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INTRODUCTION

Protein catalysts or enzymes are invélved in every
chemical process of anabolism and catabolism in all living material,
Probably the number of documented enzymes is only but a fraction
of the total number of different types of enzymes involved in
vital processes, Of these enzymes, the group known as
nucleases have been the object of considerable research and in
particular the'ribonucleases and deoxyribonucleases, The reason
that fhis group has attracted so much attention is twofold,
Firstly, is that they are enzymes involved in the.breakdown (and
synthesis, since many of their reactions are reversible) of
ribonucleic acid and deoxyribonucleic acid, both of which are
involved in directive procedures like protein synthesis,
Secondly, ribo-and deoxyribonucleases have been of interest because
many of them are of a relatively small mnlecular weight and
relatively easily characterized compared éo many other types of
enzymes, That is, their action is well defined and there seems
to be little complication due to the necessity for cofactors and
other activating compounds, as in the digestive system's enzymes for
example,

Although the action of nucleases is well defined in vitro
the exact metabolic role in vivo is still somewhat uncertain,
In the case of the extracellular nucleases the function is more
than probably one of breaking down unwanted polynucleotyd ic mat-

erial - a scavenger function, A study was made of DNAse




(deoxyribonuclease) II in the developing mouse embryo (1) and it
was found that generally DNAse activity was higher in organs and
areas of the body concerned with metabolic breakdown, such as
spleen and liver, Thus metabolic breakdown of DNA (deoxy-
ribonuclease acid) in these areas would be one of the prime
functions of DNAseIl, Probably this could be said for
extracellular ribonucleases as well,

The question of what function the intracellular nucleases
play in metabolism is much harder to answer, These types of
enzymes are abundant in variety, and although a degradative an&
repair role in ceils could be visualised, it is an unsatisfactory
theory since there seems to be littl degradation of nucleic acids
occurring in most functioning cells, With one major exception,
the nucleic acids seem to be the stable end products of metabolism,
and the exception is the small fraction, undergoing rapid turnover
which is generally considered to be or to contain RNA.

There have been many suggestions as to the role both intra
and extracellular nucleases might play in vivo but so far it has
not been possible to reach a decision, However the role of
nucleases in vitro is of great importance with respect to the
investigation of nuclestide sequence in RNA and thus the key to
understanding of protein synthesis (2, 3), The basic operation
in this in vitro application of nucleases, is the enzymatic

cleavage of RNA into oligonucleotides which are then




separated and characterized, As with a proteolytic enzyme
approach to the study of protein structure ”(4, 5, 253) the chance
of an unequivocal sequence determination is greater the more
different ways there are to split RNA, This ié a function of
the degradative specificity of the nucleases available, Thus
enzymes with new specificities would be useful. The alternative
approach is to alter the RNA or DNA so that the nuclease enzyme
breaks fewer bonds, thus yielding larger nucleotide fragments.

Ribonuclease enzymes with absolute specificity of action,
.and so of the greatest use in RNA sequence determination, are at
present few in number, Most of the ribonucleases with their
specificity established, so far show mainly a preferential
specificity and not an absolute spgcificity, None the less
ribonucleases having preferential specificity are of some use in
RNA seguence determination,

The nuclease group of enzymes as a whole can be classified
into two.divisions according to the mode of action - exonucleases
and endonucleases, The exonucleases hydrolyse from the end of
a nucleotide chain in an orderly and stepwise fashion, whilst the
endonucleases attack randomly at any point in the chain, The
useful ribonucleases belong to the second group, however nucleases
with exonuclease action are much used in RNA sequence determination,
eSpecialiy Venom phosphodiesterase, (6) and spleen
phosphodiesterase (7) which have a compl@mentary mode of action.

The venom phosphodiesterase hydrolyses from the 3' hydroxyl end in




a stepwise fashion to release the Siphosphates, and spleen
phosphodiesterase hydrolyses from the 5'-hydroxyl end to release
the 3'-phosphates,

Summarized below are a few of the interesting and possibly
useful endoribonucleases with their mode of action on RNA,

Bovine pancreatic RNAse (8, 9, also see section III of this

thesis) The hydrolysis of RNA by bovine pancreatic RNAse is
essentially a phosphorylation followed by an hydrolysis, It
splits the phosphodiester bonds of 3'-cytidylic and 3!'-uridylic
acid initially to form the nucleoside cyclic 2', 3'-phosphates
which are hydrolysed to the 3'-nucleotides of CMP and UMP, It
is therefore a very specific enzyme and the products, besides the
pyrimidine 3'-hucleotides, are the oligonucleotides of varying
lengths always terminating in a pyrimidine nucleotide, An
account of its practical use in conjunction with other ribonucleases
and nucieases in interpreting the base sequence of ribosanal RNA
" is given by F. Sanger et al, (10)

Similar to Pancreatic RNAse in thermal stability and type

of action, but not specificity, is Ribonuclease Tl isolated from
Takadiastase (Aspergillusoryzae.) (11, 12) RNAse T_ is
'guanylic acid specific and in a similar way to pancreatic RNAse

it splits the nucleotide chain between the 3'-guanylic acid

groups and the 5'-hydroxyl group of the adjacent nucleotide forming

an intermediary guanosine 2' 3'-cyclic phosphate. An enzyme
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isolated from the mould Neurospora crassa has the same

specificity (13)

Takadiastase also yields another ribonuclease, but this
RMAse is non-specific and is designated RNAse T2, (12, 14) The
T2 enzyme preferentially attacks phosphodiester bonds of adenylic
acid, but not specifically, since all linkages are eventually
attacked regardless of the nucleotide base, The mode of
action is the same as pancreatic and T RNAses with the formation
of intermediary 2'3'-cyclic phosphates,

Rushizky et al. (15) extracted seven new RNAses from
various microorganisms in an attempt to find new specificities.
The following were investigated:-

strain No.

1, Bacillus pumilus IFO 3028

2, Mucor genevensis IFO 4585
' 3, Bacillus cereus ATCC 10987

4, Lenzites tenuis IFO 4946

5. Monascus pilosus IFO 4480

6. Lipase B

7. Lipase B

1, 2 and 7 were found to have a specificity as in RNAse ?l’v'
hydrolysing the 5' linkage to give 3'-GMP. Enzymes from micro-
organisms _.3,4,5and 6 are non-specific giving the nucleoside

3L phosphates of all four bases,




At least three nucleases have been isolated from Phaseolus

aureus - mung bean sprouts, (16) two of which are ribonucleases -

ribonucleases My and M2, RNAse M) is an acid stable RNAse
which acts to give a mixture of 2'3'-cyclic nucleotides, The

cyclic purines are further hydrolysed to the 3'-phosphates,

whilst the pyrimidines are not, However it is not definitely
established that this enzyme, which produces the 2'3'-cyélic AMP and
GMP, also produces the resulting 3'ANMP and 3'GMP. A similar

acting RNAse to Ml is Tobacco leaf RNAse (17, 18) which is

unspecific, cleaving all phosphodiester bonds to the 2'3'-cyclic
esters and no further, Whilst these esters are inert to

further enzyme action, the purine cyclic nucleotides are-slowly’
hydrolysed to the nucleoside 3'-phosphate exclusively, This
enzyme might be useful in the preparation of 2'3'-cyclic nucleotides.

Micrococcus pyogenes (20, 23 ) nuclease is a nuclease

worth noting, (although not a ribonuclease) because it is often
used in conjunction with ribonucleases in RNA sequence
determination (19 ) The interesting features are an absolute
requirement for calcium ions for activity, production of
oligonucleotides bearing 3'- phosphate groups, and a possible
combination of endonucleolytic and exonucleolytic activities (20,
21) It is unspecific (although preferential cleavage has been

reported (22)) but it is specific in that when the 5!




phosphomonoester end group is present in the oligonucleotide, it
is inhibited, It also does not cleave the 2',3'-cyclic
phosphates, At all times of digestion mononucleotides form
a significant proportion of the product even though substantial
amounts of oligonucleotides remain undigested.

Rye grass RNAse (24), also an unspecific RNAse, hydrolyses

oligonucleotides regardless of whether they are terminated in 3' or
5'-phosphates at roughly equivalent rates unlike the above
Micrococcal nuclease, Similarly pancreatic RNAse does not
differentiate between 3' or 5'-phosphate termination of
oligonucleotide chains,

Another bacterial RNAse which has been found useful in

sequence analysis of RNA is Bacillus subtilis RNase (25) This

enzyme is unspecific but preferentially attacks GpGp and Gpap
linkages (Diagrammatic convention: p to the right of the
nucleoside =3'-phosphate linkage, and similarly p to the left of
the nuclenside=5'-phosphate, A,G,C and U=nucleosides) about 100
times faster than other phosphodiester bonds, Digestion is to
the mononucleotides via a 2'3'-cyclic phosphate intermediate.
Mention of a RNAse isonlated from hog spleen concludes this
brief outline of ribonucleases with respect to their use as tools
in RNA seqﬁence determination. Acid RNAse activity is very
widely distributed in different tissues and species; evidence is

available that this enzymatic activity is due to more than one




enzyme (26) The purification of enzymes responsible for this
activity has been attempted in only a very few cases, and very
often the comparison of the partially purified preparations
reported so far is difficult, The hog spleen acid RﬁAse
reported by Bernardi and Bernardi (27) showed interesting

features of specificity when natural and synthetic polyribo-
nucleotides were digested with this enzyme, Pelyuridylie zeid
was hydrolysed rapidly whereas polycytidylic and polyadenylic

were highly resistant to this enzyme, Purther elucidation of the

specificity of this enzyme continues,

Early work leading to the present investigations

Because of the importance of ribonucleases with respect to
their metabnlic role with RNA and protein synthesis, interest was
stimulated within this department by a report published in 1956
by Kaplan and Heppel (28) describing the purification and
properties of a ribonuclease from calf spleen. They isolated a
heat stable fraction, purified 700 fold with the reported.same
specificity as bovine pancreatic ribonuclease. The calf spleen
were obtained fresh from the slaughterhouse, carefully packed in
ice, Carrying out all operations at 3°C the spleen were
homogenized in a Waring blender with pH 7 sodium acetate buffer;
and then subjected to an ammonium sulphate fractionation at

PH 3.5. The enzyme extract was subsequently heat treated at the




same pH of 3,5 and an enzymically active 6OOC heat stable fraction
obtained, Final purification, after another ammonium sulphate
fractionation at pH7.0, dialysis, acetone precipitation and a
final ammonium sulphate fractionation at an acid pH again,

was by chromatography on Amberlite IRC-50 (XE64) resin, which
b?ought the degree of purification up to a factor of 700. The
pH optihum of this ribonuclease enzyme was between 6.0 and 6.5,
and therefore according to pH optimum this is an acidic
ribonuclease, The terminology is somewhat confused in the
literature, The ribonuclease of Kaplan and Heppel (28, 29)
above, although it has a pH optimum in the’acid range, can be
termed basic because of its behaviour on a cationic resin
exchange column, Similarly there are acidic ribonucleases
with respect to pH optima (29) which are also acidic with respect
to their ion-exchange adsorption properties, accounted for by

the constituent amino acid groups in the protein chain, Here-
after the term 'basic' ribonuclease will refer to its cationic
propefties.

The specificity of the basic calf spleen ribonuclease isolated
by Kaplan and Heppel was reported to be the same as pancreatic RNAse
(8, 28,) There was no evidence of any action upon DNA and this
confirms it as being a ribonuclease and not merely a nuclease,
Other properties that were reported as being in common with

pancreatic RNAse were a stimulation of activity in the presence




of Mg++ ions (MgCl2-O.OlM concentration) and the response to the
presencc of various other metal ions,

The most interesting aspect of the paper was a note appended
by W.R. Carroll on sedimentation measurements of the ribonuclease.
These ultracentrifuge measurements indicated that the ribonuclease
was of an unusually small size for an active protein, A
molecular weight of 2,000 - 5, 000 was suggested, The
implications and possibilities of isolating an enzyme with so low a
molecular weight are far reaching. An enzyme of this size
would be an attractive proposition for X-ray crystallographic
analysis (viz: recent work on Pancreatic RNAse ref (30) ), to
further investigations such as amino-acid sequence determination,
active-centre location, and, to eventually aid in the confirmation
of information and hypotheses already availabie on the actual
mode of enzyme attack and action,

It was with these possibilities in mind that work on
ribonuclease from calf spleen was initiated in 1961 in this
department (W,R. R, and J. E, - 37)

In the same year as Kaplan and Heppel's report (28) another
paper was also published by Maver and Greco (31) which, among
other nucleases, described a calf spleen ribonuclease., A
procedure was enunciated for the purification of DNAse and RNAse
activities of normal liver, spleen, two transplantable rat

hepatomas, and a transplantable rat lymphosarcoma. (Maver and

Iv




Greco (32 ) had previously shown that there was RNAse activity
present in catheptic preparations from calf spleen) Comparative
studies on the pH optima, magnesium ion inhibition, and heat
denaturation of the DNAse and RNAse activities from the above
mentioned tissue sources were made, The studies revealed
definite differences in the RNAse activities of liver and spleen,
and indicated that each tissue may have characteristic RNAse
activities, However resolution of the RNAses was incomplete
and thus little could be concluded as to the identity and
character of any RNAse at this stage - and no real comparison could
be made with the low molecular weight RNAse mentioned by Kaplan
and Heppel (28)

Maver and Greco 1959 (33 ) described the RNAse activities
of fractions obtained when spleen nuclease preparations were
~subjected to chromatographic analysis om cellulose anion and cation
exchangers, (34, 35). The RNAse activities were separated
from the DNAse activity in the spleen nuclease preparations by
means of the appropriate chromatographic techniqueson columns of
diethylaminoethyl cellulose (DEAE-cellulose), Several acid
RNAse fractions with similar characteristics were eluted., Also
a heat stable basic } ribonuclease was separated by chroma-

alkaline

tography or CM-cellulose anion exchanger at pH7.0 and therefore
must be é fairly basi¢ RNAse, This ribonuclease is probably

the corresponding enzyme to the one isolated from calf spleen by

II




Kaplan and Heppel (28) although the information with respect to
specificities was not in agreement,

In 1962 Maver and Greco (36) published an elaboration of
the work appearing in 1959 (33 ), The chromatographic
fractionation on DEAE-cellulose and CM-cellulose of the acid and
basic RNAses of bovine liver and spleen nuclease preparations were
described, These enzymes were sevarated from each other and
from the following associated enzyme systems:- acid phosphatase,

a non-specific phosphodiesterase and the deoxyribonucleése with
which it is associated, and the enzyme which hydrolyses cyclic
adenylic acid to 2'~-adenylic acid, The effect of Mgttions and
of heat on the acid and basic nucleases was demonstrated and also
the specificity was investigated. Once again it is almost
impossible tp decide which basic ribonuclease corresponds to that
reported by Kaplan and Heppel (28 ), The RNAses purified in
Maver: and Greco;s 1962 paper (36) digested RNA to purine as well

as pyrimidine nucleotides and guanylic and uridylic acids in

both the cyclic and non cyclic form were found in the acid and
basic RNAse digests, Although the ratios of adenylic to
cytidylic acid differed; being higher in the acid digest, and lower
in the basic RNAse digest, the specificity did not coincide with
that reported by Kaplan and Heppel (28) for their basic ribonuclease
which they reported to seem to have the same specificity as

pancreatic RNAse, This point of confusion was further investi-
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gated as part of the work of this thesis,

This was approximately the stage (1961)at which work in
this department was commenced on purification of the heat stable
basic ribonucleases of calf spleen (37 ). - The work was mainly
concerned with the perfection of purification and isolation of two
basic RNAses from calf spleen using the techniques mentioned in
previous papers (28, 29, 31, 32, 33, 34, 35, 36) as a broad basis,
but with the accent on refinement of technique; and in some
instances new techniques entirely were invoked, to obtain a
reproduceable end product from the extraction procedure. The
procedure was continually evolving over the period 1961-1964.

The investigation covered by this thesis was commenced in
October 1964 at a stage where the extraction technique was fairly
well definéd (37 ), but low yields of the end products indicated
the necessity of further extraction technique investigation,

The isolation of proteins from tissues, and their
eventual purification represents one of the most important problems
of biochemistry and is often a very complex problem with numerous
interdependant factors to consider (40, 41 ) One of the
principal considerations is the general lability of protein
material to temperature, (42, 43 ) pH extremes (41 ), organic
solvents (44 ), dilution factors (49 ), ultra violet light (45 )
and various other agents; leading to the eventual denaturation

of the protein. Also denaturation (46 ) is a very general

13




term and it describes a change in protéin structure with a loss of
one or more of the protein properties, The steric siructure of
an enzyme fluctﬁates between a number of slightly different
conformations within the same environment, but if this environ-
ment is changed the protein also suffers pronounced changes,

Often these changes are.irreversible with the breaking of non-
covalent bonds and sometimes disulphide bridges, and new
interactions within the molecule may occur which were not originally
present in the native protein, Therefore all techniques in
protein extraction and study have to be considered from a number
of viewpoints and any changes in procedure are strictly monitored
with respect to retention of enzyme activity and stability. The
early idea of protein as an amorphous, ill defined substance has
given way to the concept that proteins exist as specific and
definable molecular substances (47 ). Using this concept it
has been possible to treat the study of proteins as a true branch
of chemistry, and it is on this basis that the problem of
extraction and fractionation of ribonuclease from calf spleen was
approached, From many lines of evidence it is generally agreed
that each individual protein is a specific molecular entity with
unique composition, sequence and 3-Dimensional configuration

which endow the molecule with its particular biological useful-
ness and determine the special properties that are exploitable

‘for identification and separation. The outstanding and most
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utilized properties are: solubility, size, charge, lability,
density and biological activity.

Unfortunately the classic criteria of purity (48) used
by the organic chemist are of little use when working in the
field of protein chemistry. Examples of such criteria of purity
are crystallinity, melting point, and elementary analysis,
Crystallinity is, in itself, no proof of homogeneity, as it has
been shown that crystalline proteins contain substantial impurities
(38, 39 ), Similarly with analysis, such as finding the number
and type of amino-acids present in a protein is of little use as
criteria of purity, since it is the arrangement of the amino-acids
into primary and secondary structure with the resulting tertiary
structure (which accounts for the folding of polypeptide chains

into globular molecules) that characterizes a protein,

Scope of the present work

The work undertaken can be divided into three main
divisions:-

Part I Extraction and purification investigations

Part II Aggregation properties of the enzyme

Part III Specificity investigations

Part I BExtraction and purification

Besides the necessity of further investigations into the

15




extraction procedure, the lengthy operation was necessary to obtain
material to work with in further studies (parts II and III)., As
mentioned previously, the extraction technique has been the subject
of investigation and evolved over a period of three years and the
initial extraction carried out approximates to the procedure
resulting from this study. (J.E and W.R.R. 1961-1964, ref. 37).
The two main objects in mind have been to increase the yield of
enzyme extracted and to obtain as pure a product as possible,
Yield increase attempts were approached from two directions,
Firstly, attempts were made to extract more enzyme from the calf
spleen starting material by use of acid extractions of various
strengths, by the use of 2M urea present during the extraction
process, by the use of detergents, organic solvents and by re-
extraction of residues before their ultimate rejection. The
second approach to yield increase was by ensuring that no active
enzyme ﬁaterial was lost during any fractionation procedures,
This care entailed the monitoring of every stage of fractionation,
including both retained fractions and those normally discarded
fractions, Changes were made in the procedure in each
successive extraction programme in the attempt to increase the
yield of the active enzyme,

In later stages of purification, use is made of both
anionic DEAE-cellulose and cationic CM-cellulose ion exchange

column chromatography and also 'Sephadex' cross-linked dextran

16




gel filtratidn. The difficulty of ﬁroof of homogeneity and

the criteria that can be used with respect to prdtein material has
been discussed, and in the light of the knowledge of protein purity-
proof limitations, as many criteria of purity as possible have to
be used, The criteria discussed and used are based on charge -
CM-cellulose column chromatography, size - Sephadex gel filtration
and ultracentrifuge studies, size and charge -~ disc gel

electrophoresis, and finally specificity.

Part 11 Acgregation properties of the enzyme

The possibility of the enzyme being present as a dimer
or aggregate was investigated, This particular line of
investigation has largely been concerned with the behaviour of
the enzyme in the presence of various concentrations of urea
ranging from 2M to 8M urea, The action of urea, to the extent
that it is understood is discussed in detail. Pancreatic
ribonuclease enzyme maintains activity in urea concentrations of
aM (157, 158, 162, 104) but the elution pattern of the enzyme on
CM-cellulose columns is very different at these concentrations
as compared with its behavi~ur at 2M urea concentrations, A
complete extraction of the ribonuclease from calf spleen in the
presence of 2M urea at ali stages up to and including column
chromatography was carried out, in the hope that the hydrogen bond

relaxing properties of urea would increase the yield of enzyme
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recovered by possible disassociating it from other proteins,

The properties of the amino-acid leucine as an aid to
studying aggregation was also investigated. It is believed
(ref, 207 plus ) that protein structure and protein
organisation to some extent may be due to the folding of the amino
acid chain in proteins so that areas of an essentially hydrocarbon
or hydrophobic nature come together, that is, the parts of the
amino acid chains which contain a high proportion of amino acids
with hydrocarbon side chains such as alanine, valine, leucine,
isoleucine, phenylalanine and tyrosina, Thus these types of
amino-acids have a polar portion together with a non-polar end
of an essentially hydrocarbon nature in the same way as have
detergent molecules, These non-polar side groups will orientate
themselves in the protein mnlecule in such a way as to come
together to form hydrophobic centres or 'pools,! It was thought
that by eluting CM-cellulose cnlumns in the presence of leucine
(or a detergent) that the snlubilisation of the hydrocarbon 'poolé'
within the protein's secondary and tertiary structure would aid the
separation of aégregates if indeed present, The reason for the
choice of leucine and the results of its application to aggregation

studies are discussed.

Part I1I1 Specificity investigations

This section of study occupied about a third of the time

I8




spent on the complete enzyme investigation, Before the
specificity work was initiated, time was spent on improving the
yield of RNA obtained from Baker's yeast by trying a number of
variations in procedure including the use of ethyl acetate in
extraction, and chromatography on G-75 sephadex to obtain a purer
fraction of high molecular weight material,

A number of digests of RNA with ribonuclease enzyme were
performed and the products isnlated and characterized, In some
cases the digest prnducts were separated using DEAE-cellulose
column chromatography with a volatile ammonium carbonate elution
system, but in another digest this same system was used but with
subsequent application of the peaks to Dowex I égiggk exchange
columns for further separation of the nuclentide digest products.
However since it was the mononuclentides that were mainly of
interest to this investigation, other subsequent digests were
analysed using Dowex . -I 322523 exchange columns only, as the
ammonium carbonate used with DEAE-cellulose made analysis and
identification of the individual peaks collected difficult,

The nucleotide products of digestion were analyzed and their
identity as far as possible confirmed by the use of paper
chromatography, paper electrophoresis, cellulose thin layer
chromatography and ultra violet spectrophotometry.

Considerable experimentation on technique and some

improvements were made on the thin layer chromatographic separation
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of nucleotides on a cellulose medium,
The final results from specificity investigation have
enabled some conclusions to be drawn as to the specificity of

the basic ribonucleases from calf spleen,
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PART I




PART T

EXTRACTION AND PURIFICATION

Introduction

Enzymes commonly occur in vivo together with complex
mixtures of other enzymes, inert proteins, nucleic acids,
polysaccharides and lipids, Even those that occur in true
solution in the cytoplasm are often associéted in molecular
aggregates, It is important therefore in any extraction process
that the required enzyme be separated from the other constituents
present as gently and quickly as possible, Thus in the
extraction of extremely labile active proteins it is necessary
to observe one or two basic principles common to all such
extractions of labile biological material from tissues:- One of
the most difficult problems is to be sure of whether the enzyme
remains in the same state as it occured in vivo when it has been
isolated in vitro. The types of change .that could occur on
extraction are chemical reactions with breakage in some covalent
bonds in the molecule, and a change in the association with other
proteins or non-protein materials to which the protein molecule is
bound., Any one, or a combination of all these factors could
result in enzyme denaturation, which may terminate in the enzyme
being irreversibly changed (46) in structure with change or

complete loss of its characteristic properties. The following
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elementary precautions are observed in the initial extraction stage,

a) lorking at a low temperature

Proteins very widely in their stability to temperature
extremes and the ribonuclease being isolated is particularly stable
to temperature variation, However at this point in the
extraction procedure it is not so much the stability of the enzyme
being extracted that is of concern (this is of course important)
but the maintenance of a low temperature retains other enzymes
such as proteases at minimal activity since these types of enzymes
would digest part of the enzyme being extracted and so reduce the
yield, Similarly a low temperature maintains. micro-organism
activity at a minimal level, Because of the possibility of
p%oteolytic activity the initial stages of extraction are carried
through as quickly as poasible.

b) Surface denaturing effects

Attention should be rendered to the denaturing effect on
'proteins of surfaces, films and especially—foams. Surface

areas should be kept as small as is convenient and one should avoid
foaming of extracts during pouring, homogenising and stirring of
solutions, The denaturation caused by foaming can be quite
considerable in dilute solutions and hence it is advisable to work
with as concentrated solutions as possible since proteins seem

more stable in concentrated solutions for other reasons (49, 50)

c) pH control

22



Adequate buffering of the extraction medium is important to
maintain pH control, which is certain to vary otherwise, due to the
release of varied cell constituents on maceration or homogenization
or what ever method of tissue component release is being used.

d) Denaturing effect of some metal ions

Some metals, especially the 'heavy' metals such as lead,
mercury and copper have a pronounced dénaturing effect or inhibiting
effect on enzyme activity (242, 244) A common source of such
contaminants in extraction are the extraction vessels, metal
stirrers, copper wire securing fixtures and often the large volumes
of salts used in 'salting out' contain such impurities. It is
therefore wise to include a suitable chelating agent in the
extraction buffer, Ethylenediaminetetra acetic acid (E.D.T.A.)
as the disodium salt is used in the below buffered extractant
solution to 'take up' such metal ions. (243)

Perhaps an even mnre important function of E.D.T.A. is to
'chelate! metal ions that are needed for enzyme-substrate reactions
and thus reduce these reactions, This is particularly important
in the case of proteolytic enzymes since these are often metal-ion
activated and by effectively removing the metal ion, their
reaction is inhibited (51) The possible functions of metal-ions
in enzyme-substrate systems are easily visualized:

(i) The metal may form a complex with donar atoms of either the

enzyme or substrate and thereby enhance their tendency towards
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reaction;

(ii) it may serve merely as a bridge through common co-ordination
to bring the enzyme and substrate into proximity;

(iii) while serving function (ii) it may provide as well, a
chemical activating influence; and

(iv) while co-ordinated to either the enzyme or the substrate
it may appropriately orientate groups undergoing reaction,

It can be seen it is important that metal ions are as far as

possible 'removed' by the use of E,D.T.A., and also that pure
chemicals of 'Analar' grade and deionized water are used in making

up solutions and buffers,

EXTRACTION I

Source of material

The spleen were removed from young calves immediately after
slaughter, The calves were professionally slaughtered by
initially stunning by the use of a 'bolt gun' and rendered
unconscious, and then were hung up by their rear legs, and death
brought about by exsanguination by cutting of the throat. A
hollow needle was then inserted under the skin and air introduced
subcutaneously to aid the rem-~val of the skin, The spleen was
removed along with other entrails and imiediately placed in a
stainiess steel bucket and surrounded with small ice tips. The

time gap between slaughter and processing was represented by the
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Jjourney from Girvan in Ayrshire to the Chemistry Department
laboratories in Glasgow which was on average‘a lapse of three
hours. During this intervening period the spleen were kept
constantly surrounded with ice,

The average weight of a spleen was about seventy grams,
but the actual weight varied considerably., The sought-after
spleen were from young calves which had less accompanying fatty
material attached to the spleen outer capsular layer, This
capsular layer contains both fibrous tissue and unstriped muscle
which has the power of contracting and squeezing the spleen at
regular intervals, The main bulk of the spleen is made up
of blood vessels and collections of lymphoid tissue surrounding
small arteries, which are distributed fairly uniformly throughout
the spleen (52). Kaplan and Heppel (28) used young or calf
spleen, and for‘reproduceability this has been done here also,

As mentioned in the introduction ribonucleases are likely
to be more active in tissues concerned with metabolic breakdown
(1) and in & young calf these tissues are likely to be more active
than in the adult where metabolic rate will be slower, During
the second half of antenatal life it is reported (52) that the
spleen is actively engaged in the formation of red blood
corpuscles, In postnatal life spleen is also concerned with
breakdown of haemoglobin and formation of bilirubin, It is also

believed to destroy red blood corpuscles, lymphocytes and platelets
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and is important in the defence reactions of the body and

concerned with immune processes,

EXTRACTION I - STAGE I (See Experimental section - 1 and also

Summary chart - page 120)

Preparation of spleen and homogenization in pH 7.2 buffer

All work on extraction and purification of spleen was carried
out in a cold constant temperature room of.4° C. This
temperature was monitored over the period of a week with a clock-
work thermograph and the temperature variation was never more than
two degrees, that is, the temperature never normally rose above
6° c.

