figure 99, Lineweaver-Burke plot of tyrosine-modified horse
spleen apoferritin. Modification of the protein was achieved

by -treatment with tetranitromethane.



0,100

06075

0,050

0.025

- 392 -

/v (Fmoles Fe*™ oxidisad/minOJmole prcot‘,|—:»:'Lr|)m1

] J 3 2 ] £, 2 ] 1 1 I

0.4

0.4 0.8 1.2 1.6 2.0

1/5 (mm)"1



Figure 100, Lineweaver-Burke plot for lysine-modified horse
spleen apoferritin. Modification of the protein was carried

out by treatment with o-methylisomsmureca,
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Apoferritin that had been modified by 1,2-cyclohexanedions
was assayed Tor ferroxidase activity and the results are shown
in Figure 101. Umax and Km were found to be 57 ymoles Farrous.
iron oxidised / min /‘Fmole protein and 2.3mM and these value are
agealn similar to the valuss Tor these constants for unmodified
apoferritin, Just as in the case of the iysine modifled protsin,
- apoferritin treated with 1,2-cyclchexanedions causes extensive mode
ification in that 9 of the 10 arginine residues are modified,
The fact that the catalytic activity is not impaired, is a good
indication that these 9 arginine residues are not involved in the

proteing catalytic function.

Carboxymethylated Apoferritin.

Protein that had been carboxymethylated at two 4 cystine
residues and one histidine residue was assayed for ferroxidass
activity. Unlike the other modified apoferritins, the carboxye
methylated protein had no catalytic activity,

Similar results were obtained by other workers who ob-
served in in vivo studies tﬁat treatment of apoferritin with
iodoacetaﬁide suppraessed iron incorporation (Mazur, Green and
Carleton, 1960).

This observation then raised the interesting question as
to whether the activity of the protein was last as a result of
cysteinyl modification or whether it was a result of carboxy-
methylating one histidine residue. To resolve this problem, one
need only attempt to modify in turn sach group specifically and
note the effect, if any, on the catalytic function,

In the present study this approach has, unfortunately, not
as yet been undertaken, but it would ssem from the work of

Niederer (1970) that it ig the histidine residus that is import-



Figure 101, Lineweaver-Burke plot for arginine-modified horse
spleen apoferritin. Modification of the protein was achieved

by trestment with 1,2~cyclohexanedione,
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ant for function, In his study he alkylated sulphydryl groups
with iodoacetamide at a variety of pH valussfrom pH 4.5 - 8.0

and found that these did not have a significant effect on cata-
lytic activity. UWhen he included zinc lons 7Zn++9 in the assay
mixture , the ferroxidase activity of apoferritin was aholished
and he suggested that the loss of acltivity could he due to the
zinc ions preforentially binding to a histidine residue at the
tactive site'. He also reacted apoferritin with diazonium—H-
tetrazole which is known to be specific for histidine residues
and found that only 10% of the histidines (about 0,6 of a resi-
dus per aubunit) reacted and that the resultant modified

protein was still active., He suggested, however, that the active
histidines could be situated vn the inside surface of the protein
shell and that diazonium-H-tetrazole could not psnetrate the
intersubunit spaces.

Further evidence for the suggesticn that z histidine resi-
due is at the active site of apoferritin comes from the in vivo
studies of ﬁoleman and Matrone (1969). These workers investi-
gated the effects of a zinc diet on the iron stores in the liver
since 1t had bean shown that zinc toxicity resulted in a condit-
ion ressmbling iron deficiency anaemia., In their study they
demonstrated that the toxicity does not appear to be associated
with the synthesis of apofarritin from [ﬂaC]mamino acdds but
instead, 1t appears to interfere with iron micelle forwation. It
was demonstrated that on ironeinduced fsrritin synthesis, the
amount of ferritin protein/liver/100 ¢ bedy wt, is almost
identical in control animals and animals with & zinc-supplemented
diet. Howsver, when they detormined the amount of iren/protein
they found a very significant differance between the two, 1In

view of the present study and that of Niedsrer (1970), one



explanation is that the Zn*" ions bind to the histidine thereby
limiting the catalytlic activity, which would result in ferritin
with a limited iron micelle.

