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T'hosphofructokinase was purified from sheep henrt. The
sedimentation pattern of the puriflicd enzyme was investipgated
over a protein concentration ranse 0.7 to 14.5 me/nl. Two
diastinct;, 7 and 20 5 bowndaries were ohocerved at all concenbra-
tiong. A minor amount of 19 S material was also present.

The 30 5 boundary was asymmetric and its concentratbtion
dependence was characteristic of a polymerising system in
rapid reversible equilibrium.

The dissolved crystalline enzyme usually sedimented as a
single trailing 30 S boundary; the molecular weight of this
component was estimated at 1.5 x 106. This value was
consistent with x-ray data, which indicated unit cell
dimensions of 600 x 250 x 220 3, implying a protein weight of
greater than 406 daltons per asymmetric unit. In one
experiment the 30 S component appeared to be undergding a

trimerisation to a 53 S form.

Sodium dodecylsulphate gel electrophoresis indicated a
protomer molecular weight of 80,000 to 85,000, which was
consistent with a corrected sedimentation coefficient of
3.8 S and a molecular weight of 90,000 for maleyl-
phosphofructokinase, and with a corrected sedimentation
coefficient of 3.9 S for the urea-dissociated enzyme.

When maleylation was carried out on carboxymethyl-
phosphofructokinase in 7.5 M urea, the enzyme was further
dissociated to a 40,000 molecular weight subunit. Feptide
mapping of tryptic peptides; in?which'afginine-, histidine-,
tryptophan- and tyrosine-containing péptides were located;
was consistent with'an 85,000 form composed of two

identical subunits.

The enzyme was digested with trypsin. Forty-three different
péptides were isolated using a combination of: gel
filtration, ion exchange chromatography (on Dowex 50 and

DE 32 cellulose), paper electrophoresis, and paper chromato-
graphy. -~ The complete amino acid sequence was established
for 38 of these peptides. The amino acid compositions (and



portial sequences) were established for the other five
tryptic peptides. A summary of the amino acid sequence
data obtained for the tryptic peptides is shown in
Table V.

Seven carboxymethylcysteine-containing peptides were
isolated in this investipation, whilec eight have been
isolated from rabbit muscle (Coffee et al. 1977%). Six of
these peptides had very similsar compositions between the

tvwo gpecies. The rabbit enzyme contained two carboxy-
methylcysteine-containing peptides which were not found in
sheep heart and the sheep enzyme contained a 20 residue
peptide not found in rabbit muscle. This probably reflects
genetic variation between the two species.



TN DX
1 INTRODUCTION
2 METHODS
2.1 IMaterials
20 Enzyme purification and crystallisation
2¢5 Polyacrylamide gel electrophoresis
2.4 Ultracentrifugation
2.1 bedimentation analysis
2.2 Diffusion analysis
2.3 Corrected coefficients
2.4 [lolecular weight determinations
2s5 Carboxymethylation
2.6 Iialeylation
2.7 Tryptic digestion of enwyme
2.8 Feptide napping
2.9 Preparative electrophoresis
2.10 G Detection
2.11 Amino acid analysi's
2.12 N-terminal analysis (peptides)
2.13 N-terminal seguence analysis
2.14 N-terminal analysis (protein)
2.15 Amino acid sequence determination
2.15.1 Dansyl-Edman technique
2.15.2 Mass spectrometry
2.16 Digestion of peptides
3 RESULTS (1)

Se
D
3

W =

3.4

55

Crystals

Gel electrophoresis

Sedimentation studies on the purified
enzyme

Sedimentation studies on the dissolved
crystalline enzyme

Molecular weight determinations under
dissociating conditions

11
12

12
15
15
14

15
15
16
16
17
18
18
18
20
20
21

21
22

22
4

4
4

25

27

28

Vi

Page To.



5.(‘
5.7

N-terminal analysis

Ieptide maps

o REGSULTS (2)

4.1

4,2
4.%
G4
4.5

P’eptide separstion, cheracterisation and

amino acid sequence determination

Fraction

Fraction

A
B

I'raction C

Fraction

5  ACID-INSOLUBLL

5.1
i

55

I'raction
Fraction

Fraction

6 DY GCUSSION

6.1
6.2
6.3

D

TRYr1IC PEPT1LLS

Y
e
W

Polymerisation

Subunit structure

Primary structure

APPENDIX I:

REFERINCES:

W
) NO

75
77
79

90

91



1740 and B

o]
(4

N

4

8A

BB

10A and B

11

12
13

-

14
15

16
17

thosphofructolkinase cryaials
vedimentation pattern of purified
phosphofructokinase

Concentration dependence of the sedimen-
tation coefficient of purified LIFRI
vedimentation pattern of dissolved
crystalline rik

sedimentation pattern of discolved
crystalline FFL (4th preparation)
Concentration dependence of the
sedimentation coefficient of maleyl-PFK
Graph for the determination of
molecular weight of PFR by gel
electrophoresis

Feptide map of acidic and basic BTy pibie
peptides of carboxymethyl-1iK

Feptide map of neutral tryptic peptides
of carboxymethyl-FFK

Elution profile of soluble tryptic
peptides on Sephadex G-50

Elution profile of fraction A peptides
on Dowex 50

Fragments obscrved on mass spectrometry
of peptide a(60~63) .46

Yeptide map of fraction B peptides
Feptide fraction C on DIl 32 cellulose
Teptide fraction D on ' 77 eellulose
LElution profile of insoluble peptides on
vephadex G 50

Feptide fraction Y on DI 22 cellulose
Peptide fraction X on DE 32 cellulose

26

2

27

28

29
30
30
31
32
40
49
59
63
64

65
71



LIST

O TABLES

ITI

Iv

VII

¥nzyme purification

vata for determination of the sedimentation
rate of the purified enzyme

Sedimentation and diffusion coefficients of
maleyl-PFK

Amino acid analyses of chymotryptic (CH) and
thermolytic (TH) peptides of peptide X
(86-84)

Summary of amino acid éequence data obtained
for sheep heart FIK

Comparison of amino acid compositions of
Cli-Cys-containing peptides of rabbit muscle
(R) and sheep-heart (S) PFK

Amino acid composition of peptides in
relation to composition of the original
enzyme

Page 1o.
10

26

28

73

&5

86

87

1w



1.

1. INTRODUGTION

The foundation of protein chemistry was laid in 1902, when Fischer

and liofmeister independently proposed that the linkage between the

amino acids of a protein was the peptide bond.

Although the phenomenon of biological catalysis was recognised as
early as 1835, it was not until 1926 that these catalysts ( enzymes )
were shown to be, in fact, proteins. The work of Sumner, in crystall-

ising urease, provided the impetus required to establish that enzymes
were proteins,

A big advance in the field of protein structure came with Svedberg's
development of the ultracentrifuge (Svedberg and Nichols, 1923;
Svedberg and Peterson, 1940). From his studies with this instrument,
Svedberg postulated that all proteins were composed of subunits.
Although subsequent investigations have shown that this is not abs-
olutely true, it is fair to say that the majority of proteins whose

molecular weight exceeds 30,000, are composed of subunits. The term

subunit is ured to mean a dissociated form of the native enzyme.

It is important to note that this dissociation does not result from
the cleavage of a covalent bond, but results from the disruption of
non specific interactions. For example, insulin, with a molecular
weight of 11,466, is made up of two identical 5732 MW subunits; in
turn each of these subunits contains two polypeptide chains linked
through disulphide bridges.

The study of subunits has become increasingly important with the
realisation that cellular control mechanisms, and regulation of enzymic
activity, might operate at the molecular level through interactions
between subunits of an oligomeric protein (Koshland and Neet,1968).
Frieden (1971) has listed no less than thirty-one enzymes in which

reversible association — dissociation processes may be involved in

controlling the rate of reaction in vivo,

Early methods of amino acid analysis of proteins were very laborious
and required vast amounts of material. The ester distillation method
of Fischer (1906) required 1 Kg of protein and took several months to

complete. The introduction of automatic amino acid analysis on ion
exchange columns (Spackman

et al, 1958)was a milestone in protein chem-
istry. Since that time the

equipment has been improved so that it is now



possible to analyse 5 n moles of cach component of a hydrolysate in
%-Ii hours, with completely automntic sample loading and column re-
ponerntion (Slump and Verbeek, 1968), Further improvements include
automatic intepgration of amino acid peaks and the use of fluorescent
nroducts inrteéd of ninhydrin to increase the sensitivity of the

detection system.

Prior to the commencement of amino acid sequence determinations, it

is ersential to know three things:

1. The amino acid composition of the protein;

2. The smallest subunit of the protein. If there is a number of
different subunits, these must be isolated and sequenced indi-
vidually;

3. The number of polypeptide chains contained in a particular sub-
unit. If a subunit contains two polypeptide chains linked through
a disulphide bridge, it is necess=ary to either oxidise with per-

reduce and .
formic acid, ornalkylate the subunit in order to senarate the

polypeptide chains.
The first protein to have its primary structure determined was bovine
insulin (Sanger, 1945; Sanger and Tuppy, 1951: Sanger and Thbmpson,
1953). The majority of amino acid sequence investigations since then
have been conducted along the lines pioneered by Sanger in his class-
ical study; that is, partial hydrolysis of the peptide chain hy
chemical and enzymatic methods and characterisation of the resulting
peptides. Sanger had no method available for sequentially degrading
the polypeptide chain; instead, his major technique was to label the

N-terminus using 2,4-dinitrofluorobenzene and subject the peptide

2.

to partial acid hydrolysis. Schematically, this can be represented as;

H+

DNP-A-B-C-D-E —5 DNP-A + DNP-A-B + DNP-A-B-C , etc

During the 1950's, Edman developed a method for the sequential degrad-

ation of polypeptide chains (below). This represented a major advance
in the techniques available for determining primary structure.

A wide range of enzymatic and chemical techniques are available

for fragmentation of protein chains. The most widely used enzymes are

trypsin (E.C.3.4.4,4.), which cleaves bonds adjacént to the C-terminus

of lysine and arginine, and chym?trypsin (E.C.3.4.4,5,), which hydrol-

yses bonds adjacent to aromatic and leucine residues. Other less

specific enzymes, including thermolysin, pronase, subtilisin and pepsin

can also be used. A considerable interest has arisen in the chemical
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modification of proteins to restrict enzymatic cleavage to a few well
defined bondr. Exnmples of cuch modification include, the blocking
of lyrine by trifluoroacetylation (Goldberger and Anfinsen, 1962),
maleylation (Butler et al, 1967) and succinylation (Li and Bertech,
1960) and the modification of arginine using 1,2-cyclohexanedione

(Toi et al, 1967) and phenylglyoxal (Takahashi, 1968).

The only really ratisfactory method of chemical clesavage involves the
use of cyanopgen bromide, which cleaves the peptide chain at methionine
residues (Gross, 1967). Most other methods give poor yields or have

undesirable side reactions associated with them.,

The separation of the complex mixture of peptides obtained from frag-
mentation of a protein presents a challenge to the ingenuity of a
protein chemist. No single method can give a complete separation,

and a combination of several technigues is normally requieed. Gel
filtration on columns of Sephadex (cross linked Dextran) or Biogel
(cross linked polyacrylamide) mermits a segregation of peptides into
gize groups (Hjerten, 1971). Ion exchange chromatography makes use

of cellulose, dextran or divinylbenzene polymers with chargea sub=-
stituents such as diethylaminoethyl or quaternary nitrogen groups

for anion exchangers and carboxymethyl, sulphonyl or phosphate groups

for cation exchangers (Peterson, 1970, Schroeder, 1972).

Because both gel filtration and ion exchange chromatography can handle
relatively large amounts of material, they frequently provide the
first line of attack. Individual fractions from these separations

are then frequently transferred to paper for further purification.

Paper electrophoresis will separate small molecules on the basis of

size and charge (Offord, 1966), while separation by paper chromat-
ography is based on the relative distribution of peptides between the
agueous phase on the paper and a mobile organic phase. Diagonal electro=-
phoresis allows the separation and identification of peptides contain-
ing disulphide bridges (Brown and Hartley, 1966), lysine (Butler

et al, 1967 ) and histidine (Milstein and Sanger, 1961).

The chemical methods in current use for the sequential degradation
of peptides rely on the phenylisothiocyanate (PITC) degradation of
Edman (1949 and 1950). This procedure (see below) involves coupling
of the N-terminal amino group of the peptide with PITC, followed by
cleavage of the now labile N-terminal amino acid with anhydrous

acid,.
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PEPTIDE PHENYLTHIOCARBAMYL-PEPTIDE
(PTC)
+
HyNg
—NH—C =——— N - NHZ-K &
| |
S CH=-R
e
v
(0] PEPTIDE

2-ANILINO-5-THIAZOLINONE
DERIVATIVE

At this point, two approaches can be used to identify the
amino acid.

1. The unstable 2-anilino-5-thiazolinone derivative may

be converted to the 3-phenyl-2-thiohydantoin derivative

(PTH-aa), via the open chain form, using aqueous acid
(Edman, 1956a; Edman, 1956b).

' S R
+
H I |
NH=C =N AQU 5 NH-C-NH-CH=-COOH

(PTC-aa)

(PTH-aa)

The PTH-amino acid can be identified by a variety of
methods, including paper (Landmann et al. 1953) and
thin layer chromatography (most commonly used)



5-

(Cherbuliez et al. 1960; IEdman and Begg, 1967), mass
spectrometry (Richards and Lovins, 1972) and gas-
liquid chromatography (Waterfield and Haber, 1970).

The second approach involves investigation of the
peptide produced by the cleavage reaction. Here a
small sample of the peptide is taken and the missing
residue identified by the Subtractive-Edman procedure
(Konigsberg, 1972), or the Dansyl-Edman procedure
(Gray, 1972) may be employed to determine the N-terminal
of the new peptide. The Subtractive-Edman procedure
is not suited to routine sequence determinations, as
it relies on amino acid analysis to identify the
missing residue. This results in the need for a
large (20 nm) sample, also amino acid analysis on
each cycle is very time consuning. With the Dansyl-
Edman procedure, a O.1-1nm sample of peptide (NHg—X)
is taken and reacted with 1-dimethylaminonaphthalene-
5-sulphonyl chloride (Dansyl chloride), in order to
label the N-terminal residue. The peptide is then
completely hydrolysed with hydrochloric acid.

CH CH
I CH}\ //CHB
7 X
+ NE,=X ——) + Cc1”

\ /

| |
0=?=O O:?:O

Ccl NH=X -

DANSYL CHLORIDE

CHi\ /pHs
| / \ '
to8ats  gmmcl
\ /
o=%=o
NE~CH~COOH

R



The dansyl amino acid may then be identified by

chromatography on polyamide sheets (Woods and Wang,
1967) .

Mass Spectrometry offers an alternative approach to peptide
sequence determinations (Shemyakin, 1968; Lederer, 1968;
Shemyakin et al. 1970). Peptide chains of up to ten
residues can be sequenced directly following N-acetylation
and permethylation. However, this is far from being a

routine procedure. Under ideal conditions, mass spectro-
metry has the advantages:

1. Due to their different volatilities, mixtures of
peptides can be sequenced without prior purification;

2. imide and acid side chains can be differentiated
directly;

3. Peptides with blocked N-terminals (which would not
couple with PITC) can be sequenced;

4, Unusual amino acids can be identified.

With all these advantages, it may appear surprising that this
technique has not been used more often in sequence studies.
It does, however, suffer from serious drawbacks:

% The method of peptide blocking is not suitable for
all side chains. Peptides containing arginine are
not presently amenable to mass spectrometry; problems
are also associated with quaternisation of histidine.
Difficulties are encountered with peptides containing
cysteine; '

2 Leucine cannot be distinguished from isoleucine;

Dl Unexpected fragmentations commonly occur, making
interpretation of the spectra difficult;

4. Large amounts of peptide (about 0.5 mg) are
required for analysis.

The amount of sequence data that can be determined for a pep-
tide is generally limited to about 10 rssidues. iIn the case
of mass spectrometry, this limitation is caused by the



decrecased volatility of large peptides and the lack of
stability of their molecular ions. Systems involving

the EZdman degradation are limited by oxidative desulphuration
of the ¥IC-peptide. When this occurs, the cleavage reaction
is inhibited (Ilse and Zdman, 1963). tlzo, the presence

of glutamic and aspartic ancid cnn offectively reduce the
amcunt ot reptide available for coupling and cleavage
respectively.

Because there is a limit to the amount of direct sequence
data obtainable from a large peptide or protein, it is
necessary to fragment proteins prior to sequence analysis.
The isolation and purification of these peptide fragments is
often the rate-limiting step in sequence determinations.

An automated sequenator has been developed by Edman and Begg
(1967). This instrument performs the Edman coupling and
cleavage reaction with an efficiency of about 98% per cycle,
as opposed to about 90% for the manual degradation. This
allows longer sequences to be determined directly; e.g. the

first 60 residues of apomyoglobin D (Edman and Begg, 1967).
This type of instrument would be unsuitable for sequence

studies on PFK, which appears to contain a blocked N-terminal
residue (Paetkau et al. 1968).

The assignment of amide groups poses no problem when identifying
PTH-amino acids or when mass spectrometry is used in sequence studies.
However, the hydrolytic conditions (6 M HC1l, 110°C) used in conjunc-
ion with the Dansyl-Edman technique, result in the conversion of
glutamine and asparagine to glutamic and aspartic acid respectively.
The loss of this information can be avoided if aminopeptidase is

used to cleave the N-terminal amino acid. The N-terminal residue

can be determined directly on the amino acid analyser. Alternatively,
The electrophoretic mobility of a peptide, before and after removal

of a suspected amide, can be used as a basis for assigning amide
groups.

73.
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Phosphofructokinase (FFX)(or, ATP: fructose 6-phosphate
1-phosphotransferase. EC 2.7.1.11) catalyses the phosphoryla-
tion of fructose-6-phosphate to give fructose-1,6-diphosphate.
This reaction is a rate-limiting step in the glycolytic path-
way, and as such, is ideally suitable as a major metabolic
dontTell Points As 1s the case with other phosphokinases,

PIK has a requirement for ATP and magnesium ions. In addition,
to its role as a gubstrate, at high concentrations ATP exerts
a strong inhibitory action on the enzyme (Vinuela et al. 1963;
Salas et al. 1965a; FParmeggiani et al. 1966). FFK is also
inhibited by citrate (Parmeggiani and Bovman, 1963; Garland

et al. 196%; Passonneau and Lowry, 1963; Salas et al. 1965b;
Underwood and Newsholme, 1965). While the yeast enzyme can
utilise ATP, GTP, ITP or CTP as the phosphorylating agent,
only ATP can bind at an allosteric site and inhibit the enzyme
(Ramaiah et al. 1964; Atkinson and Walton, 1965).
Phosphofructokinase is activated by ADP or AIP; 3',5'-cyclic
AMP for the liver flukxe enzyme, and 5'-41P for yeast, and both
forms for the enzyme from various mammalian sources (Lardy and

Parks, 1956; Passonneau and Lowry, 1962; Nansour and Mansour,
1962, Mansour,1963)

From these activation/inhibition properties of PFX, it is
apparent that, under aerobic conditions, when there is a
plentiful supply of ATP, glycolysis will be inhibited; on
the other hand, when the level of cellular ATP drops and ADP

and AMP accumulate, the rate of glycolysis will increase to
produce more ATP, '

In terms of protein structure, rabbit muscle PFK has been the
most widely studied. . In the ultracentrifuge, at pH 8, both
the native and dissolved crystalline enzyme exhibif a complex
schlieren pattern; this consists of three inseparable
boundaries with sedimentation rates of approximately 12 S,

19 S and 30 S (Ling et al. 1965; Parmeggiani et al. 1966;
Paetkau and Lardy, 1967; Uyeda, 1969). 4 rapid reversible
equilibrium exists between thesé¢ different polymeric forms.
The 12 S form (MW 520,00b-360,000) represents the monomer
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of polymerisation (Leonard and Walker, 1972) and is also the
smallest fully active unit of the enzyme (Faetkau and Lardy,
1967) . The precise nature of the polymerisation reaction is
not known, however, Leonard and Walker (1972) suggest a closed
hexamerisation may occur, while Aaronson and Frieden (1972)
suggest that there are several forms of the active enzyme

(MW 360,000) which differ in their mode of polymerisation.

In 0.8 M urea (Paetkau and Lardy, 1967), and at pH 6.0
(Aaronson and TFrieden, 1972) the rabbit muscle enzyme dis-
sociates to a 7 S form of molecular weight 160,000-180,000.
Further dissociation occurs in 0.5 M acetic acid, in 1%
dodecylsulphate and on maleylation to yield a 75,000-85,000
molecular weight form (Uyeda, 1969; Coffee et al. 1972).
There is still some uncertainty as to the minimum molecular
weight of the rabbit muscle enzyme. Leonard and Walker (1972)
and Coffee et al. (1973) report values of between 75,000 and
85,000 in 6 M guanidine hydrochloride, while Paetkau et al.
(1968) report values of 47,000 and 23,000 in 5.5 M and 6 M
guanidine hydrochloride respectively.

Peptide mapping experiments by Paetkau et al. (1968), and
experiments involving the isolation of carboxymethylcysteine-
containing peptides (Coffee et al. 1973), support the existence

of identical subunits of the 80,000 molecular weight species
of rabbit muscle PrK.

