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"Blessed are they who could not see, but being blind beiie_ved."

G. K. Chesterton.



ABSTRACT OF  THESIS

" The primary structure of the amidase from Pseudomona8

aeruginosa strain PAC142, has béen inveétigated."Some
evidence is pfesenfed that the molecular weight of the
amidase subunit is 40,000 to 42,000, higher than previously
thought. Only partial sequence information has been obtained
but some evidenée has been found that a gene'duplicétion

may have occurred in the_evolution of this amidase. The
results are discussed with felation tb other examples of
protein evolution. An appendix, dealing with the reliability
of molecular weight,determiﬁatibn by amino acid analysis,

is included.
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CHAPTER _ ONE

AN INTRODUCTION

a) General Introduction
The subject of this thesis is an investigation of the

amino acid sequence of an amidase from Pseudomonas aeruginosa.

This chapter presents the background information to this
study. The biochemistry and genetics of the amidase systenm

of P, aeruginosa are outllned, as are the physico-chemical -

properties of the enzyme. Amidases occurring in other micro-
organisms, predominantly those in other pseudomonad species,
are dlscussed with respect to their relationship to the

P. seruginosa enzyme. Amidase has been the subaect of a

laboratory evolution study and it is this which provides
the magor motivatlon for the present investigation. These
experlmental evolutionary studies are described, and the

contribution of protein sequencing is discussed.

b) The Biochemistry and Genetics of the Amidase System.

A strain of P. aeruginosa vhieh is capable of growth

. on acetamide or propionamide as the sole carbon and nitrogen
source was shown (Kelly and Clarke 1960) to possess an
inducible aliphatic amidase (an acylamino amidohydrolase,,
E.Ce 3+5.1.4.)s As well as hydrolysing amides this enzyme
catalyZes transfer of the acyl monity.of some amides and
acids to hydroxylamlne (Kelly and Kornberg 1962), and also

catalyses the hydrolys1s and acyl transfer of low molecular
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weight esters (McFarlane et al 1965). The esters are '
poorer substrates than the corresnonding amides. Transferase
and hydrolase activities have different substrate specificity
patterns, propionamide being a better hydrolase substraté.
thén acetamide, but a poorer transferase substrate (Kelly
and Kornberg 1962). Acétamide, propionamide, glycollamide
(HOCH,CONH,) and acrylamide (CHp=CHCONH,) are good sub-
astrates for both reactions in the comparison of the specific
'activity of amidase with different substrates (Kelly and
Kornberg 196l4), formamide and lactamide are poor hydrolase
substrates and glycinamide is poorer still. Transferase
activity with formamide is low, and is only Jjust detectable
with lactamide and glycinamide. Kell&'and Clarke (1962)
have shown trace actiVity_with butyramide»and formamide as
hydrolase substrates. »

In the wild type strain émidase activity'can be induced
by a variety of amides (Kelly and Clarke 1962). N-methyl-,
ﬁ-acetylacetamide, and lactamide are very good inducers but
not goodisubstrates. Acetamide, N-ethylacetamide,. propion~-
aLmide, and its N-methyl and N-ethyl derivatives, and me.thyl
carbamate all induce activity. Glycollamiﬁe and'N-ethyl.
fofmamide alsd do so, but poorly.'An inducer concentration
of 10 BM. is effective with N-acetylacetamide and lactamide,
but the effect of the other amides requires a concentration
of 10™2y, Butyramide and formamide are not inducers of
amidase synthesis under these conditiohs. |

Amidase synthesis is repressed (Kelly and Clarke_1962)‘

by N-phenylacetamide, cyanoacetamide, glycinamide, sarcosine
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amide, ﬁ—hydroxypropionamide, and thioacetamide, none of
which are good substrates. Formamide is a weak inducer
(Brammar et_al i967) but competes with other inducers to
produce effective ropressiop (Kelly and Clarke 1962),
Brammar and Clarke (1964) showed that repression by
cyanoacetamide, after induction, suggested competition’
for a.single in&ucer/iepressor binding site. The presence
of a single constitutive permease for all amides (Brammar
et a1 1966) indicates that this site is not at the level
of entry into the cell. Butyramide also represses amidase
synthesis and has an affinity for the amide binding site
similar to that of cyanoacetamide, and both of these com-
pounds are capable of repressing synthesis in mutants con-
stitutive for amidase production (Brown and Clarke 1970).

- The genetic systen appears to be relatively simple
with an amidase structural gene closely linked to a regulator
gene (Brammar et al 1967). Control properties are most |
easily explained by analogy to the negative control type
fbund for the Escherichia coli lac operon (Jacob and Monod
1961), although as pointed out by Clarke (19742) it is not
yet possible to test this rigorously. The amidase genes
have been assigned to the 65-67 minute region of the

pseudomonad chromosome (Day et 81 1975), but the current

lack of markers in this region makes more detailed analysis
impossible.

The synthesis of amidase is subject to catabolite
repression by the hydrolysis pﬁoducts acetate and proplonate,

as well as by citrate, malate and pyruvate for organisms
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grownAin succinate medium (Brammar et al 1967). Increasing
“inducer concentration can reverse this repression (Brammar
and Clarke 1964). The periodic oscillations of amidase
synthesis in continuous culture (Boddy et _al 1967) are
probably due to a balance between induction and catabolite
repression (Clarke gt 2l 1968). Smyth and Clarke (19752)
have demonstrated catabolite repression by acetate, 1actate,
and glucose in pyruvate grown cultures, and showed that
"the repressing compound must be metabolized to exert its
effects This contrasts with the repression by amides and
amide analogues, which are thought to act directly (Brown
ana Clarke 1970). Addition of cyclic-AMP gives partial
relief of the mild repression by lactate in pyruvate medium,
but not of the severe repression caused by succinate (Smyth
‘and Clarke 1975b). Some mutants re31stant to catabolite
repression have been isolated. (Ibid.) and are probably
promotor mutants, being closely linked with the amldase
structursl gene. One mutation, however, was not closely

lin.ked.

c¢) Physico-chemical Properties of Amidase.
Preliminary structural studies have been reported by

Brown et al (1973). The molecular weight was found, by

| ultracentrifugation, to be 200,000, S.D.S.-gel electro-
phoresis, and gel filtration of the dissociated protein |
jndicated a molecular weight of 33,000 - 35,000, suggesting
6 sub-units. Crosslinkage studies and peptide mapping |

supported the presence of 6 indistinguishable subunitse
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Only one N-terminal amino acid, methionine, was found, and
the C terminal sequence identified as’. glutamyl alanine.
Amidase activity can be inhibited non-competitively

by urea and N—methylurea, and this inhibition can be reversed
by hydroxylamine (Kelly and Kornberg 1964). Thiourea does
not inhibit. Transferase activity is inhibited by iodoacetate
and p-hydroxymercuribenzoate, reagents associated with cysteine
modification. Addition of cysteine, indeed, reversed the
inhibition caused by the latter compound. Both activities
can be inhibited by low concentrations of fluoride, but only
in the_presence_of hydroxylamine. The observation that
diisopropylfluorophosphaté (D.F.P.) does not inhibit precludes
a mechanisn analogous to that of the serine proteases.
Similarly as substrate does not protect against 5,5'-dithiobis=-
(2-nitroﬁenzoic acid) inhibition, this would suggest that
thiol groups are not involved in'the mechanism (Woods and
Orsi 1974). | | |

| Potent inhibition by acetéldehyde—ammonia has prompted
the suggestion (Findlatter and Orsi 1973) that hydrolyéis '
occurs via a sequential mechanism (both substrates bound
beforé release of products) involving an acyl enzyme, a
tennary complex, and release of ammonia as the first
product.- Using differential inhibition by iodoacetamide
it was possible (Woods and Orsi 1974) to remove hydrolase
activity and to study transferase action as a Bi-Bi
(2 substrates, 2 products).system. In contrast to the

- earlier suggestion, characterisfics associated with a’
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Ping-Pong mechanism (first substrate bound, first product
-released, secoﬁd subétrate bound, second pfoduct released)
- were found. | | |
Studies of the dependence of activity on pH, and of

chemical modification (Woods et al 1975) have implicated a

lysine residue as necessary for amide binding, but as this
is required in the protonated form it cannot be the nucleo-
phile that is acylated in the reaction. The nature of that
group is still unknown. A second lysine residue may be

involved in transferase but not hydrolase activity.

d) The Occurrence of Amidases in Pseudomonads.

The taxenomic survey of Stanier et al (1965) indicates

that acetamide can be utilized as a carbon source by most

strains of P. aeruginosa, and by some strains of P. putida,

P. acidivorans, and P.cevacia. It is, therefore, interesting

to note that the‘original strain of P.aeruginosa obtained

by Kelly and Clarke (1962) did not grow in a minimal salt

medium containing acetamide.

Subsequently, strains of P.aeruginosa, P.putida (Biotype

A), g.cenadia, P.acidivorans, and P.testosteroni have been

_tested for growth on aliphatic amides (Clarke 1972) and on
.phenylacetamlde (Betz and Clarke 1973). All testéd strains

of P.aeruginosa, P.acidivorans, and P.cepacla grew on

v acetamide as did some strains of P.putida.. Butyramide was
also used as a growth substrate by some P,putida and

AP,acidivorans strains.~ Those strains which grew on acetamide
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resemnbled the wild type P.a2eruginosa (strain PAC1) in being

inducible, and possessing hydrolase and transferase activities
over similar substrate profiles. One strain of P.outida,

and one of P.acidivorans were induced by butyramide, but in

P.aecruginosa, and other P.putida and P.acidivorans strains

butyramide repressed amidase synthesis. P.testosteroni did

not grow on any of the aliphatic amides tested. .

Partially purified amidases from P.acruginosa, P.putida,

P,acidivorans, and P.c¢epacia exhibited only slight electro-

phoretic mobility differences on starch gels. Cell free
extracts were tested with antiserum prepared against purified

P.aeruginosa (PAC 1) amidase; all P.aeruginosa extracts gave

complete cross reaction, P.putida and P.acidivorans extracts
gave partial cross reaction, whereas those from P.cenacia |
gave only weak cross reaction. The presience of similar
antigenic determinants'does therefore suggest that these
amidases may have a common ancestral protein. This is
supported by the other results cited above. |

Growth of P.,fIuorescens on acetamide as sole carbon and

nitrogen source (Jackoby and Fredericks 1964) appears to be
due to an inducible aliphatic amidase which exhibits different
inhibition properties (notably inhibition by D.F.P.) to

the P.aeruginosa enzyme.

Phenylacetamide supported the growth of some strains of

P.putida, P.acidivorans, and P.cepacia, but this appeared to

be due to a distinct phenylacetamidase, separately inducible
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from the aliphatic amidase. Two strains of P.putida,and one
of P.cepacia which grew on phenylacetamide but not on
acetamide are thought to possess only an aromatic amidase.,

The phenylacetamidase from one of these P.putida strains has

been purified and gives no cross-reaction with antiserum

prepared against P.aeruginosa aliphatic amidase (Clarke
1974 b) suggesting no close evolutionary rélationshipr
although one cannot rule out a remote connection. The
possibility that the naturally occurring-acetamidasés and
phenylacetamidases may be related by an ancestral gene
_duplication has been noted by Betz and Clarke (1973).

An aéetanilide hydrolysing enzyme has been found in

P.acidivorans (Alt et al 1975b), and in P.striata (Hsuing -

et al 1975). The enzyme from giacidivoranS»has been

purified (A1t et al 1975a) and differs in its chemical

and physical properties from the P.aeruginosa amidase.

The P.striata enzyme is not well characterised but does

not possess acyl transferase activity; an aCtivity which

has been demonstrafed in. the P.acidivorans acetanilidase.

e) Amidases in other micro-organisms.

Many’molecﬁles found in nature contain amide bonds and
»mény enzymes are known which are éapable of their hydrolysis.
A comprehensive 1iét of "amidase" éctivities would include
enzymes for the hydrolysis of peptide bonds, antibiotics,

nicotinaride, asparagine and glutamine. Some microbial
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amidases which do éppear to have some similarity with the
pseudomonad amidases are described below.

Draper (1967) has described an inducible acylamino
amido hydrolase in Mycobacterium smegmatis which possess
acyl transferase activity. Crude suspensions of 6
mycobacterial strains (Myers et _al 1957) have been shown
to possesé an enzyme exhibiting esterase and amidaée
activities. Anw-amido dicarboxylate amidohydrolase

(E.C.3.5.1.3.) has been detected in Bacillus subtilis and

in Thermus aquaticus which although having no activity
‘on monocarboxylic acid amides is capable of acyl transfer
to hydroxylamine (Fernald and Ramaley 1972).

Dried extracts of an unidentified speciesof the yeast

‘Torulopsis can hydrolyse acetamide, formamide, and lactamide,
but hydrolysed butyramide and valeramide only poorly
(Steiner 1959).

The fungus Aspergillus nidulans may possess 4 amidases
(Hynes 1975), a formamidase, an acetamidase, a general
éromatic amidase (e.g. active on benzamide and phenylacet-

‘amide) and a valeramide/hexanoamidase.

£)  The Directed Evolution of P.aeruginosa Amidase.

' Acetamide'and propionamide are at the low molecular
weight end of an homologous series of amides (R-CONH,) »
Thus by changing the natﬁre ofAthe group R, or by using .
N-substituted amides it is possible to present avclosely

'vrelated series of novel SubStrates to the amidase system.



FIG ) ) DERIVATION OF MUTANT AMIDASES, -

2
-

WILD TYPE

A AMIDASE

All strains possess the genotype of the parent plus
one additional mutations

Strains producn.ng an altered enzyme are underl:.ned.. )
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.Selection for growth on, and hence utilisation.of this
‘series constitutes a laboratory simu;ation of evolution.
Using such a series and by using specificity differences
Eetween the enzyme and its regulatory system s Clarke ahd
her associates hQVe isolated both regulatopy-and structural
gené mutants of the P.geruginosa amidase system. Some were
isolated after mutagengsis, some are spontaneous mutants
and all were isolated in single mutatiénal steps. Fig. 1
outiines the derivation of some of these mutants.
The first compound of the homologous series, forma-
mide, does not support the growth of the wild typé strain
(PAC1). Mutants capable of growth on formamide, &s nitro-
gen source, have been 1sola£ed (Bfammarvgl_gi 1967). These
'mutants are formamide inducible and as a result, can pro-
duce.sufficient wild type amidase, A amidase, to allow
growth on this amide.
Butyramide represses amidasé synthésis even in some
- constitufive muténts which otherwise produce high levels
of the enzyme (Brown and Clarke 1970). From one of these
mutants, C11} two classes of strains capable of growth
on butyramide have been isolated. One class, CB mutants,
(Brovn and Clarke ibid.) were resistant to butyramide
‘repression and trace activity of the A amidasé for this
compound sufficed for growth; The other class, B mutants
(Brown et 2l 1969) produced an enzjme with altered sub-
strate specificity(B enzyme), which possessed enough
butyramidase actiiity to allow growth despite continuing re-
pression. B amidase has an altered electrophoreticvmobility

‘with fespect to the A énzyme but is not detectably different'by
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1mmuno'diffusion experiments, One of these mutants, B6,
was used to isolate a heterogeneous class, V mutants,
capable of growth on valeramide as sole carbon and nitrogen-
source. 4 second structural gene modification, detectable
immunologically, seemed to be responsible for the extension
of substrate rangé. Some V mutants had lost acetamidase
activity. _ _ ‘ '

Betz and Clarke (1972) have isolated 5 different
phenylacetamide utilizing classes of mutants from various
parents (see Pig 1). All are thought to pro&ucé further
altered enzymes, and fall into two loose groups. Group 1
(PhB3,PhVl) hydrulyse butyramide,valeramide, and.phenyl- “

'acefamidé, but not acetamide or fdrmamide; Group 2 (PhV,,
PnAl, PhF) produce thermolabile enzymes which hydrolyse the
same substrate range as group 1, but also have weak acetami-
dase activity. Group 1 and the V mutants lacking activity
towards acetamide can be considered as "new" enzymes. PhAl
is a particularly interesting "revertant" as it is derived
from a strain (LAm 1) producing an inactiﬁe enzyme.

 Brown and Clarke (1972) were able to isolate an
acetanilide utilising mutant (AX3) from strain 110 (a con-
stitutive A amidase producer, resistant to butyramide and .
catabolite repression). A single amino acid substitution,
isoleucine for threonine in the wild type seqﬁence

Ser-Leu~Thr-Gly-Glu-Arg
| ' is apparently responsible
for the change in subStrate specificity.
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No aminb acid changes have been charactérised in any
other 6f the altered amidases, but genetic analysis has been
carried out (Betz et al 1974). Mutants V2'and V5 possess
one common mutation and, as expected from their derivation,
this is the same as the B6 mutation. Analysis also shows

‘that V2 and V5 have different second sites of mutation.. PhB
mutants are also expected to have the B6-mutation, and génetic
analysis suggests PhB3 and V2 may haﬁe a common second mutation
site. Thus different mutations at the same site may confer

different activities. .

g) The Contribution of Protein Chemistry.

Immuno-diffusion experiments (Clarke 1972, Betz aﬁd
.Clarke {973) have established that the naturally occurring
Apseudomonad acétamidases and phenylactemidases .may have a
common ancestor protein. One strain of P.putida possesses

an acetamidase‘immunologicélly unrelated to P.aeruginosa

amidase. Although the lack of immunodiffusion precipitates
does not exclude evolutionary relatedness, Truffa-Bachi et al |
(1972) have detected immunological relatedness between
‘aspartokinase homoserine déhydrogenases of E.coli where
immunoprecipitation indicated none. (Kaminski §§_§1.1969). '
An understanding of the laboratory evolution of amidase
requires an appreciation of how single mutational events affect
the interaction of enzyme with substrate. As the amino_acid
sequence of a protein reflects the nucleotide base seqﬁence

of its structural gene it is a probe of both protein and
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genetic‘fine structure. Locatioﬁ and'idehtification of
amino acid differences is essential for an‘understanding of
the natﬁral_and directed evolution of pseudomonad amidases.

The effects of mutation on a single protein have been
studied most extensively in human haemoglobin; Fasman (1976)
Iists 201 known single amino acid substitutions, in the a
and B‘chéins;.which affect the functioning of the protein.
As the tertiary structure is known to high resolution (Perutz

63_2;_1968) it is possible‘to correlate molecular with func-
tional changes. Hartley (1974) has briefly'réviewed "Enzyme
FPamilies",in parficular the serine proteases, where know-
ledge of the primary and teftiary structures has led to an
understanding of the molecﬁlar baéis-of specificity differ- '
ences., . | |

'gimiler studies on pseudomonad amidases would be of
great value. A knowledge of the sequence and 3—dimensional
structure of the wild type A amidase and of the laboratory
mutants, together with information from enzymological
studies would explain the molecular basis of amidase
specificity differences. »

Comparison of amidase sequences between species is a
second area where much can be learned. It would indicate
how closely related the natural acetamidases,‘phenylacetami—
dases, and acetanilidases, are. Although as Clarke (1972)
has warned, pseudomonads mayAhave'exchanged genes in
relatively recent times by interspecies genetic i;ransfer,
and hengé similarities in protein properties may not reflect

long standing evolutionéry relationships. ‘Betz and Clarke -
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(1973)vhave noted the relatively low specific activity of
both the naturally occurring and the 1abofatory evolved
phenylacetamidases.‘The degree to which 1aboratory'e#olutibn
has paralieled that of nature will be interesting to observe.

The limitations of sequence informatioh must, however,
be remembered. Li et al (1973) have estimated the nucleotide
sequence divergence in the a-chain structural gene of trypto-
phan synthetase between 3 species of the enterobécteriacea
by béth protein sequencing and RNA—DNA hybridisation. These
authors concluded that,"perhaps as many base differences do
not alter the amino acid sequence as those that do."

