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SUMMARY OF THE Ph.D. THESIS

"STUDIES ON THE AMINO ACID SEQUENCE OF CYTOCHROME C"
submitted by Wm, B. McLaren

The purpose of this work was to obtain information about
the sequence of amino acid residues in the peptide chain of
cytochrome ¢, and at the same time to study methods for obtainir
such information.

Cytochrome ¢ was isolated from horse heart and purified
by chromatography on an ion exchange resin (Amberlite IRC 50)
and on sephadex,

Attempts to ldentify the N-terminal amino acid residue
yielded negative results, and it was concluded that the protein
may not have a free terminal amino group. This was subsequentl
confirmed by Kreil and Tuppy who showed that the N-terminal
group is acetylglycine.

To investigate the internal sequence of the protein,
cytochrome ¢ was hydrolysed with trypsin to yield a mixture
of peptides, Chromatography on carboxymethyl cellulose, brough
about partial resolution of this mixture, and the application of
high voltage paper electrophoresis permitted the isolation of
some pure homogeneous peptides from the material thus o6btained.
These methods, however, seemed inadequate for the exhaustive
analysis of the peptide mixture. An effort was made, therefore
to reduce the severity of the problem of peptide fractionation,
by reducing the complexity of the mixture to be separated.
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This was achieved by acylating the lysine amino groups of
cytochrome c, and thus restricting the action of trypsin to
linkages involving the carbonyl groups of the two arginine
residues in the protein. Methoxy:baer;yl chloride was first
tried as an acylating agent, dbut proved unsuitable. Ethyl
thiotrifluoroacetate was satisfactory and, at pH 9, this ester
reacted with all the amino groupe of the protein, It was
found aiso that the substituent trifluoroacetyl groups could
subgequently be removed by means of 0.5 M ammonia, without
affecting the peptide Btruéture.

The action of trypsin on the trifluoroacetyl protein
yielded a mixture of peptidee which was rather more complex
than had been anticipated. On the assumption that thls was
due to the action of tracee of chymoirypsin in the trypsin
preparation, the time of exposure to the protease was reduced,
and it was eventually poseible by means of chromatography on
sephadex to isolate a small number of large peptides. The
amino acid compositions of these peptides, and the nature of
their N-terminal residues were determined. Also, one of thenm
was hydrolysed with chymotrypein, and the resulting mixture
of small peptides fractionated on & column of ZeoKard 225 x 2.
The peptides thus separated were analysed and their sequence
in the original peptide determined.

The results of the analysis carried out during the course
of this work were internally consistent, and in general found
egreement with the recently published amino acid sequence for

cytochrome c.
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GENERAL INTRODUCTION

Froteins comatitute the main chemioal foundations of all
living matter. Without them, life and its maintenance would be
impossible.

The funotions of protein substances are mny .tdp evm’:tf-iod. Some,
such as kerating perforam structural funotions and t.hhv?proutn is
present in hadr, ha&muﬂu&hﬁbﬂwhns}oﬂldmﬁ
proteins called the sclereproteins. Other members of this olass are
the collagen of bones and cartilage, and fibroin, the protein of silk.

Other proteins, however, such as the enzymea, hormomes and
antibodies, have specific physioclegical functions. The ensymescatalyse
chemiocal reactions in living systems, whilst the hormones cocupy a
oentral role in the regulation of metabolioc processes. The antibodies
on the other hand, help to protect the organism against infection by
foreign organisms such as bacteria and the viruses. The latter as a
greup consist of apparently non living mucleo-protein matter which is,
mevertheless, capable of reproduction in a suitable living host.

Now, the great diversification of the functions that proteins
perform, is dus to structural differences in the proteins themselves.

Frotein struoture ocan most conveniently be exsmined at four
different levels. These are (1) primary (2) secondary (S) tertiary
(Linderstrogm - Lang, 1958) and (4) quaternsry (Bermal, 1958).

By primmry is meant the sequence of the amino scid residues in
the peptide chains, whereas seoondary structure desoribea the simpleat



ways in which these polypeptide chains may be folded. There is a

good deal of evidence to support the view that the peptide chain in
many proteins is arranged in a helioal structure. 1In no case, however,
is the structure desoribed Ly a single and contimuous helix, but the
helioal portions are folded into a more complex S-dimensional structure-~
=this is denoted as the tertiary level of struocture e.g., myoglebin
(Eendrew et al. 19568, 1960)., As an extension to this, quatermary
structure desoribes the linking of greups of tertiary molecules e.g.

see hoemoglobin (Ferutz et al. 1960).

Now, blochemical activity may in some instances be direotly
dependent on a few amino acid residues, e.g. with pepain (Smith et al,
1960) showed that it was associated with a sulphhyéryl and a carbexyl greup
and that two-thirds of the pretein ocould be split off, uaing leucine
smino peptidase, without seriously impeiring it In the mjority ef
cases, however, it is associated with ome particular S-dimsnsional
struoture., This is charscterised as the native configuration and
involves the seocondary, tertiary and quaternary atruotures discussed
above. These, however, are to & large extent determined by the
primary structure, for the secondary linkages involved in secondary,
tertiary and quaternary structures require the correct placemant of
suitable amino acid residues, e.g. oysteine far formation of = S« 3=
cress linkages. Crick has in fact sugfested that primsry structure
determines the secondary, tertiary and quatermary during biosynthesis,
and Anfinsen et al., (1961) have presented evidenoe suggesting that in



ribonuclease, the native configuration is determined by the amino acid
seyuence, and in this case appears to involve the most therxo-
dynamically stable folding of the chain.

However, the secondary, tertiary and quaternery levels of
structure are not dependent on the entire amino aocid sequence of the
protein as is evidenoced by the appearance of slightly different
proteins performing the same function in different species. Inter-
species differences were first observed with the amino acid composition
of haemoglobin in the 1930's snd since then actual sequence
differenves have been recorded e.g. with insulin (Sanger et al. 1955)
and oytochrome C (Tuppy and Faleus 1955).

Intra-species differences also occur, particularly with
haemoglotin. Although with some of these, function is unaffected,
othera interfere considersbly e.g. Sicklebell ansemia (Itano 1955).

It is obvious, therefore, that the primary structures of proteins
is of fundamental importance. If the bshaviour of different proteins
is to be properly understood, the chemiocal structures which govern
thelr properties must be known.

In the present work, a study has been undertaken of some methods
of sequence determination with apecial reference to cytochrome C.

This protein is associated with a number of similar compounds,
the cytochromes, which were first described by lacMunn in 1886,

Naclunn discovered a class of pigments in ell types of animsls, which



had four charecteristic absorption bands in the reduced state. These
pigments he found in various organs and tissues and he discovered
further that the absorption bands disappeared on oxidation. Maclunn
rightly concluded that these subatances were concerned in reaspiration
in tissues and this introduced a new concept, as previously it had
been believed that respiration took place in the bloods He nomed
these substances myow and-histchaematins and demonstrated that they
were haemochromogen in nature. Although he msde an oxslic acid
extract of washed skeletal muscle in which he observed ahsorption
bands at 584.5 « 548.5 muy, he was unable to proceed further with

the isolation of the substances responsible for this., It was
unfortunate that lisclunn believed that these compounds replaced
haemoglobin in muscle, in which they carried om a similar role to

the latter in blood. This involved him in serious controversy with
Hoppo-3eyler, who maintained that myo- and<histchsematins were merely
modified forms of haemoglobin, IHoppe=Seyler was by far the more
influentisl of the two and so Maclunn's work was disregarded.

- This remained the position for many years, until Keilin in 1535
showed that if iaclumn's theories had been wide of the mark, his
experimental observations were nevertheless sound., Keilin confirmed
and extended the work of MacMunn, showing that these "myo-and-
~histohaematins® are found also in plants and unicellular organiasms,
as well as in animal tissues. In order to descride better their

wide distribution, he called them by the general name of gytochromes.



Keilin found that the four-banded spectrum of these compounds
varied little from tissue to tissue, and careful microspectroscopic
studies of baker's yeast showed that the bands had maxims as followsie
A 604 muj b D5G6 myuj ¢ 550 mu; and d, which appeared to
display three maxima at 532, 528 ard 521 mu. This type of spectrum
was not immediately idontinablo. but Keilin (1925) proposed that
the cytochrome spectrum was due to the combined spectra of three
distinct substances, each céntributing a pair of absorption bands
as shown below:

Cytochroms sl (mu) p_(ms)
a 804 558
B 566 528
e 580 521

This gives the effect of four smin sbsorption 'bandn. as the d = band
of cytochrome is made up of the three p = bands of cytochromes a, b
and g.

Apart from the cytochromes mentioned above, many others have
been detected and distinguished by differences in their absorption
spectra., Soms of these are detalled below,

Cytochrome a Related iigments.

Keilin found that heart muscle preparations contain a cytochrome
with absorption spectrum (a~band 600 mpu; Y-band 448 mp) similar to
that of cytochrome a, but differing in being sensitive to CU. This
pigment was denoted cytoohrome &5 and appears to be identical with

the cytochrome oxidase of hesrt muscle (Keilin and Hariree 19897.



Spectroscopic studies have alao revealed tnat electron tranafer from

ferrocytochrome 0(0_2’) to oxygen in cells containing cytochromes

¢ (or 0;), a and as, involves the reversible oxidation reduction of
the cytochrame a and ag systems. Some doubt exists, however, whether
a and ag are separate molecules. Some workers e.g. Wainio ( 1961)
think they represent two functions of one molecule.

Rigourous studies of cytochromes a and a3, however, have been
hindered by the difficulties encountered in their extraction from
tissues &n a soluble form.

Some bacteria have been found to contain cytochrome a -~ like
pigments and these are designated cytochromes ) and ag (Smith 1954 (1)
1954 (2) and Barrett (1956).

In icetobacter pasteuriamum, cytochrome a) (f=band 538 myu)
has been shown to be the terminal reapiratory enzyme. This pigment
forms a CU = gompound tnat is not dismociated by light. It does not,

however, catalyse the axidation of mammalian cytochrwae @ by oxygen.

Cytochrome b Helsted iigments
The extraction of cytochrome b from the tissues in which it

is found cannot be readily achieved., Consequently, little is known
of ita chemical nature, although it hes been established that it does
not reaot with CO or cyanide, but does appear to be autoxidizable.

It has been shown also, by means of spectroscopic studies, that the
cytoshrome b of heart muscle preparations is reduced by succinate,

and that cytochromes o, & and 8 are involved in the oxidation of
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ferroocytochrome b by oxygen.

Spectroscopic measurements have also indicated that in some
cellular systems, the transfer of electrons from succinate or DiNi
to ferricytochrome g appears to be mediated by heme proteins similar to
the cytochrome b of heart muscle preparations (Cheance and #illiams
1955), Now, flavoprotein preparations have been ottained that
catalyse rapid electron transfer from reduced pyrldfm mcleotides
to ferrigcytochrome c. The possibility that in living cells, one or
more additional electron carriers mmy be interposed between a flavin
and cytochrome ¢ (or ©)) was raised by the discovery that trestment
of heart muscle preparetions with naphthol quinones (Ball et al. 1847),
or with 2, 3 = dimercaptopropancl (Slater, 1949), inhibits the
reduction of cytochrome ¢ bty succinate or by OFNi, but does not affect
electron tranafer from succinate or IF'N{ to oytochrome b, or from
cytochrome ¢ to oxygen. A similar effect has been found with
antimycin 4 (Potter and Heif, 1853). This sntibiotic does not inhitdt
the purified pyridine nucleotide - cytochrome ¢ reductases and study
of its action has ylelded the conclusion that the antibiotic blocks
electron transfer from cytochrome b to oytochrome ¢ (or ¢1). A
relation between the lipids apparently associated with gytochrome b,
and this inhibition, is suggested by the report that the action of
antimycin A is counterncted by vitamin E (Nasan and Lehman, 1956).
The antimycoin A ~ sensitive respiration of tissue preparations has

been attiributed therefore to the participation of cytochrame b in the



secuence of electron tranafer from metabolites to axygen, and this
pignent has been assigned the role of an electron carrier between
flavina and cytochroms g.

Many biologicel systems have been shown to contsin haem
pigments with properties similar to heart muscle cytochrame b.
Amongst these are cytochromes found in the microsomal frasction of
liver preparations (Strittmatter and Ball, 1952) c¢ytochroms m
and in insect tissues cytochromes by (rappenheimer and willinms, 1954).
These two have very similar s;ectroscopic pruperties, and are
considered to be very closely related. The absorption maxima for
reduced cytochrome from rabbit liver microsomes are: a-band 557 my,
f=band 527 mu, Yeband 425 mu, The corresponding values for the
insect pignent are: a=-band 557 mu, f-band 526 mu, Yebend 421 mu.
Like cytochrome b, these heme pigments do not combine with CO or
with Gyanide, and appear to be autoxidisaeble.

Prier to the identification of the cytochrome by (or m) group
of pigments, several other intercellular heme proteins had been
reported to have properties similar to those of cytochrome b.
Cytochrome b, (a=band 558 m:) hes been found in several bacteria
Yernon, 1966) including Corynebacterium Diphtheriss. Cytochrome by
(a~dand 557 mu, P-band 528 sy) was found in baker's yoast and is
associated with preparations having dehydrogenase activity towards

L-lactic aoid (S.J. Bach et al, 1946) and (J. Yammshita et al. 1057).
Cytochrome by (a=band 560 mu) has been identified in microsomes from



the tissues of higher plants (Hill and R. Scarisbrick, 1851 and
Martin and Morton, 1955 & 1957) and eytochrome b, was reported to
be present in some bacteria, but its properties suggest that it
belongs more properly to the group of bacterial pigments related
to sytochrome C.

Cytochroms by (ae=band 563 mu:) was found in the chloroplusts
of some green plants, where it appears to be associated with
cytochrome f (R. Hill, 1954),

Finally, a pigment resembling cytochrome b, occurs in the
hepatopencreas of the snail Helix pomatia, and has dbeen named
"oytochrome h;" it appears to be converted in the animel to
helicorubin, a hemochromogen found in the gastrointeatinal tract
(J« Keildn, 1956 & 1957).

Cytochrome g Related iigments

dpectroscopic measurements have shown in heart muscle, also
oytochrome o) (or e). This is less easily extracted (a~band 554 my,
f=band 524 mu, Y=band 418 mu) and is considered by some to be an
endogenous form of cytochrome @ (Keilin and Hartree, 1955). Like
cytochrome :1_ this component ins not autoxidizable, and does not
appear to react with CO or with cyanide; however, cytochrome o3
is thermolabile in contrast to cytochrome g.

Cytochromes ©; 5 ¢y » ¢4 , and oy are found in several types
of bacteria, and in their ferrcus form exhibit absorption maxime
similar to those of heart muscle cytochrome : and _c_l. In general,

these bacterial cytochromes differ from mammolian cytochrome g in
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their chemical properties, (e.g. isoelectric point, and oxidation -
= reduction potential).

A haem pigment similar to mammalian cytochrome ¢, and named
cytochrome £, has also been identified in tnhe leaves of higher plants;
it appears to be confined to the chloroplasts (Davenport and lidll, 1962).

Now, although these cytochromes and many other proteins have
the same, or at least similar prosthetic groups, great differences in
biological activities are apparent. [Representitive of these are
(a) haemoglobin, the oxygen carrying pigment in the blood; (b) catalase,
an ensyme of wide oococurrence which catalyses the decomposition of
hydrogen peroxide; (c) peroxidase, anotner enzyme which utilises
hydrogen peroxide for the axidation of a number of substances;

(4) lactic dehydrogenase, o ferroflavoprotein with "built in"
cytochrome by; (e) many other haemoproteins with less well defined
functions e.g. a8 in :hotosynthesis and sulphate reduction and (f)
cytochrome ¢, the function of which is the tranafer of electrons during
the oxidation of substrates in the oell,

Since the prosthetic groups of these proteins ure essentially
the same, therefore, their funotional differences muat stem from
differences in the protein parts of their molecules anﬂ/or‘ its manner
of attachment to the prosthetic group. |

In fact, with tw;mproteim » the relationship between the
manner of attachment of the prosthetic group and the biological
function of the protein is very strong. Indeed, tne uctivities

of all of them have been shown to depend on the mode and strength




of attachment of the iron in the porphyrin to the protein part of
the molecule.

Now, the active gite of all hasmoproteins is the haem group,
or perhaps even the iron atom, and it is apparent, therefore, that
considerable modification of this is required to accommodate the
variety of functions of these compounds.

In all of the haemoproteins, four of the co-ordination
positions of the iron atom are taken up by the nitrogen atoms of
the porphyrin; the two additional iron bonds are on a perpendicular
‘to the rlane of the porphyrin. These spatial relationships can be
related moat readily to the electronic configuration of iron by
superimposing the octahedrully disposed irom bonds upon the Cartesian
co-ordinate system as in figure. ],

Now, in the case of cytochroms ¢, the struoture and spatial
arrangement of the protein moiety is such, tnat the two available
co=-ordination positions of the iron are bound to it through two
functional groups which have been represented as imidasole groups.
Therefore, this, plus the binding of the ethyl side chains of the
porphyrin to the S atoms of two cysteine residues in the protein
moiety, produces a very tightly kmit structure for cytochrome o, and
mugnetic moment messurements (Theorell and Akesson, 19418) have shown
that this has resulted in the formation of co-ordimate bonds strong
enough to bring about eleotron pairing in the tig level. Thus a

structure of maximum stability is obtained, as is neceasary to enable
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the cytochrome o to carry ocut its biological function of electron
transfer.

With catalase, peroxidase and haemoglobin, however, the
biological functions of these hsemoproteins are such that one of
the available co-ordination positiomsof the haem iron muat be free
to co-ordinate with an extra molecular ligand. (In the above cases,
the peroxide substrate and molecular oxygen respectively). This
then results, with catalase and peroxidase possessing a desired
degree of lability.

With haemoglobin, however, when the oxygen molecule is bound
to the iron, the iron electrons become paired and extra strength is
gained by the interaction of a VT bond in the oxygen moleculs with
a t2g orbital of the irom.

It can thus be said that, with a haemoprotein, the electronie
configuration of the irom is a true reflection of its biological
function.

fiecently, reruts (1960), has shown from X-ray studies on
the tertiary structure of heemoglobin, that the molecule is colled in
such a way as to hold the haem close to its surface, with ons aide
attached $0o the protein strand, and the other side far enough away
80 as to accommodate an oxygen or & water molecule, Tnis ideal
positioning of the hasm is thus largely due to the primary structure
of the protein.

Similar spatial considerations must also be involved with

gytochroms o, in order to position the prosthetic group so that the




biological function can be best carried ogt. As yet, however,
no X-ray evidence is available to illustrate this. Considerable
work has been done, nevertheless, on the properties (other than
biological) and primary structure of the protein, and this is
discussed in the next chapter.

The Structure of Cytochrome ¢

Cytochrome ¢ is a remarkly stable substance, able to withatand
exposure to mildly acid and alkaline conditions, and also considerable
amounts of heat.

Apart from functional differences, its reactivity differs
also in other ways from similar substances such as cytochrome oxidase
and haemoglobin.