While extensive studies have been carried out on rabbit muscle
PFX, the structure of the sheep heart enzyme is less well-
defined. At pH 8, the native sheep heart enzyme sedimented
as two schlieren boundaries with sedimentation rates of 8.2
and 41 S, while the dissolved crystalline enzyme sedimented as
a trailing 25.4 S peak (Mansour et al. 1966). At pH 6.5, the
enzyme was converted to a 7.5 S form, the molecular weight of
which was determined as 160,000 by gel filtration (1ansour and
Ahlfors, 1968). In 5 M guanidine hydrochloride lMansour and
Ahlfors observed a species with an 8 50w value of 2.75 S and
estimated its molecular weight as 32,000. They therefore
proposed that the ? S form of sheep heart PFK was made up of
six subunits. This work'reports further investigation of the
sedimentation pattern of the purified enzyme and its subunit
structure..
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The biological activity and function of a protein is deter-
mined in the first instance by ite amino acid sequence. A
knowledge of an enzyme's primary structure is therefore
essential for a full understanding of how an enzyme acts.
Because of its central role in the control of the energy
balance of the cell, and because no data was availlable on its
primary structure, it was decided to investigate the amino
acid sequence of phosphofructokinase, It is hoped that this
information will act as a contribution to & more complete

understanding of the structure and mechanism of action of the
enzyme.

In this investigation, the amino acid sequence of tryptic
peptides of PFK were determined using the Dansyl-tdman
procedure, and in some cases, mass spectrometry was used.



2.  NEIHODS
2.1 Materials

isthyl alcohol, used in the purification of the enu;me, wns
twice distilled. Ac?tic acid was recdistilled frow ninhydrin.
Tyridine was refluxed with potassium hydroxide and distilled
from ninhydrin. Dimethyl sulphoxide waos refluxed with calcium
hydride and distilled at uSOC under vicum (0.2 mm); this
solvent was then stored over calcium Ljydride. thenylisothio-
cyanste, trifluoroacetic acid and butlyl acetate werce treated

as described by Edman and Begg (1967). Iodoscetale was
iccrystallised from ethanol. [laleic anhydride was resublimed,
under vacuum, in a cold-finger apparatus. Urea was passed
through an Amberlite IRA-400 column to remove cyanate.

14

Iodoacetic acid-2-C (specific activity 34 mCi/mm) was

obtained from Amersham.

202 Inzyme purification and crystallisation

thosphofructokinase was isolated from sheep heart using the
procedure of lMansour (Mansour et al. 1966; Lorenson and
liansour, 1969). All operations were performed at 4°C or less.

1.5 Kg of frozen sheep hearts were minced and homogenised in

4 1 of 10 mM Tris/HCl (pH 8.0), 2 mM LLTA. The suspension
was centrifuged at 8,000 rpm in a GS5% rotor for 20 minutes and
the supernatant discarded. The pellet was re-homogenised in
%2 1 of 20 mlM Tris/HCl1l (pl 8.0), 50 m ¢SO, , 5 mM 2-mercaptoe-
thanol, S50 p Ii ATP. The enzyme was extracted into this solu-
tion by stirring at 3700 Tor 25 minutes. The sus)ension was
then centrifuged, as described above, and the pellert discarded.

The supernatant (Fr.1) wos placed in a methanol bath at =296
and ethanol (pre-cooled in liquid air) was added slowly via a
jucketed column (cooled with ethenol/dry ice). When the
ethanol concentration reached 85, the mixture was allowed to
stir for a further 10 minutes, and was then centrifuged. The
pellet was discarded and the alcohol increased to 5. The
mixture was re-centrifuged and the supernatant discarded.



The pellet was homogenised in 70 ml of 10 mlM phosphate buffer
(pil 8.0) containing 5 mM 2-mercaptoethanol, 0.1 mM ATP and
ﬂO,;H fructose-1,6-diphosphate and centrifuged )

at 22,000 rpm in a %5-34 rotor for 30 minutes. The pellet

was re-extracted with the same volume of buffer and re-
centrifuged.

The combined supernatants (Fr.2) were applied to a 9 x 20 cm
column of DEAE-cellulose. The column was developed with a
linear gradient of 750 ml of 0.2 M Tris/ICl (pH 8.6) and

750 ml of 0.9 M Tris/HC1 (pHd 8.6); in addition, both of these
solutions contained 5 mM 2-mercaptoethanol, 0.1 mll AP and

10 pIi fructose-1,6-diphosphate. 25 ml fractions were
collected and tubes containing enzymatic activity were pooled

(Fr.3).

Saturated ammonium sulphate was slowly added to fraction 3
with continual stirring. wWhen the solution reached 42%
saturation it was centrifuged. The supernatant was then

brought to 60% saturation, centrifuged, and the supernatant
discarded.

The pellet containing the 'purified enzyme' was dissolved in
50 mM phosphate buffer (pH 8.0), containing 10 mM 2-mercaptoe-
thanol, 0.1 mM ATP and 10 pM fructose-1,6-diphosphate. This
was dialysed against a solution of 50 mli phosphate buffer

(pH 8.0), 1 mM dithioerythritol, 0.1 mlf ATP, 10 yM fructose-1,
6-diphosphate and 1 mM EDTA (Fr.4). lMost enzyme preparations
were, however, directly crystallised by dialysis against the
above solution, which was, in addition, 30% saturated with
ammonium sulphate. After between two and four hours of
dialysis, the solution was removed from the sack and allowed
to crystallise at 59c. The crystals were redissolved in the
crystallising medium, less ammonium sulphate, by heating in

a water bath at 60°C for three minutes.

N

Table 1 shows the yield and specific activity of the enzyme at
the specified fractionation stages. The values quoted are
for a preparation involving 1.5 Kg of heart. The enzyme
assay system is described in Appendix 1. The protein
estimations were performed by the Lowry method.

LIBRARY
MASSEY UNIVERSITY



Taoble 1

purification

Enzyme
Staze Volume Activity ~ Total units Irotein Specific activity 7Yield
otag (nl) (units/ml) (units) (ng/ml) (units/msg. ) %o
Fr.1 2,740 199 32.700 4.7 2.54% 100
r.2 130 152 19,6300 14.6 10.4 &1
Fr.3 310 45 14,000 0.47 95 43
Fr.4 13 1,140 14,800 - 7.6 150 45




Sryetale large enough oy s-ray analysis vere prepeved by
dialysing the purified ennyme against a solution of 50 mli
phosphate pH 8.0, 1 mM dithioerythritol, 0.1 mli ATE,

10 pli fructose-1,6~diphosphate, 1 mH EDTA, and conlaining 26/
saturated ammonium sulphste. After standing at 2°C for four
dnys, individual crystals appeared on the walls of the dialysis
sack. At this stage the ammonium sulphate concentration of
the dialysing medium was increased to 26.3v saturation and

over the subsequent seven days this was increased to 28.4/0.

e lolyacrylamide gel electrophoresis

nasic gels

Gel electrophoresis, at pH 8.5, was based on the procedure of
Davis (1964). The practice of using sample and spacer gels
was not employed (Hjerten et al. 19G5); instead the protein
was anplied on the gel surface in %05 sucrose. The following
solutions were used for gel preparation:

(a) 230 g acrylamide end 0.8 g II,V'-methylenebisacrylamide
made up to 100 ml with distilled water;

(b) 1.6 dimethylaminoproplonitrile in Tris/glycine;

(¢) 0.48% ammonium persulphate.

7.55 els were prepared by mixing equal volumes of solutions
(a), (b), (c) and distilled water. Gels were cast in

7 x 0.5 cm glass tubes and run in an .crylophor Zipparatus.
Both buffer chambers were filled with pl 8.5 Tris/glycine
buffer (3 g Tris and 14.4 g glycine per 1). Bromophenol-blue
vag used as an internal marker during electrophoresis. Gels
were stained and fixed in 1% amido-black in 7% acetic acid.
Destaining was performed electrophoretically.

Lodium dodecyl sulphate gels

Dodecyl sulphate-polyacrylamide gel electrophoresis was
rerformed according to the method of Weber and Osborn (1969).
The 107 gel formulation was used. IYroteins were prepared

for electrophoresis by boiling for 10 minutes in 10 mM phosphate
buffer, containing 0.1% sodium dodecyl sulphate and 0.1%
2-mercaptoethanol.



2 Ultracentrifucation

Both sedimentation and diffusion coefficients were neasured in
2 Gpinco Model E ultracentrifuge with mechanical swpeed control
(Chervenka, 1969). A1l runs werc performed at 20°C in an

WD rotor using schliecren optics. oampnles were prepared for
annalysis by dialysis agninst the specified buffer. Results
were recorded on Ilford G %0 photographic plates, which were
developed in red light.

2.1 sedimentation analysis

A 12 mm Double Sector Cell was used in most sedimentation
runs. vhen two samples were run simultaneously, a 12 mn
»ingle Sector Cell was used, together with a similax cell
containing a +1° wedge window; 1in this case the luss were

removed from the rotor to provide the reference edge.

jlieasurements were made on enlargenents of the developed

plates, using a photograjhic enlarger. The magniiication

3

P

factor was calculated by <iividing the measured dishbince
between the reference edo os by the notual distance, 1,594 cm
(determined in a travelling microscope). '"he position of
maximum displacement of a boundary was measured from the inncr
reference edge. After division by the magnification factor,
this value was added to 5.72 cm to give a value r, which
represents the radial distance from the centre of rotation to
the point of maximum displacement of the boundary. Generally
10 frames were exposed per run at pre-set time intervals. A
graph of log r was plotted as a function of time, t (in min),
and the gradient g—%%?—z of the line was measured. The
sedimentation coefficient (s) was then calculated from

equation (2), where w represents the angular velocity.

) dr
= Y- 1
° WS T dt (sec) : )
2.30 d log r
<= s=-J—%. (2)
60 W dt (min)

The sedimentation coefficient, in units of sec_q, was
converted to Svedberg Units (S) by multiplication by 10" sec.



2 4.2 Diffusion analysis

All runs were performed in a 12 mm cup-type synthetic boundary
cell at 12,590 rpm. A O.4 ml protein sample, in 0.1 M phos-
phate buffer pH 8.0, was placed in the cell centre-piece while
0.2 ml of the same buffer (from the dialysis medium) was
introduced into the cup. As soon as the vacuum chamber was
closed, the rotor was started and the vacuum pumps turned on.
The rotor was allowed to coast at 3,000 rpm while the chamber
‘pressure dropped to 0.5 p. At this point, the speed was
increased; at 8,000 rpm the buffer layered on top of the
protein solution and at 12,590 rpm, readings were commenced.
Five to ten frames were exposed per run at eight minute
intervals. The bar angle was kept constant at 750.

Measurements on the plates were made with the aid of a photo-
graphic enlarger. The diffusion coefficient was calculated
from equation (3), where A represents the area of the
schlieren boundary and (dc/dr)
the boundary.

max)the maximum displacement of

22 1
R = -l (3)
(de/ar)s .~ 4ty 160 5

As the boundaries were symmetrical, peak areas were
calculated as the product of height times width-at-half-

height. After division of the area by the magnification
factor, a graph of
Ag
_
(dc/dr)zax
was plotted against time and the gradient determined.

Equation (3) was then employed to calculated the diffusion
coefficient in units of cm2/sec. ‘

2ot o3 Corrected coefficients

Sedimentation and diffusion coefficients were corrected to
Sogy 804 Doy . values using equations (4) and (5)
respectively.



. oAt Nsol  1- V020w (%)
20w 120 h i 1- v&% T
Doy, - D 29?71 - 2% sa) (5)
4t rn 20 N w
550w = Sedimentation vate in wnter at 20°%c
S = Observed sedimentation rate in buffer.
7 = Viscosity of water at temperature of run (t).
" 20 = Viscosity of water at 20°¢.
Teed = Viscosity of sample at known temperature (t').
7 = Viscosity of water at known temperature (t').
D ooy = Density of water at 20°c.
Dt go1 = Density of solution at temperature of run (t).
v = Partial specific volume.
D2Ow = Diffusion coeflicient in water at 20°C.

= Observed diffusion coefficient.
iG = Temperature of run, in 2@,

Viscosity measurements were carried out in a capillary
viscometer immersed in a constant temperature water bath.
The viscometer was calibrated with water and readings
repeated on the sample until three consecutive values were
obtained, which agreed to within *0.05 sec.

Densities were measured in a precalibrated 1000 p1l pipette
(volume = 1.013 ul). At least three separate weighings

were made per sample; the average of these values was used

to calculate the sample density.

14,

The term (ﬁ%/qgo), in ecuations 3 and 4, had a value of unity

as all runs were performed at 20°¢. A value of 0.728 ml/gm

was assumed for the partial specific volume (Paetkau and

Lardy, 1967). In order to avoid the requirement of a large

amount of sample, viscosity and density measurements were
carried out on the solvent instead of the protein solution;
this introduces only a small error (Chervenka, 1969).

2.4 IMolecular weight determipnations

Ilolecular weights were calculated from sedimentation and dif-

fusion data, using the Svedberg equation (6), where R is the

universal gas constant (8.315 x 107) and T is the absolute

temperature.



15.

f RTs
MW = m (6)

25, Carboxymethylation

Fhosphofructokinase was either dissolved in, or dialysed
against, 0.1 M Tris/HC1l, pH 8.0 containing 8 M urez and 10 mlt
dithioerythritol (Nelson et al. 1965). A known protein
concentration, of between 10 and 20 mg/ml was used. The
reduction was allowed to proceed under nitrogen for 12 hours
at room temperature; a 2.5-fold excess of iodoacetic acid

was then added. This excess was over the total free thiol
groups present. The carboxymethylation was allowed to
proceed in the dark, under nitrogen, for 45 minutes. The

reaction was terminated by the addition of 2-mercaptoethanol.
The solution was then dialysed against distilled water, which
resulted in precipitation of the protein. |

When 2—-014 iodoacetic acid was used for carboxymethylation, |

the protein was dissolved in .0.1 M Tris/HlCl, pH 8.0, con- |

taining 8 M urea. To this was added an egui-molar amount ‘
of dithioerythritol to protein thiol groups. After reduction,
14

a 1.2 molar excess of 2-C iodoacetic acid (specific activity
1 pCi/mg) was added to the reaction mixture. After 20
minutes reaction, a further 1.2 molar excess of cold iodo-
acetic acid was added and the reaction continued for a further
15 minutes. This was to ensure complete carboxymethylation

of the protein.

Aamino acid analyses of the enzyme, carboxymethylated by the
first procedure, indicated a 95-98/% conversion of cysteine to
S—-carboxymethylcysteine. The second method, using 2-014
iodacetate, led to an 80-90% reaction. '

2.6 Malevlation

lMaleylation of the primary amino groups of the enzyme was
carried out in 0.1 M borate buffer, pH 8.8, in a 'pH-Stat'
at room temperature (Butler et al. 1969). Sufficient solid
maleic anhydride (fine sublimed crystals) was added to



orovide a 25-fold moler cxcess over protein lysine residues.
Cn completion of the reaction, the protein was dialysed

arpainst 0.1 11 phosphate buffer, pli 2.0.

2.7 Iryptic digestion of enzyme

Twice-crystallised trypsin was treated with TECK
(l=tosylphenylalanine chloromethyl ketone) in order to inhibit
chymotryptic activity (Weng and Carpenter, 1965). Digestion
with trypsin was based on the methods outlined by Cmyth (1967).

S-carboxymethyl-phosphofructokinase (Aipproximately 10 mg/ml)
was dinlysed against distilled watcer and the pi of the
suspension adjusted to 8.% with dilute ammonia. W'1ypsin,
ecquivalent to 0.5 (w/w) of the phosphofructokinase, was added
and the digestion allowed to proceed at 727°C in a 'pH-stat'.
After about 5 minutes the turbid suspension cleared and after
60 minutes digestion was complete. At this point, a further
0.5 of trypsin was added; although there was virtually no
further uptake of ammonium hydroxide, the reaction was
nllowed to proceed for a further 70 minutes. The solution
was then freeze-dried.

2.8 Peptide mapping

Thirty mg of peptide material was dissolved in 20 mll ammoni.um
hydroxide and applied as a 1 x 30 cm band across the middle

of a sheet of Whatman No.1 chromatography paper (46 x 57 cm).
Cne pl of an internal fluorescent marker solution, containing
DIiG-Arg and DNS-OH (1 mg/ml), was spotted at 2 cm intervals
nlong the band of(beptide material. Ten pl of external R and
'’ markers were also applied to the paper. (The R solution
centained Lys, Arg, Leu, Val, liet, tro, The and Tyr; while

the T solution contained His, Gly, :iAla, Ser, lle, Thr, Glu and
Asp; all at a concentration of 5 mli in 10,5 isopropanél.) The
paper was moistened with pH 6.5 buffer (pyridine/aceticacid/
viater, 100 : 4 : 900), and excess buffer blotted off.
lilectrophoresis was carried out at pil 6.5 (Ryle and Sanger,
1955) in a liichl-type apparatus (liichl, 1951) at 3 kV for

45 minutes. After electrophoresis, the paper was viewed
under U.V. light to locate the dansyl markers, and edge



m:Tkers were stained with ninhydrin to deternine how far the
peptides had run. At pl 6.5, basic peptides move To the

cathode (up) and acidic ¢ ptides wove to the annde (down).

Leutesd pentides move up on oa bang -2 em from the origin aue

to cndagnobtic flow. Whiie 29 cmelene bend of noutral pentiden
cut out amd sewn onto o gecond vhicrcl of “habman o1 reper,

5 e from the bottom. e backidn citrin vwns ceub outh and dnnsyl

and itoena U narkers wese 2oplied o Zascribeod cbove. The

neulrel pertides vere ce.ocrnted 1 Toe firct direnslion by

clectrophoresis at pd 2.1 at 3 kV for 5% minutes. The buflfer

used was acetic acid : water : formic acid (4 : 45 : 1).
The dried sheet was again examined under U.V. light and edge
markers stained with ninhydrin.

The sheet containing the neutral peptides was cut into six,

4 cm wide vertical strips, each of which was sewn onto a fresh
sheet of paper, 12 cm from the top. The peptides on the
strips were compressed into a fine line using 2% acetic acid.
Internal and external markers were applied to the papers which
were then subjected to descending chromatography (in butanol/
acetic acid/ water : 4 : 1 : 5 : upper phase) for 16 hours.
The lower phase of the solvent was placed in the bottom of the
tank for rapid equilibration.

bimilarly, six, 4 cm wide vertical strips, containing the
acidic and basic peptides were cut out and sewn, in pairs,
onto six new sheets of paper. Chromatography was again used
to achieve separation of these peptides in the second
dimension.

Individual maps were then stained with ninhydrin (leilmann et
al. 1957) and chlorine o-tolidine (Dawson et al. 1969) for
the detection of peptides. Further maps were stained with
Sakaguchi reagent (Eastley, 1965), Pauly reagent (Dawson et
al. 1969), Ehrlichs reagent (Smith, 1953) and 1-nitroso-2-
naphthol, for the detection of arginine-, histidine-,
tryptophan-, and tyrosine-containing peptides respectively.

2.9 Preparative electrophoresis

Peptides purified by preparative electrophoresis were
generally run on Whatman 3 IMM paper, using a maximum loading



rate of 50 n mol/cm. ilen lesser amounts of peptide were
available, samples were iun on vwWhatman No.1 paper with a
maximwa loading of 15 n mol/em, In both cases, electrophoresis
was conducted as describced under peptide mapping; the some
internal and external marlkers were applied to the paper.
teptides were located by staining edge marker strips with
ninhydrin. Bands of pentide material were cut out and
2luted using 1i/50 ammonium hydroxide.

2
2.10 ¢ Detection

I'eptides containing o4 vore located by a combination of
autoradiography and liquid scintillation counting. Auto-
radiogrephs were exposed for a period of six weeks. Results
were recorded on Kodak RP Royal XZ-Cmat film. Triton fluid

was used for scintillation counting in a rackard Tri-Carb
Liquid Scintillation obpectrometer. The scintillation fluid
was prepared by dissolving 5 g of ¥FO and 0.1 g FOrOP in 600 ml
toluene and adding 300 ml of Triton X~100.

2.11 fmino acid snalysis

inalyses were performed on a Beckman 1200 amino acid analyser.
inring the course of this investigation, the instrwaent was
converted to a single colwan automatved beckman-Locarte system.
iAnalyses on the whole protein were conducted using 0.2 mg
samples of enzyme, while-for peptides, one-twentieth of the
purified sample was generally used. T'eptides were hydrolysed
in 8 x 0.7 cm pyrex tubes using 200 pl of constant boiling
point hydrochloric acid. The tubes were sealed under vacuum
(0.02 mm) and hydrolysed at 110°C for about 15 hours.

The analysis values for threonine and serine, recorded under
results, have been increased by 5w and 107 respectively.
This was to allow for decomposition of these amino acids on

acid hydrolysis. ;

2.12 N-terminal analysis (peptides)

N-terminal analysis was performed according to the method of
Gray (1972). Between 0.1 and 1.0 nm of peptide was dried
under vacuum in a 0.6 x 3.0 cm Duram Tube and redissolved in



10 21 0.2 M sodium bicarbonate. This solution was re-dried
o remove traces of emmonia, and redissolved in 10 pl of dis-
billaed water. Ten/jl ol dansyl chloride (2.5 ng/vl in
seetone) was added and the tubes sealed with parafiim, and
incubated at 4500 for %0 rinutes. After drying dowm, 50 pl
of 6 It 1IC1 was added, the tubes were seasled under vacuum and
Lhe peptides were hydrolysied at 110°C for bebween 4 and 16
o, 'he tubes were opened and dried over sodiva

s P |
"."'."{,.'1"}EQ
of

“he residue was extracted with 5 pl of 957 ethanel. Equal
amounts of the extract were spotted on each side of a

7.5 x 7.5 cm polyamide plate (Woods and Wang, 1967). One

of these sample spots had 0.5 pl of a marker solufion super-
imposed on it. The marker contained dansyl derivatives of
ihe, Ile, Iro, Gly, Glu, ser and Arg, each at a concentration

of 0.1 mg/ml in ethanol.

rolysmide plates were subjected to ascending chromatography
in 1.5~ formic acid for 10 minutes. after 15 minutes drying,
the plates were chromatocraphed for a further 15 minutes in
the sccond dimension using benzenc/qdceblic acid (9:1). The
plates were then inspected under a U.V. lamp (%66 mp). At
this stage, an N-terminal of either ihe, Leu, Ile, fro, Lys,
Gly or Tyr can be identified uniquely.