All bench surfaces used in the preparation and chopping of
the spleen were thoroughly washed using a commercial disinfectant
solution ("Dettol") and hands were thoroughly washed, using soap,
before handling the spleen, (It has been reported that human
skin sweat contains ribonucleases, but sweating would be minimal
af 40 C and amounts of contaminant so small, that this source of
contamination was disregarded (53 and 54 ),

The outer capsular layer was removed from each spleen by
stripping off manually, Likewise any fat material associated
with this layer was removed with a sharp knife. The stripped
spleen were then cut into thin sections and placed in a Waring

blender with three times their own volume of pH 7.2, lO—BM EDTA
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disodium salt, 0,05M sodium acetate buffer and blended or
"homogenized" for one minute at 12, 000 r,p.m, in a glass container,
This treatment gave a degree of tissue breakdown that was not too
fine to give centrifuging difficulties, but adequate without undue
heating of the material, although the temperature naturally did
rise somewhat, Frothing was minimal and care was taken when
the homogenate was transferred from the blender to a 5litre
beaker, to pour carefully down the inside of the beaker to avoid
further frothing, The homogenate at this stage was a bright
blo;d red,

This stage, and the following stage were carried through as
quickly as efficiency permits, because of possible proteolytic

action,

STAGE IT A and B - ACID EXTRACTION and pH3,5 AMMONIUM SULPHATE

FRACTIONATION

Introduction to the use of "saltingz out" in enzyme fractionation

(See Experimental section - Expt. 1) (58, 59, 60)

The process of salting out of a protein is a long
established practice in the field of protein separation, However
although the underlying assumption is, in most cases, that different
proteins are precipitated at different salt concentrations providing
pH and femperature are fixed; this is not always the correct

assumption and the process is more complex than it initially appears.
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The cause of salting out is not totally understood, but one
approach is that the salt ions become hydrated removing part of
the water, and therefore this is made unavailable as a solvent and
the protein precipitates out of solution., If an electrolyte is
progressively added to a protein solution there are two effects
noticeable, Firstly there is an increase in the protein
solubility, and secondly, as the concentration of the added
electrolyte increases there is a reduction in solubility so the
protein solubility passes through a maximum, The initial process
of increased solubility is known as "salting in" and the important
ions with respect to this process are the cations, where salts of
multivalent cations are the most effective. But in the '"salting
out" region with decrease in solubility with increase in salt
concentration, the critical ions are anions, and salts with multi-
valent anions such as sulphates, phosphates and citrates are
desirable. The best type of salt for "salting out" should
have a monovalent cation, and multivalent anion, should be very
soluble in water, and be readily available in pure and large
quantities, Ammonium sulphate is a salt that generally fulfills
the requirements adequately,

There are a number of variables that can be adjusted to
obtain the best results in salting out and these are:-
a) Nature of the ions

b) Ionic strength
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c) Temperature

d) pH

e) rate at which salt concentration is raised.

The fractionation of protein may be separated into two
principal types on the basis of these variables. Initially
there is salting out at constant temperature and pH with the choice
of ion and ionic strength variable, or there is salting out at
constant ionic strength with variation of pH and temperature.

The variability of pH and temperature during salting out are impor-
tant and should be controlled carefully during salt fractionations.
The relative solubilities of two proteins may vary very
rapidly with pH, A change in pH for example, may change the ratio
of the solubilities of the two proteins at a given salt concenijra~’

tion by several thousand times,

Similarly solubilities are very sensitive to temperature,
and a protein that may be soluble at o° ¢ may be virtually
completely precipitated at room temperature. This can
occasionally be a useful method of precipitation -~ +the reverse
temperature effect since most substances are more soluble at higher
temperatures, (Use of this effect was tried in Extraction V)

It has been found that contrary to original theory, proteins
do not appear in a fraction between characteristic fixed limits,
but the limits of fractionation themselves vary with the

concentration of a particular protein (all other variables being
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constant) Theory (60) dictated that the width of a given peak
in the distribution curve of separation was independent of proiein
concentration, but in a mixture of proteins the widths of the
peaks will vary with the concentration of the mixture. Dilution
of a mixture may separate or aggregate two peaks and which of the
two that occurs depends on the proteins involved, because dilution
shifts all peaks to higher concentrations, If dilution is too
great this shift may move beyond the saturation limit of the

salt and therefore never be precipitated, and anyway, precipitates
at the saturation limits are difficult to work with and not
desirable,

Although salting-out is more complex than it initially
seems or has been interpreted, it is still relatively simple and
a cheap method to operate, It is also a gentle method . for
delicate enzymic material.

Ammonium sulphate is about the best salt to use, but it
also has certain disadvantages, The main difficulty is one of
pH control due to loss of ammonia; also most commercial samplesv
are acid, There is also the difficulty of determining the pH
of solutions of ammonium sulphate above about 0.3 Molar

concentrations because of salt error and junction potential at

high salt concentrations.

STAGE 1II A. Acid extraction at pH 3.5 and 30% ammonium

sulphate saturation
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The pH of three litre aliquots of the freshly homogenized
material from Stage I was slowly brought to pH3.5 by the addition
of INHCE dropwise from a burette whilst the solution was
mechanically stirred, The slow addition was necessary so that
local areas of g;é%-pﬂ did not occur in the solution which might
lead to denaturation of the enzyme, Samples were taken at
intervals during the addition of the acid and the pH read using
a pH meter, Due to the rather heterogeneous mixture of tissue
material this could only be an approximate reading, By the
time the pH of the medium had reached 3,5 it had turned from a
. bright pink-red to a light chocolate brown colour, and this
change in colour also gave some indication of the acidity of the
solution and the end point (pH3.5) Stirring was continued for
a few minutes to ensure that the extract was homogenéous with
respect to pH, Care was taken to check that the stirring speed
was not over vigorous so as to bring about excessive frothing,

The "Analar" grade ammonium sulphate was added slowly by
hand until the concentration was equivalent to 30% (56) saturation.
The salt was added in solid form to prevent any further dilution
and sldwly added with stirring since rapid addition would result
in transient precipitation and redissolution of the protein and
" this favours enzyme inactivation and also salting out of an

amorphous precipitate which is a slow process, For reproduce-
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ability the salt was also added at a constant rate.

The amount of ammonium sulphate needed to bring a solution
to a specific level of saturation is given in published tables (55,
56, 57 ). The amounts of ammonium sulphate quoted in the below
predipitation stages were figures for work carried out at room
temperature, and therefore the actual percentage saturation value
will be a little higher than stated since the temperature worked
at was 4OC. But because the working temperature was always
constant, and this method of interpretation was constant, the
results were reproduceable,

A 30% saturated solution starting from an ammonium sulphate
free system is quoted to require 176 grams per litre. But due
to incomplete homogenization and the large volume of solid
material present, such as connective tissue etc, to have added 176
grams of ammonium sulphate would have raised the effective salt
~ concentration up to a level exceeding 30% saturation, (This
normally discarded fraction on centrifuging is found still to
contain activity and therefore to discard any more than is
necessary is undesirable - see later results) It was‘esti-
mated that 10% of the homogenate was solid material and the
émount of ammonium sulphate for this initial precipitation was

reduced by 10% to 160 grams per litre (see Experiment I in the
Experimental section for salt calculations.) That the salt

concentration should be exactly 30% saturated was not so
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important at this stage as this was a crude initial fractionation
step in which many proteins, muscle fibres, connective tissue,
blood vessels, and nerves etc. were removed,

The homogenate, now at pH3.5 and approximately at 30%
saturation, was left to stand overnight to allow full
precipitation , For the sake of reproduceability this interval
was maintained approximately the same in subsequent preparations,

The precipitate obtained on standing overnight contained
much falty material which tended to come to the top as a foam.
This was removed by hand and the remainder centrifuged at *9,000
r.p.m, at 2°. 30 C in polypropylene bottles. The solid material
(see details of later extraction where the solid was retained and
reextracted, page 62 ) was discarded and the supernatanf retained
for stage II B.

*The relationship between the centrifuge speeds quoted in

r.p.m, and {g' value is given in the Experimental section - EXP I.

Stage II B - 80% Ammonium sulphate fractionation

The supermnatant from stage II A was then made 80% saturated
with respect to ammonium sulphate by the addition (56) of 356 grams
per litre, which was also added slowly whilst the solution was
mechanically stirred, The rate of addition was not more than
150 grams per minute, The solution was allowed to stand over-

night and then centrifuged at 10,000 r.p.m. at 2-3° C and the
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precipitate retained this time, Often there was a separation
within the standing solution prior to centrifuging, with heavier
material sinking to the bottom and a lighter (probably more fatty)
floating layer, and so it was possible to save centrifuging time
by syphoning off as far as possible the intervening clear solution
which was to be discarded.

The bulked precipitates were dissolved in about one litre
of 0.05M sodinm acetate, 10~M EDTA, pH7.2 buffer with continuous
stirring to produce a dark red solution which was then subjected to

heat treatment in stage three,

STAGE TIII -  HEAT TREATMENT

General introduction (61, 62)

This is an extremely valuable and efficient method of
fractionation of proteins providing the protein one wishes to
retain is itself relatively heat stable, In the case of the
ribonuclease being investigated, it has been shown to retain its
activity after being held at a temperature of 60°C for ten

minutes (28)

The destruction temperature of proteins is usually quite
sharply defined and different for each protein, and therefore by
heating a solution of protein to a temperature just below that

which would destroy the wanted protein, all other proteins with
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lower thermal denaturation values would precipitate out of
‘solution, The reason for this precipitation is that a decrease
in solubility usually accrmpanies the denaturation of a protein,
The unwanted protein material can be centrifuged off to leave the
wanted protein still present in solution, The presence of the
substrate in the case of enzymes often enables one to heat to a
higher temperature than would otherwise be possible without loss
of enzyme; and thereby obtaining a more efficient fractionation
(251)

Denaturation is a process of finite rate and therefore both
time and temperature must be accounted for. .In order to
establish the optimal conditions for thermal denaturation, both
these factors must be varied systematically in addition to the
optimum conditions of pH and ionic strength, (In later work,
variation of time and temperature of heat treatment were
investigated in the search for optimal conditions,)

The state of purity of a protein at the time of heat
treatment is also a critical factor, It generally seems that
less pure mixtures are more resistant to heat denaturation, and
also greater purification is achieved by the first heat treatment
than succeeding ones, and the less stable proteins evidently are

just those which are removed first,

Kaplan and Heppel (28) used heat treatment as a metnod of
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fractionation and found approximately 70% of the ribonuclease
activity of the original homogenate was destroyed in this heating
step in their procedure, Most of this activity lost will be
. that of the acid ribonucleases reported by Maver and Greco (31,53)
Thus in Kaplan and Heppel's purification of a basic ribonuclease
fraction from spleen this was a useful purification step and was
likewise carried out as follows:=-
Procedure

The pH of the dark red solution obtained from stage II B
was adjusted to pH3.5 again by the careful dropwise addition of
IN Hydrochloric acid with continuous mechanical.stirring.
Sometimes at this stage on reducing the pH a small white
membranous type of precipitate was obtained. The pH of the
solution was returned to neutral and the solution centrifuged.
However on return to neutrality most of the precipitate redissolved.
When the pH was once again returned to pH3.5 the same precipitate
reappeared, It was decided to ignore this since much other
material would be brought down in the heat treatment stage in any
case,

In carrying out the heating, three water baths were set
up, one at the desired temperature of 60°C, one at a temperature
of 80°C and one filled with ice surrounding a glass beaker, The
respective temperatures were maintained using bunsen burners under

the water baths, and with a little adjustment of the flame the
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temperature was held at the desired level with little trouble,.

The snlution to be treated was divided into 500 ml, aliquots in
one litre capacity beakers supported by an exactly fitting retort
ring and therby lowered into the 80°¢C Qater bath to such a point
that the level of the protein solution in the beaker was below the
level of the water in the bath, but not to the extent of resting on
the bottom of the bath which might have resulted in local over-
heating, The solution was stirred constantly by hand as the
temperature rose, When the solution had reached 60°C the beaker
was quickly transferred to the bath being maintained at 6OOC, and
by means of the supporting retort ring it was held in this bath
with constant stirring for exactly ten minutes. At the
termination of the heating at 60°C the protein snlution was poured
gently into the beaker that was cooling in the ice bath, in order
to lower the temperature to 5°C or so as quickly as possible,

Por reproduceability of results this exact procedure was
observed with all subsejuent heat treatments, and although some
experimentation with temperature was undertaken (see later results)
apparatus, size of beakers etc., were maintained constant,

The pH of the suspension of precipitated denatured protein
material resulting from this treatment was adjusted to pH7.2 and
then the solution was high speed centrifuged at 14, 000 - 15,000
r.p.m, at 3-400. The compacted solid material obtained was

resuspended in pH7.2 sodium acetate buffer and recentrifuged at
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15, 000 r.p.m., to ensure all activity had been collected. The

two supernatants were combined and carried forward to stage IV,

STAGE IV  SECOND ACID AIT'ONIUM SULPHATE PRECIPITATION AT pH2

The solution was adjusted carefully to pH2 with IN HCI (a
small buff coloured precipitate was obtained which was probably
due tn» proieins that were partially denatured by the heat treatment,
but were not rendered inscluble until a lower pH was experienced)

There was still residual ammonium sulphate present in the
solution at this stage, and in order to estimate the concentration
of ammonium sulphate to add in order to raise the level, this
residual amount must be estimated, Kaplan and Heppel (28)quote
the use of a Barnstead conductivity meter, but as this instrument
was not available the ammrnium sulphate was previously estimated
(J.B., 37) by the Nessler method (65). This method produced a
value of about 10% saturation with respect to ammonium sulphate.
However this estimation requires much dilution and is a lengthy
procedure and so in all future determinations the residual salt
level was accepted as being approximaiely 10% ammonium sulphate.
This estimate is not critical, since ammonium sulphate levels, as
previously discussed, are not as critical and specific as originally
thought and the purpose is to obtain a broad spectrum separation
of products and not a narrow defined specific separation,

The ammonium sulphate concentration was brought up to
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between 40 amd 50% saturation and a slight precipitate was
cehtrifuged down at 10,000 r.p.m., at 3-400 for thirty minutes.

The supernatant resulting was retained and then made 85% saturated
with ammonium sulphate observing the same precautions of addition
as previously described, The solution was allowed to stand
,overnight_and a light buff coloured precipitate resulted. This
was centrifuged at 10,000 r,p.m, at 3-400 and the supernatant
discarded. The precipitate obtained was dissolved in 0,005 M
TRIS/HCI, 10-4 EDTA, pE5.5 buffer by adding slowly to a stirred
solution until all of the precipitate had dissolved. The
precipitate was dissolved in the minimum volume of buffer in order
to retain a small volume because larger volumes will increase
8till further 6n dialysis in the next stage, and difficulty of
handling and denaturation factors will become important

considerations,

STAGE V  DIALYSIS

General introduction to dialysis (66, 67)

The use of dialysis in biochemistry dates from the time
Thomas Graham separated inorganic salts (and sugars) from proteins
by the use of a sac made of parchment paper. But by far the
most common material used now is extruded celléphane or Visking.
tubing.,  Briefly, there are two theories of the mechanism by

which dialysis operates, In one the membrane is considered to
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have the properties of a sieve with more or less rigid pores of
fixed size; whereas in the other theory the membrane is thought
to act as a solvent permitting solute to dissolve at the interface
on the side of the highest concentration, to diffuse through the
membrane and to emerge at the interface of lowest solute
concentration, However it has been demonstrated that cellophane
membranes do not function in this latter way.

“When cellophane tubing is wetted in water, electron
microscope studies have shown (75) it to be like a very thin sponge
with tortuous anastomosing pores or microcavities of various shapes
and sizes, It has:not a lot of resilience to stretch and
therefore care must be observed in the handling of this tubing
because stretching may result in the pores being enlarged and
thereby resulting in loss of standardization of sieving
capabilities,

Procedure

The dissolved precipitate from stage four was dialysed in
one inch diameter visking tubing against 0,005 M Tris/HCI, 10"4 M
EDTA, pH5.5 buffer in clean six litre capacity polyethylene buckets
for a total of twenty-four hours with three changes of dialysing
buffer, and occasional agitation of the buffer around the tubing.
The tubing was rinsed internally with deionized water prior to use
and also checked for perforations,. During the dialysing

procedure there was only slight precipitation of material and this
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was remnved by centrifugation at 10,000 r.p.m, at 3-400 for ten
minutes,

The dialysis will prepare the protein solution for the next
stage of purification, column chromatography on CM-cellulose, by
removing the salt and any small protein or peptide fragments that
can get through the membrane, but retaining the large active
protein molecules, Dialysis can lead to a loss of enzyme activity
and results of previous experiments with ribonuclease by W.R.R., and
J.E, (37) had given rise to doubts with regard to the expediency of
dialysis at this stage. v The dialysis problem will be dealt with

in further detail in later work. (page®9)

STAGE VI  CARBOXY-METHYL CELLULOSE COLUMN CHROMATOGRAPHY

Introduction to the use of Cil-cellulose,

Ribonucleases can in some circumstances be separated quite
successfully by the use of the cationic ion-exchange resin
Amberlite XE-64 (68, 69, 70, 71.) The latter resin has also
been applied to the chromatography of relatively basic proteins (72)
and was employed by Kaplan and Heppel (28) in the isolation of
the basic calf spleen ribonuclease, These workers reported a
40% loss of activity and it is therefore a somewhat less than
ideal method of purification and separation.,

Ion exchangers prepared from cellulose by the attachment of

a limited number of ionizable groups (73) provide a wide range
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of affinities for essentially all types of proteins, The open
structure of cellulose ion exchangers permits ready penetration

by large molecules, resulting in a high capacity for the adsorption
of proteins, The stability of the covalent bonds through which
ionizable groups are attached allows the use of an almost unlimited
variety of buffer species over a wide range of pH,

The charomatography of proteins on cellulose ion-exchangers
involves primarily the establishment of multiple electrostatic
bonds between charged sites on the surface of the absorbent and
sites bearing the opposite charge on the surface of the protein
moiecule. The number of such bonds that can be established
will determine the concentration of the competing ions required
for the release of the boﬁnd molecule, Thus a separation of
proteins may be achieved by the virtue of the fact that proteins
differing significally in charge density, or in number of charges
by virtue of size, may be expected to differ in their
requirements for elution. Charge distribution can also be
regarded as a factor, and the total effect of these factors will
determine the affinity of the protein for the adsorbent.
Differential elution is accomplished by reducing the number of
charges on the protein molecule through appropriate changes in pH,
or by decreasing the effectiveness of existing bonds by increasing

the salt concentration,

Because a basic ribonuclease was being isolated, Rees and
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Edmond (37) decided to use a cation exchanger, but not the
Amberlite XE-64 cation exchanger which caused considerable loss
of enzyme activity when used by Kaplan and Heppel (28) The
material of choice was the substituted cellulose cation exchanger
- carboxymethyl cellulose (or CM-cellulose) Maver and Greco (29)
8imilarly used CM-cellulose for the separation of their basic RNAse
fraction which was not held by the anionic D,E.A,E, - cellulose ion
exchanger.

The commercial grade of CM cellulose used was Whatman CM-T0
carboxymethyl cellulose,
Preparation of the commercial adsorbent (74) - See General Method

5 (a)

The dry powder was suspended in a solution of 0,5 N sodium

hydroxide made 0,5 N with respect to sodium chloride, and
mechanically stirred for twelve minutes, The presence of salt
reduces the possibility of disruption of the particles, It was
then céntrifuged at 1500 r.p.m. in 600 ml., cups for about five
minutes, the supernatant poured off and the residue of CM-
cellulose washed repeatedly with deionized water until it was free
of base as indicated by litmus paper. The CM~cellulose was
then suspended in the buffer at the pH which the column was
initially to be. "Fines" were also decanted off after allowing

fifteen minutes for the suspension to settle. More buffer was

added, and the CM-cellulose suspension was placed in the cold room
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with mechanical stirring overnight to equilibriate with the buffer
and to attain the correct temperature.

GM-cellulose column filling technique

The technique of filling described below was standard
procedure for filling all columns, (See General Method - G.M.5)

A clean glass column madé to a specific size with a tap key)was
fitted)after the column had been filled with a little initial
buffer, with a glass wool plug and clamped firmly into a vertical
position, It was found in later work that for the attainment
of uniform and symmetrical peaks, absolute verticality of the
chromatographic column was essential, and this could be checked
by means of a spirit level placed against the side of the column
or less accurately by means of a simple plumb-line, Then a
large filter funnel was fitted to the top of the column with a
mechanical stirrer positioned over the funnel to stir the
contents (fig, 1)

The whole apparatus was filled about two inches from the lip
of the funnel and topped up with a suspension of the CM-cellulose,
The stirrer was set in motion and a slow flow of buffer through the
column was allowed by opening the bottom tap to a small extent.

Thus in this way the column is filled slowly and evenly,

It is'important the column is filled without interruption as this
produces 'baading' or intérruption of homogeneity. As the

column will operate in the cold room, all column filling was carried
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out at this temperature to avoid contraction difficulties within
the column which would occur if it had to be transferred from &

room temperature of 2300 to the 4 °C of the cold room,

Application of protein to column and cradient elution (66, 67)

Introduction to gradient elution

The term 'gradient elution' refers to a procedure for the
mechanical mixing of the eluting agents to provide Smooth and
reproduceable increase in eluting power, The technique is
especially'suitable for the resolution of complex mixtures of
unknown or widely varying affinity for the exchanger. In
addition the eluted compounds are usually obtained in smaller
volumes with less tailing when gradient elution is used (66)

The system used below results in a convex gradient curve
since it was found (37) that this type of gradient with its
initial shafp incfease in eluting power gave the best separation
) ofvactive ribonuclease from other inactive proteins,

As shown in fig. (2) the apparaius consists of two distinct
chambers; the first of which is the reservoir which contains the
eluting agent solutién which is used for development of the
column; and the second, the constant volume mixing chamber which
vcontains the solvent in which the column is packed, The mixing
chamber is equipped with a stirrer which mixes the liquid already

present and the liquid drawn from the reservoir vessel,
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The operational procedure is simple, The column is set
up and the substances to be examined are applied to the top of the
column in the initial solvent which itself has little or no |
eluting action on the substances appliéd and wanted, After a
short period of washing with the initial solvent, the column is
connected to the mixing chamber, which in turn is connected to the
reservoir which has an hydrostatic superiority over the mixzing
chamber and column base outlet, Since the mixing chamber is
now a sealed airtight constant volume system, there is a pressure
on the contents and as the first solvent starts to move down the
column, the second solvent is drawn into the mixing chamber. The
gradient of the second solvent applied in this way is expressed

by:- 2. 303 logyy __X _ v where x = concentration of
X-x Ty
the second solvent in the

mixing chamber when a volume v has flowed into this chamber,and X

is the c¢oncentration of the secnnd solvent in the reservoir,

Y = yolume of the mixing chamber solution,

A plot can be made of x in the mixing chamber against v,

The shape of the plot is inde%endent of X but is dependent on Y.
The steepness of the curve can be altered by change in the volume

Y. v can be replaced by Vl - V2, where v1==volume of effluent

v2=dead volume of the

column,

providing the eluting agent travels without retention volume,
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Procedure

The protein solution was applied slowly to the column top
by means of a slow dripping separating funnel, Care was taken
not to disturb the level CM-cellulose surface or allow the column
to 'run dry' at the top. Once all the protein solution had
been applied, the liquid level was allowed to fall almost to the
cellulose surface, and then a small amount of starting buffer was
very carefully pipetted on to the column of CM-cellulose, The
column was then washed with 1500 mls., of initial buffer at pH5.5.
The mixing chamber and reservoir were then connected up as
described under the "Introduction to gradient elution" section
above and as shown in fig, (2) to set the gradient elution in
motion,

The buffer solutions used in the gradient weres-

In the reservoir 5 litres initially and then another 5

litres of 0,005M TRIS/HCI pHS.2, 10-%M
EDTA; 0.32M NaCl.

In the mixing chamber

(constant volume chamber) 3,75 litres of 0,005M TRIS/HCI,
pHS.5, 10-“M EDTA,
In this extraction I column, fifty ml, aliquots were collected by
means of a 50 ml, siphon on a "Towers" rotating fraction collector.

The rate of flow was adjusted to 175 mls. per hour. The 1500
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mls, of initial buffer column wash at pH5.5, eluted off that
protein not held by the column, A total of 150 tubes were
collected so giving a total eluent of seven and a half litres,

Method of location of protein and enzyme activity

There are several well known methods for estimation of
protein, but few are very accurate for the estimation of low concen-
tration of protein, and all methods have certain distinct
disadvantages, The four common methods discussed are the
Turbidimetric, Folin Ciocalteam, biluret and the use of u.v.
absorption.

' The turbidimetric techniques (92) are rapid and convenient
but yield different values with different proteins, and thus in
the case of separating a mixture of proteins, before and after
comparisons are of little use,

The Folin Ciocalteau reagent is used in a method described
by Lowry (79) and the final colour is the result of a biuret
reaction of protein with copver ion in the alkali, and a
reduction of the phosphomnlyodic-phosphotungstic reagent by the
tyrosine and tryptophan in the treated protein. The major
disadvantage 1S.— that the amount of colour varies with different
prnteins, In this respect it is less constant than the biuret
reaction, but more constant than the U.V. absorption method at
280 mu, Furthermore the colour is not strictly proportional

to concentration, It is however very sensitive to low
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concentrations, and is 10-20 times more sensitive than U,V,
absorption at 280 mu and a 100 times more sensitive than the
biuret reaction,

That substances containing two or more peptide bonds form a
purple complex with copper salts in alkaline solution, is the basis
of the biuret method of protein estimation (80) This method is
virtually specific to protein present in biological materials and
does not suffer from colour interference from other substances as
do the previous two methods and also the U.V, method of protein
determination, However more material is regquired for assay by
the biyret method and it cannot be used in the presence of
ammonium salts,

Most proteins exhibit a distinctive U,V, light absorption
maximum at 280 mu due primarily to the presence of tyrosine and
tryptophan, Since the tyrnsine and tryptophan content of various
enzymes normally only varies within reasonably narrow limits, the
absorption at 280 mu has been used as a rapid and fairly sensitive
method of protein estimation (81). Nucleic acids absorb more
strongl& at 260 mu than 280 mu, the reverse situation of proteins
and so Warburg and Christian (81) used this fact to eliminate the
interference of nucleic acid in protein estimation by this method.
Although the technique may give considerable error due to different
proteins and nucleic acids not having the same absorption, it is

very quick, is non-destructive and can be carried out in the
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presence of ammonium sulphate and other salts, On the basis

of these latter points this method was generally used for protein
location and estimation throughout this investigation, The
protein concentration is given by the formula (81):-

Protein concentration in mgs/ml = F X 1  x optical density
d
(0.p) at 280 mu where d= cell width in centimetres and from the

value of O, D 280 mu Vthe conversion factor F, which accounts for
0. D 260 mu

nucleic acid u.v, absorption, can be obtained from published

tables (81)

The protein fractions obtained by gradient elution of a
column are monitored by reading a sample from each tube (or each
alternate tube etc) in a 1 cm. quartz cuvette in a Unicam SP500
spectrophotometer.

The method of location of enzyme activity in the fractions
was by assay of a sample from every tube with yeast RNA, The
method is founded on the fact that during digestion of RNA by
RNAse, 40% of the total nucleic acid phosphorous is convertéd into
a form soluble in acid ﬁranyl acetate (82)

Method of routine assay for RNAse (See General Method 4)

0.25ml aliquots of a solution of high molecular Weight

yeast RNA (preparation page D42 ) were placed in ten ml, capacity

conical centrifuge tubes and this was followed by 0.25 ml aliquots

of the sample being assayed, The substrate and sample were
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thoroughly mixed and immersed in a constant temperature water
bath at 3700 for thirty minutes to digest. The RNA solution
used was made up in a 0,1 M Na succinate buffer, pH6.5 and 0,05M
with respect to magnesium ions since Kaplan and Heppel (28) had
reported that the presence of Mg++'ions stimulated activity gy
25-35%, in a similar way to pancreatic RNAse, The concen-
tration of RNA substrate was 1Omgs/ml.

The digest was terminated after thirty minutes by the
addition of 0,5 ml of MacFadyen's reagent (83) which was 0,25%
uranyl acetate in a 2,5% trichloracetic acid solution, The tube,
now containing 1 ml of material, was well shakenAand immersed in
a bath of iced water to ensure all reaction had ceased. Particular
eare was taken with drops of solution held by surface tension on
the walls of the tube and it was ensured that they were well
mixed, After a cooling period of about thirty minutes, each tube
was centrifuged for five minutes at 1500 r.p.m. All protein
and oligonucleotide material, other than perhaps a small quantity
of dinucleotides, should be precipitated by the uranyl acetate-
trichloracetic acid to leave only the mononucleotides in solution
as the uranyl salts. (84)

0.1 ml of supernatant was withdrawﬁ from each tube and
pipetted into a boiling tube and diluted to four mls, (i.e. x 40)

and then read at 260 mu in the U,V. spectrophotometer.

The optical density reading at 260 mu, and similaxly the

53



protein optical density at 280 mu, were each plotted against the
fraction number, and thereby the fractions with enzyme activity
corresponding to protein presence could be pinpointed in readi-

ness for bulking of similar fractions for further study.

Results of CM-cellulose column chromatography of material from

Extraction I

After the collection of 150 fractions of 50 ml dimensions
each the column was washed with 2.5 litres of pH8,2 buffer which
was made molar with respect to sodium chloride, to ensure all
protein was removéd from the column, The strong salt solution
also has the function of regenerating the CM-cellulose column in
the Na%-form. Finally the column was washed copiously with the
initial buffer at ph5.5 ready for reapplication of fresh material.

The result of the fractionation on CM-cellulose is shown in
fig (3) with three initial protein peaks which had no RiAse
activity, and then two subsequent peaks which corresponded to two
RNAse activity peaks.

This elution pattern was the reproduceable and predicted
result of the extraction and purification procedure developed (37)
up to the stage from which further investigations were continued
by the writer.

It can be seen from these results that there are two region-

of activity and from the position of the activity peaks in the
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elution sequence, they must be attributed to a fairly basic RiiAse.
The active peaks were labelled RNAse A and B in order of elution,
but the naming has no intentional relationship with any other
RNAse A or B reported elsewhere other than by Rees and Edmond (37)
The active protein peaks were bulked as follows:-

Tubes 90-105 inclusive as peak A.

