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"And as no chemic yet th' Elixir got 
But glorifies his pregnant pot,
If by the way to him befall 

Some odouriferous thing, or medicinal"

John Donne



Abstract

The work reported here was concerned with the 
application of the new technique of Fast Atom Bombardment 
mass spectrometry (FAB-ms), to peptides. FAB became 
available to mass spectrometrists early in 1981, and when 
this thesis began most of the peptide fragmentation patterns 
had been defined. There were, however, very few examples of 
its application to biological problems. Three such areas 
are discussed here:-
(1) Given the available equipment, what are the technical 
limitations of FAB-ms, particularly in terms of mass range 
and sensitivity? Peptide neurotoxins were used to investi
gate the mass limit, and confidence limits were defined for 
mass measurements at up to 8,000 daltons. The method was 
then applied to a toxin of unknown structure (Tityus toxin), 
demonstrating that FAB-ms o-f unknown peptides is a viable 
means of assigning molecular weights in the mass range, 
6500-8000 daltons, and beyond.

(2) The solution of peptide structures. The pseudobactins 
are fluorescent peptide siderophores (i.e. microbial iron 
chelators). They are blocked N-terminally by a 2-3 diamino,
6-7 dihydroxy quinoline derivative, and blocked C-terminally 
by cyclisation of the final residue. They possess a number 
of amino acids rarely encountered in peptides. The structure 
of the pseudobactins of Pseudomonas tolaasii, and Pseudomonas 
fluorescens, and azotobactin, an equivalent peptide from 
Azotobacter vinelandii were determined by combining mass 
spectral fragmentation data with FAB peptide mapping of 
hydrolysates.



I V

(3) FAB-ms was incorporated into a study to determine the 
presence of a-MSH-like peptides in the human pituitary 
gland. Previous studies have suggested that the adult 
human pituitary lacks a-melanocyte stimulating hormones 
( a-MSH). This was reinvestigated using the specific 
stimulation of the adrenal cortex zona glomerulosa as an 
assay. We hoped, in the absence of authentic a-MSH, to 
find other compounds with the same activity. An active 
fraction with chromatographic properties identical to 
des-acetyl a-MSH was found; the weight of the evidence 
suggests, however, that this fraction is not true des-acetyl 
□-MSH, although it may be closely related. Another fraction 

demonstrated zona glomerulosa specific bioactivity but showed 
no chromatographic similarity to any known a-MSH derivative. 
Components showing a zona fasciculata specific activity were 
also detected. This activity occurred in different 
extractions, was reproducible within the same experiment 
and showed dose response characteristics. It could not be 
attributed to any simple modification of the ACTH sequence. 
This is the first occasion in which a zona fasciculata 
specific secretagogue has been isolated.
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Useful data.

Amino acid. molecular weight residue mass

G ly 75.07 57
Ala 89.09 71
Val 117.15 99
Leu/Ile 131.17 113
Ser 105.09 87
Tyr 181.19 163
Phe 165.19 147
Thr 119.12 101
Met 149.12 131
Cys 121.15 103(red.), 102(ox.)
Glu 147.13 129
Asp 133.1 115
Gin 146.15 128
Asn 132.12 114
His 155.16 137
Lys 146.19 128
Arg 174.20 156
Trp 204.25 186
Pro 115.13 97

Hse 101
O H -O m 130
cyclic O H -O m 129
0-OH-Asp 131
Cit 157

Molecular weight of the pseudobactin chromophore with a succinyl side-chain = 359 

Molecular weight of the azotobactin chromophore = 285
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CHAPTER 1

INTRODUCTION TO FAST ATOM BOMBARDMENT MASS SPECTROMETRY OF
PEPTIDES

Two techniques dominate the field of protein structure 
analysis; edman chemistry, and gene sequencing. There are, 
however, a few instances in which neither technique is 
appropriate, and in such cases mass spectrometry becomes an 
attractive alternative. In this thesis the use of Fast Atom 
Bombardment mass spectrometry in the study of peptides will 
be discussed. When this project began, fast atom bombardment 
(FAB) was a new technique which promised to overcome many of 
the limitations of the established mass spectrometric methods 
for dealing with biological polymers. No sequences had been 
obtained from uncharacterised peptides, and the limitations 
of the method were unknown. It was the intention of this 
project to test the utility of FAB by its application to 
real biological problems, rather than standard compounds.

1.1 Introduction
The older mass spectrometric techniques for peptide 

analysis will be very briefly outlined as yardsticks against 
which FAB can be assessed. Two important terms need to be 
defined: hard ionisation occurs when a sample is volatilised 
and ionised in such a way that a considerable excess of 
internal energy is imparted to the sample ions. This results 
in the breakdown of the parent ion, into smaller fragment 
ions. In contrast, very little internal energy is imparted 
during soft ionisation. A quasimolecular ion species,
([M+H+], or [M+Cat+], where Cat+=Na+, k+, etc., (in the 
positive mode), carries a major proportion of the ion current,
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and fragmentation is limited or absent.
Until very recently electron impact mass spectrometry, 

a hard ionisation technique, was the most widely used mass- 
spectrometric method for sequencing peptides. The sample 
is volatilised thermally, and ionised by bombardment with 
electrons, to produce radical cations M*. Two sequencing 
strategies have been employed, direct insertion electron 
impact, and gas chromatography/mass spectrometry (g.c.m.s.). 
In the direct insertion technique the protein is sub-digested 
into small peptides (five to eight residues length). These 
are derivatised to form N-acetyl-permethyl peptides, which 
are reasonably volatile, and fragment to give meaningful 
spectra. By analysing mixtures of up to five peptides at a 
time, it becomes possible to sequence entire proteins 
(H.R. Morris, 1 9 79) . The method, however, did not become a 
competitive challenge to edman chemistry; its true value lay 
in sequencing peptides which are difficult, or impossible, 
to do by other means. These include blocked peptides, modi
fied peptides, and peptide conjugates: the topic is reviewed 
by Morris, 1980. For g.c.m.s. the protein is also digested 
into many small peptides. These are suitably derivatised, 
and the total peptide mixture chromatographed. The g.c. 
effluent is fed into the mass spectrometer, and, by analysing 
and overlapping the sequences, the structure of the parent 
can be deduced (Carr et al, 1981) . The g.c.m.s. method is 
useful for sequencing large oligopeptides, but is less 
appropriate for modified or conjugated peptides than the 
direct insertion methods.

Chemical ionisation, (in which the volatilised sample 
is ionised by a charged reagent gas), has also been proposed 
as a means of sequencing peptides (W.R. Gray et al, 1970) .
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C.I. spectra are more complex than their E.I. counterparts, 
since fragmentation is from either terminus, and it may be 
difficult to interpret when unknowns are being examined,
(the same is true of FAB). Very few applications of 
chemical ionisation to peptide sequencing can be identified 
(see, for an example, AF8, a glycopeptide antifreeze, Morris 
et al, 1978). Several authors have suggested the use of 
collision induced dissociation to enhance the structural 
information available from chemical ionisation (e.g. Hunt 
et al, 1981).

The drawbacks of E.I. and C.I. in studying peptides are 
numerous. Spectra can only be obtained from rather small 
peptides (8 or 9 residues). Often fragmentation is so 
extensive that no molecular ion is observed. The sensitivity 
is very poor, in the order of 10 to 50 nanomoles of sample 
per spectrum, and finally, the derivatisation procedures 
may lead to artifacts when dealing with novel structures.
To overcome these problems, many alternative procedures have 
been developed. Broadly, three strategies can be identified:

(1) 'In beam' methods, in which hard ionisation 
techniques are used, but the intervals between volatilisation 
and ionisation is made as brief as possible (Dell et al, 1975) .

(2) Rapid heating, which arose from the observation that 
thermal damage to molecules can be minimised if heating is very 
rapid. Laser desorption is an example of such a technique 
(Kistemaker et al, 1981).

(3) Desorption techniques in which samples are ionised 
from a surface into a strong electric field.

Field desorption is among the most successful soft 
ionisation technique. It was invented by Beckey (1 969) , and 
some of its applications are reviewed, in Schulten, 1979, 1981.



The sample is applied to an activated surface (normally a 
filament onto which fine carbonaceous needles have been 
grown. The filament is heated, and the sample desorbs 
from the needles into a strong electric field. For peptides 
the major signal is normally [M+H]+, or [M+Cat]+,
(Cat = Na, K; etc.). Successes for the technique in the 
peptide field include the structure revision of echinomycin 
(Dell et al 1 975) , and accurate mass measurements of anti- 
amoebins, (Rinehart et al, 1977). The ability of FD to 
analyse mixtures led to the first application of mass 
spectrometry to peptide mapping. In this way the molecular 
alterations in certain mutant haemoglobins were identified 
(Matsuo, 1981).

F.D., however, is a difficult technique to perform, 
largely because the fragile filaments are easily destroyed 
by arcing in the high voltage systems that are used. This, 
coupled with the absence of significant fragmentation, resulted 
in rather limited applications to peptide structure determi
nation .

Plasma desorption mass spectrometry (P.D.M.S.) is another 
soft ionisation technique that provides molecular weight data, 
but little, if any, sequence information.

The heavy particles produced in a nuclear fission carry 
MeV energies. When these particles impinge on a thin surface 
a local plasma forms; the ions in the plasma can be accelerated 
into a mass spectrometer. The dynamics of this system are such, 
however, that conventional magnet-sector instruments are of no 
value. Instead, time of flight instruments are necessary, in 
which the interval for an accelerated ion to traverse a flight 
tube is measured. This is proportional to the mass of the 
ion. The principles and applications of the technique are
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discussed in Macfarlane, 1981. Californium is the radio
nuclide most often used to generate suitable fission 
particles.

Examples of its successful application to peptides 
include the molluscan toxin, palytoxin, m/z2704 (Macfarlane 
et al, 1981), and several antibiotics including avoparcin 
(Macfarlane, 1981) at m/z 1967 for [M+Na]+. The use of time 
of flight mass spectrometers is both an asset and a liability, 
since it allows very large ions to be analysed (see Chapter 2), 
but provides very poor resolution. Fragmentation is not 
observed. The instrumentation is highly specialised and is 
available only in a few laboratories, thus, although it is 
in many respects a very powerful technique, it has severe 
limitations.

1.2 Fast Atom Bombardment Mass Spectrometry
By the late 1970s the power of soft ionisation methods 

in studying biological polymers was beyond doubt. The methods 
employed were either still in the development stage, or 
required instrumentation outside the range of a conventional 
mass spectrometry laboratory (as for P.D.M.S.), or were 
difficult to perform routinely on large numbers of samples 
(as for F.D.M.S.). The need clearly existed for an ionisation 
technique combining the capacities of the already existing 
methods with simplicity and speed of operation. The critical 
discovery in this field, making these requirements possible, 
came from a development of Secondary Ion Mass Spectrometry 
(SIMS). During a SIMS experiment a solid sample is bombarded 
in the ion source of a mass spectrometer with a beam of ions 
(the primary ion beam), resulting in the production of 
secondary ions from the sample, which are then mass analysed.

252
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It was pointed out that for SIMS to become widely applicable 
certain problems had to be overcome (M. Barber et al, 1981a); 
firstly, the kinetic energy spread of the secondary ions is 
large, leading to poor resolution, since most mass spectrometers 
are imperfectly energy focussing. Secondly, the presence of 
the primary ion beam and the cloud of ions produced in the 
source was considered to impede the "steering" of secondary 
ions into the analyser. To overcome the latter problem the 
primary ion beam was replaced by a beam of accelerated atoms, 
a modification referred to as Fast Atom Bombardment (FAB)
(M. Barber et al, 1981b). In the original experiments a 
cold cathode discharge ion source produced argon ions, Ar+, 
which were accelerated into a collision chamber containing 
argon atoms. Resonant charge exchange between the accelerated 
ions and the stationary gas strips some of the ions of their 
charge, but not their momentum, to produce accelerated atoms. 
Electrostatic deflector plates were used to remove the 
remaining ions from the atom beam.

Using this technique spectra were obtained from a wide 
variety of uderivatised biological polymers, including 
mellitin, a peptide of mass 2845. The spectra consisted 
of a strong quasimolecular ion ([M+H]+ or [M-H] in positive 
and negative modes), often accompanied by significant frag
mentation. The critical advance which made these spectra 
possible was the introduction of a liquid matrix. In the 
absence of the matrix, quasimolecular ions from solid samples 
were very transient, with half-lives in the order of a few 
minutes (M. Barber et al, 1981c). It was noticed, however, 
that an oily rhodium complex produced "non-fading spectra", 
and the authors pointed out that by using a suitably viscous 
and involatile solvent to load the sample onto the target,



the lifetime of the quasimolecular ion could be extended to 
over one hour. The use of such a viscous involatile solvent
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as a matrix was made explicit using the enkephalins loaded 
into glycerol on a metal stage and bombarded with accelerated 
argon (M. Barber et al, 1981a). The spectra obtained in this 
way produced strong quasimolecular ions and sufficient frag
mentation to define the structure of the peptides. It was 
later discovered that, when a liquid matrix such as glycerol 
is used, either accelerated atoms, or ions, can be used to 
equal effect (McDowell et al, 1981). It is generally agreed 
that the heavier the primary beam particles, the greater the 
secondary ion current, thus a xenon beam produces more intense 
[M+H]+ ions than an argon beam, which is more efficient than a 
neon beam, etc.

At an early stage it was obvious that FAB combined the 
capacities of hard and soft ionisation techniques, since 
both a strong quasimolecular ion, and significant fragmentation, 
was obtained. Furthermore, FAB is considerably simpler to 
perform than FD, and does not require the derivetisation 
procedures of electron impact methodologies. In one technique 
the problems of both hard and soft ionisation appeared to have 
been overcome. Very shortly after the introduction of FAB, a 
number of groups published accounts of FAB peptide fragmentation 
modes. This topic will be discussed below.

1.3 Sequence Analysis of Peptides by FAB
The first accounts of peptide fragmentation were 

presented by Barber et al, 1981b and 1981d. These authors 
noted fragmentation from either terminus (in contrast to E.I., 
in which only N-terminal fragments are observed). Cleavage 
of the peptide backbone occurred across either the Coc “CO
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bond, or the CO-NH bond. Side chain cleavages were 
observed, giving low molecular weight ions diagnostic 
for particular amino acid residues, (e.g. m/z 107 for 
+CH.■ 2 ^ v— OH, from tyrosine) . Equivalent ions corresponding
to the loss of the side chain, but with charge retained on 
the peptide, were also observed, but at low abundance.
1.3a Positive Ion Fragmentation Modes

A general discussion of peptide fragmentation is 
given in Williams et al, 1982. These authors distinguish 
three important fragment types.

(a) C-terminal fragments
(i) Positive ion C-terminal ammonium sequence ion: 

cleavage across the peptide bond, with proton transfer to 
the amide nitrogen, and charge retention on the C-terminus, 
i. e.

0
NH:

H

C-fN-CH-
I
R

Icr

C O O H

V

NH2'CH

R

C 00 H H -T

(ii) Positive ion C-terminal alkyl sequence ion: 
cleavage across the N-Cd bond with proton transfer and 
charge retention on the C-terminal fragment. (These cannot 
occur at prolyl bonds), i.e.
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h2m-
0 H II I j 
C - N + C H -

R

C 0 0  H

CH2R C 0 0 H + H *

Ions of type (i) differ from type (ii) by fifteen 
mass units.

(b) N-terminal fragments
Positive ion N-terminal amide ion: cleavage between 

the N-Cr[ bond, with proton transfer and charge retention 
on the N-terminus, i.e.

0 HII 1
C - N -  C H ------------------ - C 0 0 H

R

H2N-

H
t_____ i

$

n2 n * C-M H 2 H

Other authors have observed other N-terminal charge
retention processes. With small rather hydrophobic peptides 
Morris et al, 1982, Barber et al, 1981b, observed important 
N-terminal acylium ions, viz:-
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NH ^ ■Nl-C Hi
R

H

C 0 0  H

y

N H ; c=o

Cleavage can also occur across the Ca -CO bonds to 
produce N-terminal alkyl sequence ions:-

N H , ■C HI
R

0 IjII I
■ C - N - C HI

R'

C O  OH

V

N H ^ ------------------C H R

To summarise; in a positive FAB-ms spectrum of a peptide 
any backbone bond can be cleaved, with charge retention at 
either the N- or C-terminus. In some cases one cleavage 
predominates, but more often characteristic clusters of 
sequence ions are seen, which have the appearance given in 
figure 1.3.1.
1.3b Negative Ion Fragmentation Modes

Similar negative ion fragmentation modes are seen as 
in positive ion fragmentation. The three major fragments 
are:

(1) Negative ion C-terminal amine sequence ion:- 

I N H 2- C H R -------- C 0 O H  - H + f



Nl Terminal ions.

d
— 15—

G

C Terminal ions

Fig 1.3.1 Typical fragment ion clusters seen in the 
positive FAB spectra of peptides.

a. N-terminal alkyl o rC a -C O  cleavage ion.
b. N-terminal acylium ion.
c. N-terminal amide ion.
d. C-terminal ammonium ion.
e. C-terminal alkyl ion.
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(2) Negative ion C-terminal alkyl sequence ion: -

[ CH2 R-C 0 ------ C O O H -H V

(3) Negative ion N-terminal amide sequence ion:-

[NH2 -------------C 0NH2 -H+1"

(Barber et al, 1981b, Morris et al, 1982, Williams et al, 1982)
These ions occur two mass units below their equivalent 

ions in positive FAB spectra.
To interpret a peptide FAB spectrum it is important to 

understand that sequence ions for underivatised peptides arise 
from cleavages across any peptide backbone bond. Normally, 
sequence ions occur as clusters (figure 1.3.1), which allow 
the N-terminal and C-terminal sequence ions to be distinguished. 
The relative intensities of the fragment type, however, will 
vary; thus, with enkephalins the N-terminal acylium ion is 
prominent, and the amide ion weak (Morris et al, 1982, Barber 
et al, 1981b); with substance P, the opposite is true (Williams 
et al, 1982) .

The fragmentation pathways resemble those encountered 
in C .I. of N-acetyl permethyl peptides (Gray, 1972), in which 
the N-terminal acylium ion, and the C-terminal ammonium ion 
are also encountered. It is probable that, as in C.I., 
protonation of the peptide backbone initiates the fragmentation 
process (Morris et al, 1982). As mentioned above, side-chain 
cleavages occur (Barber et al, 1981b), but these are not in 
general strong, and do not interfere with interpretation of 
the sequence.
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It should be pointed out that, despite the advantages 
of FAB-ms in peptide sequencing, it rarely provides a complete 
sequence. As a consequence, strategies have to be developed 
to obtain maximum information from the peptide. In some 
cases the ambiguities in a FAB spectrum have been overcome 
by using the older techniques to fill gaps in the sequence 
assignment. The zervamicins are a case in point (Rinehart,
1981). In other instances FAB has been used only as an 
adjunct to older techniques. This is particularly illustrated 
in the work of the M.I.T. group (e.g. Carr et al, 1982,
Sarny et al, 1983), who have used FAB-ms to resolve ambiguities 
encountered in the gc-ms method of peptide sequencing.

When the work described here began, studies on standard 
peptides had shown that FAB-ms was potentially very powerful. 
There had been very few applications. FAB-ms had been 
successfully used to locate a modification to the pituitary 
peptide a-MSH, (Dell et al, 1982), but beyond this no work 
had been performed on biological extracts. Shortly after 
the project began, the sequences of several antibiotic 
peptides, the zervamicins, were published, using a strategy 
that relied heavily on FAB-ms (Rinehart et al, 1981) . Some 
methodological problems remained to be resolved, particularly 
the mass limitation of FAB ionisation. The overriding aim 
of this project was to probe the scope of FAB-ms as a tool 
in the study of peptides. To illustrate this, three areas 
will be discussed. Firstly, the technical limitations, in 
terms of mass range, and, to a lesser extent, sensitivity 
(Chapter 2), then the use of FAB-ms in sequence assignment 
(Chapter 3), and, finally, the use of FAB-ms as a more 
general tool in the analysis of biological extracts (Chapter 4)
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CHAPTER 2

SOME METHODOLOGICAL CONSIDERATIONS OF FAB ms 

Part I. The Analysis of Peptides at High Mass

2.1 Introduction
The fundamental equation of magnet sector mass

spectrometry, m/z = B2 R2/2V*, imposes a finite limit on
the mass range of a given instrument. To overcome this
limit (on many instruments it is as low as 1000 daltons)
two approaches evolved. Firstly, B and/or R were increased,
and most instruments currently working at high mass are
"high field" spectrometers, i.e. large B (Morris et al,
1977). Instruments with large magnetic radius have been
used with some success (Wada et al, 1981) , but possess
disadvantages, including increased cost.

The second option is to abandon the use of magnets
entirely. This has been achieved with plasma desorption -
time of flight mass spectrometry (Chapter 1). P.D.M.S.

125has achieved some spectacular successes. With I plasma
desorption, molecular ions have recently been observed
from the principal neurotoxin of Naja naja siamensis (7821

252daltons), and with Cf-pdms from a 13,309 dalton toxin 
(Hakansson et al, 1 983 , Kamensky et al, 1 983) . This greatly 
exceeds the normal operating range of a magnet sector 
instrument. At present, however, the accuracy is low; 
obtained and calculated masses differ by between 20 and 40 
mass units. In both cases, dimers and trimers were observed

•k where m/z is the mass to charge ratio; B the magnetic field 
strength, V the accelerating voltage and R the radius of the
magnet sector
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up to c.30,000 daltons, indicating that the time of flight 
principle is capable of handling very large ions indeed.

The experiments reported below were performed on a 
high field mass spectrometer (Morris et al, 1 977) . At their 
introduction the high field magnets greatly outstripped the 
capacity of available ionisation techniques. This changed 
with the introduction of FAB, which was soon shown to be 
capable of ionising peptides and oligosaccharides up to, and 
beyond, 3000 daltons (Dell and Taylor, review, 1984). The 
spectra of, for example, mellitin, at 3000 daltons, which 
were remarkable at the time, were only portents of the new 
mass limits in FAB-high field mass spectrometry. Dell and 
Morris, 1982, ionised bovine insulin, at 4kV, accelerating 
voltage (note that m /z °< 1/V; sensitivity cx V) and produced 
spectra at 5,730 daltons. Similar results were obtained on 
insulin in other laboratories, and other 5000-6000 dalton 
peptides have been mass analysed (Dell and Taylor, review,
1984). These spectra were often, although not always, 
poorly resolved, but even so, useful results could be 
obtained by locating the centroid of the molecular ion cluster. 
Clearly, the mass range of the FAB-high field magnet combi
nation was very much higher than any other magnet sector based 
technique. It has been demonstrated recently that, under 
special conditions, the mass range can exceed 9,000 daltons 
(Barber et al, 1 983) . This is discussed further in the 
conclusion to this chapter.

Given the ability to mass measure peptides at masses 
above 6,000 daltons, new classes of compound become accessible 
to direct mass spectral analysis. Notable among these are 
pro-hormones, many animal neurotoxins, and some protease 
inhibitors. It is important to show that high mass measurements
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can be usefully applied as part of a structure determination 
experiment, rather than simply measuring the molecular 
weights of standard compounds whose mass is known in 
advance. To do this it was necessary;
(1) To obtain spectra using rapid scans across several 
thousand mass units, so that only a minimum knowledge of 
the size of the peptide needs to be assumed in advance. (See 
conclusion).
(2) To develop an optimal protocol for obtaining molecular 
weights of large peptides.
(3) To demonstrate, in practice, that the molecular weights 
of unknown peptides can be reliably estimated.

Snake venom neurotoxins were convenient model compounds 
on which to develop our techniques. These were readily 
available, fell within the correct mass range, and, in some 
cases, had already been studied by plasma desorption mass 
spectrometry, so that comparative data was available.

2.2 Materials and Methods
For experiments conducted between 8 and 4 kV accelerating 

potential there is a linear relationship between the molecular 
ion intensities and the accelerating voltage. There is a very 
steep drop in sensitivity below 4 kV (see figure 2.1), so that, 
when tuning the instrument for work at high mass the first 
priority is to obtain maximum sensitivity. The most satis
factory tuning procedure was to tune at 3 kV on the vitamin 
B12 m/z 1329 signal, using only electronically operated 
controls such as beam centring, ion energy, etc. The source 
and collector slits were then adjusted using insulin as the 
standard. Slit widths were adjusted to give the greatest
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Fig 2.1 PEAK HEIGHT ( EXPRESSED AS %  OF PEAK HEIGHT AT 8KV ) 

AG A IN ST  ACCELERATING VOLTAGE FOR V ITAM IN  B 12.



is

sensitivity. This does not mean they were opened completely 
since peak spreading with minimal resolution can reduce the 
apparent sensitivity. If sufficient material was available 
the tuning procedure could be continued on the sample itself, 
successively closing the slits between runs until the signal 
was lost.

The 'following polypeptides were studied:
(1) a -Bungarotoxin ( a-BuTX)
(2) Naja naja siamensis neurotoxin (NNS)
(3) Dendrotoxin (DTX)
(4) Tityus toxin (TTX)
(5) Naja naja siamensis venom
(6) Dendroaspis venom
The molecular weights were calculated from published

sequences (see table 2.1), using the chemical average molecular 
weight of the amino acids. The molecular weights are corrected 
to the nearest integer.

Samples were loaded as for a normal low mass experiment 
using a mixed glycerol: thioglycerol (circa 2:1) matrix which 
gave good sensitivity and prolonged probe lifetime. Spectra 
were obtained using a linear mass controlled scan set to cover 
the complete mass range (8,800-10) in 300, 500 or 700 seconds. 
The spectra were calibrated against Csl cluster ions. In all 
other respects spectra were obtained as at 8 kV Vacc. (See 
Materials and Methods, Chapter 5).

7984 dalton 
7821 dalton 
7048 dalton 
Unknown 
Mixture 
Mixture

2.3 Results
The spectra of high mass peptides acquired at low 

accelerating voltages and very low resolution show characteristics 
not seen in normal, lower mass spectra. Discrete ions are no 
longer seen; instead, there is a broad summation of ions
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covering up to 300 mass units, which centres on the 
molecular weight of the polypeptide. In some cases, 
depending on the resolution, and the quantity of material 
used, a defined centroidal peak is present. The centroidal 
peak defines the isotopically averaged molecular weight of 
the peptide.

In figure 2.2 a low resolution spectrum of the 
principal neurotoxin of Naja naja siamensis is shown. There 
is no centroidal peak, so the molecular weight must be 
estimated from the inflection in the ion distribution where 
it ceases to rise and begins to fall. In the spectrum shown 
this was estimated at 7824, giving a molecular weight of 7823, 
remarkably close to the calculated isotopically averaged 
molecular weight, 7821.

As mentioned earlier, the spectra sometimes show 
a defined centroidal peak, and this can be seen in the 
spectrum of a-Bungarotoxin reproduced in figure 2.3. The 
estimated position of the centroid is 7977, although the 
high noise level, which is simply a result of using too 
rapid a response time, makes the estimation slightly more 
difficult than normal. It is clearly very important to 
ascertain the reproducibility of the molecular weight 
estimations. To this end six separate measurements were 
made on a-Bungarotoxin. The molecular weight estimates 
were; 7979, 7982, 7979, 7977, 7978 and 7980, giving a mean 
of 7979, with a standard deviation of 1.6, and a scatter of 
5 mass units. In only one case was a defined centroid 
present. The molecular weight obtained experimentally is 
five mass units below the calculated molecular weight, at 
7984 daltons. In every molecular weight estimate made on
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Fig 2. 2

Neuro toxin from Naia naia siamensis: Positive FAB; 3KV.
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Fig 2. 3 The molecular ion region from a full scan ( 8000 - 10 in 
300 seconds ) FAB spectrum of a-BuTX.
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a-BuTX, including many not reported here, the experimental 
value was slightly, but significantly, short of the 
calculated value. This can be explained as the existence 
of sub-species variation, a phenomenon already observed 
among the elapid snake toxins.

The results reported above show that it is 
possible to obtain a consistent molecular weight estimate 
using a rapid scan over several thousand mass units, and 
without assuming prior knowledge of the peptides' size.

To fulfill the second of the criteria above, 
the spectra of dendrotoxin was examined in some detail.
Three typical low resolution scans of DTX, obtained on 
separate samples, are reproduced in figure 2.4. Once again, 
the centroidal peak is absent, but a molecular weight 
assignment of between 7045 and 7050 can be confidently made. 
For many purposes this may well suffice. It should be noted 
that the three spectra are virtually superimposable. There 
appears to be a secondary peak at higher mass which was 
measured to approximately 7153, i.e. 105 mass units higher.
The second peak is not well defined but is probably a thio- 
glycerol adduct (i.e. +108).

Having located the molecular ion region, there are 
a number of ways of refining the data. The slits can be 
reset to increase resolution, and the sensitivity improved 
by scanning very slowly across a small region (i.e. a 'narrow' 
scan). Narrow scans are achieved using the integrating scan 
mode of the ZAB-HF mass spectrometer. An example of such a 
scan, using dendrotoxin, is shown in figure 2.5. Roughly 
200 mass units were scanned in 100 seconds. The centroidal 
peak is now extremely well defined, and gives an [M+H] +
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Fig 2.4 Three full scale scans of dendrotoxin, positive FAB, 3KV accelerating volts.
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Fig 2.5 'Narrow' scan of dendrotoxin, positive FAB 3KV accelerating volts,

c. 200  mass units scanned in 100 seconds.
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estimate of 7049±1 . This is identical to the calculated 
molecular weight of 7048. It is almost certain that by 
employing computer methods to locate the centroid, and, 
perhaps, to perform signal averaging, the error limitations 
could be removed. We did not possess the software to test 
this hypothesis. It is possible to enhance the sensitivity 
further by using more appropriate accelerating voltages; 
for example, dendrotoxin, at c.7000 daltons, can be studied 
at 3.6kV rather than 3kV.

To summarise, accurate data on the molecular weight of 
an unknown high mass peptide can be obtained firstly by 
locating the molecular ion using very low resolution rapid 
broad scans over several thousand mass units. This gives 
data with a five mass unit scatter. Quantities permitting, 
once a rough molecular weight is determined, the answer can 
be refined by using a narrow scan, at a non-integral 
accelerating voltage (i.e. the procedure of Barber et al, 
1983), at higher resolution.

The measurements above were performed on 50-100 ng of 
peptide. It was important to know the detection limits at 
high mass. Using 3.6kV accelerating voltage, 14|ig, (i.e.
2 nanomoles) of DTX could be detected in a linear full scale 
scan (figure 2.6). The quality of the data at this level is 
poor, but reproducible. The success of measurements below 
50|ig is, however, not always predictable. For example, in 
the s&me set of sensitivity trials, one sample of 35|ig DTX 
failed to give signals. In conclusion, the sensitivity in 
absolute terms is at the 2 nanomole level, but 50 to 100 |ig 
are necessary to be confident of obtaining a result.