Chromnatograms were re-run for 10 minutes in the second
dimension in a solvent of ethyl acetate/methanol/acetic aciad
(20 : 1 : 1) and reinspected. This solvent allows
identification of an N-terminal of either Ala, Glu, Asp,
Cm-Cys, let, Ser or Thr.

Flates were rerun for 7 minutes in the second dimension in a
solvent of acetic acid/pyridine/ethanol/water (40 : 22.5 :
25 : 2,500). This allows separation of DNS-lis from
DNG-Arg and DNS-g-Lys)

when necessary, chromatography was repeated for 50 minutes 1in
the second dimension in 0.5 M sodiuwm phosphate/ethanol (3 : 1);
this affords separation of DNS-Arg from DNG-{-Lys (Hartley,
1970) .



~fter ume, the polysmide plates wene washed 1n a solution of
water/acetone/830 ammoni (500 : 00 : 25). With care, eoch

plate could be reused abeout 30 tines.

2.1% lil-terminal seauvence analysis

the 'ioom' - Dansyl - Fdman procedure of Gray (Gray and Smith,
1070) was used to inveshticate the I'-terminal sequence of the
first four or five residues in a pentide,.

“hen the sequence of the [irst four residues was required,
2-10 nmn of the peptidc was placed in each of threc

0.6 x 6 cm tubes (the first residue having been predetermincd
by the N-terminal analysis). After freeze-drying, 25 pl of
distilled water and 25 pl of FITC was added to each of the
tubes, which were then flushed with oxygen-free nitrogen,
capped, and incubated at 4500 for 60 minutes. After drying
over concentrated sulphuric acid, at 60°C for 50 minutes,

50 pl of THFA was added to each sample. The tubes were again
flushed with nitrogen, capped, and incubated at 4500 fo® 50
minutes. The cleaved peptides were then dried over sodium
hiydroxide. '

Cne tube was set aside at this stape. The above process was
repeated on the remaining two samples, at which point the
second tube was removed. The cycle was repeated for a third
time on the third tube. At this stage 25 pl of distilled
water was added to the three tubes, which were then

extracted four times with butyl acetate. N-terminal analysis
was performed directly on the aqueous phase from each tube.
analysis of the first tube yields the second residue of the
peptide's sequence; analysis of the second tube reveals the
third residue, while the third tube provides the fourth
residue.

2.14 N-terminal analysis (protein)

The N-terminal of the enzyme was labelled, in 8 I1 urea,
using dansyl chloride (Gray, 1967; and Gros and Labouesse,
1969). One mg of protein was dissolved in 1 ml of 8 M urea
in 0.1 IM sodium bicarbonate. To this, was added 1 ml of
dansyl chloride (25 mg/ml, in acetone). The reaction
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mixture was incubated at 3700 for 4 hours and then dialysed
against distilled water. The precipitated protein was trans-
ferred to a hydrolysis tube (1 x 7.5 cn) and freezc-dried.
Five hundred pl of 6 I hydrochloric acid was added; the tubes
were sealed under vacuum snd hydrolysed at 110°C for 16 hours.

After drying, the hydrolysate was extracted twice with 50 pl
of wster-saturated ethyl acetate (this ailows removal of
aansyl sulphonic acid, which otherwise would interfere with
thie subsequent chromatography). The extraclt was dried and
redisselved in 955% ethanol before spotting on a 15 x 15 cn
rolyauide plate. Chromatography was run as described
oreviously.

The residue, which was left after ethyl acetate extraction,
was dissolved in 954 ethanol asnd chromatographed ?s described
above. (In addition to DLIS-OH, Lis-NH, and DNS- € -Lys, the
residue could contain DHS-His or LWS-ATS).

s 15 Amino acid sequence determination

2154 Dansyl-Ldnan technigue

The Dansyl-bdman Technique (Gray, 1972) was used to determine
the amino acid sequence of most peptides. Between 2 and 20 nm
of peptide was used per residue.

The pcptide was freeze-dried in a 6 x 1 cm screw-top tube and
redissolved in 150 gl of water. COne hundred and fifty pl of
FIIC (55, in pyridine) was added. The tube was flushed with
oxygen-free nitrogen, capped, and incubated at 4500 for

90 minutes. In order to remove solvent, excess YITC and
volatile by-products, the mixture was dried at 60°C for 40
minutes over concentrated sulphuric acid. After adding

200 pl of TFA, the tube was again flushed with nitrogen,
capped, and incubated at 4500 for %0 minutes. Excess TI'a
was removed over sodiym hydroxide flakes. The dried residue
was dissolved in 200 pl of water and extracted three times
with 1 ml washings of butyl acetate. After vigorous shaking,
the two layers were separated in a clinical centrifuge. The
upper organic phase, containing the 2-anilino-thiazolinone
derivative of the N-terminal amino acid, was discarded at each
washing step.



The agueous phase (contining the owrisinal reptide, minus the
N-terminal residue) was dried dovm and dissolved in 150 @1 of
water. A sample of between 5 and 20 1 was removed at this
point and subjected to li-terminal analysis to identify the
second residue in the sequence. This cycle of operations

was repeated until the entire sequence of the peptide was
obtained.

2.15.2 lilass spectrometry

Between 0.2 and O.4 ég of peptide was freeze-dried in a ground
glass tube. The sample was N-acetylated by adding 0.5 ml of
acetic anhydride and 0.5 ml of distilled water. The reaction
mixture was shaken for 40 minutes at room temperature before
being exhaustively dried down and dissolved in one drop of
dry dimethyl sulphoxide (DIMSO)(Kent, 1970).

The base used for permethylation (liorris and williams, 1971)
was prepared by adding 2 ml of dry DMSO to 0.1 g of sodium
hydride (prewashed with dry hexane). The tube was flushed
with oxygen-free nitrogen, stoppered lightly, and incubated
at 60°C for 10 minutes. A second batch of sodium hydride
was added and the incubation continued for a further 10
ninutes before the mixture was centrifuged.

One ml of llethyl iodide was added to the tube containing the
N-acetylated peptide; immediately after this, 1 ml of base
was added. The permethylation was allowed to proceed for

20 seconds before being stopped by the addition of water.

The product was isolated by extraction with 1 ml of chloroform.
The chloroform extract was washed three times with water and
evaporated in vacuo. The yellow oil obtained was dissolved
in one drop of chloroform and applied to the direct insertion
probe of a MS 902 Mass Spectrometer.

2.16 Digestion of peptides

Large tryptic peptides requiring further cleavage prior to
amino acid sequence determination, were treated as described
below.



The pepbide samples were freeze-dricd and dissolved in betw

20N
0.5 and 1 m) of Q0.2 M amronium bicarbonate. o this solution
vas added approximately 1,0 (w/w) of cither Thermolyuin,
Chymoltrypsin, or Subtilicin. The digest was carried out
over-nicht at 279, The solution was freesc-dried and the
cxtbent of digestion was rsessed by aralytical clectro-
y} ensis. The pepntide Jigested wWith pepsin was Lreated in a
miler manner, except thint the incubation was carried out in

b o
R A

ormic acid.



FIGURE 1 CRYSTALLINE PHOSPHOFRUCTOKINASE
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orystallisation of the ennyme by the method describied on pase
9 1led to the formation of crystals of between 2 and 30 }e
Figure 14 and B show the photographs of phosphofructokinase
crystals taken in a Zeiss interference microscope fitted with
a Immausihii attachment. ‘e views shown represent two planes
observed by rotating the erystals bthrouch approximntely 900.
“hen viewed on one surface, the crystals appenred as
recular hexansons, and whon rotated »t xight »ngslecs, a

rhiombice plane wan obeorved) implying that the enzyne cryntal-

Lises ns hexngonal bij

- ry = T e
150 A LUS .

e aisne of these crysta; made them vn uibable fer w-ray
malysiss;  however, a method was Gevatored (0. 11) for
coving 200 p erystalo. These ¢cryninl vore mountbed in

sealed caplllary tubes. “hen subjcciboed to X-ray analysics,

nxinl lengths of 600, 250 and 220 @ vere observed in still
photographs. The crystals were of low symmetry, pnssibly
monoclynic. Despite uncertainty regarding the space group,

these results suggest a probable weight of protein of greater

. 6 . . . .
than 107 daltons per assymmetric unit. This larce assymmetric

unit could account for the very weak diffraction by the
crystals, and 1s consistent with sedimentation studies on the
dissolved crystalline enzyme.

3.2 Gel electrophoresis

Cn gel electrophoresis (7.5 gel at pH 8.5) the purified enzyme

did not enter the running gel, but formed a band on the surface.

A similar result was obtained when 5.6,» gels were used; this
situation is similar to obLservations on rabbit muscle PFK
(Yaetkau et al. 1968). The dissolved crystalline enzyme

migrated as a band with mobilities between 0.2 and 0.4 in 5.5

gels at pH 8.5; a similarresult has since been reported for
chicken liver FFK (Kono, 1973).

Cn maleylafion, both the purified and dissolved crystalline
enzyme ran as a single band in pH 8.5 gels; this band had
mobilities of 0.18, O.4 and 0.8 in 12.5%, 7.5/ and 3.5% gels



apectively. A sinple bhand was 21lso obtoined whon electbro-
] : .

phoresis was carried out in sodium dodecylsulphate (below).

L}

He3 sedimentation studies on the purified enzyme

dprrarmane

The purified enzyme v dialysed apainst 50 w1l phosvhate
buflfer pH 8.0, containing; 1 ml dithioerytnritol, C.1 nmli ALl
10 pli fructose 1,6-dipho=phate and 1 nii wula, and subjected
to sedimentation analyses at 42040 rpm. I'igure 2 shows the
schlieren pattern of the purified envj;ue in a double sector
cell at 20°C and at a protein concentration of 14 mo/ml.
Initially, two boundaries were observed; however, as
sedimentation proceeded, a small shoulder was detected in the
trailing edge of the high molecular weight boundary. From

a graph of log r as a function of time, the sedimentation
coefficients of the three boundaries were determined. The
buffer had a viscosity of 1.011 relative to water, and its
density was 1.007 g/cc at 20°c. Using this data in conjunc-
tion with equation (4) (P.14), Sop,, values of 5.6, 19.3 and
50.8 S were obtained for the low, medium and high molecular
welght components. A schlieren pattern of similar shape to
that shown in Iig.2 has been reported for sheep heart PFK
(Mansour et al. 1966), however, in this instance, at a
protein concentration of 3.7 mg/ml, sedimentation rates of
8.2 and 41 S were reported for the major boundaries.

In order to investigate the concentration dependence of the
sedimentation coefficients, six additional sedimentation
experiments were performed on dilutions of the above
solution. Data on these determinations is shown in Table 2.

Two distinct high (30 &) and low (7 8) molecular weight peaks
were observed at all concentrations; however, because of the
simall amount present, it was not possible to measure the
sedimentation coefficient of the mediwa (19 S) molecular
welght species at lower protein concentration. Figure 3
shows a plot of the sedimentation rates of the 7 and 30 S
forms as a function of protein concentration. The assym-
netric 30 S boundary showed a marked concentration dependenée
attaining a maximum value of 32 S between 7 and 11 mg/ml.

The shape and the concentration dependence of this boundary
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FIGURE 2 SEDIMENTATION PATTERN OF PURIFIED PFK
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Data for determination of secdimentation

rates of the purified cnuyme.

Hich molecul:r weight boundary

(P) (mg/ml) i_—u—ld‘?é’ = 5 500w
4.5 1.49 x 1077 29.5  30.8
10.87 1.56 x 1077 0.9 2.1

7.25 1.55 x 10°2  70.8  =2.0
P 1.09 x 1077 9.5 307
2.18 1.41 x 1072 220 29.4
1.45 1.35 x 1077 26.5 7.5
0.78 1.28 x 10™0  2u.7 25,7
Low molecular weigiit Loundary
4.5 2.7 x 10°%" 5. 5.6
10.87 2.7 x10™" 5.4 5.6
7,25 2.8 x 10°% 5.5 5.7
3.62 3.5 x.10"% 6.5 6.7
2.18 3.4 x 107 6.7 .0
1.45 3.1 x 107% 6.1 6.5
iedium molecular weight boundary
14.5 9.4 x 10™%  18.6  19.3
10.87 9.5 x 10°%  18.4  19.1
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Figure 3  Concentration dependence of the sedimentation coefficient of purified PFK.



are characteristic of a polymer in rapid reversible equili-
brium with lower molecular weight forws (fiichol et al. 19064,

« Bethune and Grille, 1967). The sedimentation coefficient of
the 7  boundary decreascd with dccreassing concentrution, and
as far as could be Jjudged, the relative area under this

boundary remained constant as concentration decreased.

Do lk nedimentation studies on the dissolved crvstalline
enzyme

Three different preparavions of the dissolved crystalline
enzyme were subjected to sedimentation analysis and produced
similar results. The crystals were dissolved in, and
dialysed against, a solution of 50 mii phosphate buffexr pH 3.0,
1 mi%t dithioerythritol, 0.4 mM ATF, 10 pli fructose-1,6-
diphosphate and 1 mdM ©DTA, for six hours prior to analysis.
"he sechlieren pattern of the dissolved crystalline enzyme at
8 mg/ml and a rotor speced of 47,000 rpm is shown in Figure 4.
The trailing boundary had a S 20w value of 31.6 S, and 1its
shape vwas indicative of » rapidly prolymerising system.
inalyses on a second preparation of crystals, at 4,040 rpm

rnd the same protein concentration, indicated a similar

boundary, with a S 50w valua of %1.4 &, Results on a third
o

nreparation, at 2 mg/ml fimd, 59,780, indicated an assymmetric

boundary with an S 50w volue of 27.0 3. ‘fhe sedimentation
20w

pattern of this preparation was reinvasticated after storage
P O ~ 1 S

of the enzyme at 2~ for 7 days; there was no change in

elither the shape or sedimentation rate of the boundary.

Vhen a fourth preparation of dissolved crystalline enzyme was
investigated, under conditions apparently identical to those
described above, a different sedimentation pattern was
observed, ¥Figure 5 shows a tracing of this pattern at
42,040 rpm and a concentration of 6 xng/ml. (The glass plates
clouded with time, and were unsuitable for reproduction.)
Initially, three schlieren boundaries were observed with S 50w
values of 27 S, 51 S and 53 S (peaks 1, 2 and 3 respectively).
After 12 minutes, the 27 S and 53 S peaks disappeared, leaving
a long trailing 51 S boundary in reversible equilibrium with
lower molecular forms. From the relationship 82/51 =
(Mwa/qu)B/a, the molecular weight ratios of the 27 S to
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to the 55 O species was eshbimated a5 1 ¢ 2.7. In this case
it appears that the enzyme may be undergoing a further poly-

erisation involving trimcerisation of the 720 i form.

L5 [i0).eccular weipht determinations vnder dicsoci-hing

conditions

Jen the enzyme was maleylnted and dinlysed against 0.1 I
rhosphate buffer pH 8.0 prior to sedimentation and Jdiffusion
analyses, a single symmetiical boundsary was obtained at all
concentrations investigated.  Values of the gedinentation
and diffusion coefficient (D), at various concentrations, are
shown in Table 3. The speed used for sedimentation analysis
was 59,780 rpm. The buffer had a viscosity relative to
water of 1.029 and a density of 1.022 g/cc at 20°C.

Table %

Sedimentation and diffusion coefficients
of hialeyl-FIx.

F (mg/ml) S 50w - Dagy (cmgscc"q)
2.9 3.82 3.55 % 10~/
3.8 3,80 2.85 x 10~/
5.0 3,72 3.90 x 10"/
6.7 7 .81 .76 % 1077
8.0 780 -

10.0 3.64 -
1%.0 7.8 .54 % 100

Tisure 6 shows a plot of the sedimentation rate of maleyl-
chospho-fructokinase as a function of protein concentration.
from this graph the value of the sedimentation rate at

infinite dilution (ngw) was obtained as 3.80 $. OJimilarly,

the Dng value was determined as %.75 x 10-7 cmesec*q. Using
these values, together with a partial specific volume of

0.7 28 cc/gm, and the density of water at 2OOC, in the
wvedberg equation (MW = RI S2Ow/D20w (1-7<D)the molecular
weight of maleyl-PFK was determined as 90,000.
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When the native enzyme (concentration = 3 mg/ml) was dialysced
against 0.1 I phosphate buffer pH 8.0, containing 7.5 I1 urea
and 10 mlt dithioerythritol, and subjected to sedimentation
analysis (59,780 rpm), a single 1.9 S boundary was observed.
TThe solvent had a relative viscosity of 1.422 and a density
of 1.11%2 g/cc; using these figures, the 550w value of the

urea-dissociated enzyme was determined as 3.9 5.

UsA (IlW 67,000), ovalbumin (MW 45,000), chymotrypsinogen

(IiW 25,000) and PFK were boiled in 10 mii phosphate buffer

nil 7.0, containing 0.1% sodium dodecylsulphate and 0.1%
2-mercaptoethanol, and subjected to dodecylsulphate gel
electrophoresis (Weber and Osborn, 1969). Log MW was plotted
as a function of mobility with respect to bromophenol-blue
(Fig.7). Three PFK samples each migrated as a single band
with mobilities of 0.12, 0.12 and 0.14. These mobilities
indicated a molecular weight of between 80,000 and 86,000

for the dissociated enzyme.

G-Carboxymethyl-phosphofructokinase was maleylated in 0.1 I
borate buffer containing 7.5 Il urea, and dialysed against
0.1 M phosphate buffer pH 8.0. On sedimentation analysis
at 59,7380 rpm, carboxymethyl-maleyl-I'TK sedimented as a
single symmetrical boundary with Soow values of 2.25, 2.42
and 2.00 S at protein concentrations of 1.5, 3.0 and 4.5 mg/
ml respectively. The synthetic boundary observed in dif-
fusion experiments was gaussian, and diffusion coefficients
of 5.1, 4.9 and 4.5 x 10—7 cm2/sec respectively were calcu-
lated at the above concentrations. Using the Svedberg
equation, apparent molecular weights of 39,000, 39,000 and
40,000 were obtained for carboxymethyl-maleyl-PFK. This
form of the enzyme migrated as a single band of mobility 1.0
on gel electrophoresis at pH 8.5 in a 5.6% gel.

EISTE N-terminal analysis

No N-terminal residue was detected for sheep heart PIK,
although when N-terminal analysis was performed on mygolobin
under the same condition, DNS-Val and DNS-Val-Leu were
detected. The N-terminal sequence of sperm whale myoglobin
is Val-Leu -, and the detection of DNS-Val-Leu on N-terminal
analysis is a consequence of the resistance of Val-Leu bonds
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to ncld hydrolysis. The failure Lo detect sn Ti=terminal

rosidue in sheep heart 147 is paralleled in rabbit iumcscle 117,

S Feptide mans

L-carboxymethyl-phogsphofructokinase was digested with trypsin.
1thirty mg of peptide material was subjected to pephide mappins
(pame 16). Composite mayps showing the results of six
cetection procedures are vpresented in IPigure 8A and B,
slectrophoretic mobilitics at pH 6.5 nre expressed relative

o aspartic acid, while 2t pH 2.1, mobilitiec are reclative to

dmayl-arginine. Chron~topraphic mobilities in the second
dinension are relative to dansyl-croinine. I"iusre 83 shows
Lhe soncrated acidic and insic peptidos; while fipure 8B shows
a map of the neubral pepiides. wpotis on the maps represent
peptides detected with n'uohydrin. Yhe numeral 1 renresents

peptides defhected with oilTorine-C-iolicine; 2 reprosents
veptides which stained with Gakaguchi deagenty 75 vepresents
peptides which stained with Fauly neageunt; 4 represcnts
peptides which stained with Ehrlichs Ikeagent; and 5

represents peptides detected with 1-nitroso-2-naphthol.

A total of 50 peptides were detected with ninhydrin; 44 of
these also reacted with chlorine-O-tolidine. Twenty— seven
peptides contained arginine, 9 contained histidine, 5
contained tryptophan and 5 contained tyrosine.
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B, RESULTS (2)

4.1 Feptide separation, characterisation and amino acid

secuence determination

Five hundred mg of carboxymethyl-phosphofructokinase (of which
about a tenth was carboxymethylated using 2-C14 lodoacetic
acid) was digested with trypsin. The initially turbid dis-
persion rapidly cleared, and after two hours, digestion was
coﬁplete. At this point, the pH of the reaction mixture was
dropped to 4.0 and the acid-insoluble material removed by

centrifugation. Both the supernatant znd the pellet were
freeze-dried.

The acid soluble tryptic peptides were dissolved in 7 ml of
0.2 M ammonium bicarbonate and applied to a 2.5 x 97 cm column
of Sephadex G 50. The column was developed with 0.2 M
ammonium bicarbonate using upward flow at 14.0 ml/hour.