It does not, for example, react with carbon monoxide hydrogen
sulphide or hydroxylamine, nor is it autoxidisable within the iH
range of 4-1l. Below Ifi4 and above 111, however, reduced cytochrame o
is modified to form an autoxidirzable compound which does resct with
carbon monaxide (Keilin and Hartree, 1939; Theorell and Xblon. 1941b;
Tsou, 1851). Also, nmative cytochrome ¢ will react with cyanide
(rotter, 1941; Horecker and Kornberg, 1946) and with azide. Much of
the early work done on the structure of cytochrome ¢ was concerned with
the linkages between the haem prosthetic group and the protein moiety.
That this was much more powerful than those encountered in hasmoglobin
was evidenced by the fact that mild treatment with acid acetone failed

to achieve separation of the iron porphyrin and the protein. Xeilin,
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however, sucoeeded in doing this by the more vigorous action of
sulphur dioxide.

A clue as to the nature of the linkages was obtained by
Theorell (1837), when he succeeded in preparing porphyrin c after
hydrolysis of cytochrome ¢ with iiCl. This porphyrin he discovered
oontained l=-2 atoms of sulphur per molecule, and furthermore,
L-gyatgine could be split from it by the action of hydrogen bromide
in glacial acetic acid. From these observations, Theorell (1838)
wag able to convlude that the vinyl side chains of the porphyrin were
connected to the 2 cysteine residues in the protein by means of
thio ether linkages.

Later work by Paul, (1950) lent support to Theorell's
conclusions, when he split the porphyrin from the protein by the
action of silver salts, iknown to oleave thio ether linkages.

#¥ork dons by Davenport (1952) has also lent support to
Theorell's postulated linkage. He found that reductive cleavage
by sodium amslgum of cytochroms c, yielded mesoporphyrin, whereas,
similar treatment of protchasmatin, horse liver catalase and ox
haemoglobin gave rise to the unsaturated protoporphyrin. This suggests
that sodium amalg@e is incapable of reducing ummodified vinyl groups.
This fits in with the idea that the vinyl groups in the porphyria on
cytochrome ¢ are involved in thio ether linkages. If at the same
time as reducing these, sodium aanlpm removes the iron from the haem,

then these findings go to confirm Theorell's views.

The above mentioned thio sther bonds, however, are not the

only linkages between the prosthetic group and the protein. As
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previocusly mentioned, bonds also exist’ between the iron atom of the
haem and nitrogenous groups in the protein moiety. This is certain
because of the haemochromagen type of spectrum of the whole molecule,
Theorell and ikefon, (1941, a, b & c) by means of titration, magnet-
-ometric and spectrophotametric measurements, showed that the
probable pointa of attachment of the iron atom were two histidine
residues in the protein molecule., A slightly inconclusive attempt
was made by Faul (1951) to confirm these findings when he treated
cytochrome ¢ with fluorodinitrobenzene, and estimated the extent

of labelling in the imidazole groups of histidine after hydrolysis.
From these experiments, which were only partly successful, he
concluded that at least one histidine molecule was linked, through
its imidasole group to iren.

Ehrenberg and Theorell, (1955) found that if the peptide chain
of the haem peptide is made into an a helix, either the histidine
imidasole group, or the § ;ndno group of the lysine residue next to
the cysteine, caiibs made to co-ordinate with the haem irom, but not
simultaneously. On the basis of this, they swypported the view that
the haemochromogen forming groups of cytochrome ¢ are two imidasole
groupa, one from the histidine present in the haem peptide, and the
other from another histidine contained elsewhere in the molecule.

Margoliash (1959) pointed out, however, that the finding
of a lysine or an arginine and a histidine adjacent to the two
cysteines binding the protein to the haem in all the cytochromes @

80 far examined (at that time, Tuppy and Paleus, 1955 for ox, chicken
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and salmon, and Tuppy and Bodo, 1964 for horse and pig heart) can
lead to the alternative hypothesis that the imidasole and § amino
groups on these amino acids are in fact the haemochromogen forming
groups in native cytochrome ¢. Moreover, an atomic model has shown
that such an errangement is sterically possible if the intervening
chain of four emino acida was fully extended.

Which of the two hypotheais is correct, is not certain, btut
either way, it can be understood why the proteineprosthetic group
complex in cytochrome ¢ is so stable.

Work on the protein part of the cytochrome ¢ molecule began,
as would be expected, with attempts to determine the amounts of the
various amino acids present therein.

In 1937, Keilin and Hartree estimated the amounts of the
basic amino acids and cysteine present in an acid hydrolysed sample
of oytochrome ¢ containing 0.34 iron. Separation of these amino
acids from the others present, was achieved by means of precipitation
with phosphotungstic acid, and their estimation (with the exception
of lysine) obtained by specific colour reactions.

The wvalue for lysins was arrived at by subtracting the
sumsed values of the others from the total base fraction.

Using a specific colour reaction, these same workers also
obtained a value for the tryptophans present after digestion of the
cytochrome ¢ with trypsin. Enzymatic hyirolysis wes neoceasary in
this case because tryptophanecammot withstand acid hydrolysis and
is destroyed.



- 1l7 -

In 1941, Theorell and Skedon carried out more detailed
determinations using similar techniques. In addition to the amino
acids mentioned above, they obtained values for glutamic and
aspartic acids and leucine.

The techiniques used by both sets of workers in 1837 amd
1941, however, were not very accurate and little reliance could be
placed on the results. Nevertheless, their aguisition represented
a considerable achievement and great credit was due to the workers
who produced them.

It was meny years, in fact, before acourate amino ecid
analysis of cytochrome ¢ were obtained, and as is often the case
in these matters, several sets of workers, working quite independently
achieved the break-bhrough, at about the seme time.

Funnikhoven (1958), Leaf, Gillies and FPirrie (1958), and
Holleman and Biserte (1959) all published amino acid analysis of
hydrolysed horgse heart cytochrome ¢. These analysis are in
agreenent to within 1 residue per mole for the content of arginine,
proline, methionine, isoleucine, tyrosine and phenylalarine, but
vary by 1 residue or more for all of the other amino acids.

See table.l.
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This table ia from Margolissh, Kimmel, Hill and Schmidt, 1962,
Table 1

}—3alea of aming agid rar mols of pratelin
Amino Acid i 2 S 4
Tryptophan 1 p
Lysine 18 18 19 19
Histidine 3 3 4 3
Nig B 7 8
Arginine 2 2 2 2
Aspartic Ae 8 7 8 8
Threonine 10 9 10 10
Serins 0 o 0 0
xvi i508 12 1 1 12
Proline 4 3 S &
Glycine 13 11 11 12
Alanine 7 5 8 é
Valine S 2 2 S
Cysteine 2 3
Methionine 2 2 2 P
Isoleucine 6 5 ) 8
J 11
Leuocine 6 5 ) 6
Tyroeine 3 4 % 4
- R PR 3
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In this table, Column 1 gives the results of Nunnikoven;
Column 2 those of leaf et al; and Column 3, those of Holleman and
Biserte. The analysias given in Columns 1 and 2 were obtained by
coluxn chromatography on ion exchange resins or starch and those
given in Column & were obtained by dinitrophenylation of the amino
acids followed by paper chromatographic separation of the dinitro-
=phenylated derivatives. In Colusm 4, data from an sutomatic amino
acid analysis (Margoliash, Kimmel, Hill and Schmidt, 1962) on a
complete ensymatic hydrolysis of the protein is given. This latter
cstimation, by reason of the accuraay of the tequnique is probably
the correct analysis.

As regards the amino acid sequence of cytochromes g, very
little information has been reported until last year, (1962). The
only section of the chain on which information had been published
was the portion immediately adjacent to the haem. Tuppy and Paleus,
(1955), Leaf and Gillies, (1955) and Margoliash (1956) all published
information on this section, but the most extensive commnication
on the matter was that of Paleus and Tuppy (1959), The hasm peptide
examined by them was the one resulting from tryptic hydrolysis of
horse heart cytochrome ¢. The peptide, purified by means of adsorptiomn
on taloc and by colum partition chrommtography, was sequentially
inveatigated using the fluorodinitrobensene techaique (Sanger, 1843)
to determine Neterminal reaidues, and the hydrasinolysis method of

(1as)
Akabori et al. to investigate C-terminal residues.



The tryptio peptide was degraded by means ef chymetryptio
hydrolysis and alse subtilisin hydrelysis. The terminal amine
acids of these subepeptides were in turn discovered and in this
way, by studying the small peptides and their overlaps, it was
possible to cbtain the sequenoe of the entire tryptio haem peptide
of cytechrome o derived frem horse heart.

Information has also been published conoerning the Netermimal
amine acid of horse heart aytochrome 9. Margoliash (1955),
using the fluorodinitrobensene technique of Sanger, olaimed twe
R-terminal residues of histidine.

Matsubara and Hagihara (1957), using the same technique
osuld not oconfirm this werk, and instead they identified arginine
as the Netermimml residue.

Werk oarried eut in this laboratory (see page 732) supported
neither of these olaims and indeed give ne evidenoe for any free
K-termimal residus. Sinoe then, work by Tuppy (1961), contained
in more detail in a later section, has shown that neither histidine
or arginine is the Neterminal residue which is in faot acetyleglyocine.

Recently, however, almost two years after our ewmn
investigations began, the entire amino acid sequence of cytochroms o
(horse heart) has been elucidated by Margoliash, Kimmel, Hill,
Sohmidt and Smith (1962) in cenjunotion with Kreil snd Tuppy (1961).
The techniques used, which are mentioned in more detail later,
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involved enzymatic hydrolyasis of the protein followed by
-puriﬂ.oatim of the peptides on ion exchange resins and by
electrophoresis. GSequential annlysis was carried out using the
fluorodinitrobensene technique, and Bdmans phenyl iso thiocyanate
technique.

The value of the present work, therefore, is to confirm
or otherwise, and also as new techniques have been used, to

provide another approach to the generas ;.. .cm of protein chemistry.

Confirmetory Work

The yalus of confirmetory work can be well illustrated

with respeet to the protein Ribomuclease:-

In the derivation of the primary structure for this protein,

there was one principal point of difference between the results

of Spackman, Hirs, Moore and Stein (1960, a, b) and Anfinsen et n.(ﬂfﬂ
and Redfield etol €135 ) This concerned the identity of the smine acid

residue in position 11, in the protein chain. Hiras, Moore and

Stein having claimed it to be serine, whilat the work of Anfinsen

indicated it to be glutamic acid (or glutamine).

Information on the subject from other authors adopting
different experimental approaches, indicated that amino acid 11
was, in fact, glutamic acid., Allends and Rich s (1962 ), for
example, isolated a decapeptide which included residues 11-30
from ¢rypiic digests of the S-peptide. The dinintrophenyl

technique indicated N - terminal glutamic acid. Also, Gross and
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Witkop, (1962 ) cleaved the protein at methionine residues
by resction with cyanogen bromide and obtained a peptide
expected to contain residues from position 1 up to and including
the position originally occupied by the first methionine residue
in the chain. According to the formula originally proposed,
that peptide would have contained glutemic acid and alanine in
the ratio of 2 residues to 5. Gross and Witkop found
equimolar amounts of these 2 amino acids in a hydrolysate
of the peptide. This result supported the resultes of Anfinsen.
48 a conseguence to all this, Smyth, Stein and Moo;v.
(1962) decided to make a thorough re-investigation of the
sequence of amino acids in this part of the molecule. This time
they obtained results which sgreed with those of the other
investigators and in addition, they found other errors in their
originally proposed structure of this peptide.
It is obvious, therefore, that confirmatory work is
of considerable value, particularly when the structures of large

and very complicated molecules are involved.

The necessity for confirmatory work with cytochrome ¢
is because of some inconsistency within the recent publications
of Margoliash et al. Apart from the series of papers mentioned
above, in which the entire sequence of the protein is elucidated,
& publication also eppears by Margolissh and Hill (1961). This

describes the treatment of cytochrome ¢ with leucine aminopeptidase,




which, i1t was claimed, removed thirty amino scid residues,
leaving the remainder of the protein intact, and still containing
the prosthetic group., Amongst the amino mias'remd were the
single tryptophans, one of the three histidines, one of the

three valinee and two serines which were hitherto undetected

in cytochrome ¢. These findings are not in accordance with

the sequence published in 1962, and although this came later,
confirmation of one or the other, preferably using different
techniques is desirable.

The means available for investigating the amino acid
sequence of a protein have undergone rapid development over the
past decade or ao,

For example, in his studies on Insulin, Sanger relied on
facts first pointed out by Synge et nl. (1943 ) that while
concentrated acid shows some side-chaln specificity, in its
catalysis of the hydrolysis of peptide bonds, it is more sensitive
to cnain length. The bonds of di and tri-peptides are hydralysed
relatively slowly as compared with those in the middle of longer
peptide chains due to inhibition by the proximity of Mig' .

Sanger therefore hoped to isolate di and tri-peptides
representing every linkage in the peptide chain. He did in
fact, isolate a subatantial proportion of the expected di and
tri-peptides from insulin 4 and B chains and was thus sble to

map out extensive sequencea by this method. These sequences
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did not overlap, however, for concentrated iCl does show some
aide chain specificity « in particular hydrolysing linksges
invalving amino groupa of serine and threonine more rapidly than
others. In arder to discover how these sequences were linked,
therefore, Sanger had to resort to the use of catalytic agents
with specificity different from that of HCl - proteolytic enzymes.

Though the method of partial acid hydrolysis was very
useful in elucidating the secuences in insulin, however, ita
use for longer peptide chains is precluded on the groundss
(1) suantitative emalysis of mixtures of the complexity expected
would be prohibitably difficult.

(2) The varying yields and possible recurrence of peptides
would malke interpretation difficult.
In the words of Katsoyannis (1961) therefore,

"#here peptide chemistry can make a contribution towards
the proof of protein structure, is in the application and continued
formalation of degradative techniques. Jince fragmentation of the
protein molecule to smmll peptides is probably the key reactiom in
degradative prucesces, the sesrch fur specific reagents for the
sclective cleavage of various peptide bonds, and the standardisation
of existing technigues is of prime importance., "

Most of the proteins and large polypeptides studied, have
been degraded with one or more proteolytic enzymes. Examples of
these are trypsin which splits a protein chain at the carboxyl

groups of lysine and arginine residues; chymotrypsin,which aocts



at phenylalanine, tyrosine and sometimes histidine and tryptophane
centres and pepsin, which has no particular specificity but
which will considerably degrade most proteins. All three were
used by Hirs, Moore and Stein in elucidating the structure of
ribomiclease (1960), and the asignment of the fragments so
produced, to their proper positions along the peptide chain was
accomplished by taking advantage of the overlapping compositions
of the peptides ot;tainod from hydrolysates of the protein

uaing different ensymes. Since the proper sequential alignment
of peptides by this technigue, however, from particularly long
chains is likely to become quite difficult, it is obviously

an advantage to be able to produce a limited number of large
peptide fragments from the protein.

From this point of view, therefore, the selectivity of
an enzyme as specific as trypein is no longer adequate when
large proteins are involved. Although in one of our own
degradations of cytochrome g, it was used, even in such a case
it would be convenient to have a cleaving agent that aplits
Just one or two peptide bonds selectively, possibly next to an
amino acid that occurs only twice in the protein mojecule. 5o
far, no enzymes are known that would perform such a task.
Meanwhile, however, work is being done to modify the apecificity
of existing enzsymes .

On the face of it, one possible approach in this direction

could be the modification of the ensymea themselves, This seems



reasonable since it has been known for some time that enzyme
activities depend on certain chemically defined groups, such

as for example, the phenolic groups of tyrosine in pepsin
(Herriot and Northop, 1934), or the indolyl or amide groups of
trypsin (Fraenksl - Conrat, 1948). At the same time, it is
obvious that all proteins possessessentially the saume resctive
groups as part of their structure. Therefore, the key to their
specificity of action is found not in any particular groups, but
in the spadial distribution of the latter, the gensranl geometry
of the molecule, the charge distribution on the surface and its
fluctuation, or a possibility of resonance and chelation with
the substrate etc. From all this, therefore, it would seem
that the properties of an ensyme could certainly be modified by
either blocking accessidble reactive groups, or introducing new
groups into its molecular structure.

The work done in this direction so fur has, however,
yielded no real change in enzymatic specificity although Nord,
{(1855) has shown that acetylation of the lLysine groups of
trypsin oan be advantageoua. The effects of this are to
stabalise the enzyme to autodigestion, and at the same time
increase the alkaline [l range over which trypsin is active.
Katchalsidd, (1865) has also produced a water inscluble trypsin
by coupling trypsin with a water insoluble polydiaszonium salt,
derived from a copolymer of :-amino-ulL-phenylalanine and L-leucine

(molar residue ratio 1:2). This, though less active than



- 27 -

native trypsin is more stable at the alkaline rH range 7.0 - 9,0
and can be used to prepare a column possessing tryptic esctivity.

Another approach has been the modification of the snsyme
substrate, There are two ways of going about this, both of which
have met with some success. (2) Creation of new sites in the
molecule for enzymetic action and (b) the blocking of existing
sites.

The creation of new lysine like siteas for tryptic cleavage
has been used by Lindley (1959)., He achieved conversion of cysteine
bonds to 5 -(8 aminoethyl)=- coysteine residues by reaction of the
thiol groups with f-bromoethylamine, Enaymstic degradation
of such modified proteins, e.g. reduced and f-aminoethylated insulin
by the action of trypsin and cerboxypeptidase f§ has been observed
(Tietze et al. 1957).

Other techniques for producing "artificial” sites for
tryptic cleavege have been devised by Ebate and Akabori (1960 &1961)
and Shalitin (1961). The former showed that conversion of the free
Y=glutamyl carboxy groups to Y~hydraszides produced tryptic sensitive
modified glutamic acid residuss, whilst the latter, by the
introduction of glyoyl residues into proteins with the leucime arhydrides
of glycine, showed that peptide bonds next to serine were similarly
sensitive. These techniques, however, have not yet been exploited

and their value is difficult to assess.
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¥ith the other approach, i.e. the blocking of existing
reaction sites, it is possible to remove arginine from
tryptic atteck through the use of sodium in liquid ammonia,.
This results in a protein containing ornithine instead of
arginine, and the method has been used for the deguanidation
of gelatin (Berger et al. 1958).

The first experiments reported, however, attempting
to increase the specificity of trypsin, by blocking its
reaction at the lysine residues in a protein, were done by Redficldund
Anfinsen (1958), In these he substituted the reactive
€-NHg groups of the lysine residues in ribomuclease, using
fluorodinitrobensens. Thus, on tryptic hydrolysis, he obtained
through hydrolysis only at arginine residues, a limited number
of large peptides which he was able to separate and characterise.
Unfortunately, the dinitrophenyl-lysins bond is very strong, and
80 no way of "de-blooking” the peptides could be found that did
not at the same time completely hydrolyse them to their
constituent amino scids, Thus, this technique was of limited
applioation, He was soon able to improve on this, however,
when he substituted the & amino groups of the protein with
bensyl-axycarbonyl groups. This treatment appeared to be as
efficient as a blocking agent, but had the enormous advantage
that the blocking groups could be removed, after tryptiec
hydrolysis by treatment withauhudrous HBrA. Unfortunately,

thia technigue meets with difficulties concerning the



insolubility of its products and another disadvantage of it
is the loss of basicity and of ths hydrophilic character of
the protein. Weil and Telka, 1857, attempted to overcome
this by guanidating the free and accesaible lysime £ - MNig
groups. The resulting homcarginine peptide bonds shey found
were largely untouched by trypsin.