In the studies on DTX it was observed that, at 8kV, low
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Fig 2.6 The sensitivity limit with dendrotoxin scanned at 3kV accelerating potential 

over 8000 mass un its in 300 seconds. 14pg ( 2 nmole ) of toxin were used, the upper trace 

is a ren times amplification of the lower. The molecular weight of dendrotoxin is 7048 daltons.
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mass fragment ions were present, defining fourteen residues 
of sequence. These spectra show that partial sequence data 
can be obtained on large peptides in exactly the same way as 
for smaller peptides. From the preliminary data on insulin 
(Dell and Morris, 1982), this result was unexpected. An 
interesting feature of the dendrotoxin spectra (figure 2.7) 
is an unreported cleavage mode which occurs 26 mass units 
above some of the N-terminal amide ions (see Introduction, 
1.3a). The following structure may be proposed for these 
ions:-

O O
N H 2 C H R -------------------- C -N H -C H -C -N H -C H  + H +I II

R„ CH 2

Their formation must involve a double cleavage across 
both peptide backbone and sidechain. Equivalent +26 ions 
are not seen for the acylium, or N-terminal alkyl ions 
(which are prominent), so we believe a concerted side-chain/ 
backbone cleavage reaction occurs at the C a -CO bond. In 
dendrotoxin the cleavage tends to occur after arginyl bond 
cleavages, but in 1 ̂ -MSH, the only other peptide in which we 
have seen this cleavage, it occurs at each of the following 
bonds:-

Arg- Trp- Asp- A rg-
7 1 0

-MSH is a large peptide of molecular weight 2944 daltons. 
The sequence of all the peptides examined so far were 

known. Tityus toxin is a scorpion neurotoxin whose sequence 
is only partially known (Possani et al, 1981). A spectrum
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Fig 2.7 The positive FAB spectrum of
dendrotoxin at 8 KV accelerating
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of the toxin was obtained using linear full scale scans at 
3kV, from 8,000 daltons down. Two molecular ion regions 
are reproduced in figures 2.8a and 2.8b. The molecular 
weight estimates are 6993 daltons and 6996 daltons. In 
one spectrum a second peak was observed, but this was not 
reproducible. Once again, the molecular weight estimates 
are within 5 mass units of each other. This result fulfils 
the third, and most important, requirement, the ability to 
mass measure a genuinely unknown peptide above 6,500 daltons. 
The result could not be refined because of lack of material.

Venoms are complex mixtures of proteins and peptides. 
Mixture analysis by FAB is unpredictable since some peptides 
suppress the ionisation of others. The venoms provide an 
interesting opportunity to examine the behaviour of complex, 
naturally occurring mixtures at high mass. A spectrum from 
the venom of Naja naja siamensis is shown in figure 2.9. Note 
the complete absence of a signal corresponding to the principal 
neurotoxin at m/z 7822. This toxin occurs at the 30% total 
protein level (Karlsson et al, 1971). Instead, there is a 
peak centring on m/z 6715, with a shoulder extending to about 
7015. The shoulder covers the area expected for minor neuro
toxic components present at the 1-4% protein level, with 
molecular weights 6798, 6875 and 6985. Once again we are 
presented with an unknown peptide of mass greater than 6,500. 
This was re-examined using a more appropriate accelerating 
voltage, 3.6kV, and with the slits narrowed to improve 
resolution (figure 2.10) . A defined centroid was observed 
at m/z 6693. The difference in mass corresponds to a sodium 
adduct, and was effected by running the 3.6kV spectra in 0.1M 
HC1 rather than 5% acetic acid. It is very probable that the 
resolution could have been considerably improved without losing 
the signal.

29
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Fig 2.8 Tityus toxin , positive FAB at 3 KV accelerating potential

Trace a. scanned at a rate of 300 seconds over 8000 mass units. 

Trace b. scanned at a rate of 500 seconds over 8000 mass units.



Fig 2.9 The positive FAB spectrum of whole venom from Najo najo siamensis at 3KV accelerating voltage.

6715
. , 1

6M5 6715 7015 73)5
-I--- 1----1----1--- 1----1----1----1----1 i i----1----1----1____i »____|___ |___ )

Anticipatated region of 
principal neurofoxin [M+H ]+ions.

78 23 
*

7915» 82)57615>__

coK>



33

6913
l

6562 6662 6762 6862
_ _ l _____ I_____ I 1 I_____ I_____ I_____ L

MOLECULAR ION REGION, POSITIVE FAB, 3-6KV 

OF VENOM FROM NAJA NAJA SIAMENSIS.

FIG 2.10



34

Venom from dendrotoxin gave a similar result. No 
signal could be observed from dendrotoxin, but a lower 
mass signal was observed centring around m/z 6,900. This 
suggests that, at high mass, the effects of suppression are 
even more significant than at low mass. It would be tempting 
to speculate that the lower mass components tend to suppress 
the heavier components, but it is rather early to make such 
generalisations.

2.4 Discussion
The results presented show that FAB-ms is a potentially 

useful way of mass analysing peptides above 6,500 daltons, 
and it is instructive to compare these results with those 
presented in the literature and obtained by other methods. 
These are tabulated below (Table 2.1). Despite the very low 
resolution in our spectra FAB-ms is consistently more accurate 
than any other method. Provided that 50-1 00 |ig of material 
is available for analysis, FAB-ms (even on existing instru
mentation) is a competitive method for mass analysing peptides 
of unknown structure up to 9,000 daltons.

The heaviest peptide yet mass measured by FAB-ms is 
human pro-insulin, M.Wt.9,390 daltons (Barber et al, 1983). 
Although we were aware of this work when the decision was 
taken to use the neurotoxins as suitable compounds for high 
mass analysis, the details had not been published. There 
are important differences between the approach of Barber et 
al, and that outlined above. The proinsulin measurement was 
accomplished by scanning across the molecular ion region very 
slowly (300 mass units in 180 seconds). To do this the 
molecular weight of the peptide must be known to ±150 mass



Table 2. 1. A COMPARISON OF SEVERAL DIFFERENT METHODS FOR MASS ANALYSING 8000 DALTON PEPTIDES.

PEPTIDE CALCULATED 
M . wt .

AMINO
ACID ANALYSIS

SEDIMENTATION
EQULIBRIUM

PLASMA
DESORPTION FAB

DENDROTOXIN 7048 (a) 7077(a) 6500(a) - 7049

N .N.S . 782 1 (b) 7820(b) 8000(b) 
8100(b)

7861(c) 7824

« BUTX 7984 (d)
7840(d) 
7943 (e ) 
7904(f)

- - 7979

References : (a) Harvey and Karlsson, 1982
(b) Karlsson et al., 1972
(c) Hakensson et al., 1983
(d) Meb s e t a1. , 1971
(e) Meb s e t a 1., 1972
(f) Clark et al. , 1972
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units in advance. This condition precludes its application 
to peptides whose structures are uncertain.

2.5 Conclusion (part I)
In 1982 a review article (Feneslau, 1982) remarked that 

mass spectrometry above 4,000 daltons could be, "classified 
as heroic". The work reported here, and that of Barber et 
al, 1983, on human proinsulin, suggests that the judgement 
was premature. We have developed a protocol to mass analyse 
peptides of unknown structure, up to, and beyond, 8 , 0 0 0  
daltons. The molecular weight is located to within 5 mass 
units, using rapid, low resolution scans across several thou
sand mass units. The result can be refined by a slow, narrow 
scan, at higher resolution, and, when appropriate, at higher 
accelerating voltages. The technique was validated using 
the neurotoxins DTX, a -  Bu TX and NNS, whose molecular weights 
were known in advance. The scorpion toxin,Titvus toxin, was 
also mass analysed. To my knowledge, this is the first time 
FAB-ms has been used to obtain the molecular weight of an 
uncharacterised peptide above 6,000 daltons. The strategy 
is equally applicable to any mass spectrometer operating at 
the limit of its mass range.

There has recently been a concerted effort to increase 
the mass range of magnet sector instruments still further.
It is not appropriate to discuss these developments here 
other than to say there are, as yet, no published spectra 
of high mass organic molecules obtained on these instruments. 
High mass magnet sector instruments with full sensitivity 
at c.1 0 , 0 0 0 daltons may provide accurate molecular weights 
at over 30,000 daltons. In this way it may prove possible to 
rival the mass range of time of flight mass spectrometry.
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The results discussed above go some way to consolidate the 
use of FAB-ms at high mass (i.e. >6,500 daltons), and show 
that it is an appropriate technique for the mass analysis 
of unknowns.

Part II
Part 2. Sensitivity Studies Conducted at 8kV Accelerating 

Voltage
In this section a number of observations will be made 

on the sensitivity of FAB-ms of peptides. Sensitivity will 
be defined as the threshold concentration below which a 
peptide cannot be confidently detected. The measurements 
were made at widely different times, and do not, therefore, 
form a methodical body of data, nevertheless they were 
important in determining the course of later experiments 
(see Chapter 4).

The VG-ZAB-HF mass spectrometer differs from many others 
in possessing off-axis ion detection. This means that ions 
have to be deflected from their flight path into the detector, 
and to do this a 'post-acceleration1 voltage (normally 5kV) 
is applied. During the course of this project, the Imperial 
College VG-ZAB-mass spectrometer was fitted with a variable 
(from 0-15kV) post acceleration at the collector. The effect 
this had on sensitivity is shown in figure 2.11. A and B 
were taken at 12.5kV, post-acceleration, C was taken at 5kV.
At 5kV 0.5 pMole of substance P was the limit of confident 
detection, at 12.5kV 0.1 pMole was readily detected, and 
(rather poor) signals were obtained at lower concentrations.

To obtain molecular ions at the picomole and subpicomole 
level, the area of the matrix to its volume must be as large
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1347
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g 2.11 Examples of positive FABms at sub- pjcomole levels.

A. 12.5 KV post-acceleration at the collector

using 0.1 pmol Substance P.

B. 12.5 KV post-acceleration at the collector,

using 0.05 pmol Substance P.

C. 5 KV post-acceleration at the collector, 

using 0.5 pmol Substance P.
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Fig 2.12 Examples of FABms of peptides in the low picomole range,

a. and b. Show the decay in signal intensity with time of 2 pmoles of a MSH 

from time zero, ( a. ), to time =45 seconds. The molecular ion of a MSH is 

at 1664,

c and d. show an acetylation experiment on 2 pmoles of Substance P i n a

glycerol matrix; c. is the signal before, and d, is the signal after the reaction.
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as possible, i.e. as little matrix as will afford a FAB 
spectrum must be used (circa 2.5|il for a surface of roughly 
6mm2) . Under these conditions molecular ion half lives are 
short (c.f. S.I.M.S.). This is illustrated in figure 2.12(a) 
and (b), where the half life of a 2 picomole sample of a-MSH 
in glycerol is less than 45 seconds. With some practice it 
is possible to trade sample lifetime against sensitivity such 
that simple experiments can be performed. In figure .2.12 (c) 
and (d) , 2 picomoles of substance P were acetylated on the 
probe. The acetylated product can be observed at about 
two times background sensitivity.

The sample itself has an influence on sensitivity. At 
5kV post acceleration somatostatin could not be confidently 
detected at much below 2 pMoles, and at 15kV cr-MSH could be 
confidently detected at the picomole level, but only with 
difficulty below this. In complete contrast '/■$ -MSH provided 
strong molecular ions only at the nanomole level.

It is very important to realise that these sensitivities 
do not reflect those likely to be obtained from a biological' 
sample. The peptides used were very pure, and taken directly 
from a stock solution, so that the problem of reconstituting 
a dry sample into a very small volume (only 2-3p,l can be 
loaded into the matrix) was not encountered. The low half- 
life requires that the spectrum is only scanned close to the 
molecular ion, and this is an unreasonable constraint in the 
case of an unknown (see part I). No sequence data is 
obtained at the low picomole level. It is worth remembering 
that by scanning the spectrum only a fraction of the ions at 
a given mass are detected.

In conclusion, FAB-ms of peptides is capable of sub- 
picomole sensitivity, but under very restricted conditions.



Sensitivity, in practice, will be limited by handling 
factors, and sample purity.
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CHAPTER 3

PSEUDOBACTIN-LIKE SIDEROPHORES

3.1 Introduction
Deprived of iron, certain pseudomonad bacteria 

secrete water soluble, fluorescent yellow-green pigments 
which are now known to be siderophores (fig. 3.1.1). These 
pigments are peptides. This chapter is concerned with the 
structure elucidation of a number of these siderophores.

3.1.1 The Properties of Siderophores
All organisms, whether simple or complex, must possess

an efficient iron sequestering mechanism in order to survive.
Although iron is the most abundant transition metal at the
earth's surface, its availability to living systems is
enormously diminished by the tendency of the ferric oxidation
state to form highly insoluble polymers of Iron III hydroxide

—38(solubility product, Ks^ 10 M, Biedermann and Schindler, 
1957). To overcome the intrinsic insolubility of environmental 
iron, micro-organisms secrete and subsequently reabsorb small 
iron chelating ligands, collectively known as siderophores.
The affinity of siderophores for iron is remarkable; the 
formation constant, k^, defined as [Fe (SID)]/ [Fe^+ ] [SID] 
and expressed in log form, is 52 for enterobactin, greater 
than any known compound, and clusters at around 30 for the 
remaining siderophores (Raymond and Carrano, 1 979) . The 
metal-siderophore complex is very specific for Iron III; 
other chelates, such as the chromic complex, only form when 
iron is totally excluded.

Ionophores, which are also produced by micro-organisms, 
chelate metal cations, often with some degree of specificity,



The yellow-green fluorescent peptide siderophore 

photographed under u. v light and showing strong 

fluorescence, c. 50 pg /  ml.



44

but ought not to be confused with siderophores, since the 
latter have no intrinsic membrane permeability, and enter 
the cell only by an active, receptor based process amenable 
to metabolic poisoning (Emery, 1971). Experiments with 
ferrichrome indicate that the receptor accepts only the 
metal-siderophore complex, preferably the iron Ill-chelate, 
although aluminium and gallium complexes are also accepted 
(Emery, 19 71) . Many experiments have studied the stereo
specificity of the receptor which is in general very high 
(Emery, 1982). As will be discussed in section 3.1.2, most 
siderophores consist of three bidentate ligands, which can 
dispose themselves in an octahedral complex as cis- or trans- 
geometrical isomers having A - or A "optical activity.* This 
gives rise to four co-ordination isomers, A -cis, A -trans, 
A-cis, and A-trans (Raymond and Tufano, 1 982) . The 

stereo-specificity of the receptor is such, that for a 
detailed appreciation of the structural basis of iron trans
port, the co-ordination geometry, as well as the primary 
structure, must be established.

The synthesis of siderophores and their receptors is 
modulated negatively by iron, despite which transport 
continues even at high iron levels (10|uM) through a sidero- 
phore independent "low affinity uptake system", whose com
ponents have yet to be fully defined (Neilands, 1981b).

3.1.2 Structural Aspects of Siderophores
(a) Hydroxamate Siderophores

The structures of most of the siderophores characterised 
before 1980 have been reviewed by Neilands, 1981a. The

* A = laevorotatory, and A = dextrorotatory; see Cotton and
Wilkinson, 1976.
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chelating groups tend to be hydroxamates or catechols, 
although there are some exceptions. The first siderophore 
to be characterised was ferrichrome (Neilands, 1952), a tris- 
hydroxamate belonging to a family with the general formula

—  Rj - R£ - R 3- 6 N Acyl- O H - Orn- & N acyl- O H - Orn- & N  Acyl O H - Om —

where and can be glycine, alanine or serine, and
the acyl group is derived from one of a number of small car
boxylic acids. The stereochemistry of ferrichrome A 
(A. Zalkin et al, 1966) and ferrichrysin (R. Norrestam et 
al, 1975) in the crystalline state was defined as A-cis, 
and likewise, the A isomer predominates in solution 
(circular dichroism, Abu-Dari, and Raymond, 1977).

The use of N-acylated hydroxy ornithine as the 
hydroxamate group is a recurrent feature in siderophores; 
it occurs again, for example, in rhodotorulic acid (Rha), 
a cyclic dipeptide of hydroxy ornithine.

OH
C H 3 C 0— IsJ— -C H 2>3

C H2)b-N-CO-CH3 
OH

This is a particularly interesting siderophore 
since it contains only two bidentate ligands and is, as a 
consequence, believed to form a polymeric complex [Fe (III)? 
(Rha)^]. Dimerumic acid is another very similar compound, 
and coprogen is a related siderophore, in which a third 
N-acyl-hydroxy-ornithine is linked to dimerumic acid to give 
three bidentate ligands (see Neilands review, 1981a). The
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fusarines extend this theme, being linear trimers of N-acyl 
hydroxy ornithine linked together via ester linkages between 
the carboxylic and an alcohol function on the acyl sidechain. 
The remaining major class of purely hydroxamate siderophores 
are the ferrioxamines (Neilands, review, 1981a, and van der 
Helm et al, 1976 for the X-ray structure) which are not based 
on ornithine and include the antibiotic ferrimycin (Keller- 
Schierlen, 1976).

Hydroxy acids, and in particular citrate, may act 
as siderophores in some species (Frost and Rosenberg, 1973).
The efficacy of citrate is much enhanced by attaching other 
ligands to it. Aerobactin, for example, consists of a single 
citrate backbone linked to two N-acetyl hydroxyornithine 
residues, and schizokinen and arthrobactin are very similar 
(Neilands et al, 1981a). Harris et al, 1979, demonstrated 
that the chelating moieties of aerobactin consisted of both 
the hydroxamates and the hydroxy acid of citrate.
(b) Catechols

Siderophores based on the catechol function are 
known to exist only among the bacteria. The prototypic 
catecholate siderophore, enterobactin, was characterised 
independently by O'Brien and Gibson, 1970, and Pollock and 
Neilands, 1970, and is a cyclic triester of 2,3, dihydroxy 
N-benzoyl-L-Serine. By comparing the C.D. spectra of chromic- 
enterobactin against resolved chromium tris(catecholato)- 
complexes a A -cis conformation was proposed (Raymond and 
Carrano, 1979).

Agrobactin, the siderophore of Agrobacterium 
tumefaciens, is a somewhat more complex catecholate siderophore
based on a spermidine backbone:
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R = OH, Agrobactin 

R = H, Parabactin.

The third ligand is believed to be derived from the 
phenyl hydroxide and the oxazolinone nitrogen (Neilands, 
review, 1981a).

The examples taken above are typical members of the 
major classes, and illustrate most of the general features 
exhibited by microbial iron chelators. In every case, the 
ligands are bidentate to take advantage of the well known 
chelate effect whereby three bidentate ligands form a more 
stable complex than six unidentate ligands, and a single 
hexadentate ligand forms a more stable complex still (Cotton 
and Wilkinson, 1976). A 1:1 stoichometry between metal and 
siderophore is favoured, but as shown by rhodotorulic acid, 
this need not always be the case. Four types of chelating 
group have been identified; hydroxamate and catecholate
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ligands are the most common, but hydroxy acid and phenyl- 
oxazolinone chelation centres also occur.

Despite the kinetic lability of iron co-ordination 
complexes, each siderophore species manifests a single well 
defined co-ordination geometry. No universally preferred 
configuration exists, however, as illustrated by ferrichrome 
(A -cis) and enterobactin (a -cis, see above). In all cases 
the iron is in its high spin d~5 state (Raymond and Tufano,
1982) .

3.1.3 Biological Aspects of Siderophores
Three limiting mechanisms have been defined for iron 

transport (Leong and Neilands, 1 9 76) :
(1) The Fe-siderophore releases iron to a membrane 

bound acceptor.
(2) The Fe-siderophore enters the cell, iron is 

released by a reductase enzyme, and the desferri- 
siderophore is re-excreted.

(3) The Fe-siderophore enters the cell, and is chemi
cally degraded, releasing iron in the process.

These possibilities can be distinguished by studying
55the distribution of label using Fe-siderophores or 

1 4Fe- C-siderophores. For example, ferrichrome 
follows a reductase pathway (type 2, Leong et al, 1974), 
and enterobactin follows the type 3 pathway (Raymond and 
Carrano, 1979, Frost and Rosenburg, 1974).

Micro-organisms are not confined to using a single 
siderophore. E.Coli, for example, synthesises enterobactin, 
possesses an iron-citrate receptor, and can transport, but 
not synthesise, iron-ferrichrome (Neilands, review, 1981b). 
The ability to use foreign siderophores may be important in
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monopolising the iron resources of an ecosystem and suppressing 
competition.

From a practical point of view, the iron chelating 
ability of siderophores has been used to model synthetic 
siderophores. These are clinically important to clear the 
circulation of iron in patients suffering from thalassemia 
or iron poisoning (iron is the sixth most common domestic 
poison in the United States). Very recently, spermidine 
based siderophores have been shown to have an anti-neoplastic 
and anti-herpetic activity. This was ascribed to inhibition 
of the iron containing enzyme ribitol dehydrogenase, which is 
essential for DNA but not RNA synthesis (Bergeron et al, 1984).

3.2 Structure of Yellow Green Fluorescent Pigments
3.2.1 Background
The fluorescent Pseudomonads are ecologically rather 

diverse. A few are pathogenic, notably Ps. aeruginosa, the 
causative agent of "blue pus", and others may be phytopathogens 
(for example Ps. syringae). Interest in the siderophores 
of fluorescent pseudomonads has been considerably stimulated 
by the discovery that certain pseudomonads (referred to as 
plant growth promoting rhizobacteria) colonise the roots of 
potato, sugar beet and radish to bring about an increase in 
yield in some cases of over 40% (Kloepper et al, 1980a). In 
the laboratory the same effect can be demonstrated by replacing 
the bacteria with its fluoroscent siderophore (Kloepper et al, 
1980b), and it is very likely that the pseudomonads exert their 
growth promoting activity by depriving other, pathogenic 
microorganisms of iron. The plant growth promoting rhizobacteria 
are effective in controlling Fusarium Wilt and Take All Disease,
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and may be useful in controlling Dutch Elm Disease.
Fluorescent Pseudomonad siderophores were first 

isolated at the University of Strasbourg and proved to 
be chromophoric peptides blocked at both termini and 
resistant to proteolytic enzymes. The extraction procedure 
involved preparing a crude extract of the incubation medium 
by differential solubilisation in organic and aqueous solvents. 
The crude extract was purified by ion-exchange on CM-sephadex, 
and the desferri-siderophore isolated by acid, followed by 
8-hydroxy—quinoline in chloroform, which chelates the iron.
This procedure has been improved on by incorporating HPLC 
(Meyer and Abdallah, 1978) . Label incorporation studies show 
that the fluorescent pigments are transported into the cells 
along with iron (Meyer et al, 1 9 78) .

The structures of two fluorescent Pseudomonad siderophores 
have been published. The first (M. Teintze et al, 1981) is 
called pseudobactin, and is from a plant growth promoting 
strain, Pseudomonas B10. The peptide sequence was determined 
by manual Edman degradation, and the structure of the chromo- 
phore, and the full stereochemistry, established by X-ray 
crystallography on the whole molecule (figure 3.2.1a). Since 
the chromophore is linked through the e-nitrogen of lysine, a 
free lysyl a-amino group is available to react with PITC in 
the first cycle of Edman degradation, releasing a fluorescent- 
lysyl-ATZ derivative and a non-fluorescent peptide _which can 
be taken through repeated Edman degradative cycles. The 
choice of Pseudomonas B10 proved rather fortunate, since all 
other pseudomonad siderophores which have been studied to date 
lack the free cc-amino function.

The X-ray structure defined the chromophore as a 2,3,
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diamino, -6-7, dihydroxyl, quinoline derivative with a
succinamide side chain (figure 3.2.1a), and gave the
co-ordination geometry as a distorted intermediate between
a trigonal prism and an octahedron. Of the sixteen possible
optical and geometrical isomers only one, a A-isomer, was
observed in the crystal, and C.D. spectra indicated that this
was the major isomer in solution. A second, non fluorescent
siderophore, was isolated from the same source and defined by 
1 13H-NMR and C-NMR as pseudobactin saturated at carbons 3 and 
4 of the chromophore (M. Teintze et al, 1981b) . This variant 
is called pseudobactin A.

For pseudomonad siderophores which are N-terminally 
blocked (i.e. the majority) the problem of sequence determi
nation is rather more complex, and mass spectrometry becomes 
an attractive alternative to chemical methods. Prior to the 
work described in this thesis, exploratory FAB studies had 
assisted in the structural analysis of pyoverdin Pa , a 
siderophore isolated by the Strasbourg group from Pseudomonas 
aeruginosa (S. Wedenbaum et al, 1 983) . The structure of this 
compound is given in figure 3.2.1b. FAB played a subsidiary 
role to chemical degradative studies, and no consistent 
protocol was developed to take maximum advantage of its 
potential. Two important mass spectral observations were 
made in the preliminary study on pyoverdin Pa (and on a 
sample of Pseudobactin B10). Firstly, the compound ionises

■j-as M , and not [M + H ] , which was proven by examining B10,
whose structure was known. Secondly, there is an unusual 
fragmentation across the saturated ring of the chromophore, 
resulting in an ion 302 mass units below the molecular ion for 
pyoverdin Pa and pseudobactin B10. This ion carries considerable
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significance in the structure elucidation of the pseudobactin 
like siderophores, and will be discussed in section 3 .6 . The 
preliminary FAB study of pyoverdin Pa has now been expanded 
to a detailed analysis of other siderophores from Pseudomonad 
and related species, and the results of this work are 
presented in sections 3.3, 3.4 and 3.5.

The nitrogen fixing bacteriaAzotobacter vinelandii 
belongs to the same general class of bacteria as the Pseudo
monads. Azotobacter secretes fluorescent siderophores similar 
to the pseudobactin-1ike compounds. Because of the importance 
of iron to nitrogen fixation, attention focussed on the Azoto
bacter siderophores some years before it turned to the pseudo
monads (Bulen and Le Compte, 1 962) . The Azotobacter chromo- 
phore was isolated, and its crystal structure determined as a 
diamino, dihydroxy quinoline derivative, similar, but not 
identical, to that of the pseudomonads (see figures 3.2.1a 
and figures 3.5.7) . A peptide sequence has also been proposed 
for the Azotobacter siderophore as:-

chromophore-Asx-Hse-Ser-Cit-Ser-Gly-(OH)-Asp-COOH
(Fukasawa et al, 1972)

The presence of only two chelating groups (the chromophoric 
catechol and the hydroxy-aspartyl residue) was surprising, 
and FAB-ms studies (section 3.5)were undertaken to resolve 
this anomaly

Since the work discussed in this thesis was completed 
the structure of a third pseudobactin-like compound from 
Pseudomonas 7SR1 has been published (Yang and Leong, 1 984) .
The peptide is reported to be cyclic and have the sequence

i—Ala-Gly-Ser-Ser-OH-Asp-Thr-Ser-OH-O rn J
The chromophore is reported to be attached to one of the
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serines through an ester linkage. The structure was 
determined by overlapping hydrolytic peptides, and a 
molecular weight was obtained by FAB. Regrettably, the 
authors failed to realise that the siderophore ionises 
as M+ rather than [M+H]+. Moreover, at least two solutions to 
the peptide overlap are possible.

3.3 The fluorescent Peptide Siderophores of Pseudomonas
tolaasii
The fluorescent peptide siderophore of Pseudomonas 

tolaasii, a plant growth promoting rhizabacterium, was 
isolated at the University of Strasbourg. The crude 
extract was separated into three components by reverse 
phase HPLC, each of which gave identical amino acid 
analyses; five serines, two threonines, two ornithines 
(presumed to be hydroxy ornithine) and a lysine residue. 
Spectroscopy (U.V., NMR, etc.) suggested that the chromophore 
was identical to that of pseudobactin B10 and pyoverdin.* 
Unlike the studies on pyoverdin, no sequence had been postu
lated by conventional techniques, and so a FAB-ms study was 
undertaken to determine the structure of this pigment.

3.3.1 The Peptide Sequence of the Pseudomonas Tolaasii 
Siderophore

Samples were examined directly by FAB to establish the 
molecular weight and to obtain sequence information. In

* The work of two independent groups in this field has led to 
a confusion in nomenclature. In this thesis all peptides 
carrying the chromophore defined by Teintze et al, 1981a, will 
be called pseudobactin-like.
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addition, chemical derivatisation and degradation experiments 
were performed to confirm and extend the conclusions of mass 
spectrometric fragmentation. The following samples were 
available for study, coded PTOSn or PTOSnFe for the iron 
chelate (where n refers to the order of elution from HPLC): 

Sample, PT0S1 Fe Molecular ion (FAB); m/z 1506
PTOS2 Fe ; m/z 1478
PTOS2 ; m/z 1425
PTOS3 Fe ; m/z 1477

The atomic weight of iron is 56; however, three protons 
overall are lost from the chelated ligand so that the mass 
increment of a ferri-siderophore over its desferri-siderophore 
is 53 mass units. From this data the unchelated siderophores 
have molecular weights of;

PT0S1 ; 1453 
PT0S2 ; 1425 
PT0S3 ; 1424

(Bear in mind that a true molecular ion, M , is seen, not a 
quasimolecular ion [ M+H]+). Note that PTOS1 differs from 
PTOS2 and PTOS3 by 28 and 29 mass units respectively, despite 
having identical amino acid compositions.

3.3.1a Derivitisation experiments
(i) Acetylation

Aqueous samples of PTOS were acetylated for five and 
fifteen minutes with 1:1 acetic:deuteroacetic anhydride and 
examined by FAB. The major signal after five minutes for 
PTOS2 was at m/z 1554 corresponding to the addition of three 
acetyl groups. The labelling pattern that would be expected 
for three 1:1 labelled groups, that is, 1:3:3:1, was not seen, 
rather, the pattern resembled a distorted 1:4:6:4:1 pattern, 
normally seen after the addition of four labels (figure 3.3.1) .
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Fig 3.301 Molecular ion region from the positive FAB spectrum of the 

1:1 acetyl: d^-acetyl derivative of PTOS 2
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The best explanation for this is that the molecule already 
contains an acetyl function which can be partially exchanged 
for a labelled acetyl group. In contrast, the iron-complexed 
species reacted with acetylating reagent much more slowly 
since after fifteen minutes there was only minor incorporation 
of a single labelled acetyl function into the molecule.

(ii) Esterification
Peptides can be easily esterified with methanol acidified

with dry HC1 gas. This procedure normally esterifies only
free acids, amides remaining unattacked. As with the
acetylation experiments a 1:1 label was incorporated by using

2equal volumes of methanol and -methanol, and a time course 
monitored by FAB.