Tubes 107-115 inclusive as peak B,
- and separately dialysed against 0,005 M TRIS/HCI pHS.2, 10-%EDTA
over a period of twenty-four hours with three changes of buffer of
six litres each change, The A and B fractions were then
concentrated by the use nf small Cll~-cellulose concentrating columns.,

Protein Concentration - general

In protein isolation one is often presented with the problem
of having to concentrate large v-~lumes of dilute protein solutions,
There are a number of methods of doing this, but each has its
difficulties becausé of the special nature and properties of
proteins which are generally extremely sensitive to physical and
chemical manipulations and changes in environment. Proteins are
also more likely to suffer changes that may lead to denaturation
if maintained in dilute solution, and therefore besides ease of
handling, concentration is important for other reasons.

There are seven commonly used techniques of protein
concentration (85) and these are: adsorption, evaporation and

sublimation, precipitation, osmntic removal of solute, water
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adsorption by cross-linked gels, ultrafiltration and finally
centrifugation,

Of these seven methods the two that have been made use of
are the first two, namely adsorption, and evaporation and
sublimation.

Because proteins are sensitive to heat, few can withstand
normal evaporation techniques and thus a low temperature
evaporation or lyophilization is used. In thié technique the
protein is frozen and then subjected to a high vacuum which removes
the water from the protein by sublimation so reducing the volume
of the protein solution. The difficulties are that if any salts
are present, as the volume is reduced, the salt concentration
increases and similarly with changes in pH. The process of
freezing itself can actually harm some proteins also,

The possibility of using the adsorption properties of ion
exchangers in concentration of proteins was suggeﬁted by Peterson
and Sober 1956 (86). The basis of this method is the adsorption
of the protein solution of low ionic strength onto a suitable
short ion exchange column followed by displacement in a sharp band
by a strong eluting agent. The disadvantage of this approach
'to concentration is that the required eluting solvent may have an
undesirable composition for the next procedure, but this can bg
rectified by adding an extra step of dialysis,

Protein concentration - procedure
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The column was prepared by taking an 18cm x 1 cm length of
glass tubing, which was drawn to a small opening at one end, and
plugging this end with a bung of glass wool. The column was
filled up to the 3.5 cm level with CM-celluiose in the correct
‘form and equilibriated with 0,005 M Tris/HCI pHS,2, 10-4M EDTA
buffer. The column was pretreated by washing with 250 mls, of
the above buffer (initial buffer) before protein application,

The dialysed bulked protein solution of peak B (fraction 107-115

" inclusive - 450 mls.) was then applied to this small columa. The
protein was visibly seen to adhere to the top of the column as a
brown band, On completion of protein application, the column
was washed with 100 mls, of pH8.2 buffer and then the protein was
eluted off by the passage of buffer made 1 Molar with sodium
chloride.

As elution proceeded the protein band was seen to move down
the small column due to the displacing action of the Na¥ ions,
Small fractions were collected just before thevband reached the

glass wool plug and the band was completely eluted in a total

volume of 2mls, A further six mls. of eluate were collected and

retained for enzyme assay purposes to ensure all activity had been
collected. The concentrated sample of RNAse B was sealed and
stored in the deep freeze for further use,

Note on the U.V. absorption of RNAse B at 280 mu

Although the activities of RNAse A and B peaks on CM-
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cellulose are approximately similar, it was found in this and
subsequent preparations of RNAse B that the degree of U.V.
absorbence at 280 mu was unusually low compared with activity.
The reason may perhaps be suggested that this particular protein
fraction is particularly short of the chromophores that are
responsible for U,V. adsorption in this range, namely the aromatic
amino acids - tyrosine, tryptophan and phenylalanine (252),
Absorption at 280 mu may vary by a factor of five or more for equal
doncentrations of protein due to variations in the aromatic animo
acid content,

Further chromatography of RNAse veak A (fraction 90-105,CHC-I)

Artifacts are possible in any procedure and a component
isolated by one technique must be examined by other criteria
before its validity is accepted, and to avoid being deceived by
spurious fractions, it is advisable to subject the isoleted fraction
to a repetition of the original separation experiment. Thus
rechromatography can establish that the peak in question migrates
as a chromatographic entity in the absence of other fractions as
well as their presence; or it may reveal that the peak actually
comprises portions of other components eluted together because of
factors such as overloading, channeling, anomalous pH effects, and
improper elution etc. The formation of dissociable complexes
must also be considered and indeed it was thought that RNAse B

might be a subunit of the dissociable complex %, but there was no
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proof of purity or molecular weight estimation at this stage

that could give any more credence to this beyond mere conjecture.
However previous work (37) had found when activity region A was
reapplied to the recycled CM-cellulose column at pH8,2 and eluted
with the same salt gradient as previously (CMC-I), a similar
corresponding activity region A and B were obtained, When peeak
A from this rechromatography of the initial peak A was itselfagain
rechromatographed under the same conditions, only the one peak
corresponding in position of elution to peak A was obtained,

Two possible explanations for this phenomenon ceme to mind
and the initially favoured explanation was that-A was a dissociable
complex of B, Also it was thought that due to overloading of the
column and high protein concentration present, resulting in peak A
occluding portions of peak B, portions of peak B would be eluted
with peak A, Rechromatography of A in the presence of lower
total protein concentration, should therefore allow separation of
B from A; and indeed this did occur (37) and was supported by the
evidence of re-rechromatography of peak A to give one product.

Thus peak A from the present sepération (CrCc-I) was reapplied
to the same recharged column at pHS8.2, The column was washed with
1.5 litres of the initial pH8.2 buffer and then a 0.32 M sodium
| chloride gradient was applied to the column as previously, with the

" ommission of any pH gradient,

The buffer solutions used in the gradient were:-
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In the reservoir 1 litre of 0,005 M Tri%ﬁCI, pH8.2,
10~ EDTA, 0.32M Na C1

In the constant volume chamber 0.4 litre of 0,005M Tris/HCI, pHS.2

10~ EDTA,
Ten ml, fractions were collected. 74 fractions were collected
in the first instance and then 1 litre of buffer made molar with
respect to sodium chloride was passed through the column and a
further 76 fractions collected.
The proteih and enzyme location was carried out ag before and the

results plotted in fig. (4) CMC-II

Therefore the reapplication of peak A only gives one peak on
chrqmatography on CM-cellulose and confirms the eventual results
of previous workers (37) discussed in the above text and therefore
the theory of peak A being a multiple aggregate of peak B, in the
light of these results, cannot be confirmed.

Tubes 10-30 from CMC-II were bulked and the material dialysed
against initial buffer at pH8.2 with three changes of four litres
each, This material was then concentrated on a small CM~-
cellulose column as previously described (page 58 ) and the protein
solution stored in the deep freeze at -2200.

Further extraction procedures to obtain larger supplies of
the purified enzyme (both A and B) were carried out. Attempts
to improve yield and extraction technigues were the main conside-

rations in these subsequent extraction procedures. The
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procedure already described forms the basis of the further four
spleen extractions which were undertaken between October 1964 and
January 1967, Experimental details of each extraction are
recoried largely in the text due to the importance of changes in
exferimental procedure which are reflected in the results, but
details are also to be found in the Experimental section (EXPS, 1-
7). Also summary charts of extraction procedures are to be

found in figs, 17-21. The changes in procedure are discussed in
the following section, together with the reasons and theory involved
in these changes and also the results of changes are discussed
when possible, In a long extraction and purification process
such as described, there are so many variable factors that it is
not always possible to correlate changes of procedure with the
corresponding change in results, Each topic of change is
considered.below in the order that it would have occurred in the

initial extraction - I.

. I A Consideration of the re-extraction of nofmally discarded

residues

A Re-extraction with initial buffer.

Edmond (37) reported the yield of purified protein to as
far as the CM-cellulose stage VI to be about 1 mg., of protein per
spleen extracted, In Extraction I this was approximately
confirmed, singe 15 mgs. of RNAse B were obtained from 25 spleens,

The quantity of RNAse A obtained was not measured, but judging
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éolely from activity considerations the quantity is unlikely to
be any more than obtained for RWNAse B, Also, if the U.,V,
absorption method of protein estimation is taken into account, a
yield of approximately 1 mg of enzyme per spleen is a justified
conclusion for extraction I, However, it was thought possible
that an active organ such as the spleen, especially in a young
growing animal, would be a larger potential source of this
ribonuclease than in fact it appears at present.

The most obvious point of the procedure at which to initiate
increased efficiency of extraction investigations was the initial
extraction step -~ stage I. It will be recalled that the normal
process of extraction was an aqueous extraction with 0,05M sodium
acetate, 10-4M EDTA pH7.2 buffer, and then this same buffer at pH3.5
with the ratio of homogenised spleen to buffer of 1:3, Note
that phosphate buffers are not used as these are reported to give
poor activity with basic RNAses (90), The extract was then made
30% saturated with solid ammonium sulphate and precipitated
material and cell debris centrifuged and discarded.

It was not wanted to leave the homogenate to extract for
any longer length of time before the first ammonium sulphate
precipitation because of proteolytic attack and other harmful
protein - protein interactions, Besides, it was doubtful
whether an increase in the length of extraction period alone could

increase extraction of the enzyme in question, and so a more
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positive approach to efficient enzyme extraction was sought,

The solid material obtained after 30% ammonium sulphate
fractionation and centrifugation was discarded in Extraction I,
but in the extractions 2-5, the solid material was bulked in glass
beakers and two volumes of initial buffer were added and the
mixture stirred until all conglomerations of material had given
way to a thin brown suspension. The mixture was then brought
up to 30% saturation with respect to ammonium sulphate and
centrifuged. The supernatant from this and the initial extract-
ion and precipitetion were combined and taken on to the next stage

in the procedure.

B Reextraction with 0.25N sulphuric acid

Extraction 5 a&lso showed that further reextractions of the
above reextracted residue with 0.25N Sulphuric acid yielded further
active protein, The extraction with a sulphuric acid seems a
little drastic with respect to enzyme denaturation even for an acid
stable RNAse as was being isolated, but its use was reported by
Kunitz (89) where, in his classic isolation and crystallisation of
bovine pancreatic RNAse, the minced pancreas was allowed to extract
in cold 0.25N H2 SO4 for eighteen to twgnty-four hours, However
no reasons for its use were given, Roth (90) found that treatment
with the same strength of acid increased the‘alkaline ribonuclease

activity from liver fractions by ten times, This increase in
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activity was thought to be due to the destruction of a natural
inhibitor of the ribonuclease present in the homogenate, Much
research into RNAse inhibitors has been done since Kunitz's
isolation of pancreatic RNAse, In 1965 Roth (91) suggested that
the inhibitor present in the supernatant of rat liver may be a
protein capable of binding considerable quantities of alkaline
ribonuclease possibly through -SH groups on the inhibitor,
However this inhibitor is heat labile, is destroyed by heating at
65°C for five minutes and is not dialysable. Beard and
Razzell (87) also used 0,25N sulphuric acid in their extraction
process of an alkaline ribonculease from pig liver,

It was with these reports in mind that extraction of the
reextracted material was carried out with 0,25N sulphuric acid,
One volume of the acid was made 30% saturated with respect to
emmonium sulphate and slowly stirred into the reextracted residue
(at cold room temperature) The now acid mixture (pH approxi-
mately 1.2) was Sstirred mechanically for four days, and then was
centrifuged at 10,000 r.p.m. The residue was discarded and the

supernatant retained, but not neutralised at this stage in the

manner of Kunitz (89)
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Summary of initial reextraction of Extraction V

ORIGINAL HONOGENATE AS = ammonium
sulphate

pH3.5, 30¢% AS pption,

J _
RESIDUE supernatant ——
Reextract with buffer i
S B a, r) further AS pptions =
combined
i
RESIDUE - reextract with:- v T
: supernatant
0.25N H,.S0
2
o 24
30% AS pption
M)
Residue - supernatant
\L , 90% AS pption
Discard Heat treatment
Assay.

Further precipitation was accomplished by raising the ammonium

sulphate saturation to 90%, and the precipitate material was

- collected by centrifugation, The sample was then heat treated

at 60°C for ten minutés and éentrifuged and its further
development arrested at this stage - with the retention of the

supernatant for assay and activity determinations,
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Measurement of enzyme sctivity

Enzyme activity was assayed as described previously (page 52)
with an incubation time of thirty minutes at 3700. A unit of
enzyme activity following this procedure is defined as that amount
of enzyme which causes an optical density increment of 2,0 at 260
mu in the final diluted sample, The unit was defined by Kaplan
and Heppel in their original paper (28); the assay system also
being essentially the same in order to permit more reliable
comparisons, For best results it was desirable to restrict the
net optical density (0, D. ) to 0.10 in the final diluted sample,
This ideal was approximately achieved by experimentation in
dilution of the enzyme solution being assayed.

The net result of the O, 25 N sulphuric acid treatment at
the post heat treatment stage was that approximately 36% of
activity obtained by the acid treatment was retained. This
method of extraction was pursued no further because of time
limitations, but a method that extracts 3,1% activity from already
re-extracted material and then retains 5&% of the activity after
heat treatment warrants further investigation with respect to heat

stable basic spleen RNAse extraction. (see fig. 37 and accompany-

ing data table.)

C Comparison of m-butanol, urea, triton X-100 and Cetab . as

extraction aids.
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i) N-butanol - general

Enzymes are often located in tissues bound to lipid material.
The presence of fatty material was noticeable in the extraction
process especially duiing the initial ammonium sulphate fraction-
ation stages (page3l ), In order to separate protein from any
possible lipoprotein complexes a method must be found that will
separate the protein from any associated lipid constituent without
denaturation of the protein. The use of butanol was introduced
by Morton (94) and has subsequently been modified to a number of
separation uses, Through experiment, n-butanol in particular
has been found to be the least damaging to enzymes. Other
organic solvents such as: carbontetrachloride, chloroform and
toluene have proved of little use because of their denaturing
effects, The unique behavoiur of butanol may be attributed to
its very marked lipophilic character and this results in a rapid
penetration of the complex, Similarly it has a concomitant
hydrophilic property since it is soluble in water to the extent of
10,5% at OOC. Thus butanol has a detergent like action being
both water and fat soluble, and unlike most other organic solvents,
lipids can be extracted satisfactorily from aqueous solution.
Procedure

A 100 gms. of frozen material that had been retained from the
initial 30% ammonium sulphate precipitation and stored in the deep

freeze, were allowed to thaw at room temperature in polypropylene
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centrifuge bottles, Then & 100 mls, of 0,05M sodium acetate
pH7.2 buffer was made 30% saturated with respect to émmonium
sulphate to maintain the same conditions of protein precipitation
as in the extraction procedure, The solution was stirred and

placed in the cold room and was designated as the control extraction.

To a similar 100gms, of material, n-butanol was added to

give a 6% butanol solution, In the same manner a 20% butanol
extraction was set up, Thus at 6% and 20% butanol mixtures, a

one and two phase procedure respectively was being operated,

In the one phase procedure, there should be a dissociation of
lipoproteins, whilst in the two phase procedure-there is a similar
separation, but the emulsion 6f fatty material is taken up into
the butanol layer whereas the proteins remain in the clear agueous
layer. However the ribonuclease may not be associated with
1ipid material in this residue »f 309 ammonium sulphate
precipitation.

Both solutions were stirred intérmittently for thirty
minutes and then centrifuged at 10,000 r.p.m., for forty minutes;
filtered, and the supernatants were assayed with RNA,

ii) Detergents - general

Detergents act as solubilising agents with respect to their
action as used in protein extraction, Solubilization is the
spontaneous passage of solute molecules of a substance insoluble

in water into an aqueous solution of soap or detergent in which a
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thermodynamically stable solution is formed (98)

In the case of the protein being investigated, the RlAse
is not insoluble in water in normal circumstances, but it is
possible that it may not be "available'" to normal aqueous extraction
processes due to attachment or interaction with other molecules
such as lipids, to form lipoprotein complexes,

Synthetic detergents all have basically the same structure
which consists of a long hydrocarbon chain " moiety or "tail" which
is hydrophobic in nature, and a hydrophilic "head'" containing either
an jionic group which can render the detergent cationic or anionic

or else the detergent can be non-ionic, the hydrophilic group in

this case being a neutral ~entity. Thus detergent molecules
are often represented as :- "tail" C"head" molecules
diagrammatically.

Interaction between proteins and detergents may conceivably
involve electrostatic attraction between oppositely charged ionic
groups as well as mutual association of non-polar residues. The
action of a detergent on a lipid is that the non-polar hydrocarbon
"tails" orientate themselves so as to be closest to the lipid
surface or to "dissolve" in the surface, whilst the polar end of
the molecule remains free and the resultant effect is that the
lipid presents, in effect, a polar surface to the exterior due to

the detergent polar groups and therefore allows the 1lipid to be

dispersed in aqueous solution,
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The action of detergents on proteins depends on the conditions
of study, and often may result in denaturation, precipitation or
complex formation, The action of detergents on biological
systems is therefore much more complicated, Protein denaturation
by detergents often takes place at a much lower concentration of
detergent than it would occur with neutral denaturants such as urea
or guanidine hydrochloride (0.008M versus 8M,) The amount of
detergent to do this also depends on the concentration of the protein,

Detergents also inhibit the coagulation of denatured proteins,
whilst the same detergent can precipitate the native protein,

Exéess detergent leads to a dispersal of the precipitate.

Though initially the use of detergents seems an attractive
propnsition with ubiquitous uses in protein extraction,-it is
discovered in practice that their value is somewhat smaller,
Frequently their use is in an 'all or none' category and the reason
appears to be that their mode of action involves strong bonding
between the lipophilic portion of the protein and of thé detergent
molecule, This complex formation is often very difficult to
reverse, and therefore in the preparation of a pure enzyme sample,
detergents are of little use, Invariably also, denaturation of
the protein follows, The large amounts of detergent bound to
. protein components, present similar surfaces to the solution, thus
largely hiding the inherent differences in the protein components

and causing them to behave similarly in any fractionation
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procedure,

Tergitol NPX is a non-ionic detergent and was used to aid the
release of an acid RNAse (99) Sucrose homogenates were being
prepared from brain and cervical spinal cords of teleostian fish
and an amphibian, and the homogenates were separated into a nuclear
fraction, a microsomal fraction and a non-sedimentable supematant
by preparative centrifugation, The original homogenate and
each of the separated fractions were assayed for acid phosphatase
and an acid RNAse, The addition of Tergitol NPX to the
homogenate by Jones and Janoff (99) caused the release of nearly
100% of the granule associated RNAse intp the non-sedimentable
phase of the homogenate,

If a similar release of associated ribonuclease from any
precipitated material in the extraction of basic RNAse from calf
spleen could be obtained by the addition of a non-ionic detergent,
this would be a valuable aid and improvement on the present
extraction without the use of detergents.

Triton X-100 is also a non-ionic detergent, and this part-
icular non-ionic detergent was chosen more or less empirically as
a solubilizing agent for extraction since it was readily available,
It was hoped that a neutral non-ionic form of detergent would be
somewhat milder in action than a cationic detergent. Uée was made
of this detergent in the solubilization of particulate cytochrome

oxidase (95). Similarly Triton X-100 has been recently reported
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(96) to have been used in the release of RNAse activity in rat
liver particulate study, It was stated in this paper that the -
release of enzyme activities with increasing concentrations of
detergent could be attributed solely to the effect of this
detergent on the intracellular structure perhaps of the membranes,
The increase occurred up to a maximum concentration of 0,1%
Triton X-100,

Because of availability of cationic detergents, cetyl-
trimethyl ammonium bromide (Cetab,) was chosen as the cationic
‘ detergent to test the effect of solubilization on enzyme extraction,
A cationic detergent was thought worthy of investigation because
of the relatively basic nature of the enzyme being isolated and
as with Triton X-100 it was hoped that it would aid the extraction
of the enzyme from the homogenate,

The exact mode of the action of the two detergents chosen
for experimentation is not fully understood and the choice, and
concentration decision is largely empirical, The possible

effects nf detergent use has been reviewed comprehensively by

Putnam (97)

Procedure
A 100 mls, of buffer at pH7.2 was made 1% (v/v) with
Triton X-100 and added to 100 gms of the homogenate and 30%

ammonium sulphate precipitated material, Similarly a 1%
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solution of Cetab, in buffer was added to a 100gms of the
precipitate, Both solutions were stirred for ten minutes and
centrifuged at 10, 000 r,p.m, for ten minutes or fifteen minutes
in the case of 'Cetab' extraction since this.proved difficult to
centrifuge, Aliquots of the supernatant were taken and assayed
for activity,
(iii) Use of urea

The use of urea and its effect with proteins is discussed
in greater detail in the next section (page 185 ),Part II of
this thesis. |

The extraordinary solvent action of urea.solution with
proteins has long been known, but the action of urea still remains
unexplained, However there is no shortage of theories about
its possible mode of action with proteins at various concentra-
tions of urea, One of the principal theories is that urea is
a competitive breaker of hydrogen bonds (100) Studies on model
compounds of urea in solution do not support the view that urea
facilitates the breaking of hydrogen bonded structures in protein,

Whatever the theory behind urea action, the employment of
the concept of urea as a competitive breaker of hydrogen bonds has
been very useful, For example it has been shown that urea can
dissociate the complex enzyme flavocytochrome b2 into a haemo-
protein, a flavin, and a polynucleotide (101) Urea has also

been found an effective extracting agent for separating pituitary
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tissue proteins (102) and is presumed to act in reducing protein
interaction, It is precisely along these lines that the use of
urea was considered in the case of the spleen RNAse extraction.

It was thought that after homogenization, probably the
majority of the RNAse activity would be extracted with the initial
buffer at pH3.5 and not precipitated with 30% ammonium sulphate,
However, it was also thought very probable that there would be
considerable quantities of active enzyme, 'trapped' in the
normally discarded material, The manner in which this 'trapped!'
protein might be held was open to speculation, Lipoprotein
complexes have already been considered, but more likely is some
type of protein-protein association of the enzyme either with a
non spécific protein by hydrogen bonding, or a more specific
protein-protein association of a coenzyme type compound or
enzyme-inhibitor complex, Thus some aid to diminish hydrogen
bonding and so release more enzyme molecules was sought and the
urea hydrogen bond breaking theory seemed applicable to the problem,

The theory had been invoked by Tsaryuk (103) whilst extracting
& proteinase from brain homogenates, Following brain homogenate
incubation in urea, there was a facilitated release of alkaline
RNAse up to a maximum of 3M urea concentration, Higher
concentrations were reported to denature the enzyme, It
was also reported that similarly to pancreatic RNAse (104), an

alkaline RNAse (from liver) is stable in urea and therefore urea
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in moderate concentrations seems to exert a gtabilising effect on
R¥Ase (105)
Procedure
Two portions of a 100 mls, of initial pH7.2 buffer were
made respectively 6M and 3M with 'Analar' grade urea and stirred
for ten minutes and then left to stand overnight, The two.éamples
were centrifuged and aliquots of the résulting supernatant were
taken for assay with RNA. ‘
Results of control (page 69 ), butanol, detergent and

urea extractions are tabulated below:-

Zero blank Assay 0.D. 260 Difference

Control 0.112 0.505 0.373
n-butanol 6% 0,103 0.323 - 0.220
20% 0.124 0,300 0,176

Urea 6M 0.124 0.400 0.276
M | o0.124 0,447 0.534
e X100 1 euiss 0.495 0.360
CETAB 1% 0,133 0.515 0.382

A éero blank' digest was carried out and 0,25 ml of RNA solution

. were pipetted into the digest tube and then 0.5 ml of
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uranylacetate /TCA solution, The test solution was then added
and the tube thoroughly shaken and placed in an ice bath. Thus
this was a zero time blank, The digests were carried out by

the methods previously described except that the incubation period

at 3700 was forty-five minutes instead of the usual thirty minutes,
The results were merely expressed as the optical density readings
at 260 mu from the U,V, spectrophotometer, but as all the protein
samples were of the same source and all other factors were constant
(except the extracting agents) the results are comparable,

With the exception of n-butanol as an extractant there
seems to be little sighificant difference between the other
methods, n-Butanol is therefore of little use in extracting
active enzyme material under these conditions, Similarly 6M urea
seems a somewhat low result compéred with 3M urea, though probably

the result is of no significant difference,

1]l Changes made in the ammonium sulphate fractionation procedure

As previously discussed precipitation of enzymes by 'salting
-out! with ammonium sulphate is far from an exact and pfedictable
method of protein isolation, Besides such controllable factors
such as temperature, salt concentration, and pH, the precipitation
is also dependent on the concentration of protein present and in

the fractionation procedure described this is not controllable,
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Therefore ammonium sulphate as a tool of initial purification, is
used not as a refined narrow spectrum precipitation technique but
as a wide spectrum precipitant, The object, therefore, is to
precipitate the enzyme wanted over a wide range so as to ensure
that absolutely all activity is collected,

There is also another factor to be taken into consideration
which is that enzymes are often in the form of multiple aggregations
of a monomeric form, Chesbro (1966) (108) has showm, workingiﬂitfi a
staphylococcal nuclease with active units possessing molecular
weights from 3,000 or less to about 30,000, that the position of
fractionation with ammonium sulphate depended on molecular weight,
and indeed there was a fraction that was still soluble and not
precipitaﬁed by saturated ammonium sulphate, This soluble
fraction in ammonium sulphate had molecular weights ranging from
about 6,500 and under, Thus if the conditions leading to
dissociation are not understood a wide fractionation range should
be taken with ammonium sulphate precipitation, Undoubtedly
much unwanted protein will also be precipitated at the same time,
but furthef and more predictable techniques can be used to remove
these impurities, The use of ammonium sulphate as a fraction-
ation procedure can be likened to the use of a large fork to dig
the garden, and then more refined cultivation techniques can be
applied,

In extraction I in accordance with the method of Kaplan and
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Heppel (28), & second acid fractionation at pH2.0 was performed,
but this step waé omitted completely from extraction 2 because it
was considered that little could be achieved by a repeat precipit-
ation under similar conditions of pH as in stage IIB of extraction
I, The purification in this latter case proceeded directly to
dialysis after heat treatment,

The results after chromotography on CM-cellulose (TMC-2,
fig. 5) were little different from those of extraction I which had
a stage IV pH2,0 ammonium sulphate fractionation - giving two

activity peaks - A and B (fig. 5).

The large protein peak labelled 'x with a very small associated
activity peak may have been the result of the elimination of the
second acid ammonium sulphate fractionation at stage IV since this
was not present in CMC - I (fig. 3) column extraction I,

Therefore, by the exclusion of this step, there was a fourth
largely inactive protein peak on CM-cellulose chromatography and,
as a result, the second ammonium sulphate fractionation at stage
IV was retained in all future extractionations but at pH7.0, and
not pH2.0 since there seemed little justification for this low pH,

In extractions I and II at the ammonium sulphate precipit-
ation at stage IIB before heat treatment, the concentration of the
salt was always increased to 85¢% saturation., Nevertheless it
was always suspected, and in extractions 4 and 5 confirmed, that

a large proportion of the active enzyme was not precipitated even
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at this high salt level, In extraction 4 the number of activity
units discarded was more than those retained (see fig. 6), A
sample of this normally discarded supernatant from the final 85%
saturation level was retained and increased to saturatibn level

and allowed to stand overnight. There was, as a result of this
treatment, a further precipitation of active protein which was
removed by centrifugation and dissolved in buffer for assay pur-
poses along with all other samples taken during extraction 4 and

the results obtained as shown - fig., no. 6

From this diagram (fig. no.6) it can be seen that even at
saturation with ammonium sulphate there is yet unprecipitated
activity in the supernatant solution - Stage 'e' fig, 6.

Extraction 4 was accomplished completely in the presence
of 2M urea from the initial homogenizing step, but extraction 5
was executed without urea and the same results were obtained
where large proportions of the entire activity were soluble in

solutions of 90% ammonium sulphate saturation and above, (See fig.7?

for comparison of Extraction 4 and 5 results).
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It is noted that the loss due to unprecipitated activity was
appreciably higher in the presence of urea, This may be due to
the effect urea has on dissnciation of protein molecular *aggregates
*(for full discussion see "Aggregation" Section II) thus giving a
larger proportion of dissociated enzyme molecules perhaps in their
monomer form, and therefore not precipitated by saturated ammonium
sulphate in a similar and parallel fashion to the staphylococcal
nuclease preparation reported by Chesbro (108)

Possibly this saturation-point soluble RNAse activity does
not belong to a basic RNAse at all, so a portion of this fraction
of supematant from extraction 5 was subjected to heat treatment in
the usual manner of 60°C for ten minutes, in order to estimate the

proportion that was heat stable and therefore likely to be of

interest,

Heat treatment

Procedure for 90% ammonium sulphate soluble activity from

extraction 5 (see fig, 37)

The 90% saturated material was removed from the cold room
at 5°C and allowed to rise to room temperature at 16°¢. This
was done because often solubilities are very sensitive to temper-
ature and as previously stated a protein that may be soluble at
0°C in a certain ammonium sulphate solution may be completely
precipitated out at room temperature, Consequently this reverse

temperature effect was tried. The results were disappointing
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and there was no evidence of an increase in precipitation over and
above that achieved at SOC, and so the material was replaced in the
cold room to return to 5°C. After centrifugation at 10,000 r.p.m.
for fifteen minutes a soft pale precipitate was obtained and was
dissolved in initial buffer at pH7,O,. A sample was retained for
assay and the rest was adjusted to pH3.5 and subjected to 60°C heat
treatment for ten minutes, On cooling the pH was readjusted to
PH7.0 and the heat treated material eentrifuged at 10,000 r,.p.m,
Assays were carried out on the resultant superﬁatant.