Any conclusions drawn from the evolution of pseudamonad
amidases must 8lso be viewed in the light of other evolu-
tionary studies. Results from comparative evolutionary
studies range from the molecular to the behavioural level,
and many form the basis of present taxonomic classifications.
Experimental evolution has been studied on & number of
characters in a number of organiSms (see Hegeman and Rosen-
berg 1970, Clarke 1974a) and suggesté several routes are
available for protein evolution. The contribution of pseudo-
monas amidase evolution can only_be fully assessed when its
molecular basis is understood. | |
h) This Thesis.

This thesis describes studies of the P.&eruginosa amidase_.
amino acid sequence and these areupresented in the follo-
wing order.The method of purification of amidase 1s given

in chapter 2,together with the results from some experiments
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éafried out with the whole protein (which in this context
refers to the sub-unit polypeptide chain, rather than the
| active hexameric enzyme). The methods used to investigate
the amino acid sequence are given in chaptef'}, and the
resulfs from these investigations are detailed in chapters
4 to 6. Chapter 7 summarises these results and shows to what
extent the peptides can be overlapped. A discussion of the
results and their relevance to protein evolution studies is
also included. |

An éppendix describing the use of amino acid analjsis
in the calculation of molecular weighté is included at the
end, and gives some'examples of the 1imitatioﬁs of this

method.
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CHAPTER 2

' THE PURIFICATION AND PROPERTIES OF AMIDASE

1) . PURIFICATION TECHNIQUES

The amidase used in this investigation has been the

wild type A amidase from P.aeruginosa strain PAC 142

(series no. I10, Brown and Clarke 1970).

- a) The Purification of Amidase.

Amidase was pufified by the method of Brown et al (1969)
from frozen cells obtained from Prof. P.H. Clarke. The
purification involved the following steps:

1) Thawed cells were suspended in ice cold buffer (0.1¥ tris,
0.15M KCl, 5mM 2-mercaptoethanol, 1mM E.D.T.A:, pH 7.2) at
0.3 to 1.75 gm. cells (wet weight) per ml., and disrupted

in a Manton-Gaulin homogeniser at a pressure of 500 kg;'cmfaQ
2) Streptomycin sulphate (Glaxo, B.P.), 1 gm. per 50 gm.

wet cells approximately, was added as an aqueous solution
with mixing. Centrifugation (10,000g for 30 mins. at L°c)
removed cell debris and the precipitated_nucleic acid.

3) 250 ml. portions of the supernatant WereArapidly heated
.to 60°C, maintained at that temperature for 5 mins., and then
cooled on ice and bulked. The precipitate was removed by
centrifugation as before. |

_ u)' The supérnatant was then fractionated with ammoﬁium
sulphate. With centrifugation of precipitates after 50, 55,

65 and 75% saturation (Brown et_al. 1969) amidase activity
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was equally distributed bétween the 50-55%-and 55-65% cuts.
Subsequently precipitates were collocfed after 4O%, 50%,

and 65% saturation. The bulk of the amidase activity was
contained in the 50-65% fraction. |

5) The amidase containing fraction was fedissolved in buffer
(minimum volume) and dialysed.agéinst buffer to remove
ammonium sulphate. -

6) The dialysate was loaded onto a DEAE-sephadex (A50)
column equilibrated in buffer, and washed with buffer (for

a minimum of 2 hrs. at a flow rate of 4O ml. per hr.) before
eluting with a linear gradient of 0.15K to 0.35M KCl contained
in 2 1. tris buffer. Effluent was monitored at 254nm

(L.K.B. Uvicord) and amidase activity could be located by

~ the tesf paper méthod (see below). Amidase activity was
coincident with the major u.v. a8bsorbing peak. Fractions
possessing activity were asséyed quantitatively (by the
transferase method of Brammar and Clarke 1964) and samples
tested for homogeneity by polyaorylamide gel electrophoresis
(Davis 1964). Homogeneous fractions were pooled and stored
as.80% saturéted ammonium sulphate precipitates as difficulty
was found in redisSolving material extracted by the method

of Brown et al (1969).

b) Enzyme Assays
The transferase method ofIBrammar and Clarke (1964)

was used exclusively. 0.1 ml samples were mixed with 0.9 ml,
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mixed substrates (purification buffer: O.4M acetamide:

'2M freshly neutralised hydrox&lamine hydrochloride,2:1:1 v/v)
and incubated at 37°C. The~reactioﬁ was terminated by the
addition of 2ml. ferric éhloride'reagent (6% w/v FeCl3,

2% w/v HCl). Optical densities were measured at 500 nm in
a Unicam SP1800 spectrophotometer. The conversion factor,
3.5ufd§cethydroxamate per ml. has an-E500 of 1.0 was used
throughout (P.H. Clarke, pers.comm.).

Amidase activity test paper was prepared by soaking.
Whatman 3MM chromatogréphy paper in mixed_substrateé (cf.
transferase assay) and drying. Small volumes of sample were
spotted onto the paper and allowed to dry at room temperature.
Activity was located by dipping the paper into a soiution of
ferric chloride (6% w/v) in acetone. Test papers could be

used for 2-3 days after preparation, but thereafter background

colouration masked the location of activity;

c¢) The Estimation of protein.

Protein concentrations were measured by the modified
Folin-Lowry method of Miller (1959). Freshly prepared solutions
of Bovine Serum Albumin were used to construct calibration

. graphs for each set of determinations.

d) Polyacrylamide Gel Electrophoresis.
The method of Davis (1964) was used and gels were
. stained with Amido black (1% w/v) in methanol:acetic acids

water (5:1:5 V/V).,'Bands were visualised by repeated washings
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in the same solution minus‘the dye.

e) Reegents

Acetamide (B.D.H. laboratory reagent) was recrystallised
from benzenetEthyl acetate (10:3v/v). Hydroxylamine
hydrochloride (Hopkins and Williams laboratory reagent) was
recrystallised from ethanol:water (3:1 v/v). Other reagents
were "Analytical Reagent" grade, or of the highest purity

available and were used as-suppliéd.

£f) Results

Four batches of enzyme were used in the investigation,
and details are_given below.
Batch 1 was obtained as purified protein (from Puﬂ.Clarke)._
This protein was used in the first chymotryptic and tryptic
digests. At a later (2 {/? yvears)stage this material was
found to contain L4 components (by S.D.S. polyacrylamide
gel.elec$rophbresis) of molecular weights 42,000, 40,500,
39,000 and 29,700. An attempt to purify these components
by gel filtration after citraconylation failed owing to
the.small amount of protein then available. Amino acid
.analysis, sequenator analysis,. and!peptide maps (tryptic
"and chymotryptic) obtained at the time of use, however,
are not distinguishable from those obtained from ather

batches_of protein.

Batch 2 was prepared from frozen cells and pechromatography

on DEAE-sephadex was necessary to obtain: homogeneous material.
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The specific activity of this batch was very low, 373 units
- per mg. although polyacrylamide gel electrophoresis, amino
iacid analysis, and peptide mapping suggested this material
was homogeneous amidase. Protein from this batch was used

for the second chymotryptic and tryptic digests.

Batch 3 amidase was purified from frozen cells and consisted
of homogeneous amidase of specific activity 1725 units per
mge. This material waé used for the cyanogen bromide cleavage.
Batch L was obtained as partially pufifiedlmaterial (from
P.H.Clarke), as the 55-65% ammonium sulphate precipitate.
The specific activity of the purified material was 1300
units pér mge., and this protein was used for the Staphyloc-

occus aureus protease digest.

2) Experiments with the Whole Protein

g) Molecular Weight Determination

Polyacrylamide gels containing S.D.S.'were formulated
according to King and Laemmli (1971). Slab gels, 15cmxi5cm.
were poured between glass plates, and gels containing a
gradient of acrylamide concentration were prepared by mixing
solutions of the initial and final acrylamide concentrations‘
from a two chambered gradient maker. Samples, at a protein
concentration of 1mg. per ml. were reduced in tris buffer
(0.06M tris pH6.8 containing 2% w/v S.D.S., 5% v/v 2=~
mercaptoethanol, and 10% v/v gl&cerol) by heating at 100°
for 15 mins. Samples were applied diréctly to the upper
(stacking) gel, and run overnight at 10 mA.(at constant



TABLE 2A The Molecular Weight of Amidase

Protein - o E : : .
sample Gel A Gel B Gel C Gel D
Batch 1 42,000
v L0, 500
amidase 39,000 )bands
29, 700
Batch2 42,000 38,500
- amidase
(A.A.)
Batch 3 '
amidase
(A-ox)
Batch L 42,000
amidase
(A=Y)
A.Anidase 42,000 diffuse
‘ band
(A-B) 40,000 -
. 43,000
PhVl amidase 142,000 38, 500
(PoV.R.)
"PhV1l amidase - 40,750 40,000 a)l3,000 i a)uozooo)
: _ iii
- (P.V.AL) b)L2,500 ii b)39,75§
. iv

Sources of protein, and the composition of the gels are

given in fig 2a.

NOTE:s

!

Gel C (i) applied as single sample
(11) applied to the same track as A-Ox



TABLE 2A - Contd.

Gel D - Both results are for amidéses applied as
sole sample and amidases épplied to the
same tracks as ovalbumin and pencillinase;
‘as all amidases samples migrated'identicélly
(iii) measured after a few hours destaining

(iv) measured after 1 week destaining.
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SDS GHL m;mTROPHULaTS OF AMIDASE,

Ordinate units are M.W. x 107

Abscissa units are om.
migrateds

Gels A,B,andC contained a
10-30% gradient of acrylamide
concentration,

Gel D contained 16% acrylamide
and was measured after a few
hours destaining (o0——0) i
and after 1 weeks destainu\j

. (v__V). A . ’

' . 70
70t Bovine Serum Albumin | 60
60 | - sof
50t
40¢
40}
30t
30t S .
Penicillinase: Cyte ¢ dimer
. 20}
20t
Cyt. e Cyt. (-3
5 4 6 & 10 I}
Ph lase A -
90[ osphorylase 80-
80F Or
) 70“ B.s.‘. 7 d
60+ B L
© Cyt. c «0x. 60
SO" tetramer P.v.A. 50'
’ PV A, y
401 40F
30F -
: ’ B Lactoglobulin
Vc Cyte ¢ - D
24 6 8 10 12 ~ 3 4 ¢t & 10

AMTDASES
(Sources other than this
laboratory)

A.A-Batch 3 amidase. .
A.B.-Aamidase (P.R.Broma.}
A.Ox.-()xldlsed A.A,. -

A.M.-Batch 2& mdaseo "
P.V.A.-FHV1 amidase(P.H.Clarke)e
PoVeR.~BiV1 a.mldase(A.Paterson).
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current.) The gels were washed in MethanoliAcetic acids
Water(5:1:5 v/¥) to remove S.D.S.prior to staining with 1%
Coomassie Brilliant Blue(in the same solvents)and destained
by repeated washings in 10% v/v acetic acid.

I am grateful to Mrs.M.Daniel for gssistance with the
techniques and preparation of gels for electrophoresis.f

- Five different preparations of A amidase and two of PhVl
amidase were tested in acrylamide gradient gels and in a'
constant acrylamide concentration gel. The results are shown
in fig 2a., The results from these experiments are tabulated
in table 2a and indicate a mean molecular weight of-u0,900.
Brown et al (1973) reported the subunit molecular weight
of amidase to be 33,000-35,000,agreeing with a molecular
weight of the hexameric enzyme of 200,000. The subunit
molecular weight was determined by S.D.S. gel electro-
phoresis and by gel filtration of the dissocilated enzyme.
Brown et 21 chose the system of Weber and Osborn (1966)for
S.D.S. gel electrophoresis using 10% (w/v) acrylémide gels
in glass tubes, and phosphate buffers.

In this investigation slab gels and tris buffers were
‘used, and both standard proteins and samples were run on
the same gel under the same conditions. Amidase and close-
molecular weight markers have been applied to the saﬁe
"grack" in the gels, and the separation of native and
oxidised amidase on the same track demonstrated the reso-
lution of the system used. It is‘felt that such a method
is more precise than the rumning of markers and samples

on different gels under similar conditions with -the
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construction of calibration graphs by relative mobility

to a single marker. The possibility that the discrepancy
in apparent molecular Weight may be due to behavioural

diversity of the amidase in the different buffer systems
cannot be overlooked. '

h) The Calculation of Molecular Weiggt from Amino Acid
Analyses

An attempt has been made to calculate the molecular

weight of amidase from the amino acid frequencies by the
method of Black and Hogness (1969). This method assumes
that all amino .acids are presént in integral molar amounts'
and that at the correct molecular weight the calculated
compositions'should show minimal deviation from integral
values (see the Appendix). A computer programme (supplied
by Dr.J.Mouit) whiéh calculates a weighted sum of these
deviations according to the equations of Black and Hogness
has been used in this study. | |

Protein was hydrolysed with O.hml 6M HC1 (B.D.H.Aristar)
at 105"0 in vacuo, and the hydrolysate analysed on a Beck-
man model 120C amino acid analyser. Values for tryptophan
determined by the spectrophotometric method of Beaven and
Holiday (1952), or after hydrolysis with 3M mercaptoethane
sulphonic acid (Penke et a8l 1974; the reagent being obtained
from Pierce Chemicals, Radford,.Illinois, U.S.A.) are in-
-cluded for comparison but were.not used in the calcﬁlation.

Data from this investigation, and the values of Brown gt
a1(1973), has been used(Table 2B) to calculate the graphs
1h fig 2B. The amino acid frequencies of tﬁis invéstigation



TABLE 2B

Data for the Calculation of Molecular Weight from Amino Acid Analysis

Composition _
ffequency(G) MmeWe33,000 me.w.l4t,000

Amino Acid «frequenc§§) MeWe33,000 mewo 41,000

Lys
His
Arg

- Irp

Asx
Thr

Ser

Glx

Pro

Gly

Cys
Val
Met

(L)

(1)
(1)

(2)

0.0715
0.0338
0.0961

0.171L

0.0645
0,081
0.,2091

0.0832

0.1779
0.1593

0.1162
0,0796

Composition
12.8 15.9
6.04 745
17.2 21.3
e %ER
30.6 38.1
11.5 14.3
14.5 18.0
3744 N
149 18.5
31.8 3945
28.5 35.l4
20.8 25.8
142

177

0.373
0.166

0474

Ouill

0.796
0,308
0.372

0,380
0.810
0,769
0,208
0,602

0s3U3

13.9
6.2
17.6
5e2

29.6
11.4
13.8
32,6

142
3041
28,6
773

22.4
1247

17.2
7.7
21.9
7405
36.7
14.2
17.2
4o.6
17.5
37.4
3545
9.6
27.8
15.8



TABLE 2B - Contd.

Ile 0.1050 18.8 23,3 0.530 19.7
Leu (2) 0.1025  18.3 22,8 0.498 18.5
Tyr 0.08l41 . 15,0 1847 - 0.402 149
Phe 0.0457 8.2 10,2 0,199 Tk

?

(1)
(2)
(3)
(4)
(5)

(6)

o.s

23.0
18.5.
9.2

Thr. and Ser. values obtained by extrapolation to zero tine.
Ile and Val values obtained by'extrapolation to infinite time.
Values adjusted for differing amounts applied to analyzer columns.
Values not used in the calculation. ‘ o
Tryptophan values (a) estimated spectrophotometrically.

(b) after MESA hydrolysis.

Data of Brown et a1l (1973).
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show a minimum (f = 0.273) at a molecular‘weight of 48,600,
whilst those of Brown gt al fit a molecular weight of 26,400
(f = 0.273). The addition of excluded amino acids would increase
these values by 1,000 to 2,000.

To test the-validity of such a Calculation-amino acid
freqﬁencies have been calculéted from the seguence of Rabbit
Skeletal Actin (data from Dayhoff 1973). These frequencies
have been used to calculate the moleéular weight_(see Appgndix).
The use bf a computer programme which added random errors of
known magnitude has‘shown that even 3% error. is sufficient to.
predict an incorrect molecular weight for a protein of this
size (M.W. 41,719). It is therefore believed that the errors

in the data are sufficient te invalidate the result.

3) Seguence Studies on the Intact Protein

5) N-terminal Identification.
The dansyl procedure for proteins (Gray 1972a) has been
used to confirm that Methionine is the only N-terminal amino

acid (Brown et al 1973).

k) N terminal Seguence Studies

(i) Manual Edman Dezradations.

The direct method of Edman and Henschen (1975) and the
ibaper strip method of Frankel-Conrat (1954) succeeded only in
identifying N-terminal methionine. The method of Weiner et al

(1972) which uses an S.D.S. containing medium with.dansylation
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of the residual protein appeared to place an aspartic acid

or asparagine as residue 5.

ii) Automatic Edman Degradation

Automatic Edman degradations were carried'out in a Beckman
model 890B sequenator 6perated by Mrse. M. Daniel. Residues
were .identified by thin-layer chromatography.(t.l.é.) using
the solvent system of Edman and Sjuﬁﬁst (1956) and by gas
liquid éhromatography.(g.l.c.) oh SPL4OO1 Chromasorb W. Résidue
6 was initially identified as leucine but iﬁ one détermination
hydrolysis of the Phenyl thiohydaﬁtoin (P.T.H.) amino acid
derivatives with hydriodic acid (Inglis et 21 1971) and
guantitative amino acid analysis established that this residue
was in fact isoleucine. Subsequently care was taken tb ensure
clear identification of this residue.

Run 1. The degradation WasAcarried out on oxidized batch 1
protein using a single coupling, double cleavage programme with
quadrol buffer. ‘The amino acid derivatives were identified

by tel.ce only and gave the result

Met— -  =Gly-Asp-leu-Asp-
—_—) = == 4 ? ) v

(an arrow ———> indicates each Step, a broken arrow indicates
substandard identification of the residue)

Run 2. was carried out as above on oxidized batch 1 amidase

Met- - ~Gly-Asp-Leu
— =P - > > >
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Run 3 was carried oﬁt on oxidized batch 2 protein using |
a double coupllng single cleavage programme with dilute -
quadrol buffere. Re31dues were identified by te.l.c. and
gel.ce except for residue 3 (identified by a colour reaction
on paper for histidine, Dent 1947) and residue 7 (2eleCe

only)e.

Mets_ _sHissGly-Asp-Ley-Phes

Run L degraded oxidized batch 3 protein, and quantitative -
amino acid analysis of the re31dues after hydriodic acid
hydrolysis established the sequence

MetshrgrHiscGly-Aspriles 5— 5 hsXs

Run 5 used oxidized PhVl amidase (obtained from A. Paterson)
with a succinylated myoglobin “carrier" protein to improve
the filming properties of the amidase. The programme

used single coupling and single cleavage steps with
D.M.A.A. buffer. Residues 1,4,5 were identified by t.l.c.
and residue 41 confirmed by g.l.c.. Residues 2 and 3 were -
detected by reaction on paper; arginine by fluorescence |
with phenanthrenequinone (Yamade and Itano, 1963) and

histidine as aboves

MetsargrHisrQly-Aop,

Run 6 was a repeat of run 5. Residues 1,4,5,6,9,10,11

were identified by t.l.c., 8nd residues 6,9,10,12 by

gelecCo _Residues 2 and 3 were identified as beforee.
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Met;Arg—His;Glx—Asg—Ile;_'4;_ e?Ali"G19$ASEFA1$
" It should be noted that in runs 1 to 3 residues 2 and 3
were not identified satisfactorily by paper spot tests.

The overall sequence

Met-Arg-His-Gly—-Asp-Ile-

is however, accepted. Residues 7,8, and 9 were poorly -
identified if at ail, and the tehtativelidentifications

of runs 1 and 3 are rejected. It is thought that these
residues may be those whose deriﬁatives are easily destroyed,
serine, threonine or tryptophan (destroyed on oxidation).
Cysteine (as cysteic acid) was eliminated only by run L.

