Chapter 2
A History of Iron Metabolism
in the Mycobacteria

Colin Ratledge

“Mycobacteria are nothing more than E. coli wrapped up in a
fur coat”—Frank Winder.

Abstract The importance of iron to the metabolism of the mycobacteria was
gradually appreciated during the first half of the last century. Frank Winder
working in Dublin in the 1950s and 1960s was the first to establish the absolute
amounts of iron needed for growth and, from his work, it was then possible to
investigate the consequences of iron deficiency and subsequently how iron was
solubilized and transported into mycobacterial cells. Parallel with this work, was
the discovery by Alan Snow, at ICI Ltd, UK, of the mycobactins. These are essen-
tial growth factors for Mycobacterium paratuberculosis and their role in iron
binding was then pivotal to elucidating the main aspects of iron uptake. However,
mycobactins, being wholly intracellular materials, were unable to act as external
siderophores for the solubilization of iron; this role was then found to be carried
out by the exochelins discovered by the author of this review. The exochelins were
of two types: those from the non-pathogenic mycobacteria were water-soluble
pentapeptides whereas those from pathogenic species were modifications of myco-
bactin and were then named as the carboxymycobactins. The interdependency of
these materials and others is then unraveled in this review. The review focuses
mainly on the research work carried out over the last century leaving the present
work on iron uptake to be covered in other reviews in this monograph.
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2.1 Introduction

In writing this review I have attempted to cover as much as possible of the early
research work of how our understanding of iron metabolism has developed over
the past six or seven decades as this material now receives little, if any, mention in
current research papers or reviews. However, there are many nuggets of valuable
information tucked away in many of these early papers that should not be forgot-
ten as they can help to identify aspects of the topic that still need investigation and
explanation.

Iron metabolism does not, though, have a long history. The real beginnings only
start in the 1950s through the work of Frank Winder. He was the pioneer in this
area as he was the first to appreciate that, in order to study how iron was metabo-
lized, it was necessary to know how much iron was needed by the mycobacteria to
grow. It was then essential to prepare culture medium with as much iron as pos-
sible being removed from it; this then provided the first culture media that were
genuinely, and knowingly, iron deficient. Thus, Winder’s research group in Dublin,
Ireland, was then the first group to be engaged on understanding the consequences
of iron deprivation in mycobacteria. This deprivation of iron in the growth medium
was the essential first step in understanding how iron was assimilated into the bac-
teria. Now, many laboratories throughout the world are actively pursuing a variety
of aspects of the subject but these still have a long way to go before the problems
of iron metabolism, both in vitro and in vivo, could be considered as being solved.

The importance of iron in the growth and multiplication of the tubercle bacil-
lus, and other pathogenic mycobacteria has gradually been appreciated over the
past three or four decades as it has been increasingly realized that iron-deficient
growth conditions are the ‘natural’ state for pathogenic bacteria to be in when they
are causing infections in a host animal. Thus, from the early work of Frank Winder
from the 1950s and into the 1970s has developed a crucial understanding of how
mycobacteria are able to acquire the iron that is essential for their growth and mul-
tiplication when causing tuberculosis and related mycobacterial diseases.

The other pioneer in this field was Alan Snow who was involved in the dis-
covery of the mycobactins that were subsequently to become central to the iron
metabolism story. However, the involvement of the mycobactins with iron only
came in the 1960s, some 20 years after the initial descriptions of the molecule.
By this time, interest in mycobactins, as possible target molecules for the design
of rational anti-tuberculosis agents, had faded and with only one or two groups
then pursing the biochemical puzzles that had been opened up by the discovery of
these unique microbial siderophores. Interestingly, however, these early thoughts
of synthesizing novel mycobactin antagonists are now being re-visited as the need
for novel chemotherapeutic agents for the treatment of tuberculosis becomes ever-
more urgent.

I hope, therefore, that this early history of the subject will be of interest to read-
ers. I have placed much less emphasis on developments over the past 10-15 years
as, although a lot is now happening in many laboratories, these aspects are mainly
focusing on filling in the details of individual parts of the overall picture and are,
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in any case, covered elsewhere in this monograph. Solving the problems of iron
metabolism is a little like doing a jigsaw puzzle: in this case, however, one is never
sure that one has all the pieces available to provide the final picture. One tries to
provide a coherent and comprehensible view of iron metabolism in the mycobac-
teria from the pieces that can be found. But how many more are still missing? In
spite of us thinking that we now know what the final picture is going to look like,
there is clearly still a long way to go!