The result of the assays was illuminating since it showed
that only 9% of the activity that was soluble in near saturation
point salt, was active after heat treatment. Therefore at
stage IIB fhe technique enables most of the activity to be recovered
when the ammonium sulphate concentration is taken almost to satur-
ation in this precipitation preceding heat treatment,

- Similarly as with stage IIB, in the final ammonium sulphate
fractionation after heat treatment at stage IV (see fig, 21 and 37)
there is considerable loss of activity which is still soluble at
85-90% salt saturation. Since all RNAse activity by this stage
is heat stable, this fraction must be considered as wanted enzyme
and also this solubility in high concentrations of ammonium
sulphate has re-occurred since stage IIB, because all thelmaterial
heat treated was insoluble in ammonium sulphate at 85-90% saturation

prior to the heat treatment. There seems to be some kind of
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equilibrium established between enzyme which is still soluble and
enzyme which is insoluble and precipitated at 85-90% salt
saturation,

The explanation which best fits the facts is that founded
on the recent work of Chesbro et al, (108); that the enzyme (like
many other proteins) exists in a number of states of aggregation.
Thoée with the smaller molecular weights are soluble in ammonium
sulphate concentrations which near saturation point, Therefore
when the larger aggregates were removed at stage IIB by virtue of
their insolubility at near saturation point, and subjected to heat
treatment, there was probably a dissociation of aggregates to give
the smaller multiples of the monomer unit. The stimulus to
dissociate may have been due to thermal effects, or protein dilution
effects, or a combination of these and other changes in environ-
ment,

The total activity destroyed by heat treatment in extraction
5 was 89%, The sudden fall in protein concentration in solution
after heat treatment could also be used to explain the soluble and
unrecoverable activity by virtue of altering the ammonium sulphate
fractionation spectrum to put some activity beyond the saturation
limit, But this does little to explain why all the protein
should not be soluble, and not as in the present situation where
some protein was soluble and some was insoluble, The first

expounded theory, summning  deviation in mglecular sizes is more
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attractive,

Summary of the efficiency of ammonium sulphate as a fractionation

procedure

By increasing the ammonium sulphate to at least 90% saturation
at stage IIB, the majority of the active heat stable enzyme‘can be
precipitated from solution, and that which is not is only a small
proportion, Disc electrophoresis (detail page IW40 ) indicated
that the remaining 10% heat stable enzyme which was soluble at near
saturation level contains the characteristic bands of the wanted
protein as well as other proteins, Evidence -strongly suggests
that this latter 10% heat stable RNAse was of low molecular wéight
approaching that mentioned by Kaplan and Heppel (28)

The problem of loss of enzyme during the final ammonium
sulphate fractionation(stage IV)still remains and no method was
devised to recover the unprecipitated activity.

The presence of urea appears to have no effect on fraction-

ation procedures,

ITI Temperature variation experiments

Kaplan and Heppel (28) studied the lability of their basic
splenic ribonuclease and found it quite stable when held at 60°C
for ten minutes at pH2,0, but lost 2Q% of its activity after

treatment at 80°Cc for ten minutes at pH3. 3. But Mawver and Greco
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(29) reported at least four acid ribonucleases which were heat
labile and these were destroyed during the 60°C heat treatment
and probably account for Kaplan and Heppel's loss of T0% activity

on heat treatment (90% loss in extraction 5)

Roth (106), and Beard and Razzell (105) have isolated a
protein inhibitor of alkaline ribonuclease from liver fractions,
The inhibitor has been partially purified by Roth and was reported
to be heat labile, In 1965, Roth (91) akso described an inhibitor
from the supernatant fraction of rat liver which may be a protein
capable of binding considerable quantities of alkaline ribo-
nuclease, The inhibitor was also heat labile and was destroyed
by heating at 6500 for five minutes,

Whether the inhibitor woruld be destroyed by heat treatment
used in the preceding extraction I is debatable and its destruction
could not be stated as certain, Thus there are grounds for
use of a higher temperature for heat treatment of the RNAse.
Previous data (28) shows that even a temperature of 80°C for ten
minutes, only results in a 20% loss of active RNAse, so & slightly
higher temperature could be accommodated without any loss of
basic RNAse activity.

In extraction 2 (which was performed prior to knowledge of
Roth's report on inhibitor lability limits) the heat treatment of
the protein solution was carried out at 67°C for ten minutes, using

an 8500 bath to bring samples up to the treatment temperature,
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This change was made with the aim of using this step as an even
greater separative procedure with the removing of the three or so
initial inactive peaks obtained on CM-cellulose chromatography
(see CMC-I fig, 3) of the post heat treated stage. The higher
the temperature that can be used without loss of wanted activity,

the more efficient the treatment becomes,

Results

From the results obtained from CM~cellulose chromatography
which immediately followed heat treatment in extraction 2,(CMC—2
fig. 5) no difference in elution pattern was experienced that
could be attributed to the use of a higher temperature,

Extrdction 3 saw the introduction of a D.E.A.E.-cellulose
column step after dialysis or desalting,and the temperature of
heat treatment was returned to 60°C since there was no apparent
advantage of using 6700 and to continue without good evidence of
its superiority was an unnecessary risk with respect to activity
loss of the basic RNAse. An added incentive to return to the
60°C treatment, together with the wse of D,E,A,E.~cellulose
chromatography was that it had been reported (107) that a protein
inhibitor of alkaline RNAses from rat liver had a strong affinity
for the basic ion exchanger D.E.A.E.-~cellulose, Thus the use of
;n anion exchanger could possibly remove any inhibitors not heat

denatured and precipitated.
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IV Dialysis, desalting and the use of Sephadex G-75

The stage V dialysis step was used for the removal of
ammonium sulphate and other salts before application to CM-
cellulose column chromatography, However it had been reported
when working with certain RNAse enzymes that there was a loss of
activity during dialysis. Beard and Razzell (105) mentioned
being repeatedly frustrated by the tendency of their alkaline RNAse
from pig liver homogenates to diffuse through common Visking
dialysis membranes, This loss of enzyme activity had alsd been
experienced by Edmond (37) and confirmed,

It was in the light of these two reports.that dialysis in
stage V of extraction was replaced by another form of desalting

using the molecular sieving action of Sephadex,

Sephadex gel filtration - general

Sephadex is a modified cross-linked dextran with a three
dimensional network of polysaccharide chains, Sephadex is
strongly hydrophilic because of its high content of hydroxyl
groups and therefore the Sephadex beads swell considerably in
water and electrolyte solution, This degree of swelling is an

important characteristic of the gel formed, and gels in which the

matrix is a minor component are used for fractionation of high
molecular weight substances, whereas compact gels are used for

low molecular weight compounds,
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The principle of zel filtration is such that molecules larger than
the largest pores of the swollen Sephadex, that is above the
exclusipn limit, cannot penetrate the gel particles and therefore
they pass through the bed in the liquid phase outside the particles,
and are eluted first,

But small molecules penetrate the gel to a varying extent
depending on their size and shape, and are impeded to varying
extents with the result that these molecules are therefore eluted
from a Sephadex bed in order of decreasing molecular size. Thus
éhe separation is a purely physical one, no ion exchange properties
are involved and therfore no gradient salt elution is necessary,
When all the molecules have passed through the Sephadex bed the
column is ready for re-use, This regeneration is one of the
advantages of gel filtration.

The Sephadex types of the G-series differ in degree of cross
linking and thus in swelling properties, The property of swelling
ability or water regain value is used to characterise the types of
Sephadex G-geries available, The water regain value represents
the amount of water imbibed by the gel grains on swelling and does
not include the water between the grains, Sephadex G-200 for
example will have a water regain value of 20 mls water per gram
of dry Sephadex,

Desalting using Sephadex

The use of dextran gels for desalting was reported initially
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by Porath and Flodin (109) in which they separted a solution of
serum albumin containing 40% ammonium sulphate, There was a
complete separation of the serum and ammonium sulphate, and so the
result of gel filtration is often the same as dialysis, One
disadvantage of gel filtration is the unavoidable dilution but this
can be contained within reasonable limits by the suitable choice of
experimental conditinns, The method is very rapid and effects
the complete separation of two or more substances if the differences
in molecular size are sufficient, and the scale of the procedure
may be increased upwards without any difficulty.

The absorption of proteins on Sephadex

It was noted (110) that during studies on gel filtration on
G-50 columns with proteins, that in the absence of salts some
proteins including RNAse, were strongly absorbed to the gel,
Although this binding capacity, due to the hydroxyl groups, is
very small compared with that of ion-exchange celluloses, the
property may acquire considerable significance when small quantities
of protein are being used. However all proteins are quickly
removed from the column by use of a dilute salt such as 0,.IM
sodium chloride, but often if the eluent has a maximum strength of
" '0,02M it is quite sufficient to discourage absorption, Not ail
proteins tested behave in this manner, but it is a phenomenon that

must be heeded when desalting proteins in this way.
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Choice of sephadex type and the setting up of the column

G-75 was the grade chosen to use for the setting-up of a
large preparative and desalting G-75 column, and it has a fraction-
ation range of approximately 3,000 to 70,000, Therefore besides
acting as a desalting step, it will also act as a purification
procedure by possible separation of some unwanted proteins by virtue
of differences in molecular size, The small molecular size of
ammonium sulphate will result in its later elution than the larger
protein molecules, so effecting a desalting of the applied
solution,

General Procedure of G-75 column preparation

The dry form of G-75 was suspended in water with gentle
stirring for twenty-four hours at room temperature to de-aerate.
"Fines" were removed by three successive decantations, The gel
was then stirred with 0,005M Tris/HCI, pHT.5, 10-% E.D.T.A (and
2M urea in the case of extractions 3 and 4) in the cold room to
equilibriate, - The column of G-75 was supported by a scintered
glass disc, but the material was not packed directly on to this as
the gel grain would probably clog the disc and cause a flow
stoppage, and so about half a centimetre of exhaustively acid
washed sand was allowed to settle down, through the previously
buffer filled column under gravity. Care was taken to ensure
that the column was absolutely vertical by means of a spirit level

because a skew column will produce a non-horizontal zone on elution,
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which in turn will result in asymmetric peaks.

The glass column, measuring 80 cms x 4,8 internal cms, was
then filled at 4-5°C, by the method of column filling previously
described (page 44 also (111) and General Method 5) to a height
of 78 cms, The filling was carried out slowly over a period of
twelve hours, with the buffer being allowed to flow slowly through
the column, after an initial 3-4 cms of gel had settled under
gravity action on the sand, at the rate of 4-5 mls per minute to
aid packing, More buffer was added at the same rate as the
effluent drains, A slowly rising horizontal surface of gel
indicates uniform packing.

When the column was full, copious amounts of buffer were
allowedAto flow through the column to the extent of ten litres
and more,

If the G-75 column has not been in use for a period of
weeks, bacterial and algal growths might occur, These contam-
inating influences were effectively removed by elutiﬁg the column

with buffer and 0,02% sodium azide and then eluting with buffer
alone to clear the column of azide, The procedure was carried

out periodically as a matter of routine between column runs (II2).

Testing and calibration of G-75 columns
Before the freshly compiled G-75 column was used for any

specific purpose, the homogeneity of the bed was checked and also

the void volume was measured - Vo.
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The total volume (Vt) of a Sezphadex column is the sum of the
volume outside the gel grains (Vo) plus the volume inside the gel
grains (Vi) and the volume of the gel matrix (Vg) or substance
itself, J. Vt = Vo Vit Vg,

The outer or void volume (Vt?is the volume of liquid required
to elute a substance through a column if the molecules are completely
excluded from the gel particles. The elution volume (Ve) of a
' substance depends on the volume external to the gel particles (¥o),
and on the distribution coefficient (Kd)

', VeaVot Xa Vi
Where Kd, the distribution coefficient indicates the fraction of
the inside volume accessible to the molecules of a particular
substance,

The substance used to find the void volume and to test
homogeneity of packing was a blue high molecular weight dextran
polymer marketed by "Pharmacia" called Blue Dextran 2000, It is
made from dextran 2000 and has an average molecular weight of
2,000,000 and was readily soluble in the buffer solution used.

Because of its high molecular weight it is completely excluded

from all Sephadex types.

This Blue Dextran (B,D,) was used for checking the column
packing as well as the void volume determination by application of
a band of 10mls of buffer solution which was 0.25% with respect

to BD, The progress of the band down the column was seen visually
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but additionally fractions were collected by a volume fraction
collector and located by reading in a colorimeter (E.E.L. type)
with a 608 filter or since B.D, has an absorption peak at 260 mu
a U,V, spectrophotometer could be used,

In some G-75 desalting columns, sucrose was also added along
with the B.D, to give some idea of elution volume of low molecular
weight molecular species, Elution wés followed by developing an
orange colour with a phenol sulphuric acid reagent (113) and
reading at 490 mu in the spectrophotometer (Unicam SP 500)

The presence of sucrose with B.D, made application to the
column top easier because of the increase in specific gravity or
density, Application from a small pipette, was made by careful
layering of the more dense snlution on the surface of the gel
beneath the normal buffer surface, This layer gradually passes
into the gel and then the column supermatant buffer can be topped
up before the column is connected up to the elution reservoir of
pH7.5 (or 7.0) buffer. Flow rate was 70 mls per hour and ten ml,
fractions were collected.

From the results shown in fig. 8 it can be seen the peaks
were virtually symmetrical, indicating horizontal zone elution and

a homogeneous gel bed, The void volume was 50 x 10 = 500 mls,

which gives a separation distance of about 900 mls before small

molecules like sucrose are eluted.
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Procedure and results obtained from G-75 desalting

Procedure - Extraction 3 (see fig, 19 = summary chart)

The use of G-75 for desalting was first applied to extraction
3 which was carried through entirely in the presence of 2M urea.
Thus the G-75 column was thoroughly equilibriated with 0.005M Tris/
HCI, pHT7.5, 10-4M E.D,T.A made 2M with respect to urea,

Aliquots of 5~6 mls of the protein material obtained from
stage IV and dissolved in pH7.5 buffer were applied by the layering
technique already described for Blue Dextran 2000 application,

The column was eluted with the pH7.5, 2M urea buffer at a flow rate
of 84 mls per hour, Practions of 10 mls were collected by a
fraction collector and the tubes from the initial column were
assayed for RNAse with RNA and the optical density at 280 mu read
to locate the protein.

As a matter of routine, after ten tubes had been collected
on the fraction collector ( 100 mls), ten mls, of a solution which
was 4 molar with respect to NaCl was layered carefully on to the
top of the column and elution continued as before. The purpose
of this application was to ensure all protein was removed from the
column because it was found that protein can sometimes be atlsorbed
(110). Since most proteins are removed by elution with 0,1M
sodium chloride, all protein will certainly be removed by the

elution with 4M sodium chloride,

A total of nine applications and elutions were carried out
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for material from Stage IV of extraction 3. It was not necessary
to read the optical density at 280 mu every time or even to assay
every time, | The first column was assayed but as the protein
distribution was the same in desalting G-75 columns III, IV, VI, VII
and VIII of extraction 3, it was assumed the activity distribution
would be the same, all other factors being equal, Column VIII
ﬁas checked with respect to activity to ensure the distribution had
not changed since column I, and this was found to be consistent

with the previous results,

Results

Fig, 9 shows the protein distribution during elution of
columns I and IV, and also the activity distribution of column I,
Thus in G-75 columns I-IX, fractions 71-113 inclusive of all
columns were bulked as active and retained for subsequent
purification steps, The column void volume was estimated with
Blue dextran 2000 and found to be 500 mls (fig. 8)

It was observed that in all of the nine desalting columns
of extraction 3, there was a precipitation of protein that occurred
in the form of a turbidity starting from fraction 117-125 and
continuing for approximately thirty tubes to fraction number
148-150, This turbid region was assayed but no activity was
evident, The turbid precipitation was presumed to be protein

because of the high mltra violet absorbance at 280 mu that lead up
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to the appearance of the turbidity in the eluted material, which
of course had an optical density at 280 mu that was so high as to
be unrecordable on the spectrophotometer without substantial
dilution, |

Procedure - Extraction 4 (see fig., 20 - summary chart)

The application and elution procedure used was the Same as
for desalting in extraction 3, except that this time the path and
separation of the ammnrnium sulphate was monitored using a modified
Nessler determination (General Methods 1) to ensure there was a
separation that was an efficient desalting process,

Seven columns were run, cnllecting ten ml. fractions and this
was achieved in this extraction by means of an LKB "Radirac"
fraction collector, The location of active regions for bulking
was initially done by assay, and relation of this activity region
to the region in which ammonium sulphate was eluted was established
by the Nessler method (65) of ammonium nitrogen determination,

In subsequent columns the position of salt elution alone was
verified, and the active region was bulked on the basis of this,
since columns were consistent with respect to position of eluted
constituents,

Results

Fig.I2 is a summary of the fractions bulked from extraction 4
G-75 desalting columns, together with an indication of the method

used for confirmation of activity regions.
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Coluﬁn II was unusual in that too much protein snlution was applied
and fchanneling' of the front occurred with the result that hori-
zontal elution of a band of material was not achieved, The
protein solution being applied was fairly concentrated and viscous
and the application of sixteen mls, of this was too massive for
tﬁe column head to retain without 'channeling' occurring,

As in the previous extraction 3, extraction 4 had also been
performed entirely from homogenization in the presence of 2M urea,
and again turbidity was obtained in : - fractions ~ 117 onwards.
If fig. (11) is studied, it can be seen that the protein precipita-
tion exactly coincides with the region at which‘the ammonium

sulphate is eluted,

Procedure - Extraction 5 (see fig, 21 - summary chart)

Similarly the procedure carried out was the same as for
extractions 3 and 4 but with one important exception, and that was
that this extraction had not been performed in the presence of 2M
urea throughout all stages,

For extraction 5, two columns of G- 75 were prepared afresh,

and were thoroughly equilibriated with 0,005M Tris/HCI, pH7.O,

" 10-*M E.D. T.A. buffer. The columns had the following
dimensionss ‘
Column A t 5 x 78 cms of G=75
Column B t 5 x 73 cms of G-T5

The void volumes of column A and B were measured using Blue
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dextran 2000 and found to be 21 tubes (500 mls) and 19 tubes (450 mls)
respectively, The fraction size collected was 23,8 mls or
approximately 24 mls, In a similar manner to that previously
described, to each column, five mls, of buffer 4M with respect to
sodium chloride was applied as a band, The actual point at
which this was applied was not important so long as it was ndt
applied at the same time as the protein solution, since it would
have no chance of catching up with these faster eluting protein
molecules in normal circumstances, Therefore in the table (fig
13) giving the details of all the protein applications, the stage
at which the sodium chloride band was added can be seen to vary
over a wide range, Care was taken to see the sodium chloride
was well eluted from the column before further protein application
was made, The elution position of the NaCl was checked with
columns I, II and IV using a flame photometer and Nai-Specific
filter,

A total of twelve applications of protein from stage IV
(see fig, 21) were made and more or less consistently similar
results were obtained from each column. Because of the repro-
duceability of results, it was not necessary to assay for activity
in every column, once the constancy of the initial G=75 columns
of A and B series had been verified by assay. Enzymically
active regions of further column elutions could be collected

and bulked on the evidence of previous columns, The methods of
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monitoring are summarized in the table in fig 13 .

One of the twelve columns runs,column B-I, was equilibriated
with 2M urea and the sample of protein applied to this was made éM
with urea before it was layered on to the top of the column,
Elution of this column was with the pHT7.0 buffer used for all
desalting G~75 columns in extraction 5, but was made 2M with respect
to urea.

It is to be noted that the pH of the elution buffer in
extraction 5 was 7,0 and not the 7.5 of extraction 3 and 4. This
éhange was merely one of convenience and standardization since the
extraction step was carried out at pH7.0 and the alteration should
have little effect on the behaviour of protein material on desalting.

A small‘test was also carried out to check the concentration
of Né+ions in 2M urea solutions relative to deionized water and |
standard buffer at pH7.0, since the presence of urea may exert an
ionic effect during elution due to Na.+ ions as an impurity in the
commercial urea, A flame photometer with a sodium specific
filter was used to estimate the Na™ ions (if any) but the esti-
mation was only relative and not an absolute reading since no

standard graph was drawn,
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Results:

Scale reading

Water - deionized, Used for zero setting 0.0

on the flame photometer ~ control

Buffer (0,005M Tris/HCI, pH7.0,10-“M EDTA) 10.5
Buffer - as above but 2M w,r.t., UREA 6. 5

Estimation of relative Natcontent of G-75 eluting

buffer

It can be deduced from this test that the ionic effect aue
to the presence of urea was negligible ﬁith respect to Nat ions
and Nat content in the buffer with, and without urea at 21
concentration, was shown to be approximately the same,

After the one desalting in the presence of 2M urea had been
carried out, the column was eluted free of urea by the passage of
copious quantities of buffer, Similarly, as a matter of
routine, after every column run, the columns were washed with
buffer at the maximum flow rate for & minimum period of twenty~
four hours, which approximately represents 1,5 litres of wash,

- All column heights with respect to eluting reservoirs etc, are

described in the Experimental section,
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Results

Fig (14) shows an elution pattern of column A-II which is
typical of any A or B desalting column, Blue dextran peaks
on A and B series of columns show the packing to be even and
homogeneous,

One of the most important aspects of this series of desalting
columns for extraction 5 (which was NOT carried out in the ‘presence
of 2M urea, see summary chart - fig 21) was that the activity was
eluted in two peaks (fig 14) The second peak of the two was
eluted more or less where one would expect the protein to be eluted
in accordance with size, but the elution of the initial peak
approximately coincides with the void volume, If fig 14 of G-T75
column A-II is examined, the first activity peak has a maximum
at about tube 21, which exactly corresponds with the void volume
defined by the use of Blue Dextran 2000, Also this corresponds
to a turbidity or precipitation in these initial tubes of high
protein content, For example in column A-II fraction 21-26
showed turbidity, and similarly in column B-I (fig 15) the initial
large protéin peaks corresponding to elution in the void volume
shows turbidity over a range of six or so tubes, This turbidity
in the protein eluted in the area corresponding to the void volume
was common to all the Extraction 5 desalting columhs, including

B-I which was 2M with respect to urea,
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Possible explanation of results of G-75 desalting column anomalies

from extractions 3, 4 and 5,

Extractions 3 and 4 were conducted throughout from the raw
spleen stage, through initial ammonium sulphate precipitations
and heat treating stage in the presence of 2M urea unlike extraction
5, and up until the desalting stage this factor of urea presence or
absence seems the outstanding cardinal difference between the
extractions, (See extraction summary tables, figs 19, 20 and 21
for comparison)

One might expect the G-75 desalting elution patterns to be
much the same for all extractions, but they are very dissimilar in
two respects,

Pirstly, aCtivity in extractions 3 and 4 was eluted in the
region where one might expect to find it with respect to molecular
sizej whereas in extraction 5 the larger part of the activity was
eluted in the void volume and further activity in a more
anticipated elution position,

The second differeﬁce is at which point protein precipitation
occurs, since precipitation was common to all desalting procedures
conducted., In G-75 column runs of extractions 3 and 4, protein
appears in a precipitated form in later fractions after about }.2
litres of eluted material, which is in a column region that would

indicate a very small molecular weight, but this is obviously not

the case,
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A tentative explanation can Le given for these facts, It
was reported in extraction I (see pageW4O ) that there was some
precipitation of protein inside the Visking sac on dialysis
(stage V, extraction 1) This is a common occurrence on removal
of salt from proteins and is the reverse effect of 'salting in'
since certain proteins are often precipitated or even denatured in
the absence of any salt or a lower salt concentration. Edmond
(37) also found that precipitation occured during dialysis and
-perhaps part of the loss of enzyme activity during this stage can
be attributed to RNAse precipitation, and this precipitation was
centrifuged down and discarded. However the . possible precipi-
tation of RNAse may not be as simple as that, and a more complex
precipitation in the form of a co-precipitation with another protein
could be envisaged with the RNAse physically occluded and/or
chemically bound to other protein. Therefore besides loss of
enzyme through the membrane, loss in dialysis could possibly result
from this internal precipitation on reduction of salt concentration,

Thus the protein precipitation in dextran gel desalting
could be explained correspondingly; that is, as the protein
snlution moves down the column there is a separation of the smaller
salt particles from the protein due to the sieving effect, thus
causing the protein to precipitate,

The question of the difference in position of precipitation

exhibited is a little more complex to explain, The reason for
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this difference seems more than likely to be associated with the
outstanding difference in preparation of the enzyme up to this
stage, namely an effect produced because of the presence of urea,

In extraction 5, in which no urea was used, it is suggested
that as the protein solution travels down the cnlumn, desalting
occurs and the salt cnncentration falls sufficiently for some
protein to come out of solution, and in so dning aggregation to
larger units occurs resulting in rapid elution with the void volume
due to size increase, The precipitation seems to cause elution
of a portion of the active protein also, since this was also g&part
eluted with the wvoid volume. The elution of the active RNAse
may, as suggested in the ant®penultimate paragraph, be via some
sort of protein-protein interaction or physical occlusion due to
large amounts of the precipitated protein,

In extraction 3 and 4, in which urea was used throughout
the extraction process, the protein precipitate was not eluted
until a very late stage and appeared to have been retained by the
column since one would expect elution of precipitated protein to
occur in the void volume fraction as above, The explanation
suggested is that the cnncentration of protein in solution from
an extraction in the presence of 2M urea is higher due to the
solubilizing effects of urea, Thus the protein solution
obtained from stage IV for stage V dialysis may oontain more protein

other than RNAse, and when applied to Sephadex G-75 (also 2M with
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respect to urea), there is separation of protein from salt, and
the resulting precipitation is large enough physically to retard
elution, Protein retention by the gel may also be a factor.
The active RNAse, however, does not seem to precipitate from
8olution and is eluted in a predictable manner, whilst the
precipitated material makes slow progress to be eventually eluted
at a point which is normally associated with small salt molecules,
Because of this elution position it was thought that the final
elution of the precipitated material was due to the salt front
finally catching up with the protein and causing its elution,

Fig 11 of extraction 4 column I shows the position of elution of
the precipitated protein,

One may ask why, if the salt and precipitated protein are
eventually eluted together, and if it is assumed protein precipi-
tates because of salt éeparation, does the protein not go back into
solution again in the presence of salt? Edmond (37) found that
the protein precipitated during dialysis was not soluble again when
the salt concentration of the solution was raised to its pre-
dialysis level,'indicating an irreversible protein precipitation
probably attributable to changes in structure on salt withdrawal
resulting in denaturation. Probably, therefore, for the same
reasons, that even when the protein was eluted in the presence of
salt again, it remains in a precipitated state.

This leaves unexplained the fact why extraction 5 column B-I
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(fig 15) which was made 2M with respect to urea just for the one
protein application, does not show the same behaviour pattern as
G-75 columns for extraction 3 and 4. From the table in fig (13)
the column B-I shows behaviour in agreement with all other extraction
5 desalting columns. The protein material applied to this column
wag the same as all the other eleven columns of extraction 5 and

was not the result of extraction and processing in the presence of
urea, but only made 2M with urea prior to application to column

B-I, Since results show no differences in elution pattern from
other extraction 5 G-75 columns, it must be assumed that it is not
merely the presence of 2M urea whilst desalting on G-75 that causes
the results obtained in extractions 3 and 4 to be so different from
ext;action 5, but the differences in previous stages of extraction.
The presence of urea throughout extraction is suggested as the main
difference from which result divergences of G-75 desalting behaviour
stem,

It will be noted from the table in fig (13) that column A-TIT
extraction 5 was equilibriated with pH7.0 buffer made 0,05M with
respect to NaCl and also this buffer was used in the elution of
this particular column, It was thought that the presence of this
concentration of sodium chloride salt would enable the protein to
remain in solution, In fact the presence of this concentration
of salt méde no appreciable or discernible difference to either

activity elution patterns or precipitated protein elution,
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The preceding explanation of the experimental results
obtained during desalting operations from extractions 3, 4 and 5
remain only speculative suggestions on the basis of the facﬁs

available,

y

Introduction to the use of DEAE~-cellulose in RNAse purification
| procedure
General

Maver and Greco (33) in their 1959 publication described the
purificqtion and characterization of RNAses from calf spleen using
D.E.A.E,-cellulose chromatography in the separation of enzyme at
pHB.0 and 0,005M sodium acetate buffer, At this pH an RNAse
active fraction which they referred to as A, was not retained‘by the
DEAE-cellulose and passed straight through. The other fraction,
.B, was held and by gradient elution separated out to four’activities
N which were not heat stable to treatment at 80°C for ten minutes.
But the material not held by the D.E.A,BE.~cellulose at pH8,0 was the
alkaline or basic RNAse and this fraction was heat stable to the
described treatment, Thus the prospect of an effective chroma-
tographic separation of the heat stable basic ribonuclease from calf
spleen on the anionic cellulosic ion exchanger D,E.A.E, becomes

apparent,

Occasionally when a protein of interest is either more acid

II3



or more basic than the contaminating proteins, a rapid separation
from the latter can be achieved by using an ion exchanger bearing
charges of the same sign as those predominating on the enzyme to be
igolated. When the enzyme is applied to a column of the appropri-
ate ion exchanger it can emerge in a highly purified form although
it was never absorbed.
This method was used as a technique of separation of acid

RNAse by Maver and Greco in a 1962 report (36) on the chromato-
graphic separation of acid and alkaline RNAses of bovine spleen and
liver, The technique was similarly used by Edmond (37)., A

series of D.E.A.E, cellulose cnlumns were also used by Rushizky and
Sober (114) in the purification of RlNAse Tl from Taka-@iastase
powder, Subsequent reports of DEAE~cellulose use in protein
purification procedures include the report by Smellie et al, (115)
where D.E.A.E. was used as a purification step in the preparation
of a rat liver nuclease:_in which there was protein with RNAse
activity adsorbed by the ion exchange medium at pH8.0.