The appearance of a well idenﬁified alanine at position 9

in PhVl amidase is interesting as Betz et _al (1974) have
indicated that one mutation in this strain may be close

to one end of the amidase structural gene.
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CHAPTER 3
METHODS OF PROTEIN SEQUENCE DETERMINATION

a) Introdﬁction

Current methods for protein sequencing have been
successfully applied to a diverse range of polypeptide
- chains extending in size up to that of calf collagen, 1052
amino acids (see Fasman 1976), Even so, as Brigden and Koch.
(1975) point out "...the elucidation of the complete sequence
of a protein is a relatively rare event, especialiy if the
protein is unrelated to other proteins of known sequence."
The‘majority of available techniques are well documented (e.ge
Hirs 1967}-Hirs and Timasheff 1972, Needleman 1975) and the
oVerall strategy remains constant. The protein is split at
limited sites into its compound peptides, which are purified,
analyzed for composition, and sequenced (as far as possible)
by a variation on the PITC method for the sequential removal
_ova-terminal amino acids (Edman, 1956). Repetition with
splittihg at-different sites generates overlapping sets of
beptides which can be used to a;ign ﬁhe total sequence. The
availability of automatic."sequenators“ capable of carrying
out sequential degradations at a high efficiency ovef extended |
Aleﬁgths of polypeptide chains, coupled with the generation a
of large fragments of the protein can simplify the methodologye.
Unfortunately such a strategy is not always practicable; |
nor is it yet practicable to determine complete sequences

by the automatic degradation of whole proteinse.
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| - The techniques used in this investigation are based
on those developed for the study of bacterial electron
transport proteins (e.g. Ambler and Wynn, 1973) and have been
successfully applied to structural determinations of larger
proteins (e.g. Ambler, 1975). Such technigues are, however,

. continuously changing, for example the Staphylococcus aureus

protease used in this study was a barely recognised tool
when this project began.
- Unless otherwise stated the materials used were

obtained from the sources given by Ambler and Wynn (1973).

b) Performic Acid Oxidation

Performic acid was prepared by incubating'a mixture of
anhydrous formic acid and 30% hydrogen peroiide (95:5 v/¥)
for two hours at room temperature (Hirs, 1956), In order
to limit the halogenation of tyrosine,chloride free protein
was pfepared by ammonium sulphate precipitation and dialysis
prior to oxidation. Amidase was dissolved in formic acid
and a 12 fold excess (over sulphur containing groups) of
performic acid added, the final protein concentration being
10-20 mg. per ml. Oxidation was carried out for 1-2hr. at
0°C, the longer times being required for the complete oxidation
of methionine. The mixture was then diluted to give 5% /v
formic acid, and freeze dried. During oxidétion”the solution
turned from a gelatinous mixture to a mobile liquid, this
change being more apparent when a small volume (0.5 to 2ml)

of methanol was included in the éolution.
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c) ‘Ehzmic Digestion

Qxidation was used to denature amidase prior to
enzymic digestion. Chymotryptic, tryptic, and thermolytic
digestions of protein or peptides were carried out in 0.2
M. ammonium acetate, pH 8.5, at 37°C using 1/75 by weight of
enzyme to substrate. Oxidized amidase did not dissolve well
in the solution used, and this buffer was usually prepared
by dilution after initial dissolution of amidase in 2M,
ammonia. Whole protein treated in such a manner was digested
as a fine suspension which usually cleared within 1 hr.
Digestion with S.aureus protease was carried out in
0.125 M ammonia, pH 10.5 for 5 hr.‘at 37°C (enzyme : amidase
ratio 1:100 w/w). The pH ﬁas then lowered to pH 9 with 1M
acetié acid and digestion allowed to proceed for a further .
5 hrs. prior to lyophilisation. Drapeau et al (1972) report
the pH optimum of this enzyme as pH 8.5. The oxidised
amidase used for this digestion precipitated beioW,pH 10.5,
and S, aureus protease digestion of finé suspension of
proteins can be unsatisfactory (Dr. D.R. Thatcher, pers.comm.).
The pH was lowered in mid digesfion without significant
precipitation. o
Enzynes were obtained from the following sources

Trypsin; Wbrthington Biochemical Corporation, Freehold,

N.J., U.S.A., and was treated with diphenyl-

carbamoyl chloride before use.
Chymotrypsin; Worthington Biochemical Corporation,

Freehold, N.J., U.S.A., and was treated with soya

bean tryptic inhibitor before use.
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S. aureus protease; was prepared by Dr. D.R. Thatcher from
the strain listed in Ambler (1975).

Thermolysin; Daiwa Kasei, X.K., Osaka, Japan.

d) Cysnogzen Bromide Cleavage

Anidase (300 mg.) was dissolved in 4.5 ml. trifluoroacetic
acid (T.F.A.) and diluted with 1.5 mls. water. Cyanogen
Bromide (Eastman), 0.5g. in 0.5 ml 75% v/v T.F.A. (an
apporoximate LO fold excess over methionine) was added, and the
mixture left for 24 hr, at room temperature with occasional
swirling. The reactants were then diluted with a 10 fold

excess of water and freeze dried.

e) Purification of vpeptides.

Gel filtration of peptides fhrough Sephadex superfine
G+25 was used as a preliminary purification step. Initially
whble digests were fractionéted this way, but later, 1argef
"core" peptides were first removed by preeipitation with
5% w/v (final concentration) trichloroacetic acid (T.C.A.).
After standing for 30 minutes the precipitated éore material
was.removed by centrifugation. Removal of T.C.A; from the
superhatant was attempted using ether extraction. The
treatment of core materials is dealt with in the relevant
results éections. The residual soluble pepfides were |
fractionated by gel filtration. |

AEffluént from the sephadex solumn was monitored at 254 nm.

(L.K.B. Uvicord monitor) and collected in fractions. Portions



TABLE 3a. Electrophoresis Buffers and Chromatography

Solvents

Electrophoresis at pH 6.5 Pyridine:Acetic acid;Water

Electrophoresis at pH 3.5

E;ectrophorésis at _pH 2

Electrophoresis at_ pH 9

' Paper Chromatography

TeleCeo of d.ans:zl

amino acids

25313225 (v/v)

toluene coolant (Ryle et al,
: 1955

PyridinetAcetic acid:Water
1:10:89(v/v), Paper wetted
with half strength buffer.
White spirit coolant,
(Ryle et _al, 1955)

Acetid acid:formic acid:Water

Lst:us5(v/~v). Whife spirit
coolant. (Ambler 1963)

2% (w/v) Ammonium
carbonate pH 9. White

spirit coolant

"Butan-l-oliAcetic agid:Water:

Pyridine
15:3312:10 (v/v)

(Waley and Watson 1953)

solvent 1,Formic acid 5%(v/v)

(Woods and Wang 1967)

solvent 2, Toluene tAcetic acid
931 v/v
(Woods and Wang 1967)

solvent 3, Butyl Acetates :
MethanoltAcetic acid
3032031 (Crowshaw et_al 1967)

solvent L4, 0.05m Na3POu in 25%
(v/v) Ethenol (Hartley 1970)
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of fractions were applied to Whatman 3M.I, chromatography
paper in succecsive 10p[. spplications at t ins. intervals
and subjected'to electrophoresis at pH 6.5. After drying
the peper was viewed in ultre-violet (U.V.) light and
fluorescent peptides marked prior to staining with ninhydrin
(0.2% w/v in acetone, containing 1% v/v acetic acid).a The
paper was frequently'éounterstained with the Pauly reagent
(Dent 1947) to locate histidine and tyrosine containing
peptides. In one case the Ehrlich reagent (Dslglieshi952)
weas used to counterstain for tryptophan, and once the
Sakaguchi reagent for arginine (Jepson and Smith 1953) was
used prior to ninhydrin. The resultant map, & two-dimensional
separation based on peptide size and electrophoretic mobility,
was used to decide Which.fractions to pool for further

purification. ' ' .

£) Paper Electrovohoresis and Chromatosraphy

Fujthér purification was éarried on péper by combinations
_of electrophoresis at pH 3.5, 2.0, or 9.0, and descending
chromatography. Buffers and solvents used are given in table
3a., Apparétus of the Michl (1951) type was used for high
voltage paper electrophoresis. Whatman 3hHM éhromaﬁography
paper-was routinely used with loadings up to 100nm. per cm.,
but Whatman No. 1 paper was used‘for analytic work and for
separating‘small amounts of peptides.
| Marker strips, of small amounts of material, run on

both sides of the main band were cut off and the peptides'
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located by dipping these strips in a 0.2% w/v solution
of'ninhydrin in acetene. For pH 6.5, pH 3.5, pH 9.0
eleétrophoretograms eand for chromatograms the ninhydrin
reagent was acidified with acetic acid, 1% v/v final
concentration (approx.). qu pH 2 electrophoretogranms impure
collidine (Collidine, Fraction, Midland and Yorkshire Tar
Distillers), 0.1% v/v final concentration was added to the
acid ninhydrin reagent. ‘Colours were developed ét room
tempefature or at 10560. Marker strips were occasionally
counterstained with the Pauly reagent or with the sfarch/KI
reagent for detecting peptides with weak ninhydrin colours
(Rydon and Smith 1952). Low yielding peptides could be
located with fluorescaemine, papers were dipped in an N-ethyl
morpholine acetate solution. (45 ml N-ethyl morpholine, 1 .lml
acetic aecid, 11. acetone, D.R. Thatcher pers. comm.) and
dried at roonm temperature prior to dipping in fluorescamine
(0.2 mg per ml) in acetone.

After location the mzin bands were cut out and eluted with
O.1M ammonia. The eluate was desiceated and then taken up

in 0.2 to 0.5 ml O.1M ammonia for storage as frozen solutions.

g) Anmino Acid Anslysis

' Peptides for qualitative amino acid analysis were .
hydrolysed in 6N HC1l and the products Separated by electo-v“ )
phoresis’at pH 2, at 5-6 Kv. Use of the ninhydrin-collidine

dip and heating at 105°C for a short time gave rise to
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marked colour differences between the amino acids. In
some instances the hydroiysate was dansylated (see below)
and examined by t.l.ce.

Semples for quantitative analysis were hydrolysed in

6N HC1 in vacuo, heated at 105°C for 24 to 96 hr. The

- amino acids released were analysed on an L.K.B. Biocal BC200

amino acid an&lyser by'elution from a single column of resin.
A Beckman 120 C analyser using 2 sepérating columns was also
available. The.formef wes more sensitive but the latter ﬁas
more reliable and having a logarithmic scale'more suited for
whole protein analysis and for peptides -having large differences
in the amounts of the constituent amino acids. Peptide
yvields were calculated from the anaiysis but were not
corrected for any losses (e.g. marker strips)e. |

Cyanogen bromide peptides were heated at 105°C in pH 6.5
electrophoresis buffer in vacuo for 1 hr, to convert
homoserine lactone to homoserine before analysis. Hbmoserine‘
could be separated from glutamic acid on thé analyser column
by the use of pH 2.9 buffer (Ambler and Brown, 1967).

~

h) The Identification of N-terminal Groups

The method of Gréy (1972a) was used. Samples, in 6 x 30mm.
" Durham tubes were dried in vacuo, 10ul. of sodium bicarbonate
.(0.1% w/v) added and the mixture dried in vacuo over NaOH |
pellets. Water, 10ul., and Dansyl chloride (1—dimethy1amino-_
naphthélene~5—&u1phonyl chloride), 10ul. of a 2mg. per ml,

solution in acetone, was added and the mixture incubated at
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37° for 1 hr., or until the yellow colouration had been lost.
' After'drying the dansyl peptide was hydrolysed overnight at
105° with 6N HCl. The hydrolysate was examined by t.l.c.

on polyamide layer plates in the solvent systems given in
table 3a. The unknown was applied to both sides of the t.le.ce.
plate and a mixture of known dansyl amino acids to one side-
only. Solvents 2,3, and 4 were run at right angles to
sol%eht 1. Acid stable dansyl dipeptides were often.identifiéd.
Dns-Arg, Dne-His, aDns-lys, and £Dns-1lys could be separated
by solvent L bﬁt‘electrophoresis at pH L.4 on a flat plate
apparatus (Gray 1972a) was occasionally used as the te.l.c.

separation was not always sufficient.

| j) Dansyl Edmen Degradations.

A modified method of Gray (1972 b) was used. Peptides
(10nm. x no. of cycles, but less if not available) were.dried
down in 12 2'65mm screw cap tubes. Pyridine (50%, v/v,
Rathburn Nonin Gradé), 0.2ml. and phenylisothiocyanate (Pierce-
sequenal grade, 5% v/v in pyridine), O.i1ml were added, the
tubes gassed with oxygen free nitrogen‘(O.F;N.), Qapped,and
inéubated_fOr 1 hr. at 37°C.  Reagents were removed by drying
in vacuo at 60°C. AAfter cooling O.2ml. T.F.A. was added,
the tubes gassed with O.F.N,. agaih, capped and inculated at
37°C for 30 mins. Occasionally incubation was for 5 mins.
at 60°C. The T.F.A. was removed by drying in vacuo in a
" hot dessicator. Water, 0.25ml, was then added and the solution

extracted 3 times with 2ml. butyl acetate. The phases were
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separated by‘centrifugation and the upper, organic; layer
discarded. The aqueous layer was dried overnight in vacuo,
and tﬁe residue rediSSOIVed in 50% v/v pyridine. A sample
was then removed, an- equal volume of 50% pyridine added, and
the next cycle begun. Newly exposed N-termini were identified
by the dansyl procedure. Samples ofvdegradéd peptides were
sometimes electrophoreéed at pH 6.5 to locate amides. In
one instance, samples were quantitatively analysed for amino

acid composition.

k) Assignuent of Amides

Amides Were assigned on the basis of electrophoretic
mobility at pH 6.5 using the equations of Offord (1966).
Assignment of amides in the larger peptides and the histidine

peptides has not usually been attempted.

1) The Use of Zeokarb

Beads of Zeokarb (Zk 225, S.R.C. 13)H+ form, & sulphonated
polystyrene resin was used to desalt péptides from T.C.A.
-contamination. The beads were added to an agueous solution
of the peptide until the pH had fallen to pH 2. Two volumes
‘of distilléd water were used to wash the beads, twice, and
the peptides eluted with 2M ammonia (2x the bead volume, four
times). ,It was found that larger peptides were.not totally.

absorbed under these conditionse.

m) Criteria of Purity

Ambler and Wynn (1973) proposed the following criteria
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for satisfactory amino aéid analyses,
1) no impurity amino ascid should be present in an amount
as great as 0.2 mol per mol.
2) The relative amounts of amino acids present, calculated
on}the basis that the average amount is integral should
not fall outside the limits 0.8-1.2, 1.8-2.2, 2.7-3.3,
or 3.7-4.3s Values as low as 0.6 (=1), however are
considered satisfac&pqgfbr tyrosine and homoserine.,
These criteria have been adopted as the basis for

satisfactory analyses,

n) The Acceptability of Sequende Results

Dansyl Edman degradations could be considered

. unsatisfactory for the following reasonse. |

1) More than one dansyl amino acid present in significant
amounts at any step. This was usually due to "ragged
‘degradation.

2) If no amino acid was identified at a particular step.
The presence of tryptophan or lysine could 1éad tolthis,

- but where these residues were suspected identification
of subsequent residues was usually satisfactory. '\
3) If the dansyl amino acid was not unambiguously
ldentifieds Poor t.i.c. separation between leucine and
'isoleucine_derivatives, between the basic amino écid '
derivatifes, or between serine, threonine, and methionine

sulphone derivatives wés~the major cause of ‘the failings
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p) The Recording of Seauence Data

Peptide sequences are listed in the text and amino acid
analyses are grouped at the end of each chapter with a summary
of the sequences. The following convéntions have been used.
1) Amino acid analysis_valﬁes outside the proposed criteria
are marked thus +. Some unsatisfactory analyses.aré
commented upon in the text. Unless otherwise stated values
‘are after 24 hr. hydrolysis.
2) The threé letter amino acid code has been used
3) An arrow, —— * underlining a residue indicates the
amino acid was identified by the dansyl method. A dashed
arrow, = — o 9 indicates unsatisfactory identification and
the symbol, ( —3z), indicates that no residue was identified
in that position. The symbol —<% ) indicates that a dansyl
dipeptide'was jdentified. Sequences of arrows indicate
results df dansyl Edman degradations.
: u)vsequences are recorded by residues joined by hyphens, the
N—termihalvresidue first. Residues enclosed in brackets are.
not ordered with respect to each other.
'5) Peptide nomenclatufe consists of a letter (or letters)
jdentifying the digest, and a number. Not all punmbers are
assighed reflecting the fact that although other-peptideé
were "purified" they are not included, usually owing to very
unsatisféctory anslysis. The ordering of the lists Qf'
compositions are on the basis of gel filtration poolings,
the greatesf elution volume pooling coming firét.'_Within

these poolings the peptides are ordered from the most acidic
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to the_most basic on the basis of pH 6.5 electrophoretic
mobility. . |
6) Electrophoretic mobility (m) at pH 6.5 is relative to
1ysine (recorded as -) or relative to aspartic acid (recorded
as_+). | | |
7) Purification methods (Purn.) are listed in the.order of
use; G = gel filtration; paper electrophoresis, 6 = pH 6.5,
3 = pH 3.5, 2 = pH 2, 9 = pH 9; B = peper chromatography;
P indicateé a pooling of peptide mixtures.
, 8) Yields are recorded as absolute yields, uncorrected for .
any lossesSe
9). Amino acids listed as cysteine were identified as cysteic
acid. Similarly the analycsis of methionine is as the oxidized
form, summed with the native form if oxidation was not
complete. o
10) Relative analysis values below O.1 mol'pef mol. are not

- recorded.
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CHAPTER

CHYMOTRYPTIC DIGESTS

a) The First Chymotryptic Digest

{) Method .

100 mg. of oxidised amidase (batch 1) were digested,
with 1/75 by weight of chymotrypsin, in 0.2 M ammonium acetéte
pH 8.5, for 5 hr. at 37°C. -Digestion was terminated by freeze
drying. The residue was redissolved in 25% v/v formic acid
~and seperated on a 90 x 1cm column of sephadex.SG—25 eluted
with 5% v/v fofmic acide All peptides were isolated in poor
yields. The oxidation of methionine was incomplete and
analysis values are the sum of oxidized and unoxidized forms.
Peptide compositions are given in table La, and a list of

the peptides given in table Lece.

2) The Peptides

C1 The recovery of tyrosine from this peptide was low .

(0.5 = 1), and glycine contamination is unsatisfaétory

Glu-Phe-Tyr

—_— 7
c2 Ser-Tyr-Phe
—_— 7 =7
- C Asp~Gly-Val-Tynr
=t

CL4 Heavy contamination with glycine is present (0.46 = 0), and

the levels of serine_and_glutamic acid are high. Tyrosine

has been placed on the basis of chymotrypsin's specificity
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Ala-Asx-(Cys, His, Asx)Tyr
g5 This peptide also has serine and glutamic acid contamination
Ala-Ala-Gly-(Val, Asp, Gly, Tyr, Phe)
7 7 7

C6 The recovery of cysteine (as cyéteic acid) and of tyrosine

is low, and glycine contamination is evident. The calculated
charge excess (0.75) indicates asparagine.

Ala—Asn—Cys—Tyr

— —

€% The recovery of isoleucine (0.5 =1) and valine (O.L = 1)
is low but the analysis is after 24hr hydrolysis and a
. pesistant bond (Ile-Val) is present

Ile-Val-(Arg, Cys, Gln, Gly)Tyr
—_—f, v

C8 The analysis is after 2L hr. hydrolysis only, and
contaminants are present as shown in table 2a,.

Ala-(Thr, Gln,, Ala, Val, Ieu2)
—_— ,

C15 The value of alanine (0.4) is taken as O, but as this
value is after 2Lhr. hydrolysis only, the presence of alanine
cannot be excluded.