Thirty minute fractions were collected. I'igure 9 shows the
elution profile of peptides; optical densities were measured
at 280 and 230 nn. Based on these results and on electro-
phoretic analysis of tubes 48 ‘to 83, the following tubes were
pooled and freeze-dried for further fractionation.

Tubes (58-76), designated fraction Aj
Tubes (54-57), designated fraction 3;
Yubes (49-5%), designated fraction C;
Tubes (23-48), designated fraction U;

Ilectrophoretic analysis indicated that the tubes 64 to 70
contained free arginine and lysine, implying that fraction A
contains peptides which have been totally included in the
Sephadex. Although Figure 9 indicates UV absorption
occurring past tube No.76, electrophoresis and N-terminal
analysis showed that this absorption was not due to péptide
material.
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Praction A, representive, peptides botrlly included in Berhnd

5 50, wss dissolved in nl of Us:2 I oyridine/agolntae bulfen

nH 5.0 The pil wag adjvaied o 2.0 ath concenty 'geod hydro-
- i v o

chloric acid and the sample was 2pplicd, under niicogen

rressure, to a 0.9 x 50 ca column of Dowex 50 x & (22

spheres).

sepbides were eluted wibth 20 ml ol 0.2 i pyridine/qcetate
buffer pH 5.0, followed Ly a gradient consisting of 200 ml of
0.2 N pyridine/acetate pil 3.0 and 400 nl of 2 I pyridine/
acetate pH 5.0. The column was then developed with a gindient
of 50 ml 2.0 If pyridine/ncetate pH 5.0 and 70 ml ol 8.5 .
pyridine/acetate pH 9.6. Any peptides remnrining ~bsorbed on
the column were removed by washing with 50 ml of the pH 5.6
buffer. The flow rate vas maintained at 20 ml/hr using a
Beckmon sccu-Ilo pump, #nd the column tempernture was kept ab
5GOC using a circulating water punmp. ifractions of about

5«5 ml were collected.

''he column effluent was monitored by clectrophoresis at piH 6.5
and pH 2.1. A 0.5 ml sample from each tube was freeze-dried,
and dissolved in 20 pl of IM/50 ammonium hydroxide. Ten pl
from consecutive samples were applied to each of tvo sheets
of “hatman No.1 paper as a one - cm band. plectrophoresis
was carried out as previously described. One set of elution
profiles was stained with ninhydrin and the other with
vachaguchl Reagent. The column was also monitored for
radioactivity by taking 5 pl from each tube and spotting on
“Whatman No.1 paper, which was then subjected to autoradio-
graphy. Radioactive peaks occurred in tubes 4% and 58. In
order to ascertain which peptides in these tubes were radio-
active, the ninhydrin-positive spots from the above maps

were cut out and counted in a scintillation counter. This
indicated that peptides A 58 N 1.50. A(45—44).5 and
A(4%-44) N1.58 were radicactive (see below for numbering).

Tigure 104 and B shows the superimposed results of the two
staining procedures together with the rnrdioautograrhy recults.
Figure 10A displays the rosition of acidic and basic peptides
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with respect to their electrophoretic mobilities at pH 6.5 and
their tube number. Figure B displays the same for the ncutral
reptides, except that the electrophoresis was carried out at
D 25i. Although tube numbers do not start at one, no pep-
tides were contained in the fractions which are not show;
further, no peptides were located beyond tube nunber 102.

All the peptides from fraction A can be uniquely numbered by
quoting their Dowex tube number, their electrophoretic
mobility, and whether neutral or charged at pll 6.5. Thus the
code, 4(55-56) .35, represents a peptide which has been
totally included in Sephadex (represented by i); has been
further purified from a pooled fraction of tubes 55 and 56
inclusive, and has an electrophoretic mobility of 0.35 at pH
6.5. Similarly, the peptide numbered A(55-56).42 represents
a peptide occurring in the same Sephadex and Dowex fractions,
but with a mobility of 0.42 and pH 6.5. Peptide number A
(55-56) N1.48 also occurs in the same Sephadex and Dowex

fractions, but is neutral at pH 6.5 (N) and has a mobility of
1.48 at pH 2.1.

The method of further purification of peptides, numbered in
this manner, is described below, together with other

relevant data on each peptide, its amino acid analysis and
sequence.

The following comments apply to peptides in this and all other
fractions.

1. Unless stated to the contrary, all purified peptides

were finally dissolved in 500 pl of 1i/50 ammonium
hydroxide.

25 Figures quoted under amino acid analyses are in n mol
and the sample size represents one-twentieth of the
total purified peptide.

e The implied molecular weight was calculated from the
peptide's electrophoretic mobility using Offord
Diagrams (Offord, 1966).

4, The residue molecular weight was calculated from the
amino acid sequence of the peptide.



Four letters (Y, O, and 8) ore used to charncherise

each peptide's reaciion with winhydrin:
¥, Jnaicates a yellew spot. Leptides with an
Lerminal glycine, asparagine or carbesymneth -l-
G413 ) 1 _ ;

cvzastelne give a yollow colour;
O, indicates that thco peptide stained oranse.
N-terminal serirc residues ive this colour;
Ry this stands for the reddinsh-violet colour
usually associsabted with the ninhydrin reactiong
5y this refers to a peptide vhich reacts only
slowly to give the red-violet colour.
Peptides with N-terminal leucine, isoleucine

or valine rea%t in this manner.

6 | Unless otherwise stated, quoted amino acid seauences
were determined by the Dansyl-idnan ilethod. ‘he

symbol Ii/A, in brackets after a scouence, indicates
that it was deduced from N-termninal analyses snd
amino acid analyses.

7 The number of acidic residues presceat in a peptide as
the amide, was calculated, either from its pl 6.5
mobility and residue weight, or its pH 6.5 and pH 2.1
mobility.

20
.

The abbreviation Ep (6.5) stands for a peptide's
electrophoretic mobility at pH 6.5. This mobility

is expressed relative to the distance between aspartic
acid and the true origin (the position occupied by the
neutral amino acids).

The abbreviation Ep (2.1) stands for a peptide's electro-
phoretic mobility at pH 2.1. Here mobility is expressed
relative to the distance moved by serine from the true origin
(the position occupied by dansyl-sulphonic acid).



rurther purification: trap. eleclrorhoresis P 6.5;
11/50 NquH, redissolved in 0.5 ml 1i/50 HHQOH.
Fobility: Up (6.5) 0.6%. Implicd VW = 260.
Ninhydrin: ¥,
Apginine: +
li=teriminal: Gly.
‘malysis: e (45), 61 (50).
AU G Gly-dre. (Gif4).
tasidue IW: 2%1.

BT i A(55-50) .42

Purther purification: 1irep. elechtrophoresis pl ©.5;
I/50 WH,OH, redissolved in 0.5 ml 1,/50 Li,OH.

lobility:  Lp (6.5) 0.42. Implicd I'W = 480.

Ninhydrin: R.

Arginine: +e

N-terminal: Ala.

Analysis: Arg (80), Ala (77), Val (155).

S ULHCE: Ala-Val~-Val-irg. (N/4A).

Residue MW: 443, )

This sequence was confirmed by mass spectrometry.
PEPTIDE A (55-56) .75

Further purification: Irep. electrophoresis pH 6.5;

M/50 NH4OH, redissolved in 0.% ml Ii/50 MNH OH.
Hobility: Ep (6.5) 0.35. Implied MW = 610.
INinhydrin: O.

4

Arginine: +

N-terminal: Ser.

Analysis: Arg (80), Thr (81), Ser (80), Val (91).
OBLGUENCE: Ser-Thr-Val-Arg.

Residue IW: 453,

eluted

eluted

eluted



PEPTIDIE A(55-56) TI.A8

I'urther purification: Trep. electrophoresis pll 6.7 and Pl 2.1;
eluted 1M/50 NH4OH, redissolved in 0.5 ml I/50 NI, OH.
lobility: Bp (6.5) 0; ip (2.1) 1.43. TImplied MW = 360.
Winhydrin: R,
Froinine: 4.
—fterminal: Glu.
irg (80), Glu (79), Gly (850).
nidess Q.
LiggUiNCE: Glu-Gly-arg. (L/7A).
tegrdaae s 260. '

Pettlom A 67 .07

Further purification: Yrep electrophoresis pH 6.5; eluted
M/50 NHuoH, redissolved in 0.5 ml M/50 NH,OH.

Mobility: Ep (6.5) 0.57. Implied MW = 310.

Iiinhydrin: O.

Arginine: -

m

N-terminal: Ser.

Analysis: Lys (86), Ser (70).
OLYULNCE: Ser-Lys. (N/A).
Residue MW: 233.

PEPTIDE A 54 .5

Further purification: Pre. electrophoresis pH 6.5; eluted
/50 NH40H, redissolved in 0.5 ml IM/50 NquH.

Ilobility: Ep (6.5) 0.50. Implied MW = 370.

lHinhydrin: &S.

arginine: -.

N-terminal: Ile.

Analysis: Lys (74), Fro (79), Ile (68).

SELUENCE: - Ile-Pro-Lys. (N/A).

tesidue IiW: 356.

PEPTIDE A (83-84) .43

Further purification: Prep. electrophdresis pH 6.5; eluted
1M/50 NHuoH, redissolved in 0.5 ml M/50 NH40H.

Mobility:: Ep (6.5) O.43. Implied MW = 460.

Hinhydrin: Y,



Arginine:
N-terminal:
inalysis:
No.amides:
SEGUINCE:
Residue MW:

F'urther purification:

Mebidites :
Ninhydrin:
Arginine:
N=-terminal:
Analysis:
No.emides:
L ULHCE:

Residue MW:

The above sequence, which was determined by the Dansyl Edman

+e

Asn.

Arg (63), 4sp (64).
1e

Asn-irg. (N/4).
286.

FEPTIDE A (42-44) .36

4,OH.
ip (6.5) 0.36. Implied W = 600.
¥y

Asn.

Lys (91), asp (76), Thr (78), Ala (87), Fhe (75).

,].
Asn-Yhe-Ala-Thr-Lys.
574,

procedure, was confirmed by mass spectrometry.

M/e

119

560

445

S74

803

Structure
e

Ac ‘—A|sn
Me2
Me Me
Ac | Alsn 1 Phe
P1e2
Ve Me Me
AC '- Alsnl Fhe |— Ala
1182

Me Me Me Le

Ac!asntrnel p1a Lippr

| J
he2 Me

Me Me Me Me MF
|

Ac |_A|sn -.-Phe-l- Ala—'l‘lhr —Lys — OlMe
le,, Me M& Ac

Prep. electrophoresis pH 6.5, eluted
Ii/50 NH4OH, redissolved in 0.5 ml Il

7.

The masses of
the observed peaks and their structure is described below:



Cther peaks occurred at: Me = 171, corresponding to loss of
CO from 119; at M/e = 542, corresponding to loss of MeOH
from 574; and at 471, corresponding to 5EC-A1a-Thr~Lys—OMe.
(liasses of the amino acid fragments obtained on mass spectro-
metry of peptides have been described By Morris and Williams

(1971)).
PLPTIDE A 57 .5

Further purification: ZYrep electrophoresis pd 6.5, eluted
/50 NH4OH, redissolved in 0.5 ml Ii/50 NH4OH.

Mobility: Lp (6.5) 0.5. Implied MW = 370.

Ninhydrin: O.

Arginine: -.

I-terminal: Ser.

inalysis: Lys (93), ser (92), Gly (102).

SEOULNCE: Ser-Gly-Lys. (N/4).

Residue IMW: 290.

PEPTIDE A (70-71)N 1.63
Further purification: Frep. electrophoresis pH 6.5 and pH 2.1,
eluted /50 NH,OH, redissolved in 0.5 ml /50 1M, OH.
lMobility: Ep (6.5) 0; Lp (2.1) 1.63. Implied MW = 290.
Ninhydrin: R.
Arginine: +.
N-terminal: Glu.
snalysis: hrg (196), Glu (191).
No.amides: O.
LI ULNCE: Glu-Arg. (N/A4)
Residue MW: 303%.

PEFTIDE A (76-77) .54

Further purification: Frep. electrophoresis pH 6.5, eluted
Ii/50 NH,OH, redissolved in 0.5 ml /50 NH,OH. '

lMobility: Ep (6.5) .54. Implied MW = 330.

Niphydrin: S. |

Arginine: -.

H-terminal: Leu.

Analysis: Lys (208), Leu (200).

SELULNCE: Leu-Lys. (N/A).

Residue MW: 259.



-0

TEETIDG 4 (43-44) N 1.07

Further purification: Itrep. electrophoresis pH 6.5 and
nil 2.1, eluted Ti/50 NHQOH redissolved in 0.5 ml M/50 NH4OH.

Hobility: Lp (6.5) 03 ip (2.1) 1.07. Implied M = 730.
Nirnhydrin: R,
Arginine: +.

Ii-terminal: leu. .

dnalysis: Arg (116), Aap (125), e (120), Gly (130),
Leu (118), 2y (112).

No.amides: O.

H-terminal analyses on this peptide indicated the presence of
Dlib-Leu and DINS-O-Tyr. Iio second residue was detected,
though DNG-O-Tyr was present. The third residue showed up
as UNS-Bis-Tyr. As the Dansyl-iddman hydrolysis tubes wcre
sealed under vacuum, this implies that the second residue was
Tepe The peptide was previously known to contain a trypto-
phan residue as it reacted positively with hrlich Reagent.
SLGULNCE: Leu-Trp—Tyr—Asp—Thr-Gly—Arg.

Residue MW: 909.

ZPTIDE A (41-42) KN 1.13

Further purification: Prep. electrophoresis pi 6.5 and 2.1,
eluted M/50 NHQOH redissolved in 0.5 ml 1N/50 NH40H.

Mobility: LEp (6.5) 0; Ep (2.1) 1.1. Implied MW = 670.

Ninhydrin: Y.

Arginine: +e

H-terminal: Gly.

hnalysis: Arg (74), Asp (62), Ser (63), Gly (72), Ile (75),

Phe (69).

No.amides: O.

SEGUENCE: Gly-Ile-Phe-Asp-Ser-Arg.

Residue MW: 693,

PEPTIDE A 39 N 1.23

Further purified: Prep. electrophoresis pH 6.5 and 2.1,
eluted /50 NH,OH redissolved in 0.5 ml I4/50 NHuoﬁ.

Mobility: Ep (6.5) 0; Ep (2.1) 1.23. Implied MW = 540.
Ninhydrin: S.



weinine: +.

Mo leorminal:s [eu.
wmal i Arps (41), The (A1), Sere (44, Glu (48), Leu (44).
o«anides: O,

Len=-ner=Glu-"r=Arg

cddue g GO4..
EEEPT 07 A (60-67)

o opnapdfication:  Irep, electiovhorenis pil 6,5, eluted
1/50 NH4OH redissolved in 0,5 ml i/50 NquH.
liobility: Lp (6.5) 0.46. Implied MV = 420.
Ninhydrin: R.
Arginine: -.
lil-terminal: Ala.
Analysis: Lys (70), His (63), Asp (?70), Ala (120), Val (72),
Leu (68).
llo.amides: 1.
DEGUTIICE: Ala-Ala-His-.isn-Leu-Val-Lys.
Residue MW: 752.

The reason the actual molecular weirht is greater than the
value implied from the electrophoretic mobility, is because
the peptide contains a histidine residue, which confers on it
an additional 'half charge' at pH 6.5. Further, if this
peptide contained aspartic acid as opposed to asparagine, it
should have a mobility of 0.16 at pH 6.5. As the peptide
has a mobility of O.46 at this pH, this implies that the
aspartic residue is present as asparagine.

The second ‘alanine residue in this peptide showed up only
weakly on Dansyl Ikdman treatment. Figure 11 shows the frag-
nent ions that were observed on mass spectrometry, together
with a rationalisation of the derivation of the ions. The
molecular ion was not detected, as the peptide underwént an
internal elimination at the asparagine residue.



FIG. 11

FRAGMENTS OBSERVED ON MASS SPECTROMETRY OF PEPTIDE A(60,63].46
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PIsEMIDE A (41-42) .48

Further purification: Prep. electrophoresis pH 6.5, eluted

I1/50 NHQOH, redissolved in 0.5 ml /50 NH

llobility:
Hinhydrin:
nrinines:
Ii=terminal:
nnalysis:
HEGURNGL:

nesidue MW:

4Ot
Ip (6.5) 0.48. Implied MW = 380.

(e,

Lys (55), T™hr (95), Val (52).
Thr-Thr-Val-Lys.

247,

PEPTIDE A (101-105) .51

Further purification: Yrep. electrophresis pH 6.5; eluted

I1/50 NH

Iobility:
Hinhydrin:
Arginine:
I'-terminal:
Analysis:
51w UlNC 1y

Residue MWe

4OH, redissolved in 0.5 ml [1/50 NH40H.
Ep (6.5) 0.51. Implied MW = 360.

B.

+ .

Leu.

Airg (180), Leun (172).
Leu-Arg (N/A).
287.

PEPTIDE A 23 N 1.26

Further purification: ©Prep. electrophoresis pH 6.5 and

pH 2.1, eluted M/50 NH4OH, redissolved in 0.5 ml M/50 NH

liobility:
Ninhydrin:
aArginine:
F'-terminal:
Analysis:
No.amides:
315, UENCE:
Residue [W:

OH.
Bp (6.5) 0; Ep (2.1) 1.26. Implied MV = 500?
Y

+.

Asp.

arg (95), Asp (96), Tnr (93), Val (97).

0. '

Asp-Val-Thr-Arg.

489.

H1.



PEPTIDE A (70-71) .54

Further purification: Frep. electrophoresis pH 6.5, eluted
/50 NH4OH, redissolved in 0.5 ml 11/50 IH, OH.

Mobility: Ip (6.5) .54. Implied IMW = 330.

Ninhydrin: Y.

m

Arginine: +.

N-terminal: Gly.

inalysis:  Arg (55), Ser (55), Gly (52).
SEGUENCE:  Gly-Ser-Arg. '
Residue MW: 3%18.

PEPTIDE A 58 N 1.50

)

Further purification: FPrep. electrophoresis pH 6.5 and pH 2.1,

eluted M/50 NHuoH redissolved in 0.5 ml M/50 NH4OH.
Mobility: ZEZp (6.5) 0; Ep (2.1) 1.50.
Ninhydrin: Y.
Arginine: +e.
N-terminal: Cys.
Radioactivity: 150 cpm per 10 pl.
inalysis: Arg (22), Lys (21), Asp/CM-Cys (40), rhe (20).
Specific activity: 18 cpm per nm.
SEQUENCE: Cys-Lys-Asp-Phe-Arg.
Residue IMW: 725.
No.amides: O.

The cysteine residue at position one was detected as DNS-
Carboxymethyl-cysteine. This peptide was neutral at pH 6.5
and as it contains both Arg and Lys, it must also contain two
'free-acid' side chains. One of these is provided by the
Cl-Cys residue and the other by the Asp residue, which has to
be present as aspartic acid as' opposed to asparagine.

The peptide will have a charge of +% at pH 2.1; this,
together with a mobility of 1.50, implies a molecular weight
of 750, which is in good agreement with the residue weight of

725,

This peptide contains an internal lysine residue, which is
unusual for a tryptic peptide. The rate of tryptic cleavage
is, however, decreased when the basic residue is next to an



neidic side chain. Here there arc two acidic residuecs
adjacent to the lysine, resulting in partial cleavage of
the ~Lys—-iAsp- bond (see peptide A (475-44) I 1.53 below),

PirTIbh A (43-44) 11 1.98

further purification: Yrep. electrophoresis pi 6.5 and

pH 2.1, eluted /50 Nﬁqoﬁ, redissolved in 0.5 ml
I1/50 NH4OH.

Mobility: Lp (6.5) 0; Zp @.1) 1.58. Implied IiW = 310.

Iinhydrin: Y.

Arginine: -

N-terminal: Cys.

Radioactivity: 140 cpm/10 pl.

o Lt UGS, Cys-Lys.

idesidue MW: 327,

This peptide results from partial cleavage, by trypsin, of
the -Lys-Asp- bond of pgptide 4 58 NI 1.50.

PEFITIDL A (43-44) .3

Further purification: Irep. electrophoresis pH 6.5, eluted
1/50 NH,O , redissolved in 0.5 ml [1/50 Nii, OH.

Hobility: Ep (6.5) 0.24. Implied MW = 790.
Ninhydrin: Y.

4

Arginine: -.

li-terminal: No N-terminal detected.

Radioactivity: 85 cph per 10 MH1.

Analysis:  Lys (40), Gly (38), Ala (43). (See below also).
opecific activity: 5 cpm per nm.

SLULNCE: X-Gly-Mla-Lys.

The N-terminal residue (X) of this peptide did not contain a
blocked amino group, as it was possible to determine the
sequence past the first residue. X was not tryptophan, as
the peptide did not react with Ehrlich Reagent.

As mentioned above, this peptide was radioactive; as it
contains no carboxymethyl-cysteine, the radioactivity must
be coming from another carboxymethylated amino acid. In
addition to the above amino acid analysis figures, the



peptide also contained 12 nm of methionine, 2 nm of homo-
serine lactone and 14 nm of s-carboxymethyl-homocysteine.
These compounds all represent breakdown products of carboxy-
methyl-methionine under acid hydrolysis.

It is concluded that the sequence of peptide A (43-44) .3 is
Met-Gly-Ala-Lys. This gives a residuc molecular weight of
464, which differs markedly from the impliecs value of 790
based on a mobility of 0.3. The lack of correlatioh between
mobility and residue weight 1s probably a consequence of the
presence of a sulphonium ion in this peptide.