2.2 The Trouble with Iron

Iron is an essential trace element for almost all living cells. The only exceptions
appear to be some lactobacilli and the spirochete, Borrelia burgdorferi, that is the
causative agent of Lyme disease. Iron is needed as an essential co-factor in many
enzymes and is also the critical metal ion in all haem compounds, including all the
cytochromes that carry out essential functions in energy metabolism and also are
components of several key enzymes. Iron, however, is unique amongst the nutri-
ents needed for cell growth in that is insoluble at neutral pH values. However, this
needs to be qualified as iron exists in two states: the reduced ferrous form and the
oxidized ferric form. It is the latter form that is insoluble and, although ferrous
salts are water-soluble, they quickly oxidize to the ferric form, a reaction which is
accelerated if the iron is in a chelated form. Although the solubility of ferric iron
at pH 7 has usually been stated to be 10~!8 M, more recent measurements give
this as about 1072 to 10710 M [1, 2]. This revised lower value arises because it is
now appreciated that the principal ionic species that exists in aqueous solution is
Fe(OH);r and not Fe(OH)3 as previously thought. Even though this revised value
is a billion times higher than the earlier value, it still results in iron being effec-
tively insoluble as 10~° M corresponds to 56 pg/ml. This then effectively renders
iron as being unavailable to cells. Specific mechanisms have therefore evolved so
that cells may acquire iron from the environment and also hold it within them-
selves in a usable form. These mechanisms differ between animals, plants and
microorganisms.

For microbial pathogens, solving the problem of iron acquisition is essential.
If they cannot acquire iron from the sources of iron inside the host that they have
infected, then they will be unable to grow and thus cause disease. As pathogens do
cause disease, we can obviously conclude that all pathogens must have evolved
mechanisms for iron acquisition. The principal sources of iron within an animal
are: transferrin, ferritin, haemoglobin and haem-containing proteins.

Transferrin is the principle iron transporting protein in the blood. There are
related proteins of lactoferrin, found in milk and other extracellular fluids and
secretions, and ovaferrin (formerly known as conalbumin) that is found in eggs.
These are large proteins (~80 kDa) but only have two binding sites for ferric iron.

Ferritin is a protein (~50 kDa) comprising 24 identical subunits that form a
hollow sphere into which up to 4,000 atoms of Fe(Ill) can be stored. This is the
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principal form of iron storage in animal cells. A similar form of it, bacterioferritin,
exists in bacteria, including mycobacteria, for the same function.

In haemoglobin and other haem containing molecules iron is tightly bound as
the ferrous ion and therefore, for metal release, the molecule must be degraded.
This occurs principally with haemolytic bacteria which therefore excludes most
pathogenic mycobacteria.

To achieve release of iron from transferrin and ferritin requires that pathogenic
bacteria, including mycobacteria, must either attack the protein itself by secret-
ing various proteases, use a ferric reductase that would generate ferrous ions that
might then be directly assimilated, or, alternatively, use molecules of very high
iron binding strength that can then, literally, strip the iron out of the molecules.
The materials that can do this are known as siderophores and those relevant to the
mycobacteria will be covered in this review and also elsewhere in this monograph.

Thus, we can conclude that all mycobacteria, whether pathogenic or sapro-
phytic, require iron and that the acquisition of iron from whatever source requires
specific mechanisms for achieving this.

2.3 Iron as an Essential Nutrient for Mycobacteria

In the early days of mycobacteriology, iron was ‘guessed’ to be an essential minor
trace element and workers, such as Sauton [3], in devising appropriate growth
medium for the cultivation of mycobacteria, recommended that iron be added to
the culture medium at 10 pg/ml. Obviously, this was an empirical amount but
later workers [4—6] were able to confirm that iron was indeed required to achieve
full growth of various mycobacteria. Edson and Hunter [4] indicated that, for
M. phlei, 3.75 g Fe/ml was needed for full growth but Turian [6] revised this to
just 1 pg/ml. Clearly, the amount of iron added to the medium would depend on
the amounts of iron which were adventitiously included by other ingredients of the
medium. Nor should the presence of iron in the water or in the glassware being
used for cultivation be ignored. Thus, to establish what amounts of iron might be
necessary for growth it was first necessary to prepare culture medium that with as
little iron as possible. This was first appreciated by Frank Winder who then pio-
neered a series of in-depth studies on the role of iron in the metabolism of the
mycobacteria.