Asx—Gly(Argz, Cys, Thr, G1x6, G1y3, Mét, Ile, Leu, Tyr)
— —

C16 The recovery of glutamic acid (2.6) has been taken as 3,

which fits the.mobility data, Placement 6f leucine within

the sequence suggests that this may be the C-terminal peptide.
Glu-Gly-Leu-Glu-(lys, Glu, Ala)

—_— 7 = 7
C17 A large aromatic peptide. Identification of the N-

terminal 2 residues was good, although the analysis value

of aspartic acid is unsatisfactory.
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o Ser-Gly-(Glyj,Alaz,Leuz,Ser,Asx Glxs,Phez,Tyr,'

’
—_— 2=3

,Cys,Arg,Pro) |
C18 Amino acid analysis showed en unidentified peak eluting
immediately before the pbsition of arginine. ,Qualitative
'analysis showed no basic residues were present and this is
supported by the mobilitye. The similarity of composition to
peptide CT7 suggests this peak may be a dipeptide (Val-Leu).
An alternative explanation 'is that if is ah artefact caused
by the elution of ammonia in several positions within this

region of the chromatogram.

Thr(Alaz,Glu,Val,Leu)
4

€19 The presence of‘bonds resistant to hydrolysis may have
contributed tb the low recovery of amino acids after 2Lhr,
hydrolysise. Contamination is quite heavy, and although
 o-Dns-tyrosine waé recorded after dansylation, the analysis
suggests none is present. , |

Val—(Ile,Asx,Glx,Gly,Ala,Leu,Lys)
= : .

€20 The Edman degradatidn was carried out on 2nm per cycle.

Va}:{}e-Leu—Asx—(Lys,Gly,Val;Ile,Asxz,Glxz,Tyr)

7 7 [4 4

. 022 On analysis after 24 hr. hydrolysis proline gave a very
small peak, not amenable to accurate quantitation. Qualitative
‘analysis did not show the presence of proline.

Val-Ala-Val-(Glyz,Ala3,Asn,Proo.5)Phe

—— ——— — oy

Cc23 There was a low recovery of tyrosine from this peptide
(0.5 = 1)« The neutral mobility indicates that two amides

are present,
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Met—Tyr-Pro(Aia,Lys,Asx,Glx Val)

rd 7 L 4

caol Va1—Ser-G1u-(G1y2;Pro,Lys,Met)

7 7 7

C25 Lys-Ile-Leu
—_— —y N\

2’

C27 This peptide was analysed after C18 and shows the same
unidentified peak supporting the suggestion.that it is an
aptéefact. Heavy contamination by glycine (0.32 = 0) and
alanine (0.37 = 0) is present.

Lys(Ile,Leu,Ser)
I

le_This shows a similarity to C15 in mobility and composition;'
The discrepanéy in the values for glutamic acid may be due to
its high relative probortion, but there is also a difference
in thevarginine contente.

Asx-Gly(Arg,Cys,Thr,Glxu,Glyz,Leu,Ile,Met,Tyr)
—_— ——

C32 Low yields of lysine (0.6 = 1) and valine (1.7 = 2) are
recorded after 2L hr. hydrolysis. The N-terminal dipeptide
was not identified and the mobility suggests two amides are
present (i.e.‘a charge excess of 1).

39

Val-(Val,Arg,lys,Asx
=5
C33 This was isolated as a U.V, fluorescent peptide which

Met,Glxz,AlaZ,Leu)

therefore may contain tryptophan. The N-terminus was
identified as glutamic acid or glutamine but the quantitative
analysis was lost owing tb a machine fault.

C36 The N-terminus was identified by t.l.c. of the dansyl
derivative as a basic residue, possibly arginine. The

mobility suggests né amides are present, but the presence of
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histidine makes this forecast unreliable.

(Argz,Hisz,Lys,Proz,Tyr,Glx3,Thr,Ser,Leu,Ala,Gly)

b) The Second Chymotryptic Digest

1) HMethod

Oxidized amidase (320mg) wasvdigested under the same
conditions as the previous chymotryptic digest. The amidase
concentration was 25 mg. per ml. Insoluble material was
removed by centrifugation and the digest freeze dried. By
subsequent re—digeétion-this insoluble material was’ shown
by peptide mapping to be undigested amidase which was then
pooled with the bulk peptides.

The freeze dried mixture was takeﬁ up in 0.45M ammonium
‘acetate pH 9.2 and the core peptides precipitated with
5% (w/v, final concentration) T.C.A. The pH after precipi;
tation was pH 5.3. Core material was removed by centrifu-l
gation. T.C.A. was removed from the supernatant by ether
extraction before freeze drying. The residue- was then
dissolved in 1.2mls of 65% (v/&) formic acid and fractionated
on a 130 x 2.50m column of sephadex SG-25, run in 5% v/v
formic acid. The peptide map appeared sihilar to that of
the first éhymotryptic digest. Further extraction of some
poolings was necessary for the remoVal of T.C.A. The pooling
~contéining the largest peptides, and the neutral peptide
fractions streaked very badly on paper electrophoresis
and chromatography. These fractions were "desalted" on a

short (20 x 1cm) sephédex(}-25 column but no improvement
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~ was found. Ion exchange on Zeokarb, Ek225 éRC 13 (Y form)
was also used to no avail.

The neutral fractions were then pooled and reseparated
by gel filtration (60 x 1cm column) and a peptide map run
on pH 3¢5 electrophoresis. It was then possible to purify
some neutral peptides, but others were still not adequately

pure after several further purification stepse.

2)  The Peptides

This digest is only partially characterised, and some
redundant information has been obtained. Peptide compositions
are given in table UYb and a summary of the information is in

table Ll-do

CT1 3 cycles of Edman degradation were carried out to
ensure that only 3 residues were present.

Ser-Tyr-Phe

L4 R r T ad

T2 An extra Edman cycle was also used to establish the

- enma———

size of the tripeptide.

Glu-Phe-Tyr

7 B 7

CT3 Asp-Gly-Val-Tyr

4 7 7 4

.ggg' This peptide has heavy contamination with serine -

- (0w36 = 0) and threonine (0.34 = 0). The mobility at pH 6.5
was not accurately measured but defines the excess eharge
limits 1.3 £ &€ £ 2,2 suggesting at least one amide is present.

Gly-(Ala, Asx, Glx2)

ﬁ X )
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CT5 Even on ‘96 hr, hydrolysis the Peco§ery of alanine
(1.65 = 2)'wés low. Two impurities, valine (0.37) and
methionine (0.45) were present only in the 96 hr. hydrolysate.

Ala-(Asx,Leu,Ile,Cys,Glx

3,Pro,G1y2,A1a,Phe)
-_

CT6 The 24 hr. hydrolysate suggested equimolar ratios of the
constituent amino acids, but the listed composition was found
after 96 hr. hydrolysis.

Ala—(Glxz,Alaz;Va;,Leuz)

——

~CT7 Thr-Ala-Ala-Glu-Val-leu

- 24 7 ? 27 7

CT10 The analysis shows high glycine contamination but the

Edman degradation was clean,

Val-Val-Phe-Pro-Glu-Tyr
—s g

7 4 L4 7

CT411 Histidine éppears to have been destroyed on hydrolysis
as the recoveries were 244 hr. 0.72 = 1, 96 hr. O.48 = 1,

Gly-(Ser,Gly,Ala,His,Ile)Phe

— .
CT12 Recovery of tyrosine (0.51 = 1), lysine (0.56 = 1) and
alanine (0.66 = 1) was low even on 96 hr. hydrolysis. The'
relative recovery of glutamic acid_rose from 0.92 to 1.38 from
24 hr. to 96 hr. hydrolysis and the presence of 2 such residues
cannot be'exciuded@

Lys-(Argz,Ser,Glx,Gly,Ala,Ile),Tyr
- _

CT13 Lys—Ile;Q?u

7 (4 Lo

CT1Y4 Edman degradation failed, but the mobility is in

agreement with the presence of 1 amide. (excess charge 4.99) .

Subdigestion with thermolysin revealed only a neutral peptide
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band, and subdigeétion-With S;aureus protease showed only

a slightly acidic peptide. Electrophoresis for only'a short
time did not reveaiAany very acid peptides that would normally
have been lost. The products of subdigestion were not
identified. |

Gly(Glyz,Cys,Met,Gluu,Gln,Ile)Tyr

——

CT15 No new N-terminus was identified after L dénsyl-Edman
Steps but later residues were clearly identified. Lysine has
therefore been placed from the composition. Such a sequence

is in agreement with the carboxy peptidase digest results of

Brown pt_2al (1973) if this is the C-terminal peptide.
Glu-Gly-Leu-Glu-Lys—-Glu-Ala

> — = (—X) —> —

CT16 No N-terminal amino acid was identified by t.l.c. or
electrophoresis after the dansyl procedure. The,recqvery

of aspartic acid fell after 96 hr. hydrolysis from 3.0 to

2.5.

(Lys,Arg,Cys,Asx3,G1x,G1y,A1a2,Leu)

'gglz This corresponds to peptide C23 with the addition of

a metﬁionine residue. This peptide is only slightly acidic,

and probably contains 2 amides. The aﬁodic mobility being

due to the presence of N-terminél methionine-sulphone. CT™M7

is resistant to S.2ureus protease digestion suggesting two
glufamine residues are present, .Subdigestion with thermoiysih
revealéd only neutral'products. No residue waé identified after
L, dansyl-Edman cycles but residue 6 was identified sétisfactofily

Met—Tyr-Pro-Ala-Iys-Asx-(Glxz,Val,Met)

4 7 7 7 (—X) I 4
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Neutral peptides

CTM18 Low recoveries of alanine and valine are recorded
(0.5 = 1) after 24 hr. hydrolysis.

Ser—(Arg,Thr,Ser;Glu,Gly,Ieu Val,Ala)

-ﬁ

CT19 Gly-Val-Phe
e 4

2’

CT20 Low recoveries of valine (0.63 = 1), and glutamic acid
(0.6 = 1) were recorded after 24 hr. hydrolysis.

Ser-(Asn,Thr,Ser,,G1n,Gly,Ala,Val, Leu, Tyr,Phe)
—_—

3’
CT24 This was purified at all stages as a U.,V. fluorescing

peptide suggesting tryptophan was present in the original.
The recovery of glutamic acid on 24 hr. hYdrolysis is very
low (O.L4 = 1),

Ile(Lys,Arg,Asx2,Met,Glx,Gly,AlaZ,Val),Trp
—

CT22 Isoleucine (0.5 = 1) and glutamic acid (1.6 = 2) were

recovered in low yield after 24 hr. hydrolysise.

Ser(Arg,Asx,,01x,,Ala, Ile)

—
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TABLE 4C

Summzry of Chymotryptic peptides: 15t digest.

c1
c2
C3
-
C5
cé
c7
c8
C15

c16
a7

ci8
c19
c20
ca22
c23
c2y
c25
ca27
- 031

c32

C33
C36

‘Glu~Phe~Tyr

Ser-Tyr-Phe

As_p-Gly-Val-Tyr

Aia-Asx- (Cys,His,Asx),Tyr
Ala-Ala-Gly-(Val,Asp,Gly,Tyr,Phe,)

Ala-Asn-Cys-Tyr

Ile-Val-(Arg,Cys,G1ln,Gly),Tyr
Ala-(Thr,Gln,,Ala,Val,leu,)

Asx-Gly- (Argz, Cys ,Thr,.Glx6,G1y3,Met ,Ile,Leu, Tyr)
Glu-Gly-Leu-Glu-(Lys,Glu,Ala) '
Ser4}1y-(Gly3,A1a2,Leu2,Ser,Asxz_B,Gle,Pheé,Cys,Pré,

: Arg,'l‘yr)
Thr-(Alaz,Glu,Val,Leu) :

Val-(Ile-Asx,G1x,Gly,Ala;Leu,Lys)
Val-Ile-Leu-Asx-(Lys,G1ly,Val,Ile,Asx,,G1x, »Tyr)
Val-Ala—Val—(Glyz,Alas,Asn,Pro%3,Phe
Met-Tyr-Pro-(Ala,Lys,Asx,Glx,,Val)
Val—SeréGlur(Glyz;Pro,Lys,Mef)

Lys-Ile~Leu

Lys—(Ile,Leu,Ser)

,Asx-Gly-(Arg,Cys,Thr,Glxu,Glyz,Met,Ile,Leu,Tyr)
vVal-Q (Val,Arg,Lys,Asx 39 Met ,Glx2 ,Ala2 sLeu)

Glx('Alaz,Val'z,fLeu,Trp,Ly_s,ArgB...) see text
(Argz,Hisz,Lys;Proz,Tyr,Glx3,Thr,Ser,Leu,Aaa,Gly)



TABLE

Cfmno_trypt ic Peptides - 2nd digest.

CT1
CT2
CT3
CTL
CT5
CT6
CT7.
CT40
CT11
CT12
CT13
CTMY
CT15
- CTM6
CT17
T4 8
CT19
CT20
cT21
CT22

Ser-Tyr-Phe (=C2)
Glu~Phe-Tyr ' (=C1)
Asp-Gly-Val-Tyr ' (=C3)

Gly—(Ala,Asx,Glxz) |

Ala-(Asx,Leu,Ile,Cys »G1x3,Pro,Gly, ,Ala,Phe)
Ala- (Glxz,Alaz,Val sLeu,) '
Thr-Ala-Ala-Glu-Val-Leu : (=c18)
Val-Val-Phe-Pro-Glu-Tyr
Gly(Ser,Gly,Ala,His,Ile)Phe

Lys (Ar-g2 ,Ser,G1x,G1ly,Ala,Ile) ,Tyr

Lys-Ile-Leu (=C25)
G1y(@1y,, Oys,Met,Glu) ,61n,T1e), Tyr |
Glp.-Gly-L eu~Glu-Lys-Glu~-Ala ' (=C16)
( Lys;Arg »CyS ,A8% 5,G1x,G1y ,Al8 5, Leu)
Met-Tyr-Pro-Ala-Lys-Asx-(G1x,,Val,Met)
Ser(Arg,Thr,Ser ,Glu,Gly,Leuz,Vai,Ala) ,
G_ly-Val—Phe

Ser-(Asn,Thr,Sers,G1ln,Gly ,Ala,Val,Leu,Tyr,Phe)

Ne-(Lys,Arg ,Asxz, Met ,Glx,Gly,,Alaz,Vai)Trp.

Ser- (.;rg »Asx,,G1x,,4A1a, Ile)



CHAPTER 5
TRYPTIC DIGESTS

a) The First Tryptic Digest
1) Method

Oxidized amidase (150mg) was digested with 1/75 by
weight of trypsin in 30 ml. of 0.2 m ammonium acetate pH 8.5
at 37°C. The protein'did not dissolve well and some was lost
when the flask was accidentally cracked. Digestion was
allowed to proceed overnight before freeze drying. The
residue was dissolved in formic acid (0.9 ml) and diluted
to 1.8 mls. with water for gel filtration on 2 1.5 x 120cm,
column of sephadex sG-25 eluted with 5% v/v formic acide.

Peptide compositions are given in table 5A and a
sﬁmmary of results in table 5C. Man& peptideé appear to
have arisen by chymotryptic type splittinge. |

2) The Peptides

Many free amino acids were isolated mostly in low
yield but comparable to some of the peptides and are

" therefore included.

71 Asp

T3 Two anélyses were performed and only one showed heavy
threonine contamination (O.4 = 0). This peptide has the
sequence found for the protein C-terminﬁs (Brown et al

- 1973) |

Glu-Al
_— ==



L9.
T4 The recovery of glutamic acid is low (1.6 = 2) and
owing to a machine fault the value for cysteic acid is
a minimum value.

Gly-(Cys,G1lx Ala,Leu,Tyr,Phez,Pro)Afg

2’

N
T6 Ser
17 Gly
T8 Ala
T9 Val
T10 Leu
T™1 This was purified as a U.V. fluorescing peptide»at each

purification step. After the first Edman cycle no new terminal
residue was identified but the identification of residue 3 was
clear. Tryptophan has been tentatively positioned as residue

2 to explain these observations. On guantitative analysis

" the lysine peak position was overlapped by ammonia but
qualitative analysis indicates that no lysine is present.

Ala-Trp-Val~(Gly,¥al,Asn)

—_— X) —
T2 A large ammonia peak masked the position of lysine on
the amino acid analeis, but qualitatively no lysine was

found.

Gly(Val,Phe)

—

T13 This peptide had a yellow grey ninhydrin colour. The
presence of lysine is ruled out by qualitative analysis only,
for the same reason as abovee.

Ser(Gly,His,Tyr,Phe)
_—
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T14 An amide has been assigned from the mobility of this
-peptide.

Asn-Tyr-Lys
—d

T15 Only a small amount of materisl was availeble for
analysis, and the high aspartic acid value (0.39 = 0) is a
maximum owing to difficult quantitation of a small peak.

Lys(4la,Pro,Tyr)Lys.
—_—
Tyr-Arg

— -

E

18 The presence of lysine is ruled out qualitatively only

3

owing to a large ammonia peak on the analyser trace, -

Arg » ‘
T24 The value for aspartic acid (1.4 = 1) is high and
glutamic acid contamination (0.35 = O0) is also high. The
composition as sho&n has a charge excess of 1.1 and hence no
 amides are present.

‘Ala-(Met,Asp,Cys)Lys

. ———

T22 Lysine was not quantitated owing to masking by ammonia.
Qualitatively lysine is present and its value is set at 1
from the mobility data, '

Asp-(Glu,Met,Val)Lys
——

T23 The mobility indicates that one amide is present.
Asx-Glx~-Val-Asx-Arg

7 7 7

T2l This was purified as a U.V. fluorescing peptide

indicating the probable presence of tryptophan. The recoveries

of alanine and isoleucine are low (24 hr. hydrolysis only)

and contamination with threonine is high.
_Ile-(Ilez,Cys,Asxu,Ser,G1x2,Proz,G1y3,A1a2,Val,Leu,

Tyrz,Trp)Arg.
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T25 A high recovery of glycine (1.38 = 1) is reported,

and no amides can be present.

Leu—(Gluz,Pro,Glyyheu,Tyr)Lys
—

A chymotryptic subdigest was carried out but insufficient
material was available for characterisation of the products.
T26 The recovery of serine (1.6 = 2) is low.

———

Gly—(Asxz,Ser2,Glx,GlyB,Ala,Leu,Tyr,)Arg

A chymotryptic subdigestion released the following peptides.
T26C1 The recovery of arginine is low (0.6 = 1) and the sérine
| and-alanine values are higher than expectéd from the
compdsition of T26., Only 10nm was avaiiable for
anélysis and these high values may be due to
contaminafion.

Ala—(Asxz,Serj,Glx,Gly,Ala,Arg)
ﬁ .

T26C2 a neutral peptide whose composition was determined

qualitatively but insufficient material was available
for further investigation.

Gly-Tyr

w—p—

Another acidic peptide (m = 0.6 at pH 6.5, Nt. gly) and
another neutrél peptide (containing glycine and'leucine),were
also found but not in sufficient yield for further analysise.
T26 therefore.has thé probable étructure y

| Gly(Glyz,Leu,Tyr)Ala(Asx2,Serz;Glx,Gly)Arg |
T27 Chymotryptic subdigestion (i.e. T27C1, T27C2) suggésts

the following sequence.
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Cys-Gln-Gly-Tyr—Met-Tyr—Pro—Ala-Lys

J

T27

— > x4 7 7 7 rd 7

T27C1 T27C2

T27C2 was purified as 2 peptides, one having N terminal

methionine, and one having N-terminal Methionine sulphone.,

They otherwise had the same composition and sequence.

T28
729
34

Ala-Cys-Arg
-_—

Asp-Ala-Arg
_— T ="

This peptide has the same sequence as that isolated by

Brown and Clarke (1972) from a mixed chymotryptic and tryptic

digeste

I35

Ser-Leu-Thr-Gly-Glu-Arg .

1 4 4 / ’ 7 .

This was dsolated as a U.V. fluorescent peptide but

Edman degradation suggests tryptophan is not presente.