PT0S2 was esterified very rapidly (5 minutes), to give 
a monoester doublet at m/z 1439, 1442. More prolonged 
esterification (30 minutes) gave a rather complex pattern, with 
the monoester at m/z 1439, 1442, a second doublet eighteen mass 
units higher at m/z 1457 and 1460, and a triplet (diester) at 
m/z 1471, 1474 and 1477. This can be understood as addition 
of water to the monoester (+18), followed by a second esteri
fication of the hydrated species (+14), to give the diester 
at m/z 1471, 1474, 1477 (see figure 3.3.2). This result has 
important consequences and should be carefully noted. In 
acidic medium iron decomplexes from the siderophore, and the 
same behaviour as for PTOS2, but displaced by 28 mass units, 
is seen for PTOSIFe. In contrast PTOS3Fe esterifies rather 
slowly to produce a monoester doublet at m/z 1456 and 1459.
This is thirty two mass units above the molecular ion (m/z 
1424) and corresponds to esterification plus hydration (14 + 18) . 
Clearly, PT0S3 does not have the readily esterifiable acid
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Fig 30 3« 2 The molecular Ion region from the positive

FAB spectrum of PTOS2 1:1 methyl: dimethyl 

esterified.
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function of PT0S1 and PT0S2, and since it differs from PT0S2 
by only one mass unit we can conclude that an acid function 
in PT0S2 is replaced by the equivalent amide in PT0S3.

(iii) Acid hydrolysis
Pseudomonad siderophores are remarkably resistant to 

proteolytic enzymes, and as a result they can only be broken 
into smaller fragments by chemical degradation. Samples of 
the siderophores were hydrolysed in 6M HC1 at 90°C, and a time 
course was monitored by FAB-ms. The results obtained for 
PT0S2 are summarised in table 3.3.1, and will be discussed 
in two parts; conclusions drawn from the hydrolysis alone 
will be dealt with here; conclusions requiring or confirming 
a knowledge of the sequence will be dealt with after discussing 
the fragmentation data obtained in spectra of the intact 
siderophores (see section 3.3.1b).

Table 3.3.1 PT0S2 Acid Hydrolysis,6M HC1 90°C, time course

A FAB spectrum taken after 20 minutes is shown in 
figure 3.3.3.

The initial hydrolytic step involves the addition 
of water (18 mass units) onto the parent molecule to give 
the signal at m/z 1443. The addition of water under acid 
conditions has already been noted during esterification 
(see (ii) above) and has two plausible explanations:
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(a) addition across a double bond
(b) the hydrolytic opening of a ring 

structure such as a lactone or 
piperidone.

The addition of water during esterification allowed a 
second ester to be incorporated into PT0S2 and PT0S1, an 
observation which is consistent with (b), but not (a). It is 
known that in peptides lactones are acid stable (Ambler,
1965), which, in this case, eliminates a lactone ring as a 
candidate. Bearing in mind the known structures of pseudo- 
bactin B10 and pyoverdin (figure 3.2.1), the data suggests 
the presence of a cyclised C-terminal hydroxy ornithine 
(i.e. an N-hydroxy piperidone ring).

Concurrent with the addition of water, an acetyl 
function is lost (minus 42 units) to give two signals 
separated by eighteen mass units at m/z 1401 and m/z 1383.
The presence of an acetyl group was predicted in the 
acetylation experiments (see (i)). Before proceeding to 
the fragmentation data, these results can be summarised.

(a) The PTOS siderophores possess an acetyl function.
(b) PTOS2 differs from PTOS3 in the possession of a 

free acid, in PT0S3 this is amidated. PTOS1 also 
has a free acid side chain.

(c) There is a likelihood that the C-terminus is 
cyclised hydroxy-ornithine.

3.3.1b Fragmentation
(i) Introduction

The possession of a fixed quaternary charge on the 
chromophore of the pseudobactin siderophores distorts the 
normal peptide fragmentation pathways (Chanter 1). To 
simplify the discussion of the spectra, these modifications
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will be discussed here. The reader may find it useful to 
refer back to these notes after reading the full account of 
the pseudobactin fragmentation spectra.

Since the chromophore possesses a fixed positive 
charge, any fragment which contains the chromophore must be, 
in all other respects, neutral, or a doubly charged species 
would result. The acylium ion, (1), cannot, therefore, exist, 
although an aldehyde type of ion, (2), can.

Chr © ------ CH R -C  = 0  ® ( i )

Chr © ------ CH R-C  HO ( 2 )

The N-terminal amide ion is now neutral and occurs one mass 
unit lower than it would otherwise, i.e. (4) rather than (3)

Chr ©
0

C H R -C O N H 2 + H ( 3 ).

Chr © C H R -C O N H 2 ( 4 ).

N-terminal ions derived by cleavage of the C a -CO bond are 
present 43 and 45 (6) mass units below the N-terminal amide 
ion. Either of these two ions can predominate.

Chr 0 NH —  C H 2 (5).

C h r® ----------N —  CHI
CH 2I z 
R

Chr 0 ---------- NH —  CHII
CHI
R

( 6a. ).

( 6b. ).



63

There is an additional signal 44 mass units below the 
N-terminal amide. We have assigned a radical structure 
to this ion (7) .

Chr© --------------N H -CH * ( 7 ).

C H 2!
R

Our original views on the mechanism of fragmentation 
did not incorporate hydrogen radical abstraction steps, so 
we were reluctant to accept this structure. No alternative 
structure, however, could be proposed, and this assignment 
is supported by the report that electron capture and hydrogen 
radical abstraction processes can occur during fast atom 
bombardment of simple molecules (Clayton and Wakefield,
1984). The pattern of N-terminal fragments from a pseudo- 
bactin is compared with the typical peptide fragmentation 
in figure 3.3.4.

(a). Normal N-terminal 

fragments.

(b). Modified N-terminal fragments 

for the pseudobactins.

Fig. 3.3.4 Comparison of N-terminal fragments for a typical
peptide and for a pseudobactin
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The C-terminal fragments are essentially identical to 
those of a normal peptide. The only exception is the double 
cleavage across the saturated ring of the chromophore, viz:

' ni-l r  + i-T] (8) .

/ N H - R
0 = C  + H

^ c h = c h 2
(9).

■f*

(8) is the normal C-terminal ammonium fragment; (9) 
is the product of the major chromophoric cleavage (which 
will be discussed in section 3.6, so that comparative 
data can be included); (9) is 54 mass units above (8).

(ii) FAB spectra of PTOS siderophores
PT0S2 has been chosen for detailed discussion because 

it was the only unchelated ligand available; the presence 
of iron tends to diminish fragmentation. A full scan spectrum 
of PT0S2 is shown in figure 3.3.5, and the major ions are 
tabulated in table 3.3.2. The spectra of all the PTOS sidero
phores showed a major ion at m/z 1122. This is 331, 303 and 
302 mass units below the molecular ions of PTOS1 , PTOS2 and 
PTOS3 respectively, and corresponds to the cleavage across 
the chromophore. The presence of a common ion, m/z 1122, 
from all three siderophores confirms that in each case the 
peptide chain is identical so that a sequence deduced for 
PTOS2 will apply to PTOS1 and PTOS3. The loss of 303 and 
302 mass units is characteristic of chromophores carrying
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Table 3.3.2. Major fragment ions above M/z 300 for PT0S2.

Signal

1181,

(M/z) Probable Interpretation

1443
1425
1409
1383
1381
1325
1312
1310
1268
1251
1225
1218
1180
1164
1122
1106
1080

PT0S2, plus water 
M+
(M - 16)+ 
loss of acetyl

loss of succinate
N-terminal amide ion, loss of cyclic OH-Orn

N-terminal Ca-Co cleavage 
16 down from 1267
N-terminal amide ion, loss of Ser from 1312

N-terminal Ca-Co cleavage 
16 down from 1180
Cleavage across the chromophore 
16 down from 1122
N-terminal C^-Co cleavage, loss of Thr-Ser 
1225

from

1068
981
965
952
907
891
865
853
820
804
766
764
750
719
712
705
703

C-1 erminal 
C-terminal 
(981-16) 
N-terminal 
N-1 erminal 
(907-16)
N-t e rminal 
C-terminal 
N-terminal 
(820-16) 
C-t erminal 
N-terminal 
(766-16) 
N-t erminal 
M 2 +

(719-16)

cleavage, loss of chromophore 
cleavage, loss of Ser from 1068

amide, loss of N-Ac-OH-Orn from M1124" 
C^-Co cleavage

amide, loss of Ser from 952 
cleavage, loss of Lys from 1068 (weak) 
C«-Co cleavage

cleavage, loss of Ser from 853 
amide, loss of Thr from 952

Ca-Co cleavage



6 6

679 C-terminal cleavage loss of Ser from 766
677 N-terminal amide ion, loss of Ser from 784
662 -
659 -

632 N-terminal C«-Co cleavage
616 (632-16)
590 N-terminal amide ion, loss of Ser from 677
545 N-terminal CK-Co cleavage.
491 C-terminal cleavage, loss of Ser + Thr from 764
488 -
475 (491-16)
462 N-terminal amide, loss of lysine from 590
429 -

417 N-terminal C«-Co cleavage.
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succinate and succinamide side chains respectively, and 
confirms the acid to amide transformation predicted in 
section 3.3.1a(ii). The addition of 28 mass units to the 
chromophore of PT0S1 will be discussed later (see section 
3.3.2).

The largest ion in the spectrum of PT0S2, aside from 
the molecular ion', is at m/z 1409 , sixteen mass units below 
the molecular ion. This is not, however, a fragment ion, as 
was proven by following the relative intensities of M+ at 
m/z 1425, and m/z 1409 with time. In a typical time course, 
the peak height of m/z 1425 remained constant for sixty
seconds, then decayed with a t of about two minutes.

2

In contrast, the m/z 1409 signal rose to almost double 
its original intensity in approximately 130 seconds, before 
it, too, decayed. It is very probable that the ion at m/z 
1409 arises from an artefactual reaction in the matrix such 
as reduction, or that it is a minor component which desorbs 
more slowly than PTOS2.

The identities of the acyl substituents of PTOS2 were 
confirmed by the ions at m/z 1383, corresponding to the loss 
of an acetyl group (42 mass units), and at m/z 1325, corres
ponding to the loss of succinate (100 mass units) from the 
molecular ion at m/z 1425.

As discussed at the beginning of this section, the 
sequence ions of PTOS2 are dominated by a pattern of an ion 
at higher mass, corresponding to an N-terminal amide ion, 
accompanied by ions 43, 44 and 45 mass units below it (C a -CO 
cleavage products), see figure 3.3.4. As shown in table
3.3.3, these ions extend in an unambiguous series from m/z 
462 to m/z 952, and define an N-terminal sequence; Chr-Ser- 
Lys-Ser-Ser-Thr-Ser-.



Table 3.3.3a
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N-terminal charge retained ions of PT0S2, 
the first six unambiguous assignments

Ca -CO m/z Amide Ion Interpretation
417, 418, 419 462 Chr-Ser
545, 546, 547 590 Chr-Ser-Lys
632, 633, 634 677 Chr-Ser-Lys-Ser
719, 720, 721 764 Chr-Ser-Lys-Ser-Ser
820, 821, 822 865 Chr-Ser-Lys-Ser-Ser-Thr
907, 908, 909 952 Chr-Ser-Lys-Ser-Ser-Thr-Ser

The next clear-cut Ca -CO, N-terminal amide, 
fragmentation pattern that could be detected above m/z 952 
occurs at m/z 1180, 1181, 1182 (with m/z 1181 predominating), 
and at m/z 1225. This is 273 mass units above the m/z 952 
ion, and clearly represents a mass increment of more than one 
amino acid residue. We have already presented evidence that 
the C-terminal amino acid is a cyclised hydroxy ornithine 
residue (residue mass, 129), so that the final N-terminal 
amide ion in this series should occur at m/z 1312 (M+, 1425-129, 
+16). In most of the spectra obtained the ion is obscured by 
an ion cluster centring at m/z 1310. As can be seen in 
figure 3.3.5, it is, nevertheless, possible to obtain spectra 
in which the m/z 1312 ion is distinguished from the m/z 1310 
ion cluster. Before this spectrum was obtained the proposed 
signal at m/z 1312 had been confirmed, by signals 43, 44 and 
4 5 mass units below it (i.e. the corresponding Co: “CO cleavage 
product at m/z 1 267 , 1 268 and 1 269) . We can therefore extend 
the assignment given in table 3.3.3a in the following way 
(table 3.3.3 .b) :-



Table 3.3.3 ,b N-Terminally Charge Retained Ions of PT0S2;
Completion of the C-terminus
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Ctf -CO, m/z Amide Interpretation

1180, 1181, 1182 
1267, 1268, 1269

1225
1325
1425(M+)

Chr-Ser-Lys-Ser-Ser-Thr-Ser-(273)
Chr -----------------------  (273)-Ser
Chr-Ser-Lys-Ser-Ser-Thr-Ser-(273)-Ser 
-cyclic N-OH-Orn

The assignment of a sequence to the missing 273 mass 
units was complicated by the presence of an ion at m/z 1080, 
which is 128 mass units (i.e. lysine or glutamine) above the 
N-terminal amide sequence ion at m/z 952. This ion is not, 
however, accompanied by the expected C^ -CO cleavage ions,
43, 44 and 45 mass units, below it; furthermore, the amino 
acid composition of PTOS2 does not indicate the presence of 
a glutamyl residue, and allows for only one lysyl residue 
which has already been convincingly assigned. It is, therefore, 
safe to assume that the m/z 1180 signal is not an N-terminal 
amide sequence ion.

From the amino acids known to be present only threonine 
(101 m.u.), hydroxy-ornithine (130) and an acetyl group (42) 
can be combined to give 273 mass units. By comparing the 
amino acid composition of the intact molecule, with the 
partial sequence in table 3.3.3b, it will be seen that the 
sequence is, in fact, missing these residues. No ion can be 
detected corresponding to the addition of threonine (101 m.u.) 
on to the N-terminal amide ion at m/z 952 (see table 3.3.3a).
The mass increment of N-acetyl OH-ornithine, when added to the 
m/z 952 signal, would produce an ion at m/z 1124. This signal 
falls within the ion cluster of the major chromophoric cleavage
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at m/z 1122 and cannot therefore be accepted as proof of 
the sequence. Interestingly, the corresponding Cct -CO 
cleavage falls at m/z 1079, 1080 and 1081, which would 
explain the strong m/z 1080 signal referred to above. The 
unfortunate coincidence of the postulated N-terminal amide 
ion at m/z 1124 with the m/z 1122 ion cluster, introduces 
an element of ambiguity into the sequence assignment of 
amino acids 7 and 8. Evidence clarifying the sequence at 
this point will be discussed below after C-terminal ions are 
considered. In addition to the major chromophoric cleavage, 
there are a number of ions (table 3.3.4) which can be assigned 
to the C-terminal sequence. These ions complement the assign
ments given in table 3.3.3a.

Table 3.3.4 C-terminal Sequence Ions for PTOS2

Ion (mz) Interpretation
1068 M+-(Chr)
981 M+-(Chr-Ser)
853 M+-(Chr-Ser-Lys) NOTE: very weak
766 M+-(Chr-Ser-Lys-Ser)
679 M+-(Chr-Ser-Lys-Ser-Ser)

Unfortunately, the ions at m/z 766 and m/z 679 fall 
within the ion cluster of the N-terminal amide fragments 
at m/z 764 and m/z 677 (table 3.3.3a and figure 3.3.5). 
Comparison of the isotope distributions of these clusters 
against the other N-terminal amide ions tends to suggest 
that the m/z 766 and 679 ions (i.e. C-terminal ions) are
genuine. This conclusion, however, requires confirmation. 

The normal course taken to resolve ambiguities of the
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kind encountered in the spectra of PT0S2 would be to 
isotopically label the N-terminus with a 1:1 acetyl: H-acetyl 
group. All ions containing the N-terminus would be shifted 
by 42 and 45 mass units, whereas ions consisting only of the 
C-terminus would remain unaltered. This strategy is precluded 
among the PTOS-siderophores because the N-terminus is already 
blocked by the chromophore. Fortunately, the PT0S1 siderophores 
provide a naturally 'labelled' chromophore whose N-terminal 
ions should be shifted to a position 28 mass units above 
those of PT0S2. Since PT0S1 was available only as its iron 
chelate, the siderophore was first decomplexed by standing 
in 0.1M HC1 for fifteen minutes at room temperature, a simple 
step which greatly improved the quality of the fragmentation 
data, figure 3.3.6. The N-terminal sequence ions are 
tabulated in table 3.3.5.

Table 3.3.5 N-Terminal Charge Retained Amide Ions of PT0S1 
and PT0S2

PT0S2 PTOS1
Chr-Ser 462
Chr-Ser-Lys 590
Chr-Ser-Lys-Ser 677 705
Chr-Ser-Lys-Ser-Ser 764 792
Chr-Ser-Lys-Ser-Ser-Thr 865 893
Chr-Ser-Lys-Ser-Ser-Thr-Ser 952 980
Chr-Ser-Lys-Ser-Ser-Thr-Ser-NAc-OH-ORN 1 124? 1152?
Chr-Ser-Lys-Ser-Ser-Thr-Ser-NAc-OH-ORN-Thr 1225 1253
Chr-Ser-Lys-Ser-Ser-Thr-Ser-NAc-OH-ORN-Thr-Ser 1312 1340
Chr-Ser-Lys-SEr-Ser-Thr-Ser-NAc-OH-Orn-Thr-Ser- 1425 1453

-cyclic OH-Orn



981
994

1009
1150 1234

U53 Fig. 3.3.6 The positive FAB spectrum 

of siderophore PTOS1 from Pseudomonas 

tolaasii.

1294



74

Once again, the ion at m/z 1152, the equivalent in 
PTOS1 to the ambiguous N-terminal amide ion at m/z 1124 
in PT0S2, is partially obscured by the cluster of ions 
around a signal at m/z 1150, twenty eight mass units above 
the major chromophoric cleavage at m/z 1122 (figure 3.3.6). 
This tends to confuse the sequence assignment, although once 
again the C^ -CO cleavages are seen 45, 44 and 43 mass units 
below the m/z 1152 ion at m/z 1107, 1108, and 1109, providing 
strong support for the sequence given in table 3.3.5.

Ions which do not contain the chromophore are 
unshifted, and the C-terminally charge retained ions at m/z 
981, 853 and 766, that were present in the spectra of PTOS2, 
are also observed in PTOS1. This confirms that the ion at 
m/z 766 which was obscured by a cluster of ions centring on 
m/z 764 in PTOS2 is indeed genuine. The ions at m/z 1294, 
1234, 873, 837, 821 and 727 are unique to PTOS1 and cannot be 
readily explained on the basis of the modified chromophore.

Returning to the spectrum of PTOS2, it will be seen from 
figure 3.3.5 and table 3.3.2 that many of the ions, both 
N-terminal and C-terminal, are accompanied by an ion sixteen 
mass units below them. The origin of these ions is obscure. 
They may, perhaps, arise by fragmentation from the m/z 1409 
component discussed earlier. Careful examination of the
spectra, however, does not reveal a discrete point in the 
sequence at which these ions appear, as would be expected 
in a spectrum of two peptides differing only at a single 
position.

Some of these ions may represent an unusual fragmentation 
pathway^ in spectra from the synthetic peptide a-MSH, for
example, CO - NH cleavages are, in fact, accompanied by ions
sixteen mass units lower; this fragmentation is normally
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accompanied by a C-terminal alkyl ion fifteen mass units 
lower. There is no reason why both these possibilities 
should not occur simultaneously. Since no greater insight 
into the sequence of these peptides was to be gained from 
these ions, it seemed unprofitable to pursue the matter 
further.

The analysis of the full spectra of PT0S2 provides the 
following sequence :-

N-Terminal ions

Chr-Ser-Lys_-Ser-Ser--Thr-Ser-N-Ac-OH-Om-Thr-Ser-cyclic OH-O m

-------------- > I------ ,-------1
C-Terminal ions Requires confirmation

The spectra of PT0S1 confirms this assignment.
3.3.1c Sequence information from the acid hydrolysis 

experiments
The acid hydrolysis of PT0S2 is rich in information, 

only part of which was discussed in section 3.3.1a. With 
more prolonged hydrolysis (i.e. greater than twenty minutes), 
the peptide backbone begins to break down to provide small 
hydrolytic peptide fragments. In conventional chemical studies 
on the peptide siderophores these fragments would be isolated 
and chemically characterised. By combining all the information 
from all of the fragments it should be possible for the 
complete sequence to be reconstructed. Experience shows, 
however, that although the approach is theoretically sound, 
it is easy to make errors. By applying FAB-ms to this strategy 
the process is accelerated since purification is not a pre
requisite, and the hydrolysates can be analysed with greater 
precision.
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The FAB-spectrum of a twenty minute hydrolysis of 
PT0S2 is shown in figure 3.3.3. Pairs of ions differing 
by eighteen mass units form a clear cut series, starting 
at m/z 591, 573 and continuing to m/z 1271, 1253. Table
3.3.6 shows the mass increments within the series, and 
their most likely explanation.

Table 3.3.6 The major signals in the acid hydrolysis of 
PT0S2 (20 mins, 6M HC1)

Ions (m/z) Mass Increment Interpretation

591, 573 Chr + Ser + Lys
765, 747 1 74 Ser + Ser
1083, 1065 318 Thr + Ser + OH-Orn

VOVOt—V100 101 Thr
1271, 1253 87 Ser

1401 130 OH-Orn

The doublet at m/z 1083 and 1065 is particularly 
important; the amino acid composition it defines, i.e.
Chr, Ser^, Thr, OH-Orn, proves when compared with the 
proposed sequence (3.3.1b), that the seventh amino acid 
is N-OH-Ornithine. This, it will be recalled, was the 
remaining position of doubt in the assignment of the mass 
spectral fragmentation pathway.

In some spectra an ion is observed at m/z 983, 
corresponding to the loss of the succinate side chain 
(100 m.u.) from the chromophore of the m/z 1083 peptide. 
Similarly, after 40 minutes a strong ion was seen at m/z 491 
arising from the loss of succinate from the peptide at m/z
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591. These signals were important in that they proved the 
ions of the eighteen mass unit doublet series contain the 
chromophore.

Some hydrolytic ions clearly do not belong to the 
N-terminal eighteen mass unit doublet series, notably the 
ion at m/z 829. Numerically, the ion at m/z 829 is the 
C-terminal fragment arising from the cleavage that generates 
the N-terminal signal at m/z 591. Given the proposed 
sequence, this can be assigned the structure:

NH2 -Ser-Ser-Thr-Ser-OH-Orn-Thr-Ser-OH-Orn-COOH+H+

By piecing together all the hydrolytic fragments 
(table 3.3.6), a partial sequence can be proposed for the 
PTOS siderophores:-

NH -[Ser+Lys]-Ser-Ser-[Thr+Ser+OH-Orn]-Thr-Ser-OH-Orn-COOH

This is entirely consistent with the proposed sequence from 
fragmentation (table 3.3.5) and confirms the slightly 
ambiguous sequence assignment of residues 7 and 8 as 
-N-Ac-OH-Orn-Thr-, and not vice versa. The confirmed 
structure of PT0S2 is depicted in figure 3.3.8.

The loss of water from N-terminal hydrolytic fragments 
was not anticipated. Indeed, at first it was rather misleading, 
since we assumed, by analogy with the parent molecule, that 
the eighteen mass unit doublets contained the C-terminal 
partially cyclised hydroxy-ornithine. The loss of succinate 
from these ions (see above) soon dispelled this idea, and it 
became necessary to propose ways in which water could be 
eliminated from the N-terminus. We noticed that only ions 
which contained succinate lost water; thus although the loss 
of water is prominent from m/z 591, no water is lost from its
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de-succinylated form at m/z 491 (Table 3.3.1) . Succinate 
could lose water in at least two ways; firstly, it might 
form a secondary amide bond with the chromophore:-

Since the primary amide bond is unstable under acidic 
conditions, however, it is probable that the secondary 
amide bond will also be so. By contrast, esterification is 
an acid catalysed reaction, and it might be possible for the 
succinate carboxyl to form an ester with, for example, a 
serine hydroxyl. To test these hypotheses, a hydrolytic 
sample of PT0S2 containing signals at m/z 491, m/z 573 and 
m/z 591 was esterified with 1:1 labelled MeOH: d3-MeOH.
The ion at m/z 491, which has no succinyl side chain, was 
monoesterified, as expected, but both the succinate containing 
peptides at m/z 573 and 591 were doubly esterified. Clearly 
the succinyl side chain of both these peptides is free and 
cannot account for the loss of water. The elimination of 
water from serine to form dehydroalanine, is a well known 
artefact of peptide synthetic chemistry which may have 
occurred here. In support of such a reaction, the pseudobactin- 
like siderophore of Pseudomonas fluorescens, which does not 
have a serine residue adjacent to the chromophore, (see section
3.4), does not lose water during acid hydrolysis. It is not 
clear, however, why the reaction only occurs when succinate 
is present.

3.3.1d Ammoniolysis and other miscellaneous experiments 
on PTOS

(i) Ammoniolysis
Our interest in the pseudobactin-like siderophores extends
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beyond the structure of PT0S2 itself to establishing a 
protocol by which any conventional* microbial peptide can 
be sequenced. We were fortunate with PT0S2 that the data 
from acidic hydrolysis complemented the fragmentation data.
This need not always be so since there is no control over 
which bonds will hydrolyse preferentially. For this reason 
we investigated other means of digesting PTOS siderophores 
which were compatible with FAB-ms. As predicted from earlier 
studies in Strasbourg, the PTOS siderophores were refractory 
to enzymes, and indeed, FAB studies showed that the proteolytic 
enzyme elastase had the bizarre property of acetylating PT0S2 
when incubated with it overnight. Hydrazinolysis experiments 
provided no data since all the signals were suppressed, 
presumably as a result of impurities in the hydrazine, or the 
formation of involatile hydrazine polymers. Basic hydrolysis, 
in 17% ammonia/water, at 90°C, however, provided much useful 
information. The spectrum reproduced in figure 3.3.7 shows 
most of the salient features.

This was obtained after a forty minute ammoniolysis of 
PTOS2. The molecular ion is still prominent, but there is a 
series of ammoniolytic doublets separated by sixteen mass 
units. The first of these is at m/z 1068 and m/z 1052, and 
arises by ammoniolysis of the chromophore from the molecular 
ion at m/z 1425 (i.e. minus 359 m.u., plus two protons).
Signals corresponding to the loss of Chr-Ser; Chr-Ser-Lys, 
Chr-Ser-Lys-Ser, and Chr-Ser-Lys-Ser-Ser, from the parent, 
are seen at m/z 981, 853, 766 and 679, respectively, together 
with their minus sixteen mass unit counterparts. Basic hydro
lysis, therefore, confirms the N-terminal sequence as:-

* Many microbial peptides are so extensively modified that 
they are scarcely recognisable as peptides; it is not suggested 
that these techniques are applicable in such cases.
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Chr-Ser-Lys-Ser-Ser.
The loss of oxygen (sixteen) is not seen in other 

peptides, is not associated with the chromophore, and may 
be the conversion of hydroxy ornithine to ornithine.

It is interesting that the acidic and basic hydrolysates 
provide information on different parts of the sequence; thus, 
in the event that acidic hydrolysis fails to provide the 
necessary information, basic hydrolysis is likely to be a 
useful alternative.

(ii) Edman degradation
It will be recalled that in pseudobactin B10 a lysine 

residue is attached to the chromophore via an e-N-peptide 
bond. Since the PTOS siderophores also have a lysine 
residue, it was important to establish its linkage. PT0S2 
was reacted with phenyl isothiocyanate according to the 
Edman procedure (see Methods section, Chapter 5), and 
examined by FAB-ms. If the lysine is in the e-N-linkage 
there will be a free a-amino group which can undergo Edman 
degradation to produce a shortened peptide (c.f. M. Teintze 
et al, 1981a). The FAB spectrum of PT0S2 after the Edman 
reaction contained two significant signals, the parent 
molecule at m/z 1425 and a modified component 135 mass units 
higher at m/z 1560. The addition of 135 mass units occurs 
when PITC couples to the peptide at a position other than 
the d-amino group, and is commonly observed with 'reactive' 
lysine side chains. This result clearly proves that the 
lysyl a-amino group is not available for reaction with PITC, 
and must therefore be linked into the peptide chain.
Summary

The three peptides, PT0S1, PTOS2 and PTOS3, share the 
same amino acid sequence, figure 3.3.8. PTOS1 and PTOS2



8 1

Fig 3.3.7 Ammoniolysis of PTOS2 in 17% ammonia at 90° q  

for forty minutes.



82

0 OH
II I

SER-LYS-SER-SER-THR-SER-NHCHCO-THR-SER-NHCHC—  N

C=0 (CH2)3 

HO— N

O H 2

Cy clic-OH-ORNI THfNE

R H N ^ ^ ^ - ^ O H 0 =  0 C H 3
N-Aci^yl-OH-ORHITHINE

Fig 3.3.8 The structure of the pseudobactin-like siderophores of Pseudomonas tolaasii 

R= succinate for PTOS1 and PTOS2 

R= succinamide for PTOS3.

The chromophore of PTOS 1 is modified by the addition of an -C O  

group.
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have a succinyl side chain in the chromophore, whereas PT0S3 
has succinamide side chain. The sequence was proven by 
combining data from the mass spectral fragmentation of PT0S2, 
with the results of acid hydrolysis. The sequence was further 
confirmed by basic hydrolysis experiments, and is given in 
f igure 3.3.8.

3.3.2 The Modified Chromophore of PT0S1
It has already been mentioned that PTOS1 has a chromo

phore 28 mass units heavier than PT0S2. During the course 
of these experiments we also detected a similarly modified 
chromophore in one of the Pseudomonas aerogenosa pyoverdins , 
PAO1. There are a number of plausible explanations for a 28 
mass unit increment. These include

1. A formyl unit, HC=0.
2. An ethyl unit, or -CH^-CH^-.
3. Two methyl units.

To distinguish these possibilities, a sample of PT0S1 was mass 
measured against PT0S2. The measurement was performed at
10,000 resolution. The ratio between molecular ions of the 
two analogues was found to be 1.01964. This gives a mass 
increment value , (AM), of 27.987. The calculated AM
for CO is 27.9949, and for CH2-CH2, it is 28.313. The 
experimentally obtained AM is therefore within 6 m.m.u. 
of that predicted for the formyl option, (1), above.

The u.v. and fluorescence spectra of PTOS1 and PTOS2 
are identical. This suggests that the modification does not 
involve the aromatic ring system. In support of this, 'H-NMR, 
performed by the Strasbourg workers, identified 3 aromatic 
protons in both the modified and unmodified chromophore.

Acid hydrolysis of PA01 allowed workers in Strasbourg 
to isolate a short fragment, Chr-Ser-Arg, which was shown by
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FAB to have retained the 28 mass unit increment, but to have 
lost the succinyl chain chain. The modification cannot 
therefore be located on the side chain.