PEPTIDE 4 (24-26) N 0.95

Further purification: Yrep. electrophoresis pH 6.5 and
pH 2.1, eluted M/50 NH4OH, redissolved in 0.5 ml 14/50
NH4OH.

Iiobility: Ep (6.5) 0; Ip (2.1) 0.95. 1Implied IW = 950.

Ninhydrin: Y.

Arginine: +.

N-terminal: Gly.

Analysis: Arg (71), Asp (75), Thr (67), Ser (70), Pro (64),
Gly (146), Ala (71), Fhe (65).

No.amides: O.

SEGUENCE: Gly-Gly-Thr-Pro-Ser-Ala-rFhe-Asp-Arg.

Residue MW: 906.

PEPTIDE A (87-88) .55

Further purification: ZFrep. electrophoresis pH 6.5 and

prep. chromatography (BAW), eluted M/S50 NHQOH, redissolved
in 0.5 ml M/50 NH4OH.

Mobility: Ep (6.5) 0.55; Ep (2.1) 1.56.

Ninhydrin: S.

Arginine: +e

N-terminal: Leu.

Analysis: Lys (50), Arg (51), Pro (49), Ile (48), Leu (95).

SEQULNCE: Leu-Arg-Fro-Ile-Leu-Lys.

Residue MW: 738.

During Dansyl-Edman analysis, the third residue was detected
as a faint DNS-Pro spot after a 16 hour hydrolysis. when



the hydrolysis was run Jer 4 howrs, two spots were detectoed;
one was 0AS-Pro (80,)), ol the other vas tentabively identi-
fied nz the dipeptide Dio-Fro-Ile (20)0). The identity of
this opot was confirmed when the fouxrbth residue was detectnd
na MO-T1le,

fssuming a net charge of +2, the pi ».5 mobility of 0,55
implies a molecular weipht of 850. 4L pH 2.1, the peptide
will. carry a net charge of +3; *this Logether with a
movility of 1.56, implics a moleculor weight of 700. These

values are in agreement with a residue weight of 7%8.

This peptide contains an internal arginine residue; this 1is
due to the slow rate of tryptic cleavage of -Arg-Pro- and

-Lys-Pro- bonds.
b

PEPTIDE A (90-92) .54

Further purification: Prep. electrophoresis pH 6.5, eluted
1M/50 NH4OH, redissolved in 0.5 ml TIi/50 NH40H.

Mobility: Ep (6.5) 0.54; Ep (2.1) 1.56.

Ninhydrin: S.

Arginine: +.

H-terminal: Leu. (DNS-Leu-Leu was also present).

Analysis: Lys (41), His (33), Arg (46), Fro (68), Ala (38),

Val (34), Leu (71).
GLEALULNCE: Leu-Leu-Ala-His-Val-irg-Fro-Pro-Lys.
Residue IW: 1,029.

At pH 6.5, this peptide carries a net charge of +2.5,
implying a molecular weight of 1,150. This value is con-

h'y

sistent with a charge of +4, and a mobility of 1.56 at pH 2.1.

A (60-64) N 1.18

Further purification: Prep. electrophoresis pH 6.5 and
pH 2.1, eluted 14/50 NH,OH, redissolved in 0.5 ml
/50 NH40H.
lobility: Ep (6.5) 03 Ep (2.1) 1.18. Implied MW = 590.
Iiinhydrin: R.
Arginine: +e

N-terminal: Glu.



/!(7‘0

fnnlysis: Arg (41), Ser (44), Glu (47), Tyr (42).
No. amides: O.

Oy ULNCE: Glu-ber-Tyr-irg.

Kesidue I'W: 553,

A (45-46) .47

F'urther purification: IYrep. electrophoresis pH 6.5, eluted
/50 NHQOH, redissolved in 0.5 ml Ii/50 Wi, OH.

liobility: Ep (6.5) 0.43. 1Implied MW = 470,

Minhydrin: RR. :

m

irginine: -

HN-terminal: Leu.

Analysis: . Lys (38), Gly (40), Val (31), Leu (33).
SEQUENCE: Leu-Gly-Val-Lys.

Residue MW: 415.



A (70-71) .78

This peptide was isolated by electrovhoresis and was found to
hbe freec arginine.

4 (50=-51) 8.

fhis peptide was 1solaterd by electrophoresis and was found

to be free lysine.
Tollinn 1 (60-6%) Y

Further purification: rrep. electrophoresis pH 6.5 and
pH 2.1, eluted I1/50 NH,OH, redissolved in 0.5 ml I1/50
NH4OH

Mobility: Ep (6x5) ©n Epl (@=A) A .27.

Ninhydrin: R.

Arginine: +e

Ili-terminal: Arg.

snalysis: Lys (27), arg (26), isp (27), Glu (28), Ala (27),
liet (24), ihe (25).

lio.amides: O.

Sk UddiClh: Arg-fhe-asp-Glu-ala-liet-Lys.

itesidue MW: 895.

This peptide will carry a net charge of +3 at pH 2.1; its
mobility therefore implies a molecular weight of 900.

FPLFTIDL A (43-44) -.07

Further purification: trep. electrophoresis pH 6.5 and

pH 2.1, eluted 11/50 NHQOH, redissolved 500 ml NHQOH.
liobility: * Ep (6.5) -.07; Ep (2.1) 1.60.

Ninhydrin: Very faint reaction.

Arginine: -

N-terminal: No residue detected, although DNS-¢€-Lys observed.
Analysis: Lys Thr Glu Ala His

nm: 4% 34 102 34 104
Ratio: 1.26 1.00 3.00 1.00 3.06 (With Thr/ila =1).
Ratio: 1.00 0.79 2.37 0.79 2.42 (With Lys=1).

Two attempts were made to sequence this peptide by Dansyl-
Edman treatment. Both of these proved unsuccessful;



however, DNG-t-lLys was observed on each Dansyl-Lidman cycle.
it appenrs, therefore, that this peptide contains a blocked
M-terminal residue, probably a pyroglutamic acid residue.

Two hundred and eirhty nn of this peptide was ll-acetylated,
permethylated and prepared for mass sprectrometry as described
previously. No peptide signals were detected. This was
possibly due to a quaternisation of some or all of the
histidine residues, which would re:sultb in the exclusion of
the charged peptide from the final chloroform phase, which
was applied to the mass spectrometer.

Two scts of amino acid snalysis ratios are shown above; the
first set of ratios derived from assigning alanine a value of
unity, appears to give a more reasonable result. Oouch a
peptide would have a sequence/composition of Fyroglu-
(G1x,Glx,His,His,His,Thr,Ala)-Lys. 1f one or more of the
glutamic acid residues here were present as the amide, then
this peptide would be basic at pH 6.5. As this peptide was
observed to be acidic, it must contain either three free
glutamic acid side chains or two free acid side chains and
one pyroglutamyl residue.

The above proposed peptide would have a residue weight of
1,098, and a charge of +4 at pH 2.1. The pH 2.1 mobility of
1.60 is consistent with this data.

As it was not possible to determine the sequence of this
peptide by Dansyl-Idman analysis or by mass spectrometry,
the remaining peptide material was subjected to a 12 hour
digestion with thermolysin. The digest was subjected to
duplicate analytical electrophoresis at pH 6.5; one strip
was stained with ninhydrin, and the other was stained for
histidine. Two faint peptides were detected with ninhydrin;
one was basic with a mobility of 0.67 and the other, which
was acidic, also stained for histidine and had a mobility of
-0.09. These peptides were then separated by preparative
electrophoresis.

"The basic peptide had an amino acid sequence of Ala-Lys and
was in very low yield. Amino acid analysis on the acidic



peptide indicated ration of: Ala (1.00), Thr (1.00), Glu
(».20), liis (%.0%3) and Lys (1.16). Clearly, this peptide
represents undigested starting material.

The recovered peptide material was subjected to direstion
with pepsin; however, as Jjudged by electrophoresis, no
digestion took place. The remaining peptide material was
digested with subtilisin, and althourh electrophoresis
indicated that digestion had occurred, there was insufficient

of the peptide left to allow preparative separation of the
sub-peptides.

h.7 Jraction B

Fraction 3, representing Hephadex tubes (54-57) was dissolved
in 1 ml of li/25 ammoniwn hydroxide. A 15 pl sample was
subjected to electrophorctic analysis at pH 6.5 in the first
dimension and at pH 2.1 in the sccond dimension; staining
with ninhydrin indicated the prescence of 3 basic, 4 acidic

and 1 neutral peptide in this fraction. Liquid scintillation
counting showed that two of these pcptides were radioactive.

A second 15 pl sample was electrophoresed as described above
and stained with Sachaguchi Reagent; the combined results of
these detection procedures is shown in Figure 12.

The separation obtained (Fig.12) supgested that this fraction
would be amenable to further purification by preparative
clectrophoresis; it was therefore a;plied as a 35 cm band
across a sheet of Whatman % M1 paper and subjected to electro-
phoresis at pH 6.5. IEdge marker strips were stained with
ninhydrin. The separation achieved was the same as that for
the first dimension of Fig.12. As in fraction A, peptides
in this fraction are numbered accordinr to their Sephadex
fraction letter and their electrophoretic mobility at pH 6.5.

The basic peptides B .55, B .25 and B .05 were eluted directly
from the preparative pH 6.5 electrophoresis run with M/25
ammonium hydroxide. The neutral peptide B N1.10 was treated
similarly after gdditional electrophoresis at pH 2.1. The
peptides were then freeze-dried and dissolved in 0.5 ml

of M/25 ammonium hydroxide.
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I'he preparative pH 6.5 band correspondiaf to the acidic
peptide B -.44 was cut oubt and rerun preparatively at pH 2.1;
as expected, a sinpgle peptide was obtailned. The preparsa-
tive pll 6.5 band, B -.%5, was also rerun preparatively at

pll 2.1; this gave rise to two peptides. The major
component was nonradioactive and corrcspended to peptide

B -.%%, while the minor radioactive component corresponded
to peptide B -.26. When the preparative pH 6.5 strip
corresponding to band B -.23 was rerun at pH 2.1, two
radioactive peptides were obtained in equal amounts; these
corresponded to peptides B -.23 and B -.26. Feptides

B3 =-.2%, B -.3% and B -.44, and the two sources of B - .26 were
then eluted directly from the preparative pH 2.1 runs and
dissolved in 0.5 ml of [i/25 ammonium hydroxide after freeze-
Adrying.

Yul?IDE B .55

isolation procedure: wephadex and electrophoresis pH 6.5.
lobility: Ip (6.5) 0.55.

Ninhydrin: G.

Arginine: +.

N-terminal: Leu.

Assuming that a basic tryptic peptide will carry a nret charge
of +1 at pH 6.5, the mobility (0.55) of this peptide sug-
gested a molecular weight of 320, which implies that it
should have been totally included in the G 50 and eluted in
fraction A. The mobility of this peptide therefore sug-
gested that it contains more than one basic residue.

Analysis: Lys His Arg ¥Yro Ala Val Leu
nm 15 8 10 23 11 9 24
Ratio 1.4 0.7 0.9 2.1 1.0 0.8 2.2
SEQUENCE: Leu-Leu-Ala-His-Val-Arg-Yro-lI'ro-Lys.

As predicted above, this peptide did indeed contain more
than one basic residue. It in fact carries a charge of

+2.5 at pH 6.5, implying a molecular weight of 1000, which
is consistent with a residue weight of 1,029. The sequence
of this peptide is the same as peptide A (§3;§5) .54,



BERTBE B .05

Isolation procedure: Sephadex and cleetrophoresis pH 6.5.
Mobility:  Ep (6.5) 0.05.

Ninhydrin: Y.

Arginine: +.

li-terminal: Asp.

Analysis: Ilis Arg Asp Thr Ser Glu rro Gly Val iiet Leu
nm 21 19 42 19 18 42 40 62 28 15 28
ratio 1.0 1.0 2.1 1.0 0.9 2.1 2.0 3.1 1.4 0.8 1.4

In addition to the above analysis, lesser amounts of Ala
(9 nm) and Tyr (8 nm) were present; possibly being derived
from some slight contaminating peptide and from paper.

Baséd on the above molar ratios, it appeared that this peptide
contained about 16 residues, making it too large for direct
sequencing. It was therefore decided to attempt a thermo-
lysin digestion. In order that the N-terminal thermolytic
peptide might be readily identified, a 'Zoom' Edman analysis
was carried out on the intact peptide. This showed an N-
terminal sequence of Asn-Val-Leu-. This, however, meant that
the peptide would be unsuitable for digestion, as this would
lead to the production of an Asn-Val peptide together with
another 14- residue peptide. 1t was therefore decided to
commit this peptide to direct sequence analysis.

SEQULENCE: Asn-Val-Leu-Gly-His-llet-Glx-Glx-Gly-Gly-Ser-Pro-
Thr-rFro-Asx-Arg.

On dansyl analysis, the second residue appeared as DN3-Val
(60%) plus another dansyl spot, which was tentatively
identified as DNS-Val-Leu (40%,). The identity of the DNS-
Val-Leu spot was confirmed when the third residue was deter-
mined as DNS-Leu. The presence of this dipeptide is a

consequence of the resistance of the Val-Leu bond to acid
hydrolysis.

"This peptide has a residue weight of 1,695 and a mobility of
0.05 at pH 6.5; this implies a charge of +1/2 at this pH.
The +1/2 charge is provided by the histidine residue at



position 5. The +1 charge on the arginine side-chain must
therefore be cancelled out by a single free acidic side-chain.
This implies that three out of the four acidic residues
present occur as the amide. The N-terminal residue was

asparagine, as the peptide stained yellow with ninhydrin.
PEPIIDE B .25

Amino acid analysis on this peptide indicated the presence of
both arginine and lysine, it thus appeared that this tryptic
peptide was impure, so it was further purified by prepara-
tive chromatography using butanol: acetic acid: water.

Isolation procedure: Sephadex, electrophoresis pH 6.5 and
chromatography.

liobility: “p (6.5) 0.25.

Ninhydrin: R.

arginine: +.

N-terminal: Lys.

Analysis: Lys His Arg asp Thr Ser Gln Pro Gly Ala Val
nm 32 23 28 46 22 33 55 48 653 20 30
Ratio LZNeR 1 =8 09 1% 22 drS 2% 1088 [k

inalysis continued: Met Leu Phe
nn 25 25 16
Ratio 1.0 1.0 0.6

After purification by chromatography, peptide B .25 contained
both lysine and arginine (above). The purity of this

peptide was investigated further by 'Zoom' - Edman analysis,
which indicated an N-terminal sequence of Lys-iAsx-Val-.

The third residue here showed up as Val plus a Val-Leu di-
peptide, which indicated a sequence of Lys-Asx-Val-Leu. As
each of the 'Zoom' -YEdman cycles yielded a single residue with
little background, this peptide (B .25) was subjected to
sequence analysis.

SEQUENCE: Lys-Asx-Val-Leu-Gly-His-l1et-Glx-Glx-Gly-Gly-Ser-
Pro-(?)-Pro-(?)-



bhiough € was not possible to debterwmine the cntive seguence
of thig peptide directly, it is clearly identical to peptide 3
2 .05, (above), except thot this peptide conbains an addi-
tional lysine residue at the -terminus. Feptide 3 .05 with
an additional +1 charge would have a nmobility of 0.25 at

il 6.5, This peptide does indeed have this mobility.

Feptide B .05 and B .25 are derived from a tryptic split
occurring; at a -Lys-Lys--or -irg-Lys—- scouence 1in the intact
protein. If Trypein first clcaves nfter the second basic
greup then peptide B .05 is obtained, plus a peptide with a
~-Lys-Lys or -arg-lys C-terminal sceuence. A peptide con-
thining such a sequence will be further depgraded, yielding
Free lysine (free lysine has been detected; see peptide

A (50-51) .84). If, on the other h:nd, the trypsin cleaves
between the two basic groups first, then peptide B .25 will

be obLained and will be resistant to further dicestion.

ol IDE B -.26

This peptide was further purified by paper chromatography
in butanol/acetic acid/water, and redissolved in 0.5 ml

11/25 NHqOH.

Isolation procedure: Sephadex, electrophoresis pH 6.5,
electrophoresis pH 2.1 and chromatography.

llobility: Ep (6.5) -0.26. LEp (2.1) 0.84.

Ninhydrin: +.

Arginine: -

li-terminal: Leu.

Radioactivity: 190 cpm per 10 pl.

fnalysis: Analyser malfunctioned.

OELURNCL: Leu-Fro-Leu-liet-Glx-Cys-Val-Glx-Val-Thr-Lys.

On Dansyl-Edman analysis, the second residue showed up
weakly as DNS-Pro on a 16 hour hydrolysis. When this
residue was repeated on a 4 hour hydrolysis, two dansyl
spots were detected; DNS-Pro (30%)and DNS-Pro-Leu (70%).
Initially, the 4th residue was detected as DNS-Met and DNS-
lies. This residue was repeated, sealing the hydrolyses
tube under higher wvacuum. This resulted in the detection



St

of DU3-liet as the sole derivative.  The 6th residue was
detected as DLNS-Cli-Cys. This residue was confirmed by sub-

jecting the butyl acetate extract, containing the ¥ITC
derivative of this amino acid, to liquid scintillation

counving. The dried down extract contained 2,720 cpm.
This peptide has a residne weight of 1,318. Assuning a
charze of -1 at pH 6.5, a molecul~ woisht of 1,000 would be

expected. a4t pH 2.1, this peptide vill have a net charge of
+2, the mobllity of 0.84 implies A minlecular weight of 1,250,
From these data, the peptide must contein two Ifree acidic
side-chains, as the carboxymethyl-cysteine residue will con-
tribute one of these, one of the glutamic acid residues must
therefore be present as glutamine.

PrFUIDE B -.53

Isolation procedure: Sephadex, electrophoresis pH 6.5 and
electrophoresis pH 2.1

Mobility: Ep (6.5) -0.33; Ep (2.1) 1.04

Ninhydrin: S.

Arginine: -.

N-terminal: Ile.

Analysis Lys Thr Glu Ala Ile
nm 25 42 54 40 o4
Ratio 1.8 1.8 2335 Mef “1=0

SEQULNCE: Ile-Thr-Ala-Glu-Glu-Ala-Thr-Lys.

The pH 2.1 mobility of 1.04 implies a molecular weight of

800; +this is consistent with a residue weight of 861 for this
peptide. Therefore the pH mobility of -0.33 means that both
acidic residues are present as the free acid.

During Dansyl-rdman analysis, high background levels built

up on the polyamide plates after the second glutamic'acid
residue. In order to verify the above sequence, the
remaining peptide material (90 nm) was subjected to digestion
with thermolysin. The thermolytic digest was subjected to
analytical electrophoresis at pH 6.5 and 2.1. Three ninhy-
drin positive spots were observed: one acidic with a
mobility of -0.31; one basic with a mobility of 0.55; and
one neutral with a mobility of 1.0.
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The ncutral peptide stained slowly with ninhydrin, indicating
"an Ile N-terminus. This corresponds to the expected thermo-
lytic peptide Ile-Thr, which would be neutral and have a
mobility of 1.04 at pH 2.1.

The observed basic peptide (mobility 0.55) corresponds to

the expected basic peptide Ala-Thr-Lys, which would have a
mobility of 0.55. The observed acidic neptide, with mob-
ility -0.31, stairved slowly with rninhydrin, indicating an
li-terminal lle residue. ““he mobility of this peptide surgests
a moleculiar welght of 770, implyinc thnt this noterail
represents undigested peptide B ~.50. Cn preparative electro-
rhoresis of tne digested m§terial, this peptide was the only
one rccovered in large enoush amounts o subject to further
analyses. N-terminal analysis indicated the presence of
DNS-Ile and DNG-Lys, confirming the hypothesis that this
peptide represented undigested starting material.

PLEFTIDE B-.23

This peptide was further purified by paper chromatography in
butanol/acetic acid/water, eluted, and redissolved in 0.5 ml
Ii/25 NquH.

Isolation procedure: Sephadex, electrophoresis pH 6.5,
electrophoresis pH 2.1 and chromatography.

lMobility: Lp (6.5) -.23; Ep (2.1) 0.78.

Ninhydrin: +.

Arginine: +.

N-terminal: Two spots were detected; one corresponding to
DNS-Ile and the other to DNS-Ile-kfhe.

Radioactivity: 205 cpm per 10 wp1l.

inalysis: irg (Cl-Cys Asp) Thr Ser Glu Fro Gly Ala Val
nm o4 61 21 20 e ® 49 322 28
Ratio 1.0 1.0 1.5 0.9 0.8 0.4 7 20 1.5 T

Analysis (Contd.) DMet Ile Leu Phe

nm 18 21 33 24

Ratio 0.7 0.9 1.4 1.0

Specific activity 21 cpm/nn.

SEQUENCE: Ile-Phe-Ala-Asx-Thr-Pro-Asx-Ser-Gly-Cys-Val-Leu-Gly-



“"he cysteine residue at position 10 was confirmed by countineg
the dried down butyl acetate extract containing the L1'LC
derivative of this amino acid: +this contained 5,017 cpm.

1t was not possible to directly detecrniine the sequence of
residues past the glycine at position 1%,

The pH 2.1 mobility of this peptide implies a molecular weight
of 1,450; +the pH 6.5 mobility therefore implies a net charge
of -1 at pi 6.5. This means that one of the two .[sx residues
aboﬁe is present in the peptide as the free acid.