=

St

3

K K

Gly—Ala—Glu—Leu—IlS;Xgl—Arg

7 7 ? 7 ? 7 14

Lys-Ala-Pro-Tyr-Arg

/ 7 L4 7

A low recovery of methionine (0.6 = 1) is recorded

vMet—Pro—Arg

-——-— =

Leu-Thr-Arg-Arg

—_—— — - :

The recovery of lysine (O.74 = 1) is low

Gly-~-Met-Lys
-

‘Ala~-Arg

-—
The presence of lysine was shown by qualitative analysis,
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but on quantitation this residue was masked by ammonila,
The mobility indicates a charge excess of 2

Tyr-{Arg,Lys)
ﬁ )

T42 Lys |
T4L43 On 96 hr. hydrolysis many residues gave low recoveries.

The N-terminus was identified as valyl valine.

Val-(Val,,Pro,Thr,Ser,G1x,;G1y,Ala, Ile,Tyr,Phe,Arg,Lys)

T4l No basic residues were detected quantitatively or
gualitatively. A charge excess of 4 is indicated by the
mobility, thus 2 amides are present.

| Thr-(Cys,Met,61x,,Tle,Leu,Gly))

—

2&5 A similar peptide to TLL4 except tyrosine is also present,
The differences in the relatively high molar ratiesvof
glutamic acid and glycine may not be significant. The
‘mobility of T45 with the composition showvn suggeéts'only

1 amide is present. |

Thr-Leu~Gly—( Cy's,Met,Glxh,elyzn'e,Tyr)

L4 7 7’

T46 Only sufficient matefial for a 24 hr. hydrolysis was

available and a low recovery of glycine (0.6 = 1) is
recorded. The value for methionine does not differentiate
between 1 and 2 mol. per mol.

Tyr-(Asx,Thr,Gly,Glxz,Pro,Alaz,Met1_2)
-

TL7 Recoveries of glutamic acid and isoleucine are low
even after 96 hr. hydrolysis. .After 3 Edman cycles, when
proline was identified, heavy contamination by iséleucine

and glycine was recordede.



5le
Val-Ala-Ile-Pro-Gly—(Thr,Ser,G1u3,Ile,Phe)Arg

— ———y ——— - ey —

T5Q0 As this peptide has a neutral mobility 2 amides must
be present. The mobiiity of the residual peptides after
1,2 and 3 Edman cycles (-0..45,-0.49,-0.5L resp.) suggest a
charge excess of 1.5. This may be dﬁe to the presence of
methioniné sﬁlphone although this is usually only notable
when this residue is N-terminal., |

Asp-G1ln-Gln-Val-Met-Met-Ala-Lys
7 x4 7 7 7 = T TRy T2
T51 Val~Ser-Glu-Gly-Pro-Lys
_— 7 = 7 7 '
Th2 Even after 96 hr. hydrolysis the recovery of isoleucine

(1.4 = 2) is very low.

Tle-Ala-Asp-Met-Ile-Val-(Met,Gly)Lys
Dl N _.4;11_7

7 7 A 4

T54 The presence of two histidines makes the placement of
amides difficult.
His-G1x-Glx-His-Pro-Arg

(4 7 7 7 7

T55 After 3 cycles of Edman degradation the new N-terminus

‘was identified as a basic residue ( & -dansyl lysine was not
recorded after any Edman cycles presumably due to the formation.
of Ei-phenylthiocarbamyi lysine) but not unambiguously as_
histidihe. |

Ala-Asx4Asx—His-G1x—Asx-(Leu,Ser,Glx,Phe)Lys

s 7 y — = —y —

A chymotryptic subdigest was carried out but lack of material
led to inconclusive results, -

- I56 Ala4G1n—Ile-(Ser2,G1n,Leuz)Arg

L4

T57 The recovery of leucine (0.5 = 1) was low even after

- 96 hr. nydrdlysis, and the value for arginine. rose from 0.2
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(24 hf. value) to 0.5. N-terminal identification was
clean, indicating isoleucyl isoleucine. This peptide was
purified as being U.V. fluorescent and probably contains
tryptophan. Edman degradation was unsatisfactorye.
Ile-(Ile,Cys,Asxz,Thr,Ser,Gle,Prou,Ala,Glyu,Valz,

Tyr,,Trp,Arg, Leu,Lys)

T58 Amino acid'analysis showed an unidentified peak eluting
after the position of histidine. This has been regarded as
an ammonia artefact. Neutrality indicates that no amides are
present, and Edman degradation was unsuccessfule

Asp(Glu

—_— 2’
TH59 The N—termlnus was identified as isoleucyl alanlne.

Val,Metz,Ala,Lys )

The amino acid composition bears 81m11ar1tles to that of T52,
but with an apparently reduced isoleucine and methionine
content. Both peptides T52 and T59 have identical mobilities
aftef electropnoresis at pH 3,5 and pH 2, and the same
cﬂromatographic mobility. T59 therefore probably represents
T52 with low recovéries of isoleucine and methionine. _The
composition listed is that found for T59.

Tle-(4la,Asp,Met,Gly,Val)Llys
7N |

960 After 6 cycles of Edman degradation valyl leucine was
identified as the new N-terminus.

Ieu-His-Thr—Ala-Ala-Glx-Val-(Ieu,Ala,Asxz)Arg

7 ? 7 7 ? ?

61 It is thought that T61 represents T52 with an intact lysyl

isoleucine N-terminus. This would suggest that recovery of

isoleucine is low (1.0 = 2). The composition, below, is that
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found for T64

 Lys-I;;;&}a-Asp—(Metz,Giy,Val)Lys

4

b) Second Tryptic digest
1) Method |

250 mge Of oxidized_amidase were digeéted.with trypsin
(1/75 by weight) for 5 hr, at 37°C in 0.2 m ammonium
acetate pH 8;5 (58 mle)e Insoluble material was removed by
centringgtion befqre precipitation_of core peptides
with T.C.A. The core ﬁéterial was spun down, redissolved
in formic acid and freeze dried. The soluble peptides
were freeze dried and extracted with ether, both dry and
in solution (5% v/v formic acid), and the agueous phase
freeze driede This residue was again extracved with ether
prior to separation on a 2.5 x 130cm. column of sephadex

gG-25 eluted with 5% v/v formic acid.

' 2) Attempted fractionation of core peptides.

Although the core material was soluble in formic acid
it precipitated on dilution., Many solvent systems were
iried and it was found that these peptides Qid not
precipitate if dissolved in formic acid and adjusted to
the solution formic acid': ethanol : water (1:2:2 v/v).
Core material dissolved in 3 ml. of this solvent was =
applied to & 2.5 x 75cm. column of sephadex LH-20
equilibrated‘in the same solveht. Unfortunately this

separation failed when the column becahe blocked probably
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due to the precipitation of the core peptides. .A-small
volume of pyridine was . passed through the column to

recover this material,

3) Purification of TTA

Ffom the elution profile and peptide map of the
soluble peptides fraction TTA appeared to be composed of
soluble material too large to migraté on paper'electro- |
phoresis. A gel filtration purification using detergent,
to causé separation on the basis of charge (Strid, 1973)
-was devised. .Afﬁer elution from a 1.5 x 95cm. column of
sephadex ﬂS-BO)run in 1¥ acetic acid the major U.V.
absorbing component was freeze dried. The residue ﬁag taken
up in 1M acetic acid containing 2% w/v dodecylamine, and |
applied to the same column equilibrated and eluted with the
acetic acid dodecylamine solution. TTA eluted as a single
peek with an altered elution voiume. After extraction with
n-heptane : butan-i-ol (5:1 v/v) TTA was eluted from a 1.5 X
95cm. column of sephadex fG-50 eluted with 1M acetic acid.
This materiel eluted as a single peak with the original
elutionlvolume-although,as the U.,V, absorption indicates
there had been heavy extractive losses. The elution

profiles are shown in fig 5A.

L4) The Peptides

These peptides are all soiuble.peptides. Very few were
characterised from this digest but TT4 is known to have been

lost from the first tryptic digest owing to its very weak
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colouration with ninhydrin.Combositions are listed in
table 5B and a summary of this digest is given in table 5D.
TT4 This amino acid was not quantitated: Arg
TT2 Amino acid analysis gives the composition

glgf(Aspz,Glu;Ala,Val)Arg
but Edman degradation suggested the part sequence
Glu-Ala-Ala-Ala-—

7 P4 L4 7 .

which indicates a rather larger composition (calculated

from the same amino acid frequencies) with 2 amides i.e.$

Glx—Ala-Alg—A;a—(ValzGlxu,AsstrgB).

As no aromatic'residuesvare present this would not have
been expected to be greatly retarded on gel filtration and
the former composition is more consistent with the elution
volume. |
TTL4 Dansyl Edman degradation did not unambiguously defiﬁé
the sequence of this peptide. The sequence was deduced by
amino acid analysis of the residual'peptides after 1 to 3 |
Edman degradetion cycles (i.e. TT4 ¢1 to TT4 ¢3 respectively
as in the table of compositions). A

Ile-Leu-His-Arg
TT5 The recovery of many émino acids is low after only.
2}, hr. hydrolysis. It cannot be overlooked that this
apparently large peptide is perhaps a mixture of peptides,
although only 1 N-terhinal residue was found. o
Lys(Cys,Asx,Thr,Glx;Ser,Proz,Gly,Ala ,Vai,Ile

- 3
Leu,Tyrz,LyS,Argz)
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3
I
(0))

Lys

. Amino acid analysis indicates that this peptide

3
S

consists of about 60 amino acids. Automatic Edman degradation
using a single coupling, single cleavage progranme with
dimethylbenzylamine buffer (the run was performed by Mrs.
M. Daniel) established only the N-terminal sequence
Ala-Tle-Leu~Gln- |
The residues were identified by both t.l.c. and g.l.ce.
- but the presence of contamiﬁating amino acids made the

results sub-standard.

c) A Comparison of the Tryptic Peptide Maps of Wild Type
and Ph V1 Amidases

Ph V1 amidase was donated by A. Paterson._ Native
amidases (15 mg each of A and Ph V1) were dissolved in
freshly deionized 8Y urea (0.5 mls) and diluted tc pH 8.5,
O.2M ammonium acetate,.ZM in urea. Trypsin (0.2 mg) was’
added fo each solution, which were then incubated at 37°C-
for 2 hr; & further 0.2 mg. trypsin was then added prior to
another 2 hr incubation et 37°C before freeze drying. The
reeidues were fractionated on the same 150 em (3 connected
. 50" em columns) x 1.0 cm column of sephadex sG-25 eluted
with 5% v/v formic acid. The uvicord traces (given in fig
5B) show peaks 2,3,4 and 6 of greater intensity in Ph V1.
Peak 2 is part of the core material not separated by pH 6.5

electrophoresis. The peptide maps (fig 5B) had more than
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the 3 differénces expecﬁed. The most notable difference
is the presence of many low yielding acidic peptides on the
A amidase map, yet equal loadings of each digest were used.
The most acidic spot seen on the A amidase map was probably
run off the pH V1 map even though both maps were run on the
same sheet of papere.

The Peptides For the peptides characterised bands were

located directly with the fluorescamine reagent without the
use of marker strips. Compositions are listed in table 5B
and the digest summarized in table 5D as urea digest.
Tu 1 An Ehrlich positive peptide from both digests but
of higher yield (2x) from the Ph V1 digest. It is assumed
that only one mole of tryptophan is present per mole of'
peptideev This was not adequately purified in prior digests,_
(Asp,Thrz,Glu,Ala,Val,Trp)Lys
Tu 2 This is present on both maps but was only isolated
from the Ph V1 digest. | |
No amides can be present and this corresponds to
peptide T3, |
_ . (Glu,Ala) |
Tu 3 This peptide is only evident on the Ph V1 map but
cbmpositional and mobility'similarities to peptide T25
suggests the apparent absence from the wild type map is due
to poor yield. As this is an acidic peptide no amides can . .
be present.

(Gluz,Pro,Gly,Leuz,Tyr)Lys
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Tu 4 An Ehrlich positive peptide not recovered in sufficient
yield for analysis.,. _ | _
Tu 5 This was isolated from the Ph V1 digest but part of
thé amino acid analysis was lost owing to & machine fault.
This peptide probably represents T26 with low recovery of
serine (1.4 = 2). The apparent difference of 1 mole per mole
of glycine may not be significant.

(Tyr,Leu,Gly3,Ala,G1x,Serz, .« o o)

Tu 6/Tu 7/Tu 8 These peptides are apparenf only on the wild

type peptide map but were not fecovered in sufficient amounts
for accurate analysis. The most probable compdsition of
Tu 6 is
(Leu, His,Thr,Ala,,Gly)
alfhough the expected peptide, in this position; T13 is
of a different composition.

Conclusion: It is suggested that the differences between

the peptide maps are due primarily to differing yields.
This is in agreement with the view (Harris and Hindley
1965) that "... mere visual inspection of peptide maps
developed with the ninhydrin reagent can lead to highly

misleading results".
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TABLE 5C

Summary of Tryptic penfides - 1st digest

AThis list excludes free amino aclids given in the chapter
T3 Glu-Ala | |

T, Gly(Cys,Glxz,Ala,Leu,Tyr,PhezPro)Arg _
T4 Ala-Trp-Val(Gly,Val,Asn)

7412 Gly(Val,Phe)

T4 3 Ser(Gly,His,Tyr,Phe)

T4 L4 Asn-Tyr-Lys

T 5 Lys-(Ala,Pro,Tyr)Lys

T17 Tyr-Arg

T21 Ala-(Met,Asp,Cys)Lys

T22 Asp-(Glu,Met,Val)Lys

T23 Asx-Glx-Val-Asx-Arg

2L Ile—(IleZ,Cys,Asxu,Ser,Glxz,Proz,GlyS,Alaz,Val,Leu,Tyrzg

Trp)Arg
T25 Leu(Gluz,Pro,Gly,Leu,Tyr)Lys B
T26 Gly(Glyz,Leu,Tyr)Ala(Asxz,Serz,Glx,Gly)Arg
T27 Cys—CGln-Gly-Tyr-Met-Tyr-Pro-Ala-Lys
T28 Ala-Cys-Arg
T29 Asp-Ala-Arg
T34 Ser—Leu-Thr-Glnylu—Arg
T35 Gly-Ala-Glu-Leu-Ile-Val-Arg
T36 Lys-Ala—Pro-Tyr—Arg
T37 Met-Pro-Arg
T38 Leu-Thr-Arg-Arg
T39 Gly-Met-Lys
TLO Ala-Arg



TABLE 5C - Contd.

T Tyr-(Arg,Lys) |

TL3 Val-(Valz,Thr,Sef,Glxz,Pro,Gly,Ala,Ile,Tyr,Phe,’Arg,Lys)

Tiyly Thr-(Cys,Met,G1x;,G1ly),, Ile,Leu) '

L5 Th.i»-Leu-Gly-(Cys,Met,Glxu,Glyz,Ile,Tyr) ,

T46 Tyr-(Asx,Thr,Gly,G1lx,,Pro,Ala,,Met,_,)

T47 Val-Ala-Ile-Pro-Gly-(Thr,Ser ,Glu, Ile,Phe)Arg

T50 Asp-Gln-Gln-Val-Met-Met-Ala-Lys -

751 Val-Ser-Glu-Gly-Pro-Lys

T52 Ile-Ala-Asp-Met-Ile-Val(Met,Gly)Lys

T5l His-Glx—Glx-His-Pro-Arg

755 Ala-Asx—Asx—Hls-Glx—Asx(Leu,Ser ,G1x, Phe)Lys

56 Ala-G1ln-Ile(Ser,,G1ln,Leu,)Arg

T57 Ile-(Ile) (Cys,Asxz,‘l‘hr,Ser,Gle,Prou,Ala,Glyu,Val?_,Tyrz,
Leu,Arg,Lys,Trp)

T58 Asp-(Glu,,Val, Metz,Ala,Lys3)

T59 Ile-(AJ.a)(Asp,Met G-ly,Val)Lys

T60 Leu-Hls-Thr-Ala-Ala-Glx-Val- (Leu) (Ala,Asxz)Arg

T6l Lys—Ile—Ala-Asp(Metz,Gly,Val)Lys



TABLE 5D
Summary of Tryptic Peptides; 2nd digest and Urea digest

Second tryptic digest

TT2 Glu(Asp,,Glu,4Ala,Val)Arg

TT4 Ile-leu-His-Arg

TTS5 Lys—(Cys,Asx,Th.r,Glx,Ser,Proz,Gly,AlaB,Val,Ile,Leu,
Argz, Tyr,, Lys) -

TTA Ala-Ile-Leu-Gln-(e..)

Iryptic digest in the presence of urea

PhVvl pevtides
Tu1 (Asp,Thr2,Glu,Ala,Val,Trp)Lys

Tu2 (Glu,Ala) | (= T3)
Tu3 (Gly,G1u2,Pro,Leﬁ2,Tyr)Lys | (= T25)
Tu5 (Tyr,Leu,GlyB,Ala,Glx,Serz,...) (= T26)

WAY amidase Peptides

Tul (Asp,Thr,,Glu,Ala,Val, Trp)Lys
Tub (Leu,His,Thr,Alaz,_Gly) : see text,
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" CHAPTER 6

CYANOGEN BROMIDE CLEAVAGE AND THE STAPHYLOCOCCUS AUREUS
' PROTEASE DIGEST

a) Cyanogen Bromide Cleavage

i) Method

Preliminary experiments sﬁggested cyanogen bromide
cleavage would produce fragments of differing molecular
weight amenable to purification by gel filtration. Amidase
(300 mg) was treated with a 4O fold excess of cyanogen
bromide as described in chap. 3. On dilution prior to freeze
drying a heavy precipitate formed. The freeze dried residue
was taken up in formic acid (3 mls), samples were removed
for amino acid analysis and gel electrophoresis, before
diluting to 5% v/v formic acid and adjusting to pH 4 with
ammonia. Only a very slight precipitate developed on
standing and this was spun down. Largeﬁ fragments were then
precipitated by the addition of a T.C.A. solution, to a
- final concentration of 5% (w/v), and were removed by centri-
fugation.

Anino acid analysis revealed that 75% of the methionine
residues had béen converted to homoserine/homoserine 1act§ne;
The sample taken for gel electrophoresis appearéd not to -
dissolve in the S.D.S.-gel eléectrophoresis sample buffee
(as in chap 2) and no bands could be detected on the gels.

(This gel was prepared and run by Dr. D.R. Thatcher).



63.

" 2) Senaration of the T.C.A., Precipitated Material.

An attempt to purify the precipitatéd fragments by
gel filtration was not successful. Elution from sephadex
sG-75 suggested that the bulk of the material was excluded
from the gel. Oxidation, to reduce cysteine interactions,
decreased the solubility of the fragments and gel filtration
on sephadex sG-50 gave little separation. Small elution
"volunes again suggested an anomolously high molecular

~'Weight.

3) Purification of the Soluble Fragments.

| Initial separation of this material was by gel filtra-
tion on sephadex sG-25 and by PH 6.5 electrophoresis. ’TwoA
forms of each peptide are expected corresponding to C-terminal
homoserine or homoserine lactone. Prior to preparative

pH 6.5_e1éctrophoresis, pooled fractions were treated with
pH 6.5 elegtrophoresis buffer'in vacuo for 1 hr, heated at
10560, to convert homoserine lactone to homoserine. This
method is routinely used prior to quantitative amino acid
analysis (Ambler and Brown 1967), without apparent signif-
icant modification of'other amino acids. Before subsequent
electrophoreses the gentler method of overnight incubation
at 37°C in 0.1 M ammonia (éfter Ambler and Brown 1967) was

used to open the homoserine lactone ring.
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The Peptides.

Residues listed as methionine were identified as

"homoserine or homoserone lactone. A list of compositions

is given in table 6A and table 6B summarizes the peptides

which were characterised.

X1

X2

This was identified by dansylation and qualitative
analysis as homoserine
Met

The acidic mobility of this peptide indicates no

amides are present. Edman degradation was unsatisfactory as

the peptide became ragged after only one cycle.