PT0S1 and PA01 fragment across the chromophore, in the 
same way as the unmodified species. In this fragmentation 
the 28 mass units remain with the chromophore, so that the 
part of the chromophore which is retained with the peptide 
chain cannot be the site of the PT0S1/PA01 modification.
There are reasons for supposing that a free ring amine proton 
is essential for the chromophoric cleavage (see section 3.6), 
so this can also be eliminated as a site of modification.

Only two possible sites remain

* Potential sites of modification.

It is not possible to distinguish between these two sites 
by the mass spectral data alone; however, some speculations 
can be made. Modification at site 2, to give a tertiary amide, 
would be acid labile. Acid hydrolysis of PTOSI.Fe for twenty 
minutes, in 6MHC1, 90°C, gives a signal at m/z 601, 28 mass 
units above the corresponding signal at m/z 573, in the 
hydrolysis of PTOS2. N-formyl substitutions in pyoverdin are, 
in contrast, very acid labile (Wedenbaum et al, 1983), so that

N H-PEPIID E

H
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N-substitution can be ruled out, leaving only position 1, as a
likely candidate for the site of modification. If the reader
refers back to figure 3.3.6, the spectrum of PT0S1, there is a
signal twenty eight mass units above the major chromophoric
cleavage (m/z 1122) at m/z 1150. This is specific for PTOS1.
The statement above, that the modification resides only with
the chromophore after fragmentation is, in fact, only partially
true. The ion at m/z 1150 may indicate that the modification
is heterogenous, or it may arise by migration of the formyl
substituent, from position 1 onto the peptide retained region of

(the chromophore during fragmentation. NMR experiments are being 
performed in Strasbourg to identify and locate the modification 
more certainly. At the moment, from our FAB data, the most 
likely structure for the modified chromophore is:-

HO

HO

3.4 The Pseudobactin-like Siderophore of Pseudomonas fluorescens 
Pseudomonas fluorescens provided the first pseudobactin-like 

siderophore to be isolated (Meyer and Abdallah, 1 978) . For 
the purposes of this report it will be called PF. Workers in 
Strasbourg had obtained an amino acid composition for PF;
Ser(1), Gly(3), Ornithine(1). Hydrolysates also contained 
malic acid and succinic acid. It was possible that hydroxy
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aspartic acid was present, although this is a very difficult 
amino acid to detect and quantify. We have carried out a 
FAB-ms study on this peptide using strategies developed in 
the PTOS work, the results of which are reported below.

3.4.1 FAB-ms study on PF; Results and Discussion
3.4.1a Preamble
The major fluorescent peak from an HPLC purification of 

the crude extract of Ps. fluorescens siderophore (i.e. P.F.) 
was shown, by FAB-ms, to give a molecular ion, M+, at m/z 
1203 (for the decomplexed ligand). The major chromophoric 
cleavage gives a signal at m/z 885, 318 mass units below the 
molecular ion. This is sixteen mass units more than the chromo
phoric cleavages of PTOS3 and pyoverdine, which have succina- 
mide side chains on the chromophore. Since we know that 
hydrolysates of PF contain malic acid, which is sixteen mass 
units heavier than succinic acid, we can conclude that the 
chromophore of PF must carry a malicamide side chain.

Esterification experiments, of the type performed on 
PTOS siderophores, produced a single labelled methyl ester 
at m/z 1217 and 1220 with a reaction time of five minutes.
PF must, therefore, contain a free carboxylic acid. The free 
acid is probably located within the peptide chain of PF since 
the chromophore side chain is an amide. After thirty five 
minutes reaction a new 1:1 doublet shifted by eighteen mass 
units appears at m/z 1235 and 1238. Esterification of the new 
doublet produces accompanying signals at m/z 1249, 1252 and 
1255 (a 1:2:1 triplet). As described for PTOS (3.3.1aii and
iii), this can be interpreted as ring opening of N-terminal 
hydroxy ornithine followed by esterification. The free 
carboxylic acid cannot therefore be located at the N-terminus, 
and this supports the presence of the suspected hydroxy aspartic
acid.



3.4.1b Acid Hydrolysis
As will be apparent in 3.4.1c, the mass spectra of PF 

were complex. To facilitate the interpretation of these 
spectra acid hydrolysis experiments were performed, and the 
results are presented in table 3.4.1.

Table 3.4.1 Time course for the acid hydrolysis of PF in 
6M HC1, 90 °C
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Time
(mins)

MAJOR SIGNALS (m/z)

5 1221, 1203, 1188, 1170, 1106, 1091, 1088, 1034, 963
10 1221, 1203, 1106, 976, 919, 848, 791, 623, 618, 502
15 1106, 1092, 1035, 976, 919, 907, 848, 791, 720, 623,

618, 605, 602, 584, 502, 493, 436, 365
20 618, 502
2 hr 502, 445

The addition of water in the first stages of acid 
hydrolysis has been seen in pyoverdine (A. Dell, unpublished), 
and PTOS siderophores. PF is no exception, and the hydrated 
species is seen at m/z 1221. The proposed malicamide side 
chain is confirmed by signals at m/z 1106 and 1088, 115 mass 
units below the m/z 1221 and 1203 signals. There is no 
further evidence for other acyl substituents.

The time course reveals several series of peptide backbone 
cleavages which give complementary information. These are:-

Series 1; t = 5 minutes — -I -Sr-,

[Chr + Malicamide]----- 963 1034
Ala 1091Gly

M 1203
OH-Orn

Series 2. t = 10 minutes
502 791 ̂ 848 91? 976

[Chr - malicamide ] -X- -[289] - Gly Ala Gly
M 1 106 

OH-Orn
623
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The ion at m/z 502 can be assigned to the N-terminus 
because a signal is seen 116 mass units higher at m/z 618.
This corresponds to the m/z 502 signal but retaining malic 
acid which is, of course, an N-terminal marker. The 
conversion of the malicamide side chain into its acidic form 
is not surprising, the same was seen for the succinamide side 
chain of pyoverdine (Wedenbaum et al, 1983).

Series 3 t=10 minutes
Signals 116 mass units (i.e. malic acid), above series 2, 

at m/z 618, 907, 964, 1092.
Series 4 t =15 minutes. See also figure 3.4.1.
A C-terminal fragment at m/z 623 is generated from the 

second series cleavage, giving the N-terminal fragment at 
m/z 502. The m/z 623 peptide is hydrolysed in its turn to 
give:

n h 2 308 365 1 436 493
289 Gly- 1 Ala- Gly-

[M+H]+ 
OH-Orn

623

The sequence of the C-terminal tetra-peptide is therefore 
well established. A tentative extension of the sequence inwards 
may be given by a signal at m/z 720, corresponding to the 
removal of an alanine from the second series peptide at m/z 
791. This ion was, however, always very weak.

The second series ion at m/z 502 hydrolyses after 2 hours 
to give a signal at m/z 445, i.e. corresponding to the loss of 
a glycl residue. Subtracting the mass of the de-acylated 
chromophore (259 mass units), from the m/z 445 signal, leaves 
186, corresponding to a residue mass of 169 units. This does 
not equate with any common amino acid, or combination of 
amino acids, and no further insight into its nature was 
obtained from hydrolysis experiments.
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Fig 3.4.1 Positive FAB spectrum of a 20 minute acid hydrolysis in 6 M HCI at 90°C of the Pseudomonas Fluoresce n s 

siderophore.
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The partial sequence deduced from these experiments is:-
Chr-[169]-Gly-[289]-Gly-Ala-Gly-OH-Orn (cyclic).
3.4.1c Fragmentation Data
The FAB spectrum of PF is reproduced in figure 3.4.2, 

and suggested assignments of most of the major ions are listed 
in table 3.4.2. From the information gleaned above the 
following N-terminal amide ions would be predicted.

5591 616 905 962 1033 1090 1203
[169]- Gly- [289] - Gly - Ala- Gly- OH-Orn (cyclic

The ion at m/z 1090 is probably present, but it is 
obscured to some extent by the ion cluster at m/z 1088 
(i.e. loss of malicamide from the molecular ion). Fortunately 
the corresponding Ca -CO cleavage is prominent, at m/z 10-4 5,
1046 and 1047, confirming the assignment. The N-terminal ions 
at m/z 1033, 962, 905, 616, 559 and 390 are all present, as 
are their Ca-CO cleavages, and in some cases theit corresponding 
aldehyde ions; these are detailed in table 3.4.2. It should 
be noted that the ions at 905 and its aldehyde companion at 
m/z 890 are very weak in comparison with the ions that surround 
them.

Below the m/z 905 signal there is an N-terminal amide 
ion at m/z 834, with its companion ions 45, 44 and 43 mass units 
lower at m/z 789, 790, 791, corresponding to an alanine 
residue. The next clear N-terminal fragment ion pattern occurs 
at m/z 703 and 658, 659, 660, 131 mass units, or a hydroxy- 
aspartic acid residue below the m/z 834 complex. Serine is 
then lost to give a set of ions at m/z 616, and 571, 572,
573. The sequence is now complete, the interpretation is 
given in Table 3.4.3.
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Fig 3.4.2 The positive FAB spectrum of the siderophore from Pseudomonas fluorescens ( PF ).



92

Table 3.4.2. Major fragment ions above M/z 300 for PF

Ion Probable Interpretation

1203
1187
1158
1090
1088
1073

1045/46/47
1033
1018

988/989/990
962
947

917/918/919
905
890

860, 961, 862 
885 
869 
834

789, 790, 791 
831 
814 
834

789/90/91
799
773

745

703

M +
M + -16
M+- C00H
N-terminal amide, loss of cyclic OH-Orn from M+ 
Loss of malicamide from M+ (-115)
N-terminal 
from M+

aldehyde ion, loss o f cyclic OH -Orn

N-terminal C^-Co cleavage
N-terminal amide ion, loss o f giy from M/z 1088
N-terminal aldehyde ion
N-1 erminal C^-Co cleavage
N-t erminal amide ion, loss of ala from M/z 1033
N-terminal aldehyde ion
N-terminal Ca-Co cleavage
N-terminal amide ion, loss o f gly from M/z 962
N-terminal aldehyde ion
N-terminal C^-Co clevage
Major chromophoric cleavage
(885-16)
N-terminal amide ion, loss o f ala f r om M/z 905
N-terminal C«-Co cleavage i on , from M/z 834
C-terminal cleavage, loss of chromophore 
(831-17)uninterpretable
N-terminal amide, loss of Ala from M/z 905
O C o  cleavage ion
uninterpretable
Diagnostic residue cleavage from OH-Asp (see 
section3'5)

Diagnostic residue cleavage from OH-Asp (see 
section^)

N-terminal amide ion, loss of OH-Asp from
M/z 834)

658/59/60
662
616
605

571/572/573

N-terminal O - C o  cleavage ion
C-terminal ammonium ion, loss of 169 from M/z 831 
N-terminal amide ion, loss of Ser from M/z 703 
C-terminal ammonium ion, loss of gly from M/z 662 
N-terminal C^-Co cleavage ion
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559
544/15/16

544
542
518
459
432
390

345/46/47

N-terminal amide ion, loss of gly from M/z 616 
N-terminal Ca-Co cleavage
N-terminal aldehyde ion 
Uninterpretable
C-terminal ammonium ion, loss of Ser from M/z 605
Uninterpretable
Uninterpretable
N-terminal amide ionn of Mr 169 residue from 559 
N-terminal Ca-Co cleavage
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Table 3.4.3 The N-terminal amide ions of PF and their 
interpretation

Interpretation Ion (m/z)
Chr-CONH ? 390
Chr- (169) -CONH^ 559
Chr-(169)-Gly-CONH 616
Chr-(169)-Gly-Ser-CONH 703
Chr-(169)-Gly-Ser-OH-Asp-CONH 834
Chr-(169)-Gly-Ser-OH-Asp-Ala-CONH 905
Chr-(169)-Gly-Ser-OH-Asp-Ala-Gly-CONH 962
Chr-(169)-Gly-Ser-OH-Asp-Ala-Gly-Ala-CONH 1033
Chr-(169)-Gly-Ser-OH-Asp-Ala-Gly-Ala-Gly-CONH 1090 (?)
Chr-(169)-Gly-Ser-OH-Asp-Ala-Gly-Ala-Gly-cyclic OH-Orn 1203

An important point to notice is that the residue closest 
to the chromophore has a mass of 169 units. The conclusion 
drawn in section 3.4.1.b that there is an unusual’, and possibly 
novel, amino acid in this position is, therefore, fully 
confirmed. The fragment ions both C and N-terminal to the 
Mr 169 unit appear as typical peptide fragments (i.e. N-terminal 
amide, Ca -CO pattern). The Mr 169 unit must, therefore, be 
linked through peptide bonds, and be a true amino acid. In a 
microbial peptide this is by no means a foregone conclusion.

C-terminal charge retention processes also occur. The 
C-terminal ammonium ion from cleavage at the chromophoric 
peptide linkage is at m/z 831 (i.e. 54 mass units below the
major chromophoric cleavage, see section 3.3.1b). There is 
an ion at m/z 662, 169 mass units below the m/z 831 ion, 
once again confirming the presence of the unusual Mr 169 unit. 
Signals, albeit rather weak, extend to m/z 518, establishing
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an N-terminal sequence:
Chr-(169)-Gly-Ser 

These are listed in table 3.4.2.
The structure of PF as determined by FAB-ms is drawn 

in figure 3.4.3. The sequence was determined by combining 
the results from hydrolytic experiments with mass spectral 
fragmentation data. The spectrum of PF is very complex, far 
more so than that of a typical E.I. peptide spectrum.

The interpretation of this spectrum required assistance 
from the degradation studies to avoid the many pitfalls it 
contains. Naturally, these pitfalls are not discussed in the 
preceding paragraphs; they are not relevant to the structure 
of PF. A simple example, however, will serve to show the 
desirability of applying a concerted mass spectral and 
degradative protocol to problems of this sort. Consider the 
ions at m/z 831, 703, 573 and 516. The ion at m/z 831 is the 
C-terminal ammonium ion arising from cleavage at the chromo- 
phore peptide bond. The ion at m/z 703 is 128 mass units 
below this, i.e. a lysyl, glutaminyl, or, more likely in view 
of the amino acid composition, a combination,alanine + glycine.

The ion at m/z 573 is 130 mass units (i.e. the residue 
mass of hydroxy ornithine), below the ion at m/z 703. Simi
larly, there is a signal 57 mass units (i.e. a glycine residue) , 
below m/z 573 at m/z 516. A totally spurious N-terminal 
sequence; Chr-[Gly+Ala]-OH-Orn-Glv..., can be constructed.
It will of course eventually be discarded, but it can 
be immediately eliminated in light of the hydrolytic data.
In this, and other ways, the hydrolytic data proved invaluable 
in the structural analysis.

3.4.2 Analysis of the Mr 169 unit
FAB-ms is a soft ionisation method, and is therefore very
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unlikely to provide structural information on the side 
chain structure of an amino acid residue. Electron impact 
mass spectrometry is quite likely to give at least some 
information if the isolated amino acid is available. 
(Budzikiewicz et al, 1964). The m/z 502 peptide (see 3.4.1b 
and table 3.4.1) which contains the uncharacterised Mr 169 
unit was purified at the 100 |ig level in Strasbourg. When we 
attempted to isolate the Mr 169 residue the only amino acid we 
could detect, as judged by amino acid analysis and H.V.P.E. 
of the hydrolysate, was glycine. Our inability, therefore, 
to detect the Mr 169 unit as a free compound, precluded any 
direct studies on it.

It was decided to concentrate on NMR studies of the 
m/z 502 and m/z 445 peptides in an attempt to gain information 
on the Mr 169 residue. These experiments are being performed 
in Strasbourg and have yet to reach a conclusion. In the 
meantime simple mass spectrometric experiments were performed 
to gain some more information concerning the structure of the 
Mr 169 unit. The peptide Chr-[169]-COOH was produced by
2.5 hr, 6M HC1 hydrolysis of PF. This was mass measured 
against polyethylene glycol matrix peak, at 415.2533 and 
assigned an accurate mass of 445.1765. 201 possible
compositions within 15 m.m.u. of this figure were calculated 
by computer, of which 62 were within 5 m.m.u. From the 
partial structure:

NIH-X-C 0 0 H
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a minimum composition can be proposed. This
reduces the total number of possibilities to eight, which 
are tabulated below:-

Table 3.4.3 The Possible Elemental Compositions of the 
Mr 1 69 Unit

c H N N P s m.m.u. Composition of X

18 31 5 4 2 0 0.5 C 4H 1 6 P 2 a
15 35 5 4 2 1 3.8 C1H20P2S1 b

16 27 6 7 0 1 -2.1 C2H12°1N3S1 c
21 25 7 4 0 0 -4.2 C7H10°2 d

18 29 7 4 0 1 -0.8 C4H14°2S1 e
14 32 7 5 1 1 -0.5 H17°2N1P1S1 f
15 25 8 8 0 0 3.0 C 1H 1 0 ° 3 N 4 9

1 7 27 9 5 0 0 4.4 C3H12°4N1 h

Of the possible compositions for X, only one,
(d) is stoichiometrically possible. Using this composition 
several alternative structures, incorporating double bands 
because of the ratio of H:C, can be drawn. It is hoped that 
the NMR experiments in Strasbourg will be able to provide 
sufficient detail to allow a full structure assignment.

Simple functional group analysis was performed on the 
m/z 502 peptide (Chr-NH- qĈ ) -CO-Gly-COOH) , using FAB-ms.
Esterification (as described for the whole molecule) produced 
a monoester. Since there is a free C-terminus the Mr 169 
amino acid side chain cannot contain a free carboxylic acid. 
Acetylation, with acetic anhydride in methanol, added two acetyl 
functions, but the location of these groups is unclear. Experi
ments performed on PTOS siderophores suggest that the chromophore
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MHl C7 H10 O2J CO - GLY-SER-p OH A S P-ALA-GL Y-AlA -GLY-c y clic OHORN 

'1 o9)

Fig 3.4.3 The structure of the pseudobactin-like siderophore of 

Pseudomonas fluorescens .
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can add two acetyl groups. Thus the Mr 169 unit probably 
does not possess a free amino group. This is consistent 
with the elemental composition proposed above.

Reference to table 3.4.2 shows that two ions located 
in the region of the spectrum spanned by the Mr 169 residue 
are recorded as uninterpretable. These are at m/z 459 and 
m/z 432. These fragmentations are very similar to the side 
chain cleavages observed with hydroxy-aspartic acid, which will 
be discussed in section 3.5, and suggest that the p -position 
of the m/z 169 residue is hydroxylated. We have only observed 
side chain cleavages with charge retention on the peptide 
chain in two cases, firstly dendrotoxin, Chapter 2, and 
secondly, hydroxy aspartic acid. Barber et al, 1981d, have 
also reported side chain cleavages of tyrosine with charge 
retention on the peptide chain. Most other reports do not 
mention this type of fragmentation mode. In view of the 
scarcity of information on this subject, we prefer simply 
to note the possibility that m/z 459 and m/z 432 could arise 
by internal fragmentation of the Mr 169 unit, and await the 
results of NMR to see if this is indeed likely.

3.5 Azotobactin, the Fluorescent Peptide Siderophore of
Azotobacter Vinelandii
Azotobacter vinelandii belongs to a small group of gram 

negative chemoheterotrophs similar in many respects to the 
pseudomonads (Stanier et al). Its importance resides in its 
unique ability to fix nitrogen in an aerobic environment; all 
other nitrogen fixing bacteria do so only when oxygen is 
excluded. Nitrogenase, the enzyme involved in nitrogen 
fixation, is an iron-molybdenum protein. Furthermore, it is 
poisoned by oxygen, so that iron has a second role of supporting
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a respiration rate high enough that the enzyme never comes 
in contact with oxygen (Stanier et al, 1977). The iron 
metabolism of Azobacter is thus of some interest.

Three iron chelating compounds have been isolated from 
Azotobacter. The simplest of these compounds, dihydroxybenzoic 
acid, is synthesised constitutively, and is probably involved 
in the low affinity uptake of iron. The synthesis of the 
other two compounds, N,N'-bis-(2,3-dihydroxybenzoyl)-L-Lysine, 
(azotochelin), and a yellow green fluorescent peptide sidero- 
phore azotobactin is facultative. It is regulated by the level 
of available iron (Page and Huyer, 1984). An X-ray crystallo
graphic study on the chromophore of azotobactin gave a structure 
which is very similar to the pseudobactin chromophore, but 
without an acyl side chain (Corbin et al, 1971) viz:-

N H-PEPTI DE
0=C

The structure of this chromophore has never been 
independently confirmed. In view of its similarity with the 
pseudobactin chromophore, whose structure has been confirmed 
on a molecular weight basis in our FAB-ms experiments, we 
considered the possibility that the difference may be an 
artefact of the isolation procedure. A peptide sequence has 
also been proposed for azotobactin (Fukasawa et al, 1972);

Chr-Asx-Hse-Ser-Hse-Cit-Ser-Gly-OH-Asp
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This sequence is not entirely satisfactory, since only two 
chelating groups are present, the chromophoric catechol, 
and the hydroxy acid. In view of this anomaly we chose to 
re-examine azotobactin. The peptide was isolated in 
Strasbourg, and subjected to the FAB-ms procedures developed 
for the pseudobactins. The results of this study are presented 
below.

3.5.1 Results and Discussion
Two molecular variants of azotobactin were isolated;

PAZ1:1 and PAZ2:2. FAB-ms on the iron-free ligands gave a 
molecular weight of 1393 for PAZ1:1 and 1411 for PAZ2:2. The 
two molecules, therefore, differ only by the presence or 
absence of a water equivalent. Neither correspond to the 
proposed sequence of Fukasawa et al(M.wt.1139). Both molecules 
gave the same amino acid analysis; 2 serincs 1 glycine, 1 
aspartic acid, 2 homoserines, 1 citrulline, 1 ornithine (pre
sumed to be hydroxy ornithine), and possibly an hydroxv- 
aspartic acid residue. The analysis of homoserine was amended 
to three after the molecular weights of the peptides were 
determined. Homoserine can be difficult to quantify because 
two products are formed during hydrolysis, the acid and the 
lactone, and because alcoholic amino acid side chains are 
rather susceptible to degradation during prolonged hydrolysis. 
FAB analysis showed that PAZ2:2 converts to PAZ1:1 on standing 
or after mild acid treatment.

3.5.1a Fragmentation Data
A full scan spectrum for PAZ2:2 is presented in figure

3.5.1, and the major signals are listed in table 3.5.1. The 
most dramatic feature is the absence of the major chromophoric 
cleavage so prominent in the spectra of the pseudobactins.
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Fig 3.5.1 The positive FAB spectrum of azotobactin PAZ 2:2 from

Azotobacter vinelandii. The spectra of PAZ 1:1 show the 

same fragment ions up to and including m/z 1309.



Table 3.5.1. Major fragment ions above M/z 300 for PAZ 2.2

Signal (M/z) Probable Interpretation

1411 M+
1395 (M-16)+
1393
1367
1357
1330

loss of water from M+

1309 N-terminal amide, loss of Hse from M+
1266 N-terminal CaCo cleavage
1137

1120

N-terminal amide ion, loss of /V”Ac-0H-0rn from 
1309

1094 N-terminal, C«-Co cleavage
1036 N-terminal amide ion loss of Hse from 1137
1021
1019

N-terminal aldehyde ion

991 N-terminal Ca-Co cleavage
879 N-terminal ion, loss ofCit from 1036
834 N-terminal C^-Co cleavage
792 N-terminal amide ion, loss of Ser from 279
747 N-terminal Ccc-Co cleavage
731 Diagnostic fragment for OH-Asp
703 Diagnostic fragment for OH-Asp
661 N-terminal amide ion, loss of OH-Asp from 792
618 N-termina- Ca-Co cleavage
604 N-terminal amide ion loss of Gly from 661
559 N-terminal Ca-Co cleavage
503 N-terminal amide ion, loss of Hse from 604
458 N-terminal C^-Co cleavage
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There can be no doubt, therefore, that the chromophore of 
azotobactin is different from that of the pseudobactins.
The N-terminal sequence ions once again show the characteristic 
pattern of a signal at higher mass accompanied by signals 43,
44 and 45 mass units lower. The first such complex occurs at 
m/z 503 and m/z 458, 459 and 460. This can be assigned a 
composition of chromophore + Serine + Aspartate, although the 
order of the two amino acids is not revealed. The rest of 
the sequence can be deduced as laid out in table 3.5.2. For 
conciseness of presentation only N-terminal amide ions are 
given; however, each of the amide ions is accompanied by its 
companion Ca -CO cleavage signals. These are listed in full 
in table 3.5.1 and can be seen in figure 3.5.1. At this 
stage it is impossible to distinguish between a sequence 
Chr-Asp-Ser- and Chr-Ser-Asp. A signal at m/z 416 in figure
3.5.1 corresponds to the loss of serine (86 m.u.) from the 
m/z 503 ion. Unfortunately, this was not reproduced in 
other spectra; furthermore, there are no confirming Ca “CO 
cleavage products; it cannot, therefore, be accepted as proof 
of the sequence.
Table 3.5.2 N-terminal amide ions of PAZ2:2 and their 

interpretation
Interpretation Signal (m/z)

Chr-[Ser+Asp]-CONH0 
Chr-[Ser+Asp]-Hse-CONH^
Chr-[Ser+Asp]-Hse-Gly-CONH^
Chr-[Ser+Asp]-Hse-Gly-OH-Asp-CONH^
Chr-[Ser+Asp]-Hse-Gly-OH-Asp-Ser-CONH^
Chr-[Ser+Asp]-Hse-Gly-OH-Asp-Ser-Cit-CONH2 
Chr-[Ser+Asp]-Hse-Glv-OH-Asp-Ser-Cit-Hse-CONH 2
Chr-[Ser+Asp]-Hse-Gly-OH-Asp-Ser-Cit-Hse-NAc-OH-Orn-CONH 1 309
Chr-[Ser+Asp]-Hse-Gly-OH-Asp-Ser-Cit-Hse-NAc-OH-Orn-Hse-COOH 1411

503
604
661
792
879
1036
1137
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The spectra of PAZ1:1 show the same fragment ions as 
PAZ2:2 up to, and including, the signal at m/z 1309. We 
can conclude from this that the difference between PAZ2:2 
and PAZ1:1 must reside at the C-terminal homoserine.

There are no signals which can be attributed to C-terminal 
charge retention processes. This is regrettable since 
C-terminal ions would rapidly distinguish the alternatives, 
Chr-Ser-Asp, and Chr-Asp-Ser. Two major signals are observed 
which do not fit the series of sequence ions summarised in 
table 3.5.2. These are at m/z 703 and m/z 731 and are spanned 
by the N-terminal amide signals N- and C-terminal to hydroxy- 
aspartic acid, i.e. m/z 661 and m/z 792 (table 3.5.2). The 
ion at m/z 703 is 42 mass units above the sequence ion m/z 661, 
and 28 mass units below the m/z 731 ion. Exactly the same 
pattern is seen for PF, figure 3.4.2. The amide ion N-terminal 
to hydroxy-aspartic acid is at m/z 703. Two ions which were 
ignored in section 3.4 occur 42 and 70 mass units above this 
signal at m/z 745 and 773 respectively. Hydroxy-aspartic 
acid obviously displays an unusual fragmentation pattern, 
which is summarised as:-

N-Terminal
amide 0H-A SP N-Terminal

amide

Figure 3.5.2 The unusual fragmentation pattern of OH-Aspartic
Acid
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Fragmentation of the amino acid side chain with charge 
retention on the peptide is known to occur (Barber et al, 
1981d), but it is not common. Several possible structures 
can be proposed for these ions:-

( a ). Chr c o n h 2 N-Terminal amide 
ion.

( b ). Chr©

( c ). Chr ©

( d ). Chr©

( e ). Chr ©

C O -N H -C H  

H
2

c=o

O
II

C O -N H -C -C -Hil
H C - O H

OII
C O -N H -C H -C -HI

H— C = 0

OII
C O -N H -C H -C -H

II
H -C  — OH

N-Terminal amide 
ion, plus 42 m. u.

N-Terminal amide 
ion, plus 70 m. u.

( f ). Chr© C O -N -H

C H -C H -C  OOH

In summary, a partial sequence, complete except for the 
N-terminus, can be deduced from the full spectra of PAZ1:1 
and PAZ2:2:-

Chr-[Ser+Asp]-Gly-OH-Asp-Ser-Cit-Hse-NAc-OH-Orn-Hse.
The two molecules differ by eighteen mass units at the C-terminus 
at this point it is appropriate to speculate on the origin of 
this difference. Homoserine is known to form a lactone very 
readily, and this is the most probable way in which water can 
be lost from the C-terminus. It is not, however, the only way.
It will be recalled that it was suggested that water was lost
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from the N-terminal serine residue of the PTOS siderophores 
during acid hydrolysis, to produce dehydroalanine (section 
3.3.1c). Water could be lost from the C-terminal homoserine 
of PAZ2:2 through an analogous reaction. In this context it 
will also be recalled that in the amino acid analysis of acid 
hydrolysed PAZ we did not detect a third homoserine residue. 
Analysis of fragmentation patterns cannot resolve these 
problems. To gain more information on the sequence of the 
N-terminus and the identity of the C-terminus in PAZ, acid 
hydrolysis, esterification and ammoniolysis experiments were 
undertaken.

3.5.1b Acid hydrolysis experiments on PAZ
The results of acid hydrolysis experiments are summarised 

in table 3.5.3.

Table 3.5.3 Time course experiments on the acid hydrolysis 
of PAZ

Conditions Time Major Ions (m/z)
0 1393
2 1393, 1351

6M.HC1 5 1 393 (weak) , 1 351 , 1 1 20 , 587

o o O 10 587, (1120 very weak)
30 587, 417

6M.HC1 10 1393, 1351, 1120, 807, 587 (see figure
50 °C 3.5.3)
0.1M HC1 20 1393, 1351
9 0 °C 30 1393, 1351
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Fig 3. 50 3 PAZ 1:1, partial

acid hydrolysis, 6 M  

H C I, 10 min. S O M .
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The first step in the acid hydrolysis of PAZ2:2 is 
its conversion to PAZ1:1. The conversion is facile:
PAZ2:2 goes completely to PAZ1:1 in 0.1M HC1 at room 
temperature in a few minutes (data not shown). For this 
reason the acid hydrolytic data for PAZ1:1 and PAZ2:2 are 
identical. The sequence deduced from mass spectrometric 
fragmentation indicates the presence of an acetylated 
N-hydroxy-ornithine. This is confirmed by hydrolysis of 
the parent compound (at m/z 1393) to a product 42 mass units 
(i.e. an acetyl) lower at m/z 1351. Interestingly, if the 
hydrolysis is sufficiently gentle, e.g. 0.1M HC1, at 90°C, 
this is the only product that is produced (table 3.5.3) .
Unlike both the PTOS- and PF- series of siderophores, acid 
hydrolysis does not result in peptides shortened sequentially 
at the C-terminus. Instead, there are two preferred cleavage 
points giving rise to two peptides at m/z 1120, which will be 
called peptide A, and m/z 587, which will be called peptide B. 
The mass difference between m/z 1120 and 587 is 533 units.
From the amino acids known to be present, two combinations 
can be found that add up to 533:

(a) 2 x Serine (87) , 2 x homoserine (101) ,
citrulline (157) ,

or (b) glycine (57); Serine, homoserine, citrulline, 
hydroxy-aspartic acid (131).