There are recent reports (107, 91) that the introduction
of a D.E,A.E.-cellulose step may be particularly important in
connection with the removal of ribonuclease inhibitors, which other
than being protein contaminants, actually reduce or inhibit RNAse
activity, An alkaline ribonuclease inhibitor from liver was
reported (107) to have a relatively strong affinity for the basic

ion exchanger D.E.A.E.-cellulose,
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There was strons evidence that this inhibitor was a protein
but with a possible carbohydrate nature also, The role and
distribution of rib-nuclease inhibitors is still currently the
gubject of much research, Thus if the basic RNAse from calf spleen
is associated with any kind of inhibiting protein of the above
described nature, the use of a D,E.A.E.—cellulose purifying step is
further Qarranted.

Procedure and Resnlts (See General Methods 3b)

The D.E.A.E,~-cellulose powder (Vhatman DESO batch 727-735)
was subjected to the washing and preparative procedures prior to
filling a column, described in refs., 34 and 74 by Peterson and Sober,
who did much of the early work on the use of cellulosic ion exchangers,
The protein peaks frbm G-75 desalting were applied and all
the effluent collected (together with a small volume of washings)
since the active and wanted basic ribonucleases should not be

adsorbed and held by this anion#s=fen exchange material,

Fig, 16 summafizes the use of D.E.A.E,-cellulose with respect
to extractions 3, 4 and five. The protein concentrations were
calculated by the U,V. spectrophrtometric method previously
described, From an estimation of the protein concentration
applied to the column, and also of the concentration of protein in
the effluent, the percentage of protein retained and the percentage

passing straight through without absorption were calculated. A
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lbxtractiorn Column Total sprotein) #%not Conditio
number. size, protein held « held |-ns &
applied. thus un<4 &« thus buffer.
wanted. |wanted.
3. a). 322mgs.| 59% 4I% |(pH 7.0
I.8xI3 cms oM urea
b). 737mgs.| 6I% 074
L, 2x8.9 cms | I795mgs} 29% 71% |pH 7.0
2M urea
5.Batchl2.2xI8 cms| 768mgs. 64% 36% |pH 7.0
Batch
5.  A. P.4xI9 cms| I854mgs.| 77% 23% pH 7.0
B .
5 §
2M ureaR.2xI2 cms| 223mgs. 5I% 49% | pH 7.0
’ 2M urea

Fig.I6, Table of protein distribution on DEsE-cellulose
chromatography.
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sample of the protein retained by each column after application of
protein from G-75 desalting, was assayed for RNAse ac%ivity and
found to be inactive, This protein for assay was removed by
elution of the D,E,A.E~cellulose with buffer made 2M with respécf
to sodium chloride,

With the exception of extraction 4, the amount of protein
removed was in»all cases over 50% of that applied, and since this
portion was inactive, it can be said that D.ZE,A.E,~cellulose
produces a purification of at least 50% and scems to be an exceed-
ingly useful and efficient purification step,

As mentioned, extraction 4 results seem to be anomalous
in that they indicate that less than a third of the protein was
ren-ved by the purification step. This abnormal result may be
due to the fact that the meth~d of estimation of protein retention
was different to all others, Instead of retention being esti-
mated from a knowledge of protein applied and protein in the
effluent, it was estimated from protein applied and the actual
protein retained and measured after its elution from DEAE-cellulose
by means of 2M sodium chloride buffer. The general procedure of
extraction 4 does not differ in any way that would result in this
difference in results than from extraction 3. The material
retained by the anion exchanger and removed with sodigm chloride
elution may not entirely equal protein applied minus protein in

effluent of unabsorbed material, but estimation in extraction 5 has
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shown there to be approximate correlation ~f results and so the
anomaly of exiraction 4 can not be explained by tight column
retention of protein against sndium chloride eluting power. A
pertinent factor however is the inherent error in U,V, spectro-
phntometric estimation of protein concentration, Different
proteins vary in their degree of absortance »~f U,V, light, and this
difference will be accentuated on such a separation of proteins
that has been accomplished by the use of D.E.A.E,-cellulose,

There scems to be 1ittle statistically relevant difference
in the application of this purification step in the presence of 2M
urea from when no urea was used, Extraotiona 3 and 4 were
carried out completely in the presence of urea and if extraction 3
results are compared with extraction 5, mich the same separation
was achieved,

The extraction 5 material that was desal?ed on a Sephadex
G-75 column made 2M with urea, was also subjected to DEAE-cellulose
treatment in the presence of 2M urea. As can be seen from fig 16
an approximate 50% purification was achieved which is a little lower

than the other results, but whether this is significant is doubtful,

Summary
The use of D.E.A.E-cellulose was an effective purification
step since the protein removed was inactive, However disc-gel

electrophoretic (see later) analysis of the protein retained by the

anion exchanger,did show some evidence of bands of protein showing

118



RNAse protein characteristics, These could possibly belong to
acid RNAse that survived heat treatment since it is unlikely that
the basic RNAse being isolated would be held by an anionic column
at pH7.0. The position of elution on CM-cellulose cationic

exchanger indicates considerable basicity and therefore unlikeli-

hood of absorption to an anionic cellulose.

Summary of extraction techniques considered so far,

Thus concludes a consideration nf the changes made in
extraction procedures (sections I to V) begun after the detailed
description of the initial fractionation proceduré I on page 62 .

Part I of the thesis will be terminated by a consideration
of the overall effects of the changes and improvements made in each
extraction, as refiected in CM-cellulose chromatographic results
since by this stage‘the enzyme was in a relatively pure form.

Figs 17, 18, 19, 20, 21 summarize in outline the changes
discussed in detail in sections I-V above for each of the five

extractions made between October 1964 and March 1967.

A comparison of extraction procedures 1-5 as reflected in the

results of CM-cellulose chromatography

General considerations

The theory of column chromatographic separation of proteins on

cellulosic ion exchangers has already been discussed to some extent
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g pH 7.2 HUMUGin ToalIun in 0.05M Naac
g pH 3.5  acid extraction TUOM kbia
© I.| pH 3.9 30448 pption. pH 7.2
buffer 1
centrifuge > discard ppt.

II pH 3.5 8Uh4aS pption.

centrifuge ¥y discard
111 pH 7.2 dissolve in buffer I supernatant.
pH 3.5 Hival Chls Al Ml
60°C for Iumins. |
centrifuge ydiscard ppt.
IV | pH2.0 2nd. 4S pption.40-50% . discard ppt.
85/ A4S
centrifuge y discard
! supernatant

v pH 5.5 dissolve in buffer «
DIALYSE against same i;e._Q.OOSM Tris

10” "EDTa,pH 5.5
Buffer II

VI

VII| pH 5.9-8.2 |

- CM=cellulose chromatography
buffer II -gradient elution

VII]

Fig.I7. Summary chart of kxtraction procedure I.
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ft’ PH 7.2 HUMUGEmnIoaiT0N Buffer I

a pH 3.5 acid extraction

g 1 | PH 3.5 3U%aS pption. 212 spleen
centrifuge y discard ppt.

II | pH 3.5 8044S pption.

centrifuge y discard
III | pH 7.2  dissolve in buffer I supernatant
P Fer Tmtns.
v centrifuge y discard ppt.

v pH 5.5 dissolve in buffer 2 (or II)
DIALYSE against same

Vi

VII |pH 5.5-8.2 v :
CM=-cellulose chromatography
Buffer II -gradient elution

VIII

Fig.I8. Summary chart of Extraction procedure II.(or 2)
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pH 7.2 HOMOGENIS AL TUN Buffer I 2M wer.t
urea

3 fresh & 21
deep frozen

pH 3.5 acld extraction

1 | .pH 3.5 30%a3 pption.
2M urea |

l

- 2M urea centrifuge ——————— discard ppt.
II pH 3.5 k HE-2X TRACT
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pH 7.5 desalted on
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Fig.I9. Summary of Extraction procedure 3.
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(page 41 ), The degree of binding of the protein to the
absorbent and by what type of bonds, and to what extent the elution
sequence is predictable, is not eassily answerable because of the
very complex nature of proteins themselves,

The binding qf protein to the ion exchanger involves the form-
ation of electrostatic bonds between protein and ion exchanger, and
since the protein and ion exchanger are polyelectrolytes, there is
the likelihood of interaction at several points,  The number of
such bonds that are established will determine the concentration of
the competing ions required for the release of the bound molecules,
Thus the theory is that a separation may be achieved by virtue of
the fact that proteins differing in charge density, or number of
charges by virtue of size may be expected to differ in their
requirements for elution,

It can therefore be seen that two quite different proteins
may be eluted together because they have the same net charge. For
example one protein may be small with a high charge density, whereas
the other may be large with a small charge density. Similarly if
a protein is subject to dissociation into sub-units, and if the sub-~
units are assumed to have the same charge density, the aggregates of
larger molecular weight and therefore higher net charge may be eluted
last in a éradient elution since these are likely to form more bonds
~ with the ion exchanger and so there will be a separation on the

basis of size in this case.
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Other factors such as the spatial arrangement of ionizable
groups on the molecule can be expected to contribute, This is
especially important in conditions that are likely to alter the
molecular configuration, Any change in configuration such as
unfolding of the peptide chains due to the severence of S-S linkages,
or the severence of intramolecular hydrogen bonding perhaps aided by .
urea, will result in a change in the arrangement of ionizable groups
and the exposure of new jonizable groups, or the reverse situation
of screening already available groups, Any of these changes will
affect the degree of adsorption to the cellulosic ion exchanger and
therefore to some extent, dictate the position of elution from the
column on the application of a salt and/or pH gradient, Elution
by raising the'pH alters the number or sign of charges on the
protein (or adsorbent), and, elution by increasing the salt
concentration decreases the effectiveness of existing electrostatic
bonds between the protein and adsorbent.

More recently the non-ionic binding forces of proteins have
been considered and it is thought that they may contribute to binding
even on ion-exchange surfaces. But to what extent, is, as yet, not
fully explored. In part II of this thesis the lyophilic nature
of the RNAse was investigated to some extent by CM-cellulose
chromatography in the présence of agents that possess lyophilic as

well as hydrophilic properties,

The protein profile obtained on elution and read by U. V.
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spectrophotometric methods alone is not enough, since the absorption
at 280 mu is a summation of the individual contributions of what may
be a large number of protein species, displaced from one_anofher
significantly butl often overlapping in sufficient degree to prevent
discrimination on the basis of protein alone, Thus for full
realization of the resnlution attained,enzymic assay was carried
out, This was of particular importance with respect to the RNAse
being examined since a portion had very little U, V., absorbance at
280 mu, (page 58 )

Protein molecules are comblex and abstraction of any conclusive
decisions from cellulosic ion exchange sepafation behaviour will be
equally complex; and every consideration has to be given to conditions
of protein configuration charge and its bearing on adsorptive
properties..

Procedure and comparison of results

The gpplication of samples to ClM~cellulose cation exchange
columns was described in Extraction I (page 46) A1l vuffers were
made 0,005M with respect to Tris/HCI and 10—4M with respect to
E.D.T.A., and the pH of each particular eluent can be found in the
table (fig 22)

a) The last three extractions (Nos, 3, 4 and 5) differ from the
first two in two major respects and that is the introduction of
desalting using Sephadex G-75 and the use of DEAE-cellulose as a

further purification step, Sephadex also acts as a major
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bxtraction I 2 3 L 5 5 5 5
No.,

Column wo. CMC |CMC |CMC |CMC | CMC | CMC [cMC |8MC
I 2 {3 4 | 5-II| 5-1I |5-1115-1IV

Gradient: 5¢5| 5.5| 7.0{6.0 ]| 7.0 |6.0] 6.0] 8.2

starting pH

Gradlen.t 0.2 502 6.2 602 602 002 002 602

final pH .

'Final salt ]0.32]0.32]0.32]0.25/ 0.25| 0.3 0.32 0.32
concentrationM M M M M M M M
Urea - - - 2M - - 2M -
concentratior urea urea
Column size |64x | 5Ix 66x | 49x | L4b6x 20x |I8x

' I.7( I.7 I.7 _2.5 2.5 2.2 2.2
Fraction 50 {50 | S0l I0| Iu | Io|Iu | I0
size . mls mls | mls| mls| mls| mls{ mls| mls
Bulking a 90~ (60~ |[70- |4lh- 66=|60=- | 40-| 20=-
105| 60 | I00| % | I03[ 95|90 | 56
Bulking B I07-| Bu=-|? 68~ IO4+ IIOF 7 -
II5 | IIV 82 | I56| I40
Comments:
CMC 3. NO urea with CM-cellulose column, but present
in rest of preparation.
CMC 4. New elution volumes for subsequent CMC Y&5
Columns
CMC 5-III Gradient steeper. _
CMC 5-IV ke-application of CMC 5-I,peak 60-99 at pH 8.2
Size of ’
I.51

reservoir 5+51.5+51.]I1. I.5] I.541.51{I.51

vol. chamber

size of constly o51h 751l 0,510.81.0.81.[0.81]0.810.51.

Fig.22. Table of elution data of the principal
CM=cellulose chromatographic separations
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purification step because of the non-active protein that was
separated from RNAse activity during the desalting process, Thus
ag a result of the introduction of these two additional purification
stages, the total protein applied to Cif=cellulose in stage VII will
be considerably reduced, In a likewise manner the elution volumes
were reduced to the m-re manageable proportions as shown in fig 23
and unless otherwise stated these volumes are adhered to in all CM-

* cellulose elutions in extractions 4 and 95, This change in elution
volume was of course reflected in a change of elution position of
active peaks (after the difference in size of the fractions collected
is accounted for - see fig 22 ). CHC columns of extractions
3, 4 and 5 did not have the characteristic initial non-active protein
peaks of CMC-I and CMC-2 and of those similérly reported by Edmond
(37). The reason for their absence is more than likely their
removal either on G=75 or else by adsorption on the anionic DEAE-
celluloée.

b) If the CMCellulose separations of extractions 1 and 2 are
compared it will be seen that the overall elution profile with rés-
pect to activity is virtually the same (figs 24, 25). Columns
CMC—l.and-Z show the same initial inactive protein peaks eluted in
the early stages‘and two main peaks of activity (designated A and B)
eluted in corresponding places in extractions 1 and 2, However

the protein profile of exiraction 2 (cMC-2) differs from extraction 1

(CMC-I) by the possession of a large protein peak'x appearing after
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most of the activity has been eluted. There was a very small
peak of activity associated with peak\x: Extraction 1 and 2
differed in the main due to the fact that extraction 2 did not have
any second ammonium sulphate (Stage IV) precipitation and possibly
the reason for the non-appearance of this peak in CMC-I was that
this particular protein fraction was precipitated during the final
ammoniuﬁ sulphate precipitation at stage 4.

¢) Although extraction 3 was carried out entirely in the presence
of 2M urea, the CM-cellulose chromatographic separation was not,
Elution took place at room temperature at 17-1800 due to an absence
of c¢nld room facilities for a period. The usual expected profile
of two activity peaks has given place to a rather indistinct pattern
of peaks (fig 26 ) with perhaps what might be described as a major
peak corresponding to peak A of CMC-2, though this peak of CMC=-3 was
a bifurcated peak,

Little information can be dedﬁced ffom this column and the
indistinct nature of the prntein and activity profile may perhaps
be attributed to operation at room temperature, The higher |
operatignal temperature may result in some dissociation or
association of molecular groupings thus causing elutioh to extend
over a larger range because of the range of molecular sizes and
therefore molecules with & range of different net charges.

d) CMC-4 (flg 27 ) was the result of CM-cellulose chromatographic

separation of protein material that had been extracted and conducted
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through all purification stages in the presence of 2M urea. This
column can most profitably be compared with CMC-5-I (fig 28) since
the protein has had much the same extraction history except that urea
has been used during the extraction and purificaﬁion process,
Similarly comparable with respect to two peak activity elution profile
was CMC-1 (fig 24), however which cannot strictly be compared because
of the differences in the extraction and purification stages, The
distinctive pattern of two major activity peaks occurs in CMC-4 (as
in CMC-1) but the activity peaks in CMC-5-1 do not correspond in
elution position even when eciumn lengths are taken into consider-
ation, However disc-gel electrophoresis results (see page I5I)
show that fractions 60-95 and 110-140 of CMC-5-I have the peak A and
B characterisfics in accordance with Edmond (37) If the two

peaks of CMC~4 correspond to those of CMC-5-I or A and B, the
presence of 2M urea, (being the outstanding difference in preparation)
appears to have had the effect of causing earlier elution of the
active protein from the ion-— exchanger. Providing the concept

of urea as a hydrogen bond dissacidting agent is assumed ( and this
theory has not been proven) then it may be suggested that owing to
the presence of urea on the column, adsorption to the column medium
has been reduced, thereby reducing the salt concentration, necessary
for elution of the protein, However it could be reasoned that the

~omnipresence of 2M urea in processing may have caused the dissociation

of:-

134



i) — The protein inito smaller aggcregates or units

':'L:'L)——~ another non-enzymic protein that may have been attached
to the RNAse protein by hydrogen bonding, so that on
elution in the absence of 2l urea on CM-cellulose, this
association of protein would present a stronger bonding
action to the ion exchanger resulting in later elution;

iii)~—~or merely reduced any hydrogen bonding, that may occur
as part of the ion exchange adsorption process; to a
minimum,

All three suggestions might result in early elution. The
explanation on the basis of the results can only be in the form of
theory..

e) Evidence against thé suggestion that the elution pattefn of
CMC-4 was a 2M urea coiumn effect was demrnstrated by column CMC-
5-II1 (fig 29) The protein solution applied to this column was
processed in the absence of 2M urea up unitil the G-75 desalting
stage and then was in the presence of 2M urea up to and including
the CMC-5-III column, (fig 29) The elution pattern was totaliy
different to CMC-4 in that only one activity peak is obtained, If
the fact that the column size ( see table fig 22) was appreciably
smaller and the salt gradient was steeper is considered, the elution
of this peak was fairly retarded and aﬁproximatesto peak A of CMC~
5=I. Disc gel electrophoresis also indicates that this CMC=5-II11

peak of activity has similarities with activity B of CMC-5~I (gels.B
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aid 5 respectively,on page I5]), and also the low U,V, absorbance
at 280 mu corroborates the possibility of identification as 'B!

peak, The whereabouts of the usual large protein and activity
peak corresponding to A, can not be explained. The presence of
urea in CMC-4 does not affect the elution of two major activity peaks
which have come to be expected and characteristic, The material
was stored in the cold room at 4—500 for a period of about one month
before application to CHMC-5-III and pussibly could have suffered some
molecular change or denaturation of the protein normally eluted as
activity peak A (or B?) The conceivability that activity peaks

A and B (see CMC-1, page I3I) could be related forms of different
aggregate size, also arises, and that in CMC-5-III there has been
elution as one sggregate size, But evidence so far (page 60)

and evidence demnnstrated later by disc gel electrophoretic studies
of peaks A and B, show this latter theory to be less likely and the
more credible theory is that A and B are two separate protein species
of RNAse, None the less, often more than two activities are found
on elution (vis, cMc-2, CMC-3, CMC-4, CMC-5-I) and these may be sub
units or multiples of the RNAse two main activity species,

f) There was no intentional difference in the preparation applied

to CMC-5-I (fig 28) and II (fig 30). The protein applied to both
these columns only differed in that there wés a difference in batch}
as applied to D.E.A.E.; but exactly the same procedure of desalting

and CM-cellulose elution was carried out on all batches from DEAE
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cellulose chromatography of extraction 5. But the protein and
activity profile of CliC-5-IT has little in common with CMC-5-I,

If the bulked pezks of CMC-5-I (60-95 and 124-146) are cémpared
with the two bulked peaks of CiC-5-I1 by disc gel electrophoresis
(gels 4 and 5, and 2 and 1 respectively, pagesI53,152 ) they
are shown to be very similar indeed, The evidence points to
aggregation differences which are reflected in elution.

g) The initial activity bulked fromvfractions CMC-S-I)60-95,and
probably corresponding to the 'A'fraction of CMC-I, were dialysed
"against a pHB.2 buffer and reapplied to the same regenerated CM-
cellulose column at pHB8.2 and subjected to a standard gradient
elution of salt, This experiment (CHC-5-IV fig 31) was conducted
as a parallel experiment to the reapplication and rechromatography
of RNAse A from the original extraction CMC-I, page 59). The
same results were achieved, namely a single activity corresponding
to a protein peak, In CMC-5-I, fraction 60-95 or 'A! céntained
one protein peak and this separated further on rechromatography into
two protein peaks, of which iny one had the majority of activity
associated with it (fig 31 CMC-S-IV). The séparation of proteins
was not reflected in the disc gel electrophofesis of CMC=5=-IV fraction
18-50 (gel 12, page 155) when compared with CMC-5-I 60-95 (gel 4,
pagel53) Thus as‘far as CMC-5-I fraction 60-95 is concerned,

it shows no tendency to form any further activity peaks on rechroma-

tography which may be eluted within the RNAse B region, and like
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extraction I reapplication of peak A, the theory of RNAse being a

separate entity from RNAse B is further supported by this result

(page 59)

Summary of chromatography on Cl-cellulose for extractions 1-5

i) The results were not always predictable with respect to
activity and protein profiles, although as shown later (page 15I)
analysis by disc gel electrophoresis demonstrated the same pattern
of proteins, even though protein profiles often gave a contfaiy
impression from examples that had wvirtually identical histories,
This indicates the possibility of the enzymes existing in more than
one form and being eluted accordingly.

ii) There waé a predominance of two activity peaks, although other
activities were present to a less extent.

iii) The effectiveness of G-75 and D.E.A.E, cellulose as
purification steps was demonstrated.

iv) The presence of urea did not appear to hinder purification
to any great extent or aid the process, The exact role'of

urea at 2M concentrations is obscure as yet.

"Disc" electrophoresis and its use as a criteriﬁlofvpurity and

protein homogeneity

Procedures for electrophoresis on polyacrylamide gels were
worked out independently by Ornstein and Davis, (116) and Raymond

and Weintroub (117) Polyacrylamide gels in contrast to starch
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gels are trensparent, thermo-stable, non-ionic, and the pore size
can be varied over a wide range by changing the concentration of

the acrylamide or the cross-linking agent, The absence of charged
groups reduces endosmntic flow to negligible proportions,
Polyacrylamide gels are also superior to starch gels for high
resnlution and sensitivity in perf-ormance, but unfortunately due

to their low electrical resistance, there is a limit to the scale

of operation and best results are therefore attained on small
columns,

The method that was used in the disc gei electrophoresis of
various stages of extraction 5 was the modified procedure of
Reisfeld et al. (118) for acrylamide gel electrophoresis of basic
proteins, The method permits excellent resolution of protein
mixtures as small as 50 u-gm, within as little as twenty minﬁtes.
The method achieves this sensitivity and resolution by concentra-
ting fhe components of dilute samples into very thin starting zones
and by utilizing the frictional properties of the gel to aid
separation by moleculér sieving,

Procedure

Details of buffers and stock solutions not given in the text
below are given with all other relevant details in - General

Methods 8, -

The electrophoresis of protein samples was carried out in

small glass ¢olumns measuring 0.35 x 7 cms, These columns were
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made up with three types of gel:-

(i) A large pore anti-convection gel containing the protein

sample,

(ii) A large pore 'spacer' gel in which electrophoretic
concentration takes place,

(111) A small pore gel in which eleCuronnoreulc separatlon and
molecular sieving takes place plus the crosslinking agent
of ammonium persulphate which provides the radicals to
catalyse the crosslinking process

The proportions of each type of gel in each tube were 1l:1:4 by
volume respectively for the above listed gel layer types, but a
small space of 2-3 mm, was usually left at the top of each tube for
tray buffer during the elecirophoresis,

Eight such tubes were used in each electrophoretic assembly.
Each tube was erected into a vertical position by embedding in
piasticine, vhich also acted as an effective seal to the tubing end
‘and retained the solution befnfe polymerisation had taken place (fig
32)

The tubes were initially filled to about £ full with small pore
gel solution which had been mixed in a 1:1 ration with the cross-
linking agent solution of ammoniumlpersulphate (see General Method 8
and fig 34 (a) also). Care was taken to exclude any air bubbles

‘that might be occluded at the foot of the tube, by tapping the

plasticine base gently up and down on the bench. The small pore
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gel solution was then gently overlaid with about 2mm of water
(deinnized) by the use of a wick and small pipette (fig 33). This
wa8 important since oxygen in the air inhibits the chemical polymer-
ization process, The tubes were then left for about half an hour
to polymerise, and sometimes when polymerisation was slow, é little
heat via a closely placed lamp was used to speed the process a little.
The small pore solution was constituted such as to give a 15%
acrylamide solution,

The water used tn overlay the small pore gel was removed
after polymerisation, by a vwrist-flicking action as is’used for
reducing the mercury reading on a clinical thermometer, The
remainder of the tube above the émall pore gel was rinsed out with a
little 1érge pore solution, and about half of the remaining volume

was filled with large pore gel solution and similarly overlayed with

2 mm, of deionized water, This large pore solution contained 2%%
acrylamide,

The tubes were then subjeqted to photopolymerization by
placing between two 15 watt fluoréscent tube lamps which were sii
inches apart and at the same level as the tubes for maximum illum-
ination because this was a light activated reaction, The point at
which polymerisation occured was easily observed because of the

opaque nature of the polymerised large pore gels. The time taken

for the polymerisation to occur was normally in the order of twenty

minutes,

On polymerisation, the overlayed water was removed and sub-
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-sequent to further rinsing with large pore gel solution, the protein
sémple was applied as a 1:1 mixture with large pore gel solution,
The dilution of the large pore snlution due to the addition of the
sample sonlution, was compensated for by adjusting the dilution of
stock solutions in compounding the large pore gel solution, The
sample containing solution was overlayed with deionized water and

. photopolymerised as before,

The time taken for polymerization to occur in this final step
varied enormously depending on the constitution of the sample
solution épplied. High salt concentration seem to inhibit poly-
merisation completely and thus samples of the early stages of
fracfionation containing high ammonium sulphate levels, had to be
dialysea to some extent before succesful analysis by this method
could be achieved. But the use of dialysis was avoided as much
as possible because loss of protein as a precipitate (page I09) or
through the Visking tubing (pageltO ) was feared, thus leading to a

false conception of the sample at a particular stage with regard to

protein content,

After removal of the overlayed water the tubes were ready
for assembly into the electrophoresis apparatus (fig 35). The
remaining space at the top of the electrophoresis tubes was filled

| with;}alamine pH4.5 tray buffer, and the tubes were removed from
their “plasticine" bases and then fitted, sample gel uppermost, intq

the polypropylene bowls of the anode compartment by means of small

46



rubber grommets, A hanging drop of buffer was attaohed to the
bottom of each tube to ensure exclusion of all air bubbles and

gocd electrical contact on immersion into the cathode buffer tray.
The anode compartment, supported by a retort ring, was placed so

the tubes were immersed about +inch into the buffer contaiﬁed in

the cathode department as shown in the diagram (fig 35). A D.C,
power pack was used to provide a current éf 64 milliampé at initially
50 volts, but owing to heating effects, the voltage continued to

rise over the electrophoresis period eventually to reach nearer a
hundred vnlts,

The tray buffer contained B-alanine at pH4.5, and the other
important ions were those of potassium which constituted part of the
small and large pore gel solutions (see General Iethod 8) . Thus
when a current was applied, the ?-alanine -potassium ion boundary?
originally present at the buffer-gel interface, moved into the gel
towards the cathode sweeping up protein components, The proteins
were concentrated in the spacer gel between the potassium and P-
alanine in a seriés of discs in order of electrophoretic mobility.
When the stack of discs passed into the small pore gel, the B-alanine
potassium ion boundary was accelerated in this region of lower pH
and the protein discs were‘left behind, The discs were now
- subject to a linear voltage gradient, each in a very thin starting

zone and separation was henceforth with respect to charge and also

molecular size,
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The actual time taken for electrophoresis varied depending on
the proteins present, but as far as possible the time was standard-
ized to fiffy minutes for the sake of comparison of results,

After the electrophoresis was finished the polymer gels were
remnved from treir tubes using a 22-gauge sSyringe needle through
which a- gentle stream of water was allowed to pass, This needle
was used to rim the gels, with the water'acting as lubrication, and
after careful manipulation of this kind the gels were released from
the tubes,

The gels were then placed in smzll test tubes (taking care to
remember the order and number of each gel) together with a 1% amido=-
schwarz (Naphthol blue-black) protein stain and allowed to abéorb
the stain overnight.

Destaining was accomplished electrophoretically using open
ended tubes which had been pluggzed with a small portion of small
pore zel to allow electrical conductance but at the same time
contain the gel to be destained (see fig 34 b), The gel lengths
were placed in the tubes described which were then filled with a
viscous but mobile polyacrylamide solution that had only been

partially polymerised by the action of lignt in the presence of

riboflavin and acrylamide, The purpose of using the more viscous

medium for destaining other than T%racetic acid as used by Reisfeld
et al, (118) was to reduce the loss by convection currents of dye

into the upper cathode tray. The buffer reservoir was filled
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filled with 7% acetic acid and the apparatus was assembled in the
same manner as was used for initial electrophoresis except that now
the cathnde was the upper tray because of the negative chaxge of
the dye molecules and elecirophoresis of the stain was from the
cathode tn the anode, All excess dye, not absorbed by the protein
bands appeared in the bottom buffer tray.