Frank Winder (Fig. 2.1) carried out all his work on the mycobacteria at Trinity
College, Dublin, Republic of Ireland, starting from about 1953 and continuing
to his death in 2007 at the age of 79. Initially, Winder’s work was done in the
Laboratories of the Medical Research Council of Ireland and then later in the
Department of Biochemistry also within the College. In a seminal paper in which
the conditions of iron deficient (and also zinc deficient) growth of a mycobacte-
rium (Mycobacterium smegmatis) were first described, Winder and Denneny [7]
observed that when some, but not all, cultures of the bacterium were grown in
modified Proskauer and Beck medium to which no iron or other trace elements
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Fig. 2.1 Frank Gerald
Augustine Winder (1928-
2007)

had been added (simply because the formulation of this medium did not include
addition of an iron or zinc salt), the cells prematurely ceased growth, failed to
form the usual pellicle and became elongated with a low level of DNA. The cells
had, in fact, been cultivated in a medium that was accidentally deficient in both
iron and zinc. In addition, the tubes being used for the cultivations had been recy-
cled a number of times thereby exhausting adventitious metal ions from the glass-
ware itself. When both iron and zinc were subsequently included in the medium,
full and normal growth of M. smegmatis was restored including restoration of
DNA synthesis.

This discovery then opened up the door to a major study of iron metabolism
in the mycobacteria by Winder and his associates that also included the author of
this review (see Fig. 2.2) who joined his team as a post-doctoral fellow in 1960 and
worked in the MRC of Ireland Laboratories until 1964. Winder and O’Hara [8, 9]
then described the effects of both iron and zinc deficiencies on the composition of
M. smegmatis; some of the key findings are summarized in Table 2.1. However,
before these studies could begin, it was necessary to devise a simple protocol for
the removal of the trace metal ions from the medium otherwise there would be an



Fig. 2.2 Colin Ratledge
(1936-)
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Table 2.1 Metabolic consequences of iron deficiency in mycobacteria

Consequences of deficiency

References

Long forms of cells produced; DNA synthesis declines
Increased activities of DNA repairing enzymes

Activity decrease of iron-containing enzymes

Low content of cytochromes a and b with low content
of coproporphyrin

Increased biosynthesis of iron chelating compounds.

« salicylic acid

* mycobactins

* exochelins and carboxymycobactins

Winder and O’Hara [8]
Winder and Coughlan [12, 13]
Winder and McNulty [14]
Winder and Barber [17]
Winder and O’Hara [9]
McCready and Ratledge [20]

Ratledge and Winder [50]
Snow [26]

Macham and Ratledge [88]
Macham et al. [88, 89]

inadequate basis on which to conduct the subsequent studies. The procedure used,
which was derived from the work of Donald et al. [10], was to autoclave 2 L of
medium in a 5 L flask with 1 % (w/v) high-grade, activated alumina. When the
flask came out of the autoclave, the contents was immediately shaken thoroughly
and then, when cool, filtered through Whatman number 542 filter paper which was
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considered to be the highest quality, ash-free paper then available. The first 50 ml
of the filtered medium was discarded as this has come into contact with measur-
ing cylinder, the filter funnel and the filter paper itself. The remaining medium was
then dispensed in 100 ml lots into cleaned 250 ml conical flasks. Cleaning the flasks
necessitated devising another strategy. Initially flasks were cleaned with chromic
acid although this procedure was soon replaced by filling the flasks with alcoholic
KOH and leaving overnight. This was followed by washing them in distilled water
then standing for another night in 2 M HNO3. The flasks were finally thoroughly
rinsed in distilled water and allowed to drain upside down before being filled with
medium the next day. The procedure was extremely tedious and time-consuming and
services of a dedicated technician were then needed to do all the preparatory work.

Winder and O’Hara [11] also carried out some significant analytical work on the
cellular content of iron in the mycobacterial cells. Under the most stringent iron
deficient growth conditions, M. smegmatis contained 64 pg Fe/g cell dry weight
suggesting that this was the lowest possible concentration needed for the cells to
function. Obviously, as the mycobacteria have an essential requirement for iron, the
cells would not be able to grow if there was, literally, no iron in the medium. They
could not synthesize the various cytochromes and iron-containing enzymes that are
vital for cell metabolism and growth. If iron was not limiting, then the iron content
of the cells rose to 224 g/g cell dry wt. Values for the zinc content of the cells
were simultaneously calculated as 11 and 43 pg/g cell dry weight, respectively. It
was evident, however, that iron-deficiently growing cells were adapting to allow
some growth to occur but clearly major changes were occurring within the meta-
bolic pathways to minimize the detrimental effects of iron deficiency.