It will be noted that (b) corresponds precisely to the peptide 
sequence of amino acid residues 4 to 8 deduced from the frag
mentation data (section 3.5.1a above). From this assignment 
we can deduce that peptide B must have the structure;
Chr-[Ser+Asp]-Hse; and that peptide B must have the structure; 
Chr-[Ser+Asp]-Hse-Gly-OH-Asp-Ser-Cit-Hse. It is a simple 
matter to calculate that A should have a molecular weight of
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1138, and that the molecular weight of B should be 603; i.e. 
both the N-terminal peptides A and B are eighteen mass units 
lighter than predicted. Since both A and B have lost the 
original C-terminus it appears that the loss of water in 
acidic media must be located close to the N-terminus. This 
is quite contrary to the original conclusion based on 
fragmentation data (3.5.1a).

A weak but reproducible ion is observed at m/z 807; it 
is particularly common in the milder hydrolyses (e.g. at 
50°C rather than 90°C, table 3.5.3, figure 3.5.3). This 
signal can be fitted to the proposed sequence as the C-terminal 
product of the hydrolysis which produces B and will be called 
peptide C. The sequence is probably;

Gly-OH-Asp-Ser-Cit-Hse-NAc-OH-Orn-Hse.
Once again, this peptide is eighteen mass units below its 
predicted molecular weight, 825. In this case we can deduce 
that the loss of water must occur somewhere towards the 
C-terminal end of the peptide, as we proposed originally for 
the intact molecule.

The flaw in the arguments above that result in these 
apparent contradictions comes from assuming that water can 
only be lost at a unique site in the molecule. Each of A, B,
C and PAZ2:2 possess a single common feature, C-terminal 
homoserine. It is the characteristic of C-terminal homoserine, 
the loss of water in acidic media, that accounts for the 
'missing' eighteen mass units in each of these peptides. The 
presumed amino acid compositions of A, B and C can now be seen 
to complement the deduced sequence (section 3.5.1a).

The sequence of peptide B is clearly of the utmost 
importance, since it contains the unresolved Chr-[Ser+Asp]- 
N-terminus. It was hoped to establish this sequence in two
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ways; firstly, by prolonged acid hydrolysis, and secondly, 
since mixtures rarely give satisfactory fragmentation data, 
to isolate B and examine its FAB spectrum as a pure peptide.

HPLC on a C1 8-|i-bondapak semipreparative column, using 
the 5% acetic acid, propanol system from 0% to 5% propanol 
in 30 minutes, gradient 7 (see Methods section) separated 
ten minute hydrolysates of PAZ (6M HCl, 90°C), into several 
peaks absorbing strongly at a wavelength of 254 nm. These 
peaks fluoresced under ultra-violet light, and the major U.V. 
absorbing peak was shown to be peptide B (m/z 587) by FAB-ms.
An examination of the spectrum of purified B did not reveal 
any assignable fragment ions. The amino acid analysis of 
purified B indicated the presence of serine, aspartic acid, 
and homoserine, confirming directly the deduced amino acid 
composition. Glycine was also present at above background 
levels, it may have originated from degradation of one or 
more of the other residues or the chromophore.

Prolonged acid hydrolysis (30 mins or more, 6M HCl, 90°C) 
on relatively small samples of PAZ (10 |ig) failed to show 
subdigestion of peptide B. Likewise, prolonged acid hydrolysis 
of purified B did not show subdigestion when analysed by FAB-ms. 
However, high voltage paper electrophoresis at pH 6.8, separated 
three u.v. absorbing components of different electrophoretic 
mobilities. These were eluted from the paper in 5% acetic acid, 
but did not give FAB signals. The only conclusion consistent 
with these observations is that peptide B does hydrolyse with 
time, as evidenced by multiple spots on paper electrophoresis, 
but that in its FAB-spectra B suppresses the ionisation of its 
hydrolytic fragments. It should be reiterated that suppression 
is a common occurrence in FAB-ms (Chapter 2).

We were able to overcome this problem in the simplest
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Fig 3.5.4 Positive FAB spectrum of a 30 minute hydrolysate of

PAZ, ( 6M HCI , 90°C.)
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possible way, by using about ten times as much peptide (i.e. 
circa 100 ug) per FAB- analysis. Referring to figure 3.5.4, 
a strong signal is now present at m/z 417. This has the 
correct molecular weight for the peptide;

Chr-Asp-COOH.
By combining this with the partial sequence proposed in 

section (a) the sequence can now be written in full as;
Chr-Asp-Ser-Hse-Gly-OH-Asp-Ser-Cit-Hse-NAcOHOrn-Hse 

(see figure 3.5.7).
3.5.1c Esterification
Although the presence of homoserine lactone in PAZ1:1 

looked very probable from the experiments discussed above, it 
had not been formally proven. If the interpretation of the 
eighteen mass unit disparity is correct, PAZ2:2 should possess 
one more esterifiable acid than PAZ1:1. To test this, both 
siderophores were esterified with 1:1 methanol:d^ methanol, 
as described in the Methods chapter. The methanol:HC1 
mixture, however, is acidic and converts PAZ2:2 into PAZ1’:1. 
The FAB spectra of the two molecules are therefore identical, 
the FAB-spectrum of esterified PAZ1:1 is reproduced in figure 
3.5.5. The parent compound is doubly esterified to give a 
1:2:1 triplet at m/z 1421, 1424, 1427, and there are a number 
of labelled methanolysis products at lower mass. These are 
simply the esterified equivalents of the hydrolytic peptides 
A, B and C, as shown in table 3.5.4.
Table 3.5.4 Methanolytic products of esterification of PAZ1:1

and PAZ2:2
Hydrolytic 
product (m/z)

Methanolytic 
product (m/z)

No. of esters 
incorporated

Potential no. of 
acid functions

1393 (M+) 1421/1424/1427 2 3
1120 (A) 1148/1151/1154 2 3
807 (C) 821/824 1 2
587 (B) 601/604 1 2
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Fig 3.5.5 The positive FAB spectrum of a 1:1 methyltd^-methyl esterification of PAZ 1:1



Each of these peptides loses water during acid hydrolysis 
(section b, above). Each peptide has a blocked carboxylic 
acid function since there is always one fewer ester incorporated 
than the number of "potential" acid functions (table 3.5.4).
Thus a clear relationship exists whereby loss of water is 
accompanied by the loss of an acidic group. This is most 
reasonably explained by the formation of a lactone, particularly 
since the only common feature between all the peptides is a 
C-terminal homoserine residue.

The chemistry of homoserine lactone peptides is well 
known. Ambler, 1965, showed that in a peptide, homoserine 
lactone converts slowly to homoserine in basic solution, with 
ring opening being complete after twelve hours, in 2M 
ammonia, at 37°C. In our experiments PAZ1:1 converts to 
PAZ2:2 within sixteen hours in 2M ammonia solution at 37°C, 
and the conversion at 90°C, in 9M ammonia is essentially 
instantaneous (figure 3.5.6). Taken with the esterification 
results, this is strong evidence for a C-terminal homoserine 
lactone in PAZ1:1.

3.5.1d Stereochemistry*
The stereochemistry of PAZ was established at the 

University of Strasbourg on a chiral gas chromatographic 
column whose stationary phase was made from bound L-valine 
(Abe, 1983). The peptide was hydrolysed for 24 hours with HI 
at 100°C under argon, and the hydrolysate derivatised to the 
volatile N-heptafluorobutyryl, propyl ester amino acid

* The stereochemistry of PTOS and PF is also under 
investigation in Strasbourg. The repetitive nature of their 
sequences makes the work very difficult, and it is not yet 
complete. Since this subject is not strictly speaking within 
the scope of the thesis discussion of their stereochemistry was omitted.
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1393

Fig 3.5.6 Molecular ion regions from the positive FAB spectra of PAZlrl treated 

with ammonia under the following conditions.

a. PAZ1:1 untreated.

b. PAZ1:1, 9M ammonia, 90°C, 5 minutes,

c. PAZ lrl, 2M ammonia, 37°C, 24 hours.
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derivatives. All residues occurred as their L-enantiomers 
except for one D-serine, D-hydroxy aspartic acid, and 
D-citrulline. The position of the D-Ser was established by ana
lysing peptide B (i.e. the N-terminus) which was found to contain 
the D-enantiomer. Hydroxy-aspartic acid was shown to be in its 
threo-form by ion-exchange amino acid analysis, using authentic 
threo-hydroxv-aspartic acid as a standard. The erythro- form 
is known to have a different retention time (Hamilton, 1 963) . 
Conclusions

The structure of azotobactin PAZ1:1 and PAZ2:2 as deter
mined by FAB-ms is given in figure 3.5.7. The peptide sequence 
we have deduced differs in most respects from that of Fukasawa 
et al, 1972. Our structure has the preferred three chelating 
ligands; the chromophoric catechol, the hydroxy acid, and the 
N-acetyl hydroxy-ornithine hydroxamate. The Japanese peptide 
has only two chelating groups. The amino acid composition of 
the two peptides is similar, PAZ having one more homoserine, 
and an ornithine, not reported by the Japanese. The sequence, 
however, is quite different, the only point of agreement being 
aspartyl adjacent to the chromophore.

We do not know yet whether Azotobacter secretes both PAZ1:1 
and PAZ2:2 or one form only. Azotobacter species prefer 
neutral or alkaline soils (Stanier et al, 1977), and so PAZ2:2 
may well predominate in nature.

In proteins the aspartyl peptide bond is normally the 
most labile to acid hydrolysis. The results with PAZ show, 
however, that the homoseryl-peptide bond is considerably more 
sensitive to hydrolysis than the aspartyl bond. Homoserine 
is an abundant natural compound; it is a precursor of the 
amino acids threonine and methionine; however, it is rarely
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Fig3.5.7 The structure of two azotobactins, PAZ lrl, and PAZ2:2, 

isolated from Azotobacter vinelandii strain D0 For PAZ1:1 

the C-terminus is in the lactone form, for PAZ2:2, it is the 

free acid.
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encountered in peptides and never in proteins. (The anti
biotic, Norcardicin, is based on homoserine, Kamiya, 1978). 
The inherent instability of homoserinyl peptide bonds in 
acid may be sufficient to account for its evolutionary 
exclusion from the genetic code. We propose a pathway for 
the unusually sensitive cleavage of homoseryl peptide bonds 
in acid which is similar to the proposed mechanism for 
cyanogen bromide cleavage at a methionyl-peptide bond 
(Lawson et al, 1961) . It is perhaps because of its chemical 
fragility that twenty two years elapsed between the first 
description of azotobactin (Bulen and LeCompte, 1962) , and 
the unambiguous statement of its structure, given in figure 
3.5.7.

Figure 3.5.8 A pathway for the unusually sensitive cleavage 
of homoseryl peptide bonds in acid
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3 . 6  The Chromophoric Cleavage

Pseudobactin siderophores show some unusual mass 
spectrometric features; they ionise as M+ rather than 
[M+H]+, the N-terminal fragmentation pathway is distorted, 
and there is a very prominent C-terminal ion corresponding 
to cleavage across the saturated ring of the chromophore.
The chromophoric cleavage does not, however, occur with 
azotobactin, which differs from the pseudobactins in the 
absence of a secondary amine proton in the saturated ring. 
This moiety must, therefore, be a crucial factor in the ring 
cleavage, an observation which can be incorporated into the 
following pathway

NH— R

3.7 Conclusion
Six pseudobactin-like siderophores belonging to three 

families have been described for the first time. A FAB-ms
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protocol was developed, whereby the data from mass spectral 
fragmentation was complemented by the results of hydrolytic 
experiments. In this way, the sequence deduced from frag
mentation was confirmed, and, when fragmentation failed to 
provide the necessary information, extended. The results 
are unambiguous, and the method sufficiently general to 
apply to any similar microbial peptide. The pseudobactin 
siderophores have presented a considerable technical 
challenge, they were difficult to isolate (Meyer and 
Abdallah, 1978), and difficult to characterise. X-ray 
crystallography and NMR were used to elucidate the structure 
of the chromophore (Corbin et al, 19 70; Teintze et al, 1984) , 
but these techniques are not appropriate for peptide sequencing. 
The conventional procedure of £>dman degradation is precluded 
by the N-terminal blocking group in all but one case (pseudo
bactin B10). The alternative of degrading the peptide and 
chemically identifying the fragments has proven repeatedly 
unsatisfactory. Faced with the impracticality of a solution- 
chemistry approach to this problem, mass spectrometry provided 
one of the few ways of avoiding a deadlock.

Similar experiments have been conducted on the zervamicin 
antibiotics (Rinehart et al, 1981). The full FAB spectra of 
these peptides gave almost complete structures; however, there 
were gaps in the assignment. In this case the ambiguous 
sequences could be solved by careful analysis of low mass 
non-sequence ions which were confirmed by mild acid hydrolysis 
experiments. These workers, however, analysed their hydroly
sates by gc-ms. Our results show'that, given a partial 
structure from FAB-ms, it is not necessary to sequence the 
hydrolytic peptides. A FAB-peptide map of the hydrolysates, 
and, if necessary, the use of two or more hydrolytic procedures
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should provide all the information necessary to complete the 
sequence.

FAB-ms is at its best assigning sequences to polymers.
It is not an ideal technique for detailed analysis of the 
constituent monomers. This was made clear in our studies 
on the Mr 169 unit of PF, and the modified chromophore of 
PT0S1. In such cases FAB is restricted to accurate mass 
measurements, and functional group analysis. It should be 
pointed out, however, that before the FAB studies, neither 
the Mr 169 residue, nor the modified chromophore, had been 
identified.

In his review (1981b) Neilands could say, with justice, 
that none of the pseudomonad siderophores had been character
ised "in a chemical sense". With the completion of these 
studies, this is no longer true; the complete chemical and 
spatial structure of pseudobactin B10 is known (Teintze et 
al, 1981a), as are the primary structures of pyoverdin 
(Wedenbaum et al, 1983), azotobactin and the pseudobactins 
of Ps. tolaasii and Ps. fluorescens. This compares favourably
with most other classes of siderophore.
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CHAPTER 4

NON-ACTH COMPONENTS OF HUMAN PITUITARY GLANDS WHICH STIMULATE

STEROIDOGENESIS IN THE RAT ADRENAL GLAND

Overview
The work described here was part of a long term project 

with Dr. Gavin Vinson of St. Bartholomew’s Medical College, 
and Dr. Barbara Whitehouse, on the pituitary regulation of the 
rat adrenal cortex. Earlier work in this series had shown 
that the pituitary hormone, a-Melanocyte stimulating hormone 
( a-MSH), has the property of stimulating steroidogenesis in 
the outer zone of the adrenal cortex, but not the inner zone. 
This may have rather interesting physiological consequences.
The relevance of a-MSH in human adrenal regulation was not 
clear, however, since studies on post mortem human pituitary 
tissue had not provided convincing evidence for its presence 
in man. Our primary aim, therefore, was to establish, firstly, 
whether a-MSH is present in humans, and, secondly, to 
establish whether the human pituitary contains other components 
that, although not a-MSH, are sufficiently like a-MSH to 
take its place in the human system.

It has long been an ambition of biological mass spectro- 
metrists to incorporate the unique specificity of mass 
spectrometry into a physico-chemical assay for biologically 
active compounds present at trace levels. The sensitivity 
of FAB-ms, compared with other techniques, persuaded us to 
incorporate it into our studies as an analytical tool in 
just such a capacity. Our experiences in this field are 
discussed in this chapter.
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4.1 Introduction
4.1.1 The anatomy of the mammalian adrenal cortex
The structure of the mammalian adrenal cortex has been

reviewed in some detail by Idelman, 1978. The adrenal is 
effectively a double gland, the innermost adrenal medulla, 
with which we shall not be concerned, and the outer adrenal 
cortex (fig. 4.1.1). The rat adrenal cortex lies within an 
outer connective capsule immediately beneath which lies the 
zona glomerulosa. Below the zona glomerulosa are radially 
oriented cords of cells, which form the zona fasciculata, 
and which break up into a less well organised tissue, the zona 
reticularis. The zona fasciculata and zona reticularis are 
often treated as a unit, the zona fasciculata/reticularis.
The zones are distinguished biochemically as well as anatomi
cally, the critical distinction being their spectrum of 
steroidal products. The zona fasciculata synthesises gluco
corticoids, whereas the zona glomerulosa synthesises both 
glucocorticoids and mineralocorticoids.

4.1.2 The steroids of the adrenal cortex
The role of the adrenal cortex, and by extension, of its 

regulatory factors, can be approached only by reference to its 
steroidal products. At least twenty steroids are secreted, 
and these include mineralocorticoids, glucocorticoids, 
androgens and oestrogens (Schulster, Burstein and Cooke, 1975) . 
The mineralocorticoids, of which aldosterone is by far the 
most potent, act at the distal convoluted tubule of the kidney 
to retain sodium ions and excrete potassium. Glucocorticoids 
are far more general in their effects. There is an anti- 
flammatory response, and a specific increase in the synthesis 
and secretion of growth hormone (Michel et al, 1984; Evans et 
al, 1982) . There are in addition many metabolic effects which
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are in general antagonistic to those of insulin, and are 
reviewed by Beato and Doenecke, 1980. All these diverse 
effects are involved in the reaction to stress.

In rat, the major glucocorticoid is corticosterone, 
and in the human it is cortisol. Very much more cortisol 
is secreted than aldosterone (15-30 mgs/day, as opposed to
0.1-0.2 mgs in the normal human (Schulster et al, 19 75)) .
It is important to realise that the adrenal cortex subserves 
two very different functions; the regulation of ionic 
balance, and the response to stress. The stress response 
is mediated by both zones, whereas the regulation of salt 
balance involves only the zona glomerulosa.

4.1.3 Regulation of the Adrenal Cortex 
The regulation of the adrenal cortex has been reviewed 

by Vinson and Kenyon, 1978. Two peptide hormones are known 
to be involved with certainty, angiotensin and adrenocorticotro- 
pin (ACTH). Other non-peptide secretogogues are also known 
including potassium, serotonin, and acetylcholine. Negative 
modulators of zona glomerulosal function have also recently 
been discovered. These will be very briefly discussed.
(a) Angiotensin

Angiotensin II is a non-pituitary octapeptide, infusions 
of which cause an increase in circulating aldosterone levels 
of up to six-fold (Urquhart et al, 1963, dog; Ames et al,
1965, human, etc.). It is considered by many to be the major 
hormonal regulator of aldosterone secretion. The release of 
renin from the kidney which initiates the system (see Peart, 
1976, review), occurs when renal blood supply is reduced, and 
when plasma sodium concentration is depleted. Much early work 
on the biochemistry of angiotensin II, centred on defining its
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locus of action in steroidogenesis. This has been reviewed 
by Vinson and Keynon, 1978, and, in short, angiotensin acts 
on the early stages of steroidogenesis, in the conversion of 
cholesterol to pregnenolone. The mechanism of angiotensin 
action on the adrenal cortex is incompletely understood. It 
does not involve increased intracellular cAMP (Fujita et al,
1979). Calcium is thought to be involved, since angiotensin 
action is inhibited by calcium channel blockers such as 
Verapamil (Fakunding et al, 1979; Fakunding and Catt, 1980). 
Evidence has been presented for the involvement of the 
phosphatvidyl inositol pathway (Kojima et al, 1983, and 
references therein).
(b) Potassium

Giroud et al, 1956, were the first to show that potassium 
is important in modulating aldosterone secretion. Potassium 
stimulates the zona glomerulosa specifically, and very small 
changes in arterial blood potassium can affect aldosterone 
output, in vivo (Blair-West et al, 1 962) . Potassium resembles 
angiotensin II, in that it does not elevate cAMP levels in 
zona glomerulosal cells (for example, Fujita et al, 1979).
(c) Adrenocorticotropin (ACTH)

The thirty nine residue pituitary peptide ACTH stimulates 
steroidogenesis in both zones of the adrenal cortex, causing 
circulating increases in both aldosterone and corticosterone 
in the rat. As with angiotension II, the early stages of 
steroidogenesis are promoted by ACTH. Its action requires 
protein synthesis (Vinson and Keynon, review, 1978), and 
is normally supposed to involve intra-cellular cAMP-dependent 
protein-phosphorylation processes (Saez et al, 1981). This 
view is not, however, universal (Bristow et al, 1980) , since 
the action of some ACTH analogues shows a marked dissociation



from measurable intracellular changes in cAMP levels.
Calcium may be implicated in ACTH action, either before 
the accumulation of cAMP (Lefkowitz et al, 19 70) or after 
it (Kuo et al, 1965) .

The ACTH receptor in the zona fasciculata has been 
probed. Mcllhinney and Schulster (1975) detected two 
classes of receptor, a high affinity low abundance 
receptor, and a low affinity, high abundance receptor.
Buckley and Ramachandran, 1981, improved upon the experi
mental design, and observed only a single high affinity 
receptor. A high degree of spare capacity was detected, 
with full steroidogenic activity obtainable at only 3% 
occupancy of the receptors.

In view of our particular interest in a-MSH, which 
stimulates only the zona glomerulosa, it is relevant to ask 
how stimulation of the zona glomerulosa by ACTH compares 
with the zona fasciculata. ACTH stimulates the early stages 
of aldosterone synthesis, as it does for the glucocorticoids, 
but the ACTH induced stimulation of aldosterone release is 
less sensitive than glucocorticoid release (Vinson and Kenyon, 
1978, review). 8-Bromo cAMP and cholera toxin will stimulate 
aldosterone secretion, and ACTH elicits an increase in zona 
glomerulosa intracellular cAMP (Fujita et al, 1979). The 
acute ACTH stimulation of aldosterone release, therefore, 
resembles its action on glucocorticoid release, and is 
different from the angiotensin pathway.

Administered chronically, ACTH decreases circulating 
levels of aldosterone, and at least two mechanisms have 
been put forward to explain this. ACTH inhibits the con
version of corticosterone to aldosterone (Komor and Muller, 
1979); it also down regulates the number of angiotensin II

128
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receptors. In this way the organism may overcome the 
problems associated with having the same hormone stimulating 
two unrelated responses.
(d) Serotonin

Serotonin is a fourth well characterised aldosterone 
secretagogue. Its action is specific for the zona glomerulosa 
(Rosencrantz, 1959; Rosencrantz and Leferte, 1960). It very 
probably acts by increasing the int.racellular accumulation 
of cAMP (Fujita et al, 1979) . Its physiological role, if 
any, is unclear.
(e) Acetyl Choline

Acetyl choline elicits an increase in cortisol release 
in bovine adrenocortical cell suspensions that is independent 
of cAMP. Its activity in the zona glomerulosa has not been 
determined (Hadjian et al, 1982)
(f) Atrial natriuretic factor (A.N.F.)

Mammalian atria contain peptides with a marked natriuretic 
effect, i.e. that increase the release of sodium into the 
urine (Seidah et al, 1984; Kangawa et al, 1984; Geller et al, 
1984). This action is in opposition to aldosterone at the 
kidneys. At the adrenal level A.N.F. inhibits the angio
tensin II, and ACTH, induced secretion of aldosterone, but 
without altering basal secretion rates (Chartier et al,
1984, and references therein). It now appears that, as 
well as the established positive modulators of mineralocorti- 
coid secretion, there is probably a negative branch of 
control mediated by ANF.
Summary

The catalogue of adrenocortically active substances 
outlined in the preceding pages, completes the "dramatis 
personae" of conventional thought on the regulation of the
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adrenal cortex. Limitations of space necessitate that 
it is incomplete; in such a complex endocrine system there 
are many feedback loops, ensuring that salt balance remains 
within physiologically tolerable levels; the factors control
ling angiotensin and ACTH release have been dealt with 
sketchily, if at all.

The bioactive substances involved in aldosterone 
secretion can be divided, functionally, into three categories:

(1) Those that stimulate predominantly the zona 
glomerulosa (i.e. aldosterone secretion); angiotensin II, 
potassium and serotonin.

(2) Those that stimulate both zones of the adrenal 
cortex, for example, ACTH.

(3) Substances that inhibit the action of classes (1) 
and (2) on the zona glomerulosa; namely atrial natriuretic 
factor.

The stimulatory substances can also be divided into two 
biochemical categories: those, such as ACTH and serotonin, 
that appear to use cAMP as a secondary messenger, and those, 
such as angiotensin II, and potassium, that do not.

It is important to realise that acute effects of stimu
lants on the adrenal cortex are modified by chronic factors, 
particularly sodium depletion, and elevated potassium levels. 
Very briefly, sodium depletion potentiates aldosterone release 
(Luetscher and Axelrod, 1954, man, Blair-West et al, 1963, 
sheep, Carey and Henderson, 1974, rat). The effect On 
glucocorticoid release is less clear-cut, Muller et al, 1969, 
reported a decrease in corticosterone release in the rat, 
Hanning et al, 1970, did not.

In the next section it will be shown that established
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adrenocortical stimulating factors are not sufficient to 
account for the observed changes in aldosterone secretion 
under all conditions. A summary of experiments that have 
attempted to resolve such anomalies will be presented.

4.1.4 Are there other aldosterone secretagogues?
Eleven instances in which the renin-angiotensin system 

fails to account for the observed patterns of aldosterone 
secretion are cited by Coghlan et al, 1979. These include 
fasting, hypoxia, changes in altitude, changes in posture, 
treatment with p-blockers, idiopathic hypoaldosteronism, 
and others. The previous discussion would lead one to 
expect a role for ACTH in these cases. ACTH is certainly 
involved in zona glomerulosal regulation. Several authors, 
however,have presented evidence that ACTH is not alone among 
the pituitary factors occupying this role.

If a dog is hypophysectomised, there is a short-term 
drop in plasma aldosterone, which can be overcome with 
infusions of ACTH (Davis et al, 1960, and many others).
If, however, the dog is first sodium depleted, and then 
hypophysectomised,there is a marked decline in circulating 
aldosterone levels which cannot be overcome by ACTH. Mixtures 
of ACTH and growth hormone, or alternatively, a rat pituitary 
extract, restore aldosterone to its pre-operative levels 
(Palmore et al, 1970) . Essentially the same results were 
shown for the rat (Palmore and Mulrow, 1967, Lee et al,
1968). A similar set of experiments by Ganong et al, 1968, 
in the dog, detected a reduction in the sensitivity of 
hypophysectomised, sodium depleted dogs to angiotensin II.
This could not be mimicked by glucocorticoid suppression of 
ACTH in the intact dog and was therefore assigned to a non- 
ACTH pituitary factor. Although these experiments differ in
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detail there is general agreement that aldosterone production 
falls after hypophysectomy, and that the effect is most 
marked during sodium depletion; moreover, pituitary factors 
other than ACTH must be invoked to account for the observed 
behaviour of the adrenal cortex.

Patients with pituitary insufficiency are close human 
equivalents of hypophysectomised animals. In such cases 
the adrenal cortex responds neither to angiotensin II nor 
ACTH. When these patients were put on a sodium deficient 
diet aldosterone levels were markedly lower than those of 
normal volunteers, thereby demonstrating a pituitary role 
in human aldosterone regulations. It is possible that a 
factor other than ACTH is involved since prolonged ACTH- 
replacement therapy, on a normal sodium diet, restored 
normal cortisol but not aldosterone levels (McCaa et al,
1981). (It is, however, worth remembering that in healthy 
individuals chronic ACTH treatment tends to depress aldo
sterone levels (section 4.1.3c).

4.1.4b Dopaminergic regulation of aldosterone production
It is easy to see from the chronology of the references 

in 4.1.4a that scant attention has been paid to the ideas they 
put forward for a 'missing' pituitary factor. In contrast, 
there is an extensive body of research on the effect of dopa
mine and its antagonists on zona glomerulosal function, 
showing, quite independently of the work on hypophysectomised 
animals, that there exists some non-ACTH, renin-angiotensin 
independent system, which stimulates adrenocortical aldo
sterone production. This came to light from the clinical 
experiments of Edwards et al, 1972, who detected a lowering 
of aldosterone levels in patients treated with the dopamine 
agonist bromocryptine. This was independent of changes in
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renin-angiotensin or plasma potassium. Subsequently, the 
dopamine antagonist metoclopramide was shown to elevate 
plasma aldosterone in man without significantly elevating 
cortisol levels (R.M. Carey, 1979, Norbiato, 1977, Aghira, 
1977, Aghira, 1980, and many others).

Clinical studies are useful in drawing attention to 
these phenomena, but give only limited insight into their 
mechanisms. Dopamine receptors occur on the rat adrenal 
cortex (Dunn and Bosmann, 1981). Moreover, dopamine 
inhibits the in vitro response of bovine zona glomerulosa 
cell suspensions to angiotensin II, but only at micromolar 
concentrations; the average circulating level of dopamine 
is about 200 picomolar (Peuler and Johnson, 1977). A 
direct involvement of metoclopramide or dopamine at the 
adrenal gland cannot be maintained, because direct infusions 
of both these compounds into the adrenal artery do not 
modulate aldosterone secretion (McDougall et al, 1981,
S. Lun et al, 1983) .

The dopaminergic response does not involve the renin- 
angiotensin system, since nephrectomy, which removes renin 
at its source, does not compromise the effect of metoclopra
mide in the rat (Sowers et al, 1980) . The angiotensinogen- 
converting enzyme inhibitor, SQ 14225, and the angiotensin 
antagonist, Saralasin, have no great effect on metoclopramide 
induced aldosterone secretion (Sowers et al, 1980a). It 
should be noted, however, that plasma renin-activity is 
elevated following infusions of metoclopramide, but that 
this follows, rather than precedes, changes in aldosterone 
secretion (Sowers et al, 1980a, Zanella and Bravo, 1982).

The involvement of ACTH in the dopaminergic modulation
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of aldosterone secretion can be eliminated on two counts. 
Firstly, metoclopramide does not stimulate cortisol or 
corticosterone secretion to any great extent. Secondly, 
dexamethasone, which suppresses ACTH secretion, does not 
diminish the aldosterone response to metoclopramide, and 
in some cases dexamethazone enhances it (Sowers et al,
1983). Similarly, changes in blood pressure, or circulating 
potassium, have been eliminated as the mediators of the 
dopaminergic response (references above). The conclusion 
that has been drawn from all these observations is that 
dopamine inhibits the secretion of a 'missing' aldosterone 
stimulating factor, that is not part of the renin-angiotensin 
system, or related to ACTH. Candidates for this missing 
factor will be reviewed in the following section.