Destaining took place at the maximum current and voltage that
the power pack vas able tn deliver, which was in the region of 220
valts, | The process of destaining can take up to two houré and
after which the mels are stored in labellied tubes in the presence
of T% acetic acid. Although time has the effect of reducing
tﬁe stain intensity, the gels can be stored without any further
deterioriation for long periods. Because of this loss of colour
intensity, it is advisable to make moré permanent records of the
gels bybphotography and/or densitoﬁeter scanning procedures, ' The
colour of the bands was also quite diagnostic since RNAse bands
tended to be a brighter blueAthan any other bands present and had
a pink tinge if held in front of a bright I,R., lamp,

Assessment of the value of disc gel electrophoresis

The method was extremely sensitive and the heterogeneity
‘revealed by the application of this technique to samples obtained in
earlier stages of the extraction of RNAse enzyme, posed the‘problem '
of how toidentify the individual bands for comparison with other

samples, Although care was taken to obtain reproduceable results
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it proved extremely difficult to standardize the procedure suffi-
ciently to permit identification on the basis of migration distance
in an absolute sense. Internal standards close to the band in
question were used in order to establish relative migration. Only
after examination of a purified sample of calf spleen RNAse and
noting its characteristics and colour could the earlier purification
stages be followed by this method, and then results were often
confusing, As separation was a function of net charge density

as established by the buffer‘and of the relationship of molecular
size to gel porosity, it was very difficult to make any conclusions
as to the naiture of a protein with respect to distance travelled in

the gel,

Also, although there was considerable latitude in the protein
concentration, volume, salt concentration, and pH of the protein
sample applied, where a high degree of reproduceability is required
these parameters would need to be more closely controlled than they
were,

None the less as a criterion of purity, the technique was
extremely useful and although the existence of one band does not
necessarily mean that purification to a single protein entity had
been achievéd, if was an indication that a high level of purific-

ation had been'attained.A .
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ndex to photosranns of gels

GEL NO. COLUMN NO. or Sample Fraction Yo,
1 1C-5-IT fig 30 104~156
2 ClMC-5-II fig 30 66-103
3 CMC-5-111 fig 29 45-90
4 CMC=5-1 : fig 28 60-95
5 CiC=-5-I fig 28 110-140
6 Example of gel during earlier

extraction

7 Tubes 56 (or 60)-70 Non-bulked G-75

fraction
8 Not held by CMC-5-I at pH6.0
9 Held by D.E.A.E. at stage VI
10 CHMC-5-IT reapplication fraction - 8-20
11 CMC-5-II " " " 56-109
12 CHMC~-5-IV reapplication 60-95 18-50

The below discussion of some of the gels obtained from disc-

. gel electrophoresis will aid interpretation of those gels that have

not been made fully self—expianatory by allusion to them in the

text.

1, Gels 2, 4, 1 and 5
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correspond closely with rezard to resulis because of their having
the same source of enzyme (Extraction 5) and very similar elution
conditions, and a comparison of gels 2 and 4, and gels 1 2nd 5 show
this to be the case, Gel 5 shows that according to disc electro-
phoresis, a high degree bf purification had been attained,‘which was
not quite matched by gel 1 where there éere three main protein
components whereas there was only one main component in gel 5, Gels
1 and 5 correspond to that fraction designated RliAse B with respeCt
to CM-cellulose chromatographic separation and was obtainable in #
relatively pure form,

The fraction designated RNAse A with respect to CM-cellulose
chromatography was represented by gels 2 and 4, The dark upper-
most band had the characteristic lighter blue colouf that was also
common to R¥Ase B (gel 1 and 5) and similaf-if not the same light
blue bands seem to be present in all active samples and thus the

colour may be characteristic of the RliAse enzyme under study.

2) Gel 12 The RNAse A fractions obtained by Edmond (37) gave
similar results to those obtained in gels 2 and 4. The RiiAse A

fraction was composed of at least six proteins of which five were
very prominent. Rechromatography of A at pH8,2 on CM-cellulose
(pagel 138,fig3I £MC~-5-IV) and disc gel electrophoresis of the
resulting fraction 18-50 (gel 12) gave much the same results as gel
4 from GMC-5-I fraction 60-95.

3) Gels 10 and 11, 8
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‘hen protein material was snplied to C¥C-5~I and II for
chromatozraphy it was noticed that material was not held by the
column at pH7.0 (gel 8) and passéd straight through the column,
This unadsorbed protein was found %o be active when assayed with
RNA as substrate and thus the material from CHC-5-~II was adjusted
to pH6.0 and applied to another ClM-cellulose column upon which the
RNAse activity was seemingly held, Therfollowing giadient
elution was applied,

Reservoir 1600 mls 0,005M Tris, 10—4M EDTA, pH6.0

Constant volume chamber 800 mls 0,005M Tris, lO-4M EDTA,

pH8.2 0.32M NaCl,

The activity regions obtained werebulked as follows:-

Fractions 8-20

' fig 36
Fractions 56-109
The bulked fractions were subjected to disc gel electro}

phoresis {gels 10 and 11). The results were interesting in that
they had little resemblance to those of CMC-5~II with respect to the
position of elution of activity or to gel electrophoretic results,
The elution pattern should have been comparable to CMC-5-II since
the same column was used after regeneration of the cellulose and
exceﬁt for the difference in salt concentration (O. 32M instead of

0.25M NaCl.) the gradients were identical, The difference in

salt coﬁcentration only made a difference in the elution position of
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Fig.36. Re-application to regenerated CHC-5-I1 of
material that was not held by CMC-5-I1

previously.
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Ridse A, in CIC-5-I and II, of six fractions.

The nature of the enzymically active material, eluted between
:raction 8-20 from this reapplication column, had little in common
to any other peaks from Cli-cellulose columns because of its very early
" elution positiou. Gel 10 indicated that this fraction was not
of the typical RilAse 4 type (gels 2, 4). Perhaps this could be
explained by the theory that this fraction owes ifs early elution
to the protein being of a very szall size aﬁd therfore with a
smaller net charge than a larger unit, Alternatively this
particular RNAse fraction had little basic nature and as a result
was barely retained on the cationic exchanger at»pH6.Q

The second fraction bulked from this column, fraction 56-
109, had a gel behaviour similar to the RNAse B types (gels 1 and 5),
but the elution position was more compatiblevwithrthe previous
elution of RiAse A (CMC-5-I and II) Thus again either a small
protein, meybe a subunit of A or B, or a less basic protein was
possibly indicated. Other protein changes which could possibly
lead to changes in behaviour of eiution, such as certain protein
tHree dimensional or structural changes seem unlikely because
conditions were standard to all the columns (unless otherwise
stated)

An explanation of the behaviour of the RlNAse active material
not initially held by the CM-cellulose (and" barely held the second

time of application) cannot be given with any degree of certainty
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and the explenations put forward remain only as suggestions.
Other gels not discussed above are mentioned in their

relevant contexts,

The course of enzyme purification during extraction 5(see fig.37).

Extraction 5 was the last extraction of calf spleen to be
made and represented the culmination of twelve weeks work within -
itself, It also represented the culmination of all the
techniques investigated during extractions 1-4 and as shown by disc
gel electrophoresis the isolation of a reasonably homogeneous
RNAse active entity was achieved by this technique, namely RiNAsé
activity peak 'B! (gel 5). However as will be seen from éhe
f&l;owing analysis, much RliAse activitj was lost at various stages
especially those stages which involved ammonium sulphate fraction-
ation,

At each stage of purification of extraction 5 a sample was
retained for assay and was‘stﬂred in a stoppered glass flask in the
deep freeze, Before assay each sample was thaved out slowly at
room temperature. The total volume from which the sample was
. taken was noted in order to calculate the total number of units of

activity present in the original meterial.
The enzyme activity was measured in units as defined by
Kaplan and Heppel (28), viz, the amount of enzyme which causes an

optical density increment of 2,0 at 260 mu in the final diluted
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5 a0 or best resulis it was desireble to restrict the net
optical density to as near 0,10 &s possible in the finel diluted
sample, This adjustment of optical density level was achieved
by a system of trial and error experimentation in dilution of thé
enzyme-containing sample which was to be assayed. It will be
seen that it was important that this dilution factor was noted
and incorporated into the calculation of the total number of
activity units,

Assay vprocedure and calculations

The assay procedure was carried out as previously described
(page 52 ) but as this assay was not merely for the location of
RliAse activity in column fractions, but was a quentitative
estimation of the enzyme present in a particular fraction, care
was taken to observe correct timing and reproducibility of results
by accurate procedure standardization,

The source of RNA used for these determinations and indeed
all column chromatography RNAse location in extraction 5, was
commercial yeast RNA (L, Light and Co. Colnbrook, England) The
commercial Jeas€Z¥Zs treated by a¢491v1n 25 grams in 1.25 litres
of deionized water and stirring with a magnetic stirrer, The
RNA was not very soluble at this stage so the pH was brought to
neutrality by the dropwise addition of normal sodium hydrozide,

It was then exclusively dialysed against deionized water for three

days with several changes of water, This took place in the cold
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Sample number

p

ment

No, of UNITS ACTIVITY

s

1

1H

2H

3H -

54
5 A1
51
5 1ii

7TA

11
14
15

Heat treatment,

cengrifuge, assay
(607°C for 10 mirmtes)

Heat treat, centrifuge,
assay

Heat ireat, centrifuge,
assay

97,428
38,447

237;770
146,972

38’766‘

17,189

74333
16,530
8,316
9,058
26,296
2,427
149,250
3,618
9,570
2,611
15,688
298
5,919
3,792

List of Unifs of activity at each

stage as in fig 37 for Extraction 5
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room at 4-500 using 12 litre stainlsss steel buckets to avoid any

contamination, Tne RNA was then lyophilized and the dry product
stored in sealed glass bottles in the deep freeze between use (at

-22°¢).

A zero-time blank estimation was conducted for each sample
by initial precipitation of RNA solution with a 0,25% uranylacetate
and 2.5% trichloracetic acid solution (UA/TCA), and then by
inactivation of +he sample protein solution when it was added to
~the RWA-U A/TCA mixture, The digest tube was then immersed in
iced water for one hour and finally centrifuged at 1500 r.p.m. at
room temperature, The cooling in iced water ensured curtailment
of any residual enzymic activity, which was unlikely-in the presence
of U A/TCA but the low temperature was an added precaution, After
the correct sampling and dilution procedure had been carried out
(page 52 ) the zeroblank optical density was read at 260 mu,

The assay procedure for each sample was carried out as

below: -

1. Sample + RFA ~—digested for 30 mins;}ayerage of 1 and 2= 2

" 1 1" " J

2 . -||. + 111
3. RNA+ U.A/TCA*-sample — cool average of 3 and 4=D
4 "‘ " " ' " 1 ’

.". Net optical density= a-b=c

°. Total number of enzyme activity units = ¢ X 10x4xVxd,
: ' 2

Where V= total volume from which sample was taken

d=dilution factor of sample
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The division by two was necessary to conform to the Kaplan
and Heppel (28)‘definition of a unit of activity, and the multipli-
cation factor of 10 x 4 was inserted to account for the final dilution
of the sample in the assay procedure, which, if the same procedure
as detailed on pageb2 is followed, will remain constant.

The flow sheet on page 162 , fig 37 should be interpreted

along with the summary'cha.rt of extraction 5 on page I24 fig 21,




Concluding comments on extraction 5 (see surmmary chartvs in {igs

21, 37)

Tne loss of activity in normally discarded residues, and
also from enzyme material that was soluble in ammonium sulphate
at even saturation point, still remains a problem, (pagetﬁé )
Careful reextraction in extraction 5 of normally discarded residues,
recovered appreciable amounts of active enzyme (fig 37) and the
result of investigations into the use of 2K H2804 certainly merits
further examination (pagze &4 ) The loss of activity by virtue
of the solﬁbility of material with RlJAse activity in concentrated
ammonium sulphate solutions both at pre-and post-heat treatment
stages, also accounts for irretrievavle enzyme during this
extraction, In the light of sinilar reports by Chesbro (108} of
low mnlecular weignt nucleases soluble in sa‘urated ammonium
sulphate, the possibility of finding and isclating very low
molecular ﬁeight forms of a heat stable ribrnuclease must be
considered.

Extraction 5 still exhibits the characteristic two main
activity peaks A and B (page 54+ ) on Cli-cellulose chromatographic
separation and all evidence seems tc indicate these are quite
separate entities (pages 59,137,130 ,parts Y. A relatively

IT&I1I,
homogeneous sample of RliAse B was obtained from this extraction
with respect to disc gel elecirophoretic analysis (gel number 5)

Extraction 5 probably représents the most efficient extract-

ion of ribonuclease from czlf spleen that cen be obtained using




the type of purification procedure described.

siw
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In recent years conclusive evidence has been presented (125,

126, 127) establishing that the amino-acid sequences of proteins
are determined by the nucleotide sequence of genetic material,
Specific groups of nucleotides in genetic material are translated
into the amino-acids of proteins, and there appears to be a linear
correspondence hetween the sequence of nucleotides in genetic
material, and the sequence of amino-acids in the polypeptide chain,
To establish unegquivocally this mechanism directly it would be
hecessa;y to have nucleotide and amino-acid sequence information
for a gene and messenger RNA and the corresponding protein,
Although it is possiblé to obtain amino-acid sequence information,
no-one has succeeded yet in isolating a single gene or messenger
RITA molecule corresponding to a singlé polypeptide chain, However
evidence is sufficient to assume that the genetic map is colinear
with protein structure.

‘ The primary structure of protein is the sequential arrange-
ment of amino-acids in the polypeptide chains. The folding of
the polypeptide chains to prodﬁce a three dimensional structure
constitutes what is known as the secondary structure of proteins
where near neighbours éf a chain frequentl& bear a fixed spatial

arrangement (or orientation) relative to one another. This
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level of orgenisation can be accounted for.in terms of bond
distances, bond angles, and the stereochemical considerations of
restricted rotation and non-covalent bvonds. A tertiary order
of structure accounts for the folding of thé polypeptide chains
into Compact globular molecules, and this order deals with the
spatial relationships among remote segments of the same polypeptide
chain or even different chains and can be considered as depicting
interchain structure,

According to vresent views the characteristic secondary and
tertiary structures of vprotein mnlecules are a direct consequence
of the sequential arrangement of the amino-acids in the vpolypeptide
’chains (176)l In support of this view, disorganized polypeptide
chains produced by the denaturation of proteins were transformed
readily into biclogically active molecules having the properties
and architecture characteristic of the native protein (245, 246)

However before this ''renaturation" process of protein can
Ee discussed the process and the definition of denaturation must
be established. Denaturation is a very general term and describes
a chénge of protein structure with a loss of one or more protein
properties, The steric structure of an enzyme is considered to
fluctuate between a number of steric conformations within the same
environment, however, the structure suffers pronounced changes if

this envircnment is changed.

Thus if the three dimensional structure of a native protein
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difficult to avoid an

[

can be destroyed end reconstituted, it 1
important conclusion; namely that amino-acid sequence alone is enough
to QQide organisation into three dimensions. One of the most
spectacular examples of the renzfurstion process was the reversibdle
denaturation of tobacco mosaic virus, In 1959 three groups of
investigators (119, 120, 121) reported that the virus protein could
be dissnciated or denatured reversibly by alkali, 67% acetic acid
or 8N urea, In each case a minimal sub-unit of 17,400 wes obtained
but the sub—units were randomised in three directions as well as
dissociated from each other. These remarkable successes in re-
establishing an original array from the random array are all the
more remerkable in view of the cleim by Aach 1960 (128) that there
exist two kinds of similar sub-units in one virus particle or that
the identical sub-units are arranged in pairs as mirror images.
Another example is that of ribonuclease (pancreatic) in which
it seems that the activity of the enzyme depends on the secondary
structure being stabilized by four disulphide linkages. Initially
it was shown that the RNAse disulphide groups could be fully |
reduced with thioglycollate in 8ii urea, and the resulting inactive
?rotein was par%iélly reactivated by oiidation of the sulphydryl
groups by bubbling air into the preparation, (123, 124; The
reductive conditions abolished secondary and tertiary structure to
a point where there was little specific structure or activity

remaining. It should be noted that on reoxidation of the
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sulphydryl groups to zive ihe reconstiiuted tertiary siructure,
105 isomers are possible, all giving the nscessary four disulphide
bonds possessed by the native pr-tein, But as the same position
of disulphide brnds is found in the oxidized protein as in the
normal native nrotein, this is sirong evidence for the suggestion
that the amino-acid sequence in RINAse possesses all the information
that is regquired for the determinaiion of the specific secondary
and tertiary siructure of the protein.
Thus, accepting that the secondary and tertiary siructures

of protein molecules are a direct comnsequence of the seguential

rangements of amino-acids in the polypeptide chain, consideration
must be given to the forces that are responsible for maintaining

this three dimensional structure.

The forces resvonsible for maintaininz native configuration

An understanding of how and why protein molecules change
their configuration, recuires and understanding of the various kinds
of internal bonds that night be expected to form in the native
protein and the means by which the denaturing agents can break these
bonds, The possible forces responsible for maintaining
configuration in the native state are:-

1. Hydrogen bonds between peptide bonds,

2, Hydrophobic bonds.

3. Salt linkages

4. Hydrogen bonds other than between peptide links
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5. Sitobilization by electron delocalization,

6. Dispersion forces,

7. Effects of disulphide groups and other cross linkeges
on the stability of the folded form of the peptide

chain,

1. Hydrogen bonds between the oxygen atoms of the carbonyl groups

and the hydrogen atoms of the amide grouvs of peptide linkages are
agssumed to play a basic role in determining the patiern of folding
of pblypeptide chains.

It has been possible by the study of the diffraction of X-rays
by peptides and protein crystals to show that polypeptide chaiﬁs
tend to twist or coil upon themselves. (129) A polypeptide chain
can assume an infinite number of configurations, but in fact the
most stable cpnfigurafions are those in which all NH;groups of
of peptide bonds are hydr5gen bonded to C=0 groups, and thus a
polypeptide chain will tend totake a conformation in which the
hydrogen bgnding is at a maximum, This leads to two extreme
types of bonding that can exist between‘polypeptide chains.v
Firsfly sheets, with the hydrogen bonding between polypeptide
~ chains (interchain hydrogen bonding), and secondly,kcoils or helices,
in which Hlbbnding exists between the peptide bonds-of the same
polypeptide chain’(intrachaiﬁ hydrogen bonding.)

The shape of the kelices in the latter case depends on the
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numoer of anino acid residues in oneTurn of the helix.

2, iHydronhobic bonds

linst proteins will contain a hizh proportion of amino acids
with non-polar side chains, such as the isoprobyl group of valine
4
and the secondary and isobutyl groups of leucine, The yroportion

e non-polar side chain amino-acids in protein is somewhere in

o

o]
ct
oy

0

the region of 30% on average, Then there are also the semi-polar
types like tyrosine, Thus if proline, alanine and tryptophan are
iacluded among the non-polar side chains, the percentage becomes 35-
45% Since the non-polar side crains have a low ‘affinity with
water, those polypeptide chain configurations which have large
numbers of these groups in conitact with each other (e.g, in an
alpha - helix configuration), and hence tend to remove them from
the ansueous phase, will be more stable than other configurations,
other‘things being egual., One can consider that these non-polar
type side chains will form intramoleculér micelles analogous to
the micelles which are known to occur in s»lution of soaps and
detergents. The tendency of nnon—polar groups to adhere togethér
in agueous environnents is kﬁovm as hydrophobic bonding.

After several decades of absnlute reliance on the peptide
hjdra cent bond as the main force in contributing to the stability
of folded.polypeptiée chains in globular proteins, the hydrophobic
bond ( a term introduced by W. Kauzmann - 130) has taken its place

as the principal non-covalent attractive force in the stabilizing



By study of the behaviour of small hydracarbon molecules (132)
tentative conclusions méy be drawn as to the thermo-dynamic'pr0perties
of the hydrophobic bond, Firstly these bonds are largely
stébilized by entrog%y effects. For each non-polar aliphatic
side chain that'leaves the aqueous environment and eanters a non-polar
région of the protein, there isa gain in entrog%y of the order of
twenty entropy vunits. Secondly, the transfer of an aliphatic
side chain from water 1o a non-polar region in the protein is
endothermic to the extent of 1000-2000 caloiies per mole of groups,
aﬁd hydrophobic bonds involving aliphatic side chains are more stable
at room temperature than they are at 0°C vecause of the endotherm-
icity of the transfer of non-polar groups from water to & non-
polar environment,

Thus if hydrophobic bonds are weakened at 0°C and if urea
brings about denaturation of some proteins by breaking interpeptide
hydrogen bonds, and if both hydrophobic and hydrogen bonds are
necessury to maintain the native siructure, then any weakening of
the hydrophobic bonds (such as lowering of temperature) will make it
easier for urea to bring about denaturation. |

An altéfnative view has been formulated by Klotz (170)
who stressed the effect of the interactions between non-polar side
chains and the water in determining the conformations of polypeptide

chains in proteins. But this view, although based on the same

7
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rdrocerbons in water, is markedly different

According ﬁo Xlotz, non-polar side chains form crystalline
nycrates with water (as do many hydrocarbons) and the coalescence
of the nydration "icebergs" produces stable ice lattices in which
ther than being on the interior of the
protein molecules, are at the exterior in contact with the solvent.

But despite the divergence of views, the disagreement is over
thé nature of the hydrophobic bond, and not over the importance of
non~polar side cnains in stabilizing tertiary structures,

In agreement-with the original proposal of Waugh 1954 (133)
that a protein molecule had an essentially polar outer volume and
non~-polar inner volume, and contrary to the above interpretation of
Klotz of hydrophobic bonding, experiments by Fisher (134 ) indicated
that the ﬁhenyl-alanine residues in‘the enzyme glutamic dehydrogenase
were totally absent from the molecular surface. X-ray diffraction
studies of the m&oglobin molecule (135) show that most non-polar
residues are buried, whereas most polar residues. are exposed to the
outside with the result that most of the interior of a protein
molecule is anhydrous,

The.in501ubility of denatured proteins in water is undoubt-
edly due in part to intermolecular hydrophobic, hy@rogen and

disulphide bond formation. The fact that denatured proteins
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hove a rreater tendency to dissolve in stronger urea solutions
indicntes that urea possibly weakens hydrophobic bonds as well as

hydrozen bonds,

3. oalt linkages

It nas bheen sugpested frequently that salt linkages are an
important factor in maintaining the siructure of native proteins by
the aﬁtraction between positively charged amino and guanidino groups,
and negatively charged carboxyl groups. However Jacobsen and
Linderstrdm (136) have given various reasons for believing that in
typical proteins only a small fraction of the charged groups can be
involved in bonding of this kind,

It is evident that both salt linkages (137) and hydrophobic
bonds are stabilized predominantly by entropy effects rather than
by energy effects, On the addition of electrolyte to an aqueous

medium and the addition of a non-polar substance there is a

‘difference of behaviour between the two types of bondis, Salt

linkages would be strengthened by lowering the dielectric constant
of the medium (which will follow from the addition of a non-polar
substance such as dioxane to the aqueous environment of the protein),
but hydrophobic bonds are weakened by adding a non-polar substance

to the aqueous medium,

4,5, and 6,

The other forces of hydrogen bond linkagze (other thah that
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of peptide linkage (138) and del-calisation (139 ) and dispersion
(140) forces are of less importance in maintenance of configuration

of proteins,

7. Disulphide bonds

Most of the large multichain proteins do not contain disulphide
bonds, and therefore the maintenance of their interchain tertiary
structures can be attributed to non-covalent bonds., Even for those
pronteins that do cnntain disulphide bonds, the bonds are generally
intrachain, and rérely interchéin. In alkaline phosphatase for
example most of the disulphide bonds are intrachain and qnly a few
are invonlved in crosslinking various chains,  All disulphide bonds
in pr~teins react with sulphite (Na2 803) in the presence of mercuric
chloride and thus this reaction can be used to estimate the total
.number of disulphide bnnds, But sulphite ions alone react with
interchain S-S bonds, whereas the majority of intrachain bonds are
not broken by the presence of sulphite, This approach to the
estimation of disulphide bonds was used by Cecil and Wake in theA
case of the insulin molecule (141)

Many single chain proteins, both small and large contain an
appreciable number of disulphide. bonds and both pancreatic RNAse
(30) and lysozyme (142) are noteworthy examples of small proteins
with disulphide bonds., These enzymes exhibit unusual resistance

to denaturing agents and their stability as well as their striking
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Capacity for reversibility of denaturation can be attributed to the
disulphide crosslinks, (four each with respect to RNAse and lyso-

zyme enzymes, )

Assnciation and dissnciation ~f protein structures

Studies’nf molecular weights of proteins have revealed a
structural conformation abnve that of tertiary structure, which has
been designated quaternary structure, Many proteins seem to exist
as aggregates in snlution and may be composed of several uﬂits to
give one aggregate structure, Thus the quaternary structure is
composed of aggregates of sub-units, where the term sub-unit is
taken to consist}of tertiary structured units,

An’exceilent example of the association of protein units to
form an aggregate quaternary structure is that of crystalline yeast
hexokinase, This enzyme was reported (143) to have a molecular
weight of 95,000 and to be inactivated in éolutions of high or low
PH with a concomitant dissociation into quarter molecules or sub-units
with a molecular weight of 24,000, The enzyme, which exists in
solutibn as essentially globular, compact and highly ordered parficles,
loses a large part of its helical conformation when it dissociates
in alkali or acid, but very little of its tertiary structure,

On neutralisation with aoid hr‘alkali, inactivated enzyme
rapidly regains lost activity to the extent of 80%» of its original

activity, and the chemical, physical and biological properties are
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identical with those of the native mnlecule,

The yeast hexokinase molecule in its native state exists as
a reversible mixture of whole and half molecules and the active half
molecule is favoured at pH values above 5.5 in the presénce of salt,

Besides aggregation of sub-units within the structure of one
enzyme (homo-association), there is a similar aggregation of different
enzymes (which in turn may have quaternary structure) to form multi
enzyme aggregations or complexes (heteroassociation) which can be
dissociated much iﬁ the same way as can'single enzyme aggregates,
A particularly épectacular example (144) of a multi-enzyme complex
is found among the enzyme systems that catalyse the lipoic acid
mediated oxidative decarboxylation of pyruvate béth from pigeon
breast muscle and from E.coli, and have molecular weights of 3.4
and 4.8 million respectively, Similar complexes to this pyruvate
dehydrogenation complex have been found which catalyse oX-ketoglut-
arate decomposition,

The E,coli pyruvate dehydrogenation complex was separated
with the aid of urea, and is composed of at least three enzymic

components:-

Pyruvate 1. Pyruvic carboxylase
dehydrogenation 2. Lipoic reductase - transacetylase (L,R.T.)
Complex(P.D.CJ 3, Dihydrolipoic dehydrogenase - a flavo-

protein (D.H.D.j

It is not certain whether LRT comprises two enzymes, a
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reductive acetylase and transacetylase, or whether both activities
reside on the same enzyme, The pyruvate dehydrogenation complex
(P.D.C,) of E,coli was separated into the flavoprotein component
(DHD) and a complex of LRT, and pyruvic carboxylase on éalcium
phosphate gel in the presence of 4 urea,

The three isolated components could be combined to reconstitute
the ~riginal P.D.C. with composition and enzymic activities resembling
the original, L,R.T, is itself an aggregate of 64 subunits of
molecular wgight 26,000 per subunitvand this cah be dissociated and
reconstituted also, and when reconstituted LRT are combined with
DHD and pyruvic carbnxylase in the cnrrect amounts a PDC is similarly
produced with molecular weight etc., corresponding to native PDC,

Similar separation (145) and reconstitution of the E,coli
coenzyme A and diphOSphopyridine nucleotide linked &-keto-glutarate
oxidation soluble complex of enzymes was reported, The complex
was similarly dissociated in the presence of urea, and then the three
components reconstituted to a large unit of molecular weight 2,4
million resembling the native ¥X-keto-glutarate dehydrogenase complex
in all respects,

One can imagine that the next step is aggregation of
aggregates until eventually the order becomes so high that aggregates
of mitochondrial dimensions could be visualized, The aggregation
is not a random process it seems, and aggregates are thought to have

specific sites of attachment because of the fact that some aggregates
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can be dissociated, and then reconstituted to the same active
agsregate which would be unlikely in a random association and at
the same time give a mnlécule with exactly the same propertiés as
the nriginal mnlecule, Random association could be possibly
imagined to occur in molecules where sub-units were active, but

not in examples'such as yeast hexokinase and the E,coli pyruvate
dehydrogenation complex, Association structure is thought to be
defined by the amino-acid sequence and primary structure together
with secondary and tertiary structure factors. The bonding in

quaternary or associated structures is discussed below,

Bonding in associated structures

1, . Oydrogen bonding

Hydrogen bonding between sub-units is the most frequently
evoked force in protein association. The action of urea and
guanidinium salts are both assumed to exert their dissociating
effects by elimination ~f hydrngen bonding. Experiments wére
carried out on é gseries of oligomeric peptides in a non-pélar
solution of dioxane (146) and an association of units occured as
well as folding, As dioxane interacts very poquy with hydrogen
bond acceptérs, and does not promote extensive solvation, there would
"be ampk opportunity for the promntion of inter-and intra-molecular
hydrogen bonding, Association of the peptide lengths took place

and it was proposed that hydrogen bonding was responsible for this,
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But since this work was carried out with model systems its value is
open to debate with respect to proteins in aqueous systems.

Thgre has been little work done on providing direct proof
of hydrogen bonding between sub-units, and most of the work done has
involved the use of "denaturants" like urea and in such work there
has been no control to prevent destruction of sub-unit structure
following sub-unit dissociation or separation, Since hydrogen
bonds undoubtedly play a part in stabilizing the helix structure of
some proteins, and since this is usually somewhat unfolded to a
random coil by the action of urea and guanidinium salts, it is
tempting to assume that hydrogen bonds between sub-units have been
broken,

‘However in the case of /3 -lactoglobulin (147) it is possible
to "unfold'polypeptide arrays without concurrent dissociation,
Treatment with 6M guanidinium chloride resulted inllnfdlding of some

nature, whereas the monomer-dimer interconversion of /S-lactoglobulin

was not affected by the presence of 6M guanidinium chloride, indicat-

ing other types of bonding than hydrogen bonding are involved.