Another piece of rather indirect evidence for the view of
an gctive histidine; although quite relevent, comes from the
studies on ferroxidase I (ceruloplasmin). With this protein,
Vasiletz, Shavlovsky and Neifakh (1972) have demonstrated that
while tyrasyl residues may be important in the malntsnance of
the native structure; histidine residues seem to be directly

involved in ths protein's catalytic activity.,



GENERAL DISCUSSION
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The pressnt study was concerned with an approach to the
elucidation of the structure and function of apoferzitin, the
emphasis being placed on how these two properties of the protein
were inter-related. The problem was approached using a variety
of physical, chemical and kinstic methods and it will be the
purpose of this general discussion to. sttempt to integrate all

of the results from the various approaches,

In order to find out about the biological role played by
apoferriting we ware interested in the interaction betwsen ths
prqtein and all of the other componernts of the system that would
be required to promote some form of catalysis, and to try to
gluridate how such a catalysis may arise. It is an important
prerequisite to have some information on the exact chemical
structure of the molecule, particularly on the naturs of thoss
amino acid residues that constitute the catalytic Yactive-gsite?
and also on the types of lnteraction which are important in
maintaining the structural integrity of the protein molecule,

It is the results of such physicsl and chemical methopds that
provide a framework for interpreting the forcses responsible for
enzyme-ligand binding and for enzymic catalysis,

It was found from a variety of studies that the apoferritin
molecule appears to have a molecular weight of approximately
440,000 and consists of twenty-four epparently identical subunits
of molecular weight 18,500 and this was in disagreement with the
view that apoferritin consisted of twenty subunits of molécular
weight 23-25,000, This disparity has, however, already besn
discussed quite extensively (page 209) and it only remains here
to point out one important functicnal aspact of the valus of the

number of subunits that constitute the apoferritin moleguls, and
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that is, the procaess of self-assembly,

As Casper and Kiug (1962) pointed out, “self-assembly is a
process akin to crystallisation and is governad by the laws of'
statistical mechanicscceooccss It is the transition from a state
in which protein subunits are randomly acrranged in space to a state
in which they are highly ordered, that virus assembly is like
crystallisation. The driving energy for this process is proe
vided by the formation of inter-subunit bonds. Tho order in the
final structure is a nacessary consequence 6? the statistical
mechanical compulsion to form the maximum number of the most
stable bonds.",

In such assemblies it has been demonstrated that grades of
organisation are essential and; if a multisubunit particle can be
synthesised from sub-assemblies which then associate, then the com~
plex molecule can be built with a much highen degrée of efficlency
(Crane, 1950), Quite recently, Rosen (1970) extended thess ideas
by a theoretical statistical treatment for sub-assembly processes.
By this method he derived an cquation for determining the total
numbar of finished particles which had been correctly synthesised

and this wasg
v = pr" + 2 4 aoooorn o(M/L)

where v, is the total number of correct particles, p is the prob-
ability that two units will be put together correctly, Ty is the
number of units produced at the (i = 1)th stage, W is the number
of sub-assembly stages, M is the size of the particle and L is the
number of subunits, He argued that for the most efficient system

then the term p-1 * F2 * ceceel

n must be maximised and since
p<21 this would mean that ths exponent must be minimisad. From

elementary numbsr theory this is achleved by decomposition of the
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exponent into prime numbers, For a twenty~four subunit structurse

this would give,
v = p2 + 2+ 2 4 J@(M/?.(-“-) o p90<M/2ffl)

This theory, however, is much more suited to linear assemblies

and it is felt that for closed structures like that of apoferritin
or for spherical virusss,; some form of correction factor for
geometrical considerations is lacking. Despite this, it is clear
that the process of self-assembly by subnaséembly is a more
efficient process than by & step-wise acdition of single units in

which case,
v o= p2hlm2e)

In this context, a twenty subunit structure is not so susceptible
to sub~-assembly process and this would be a much mors difficult
structure to synthegise from the nascent polypeptide chains that
make up the subunits.