X3

Xl

Tyr-(Pro,Asp,Ala,Glu)Met

—

A low recovery of isoleucine (0.7=1) was recorded even
after 96 hr. hydrolysis. ’
The N-terminus was identified as isoleucyl valine

Ile-Val-Gly-Met
—45

Ala-Lys-Met
—— ——

‘The mobility indicates 1 amide is present

AstIeu-Val—Val—PheéPro-Glx-Tyr~(Ser,Glx,Gly;Ieu,Ile)Met
Vs Wen WPy IR

— —— ey ey

The mobility éf X6 suggests 2 amides are present. No
residue was identified in position 2 by the dansyl |
Ednan méthod, but derivatives of residues 3 to 5 were
identified clearly. Lysine has been placed in positioh
2 in order to explain this
Ala-Lys~-Asx-~G1x-G1x-(Gly,Val)let

B =) — — -
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X7 The mobility indicates that 1 amide is present

1ys~(Gln,G1y2,Prq,Leu)Met

—

b)  Staphylococcus aureus Protease Digest

1) Method

250 mg. of oxidiéed amidase were digested as described
in chap 3. After freeze drying the residue was redissolved
in formic acid (final conc. 6% v/v) and core material
precipitated with T.C.A. (5% w/v final éoncentratioh).v The
‘heavy precipitate was removed by centrifugation and a small
' portion examined by S.D.S.-polyaérylamide slab gel electro-
phorésié (perfofmed by Dr. D.R. Thatcher). No undigested.
material renained and the bulk of these peptides were in

the approximate molecular weight range 2,000 to 3,000,

2)  Attempted Purification of Core Material

After freeze drying the core peptides were separated
on a 2.5 X 110 em column of sephadex sG-25 equilibrated and
run in 40% (v/v) formic acid. Whilst loading the column
these peptides, dissolved in 50% formic acid, appeared to
form a gel which reduced but did not stop the flow. As
the peptides became diluted on the column the flow rate
quickly recovered. From the gel electrophoresis result
it was hoped some peptides would be suitable for purification
by paper ele ctrophoresis. A pH 6.5 map of the column
effluent, however, showed that none of the core peptides

migrated under the conditions used.
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3) Purification of the Soluble Peptides

The soluble peptides were fractionated on a 2.5 X 110c¢cn.
column of sephadex sG;25 eluted with 1M aéetic acid., The
two smallest molecular weight range poolings were then
extracted with ether to remove T.C.A. One such pooling
appeared devoid of peptides from the map but preparative
pH 6.5 electrophoresis at a higher loading revealed the

presence of many low yield and poorly separated peptidese.

L4) The Peptides.

4 This digest was only partially characterized.

Peptide compositions are given in table 6A and the digest

results are sumnarised in table 6B. 4 A

F1 The recorded mobility is not in good agreement with the
composition, suggesting an excess charge of 2.5. Thus
the presence of 1 amide cannot be excluded.

Thr-Ala-Val-Ala-I1le-Pro-Gly-G1lx-(Glx,Thr)Glu.

7 7 ? - 7 7 7 7 7

F2 The mobility of this peptide suggests a chargé excess
of 2,7(=3) and therefore 1 amide is probably present.

Tyr—(Asx,Metz,Ser,Glxz;Pro,Gly,Ala,Ile,Leu,Tyr)Glu
—

F3 After 3 cycles of Edman degradation no new N-terminus
was identified; although subsequent residues were
identified. Lysine has been placed in position L4, fronm
the composition. The sequence suggests this is the
C~-terminal peptide, and the mobility jndicates that nb

amides are present. It is noted that two glutamyl
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'bonds are present, which have not been hydrolysed by
the protease

Gly=-Leu-Glu~-I,ys-Glu-Ala

- va - ———y ey

As this is a neutral peptide 1 amide must be present.
The mobility of ﬁhe residual peptide after Edman
degradations (3 cycles residual m = + O.74, L cycles
residual m = + 0.55) indicates charges of 2.0 and 1.2
respectively. These values do not £it the composition .
very well, Good values are not obtained if one assumes
that an extra acidic/amide residue is present and
deamidation has occurred; The mobilities suggested
that arginine has been modified but this would not

be expected. -

Lys-Ala-Asx-Asx-(Arg,Val)Glu
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CYANOGZN EROMIDE AND S. AUREUS PROTEASE PEPTIDES.
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TABLE 6B -

Summary, of Cyanogen Bromide and S.aureus Protease Peptides

Soluble Cyznogen Bromide fragments

X1 Met

X2 Tyr(Pro,Asp,Ala,Glu)Met

X3 Ile-Val-Gly-Met

X4 Ala-Lys-Met

X5 Asx-Leu—Val-Val—Phe-Pro-Glx-Tyr—(Ser,Glx,Gly,Leu,Ile)5Met
X6 Ala—Lyszsx-Glx—Glx-(Gly,Val),Met

X7 Ly’s(Gln,Glyz,Pro,Leu) yMet

S.aureus protease digest, soluble peptides

P4 Thr-Ala-Val-Ala-Ile-Pro-Gly-Glx-(Glx,Thr),Glu

F2 Tyr-(Asx,Metz,Ser,Glxz,Pro,Gly,Ala,Ile,Leu,Tyr),Glu
F3 Gly-Leu-Glu-Lys-Glu-Ala

FL Lys—Ala—Asx-Asx-(Arg,Val),Glu
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CHAPTER 7
SEQUENCE DEDUCTION AND DISCUSSION.

a) The Purity of the Protein

The validity of some of the results presented in the
preceding chapters'may be questioned on the grounds that
the amidase used was not sufficiently pure. Batch 1
protein has subsequently been found to contain.u'compon-
ents, although it was stored for 2 1/2 years before that
experiment was carried out: Experiments carried 6uf at
the time of use did not indicate hetefogeneity and it is
possible that proteolysis may have occurred during storage.
Similarly batch 2 protein had a very low specific activity,
‘yet the available evidence suggested that this was
sufficiently pure amidase to be used in this study. Those
parts of the sequence which do overlap tend to support

these views,

b) Sequence Deduction

From the peptide structures presented in the preceding
chapters the partial seqﬁences shown in fig 7A have Dbeen
compiled. (N.B. table 7A does not include all peptides for
which only limited sequence information is'known). These
- regions are discussed below. It has not been possible to
determine the total primary structure of amidase from the.
available data. Some sequence information on.a P.putida

amidase sequence has been included in table 7A, and this
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 FIG 7A REGIONS OF AMIDASE PARTIAL STRUCTURE

Region 1
Gly-Ala-Glu—Leu—Ile—Val—Arg-Cys-GlnyGly-Tyr-Met-Tyr-Pro-Ala—Lys—Asp—GlnsGln—Val-Met-Met-Ala—Lys-Met-Pro—Arg
'—7"_'7""’7_7 —'71L ) ""7_7_7'—7_7 7 T ‘Zﬁ—'I‘
T35 . T27 _ ) _ T50 T37
TR TN STTY ST S ey vy vy 3 ‘
T27C4 . T27C2
rﬂq . I o : )
. c7 . c23
o7 7 7 = N— ,
CT™M7
X1 Xl
Met~AlawLys-Asx-Glx-G1lx(Val, Gly)Met
Lz &—X — \
X6, 2 amides
Ala-lys-Asx—Glx-CGlx+(Val, Glir z}det
Possible location of X
{Gly,Ala,Glu,Leu,Ile,Val,Arg) Tyr(Pro,Ala,Lys,Asx,G1x,G1x,Val,Leu,Met)
- 4 —_—. 3
F.putida peptide PT PX1(P.putida CNBr fragment)
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Region 2A
'Met-Asp—Leu-Val-Val—Phe-Pro-Glu-Tyr-(Ser,Leu,Ile,Gly,Gln)-Met-Tyr-Pro—Asp-Ala-GlurMet-Glu

: hasssr S Mhwosuer A
CT 10

— . i

F2

— =LA LN | — .

X5 . X2

Tyr-~Pro-Asp-Ala-Glu-Met
PX2
P.putida CNBr fragment

Region 2B

- Thr-Ale-Val-Ale-Ile-Pro-G1ly-Glu-(Thr,Glu)-Glu~(Ser,Ile,Phe) Arg
R Abnswy Ssts Svnsns: Sy J N

™7
e T STy Ty Sy memmy ey eemesy ) J
M -
Glu-( )Ala-Val-Ala-Ile-Pro-( )- Val ( ) Glu-

N
7

PX3: P,putida CBr fragment,sequenator analysis

Overlapping of 2A and 2B

-Tyr-Pro-Asp-Ala-Glu-Met-Glu~Thr-Ala-Val-Ala-Ile

o T
Th ?

: SOy ey ey ———y
N ~ ~

F2 M o7

—
- i

X2

L Tyr-Pro-Asp-Ala-Glu-Met-Glu-{ )-A la-Val-Ala-Ile

X2 ) PX3 ?
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Regdion 3
Typ-Arg-Lys-Ile-Ala-Asp-Het~Ile-Val-Gly-Met-Lys

b4 e —_— — —f 3y N
T4 T52, T59 )
A 1;__' —Qﬁ 2 _ |
™7 . T64
.
Th2
\ ]
X3
}ieoion It
His-Glx~G1lx~His~Pro-Arg-Ser-Leu-Thr-Gly-Glu-Arg-Lys-Ala-Pro-Tyr-Arg
L—°7‘——7-—-7'-——7——7 T T T T T T T T TR
54 34 T36

—d
Th2

[
4

C36
,(SeI'aLeu’ TmyGly’Glu,Arg),
P.putida PT2, tryptic peptide

Region 5

Leu-His-Thr-Ala-Ala-Glu-Val-Leu~-(Ala,Asx,Asx)Arg

T TT?T T T 7 .
L

T60
2 J
. c18
CT7
Region 6

Ser-Tyr-Phe-Gly-His-(Ser,Gly,Ala,Ile)Phe

— ———y - '

c2
A AR A X :
CT4 CT11
by J
| — J
™3 o
alternatively Gly-(Ala,Ile)-Ser-{Gly,His)=-Phe-Tyr
2 )

T13

- CT1



Region 7

Val-Ser-G1lu~Gly~Pro-Lys-Gly-Het-Lys
_— T

J
c2l; . °
L ) L l.
T51 T39
Rexion 8

Leu=-Pro-Tyr-Glu-Gly~Leu~Glu-Lys-Glu-Ala
T T T T

cl6
L—'r—v'——v—-—;(-—)e ———y =7,

cTi5
— : 2 ~
T25 ‘ , 3
Cf47'——7 — (X) = —

F3

b}

Region 9
Lys-Ile-Leu-His-Arg

— —
c25
—

———
CTM3

L " {

YL
TTL ¢A
‘g

- TG ¢3

Rezion 10

‘Thr-Leu-G1ly=(G1y,,Yet, Cys,Glu) ,01n, T1e) Tyr
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charge = 4
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TABLE 7A CTD.
Sequences not overlapped

1) Glu-Phe~Tyr

- T
e d

Ci

—_—.— 2
| RO |
’ cr2

2) Asp-Gly-Val-Tyr
—_— i —G
C3 ’

——y ————p ———y ———p

CcT3

3) Ala-Asn-Cys~Tyr
o Senane .

cé6

L) Asn-Tyr-Lys

v
L -

5) Ala-Cys-Arg

6) Ala-Asx-Asx-His-Glx-Asx-(Leu,Ser,G1x,Phe)Lys
._"'7 T TS Ty MY

T55

3

7) Asx-01lx-Val-Asx-Arg
—7 =7 7

T23

—d

8) Leu-Thr-Arg-Arg
T38
(Lez, Thr,His,Arg)

P.nutida PT2
(tryptic peptide)

9) Ala-Arg
. -
| SS—— )

TLO



10)

11)

12)

13)

14)

15)

Met-Lys-G1ln-Gly-Leu-Pro-Gly-Met

- L4 3

X7
Ly8431n431y~Leu—Pro431y-Me§
—

PXL, P,putida cyanogen bromide
fragment,

Lys—Ala-Asx~Asx-{Arg,Val)Glu

— ——p ——y —
—

FL

-

Asp-Ala-Arg
oy oy =y

'_T29

Gly-VYal-Phe
— .
CT19 may not represent

— . the same sequence
L
™2 ’

Met-Arg-His-Gly-Asp-Ile —  sequenator analysis of amidase
—_—) ——p P ——y ——> —> :

Ala-Ile~Leu-Gln — TTA, sequenator analys'is.
— -3 : :
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has been made availablé.by Dr. R.P. Ambier from his
investigations of the structure.of the acetamidase from
P,putida strain A87C1 (Clarke 1972). This data has been
included for comparison only. '

Region 1.

Tryptic peptides covering the whole of this 27
residue sequence have been found. The C terminal 3
residueé are only weakly overlapped, but peptides T37 is
- the only tryptic peptide isolated with the predicted N-
terminal methionine. Peptide T27 was aligned from‘its
subdigest products on the basis of enzymic svecificity
and this is confirmed by the overlapping shéwn. This
region is rich in methionine but X6 is not the predicted
cyanogen bromide (CNBr) fragment. The failufe to identify -
residue 2 of X6, strictly renders the sequencing results
- unsatisfactory, but the proposed sequence is very similar
to that of T50. The assignment of amides in X6 is unknown
but 2 are present. It is possible that X6 is‘located at
the C-terminus of fegion 1 as shown. |

On the basis of cgmposition the P.Qutida'enzyme
appears to have the N-terminal tryptic peptide of this
‘region, and the CNBr fragment PX1 suggests & Ieucine for
methionine substitution (& single minimum base cheange in
the genes).

Region 2B ,
The sequences of TL47 and F1 shows homology, but ™7
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is apparently derived from an alanyl-valine bond split
by irypsin. The common contaminant activities of.trypsih.
(Smith 1967) would lead to chymotryptic type splits. Even
<1o) én alanyl-valine cleavage would not be expected and this
suggests either heterogeneity in F1 (it would requireva
minimum of 2 base changeé for the substitution of lysine
or arginine for alanine), or the location of TL47 elsewhere
in the sequence. |

The N=terminzl sequence of the P.putida amidase CNBr

fragment PX3 aligns with region 2B,Aand suggests a valine
for glutamic acid substitution (a2 single minimum base
change), although non identification of some residues ren-

ders the P.putida sequence unsatisfactory.

Overlapving of Regions 2A and 2B

Region 2A may immediately pfecede ZB_in the total
sequence but the evidence for the overlap is weak. It can
be postulated on the basis of homology of X2 and PX2, and
on the specificity of the S.aureus protease. As both the
cyanogen bromide and’S.aufeus protease digests were only

partially characterised other alternatives may be available.

. Region 3. . | ' | , -

' Most of this 12 residue strefch has been aligned.by
overlapping tryptic peptides, with the ordering of the
C~terminus by peptide X3. The peptides from the N-terminal
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- region are consistent with 2 sites of tryptic cleavage

at the arginyl lysine sequence. The evidence for the
postulated Arg-Lys-Ile sequence is not strong. An
alternative overlapping of T4l with peptide T36 (at present

located in region L4) is given below.

Tyr-Arg=Lys-Ala-Pro-Tyr-Arg

T
—_—— e ? 2 4 ~—2 ? .
™7 - T36
Rezion 4

The alignment of peptides T54, T34, and T36, is

" solely dependent on the composition of peptide C36.
Dansylation 6f C36 indicated a basic residue at the N-
terminus but this was not unambiguously identified. It
was not possible to purify this peptide (C36) from the
second chymotryptic digest as this was contained in one of
the poolings which sheared badly on electrophoresis. Both
036 and T5L appear to be derived from cleavage at the same
site. The composition of other tryptic peptides suggests
that they have arisen by chymotryptic splitting and this-
may be the case for T54. An alternative location of T36
-is given above, and the composition of peptide CT18
suggests another possible location of T34, which would
then have arisen»by chymotryptic type cleavage. .Peptide
T34 is the "gifference peptide" described'by Brown and

Clarke (1972) and appears to be located in a region which
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is rich in basic residues. On the basis of amino acid
composition peptide T15 could replace T.36,

The composition of the neutral tryptié peptide PT2 from
P.putida acetamidase is consistent with the T34 sequence

being conserved in this protein.

Region 5
Chymotryptic splitting at histidine is evident from

this sequence.

Region 6

The composition of T13'and the small number of
histidine residues present in amidase suggest this over-
lep. Peptide T3 appears to have arisen solely by
chymotryptic like splitting. An alternétive overlapping
of T3 and CT11 suggests a leés satisfactdry origin for
T13; the evidence for both alternatives is based mainly

on compositions.

Region 7
T51 is another tryptic peptide that may have arisen

through a chymotryptic like cleavage.

Region 8 ' : - ,
This is postulated as the C-terminal sequence of

amidase, in agreement with the results of Brown gt al
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(1973). Lysine has been placed indirectly as it wes not
identified in dansyl Edman degradations, but its position
is consistent in CT1S and in F3, and prediets peptide T3.
Evidence for the ﬁ—terminal 3 residues is based on the.
composition of T25 (present in both A and PhVl amidases,

as is T3) and the specificity of chymotrypsin.

Region 9

This is a short basic region which could proceed
from any of several tryptic peptides on the basis of
enzymic specificity and peptide compositions (e.g.-T21,

T22, T25, T52, T55).

Region 10
| The compositional similarity of CTML with TU5
suggests this possible overlap. Peptide Tili which is
similar to T45 has been included, and slight differences
in compositions of thev3 peptides and therefore in amide
assignments weakens the overlap. The composition of
peptide CT1L4 has been used as the basis for the structure

shown,

Segquences not overlapped

Of these peptides the sequence is weakest for X7
(No. 10 in 1list) which has been ordered by homology with
the corresponding P.putida amidase fragment PXL. The

- N-terminal methionine is postulated from the cyanogen
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bromide cleavage site.

Peptides CTM9 and T12 (see no 13 in the list) may
be identiéal although neither have been fully sequenced.
_ The composition of the P,putida amidase tryptic
peptide PT2 WOuld indicate homology with T38 (listedA
as no 8), with a histidine for arginine substitution

(a single minimum base difference).

¢) Discussion of the Sequence

The seéuences presented above account for Jjust over
200 residues of the amidase\sequence.‘ This total does
not include some peptides identified by composition only.

The most notable omission is that of the N-terminal
region. Not even the tryptic dipeptide Met-Arg, predic-
v ted by the automatlc sequenator results, has been isola-
‘ted. No digest, however, was fully characterlsed as most
effort has been concentrated on the soluble peptides. As
these may be expected to be more amenable to the flexible

techniques of paper electrophoresis and chromatography
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their purification should be more easily possible. A
compariéon of tryptic or chymotryptic peptide maps with
and without removal of core material showed that the only
obvious difference was the absence of the larger peptides
which did not migrate on paper electrophoreéis. If these
were purified in a comparably low yield to the soluble
peptides the zmount of.sequence information obtainable
may not have been great.

Even so full characterisation of the soluble
peptides has not been possible. The low yield of all
peptides has limited the information available., It was
not uncommon to find that after several purification steps,
when only sufficient material was available for amino acid‘
analysis, the peptide was still not adequately pure.
Despite the 75% conversion of methionine to homoserine
and its 1aétone, even the cyanogen bromide fragments were
rebovered in low yield. |

It is relafiveiy easy to look bQCk and see where time
may have been more profitably spent, or indeed to say
what might have been possible if more time were available.
This investigation has proceeded 2long the established
route.of overlapping proteolytic and cyahbgen bromide
peptides. The first tryptic digestion proved to be the -
most infbrmative and several peptides seem to have ariéen
by chymotryptic like splitting. This probably reflects
the long digestion time rather than ihe degree of |

contamination of the trypsin preparation used. The
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chymotryptic digests, especially the neutral»peptides,
proved to be the most difficult to purify. The repeat
serine‘protease digests, and the S.z2ureus protease
digests which Weré only partially characteriéed would
have yielded more information had more time and effort
been available for them. Similarly information could
have been obtained from the core materials. |

It was interesting to note that in thé comparative
mapping experiment the yields of Pnvl peptides were
greater than those of the corresponding A amidase
peptides. This suggests that the mutant'proteiﬁ is more
susceptible to proteolysis, possibly being more easily
denatured, It was this possibility that led to the
sequenator enalysis of PhV1l amidase, which established
the N terminal protein sequence more satisfactorily
thah analysis of the A amidase. |

MHany of the peptides listed do not conform to the
proposéd criteria of purity (Ambler and Wynn, 1973).
Recoveries of serine and theorine uncorrected for losses,
low recovery of valine and isoleucine after 24 hr.
hydrolysis (when jnsufficient material was available for
96 hr. hydrolysis), and contamination wifh other peptides
or the common “"paper impurities" (e.g..alanine; giycine,
serine) are 2ll contributing factors to the unsatisfactory”
analyses. Those peptides which are presented in this

thesis do not represent the total amount of peptide'
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material purified. Many other veptides were "purified"
but have been rejected on the basis of having
unsatisfactory amino acid analysis, and often insufficient
material remained for further purificatione. |

There is some evidence from the sequence that a
gene duplication, with subsequent modification, may have

occured during the evolution of P.2eruginosa amidase.