Hydrophobic or non-polar bonding

If hydrophdbic bonding is to play any part in the binding of
sub-units into aggregate formations, there must be areas of exposed
non-polar gfoups to interact, For satisfactory hydrophobic

bonding a substantial area of non-polar groups would have to be
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expoéed and this is not reflected in the findings of Kendreﬁ (135)
which indicate that in myoglobin most of the non-polar side chains
are on the inside of the molecule, None the less the theory is
currently held that hydrophobic bonding is thought to be a factor
in bonding of associated structures., (148)

It is reasonable to consider all the known non-covalent forces
as participating factors in the specific association of sub-units,
However as in the maintenance of tertiary structure of a polypeptide
chain, the present evidence indicates a more important role for

hydrophobic bonding than for H-bonding or for electrostatic forces,

The usé of urea as an agent which affects the association-dissociation

equilibrium,
Thé list of agents which can effect dissociation or assoc=-
"iation is substantial,  The effects ofvdilution, H+ion concentra~
tions and electrolyte concentrations were recognized at an early
stage, But the agents which seem to be more generally effective
and most Gommonly used are urea, guanidinium salts and detergénts.
fhe extraordinary solvent action of urea has been known for
some time and was reported as far back as 1900 by Spiro (149) buf as
discussed on page7l+ its true mnde of action continues to remain
unexplained, The principal the~ry is that urea is a competitive
breaker of hydrogen bonds (100) and the denaturation of proteins

in the presence of large concentrations of urea was ascribed by
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Mirsky and Pauling (150) to the ability to "break" hydrogen bonds.
Studies on mndel compounds in urea solutions indicate that
- this is not the action of urea,. For example, a study by Klotz and
Stryker (151) using a model synthetic polymeric compound (a polyvinyl
pyrrolidine) which had no hydrogen bonds to be disrupted, showed that
this molecule behaved in much the same'way as pfoteins-in urea
“ 8olutions; namely there was a parallel "denaturation" process (or
group unmasking) to the denaturation thaf occurs in protein,
However this action of urea on the model compound could not be attri-
buted to a disruption of hydrogen bonds, Klotz and Stryker (151)
‘suggest "solvent - (macromolecular) solute interaction" as a
stabilizing influence and further suggest that a perturbation of this
interaction by urea results in denaturation, Thus in this hypothesis
the action of urea could be more directly concerned with the water
tﬁan with protein,
Thus the efficacy of urea as a denaturant causing the sever-b
ance of protein-protein hydrogen bonds with the preferential formation
- of protein-urea hydrogen bonds has been called into question and the
" hypothesis that urea breaks hydrophobic bonds and owes at least some
of its denaturing capacity to this property has received some

experimental support.

There is the possibility that urea has a small direct affect
in weakening hydrophobic bonds. Schlenck (152) found thatthe

solubility of n-valearic acid is markedly increased by saturating
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the water with ures, The effects»ofiurea on the solubility of
non-polar compounds may well be associated with the ability of urea
to form crystalline clathrates with hydrocarbons and straight chain
aliphatic derivatives, When hydrocarbon material is introduced
into an aqueous solution of urea, Waugh (153) visualizes that the
urea molecules form a hydrogen bonded cdge-like structure which,exiends
in space in such a way as tn utilize all the hydrogen bond forming
groups on each urea molecule. The urea molecules thus form a
hexagonal network, the continuous channels definéd by the urea
hexagons being large enough to accommodate an extended hydrocarbon
chain,

Can the theory abrve be applied to the effect of urea on
proteing? It must be noted that the complexes of hydrocarbons with
urea involve compounds having sufficiently long unbranched hydro-
carbon chains, Small branched chains and aromatic rings do not
form crystalline complexes with urea; and since non-polar side chains,
of protein fall into this latter categnry, it might suggest that
Waugh's theory (153) is not applicable, ~ But it should be remen-
bered that the side chains are of varied character and are situated
closely together, Thus from the evidence of the complexes of
bhydrocarbons With'urea, it can only be taken as suggesting that non-
polar residues may be involved, | .

Whatever the prime action of urea is, the inter-peptide

hydrogen bond apprnach has been the most prolific source of practical
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work and research into the influence of various urea concentrations
on protein,

Chromatography 1n the presence of urea

Wilson and Smith 1959 (154) reported nsing a 3M——> 8M urea
gradient elution at a low pH of 1,9 on an IRC-50 chromatographic
separation of the alpha and beta peptide chains of horse globin,

But the use of urea in chromatographic Bepafation was dealt with
more c-mprehensively by Cole (155) who in 1960 published a paper in
which the possibilities and advantages of chromatographic separation
of protein were investigsted based on assignment to urea of H-bond
breaking capabilities, One of the most successful chromatographic
systems that had been used with respect tg proteins was the carboxylic
ion exchange resin Amberlite IRC-50, but elution analysis on this
resin was only successfully achieved when applied to neutral and
basic proteins. The reason for this was that other proteins of
a more acidic naéure were bound so tightly to the column, that their
removal would mean salt and pH levels of such an order that would
result in a serious risk of protein denaturation. |
Boardman and Partridge (156) suggest that the relative
irreversible binding of non;basic proteins to the ion-exchanger is
due in part to hydrogen bonding and they explain that when the pH of
the buffer is lowered enough to make the charge on the protein
suitable for ion exchange, the buffer causes appreciable protonation

of the carboxyl groups of the resin, which then bind each protein
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molecule through hydrogen bonds. A buffer of high enough pH to
avoid this hydrogen bonding would render the protein unsuitable‘for
reversible ion exchange, while a buffer with a pH low enough for the
ion exchange equilibrium would result in the hydrogen bonding problem,
There are two possibilities by which this problem can be
overcome, One approach is to use resins containing a lower concen-
tration of carboxyl groups such as carboxymethylcellulose (CMpcell-l
ulose), and the altérnative approach is to reduce the multiple
hydrogen bonding by use of a chemical such as urea, and it is the
latter approach that was used by Cole (155) working with a model
neutral protein which’was available commercially in a pure form,

To ensure that urea did not interfere with the ion exchange
process itself the basic protein pancreatic RNAse was also subjected
to chromatography on IRC-50 in the presence of 8M urea, and it was
found that the chromatographic pattern was essentially the same as
the pattern obtained in the absence of urea, Pancreatic ribo-
nuclease was chosen as a control because it was a basic protein and
could easily be removed from the resin in a predicted pattern confirmed'
by previous research, (72) After it had been established that
urea had no disturbing effect on ion exchange properties in the case
of a basic protein, the study was extended to the neutral protein
insulin, Chromatography was carried out using a combination of
various pH values, urea concentrations, and buffer ionic strengths,

It was found that although ion exchange appears to play an important

189



role, hydrogen bonding was not eliminated entirely by tﬁe presence
of urea in the eluting buffer since by varying the pH at constant
urea concentration there was an increasing spread of peaks with

‘ lowering pH, similarly at constant pH there was an increasing spread
- of peaks with lowering‘of urea concentrations,

Thus the chromatography of insulin on IRC~-50 in the presence
~ of urea was entirely satisfactory with respect to protein recovery,
reproducibility and the resolution achieved was far superior to any
previous resolutions of insulin and a third active form of insulin
(not previously reported) was separated.

This unexpected high resolution revealed'by ion exchange
chfomatography in the presence of urea was thought (155) to be
dependent on the combined action of ion exchange and hydrogen
bonding, Consequently there might be added to the usual power
of ion exchange an increased power of discrimination among proteins
- aceording to their shapes, at least to the extent that molecular
shapes determine quality and quantity of hydrngen bonding sites
available to the resin, Chromatography in urea containing buffers
might then be useful in studying intermediate forms of denatured
‘proteins but it is obvious that proteins to which this method could
bé applied must be moderately resistant to complete denaturation by
urea,

The adaptation of this use of urea in chromatographic

separation to the basic RNAse of calf spleen was considered, The
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resistance to denaturation by urea of bovine pancreatic RNAse and

its effects'is discussed below,

The effect of urea on Ribonuclease

The possible manners by which urea solution may induce the
unfolding of protein molecules has already been discussed (page 170%)
and included are disruption of hydrophobic bonds, and urea binding at
sites required for hydrogen bonding, But regardless of the ﬁanner
in which urea acts on RNAse, it is not an all or none phenomenon, but
it has been shown (157) that varying‘degrees of unfolding can take
place,

Bovine pancreatic ribonuclease consists of a single chain
arranged in a compact globular form with four disulphide S-3 bridges
and an example of evidence of localised denaturation in part of the
RNAse mnlecule is that in the presence of 4M urea, one of the
disulphide bonds becomes susceptible to attack, whiist in 8M urea
all four disulphide bonds are cleaved in the presence of Na2803
for example, (158) But Resnick et. al, reported (158) that although
there was complete inactivation in 8M urea qnd rupture of all four
S-S5 bonds by Nazso3 , in the presence of 6M urea, 3.9 of the four
disulphide bonds were cleaved and considerable activity remained.

This pointed fo the fact that more than disulphide bonds are‘iniolved,
and inactivation in 6M urea in the presénce of sulphite occﬁrred as

a result of subsequent alteration in the structurally weakened
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molecule following the cleavage of disulphide bonds. -The degree
of tolerance to urea concentration, with respect to activity loss

is dependent on temperature and pH to some extent (157) and maximal
denaturation is attained with 8M urea at pH7.0 and BOOC, but at lower
pH ranges or higher temperatures it is reached with lower concentra-
tions of urea,

By recording the character and rate of change of U.V,
absorption spectra of bovine pancreatic RNAse in various concentr-
tions of urea (157), results suggested that at concentrations of urea
above 4M, exposure of both phenylalanine and tyrosine residues to
the solvent accompanies denaturation, This is in agreement with
the work of Harrington and Schellman (159) who found that the changes
in the absorption maximum and extinction of ribonuclease in urea
solution are compatible with those to be expected for the unmasking
of about 2-3 tyrosine residues, The two reports (157 and 159)
denote that the secondary structural features of bovine pancreatic
RNAse are stabilized by tyrosine—carboxyl group interactions as
well as by sulphide bridges, and in the presence of urea (or on
denaturation) there is anunfolding of polypeptide chains,

Rotary dispersion studies suggest the presence of an alpha-
helix in RlNAse A (the main component from IRC-50 fractionation'of
commercial pancreatic RNAse,ref.160) and it seems reasonable to
assume thatunfolding in helical regions at least partially contri-

butes to the observed changes in specific rotation at 336 mu by heat

192



and urea, (161)

4Experiments by Anfinsen et al, (162) using rotary dispersion
measurements tozether with viscosity, the rate of exchangerf peptide
bond hydrogen atoms, and enzymatic activity determinations, suggested
that only a relatively small part of the RNAse molecule is directly
involved in catalytic activity, and that in the conversion from the
native to the extended form, this part, the active centre, may be
protected from deleteriousunfolding by restricting cross linkages.,
Indeed Resnick's paper (158) shows that when the S-S cross linkages
are reduced in 8M urea, activity is at zero level, whilst under non-
reducing conditions ribonuclease retains its acﬁivity at 8M urea
- concentrations,

The use of urea in CM-cellulose chromatography of basic calf spleen

RlAse

In adapting the type of chromatography used in the presence
of urea as used by Cole (155) to other proteins, several factors
are involved, Althrugh the establishemnt of conditions for ion
exchange chromategraphy of proteins is usually at least partly
empirical, this type of chromatography is even more so because of
'the added factor of urea concentration, which results in increased
gensitivity of the technique, This efféct'of the presence of urea
"will only be realized after running a series of chromatograms at

various concentrations of urea,

Although it may generally be predicted that all proteins
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will show increased retention with decreasing pH or ionic strength,
it may not be safely predicted that all components of the protein
mixture will respond to the variation of urea concentration in the
same way, For example one component of a protein mixture might be
eluted from a column more and more rapidly as the urea concentration
is increased, up to a point at which the protein molecule unfolds

a;d is then eluted progressively (or suddenly) more slowly. Another
c¢component of that-same protein mixture might not undergo any change
of molecular folding over the range of urea concentration employed,
and so would show a progressive decrease in elution volume as the
urea concentration increases, Clearly the relative positions of
the two protein peaks and even the order of elution of the two proteins
might change with changing urea concentration,

Beard and Razzell (105) in 1964 reported that an isolated
alkaline RNAse from liver (also by IRC-50 chromatography) showed
stability in urea solutions which is also a property of pancreatic
RNAse (104) end it was suggested that this kind of stability of RNAse
in urea solutions might serve to facilitate chromatographic separati-
ons of purified enzymes from extraneous protein as was shown by
Cole (155.)

With the work of Cole in mind, investigation of the action
of various concentrations of urea during ion exchange chromatography
of basic calf spleen RNAse was investiga?ed'using CM~cellulose instead

of IRC-50 as a cation exchanger,
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Subsequent to the work undertaken andldescribed below, Roth
and Hurley (165) using commercial pancreatic RNAse, investigated
the effect of urea on the reaction between a RNAse inhibitor and
RNAse. RNAse inhibitor is a protein which was discovered by
Pirotte and Desreux (164) and pai'tially purified by Roth et al, (106
~and 107) and has shown to be widespread in mammalisn species.,

Little is known about its mechanism of action but it seems clear that
it combines primarily with RNAse rather than the enzyme substrate
RNA,

If the reaction between the inhibitor and ribonuclease depends
on the formation of hydrogen bonds between the two molecules, it
would be expected that the presence of urea would lessen this assoc-
iation, This was found to be so and in the presence of 8M urea
there was little or no inhibitor action, The action of 8M urea
causes the urnfolding of the RNAse molecule and thus it seems that a
prerequisite of inhibitor-enzyme complex formation is the specific
RNAse native conformation,

Heat treatment (91) should have destroyed any inhibitor,
or alternatively D,E,A,E~cellulose column chromatography (107)
should have removed_it’but if perchance any enzyme-bound inhibitor
is present in the preparation by the stage of CM-cellulose chroma-
tography, the use of urea will encourage its dissociation from the
RNAse molecule, thus causing a possible change in position of the

enzyme elution peak,and is a possibility to be taken into account
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when results are evaluated,

1. Procedure

In extraction - 4,CM-ce11ulose_column chromatography was carried
out in the presence of urea at concentrations of 2M, and TM; and in
extraction-3 similar chromatographic analysis was carried out at 6M
and 8M urea concentrations, Extraction 5 will provide comparative
examples of CM-cellulose chromatography in the absence of urea (fig.
28 ). The use of TM in preference to M urea at cold room
temperatures was because of the difficulty of maintaining solution
. at 5°C or less.

The éonditinns and details of each column are summarized in
the below table (fig. 38) For extré details of, for example,

column height relative to reservoir height, see experimental section,

The columns were also run at varying salt gradients in an
attempt to obtain a superior separation of activity region over the
separation obtained using the standard CMC-I (pageI28) salt gradient,
For examplé column CMC~4-TM-II had a gradient half as steep as the
corresponding CMC-4-7M-I column, and theﬁresults are compared
below (fig., 38)

The CM-cellulose columns of extraction 3, which are 6M and
BM yithvreSPect tn urea were run at a constant temperature of about

18°C. OverAa périod of one week the maximum temperature variation
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CMC=k4

UHMC=Y4 |CHC=4 |CMC-4 CMC=-3 CHMC=~3
Column [2M-I|-2M-II|-7M-I -7M-11I |-6M -8M
Urea .
cornc. 2M 2M 7M 7M 6M 8M
Fract.
‘size I0mls IO I0 I0 I0 I0
aCl 0.32M| 0.25M{0.25M 0.I5M |0.32M | 0.I6M
gradient
pH '
gradient] 6.0-|7.0- 6.0~ 7.0- [7.0~ 740=

8.2 8.2 8.2 8.2 842 8.2
Position
IM NaCl | I4O -— 93 I1I0 — —
applied |
Column [68 x | 50 x | 68 x |68 x 51 x 51 x
size I.7cms 2.2cms I.7cms|I.7cms [I.7cms | I.7cms
Protein | 359 I1I 218 200 I43 |lapprox.
applied | mgs mgs mgs mgs mgs I43
mgs

%’ .
retain | 43% L6% 40% — —_ —
-ed by :
CM=-cell.
Reserv- IoSl I.Sl Iosl 1051 IoOl IaOl
olr size
vol.chb.l.
size '
Stirred
Chromatography
Comment | — — — with 7M
: area over at room temp.
night |

Fig.38. Table of details of columns run at various

urea concentrations.
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as registered on a thermograph was 306. Column chromatography
at this temperature was not by design, but due to cold room failure,
However the results have been included since the comparison may be
of interest as temperature is more than likely to be a factor in
the behaviour of a protein at high urea concentrations, Temper-
ature is also an important factor in maintenance of urea solutions
free from cyanate contamination. (165)

Cyanate and urea have been long known to comprise an
equilibrium pair, and at equilibrium an 8M urea solution may be about
0,02M with respect to cyanate, Under moderate conditions cyanate
has the ability to react with amino groups to yield carbamyl
derivativeg. Exposure of ribonuclease to cyanate in aqueous
or urea solutionswas found to lead (165) to a considerable 1085 of
enzymatic activity with a concomitant formation of ¢-carbamyl
lysine residues, which would thus result in alteration of column
adsorption properties and change of chromatographic elution profiles,

Cyanate reacts even more rapidly with -SH groups in proteins
' than amino groups, When cysteine was treated with én equivalént
amount of cyanate, S;carbamylcysteine resulted, Thus when urea
is used as'a reagent to bring about only physical changes in a
protein, special attention should be given to the use of urea as
free as possible of cyanate. Pancreatic RNAse however ié devoid
of -SH groups and notably stable, but inactivation may be possible

after long exposure at moderate temperature to high concentrations
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of urea,

Thus in the case of the spleen ribonuclease under investig
gation the following precautions in the use of urea solutions were
observed:- |

1) Urea solutions (especially those of higher concentration)

were made up in fresh batches shortly before use,

2) These solutions were stored at a lew ﬁempérature (5%)

3) "Analar" grade urea was used and filtered through Whatman

No., 1 filter paper in preparation of urea containing
buffers,

Starke et al, (165) found that urea solutions made from reagent
grade urea even, kept for several weeks in the cold without any
appreciable formation of cyanate,

As will be seen from fig, 38, page_j[g? for reproducibility
and comparison the sameé columns were used for different urea concen-
trations, This was achieved by eluting with approximately five
litres of buffer at the urea concentration to be used, Thus a
change of buffer from 2M to TM urea was achieved without having fo :
repack the column and so giving rise tO’anomaloud‘resulté due to
possible differences in column packing (although this was avoided
as much as possible by a standardized procedure already deséribed
- page Lk ). In extractions 3 and 4, the protein solution to
be chromatographed on CM-cellulose was qlready at 2M urea concentr-

tion and addition to a 2M urea CM-cellulose column presented no
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difficulty. But vhen columns at higher urea concentrations were
being used the protein sample to be applied was brought up to the
desired urea concentration by the addition of solid "Analar"

urea slowly with crnstant gentle stirring, and then immediately
applied as soon as temperature equilibrium (urea dissolution ié
endothermic) and complete dissolution had been achieved, One
exception to this routine was CMC-4-TM-I (fig. 41) where the protein
solution was stirred overnight after the urea concentration had been
brought to 7M and then applied to the column head, Thié procedure
was experimental in order to test if the unfolding of peptide chains
occurring at high urea concentrations might be a somewhat slow
process and alsotpdllow reaction of urea with the protein mﬁlecules
in the absence of competing effects of the ion exchanger.,

3, Discussion of results - a) 2M urea conditions

It should be remembered that enzyme material used in these

experimenté with urea containing buffers and CM-cellulose chroma-
tography, was prepared from the initial extraction stage in the
presence of 2M urea,

As discussed on page 132 , CMC-4-2M-I (fig no. 39) or CMC-4
exhibit the characteristic two principal peaks of activity as shown
by CMC-I-(page 131). However whether these two peaks obtained
by chromatography in the presence of 2M ﬁrea, can be equated with
- the activity regions A and B obtained in the absence of ureav(columns

| CMC-I and CMC-5-I page 133 ) is a question that can not be unequi-

1
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~vocally answered on the evidence availaﬁle. Whatever the identity
of these peaks there has been a shift of the elution profile towards
earlier elution of the activity peaks (page I34 ).  This shift
could be explained in a number of ways of which perhaps the most
straight-forward explanation is that the advancement of the elution
position was due to the presencevof urea reducing hydrogen bonding
Lxchange~ :
between resin and protein,

The presence of urea at lower levels may contribute to
resolution since there is excellent séparation of the two activities
and as explained previously (page Igo ) this may be appropriate to
the combined action of ion exchange and hydrogen bonding with any
increased power of discrimination on elution related to the extent
that protein molecular shapes determine quality and quantity of
hydrogen bonding sites available to the resin,

There seems no evidence for any dissociation to smaller active
units, unless this had taken place in a way as to coincidently
remain in such a form as to continue to be eluted as two activity
éeaks. |
' The counterpart column CMC-4-2M-II (fig no. 40) presented a
somewhat céngruous elution profile to CMC-4-2M-I (fig no.39) with
respect to:both activity and protéin, tﬂus confirming the pattern
of the former.  The second column (CNO-4-2M-II) differed in that

" the length of the column was 26,5% shorter, although 22% widerin

diameter and also subject to a shallower;gradient (see fig 38, page
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197 ). Such an elution—gradient delayed elution and caused
spread of activity peaks, The two main activity regions were
again apparent but the shallower elution had also resulted in some
division of one peak and so it might be more precise to quote there
being three main activity peaks,

The initial non-active protein pesk of CMC-4-2M-I showed the
presence of a small amount nf associated activity in the correspond-
ingly eluted peak of CMC-4-2M-II, Protein eluted at this point
(fractions 25-40" of CMC-4-2M-II) is unlikely to be very basic and/or
be very large.

b) TM urea conditions

CMC-4-TM-I and II (figs 41, 42, page 204 ') are directly
comparable to CMC-4-2M-I because column sizes and enzyme source
~were exactly the same,

The outsténding influence is that the presence of higher
concentrations of urea have a definite effeqt on CMC-chromatography
of RNAse,  Although the amount of protein applied to CMC-4-TM~I.
was nn greater (less in fact) than to CMC-4-2M-I, there was apparently
a significantly greater proportion of activity eluted in the bresgnce
of ™M urea than 2M urea, The preseﬁce of urea may affect the U,V,
optical density reading at 280 mu for protein, but the urea concen-

- tration present during assay procedure in the final diluted sample
read at 260 mu for soluble nucleotides, was negligible and unlikely
to account for the relative increase in RNAse activity. A possible

explanat1on is a hlgh concentration of urea acting by reduction of
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hydrogen?bonding brought about a dissoéiation of RNAse-inhibitor
complexes, and thus giving rise to .an increase in RNAse activity
(ref 163, page 195 ), Likewise columns CMC-4-7M-II and CMC-3-6M
and 8M exhibit a large activity in relatioﬁ to the amount of protein
applied (see figs., 42, 43, 44 and 38. ) as compared with
CMC-4-2M-1I, However only the column applications from extraction
4 are strictly comparable with respect to this increase in RNAse‘
activity at high concentrations of urea.

A similar stimulation of RNAse activity in 8M urea concentra-
tions using bovine pancreatic RNAse was reported by Klee and Richards
1957 (185), They found that the presence of urea at 6M
concentration increased the rate of hydrolysis of RNA twofold, but
on the hydrolysis of‘smaller substrates like U-2', 3'-P and C¢-2',
| 3'-P the hydrolysis rate in the presence of 8M urea was actually
reduced, This anomaly was not explained but pointed to the fact
that the action of urea is a complicated one and not fully understoo&
as yet., | |

Seéaration in the presence of 7M‘urea showed a tendency
towards distinct.merging of the two main activity peaks, into one
bifurcated large activity region spreadfover forty fractions, - Both
columns at TM urea demonstrated this tendency, although there was more
separatidn in CMC-4-7M-II owing to a shallower elution gradient,

The initial protein peak eluting between fractions 20-30 or 8o,

. present in all of the ureéawcslumns from extraction 4, showed a
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definite tendency to be associated withimore activity at higher urea
concentrations,  But once again’it cannot be assumed that the peak
at fraction 20 to 30 eluted at 2M concentration can be equated with
those elutéd at TM urea levels,

The treatment given to CMC-4-TM-II of overnight stirring in
the presence of TM urea did not seem to have manifested itself to
eny significant extent in the results, _ .Presumably the unfolding
action of the RNAse molecule that occurs in solutions of high urea
concentrations (159) is a reasonably rapid process, at least to the

. extent defined by the limits of this experiment,

Summary to use of urea as an aid to protein aggregation studies,

| CM-celiulose chromatography of calf spleen RNAse at both 2M
and TM urea levels, although different, none the less demonstrated
considerable similarity when protein and activity profiles were
compared (figs 39,40 cf. 41, 42) The presence of urea did not
affect the elution of two main peaks of activity that were normally
obtained in absence of urea, (fig 24 cf. 39), but the urea presence
did result in earlier elution of activity;regions (see page 202).
None the less the presence of higher concentrations of urea (M)
resulted in a less defined separatidn into the two characteristic
peaks of activity (fig 39 cf. 41). On the evidence available, it
can not be unequivocally stated that the t%o main peaks of activity

eluted in the presence of urea are the sam§ as obtained in its
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absence (i,e., peaks A and B of CMC-I fig. 24 for example)

c) 6 and 8M urea conditions - Extraction 3 (figs. 43, 44)

Elution profile from chromatography in the presence ofv6 and 8M
urea of extraction 3 did not share this same overall likeness shared
by those profiles of extraction 4 using high urea concentrations.

No doubt, one of the main contributing reasons was that in the
case of extraction 3, chromatography was carried out at a room
temperature of 18%, The higher temperature increased the risk of
cyanate formation (page 198 ref 165) with the concomitant adaptation
of lysine residues with carbamyl groups and alteration of adsorption
properties and change in éhromatographic elution profile ( . 165 ),

The result obtained from column 3-8M (CMC-3-8M) was of no
great value.because of a failure in fraction collection and the
resulfing loss of 24 fractions, But it was useful in as much as
it showed the effect of 8M urea was somewhat different in that there
was a large inactiﬁe portion of protein eluted initially, This
result could also be caused by cyanate inactivation of enzymatic'

‘properties,

B. LEUCINE

Use of DL-leucine in RNAse aggregation studies with CM-cellulose ‘

column chromatography

In 1962 Klotz and Franzen (167) studied aggregation by means -

of . the smali model compound N-hethyl acefamﬂde CH5:§-NH-c33,
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through the formation of interamide hfonds in the presence of
various solvents (water, dioxane and carbon tetrachloride), and the
conclusion was reached that the intrinsic stability of interpeptide
hydrogen bonds in aqueous solution must be very small, Results

- using this model system indicated that for protein molecules in
aquenus solution interpeptide hydrogen bonds cannot contribute

| significantly to the stabilization of macromolecular organisation,
except perhaps in a few regions with a very low dielectiic constant
due to a specific high concentration of hydrocarbon-likerresidues.
It was shown that the dielectric constant per se did not exert a
dominant influence on the stability of amide hydrogen bonds, but
rather the crucial feature seemed to be the chemical nature of the
solvent, Other forces than hydrogen bonding seem to be primarily
responsible for the maintenance of protein configuration in aqueous

environments,

The magnitude of the force acting between two given
electric charges placed at a definite distance apart in
a uniform medium is determined by a property of the latter

(the ﬁedium) known as the dielectric constant, Non-polar

.1iquids have very low dielectric constants and polar
' liquids such as water and hydrocyanic acid have the
highest known values for pure liquids, but an aqueous

solution saturated with glycinevhow§ver has a much higher
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value still, and other amino-acids and peptides
give solutions with a dielectric constant in excess
of glycine and water,

o
Examples of dielectric constants at 20 ¢ (174)

Vacuum 1,00 Acetane 21.4
Hexane 1,87 Methanol | 24,0
Octane 1.96

Benzene 2.28 Water | 80,0
Toluene 2.39 Hydrocyanic acid 116,0
Chloroform 5,05 ' 2,5M glycine in

water 137,0

Discussion of molecular structure and hydrophobic nature

In an appraisal of the hydrophobic bond on page I/5 it was
mentioned that after several decades of absolute reliance on the
peptide hydrogen bond as the main fofce in contributing to the
stability of folded polypeptide chains in globular proteins, the
hydrophobic bond had taken its place as the accepted principal
non-covalent attractive force in stabilizing of folded chains,

The importance of non-polar side chains, such as élanine, valine and
leucine, iso-leucine and phenylalénine is now being appreciated.
These side chain molecules tend to cluster together in the interior
of the protein molecule where they assume stable native configurations
as shown by Kendrew's‘work on myoglobin, ( 135, 136)

Kendrew found that three quarters of the peptide chain was

in the form of an Ot ~helix with virtually all the polar residues

J
[
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on the surface and the non-polar residﬁeé arranged in the iﬁterior
of the molecule, thus prnducing a structure analogous to a soap
micelle (97). Polar surface side chains were thought rarely to
interact with one annther and on general grounds one would expect
a polar side chain to be just as content to interact wiﬁh a water.
molecule or ion in the ambient solution, as to form a link with one
of its neighbours, so that these latter interactions would not
effectively contribute to the stability of the structure,

But myoglobin may not be typical of all protein molecules
and most proteins are probably less helical than this., for example
“ pepsin, ¥-globulin, and carbonic anhydrase scarcely have‘any helix,
Fisher (166) showed that by a mathematical consideration of hydro-
carbon areas in relation to polar areas in a protein molecule, that
the reversal of both theunfolding of single polypeptide chains and
of the dissociation of enzymes into subunits has proved that the
primary structure of polypeptide chains can itself constitute the
coding of higher order structures of a protein molecule.. The
equation derived expresses the fact that the ratio of polar to noﬁ-
polar residﬁea in a peptide chain, taken kogether with the size of
‘that chain, in itself completely defines the surface area of the
tertiary structure and has at leastiSOmetﬁihg to say as to whether
or not there will be a quaternary étructure. The lower limit.
~of the molecular weight, for a possible significant non-polar centie,

to define a molecule may be about 7,000,

211



As long ago as 1935 Edsall (169) noticed the.striking effect
of hydrocarbon chains in water of increasing heat capacity. In a
homologous series of pure organic liquids, alcohols, ketones and
fatty acids, each added methylene group ( -CH2) increased therhéat

capacity by about 5 or 6 cal, deg:ree":1

mole™}, but when the substances
" were dissolved in water the effect of an added -CH2 group was 3 or 4
times as great in increasing the apparent mélal heat capacity,

The introduction of hydrocarbons to water is accompanied by a large
evolution of heat and decrease in entrogﬁ& and therefore the
solubility of hydrocarbons is essentially an entropy effect,

The theory of the reaction of hydrocarbon. groupings in water
was greatly clarified by Frank and Evans (1945) (132) who pointed
out that all the evidence favoured the view that the introduction
of hydrocarbon groups into water -actually promoted hydrogen bonding
of water molecules in the immediate vicinity, or led to "iceberg"
formation, This essentially means that the water structure close
to the hydrocarbon group becomes more ordered in a similar manner
as it does in ice formation, and likewis? as in freezing, heat ié
évolved and entropy decreases when hydrocarbon material is intro-
duced to water, The heat capacity increases also as more energy
is required to "melt" this ordered strucﬁure.