~t this stage, approximately 80 nm of peptide was remaining;
this material was digested with chymotrypsin. DBased on the
above data, one would expect to observe three chymotryptic
peptides; one neutral Ile-ihe dipeptide, one radioactive
acidic decapeptide with a charge of -2, and one arginine-
containing peptide which would stain yellow with ninhydrin.

Duplicate analytical electrophoresis was run at pd 6.5 on the
chymotryptic digest. One strip was stained with ninhydrin
and the other with Sakaguchl Reagent. Three peptides were
detected with ninhydrin; one basic (which stained yellow),

one neutral, and one acidic. The basic peptide also stained
positively for arginine and the acidic peptide was radioactive.
These three peptides were then separated preparatively at

pH @.5 and eluted. Data on these peptides is described
below.

Basic chymotryptic penrtide.
IIinhydrin: yellow, implying Gly l-terminal.
srginine: +, implying C-terminal peptide of B-.2%.
ijobility: Ep (6.5) 0.53, Implies I9W = 740,

This peptide was then hydrolysed with 6M hydrochloric acid.

The hydrolysate was then dansylated and analysed on a polyamide
sheet. Three fluorescent spots were observed, corresponding
to DNS-liet, DNS-Gly and DNS-Arg. The sequence can therefore
®e deduced as Gly-Met-Arg, which has a residue weight of 3%62.



Neutral chymotryptic peptide
This peptide was not investigated further, as it must repre-
sent the expected Ile-fhe N-terminal peptide.

Acidic chymotryptic peptide
Kinhydrin: R.

Arginine: -
CHll Cys: +.
Ilobility: Ep (6.5) -0.54. Implied IW = 880.

N-terminal: Ala.

This peptide represents the expected .ila-Asx-Thr-Fro-isx-Ser-
Gly-Cys-Val-Leu- peptide, which has an expected mobility of
_0049-

As discussed above, one of the Asx rcsidues in this peptide 1is
present as asparagine and the other as the free acid. In
order to determine the position of the amide, the peptide
material was divided into two equal amounts. One-nalf of the
material was subjected to a one-stage 'doom'-Edman treatment
and the other half to a two-stage treatment. This results in
the production of two peptides: 1, Asx-Thr-Fro-Asx-Ser-Gly-
Cys-Val-Leu, and 2; Thr-Pro-Asx-Ser-Gly-Cys-Val-Leu. At
this point, these two peptides were subjected to direct
electrophoretic analysis at pH 6.5 and stained with ninhydrin.

Yeptide 1 had the expected pH 6.5 mobility of -0.55 and
stained yellow with ninhydrin, indicating an Asn N-terminal.

If the second residue of the original chymotryptic peﬁtide was
4sp, one would expect peptide 2 to have a net charge of -1

and therefore a mobility of -0.31; 1if, on the other hand,

the second residue was Aisn-,then peptide 2 would have a net
charge of -2 and therefore a mobility of -0.59. As peptide 2
had an observed pH 6.5 mobility of -0.56, it is concluded
that the sequence of the original chymotryptic peptide is:
Ala-Asn-Thr-Pro-Asp-Ser-Gly-Cys-Val-Leu.

" From the chymotryptic data the entire sequence of peptide 3
-0.23% - can be deduced as:
Ile-Fhe-Ala-Asn-Thr-Pro-Asp-Ser-Gly-Cys-Val-Leu-Gly-Met-Arg.



PLEITIDE B-.44
Isolation procedure: Gephadex, electrophoresis pH 6.5 and
electrophoresis pH 2.1
lMobility: Ep (6.5) O.44; Ep (2.1) 0.78.
Ninhydrin: R.
Arginine: -.
N-terminal: llo N-terminal was detected using dansyl chloride.
This peptide was, however, fluorescent and gave
a purple colour with fhrlichs Reagent, indicating
'the presence of Tryptophan. Az the hydrolysis
tube was sealed under high vacuum ane it was
possible to sequence past the first residue,
tryptophan was assigned to the N-terminal

position.
iAnalysis: Lys 4Asp ©Ser Glu Gly Leu
nm 19 38 29 43 30 49
Ratio 1 2 =S 22l 1.6 R.6

SLEQULNCE: Trp-Glx-Glx-Gly-Asx-Leu-Leu-Ser-aAsx-Leu-Gly-Lys

After the PITC derivative of the first residue was cleaved with
trifluoroacetic acid, the remaining peptide was tested with
kLhrlichs Reagent. No reaction was observed, confirming
tryptophan as the first residue.

The penultimate residue was missed on direct sequencing; 1in
order to determine this residue, the peptide was digested

with chymotrypsin and the basic subpeptide isolated by
electrophoresis at pH 6.5. This peptide was hydrolysed with
6l HCl, dansylated and analysed on a polyamide sheet. Two
gspots were detected, DN5-Gly and DITS-Bis-Lys. This indicated
that the penultimate residue was Gly.

The residue weight of this peptide (1,360) is consistent with
a pH 2.1 mobility of 0.78 and an implied molecular weight of
1,450. The pH 6.5 mobility of -0.44 therefore implies a net
charge of -2, which means that only one of the acidic residues
is present as the amide.



PeePIDis B N 1.1
Tgolation procedure: ephadex, electrophoresis pi 6.5 and
pH 2.1

Jiobilitys: Lp (6.5) 0; &p (2.1) 1.1.
inhydrin: +.
srElnine: -
J-terninal: Val,
snalysis: Lys lids snsp Glu Gly 4la Val Leu Lhe
1 a2 15 19 23 41 ch 50 44 11
t2tio 1.0 0.7 0.2 1.0 2.0 1.1 2.3 2.0 0.5
it UiniCli: Val-Leu-Val-Val-His-isx-Gly-ihe-Glx-Gly-leu-Ala-Lys.
tesidue Iid: 1382,

The third residue in this sequence was detected partly as
vis=val (50,5) and partly as DES=Val-Val (505).

’

1} o 44 rraction C '

Fraction C, representing ephadex tubcs (49-53%) was dissolved
in 0.5 ml of Ii/2% ammeniwa bicarovenate and subjecbted to
.analytical electrophoresis at pid ¢.5. Ltaining with ninhydrin
indicated that there were no basic peptides present. The
acidic peptides, however, did not rewuolve and were detected ns
a streak on the paper. inalytical electrophoresis at pHd 2.1
did not resolve this fraction any better; a long streak was
again observed. Chromatography in butanol/acetic acid/water
indicated that this method was also unsuitable for a preparn-
tive separation of these peptides.

Fraction C was freeze-dried and dissolved in 1 ml 25 mM Tris/
IC1 pH 8.0, 5 mM NaCl and applied to a 19 x 1.6 cm column of
DX 32 ion exchange cellulose. The column was developed with
4 linear gradient of 100 ml 25 mM Tris/HC1l, 5 mM NaCl and

100 ml 25 mM Tris/HCl, 0.4 M NaCl. This was followed by a
steeper gradient of 50 ml 25 mM Tris/HC1l, 0.4 Il NaCl and

25 mli Tris/HCl, 1 I NaCl. The column effluent was monitored
at 225 and 280 nm. Results indicated the presence of three
partially resolved peaks. The resolution was not sufficient
for a satisfactory purification of any peptide. Therefore,
tubes containing peptide material were pooled, freeze-dried,
and desalted on a 50 x 2 cm column of Sephadex G 25.
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Figure 13 Peptide fraction C on DE 32 cellulose
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I'raction G wos again applicd to a D 52 columm using a modi-
Iied clution system of: 100 ml 25 mM Tris/IiIClL pH $.0 5 mM
NaCl;  followed by a gradient of 150 ml 25 nli Yris/IiCl,

5 il Macl and 150 ml 25 wmli “Yris/HCL, 0.2 I1i KaCl. en ml
Iractions were collected, tubes were read at 225 nm and a

50 pl sample was taken for Liqguid Geintillation counting.
Results are shown in Fig.1%. Based on these results, the
following tubes were pooled, freeze-dried, and desalted on a
19 x 2 cm column of wevhadex G25.

‘‘ubes 17 and 18, designated C(17-18)
Tubes 19 and 20, designated C (19-20)
fube 23 designated C 23

Mubes 30, 31 and 32, designated C (30-32)

isfter desalting, these fractions were freeze-dried and each
was dissolved in 500 pl /25 NH4OH.

Both amino acid analysis and 'Zoom'-Ldman analysis indicated
that C(19-20) contained no significant amount of peptide
material.

PEPTIDE C(17-18)

'doom'-Ldman analysis indicated that this peptide was about
707% pure and had an N-terminal sequence of Leu-Pro-Leu-.
Analytical electrophoresis at pH 2.1 revealed a major radio-
active spot at mobility 0.82. This peptide was therefore
further purified by preparative electrophoresis at pH 2.1.

Isolation procedure: Sephadex, DE 32, and electrophoresis at
pH 2.1.

Mobility: Ep (2.1) 0.82. Implied MW = 1,300.

Ninhydrin: S.

N-terminal: Leu.

fnalysis: Lys CM Cys Thr Glu Fro Gly Val NMet Ile Leu

nm 13 16 19 32 14 9 27 13 10 27

Ratio 0.9 1.1 w2 29 148 OR6 489 EengeR? 189

SIZRURNICE: Leu-Fro-Leu-Met-Glx-Cys-Val-Glx-Val-Thr-Lys.

Residue MW: 1,518.

The second residue was detected as DNS-Pro (40x) and DNS-FPro-

Leu (607%). This peptide is the same as peptide B -.26.



1 anelyhicael clechrophoresis at i '.";? this pel tide was not

acatcd vith ninhydrin. 'Zoom'~ in mnlysis, hoviever,
ingicaibed an M-termninal seouence Glu-Lou-lou—iho—, Cne-tenth
alf the oanple (50 !::L) vinngg tnken Lo owdino acid analysise.

nalysis: His irg asp “Yhr Glu Jro Gly 4la Vel Leuw }rhe
Dl 116 113 240 255 7798 ? 91 116 167 %05 150
Ratio 1.8 D 24 B.20 Ga® 7 Qud @ 4.5 ZLWE 5

JYour hundred nm of this peptide was taken for Dansyl-idman
treatment. The initial sequence was determined as: Glx-
Leu-Leu-fhe-Glx-Iro-Val-iisx-Glx-Leu-. As 1t was not possible
to determine the sequence past position 10, the remaining
peptide material (approximately 450 nm) was digestced with
chyrmotrypsin.

snalytical electrophoresis of the digest revealed the
presence of five chymotryptic peptides; one was basic, two
acidic, and two neutral. These peptides were separated by
preparative electrophoresis and are numbered Gelow) according
to their electrophoretic mobilities. The prefix (CH)
indicates the peptides' chymotryptic origin.

(CH) ¥ 1.0 This peptide was found to be the free Leu on
N-terminal and amino acid analysis.

(CH) N 0.75 'This peptide was found to be free Fhe on
N-terminal and amino acid analysis.

(CH) .27 Sequence; Glu-His-Arg.
The residue weight of this peptide (440) and
its pH 6.5 mobility of 0.27 implied that the
glutamic acid residue was'present as the free
acid. As this peptide terminates with
arginine, it represents the C-terminal sequence
of the parent peptide.

(CH) -.70 Sequence; Glu-Leu.

(CH) -.56 The amino acid analysis ratios for this peptide

» are shown below:

Asp Thr Glu Fro Gly Ala Val Leu Fhe
1.1 1.1 3.3 0.8 0.9 0.8 0.9 0.8 1.0



It was only possible to dctermine the sequence
of the first threec residves in this peptide.
The initi%l sequence was: Glx-tro-Val-.

‘Iie scheme below shows the origin of these chymotryptic
pentides in relation to the parent neptiide.

C(%0-%2) Glx-Leu~-Leu-Fhe-Glx-Fro-vnl-isx-Glx-Leu-
(CH) -.71 Glu-Leu

(CH) N 1.0 Leu

(CH) N0.75 rhe :

(CH) -.56 Glx-¥ro-Val-(isx, Glxz,Thr, Ala,
Gly, Leu, Yhe).

(CH) .27 ~ Glu-His-Arg

From the above data, the sequence/composition of peptide
C(30-32) can be derived as:
Glu-Leu-Leu-rhe-Glx-Fro-Val-Asx-Glx-Leu-(Glx, ‘Thr, Ala, Gly,
rhe)~Glu-His-Arg.

Totalling the number of amino acids of each residue here, and
comparing these values with those for the amino acid analysis
of peptide C(%0-32), indicated that a fragment of composition
(Glxg, ksx, "hr) was missing from the above sequence. The
nissing amino acids are represented by the symbol ~ .

PEPTIDE C 25

Cne-tenth of the peptide material was taken for amino acid
analysis.

+nalysis: Lys Arg CI1 Cys* Asp* Thr Ser Glu Fro Gly
nm > 25 120 90 58 35 0 170
Ratio 0.2 1.0 1.0 4e2 3.6 2.3 1.3 0O 6.8

Aanalysis, continued: Ala Val UDliet Ile Leu Tyr PThe
nm 58 38 0 58 75 o) 52
Ratio 2.2 1.5 0 2.3 3.0 0 1.3

(*: The CM-Cys and Asp peak did not resolve during analysis.)

This peptide was radioactive and had a specific activity of
20 cpm/nm based on arginine. From the results obtained on



58 W 1.50 and ¥ -.23, lieh contained only one
~ys rosidue and bad sjpceific aetivikies of 98 and 21 crm/nn
reapcctively, it may be deduced thal tliis peptide coatains a
single Cli-Cys residue. Thus, 25 nm out of the 130 nm peak,
observed for Asp, were attributablc to Cli-Cys.

smino acid analyses showed 5 nano-nolcs of lysine. It was
assumed that this was derived from a small amount of contaminat-
ing peptide material. In an effort to remove this contaminont
and obtain a more precise snalysis, the peptide was subjected

to preparative electrophoresis at ph 2.71. Cn electrophoresis,
the peptide ran as a long streak. 1t vias not possible to
recover this material from the paper.

4.5 Fraction D

“raction D, representing iephadex tubes (23-48) was dissolved
in 1 ml of 25 mM Tris/IIC1 pH 8.0, 5 wll NaCl and applied to a
20 x 1.6 cm column of DiE %2 cellulose. The column was
developed with 100 ml of the above buffer followed by a gradient
of 150 ml 25 mM Tris/HC1l, 5 mM NaCl and 150 ml 25 ml Yirs/iCl,
0.2 I kaCl. This was followed by a gradient of 75 ml 25 mll
‘'ris/HCl, 0.2 M NaCl and 75 ml 25 mii 1ris/HCl, O.4 IM NaCl.

‘'he column was stripped with 50 ml 25 mli Tris/HCl, 1 Ii NaCl.
Ten ml fractions were collected, the column effluent was
monitored at 225 nm and 50 pl samples from each tube were
subjected to liquid scintillation counting.

Figure 14 shows the elution profile of this columnj; only
tubes 25 and 26 contained a peptide which was in sufficient
yield to be amenable to further investigation. These tubes
were pooled, freeze-dried and desalted on a 19 x 2 column of
oephadex G 25.

PEPTIVE D (25-26)

'éoom'-isdman analysis on this peptide indicated an N-terminal
sequence of Leu-Gly-Val-. One-twentieth of the peptide
material was taken for amino acid analysis.
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smalysis: Arg Cm-Cys 4Asp Yhr Ser Glu iro Gly Ala Val liet 1le lwm
nm 22 oy 120 87 88 140 72 109 125 9SG 35 186 100
ratio 1.0 1.0 5.5 4.0 4.0 6.5 7 5.0 5.7 4.4 1.6 0.8 4.5

"o hundred and fifty nm of this pertide was subjected to
Dansyl-idman analysis; an initial seqguence of Leu-Gly-Val-
nla-Val-l.et- was found.
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Figure 15 Elution profile of insoluble peptides on Sephadex G—50
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5. ACID-INSOLUBLE TRYITIC -Fi:

(VT Ty
LA i

e

'"he 'acid-insoluble' tryptic peptides (p*) were dissolved in

The

4.5 ml of 0.2 M ammonium bilcarboneie and applied to a

.5 x 9% cm column of Hephadex G 50. The column was devcleped
with 0.2 i ammonium bicarbonate using upward flow at 13.5 ml/
hour. Thirty-five-minute fractions were collected. The
column effluent was monitored at 230 and 225 ni, and 50 pl
samples were tokcen for scintillation counting (#ig.15). The
following tuLes were pooled and freeze-dricd for further
purification. '

Tubes (53-60), designated fraction 2;
fubes (42-48), designated fraction Y;
Tubes (28-40), designated fraction X;
Tubes (20-27), designated fraction V.

P¥raction %z was subjected to preparative electrophoresis. The
only significant component present was a small amount (approx.
200 nm) of free lysine.

5.1 Fraction Y

¥raction ¥, representing odephadex tubes (42-48) was dissolved
in 2 ml of 25 mlt Iris/iIC1 vH 8.0, 5 mil aCl and applied to a
19 x 1.6 cia colurn of Dk %2 cellulose. ‘e column was
developed with 100 ml of this solvent, followed by a linear
crradient of 220 ml 25 mil Yris/HCl, 5 mii faCl and 220 ml 25 mll
Tris/HCl, 0.2 I KNaCl. he column was then developed using a
gradient of 80 ml of the 0.2 M buffer and 80 ml of a C.4 I
solution of buffer. Lighty ml of 1 X NaCl in Tris buffer was
then applied to the column. Ten ml fractions were collected

and read at 225 nm; 50 1 samples were taken from tubes for
scintillation counting (Fig.16).

Tubes 16-20 and 50-54 were pooled, freeze-dried, and desalted
on Sephadex G 25. These are referred to as fractions Y
(16-20) and Y (50-54). When one-twentieth of fraction Y
(16-20) was subjected to amino acid analysis, peaks of only
5-10 nm were observed. Using the same sample size, fraction Y
(50-54) yielded peaks of between 90 and 350 nm. It was
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concluded from this that {raction ¥ (16-20) contain-d no

sirnificant amount of peptide material.

soth electrophoresis and H-terminal analysis indicated thot
thic peptide was pure, so it was subjected to further analysis
without additionasl nurification.
obility: By (GaB) ~0:%5
wp (2.1) peptide did not nove off oririn.
Areinine:: —-.
vi-Gerninnel: Gys.

cadionchivity: $0 cpn/a0 pl.
7 1 J

Analysis: Lys Cli Cys nAsp 'hr Ser Glu lro Gly Ile Leu Tyr rhe

nm 90 65 354 190 140 286 7 115 101 112 168 177
Ratio 1=0 IBR% 40 2 W6 B2 @ 12 @ .25 IS R2Ne .

specific activity: 19 cpm/nm
SEULNCE: Cys—-Asx=Glx-Asx-Tyr-(?)-(?)-isx-

Une hundred pl of peptide was subjected to direct Dansyl-..dman
dnalysis with the above result. The Cys residue at position

one was confirmed by counting the first butyl acetate extract,
which contained 5,564 cpm. As it was not possible to deter-

mine the sequence of this peptide, past residue eight; 200 p1l
was taken and digested with chymotrypsin.

Analytical electrophoresis of the digest revealed two major,
yellow, acidic spots (one of which was radioactive) and one
minor neutral spot. These peptides were separated by
preparative electrophoresis, eluted, freeze-dried, and
redissolved in 250 yl of M/50 ammonium hydroxide. These
chymotryptic peptides (CH) are numbered according to their
electrophoretic mobility and discussed below.

(CH) -.66
Mobility: Ep (6.5) -0.66
Ninhydrin: Y
Radioactivity: +.

N-terminal: Cys.



Analysis: Cl Cys/asp (45), Glu (17), Tyr (1G)
OB ULNCE: Cys-Asx-Glx-asx-Tyr.
Residue 1iW: 601.

sssuming a net charge of -2 at pH 6.5, the mobility of this
peptide implies a molecular weight of 650.

(CH) T 0.68

ilchility: Bp (6.5) 0; Ep (2.1) 0.60

Ninhydrin: ' R.

N-terminal: Thr (faint).

Analysis: Thr (5), Leu (7), Tyr (7).

SECUENCE: Thr-Leu-TyT.

Residue MW: 395

(CH) -.u44

lMobility: Zp (6.5) -0.44

Ninhydrin: Y.

N-terminal: Ser.

Analysis: Liys 1(a6), dem @I5)s Lhe 1S,
Ser (16), Glu (33), Gly (17),
Phe (15)

SELUENCE: Ser — TOT _ 4sx _Fhe  p.g

Glx Glx Gly

Clearly, this sample was a mixture of two peptides. The
nobility of -0.44 implies that each peptide has a charge of -1.
Cne peptide contains a Ler N-terminal and as only a single
residue was detected, the other peptide must contain an N-
-terminal Trp. It can be deduced that Gly and Lys are present
in the same peptide, as tThe other chymotryptic peptide has to
contain a terminal aromatic residue (Fhe). Further, the
peptide containing the terminal -Gly~Lys sequence must also
contain two free acid residues, in order to be acidic. also,
the peptide containing the C-terminal the residue has to con-
tain one free acid residue to give it a charge of -1. The
sequence of these peptides was therefore deduced as:

Tr%{Thr-Asg;Phe.
Ser-Glu—tf}lu-Gly—Lys 2
)



s eliymotryphie T e LAnov count for 17
el Anam . Amino acid i lysis on Lhe wriginal peptide
1adicated that it contained 20 amino ncilds. In order to
locate the missing residucs, 150 pl of peptide Y (50-54)
was digested with thermolysin. Analytical electrorhoresis
on this digest indicated two acidic spots, one of which was
yellow and radioactive, and one ncutral spot. The thermolytic
peptides (LH) were separated by preparative electrophoresis
and dissolved in 250 pl of /50 ammonium hydroxide. These
peptides are described below:

(TH) -.67
Mobility: Ip (6.5) -0.67
Ninhydrin: g
Radioactivity: +e.
N-terminal: Cys.
SE.,UZNCIZ: Cys—-Asx-Glx-isx-Tyr.
Residue IiW: 601

This peptide is identical to the chymotryptic peptide (Ci) -.67.
It is surprising that the thermolysin did not cleave this
peptide at the Tyr residue. The pH 6.5 mobility of -0.67,
together with a residue weight of 601, implies that this peptide
carries a net charge of -2, therefore it must contain two amides.