A modification of this approech by Merigan (1968),
involves the conversion of the § = Nig groupa of lysine into
dithiocarbamate derivatives, by reaction with CSg at alkaline
i This method which has been tried out on an RNAase peptide,
produced by digestion with subtilisin, and also on reduced egg-white
lymozsyme, has been shown to substantially blosk tryptic hydrolysis
at lysine residues and the masking groups can be easily removed,
The blocking, however, being far from complete and apparently
reversible, the method will be of limited value when applied to
large and more complicated proteims. This critiocism applies alse
to the work of Weil and Telka (above).

In our own search for a suitable technique to modify
the specificity of trypsin, we at first tried substitution
with methyl chloroforzate. This, however, was only a limited
success and 80 it was with interest that we saw a paper by
Schallenberg and Calvin (1858) om the trifluorcecetylation of
amino acids and peptides in agueous solution. Using
ethyl thiotrifluocroscetats as the agent for this, they found
that the intense electrophillic property of the triflucrescetyl
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group, and the unususl aminophilicity of the sulphur atom,
combined in the thiol eater to produce considerable hydrolytic
stability. This was in direct contrast to the highly reactive
trifluoroacetic anhydride which has been previocusly used to
prepare several trifluorcecetyl amino acid and simple peptide
derivatives (Weygand et ul.1952 ).

In addition, however, they found that although
stable in acidic media, the trifluorcacetylamide bond undergoes
hydrolysis at FH's greater than 10.

From reading this work, therefore, it seemed to us
that the functional derivatives there described could be put
to use to protect a protein from tryptio attack, in the same
way Anfinsen used DN and carboxybenszyl derivatives of
proteins. Schallenberg and Calvin (1955) indeed had
applied them sucocessfully to peptide synthesis, in which
the requirements of functional group mesking and ultimate
regeneration are much the same.

Consequently, we have thoroughly investigated this
matter, with respect to its own values and also its application
to the elucidation of the structure of cytochrome ¢.

it has been found possible to mask every lysine residue
in the cytochrome ¢ chain, and the peptides produced by
tryptic hydrolysis have been purified and anslysed., The
results thus obtained have compared well with the structure

of aytochrome ¢ proposed by Tuppy and largoliash.
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The removel of the masking groups has also been
accomplished, although to do this it has been found necessary
to use either O.1M Naaii or O.5M NHg. The latter
technigue is favoured, as it is likely to be the more
gentle approach.

With all these techniques involving substrate
modification, however, successful results ocan only be
obtained if pure enzyme preparations are used. In the
present work, steps were therefore taken to guard sgainst
interference of this sort in the trypsin used., These are

described in the materials seetion.
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Cytochrome @

Some of the horse heart cytochrome @ used in this work
was prepared in this laboratory by means to be discussed, and
solutions of this were checked for purity and concentrution as
follows:=-

Solutionsof cytochrome ¢ were diluted appropriately
with Q.1 phosphate buffer pil 7.3 and their optical densities
measured at Z80 mu. A little sodium hydrosulphite was then
added, and the optical densities wsasured agein at 580 m:.

The concentrations of the solutions could be calculated
from the fact that

K 580 = 28,000 and if the sclutions were pure

then 0.D 550 red.
280 mz ox.
to check the purity of the preparations and the absence of serime

= 1,488, Aimino acid anelysis were also done

in these was a good indication of purity.

The remainder of cytochrome ¢ used was obtained from the
Sigma Chemical Co., who olaimed it to be 100. pures This was
cheoked by spectroscopic msans and amino scid amalysis . iIn
interpretation of the latter.

Hesults

G.D 550 mp red.
C.D. 2380 mp ox

= 1.26

See also Table 2.



cmino acid ~nalysis
Table 2,
Amino Residuss Residues
Aeid Cytochrome ¢ Cytochroms g
(Mmlﬂl et .Ju)
Asp 8 8
-

Thr 8 10

Glu 12 12

Iro 6 4

Gly 12 12

Al (] 6

Val S L,
Ileu ¢ (3

Leu é é

Tyr 3 “
Yhal 4 &

Lys 18 19
Hist 3 S

Arg 8 a
Meth 2 ]
Cyat Oe2 2

The absence of serine probably indicated purity, and the disorepancies
seen in the table were almoat certainly due to the fault of the
anslyser, (sce Methods) and cysteic ncid being present as cyateins.
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Trypsin

Much of the work described in this thesis concerns a
means of increasing the specificity of trypsin, thus causing it
to fission proteins only at arginine centres.

The trypsin preparations in our possession, however,
(from Jorthington's) were found to be conteminated with
chymotrypsin to the extent of 1 or less.

It was difficult to anticipate the importance of this,
but what was obvious was, that any action which might derive from
this enzyme would defeat the object of increasing the apecificity
of the trypain as additional peptides would be produced in the
hydrolyasate. This was verified in practioce when the fairly
prolonged incubation required for the completion of a tryptic
hydrolysis, allowed appreciable chymotryptic hydrolysis to ocour
on a sample of cytochrome o.

VMtown were, therefore, made to eliminate this
chymotryptioc activity, amd the first was by incubating the trypsin

preparation at 37%, in rg_}l(:l for a known time (24 hours or 40 hours).

This treatment is known to render chymotrypsin unreactive,

(Northrop, 19354) but no published information is available concerming
its effect on trypsin. Experiments were therefore carried out

(as described below) to determine thia, and it was discovered that

incubation in M HCl destroys much of the activity of trypasin.
1



Thus, to achieve a satisfactory hydrolysis of & protein into
peptides, using incubated trypsin, it would be necessary to use
large amounts which could lead to confusion on smalysis of the
mixture,

Another approach wns to limit the concentration of trypsin
and the duration of the hydrolysis. In the present context,
however, t;u- sometimes leads to further d.iffiéulty because for
achievement of the greatest benefit from the limitation of
tryptic hydrolysis of the protein, it is desiradle that such
bonds as are attagked, are hydrolysed completely. (In this way,
the‘siwlnt mixture of peptides will be obtained). With
trifluoroacetyl cytochrome ¢, it was found a little difficult te
obtain complete hydrolysis at the arginine residues and avoidance
of significant chymotryptic action,

A third attempt was the separation of trypsin and
chymotrypsin by electrophoresis as described by Grassmanv(1961).
In our hands, this technique gave only & partial separation, but
as the overlap was small, and selective methods for the
identification of the positions of the two enzymes were devised,
it was possible to obtain some completely pure trypsin by these
means.

This techmique which is desoribed below was only developed
towards the end of the present work, at about the same time as
B.D.H. marketed a chymotrypsin free preparation of trypsin.

Although it was sucoessful in itself, it was not used in the



oytochroms ¢ structural investigations.

Determination _o_g Igpuc Activities

In this experiment, the activity of trypsin before and
after incubation in 3%' IC1l is compered. The substrate used in

this work was toluens mlxhox\yl-l-argimm:myl ester (Tsame)
[128.7 og in 50 ml ntor] Five ml of this solution and 2 ml

EBl( ¥ |were used in every determination.
(&)
The trypsin solutions used wereie
(1) 0.708 mg per m}. M 4C1 (20 d)
16
(2) 4s ia (1), incubated for 40 heurs at 37%, (20 ul)

(3) 1 trypsin in 1%_ HCl, incubated 24 hours at S7°C, (20 ul)

In ell cases, the reactions were carried ocut in an automatic

rediometer titrigraph which followed the resction by titrating
0s194 M NeaoH to meintain the pil of the reaction mixturc at 7.5.
At the same time, a graph was traced of alknli titrated versus

tize., See figure.2.
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Basuits frem she Graphe

The activity of the trypsin at any point on the curves
was obtained by drawing a tangent to that point and csloulating
the gradient of this tangent. As very little apontaneous
agueous hydrolysis of the TSAME appeared to occur, it wes not
necessary to allow for this.

A more absolute evaluation of the activity of the trypsin
in each case was obtained from the oalculation of the reaction

constants from the formula.

K = £.305 log GCo shene
t Co » a

Co = the initial comsentration of substrate
and a = the amount hydrolysed in time ¢
(1) Aotivity I 1.83
Heaction Constant = 0.0197
(8) Aotivity = 0.02
Reaction Constant = 0.00833
() Activity = 0,09

Reaotion Conatant = 0.0098

Separation of Trypsin snd Chymotrypsin by Eleotrophoresis

The trypsin preparation, in addition to about 1 chymo-
trypsin, also contained 50 lMgil,. Before electrophoresis,
therefore, it was nsoessary to desalt the preparmtion, both to

prevent the electrophoretogram from being obscured and also



interference with the colour reactions described below for the

selective detection of trypsin and chymotrypsin.

Experimental

10 mg of a Worthington trypsin preparation were desalted on
& G26 sephadex column (11 cm long x 1.5 diameter) equilibrated
with 0,056 M HCl. The trypsin was applied to the column in 1 ml
solution and four ml fractions were collecteds The emergence of
the trypsin in the eluate was detected by optieal density readings
at 280 m: and the MgSO4 position was determined by the addition
of pa Cl2 and HC1l to aliquots from the fractions.

The trypsin containing fractions were then bulked,
lyophslised and the trypsin applied to Whatman No.I paper for
eleotrophoresis in a three-inch strip aoross the electrophoresis

paper as shown. Fig. 3,

v s
A spot of chymotrypsin was also applied as ahown. Electrophoreais
was carried out in pyridine =glacial acetic acid - water buffer

(50 :2:1000) pi 6.4 with a potential gradient of 20 volts/ cm for

60 minutes.



After electrophoresis, the chymotrypsin and trypsin were
losated by a dstection method using synthetic aubstrates:

Two strips of filter paper ;" x 22.5" were dipped in
(1) 0.01 ¥ TSAME containing cresol red and adjusted to pii 8.5
(2) Similar to (1) except that TSiME was replaced by phenyl

alah’ne ethyl eater

A 5" strip from the edge of the paper on which
¢lectrophoresias of the trypsin had been carried out was then
sprayed with cresol red and exposed to NHs until it was just pini,.

This strip was then nnﬁvij‘d\-d between the teat strips thus:
?ig. 4.

Test stnp@; TR

Tesk strip @D

bet

The effect in this annmriﬁoh was hydrolysis of the TIUE by

trypsin and hydrcolysis of the phenyl elanine ethyl ester by
chymotrypsin, These hydrolys/s were accompanied by a lowering
in pi and consequent docolo#rhation of the oresol red. Thus
the poaitions of trypsin ar;ﬂ chymotxypsin can be determined by
the sppearance of yellow patches on the red indicator background
of the teat strips.
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The experiment showed that trypein and chymetrypsin
were not entirely separated. Neverthelesa, it was possible to

elute pure trypsin from an appropriately out stripeyig. 5,

“ryf‘;n <
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Preparation of ethyl thiol triflucroacetate (Hauptschein, Stokes

8 gm ethyl mercaptan were chilled on an ice bath and
38 gm triflucrcacetic anhydride were added dropwise over a period
of 1 hour with intermittent chilling and shaking. The reaction
vessel was fitted with a reflux condenser fitted with a calcium
chloride tube, permitted to stand at room temperature for 1 hour
and then heated at 100% for 3 hours. The excesa anhydride amd
trifluorcacetic acid were removed by washing twice with 150 ml
portions of cold §¢ KOH, and twioce with water. The material
was dried over anhydrous magnesium sulphats and the eater was
obtained by fractionmal distillation (boiling peint 90.5°C at 760 mm)
yield 50 = 60% based on ethyl meroaptan,






Determination of Total Nitrogen

Samples of the material under investigation were
digested for three hours in HgS04 containing Se03 {50+ w/v and
1 w/v) and then the digestion mixtures were made up to 10 ml
with water, Two ml samples of these were subjected to

Neaslerisation together with two controls of NisCl.

Nesslerisation

To the samples, 3 ml 2N Nacl and 2 ml Nessler's reagent
were added, The solutions were sllowed to stand for 15 mimates

and then the optical densities read at 420 mu.
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imino Aoid Analyais

(a) Sualitative
The qualitative apnlysis of amino acids was achieved

by means of two dimensional chromatography on sheets of "hatman
No.I filter paper. The solvents used to effect the separations
were butanol/ acetie acid/ water (4:1:5) and phenol water, and
the amino acids were detected and identified by dipping the
papers in a 0.1 ninhydrin solution of composition, 95.

ethanol ~ glacial acetic acid - collidine (50:15:2) and heating
them at 0% for five mimutes. See Figure 6.

On some occasiona, however, when interest was focussed on
the basic or acidic amino acids, the amino acids were separated
by means of high voltage electrophoresis. The apparatus used
in these experiments was made by Shandon and had water cooled
plates capable of accomodating paper 50 cm long/12.5 cm broad.
The material to be electrophoresed was thus applied to Whatman
No.I pepers of these dimensions, which were then wetted with
pyridine - acetic acid - water tuffer pii 6.4 (100:90:890),
blotted, covered both sides by polythene strip and placed between
the plates of the apparatus. These were water cooled metal
plates which were then pressed together with a pressure of 15 1lbs.
per square inch and contuct between the paper and the buffer
surrounding the electrodes was made by paper wicks. The required

potential difference (50 volts/cm) was applied across the puper
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for 40 minmutes anl the detection of the amino acids wes eas
described above. This technique separnted only aspartic
acid, glutamic acid, histidine, lysine and arginine. The mono
amino monocarboxylic acids remained near the origin.

Quantitutive Amino icid Analysis

During the course of this work, three different techniques
were employed. These are detailed below,

(1) The amino acids were sudbjected to two dimensiomal paper
chromatography and estimated q\nhtitattvely using the special
dipping solution of Heilmann, Barrollier and Watzke (1987).

This consists of 100 mg cadmium acetate, 10 ml water, 5 ml acetio
acid, 100 ml acetone and 1 gm ninhydrin, mixed in that order.

The chromatograms were lsft to develop for 24 hours in a large
desicontor over concentrated sulphuric_acid, the resulting spots
eluted with methanol, and the optical denasity of the eluate

read at 500 mu.

The valuss s0 obtained were converted to amounts of amino
acid using the extinotion coefficients given by Heilmann et al.
¥hilst the method, as employed, was not capable of great precision,
experionce suggested that the values obtained in any one set of
analysis were sufficiently consistent to give a semi-quantitative
measure of the ratios of the amino acids present. Clycine and
proline, however, ocould not be estimited this way, neither oould
leucine or isoleucine be distinguished from each other,
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The prosecution of this technigque reguired oonudorabio
amounts of time and its use was sometimes precluded when the
solutions to be analysed contained more than a certain amount
of salts. On such occasions, the UI¥ technigque, Levy, (1954),
Kook and Weidel (1956), ss described below, was used.

rreparation, Bxtraction and Guantitative Bstimation of

O Amino Acids

(11) This was done according to the method of Schroeder (1957)
whereby the amino acids were disszolved in 60. aguecus
ethanol to which an excess of the RaiCOg necessary to mrintain
the gi at 9§ had been added, FExcess fluorodinitrobensens was
then added and the mixture shaken gently for three hours at 37%.

The excess FOUNB was first extracted from the above mixture,
by peroxide free ether (four times). The solution was then
acidified to pd and extracted three times with 4.5 ml ethyl
scetate. The extracts wers all washed with the same one ml
of water, mixed, and the ethyl acetate svapourated off in a
sublimation tube,

¥ost of the dinitrophencl present was then removed by
vacuum sublimation (at 70°C for 10 minutes) to leave the residue
ready for chrommtography.

The aqueous phase was next extracted with secondary
butanol. In order to prevent formation of a homogencous

solution, it was found neceasary to add NaCl. The washing of



the three secondary butanol extracts was similarly useless,
as it was necessary to salt out each time.

The secondary butanol extracts were bulked and the solvent
cvap+lud » leaving a residue containing a considersble amount
of salt, The DN’ material was removed by extrection with acid
acetone, (100 cc scetons + 1 cc NICl) which on evap7‘nt1on left
the DN’ amino acids ready for chromatography.

This was dons two dimensionally using n-butanol/C.1 .
ammonia (1:1) and 1.5 M phosphate buffer pi7. The figures 7 & 8
show typical chromatograms.

To obtain guantitative results, the DNP amino acid spots
wore cut from the paper and then eluted from it with § ml Hg0,
The optical densities of the resulting solutiona were then
measured at 360 mu,.

This technigue has been used extensively in the present
work with considerable success. Its immunity to salt effects,
for example, makes it in some instances a superior tool to the
method described under (i). It is superior also in that it
mkes possible the measurement of amounts of amino acid, ranging
frop 0.01 ymolea to 0,5 pmoles. It does not, however, distinguish
between leucine and iso leucine.

(441) Automatioc Amino Acid Analysis

This procedure, although complicated, provides probably
the quickest and most efficient means of characterising an amino

acid mixture,
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The assembly now available in this laboratory wes
designed and built by Dr. George Leaf, who based his design on
earlier models by Spackman, Moore and Stein (1958), and ries
and Morris (1960).

The amino acid separation involved in this procedure
is accomplished on an ion exchange resin columm, the elution of
which is controlled by & “varigrad" or mixing vessel (consisting
of nine inter-commected chambers), that alters the iomic strength
and [ of the eluate in a very specific mnner, The inter-
comectians of the chambers, which are indicated by the small
shaded circles can be temporarily blocked whilst the vessel is
charged with its buffers; each chamber receives an equal weight
of its required buffer. Figure 9.

The buffer to the column is pumped from chamber I and as
ita level comsequently falls, so the levels in all the other
chambers adjust themselves, through the various commections, in
order to preserve the hydrostatic equilibrium. Thus, the
desired gredients of il and ionic strength are provided,

From the column, the buffer, as it emerges, is caused
to mix with a special ninhydrin reagent. These two together
then pass through & "reaction coil" immersed in a boiling water
bath, and so the ninhydrin colour is developed, and the intensity
of this depends on the quantity of amino acid (if any) present.

From the resotion coil, the solution passes on through

a tubular cauvette in a photometer where the colour intensity






is acocurately measured. This is recarded by means of an
eloctronic recording device and a graph is traced va time, whiah
indicates the presence of the amino acids in the form of peaks.
From the aree under these peaks, it is possible to caloulats
the quantity of amino acid present. Individual amino acida are
identified by their position on the graph, each amino acid
alwoys essuming the same position dus to the very accurate and
standard pumping of the buffers and reagents.

The benefita of this technique over the others used are
mumorous., The amino acids themselves are amlysed directly,
and therefore no reliance is placed on the completiom of a
secondary reaction. Further, the salt effects are minimsl and
the entire analysis, which is capable of measuring amounts of
amno acids reanging from 0.1 - 3,0 pmoles, with recoveries of
97 = 105¢, is completed in 24 hours.

It must be mentioned, howover, that difficulty has
sonstimes boen experienced with the analysis of lysine and
histidino becsuse of ammonia in the Wuffers. In the early
analysin too, difficulty was found in eluting arginine cuantit-
=atively from the column, This has since beon overcome, however,
by raising the column temperature.

Nevertheless, in view of ita other advantages, on its
becoming available, this technigue was adopted in faveur of the
others .



rogt:l.do Separation

To determine the emino acid sequence of a protein, it is
first necessary to degrade it to smller aimpler fragments,
which must then be separated from each other and characterised.
In this work, various mesans of dodng this were used, which
relied on different principles. These are described below.

(1) Sephadex

Sephadex separates peptides according to their molecular
sime. It is a three dirmensional oross linked, porous,
polysadharide substance with a basically non ionio character but
slight polar properties dus to its high hydroxyl group content
and the presence of a very few - Codi groups where sare terminal
alooholic groups have become oxidised.