One of the main effects of iron deficiency on metabolism appeared to be a decrease
in the DNA to protein ratio [8]. This was subsequently attributed to there being a
considerable increase in the activity of an ATP-dependent DNAase [12, 13] and a
DNA polymerase [14]. Further work on the DNAase [15, 16] considered that it was
involved in recombination repair and possibly in excision repair. Interestingly, how the
increased activities of both these enzymes then correlated with the original discovery,
that there were low concentrations of DNA in iron-deficient cells, was resolved by
Winder and Barber [17] who reported that hydroxyurea could induce the same effects
as iron deficiency, including cell elongation. However, one cause of DNA degrada-
tion might be in the lowered activity of ribonucleotide reductase which, in E. coli, is
known to contain iron as an essential co-factor [18] and would therefore lead to an
alteration in the pool of nucleotides. This possibility, though, does not appear to have
been followed up in M. smegmatis and the general consensus was that the decrease in
DNA during iron deficient growth was a secondary but not a primary effect.

The paper by Winder and Barber [17] and a subsequent one by MacNaughton
and Winder [19] were the last papers that Frank would write on aspects of his
work connected to iron deficiency in the mycobacteria. He then, with respect to
his continuing interest in the mycobacteria, concentrated on trying to unravel the
mechanism of action of isoniazid (INH) as one of the more potent anti-TB com-
pounds then available. This work had also begun in the 1960s and was carried out
in parallel with the iron deficiency studies.
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It was not, though, surprising that Winder and O’Hara [9] reported consider-
able decreases in activity of many iron-containing enzymes. These included vari-
ous cytochromes. These findings were subsequently confirmed by McCready
and Ratledge [20] also working with M. smegmatis. Non-haem iron in the cells
dropped to ~0.2 nmol/g CDW from ~5 nmol/g CDW and cytochromes a and b
could not be detected. However, cytochrome ¢ was scarcely affected, as were the
flavoproteins, indicating that these iron-containing components were, to some
extent, protected from the severest ravages of iron deficiency. Presumably these
components have very high affinities for iron and thus can acquire iron even when
it was available in the smallest concentrations inside the cell and against competi-
tion from other iron-dependent cytochromes and enzymes.

Iron deficiency therefore produces a major diminution of most components in the
respiratory chain and this, in turn, will inevitably cause a decline in activity of gly-
colytic enzymes as the final oxidation of pyruvate, via the tricarboxylic acid cycle
and its linkage to oxidative phosphorylation that involves many cytochromes, would
be seriously impaired by iron deficiency. Thus, it is not unexpected to find a general
down-regulation of many enzyme activities in the central pathways of metabolism
simply as a consequence of there being diminished energy (ATP) production.

It was apparent from these experiments of the 1960s and 1970s that iron defi-
ciency in mycobacteria was causing the cells to become ‘anaemic’, somewhat
equivalent to the condition that seen in humans and other animals. Cells became
‘lethargic’: they had a diminished supply of energy, failed to grow properly and
failed to carry out normal metabolism. They also become noticeably much paler
than cells grown with a surfeit of iron. McCready and Ratledge [20] and McCready
[21] found that the content of porphyrins in iron deficient cells was adversely
affected: in M smegmatis, coproporphyrin III was less than 25 pmol/g CDW after
iron deficient growth compared to over 200 pwmol/g CDW in cells grown iron suf-
ficiently. It is then this absence of porphyrin that accounts for the very pale appear-
ance (the ‘anaemic’ condition) of the iron-deficient cells. This low content of
porphyrin was later also observed in iron-deficiently grown M. avium [Barclay and
Ratledge, unpublished work in the 1980s] and may then be a general explanation for
most mycobacteria being much paler when grown without adequate amounts of iron.
This phenomenon, which is not seen with other bacteria, must be caused by repres-
sion of the biosynthesis of the porphyrin nucleus due to lack of iron in the cells. This
makes metabolic sense. Why synthesize something that cannot be converted into the
end-product: haem? Therefore stopping the synthesising of the precursor of haem is
a sensible metabolic strategy under iron deficient conditions.

But this then poses a major problem to the cells: if iron then becomes available
to the cells for whatever reason, what are the cells going to do with this iron if it
cannot be immediately converted into haem because there are no precursor mol-
ecules of porphyrin available? Up-regulation of porphyrin biosynthesis cannot be
immediate. The cells must therefore have some means of acquiring the iron and
holding it in a form which can then be mobilized as porphyrins begin to be re-
synthesized. This aspect of iron metabolism then is considered in the next section
of this review.
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Such is the need to scavenge whatever iron might be available from the envi-
ronment, so as to rescue the cells from their ‘anaemia’, that it is therefore not sur-
prising to observe that much metabolic effort is expended by the iron-deficient
mycobacterium to acquire iron from its environment. Iron deficiency, however,
is not just a man-made artificial construct for laboratory cultivation experiments.
There is good reason now to consider that iron deficiency is the normal sta-
tus of pathogenic mycobacterium within the animal tissue which it is infecting.
Pathogenic mycobacteria therefore must overcome the natural defenses of the
infected host animal that seeks to withhold iron from the invading bacteria. Unless
a pathogen, and not just a mycobacterium, can acquire iron from its host, it will
not be able to grow and thus become pathogenic. Gaining iron is therefore pos-
sibly the first step for an invading bacterium to achieve in order to grow in vivo.
Thus, the mechanisms of iron acquisition by mycobacteria are of prime concern if
we are to understand anything about the pathogenicity of these bacilli.