Fragment X6 shows homology with region 1, but must have
arisen from cleavage of & methionyl-alanine bond, andv
there is also a plausible substitution of glycine for
methionine in X6. This substitution probably occurs in
the same position as the leucine substitution in
P.putida amidase seen in PXI. Although the leucine for
.methionine substitution may be due to a single base change,
a glycine substitution would require a minimum é base
changes., |

Peptide TL7 has the same partial sequence as peptide
FI, yet o#eflapping suggests it has arisen by tryptic
cleavage of an algnyl—valine bond. An alternative
explanation is that T47 arises from 2 region similar to
FI but 1ocatéd elsewhere in ﬁhe sequencee.

The composition of peptide T15 is simiiar to that
of T36 (whose'sequence is known) except that it contains
2 lysines whereas T36 has one lysine. and one arginine.
Two other tryptic peptides, T50 and T58, have a
compositional similarity although only the sequence of‘

T50 is knovn. The mﬁltiple lysines of T58 could be
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explained on the basis of incomplete cleawage of lysyl
lysine sequences,but the mobility data requires that
deamidation must also have occurred if it is derived
from the sanme region as T50. '

_Peptides,Tuh and TL45 may represent the same pért
of the sequence but have arisen by incomplete splitting,
with differences in amino acid contents explained by
insensitivitj of analysis. Similarly C15'and C31nmay
represent the same sequence’but with poor analysis
suggesting different peptides. The relationships
between T61, T59, and T52, can also be explained by
incdmpleté bond cleavage and artefactual.differences in
the analyses. Nevertheless one cannot rule out the
possibility of similar regions giving rise to these sets
of peptides.

Assuming a duplication has occurred these results
do not differentiate between an intra chain repeat and
heterogenelty of subunits. Biochemically it has not been
possible to differentiate amidase subunits (Brown et _al
1973) and the enzyme is thought to be coded for by a
single amidase structural gene (Betz et al 1974). The
presence of diffefent'subunits‘has not begn rigorously
excluded.

Other explanations for these observations could be
that the protein has been purified from a mixed
population of bacteria or that different protein batches

were not prepared from identical parent strains. As
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both pure‘protein énd frozen cells were obtained from
another laboratory it is not possible to make an informed
estimate of the probability of these occurences. The
number of these putative changes and the fact that some
may have required at least 2 base changes would suggest

that the former is unlikely.

'd) Comparison of P.aeruginosa and P.putida Amidases

P.putida strain A87 (Clarke 1972) possess distinct
acetamidase and phenylacetamidase enzymes. The
acetamidase has a similar substrate specificity to the

P.aeruginosa A amidase, and gives partial cross reaction

with antiserum prepared agsinst the purified P.aeruginosa

- enzyme. An investigation.of the sequence of this
P.putida enzyme (Dr. R.P. Ambler, this laboratory) is in

progresse Although only partial sequence information is

available‘for the P.aeruzinosa amidase and only very
iimited information is available fof,the P.pufida'sequence,
the structural homology found supports a commdn '
evolutionary origin. Three apparent substitutions'havev
been found so far, all of which can be explained by

single base changes within the struqturai gene. Only

one of the substitutions involved in the P.aeruginosa

directed evolution is known (Brown and Clarke, 1972),
an isoleucine for threonine‘chénge conferring

acetanilidase activity upon the mutant enzyme. The

g}aeruginosa wild type amidase sequence involved appears
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~to be present-in the P.putida acetamidase. One can
speculate that the substitutions occuring in the
P.putida enzyme are not concerned with the maintenance

of enzymic activitye.

e) Protein Evolution

The partial sequence presenﬁed here does not, per se,
contain much information zbout amidase evolution. It
does, however, (ae would a eompleted sequence) form a
basis for comparing amidases, Virtually nothing is known
about the substitutions occuring in the laboratory mutents,
although an investigation is in progress (A. Paterson,
pers.comm;) A similar situeation ekists with respect to
the naturally evolving amidases.

It was euggested earlier in this report that the
conclusions drawn from amidase evolution could contribute
to our understanding of pfotein evolution as & wholee
Before general conclusions can be drewn,hit will be
necessary to have studied the evolution of many other
proteins. We do not know the path by which pseudomOnad_
amidases have evolved (although it might be possible to
retrace it), and the laboratory mutants have each changed
under a peculiar selection pressuree.

Nevertheless the obeervatioﬁ that a gene
duplication may have occured, in the evolution of
amidase, is not without interest. Gene dupiication

has been discussed as an evolutionary mechanism for at



‘ 82.
least 25 years (Lewis 1951). Duplication without fusion
of the gene copies prodﬁced.would lead to a2 redundancy
of information such that one daughter would be free to
evolve. Koch (1972) has calculated that haploid
evolution could occur more guickly through thé sequence
1) gene duplication. 2) inactivation of 1 copy by loss
of transcription or translation, 3) multiple changes in
the silent CODY, L) ﬁeversion to expfession, thén via
multiple changes in a single gene copys

Laboratory studies show thet mechanisms are available

for such events. Chemostat growth of Klebsiella aerogenes
on Xylitol (Rigby et al, 1974) has 1ed‘ to duplication

of a gene coding for ribitol dehydfogenase, a poor

" xylitol dehydrogenase. Duplication of a glyc&l—tR.N.A.
synthetase gene has been found as a renedy for a similar

case of poor enzymic activity in BEscherichia coli (Folk

and Berg 1971 ). Jackson and Yanofsky (1973) have shown
a duplication event, with translocation of products, in
the tryptophan operoh of E.coli, Their observation that
such duplications were unstable and were rapidly lost
from the ﬁopulation, together with the calculation

(Koch, 1972) that 2 copies of a gene woula confer a
slight selective disadvantage, suggests that inactivation
of 1 copy may be necessary fbr'duplication to have
evolutionary significance in the long terms Khan and

- Hayes (1972), however, have shown that SzZccharomyces
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cerevisiae has 2 loci, for a—methylgalactosidaée
activity, producing very similar enzymes without apparent
disadvantage.

Such duplication events would also have the potential
for subjecting genes to different regulatorj controls,
and of creating new genes by fusion of products (Jackson
and Yanofsky 1973). An elegant demonstration of gene
fusion (Yourno et al, 1970) produced a single polypeptide

chain possessing 2 enzymic activities concerned with

histidine biosyhmhesis in Salmonelia tynhimurium.'
Crawford‘(1975) has concluded that fusion events have
occured at various times during the evolution of the
'tryptophan pathway in microorganiéms. Many globular
.proteins, in fact, may have evélved by such a route.
Crystallographic studies show (Rossman and Liijas;'197h)
that the peptide chains bf‘many globular proteins are
folded into 2 @r more spatially separate domains, aqd'
these domains often have unrelated tertiary structures.
‘Sequence homology between proteins.of unrelated functions
(Ycas 1976) supports this view and may indicate that
present day proteins are evolved from relatively few
ancestors. | | |

Gene duplication with fusion of products is another
process which may have occured in evolution. Some

amino acyl-tR.N.A. synthetases from Bacillus

stearothermophilus (Koch et al, 1974) and from E.coll

(Kalousek and Konisberg, 1976) seem to have arisen by
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duplicatién and fusion of single ancestral genes.
Repeated sequences within other protein structures
(Sjodahl, 1976 and examples cited therein) could be
further examples of this prdcess.

The laboratory evolﬁtion of amidase, however,
demonstrates that evolution can occur, without duplication,
by_modification of regulatory and structural genes to
use or improve existing side specificities. The
utilisation of “unnatural" pentoses and penitols by
K.aerogenes is due mainly to regulétory changes and
eXploitafion‘of side specificities of thelenzymes for
~utilisation of the "natural" pentoses and penitols (see
Wood, 1966). Growth on only oné_éf the 6 unnatural
compounds appears due to the appearance of a new activity.-
_The regulatory changes‘were all for constituitive enzyme
production, but in E.coli growth on D-arabinose (an
unnatural pentose) occurs through a change in inducer
specificity (Leblanc and Mortlock, 1971).

Structural gene modification was also the response

of S.cerevisiae when grown at low pH to reduce acid
phosphatase activity (Francis and Hansche, 1972). A
mutant enzyme regained LO% of the lost activity by

~having an altered pH optimum. S.cerevisise has also been

shown to produce an altered alcohol dehydrogenase when
groWn on allyl alcohol (wiils, 1976). Modification in
this case resulted in an impaired enzyme such that

production of toxic acrolein was limited.
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The work of Campbell gﬁ;gi (1973) adopted a different
approach. Using E.coli strains with a deleted
p-galactosidase (lac z ) gene, selection was for growth on
lactose. pB-galactosidase activity from a different locus
(called egb A) was detected. The new enzyme was induced
by lactose and the original gene product had.ﬁégalactosidase
activity but lactose was not a substrate. (Hall and |
Hartl, 1974a and b). Presumsbly, therefore gene duplication
of egb A would not allow growth. The same locus (egb A) '
has sﬁbsequently been evolved (Hall, 1976) to
methylgalactosidase activity. This again suggests-
modification of specificities andAaltﬁough the relationship
between the»lac z and egb A loci’ is not known their
products are immunologically distinct (Hall and Hartl, 1974a).
The conclusion being that'they are not closely. related
enzymes. | |

A similar question was asked of S.typhimuriﬁm

isopropylmelate isomerase (iPMI), an enzyme of the leucine
biosynfhetic pathway normally coded for by 2 genes, leu C
and leuD. Leucine auxotrophs carrying a deletion in leu D
reverted by a mutation at a locus sup Q@ (normal function
unknoWn).- Sup Q and an additional gene, new D, are
thought (Kemper, 1974) to code for 2 subunits of a
multimeric enzyme and.that new D protein (without change) |
can complex with leu C protein to give & functional iPMI,

it was proposed that a modificafion in sup Q decreased
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the affinity of sup Q subunit for new D subunit, such
that sufficient new D protein was available for complexing
with leu C producte. Again the evolutionary relationships
between these three locii are not known but evolution
occured By modification. It would be interesting if the
affinity éf sup Q proteiﬁ for new D pfotein is sufficiently
high that a dupiication of new D (assuming the amount of
protein producéd,is related to the number of gene copies)
would not lead to enough subunit being available for
conplexing withbthe leu C protein.

In both these cases the existance of 2 relatéd locil
méy have been brbught 2bout by duplicétion of an ahcestor
gene with subsequent modification. Ycas (1976) has
proposed that before the present there has been a period
of extensively occuring duplication and deletions. If
some present day enzymes were created by fusion of parts
of ancestral genes and the component parts of the fusion

" event retained their original function (as in the event

described by Yourno et al, 1970) then evolution may have
produced single enzymes.with 2 functions. An example of
this éould be cod muscle ﬁyruvate kinase which also is
responsible fdr oxaloacetate decarbokylaSe‘aCtivity
(Creightdn and Rose; 1976). It should be noted that
possession of different activities does not preclude
narrow specificity with respect to an individual activitye
Kirschner and Bisswangef (1976) have discussed

"Multifunctional'Proteins", and also conclude that gene
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fusions may have played a part in the evolution of such
polypeptides. |

It is difficult to tell how widespread the possession
of more than one activity is. Most enzymes have probably
never been tested for activities different to that

originally assigned to them. P.aeruginosa amidase is also

a transferase and an esterase and it remains to be seen
if these activities are mechanisticaily related as a
single ancestral‘enzyme or by fusion of different
anceétral polypeptides.
f. Conciusion

. Only one aspect of evolution has been considered,
how can new enzymic activities arise? I have not dis-—
cussed how activities both old and new can be evolved
together to produce metabolic pathways? how regulatorj’

systems may have evolved, or how new characters may become

fixed in a pobulatipn. Structural studies of P.aeruginosa
amidase cénnOt answver these questions. The partial sequence
determined in the investigation forms a basis for under-—
standing the evolution of one particular'enzyme. Eventually
“the results of studies of the evolutiohiof many enzyme
systems may prbvide sufficient clues for us to cdmprehend
the courses of protein evolution and to design "useful" ~
enzymés oursélves. From the examples given in section e
it is evident that Nature has a variety of evolutionary

routes which can be used in complimentary combinatioﬁs.
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Fusions, duplications,translacationsand‘modifications
are all possible. VWhen these proéesses are understood it
may be possible to predict the evolution of a particular
protein. It has earlier been sSpeculated that the

S. typhimurium sup Q locus may have evolved by

"Modification", as a gene duplication may not have led
to a functional enzyme. Similarly one can envisage a
situation such that the rate of utilisation of a substrate
is 1limited by the rate of entry of that substrate into the |
cell. ,If‘suéh a limitation brought a selection pressure
to bearAthen, of all the enzymes concerned with the use
of thét compound, only improvement of the "permease"
would confer a selective advantage. If suffiqient is
known about the biochemistry of a particular enzyme to
predict its evolution (under given circumstances) then
this will provide a.tgst of protein evolution theories,
as welljas giving us the potential of evolving enzymes
for specific purposes..
Two thoughts, however, occur in concluding this
thesis ' |
(1) As each laboratory evolutionary study occurs
under peculiar circumstances then such studies,'ahidase'
included, will have most value (for the understanding
of protein evolution) when taken at the comparative

level.
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(2) As evolution is a continual process then not
even the products of directed evolution can be regarded

as "permanent",



‘90,

REFERENCES _ CITED

1) Alt, J., Heymann, E., and Kriséh, K. (1975a) Eur.J.
Biochem. 53, 357-369. '
2)  Alt, J., Krisch, K. and Hirsch', P. (1975b) J.zen.
Microbiol. 87, 260-=272.
3) Ambler, R.P. (1963) Biochem. J. 89, 349-378.
4) Ambler, R.P. (1975) Biochem. J. 151, 197-218.
5) Ambler, R.P. and Brown, L.H. (1967) Biochem.J.
193, 78L4-825,
6) Ambler, R.P. and Wynn, M. (1973)VBiochem. Je
131, L85-498.
7) Beaven, G.H. and Holiday, E.R. (1952) Adv.Protein
Chem. 7, 320-386. Academic Press. |
8) Betz, J.L., Brown, J.B., Clarke, P.H., and Day, M.
(1974) Genet.Res.Camb. 23, 335-359. |
9) Betz, J.L., and Clarke, P.H. (1972) J.gen.Microbiol,
73, 16117l |
10) Betz, J.L. and Clarke, P.H. (1973) J.gen.Microbiol.
75, 167-177. |
11) Black, L.W. and Hogness, D.S. (1968) J.Biol.Chem.
ohly, 1976-1981. |
12) Boddy, A., Clarke, P.H., Houldsworth, M.R.'énd
‘Lilly, M.D. (1967) J.gen.Microbiol. 48, 137-1L5.
13) Brammar, W.J., and Clarke, P.H. (1964L) J;ven.Mlcroblol.-
37, 307-319. | | -
1Y4) Brammar, W.J., Clarke, P.H. and Skinner, A.J. (1967)
J.gen.Microbiol. 47, 87-102. |



15)

16)

17)

18)

19)

20)

21)

2L)

 25)

26)
27)

28)

29)
- 30)

M.

Brammar, W J., McFarlane, N.D. and Clarke, P.H.
(1966) J.gen.mcrobiol. Lk, 303-309.

Bridgen, J. and Kock, G.L.E. (1975) in Amino acids,
Péptides and Proteins 6, p.118. Chemical Society,London.
Brown, J.E., Brown, P.R. and Clarke, P.H. (1969)
J.gene.Microbiol. 51, 273-285.

Brown, J.E. and Clarke, P.H. (1970) J;gen.Microbiol.
ek, 329-342.

Brovn, P.R. and Clarke, P.H. (1972) J.gen.Micfobiol.
10, 287-298. |
Brown, P.R., Smyth, M.J., Clarke, P.H; and Rosemeyer,
M.A. (1973) Eur.J.Biochem. 34, 177-187.

Campbell, J.H., Lengyel, J.A. and Langridge, J. (1973)
Proc. Nat. Acad. Sci. U.S.A. 70, 1841-1845.

Clarke, P.H. (1972) J.gen.Microbiol. 71, 241-257.
Clarke, P.H. (1974a) Symp.Soc.Gen.Microbiol. 24,

‘1834217, Cambridge University Press.

Clarke, P.H. (197Lb) Biochem. Soc. Trans. 2, 831-83L.
Clarke, P.H., Houldsworth, M.A. and Lilly,.M.D. (1968)
J.gen.Microbiol. 51, 225-23L. |
Crawford, I.P. (1975) Bacteriol.Revs. 39, 87-120.
Creighton, D.J. and Rose, I.A. (1976) J.Biol.Chenm.
251, 69-72.

Crowshaw, K., Jessup, S. and Ramwell, PW. (1967)
Biochen.J. 103, 79-85. _

Dalgleish, C.E. (1952) Biochem.J.,5_2_, 31l

Davis, B.J. (1964) Ann.N.Y.Acad.Sci. 121, LOoL-427.



92.

31) Day, M., Potts, J.R. and 'Clarke_, P.H. (1975) Genet. .
Res.Camb. 25, 71-78.

32) Dayhoff, M. (1973) Atlas of Protein Sequence and
Structure, 5 Supplement 1, Nat.Biomedical Research
Foundation, Washington, U.S.A.

33) Dent, C.E. (1974) Biochem.J. i, 2L,0-253,

34) Drepeau, G.R., Boily, Y. and Houmard, J. (1972)
J.Biol.Chem. 247, 6720-6726. |

' 35) Draper, P. (1967) J.gen.Miwobiol. L6, 111-123.

36) Edmen, P. (1956) Acta.Chem.Scand. 10, 761-768.

37) Edman, P. and Henschen, A. (1975) in Molecular
Bioldgy, Biochemnistry and Biophysics' 8, Protein
Sequence Determination, 232-279. (Ed. Needleman,S.B.)
Sor ingér-v erlag, Berlin.

38) Edman, P. and Sjoquist, J. (1956) Acta.Chem.Scand.
10, 1507-1509. _ |

39) Fasnan, G.D. (1976) Handbook of Biochemistry and
Molecular Biology 1-3 Chemiéal Rubber Compény Pres‘s.

LO) Fernald, N.J. and Ramaley, R.F. (1972) Arch.Biochem.
'Biophys. 153, 95-10L.

1) Findlatter, J.D. and Orsi, B.A. (1973) FEBS Lett. 35,
109-111. | |

L2) Folk, W.R. and Berg, P. (1971) J.Mol.Biol. 58, 595-610.

L|.3); Francis, J.C. and Hansche, P.E. (1 972) Genetics 70,
50-T73. ) ‘ |

L) Frankel-Conrat,H. (1954) J.Am.Chem.Soc. 76, 3606-3607.