In the presence of water, dry sephadex swells, and the
amount of water taksn up depends on its grade. This is expressed
as "water regain” of the muterial in gms of water per gm of dry
sephadex,

The water in a column of sephadex consists of two parts,
the internal water (Vi) i.e. the water in the grains, and the
external water (Vo) which is the water in the colusmm swrrounding
the gel grains. The walue for Vi can be caloculated from the
known weight of dry sephadex, and ita water regain, end Vo
(the void volume) is determined as described below.

Thus, the total volume of the packed gel bed is



Vt = Vo ¢« Vi +«+ Vg where Vg = the volume of the gel matrix.

The way in which sephadex effects its separation of
molecules is:- .

Small molecules sre permitted to diffuse &% the
szphadex gel grains and are eluted from the columns in a
volume Vo « Vi,

Large molecules, on the other hand, are not permitted to
diffuse through the grains and therefore are eluted in a
volume Vo.

Intermediate cases also exist where molecules are partly
able to diffuse through the grains and these are eluted in
volumes somewhere between Vo and Vo + Vi,

The different grades of sephadex determine whether or
not o molecule is large enough to be excluded from the gruins.
These axei=
(1) G25 sephadex: a molecular weight of about 3,500 or

greater will provide for ceomplete exclusion.
(2) G5O sephadex: 8,000 and above
(3) G75 sephadex: 40,000 and above

Determination of Void Volume of a Column

This is carried out by passing through the calumn a
solute with molecular weight large enough to ensure complete
exclusion and measuring the elution valume. Diluted indian
ink or haemoglobin are two materials which are suitable for the

purpose.
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The columns of sephadex used in this work showed that
the resolving power of the technique is limited. Good
separation of peptides were only obtained when a large sise
difference existed.

Method

The sephadex was equilibrated in weater, or a selected
buffer, overnight. The fines present were decanted off and the
column then poured, in sectioms, from a fairly concentrated slurry.

The material to be separated was applied in as small
& volume as possible, and the column eluted with the buffer used
for equilibration. The eluate was divided into comvenient
fractions and these were analysed as described on page g2
(2) FPaper Electrophoresis

This technique, to produce a successful separation,
requires that the peptides concerned have a difference in net
cherge. ¥ith cytochroms g, which contains a large number of u
besic and acidic amino acids, the peptides obtained ni‘a generally
quite amenable to this condition. The scale of this method,
however, is limited, and it was found to be unsuitable for very
complex mixtures.

The peptide materiacl was applied to an electrophoresis
paper in an 8 cm strip and run at a potential of 80 volts per com
for 350 mimates in the pyridine-acetic acid-water buffer

previously described,
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The detection of the peptides on the dried paper was
achieved by means described below, on a small "marier strip”
cut from the electrophoretogrum. They were eluted with 0.05 M
ammonda.

A two dimensional extension of this technigue was also
used on some ocoasions, to produce "peptide maps"™. This was
done acoording to Ingram (1958), except that the electrophoresis
was oerried out at & higher voltage (see above). The second
dimension was completed using asoending chromatography in
butanol/acetic acid/water.



The Techrmigues used to Deteot Feptide Fositions em Paper

ey

(1) Mohyirin Hp

The papers are dipped in a 0.3 selutiom of mivhydrin,
in 9§ ethansleglacial scetic scid-collidine (50:15:8), and
heated at $0° for five mimutes. The peptides sppear aa dark
blue stains.

(3) Chlorine Method (Rundel emd Hepps, 1904)

The paper is air dried and any phenol completely remeved
with an ethanol-sther mixture (1:11 v/v). It is then medstensd
with ethanel-acetons (1:1 v/v) and bhlotted.

Fext, it is enclesed in a desicoater above & solution of

lolllgw‘mmummz,mhnmnnumn
the resulting atmosphere of chlorine (and oxides of chlorinme).
It is then immediately tranaferred to a solution of equal volumes
of gonm-cmuo-mnmmucm Maxdisumn
colouring appears after about two mimutes, and the peptides

are shomn as dark blus patches on a light blue backgreund.

(3) Ehrlichs Reagent for the Detection of Tryptophang
Eeptides (Jepson and Smith, 1983)
The paper is dipped in a 3 dimethylsminobens~:ildehyde
solution in acetons : chloroform 9:i. A positive teat is
indicated by the appearance of a purple spot after two mimutes.



(4) Sakaguchi Test for the Deteetion :t_ Arginine Peptides

(Jepson and S8mith, 1968)

The paper is dipped in a solution of 0.1’ oxime in
acetone and dried in the air. It is next dipped in & solution
of 0.8 ml bromine in 100 ml 0.5 M Nasli, A positive test is
indicated by an orangs rod spet.

N.B. DMethods (1), (3) and (4) can Be carried out on the
“m.hﬂﬂimo

(5) The Method of rnillips (1548)

The paper is heated at a temperature of 1109 for 10

minutes. The peptides thus react with the paper and oan be
detectsd under U.V. light.
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"scovery of Peptides by Elution from Filter Faper after
Electrophoresis and Chrometography

Low yields of large peptides obteined in some experiments
indicated that substantial loases were ocouring during
frectiomstion. It was suspected that one source of loss was
incomplete recavery of peptides from filter paper after
electrophoresis and or chromatography. The efficiengy of the
elution technique was therefore investigeted.

A sample of a peptide mixture, containing 744 ug N and
known to consist predeominantly of one larpe peptide, was applied
to Whatman No.I filter paper and subjected to electrophoresis
and chromatography (see page 54 ). The meotiom comtaining the
large peptide, remaining near the origin, was dissected, and the
peptide eluted with 0.00 M Mig in the usual smmner. The section
of paper was then freed of Niz by saturation with 0.1 M Ka,COg
and drying in a vacuum dessicator over Hgi0,, The paper wus
then homogenised in 10 ml smmonie free water and the suspension
lyophilised. Weighed samples were then digested for determination
of total N, together with a control containing O.1 mg K.

Total weight of paper = 325 mg
Welght of samples (1) 49.5 mg
(2) 45.5 mg
The digestion mixtures were made up to 10 ml, and 2 ml were

subjected to Nesslerisation together with the two contreols of

Ni, Cl. The results are as shown,



Sample —F Optical K present in
Density Sample

Control 0.820 100 pg :

(1) 0. 285 34.8 pg

e ¢ Mean total N in paper section = 161 ug.

Hence, some 284 of the total peptide N remained on this
one section of paper. As four other peptides were also
present on other parts of the paper, the recovery of peptide I
mey have been much lower,
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(3) Ion Exchangers

The separation of amino acida or peptides or ion exchangers,
depends not only on charge interactions, tut also on the Van der
#Wasl's forces existing between the exchanger and the side chains
of the amino acids or peptides. Between synthetic resins, which
are hydrocarbon in nature, and hydrophilic substances such as
hydroxyamino acids, little Van der Weal's attraction exists.

These substances, therefore, may pass fairly quickly through
columns of the resins. Conversely, hydrophobioc compounds such
as histidine are more strongly bound and consequently pass through
the columns more slowly.

The use of ion exchange resina for peptide separetions,
came after their development for amino acids., It was found, however,
that the closely puacked resin bed and the large numbers of side
chains on peptides, were liable to cause the peptides to astick on
the columns, unless resins with low cross linkage were uaed.

Hirs, Hoore and Stein und their collaborators were the major
ploneers with this work and they were successful in using Dowex
50 = x2 and other resins with sodium and ammonium buffers to
separate fairly complex mixtures of peptides deriving from
ridonuclease (e.g. 1952, 1956).

¥ittmenn and Braunitser (1959) also used Dowex 1 - x2
to separate the tryptic peptides from TMV. Using tuffers

consisting of mixtures of 2, 4, &mllid&m. pyridine, acetic acid
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and water, the task of desalting the peptides was reduced to
one step.

The technique used by us, however, in this work, was
developed by Konisberg and Hill (1962). They used Dowex
50 = x2 and pyridine buffers to successfully seperate the tryptic
peptides of a-globin:. This method has all the advantages of
those msthods previously mentioned, i.e., erse of desalting
and good resolution. 1In addition, however, it requires a shorter
column and therefore separation of the peptides is achieved more
quickly.

The technique, which was used only once, is fully
described in the experimental seotion page 124 .

The use of cellulose exchangers was pionsered by
Sober et al. (1956), who found that suitable adsorbents could
be prepared from "a-cellulose" by treating cellulose powder
with chloroacetic acid to form a cation exchanger (Cl-cellulose),
or with 2-chloro=N, Nediethylamine to form an anion exchanger.

Almost all that was said of the theory of iomn exchange
resins, applies in reverse to cellulose exchangers i.e. they
retain hydrophilic substances whilat those which are hydrophotdo
are unaffeoted. Alno, they form relatively loosely packed beds,
and 80 proteins and peptides are not liable to be so strongly
attached.

Although they have been used successfully to effect

protein separations, little work appears to have been done to
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apply them to the separation of peptides.

In this connection, we have used carbaxymethyloellulose
with very limited success to separate the tryptic peptides of
cytochrome g¢. The technique used is fully described in the

experimental section, page 79 «



Methods of ieptide Detection in the Eluate from a

Chromatography Colusmn.

(1) Aliquots from the various fractions were sﬁbjooted to
alkaline hydrolyais, and the resulting amino acids were then
rescted with nimhydrin at fiS. The intensity of the colour
produced was measured at 570 mu and this gave an estimetion of
the quantity of amino acid material present.

i'rocedure

iml 2-5 M Nacil is used for alkaline hydrolysis over a
period of 2 hours at 100°C, This is neutralised with 0.5 ml
60+ acetic acid and the adjustment to i was completed by the
addition of 0.3 ml 0,5 M citrate buffer piS. 0.0 ml of the
Yemm and Cooking ' (1955) ninhydrin reagent was then added and
the colour developed at 100% for 15 minutes, and resd at 570 M.

The ninhydrin solution consists of 0.5 gm ninhydrin,
49 ml methyl cellosclve and 1,0 ml 0.01 M ECH solution,

During these estimations, great care must be taken to
exclude ammonia which gives a positive test. For this reason,
the cltrate buffer used was passed through a columm of seccardb
225 in the sodium form and the methyl cellosolve was purified on
a column of amberlite IR 120. ilso, the niphydrin was re-
=gcrystallised aoccording to tho method of Hirs, Moore and Stein
(1951).



(2) Optical Density Measurements

The optical densities of the solutions suspected of
containing peptide material are read at 230 mu., Feptides
containing arommtic amino acid residues, such as tyrosine,
absorb at this wavelength end can thus be detected.



rreparation of DI Feptides Followed by Acid Hydrolysis and

Isolation and Estimation of the Resulting DI ‘mino Acids.

{Lockhart and Abraham, 1954 and 1968).

The peptide mixture, say 2-3 mg, was disscolved in 1 ml
§. trimethylamine carbomate pii9%. To this, 100 ul F.D.N.B. in
2 ml ethanol was added, and the mixture shaken for 2 hours at
40%. At the end of this time, most of the ethanol was
ovapa’mbd off in a cold air stream and to the aguesous asolution,
2 ml of trimethylamine carbonate were added, It was then
extracted three timess with peroxide free ether and the agueocus
phase evapourated to drynesa before hydrolysis overnight in
6N HC1 at 1109% (1 ml),

The acid hydrolysate was made up to & ml with water,
and the DNF amino acids were extraoted, chromatogreammed and
estimated as previously described (pege 47 ).






(Isolation and Furification of Cytochrame o

:_

The earliest attempts to isclate and purify cytochrome ¢
were made by Keilin (1930 & 1937), Zeile and Reuter (1938), and
Theorell (1935 & 1956)., Although their techniques represented
a considerable achievement, however, and extensive purification
resulted, it was not until 1939 that cytochrome ¢ was cbtained in
reasonably pure form. Theorell and Khlon were responsible for
this, using an electrophoresis apparatus. Freparation of
cytochrome ¢ on a large scale could be performed by this method
but it was not suitable for most laboratories on account of the
oxpensive equipment required.

In 1945, Keilin and Hartree modified their previous
technique (1957) and by mesans of ammonium sulphate precipitation
on dilute acid extracts, obtained an electrophoretically pure
preparation of cytochrome g. Tint and Reiss (1950) however,
used their original method with success, but in this laboratory
it was found that although it did occasionally produce cytochrome ¢
of high purity, it could not be relied upon to do so.

In 1950, Faleus and Neilands used the polycarboxylic
cation exchange resin amberlite IRC-50 for purifying cytochrome o.
Thoy were in the forefront of workers using ion exchange resins
in protein purifieation and with cytochrome ¢ thsy were able teo
take advantage of its high isoelectric point, 10.05, which

allowed the adsorption of concentrates of the protein on the
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resin at piS. Impurities were removed by washing with
ammonium buffers, leaving the cytochrome ¢ to be eluted at
pil0.8 or frectionated into three bands at pi9. The first of
these bands was reduced, and the others oxidised, whilst the
seoond appeared to be the purest as it had an iron content of
0.46Gi. This is purer than the cytochroms g eluted by pi 10.8
ammonium hydroxide and its physical constants compare favourably
with those calculated for an electrophoretically pure sample

by Tint and Reiss (1980).

One disadvantage of this preparation, however, was
that the material was collected in dilute solution, thus malking
it necessary to precipitate with T.C.A, in order to concentrate
it, Thia was unfortunate, as it has been shown by Margoliash
(1952), that T.C.A. modifies cytoShrome ¢ into an enmymatically
inactive product, specotroscopically identical with native
cytochrome S.

A modification by Neilands (1952), however, improved
the technique when he applied the charge at a lower fH of 7 in
Os1 M sodium phosphate buffer, Washing off the impurities in
this buffer, he then eluted the cytochrome ¢ in ome band with
saturated ammonium acetate,

It was also found in this laboratory (Leaf, Cillies
and Pirrie, 1958) that cytochrome ¢ could, more conveniently,
be eluted by use of a sodium phosphate buffer of the same pH,
but higher molarity (0.25 K).



One of the most up to date preparations of cytochrome ¢
relies considerably on the above technigue. 4As might be expected,
it embodiea the work of meny laboratories. Submitted by Hagihare,
Monikawa, Tagawa and Okomuki (1958), 4t begins with the
extraction of fat freed minced heart muscle with cold dilute
acetic acid,

These extracts are then purified using a series of
amberlite IRC-50 columns with ammonium buffers of verying pi's
and molarities, ammonium sulphate precipitation similar to
that of Keilin and Hartree (1945) and crystallisation of the
cytochrome o from a solution of ascorbic acid, ammonia and
smmonjum sulphate. This crystallisation ia probably the main
contribution made by this method. The cytochrome ¢ thus obtained
by the authors had an iron content of 0.,45. and an extinction

ratio (580 of 1.28, Further teats, such as electrophoresis
280 mu

and ultracentrgfugation also indicated homogeneity and so the
material was considered to be 10G. pure.

A method using an extraction procedure which did not
involve acid extractants, however, was put forward by Murray,
Marinetti and Stots (1960).

In this method, a neutral salt solution is employed for
the extraction of the oytochrome g, and a preliminary purification
is brought about on this extract by the addition of acetone which
at pil 4.5 precipitates mich extraneous protein material. PFurther



purifioation on the ion exchange resin XE 64, using phosphate
btuffers, follows this to give a product with the extinetion

ratio 550 mu red. = 1,35, which compares well with the values
280 mu ox.
reported by other woriers for purified cytochrome c. Also, the

spectral properties of this product compared favourably with
those reported by others for highly purified preparations
(Hagihara et al. 1958 & 1959; Margoliash, 1959).

In our own preparation of cytochrome ¢, the methods
used were dased on the work of Hagihara et al, and Stats et al.

Minced heart muscle (3 kgm) was extrected by a solutiom
of sucross, containing saporin (Stats et al. 1960) which was then
discarded. This was followed by extraction of the residue twice
with acetone and the extracts were again disearded. These
woashes were carried out (Stats et al. 1960) to disrupt the cells,
particularly the erythrecytes present, while keeping the
mitochondria intact. It was thus possible to wesh out most of
the soluble cytoplasmic proteins whilst the cytochroms ¢
remained in the particulate residue. This perticulate was
disrupted by the acetone washes.

The cytochrame g was extracted from the tissus with a
sodium chloride sclution, and on this, the preliminary purificatiom,
using scetone (mentioned above) was carried out.

FPurification was continued (Stats et al., 1960) using a

batch procedure, and the ion exchange resin XE 64 buffered to pis.
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The cytochrome g adsorbed on this resin was washed with distilled
water and then eluted off using 0.5 M Nag irO,,

This eluate, after dialysis was put through a columm of
the same resin and then eluted off using 0.1 M Nag HrO,.

At this stage, according to Stats et al. a very pure
product of oytochrome ¢ should result. This, however, was not
our experience, and so our preparation was subjected to the
ammonium sulphats treatment dessoribed by Hagihara et al, (1958)
and then, after dislysis, chrometogrammed on amberlite IRC 50
equilibrated with 0.25 M phosphate buffer pii 7 (Hagihara et al,
1958), The material was eluted from this column with the sames
buffer and spectral determinations carried out on the eluate

indicated 260 mg cytochrome ¢ and 550 mu red. = 1,08
280 mu ox.

It was found, however, that purification could be achieved
by fractiomation on a column of CG25 sephadex. Consequently, the
total oytochroms ¢ solution was dialysed for € hours ageinst running
water, and then overnight against 4 litres of distilled water,
The resulting solution was freesze dried, taken up in 20 ml water
and applied to a column of G356 sephadex, equilibrated in distilled
water, 60 om long x 4 om in diamater, The eluate from this
column was collected in fractions of size € ml.
The oytochrome ¢ emerged from the colum after 50 ml
of eluate, nnd the table shows the extent of the purification, Table 3.



Table 3.
Fraction Ratio
Rumber 560 mu red.
280 my ox.
® 1.28
11 1.5
13 1,38
15 1.28
17 1,236
19 0,04
a 1.1
as 1,07
27 0.84
29 0.84
31 O.45
33 0. 27

Very dilute fractions



Practions 9 - 17 were bulked and taken as reasonably pure
cytochrome C.

From the table, it would appear that the impurities in
the preparation, follow the cytochrome ¢ down the column, overe
«~lapping slightly with it at its tail. This suggests therefore
that the contaminating materiaol is a protein, or proteins, with
molecular weights slightly less than that of cytoechrome c.

The N-Terminal Residue of Cytochrome o

The number of free amino groups possessed by cytochroms ¢
)
was first reported on by Theorell. and Akeson in 1941
Using the nitrous acid method of Van Slyke, they obtained results

to suggest that cytochrome ¢ had 9-10 free amino groups in excess
of the number of lysine residues.

This matter was reinvestigated later by Leaf (i.C)
however, and he found by means of Fraenkel Conrat’s Orange G
method, that horse heart oytochrome ¢ had a total of 24.6
equivalents of basic groups per mole.

Now, the best amino acid annlysis indicates that in
Cytochrome ¢ there are 19 lysine, 3 histidine and 2 arginine
residues, in all 24 basic side chain groups. This, therefore,
left open the possibility of, at most, one Neterminal residue,

Attempts made previcusly in this laboratory, to identify this, had

proved unsuccessful., Ailso, the resulta of Margoliash (1955) and
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Matsubara and Hagihara (1957) were conflioting, and so it was
decided to reinvestigate the matter.

The first approach to the problem was subatantially the
same as that used by hmmn&w& Hagiha Qqs,}thil was the
preparation of DNP oytochrome o, followed by acid hydrolysis,
and extraction and chromatography of the resulting amino acids.