After the first two residues were ronoved, by treatment with
TITC and TFA, the remaining peptide (Glx-Asx-Tyr) was subjected
to electrophoresis at pH 6.5. A single spot was observed

with a mobility of -0.48, implying a charge of -1 on this
peptide. This means that the second Asx residue of peptide
(TH) -.67 is present as asparagine. When the third residue
was.removed, the remaining peptide (Asx-Tyr) was again
subjected to electrophoresis at pH 6.5. A single neutral,
yellow spot was observed, implying a sequence of Asn-Tyr.

The sequence of peptide (TH) -.67 can be deduced as: Cys-
Asn-Glu-Asn-Tyr.



(T}i) ""o',B-
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Fliobilifype Sp (6.5) -0.3%%.

Ninhydrin: Se

N-terminal: Leu.

Analysis: Lys (15), Ser (15), Glu (28),
Gly (16), Leu (14), Tyr (14)

SECUENCE: Leu-Yyr-Ser-Glu-Glu-Gly-Lys.

Residue MW: 824.

The residue weight, together with the pid 6.5 mobility, imply a
charge of -1. Tnis is consistent with observations on pep-
tide (CH) -.44 (2). Yurther, this peptide contains an over-
lap between peptides (CH) § .60 and (CH) -.44.(2). Also, from
the above sequence, the sequence of peptide (CH) -.44 (1) can
be deduced as: Trp-Thr-Asp-FPhe.

(TH) ¥ 0.78

Mobility: Bp (6.5) 03 Ep (2.1) 0.78.
Implies 177 = 440.

Ninhydrin: R.

N-terninal: Ile.

Analysis: Asp (8), Iie (8), The (7).

OECULNCL: : Ile-the-isn.

No. amides: O.

Residue liW: 393.

rom the above data on chymotryptic and thermolytic peptides,
the sequence of the parent peptide, Y (50-54), can be derived
as:
Cys-Asn-Glu-Asn-Tyr-Ile-Phe-Asn-Trp-Thr-Asp-Fhe-Thr-Leu-Tyr-

Ser-Glu-Glu-Gly-Lys. (A sequence overlapping scheme is showm

on the next page.). ;

This sequence is consistent with the amino acid analysis on
peptide Y (50-54). Further, the above sequence indicates that
the peptide has a residue weight of 2,285, and a net charge of
-4 at pH 6.5. It is therefore possible to predict that the
peptide should have a mobility of -0.54 at pH 6.5; this is
consistent with the observed mobility of -0.55.



Cys-iAsn~Glu-Asn-Tyr-Ile-Fhe-Asn-Trp-Thr-Asp-Fhe-Thr-Leu-Tyr-Ser-Glu-3lu-Gly-Lys

< > “—— Y ¢ > € >
(CH) -.66 (CH) -.44(1) (CH) ¥ 0.68 (CH) -.44 (2).
< _ > ¢ S “~ »
(TH) -.67 (TH) N 0.78 (TH) -.%3
7 7 7 7 A 7

N-terminal sequence Y (50-54)

Scheme for overlarvping of chymotryptic and thermolytic peptides of ¥ (50-54).
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5.2 Fraction X

Traction X, representing Sephadex tubes (28-40) was applied to
a DE 32 column. The column was eluted and monitored as
described for fraction Y; 3.5 ml fractions were collected
('ig.17). Tubes 76-84 were ' pooled, freeze-dried, and desalted
on Sephadex G25. Material in this fraction was designated
peptide X (76-84).

PEPTIDE X (76-84)

Vhen this peptide was subjected to analytical electrophoresis
at pH 6.5, it ran as a streak towards the anode. When
subjected to N-terminal analysis, spots corresponding to DNS-
His and DNS-O-Tyr were observed; however, DNS-ser, -Leu, -Gly
and -Ala were also present at a level of about 25%.

Analysis: His Arg ClCys* Asp Thr Ser Glu Pro Gly Ala Val

nm 82 53 310 51 90 200 160 150 111 100
ratio 1.5 4.0 1 4.8 0.9 1.7 2.8 5.9 29 2.1 4.9
Analysis Contd. Ile Leu Tyr Fhe
nm 85 182 54 70
ratio ARG, s M 5

(*This peptide had a specific activity of 19 cpm/nm, based on
arginine; this value is consistent with one mole of CliCys per
mole of peptide.)

Half of the peptide material was digested with thermolysin and
half with chymotrypsin. The subpeptides were isolated by
preparative electrophoresis. Data on these peptides, which are
numbered according to their mobilities, is described in

Table IV.

Teptides (TH)- .38 and (CH)- .34 represent overlapping
sequences from the N-terminal of the parent peptide. In both
peptides, no second residue was detected; though DNS-O-Tyr

was observed. The second residue may have been tryptophan,
although because the peptides reacted only faintly with Ehrlich
reagent, the possibility that it might be an acid labile amino
acid derivative cannot be excluded. There is evidence which
suggests the presence of an additional acidic group in these



neptides, namely, the inconsistency of the plf 6.5 :md pH 2.1
mobilities. A further unusual feoture of these pentides is
that the third residue was detected as a mixture of DNSG-Gly
and. BO=-PBis-Tyr. As smino acid snalysis indicabed bhe

presence of a single tyrosine residuc, and as this was found

Lo occupy the 4th position, glycine wou nassigned to position
e, It was not possible {0 determinc the sequence of either
rephide past the 4th residue. However, phenylalanine must

accupy the C-terminal position of peptide (Cl)- .34, as it is
o chymotryptic peptide. The IN~-terminal seauence of the parent
reptide (X (76-84)) is proposed as:

His-Trp(?)-Gly-Tyr-(isp,Gly)-The 1)

teptides (TH)-.57 a and (IH)-.57 b were eluted as = single
Tiand on electrophoresis ot pH 6.5; after electrophoresis at
2.1, the peptide apperrcd to run as two bands close
together; these were eluted separately as peptides (TH)-.57a
and L. Amino acid analysis on these peptides indicated that
they were identical. However, at this stage, there was

insufficient material for sequence determination.

The peptide (Tii)-. 73 appears to represent a shorter segment

of peptide (TH)-.66; in fact the residues missing froem peptide
(Td)-.78 appear in peptide (TH)-.57. Thus the peptides
(1'H)-.78 and (TH)-.57 represent the products of partial thermo-
lytic cleavage at the Leucine residue of peptide (T11)-.66.

'he sequence composition'of this section of the parent

peptide was determined as:

Val-Fhe-Ile-Pro-Glx-Cys-tro-Glx-Asx-Asx-(His,Pro,Glx)-
(Leu,Ala,Gly,Ser,Asp) (2)

The sequence data on chymotryptic peptides (CH)—.65 and
(CH)— 5’6 indicateg that what wag eluted

PLELELE N e Vaalh Waall v ve G (o2 w v

10 -

in fact a single peptide which ran as a streak on
electrophoresis. )

The segments of sequence; (1) and (2) above; contain the
majority of the residues comprising peptide X (76-84).
However, amino acid ana1y81s indicates that in addition to
these residues, peptide X (76-84) contains an additional ten

residues, viz: Arg, Thr, Ser, Glu, Ala, Val, Ile and 3 Leu.



TABLE IV

Amino acid analyses of chymotryptic (CH) and thermolytic (TH) peptides of

peptide X (76-84).

Ep(6.5) Ep(2.1

PEPTIDE Lys His Arg Asp Thr Ser Glu Fro Gly Ala Val Met Ile Leu Tyr Fhe
(TH)-.38 1.0 0.9 . 2.0 0.9 ~.38  1.12
(CH)-.34 1.0 0.8 2.1 1.0 1.3 -.34
(TH)-.66 1.0 4.4 1.0 3.3 3.1 1.1 1.0 1.0 1.1 1.0 ~-.66
(TH)-.78 1 &0 3.8 2 B=l2 0.8 1.0 -.78
(CH)-.63 1.0 50 1.3 3.4 3.4 1.6 1.4 1.0 0101 1 -.63
(TH)-.5%7a 1.0 140 1.1 1.1 0.9 -.57
(TH)-.57b 1.0 1.0 1.0 0.9 0.7 -.57
(CH)-.56 Analyser Malfunctioned. '
Sequence data on above peptides

Tyr
(TH)-.38 His-Trp(?)-Gly-Tyr
Tyr
(CH)-.34 His-Trr(?)-Gly-Tyr -
(TH)-.66 Val-Fhe-Ile-Fro-Glx-Cys-Pro-Glx-Asx-Asx-

(TH)-.78 Val-Phe-Ile-Fro-Glx-Cys-Fro-Glx-isx-

(CH)-.63 Val-Fhe-Ile-Fro-

(CH)-.56 Val-FPhe-Ile-Pro-Glx-Cys-Fro-Glu-iAsx-£LsX-




S erD I'raction W

Fraction W, which probably represented undigested denatured
starting material, was infected by bacteria and unusable
for further analysis.
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(2 tolymerisation

The dnta on the sedimentation characteristics of the 'purified
enzyme indicated that, at pH 8, sheep heart YK exists as a
polymer in rapid reversible equilibrium with lower MW forms.
'he schlieren pattern contained two peaks at 7 and 320 S and

a minor shoulder at 19 S; this differs from the situation
with rabbit muscle PIK, where the 720 5 boundary contains
prominent shoulders at 19 and 12 S (Ling et al., 1965;
Iameggiani et al., 1966; Paetkau and Lardy, 1967; Uyeda,
1969). The difference in shape of the trailins %0 S
boundary passibly reflects a difference in the equilibrium
constant for the polymerisation reaction between the two
sources of enzyme. Sheep heart PFK undergoes a concentration-
dependent polymerisation. The corcentration dependence of
the sedimentation rate of the 30 S boundary observed here is
virtually identical to that reported for rabbit muscle
(Leonard and Walker, 1972). This would indicate that the
polymer of the equilibrium reaction has the same molecular
weight in both species. The major difference in the sedi-
mentation pattern between the two enzymes is the absence of

7 5 material in rabbit muscle at pH 8. This form of the
enzyme does, however, exist in equilibrium with the 12 S form
of rabbit muscle, at pH values between 6 and 8 (Aaronson and
Frieden, 1972).

In contrast to the purified enzyme, the dissolved crystalline
enzyme, sedimented as a single trailing 30 S boundary with no
7 S material (a similar result has been recently reported for
the enzyme from chicken liver (Kono et al., 1973)). From this,
it would appear that the 7 S species does not represent the
monomer in the formation of the 30 S species of sheep heart.
when the sedimentation pattern of the dissolved crystalline
enzyme was reinvestigated after seven days, there was no
change in the pattern; this is significant in that it also
suggests that the 7 8 form is not in equilibrium with the 30 S
species. By analogy with rabbit muscle, it appears likely
that the monomer of polymerisation of sheep heart I'FK, at

pH 8, is the 12 S form. This may appear to be an unjustified
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statement, as no 12 S spccies was observed in the schlieren
patterns; however, according to the Gilbert Theory, if the
equilibrium constant for polymerisation is sufficiently high,
then the monomer species may not be observed in a system
undergoing rapid reversible equilibrium.

Ling et al., (1965) reported sedimentation coefficients of
1%2.2, 20.4 and 31.4 S for the three boundaries of rabbit
muscle FFK; knowing the molecular weight of the 13 S boundary
(360,000) and employing the approximation 81/s2 = (qu/Nw2)2/5
(Martin and Aims, 1961), they predicted molecular weights of
690,000 and 1,300,000 for the 20.4 and 31.4 S species
respectively. Similarly, Paetkau and Lardy (1967), using
the empirical relation MW = 5.4 x 10 (8)1'66, predicted
molecular weights of 360,000, 770,000 and 1,600,000 for the
three components in the schlieren pattern of rabbit muscle

- This led to the rationalisation of the observed sedi-
mentation pattern in terms of a monomer (12 8),dimer ((19 5),
tetramer (30 S) equilibrium; indeed, from the above equations
and the data presented here, a system involving half monomer
(7 8), (monomer) (12 S),dimer (19 S),tetramer (30 S) could
be proposed for the native sheep heart enzyme. It should

be pointed out, however, that the above-mentioned workers did
not fully investigate the concentration-dependence of the
sedimentation rates of the species involved, nor did they
consider the implications of the Gilbert Theory, where, in a
polymerising system undergoing rapid reversible equilibrium,
the observed schlieren boundaries do not necessarily
represent a particular molecular weight species (Gilbert,
1959; Bethune and Kegeles, 1961).

While this word of caution has been sounded regarding the
speculation of molecular weights based on sedimentation
coefficients alone, it is reasonable to deduce that the 30 S
polymer represents a sﬁecies with a molecular weight in the
order of 1.5 x 406. This is consistent with x-ray analysis,
which implied a protein weight of greater than 106 Daltons
per asymmetric unite. This 30 S species does not represent
the upper limit of polymerisation, as in one experiment at
least, this form was observed in equilibrium with a 53 S
speciese.
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.2 mubunit structure

Using gel filtration at pH 6, Mansour and Ahlfors (1968)
denonstrated that the 7 5 form of sheep heart IFFK had a
molecular weight of about 160,000; they also observed a

2.75 S species in a single sedimentation experiment in 5.5 Il
guanidine hydrochloride. Based on the latter observation,
it was suggested that the 160,000 IiW species was made up of
nix 32,000 MW subunits. This proposal is not supported by
the data presented in this investipaltion. On maleylation,
and on treatment with ur~a, the polydisperse enzymr dis-
soclated to a single symmetrical %.85 L boundary; vaing

Sg.w and D%Ow values, a molecular weight of 90,000 was
obtained for this form of the enzyme. A molecular welght

of 80,000-86,000 was also obtained for the enzyme in {5 sodium
dodecylsulphate. Further dissociation to 40,000 molecular
weight form (2.% &) was obtained when the carboxymethyl-
enzyme was maleylated in 7.5 M urea. These findings are
annlogious to results obtained for rabbit muscle 1I'n, where
molecular weights of 160,000-180,000 (laetkau and Lardy,
1967), 80,000-90,000 (laetkau et al., 1968; Uyeda, 1969) and
40,000-47,000 (Uyeda and Racker, 1965; PFaetkau et al., 1968)
have been reported.

Feptide mapping experiments were undertaken in a further
investigation of subunit structure. Amino acid analysis of
sheep heart iTK (Davis,unpublished results) indicated the
presence of 46 moles of lysine and 52 moles of arginine per
85,000 g of recovered amino acids. 1f the 85,000 MW form
represented a single polypeptide chain, or if it were
composed of two dissimilar subunits, then one would expect

to observe 99 tryptic peptides, 52 of which would contain
arginine; on the other hand, if the 85,000 MW form contained
two identical subunits, then 49 peptides, 26 of which
contained arginine, would be expected. As 50 peptides were
detected with ninhydrin, and 27 with Sachaguchi Reagent, it is
concluded that the 85,000 - MW form is composed of two
identical 40,000 - MW subunits. This conclusion is
supported by the detection of only 9 peptides containing
histidine, 5 containing tyrosine and 5 containing tryptophsan.
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From amino.acid analysis, 20-, 16- and 14— peptides
respectively would have ®een expected if the £5,000 MW species
were composed of non-identical subunits. The number of
peptides detected containing these residues is less than half
the value expected for the situation with non-identical sub-
units; this situation can arise because these residues can
occur more than once in a particular tryptic peptide.

Data presented by Coffee et al. (1973) on the subunit
structure of rabbit muscle PFK supports the conclusions
reached here for the sheep heart enzyme. While the smallest
subunit they observed waz the 85,000 INW species in 6 M
guanidine hydrochloride, they concluded that it was composed
of two identical subunits. This conclusion was based on
the isolation of only 8 (044) carboxynethyl-cysteine con-
taining tryptic peptides; half the number expected if the
85,000 MW form represented a single polypeptide chain (amino
acid analysis, discussed below, indicated that each of these
peptides contained only one ClM-Cys residue). Six M guani-
dine hydrochloride in 2-mercaptoethanol is a solvent reputed
to dissociate proteins to single polypeptide chains, however,
phosphoglucomutase has been shown to be resistant to dis-
sociation by the solvent; a 62,000 MW species is observed
instead of the two non-identical 31,000 MW subunits (Duckworth
and Sanwal, 1972).

in a report just published on chicken liver PFK, Kono et al.
(1973) provide evidence for a 100,000 MW protomer composed of
two identical 50,000 MW subunits. This proposal was based
on ultracentrifugation, peptide mapping and electron
microscopy.

The proposed structure of two 40,000 MW subunits making up
the 85,000 MW species of rabbit muscle and sheep heart FFK,
appears to be at variance with substrate binding studies;
Kemp and Krebs (1967) demonstrated that rabbit muscle PFK
bound one mole of either AMP, ADP or fructose-6-phosphate,
and 3% moles of ATP per 90,000 g of protein. However, half-
site reactivity occurs in E.coli CTP synthetase (Levitzki et
al. 1971), where an affinity label reacts with only one half
of the susceptible sites of this enzyme. It 1s therefore
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, possible that AP, ADP and fructose-6-phosphate bind to only
one of the available 40,000 W subunits of FFE. It has
been demonstrated that there is one sulphydryl group per
90,000 g of rabbit muscle FIK that reacts rapidly with
5,5'~dithiobis (2-nitrobenzoic acid) (Kemp ané Forest, 1968);
with identical subunits one might expect to observe two such
sulphydryl groups. This situation may, however, be analogous
to glutamate dehydrogerase, which, although it contains six
identical subunits, only three of these are reactive towards
trinitrobenzene sulphonate (Coffee et al. 1971).

Maleylation of a protein effects dissociation by electrostatic re-
pulsion., Maleic anhydride reacts specifically with primary amino
groups, effectively changing the charge on the lysine residues from

+ 1 to =17. In the experiments described in this investigation, mal-
eylation was conducted under two sets of conditions. In the first
case, the native enzyme was maleylated in 0.7 M borate buffer pH 8.8;
this resulted in the production of a 90,000 M¥ species. In the second
set of experiments, a 40,000 MW species was observed when the carboxy-
methylated enzyme was maleylated in 7.5 M urea. Since carboxymethyl-
ation of the cysteine residues does not affect the molecular weight
values (75,000) obtained in guanidine hydrochloride (Coffee et al,
1973), the possibility of disulphide bonds holding two identical
chaing together appears to be excluded. The increased dissociation
could result from the fact that in 7.5 M urea, the enzyme is already

dissociated to the 7 S form, thereby making the lysine residues more

accesrcible to the maleic anhydride.

In terms of dissociation of a protein into subunits, dodecylsulphate
has a two fold action; its 12-carbon chain disrupts hydrophobic
interactions between subunits and the charged sulphate group causes
dissociation through electrostatic repulsion. The number of detergent
molecules bound to a protein is sufficiently large to swamp its
intrinsic charge. The dodecylsulphate-protein complex has an extended
rod structure; the length of the-rod being a function of molecular
weight., This makes it possible to rapidly determine subunit molec-

ular weights by electrophoresis in dodecylsulphate; the rate &f

-



migration, at a given gel concentration, is proportional to the length

of the polypeptide chain.

Reagents such as 8 M urea and 6 M guanidine hydrochloride bring
about dissociation by disruption of hydrogen bonds. The size of the
dissociated protein can be conveniently measured by gel filtration

or analytical ultracentrifugation.

It appears that the 80,000 MW form is composed of two 40,000 M4 sub-
units held together by a very strong combination of nonspecific bonds.,
It further appears that the 180,000 MW form, the active 360,000 MW
monomer and its various volymers are all held together by progress-
ively weaker interactions., This is demonstrated by the increasingly
vigorous conditions recguired to effect dissociation as the molecular

weight decreases.

6.3 Primary Structure

Data on the amino acid sequence of tryptic peptides, obtained in this

investigation, is summarised in table V.

It is pertinent to note that all the peptides whose complete sequences
were established, contained arginine or lysine in the C-terminal
position, This may appear a trivial observation, as the peptides

were derived from a tryptic digestion of the enzyme; however, this
does demonstrate that the TPCK-treated trypsin was free of all chymo-
tryptic activity.