2.4 Early Discoveries of the Major Components of Iron
Acquisition by Mycobacteria

2.4.1 The Mycobactins

The first clues about how iron might assimilated by mycobacteria came very indi-
rectly from the initial observations by Twort and Ingram [22-24] when they were
attempting to cultivate the mycobacterium that was the causative agent of Johne’s
disease in cattle. However, it would be more than 50 years before it would be
appreciated how these early observations, and the subsequent discoveries arising
from them, fitted in with iron metabolism to unravel a major and unique feature of
mycobacterial metabolism.

Johne’s disease in cattle causes chronic enteritis and was found to be caused by
a mycobacterium that was then called M. johnei [25] but was re-named as M. para-
tuberculosis. This name is therefore used in the remainder of this review although
more recent taxonomic work has re-classified the bacillus yet again, as mentioned
below. The organism, very importantly for the iron assimilation story, could not be
cultivated in ordinary laboratory medium but Twort and Ingram [22-24] found that
by supplementing the egg-based medium they were using with dry, killed human
tubercle bacilli they could then achieve good growth of this previously uncultivat-
able Mycobacterium species. Animal tissues and extracts were ineffective. They
subsequently found that other killed mycobacteria could also support growth:
these included M. phlei, M. smegmatis, and M. butryicum as well as other less-
well defined mycobacteria. Also extracts from the killed mycobacteria prepared
using organic solvents were equally successful in promoting growth. The conclu-
sion was reached that M. paratuberculosis lacked the ability to synthesize some
essential growth factor but that this material was synthesized by several competent
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mycobacteria that could be grown in laboratory culture medium. As was subse-
quently acknowledged by Snow [26], Twort could be considered to be “... a true
pioneer in this field as the concept of vitamins and growth factors were only dimly
recognized at that time”. Yet here was a scientist proposing a radical concept of
a transferable growth factor, available from some microbial sources but not syn-
thesized by the host microorganism. This was exactly the same concept that lay
behind the discovery of many of the vitamins essential for human metabolism but
this was a novel concept for achieving growth of a microorganism.

Twort’s findings, however, were not developed for another 30 years. In the mean-
while, cultivation of M. paratuberculosis, which was, and continues to be, a consid-
erable veterinary problem, in laboratory media was routinely achieved by adding a
simple extract prepared from cells of M. phlei which, of course, is a non-pathogenic
species. Cultivation of Johne’s bacillus did not, therefore, require a growth factor
that was confined to pathogenic mycobacteria. A saprophytic mycobacteria could do
just as well and was obviously less hazardous to grow and extract.

We now must move to the 1940s for the development of Twort’s observations
and to the laboratories of one of the major industrial chemical companies in the
UK: Imperial Chemical Industries (ICI) Ltd at their pharmaceutical research labo-
ratories at Blackley near Manchester and later at Wilmslow and finally at Alderley
Edge in Cheshire. An account of the thinking that went on in ICI for Twort’s dis-
coveries to become a priority research program has been given by Snow [26]. The
person who initially took up the baton was J. Francis who pointed out in 1945,
(cited by Snow [26]) that a specific growth factor for M. paratuberculosis was
being synthesized by M. tuberculosis. As no other microorganism, other than
another species of mycobacteria, could produce such a compound, then this com-
pound must be unique to the mycobacteria. In addition, as Twort had found that
extracts of animal tissues, including those from cattle, could not support growth of
Johne’s bacillus, this growth factor was not being synthesized by animals.

As there was no chemotherapeutic treatment for tuberculosis in 1945, Francis’s
reasoning was clear: M. tuberculosis and other mycobacteria were synthesizing
a specific growth factor not found in humans. If this compound could be identi-
fied then it opened up the opportunity of designing an appropriate antagonist that
would then, hopefully, be specifically inhibitory to the tubercle bacillus. Such
inhibitors should not though affect the infected human as there was no suggestion
that the missing growth factor for M. paratuberculosis was synthesized in animals.
ICI Ltd obviously considered that if this aspiration could be realized then it could
be an extremely lucrative project and it is little wonder that major efforts were
expended to attain the goals.