4.1.5 Candidate hormones for aldosterone secreting factors
(i) Aldosterone stimulating factor
A glycoprotein showing distinct aldosterone releasing 

activity has been isolated from human urine (Bravo et al,
1980), and is called aldosterone stimulating factor, or A.S.F. 
It has subsequently been located in the human anterior pitui
tary gland, and in human plasma (Sen et al, 1981). The 
molecular weight is estimated to be 26,000 daltons by sedi
mentation equilibrium methods, and 22,000 daltons by HPLC 
on a sizing column. ASF is chromatographically distinct from 
ACTH, angiotensin II, and [3 -lipotropin. It stimulates both 
aldosterone and corticosterone production, but it has not 
been proven to be specific for the zona glomerulosa; indeed, 
Saito et al, 1981, believe, on indirect evidence, that it will 
also stimulate the zona fasciculata/reticularis.

The aldosterone secreting activity of ASF resides within a
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with intact ASF (Sen et al, 1981a). The sialic acid residues 
can be removed from ASF by the enzyme neuraminidase (Sen et 
al, 1981b) . Desialylated ASF has twice the biological 
activity of the native form. In neither case does ASF behave 
like other, bona fide, large peptide hormones; for example, 
plasmin digestion of human growth hormone results in a five 
fold decrease in biological activity, and the active fragment 
is a large 134 residue peptide, molecular weight c. 15,000 
daltons. Desialylation of most glycoprotein hormones results 
in dramatic decreases in activity, as little as 0.3% 
desialylation of human chorionic gonadotropin causes a one 
third loss in potency. The only exception is luteinising 
hormone, which has little sialic acid in the carbohydrate 
side chains. In no case does desialylation result, as it 
does for ASF, in an increase in activity. Most of the peptide 
chain and the carbohydrate chains of ASF seem to be redundant 
for biological activity, a characteristic of precursor 
proteins rather than the trophic hormone.

(ii) (3 -lipotropin
p-lipotropin is a maturation product of the common 

ACTH/ (3 -endorphin precursor, pro-opiomelanocortin. Matsuoka 
et al, 1980, reported aldosterone stimulating activity for 
P-lipotropin. However, close examination showed that highly 
purified p-lipotropin is inactive as an aldosterone secreta- 
gogue and that the biological activity was due to low level 
ACTH contamination (Vinson et al, 1981).

(iii) Melanocyte Stimulating Hormones (MSH)
The ability of Melanocyte Stimulating Hormones to dilate 

amphibian melanocytes is well documented, but the role, if
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any, of MSH's in higher vertebrates has eluded definition.
Three MSH's are known, a-, (3- and /-MSH, each originating 
from a different part of the same precursor, pro-opiomelano- 
cortin (Nakanishi et al, 1979). cr-MSH consists of the first 
thirteen residues of ACTH; f3 -MSH is contained within the 
p -lipotropin sequence (see above ii); ^-MSH occurs in
several forms*, depending on the species examined, and arises 
from the N-terminal glycopeptide fragment of pro-opiomelanocortin.

Vinson et al, 1980, isolated three zona glomerulosal 
specific steroidogenic peptides from Pitressin, a commercial 
posterior pituitary extract, from bovine and porcine glands.
One of these peptides was shown to be i -MSH, and another, 
**bis-acetyl a-MSH (A. Dell et al, 1982) . Other workers 
have confirmed this observation using synthetic a-MSH.

Clinical studies (Birkhauser et al, 1975), to some 
extent, pre-empted these discoveries, since in patients 
suffering from pan-hypopituitarism, fifteen minute infusions 
of cr-MSH, at 1.5 (ig/kg/min, resulted in an immediate 
elevation in circulating aldosterone but not cortisol.
Rather curiously, the adrenal cortex of normal volunteers did 
not respond to a-MSH, but infusions of a-MSH elicited a 
prompt increase in plasma growth hormone levels, p-MSH is 
also reported to stimulate aldosterone secretion (Matsuoka 
et al, 1981), as are the various forms of / -MSH, and the 
^-MSH containing 16k N-terminal fragment of pro-opiomelano
cortin (Schriffin et al, 1 983 , Lis et al, 1981) . Vinson et 
al, 1981, however, have been unable to detect steroidogenic

*

* *

Called / 1 , y 2 and 7 3-MSH depending on length (Ling et 
al, 1979)
The chemistry of a-MSH will be discussed later



137

activity for either 71 -MSH or the 7 -MSH precursor. 7 3 -MSH, 
and the 16k N-terminal pro-opiamelanocortin fragment 
potentiate the action of ACTH (Pedersen et al, 1980) , as 
does cr-MSH (Sazaly and Stark, 198 2) . It should be noted 
that only a-MSH has been isolated from a biological extract 
as an aldosterone stimulating factor; the other MSH's were 
tested from an essentially pharmacological viewpoint.

The adrenal cortex in vitro responds to a-MSH, as 
shown in figure 4.1.2. Only very high doses of cr-MSH stimulate 
the zona fasciculata/reticularis, whereas the zona glomerulosa 
responds at lower doses to release both corticosterone and 
aldosterone. The secretion of corticosterone is more 
sensitive to or-MSH than aldosterone secretion. If, however, 
the rats are maintained for a fortnight on a sodium depleted 
diet, the order of sensitivity reverses, and aldosterone 
secretion is stimulated at lower doses of a-MSH than 
corticosterone. Unlike ACTH, cr-MSH does not stimulate cAMP 
production in the adrenal cortex (Vinson et al, 19 83) , and 
is, therefore, biochemically dissimilar to ACTH.

If a-MSH regulates zona glomerulosal activity, factors 
which modulate the secretion of a-MSH from the pituitary 
would be expected to have an equivalent effect on zona 
glomerulosal steroidogenesis. The melanotrophs of the inter
mediate lobe of the pituitary (i.e. the cells that secrete 
a-MSH) are positively modulated by a p -adrenergic system 
(Smelik et al, 1983, review), and by corticotropin releasing 
factor (Meunier et al, 1 982) . The influence of corticotropin 
releasing factor on a-MSH release is not inhibited, in vivo, 
by dexamethasone, and is therefore distinct from the cortico
tropin releasing factor control of ACTH-secreting cells.
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% Stimulation

% Stimulation

Fig 4.1,2 The action of a-MSH on corticosterone and aldosterone 
secretion from the two zones of the adrenal cortex. 
Modified from Vinson et al. 1983,



139

A negative dopaminergic control is also present (Smelik 
et al, 1983 , review) , inhibiting the release of cr-MSH. 
Melanotrophs are known to possess the D-2 class of dopamine 
receptors (Munemura et al, 1980). Although the literature 
on dopaminergic inhibition of aldosterone secretion is not 
entirely consistent, and no thorough pharmacological 
investigation has been performed, it too shows many of the 
characteristics of a D-2 type response (as defined by 
Kebabian and Caine, 1979). Metoclopramide is an antagonist 
in this system, as is apomorphine, and bromocryptine is an 
agonist (see references in section 4.1.4b)# since there is a 
striking similarity between those factors that modulate the 
dopaminergic response of aldosterone secretion, and those 
that modulate cr-MSH release, the possibility emerges that 
ct -MSH may be (one of) the 'missing' aldosterone stimulating 
factors.

Several points, however, mitigate against this theory:-
(1) In vitro experiments have shown that in the absence of 
sodium deprivation a-MSH stimulates corticosterone secretion 
more potently than aldosterone secretion (figure 4.1.2).
(2) a-MSH is considerably less potent than ACTH or angio
tensin II. In the rat the E.D.50 for corticosterone secretion
by ACTH is c. 2 x 10 ^M; about 5 x 10 ^ M  for angiotensin II,

—6but only 5 x 10 M for a-MSH in rats on a normal salt diet 
(Douglas et al, 1978; Vinson et al, 1 983).
(3) Throughout the preceding discussion particular emphasis 
was given to studies in man. The response in man to 
dopaminergic manipulation, and probably also hypophysectomy, 
are very similar to those of other mammals. Here we encounter 
the most damaging criticism of the a-MSH-aldosterone 
stimulating theory as outlined above: the adult human pituitary
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gland does not contain a discrete intermediate lobe, and 
may not contain a-MSH (Scott and Lowry, 1974). It is 
difficult, therefore, to see how a-MSH could be involved 
in aldosterone secretion in man. We chose to examine this 
point in detail and in order to complete the theoretical 
background to our experiments, attention must shift to the 
pituitary gland.

4.1.6 The Pituitary Gland and q-MSH
The typical vertebrate pituitary gland is anatomically 

divisible into three regions, the anterior pituitary (pars 
distalis or adenohypophysis), the posterior pituitary (pars 
nervosa, or neurohypophysis), and the intermediate lobe (or 
pars intermedia). In the adult the pituitary lies beneath 
the brain, in a bony cavity, called the pituitary fossa, or 
sella turcica. It is connected to the brain by the pituitary 
stalk, which consists of neurosecretory neurones entering the 
posterior pituitary, and a circulation system, the hypophyseal 
portal vessels. The hypophyseal portal vessels transport 
neuroendocrine secretions from the median eminence to the 
anterior pituitary, which play a vital role in regulating 
the secretions of the anterior pituitary. The human adult 
pituitary weighs about 0.5g, rising to about 1.Og during 
pregnancy. It is the key organ in the integration of 
endocrine functions and central nervous system activity.

The anterior pituitary gland secretes several hormones, 
mostly large proteins - Prolactin, follicle stimulating 
hormone, luteinising hormone, growth hormone and thyroid 
stimulating hormone are all products of the anterior pituitary. 
In addition, the anterior pituitary contains morphologically 
distinct cells called corticotrophs which are the site of
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productio* of ACTH, [3 -endorphin, and p-lir 3tropin (Halmi
and Kreig^r, review, 1983) . The intermediate lobe contains 
predominantly melanotrophs, which produce the peptides 

a -MSH, CLIP (corticotropin-like immunoreactive peptide), 
p-endorphin and $ -MSH. All of these pepti les are the 
products of a common precursor, pro-opiomelanocortin (POMC), 
and their relationships are shown in figure 4.1.3. It is 
particularly important to notice the close relationship 
between ACTH and a-MSH.

The adult human pituitary differs from the majority of 
vertebrates by lacking a a morphologically significant 
intermediate lobe. Rasmussen, 1929, conducted a careful

I
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Fig. 4,1.3 The processing of pro-opiomelanocortin by the 
pituitary gland. References, Nakanashi et al,
1 979.
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histological study on the human pituitary, and concluded 
that the pars intermedia of the adult comprised no more 
than 1% of total glandular tissue. In human foetal 
pituitaries he observed a pars intermedia contributing 
3.5% of the volume of the gland. The area between the 
posterior and anterior lobes, where the intermediate lobe 
might be expected, is occupied by colloid cysts, whose 
significance is unknown.

The problem of the human intermediate lobe has been 
approached in two ways; firstly, pituitary glands have 
been extracted for the characteristic intermediate lobe 
peptides a-MSH and CLIP. Alternatively, the pituitary has 
been studied immunocytochemically for a-MSH containing cells.
In an early study Morris et al 1956, dissected the humar oituitary 
and assayed various regions for corticotropic and melano- 
tropic activity. They observed corticotropic and melanotropic 
activity in the anterior lobe, but not the posterior lobe.
The only exception to this rule occurred if the posterior lobe 
tissue came from the boundary between the two lobes and 
contained invading basophilic cells.* In such cases significant 
melanotropic but little corticotropic activity was observed.
The authors concluded that the invading cells represented a 
vestigial intermediate lobe. This conclusion is not entirely' 
satisfactory, since, as pointed out by Celio et al, 1980,

* Basophiles are characteristic cells of the anterior lobe, 
distinguished by their ability to stain with basic dyes. The 
human pituitary is unusual in that a number of -basophilic cells 
penetrate the posterior lobe. These cells are called 
'invading basophiles'.
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intermediate lobe cells are innervated whereas the invading 
cells are not. Abe et al, 1967, extracted MSH peptides 
from human pituitaries and found cr-MSH radioimmuno- 
assayable activity constituted about 1 |ig/gm wet tissue; 
however, the antiserum showed some cross reaction with ACTH, 
and N-terminal ACTH fragments. The melanotropic activity present 
was probably due to (3 -MSH, since Harris, 1 9 59 , had shown 
that side fractions from human-growth hormone extractions 
contained large amounts of a peptide similar to porcine 
and bovine t-MSH, but extended N-terminally by an Ala-Glu- 
Lys-Lys tetrapeptide. Lee and Lee, 1973, isolated a melano
tropic peptide from human pituitaries and gave its amino acid 
composition. All the amino acids present in a-MSH were 
present in this fraction, but so were several others. The 
authors concluded that human a-MSH is a larger peptide than 
in other species. This result may equally be explained as 
an ACTH fragment, or due to contamination of the preparation 
with a second unrelated peptide. Scott and Lowry, 1974, 
extracted human pituitaries using a variety of extraction 
media. The extracts were fractionated by gel-filtration, 
and examined by radio-immunoassay for the N- and C-terminal 
regions of ACTH, and with an antiserum cross-reacting with 
P -MSH and p -lipotropin. The extracts were also bio-assayed 
for corticotropic and melanotropic activity. No fractions 
were found to contain a-MSH or CLIP-like activity. All the 
P-MSH activity eluted ahead of ACTH, and was therefore 
attributed to the much larger peptide, p -lipotropin. The 
authors concluded that the human a-MSH reported earlier 
was an artifact, and that the human pituitary contains no 
a-MSH.

The intermediate lobe of the human foetus is much more



144

clearly defined anatomically than in the adult. Silman 
et al, 1976, examined extracts of foetal pituitaries, and 
compared them with mature pituitaries. Approximately half 
the N-terminal radio-immunoactivity of a 24 week foetal 
pituitary co-eluted with a -MSH bioactivity (froq skin 
assay). In the adult pituitary a potent melanotropic 
activity eluted in the a -MSH position but was associated 
with only a very weak peak of N-terminal ACTH radio-immuno
activity. The authors concluded that this was an ct -MSH-like 
peptide, but that it could not be authentic a-MSH. The 
identity of a-MSH in the human foetal pituitary has attracted 
a lot of attention. The most definitive statement on the sub
ject is that of Tilders et al, 1981, who observed that radio- 
immunoactive a-MSH could be detected in both lobes of the 
pituitary (considering the intermediate and posterior lobes 
as a single unit, the so-called neurointermediate lobe).
When a-MSH like radioimmunoactive peptides from a Sephadex 
G-50 extraction were re-chromatographed on rp HPLC, the bulk 
of a-MSH radioimmunoactivity eluted ahead of authentic a-MSH, 
in the position of des-acetyl a-MSH.

The immunocytochemistry of a-MSH and other pro-opiome- 
lanocortin congeners has been extensively studied. The 
application of immunocytochemistry has some pitfalls, 
especially when, as in the cases of a-MSH and ACTH, or 
(3 -endorphin and (3 -lipotropin, the larger peptide contains 
the complete sequence of the smaller. The-problem of cross
reactivity must always be borne in mind, thus Juillard et al,
1980 , showed that a presumed high molecular weight (3 -endorphin 
like peptide, isolated from the human placenta by immuno-affinity 
chromatography, was actually a fragment of immunoglobin G. It 
is normal to test the antisera used in immunocytochemical
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studies by their cross-reaction with related antigens in 
solution. This cannot guarantee that the same antigen 
will not cross-react in situ, for example, anti-rat 
prolactin will not precipitate human prolactin in solution, 
but will stain human prolactin containing cells (Halmi et al, 
1975).

When human pituitaries were immuno-stained against ACTH 
and P -MSH, Phifer et al, 1974, found that all cells containing 
ACTH immunoreactivity, also showed (3-MSH immunoreactivity. It 
is not clear whether the 0 -MSH activity was directed against 
pru-opiomelanocortin, (3 -lipotropin or (3 -MSH. Nieuwenhuyzen- 
Kruseman and Schroder-Van Der Elst (1976) immunolocalised ACTH 
and a-MSH in human and rat pituitaries, concluding that about 
30% of human pituitaries contained a -MSH. In a careful study 
of ACTH, p -endorphin/ (3 -lipotropin, and a-MSH distribution in 
the human pituitary, Celio et al, 1980, located ACTH and 
P -endorphin/p -lipotropin activity in a crescent-shaped 
region in the front of the anterior lobe, and also at the 
junction of posterior and anterior lobes, a-MSH staining 
cells were distributed randomly throughout the frontal ACTH/ 

j3 -endorphin crescent, whereas distinct clusters of a-MSH 
positive cells were observed, at the junction of the two 
lobes. These tended to lie close to the colloid cysts 
mentioned previously. These results were confirmed by Halmi 
and Kreiger, 1983. In neither case was a quantitative 
analysis attempted, although Celio et al (1980) estimated 
that less than ten per cent of ACTH-producing cells contained 
cr-MSH immunoactivity. Celio et al used anti a-MSH serum at 
a dilution 1:20,000, whereas Halmi and Kreiger used a 1:1,000
dilution.
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The immunocytochemistry of a-MSH changes significantly 
throughout life. Visser and Swaab, 1979, obtained antisera 
for d-MSH which was purified by using ACTH bound to agarose 
beads. In 14 foetal pituitaries clear immunofluorescence 
against a-MSH was obtained in the pars intermedia. In 
children, from two months to 19 years, the region between 
the anterior and posterior zones stained well. In adults 
a-MSH cells were always,detected, irrespective of age, sex 
or cause of death; however, the number of a-MSH staining 
cells was very much lower in the adult than the foetus, or 
the child. A very low dilution of antiserum, of 1:40, was 
used so that the sparse binding in adult pituitaries may be 
artefactual. In contrast to Celio et al, 1980, there was 
no evidence for any anatomical organisation among the cr -MSH 
cells of the human pituitary.

Overall, everyone agrees that the human foetal pituitary 
possesses an intermediate lobe and appreciable levels of a-MSH. 
As the gland matures a -MSH levels fall, and an anatomically 
discrete pars intermedia is lost. There is little agreement 
on the extent to which a-MSH-like peptides occur in adult 
human pituitaries. Immunocytochemical studies consistently 
detect low, but by no means insignficant, numbers of cells 
containing an a-MSH-like immunoactivity. Notwithstanding 
this, all attempts to isolate a-MSH from the adult human 
pituitary have been frustrated, which has led to the prevailing 
opinion that the a-MSH content of the human pituitary is 
insignificant or non-existent. This should be contrasted 
with other primates, rats, rabbits, dogs, cats, camels, 
amphibia, etc., in which the adult retains a defined pars 
intermedia, and from which a -MSH can be readily extracted.
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The human pituitary gland is unusual in other ways; 
it has proven surprisingly difficult to establish its 
content of (3 -endorphin. Li et al, 19 76 , isolated and 
sequenced (3 -endorphin from an extract of over 1 ,000 human 
pituitaries. It was noticed that in comparison with other 
tissues the yield was rather low (0.73 |iMol/1000 glands, as 
opposed- to 14 mgs/1000 glands obtained from camel pituitaries 
in the same laboratories). Liotta et al, 1978, undertook a 
carefully controlled study of the p -endorphin content of 
human pituitaries and rat anterior lobe pituitaries. They 
concluded that 98% of human immunoreactive p -endorphin was, 
in fact, [3 -lipotropin; by examining several extraction 
techniques they concluded that human (3 -endorphin is an extraction 
artifact. Similarly, they concluded that most p-endorphin- 
like material in the rat anterior lobe is, in fact, |3 -lipo
tropin, rat P -endorphin is therefore presumed to arise from 
the pars intermedia. It would be easy to conclude that the 
lack of p-endorphin in human pituitaries equates with the 
absence of the pars intermedia. Unlike ff-MSH, however, 
p-endorphin can be detected in human plasma, and responds to 
stimuli such as electroacupuncture (Ratter et al, 1981).
There is, therefore, a direct conflict between clinical 
experiments and very carefully executed biochemical studies. 
Although this is not directly relevant to the problem of 
(X -MSH, it highlights the complexities that are encountered 
working with human tissue.

4.1.7 The Chemistry of a -MSH
cf -MSH in mammals is a tridecapeptide of the sequence: 

Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH^.
The N-terminus can be acetylated (Harris, 1959b), or the 
N-terminus can be free, in which case the peptide is called
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des-acetyl a -MSH. The N-terminal serine can be both Ir
an d C-acetybated, (Rudman et al, 1979), in which case the 
peptide is called bis-acetyl a-MSH. In every case the 
C-terminus is amidated. The sequence is identical to the 
first thirteen residues of ACTH.

A peptide is given the name, "melanocyte stimulating 
hormone", not on its ability to stimulate amphibian melano
cytes, but by the possession of the sequence:

Tyr-X-X-X-His-Phe-Arg-Trp-
y -MSH, which has very little melanocyte stimulating activity, 

is nevertheless an 'MSH* peptide.
Melanotropic activity resides within two portions of the 

sequence, the 'core' MSH message - His-Phe-Arg-Trp-, and the 
C-terminal dipeptide -Lys-Pro- (Eberle, review, 1981). Melano
cyte stimulation can be achieved with the hexapeptide 
Glu-His-Phe-Arg-Trp-Gly .
Summary

The preceding discussion has presented evidence that 
the accepted regulators of the adrenal cortex are not 
sufficient to account for the complete behaviour of the zona 
glomerulosa. There is in particular evidence for a non-ACTH 
pituitary involvement, and for a negative dopaminergic control 
system. There are two main contenders for the ’missing' 
pituitary factor, a poorly characterised glycoprotein, the 
so called ’aldosterone stimulating factor’, and peptides of 
the MSH family, of which a-MSH has the strongest claim. Aldo
sterone stimulating factor has not been shown to stimulate the 
zona glomerulosa specifically; indeed, its discoverers think 
this is unlikely. It is not known what regulates the release 
of ASF, and its chemical identity is undefined, a-MSH
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stimulates only the zona glomerulosa (except at very high 
concentration) and its secretion is controlled by factors 
known to modify the release of aldosterone, independently 
of ACTH or angiotensin. The theoretical weaknesses in 
this view are that a-MSH was not extracted directly from 
intact glands, but from a partially purified commercial 
extract. There is, therefore, no obligation to believe that 
a-MSH is the only, or the major, non ACTH pituitary zona 
glomerulosal stimulant. Secondly, by any criterion, the 
post mortem human pituitary contains little a-MSH; it may 
contain none at all. The experiments, however, which led to 
the proposal of a missing aldosterone factor apply equally 
to the human as to the rat.

Our intention was to examine the post mortem human 
pituitary gland to define whether t-MSH is present, and, 
if it is not, to see whether there are other a-MSH-like 
peptides which could perform the same function.

4.1.8 Purification Strategy
From all that had previously been published on the 

problem of a-MSH in the human pituitary, we knew that only 
rather low amounts of material were likely to be present.
This required that any isolation procedure should give a high 
yield, and that the minimum number of purification steps 
should be introduced. Since a-MSH and ACTH possess very 
similar biological activities, it was essential that all the 
ACTH present should be removed during the extraction. Only 
in this way could we be certain that any biological components 
were non-ACTH molecules. On the basis of these two criteria 
we examined the feasibility of a number of isolation procedures.
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HPLC is the most efficient liquid chromatographic pro
cedure currently available. The most efficient purification 
procedure, therefore, involves pre-purification of a crude 
or partially purified extract by HPLC on one gradient system, 
followed by a final purification of samples of interest 
(defined by synthetic standards) on a second HPLC system.

We considered such a system, but rejected it because, 
by being over selective after the first purification, fractions 
containing novel activities could be overlooked. The need to 
separate ACTH from cr -MSH persuaded us to incorporate sizing 
procedures, and we selected a first step of isolation on 
Sephadex G-50, followed by a second Sephadex G-25 elution, 
for fractions eluting from G-50 close to the a-MSH running 
position. Having selected for ' a-MSH sized' peptides, a 
bioassay was performed by Drs. Vinson and Whitehouse. The 
active fractions were then rechromatographed by reverse 
phase HPLC, and the collected fractions bioassayed. This 
is schematised below:-

Homogenisation
a -MSH

Sephadex G-50 Sephadex G-25
Sized fractions

Bioassay

Active fractions

7
HPLC

7
Bioassay

Details of these steps are given in Materials and Methods 
(Chapter 5).



Our first experiments revealed that the HPLC gradient 
that was in virtually exclusive use in our laboratory failed 
to separate a-MSH and ACTH. Many gradients were then tested, 
varying the solvents, the initial and final concentrations of 
solvents, the shape of the gradient, the time of the gradient, 
etc. The gradient selected as having the best separation of 
des-acetyl a-MSH, a-MSH, bis-acetyl a-MSH and ACTH, was a 
shallow, concave gradient, (Waters programmer gradient 7) from 
10% propanol to 25% propanol, in 5% acetic acid, in one hour, 
at 1ml/min. In the following discussion this will be referred 
to as "the standard gradient".

Having isolated active fractions, it was hoped to 
characterise them by FAB-ms, having already demonstrated 
that very high sensitivity is possible, at least on synthetic 
samples of a-MSH.

4.2 Results and Discussion
Many of the reports designed to define the molecular 

forms of a-MSH in animal tissue conflict, and there is a 
possibility that a-MSH can be chemically modified by some 
of the extraction media used. Before starting our experiments 
the chemical stability of a-MSH to our proposed solvents was 
assessed. a-MSH was allowed to stand for three days in 50% 
acetic acid, at either room temperature, or at 4°C. The 
solution was then examined by FAB; approximately one third of 
the pepti'de oxidised at room temperature. Oxidation was 
insignificant at 4°C. An aliquot of a-MSH was heated at 50°C 
in the acid:acetone extraction medium for one hour, and then 
its FAB spectrum taken. A small fraction (less than 10%) was 
’methylated', i.e. its molecular weight had increased by 
fourteen or twenty eight mass units. Since the treatment was



152

much harsher than could be expected in a 'real' experiment, 
this degree of modification was judged to be acceptable.
Most importantly, neither treatment acetylated or 
de-acetylated a -MSH. Having confirmed that a-MSH is stable 
under the conditions we intended to use, a trial extraction 
was performed.

4.2a Pilot Experiment
Two human pituitaries were homogenised, as described in 

the Methods chapter. In this particular case, a hand held 
glass homogeniser with a teflon plunger was used. The extract 
was fractionated on a Sephadex G-50 column, eluted in 50% 
acetic acid. The elution position of cc -MSH sized peptides

3was then determined by chromatographing H-acetyl a-MSH, 
and measuring the collected fractions for radioactivity. 
Labelled a-MSH eluted in a rather broad band from fraction 
35 to 60.

These tubes from the sample chromatogram were pooled 
and re-chromatographed on a Sephadex G-25 column. Once 
again, the elution position of a-MSH was located, and 
fractions within the a-MSH region were bioassayed. The 
u.v. profile and bioassay results are shown in figure 4.2.1. 
Potent adrenocortical activity was observed in two positions, 
fractions 25 to 28, and 32 to 35. The first batch of activity 
corresponds to the elution position of ff-MSH. In both 
regions zona glomerulosa and zona fasciculata/reticularis 
stimulation are displaced from one another.

Active fractions 25 and 26 from the Sephadex G-25 
separation, which contain the major zona glomerulosa 
stimulating activity, and which eluted close to cr-MSH, were 
pooled, and chromatographed on reverse phase HPLC, using the
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(b)
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Percent maximal 
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Fig 4. ,2. } The u. v. profile and bioassay results for the 'd-MSH sized" fractions 

eluted of a sephadex G-50 column from an extract of two human 

pituitary glands, and rechromatographed on Sephadex G-25.
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Fig 4.2.2 The u. v profile and bioassay results from an HPLC fractionation 

( standard gradient ) of the active fractions 25 and 26 from 

fig 4.2.1 .
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standard gradient. The u.v. profile and bioassay results 
are shown in figure 4.2.2. The activity falls into three 
categories. Firstly, there are two important peaks of zona 
glomerulosa specific activity, in fraction 40, co-eluting 
closely with synthetic cl-MSH, and infraction 49, co-eluting 
with the inactive precursor peptide, angiotensin I. Secondly, 
there are several major peaks of activity in which the leading 
edge stimulates the zona fasciculata/reticularis, and the 
trailing edge stimulates the zona glomerulosa (for example, 
fractions 56 and 57, and 60 to 62). There is no ready 
explanation for this behaviour, but for simplicity we have 
assumed that the same component stimulates both zones. This 
may not be true, but allows the minimum possible interpretation 
of the results as arising from ACTH analogues. It is well 
known that ACTH occurs in several forms for which in many 
cases there is no full account of biological activity.
Thirdly, the active fractions 37 and 53 stimulate only the 
zona fasciculata/reticularis.

We attempted a partial characterisation of these 
components by performing an amino acid profile across the 
active fractions. No amino acids could be detected above 
background for acid hydrolysates of fractions 36 and 37 
(zona fasciculata specifc stimulants), or fractions 39 and 
40 (zona glomerulosa specific activity). In each case one 
fifth of the total sample was hydrolysed. A profile across 
fractions 55 to 61 (active fractions stimulating both zones), 
using 1/10 the total sample, indicated the presence of a 
component peaking in fraction 59, which contains significant 
levels of serine, glutamate and glycine (all common contami
nants) . No correlation could be drawn between the amino acid
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analyses and the biological activity. FAB-ms on 3/5 
fraction 40 did not reveal any peaks above the background.

Returning to figure 4.2.1, the active fractions 27 
and 28 were pooled and fractionated by HPLC, as above. No 
activity was recovered between HPLC fractions 18 to 67.
Further experiments on these samples were therefore abandoned.

At this stage our results pointed towards the presence 
of a human pituitary peptide, which co-elutes with n-MSH 
on HPLC, and has the same activity (i.e. fraction 40, 
figure 4.2.2). There was no evidence for peptides resembling 
des-acetyl s-MSH or bis-acetyl a-MSH. We had also detected 
an apparently specific zona fasciculata/reticularis stimulating 
activity. This was a considerable surprise since it was the 
first occasion to our knowledge in which any substance had 
been shown to stimulate the zona fasciculata, without also 
stimulating the glomerulosa. The level of material isolated 
was clearly insufficient to permit a chemical characterisation 
of these active components by the means available to us. Our 
priority was now to show that these results could be duplicated 
using larger batches of tissue. In addition, we hoped to gain 
some insight into the novel zona fasciculata specific activity, 
while remaining within the confines of our original aims.

4.2b Extraction of the Human Pituitaries
Ten human pituitaries were homogenised as described in 

the Methods section, but using a sonic probe to disrupt the 
tissue. The same purification steps were performed as in 
section 4.2a. The G-50 extraction was calibrated against standard 
peptides a-MSH, insulin and lysozyme (M.wt. 14,500) . . Fractions 22 
to 30 were pooled for further study. On the basis of the 
calibration curve this should contain a-MSH sized peptides
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Fig 4.2.3 The u.v. profile and bioassay results for a Sephadex G-25 fraction

ation of human pituitary components of estimated size 2500-500 

dal tons ( based on their Sephadex G-50 elution position ).