By inspection of some of the sequences, interesting observations can

be made regarding the specificity of trypsin. For example, the peptide
Leu-Arg-Pro-Ile-Leu-Lys and Leu-Leu-Ala-His-Val-Arg-Pro-Pro-Lys both
contain an internal arginine residue; this reflects the slow rate of
tryptic hydrolysis at Arg-Pro bonds. The isolation of a peptide of
sequence Ile-Pro-Lys demonstrates that tryptic cleavage is not impaired
when the proline residue is on the N-terminal side of the basic residue,
The isolation of peptides of sequence CMCys-Lys and CMCys-=Lys-Asp=-Phe-
Arg reflects the decreased rate of tryptic attack at basic residues

flanked by two acidic side chains. The inability of trypsin to cleave

80



N-terminal basic residues is aptly demonstrated by the occurrence here
of a peptide of seguence Arg-Phe-Asp-Glu-Ala-Met-Lys, A further
subtlety in the mechanism of attack of trypsin at Arg-Lys sequences 1is

provided by the isolation of two peptides of sequence:
Lys-Asn-Val-Leu-Gly-His-Met-Glx-Glx-Gly-Gly-Ser-Pro-Thr=Pro-Asx-Arg (1)

and a peptide of the same sequence, but lacking the N-terminal Lysine
residue (2). These two peptides are derived from a sequence of
-X-Y-Arg-Lys-Asn-Val-Leu-Gly~Arg in the parent enzyme, If the trypsin
first cleaves between the Arg and Lys residues, then the peptide (1) is
obtained, and is resistant to further cleavage; if, on the other hand,
the first tryptic split occurs between the lysine and asparagine
residue, then peptide (2) is obtained, plus a peptide of sequence
-X=Y=Arg-Lys. This also explains the isolation of free lysine, as the

latter peptide would be further hydrolysed to =-X-Y-Arg and Lys.

Not only do rabbit muscle and sheep heart PFK polymerise to the same
degree and have the same subunit structure, but early indications
appeared to show a similar primary structure in that both proteins
contained a blocked N-terminal residue. The similarity in primary
structure of the two enzymes is borne out by comparison of the carboxy-
methyl-cysteine containing peptides isolated@ here, and those isolated
from rabbit muscle (Coffee et al., 1973). The rabbit muscle peptides
R1, R2, R3, R4, RS, and R6 (Table VI) are clearly very similar to the
sheep heart peptides S1, S2, S3, SL, S5, and S6. Peptides Ra and Rb
have no complementary partner in sheep heart, and rabbit muscle
contains no peptide corresponding to S7; this probably represents a

species difference between the two enzymes.

Peptide R1 contains both arginine and lysine. Coffee et al., (1973)
stated that 'this probably represents a Lys-Arg or Arg-Lys sequence

at the C-terminus'., If by this they meant the C-terminus of the peptide,
then as pointed out above, this situation could not arise, as the
C-terminal residue would be cleaved by trypsin. If, on the other hand,
they meant at the C-terminus of the protein, then this would be based
on the assumption that peptide R1 lacked a C-terminal basic group

and contained instead an internal Arg-Lys or Lys-Arg sequence., However,

as pointed out previously, such a sequence would also be susceptible to

81
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tryptic digestion, with the result that a peptide of composition R1
could not be isolated. The sheep heart peptide S1 has the same comp-
osition as R1 and the sequence of this peptide was elucidated as CMCys-
Lys-Asp-Phe-Arg; there is no evidence that this represents the C-

terminal sequence of the enzyme.

Forty-five tryptic peptides were purified to homogenity and their amino
acid sequence or sequence/composition established (Table V). This repre-
sents 43 unique pepfides, as peptides A (90-92).54 and B .55, and

B-.26 and C (17-18) are identical. Of these 43 peptides, there are

three groups of overlapping peptides (the result of partial tryptic
cleavage); peptide A (50-51) .84 plus peptide B .05 equals peptide

B .25; peptide A (43-44) N 1.58 is derived from peptide A S8 N 1.5, and
peptide A (70-71) .78 is derived from peptide A (60-63) N 1.37; for

this reason, peptides B .25, A (43-44) N 1,58, and A (70-71) .78 have
not been included in Table VII,

Table VII shows the amino acid composition of the various peptides,
isolated in this investigation, in relation to the amino acid compos-
itions of the original enzyme. From this table, it can be seen that, of
the 406 amino acids in the 45,000 MW subunits, 350 residues have

been accounted for in the isolated peptides.,

It is perhaps pertinent at this juncture to make some comment on the
state of play in the determination of the complete primary structure

of phosphofructokinase. In this investigation 350 out of the 406
residues have been located in tryptic peptides. Bepeating this work

to locate the missing residues would be relatively unproductive in
terms of a strategy for the determination of the complete amino acid
sequence of the enzyme. The determination of overlaps necessitates the
reisolation of known, as well as unknown segments of sequence. For this
reason and because phosphofructokinase is difficult to isolate in large
quantities, it would be more productive to subject the limited amount

of enzyme available to other forms (non tryptic) of digestion.

Because of its high degree of specificity, and since PFK contains 10
methionine residues, cyanogen bromide would appear to be a most use-
ful proteolytic agent in the determination of overlaps between the
tryptic‘peptides. Unpublished results of Davis, however, indicated that
the cyanogen bromide peptides were insoluble, and could only be diss -

olved successfully in a 1:1:1 mixture of phenol/acetic acid/water.
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The insolubility of these peptides makes subsequent purification very
difficult. It appears therefore, that it would be more fruitful to

use some other approach to the overlap problem,

In the initial digestion of a protein, prior to the isolation and
sequence determination of the resulting peptides, it is essential that
a highly specific method of proteolysis be employed. In this respect,
sequencing of the tryptic and cyanogen bromide peptides usually pro-
vides the first line of attack. Since the cyanogen bromide peptides
are not amenable to purification, other less specific cleavage methods

must be employed.

The most useful overlap data would probably be obtained from chymo-
tryptic peptides of PFK.In general, chymotrypsin cleaves rapidly at
aromatic residues. As the enzyme contains 8 tyrosine, 14 phenylalanine
and 7 tryptophan residues, about 30 chymotryptic peptides might be
expected., However, because leucine residues are also susceptible to
attack, an additional33 or more peptides could be produced. Because of
the differential rate of chymotryptic attack at different sites, it

is not possible to predict accurately the number of peptides that will
be produced. As ar initial step prior to the preparative digestion of
PFK with chymotrypsin, an analytical digestion should be carried out
and the extent of hydrolysis assessed by peptide mapping. A short digest
would be expected to yield fewer peptides, whereas a prolonged dig-

estion would produce more peptides, the result of increased cleavage

at leucine residues.,

Thermolysin digestion of PFK would be unsuitable at this stage, as
this enzyme cleaves at phemylalanine, tyrosine, tryptophan, leucine,
isoleucine, valine and even alanine residues. This would lead to the
production of a large guantity of very small peptides. The large
number of peptides produced would complicate the purification of the
individual peptides, and the size of these peptides would make over-
lapping more uncertain, Similar comments would apply to the use, at

this stage, of pepsin, subtilisin or partial acid cleavage.

One method that is of considerable use in overlap determination
involves chemical modification of the basic residues to prevent tryp-
tic¢c attack. If the enzyme was maleylated and digested with trypsin,
then only the arginine residues' would be cleaved, resulting in the
production of 27 peptides (perhaps 25, because of the two peptides

containing Arg-Pro sequences). This small number of peptides should be
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relatively easy to purify. The approach to the isolation of the maleyl-
peptides could be to perform an initial purification on Sephadex G 50
in 0.2 M Ammonium bicarbonate (fH 8.5). It would then be desirable

tm unblock at least the lower molecular weight peptides so that they
could be further fractionated bychromatography on Dowex 50 or by

electrophoresis, where pH values below 6.5 are encountered.

Elucidation of the requence of mzleylated tryptic peptides would pro-
vide only the lysine overlaps and this would be of little use. The
arpinine overlaps could be obtained if this process was repeated after
blocking the arginine residues with 1,2 cyclohexanedione. Ideally, the
entire primary structure could be determined by establishing the
sequence of the tryptic peptides of the enzyme, which had first been
blocked with maleic anhydride, and then the sequence of the peptides

of the enzyme which had been blocked with cyclohexanedione.

If this approach was used, then the sequence data on the tryptic
peptides established in this investigation would be redundant, and

the next step in the sequence strategy should attempt to make the
maximum ure of the data already accumulated. In this respect, the most
fruitful approach would be to investigate the sequence of the peptides

produced from a short chymotryptic digestion,

PFK has one of the most reactive thiol groups known for any enzyme

(Kemp and Forest, 1968). One -SH group per 90,000 molecular weight reacts

very rapidly with 5,5' dithiobis(2-nitrobenzoic acid); however, this

reactivity is inhibited by the presence of Mg-ATP. Kemp suggested that
the reactivity of this thiol group was an indication for the binding

of Mg-ATP at the inhibitory site of the enzyme (Kemp, 1969). If this

-SH group does indeed reside at the allosteric site, it would be of

considerable interest to establish. the amino acid sequence of this

region of the enzyme. Experimentally, this would involve the following
steps:

(1) Reduction of the enzyme in 0.1 M Tris/HCl pH 8.0, containing
B-mercaptoethanol and removal of excess reducing agent by exhaustive
dielysis against 0.7 M Tris/HCl pH 8.0 under nitrogen;

(2) The reaction of the reduced enzyme with C1h iodoacetate, If this
reaction was performed using a 14-fold excess of enzyme over iodo-
acetate, then the rapidly reacting thiol groﬁp would be select-
ively labelled;

(3) The remaining cysteine residues could then be carboxymethylated
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in 8 M urea using unlabelled iodoacetate;
(4) If the enzyme was now digested with trypsin, then the radioactive

allosteric site peptide could be isolated and its sequence est-
ablished.

Another unresolved problem in the determination of the primary structure

of PFK is the identity of N- and C- terminal residues and peptides.

The decapeptide gramicidin S, which lacks detectable N and C terminal
residues, has been shown to possess a cyclic structure. No precedent
has, however, been established to indicate that enzymes are capable
of possessing cyclic structures. Blocking groups are, however, often
encountered at the N, and less frequently at the C terminus. Blocked
N-termini are usually caused by the presence of an N-acyl or a pyro-
glutamyl group, while blocked C-termini are usually attributable to

an amidated residue,

A peptide (A (L3-44) -,07, p 47) with a blocked N terminus has been
isolated in this investigation. From the amino acid composition of this
peptide (Gluj, HisB, Thr, Ala, Lys), it appears likely that the block=-
ing group consists of a pyrogiutamyl residue. This proposal is consis-
tent with the observed electrophoretic mobilities of the peptide., It
is possible however that the presence of this pyroglutamyl residue is an

artifact produced during isolation.

It would be of interest to investigate the N-terminus of PFK using the

pyrrolidonyl veptidase of Pseudomonas fluorescens. This enzyme spec-

ifically hydrolyses an N-terminal pyroglutamyl linkage (Doolittle and
Armentrout, 1968). -

With respect to the C-terminal peptide, no peptide which lacked a C-
terminal arginine or lysine residue was isolated in this investigation.
This leaves open the following possibilities:

(1) That the C-terminal residue of the enzyme is arginine or lysine;

(2) That the single basic residue contained in the incompletely sequenced
peptides, C 23, D (25-26) or X (76-84) could be internal, in which
case, one of these could represent the C-terminal peptide of the
grotein; .

(3) That the C-terminal peptide was lost during isolation.
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If the C-terminus is indeed amidated, then most of the peptides
whose complete sequences were established can be excluded as
possible C-terminal peptides, hecaure their electronhoretic
mobilities are not consistant with the presence of an

amidated C-terminus.

It is to be hoped that when both the primary and X-ray structure
of PFK are eventually established, that this information will
provide a model, which will rationalise the many kinetic

studies which have been made on this enzyme.



TABLE V

Summary of amino acid sequence data obtained o heart Frx

ANIDE

b

PEPTIDE SEGUEDIC

'A(87-88) .64
A(55-56) .42
A(55-56) .35
A(55-56)N 1.48
A 67 .54
AS4 .5
A(83-84) .43
A(4344) .36

A 57 .5
A(70-71)N 1.63
A(76-77) .54
A(43-44)N 1.07
A(41-42)N 1.13
A 39 N 1.23
A(60-63) .46
A(41-42) .48
A(101-105) .51
A 33 N 1.26

A (70-71) .54
A 58 N 1.50
A(43-44)N 1.58

Gly-Arg
Ala-Val-Val-Arg -
Ser-Thr-Val-Arg
Glu-Gly-Arg

Ser-Lys

Ile-Pro-Lys -~

Asn-Arg
Asn-Fhe-Ala-Thr-Lys
Ser-Gly-Lys

Glu-Arg

Leu-Lys
Leu~-Trp-Tyr-Asp-Thr-Gly-Arg
Gly-Ile-Phe-Asp-Ser-Arg
Leu-Ser-Glu-Thr-Arg
Ala-Ala-His-Asn-Leu-Val-Lys
Thr-Thr-Val-Lys

Leu-Arg
Asp-Vai-Thr-Arg
Gly-Ser-Arg
Cys-Lys-Asp-The-Arg
Cys-Lys

-~ O O O



TABLE V (Contd.)

PEPTIDE SEQUELCE ANTIE
A(43-44) .3 Met-Gly-Ala-Lys
A(24-26)N 0.95 Gly-Gly-Thr-Pro-Ser-Ala-Phe-Asp-ATg C
A(87-88).55 Leu-Arg-Fro-Ile-Leu-Lys -
A(90-92).54 Leu-Leu-Ala-His-Val-Arg-FPro-Pro-Lys -
A(60-63)N 1.18 Glu-Ser-Tyr-irg - 0
A(45-46) .43 Leu-Gly-Val-Lys
A(70-71).78 irg
A(50-51) .84 Lys
A(B0-63)N 1.37 Arg-Fhe-isp-Glu-ila-Met-Lys - 0
A(43-44)-.07 Fyroglu -(2Glu,3His,Thr)-Ala-Lys 0
B .55 Leu-Leu-Ala-His-Val-Arg-Yro-Pro-Lys
B .05 Asn-Val-Leu-Gly-His-Met-Glu-Glx-Gly-Gly-Ser-kro-Thr-rro- 5= .23 3
B .25 Lys-Asn-Val-Leu-Gly-His-liet-Glx-Glx-Gly-Gly-GSer-Fro-
B-.26 Leu-Pro-Leu-let-Glx-Cys-Val-Glx-Val-Thr-Lys v 1
BS .25 Ile-Thr-4la-Glu-Glu-Ala-Thr-Lys o)
B=. 25 Ile-Fhe-Ala-Asn-Thr-Pro-Asp-5er-Gly-Cys-Val-Leu-Gly-l'et-'r3 v 1
B-.44 Trp-Glx-Glx-Gly-iAsx-Leu-Leu-Ser-iAsx-Leu-Gly-Lys 1
BN 1.1 Val-Leu-Val-Val-His-Asx-Gly-Fhe-Glx-Gly-Leu-Ala-Lys
c(17-18) Leu-Fro-Leu-liet-Glx-Cys-Val-31lx-Val-Thr-Lys
C(%0-32) Glu-Leu-Leu-the-Glx-Fro-Val-Asx-Glx-Leu-(Glx,Thr,ala,Gly,rhe)-

"

C 25

(2Glx, Aisx,Thr)-Glu-Bis-Arg -
(Arg,Cys,4isx,40hr,2%er,Glu,?7Gly,241a,Val,2I1le,3 7, Fhe)



TABLE V (Contd.)

PEPTIDE SE - UENCE L Tigih )
D(25-26) Leu-Gly-Val-ila-Val-let-(Cys,54sx,4Thr,4Ser,6Glx,3 r0,4Gly,
: 5A1a,3Val,Met,2Ile,2Leu)-Arg ?
Y(50-54) Cys-4Asn-Glu-Asn-Tyr-Ile-Fhe-Asn-Trp-Thr-isp-Fhe-Thr-Leu-Tyr-
Ser-Glu-Glu-Gly-Lys _ 3
X(76-84) His-Trp(?)-Gly-Tyr-(Asp,Gly)-Yhe,Val-Phe-Ile-Fro-Glx-Cys-Fro-

Glx-Asx-Asx-(His,Fro,Glx)-(Leu,Ala,Gly,Ser,isp),3Lleu,Ile,Val,
Ala,Glx,Ser,Thr,Arg

S0



TA3L. VI

Comparison of amino acid compositions of Ci.-Jrs-containins
peptides of rabbit nuscle () and sheep-iezrt () r.l

RESIDUE . Re1 Se1 Re2 Se2 K3 S.3 R4 S84 RS LS 6 2.0 2.2 2.b 8.7
Lys 1.1 1.0 0.9 1.0 1.0
His in®1
Arg 1l .0 4.0 1501 @ 150 14/ Hel 0@ 92 H[.0 WG
Cm~-Cys 1. 0 1.0 1,50 4.4 1501 M0 4.0 1.0 4. g O 3.0 “W.§g QS 1.0
Asp (" 1.0 3.0 2.0 5.0 5.5 4.2 4.7 .3 4.3 17 2,1 4.0
e 1.0 1.0 1.6 1.0 4.1 4.0 4.2 3.5 2.0 Co: @ 220
‘Ser 1.6 1.0 3.8 4.0 1.9 2.3 2.2 4.7 1.0 1.0
-Glu 2.0 0 (@& o) BeS 6.3 0.7 4.5 4«8 508 5.0
_Pro 120 10 1.8 10 262 ? 200 el 1.1
Gly 3.2 2.0 5.7 5.0 6.6 5.2 .2 2.3 4.7 2.2 1.0
Ala ANE 15@ .S S5aA WS 2.7 2R 5 1450
Val 1.7 2.0 1.7 1.0 4.9 4.4 0.7 1.5 2.0 1.2 0.6
Met 0.9 1.0 1.1 1.0 2.8 1.6 0.9
Ile 1.0 1.0 8 1.8 2.7 Z2&2 1.6 1.0
Leu 200 2u0 1072 10 S0 49F Ba7 a0 Bad B J.7 1.0
Tyr w7 @.9 2.0
Phe 0.9 1.0 1.0 1.0 18 4.8 1.1 Ek_E 2.0
TEp =
Code number of sheep-hearti pertides in results sectiomn: 5l 1 58 ¥ 1.5€
Se2 = B =.26 and C {(17=18); 5.3 = B =e23; 5.4 = D (25-23); 3.5 = C23; 3.5 = USSR
8.7 = Y (50-34). ’



TARLY YVIX

Amino acid composition of peptides in relation ©~°

s I o SR S
CEEIDCISENTRICA @ AN o:‘;y_naL SNE TS

PEPTIDE

~=

Lys His Arg Asp Thr Ser Glu Fro G17

oY .
Py O g
EERAC S VA |

‘A(87-88) .64
A(55-56) .42
A(55-56).35
A(55-56)IF 1.48
A 67 .54

WSy .5
A(83+84) .43
A(43-44) .36

A 57 .5
A(70-71)N 1.63
A(76-77) .54
A(43-44)1 1.07
A(41-42)N 1.13
A 39 N 1.23
A(60-63) .46
A(41-42) .48
A(101-105) .51
A 33 N 1.26
A(70-71) .54

A 58 N 1.5
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fABLE VII (Contd.)

PEPTIDE Ly Asp Thr Ser Glu rro Gly Ala Cys Val [fet Ile Leu Tyr Thae Irp
A(43-44).3 1 1 1
A(24-26)N 0.95 1 @ 1 2 A
A(87-88).55 1 1 2
A(60-63)N 1.18 1 1 1
A(45-46) .43 1 1 1 1
A(50-51) .84 1
A(60-63)N 1.37 1 1 1 1 1
A(aZ-84)-.07 1 9 3
B .55 1 2
B .05 a2 a 1 g2 ) 1 1
B-.33 1 2 2 1
B-.23 2 1 1 2 92 4 4 4 4 1
B-.44 2 1 2 2 5 1
BN 1.1 1 1 2 3 e 1
c(17-18) 1 2 T2 @ 2
c(30-32) 2 2 7 1 1 3 ®
C 23 4 B 2 A 7 1 1 2 3 1
D(25-26) 5 4 4 6 5 @a § B 2 3
Y(50-54) 1 Z 2 | 3 1 1 1 1 g B2 1
X(76-84, 5 1 2 4 2 1 2 2 4 1 1 1



TABLE VII (Contd.)

PEPTLBE Lys His Arg asp Thr Ser Glu Fro Gly 4Ala Cys Val liet Ile Leu Ty» Iz I2g

Total residues

located 20 10 24 36 27 20 38 13 35 22 724 72 12 83 5 17 4
No.residues per '

subunit* 23 10 26 37 27 23 43 15 37 33 7 3 10 22 23 & 15 7

*Number of moles of each residue per 45,000 g of recovered amino acids (?avisdunpub—
lished results).



The follewing solutions rmre macy noagoaying forn

vhosphofructokinngse:

Colulion A, containing: 7wl 0.5 L /RCL, T La0,
0.2 ml 0,4 71 wagnesiwn chloride,

2 ml 0.0 nisdag
44 wg cysteine,
6 ml distilled water.,

Solution B, containing: 0.2 ml 0.1 Ii fructose-6-phosphate,
=D
9 ml 107 ¥ ATP (pit 8.2)
2 ml distilled water

Hbolution C, containing: 20 pl -gliycerophesphate dchydro-
genase/triosephosphate icomerase,
10 P1 aldolase, ;
0.47 ml 10"° I Tris/HC1 pH 7.5.

solution D, containing: 1.4 mg NADHP per ml of water.

Solutions A, B, C and D were made up fresh daily. The assay
system was prepared by mixing: O.22 ml of 4, 0.08 ml of 3,
0.05 ml1 D and 0.05 ml C in a cuvette immediately before use.
To this solution was added 0.05 ml of 1¥K extract. The FFK
sample was diluted to a suitable strength prior to assay
using a solution containing: 2 ml 10—1 2-nercaptoethanol,

2 ml 0.1% BSA, 0.2 ml 1 M Tris/HC1l pH 8.0 and 15.8 ml of
water.

CORRIGENDA

Throughout the text, where a quantity
of peptide or amino acid is quoted in
nano moles, the symbol nm has been
used: the correct SI symbol is however

n mol.
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