GA Snow (see Fig. 2.3), always known as Alan, joined the team in the late
1940s and was to become the major driver of the entire project. He has written
that the initial work on isolating and purifying the growth factor was undertaken
by J. Madinaveitia and H.M. Macturk working with the initial project leader,
J. Francis [27]. They used massive quantities of M. phlei: in all some 50-60 kg dry
cells were used and the growth factor was eventually isolated and purified. It was
given the name mycobactin.
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Fig. 2.3 G Alan Snow (with
kind permission of The
Biochemical Society, UK)

The work, though, was extremely difficult. It was hindered by there being no
adequate assay for the growth factor as its structure was unknown and, although
it could bind to metal ions, this was not regarded of any particular significance.
Indeed, in the first full-length paper describing the isolation of mycobactin by
Francis et al. [28], more attention was given to the copper complex of mycobac-
tin and this was, in fact, the complex of mycobactin that was studied in detail.
Iron binding received only one mention in this seminal paper: “Ferric salts react
with mycobactin to give an intense reddish purple colour”. How these workers
missed the significance of iron binding to mycobactin, or failed to appreciate that
this would provide a simple assay for quantifying mycobactin, now seems strange
because the preparations of unchelated mycobactin readily form the red ferric
mycobactin complex, having a tenacity for iron binding is so strong that the myco-
bactin readily stripped iron from water, glassware and any materials containing
trace amounts of iron. However, as Snow was using such large quantities of cells
and extracting considerable amounts of mycobactin, the material was only turning
a light brown in color as clearly the amount of available iron was relatively small.

The early work on mycobactin was helped considerably by mycobactin adven-
titiously forming a crystalline aluminium complex [27] during its purification
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and passage through a column of chromatographic alumina. This allowed the
team to carry out some X-ray crystallography giving a suggested molecular
weight of about 914. This was subsequently revised to 870 with the formula of
C47H75010N5. To work out the structure of such a large molecule, however, was
then a considerable and daunting task. Also, as mentioned above, Snow and his
colleagues had found that it was extremely difficult to assay mycobactin during its
purification processes. Initially, assays for its presence had to rely on its growth-
stimulating properties for M. paratuberculosis which were slow and extremely
tedious even with improved techniques [29]. There were, however, suggestions by
Antoine et al. [30] and Reich and Hanks [31] that Arthrobacter terregens, which
also required a ‘terregens factor’ for growth, might be a more suitable organism
for the bioassay of mycobactin as it could be grown in about 3 days or so. This
bacterium was, though, much less sensitive to mycobactin than M. paratuberculo-
sis [26] and was also responsive to growth factors other than mycobactin. It there-
fore does not appear to have been used to any great extent by Snow himself.

The initial major effort that had been put into the pharmacological aspects of the
project appears to have dissipated somewhat by the very early 1950s and the origi-
nal authors of the 1953 paper [28] do not appear, even in the acknowledgements, of
the next papers that were published on the structure of mycobactin in 1954 [32, 33].
Perhaps the discovery of streptomycin in 1943 as the first anti-tuberculosis antibiotic
followed by its general availability in the late 1940s, together with the arrival of PAS
(p-aminosalicyclic acid) as a second anti-TB agent in 1953, may have influenced the
senior managers of ICI that the future of anti-tuberculosis treatment would lie with
antibiotics and not with problematic, and still to be synthesized, possible antagonists
of a still largely uncharacterized mycobactin. But for whatever reason, Alan Snow
then was the person who almost single-handedly elucidated the structures not only
of the mycobactin from M. phlei but many other ones as well (Fig. 2.4).

The initial description of a possible structure for mycobactin form M. phlei was
given in the December 1954 issue of the Journal of the Chemical Society [33].
However, there was a problem with working out how one of the hydrolytic prod-
ucts of mycobactin, 2-amino-6-hydroxyaminohexanoic acid, was orientated in
the molecule. Two possible structures for it were offered. It was though another
11 years before this issue was resolved. No full-length papers were published by
Snow or any other person on the mycobactins from 1954 to 1965 though there was
a short preliminary communication made in 1961 to a meeting of the Biochemical
Society in the UK [34] concerning the isolation of the mycobactin from M. tuber-
culosis. But it seems likely that the mycobactin project was now de-prioritized
roundabout this time and, in a letter written to Philip D’ Arcy Hart at the Medical
Research Council Laboratories in London and dated July 29th 1968, Snow himself
said that “We have revived some interest in this topic after a lapse of a number of
years”. This would suggest that the project had been completely abandoned in the
late 1950s and early 1960s. Sometime then in the 1960s, interest in mycobactins
must have then re-started but, in all probability, only Alan Snow, with possibly just
one or two technical assistants, would have been engaged on the project for most
of the remainder of the program.
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Substituents