In this way, Margoliash identified histidine and Hagihara identified
arginine as the N-terminal amino acid.

The preparation of DNF cytochrome ¢ was accomplished
acoording to the method of Schroeder, (1957) using 12 mg
cytochrome ¢ (prepared in this laboratory). The DKP cytochrome g
was acid hydrolysed and the DNF amino acids extreoted with ethyl
acetate and seocondary tutancl as previocusly described. The
residue from the ethyl acetate extract was chromatogrammed as
usual, and the one from secondary butanol was subjected to high
voltage electrophoresis in N ammonia soclution for half an hour
with a potential difference of 50 voltsow--

RESULTS  gee figures 10 and i1
SurAwor [AH3.

BuFmER




- T4 =

Test .
DNP Av_gu'ni\e
£ DNP Lysine

: Eis.l

Spot x, from the chromatogram resulting from the ethyl acetate

extract, was further investigated. The material comprising the
spot was extracted from the psper by water, which was extracted

in turn by ethyl acetats. After evapodration of the ethyl acetats,
the residues was then subjected omoce again to 6 N HC1l hydrolysis.
On completion, the hydrolysate was cnpv/r-toﬂ to dryness, and

the residue taken up in water and chromatogrammed one
dimensionally using butanol acetic acid. On development with

ninhydrin solution, the chromstogram shown in the figure was
obtained.

+ Eig.12.

This indicates that substance x was the derivative of a smll

peptide, probably oonmnin‘ lysine. The electrophoretogram shown
in figure, d4id not differentiate the test spot between E DIV
lysine and DNF arginine. To do this, a Sakaguchi spray (see
mothods) for the deteotion of arginine was used, with negative
resul ts.
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Therefore, these results supported neither Margoliash
or Hagihara, It was possidble, however, that somes exceptiomal
difficulty existed, and so two other approaches were tried.
Ensymatic Hydrolysmis 2{ Cytochroms e

The failure of the above experiment to give conclusive
results, necessitated a different approach, and for this reason
engymatio hydrolysis was used. Bergmenn(1941) has shown that
the engymo trypsin hydrolyses proteins at their lysine and
arginine residues. Therefore, if the work of Hagihara was
correct, and erginine is the N-terminal amino acid of coytochrome o
hydrolysis of the DN derivative of this protein with trypsin
should yield DNi arginine,

The activity of a trypsin preparation in our possession
was assessed, using Dii=l-arginine ethyl ester as substrates
(see next page) and satisfuctory results were obtained, showing
no interference from the DNF group. 235 ul of a solution of this
trypsin (1% w/v in 0.057 M HC1l) were therefore added to 12 mg
D oytochrome g, dissolved in 1,5 ml O.1 M phosphate buffer
P 7.9, and the solution incubated overnight at 37°%C, 4t the
end of this time, the solution was carefully acidified to pi3
and then extraoted with ethyl scetate and secondary butanol as
previously described. The material thus extracted waa
chroma togrammed and electrophoresed (as above), and examination

of the resulting chromtogram and electrophoretogram with the
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Sakaguchi resgent, failed to indioate the presence of DN
arginine,
Determination of the Activity of Trypsin towards

N'=l=irginine Ethyl Ester

Dii'=l=arginine was prepared according to the method of
Sanger (1945) and converted to its ethyl ester using the conditions
deacribed by Bergmenn et al, (1939). The DNi'=learginine
ethyl ester was precipitated from the reaction mixture with dry
ether, in the form of a yellow oil. This was oentrafuged off,
allowed to stand under vecuum for twenty-four hours after which
time it appeared as a yellow orystalline substance.

The compound was purified by passing it through an
alunina column using alcoholeether (1:1) as eluant. The
mterial moved down the column in a single band, sugzesting that
it was already pure. This was confirmed by a one dimensional
paper chromatogram, using butenol-ammonis as solvent, and having
a reference spot of DNfel-arginins present. The above preparation
geve only one spot with a different Ry value from DNF arginine.

Tryptio Hydrolysis

A sample of DNi'=l-arginine ethyl eater (9 mg) was dissolved
in 4 ml of mater and the pi adjusted to 7.5. 100 pl trypsin
solution (1% w/v in 0,057 X HC1l) was added, and a fairly rapid
hydrolysis ensued, This was followed by titration of C.1 M

Kool to pfl 7.5 and a graph plotted of titration versus time.
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A similar control experiment was carried out with no
trypsin present, to find out the extent of agueous hydrolysis,
After 31 minutes of this, 100 pl trypsin were added in order to
directly compare the two rates of hydrolysise The results of
both were plotted on a graph. Figure 13
Deductions from Graph

The activity of the trypsin is determined as the gradienmt

of the tangent drawn to the reaction curve.

o AOHiVAty = 7.8 = 7.6

i
Control gradiont - _007 = 0.14
o
... True activitys= 7+40
—rpwm
Reaction Constant K = 2,305 log 23.4 = 2,3

3 95

The alkali upteke was 35 pmoles. This indicates that the
hydrolyses was almost complete, as 36 pmoles DN’ arginine
ethyl eater were used.

The previous results established definitely that arginine
was not the Neterminal amino acid of cytochrome @, despite the
evidence published by Hagihara ( 1957). This conclusion, however,
did not explain why no DNF end group had been obtained in the
first experiment, when acid hydrolysis of DI¥ cytochrome ¢ was
carried out:s This tended to suggest rather that cytod:m L]

had no N-terminal group, perhaps through being joined head to tail

o
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or that the N-terminal residue was such that methods involving
substitutes with FUNB were unsuitable for its detection.

A further attempt to detect an FK-terwinal residue was
therefore made, using a method relying on rather different
principles - the phenyl iso thiocymnate method of Edman for

end group analysis (1950 and 1960)

R-CH-NWg
-Co - f H—N H—é‘° P 7>

C
4
/ ~ Ph

iu-n e PP, S
-co s

| < +
4 N
Kph A\“ I\
R\?H_ 'i‘“
oc S
~ ,.‘ Y o
Ph

The chemistry of the technique is ocutlined inPFigufe 14  and as
can be seen, its effect is to strip off the Neterminal amino
r acid of the protein in the form of a phenyl thio hydantgin derivative.
| The presence of this derivative in the reaction mixture, is
| indicated by a U.Ve meximn between 230 and 290 mu, but this is
not sgfficient to identify the amino acid itself., This is done
by hydrolysing the phenyl thio hydantoin amino acid with GNIC1
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thus producing the amino acid in its original state, and to
identify this chromatographically. The experimental details
are obtained from the reference.

This procedure was carried out on cytochrome ¢ with
negative results, whereas with the same conditions, myoglobin
Yielded glycins, as the Neterminel residus.

This therefore confirmed that the Neterminal amino
acid of cytochrome ¢ was not susceptitle to“ﬂlo usual reactions.

It is now known that th: Neterminal amino acid of
oytochrome g is acetyl glycine ( Tuppy, 1961 )+ This explains
the difficulty encountered in csusing resction, in that the

amino acid is acetylated,

Carboxymethyl Cellulose and Feptide Fractionation

In order to investigate further the amino acid sequence
of cytochrome ¢, the protein was degraded using the proteclytic
enzyme trypsin. The separation of the resulting peptides wes
attempted unsuccessfully, using seocarbd 225 and so it was decided
to use the cellulose ion exchanger, carboxymethyl cellulose to
obtain pure samples of these.

iJreparation of Column

Carboxymethyl cellulose was equilibrated overnight in
0.005 M acetate buffer, pib., A column (50 cm long x 1.7 diameter)
was then poured, the top surface being tapped down with a glass rod

to give closer paciking.



Meanwhile, 2 umoles (24 mg) cytochrome ¢ were subjected
to tryptic hydrolysis in 5 co 0.05 M phosphate buffer i 7.4,
for 4 hours at 37°C using 0.5 mg trypsin. At the end of this
time, the solution was boiled to deatroy tryptic activity ,
lyophilised and taken up in & ml water. The pil was adjusted
to 5 with 2 M scetic acid and the solution was then applied to
the column.

The elution from the column was begun with 0,005 K
sodium acetate buffer pi 5.0. After the passage of 10 ml,
the concentration of the eluting buffer was gradually increased
by running O.5 M sodium acetate into a 100 ml mixing flask
(initially charged with the starting buffer) attached to the
column. Fractions of three ml were collected, and the appearance
of peptide material in these was detected by means of reaction
with ninhydrin, after alkaline hydrolysis had been carried out
on an aliquot of 20 pl, (see methods). The results of these
were plotted on a graph. It was noted also that fractions
43-60 contained material with the characteristic red colour of
hasm, thus indicating the presence of the haem peptide of
cytochrome e

The absorption of the material in these frauctions at
S96 mu was read and these results are also contasined in the graph.

Calculation from these figures on the amount of haem
peptides obtained, tuking E = 28,000, show that 2,056 umoles are

in fact present. This agrees well with expectatiom.
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As oan be seen from the graph, very little clear cut
separation of the peptides was obtained., In order to
investigate this further, peaks I (tubes 4=7), 5, (18~20),
6 (21=23) and 7 (24-268) were Iyophilised and taken up in 1 ml
water. One tenth of the total material in each case was then
subjected to high voltage paper electrophoresis in
pyridine-scetic acid-water btuffer pi 3.4 (10:100:880) at
50 volts per ca for 50 minutes. The resulting peptide positiona
were determined by means of ninhydrin dip, and the other techniques

described in the methods section. Fig. 16

% 2
— Peak E’é +
4- ¥ i
—— PEAK §, é _+.
. BEBB +
N [EEEEE +

The separated peptides were ¥eluted, hydrolysed with HCI¥ and
the amino acids liberated were detected by paper chromatography®
with butanol-acetic acid-water ; phenol water.

b Details of these given in "methods."



In some osses, semiquantitative results were obtained using
the method of Heilmann et al., but in the main, the results shown

are merely qualitative,

RESULTS See Tables. 4 & 5
Table 4
Amino I Q) ¥I (2) [ ¥8 (1) |re (2) |»s (8)
Acia
Molar Ratios
Asp 1.4 * 24 1+
Glu 4 + 1+ 1+ 1+
Gly not estim- 1« 1e le
ated by this
techni que
Thr 1.53 + i+ 1+
Al 1.1 * 1+ 1+
Lys 22 + 2 3¢ 3«
Meth 1.8 1+ 1+
Leu Sed + 2+ Se
Tyr 0.78 + le le
Fhe Q.8 Se
iro not estim- 1+ le
ated by this
techni quw




Table &
Amino P55 (I) P8 (4) 5 (5) P7 (2) 7 (4)
Acid
Asp ve 1+
Glu 1+ le 1e
Gly 2+ 2¢ le
Al 3+ le
Leu «
ILeu 1+
Fhe 1+
Tyr le
Thr G 1+ 1+
rro 1e
Lys 4+ * 2+ 1le
Arg 1+
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Chromatograms derived from hydrolysates of ¥5 (2), 5 (3), r5 (4),
P7 (15. 7 (3). 7 (8), F7 (8) and P7 (7) were all too faint to
interpret.

Thus the peptide fractionation obtained on the column of
carboxymethyl cellulose was not efficient. Only by the application
of electrophoresis was it possible to obtain pure peptide samples.
This technique was therefore abandoned in favour of a more

sophiaticated approach.

{34

The Formation g_g Me thoxycarbonyl Cytochrome ¢ and its

Hydrolysis by Trypsin

rreparation of Methoxycarbonyl Cytochrome ¢ (Chibnall, 1958)
100 mg cytochrome ¢ (extracted from horse heart in this

laboratory) was taken up in 8 ml water and the pi adjusted to 9
using 2N Nacll, Nitrogen was used for stirring and 0.470 ml methyl
chloroformate was added over two hours in 50 ul portions. The pH
of the solution was meinteined at 9 throughout the reaction by
reguler additions of the 2N Naoi.

The resulting material was dialysed against frequent changes
of distilled water at 4°%C and then precipitated on acidification
of the solution. The precipitate was separated from the supernatant
by centrifugation, but nitrogen deterginations done on both indicated
that although most of the materiel had been precipitated, a
considerable amount (1/5th) still remained in solution, The
nitrogen determinations were done using Nesaslers reagent, after

acid digestion of the samples,
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Tryptio Hydrolysis of Methoxycarbonyl Cytoohroms o

The precipitate and supernatant mentioned above were
recombined and the pil adjusted to 8.2 thua once again giving
s complete solution. An amount of this, correspording to 1 umole
cytochroms ¢ was withdrawn, the volume of the solution adjusted
to 5 ml with HgO and with the pH still at 8.2, 100 ul (1 w/v)
trypsin solution added. The i was maintained at 8,2 by regulsr
additions of 0.1N Nacil end these additions were plotted against
time on a graph. The graph shows the progress of the hydrolysis.(Fig.l17)

Prom the graph, it cean be seen that 4.48 pmoles HNaefl
were used per umole cytochrome ¢. If masking hed been complete,
hydrolysis would have ocourred only at the argimine residues
and so enly two umoles Nagil would have been taken up.

Now, the excess uptake of 2-48 umoles corresponds to
the release of at least 2-48 equivalents of amino groups. Frobably
more in fact wvhen it is remembered that the uptake of alkali
depends on the relation between il and pK of liberated groups.
This is expressed in the Henderson equation

M = pK ¢+ log  RNig

—‘ Kol !

1e
RM s a
with respect to the reaction

Rl eco-M R nl-coo'.(a)nmzo(x-)m; o &t 1

In order to check these results, the extent of the tryptic hydrolysis

was further investigated by the fluorodinitrobensene techniquei-~
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The DNr derivatives of the Neterminal amine acids were
prepared and chromatogrammed as deseribed in the "methods section”
(see figure)s).The DNF amino acids were identified as shown by

reference to a control chromatogram run under identical conditions.

P BuTANOL [NH,

X Bis DNP Lysine
S
2

Di Nitvo
Aniline

DNP Glyune
@ ey

+ DL Nitve Phenol.

SN

@ DNP Alanine
@DNP Threonine

it =)
phosphate. DNP Giutamic Acid,

The chromatogram suggesta, therefore, that the tryptic hydrolysis
has resulted in the oreation of four or five new Neterminal end
groups, as shown aboves This would agree wmiite well with the
results caloulated from the upteke of alkali which indicated

hydrolysis at 4 or 5 sites.
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The Use of Trifluorscetylation to Increase the Specificity

of Trypsin

The work by Weygand (1952) and subsequently Szhallenberg,
and Calvin (1955) indicated that trifluoracetylation might be
a convenient means of blocking tryptic hydrolysis at the lysine
residues of a protein chain, The effectiveness of this technique,
however, is depenient on the completensss of the reaction between
the F amino groups of thne lysine residues of the protein and
CFg CO5 Et. A possible way to determine the extent of this
reaction with respect to cytochrome ¢ seemed to be to react the
trifluoroacetylated cytochrome g with FDNB, and then after acid
hydrolysis (6N HCl), estimate the ratio of free lysine: E DNF
lysine. (The trifluoroaceiyl groups being unstable to acid
hydrolysis, whilst the DNF groups are stable).

To prove the validity of this method, however, it was
necessary to establish that all the G&~lysine amino groups were
able to react with FDNB, and define conditions under which
complete substitution oocurred,

Obviously, with DN cytochrome ¢, the ratio of free lysine:
& DNi' lysine once again gives a measure of the completensss of the
reaction in this case with FOUNB.

Technique for Separation and Estimetion of € T Lysine

and Free Lysine

The € DNF lysine and free lysine were separated from each

other, and from the other constituents of the hydrolysate by high
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voltage peper electrophoresis using pyridinee-acetic acidewater
buffer gl 6.4 and a potential of 100 volts per cm far 30 minutes,
At the end of this time, the paper was thoroughly air dried to
remove all pyridine and the muterial comprising the § DNi' lysine
spot estimated as desoribed in the methods section. The free
lysine present was estimated according to the method of Heilmann

et al, (1957) °

A drawing of a typieal electrophoretogram is shown below.
(Figo 19). Ori l;' . &
J oo

BN\

J
£ TR LT 2 st 4

x

C1aed)
Anfinsen et al, have used a similar technigue to this one for

the estimation of lysine,

Yreparation of DN Cytochrome ¢

(a) By the Method of Schroeder (1957) (see "methods")

20 mg cytochrome @ were taken for this preparation after
which the DNP protein was precipitated by acidification to pi3
using 0.5 M HCl, It was then eentrifuged off, washed with dilute
HC1 (pH3) until the washings were no longer yellow and vacuum dried.
A sample of this was taken (3.3 mg) and the extent of substitution

estimated using the technique described above,



Results
- € UNP lysine/S.5 mg DNP protein = 3.8 pmoles
lysine/35.35 mg DNF protein = 0.52 pmoles

v o 7o ags E lysine amino groups free = 13.6
This corresponds to 2,54 amino groups/mole cytochrome C.

(b) Preparation of DNi’ Cytochrome ¢ using an Automatic Titrator

12 mg cytochrome ¢ was dissolved in 8 ml water and 30 pl
FONBE added to the solution which was stirred vigorously at 379,
The pil was adjusted to 9 and maintained there by sutomatio titratlion
of Os1 M NadH for three and a half hours. At the end of this
time, the DNi' protein wus precipitated by acidification of the
solution to pi3 with 0.1 M HCl and after centrifugation it waa
washed with acidulated water pH3 (once), ethanol (once) and ether
(three times).

Complete removal of the ether under vacuum followed this,
and then a sample of the DNF protein was taken, (10 mg) and the
degree of substitution determined as previously described,

Results

& DN lysine/10 mg DNF protein = 12,5 umoles
No free lysine was detected

+» o Bubstitution was complete,

A similar experiment to this was also carried out at room
toupeutu_n. when it was found that complete substitution was not
obtained.



Results

€@ D' lysine/5 mg DNP protein = 4,45 pmoles

lysine/5 mg DNi’ protein = 1,05 umoles

. » /. nagef lysine amino groups free = 20.0
This corresponds to 3.8 amino groups/mole cytochrome Ce

Determination of the Extent to which Cytochrome ¢ Becomes

Trifluorocacetylated and the Time Taken

20 mg cytochrome ¢ was dissolved in 1.5 ml carbomate=-
=bicarbonate buffer (1 M pl9)s 100 pl CFy COS Et was added and
the mixture stirred at room temperature. More ester was added
at regular intervals over five hours until in all 400 pl had
been used., At the same time, samples were withdrawn from the
reaction mixture and treated with FDNB to determine the degree
of sudbstitution as previously described. The € DN’ lysine produced
was plotted againat time. (Fig. 20).

Discussion

The results show that trifluorcacetylation is complete
after three hours at piif. It was @ssumed 2fter this experiment
that the pi requirements for the reaction were not oritical in
the absolute sense. For this reason, therefore, plus the faot
that it was considered safer to operate as far as possible from
pill, at which value it was known that desubstitution was liable,
subsequent blocking resctions were carried out at pi 8.5.

Unfortunately, as was later discovered, 1.0 groups remain
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unsubstituted at this pH which presumably lead on tryptiec
hydrolysis to a certain amount of undesired fragmentatiom of the
protein. As only 1.0 groups were involved, however, this would
be emall,

Removal of Trifluorcscetyl Groups

In Schallenberg and Calvin's work, the removal of
trifluorcecetyl groups (¥FA) from amino acids was accomplished
simply and easily, by raising the pii of their aqueous solution
to 1l1.