L5)

Le)

47)
48)

49)
50)

51)
52)

53)

54)
55)

56)
57)

58)
59)

| 93.
Gray, W.R. (1972a) Methods Enzymol. 25, 121-143.
Academic Press. ' | _
Gray, W.R. (1972b) Methods Enzymol. 25, 333-3Ll.
Academic Press. '
Hall, B.G. (1976) -J. Bacteriol. 126, 536-538.
Hall, B.G. and Hartl, D.L. (1974a) Genetics I6,
391-400.
Hall, B.G. and Hartl, D.L. (1974b) Nature (London)
218, 152-153.
Harris, J.I. and Hindley, J. (1965) J.Mol.Biol;
13, 89L4~913.
Hartley, B.S. (1970) Biochem.J. 119, 805-822,
Hartley, B.S. (1974) Symp.Soc.Gen.Microbiol. 2k,
151-182. Cémbridge University Press.
Hegeman, G.D. and Rosenberg, S.L. (1970) Annu.Rev,
Microbiol. 2L, L29-L62.
Hirs, C.H.W. (1956) J.Biol.Chem. 219, 611-621.

‘Hirs, C.H.W. (1967) Methods Enzymol. 11. Academic

Pfess. _

Hirs, C.H.W. and Timashef‘f,'S.N. (1972) Methods
Enzymol. 25, Academic Press. ‘

Hsuing, K.P., Kuan, 8.S. and Guilbaut, G.G. (1975)
Biochem. Biophys. Res. Commun. 66, 1225-1230.

Hynes, M.J..(1975) J.gen.Micbobiol. 91, 99-~101.
Inglis, A.S., Nichols, P.W. and Roxburgh, CeM. (1971)
Ausﬁ.J.Biol;Sci. gQ,A12h7—1250.



60)
61)
62)
63)
6L4)

65)

66)
67)
68)
69)

70)
7

72)

L.
Jackoby, W.B. and Fredericks, J. (1964) J.Biol.
Chen. ;12, 1978-1982.
Jackson, E.N. and Yanofsky, C. (1973) J.Bacteriol.
116, 33-LO. |
Jacob, F. and Monod, J. (1961) J.Mol.Biol. 3,
318-356. - |
Jepson, J.B. and Smith, J. (1953) Naﬁure‘(London)
172, 1100-1101.
Kalousek, K. and Konisberg, W. (1976) FEBS.Lett.
61, 151=153.
Kaminski, M., Falcoz-Kelly, F., Truffa—Bachi, P,
Patte, J-C. and Cohen, G.N. (1969) Eur.J.Biochem.
11, 278-282, |
Kelly, M. and Clarke, P;H; (1960) Biochem.J. Th,
21P.
Kelly, M. and Clarke, P.H. (1962) J.gen.Microbiol.

27, 305-316.

Kelly, M. and Kormberg, H.L. (1962) Bioch4m.Biophys.

Acta. 64, 190-191.

Kelly, M. and Kornberg, H.L. (1964) Biochem.J. 93,
557~566 | o

Kemper, J. (1974) J.Bacteriol. 120, 1176-1185.,

Khen, N.A., and Hayes, R.H. (1972) Molec.Gen.Genetics
118, 279-285. |
King, J. and Laemmli, U.K. (1971) J.Mol.Biol. 62,
L65-L4T7. A



73)

74)
75)

76)
77)
78)
79)
80)

1)
82)

83)V

8L4)
85)

86)

87)

| 95.
Kirschner, K., and Bisswanger, H. (1976) Ahnu.Rev.
Biochem. L5, 143-166. ‘

Koch, A.L. (1972) Genetics 12, 297-316.

Koch, G.L.E., Boulanger, Y. and Hartley, B.S. (197L)
Nature (London) 29, 316-320. : . |

Leblanc, D.J. and Mortlock, R.P. (1971) J.Bacteriol.
106, 90-96. | |

Lewis, E«.B. (1951) Cold Spring Harbour Symp. Quant.
Biole 16, 159-17he |

Li, S.L., Denney, R.M. and Yanofsky, C. (1973)'Proc.
Nat.Acad.Sci. U.S.A. 70, 1112-1116,

- Mc¢Farlane, N.D., Brammar, W.J. and Clarke, P.H.

(1965) J.gen.Microbiol. 4L, 303-309.

Michl, H. (1951) Monatsh.Chenm. 82, 189-L93.
Miller, G.I. (1959) Al'lal.Chem. 31, p96l.

Myers, DeKe, Tol, JeW. and De Jonge, M.H.T. (1957)
Biochem.J. £5, 223-232,

Needleman, S.B. (1975) Ed. Molecular Biology,
Biochemistry and Biophysics 8 Protein'séquence
Determination. Springer—Verlag, Berline.

Offord, R.E. (1966) Nature (London) 211, 591-593.
Penke, B., Frenczi, R. and Kovacs, K; (1974) Anal.
Biochem. £0Q, L45-50.

Perutz, M.F., Muirhead, H., Cox, J.M. and Goaman,
L.C.G. (1968) Nature (London) 219, 131-139.

Rigby, P.W.J., Burleigh, B.D. jun. and Hartley, B.S.
(1974) Nature (London).251, 200-20L,



88)
89)
90)

91)
92)

93)
aL)
1 95)

96)
97)

99)

96.

Rossman, M.G. and Liljas, A. (1974) J.Mol.Biol.

85, 177-181.

Rydon, H.N. and Smith, P.W.G. (1952) Nature (London)
169, 922-923,

Ryle, A.P., Sanger, F., Smith, L.F. and Kitai,R.
(1955) Biochem. J. 60, 541-556.

Sjodahl, J. (1976) FEBS. Lett. 67, 62467.

Smith, D.G. (1967) Methods Enzymol. 11, 21L4-231.
Academic Presse. _

Smyth, P.F. and Clarke, P.H. (1975a) Je.gen.Microbiol.
90, 81-90. | |

Smyth, P.F. and Clerke, P.H. (1975b) J.gen.Microboil
90, 91-99.

Stenier, R,Y., Palleroni, N;J. and Doudoroff, M.
(1966) J.gen.Micrqbiol; 43, 159-271.

Steiner, M. (1959) Symp.Soc.Exp.Biol. 13, 177-192.
Strid, L. (1973) FEBS. Lett. 33, 19é-196,
Truffa-Bachi, P., Guiso, N.,, Cohen, G.N., Theze, J.
and Burr, B; (1975) Proc.Nat.Acad.Sci. U.S.A. 72,
12681271, -

Waley, S.G. and Watson, J. (1953) Biochem.J. 57,
529-538. | |

100)Weiner, A.M., Platt, T. and Weber, K. (1972) J.Biol.

Chem. 2L7, 32U42-3251.

101)Weber, K. and Osborn, M. (1966) J.Biol.Chem. 2Lk,

LJJ-#O6"L|-LI-1 2 *



102)
103)

10L)
105)
106)

107)

108)
109)

- 97.

Wills, C. (1976) Nature (London) 261, 26-29.

Wood, W.A. ({966) Annu.Rev.Biochem. 35, 521-528.
Woods, K.R. and Wang, K.T. (1967) Biochim.Biophys.
Acta. 133, 369-370. |
Woods, M.J., Edgeworth, M.A. and Orsi, B.A. (1975)
Biochem.Soc.Trans. 3, 1216-1219.

Woods, M.J. and Orsi, B.A. (1974) Biochem.Soc.
Trans. 2, 134L=-13L45.

Yamada, S. and Itano,'H.A. (1963) Biochim.Biophys.
Acta 130, 538-5Lk. | '

Ycas, M. (1976) J.Molec.Evoln. 7, 215-2ll.

Yourno, J., Kohno, T. and Roth, R.J. (1970)

Nature (London) 228, 820—82&4'



98.

APPENDIX

The Reliability of Molecular Weight Determination by

Amino acid analysis,

1) Methods
Hydrolysis of a protein followed by amino acid
analysis is routinely used to determine the relative molar
frequencies of the cénstitqent amino acids. Calculation
of the number of moles of each amino acid in one mole of
protein éan be achieved in several ways, and the qualita--
tive critepia for acceptance are usually
(1) that the number of moles of each amino acid per
moie'éf protein should be nearly integral
(ii) the composite should yield a molecular weight in
agréement with values calculated from independent‘
experiments (e.g. S.D.S. gel electrophoresis) |
As Nyman and Lindskog (1964) state, ".., at the true
molecular weight, the sum 6f the deviations from integral
values for the different amino acids should be minimized."
This leads to a mathematical model‘fbr calculating
molecular weight from the aﬁalyséd amino acid frequencies,
The method proposed by Nyman and Lindskog (196L) assumes.
that amino acids occﬁrring with a smaller frequency give
a mofe reliable estimate of the molecular weight and should
be given a greater contribuﬁion. They state, in rather |
unclear English, that, ".. this weighting has been
achieved by multiplying the deviation from an integral
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. number for each amino acid, by the minimum molecular
weight for the amino acid... A curve showing this sum
should give a2 minimum at the besf estimate of molecular
weight." I have interpreted "minimum molecular weight
for the amino acid', as the profein molecular weight if

only one residue of the amino acid concerned is present.

A plot of

(min.mol.wt. x |number of residues-nearest integral
' number| )

versus protein molecular weight should then show a |
minimum at the true molecular weight. An example of
such a calculation is given below
(i) Analysis yields ny relative moles of amino acid
i_per mole of protein, nj moles of amino acid J and so
on. |
(ii) Choose protein molecular weight M, and calculate

the matrix

anino calculated re-~ nearest difference weighted

acid lative residue integer ' daifference
no./ mole protein
1 n; Iy |my-14 Ing-I;[x ta
J ny- Iy lnj—IjI lnj-Ijlx %i
I
34
z . n, I, IﬁZ—Iél .InZ—Izlx Ha

, Iz
(iii) Sum the last column to give

Z .
Py Ini—Iilx Ma
i=1i -T;"—
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(iv) Repeat for molecular weight My etc. and plot the

sums against la, Mb etc. The minimum point indicates the
molecular weight.

It can be shown that the sum

1 .
i%‘i,ni—lilx M, = lni—Iﬂ My + [nj-—Ijl Motesot [nz.-Izl M,
I, I I I,
= My ( IniQIiI + lnj“Ij\ +...+|n2-Izl )

I, Iy - I,

Z
= ,rgai‘éi |ni—Ii| |

Is Egn 1

p=—fes-Rarpem e

The sum of the weighted differenceEilni—IiI,

although weighting in favour of deviations for small

values.of I unfortunately decreases as.I increases.

The inclusion of Ma counteracts the decreaée breventing |

artefactual minima at high values of molecular weight.
'Black and Hogness (1969) have modified thé method

in a more rational way, as given below. .

(i) Analysis yields frequenciesin, ¢,j’° . ‘¢Z, for amino

acids i, jye..2, respectively ' >

(ii) Choose protein molecular weight M and calculaﬁe

Ny, the number of moles of amino acid i from the

relationship
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n, =@i (1-18)
2 (PiR1)

where R; is the residue molecular weight of amino acid i

(iii) Repeat for all amino acids j to z

(iv) Calculate the sum fﬁ Ini"Iil Egn 3
B

which provide a wéighting..."to account for the‘fact _

that the smaller the residue number the more significant

is its deviation from an integral value." (Black and

Hogness, 1969).

(v) Now the maximum value such a sum can take is
O.S'times_the sum of the reciﬁrocals of the integers.
(This is easily verified by generating a set of data

such that, |ni-I;|= 0.5, for all i). Now calculate

£= (8;/1))
0.5(x1/1,) U
where 41 = lni-Ii‘
Repeat for different values of M, and plbt f versus
Molecularweight M.

This quoﬁient (Eqn. 4) allows "..easy comparison
to that obtained if random errofs in the measurehent of
the frequencies become dominant... Values of this ratio
near 0.5 are expected if random errors dominate the
result." (Black and Hogness, 1909). It also allows

easy comparison between different proteins over diff-
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erent molecular weight ranges. With the previous method
the values of the ordinate would depehd on the molecular
weight rangé taken. . _

Using a computer programme (supplied by Dr.J.Moult,
Depte. of Physics, Edinburgh) I have used the equations
of Black and Hogness éo determine molecular weights from
amino acid calculations.' This programme Was'also capable
of adding normally distributed random.errors, of defined
'size, into the data. Glutamine has been counted as
‘glutamic acid, and asparagine as aspartic acid as amino
acid analysis methodblogy does not distinguish these |
amides from the acids. I have also assumed that in
equation 2 HM-18=M for the high values of molecular
weight considered. Values of f were calculated at

intervals of 200-250 molecular weight units.

2) Calculations Using Ideal Data.

Anino acid frequencies .¢i were taken from the
sequences of the following proteins, so that_allﬁ& were
integers. ' )

Potato Chymotryptic Inhibitor 1 (Richardson, 1974, M.W.

933%2), Anabaena variabilis plastocyanin (Aitken'1975,

M.W. 11,184, P.fluorescens aéurin (Anbler and Brown 1967'

MJW. 13,946), B.licheniformis penicillinase (Meadway
1969 N.W. 29,503).

Staphylococcus aureus penicillinase (Ambler 1975,

M.W.28,794), Rabbit actin . (Dayhoff 1973, M.W.41,719). -



- TABLE A1 The Calculation of Molecular weight from amino
acid analyses. ' ' ' '

Azurin data with 3% error Range 5000-25000 (&t 200 unit

intervals)
Run No. Posn.of min value of £ f value of
- _ . next lowest
trough.
1 114,000 0.16 0.398
2 14,400 0.177 0.358
3 11,000  0.232 0.35L
N 114,000 . 0.L . 0.338
5 14,200 O.1h4l 0.369
6 13,800 . 0.16Y4 0.308
7 14,200 0.133 0.363
8 11,000 0.4 C.372
Azurin data with 5% error
4 14, 600 0.253 0.335
2 13,800 0.216 0.387
3 13,200 - 0.240 0.391
L 14,200 0.173 0.429.
5 13,800 0.223 0411
6 13,600 04181 0.284
7 14,000 0.159 0314
8 14, 600 0.193
Azurin data with 10% error
1 114,000 0.281 0.389
2 11,800 0.213 0.343
3 14,000 and - 0.235 0.L43L

1,200 .
L | 14, 800 0.253 0.3
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Molecular weights calculated from these ideal data
all, except for Actin, gave unambiguous minima (f 0.05)
at a calculated molecular weight within oﬁe molecular‘
weight interval (i.e. 200 to 250) of the knowvn value.
The data for actin gave an unambiguous minima (£ = 0,02)
at a molecular weight of 40,600 (200 unit intervals).
In no case was the next lowest trough (excluding-values
at integral multiples of the molecular weight) lower than

f=0 033 .

3) Calculations Using Ideal Data with Added Errors.

Ideal amino~acid frequencies (i.e. taken from known
protein sequences) and the computer programme which added
normally distributed random errors of a defined size to
these frequencies was used in this simulation. 'The size
of these errors is quoted as-é percéntage, and’errors‘mﬁa
this Standard deviatfon.(% -of=ideal-value)= were added or
subtracted from each amino acid frequency. Some results
are given in tables A1 and A2 and by fig. A1 (intervals
of 200 m.w. units were used). Eight runs were carried
out at each error level.

Adding 3% error to ideal azurin data (see table A1)
the calculated molecﬁlar weight was in the range 13,800
to 14,200, With 5% error this range increased to 13,200
to 14,600. At 10% error the minima ranged from 12,800

to 14,800, and in one case (out of 8) a trough at a



TABLE A2 . The Cslculation of Molecular Weight from amino

S.aureus Penicillinase

acid analysis.

Data with 3% error

Run No. Posn. of
minimum.
1 29,400
2 28,800
3 28,600
L 28,000
5 28,800
6 28,600
29,400
29, 600
7 129,000
8 28,200
Data with 5% error
-1 "~ 30,L00
2 15,600
3 27,100
N 29,800
5 39,000
6 28,800
7 29,400
8 . 28,800
10% error

Data with

1

2L, Loo

Value
of £

0.192
0.251
0.238

0.271

0.151

0.277

0.2
0.224

0,301
0.300

0.239

0.2U5
0.3u45

0.247

- 0.281

0.311

0.3

range 10,000 to 4O ,000 in steps

of 200,

f value at
next lowest
trough.

0.361
0.338
0.3u48
0.35
0.376
0.362

0.377
0.375

0.332

0.328 (at
31,000)

0.362
0036

0.347 (at
31,L00)

0.376
0.312
0.33



TABLE A2 — Contd.

2 32,800

3 '27,uoo
L 18,400
5 16,000
6 | 12,400

. 27,800
8 12,1400

0.255

0.312 -

0.294

0.299

- 0.246

0.253
0.312

0.361

0.32 (at
' 38,200)

' 0.37 (at

3L,400)

0.300 (at
31,200)

0.381 (at
28,000)

0.363

' 0.372 (at

365h00)_
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Rabbitifotin:Ideal data with ¥% random error added,
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different position had the lowest value predicting'an
Yincorrect! molecular weight.

The S.aureus penicillinase data (table A2) shows
similar trends. At 3% error it is possible ta predict
the correct molecular weight to within 1,0QO units.

With 5% error, however, it can be‘seen that the trough
with the lowest f£ value does not always predict the
correct (approximate) value. With 10% error the minimum
value of £ would have predicted an'incorrect.molecular
weight 5 times and an approximately correct value 3 times,

The data for actin ' values with known error is
‘presented'in'a different form (fig Al). ~‘This figure
represents one run chosen, randomly out of the eight
carrled out at 3% error, and indicates that meanlngful
llnterpretation is not possible. The other 7 runs are in.
agr‘eement with this statemént. With 5% ana 10% 'errors_-
(fesults not-oresented here) one‘cannot.assign any. )
[meaningful molecular Welght as each calculation ehowe& -

,multiple minlma within close ranges of f.

h) Conclusions Ce v\“v

The results show that for the one example considered.
of molecular weight uﬂ 719 even small errors can lead to
~‘incorrect results.e Where the molecular weight does not
texoeed'305000;'however, it should be p0831b1e,to predict

protein molecular weights from amino acid analyses.



. TABLE A3

 _ AminolaCid freguéncies 6fAB.Lideniermis Penicillinase .

' Amino Residﬁes' o Amino acid

(1) Meadway P.J. '1969,

_ Calculated
SR enee() remnenciesh OROSUy ot W
tys :2u_,  - .0897 22,8 i
Hs 1 0040 1,02 |
| Arg . 15 L0526 13,4
Trp 3 .pb78‘  - 1.98
Asx - 37 A394 35.4
CThp R .0820. .  20.8
| Sér7 :. _i1'1', o .0u27 10.8
ex 27 IEEERTITS 28.2
Pro M i 0422 10.7
oy - 15 0575 146
Ala 26 .097h4 2141
s 0 o o 0
Val  '15 | 40593 1501
et 5 L0160 406
Ile 1 © .05u48 13.9
Leu 2l 41033 26.2Y
e 6 .0237 6.0
Phe 7 .0269 6.8

(2) Data of R.P. Ambler (pers.comm), & mean of 3 values
determined by analysis after acid hydrolysis except
for tryptophan (estimated spectrophotometrically)

(3) 28400 is the predicted m.w., from fig A2, using this

table of frequencies.



FIG R2 | The Fitting of ‘Amimo Acid Frequencies to lMolecular Weight for B. licheniformis Penicillinase
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To test this hypothesis an amino acid analysis of

B.lichepiformis penicillinase (data supplied by Dr.R.P.

Ambler, as a mean of three determinations, see table A3) -
. has been used to caiculate this proteins molecular weight.
It can be seen in fig-A2 that from these results it is
possible to assign a molecular weight of 28,400, This
' agrees quite well with the value of 29,503 calculated

from the amino acid sequence (Meadway 1969).
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ABSTRACT OF THESIS

................................................................................

The primary structure of the amidase from Pseudomonas aeruginosa
strain PAC 142, has been investigated. Some evidence is presented that
the molecular weight of the amidase subunit is 40,000 to 42,000, highef
than previously thought. Only partial sequence informatilon has been
obtained but some evidence has been found that a gene duplication may
have occurred in the evolution of this amidase. The results are discussed
with relation to other examples of protein evolution. An appendix,

dealing with the relisbility of molecular weight determination by amino

acid analysis, is included.
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