Organism Mycobactin R, R, R, R, R,
M. aurum A 13A CH; H CH, H
M. fortuitum Ft 17,11A H CH, CH, H
M. fortuitum Ht 19,17A CH, CH; CH, H
M. marinum Mt 1 H CH, C,;H,s CH,
M. marinum Nt 2 H CH,; C;Hj; CH,4
M. phlei P 17cisA CH; H C,Hy CH,
M. terrae R 19A H H C,Hy CH,
M. smegmatis S 17,15cisA H H CH, H
M. tuberculosis T 19A H H CH, H
M. avium Av A2 alkenyl H H CoHys? CH,
M. intracellulare Avi A2 alkenyl H CH, satdalkyl CH,
M. scrofulaceum Avt alkenyl H H satd alkyl CH,
M. paratuberculosis  Avi A3 alkenyl H CH, satdalkyl CH,
M. paratuberculosis ] 15A H H isopropyl CH,

Fig. 2.4 General structures of the ferric-mycobactins [26, 64, 67]. The substituents at R1 are
usually alkenyl chains with a cis-double bond at C2 (exceptions are for mycobactins M and N,
both from M. marinum). There are usually a number of chain lengths, only the major ones are
given; f indicates two distinct mycobactins from the same strain, & mycobactins are considered
as being equivalent
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The structure of mycobactin from M. phlei was published in January 1965 [35]
and given the name mycobactin P. This was to distinguish it from mycobactin T
which Snow [34] had briefly described earlier. Snow commented in letter dated
August 12th 1955, to Philip D’Arcy Hart with whom he had considerable corre-
spondence, that the team

“... have done quite a number of experiments on Myco. tuberculosis. However, we have
met considerable difficulties in this research. In the first place, we have grown our tuber-
cle bacillus on a medium similar to that used for the growth of phlei with beef infusion
present in the hope of stimulating production of growth factor (i.e. mycobactin). This
medium, however, was not a suitable one for growth of large quantities of the tubercle
bacillus, and it took us many months to accumulate even a small quantity of the dried
organism as starting material.”

Snow went on to say that the methods used to extract the mycobactin from
M. phlei ... were quite unsuitable for extraction of the growth factor from tuber-
cle. We have also been severely hampered in our facilities for testing the activity
of the concentrates.”

The initial results of the work being done in the 1950s had also produced some
problems. Snow commented in the same letter to Philip Hart that the growth fac-
tor for M. johnei that had been extracted from M. tuberculosis was similar but not
identical to the mycobactin from M. phlei. Thus, the magnitude of this project that
was facing Alan Snow cannot be over-stated.

The structure of mycobactin T itself was eventually solved and published in 1965
by Snow [36]. Hough and Rogers [37] were subsequently able to confirm in detail
Snow’s structure and stereochemistry of mycobactin P by using X-ray crystallogra-
phy. The ferric ion was found to lie in a V-shaped cleft with a very strained octahe-
dral configuration involving five oxygens and one nitrogen. The exceptional stability
of mycobactin with ferric iron was then explained together with explaining how the
iron could be easily released from mycobactin by reduction of ferric to ferrous iron
[38—40] where the resultant ferrous ion had little or no affinity to mycobactin and
would thus be available for incorporation in apoenzymes and other proteins.