In some of our earlier experiments, as will be smeen, the
removel of TFA groups from large peptides was attempted in a
similar waye. Treatment with FONB, however, resulted in a low
yield of E DNI’ lysine, thus showing thet complete removll of the
blocking groups was not achieved and so other methods were tried.
(a) A spample of a partially blocked peptide, on which an
attempt had been mude to remove the TFA groups at pi 11, was
treated with FDNB in the usual way to ascertain the exact extent
of desubstitution, The peptide was F(1 - 91) [‘l‘uppy]*am 6 mg
was taken for estimation.

Results

€& DNP lysine/6 mg DN’ protein = 2.62 umoles

lysine/8 mg DNi* protein = 6.£2 umoles

e o ;. lysine € amino groupa still substituted = 54°(3

|
This corresponds to }6‘92 amino groups/mole cytochroms Ceo

* 1961
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An attempt was therefore made to find a method of quickly
deblocking the remainder of this material (18 umoles), which was
therefore dissolved in a solution 0.1 M with respect to NaoH
(volume 18 ml), Samples (10 ul) were withdrawn at 30 minutes
and 60 minutes after whioch time the pi of the reaction mixture
was returned to 7. These samples were subjected to Yemm and
Cockfngs nirhydrin reaction at the constant intensity of the
colour obtained suggested that complete desubstitution had

been achieved,

Results
Optical Density at 570
o0 minute sample Q. 99
60 minute sample 0. 99
Ce2 ml_M glycine (0.08 umoles) 1.08
2500
(») A sample of cytochrome o (2 umoles) which had been blocked

at pi9 and stored at =109 for three weeks was dissolved in 0.5 X
amnonia and incubated at 37°C.

Semples (§Gv) were withdrawn from this solution at zero
time, 30 minutes, 60 minutes, 120 minutes and 16 hours (overnight),
and treated with FUNB as usual to determine the mumber of g amino
lysine groups blocked and unblocked.
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Kesults 5ee Table 6.

Table 6.
Time of & DN lysine | Free lysine lysine
incubation lysine |groups groups
(minutes ) pmoles pmoles {blocked unblocked

Q 2.88 Be46 11.9 6.l

30 B6e3 4.86 2.0 10-0

60 7.2 4,92 7.0 110

120 9.0 340 4o 13.8

overnight 10,8 0.098 0.l 1%.9

The Effect of CPg (05 Et and CFy Codl on the Activity of Trypsin

After the trifluoroacetylation of oytochrome ¢, considerable
amounts of CFy COS Et and CFg Cocll mist remein in the reaction
mixture. The following experiments were therefore carried out to
measure their effect on the activity of trypsin and to determine
whether or not their removal is necesasary.

Two 1 ml 0.,5° trypsin solutions were made up in 0,01 M
phosphate buffer piil ® and to one of these, 20 ul CFg COS Bt was
sdded, Both solutions were then shaken for three hours, at the
end of‘ which time, their activities were determined, using toleene

sulphomyl arginine ethyl ester (TSAME),
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(a) Activity Determimation using the Trifluorcacetylated Trypsin

This was done in the automntic titrator-radiometer at
gl 7.5 using 20 mg TSMME dissolved in 8 ml water and 10 pl trypsin
solutions The titrator was charged with O,1 M Nool, aund the
graph shows the rate of the hydrolysis. (Fig. 21).
A second experiment wes carried out using the same
conditions as above in a solution 3lL_with reapect to CFx.Cpdi.
This is roughly the situation arterathe trifluorcacetylation of
50 mg cytochrome ¢.  The graph shows the rate of hydrolysis.(Fig. 21)

(b) Activity Determination using the Control Solution of

Normel Trypsin

The conditions were exsctly as in (a) except that 10 pl
control trypsin solution was used, See graph. (Fig. 21).

Calculations from Graphs

The activities and reaction constants were calculated as
previously described.
10 pl pormel trypsin:

Activity = 4

Resction constant = 0,02046

10 u1 "blocked" trypsin

botiViW = 5.28
Reaction constant = 0,01647

10 pl "blocked" trypsin + CFg.Codi (40 pl)

Activi ty = 2.18

Reaction constant = 0,01200
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Macussion

The trifluorcscetylation of trypsin causes a reduction
in its aotivity at pil 7.5, of 20 -« 25i, The trifluorcacetylation
of trypsin plus the presence of CPFg,Codil, reduces its activity
by 4Q..  The removal of these substances from a tryptio

hydrolyasate is therefore desirable, but not essential.

Cytochrome ¢, its Trifluoroacetylation and idydrolysis by

Trypsin, followed by Investigation of the leptides.

Experiment (1)

100 mg cytochrome ¢ was diasolved in 8 ml water, and the
pil of the solution was adjusted to 8.5. 100 pl CF3.C0S Et wes
added, and the pi maintained at 8.5 by regular additions of M NecH
from an automatic titrator, The resction was contimued for 5.5l
hours and 400 pl more €Fg.COS Et was added over this period,

At the end of this time, the exceas ester was extracted
with chloroform (twioce) = it was necessary to perform these
extractions repidly as aqueous hydrolysis of the ester with
consequent pi reduction, causes precipitation of the blocked
gytochrome o.

In order to hydrolyse it enzymatically, the blocked cytochrome
£ solution was returned to the sutomatic titrator and 1.86 mg trypsin
was added, The pf was maintained at 7.5 for two and a half hours,
after which time the solution was boiled for 10 mimutes to

deactivate the trypsin,
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Freliminary Fractionation

After hydroly;h with trypsin, followed by boiling, a
red precipitate wnich had formed was centrifuged off and
labelled Fraction (1).

The i of the remaining solution was reduced to 3, and
a further coloured precipitate which appeared was also
centrifuged off and labelled Fraction (2). Both precipitates
(1) and (2) were washed with mildly acidulated water and the
washings bulked with the final supermatant which was faintly
yellow in colour and labelled Fraction (3).

Deblocking of Feptides

In thies work, which was carried out before the control
determinations desoribed elsewhere, an attempt was made to
deblock by raising the pii of each frection to 11 with Q.25 M
Neci. The i was maintained at this level for three hours at
a temperature of 379, and at the end of this tims, the pi's of

the solutions were readjusted to 7,

Electrophoretic Separation of the Feptides

This was done as is described in the "methods" section
on 10 ju of each of the fractions, The buffer used was
pyridineMiCAig0 pii 6.4 and the eleotrophoresis was carried out

for 35 mimutes at a potential difference of 80 volts per cm. (Fig.22).
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Figure 22

The detection of the peptides and their elution from the paper
was achieved as described in "methods®™. The peptides were then
acid hydrolysed and their amino acids estimated using either the
DNy method or the method of Heilmmnn et al. as described in

"m thods. i



Results

Fraotion (1)

Hiere the amino acids were eastimsted from thelr DN

derivatives.

¥I (coloured)

See Tables 7 and 8.

Table 7.
DNE Total Molar Ratios
Amino Acid umoles in
Fraction
Amp 1,3 2
Glu 34135 4.9
Thr 1.35 2,18
Pro Oe 8 0.97
Val 2,23 Jed
Al Q.6 0,97
ot 1.78 2,75
Gly 4435 6.8
rhe 0.675 1,08
Hist 1,95 3
Lys 4,355 Be7
Cys 1.5 2
ATg 0o 525 0.84




The yield of this peptide is 7 ji, based on the smount of pmoles

amino acid recovered, compared with expectation
P2 (coloured) Table 8

DNF Total pmoles Molar
Amino Acid from this Ratios
Feptide in
Fraction
Asp 0.175 1.08
Clu 0.575 Sed
Thr 0. 225 .58
Val 0. 510 5
II‘::“‘ 0.065 0.382
Al 04175 1.08
Gly 04775 4.58
vhe 0.15 0489
Hist 0. 35 1.48
Lys 1,013 6
Cys 0.338 2
|

Yield = 1,757\.



Fraction (28) Amino acid snalysis on DNP derivatives, see

Tables § and 10

¥l (colourless)

Table 9
¥ g Total pmoles Molar
tmino Acid from this Ratios
reptide in
Fraction
LAsp 30281 4.1
Glu 4,98 €e2
Thr 4.86 6.1
Pro 1.53 2
Al 2.41 Sel
Gly Se B4 5
Leu . 4.55 8.0
Yhe 1.56 2
Lys 7:.74 10
Arg 0.72 1l
Meth 0. 765 1
Tyr
Try Destroyed by acid
hydrolysis

Yield = 1Q&




P2 (coloured)
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Table 10
DNP Total umoles Molar
Amino Acid from this Ratios
Peptide in
the Fraction
Asp 5.39 S
Glu 10.23 6
Thr S8 2
Fro 1.57 1
Gly 13,1 7.25
Ala 1,725 1
Val 4430 .5
i::“’ 5055 s
Phe 2,85 1.6
Hist 3,52 3
Lys 12,2 877
Cyns 3.8 2
Arg 1.1 0.61

Yield = 206
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Fraction (3) g.. tables 11, 12, 15, 14.

E1 (colourless) Amino icid analysis on DNP Derivatives

Table 11
D Total umoles Molar
Amino Acid from this Ratios
Peptide in
Fraction

Asp 8.086 1.6
Glu S. 654 0. 77
Thr 6.08 1,37
Fro 5.11 L1
Al 5.9 1.27
Gly 8,33 2,01
Fhe 3,08 0.72
Lys 8,95 1.97
Tyr

Yield = 44
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£2 (colourless) Amino Acids Estimated icvording to

Heilmann et al,

Table 12
Amino Aeid Total pmoles Molar
. in Fraction Ratios
from this
Feptide
A'ﬁ 8.9 10?
Glu 8.7 Se 93
Gly not estimated by
this technd que
Thr 1,83 1.13
Meth 0,885 0.515
Lil 4 T 5.45 .19
Fro not estimated by
this technique
Tyr 0.716 0.48

Yield = 18%




ES (colourless) Amino Acids Estimated by the Method
of Heilmann
Table 13

Amino Acid Totel ynoles Molar

in Frection Ratios

from this

reptide
Glu 2.42 8.19
Gy not estimated by

this technique
Thr 2,85 4
Al 0, 52 O.54
Lys Se46 Se15
Arg e S50 0. 325
Fhe 1,63 l.46
Tyr 00 194 0.17%
Leu 2,81 2,58
¥eth 1.28 1
Fro not estimated by
this technique

Yield = 14.
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P4 (colourless) Amino icids Estimated by the Method

of Heilmnn et al.

Table 14
Amino Acid Total umoles kolar
in Frection Ratios
from this
reptide
ABp 10.9 2.2
Glu 11,9 2.4
Thr 4.45 0.9
Al 9.4 1.9
iys 15,9 S8
T,r 2,68 0. 54
Leu »
Ileu 14,8 3
Yield = 8Q.

The N-terminal end groups of the peptides were deternined
using the technique desoribed in the “methods" section, and the
results are shown in the tabley (15).

me DN lysine recoveries show the extent to which
the TFA groups were removed from the various sections of the

protein.



e o

¥3

Table 15
lelcrminal | As a jvage of E DN¥ Lysine
Peptide Amino Acid | the total as a jsage of the
Amino Aoid of | total Lysine in
its kind in the reptide
the Peptide
Fraction I None Deteoted Rome Detected
rl
Fraction 1 None Deteocted Nons Detected
¥a
Fraction 2 Lysine 7.0 52,0
FI
Fragtion 2 None Detected 840
P2
Fraction & Lysine 42,2 Nons
¥I
Fraction 3 Aspartie 42.0 74,0
ra Agid
Fraction 3 Tyrosine 790.0 85.4
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2nd Approach to the Trifluecrvacetylation of Cytochroms e,

u. !iyamlynl wl.th Trypsin, Fellowed by Iunnupﬂ.n d‘

e Peptides.

In this experiment, a preparative attempt was made to
isolate the large peptides of oytochroms @, preduced by hydrolysis
at its arginine residues.

In the previous experiment, the yields of sems of these
peptides were low, probably because of hydrolysis at ocentres
other than arginine. On this ooccasion, therefore, less trypsin
was used in an attempt to minimise this.

850 mg 100 commercial oytochrome ¢ was subjected te
the blocking technique and then hydrolysed by trypsin ss
desoribed in the previocus experimeat (1 mg trypsin was used for
the hydrolysis).

After boiling to desctivate the trypsin, the prelirdnary
fractiomation by pi sdjustment resulted in only twe frections.

The pil's of thess fractions were then raised to 11 with 0.85 N

Nacll for six hours at 379 in order to deblook them., It was
discovered, however, on reduction of the pil of the red precipitated
fraction that a red precipitate developsd at pH 6 leaving bshind

8 deep red coloured solution. This solution plus the washings
from the precipitats was labelled FRACTION I, whilst the precipitate
suspended in wter and the original supernatant were labelled
FRACTION;2 and FRACTION:5 respeotively. It was noticed of
Freotion 5, when returning its pi to neutral with e.l1l M HCl, that



its ocolour in acid solution was yellow, whilst at alkaline fii's

it was pink (see Pig. 23).

The Total NMitregen Centent of the Freotions

The total nitrogen centent ef Fractions (1) and (8)
was determined as is desoribed in the "methods” seotion. The
value for Fraction 2, which was found te be very insolubls, and
showed a marked tendency to stick to the flask in whioch it was
stered, was ocaloulated by difference.

Resul ts
Tadble 18
Fraotion Total Nitregen |% Cytochrome o
Ni tregen
’ - -y 58.5
S 70“ ng 20.5
M of the Extinctien Coefficients _o_f Fractions 1 and 2

and Oytmrc-:g .

Samples of Frection 1 and oytochrome ¢ containing 0.263 mg and
0018 mg nitrogen respectively, were dissolved in 4 ml 0,1M phesphate
buffer pii 7 and the iren in each reduced with a little sedium

dithienate. The optical densities ef these solutions wers read
at 580 mu.
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An attempt made to deal similarly with a sampls of
Fraoction 8 (containing 8 mg X) was only partially successful
as & oonsiderable amount of this material did not enter into
solution.

In each case, the extinotion coefiecient was caloulated
from the formula
Optical density = Extinction Coefiocient x oconcentration
In this case, the conocentration was in terms of 1 mg nitrogen.

Results
Table 17
FPraction Extinotion

Coeficient l

Cytochreme ¢ 4.17

Praotion 1 0.487

¥raction 8 _1..0

§

Peptide Maps of Fractions 1, 8 and 8 as an Indication of

Their Compositien

These were done according to the technique desoribed in
the "mothods” seotion (see Fig. 23a). The peptide maps were
developed uaing soms of tho'nmodo desaribed in the "methods® seotion.
The results are stated belew.
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FRACTION 1 Peptide 1, coloured

Ninhydrin all peptides reasted positive
Salkaguchi peptides 1 and 2 alight positive
Erlich's all negative

FRACTION 8

Only ons peptide, and it was coloured

Nirhydrin - positive

Erlich's - negative

negative, but the matural red colour of
the peptide could have been obscured by
a slight positive result.

FRACTION 3 Peptide 1, very slightly coloured
Nishydrin - all positive
Salkaguchi - all negative
Erlich - all negative

Im-ttjaum _o_£ g_e_gﬁ.&u _;lszmhd ng Frections 1, 2 and 3

Fregtion 1
One=tenth (779 ug N) of the total material in the fraction

was applied to a peptide map and run under comditions identical
to those ealready descrided. Then, using the previocus mmp for
Frection 1 as a guide, peptide 1 was dishcted and eluted with
0.05 M Nis, This solutiom did not remove all the colour from the
paper, however, and so the molarity was increased to 0.2 .
This also failed to remove all the adsorbed mmterial, and so thas



which had been removed was dried undsr vacuum and then aeid
hydrolysed as previocusly described.
The amino acid content of the hydrolysats was estimanted

on the automatio amine acid anmalyser discussed in the "methods"”
section, The results are as shown.

Fraction 5 was dealt with in an identical fashion
(760 pg N were applied to the peptide map.)

Frection 3, which the peptide mp technique had suggested
was relatively pure, was hydrolysed direotly (1/40th i.e.
mterial contoining 400 pug N) and the amine acid amalysis obtained
from the automatic analyser.

Results See Tables 18, 19 and 20

The absence of values for Pro, Ang and Oys in the above analysis,
was due to imadequacies in the sutomatic analyser, which at this
time was at an early stage in ita development.




Table 18

FRACTION I, FI
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Amino piloles Molar
Acid Ratios
Asp 0.488 2.73
Th 0. 710 .98 |
Glu 1.11 6.18
Fre

Cly 1.206 7. 22
Al 0.6026 Je 38
Val 0.179% i

Meth 0.0856 0. 387
IlLeu 0.327 1,83
Leu 0,347 1.9¢
Tyr 0.0996 Q.58
Fhe 041965 1,098
Lys 1,13 6.3
Hist 001480 0. 835
Arg

Cys
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Table 19

FRACTION 2
Amine uiioles liolar
Acid Ratios
Asp 0.471 8.02
Thr 0.489 €.02
Glu 0.854 10.8
Gly 0. 966 12.2
Al J, 0.592 ]
Val 0. 283 Ze8
Fro
Meth
ILeu 0.461 Se8
Leu Oe422 fed
Tyr 0. 1565 2
Phe Ce 813 2,72
Lys 1,382 17.6
Hist Ce 285 Se
Arg
Cys
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Table 20

FRACTION 8, Pl
rvery g JNalag
Asp 1.7682 8.94
Thr 1,686 G.14
Glu 1,184 4,57
Pro
Gly 1,685 6.44
Al 1.51 be1
Val 0.484
Leu 0.435 1.68

0,146 0. 569

Tyr 0.257 5
FPhe 0. 568 2.2
Lys 1,910 Ta44
Hist 0,15 0.584
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Removal of the Trifluorcecetyl Groups froem Freotions 1, 3 and 3

A check was made on the meterial in Fractiom 2, using
FDNB (see 'earlier ' section), to ascertain whether or net
incubation at i 11 for six hours had completely removed the
TFA groups. The result of thia determinstion showed that some
still remmined and these were removed in the marmer desoribed,pp 92
Fractions 1 and 8 were then treated similarly.

Resul ts

Frecotion 1 '_r_:l.?_ Optical Density at 570 mu
Zereo 0.83
15 min, 0.82
30 mdn. 0.888
45 min. 0.888

Fraotion 3
Zere 0,898
15 min, 0.4
30 min. 0. 94
45 min. 0. 94
Blenk 0,681

Despite the high blank, it can be seen with beth fractions that
thepe i3 an increase in the intensity of coleur produced with
ninhpdrin, This indicates that the desubstitution was not quite
complete before the above treatment, whilst the constant coleur

intensity ultimately obtained, suggests that desubstitution was
achieved.
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Pilet Run Purifications of Fractions 1, 2 and 3 2
G256 Sephadex

G25 sephadex (medium grade) was equilidrated with 0,06 M

phosphate buffer i 9.9 and poured to form a columm 38 om leng x
1.3 cm diameter (void volume 18-7 oo, Getermined using rat
haemoglobin).

Attempts were mafle to purify samplea of Fractioms 1,
(3/6th 1.e. 1,500 pg N), 8, (1/9¢h L.e. 1,777 pg K) and 8,
(1/6th 4.0, 1,260 pg N) on this column. Each sample in its turn
was applied to 2 ml solution i 9.9 and the columm was eluted with
0,056 X phosphate buffer pHi 9.9, The positions of the peptides in
the fructions collected were determined by taking aliquots, subjeoting
these to alkaline hydrolysis and then estimating the amino acids in
the resulting hydrolysates with Yemm and Cockings minhydrin solutiem
(see "methods " section).