These idegs were further developed but from slightly
different directions by Kauzmann (148) and Klotz (170) as discussed

in the introduction to this section on page 175 onwards.
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Wishnia and Pinder (171) investigéted the rnle of hydrophobic
forces in bovine serum albumin (B,S,A,) from the point of view of
 the solubility of short chain alkanes (02 —_ 5) in a solution of
BSA, and the nature of the structure that allows binding of alkanes,
The most likely sites of alkane binding in proteins are structures
involving apolar amino-acid side chains directly,

The mechanism of binding of the hydrocarbon molecules to
the protein can be approached from two view points, Kauzmann
would approach the problem from the point of view that the hydro-
carbon molecule would regquire direct contact with some apolar
region of the molecule, with the accompaniment of a net decrease in
water-hydrocarbon contact, In the second case, as it would be
approached by Klotz, a layer of water molecules intervenes, and fhe
interaction is between tﬁe alkane and partial clathrate cages
surrounding the apolar residues on the proyein surface,

Thus the models for these two appréaches are respectively

- transfer of alkane from water to detergent micelles
(172)
- transfer to crystalline gas hydrates (173)
These models are of course extreme, and the binding of the hydrocar-
bon is moré than likely a combination of these two extremes and the
bindlng might be considered as taking any of the below forms:=-
- penetration of the alkane into the protein interior

- penetration into surface clusters
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- binding in a surface crevice
- binding on the protein surface with the formation of
a more favourable ice cage
- binding with completion of a partially formed clathrate
cage,
But Wishnia and Pinder (171) came to the conclusion that binding
sites in BSA molecule are for the most part via apolar side chains
of interior regions of the molecule,

Cohn, McMeekin and Edsall (174) had shown the systematic
influence of added methylene groups or aromatic rings in increasing
the relative solubility of mnlecules in organic solvents as compared
to water, If it is assumed that the side chain. groups of unfolded
peptide chains interact with water in the same way as they do in
simpler molecules, then it is clear that the chief stabilizing force
that drives peptide chains to assume the compact globular conform-
ation is the tendency of the non-polar side chains to get away from
the water and cluster together in the interior of the compact
molecule (175)

Thus using this above concept of the importance of hydrophobic
bonding and the interpretatlon of its importance in terms of the
presence of. molecular centres of an essentlally non-polar nature,
further strategy with respect to protein aggregation investigations
was formulated. If it is assumed (as it was on page 185 ) that

much the same forces are responsible for intermolecular bonding
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(association structure) as are for intramolecular bonding, an
immediate problem arises with respect to the role of hydrophobic
bond in the respect, | ’

For satisfactory hydrophobic bonding, a substantial area of
exposed non-polar groups must be available to interact, but this
was not reflected in Kendrew's work on the myoglobin molecule,
However hydrophobic bonding is none the leés thought to be a factor
in bonding of associated structures (148), Certainly the inter-
pretation of Klotz of the hydrophobic bond would be a more
conveniént hypothesis in the consideration of association of protein
molecules,

In the association of two protein molecules, it is possible
to envisage a mutual shift in the hydrooarbon region of each
molecule to form a more central "combined" or "shared" apolar centre,
Binding at a molecular level may also place greater emphasis on
doubtful or "fringe" amino acids such as proline, tryptophan and
tyrosine, thch are of a less polar nature, and thus play a more
important role in hydrophobic bonding,

Besides the use of urea to bring about a dissociation (and
also an unfolding of peptide chains within'the molecule) of molecular
aggregates by the disruption of interpep?ide hydrogen bonds, another
approach to dissociation is via di%ruption of the hydrophobic forces,

Urea is however thought to have some effect on hydrophobic forces

also (see page I86 ),  In the light of the nature of hydrophobic
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forces, the obvious agent is one that will have a solubility in
regions of non-polar nature, yet also be soluble in aqueous
solution, so allowing a dispersal of the dissociated units, Agents
encompassing these properties include the soaps and detergents,
But detergents as such have generally speaking, proved unsatisfactory
for protein work (page69). Thus what was wanted was a eompound with
the detergent type properties of a hydrocarbon,non-polar moiety
that would allow solubility in"non-polar areas, and a polar moiety
also to allow dissolution in aqueous environmentx,but witilout the
harsher denaturing tendencies of commercial detergents,

Thus the use of an amino acid with a non-polar side chain
ﬁas contemplated, - Since such side chains are thought to play an
integral part in hydrophobic molecular binding forces, solubility
in such areas of high concentration 'ef this type of boriding should
be easy for a molecule bearing one of these groups.

Amill'zo-acids are also ideal in that they have a water soluble
dipolar grouping and so giving the compound a detergent like
structure, Size is another characteristic that favours the use
of an amino-acid, since large conimercial detergents such as sodium
ciodecyl sulphate may have difficulty in entering some of the smallest
restricted protein peptide chain inclusions, In association
studies the. solute could presumably.__. :

a) Influence the aseociatien of protein moleculles through

direct competition at the binding site,
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b) ‘Introduce cnnformationél changes in the protein in
the vicinity of the site and reduce or destroy its
~ability to bind,

c) Modify the properties of the solvent water and bring
about changes in associatinn forces on this basism,

It was from the point of view of modification of therproperties
of the solvent water that the use of an amino acid was also chosen
besides its detergent properties,

When a molecule possessing a dipolar nature is dissolved in
water the dielectric constant is much higher than that of the pure
solvent, For example, the dielectric‘constant of water is 80 and
fhat of the water made 2.5M with respect to glybine is 137 (‘see
- page 210), The dielectric increment caused by glycinebin this
case is éharacteristic of the substance and related to its polarity,
The choice oanminb acid with respect to size of dielectric increment
has little bearihg on the number of methylené -CHZgroups,as it -
does in a homologous series of alcohols for example, because amino-
acids are dipolar. |

Examples of dielectric increments.for some amino acids are

given below, (177)

Glycine 22,6 f-alenine  25,0[1-%-leucine .25,0
{~Alanine 23,2 dl-t{ —valin_e 25,0 |1-asparagine 28,4
l-glutamine 20,8

d-argenine 62,0
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An example of the usefulness of dielectric consﬁant was given
by R. B. Rennel (178) in which to the effect of sodium chlofide on
the 361ubility of cysteine, is added the effect of anotﬁer aﬁino
acid, =~ glycine, The higher the glycine concentration ri?es the
smaller the interaction of the salt and cysteine, At sufficiently
high glycine concentration, and therefore sufficiently higﬁ dielectric
constant, interaction due to electrostatic forces substéntiaily
vanish (180). Conversely at a low dielectric constant the?reverse
is true, Thus liquids of low polarity with low dielébtric'
constants such as acetone are often used in protein preqipitétion
to decrease the dielectric crnstant of the medium, thus increasing
-the electrostatic forces between charged groups of the same as well
as neighbouring moleculeé, and so aiding protein aggregation and

precipitation,

Although the dielectric constants of body fluidé and tissues
are imperfectly known, they are obviously very high and if the
dielectric constant of protein solutions in vitro are faised‘this
will tend to increase atability,  Thus it was thought conceivable
. that thé presence of an amino-acid, and therefore a higﬁ dielectric
constant in solution would, if not actually bring about proﬁein
dissociation, certainly would aid the action of other dissocigting
forces such as urea and the detergent effect of the amino-acid,

On page 209 it was mentioned that hydrogen bonding wé,s

possible in regions of low dielectric constant. A rise in the
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dielectric constant by the introduction of an amino-acid into the
solution in which the protein was dissolved, should reduce any
intermolecular hydrogen bonding to a minimum, thus aidihg dispersal
of molecular units, . |

If the chief stabilizing force that drives peptide chains
to assume compact globular confnfmation is the tendency'of thé non~
polar side chains to get away from watér (175), then the presence
of molecules of hydrocarbon nature in the solvent shou}d reduce this
- tendency. The folding of polypeptide chains due to hydrophobic
bonding is brought about by a gain in entropy resulting whén‘the
side chains leave the aqueous phase and the water becoﬁés more
disordered (entropy being a measure of randomness or'disbrder)..
So the introduction of molecules with a hydrocarbon nature to
water is accompanied by a decrease in entropy (132) which is the
reverse of the force causing folding of peptide chains; and so the
addition of an amino-acid with a large hydrocarbon moiety a8 possible
should reduce the tendency to hydrophobig bonding and therefore
tend to encourage inter-molecular dissociation (and also unfoldihg
of the polypeptide chain)

Invfhe addition of an amiﬂo-acid to the buffer,solution.
‘during CMC-column chromatography, a duallrole was enviséged{-

1, Firstly one of a detergent nature | .

2, Secondly - a modification of the solvent p?operﬁieé

of water by a change of the dielectric constant.
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Choice of amino acid

‘The choice of amino-acid was linked to the following
requirementss~
1., It must have aneutral reaction, otherwise complicatjons
with respect tn salt linkage formation on both‘the protein
and the column absnrbent may arise, »
2. It must be aliphatic with hydrocarbon side chain as long as
possible to confer detergent properties, .
3. It must be reasonably soluble in water,
(4. Hydroxyfand thio- amino-acids were also avnided because
of the specific characteristics of these groups.,)
If the above conditions are observed, the amino-scids in

fig 45 may be considered for use in chromatographic considerations

The differences in dielectric increments (177) showed véry
small variation with respect to chain length and were.not considered
as important with respect to amino-acid choice,

Since nor-leucine héd the longest hydrocarbon chéin, this
' amiﬁo-écid was chosen, and even though the solubility in water is
not very high, it was thought to be sufficient to attain the |

desired effects,

The: nor-leucine source was British Drug Houses biochemical

grade dl-nor-leucine,
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Solubility

q
i

\ COOH

Amino-acid. Formula. in gms/Iuggm
HZO at'25 C.
-/ WH, e
DL-alanine CH,-CH 16.72
3 "N coon e
/I\IH2 :
DL-valine CH3-8H -CH 7,09 *
H3 COUH
‘DL=leucine CHS-CH-CHZ-CH 0.99
3 iy \CO0H :
3
/l\lH
DL-isoleucine | CHy~CH,-CH-C{ 2 2,23 *
éH N COOH
3
| _ NH, |
DL-norleucine CH3-CH2-CH2-QH2-CH 2 I.15 **

i *
Fig.45,Possible choices of amino-acid. Ref.I8I .

i
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Procedure - fnr the use of nor-leucine with column chromatbgraphx

on CM-ceIluiose

Note (1) all references to 'leucine' refer to DI-nor-leucine
in the below text,
(ii) Leucine-I and-II refer to columns:- CMC=4-2M-ley —I
and-IT respectively (figs 47, 48) ‘

The source of enzyme used for the column chromatography in
the presence of leucine was that from extraction 4 and}thus these
columns were direﬁtly comparable with all other column chromato-
graphy results from extraction 4 on CM-cellulose. (eMC-4)- see
pagel97 fig 38, Similarly columns of the same dimensions were
used to aid this comparison, and thus detection of any.diffe;enceé
in elution profile due to the presence of leucine should be
facilitated, The data c-ncerning the chromatographyuih the
presence of leucine is summarized in fig 46.

Columns CMC-4-2M-Leu I and IT - General conditions

Throughout all stages of the protein application.and elution
of the protein on CM—cellﬁlose, the concéntration of urea was main-
tained at 2M, It was decided to retain the omnipresence Qf urea
since it was thought that any molecular dissociation (or ﬁnfoldipg
of intramolecular chains) due to leucine action would be stabilized
and aided by the presénce of urea invoking the theory (page © 185 )
of urea as g competitive breaker of hydrégen bonds (100) ‘ " Also

as‘enzyme extraction 4 was carried out entirely in the presence of
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Column code number

CMC-4-2M-Leul

CMC=Y4~2M-Leu~11]

2M

Urea concentration 2M

Fraction size I0mls. IUmls.,
NaCl gradient 0.25M 0.I5M
pH gradient PH 7.0 pH 7.0-8.2

no gradient

Position IM NaCl appld.

Fraction I80

Fraction 122

Column size

68 x I.7 cms.

68 x51.7.cms.

Protein applied

359 mgs.

359 més .

% protein retained

36% (128 mgs.)

45%(162 mgs.)

Fraction at which

_gradient started 92 I
Volume of reservoir 0.581. I.51.°
Volume of const.vol.
chamber : 0.81.

0§81.

Extra comments

Fraction I-9I
leucine grad.
only,not.saltw

Fig.46. Data for columns CMC-4-2M-Leu I & II,
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2M urea aﬁd subsequent CM-cellulose chrématography was also carried
out in the presence of urea at various concentrations (including
2M), urea was retained with the consideration that the.?esults of
chromatography in the presence of leucine should be directly
comparable with corresponding results in which leucine did not
feature.

As shown on page 22I , DL-nor-leucine has a solubility
of 1,15 gms in 100 gms of water (or 11.5 gms/litre) at 25°C. How-
ever as all chromatngraphic work in extraction 4 was conducted at |
4-5°C in a cold room, the solubility at this temperature was obtained
by drawing a graph from solubility data for other températures (183)

and reading off the solubility at 5°C.

o ' ' 1
c 0° 10° 20° 30° 40° 50
TENP, .

SOLUBILITY
in gms/1000 8.4 9.4 10.7 12,4 | 14.5.| 17.3

gms H20

Solubility of DL-nor-leucine ( I83)

Solubility at 5°C on the basis of these readings was 8.9 gma/
1000 gms water = 0,068M leucine solution or 0.89%% solution with
respect to %eucine. The leucine was mgintained at saturation

point in solution because firstly, this was not a very water soluble
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amino—acid and as strong a solution as possible was warited, and
secondly for the sake of easy reproducibility of leucine concentfa—
tion, A saturated solutioﬁ of leucine at 506 was achieved by
dissolving excess leucine in the particularAbuffer at ioom temper-
ature and then placing in the cold room and allowing excess leucine
to precipitate out and decanting off most of the buffer to Sbtain
a saturated solution of leucine, but net 5othering about the presence
of a little solid leucine that still remained since this would
maintéin and ensure a saturated state, |

CMC~4-2M=Leu-1 :~ conditions

The protein in 630 mls of pH7.0, 2M urea buffer, was applied
to a CM~cellulose column that had previously been equilibriéted
with 0,005M Tris, 1044M EDTA, 2M urea, pH7.0 buffer} and washed with
a little of the same buffer after application.

The column was then subjected to a leucinergraiient in which
the concentration of leucine in the buffer being passed throught the
columﬁ, was increased from zero to saturation concentration at 5°C
(0,068M leucine), Optical demsity measurements in.ihe U, V.-
spectrophntometer at 280 mu showed that'the increase of leqéine’
concentration aléne caused no elution of the applied protein

material, .
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Gradient elution buffers of CMC-4-2M- Leu I

Reservoir 1,51,

Constant volume mixing chamber

800 mls
\

0,005 M Tris 0,005M Tris
10- EpTA LEUCINE 10-1 EpTA

N, N

/ ? g
2M urea GRADIENT 2M urea
pH7.0 pH7.0
saturated leucine J

In strongly acid solution, all amino-acids are positively

charged and act as cations, but in strongly alkaline solutions all

are negatively charged and act as anions,

But for any amino-

acid there is some intermediate pH where the average net charge on

the ampholyte molecule is zerog and this pH is known as the iso-

electric point (pI) of the amino acid,

For "neutral”amino-acids (i.e, with one amino-and one carboxyl-

group) the following equilibrium occurs:-

? +
R-CH —_—
=
COOH

Amino-acid cation

in acid solution

e )
/[’ [
gter-cE ___\ ER-CH
N ~ .
Co0 - Co0"

Zwitterion ‘Amino-acid

anion in alkaline
solution
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The pI for nor-leucine = 6,08 at 25°C (184),  But it has
been shown that the pIl values of many simple amino-acids are nof
sharp but may extend over a range of several pH units. (184)
Michaelis has shown that an amino-acid possesses a sharp iso-
electric pH value only if the value of pKl and pK2 differ by not more
than four units. For nor-leucine pKl=2,39

| PK2-9.76 (184)
and the difference is in excess of four units and therefore .there
is no sharp pl value for nor-leucine,

Thus to maintain the nor-leucine in a standard ionic form
the pH was maintained at a qonatant level of 7.0 at which pH leucine
should be largely in the zwitterion form, but more importantly it
will not be in the cationic form which would compete with the protein
for column anionic binding sites, In the zwitterion forﬁ leucine
should cause minimal interference with the normal ion exchange
properties of the column with respect to protein, This is in
fact shown to be the case since the protein retention of Leu-I
coluqn (in the absence of léucine at this stage) was 36% ( see fig
46, page 223), whilst in Leu-II the retention in the presence of
leucine at saturation level was 43%, and ‘so indicéting no derogatory
influence by leucine of protein column binding potentiality,

At tube 92 of the leucine gradiént elution (i.e. after
920 mls) the reservoir was made 0,25M with respect to NaCl and the

elution was continued to produce a salt and leucine gradient, Thus
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the gradient consisted of :-

Reservoir 0.581, (1,5-0,921,) Constant volume mixing
=(%580 mls.) :
. chamber 800mls
\
0.005M Tris 0.005M Tris )
10-1 EpTA ~ 10-* BDIA
2M urea” | > 3 2M urea P‘
pH 7.0 | pH 7.0
0. 25M NaCl. weak leucine soln,

Saturated leucine soln,

Because of the respective size of the reservoirs, a concentr-
. tion of 0,25 M NaCl in the constant volume mixing chamber had no
chance of being attained, and thus elution was effectively
with a solution of a much lower concentration than 0,25M NaCl,
But in order to rémove any further protein not removed by salt at
this cnncentration, the 530 mls that were present in the mixing
chamber were made lelai with respect to NaCl at fraction 1éo

onwards and elution was continued to fraction 253 (see fig 47)

CMC-4-2M-Leu II ‘- conditions

Conditions differed from the preiious leucine column in :

the following ways:-
1) 1Instead of applying the 630 mls of protein in 2if urea

solution immediately to the column as in Leu I, and applying an
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initial leucine gradient elution, the protein solution was saturated
by the addition of an excess amount of leucine ( 8gms) and s%irred
gently by a magnetic stirrer for two days at cold room temperature,
The solution was then filtered through- Whatman No, 1 filter.paﬁer
and the protein solution (saturated with respect to 1eucine) was
applied to the CM-cellulose column that had also been equilibriated
with saturated leucine,

2) This time a NaCl gradient was applied to the columﬁ.
immediately and also a pH gradient of the type that had been used
in all previous and inchoative CM-cellulose»chromatography of RNAse

enzyme, (see Experimental section EXP, 6,vi ), : .

Gradient elution buffers of CMC-4-2M- Leu II

0.005 M Tris 0.005 M Tris
10-4 ¥ EpTA 10-4 1 EDTA
2M urea E—— 2M urea

Satd, leucine Satd, leucine
0.15 M NaCl | - HET.0

pﬁ8.2

The strength of the NaCl in;the réservoir was reduced to aid

separation of protein peaks and also to make the gradient elution

more comparable to the gradient that was effectively obtained in

Leu I,

‘Therefore Leu II differs from Leu-I in two main respects:-
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1) pH gradient applied
2) Pre-treatment of protein material with saturated leucine
and & leucine saturated column, - g

RESULTS see'figs 47 and 48,

Discussion

One of the most notable differenées between the phrom;tography
carried out in the presence nf leucine and the other column'results
of extraction 4 (figs 39, 40, 41 and 42) after the difference in
strehgth of sodium chloride gradient had been accountea for, was
the greatly increased retention of protein (and activity) énd late
elution of the same,

In all previous chromatography of enzyme materiél frqm
extraction 4 on CM-céllulose columns whether in the presencé of 2M
or TM ures or using the shallowest gradient elution ( see page 19/
fig 38) the majority of activity had been eluted by about fraction
110, But CMC-4-2M-Leu II (Leu II) showed elution of the
majority of activity was not finished until fraction 160,

CMC;4-7M_II (fig 42) and CMC-4-2M-Leu II are directl&
comparable, since column size and gradient (pH and salt) are identi-
cal, although :the urea concentrations aré different, : A aéﬁdy'
immediatelj shows that most of the.activity in column CMC-4-7M-II
(fig 42) was eluted between fraqtiéns 40-85, whereas in. Leu II

most of the activity was eluted between fractions 100-160,

i
.
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Although éhromatography in CMC-4-TM-I1 was conducted iﬁ the presence
of TM urea and not 2M urea as in Leu II; examination of CMC-4-2M
and TM columns (figs 39, 41) shows that this difference does not
detract from the importance of this anomalous late elution in the
presence of saturated leucine,

The sodium chloride gradient in Leu I was effectively
considerably less than the 0,25M stated because of the relative |
volumes of reservoirsand constant volume chamber of the elut;on
apparatus, In Leu II the rafio of reservoir volume to constant
volume chamber capacity was approximately 1.9 @ 1, whe}eas in Leu I
this ration was 0.7 s 1. Therefore the gradients of columns
Leu I.and Leu II would be somewhat similar, even though the-
respective salt concentrations were different, and if this was so,
the retardation of elution was considerably less in Leu I &han
Leu II, But none the less the retardation of elutibn in Leu I
was appreciably greater than in the chromatography of ﬁrotein in
the absence of léucine, The spread of activity regions extended
over a greéter area when leucine was present ( ¥ 60 fractions) than
for all otﬁer non-leucine columns'of extraction 4 (‘4 40 fractions)

Ano%her notable feature of chrométography in thé presence of
leucine was the appearance of thrée maiﬁ peeks of activity Which
was particularly manifested in LeuiII, whereas the overall impresgion
of other CﬁC-4 columns, was one bf:two main peaks of activity with a

tendency towards a merging of these two peaks at higher urea
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concentrations,

Possible explanation of results

In Leu I leucine was initially applied as a gradient at -
pH7.0 to determine whether the amino-acid affected the capacity
of the ion exchanger to hold the protein in the presenée of a
zwitterion, Since no significant amounts of protein or acfivity
were eluted in the first 92 fractions collected of‘thié gradient
until the sodium chloride gradient was applied, it was agsumed that
at pH7.0 leucine did not interfere with the column adsorption
properties in a manner that caused premature elution of the adsorbed
protein material, -

In fact the overall result of leucine presence was one of
retention and spread of activity. A protein is retained'by a
CM=-cellulose cation exchanger by means of a salt liﬁk between the
carboxyl groups of the CM-cellulose and the NHgk groups of the
protein,  Thus an increased retention of protein by ﬁhé CM-
cellulose above that obtained at the same pH and salt conditions
elsewheré, could possibly result from an increased exposure of
-NH3+ grouﬁs in the protein, ; |

So to account for this effect of increased column retention
in the presence of leucine, the suggestion is put forward that there‘
is an increased exposure of eationéc groups due to either a

~ dissociation of protein molecular units (aggregates) and/or an

intramolecular unfolding »f polypeptide chains due to the detergent

!
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and hydrophobic bond breaking effect of the leucine, . The unfolding

+
3

salt}linkages, since these groups may often be buried o; screened

of polypeptide‘chains may position more -NH, groups available for
.internally within the protein's tertiary structure or shielded by
areas of hydrophobic nature,

A breakdown of aggregates could, perhaps by attack onv
intermolecular hydrophobic bonding, equally well lead to earlier or
retarded elution because smalier units with a small net charge, or
smaller units with a larger net charge than the aggreg;te structure
’may result due to exposure of cationic groupings which.were masked
in the aggregate structure.

Retention may also be influenced by the presence of the
dipolar amino-acid and adsorption of the Na' eluting ions by the
-C00~ groups of the zwitterion, The sodium iens normally bring
about the elution of protein by adsorption to the carboxyl groups‘
of the ion exchanger in preference to the protein, cauéing dis-
placement of the protein. But if the sodium ions form salt links
with the amino-acid carboxyl group, a much greater concentration of
sodium chloride will be required to elute the protein, This
suggested competition for Nat ions by leucine will increase as the
ipH rises due to the increased proportion of leucine presént'in the
carboxyl form fathér than the.zwitterioh’form._ Experimental
-résults showed that when a pH gradient was used (Leu.II) apdAthere

was a rise in pH, there was a corresponding increase of prptein
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retention by the column, thus lending éome support to this theory,
The épread of activity may perhaps be attributed to the
formation of several intermediate forms of protein molecules with
various degrees of dissociation and/or polypeptide chain uﬁfolding
80 giving the prntein differcnt adsorptive properties and therefore

different elution positions,

Summary to investigstion of DL-nor-leucine as an aid to protein

ageregation studies

This experimental work was intended as a pilot and peripheral
investigation to test.one or two novel ideas on inter:and intra—
molecular bonding in the hope of shed&ing some light on the importance
of hydrophobic bonding. The experimental results obtained in the
presence of leucine were distinctive and characteristic enough to
warrant further investigation of this amino-acid as a tool in the
examination of.protein bonding both at inter-and intra - molecular
levels,

Ultra—centrifuge studies and Sephadex moleculér sieve sfudies
of the molecular weight of active regions eluted in the pﬁésence of
leuéine wéuld be very illuminatiﬁg with‘regard to estéblishing the
existence of different molecular weight protein units or not, On
the other hand the acti#ity peaks may be simply formé'of the same unit
at different stages of unfolding of structure, It may be also

that there was more than one species of basic RNAse enzyme extracted
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from calf spleen and activity peaks need notbbe related forms of

the same enzyme,:

.
.
V
.
e
ot
.
‘
.
.
.
. .
i
i
.
B .
.
.« .
e .
E Y ot
i N T
Lo PR S
; Yo 5
! : .
t B
.
.
t
. NN
.
e
.
+
.



b
.
.
. LOY
.
. ! 8 '
.
. 1
:
.
s
) III o
. .
L
‘.
.
.
N .
.
.
. .
' .
..
. .
. \. ¢ .
. M .v
. ;.
S
.
: . "
.



NOTE ON FPRESENTATION OF
EXPERIMENTAL DETAILS

Because of the nature of the work described
and discussed in this section, the text contains
more reference to detail of experimental work.thah
is perhaps customary,vbut fof clarity of comparison
of experiments which are similar in so many respects
this was unavoidable. Thus as a resulf, the data

contained in the experimental section is somewhat

curtailed.~

237



Index to Part ITT. - Specificity Investigations

., . Page HOS .
General Introduction. 240
lMode of action of pancreatic RNAse . 24y
Mode of action of RNAse Ty. . 253
Calf of spleen specificity reports. ' éSS

Conditions of study of enzyme specificify’257

Substrate preparations - preparation of RNA. 258 ‘

a) General. ‘ 253
b) Procedure for yeast cultivation. 265
c) Estimation of M.Wt.of RNA by '

sephadex molecular sieving

techniques. ~2§6

d) Purification of commercial yeast RNA 269

Consideration of fractionation methods df the

products of RNAse - RNA digests 270
DIGEST I, | - o 275
Procedure v"276
a) column preparation To276

b; gradient elution - 276

c) digest . : 277

d) results : , A ... 278
DIGEST II. - 280
a) Procedure 2l
bgiResults ' . 281

238



R . o

B e . e

DIGEST IV. 285

a) Procedure ' 255.
b) Results ) * ' )
c) Result analysis) 257{
d) Summary 300-
DIGEST V, 303 -
ag Procedure -enzyme source etc., 303‘
b) Results and summary . 308
DIGEST VI. v 309
a) Procedure | : | - 309
b) Results ’ 311
c) Result analysis , C3I4
d) Summary . - 343

Investigation of éxhaustively dialysed commerciadl

RNA as used in digest VI. , 34y .
DIGEST VII, | 346 -
a) Procedure ' 346
b) Results : 352
c) .Result analysis . 352
d) Summary of aigest V o 366 -
DIGEST VIII | - .369
a) Procedure f : < | 369
b) Results _ - 370
SUMMAKY OF PAKT III - 374

i
|

239



SECTION 3.

SPECIFICITY INVESTIGATIONS.

Enzyme specificity studieé using basic calf spleen
ribonuclease. .

General Introduction
One of the most striking characterisﬁics of |
enzymes is their Specificity of action, or the
gtrict limitation of acti