Despits this, there are claims for twenty-subunit structures
for chicken liver glutamate dehydrogenase (Friedsen, 19623 Rogers,
Geigar, Thompson and Hellerman, 1963), fibrinogen (Koppel, 1%66),
mammal ian dihydrolipoyl tfansacetylase (Ishikawa, 0liver and Reed,
1966) and low density lipoprotein (Pollard, Scanu and Taylor,
19693 Pollard and Devi, 1971), although the evidence is not very
ccnciuaive. The dihydrolipoyl transacetylase from £, coli is,
howsver, thought to contain twenty-four identical subunits (Wilms,
Dliver, Henney, Mukherje and Reed, 19675 Henney, Wilms, furamutsu,
Mukherje and Reed, 1967). This enzyme is one of thres which cone
stitutes in £, coli a complex system that catalyses a lipoic acid
oxidativs decarboxylation of pyruvic acid and these are pyruvats

dehydrogenase, dlhydrolipoyl transacetylase and dihydrolipoyl
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dehydrogenase. The other analogous class of complex, namely that
involved in the oxidative decarboxylation of < - ketwoglutamate
has also been shown to consist of three enzymes, Gﬁmketuglutamaﬁe
dehydrogenasae, dihydrolipoyl transuccinylase and dihydrolipoyl
dehydrogenase. De Rosier, Oliver and Reed (1971) have raecently
shown that the dihydrolipoyl transuccinylase has octahedral symme-
try (4:3:2) and suggest that this enzyms is also composed of
twenty-Four identical subunits,

From the present study and from the data of other workers it
is clear that the apoferritin monomer is a very stable structure.
Tt is stable in the range pH 3-10 and at temperatures up to s0"c
and also is relatively resistant to chemical denaturants in that
108 urea does not cause dissociation into subunits., This stabil.
ity has an important direct bearing on the functional aspect of
the protein. It was seen sarlier that Pape, Multani, Stitt and
Saltman (1968) proposed that ferritin was formed by the addition
of subunits around a preformed iron micelle (pagse 53), The fact
that the monomer is so stable and resistant to dissociation
would tend to contadict such a view, Also from the sedimentation
valoclty study described on page 254 it was seen that, if an
equllibrium existed between mopomer and subunit then it would
have to lie very much in the direction of monomer. Also some in
vivo studies on the biosynthesis of ferritin lend support to the
idea that newly synthesised ferritin is ferritin of lsast iren
content (Fineberg and Greenberg, 19553 Orysdale and Munro, 1966)
sugpesting that apoferritin, or a moleculs of low iren content,
is the precursor of ferritin. Niederer (197ﬁ) has, however,
suggested that if iron stabillises the ferritin molecules such that
Tfull’ ferritin dissocistes only slowly then, ths nascsnt subunits

when interacting with the pre-existing liver ferritin pool yould
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be incorporated into iron poor ferritin prsferentially. The
conclusive experiment to disprovs Pape's model would be to
demonstrate a redox system in which apoferritin took up iron in
a gradual way to form *full?! farritin., The axperiments of
Niederer (1970) and of Macara gt gl (1972) and aleo those dese
cribed in the present study demonstrate such a redox system and
support the view that ferritin is synthesised by the gradual
oxidation of ferrous iron within the apoferrvitin protesin shell,

As redox reactions are involved not only in essential ensrgy
storage pruocessses but also in the biosynthetic and degradative
pathways, then such reacltions are of vital imﬁortamne to biologi-
cal systems, The enzymes which catalyse redox roactions can be
classified into several different groups on the basis of the
mechanism of reaction and some of these can be undgrstood in terms
of bhasic organic chemistry,., Essentially these sub-classes are 3
nicotinamide adenine dinucléotide enzymes (using nicotinamide
adenine dinucleotids as co-enzyme), flavo-enzymes (using FMN or
FAD as co-enzyme), metalloflavoenzymes (in addition to flavin pro-
sthetic group, also contains one or more metal ions), hydroxylases
(catalyse hydroxylations using molecular 02) and oxygenases (cata-
lyse reactions in which both oxygens are incorporated into the
substrate),

Oxidation-reduction reactions may be regarded as being made
up of two half reactions involving electrons, The measure of the
tendency of any specises to accept electrons, that is, to become
reduced, is known as its reduction potential. The standard red-
uction potential for ferric/ferrous is +0,77 while for 02/par0xida
is + 0,30, The ferric/ferrous system refers to agueous solutions
and the ions are surrounded by water molecules. When, howsver,