The results for all three fractions are shown in the
grephs (Figs. 24,25 & 20

As can be seen, the coloured peptide from Fraction 1 came
through after 14 00, the coloured peptide(s) comprising Freotionm 32,
after 16,5 oe and the main peptide in 3, after 15 co. A sample
of cytochrome 8 run through the same column emerged after 16 oe.
Now, as the void volums of the column « 1%.7 oo, all frmctiona
and cytechrems @ have been retained to some extent by the G238
sephadex, In the case of oytochrome @ this is unexpected and must
have been dus to charge effects. With the peptides in the frections,
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. therefore, it is difficult to draw conclusions comoerming their
sime, as the charge effects eperating between each and the sephadex
are unknown.

Full Soale Purifications 5 2 Fractions

These were done in & manner almost exactly similar to
that used in the pilot runs, except that a fine grade of G885
sephadex was used, in a column 82 om long x 2 cm in diamster
(void volume 78.8 00). Also, the material from each fraotion
was applied in its turn in S ¢o volume and in the Fraction 1 run,
samples were collected of sise 4.6 ml, in the Freoction 8 run, of
%i20 5.2 ml and in the Fraction 8 run, of siss 3.2 ml.

The results for all three runs are shown in the graphs
(Pige. 27,28 & 29 )+

The samples comprising the peaks shown on the graphs were
bulked and then lyiph)lised.

Peptide Maps f_f_ toe Foaks

These were dome in the usual way in erder to investigate
the homogeneity of the material contained in the bulked samples.
1% of the total material was used in each case (see Figs. 30,51 & 332)

Total Nitrogen Content of the Feaks

These were estimated as is desoribed in the "methods *
mu“.
Results  go¢ Tadle 21

The low yield of nitrogen in FPreoctions 1 and 2 indicates
that some material mist have been lost during the peptide
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fractionation. However, Fri, P2, Fr2 and Fr F2 were all Ne-rich
and peptide maps indicated only one component in each.

It was concluded, therefore, that these fractions
probably contained the large peptides expected from the foregoing
treatmsnt.

Investigation of the Main P from the Preceding Gel
Filtration

(a) Freotion 3, Peak 8

Amino Acid Apalysis

One-tenth of the total material was hydrolysed by

6N HC1 overnight at 114°C and the amine acid content of the
hydrolysate determined on the automatic amalyser . See Table 23,
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Tabhle 21
Peak Nitrogen j-age N applied
Content (mgs) to the Colum
Frl, PI 0,028 0e5
(coloured)
NI, F2 1.670 31.0
i, P3 0. 384 7.8
I, P4 0.,0135 0.86
PrI, PS5 0. 00994 0.18
(coloured)
Fr2 9.3 72,0
’s, FI 0 0
Fr3, P2 1.485 38
r3, P3 0.099 1,84
Pr3, P4 0,206 3.8
Fr3, P9 0 o
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Table 22
Amino umoles Molar
Acid Ratios
1 ‘i
Asp 0.501 S.684
Thr 0.351 2.7
o i
Glu 0.861 .01
Fro 0. 304 1.57
Gly 0.481 Se7
Al 0.488 Se 29
Yal 0.10838 0.88
ILeu 0.03881 0.258
Leu 0.0635 0.49
Tyr 0.1545 1.19
Fhe 0.16038 1.88
Lys 0.5400 4418
i e
Hist 0.0309 Ce161
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Fraction 2

Approximately one-fifth of a pmaole was acid hydrolysed
and the amino acid acontent of the hydrolysate estimeted. A
similar amount of gytochroms ¢ was similarly treated for purpcses
of comparison. GSee Tablegy

As the results of the amino acid amalysis are rather
inconclusive, it was decided to compare Froction 2 with cytochrome o

another way. To do this, they were both hydrolysed with trypsin
and chymotrypsin and peptide maps were done of the hydrolysates.
Lee ﬂ.g. bo b

.l_?.rlmutd

81.4 mg of oytochrome O were dissolved in S ml 0,086 M
phosphate buffer pH 7.8 and 50 uls (17 w/v) trypsin solution
added. To this 0.5 mg chymotrypain was added and the hydrolysis
was ocarried out at 37°C for 24 hours.

Fraction 2 was dealt with similarly.

The peptide maps were done in the usuml way.

Fraotion 1, P3

One=-tenth of the total material was acid hydrolysed amd
the amino atids estimated as usual. See Table 24.
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Table 23
4o
Amino Moler Molar
Acid Ratios Ratios
Frs Cytochrome o

Asp I 4,95 8.12

__r_m 6.08 8.18
Glu 11.9 12.48
Preo 4.35 v 8,33
Qy 11 11,123
Al 6.7 5. 76
Val 3.77 5
Ileu ] 6,3
Leu 4 8.3
Tyr 2,82 3.0
Fhe a 4,08 3. 56
Lys 16.8 r 17.6
Hist 3.3 3
Arg 1.08 8
Cys 0.64 I 0.8




Table 24
Amino umoles Molar
Acid Ratiocs
Cys 0.119 1
Asp 0. 249 2,08
Thr 0.247 8,07
Glu 0.518 ‘4. 37
Pre C.183 1,58
Cly 0.549 4.6
Ala 0. 831 1.94
Val 0.229 1.92
Ileu 0,211 1.77
Leu 0. 812 1.78
Tyr 0.0427 0.359
Fhe 0.157 1.38
Lys 0,856 7.8
LS 0.678
Hist 0.149 1,81
Arg 0.0427 0.83




Shpmotryptic Hpdrolysis of Jraotien 3. £3 and Scparatign
8L tho Resultent Feptldes

All of the material in the fraction was hydrolysed with
chymotrypsin for five hours at room tesperature in the buffer
solution in which it came off the sephadex column. The pH of
this solution was 8,8. At the end of this time a sample was
taken (1 /10th) end a peptide map done in the usual way. GSee
Fig 54 o The remainder of the material was then lyophilised
and taken up in 2 ml 85 acetioc scid and applied to the ica exchange
column desoribed below. (Guidotti, Hill and Komigsberg, 1963). :
The column (50 om long, 0.9 om diameter) was composed of Zeooarb
435 x 3, which had been waghed with 2N Nagi, SN HOl, HgO and then
the starting buffer until equilibrium had been established.

The tuffers used far eiution were:

() 0.17 K pyridine acetic acdd pH 4.7

(b) 0.4 M pyridine acetic acid piH 4.6

(8) 1,07 ¥ pyridine scetic acid i 5.4

(@) 2.25 M pyridine scetic acid pH 5.4

Thes® buffers were introduced successively as is shown on the graph,
making use of a gradient to effect the changes. The volume of

the mixing chasier was 250 oec.

The effluent from the column was divided into 2.5 ml fractioms,
and 0.2 ml aliquots of these were analysed by alkaline hydrolysis
and ninhydrin determinations as previocusly desoribed. See graph
(Fig.s5 ).
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The fractions comprising the peaks shown on the graph were bulkedie

(a) 12, 18, 14, 15
(d» 17, 18, 19

(o) 23, 22

(4) 41, 42

(o) 44, 45, 46

(¢) 80, 51, 52

These were then lyophilised, acid hydrolysed and the amino acids
in the hydrolysates osiimated as usual. GSee Talle 35

Apart from (a), all these peptides are identifiable with
fragments of P30-556 (Tuppy 1961) See discussiun.  (a) is probably
a mixture, therefore, but this is not surprising as it was first¢
to elute from the colusn. The ocourrence of valine in (a)
indicates that fragments of the impurity in Fr3, P8 (discussed sbove)
are present. No other fragments of this were identified
elsevhere,
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Table 25
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Cytochrome ¢, its Trifluorocacetylation and Hydrolysis by

Trypsin, Followed by Investigation of the reptides - Experiment 3.

Two pmoles cytochrome ¢ were blocked with CFg.C0S Et at

i 9.0 as previously desoribed. The reasction mixture was
extracted with chloroform, and then along ﬂth 2 mg trypain,
applied to a column (60 om long x 1.2 om diameter) of G50
sephadex equilibrated with 0.00 M Mi AC pH 7.5.

The reason for performing the hydrolysis this way was
because it was hoped that cytochrome ¢ and trypsin would progress
down the column together at the same rate, but as peptidea were
produced, they would be retained and thus separated from the
trypsin. The flow rate of the column was controlled so that the
hydrolysis lasted approximately 5 hours, and the eluate was
collected in 5 ml frections. These were analysed for protein
material by reading their optical densities at 550 mu and 280 mu
(see greaph. Fig. 36 ). The resulta indicated a partial
separastion of trypsin.

Fractionation of the Tryptic Hydrolysate

Fractions 14-82 from the above sephadex treatment were
bulked, their volume concentrated to 4 ml and applied to a G35
sephadex column (100 om long x 1.8 om diameter). The column was
eluted with 0.05 M Nig AC [H 8.4 and 5 ml fractions were colleeted.
See Pig. 37

Fractions 18-28 from this run were bulked, and the haem



TCYIEMAN  Nouad
er .4,.. r 9z v or 8§/ 9/ v o/ 8 b4 7 T
x T T - - - ST ————————
F\brl.bl R -~
N\ Qs>
5", ¥,
it
<
B
.vﬂ.
18
01
4TI
e
49
...\
Jor
Y053 W SHNOVIY yseod
teaogT IV sHNigvVIy — — — ot

kiysN3e Wanigo ¥

FIGURE 36



SYIYWNN

3 7R 2f i jes s I MY o% g5 91 Mg Tt O%

A

»

H408¢C _¥ SONIOWIY

vi0sS ¥ SHNIGVIY

Noll Wy d

>
)
2
»
—
3
d
e
l>
ha
K
s
o

L)

KifsN3g VLU0

191

18-

B

FIGURE 37



-ma-

peptide precipitated by reducing the pii of the solutiom to 3
with asetic acid. The precipitate was washed with 0.05 M
Ni, Ac i3, and the washings added to the supernatant.
Determination o_r_ the Protein Substitution Remmining ﬂ
Tryptic Hydrolysis

After the tryptic hydrolysis on the G860 sephadex column,

one-twentyth of the total hydrolysate was freed from ammonium
acetate under vacuum and treated with FINB in the automatic
titrater as previously desoribed. At the end of this treatment,
the excess FDNB was removed from the acidified solution, by
extraction with peroxide free ether, The material was reduced to
dryness under vacuum, and then subjected to acid hydrolysis in
6N HCl. The estimation of the § DNP lysine and free lysine in the
hydrolysate was carried out as before.
Results

E-DNF lysine recovered = 0,05 pmoles

Free lysine recovered = 1.80 umoles
This represents 0.50 lysine groups unsubstituted after tryptiec

hydrolysis.
noetr_o_phonu- £ the Hoem Fraction and the Supernatant

This was done in the usual way using pyridine-acetic acid-
~water buffer i 6.4 and a potential of 70v/cm for 35 mimutes. The
peper was developed with ninhydrin dip. As can be seen in Fig. 38
no movement from the origin ooccwrred in any ocese, and only one
peptide was indicated in each sample.
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Amino Acid Amalysis of the Fractions
Haem Fraotion (1/12th of the totsl). See Table. 26

Table 2¢
Amino umoles Molar

+ Acid Ratios
Cys 0. 205 1.3

-4
Asp 0.8 : 5.0
Thr 0.86 B.38
Glu 1.0 P4
Fro o445 2,78
. Gy 1.3 8.18

Al 0.62 3.87
Val 0.47 8.9
ILeu 0.38 2.25
Leu 0.38 2
Tyr 0.32 2.0
Fhe 0.B3 385
N3
Lys 1.7 10.8
Hist 1 0.49 3,08
Arg «09 0. 56

Yield = 100K




Supernatant (4). See Table 27

Table 27
Amino umoles Meolar
Acid Ratios
Asp 0.0828 1.37
Thr 0.081 1
Glu 0,137 2
Pro 0.081 1,37
Gly 0.143 2,37
Al 0,087 1
Val 0,034 Oeb
ILeu 0.0488 0.8
Leu 0.08356 b §
Lys 0. 286 45
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Investigation of Feak (b) from the €35 Sephadex Freotiomatiom

The amount of material contained in this peak is very
small, in fact, 0,08 umeles if B = 23,000,

A third of the mterial was acid hydrolysed as usual
and then subjected to high voltage electrophoresis at g 6.4
(70v/om for 30 mims.) A ocentrol centaining 5 ug lys, hist,
arg, asp, gly, glu and phe was run also. See Fig. 38
The results showed that only neutral amino acids were present.
This meent that this material did not constitute the "tail"
peptide of cytochrome O and 80 in view of the limited amount of
it availabie, it was disocarded as being of little importance.
investigation g Pesk B from the G50 Sephadex Tryptic Hydrolysis

The amount of material contained in this peak is 0.09
umeles, if E = 235,000, Electrophoreais done on one third
indicated that this peak was composed of substantially eme peptide
(70v/cm 35 mins. buffer yii 6.4). See Pig. 38

One third of the material when subjected to N termimml
end group analysis using the IN¢ technique (Schroeder 1957)
Yielded the results.

300 m: pmeles  Tofal umeles
FPhe 0.11 «088 <078
This peak wos alse discarded as being of little importance.
Investigation g 2 fronm the G50 Sephadex Tryptic Kydrolysis

A very sgall amount of this was available, N-termimsl
end greup analysis indicated the presence of Glu (0.02 pmeles)




and high voltage paper eleotrophoresis carried out as above

on the acld hydrolysate of this mmterial showed the presence of
lysine, saspartic acid, glutamic acid and some neutrol amino acidas.
Bee Fig.3s.

These results indicate, therefore, that "C" is probably
the tail peptide i.e¢ p92-104 + 1Its position in the sephadex
fractionation, i.e. behind the main peak tends teo confirm this,
as this is as would be expected from a smller peptide.
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Discussion

One of the sarliest investigations smde in this work
of the amino acid sequence of cytochrome ¢, consisted of attempts
to separate its peptides, preduced by tryptio hydrolysis. 1In
this conneotion, a column ef Zeooard 325 eluted with phosphate
buffers was tried unsuccessfully, but detter results were obtained
using the ion exchanger carboxymsthyl cellulose. Although with
this, very littls clear cut separation appeared to be obtained,
the application of electropharesis to soms of the peaks showed
that separation of the peptides into groupe had cocurred. Few
of these peptides, however, gave integral melar ratiocs and se
the technique was abandoned in faveur of a more sophisticated
approach. Nevertheless, in retrospect, some of them might well
have been pure (sse confirmation sectionm).

The tecdhnique sdopted, as discussed in the introductory
seotion, involved the splitting of the protein into a few large
peptides by limited hydrolysis with trypsin. The limitation
of the hydrolysis was achieved by substituting the § amino groups
of the lysine residues with, in the first instance, methaxyoarbomyl
groups, and subsequently, with trifluercecetyl groups. The
peptides produced were assparated on sephadex er by means of
electrophoresis and their amine acid content, in some cases,
their Neterminal end groups dstermined.

,mhﬂsmkmgmn.mhﬂumm
acid sequence of cytechroms 9 was published bty Margoliash,¢t.al(\A6)

:
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Mwmb\)m work was contimued, however, because
of the desirability for oconfirmatory results, and also because
of the neoeasity to test eur new approach to sequenoce analysis.

Margoliash and his co~workers obtained the amino acid
content of the protein by automatic analysis of a complets
enzsymatio hydrolysate.

Margoliash and Smith (1062) then degraded the protein,
after ethanocl-dematuration, into medium sised peptides by means
of chymotryptic hydrolysis.

The peptides were separated chromatographiocally on
Dowex 50-x2, using volatile buffers, and then purified where
necessary by a mixture of paper electrophoresis and chromatography.

Samples of the purified peptides were agid hydrolysed
using 6N HCl and their amine acid content estimated by autamatio
andino ecid annlysis.

In order to determine the amino acid sequenoce of the
chymotryptic peptides, these in turn were hydrolysed ensymtioally
using a selection of engymes. Trypsin, papain, carboxypeptidase
and leucine agine peptidase were all used, the selection depending
on the circumstences and the knowledge required.

The peptides produced were separated and purified by a
conbination of paper electrophoresis and chrometogrephy, or, one
or the other used separately.

The amino acid sequences of the peptides were determined
by means of the fluorodinitrobensens technique and alse Edman's
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(1980 and 1955) phenyl isothiocymate technigue. This work, plus
similar work done om the tryptic peptides by Kreil and Tuppy
(1961) has permitted the dedustion of a unique amino acid segquence
for horse heart oytochrome 0. This sequence is shown in Figure 39.

As gan be seen, the Netermimal residus is acetyl-glywimns.

This was detected by Tuppy on hydrelysing the tryptie peptids
Aoetyl Gly-Asp-Val=Glu-Lys with pepsin to give Val=Glu-Lys and
an aslidio fragment which failed to react with ninhydrin. The

latter on partial hydrolysis with 2N hydrechleric acid yielded
free sspartio acid and a substance chramatogrephiocelly in-
distinguishable from acetyl glyoine; hydrasinelysis gave aspartie
e0id and two hydrasides behaving like glycyl hydrasids anmd
adetyl-hydrazide. This was aocoepted as preof that the Netermimal
reaidus of cytochreme ¢ is asetyl glyoine and explains same of
the results obtained in this present work, as the acetylation of
giyoine would render it insusceptible te the usual reaction of an
amino aoid in this position.

The work dons on the restricted tryptic hydrolysis of
oytochrome © by the substitutiom of its lysine @ amino groups,
using methyl chloroformate, showed that it was impossidle to
achieve complets substitution under the sonditions desoribded.
mmmmwm»mm»m&«mmm
produced, and the amino acid sequense of cytochreme 9, however,
it was possidle to obtain some information concerning the identity
of the lysine groups which remained unmsked.
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Although it cannot be assumed that the free amino groups
belong to three or four particular lysine residues, the WP
results obtained did suggest that only a few of these wore involved .
The ocourrence, for example, of DNF threonine and DN alanine, as
well as bis DNP lysine indicated lack of substitution at lysines
87, 88, 99 and 100 which could be explained by some sort of sterioc
hindrance to reaction at multi lysine sites. It is possible,
however, that some of the material identified as 1bvis DNP
lysine might in fact have been methoxyocarbonyl DNP lysine.

The oocurrence of DNP glycine, on the other hand, is
most readily explained by a non specific lack of completeness in
the reaction between methyl chloroformate and oytochrome ¢, as
DNF glycine has a three times greater chance of appearing compared
with those other amino acids not dstected. Thus, the results
ebtained here showed that this technique required extensive further
developmsnt. It was abandoned, however, in favour of the more
promising method involving CPFs.COS Et ethylthiotrifluorocacetate.

Using this substance, it has been demonstrated possidble
to substitute the E amino group of every lysine in cytochromes o
at pii 9.0 and at pii 8,5, 94{ substitution is obtained. Subsequent
experimenta showed also that although some spontansous hydrolysis
of these groups took place, this wos very slow (see pp 1350 )
and unlikely to affect the main issue, prowiding some efficient
means of deactivating trypsin was availadble,

The oritical mature of the pii requirements for the
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substitution resction was surprising, however, and not discovered
until recently. Unfortunately, moat of the previous reactions
had been carried ocut at pif 8.5 because of the imowledge that
desubstitution ooocurs at pii 11 and the conclusion, therefore, that
at pif 8.5 spontansous desubstitution would be less likely to ooccur
than at pii 9. The damage resulting from this error, however,
would be small.