The solid bar represents the elution position of a-MSH, the bioassay 

results are expressed as the increase over background secretion. The 

column was eluted in 50% acetic acid at 12 ml/ hr, collecting 2 ml 

fractions. Column dimensions were 100 X 1 cm.
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but not ACTH sized peptides. The lower mass limit was 
determined directly by FAB analysis of fraction 31. This 
was found to contain oxytocin, m/z 1007, thereby confirming 
that the correct mass range had been selected. The pooled 
fractions were rechromatographed on a Sephadex G-25 column.
The u.v. profile and bioassay results are given in figure
4.2.3. The active components were split into two pools, 
those corresponding to the forward edge of bioactivity, 
fractions 14 to 19, and the trailing edge of activity 
fractions 20 to 22. Both pools were repurified on the 
standard 10 to 25% propanol, HPLC gradient. No measurable 
activity was recovered from the pooled fractions 
20 to 22. The bioassay results from the HPLC separation 
of pooled G-25 fractions 14 to 19, are presented in figure
4.2.4,.

The most prominent peak of activity arises in fraction 45, 
(also in 46 in a repeat assay) . This corresponds to the 
elution position of ACTH. There are several zona glomerulosa 
specific stimulating regions in the earlier part of the run. 
Stimulation is observed in fraction 22, i.e. the des-acetyl 
elution position. Fractions 26 and 27 stimulate the zona 
glomerulosa strongly in figure 4.2.4; however, in a second 
assay these fractions did not stimulate above background.
There is a strong zona fasciculata specific stimulation in 
fractions 33 and 34, a second assay also suggested a zona 
fasciculata specific stimulant eluting into fraction 33.

The data differs in many respects from the pilot experi
ments. Firstly, there is a clear-cut peak corresponding to 
ACTH. Secondly, there is no stimulation corresponding to 
cf-MSH. Thirdly, an activity co-eluting with des-acetyl
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ct-MSH has emerged. This may have been missed in the first 
experiment simply because insufficient starting material 
was used. Finally, the activity assigned to "ACTH-analogues" 
in the pilot experiment is not reproduced. This suggests the 
activity was artefactual.

d-MSH and N-terminal ACTH radioimmunoassay profiles
were performed on this HPLC run in Professor Rees's
laboratory at St. Bartholomew's Hospital. The a-MSH
radioimmunoassay results are presented in figure 4.2.4 .
a-MSH radioimmunoactivity is very low throughout, but peaks

in fractions 22 and 23. This corresponds to the des-acetyl
a-MSH elution position. No a-MSH-like radioimmunoactivity

was detected in the a-MSH elution position (fraction 36), or
for bis-acetyl a-MSH. This experiment demonstrates that
des-acetyl d-MSH is indeed present in human pituitary
extracts but only in trace amounts of approximately 2.5ng
per gland (or about 1.5 pMoles). Using 1/10 aliquots for
bioassay in 5ml volumes the approximate concentration of

-1  1the incubation is 1.5 x 10 M. This is very close to the
- 1 1 - 1 0limit of detection of a-MSH bioactivity of 10 to 10 M 

(Vinson et al, 1 983) .
The ACTH radioimmunoassay confirmed the presence of 

ACTH eluting with the bioactivity in fraction 46. No other 
major ACTH-like peaks were detected, except close to the 
void volume, suggesting that proteolysis of ACTH is not a 
major problem in these extractions.

Importantly, the zona fasciculata specific activity of 
fractions 33 and 34 does not correlate with N-terminal ACTH 
radioimmunoactivity. Changes in the running positions of 
the standard peptides on HPLC makes it difficult to compare 
these fractions directly with the pilot experiment. In both
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Fig 4.2.4. An extract of ten human pituitaries sequentially purified by Sephadex G-50, 

Sephadex G-25 gel filtration, and reverse phase HPLCo (standard gradient ).

Assayed for:

a. C-terminal a MSHradioimmunoactivity0 The results are corrected to give the 

amont of activity that would have been recovered per tube for an extract of one gland,

b. N-terminal ACTH radioimmunoactivityc The results are expressed as in a.

c. Adrenal zona glomerulosa corticosterone release, assayed in three batches, 

fraction 10 - 30, 31 -4 1 , and 41 - 60. The estimated background release 

has been subtracted, these were Ong for 10 - 30, 65ng for 31 - 40, and 70ng 

for fractions 41 - 60.

d. Adrenal zona fasciculata /  reticularis corticosterone release, assayed in three 

batches as for c. , but without background stimulation.
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cases, however, the zona fasciculata activity elutes about 
three fractions ahead of the cr -MSH elution position.
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4.2c Extraction of ten human pituitaries
The previous two experiments were contaminated by 

residual ACTH. This introduces an element of doubt about 
the size of the other active peptides, which should all be 
smaller than ACTH if the procedure was effective. To improve 
on the size selection properties of the purification, the 
protocol was slightly modified. An extract of ten human 
pituitary glands was prepared as described above. This was 
loaded onto a Sephadex G-50 column and eluted slowly 
(4.5 ml/hr) to maximise the separation. The position of 
a-MSH sized peptides was estimated by a calibration curve, 

and by comparing the u.v. profile against earlier chromato
grams. No synthetic a-MSH was used at this stage, to avoid 
contaminating the preparation. Fractions estimated to 
contain a-MSH-sized peptides or smaller were pooled and 
rechromatographed on the same G-50 column at 12 mls/hr. The 
elution position of a-MSH was defined using synthetic a-MSH, 
and the position of ACTH sized peptides estimated on the basis 
of a calibration curve. On the basis of this data, fractions 
68 to 100 of the second G-50 separation were pooled, and 
chromatographed on a Sephadex G-25 column. Fractions eluting 
from the void to fraction 45, covering the a-MSH elution 
position, were bioassayed. The bioassay results are shown in 
figure 4.2.5, biological activity occurs in fractions 29 to 
33. There is an apparent separation of activity into two 
components, but this may reflect an error in the preparation 
or assay of fraction 31. Tubes 28 to 34, containing all the 
biological activity, were pooled for further ŝ fcudy.

The elution positions of the standard peptides on HPLC 
had shifted forward as the column deteriorated with age.
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Fig 4.2.5 A  Sephadex G-25 fractionation of human pituitary extract 

previously chromatographed on a Sephadex G-50 gel filtration column,

---------  = u. v absorbance at 280nm.
x --------x = corticosterone release from the zona fasciculata /  reticularis
H--------- (- = corticsterone release from the zona glomerulosa.

The column was eluted in 50% acetic acid at a flow rate of 8 ml /  hr. 
Column dimensions were 100 x 2 cm, and 1ml fractions were collected.
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This made it difficult to compare directly between the 
earlier and later experiments. To overcome this problem 
the standard 10-25% propanol gradient was modified to 
include an initial thirteen minutes isocratic at 10% 
propanol. This was found to restore the elution position 
of d-MSH close to its original position, fraction 41 (allowing 
for dead volume).

Using the modified gradient, the pooled fractions from 
the Sephadex G-25 separation were fractionated on HPLC, and 
bioassayed (figure 4.2.6) .

Measurable zona glomerulosa specific activity co-elutes 
with des-acetyl a-MSH (fractions 23 and 24). This will be 
referred to as peak I. There is a second peak of zona 
glomerulosa specific activity, peak II, which elutes in 
fraction 31. This does not correspond to any known a-MSH 
analogue, or to angiotensin II; however, it is probably 
equivalent to the activity detected in fraction 26 and 27 in 
figure 4.2.4 (remember that the elution positions have changed). 
A third zona glomerulosa specific stimulant elutes in fraction 
41, the 4-MSH position. This will be called peak V. The 
pattern of adrenocortical stimulation around peak V is of 
particular interest. Two fractions behind peak V there is a 
component VI, which stimulates both zones. Three fractions 
ahead of the cr-MSH-like activity, V, there is a zona 
fasciculata specific stimulating factor, IV (fractions 37 and 
38). This should be compared with figure 4.2.2 from the pilot 
experiment, where it will be seen that the pattern IV, V, VI 
is precisely reproduced. A second zona fasciculata specific 
component elutes in fraction 33, peak III. No peptides 
corresponding to ACTH were detected, indicating the efficacy
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Fig . 4.2.6 Human pituitary fractions purified sequentially by gel filtration on Sephadex G-50, and Sephadex G-25, followed

by HPLC of active fractions ( fig 4,2.5 ) on the standard gradient. The upper trace shows zon:a glomerulosa bioactivity, the lower trace 
fasciculate/reticularis activity.
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of the modified purification procedure. We can therefore be 
confident that all the active fractions have molecular 
weights below that of ACTH (i.e. 4,500 dalton) , probably in 
the range of a-MSH (1,700 ± 1,000 daltons), and within the 
8kV operating range of the ZAB-mass spectrometer.

Two components, I and V, have identical chromatographic 
and biological properties to known a-MSH analogues. Two 
HPLC gradients were designed to expand the portion of the 
modified standard gradient in which des-acetyl a-MSH and 
t-MSH elute. These were:

GRADIENT A; a linear gradient over 30 minutes from 10 
to 13% propanol in 5% aqueous acetic acid. This gives good 
separation of peptides eluting close to des-acetyl a-MSH.

GRADIENT B; a linear gradient over 30 minutes from 12 
to 18% propanol in 5% aqueous acetic acid. This should give 
good separation of peptides eluting close to t-MSH.

Peak I fractions (23, 24 and 25) were pooled and 
re-chromatographed using gradient A (figure 4.2.7). Released 
corticosterone was estimated in two ways, by radioimmunoassay, 
and the standard gas chromatographic procedure. Both methods 
gave maximum zona glomerulosa activity in fraction 26 (i.e. 
co-eluting with des-acetyl ct-MSH) . The radioimmunoassay 
also detected activity centring on fraction 23. Gradient A, 
therefore, fractionates the zona glomerulosa activity of peak 
I into possibly two fractions, one of which has remarkably 
similar properties to des-acetyl a-MSH.

At this stage another a-MSH radioimmunoassay was per
formed across the peak I, gradient A HPLC run. Using 1/10 
aliquots, the a-MSH activity was below the limit of detection 
(20 pg) except in fractions 24, 25 and 26. In these tubes 
there was a definite displacement of labelled peptide, but at
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Fig. 4.2.7. Rechromatography of the des-acetyl a-MSH like activity, peak 1, 

fig 4.2.6, on HPLC gradient A. The inserts show the zonal bioactivity and are displaced 

by one fraction with respect to the u. v. profile to take account of the dead volume. 

Corticosterone levels were measured by gas chromatography.
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levels too low to be confidently quantitated. The presence 
of des-acetyl a-MSH has therefore been confirmed by radio
immunoassay in two separate extractions, but in both cases
the immunoassayable levels of a-MSH are below the detection

-11 -10limits of the bioassay (10 - 10 M). To account for the
observed bioassay results it is necessary to postulate the 
presence of a peptide(s) with identical chromatographic 
properties (in our systems), to des-acetyl a-MSH, and with 
the same biological activity, but antigenically different. 
Professor Rees's antiserum recognizes the C-terminal valinamide 
of a-MSH. We presumed, therefore, that the active component 
of our fraction contains C-terminally modified des-acetyl a-MSH.

Peak I, in this experiment, is equivalent to the activity 
centring in fraction 22 from the preceding experiment (4.2b; 
figure 4.2.4) . These fractions were pooled, and repurified 
on gradient A, so that a comparison could be made with peak I. 
Strong zona glomerulosa specific activity was detected, peaking 
in fraction 26 (figure 4.2.8). This is very similar to the 
activity obtained for peak I (see figure 4.2.7). We can 
conclude, therefore, that peak I is a consistently reproducible 
component of human pituitary extracts. FAB profiles, and 
amino acid analysis profiles, were performed across this region 
for both HPLC runs, see table 4.2.1. The reproducibility of 
the FAB data should be noted, as should the high levels of 
contamination with oxytocin (m/z 1007); however, no correlation 
can be drawn between" the FAB-data and biological activity. The 
amino acid analysis data for peak I is interesting. If serine 
is given a nominal value of 2 (as in a-MSH), the ratio of 
other amino acids is close in most cases to that predicted 
for a-MSH, hence:

(  c o n t , d  p  1 7 4  )
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Fig 4,2.8 Zona glomerulosa bioassay result’s for corticosterone release following 

rechromatography of the des-acetyl a-MSH like activity in fig 4.2.4 ( fn. 22 ), on

HPLC gradient A. One fifth of each fraction was assayed. No activity was detected in the 

zona fasciculata /  reticularis.
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Table 4.2.1. FAB-ms and amino acid analysis data on The
"des-acety «-MSH" like activity

(a) FAB profile of 1/10 aliquots of peak I after 
rechromatography on gradient A

FRACTION FAB Signals (M/z)

22 No signals
23 Nosignals
24 1467, 1361, 1325, 1285, 1258, 1127, 1340, 793
25 1494, 1325, 1285
26 1494, 1396, 1325
27 No signals
28 No signals

(b) FAB profile of 1/5 aliquots of fraction 22, figure 4.2.4. 
rechromatographed on gradient A

FRACTION FAB Singals (M/z)

22 1325 , 1258 , 1157
23 1258 , 1007
24 1745, 1595, 1325 , 1268, 1258, 1157 , 1007
25 1745 , 1325 , 1007
26 1007 (v weak)
27 No si gnals
28 No signals



( c )  A m i n o  a c i d  a n a l y s i s  d a t a  on 1/5  a l i q u o t s  o f  p e a k  I

a f t e r  r e c h r o m a t o g r a p h y  on g r a d i e n t  A

(d) Amino acid analysis data on 1/5 aliquots of fraction
22, figure 4.2.4., rechromatographed on gradient A.



c

S amp 1e Asp S e r Thr Glu Pro Gly - Ala Val Met H e Leu Tyr Phe Ly s His Arg

22 0.03 0.08 0.21 0.32 - 0.25 0.14 0.07 0.01 0.08 0.09 0.04

23 0.04 0.12 0.2 0.49 + 0.33 0.22 0.05 0.15 0.02 0.05 0.12 0.09 0.07

24 0.67 0.25 0.36 1.00 + 0.65 0.42 0.15 0.06 0.09 0.35 0.07 0.12 0.15 0.11 0.17

25 0.7 0.27 0.5 1 . 2 4* 0.8 0.7 0.16 0.09 0.09 0.40 0.09 0.14 0.16 0.12 0.19

26 0.72 0.26 0.64 1.07 + 1.07 0.44 0.18 0.10 0.13 0.45 0.13 0.09 0.20 0.13 0.24

27 0.20 0.08 0.19 0.34 + 0.29 0.16 0.04 0.03 0.11 0.09 0.09 0.05

28 0.14 0.08 0.24 0.26 - 0.24 0.08 0.03 0.10 0.03 0.08 0.08 0.06

d

S amp 1e Asp S e r Thr Glu Pro Gly Ala Val Me t lie Leu Tyr Phe Ly s His Arg

22 0.09 0.09 0.17 - 0.12 0.06 0.05 0.02

23 0.13 0.04 0.12 0.23 - 0.15 0.07 0.01 0.07 0.08 0.04

24 0.13 0.03 0.08 0.22 - 0.18 0.06 0.02

25 0.10 0.03 0.08 0.17 - 0.18 0.07 0.04 0.02 0.02 0.07 0.03

26 0.07 0.02 0.08 0.12 - 0.10 0.03 0.03 0.02

27 0.08 0.05 0.05 0.07 - 0.07 0.01
28 0.03 0.04 0.05 - 0.06
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s fn 23 : 2 fn 24 : 2 fn 25 : 2 fn 26 : 2
Y 0 0.5 0.67 1
M 0 0.5 0.67 0.8
E 5 8 8.8 8.5
H 2 0.9 0.96 1
F 1 0.9 0.7 0.75
R 1 0.9 1 .4 1 .9
G 4 5 7.9 3.5
K 2 0.9 1 .4 0.75
V 0 0.9 1 .4 1 .5

Apart from glutamic acid and glycine, these are close 
to the 2:1 ratio with serine expected from an a-MSH related 
peptide. If this is so the peptide must be present at about 
100 pMol level, well within the detection limits of FAB 
(Chapter 2). The inability to detect the peptide would then 
be due to suppression by the much more abundant, aspartic 
acid, glutamic acid and glycine based component.

The active fractions from the second gradient A 
experiment (figure 4.2.8) show very little relationship to 
ct-MSH. Tyrosine, phenylalanine, methionine, histidine, 

arginine, and valine are all missing from the peak fraction. 
It is not possible, therefore, to draw a rigorous conclusion 
from this data.

Other workers had encountered a similar problem in the 
structural analysis of the pituitary peptide 0-cell Tropin 
(Beloff-Chain, 1983) . FAB-ms failed to identify the active 
component, although synthetic CLIP, (a peptide related to 
P~cell tropin) could be detected at 20 pMoles. This 
emphasises the increased difficulty in studying peptides from
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biological extracts as opposed to synthetic peptides.
Combining structure-activity studies on synthetic CLIP, 
with chromatographic characterisation of likely sequences, 
the structure of (3-cell tropin was finally proposed to be
ACTH (18-39) or a very closely related sequence.

In view of the lack of firm structural data on peak I, 
and our belief that it was a C-terminal. modification of the 
ACTH (1-13) sequence, the activity and chromatographic 
properties of C-terminally modified des-acetyl a-MSH 
analogues was investigated. This was made possible by 
enzymatically removing C-terminal amino acids from the 
synthetic peptide ACTH (1-17) . The details of the preparation 
and activity of these peptides is discussed below (section 
4.3) .

The elution positions of ACTH (1-17), ACTH (1-16),
ACTH (1-15), ACTH (1-14), ACTH (1-13)-NH2 , i.e. des-acetyl 
e(-MSH, and ACTH (1-12) , are indicated in figure 4.2.6. Two 
of the peptides, ACTH (1-14) and ACTH (1-12) , co-elute with 
des-acetyl a-MSH, on the standard gradient, and also on 
gradient A. These peptides also share the same biological 
activity as des-acetyl a-MSH (section 4.3) and therefore 
fulfil the requirements for the peak I peptide. It should 
be noted that, on an acid gradient, C-terminal amide peptides 
will elute in the same position as C-terminal acid peptides, 
thus either the acid or the amide analogue may be present.
We have not performed experiments to distinguish these 
possibilities.

The 3-MSH-like activity, peak V, was re-chromatographed 
on gradient B (figure 4.2.9). The zona glomerulosa specific 
bio-activity elutes in fractions 28, 29 and 30. Synthetic
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Fig 4. 2C9 Rechromatography of peak V,( the c-MSH like activity in fig. 4. 2. 6.) on HPLC gradient B showing the corticosterone

release from the zona glomerulosa. No activity was observed in the zona fasciculata /  reticularis.
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d-MSH elutes in fractions 25 and 26. Peak V is, therefore, 
chromatographically distinct from u-MSH. The results of a 
FAB profile across the active fractions is presented in table
4.2.2. Once again, no correlation could be drawn between the 
molecular weights obtained and biological activity.

Table 4.2.2 FAB-ms signals detected between m/z 300 and
2000 across the active fractions corresponding 
to peak V

Fraction Signal (m/z)
27 1127
28 1402 , 1 1 27
29 1402
30 Nothing
31 Nothing

The fractions which stimulated the zona fasciculata 
specifically are particularly interesting. The magnitude 
of the zona fasciculata response to ACTH is several times 
greater than the zona glomerulosa, and at low concentration 
of an ACTH related peptide, this could lead to "apparent 
specificity" for the zona fasciculata. To eliminate this 
possibility about a half of peak III (fraction 33) was divided 
into two aliquots, and the biological activity of 1/10 dilutions 
was measured (figure 4.2.10) . Although there is a strong, 
dose dependent stimulation of the zona fasciculata, there is 
no detectable stimulation of the glomerulosa. This strongly 
suggests that the activity is genuinely specific.

A FAB profile was performed on 1/10 aliquots of the 
remaining active fractions. The data is presented in table
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Fig 4.2.10 A dose response bioactivity curve for peak III, showing differential 

stimulation of the zones of the adrenal cortex.

-x = corticosterone release from the zona glomerulosa.
■a = corticosterone release from the zona fasciculata/reticularis.

The mean of duplicate assays is plotted with scatter shown by a vertical bar.
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4.2.3. The major FAB signal in the peak II position (fn. 31) 
is at m/z 1704. It is unlikely, however, that this peptide 
contributes to adrenocortical activity since it is also 
found in fractions 32 and 33, which do not show potent zona 
glomerulosal stimulation. Two signals appear to be specific 
to fraction 31 (peak II) . These are at m/z 1 504 and m/z 1 633 . 
Neither of these signals corresponds to any known a-MSH 
analogue, or to the known forms of P -MSH or J'-MSH.

Peak III, one of the zona fasciculata specific stimulating 
regions, gives strong signals at m/z 1384 and 1838. The 
signal at 1838, but not 1384, is observed in other extracts 
(see 4.4). The intensity profile of the m/z 1838 signal 
approximately follows the biological activity, whereas the 
m/z 1384 signal is absent from fraction 34, which has zona 
fasciculata activity above background. The 1838 signal is 
therefore more likely to be the active component, the spectrum 
from fraction 33 is shown in figure 4.2.11. An 1/10 aliquot 
of fraction 33 was 1:1 acetylated for ten minutes according 
to the normal procedure (Chapter 5). Both peptides mono- 
acetylated, and are likely to have free N-termini. No 
fragmentation was observed in any of the active fractions.
The purest preparation of the m/z 1838 component appeared to 
be fraction 34, and the whole of the remainder of this fraction 
was submitted to gas phase edman degradation on the Imperial 
College gas phase sequenator. The results were poor due to 
the low level of peptide, and sample associated background; 
however, a provisional N-terminal sequence, Ser-Tyr-(and 
possibly)-Pro, was established. This is similar to the 
N-terminal sequence of ACTH, and related peptides. Attempts 
to confirm the N-terminus by leucine amino peptidase digestion
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3. FAB-ms profile, pituitary extract, post G-50
G-25 ge1-fi1tration, and HPLC, see figure 4.2.6.

SIGNALS
Nothing
13 84. (v. minor), 1502., 1633 (weak), 1704. ( major ), 1838 
1384(major), 1838, 170£(minor)

584, 1056(minor) 1329, 1384(major), 1704, 
1838 (v. s trong)

1838(major), 1917(minor)

1838 , 1917 , 2025 (all weak)

1369, 1838(v. weak), 1917(v.weak)

1369(major) 1133(minor)

1369(weak)

1369(weak) 1558(weak)

Removed for further analysis 

1880
No Signa1s

No S ignals
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1384

1793

1812

Fig. 4.2.11 Positive FAB spectrum of fraction 33, fig 4. 2. 6. ( i.e. active peak III ).
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of fraction 33, followed by FAB analysis, were unsuccessful.
The major FAB signal associated with the second zona 

fasciculata specific peak of activity, peak D, (fractions 37 
and 38), is at m/z 1369. However, the maximum intensity of 
m/z 1369 is at fraction 37, the maximum biological activity 
is at fraction 38, i.e. the two are displaced. It is therefore 
unlikely that the m/z 1369 signal represents the active 
component. The whole of fraction 38 was submitted to gas 
phase sequencing. The first cycle gave very high levels of 
aspartic acid, but no amino acid was detected in subsequent 
cycles. In view of the amino acid analysis (not presented), 
and FAB-data, it is clear that significant levels of peptide 
are present, and the data therefore suggests that the peptide 
is N-terminally blocked.

Although several components have given molecular weight 
data in these experiments, none has corresponded to known or 
suspected adrenocortical stimulants. In section 4.2b, it was 
pointed out that N-terminal ACTH radioimmunoassay did not 
detect ACTH radioimmunoactivity across fractions 33 and 34, 
figure 4.3.4, the zona fasciculata specific regions. This 
does not, however, preclude ACTH-like peptides as candidates 
for the active component. In particular, proteolysis of 
ACTH, either post-mortem, or during extraction, could have 
generated ACTH fragments differing from the parent in their 
adrenocortical specificity. The radioimmunoassay would not 
necessarily have detected all ACTH fragments.

To investigate this possibility, we considered the 
activities of a number of ACTH fragments prepared by proteo
lytic or chemical digestion of synthetic ACTH (1-24), and 
ACTH (1-17). The peptides ACTH (1-16) and probably ACTH 
(1-15) stimulate both zones comparably (see section 4.3,
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figure 4.3.3). ACTH (5-24) was generated by cyanogen 
bromide cleavage of ACTH (1-24), and purified by HPLC.
It shows no zonal specificity (figure 4.2.12) . ACTH (1-14) 
stimulates only the zona glomerulosa (figure 4.3.3b), and, 
from the literature, we know that ACTH (7-39) and ACTH (7-24) 
are inactive (Li et al, 1 978) . These results can be mapped 
as follows:

l____________ 14

l___________ ]6
1________________

5_______
7_______

7

24

2 4

39

39

ACTIVITY
(a) ZG
(b) ZG/ZF
(c) ZG/ZF
(d) ZG/ZF
(e) None
(f) None

No ACTH fragments shows zona fasciculata specificity.
C-terminal peptides are either inactive or non-specific 

(d,e,f). N-terminal peptides are either zona glomerulosa 
specific (a) or non-specific (b). The zona glomerulosal 
specific peaks may therefore have arisen by artefactual 
cleavage of ACTH, but it is difficult to see how the zona 
fasciculata specific activities in our extracts could have 
done so. Peaks III and IV must therefore be considered as 
genuinely novel, biologically active, pituitary components.

No other authors have reported this activity in any 
compound, either synthetic or from a biological source.

4.3 The Structure-Activity Relationships of cl -MSH in the 
Adrenal Cortex
Many new questions of structure-activity relationship

were raised by the discovery of the zona glomerulosal activity 
of d-MSH. From the point of view of this thesis, three
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Zona fasciculata 

reticularis.

Zona
glomerulosa.

M ACTHfS  2V]

Fig 40 2. 12. The adrenocortical activity of ACTH (5 - 24 ). 

The mean of duplicate assays, with scatter shown 

by vertical bars.
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problems were immediately interesting:-
(1) Does the activity of a-MSH in the zona glomerulosa 

resemble its activity in the amphibian melanocyte?
(2) What determines the difference in behaviour between 

the closely related peptides, a-MSH and ACTH?
(3) How do the activities of ACTH and cC-MSH compare 

-in the zona glomerulosa?
The answers to these questions are of legitimate concern 

in their own right, but they possess additional importance 
in defining a structural framework in which to consider 
putative ct -MSH-like zona glomerulosa specific peptides.

Two approaches were available; firstly, the use of 
synthetic peptides, and secondly, the generation of 'new' 
peptides from synthetic peptides by chemical and enzymatic 
digestion. The activities of synthetic a-MSH analogues 
are presented in table 4.3.1, where a simplified comparison 
between the adrenal and melanocyte assays is made.
Table 4.3.1 A comparison of the activities of cc -MSH
analogues in the rat adrenal zona glomerulosa and the amphibian
melanoctye
PEPTIDE ADRENAL ASSAY MELANOCYTE ASSAY
a -MSH Active (a) Active (d)
Des-Ac- a-MSH Active (a) 10% active (d)
[NLE]12- a-MSH Active (b) Inactive (e)
[NLE4 , DPHE7]-u-MSH Inactive (c) Super-active (f)
[Cys 4 , Cys 1 0] - <t -MSH Active (c) Super-active (g)
ACTH (4-10) Inactive (a) Weakly active (d)
References (a) Vinson et al, 1980, (b) Vinson et al, 1983,
(c) Vinson et al, 1984, (d) Medzhiradsky, 1976 (review),
(e) Erble, 1981 (review), (f) Sawyer et al, 1980, (g) Sawyer
et al, 1982.
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The differences between the assay systems are marked.
We can safely conclude that the structure-activity 
relationships of a-MSH in the amphibian melanocyte cannot 
be extrapolated to the mammalian adrenal gland.

What, then, can be said about c-MSH in the rat 
adrenal?

The cc-MSH heptapeptide core, i.e. ACTH (4-10) is 
inactive. The synthetic peptide, mixed N-acetyl, N-formyl 
d-MSH (1-10) NH2 possesses significant, but diminished 

activity. This suggested:-
(1) The C-terminal tripeptide, Lys-Pro-Val-N^ potentiates, 

but is not essential, for activity.
(2) That possession of the N-terminal tripeptide, 

Ser-Tyr-Ser, is sufficient to confer activity on the 
heptapeptide core.

To investigate this more fully, d-MSH (5-13) NH^ was 
prepared by cyanogen bromide digestion of cl -MSH (see General 
Methods, Chapter 5). The products were separated from 
unreacted a -MSH by HPLC, identified by FAB; and the 
digested peptide bioassayed (figure 4.3.1).* The product 
is active, but less potent than ct-MSH. This suggests 
that the C-terminal tripeptide Lys-Pro-Val-NH2, confers 
activity on the ACTH (4-10) heptapeptide core. If this is 
so, the 'active centre' must reside within the "heptapeptide 
core", since this alone is common to all the active fragments. 
The N- and C-terminal tripeptides confer activity but are not 
individually essential, so one can imagine they are involved

* Amino acid analysis indicated that the bioassayed peptide 
was significantly contaminated with Ac-Ser-Tyr-Ser-Hse. This 
should be borne in mind as giving possible alternative expla
nations for our results.
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Fig 4.3.1 The dose response bioactivi ty of a-MSH 5 - I 3 -N H 2

The mean of dulicate assays is plotted with scatter shown by a vertical 

bar.

x-------- x = Zona glomerulosa corticosterone release.
11 —  —J = Zona fasciculata/reticularis corticosterone release.
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in receptor binding.
The analysis can be taken further since the synthetic 

peptide ACTH 7-13-NH2 is steroidogenically inactive. This 
peptide lacks the N-terminal -Glu-His residues of the 
active 5-13-NH2 sequence. It can be assumed, therefore, 
that residues 5 and 6 are essential for activity. These 
studies are not perfect, they do not take account of 
amidation for example, although we know (see later) that 
amidation is not a pre-requisite for activity. Their 
importance lies in establishing a provisional model of 
a:-MSH zona glomerulosa structure-activity relationships 
around which more sophisticated experiments can be based 
in the future. The model is summarised in figure 4.3.2.

Ser-Tyr-Ser-4-let-|Glu-His|-Phe-Arg-Trp-Gl7^Lys-Fro-Val-NH, 
PROBABLE ! —  p u — ^  PR0BABL1

BINDING

SITE ESSENTIAL
RESIDUES

BINDING

SITE

Figure 4.3.2 Provisional model for a-MSH zona glomerulosa 
specific steroidogenic structure-activity 
relationship

This model differs from the melanocyte model (Erble, 
1981, review), in which the N-terminal tripeptide is a 
'potentiating' sequence, and there are two independently 
active 'message' sequences, residues 5-9 and 10-13. Our 
analysis closely resembles the structure-activity studies 
on ACTH which has a single 'active site' or 'message'
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sequence, from residues 5 to 9, and in which the N-terminal 
residues, Ser-Tyr-Ser-Met, act as potentiators. The 
structural requirements of the zona glomerulosa " a-MSH 
receptor" must, therefore, be similar to the ACTH receptor.