aix cyanide lons ligand ths metal ion, as in the case ferricyanide
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/ferrocyanide; tha reduction potential is decreased and in the
casa af cytochromes where the iron atom is liganded to haem the
potential may be sven further reduced., It is known that a change
in redox potential of a system can influence the rate of reaction
in which the system is involved and it is probable that the changes
in reduction potentials of some metal ions brought about by the
special ligand systems found in enzymas are a major factor in
the activity of these enzymes. Udenfreund and co=workers studied
the ability of a ferrous/uz system to hydroxylate substrates,
They found, that on increasing the pH; the reaction became mors
rapids at higher pH values ﬁhe redax potential of the Fe**/Fe™" "
became more neqative, Uhen EDTA was added it complexed with the
metal ions and the redox potential dropped from 0.77 to 0,14 and
this caused the reaction to increase. Thusy, a change in the
oxidation~reduction potential can influence the energy of activa-
tiony and therefore the reaction rates In our in vitro assay
system we were concerned with Fa++/Fe+++ in agusous solvents and
it 1s quite feasible that in vivo the metal ions are liganded in
soms way. Thus, by analogy, this would decrease the reduction
potential and perhaps increase the rate of the reaction and this
would help to explain the low valuss obtained for Umax and the
relatively high value of Kmo

In the studies of the functional aspects of apoferritin uwe
assumed molecular oxygen to be the elesctron acceptor and this
perhaps giving rise to hydrogen peroxide although this has not,
as yet; been shown to be the case. In general, howsver, it is
found that enzymes which utilise molscular oxygen as an electron
acceptor contain either flavins or metal ions (or both). A onee
electron transfer would give rise to the oxygen radical and the

oxidised form of the metal., The oxygen radical then accepts a
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gsecond electron to yield the peroxide oxidation level:. In the
apoferritin assay system it remains to determine if such a prow
cess occurs and also to determine the effect, if any, that the
presence of reduced FMN has on the reaction rate.

In the chemical modificatlion studies it was seen that hig-
tidine was a likely candidate for the source of the proteints
catalytic activity. The imidazole group of histiding has baen
shouwn to be important as an essential proton-transfer agent in a
great many other enzymes including the transaminases, ribonuclease
A, fructose diphosphate aldolase and certain glycosidases, Hows
ever, it remains to modify histldine residuss of apoferritin
specifically, perhaps with diazoniumeHetetrazole or with diazoe
sulphanilic acid, and note the effect on the protein's function.
As Gutfreundt and Knowles (1962) pointed out, "With a complete
knowledge of the structure and dynamic behaviour of protein mole-
cules during catalysis, workers will be in a position to design
and study mpch more realistic models of enzyme reactions than has

been possible up to now.".



SUMMARY
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The nature of the present study was to further in-
vestigate the structural and functional aspects of horse spleen

apoferritin.

The protein was dissociated under a number of condie
tions and the molecular weight for the subunit was determined
by a combination of sedimentation equilibrium, polyacrylamide
gel clectrophoresis in the presence of the anionic detergent
sodium dodecyl sulphate and gel filtration in the prosence of 6M
guanidine hydrochloride. The value obtained from these studies,
18,500, was in disagreement with the previously determined valus

of 23,000,

The molecular weight for the undissociated apoprotein
was caloulated by sedimentation equilibrium and was found to be
445,000 which was in excellent agreement with the literature
values, This then led us to suggest that the protein consists of
twenty-four subunits and not tuwenty as was assumed from eavlicr
studies and this view has had direct support from a preliminary

clectron microscopic study.

Because of our intersest in the cyanogen bromide pept-
ides we attempted to characterise their molecular weights by ex--
tending the range for sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and for gel filtration in the presence of 6N
guanidine hydrochloride. For the sodium dodecyl sulphate system,
although there was an apparent linearity of the calibration in
the region below about 10,000, the slope of the line was so steep
as to make the application of this region to molecular weight

determinations impracticable. It was, however, found possible to
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determine peptide molecular weights in 6M guanidine and this
technique was applied successTully to the determination of the
molecular weights of the cyanogen bromide peptides of apoferritin=
The molecular weights obtained, 8,400, 6,400, 3,400 and ©00 add
up to give a molecular weight of 19,100 which is in reazonable
agreement with our previously determined value for the subunit

molecular weight,

It was also decided to reinvestigate the tryptophan
content of the protein as this was one of the methods on which
a valuo of 23,000 for the subunit molecular weight was based,
The method employed consisted of treating the protein with 2-
nitrop;enylsulphenyl chloride which generates in the intact
protein a chromophore the absorption of which can be monitored
in the visible region. The value obtained, 2.03 tryptophan
residues per 18,500 g protein,.ﬁas in disgbreement with the pre-
viously accepted value of 1 residue pef 23,000 g protein. Howe

ever, this value of two was further confirmed independently by

two well-established spectrophotometric methods,

Apoferritin was isolated and purified from a varisty
of organs and species and for the proteins studied, horse liver
and spleeny, human liver and spleen, human haemochromatotic liver
and spleen; rat liver and spleen and pig liver, these wers found
to be indistinguishable in their subunit molecular weight and

tryptophan content.