The complete removal of the "blooking" groups has alse
been demonstrated, using either 0.1 M Fadi or 0.5 M ammonia
solution. Although the Nascll method is ocbviocusly effective,
it is possible that it may have some undesirable side-effects
on the peptides, hydrolysing for example, the amide groupe.

It was for this reason that ammonia was tried. Despite the fact
that it requires a higher concentration and a longsr incubation
time, it is more aocceptable as it is unlikely to damage the
peptides.

In experiment I, (pp 95 ) the peptides expected to result
from hydrolysis only at arginine centres were obtained.
Corresponding to the structure of cytochrome ¢ published by
Margoliash and Tuppy, these peptides were 1-38 (30%); 38-81 (1Q%)
and 98-104 (80 %) and their yields are shown in breckets, With
the exveption of the latter, these ylelds are low and in addition,
considerable amounts of other peptides were also obtained.
Comparison of these, however, with the Tuppy Mergoliash structure
chowed that they were fragmsnts of P39-91, and this expleined, to
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some extent, the low yield of this peptide.

Nevertheless, the yields of the peptides comprising the
cytochrome ¢ fragment 1-91 were still low and ranged from 28-54%.

One possible explanation for this could be the non
deteotion of peptide material on the paper electrophoretograms.

A more probable explanation, however, was incomplete elution of
peptide material from peper, due to adsorption plus subsequent
chromtographic losses.With the coloured peptide 1-38, indeed,

we were unable to elute all the colour from the paper and considersble
amounts were thus lost. In the "methods™ section also, an
experiment is described to show that in ane particular case, at

least 35i of a peptide was lost in this way.

This attraction between peptide and paper, however, is .
likely to vary in strength depending on the structure of the peptide.
It is not surprising, therefore, that the yields of the peptides
isolated, differed substantially, '

The efficiency of the blocking technique in this experiment
therefore was not entirely satisfactory. Although the firat large
peptide P1-38, appeared in an unfragmented form (apart from a
14ttle F1l-28), the seoond large peptide P30-91 was consideradbly
degraded. This fragmentation did not ecour because of chymotryptio
activity, (thus showing the success of the short hydrelysis) dut
as a result of hydrolysis at lysine residuss, despite the earlier
work showing almost complete trifluorcecetylation. It seemed
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probable, therefore, that it cocurred after the partial removal
of the blocking greupsat pil i1 because of contimudng tryptio
activity despite the efferts made to eliminate this. That ¥1-38
was not affected in this way is due to the fact that the blocking
groups on this part of the protein are not removed at pi 11, This
was shown by its treatment with FOND which ylelded no B LI lysine.

In the second experiment (pp 107 « ) in order to reduce
this additiomal degradation, less trypsin was used, in the hope
that the activity remmining after bedling would be meglijible.
Although reasonably successful in this direction, however, the
intended hydrolysis was not full enocugh in that 607 ef the starting
mterial remined as P1-81. This was rather too alose to the
structure of cytochrome @ to be very useful, but in other proteins
with different dispositions of arginine residues, such incempiete
hydrolysis might preve worthwhile.

In this experiment, an attempt was made to purify tbe
frectiomsby means of gel filtratiom. This was guite successful,
although censidersble amcunts of material appeared te get lest,
perticularly with Frections 1 and 3. The explamation for this
was probably failure of the nirmhydrin techniqus to detect some
material in the column eluates, plus errors in the ninhydrin
detarminations because of a high blank.

The failure of the nimhydrin technique te register was
probadly the explanation also for the lew yields ebtained from
the chymetryptic hydrolysis of Fractien 3, FS, This sort of




- 141 -

thing has been noted by other workers also, e.g. Margoliash,
(1988).

In the third experiment (pp 129 « ), the problem of
the centinuing tryptic activity was tackled in the way described
in the hope that the trypsin would be separated from the peptides.
To a large extent, this was succesaful, but unfortunately, the
intended hydrolysis did not materislise and no cleavage whatsoever
occurred at arginine 38. Instead, all the material was hydrolysed
at lysine 58 and possibly elsewhere in the section 56-104, although
1ittle of this was recovered and so it is impossible to say
precisely. This hydrolysis of the protein at lysine 55, although
even more pronounced om this eccasien, eccurred alse, to a
oensiderable extent in the other experiments. It seems probable,
therefore, that this pesition is in some way specifically vulnerable
to the tryptic attack.

The solutien te this entire problem is therefore the use
of some reagent which is capable of completely eliminating tryptio
aotivity, e.g. di isopropylfluorophosphate. This mmterial,
however, is not readily availadble, and as yet we have been unable to
obtain anye, The mext satep in this work, however, will be an
experiment as followsi=
(1) The blocking of oytochroms ¢ with COPg.C0S Et followed by the
removal of emoess ester with chloroform or on a celumn of sephadex.
The latter would be better becauss it would alse remove OFy.Cod.
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(3) Tryptic hydrolysis for 2 - 3 hours, followed by elimination
of the ensymatio activity with 4l isopropylfivercphosphate.

(3) i frectionation of the material.

(¢) De-blooking with 0.5 M Mig,

(5) Separation of the peptides in the fractions on sephadex

or electrophoretically.

The content of the fractions would presumably be

Fraction 1: Fl =38 and PS9 =61

Fraction 8: FP98=-104

An altermative approach, however, would be to restrict the
tryptic hydrolysis by substituting the lysine £ amino groups of
cytochrome ¢ with t-butexycarbenyl groups. Use has been made
of this group in the field of protein synthesis by Schwyser and
Rittel (1961) and they have shown that it can be removed in cold
trifluwercecetic acid or 1IN HCl but not in aguescus er conoentrated
acstioc acid.

It would gseem, therefore, that as a "blocking” agent, this
group has distinot possibilities. Investigation of its potential
in this directiom would thus bde well worthwhils,

During the oourse of the present work, although the technique
under development 4id not produce exactly the results heped for, a
good mny peptides of cytochrome ¢ were isclated in a pure form.
The amino acid compositions of these peptides compared with the
relevant section of the Margolissh-Tuppy structure ef oytochrome o
are shown in the tables 33 - 40,




Discussion 5 the Oenﬂ.mtg Results
Eeptide I i.e. P1-38 (Tuppy and Margoliash)

Table
B

Amino Fraction 1 Fraction 2] Fr.l P8 rl=-38
Acid Pl P2

1st Exper, lst Exper. | 2nd Exper. (Tuppy

277

2,0 3.0 2.09 8
Asp 1 ﬁh
Glu 4.9 6.0 4,37 4
Thr 2.18 2.0 2,07 ] —\H

-
Pro H 0. 97 1,0 1.58 |
Val 3.4 2.5 1.92 .
e _1

Al 0.97 1.0 1.9 b 4
Leu 1,78 b §

8,76 S0
ILeu 1.77 g

e

Qy 6.8 L 7.28 T 4.8 4
Fhe # 1.08 1.6 1.38 2
Hiat 3.0 F 2.0 1.8 S
Lys 6.7 8.77 7.2 4
Cys 2.0 2.0 1.0
Arg 0.84 0,61 0,83 b 4




Table 29
Amino .1, F2 Pl=26
Acid Exper. 1 (Tuppy)
”P 1.08 p
Glu 3.4 4
Thr 1,38 b §
Val 3.0 ]
leu ﬁ'
L 0.4 >
Ileu
Al 1.03
Gly 4.68 ﬁr— 4
Phe 0.89 1
Hist 1.48 2
Lys 8.0 6
JT
Cyn 20 2
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Table 30

Anino Haen Poptide Fl=50
Acid Exper. 3 (Tuppy)
Cys 1.3 2
Asp 5.0 4]
Thr 5. 38 5
Glu Bed b
Pre 2.78 P
Gy 8.15 I
Al 3.87 9
Val 2.9 3
Ileu 2,36 i
Leu 2.0 2
Tyr 2,0 b §
Fhe 3.86 S
Lys 10.68 10
Hist 3.06 S
Axg 0. 56 1
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Table 31
Amino Fr.8, P1 P39 - 91
Acid 1st Exper. (Tuppy)
Asp 4.1 4
Glu 6.2 é
Thr 6.1 é
Pre 2.0 3
Al 3.1 S
Gly 5.0 A
Leu 6.0 8
FPhe 2.0 2
Lys 10.0 10
Arg 1.0 1
Meoth 1.0 a
Tyr not )
detected
Try destroyed | 1
by acid
hydrolysis
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Tadble 32
ves 4 Lo B (tuery)
Asp 1.6 2
$ Glu 0.77 % ) §
Thr 1.37 S
AT
Al 1.27 jﬁ: p
Cly 2,01 3
Fhe 0.72 1
Lys 1,97 2
U
Tyr deteoted p §




Table 38

H

PrS, ¥2 | P47-5S
Cdi.(f) | (Twppy)

2nd E xper.




Tabhle 34
Amino | Prs, P8 Pac-48 | Amino | P8, P2 | pes-53
Acid C.H.(8) (Tuppy) | Acdd C.H.(b)
2nd Exper, 2nd Exper.

Thr l1.64 8 Thr 0.9

J o
Glu 1.0 p § Asp 1.9
Fro 1.05 1 Al 1. 2
u’ T—

d

Al
Tyr




y
- m

Table 38
Amine »3, F2 P54=-73 Amino r3, FS F74-91
hoid 1st Exper. | (Tuppy) Acid lat Exper, { (Tuppy)
S— asiis
e
Glu S. 93 4 Glu 2.19 1 +
Gly not cm-—‘[ 1 Gly not estim-| 3
ated by the ated by thy
techni que technd que
used used
Thr 1.13 § b 1 Thr 2,35 2
Meth 0.5158 1 Meth L0 1
T g
Leu 2.3 3 Leu 2,56 S A_
Freo not estin- 3 Fre not b §
ated by the estimted
techni que
used
3 -
Tyr 0.42 b Tyr 0.176 b §
-+
m 0.338 b |
Fhe 1.46  §
e
N=terminal end group B-terminal end group
Asp Asp Tyx Tyr



"h‘bio 36
Amine ¥r3, P4 P93-104
Acid 1st Exper. (Tuppy)
r:
Asp 2.3 2
Glu 2.4 2
Thr 0.9 1
Al 1.9 2
Lys 3.3 2
Tyr 0.54 1
r:
e 5 s

B-Terminal end greup Glu




Table 37
’ Amdno Maolayr Ratios Corrected P30=58
Aodd Fr3, P8 Molar (Twyppy)
2nd Exper. Ratios
! i
A” 3.84 3.3 3
Thr 2.7 2.16 3
—p
Glu 2.01 0.8 1
Pro 1.57 ﬂq‘ 1.3 1
Gly 8.7 2.08 ]
Al 3.89 S¢0 8
—
Val 0.88 0 0
‘ T 1
ILeu 0. 888 0 0
—
Leu '- Q.49 (0] 0
o S 1.19 1.19 p §
- 1 ~ -
Phe 1.83 0.7 1
qu 4.16 a.3 3
. . . - %
Hist 0.761 ¢} l 0




Table 38

Fl e @
(Tupmy)

9251@;

4.96 8.18 6 8
8.06 8.18 8 s
1.9 12.46 Ji:w N iy
:r—r: 4.5_‘1 6,85 ﬂL 4 N
Qy 1n 11.19 13 18
l A 8.7 8.78 T s J 6
val 8,77 5 T s 3
o 5 643 5 J; & 1
T 0 B
- 8.68 80 | 8 T 4
gty S 3.56 A s 1
Lys 16.8 T T 18 |
Hist 3.3 1 s 3 T 5
| e .08 | @ 3 8
oy o.asm--Hr 0.2 . 2 * 2
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In Table 28, some slight discrepancies ¢an be seen between
the present work and Pl-38 (Tuppy and Mergolissh). However, none
¢f these discrepancies is comon to all three determinationa and
therefore, it would seem that the amino acid composition propossd
by Tuppy and Margoliash for this part of cytochrome g is correct.

In Tablo 29, more or less complete agreemsnt between owr
results and Tuppy and Margolissh's for Fl-85 is shown. This at
the same timn, thersfore, by difference oonfirms the composition
for P36-28 as it has already been shown that their valus for
Fl=38 is also correct.

In Table 30, some slight discrepancies also exist. These,
howsver, are unlikely to be significant as it has bsen shown above
that Fl-38 (Tuppy and Margoliash) is correct, and later tables
(32 and 37) show that their values for P39-55 sre also carrect.

Table 31 gives confirmation of Tuppy and Margoliash's amino
acid camposition for P39=91 except for the pro, tyr and meth
residuss against which discrepancies were found. Tables 33, 356 and
37 (see below) however, negate these and at the same time provide
sane evidence for the sccuracy of the proposed sequential structure.
Tables 33 and 34 which contain amine acid analysis of some small
poptides also do this .

In Table 36, the amalysis of the "tail® peptide is given
and complete agresmsnt exiats between our results and Tuppy ond
Margoliash's, except for the lysine residuss. The significance

of this is open to speculation,
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In Table 37 is contained the amino acid amalysis of
Pr.3, P8 (8nd experiment), which agrees with no part of the
structure of cytochrome o as proposed by Tuppy and Margoliash.
It will be remsmbered, however, that this material was subjected
to chymotryptic hydrolysis and that the peptides when isolated,
added up to P39=53 (Margoliash and Tuppy). Also, it was notioced
that in the original analysis 0.88 residues of valins were present.
Now, all the valine in oytochrome ¢ is contained in the first
twenty residues of the protein (starting from the N-terminal end),
and these in turn are comtained in the first large peptide produced
by hydrolysis at arginine 38, It seemsd possible, therefore, that
this peptide might be a contaminating feotor. Knowing the amino
acid content of this peptide and the amount of valins present in
the above analysis, it was poesible to caloulate the mumber of
residuss of the other amino acids present by proportian. From these,
by subtraction, the amounts of amino acid residuss due to the min
peptide in Fr.3, P8 wore obtained, and the peptide identified as
P39=55,

In Table 38, the amino amalysis of Fr.2, experiment 3,
and cytochrome ¢ are compared with the relevant values from the
work of Tuppy and Margoliash. Aas oan be seen, the results were
not conclusive and so the peptide maps desoribed in the experimental
seotiom pp 121 were done. As can be scen, the cytochrome o
peptide map shows five apots not visidble on the other one. These
spots are shaded, two negatively changed, two neutral and one positive,



This 4is in accordance with expectation if Froction B is Pl-fl
and the extra peptides from cytochrome ¢ presumably are

Q) Glu, Asp, Leu (~ ve)

(38) 1ILew, Al, Tyr (neutral)

(3) Leu (neutral)

(4) 3Lys (¢ ve)

(8) A1, Thr, Asp Nig Glu.Codl (- ve)

In Tables 39 and 40 is presented some qualitative evidenoce fer
the struoture of oytochroms 9. Although this material does not
carry the same weight as the quantitative results, in as far as it
goes, it agrees with our own previous results and slse those of
Margoliash and Tuppy.

The results cbtained, therefore, with the possible exoception
of the tail peptide, have provided strong confirmatory evidence
for the struoture of cytochrome g propesed by Tuppy and Margoliash.
The substantial mmber of overlapping peptides of varying sise which
has been obtained, to cover the entire pretein structure, shows that
Af there are errors, they must de small, and concerned with slight
sequential differences.
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SUMMART

1. Cytochreme ¢ was extracted from horse heart by a medifieation
of the methods ef Hagihara et al. (1958) and Stats et al. (1960).

The preduot thus yielded, however, was still impure, as indieated

by speotral inveatigations, but cemplete purificatiom was achieved
by means of chremategraphy en a column ef G35 sephadsx,

a. In order to olarify the cenflieting results of Matsubare

et al. (1957) and Margeliash (1955), an investigation of the Neterminal
residue of cytochroms o was made. The techniques used were:e

(a) A medifieation of Sanger's DNP technique (1945)

(b) Edman's phenyl isothieoysnate technique (1950)

(o) Tryptio hydrolysis ef II® aytochremes ®

In all ocases negative results were obtained, which indioated that

with oytechreme @, the N=terminal residue is net suseeptible te the
reactions nermally associated with an amino acid in this pesitiem.

Se An attempt was made te separate the tryptie peptides of
cytoohreme 0 on & column ef carboxymsthyl celluless. The
application of high voltage electrepheresis te seme of the material
thus obtained, enabled the iselation ef soms pure peptides, the
amine acid ocentent of which was determined.

4. In an attempt te limit the hydrolysis ef oytechreme @ by
trypsin te the arginine residues in the protein, an attempt ws



made to substitute the lysine & amine groups therein with
methoxy ocarbonyl groups. Tetal substitution, however, was not
achieved this way and so this method was abandoned in favour of

another more promising one.

5. It was found possible to totally triflucroscetylate
cytochreme o, using the ester ethyl trifluorocacetate. The excess
eater and its hydrolysis product, trifluoroacetio acid, were
removed before tryptio hydrolysis, however, ac it was discovered
that they tended to reduce the aotivity of this enzyme.
Electrophoretio investigation of the hydrolysate indicated the
presence of the expected large peptides (im fairly low yleld).
Amino acid analysis of these compared well with the results of
Tuppy and Margolissh et al. (1961 and 1962). Other peptides
were alse obtained, resulting from hydrolysis at lysine reasidues.
The appearance of these was attributed te centimuing tryptie
activity after removal of the "blooking”™ groups, despite an
attempt having been made, by bdeliling, te deaotivate the ensyme.
The removal of the blooking groups ocould be acocemplished in
either 0.1M NaGH or O.05M Mg,

In an effort to eliminate the additionmal hydrolysis at
the lysine residues, & similar experiment to the above was oarried
out, using less trypain. This time the peptides were separated
on sephadex columns and it was found that insufficient trypsin

had been used te ocsuse a full hydrolysis of the oytechrome o.
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Nevertheless, similar dammge te that previocusly experienced 4did
eocur.

The amine acid analysis of the peptides ebtained ocompared
well with the results of Tuppy and Margoliash.

6. One sectien of cytechreme 0 ise. peptide 39-563
(Tuppy=-Margoliash struoture) obtained in 5, was subjected te
chymotryptio hydrolysis and the peptides separated en Zeecarbd
225 x 2 (Konmigsberg and Hill 1962). Amino acid and end greup
anslysis carried eut on these fitted sxaotly, the structure of
this seoction of the protein proposed by Tuppy and Margoliaah,
The peptides obtained were P40=48, P40=53, P59«48, P40=468 and
P47=53.

7. Because of the previous difficulty encountered, resulting
from the centinuing activity of trypsim, even after beiling, &an
experiment was oarried eut in which the "blooked"™ cytochrome ¢
was hydrolysed on a colusn of sephadex. Thus the trypsin and
cytochrome @ peptides were separated as they pregressed down the
column and the danger of further damage after the “"deblooking" of
the peptides was eliminmated. This technique, however, resulted
in hydrolysis net at the arginine residues of cytoohrems ¢, but
at lysine BS.

The use, therefore, of scme reliable means of deaotivating
trypsin is desirable, to render this technique of restrioted tryptie
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hydrolysis efficient. Di isopropylflucrophosphate would

probably be suitable, tut as yet we have been umable to obtain
this luhm.

Nevertheless, the amino aocid amalysis of the many
peptides isolated during the course of this work, have provided
strong confirmatory evidenoce for the structure of cytochrome o,
proposed by Tuppy et al. and Margoliash et al.
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