This leads to the next problem; what determines the 
difference in activity between t-MSH and ACTH? The 
conventional view of ACTH structure-activity relationships 
is conveniently reviewed by Medzhiradsky, 1976, and for more 
recent material, in Chemical Society Specialist Periodical 
Reports, Amino Acids, Peptides and Proteins, volumes 9 et 
seq. Very briefly, ACTH (1-24) is essentially equivalent 
to ACTH (1-39), the active site resides between residues 5 
and 10, residues 1 to 4 potentiate activity but are not 
essential. There is a polybasic sequence from ACTH 15 to 
ACTH 18. Removal of residue 18 dramatically lowers activity.
It is believed that 15 to 18 are involved in receptor 
recognition and binding since they have no intrinsic steroido
genic activity. Few structure-activity studies had distinguished 
between activity in the two zones of the cortex.

The discovery of cr-MSH1 s zonal specific activity 
suggested that there must be a zona glomerulosa receptor 
capable of recognising N-terminal ACTH peptides, and with 
rather different structural requirements from those outlined 
above.

To test this directly we obtained synthetic ACTH (1-1 7) 
which is active in both zones (see below). The sequence of 
ACTH (1-17) is:-
Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys- 
1 10 15Lys-Ara

11
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A time course experiment monitored by FAB showed that 
carboxypeptidase B (see General Methods, Chapter 5) removed 
residues 17 to 15 within 1.5 hours. Two 25 |ig samples of 
ACTH (1-14) were prepared in this way. A third sample of 
ACTH (1-17) was digested with carboxypeptidase B for 45 
minutes, at which point FAB indicated a mixture of products. 
These were purified on the standard HPLC-gradient, and the 
u.v. absorbing peaks identified by FAB as ACTH (1-17), ACTH 
(1-18), ACTH (1-15) and ACTH (1-14), all completely separated. 
Amino acid analysis showed that six |ig of ACTH 1-16 and 
three |ig of ACTH 1-15 had been obtained. One of the ACTH 
1-14 preparations was further digested with carboxypeptidase 
Y. This removes glycine (14) rather slowly, and valine (13) 
very rapidly. For this reason it was not practical to 
isolate ACTH 1-13-OH, and the reaction was allowed to continue 
for 1.5 hours to give ACTH (1-12).

ACTH (1-17), ACTH (1-16) and ACTH (1-17) were assayed 
together (figure 4.3.3b); ACTH (1-17), ACTH (1-14) and 
ACTH (1-12) were assayed together (figure 4.3.3a) , and for 
comparison ACTH (1-17) and a-MSH were assayed together 
(figure 4.3.3c). ACTH (1-17), (1-16) and (1-15) stimulate both 
zones of the adrenal cortex. Their activities are roughly 
equivalent, which was surprising since in the adrenal, 
ascorbic acid depletion assay, commonly used as a measure of 
ACTH activity, ACTH (1-17) is rather more potent than ACTH 
(1-15) , see Medzhiradsky, 1 976 , table XIII . It is also 
interesting that ACTH (1-17) stimulates the zona glomerulosa 
at a lower concentration than the zona fasciculata/reticularis 
(figure 4.3.3a and c). ACTH (1-24) and ACTH show no zonal 
specificity (half maximal dose for ACTH in the zona glomeru-
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Fig 4.3.3 The zone specific adrenocortical activity of C-terminally modified analogues of des-acetyl a-MSH.
a. The activities of ACTH - 17, 1 - 14, and 1 - 12.
b. The activities of ACTH 1- 17, 1 - 16, and 1-15.
c. The activities of a-MSH ( ACTH 1 - I 3 -N H 2 )/ and ACTH 1- 17.
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—  11 -11losa is 7 x 10 M and 4.5 x 10 M in the fasciculata/ 
reticularis, Douglas et al, 19 78) . The response to ACTH 
(1-15) did not increase with concentration in the fasciculata/ 
reticularis, but was significantly greater than the background. 
It appears that, for ACTH (1-17), ACTH (1-16) and ACTH (1-15) 
there is a trend towards greater activity in the zona 
glomerulosa, but the important fact remains that all three 
of these peptides stimulate both zones of the adrenal cortex.

In contrast ACTH (1-14) is completely specific for the 
zona glomerulosa (fig. 4.3.3b). It is about tenfold less 
active than cr-MSH itself, but this may be explicable in 
terms of amidation, since it is well known that amidation 
enhances the activity of N-terminal ACTH fragments (see 
Medzhiradsky, 1976) .

We are now able to interpret structurally the basis of 
ct-MSH' s specificity in the adrenal cortex. N-terminal 

peptides with a basic C-terminal extension (i.e. ACTH 1-15, 
1-17) stimulate both zones, although there exists a 
reproducible bias towards the zona glomerulosa. Peptides 
lacking the basic sequence of ACTH 15-17 are active, but 
only in the zona glomerulosa.

Other workers have detected differential zonal 
specificity amongst other ACTH analogues. Notably,
[Cys CAM 26]-ACTH (1-26) is more active than ACTH (1-39) 
in stimulating aldosterone secretion, but less active in 
stimulating zona fasciculata/reticularis secretion of 
corticosterone (Li et al, 1918). The connection between 
the activity of this analogue, and a-MSH is not clear. 
Nevertheless, the work on t-MSH, the studies reported here 
and the [Cys-CAM 26]-ACTH (1-26) analogue, prove that the 
structure-activity relationships of ACTH are very different
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between the zones of the adrenal cortex. At least two 
classes of adrenal ACTH receptors must be adduced to 
explain these results.

The final question is the most difficult to answer.
How do the structure-activity correlates of a-MSH and 
ACTH resemble one another in the zona glomerulosa? The 
behaviour of a-MSH fragments (above) led us to a model 
very similar to the conventional views on ACTH, but these 
may apply only to the zona fasciculata. The answer to this 
question would require specific synthetic analogues of both 
ACTH and a-MSH to be compared. Biological evidence, 
however, suggests that the actions of ACTH and a-MSH in 
the zona glomerulosa are dissociable. ACTH stimulates 
glomerulosal cAMP accumulation, cr-MSH does not (Vinson et 
al, 1983). Salt depletion increases the sensitivity of 
aldosterone secretion to t-MSH, and decreases the 
sensitivity of corticosterone secretion. The sensitivity 
to ACTH under these conditions is not changed, although 
the magnitude of the aldosterone response may increase 
(Vinson et al, 1983) . The differences may reflect the 
receptors for these peptides. Unravelling the number and 
nature of receptors for ACTH related peptides in the 
adrenal gland should be considered an important goal for 
future research into the actions of ACTH.



4.4 FAB Screening for Non-Adrenocorticotropic Peptides 
Taylor and Morris, 1982, suggested that by coupling 

HPLC with FAB-ms it might be possible to develop an analytical 
technique for identifying biologically active peptides from 
extracts with much greater specificity than possible with 
conventional techniques of radioimmunoassay and bioassay.
In some of the pituitary extractions in the experiments above 
the Sephadex G-25 step was omitted prior to HPLC. The bioassay 
results indicated that this procedure was unsatisfactory for 
further characterisation, so the G-50/HPLC extracts were used 
to find out what problems would be encountered in screening 
biological extracts for peptides of interest by FAB-ms alone.
One important criterion was that, to be considered 'interesting', 
a peptide must occur in two or more extracts, and signals 
fulfilling this criterion .are listed below, table 4.4.1.
The signal at m/z 1240 (fractions 16 and 17) also occurs in 
a human placental extract which was subjected to the same 
procedure (results not discussed). This suggests that the 
peptide is not tissue specific and may therefore have arisen

194
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Table 4.4.1 FAB-ms signals from human pituitary extracts, 
partially purified on a Sephadex G-50 gel column and by 
HPLC, which occur in more than one extract

Fraction Signal Comment
16/17 1238 Also found in placental extracts
17/18 1084 Arginine vasopressin
21 1565

24-26 1007 Oxytocin
33 1838
38 1752

by proteolysis of a commonly occurring protein.
The signals at m/z 1007 and m/z 1084 correspond to the 

pituitary peptides oxytocin and arginine vasoporessin 
respectively, fig. 4.4.1. By allowing the peptides to stand 
for between five and ten minutes in a thioglycerol matrix, it 
was possible to reduce the disulphide bridges in these peptides 
and increase the mass by 2 units. This is therefore a very 
simple test to confirm the identity of these peptides. Their 
identity was further substantiated by HPLC of synthetic 
standards. The other signals do not correspond to known 
peptides considered likely to occur in pituitary extracts.
It is interesting to notice that none of the signals (including 
the remaining non-reproducible peaks) correspond to human 
p -MSH, which is believed to be an extraction artefact 
(Scott and Lowry, 19 72) . The opiate peptide p-endorphin falls 
outside the mass range examined, however, other smaller opiates 
are known to occur in pituitary tissue at low levels, particularly 
the dynorphins. No signals corresponding to dynorphin (1-17)
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or dynorphin (1-13) were detected at m/z 1603 and m/z 2146 
respectively (Goldstein et al, 1978).

Some signals which were not reproducible nevertheless 
appeared interesting. A signal at m/z 2116, eluting in 
fraction 41, may correspond to human gastrin I; however, no 
synthetic gastrin I was available to check its elution 
position. A signal at m/z 1637 in fraction 21 has the same 
mass as somatostatin, and moreover showed an apparent disulphide 
bridge doublet in thioglycerol. The possibility was excluded 
by running synthetic somatostatin, which elutes very much later. 
In one of the extracts a strong signal was observed at m/z 1665, 
in fractions 46 and 47. This elutes five fractions later than 
a -MSH, and has a mass corresponding to a:-MSH in the acid rather 
than the amide form. To test this hypothesis, a portion of the 
peptide was acetylated for five minutes, as described in Chapter 
5; the peptide remained unacetylated. Under the same conditions, 
a-MSH multiply acetylates; so the two peptides are very unlikely 
to be related.

These experiments demonstrate that FAB-ms is potentially 
useful in screening extracts for peptides. In one HPLC run 
more than 150 signals were detected between mass 300 and 3,000. 
The phenomenon of suppression means that there are probably 
rather more than this present, and may be a limiting factor 
in identifying compounds present in low abundance. The 
second major problem to be overcome is to determine which of 
these peptides sure likely to be active. Certain criteria 
can be applied to this problem:-

1. Is the signal consistently reproducible?
2. Is the signal specific to a particular gland or tissue, 

or is it widespread?
3. Is it possible to demonstrate a blocked N- or

C-terminus?
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Fig 4.4.1. Molecular ion regions of oxytocin, arginine-vasopressin, and an unknown component detected by

FAB-ms in human pituitary extracts partially purified by gel filtration ( Sephadex G-50 ), followed by HPLC.
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FAB-ms should, when applied with appropriate enzymatic, 
or chemical treatments, be able to answer this.

When an extract is being screened for peptides of known 
structure, simple chemical derivatisations and chromatographic 
evidence should be sufficient in many cases to confirm an 
assignment.
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4.5 Conclusion
The introduction outlined why we believe a zona glomerulosa 

specific activity exists, why we believe it might be related 
to a-MSH, and discussed the conflicting conclusions of 
authors who have attempted to trace ct-MSH in the human 
pituitary. We can assert on the basis of our studies that 
only trace amounts of des-acetyl ct-MSH are present in the 
human pituitary, and these cannot account for the total 
a-MSH-like bioactivity. At least three zona glomerulosa 
specific activities were present, one of which co-eluted 
with des-acetyl q-MSH. Structure-activity studies indicated 
that both ACTH (1-12) and ACTH (1-14) are zonal glomerulosal 
specific stimulants, and co-elute with des-acetyl q-MSH.
We assume that ACTH (1-13) would also co-elute with des- 
acetyl q-MSH, ACTH (1-14) is an obligatory precursor of 
q-MSH, and is the major end product of mature cultured rat 
intermediate lobe cells (Eipper et al, 1983). This, and 
ACTH (1-13) are the strongest candidates for the des-acetyl 
a-MSH-like activity of post-mortem human pituitary glands.
It should be recalled that Silman et al, 1976, using adult 
human glands, detected a peak of q-MSH sized, N-terminal 
ACTH-like radioimmunoactivity that was not authentic q-MSH. 
This corresponds very well with our conclusions. Other workers 
have recently investigated the q-MSH-like peptides of the 
human adult pituitary using pituitary fragments, obtained 
during surgical operations. Al-Naoemi et al, 1983, observed 
N-terminal ACTH radioimmunoactivity co-eluting with des-acetyl 
a-MSH on HPLC. This accounted for 10% of the total ACTH like 

radioimmunoactivity, very much more than either we, or Silman 
et al, isolated from post-mortem tissues. Evans et al, 1982, 
reported the presence of des-acetyl q-MSH (but not mono-acetyl 
q-MSH), in a single adult human pituitary. Unfortunately, no
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data was presented, so this report must be treated as 
anecdotal.

In the experiments reported above, other a-MSH-like 
activities, as jud̂ pd by bioassay, vere detected. It is not yet 
possible to deduce structures for these components. Peak v 
elutes very close to authentic a-MSH, and we presume they 
are related.

Our intention was to search for a-MSH and related 
peptides, in the human pituitary. We have found very little 
a-MSH, but significant levels of other peptides, biologi
cally and chromatographically very similar to a-MSH, are 
present. The levels we detected are low, but from the report 
of Al-Naoemi et al, above, this may simply reflect post
mortem losses. The eschatology of the pituitary has never 
been satisfactorily explored. Although low, the levels are 
not biologically negligible, since each active aliquot was 
capable of stimulating the equivalent of one rat gland. It 
will be necessary to show that these compounds circulate in 
the blood and are released in response to appropriate stimuli 
before their status as hormones can be contemplated. It is, 
however, no longer possible to dismiss a-MSH as a 'missing' 
adrenocortal hormone simply because it is not found in the 
human pituitary since we have shown that there are other, 
very similar, peptides, capable of taking its role. In other 
work some other objections to an adrenocortical role for a-MSH 
mentioned in the introduction have been weakened, particularly 
the objection that a-MSH stimulates corticosterone secretion 
more sensitively than aldosterone secretion. This is an 
artefact of the in vitro condition since the reverse was
found in vivo (Hinson et al, 1 984) .
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To our knowledge, no one has previously detected a 
preferential zona fasciculata stimulation in any adreno- 
corticopic compound. The structure-activity studies appear 
to preclude the possibility that these components (i.e. Ill 
and IV) arose by proteolysis of ACTH.(The same cannot be 
said for the glomerulosa specific fractions). It is not 
yet known if this activity is physiologically relevant.
After prolonged infusions of ACTH, the zona glomerulosa 
response to ACTH is blunted (Introduction), avoiding 
spurious secretion of aldosterone. Our "fasciculotropic" 
components would have the same effect, and be "more suitable" 
than ACTH in mediating the response to chronic stress. At 
present we can only say that the potential for such a system 
exists.

The anatomical simplicity of the adrenal cortex belies 
its biochemical complexity. The subtlety of its regulation 
is becoming increasingly apparent. a-MSH, and 
other compounds, stimulate only the outer zone. Atrial 
natriuretic factor inhibits the action of ACTH and angiotensin 
without altering basal secretion. In contrast, /^-MSH and 
related peptides potentiate ACTH (Pederson et al, 1980) and 
a-MSH (Vinson, 1984) actions, but are not themselves stimu
latory. We have now shown, for the first time, that the zona 
fasciculata/retircularis can be stimulated independently of 
the glomerulosa. Understanding these interactions, all of 
which have been discovered within the past five years, will 
provide an insight into the biochemistry of the adrenal 
gland that has not been possible hitherto.

A sensitive ’chemical' assay for neuropeptides and other 
active peptides would have several advantages, but has not 
yet proven possible. The HPLC-FAB ms combination used in
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these experiments has the potential to fulfil this role, 
demonstrated by the detection of oxytocin and vasopressin.
It may be argued that these are present in such large amounts 
that their detection is of little practical significance. The 
data in table 4.2.1 shows, however, that oxytocin can be 
detected at levels below that at which its constituent amino 
acids were detected (oxytocin - Cys 2, Tyr, Asx, Glx, Pro, 
ile, leu, gly; in fraction 26, table 4.2.1d, no tyrosine, 
proline or leucine was detected, and 0-07 nMoles of cysteic 
acid were present, corresponding to a maximum level of oxytocin 
of 30 pMoles, not allowing for hydrolytic losses; however, it 
was still possible to obtain a significant oxytocin signal).

A number of problems were identified:
1. Peptides present in trace quantities are likely to 

be suppressed unless very pure; to achieve this purity 
requires several steps of purification, with concomitant 
losses.

2. In the analysis of a mixture of peptides it is 
relatively simple to generate data, but it is very difficult 
to distinguish the significant signals from background 
material. One approach is to screen the extract for 
biological activity, but this limits the detection to only 
one type of active peptide at a time. A second approach is 
to assume that biologically active peptides have common 
characteristics, and this has been alluded to above. In 
particular, the peptides should be specific to a particular 
gland, be reproducibly present and,preferably, post-translatio- 
nally modified. The chemical and enzymatic techniques required 
to fulfil the third condition work well at nanomole 
concentrations, but become proportionately more difficult as 
the amount of material diminishes. To analyse trace levels of
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material very close attention will have to be paid to 
optimising the reaction conditions.

The potential advantages of a chemical assay for 
peptides have been discussed elsewhere. (See, for example, 
Taylor and Morris, 1982). An important feature of a FAB-ms 
assay that has not been highlighted is the ability to define 
structural features such as the presence of di-sulphide 
bridges, or free a-amino groups, once a trace peptide has 
been identified. No other analytical technique provides 
this facility while retaining sub-nanomole sensitivity.
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CHAPTER 5

METHODS AND MATERIALS

1. Mass Spectrometry
FAB mass spectra were obtained using a VG-Analytical 

High Field ZAB 1F mass spectrometer operated at accelerating 
voltages of 8 to 3 kV, giving a mass range of up to 8,800 
daltons. The atom gun was operated at 10 kV and xenon was 
used as the bombarding gas. Spectra were recorded on u.v. 
sensitive oscillographic paper, and were counted manually for 
low mass spectra (< 3000 dalton), or mass measured against 
Csl cluster ions for high mass spectra (>6,000 dalton).
The instrument was scanned in a mass controlled mode, and 
linear scans were performed at scan rates of 300 or 500 seconds 
across the entire mass range (as defined by the accelerating 
voltage). Appropriate solvents were used (0.1M HC1, 5% 
aqueous acetic acid, methanol, etc.) to load 2 to 3 nl 
aliquots of sample into a liquid matrix. A standard matrix 
of glycerol:thioglycerol c.4:1 was used for unknowns. For 
samples_of known behaviour matrices from pure glycerol to pure 
thioglycerol were used.

Mass measurements were carried out at 10,000 resolving 
power using manual peak matching. Reference compounds were 
either polyethylene glycol (used as the matrix), or a substance 
closely related to the unknown.

2. Chemical and Enzymatic Treatments
(i) Acetylation
The samples were taken up in one drop of water, to which 

was added 200 (il of methanol:acetic anhydride (4:1 v/v) . The 
reaction was terminated at the appropriate time by removing
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the reagents on a vacuum pump. 1:1 deutero-labelling was 
employed in some cases.

(ii) Methyl-esterification
Methanolic HC1 was prepared by passing dry HC1 gas 

through methanol until the solution became noticeably warm.
After cooling, the solution was added to the dry peptide 
(200 |il) and allowed to stand for the times given in the 
results section. Reagents were removed under a stream of 
nitrogen. In some cases 1:1 deutero-labelling was employed.

(iii) Acid-Hydrolysis
Peptides were dissolved in c. 50 ill 6M HC1 and heated 

at 90°C in a screw cap glass tube. Samples (2 j_l 1) were 
removed at intervals to monitor a time course. At the end 
of the experiment the sample was dried, and c. 1/5 of the 
remaining peptide analysed by FAB. Conditions were varied 
as in the text.

(iv) Ammoniolysis
Samples were dissolved in ammonia and treated as for 

the acid hydrolysis.
(v) Cyanogen Bromide

CNBr (c. 0.1 mg) was dissolved in 1 ml 70% (v/v) aqueous 
formic acid. 100 til of the reagent were added to the peptide 
(dried), whirlimixed, and allowed to stand for 16 hours in the 
dark. The sample was lyophilised three times to remove excess 
CNBr.

(vi) Edman Degradation
The sample was dried into an "Edman" tube, and taken up 

in 100 jil distilled water. 100 j_il of colourless 5% phenyliso- 
thiocyanate (Sequenal grade) in pyridine was added. The tube was 
flushed throroughly with nitrogen, sealed and incubated for 
45 minutes at 45°C. The contents were then washed in hexane,
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and dried (the sample must be absolutely dry). 100 ul
anhydrous trifluoroacetic acid were added, the tube flushed 
with nitrogen, sealed and heated at 45°C for ten minutes.
The reaction mixture was then dried and resuspended in 20 0 ill 
water, and extracted three times with redistilled n-butyl 
acetate, retaining the aqueous phase. This was evaporated 
under vacuum.

(vii) Enzymatic digestion
Enzyme digests were performed at 37°C in eppendorf 

tubes. Volumes of no greater than 100 m-1 were used. The 
substrate: enzyme ratio was 1:100 except for the carboxy- 
peptidases, where ratios of up to 1:20 were used. Tryptic, 
chymotryptic, elastase and carboxypeptidase B digests were 
performed in 50 mM ammonium bicarbonate buffer, pH 8.5. 
Carboxypeptidase Y digests were performed in 50 mM pyridine: 
acetic acid buffer, pH 5.5.

(viii) Amino acid analysis
Samples were hydrolysed under vacuum for 16 hours in 

25 |il 6M HC1, containing 2 nMole norleucine as an internal 
standard, and phenol to prevent oxidation. The hydrolysates 
were analysed on a Beckmann Model 121MB analyser, operated 
by Mr. D. Featherbe.

3. Tissue Extractions
Tissue was stored at -20°C and thawed to 4°C prior to 

extraction. The tissue was weighed and cut into small 
fragments in a small volume of extraction medium. The tissue 
fragments were dried between clean filter paper to remove some 
of the excess blood, and homogenised in circa 7 volumes/weight 
of extraction medium; acetone:water:HC1, 40:6:1 (following the 
method of Evans et al, 1982). The supernatant was removed and
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spun at 15,000 r.p.m. in an SS-34 rotor, using Sorvall 
glass centrifuge tubes. Solids remaining from homogenisation 
were re-extracted as above, and also spun. The supernatants 
were pooled into silanised 50 ml pear-shaped flasks, and the 
acetone blown away under a vigorous stream of nitrogen. The 
aqueous fraction that remained was lyophilised overnight.
All steps were performed at 4°C.

4. Chromatography
(i) Gel-filtration
The crude extract was re-suspended in 2 mis 50% acetic 

acid and spun in a bench eppendorf centrifuge. The supernatant 
was applied to a Sephadex G-50 column (100 x 1 cm, or 100 x 2 cm) 
and eluted in 50% acetic acid at circa 10*ml/hr. The eluant 
was monitored at 280 nm (Cecil spectrophotometer). The column 
was then calibrated using bovine serum albumin (m. wt 68,000) , 
lysozyme (m. wt 14,000) , insulin (m. wt 6,000) , and ct-MSH 
(m. wt 1 ,700) . Samples eluting later than the estimated 
position of ACTH were pooled. (See text for modifications).

The pooled fractions were rechromatographed on Sephadex 
G-25 as above. Fractions were monitored at 280 nm and by 
bioassay. Active fractions were pooled according to the 
details in the text. All gel filtrations were performed 
at 4°C except for the trial experiment on two pituitaries, 
which was performed at room temperature.

(ii) Reverse-Phase High Pressure Liquid Chromatography
The system employed here is based on that of Morris et 

al, 1980. An important feature of this system is its flexibility 
Several gradient systems were used during this project, and 
they are discussed where they arise in the text. Further 
important features are its high yield, and its ability to
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handle minute quantities of material, at least down to the fempto- 
mole level (Singh, 1984), even from crude samples.

A Waters Associates high pressure liquid chromatograph 
was used, equipped with Universal Injector (UK 66), a Model 
660 gradient programmer, two solvent delivery systems (Model 
600A), and two fixed wavelength u.v. absorbance detectors 
(254 and 280 nm) . The same reverse-phase C18 ii-Bondapak 
column, of dimensions 0.78 x 30 cm, was used throughout.
Initially, all solvents were A.R. grade and were redistilled 
over ninhydrin. Distilled water was purified prior to use 
by passage through an analytical C18 |i-Bondapak column. In 
the later stages Rathburn HPLC grade solvents were used direct 
from the bottle and Millipore Milli-Q water was used. This 
gave lower background absorbance but did not affect the 
chromatography. Recoveries can vary from 93% for substance P, 
to 70% for p-endorphon (Singh, 1984). Samples were collected 
into polypropylene RT-30 disposable tubes, and dried under 
vacuum.
5. Bioassay

Adrenocortical bioassays were performed by Drs. Barbara 
Whitehouse and Gavin Vinson. The experimental details are 
given in full in Vinson et al, 1 978 (b).An outline will be 
given here. Adult rat adrenal glands are defatted, and the 
zona glomerulosal tissue adhering to the outer connective 
capsule separated from the rest of the gland by pressure 
between glass slides. A cell suspension of each cell type 
(i.e. capsular or Z.G. and decapsular, or ZF/R) can be prepared 
by collagenase digest and mild physical disruption. Cells are 
pelleted on a bench .centrifuge- and aliquoted into the assay 
samples in low potassium Krebs-Ringer bicarbonate saline, and 
incubated for two hours at 37°C. The cells are then precipitated
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by centrifugation and steroids extracted from the supernatant 
into ethyl acetate.

Steroids are estimated by gas chromatography following 
derivdtisation. Acetylation is performed with 1:1 pyridine: 
acetic anhydride overnight. This is dried, and then hepta- 
fluorobutyrlated with 1:4 heptafluorobutyric anhydride:acetone 
for 30 minutes at 60°C.
6. Materials

All solvents were Analar grade, unless otherwise specified. 
Enzymes were obtained from Sigma (U.K.), as were all peptides 
except a-MSH, which was a gift to Dr. Vinson from Ciba- 
Geigy, ACTH, which was a gift from Ciba-Geigy to Professor 
H.R. Morris, and ACTH(1-24), which was purified by HPLC from 
a clinical preparation, Synacthon (Ciba-Geigy). Bis-acetyl 
ct-MSH was purified by HPLC from a commercial pituitary 

preparation, Pitressin (Parke-Davis), and des-acetyl a-MSH 
was prepared by mild acid hydrolysis of a-MSH (0.1M HC1,
10 minutes, 90°C) , followed by HPLC purification of the 
products. The molecular weights of all peptides used was 
checked by FAB-ms.
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CHAPTER 6

CONCLUSIONS

The underlying purpose of the diverse experiments 
recounted in this thesis can be simply stated: what could 
be achieved in the study of naturally occurring peptides 
using the novel technique of fast atom bombardment. To 
do this, we had to study a range of real problems of 
peptide biochemistry, rather than model systems, and for 
this reason, the problems have taken precedence over the 
niceties of technique. An obvious advantage of the FAB- 
high field magnet combination is the ability to analyse 
directly 'high mass' peptides, i.e. above 6,000 daltons.
The technique that was developed, i.e. obtaining an 
approximate molecular weight by rapid scanning over several 
thousand mass units, and then refining the data, requires 
the minimum knowledge of the size of the peptide in advance. 
The results are as good as, or better than, those obtained 
in any other way. As shown for tityus toxin, the technique 
is applicable to genuine unknowns. A potentially important 
use for this technique will be the comparison between the 
mass of a polypeptide and its expected sequence. This could 
eliminate many errors in protein sequencing, and be very 
useful in analysing the products of commercial genetic 
engineering experiments.

The potential of FAB-ms to sequence peptides became 
apparent very soon after its inception (see Introduction, 
Chapter 1). In this thesis the value of FAB-ms in sequencing 
was exemplified by the pseudobactin siderophores. Many FAB- 
spectra of peptides are incomplete, and this has fostered 
an opinion that the established methods (e.g. E.I., gc-ms,
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F.D., collision activated dissociation, linked scanning, 
etc.) are necessary to supplement FAB. It is shown here, 
however, that hydrolytic peptide maps, analysed by FAB, 
can fill the gaps left in the FAB spectra. Similarly,
Morris et al, 1982, were able to complete the sequence of 
a molluscan cardioactive peptide by the intelligent 
application of enzymatic digestion. A further interesting 
feature of the pseudobactin experiments was the way in which 
the permanently charged N-terminus modified the fragmentation 
pattern.

The FAB screening experiments (Chapter 4) were an 
uncharted territory since the only similar work at the time, 
by Desiderio, using F.D., gave few real guide lines. The 
detection of vasopressin and oxytocin, known components of 
the pituitary gland, demonstrated the feasibility of the 
procedure. It was difficult, however, to correlate between 
the measured biological activity, and the observed signals. 
None of the signals gave fragment ions, and the loss in 
sensitivity which accompanies many experiments such as some 
enzyme digests, edman degradation, etc., effectively precluded 
more extensive structural studies. It should be pointed out 
that the amount of tissue used was extremely small; Li et al, 
1978, required over a thousand human pituitaries to sequence 
human p -endorphin, Vale et al, 1981, used 490,000 sheep 
hypothalami to determine the structure of corticotropin 
releasing factor, and so on. In the next phase of these 
experiments attention must be given to defining criteria 
by which one peptide out of the hundreds obtained in any 
extraction can be predicted to be biologically relevant.
These include:

(1) Consistent reproducibility between extracts.



(2) Specificity to a particular gland or tissue.
(3) The pressure of N, and/or C-terminal modifications.
The experiments reported have established the presence

of molecules chromatographically and biologically very similar 
to des-acetyl a-MSH and a -MSH itself. Structure-activity 
studies have defined limiting structures in which to consider 
these compounds. An activity clearly unrelated to any known 
form of cC -MSH (peak II) was also found, which is also zona 
glomerulosa specific. A new type of activity was detected, 
that of the zona fasciculata specific fractions. This activity 
recurred in every extract examined, and was not therefore the 
artefact of a particular extraction or assay. The activity 
of an individual fraction was reproducible in a dose dependent 
fashion. It is unlikely to have resulted from proteolytic 
cleavage of ACTH. Whatever the physiological importance, if 
any, of this activity, it has important implications in the 
biochemistry of the adrenal cortex.

The advantages of the FAB-high field magnet combination 
are numerous, it excels in the established mass spectral 
field of biopolymer analysis. It is also clear, from the 
peptide screening experiments, that with continued work 
FAB-ms could open a new field for mass spectral study, where 
complex biological extracts can be searched for specific 
characteristics associated with physiologically active 
components.
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