It was recently reported that apoferritin exhibits
polydispersity when subjected to isoelectric focusing on poly-

acrylamide gels. This was interpreted as indicating a heterco-
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geneity at the level o the subunit and since this was in dis-
agresement with our view that the subunits were identical we

reinvestigateds Our cosults of iscelectric fucusing indicate
that the protein from a variety of sources is homogeneous and

does not exhibit any polydispersity.

In an ultracentrifugal study en the pH stability of
horse spleen apoferritin it was found that in the range pH 2 -
10,5 the protein exists solely as monomer (17 - 18 §) while at
pH 1.6 = 3,0 and at pH 10.5 ~ 13,0 monomer to subunit transiti-
ons were apparent, Also in this study it was noted that at pH
0.0 -~ 1.0 irreversible denaturation of the protein occu%bd and
at values in excess of pH 12,6 alkaline hydrolysis resulted.
then protein was dissociated at low pH, either directly or by
ice-cold 67% acetiq acid, and then dialysed back against various
buffers of higher pH, the acid dissociated transition, although

completely reversible, was shifted to the range pH 3.2 = 4.6,

These pH transitions were further studiedlby the
technique of ultraviolet difference spectroscopy. For the acid
transition it was found that on lowering the pH below 3.0 , all
of the proteins tyrosines residues were perturbed and this per-
tunbation wvas studied as a function of pHs It was found that
this tyrosyl perturbation axactly psralleled the acid dissociation
and reassociation of epoferritin. The profile of the tramsition
was analysed mathematically and compared with theoretically derive
ed equations. From such a treatment it was found that some degree
of cooperativity was present and this is discussed in terms of
hydrogen bond systems. Also found from these studies was a cone

formational change in the range pH 3.1 « 3.4 as demonstrated by
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perturbaticon of a tryptophan residue. In the alkaline spectrs
oscopic titration all Five tyrosyl residues titrated with app-

arent pK values of aboubt 11.8 and as such were adjudged to he

thuried?,

Un the chemical modification of apoferritin with 1,2«
cyclohexanedione, nine of the ten arginyl residues wers converte
ed to N5m(4mox0m193mdiazaspirm[@oé]non~2~ylidane)m L- ornithine
while treatment with c-methylisosmesureza converted ssven of the
nine lysine residues to homoarginine. From this it was assumed
that the groups modified were relatively accessible Lo solvent
while the one refractive arginine and the two refractive lysines
were most probably inaccessible and may even be involved in inter-
subunit binding by salt linkages. 0On nitraticn of the protein
with tetranitromethane only one tyrosine was found to react and
this was demonstrated both spectrophotometrically and by amino
acld analysis, Treatment of apoferritin with.labelled iodoacetic
acid at pH B.6 caused three residues to be carboxymethylated and
these were shown by amino acid analysis to be two residues of

cysteine and one residuc of histidine,

It was recently suggested that apoferritin was capable
of catalysing the oxidation of ferrous iron, On studying this,
it was found possible to demonstrate a ferroxidase activity and
further, an assay for this sytem was éstablished. The effect of
protein concentration, substrate concentration and pH on the
initial velocity were investigated and it was found that the
protein exhibited the normal Michaelis~Menten relationship and
the kinetic parameters Umax and Km were determined. By studying

a variety of proteins it was shown that only apoferritin exhibit~
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ed ferroxidase activity., Native apoferriting tryptophan-modie
fied apoferriting tyrosine-modified spoferriting lysinc-modified
apoferritin and arginine-modified apoferritin were assayed and
shouwn not teo differ significantly from the unmodified horse

spleen protein., Carboxymethylated apoferritin was, however; found
to have no catalytic activilty and this is discussed in the light

of studies by other uworkers which tend to implicate histidine in

the process of iron incorporation inta ferritin,
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