It was only in the two major papers of 1965 by Snow that dealt with the struc-
tures of mycobactins [35, 36] was iron binding recognized as a major attribute of
them. Snow [35] now appreciated that mycobactin was, in fact, a microbial sidero-
phore—or what were then called ‘sideramines’. He commented that the isola-
tion of the desferri-form was directly attributable to the cultivation medium being
used, that was beef infusion broth, having a low content of ionized iron. In other
words, and with hindsight, the iron-containing components of the medium would
be various haem compounds and also ferritin and transferrin that would with-
hold iron from bacteria and, therefore, the cells were accidentally being grown
iron deficiently. This was confirmed by Norman Morrison [41, 42], at the Johns
Hopkins-Leonard Wood Memorial Laboratory, Baltimore, USA, who in a personal
communication to Alan Snow, reported that large amounts of mycobactin could be
produced by growing M. phlei in a synthetic medium with less than 0.2 pg iron/
ml. This then indicated a much easier way to optimize the accumulation of myco-
bactins in mycobacteria.
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Following the descriptions of the structures of the first two mycobactins, P and
T, [35, 36] the structures of other mycobactins were elucidated during the remain-
ing years of the 1960s by Snow who had now been joined by a very able technical
assistant, Mr. A. J. White. Mycobactins S and H types from, respectively, M. smeg-
matis and M. thermoresistible [43] were described; this was followed by descrip-
tions of the mycobactins from M. aurum, M. terrae, M. fortuitum and M. marinum
that were labeled as types A, R, F and M and N, respectively [44]. The structures
of all the mycobactins that were determined by Alan Snow are given in Fig. 2.4.
It is probably worth repeating the observations made in this final paper that the
mycobactins M and N, both from M. marinum, were inhibitory towards M. tuber-
culosis and these two mycobactins were distinctively different from the mycobac-
tins from other mycobacteria in having the characteristic long alkyl chain attached
to a different part of the molecule (Fig. 2.4). This observation, however, does not
appear to have been taken up by any other group looking to realize the potential
of designing inhibitors of M. tuberculosis when this work of Snow and colleagues
began 25 years earlier. These papers were, in fact, the last significant publications
arising from the work at ICI Ltd. Alan Snow, himself, wrote a review of the myco-
bactins which remains the definitive account of the chemistry and major properties
of these iron-binding compounds [26]. It is still quoted in many research papers
today. This review contains many details that are still salient today; this includes
considerable information on the binding of metal ions to the molecule including,
of course, iron. The tenacity of mycobactin for iron is the major feature of the
molecule and Snow, on the basis of desferrimycobactin being able to remove the
iron from ferric-desferrioxamine B [45], calculated that its stability constant was
well in excess of 1030, The mycobactin project at ICI Ltd came to a close at the
end of the 1960s with Snow himself then retiring about a decade later. The orig-
inal objectives of the research, however, had not been fulfilled though consider-
able interest is still evident to-day in looking at aspects of iron metabolism in the
mycobacteria for opportunities to design novel anti-tuberculosis agents. This topic
is then re-visited by other contributors in this monograph.

Alan Snow appears to have received many requests for samples of mycobac-
tin P once it was firmly established that this was the growth factor essential for
the growth of johne’s bacillus. I have already commented on some correspond-
ence between Alan and Philip D’ Arcy Hart at the MRC Laboratories in London.
Hart was not only wanting to grow M. johnei, as it was still referred to then,
but also the leprosy bacillus, M. leprae, and the rat leprosy bacillus, M. leprae-
murium. Also pursuing the same objectives was John Hanks at Johns Hopkins
University, Baltimore, who also had received samples of mycobactin from Snow.
Unfortunately, in spite of many attempts both in London and Baltimore, the lep-
rosy bacillus in neither location showed any sign of growth in mycobactin-supple-
mented medium.

The correspondence between Hart and Snow began in 1955 and continued up
to 1972 with Snow finally concluding (October 26th, 1972) that “(o)ur own stocks
of mycobactin P are quite low now, because we have given so much away but we
can still help (you) with small quantities when required (in a good cause!)”. The
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author of this chapter has been privileged to receive the original letters concern-
ing the mycobactins that had been sent and received by Philip Hart. Hart pub-
lished one paper dealing with the growth of M. johnei in a mycobactin-containing
medium [46]. Philip died in 2006 aged 106 having remained active in research
until his final 2 years.

The question of how M. paratuberculosis was able to grow in vivo and acquire
iron from the host was not solved until much later although Norman Morrison,
working at the Johns Hopkins University, found that M. paratuberculosis could,
in fact, grow without mycobactin if the pH of the growth medium was dropped
to 5.5, or even to 5.0 as was later reported by Lambrecht and Collins [47]. This,
it was suggested, might then mimic the conditions of growth in vivo and might
be enough to increase the solubility of free iron to the point where it could now
be acquired without the need for mycobactin. A (partial) resolution of this prob-
lem came, however, by the demonstration by Barclay and Ratledge [48] that
M. paratuberculosis and other mycobactin-dependent strains of Mycobacterium
could synthesize the extracellular counterpart to mycobactin, that is carboxymy-
cobactin, and this would then be the way in which iron was acquired by the cells.

2.4.2 Other Mycobactins and Related Lipid-Soluble
Siderophores

Once Alan Snow had solved the structure of mycobactin and worked out the main
ways in which it could be extracted and characterized, the way was open for other
workers to build on this work and examine other mycobacteria and genera related
to the Mycobacterium genus for the presence of other iron binding compounds.
The presence of materials similar to mycobactin was noted by Patel and
Ratledge [49] in species of Nocardia. The genus of Nocardia is taxonomically
closed related to the mycobacteria and both are members of the actinomyces
group of bacteria and have similar cell walls with a high content of lipid. It is
therefore not too surprising that similar iron-binding compounds would then be
found in these species. These were then named nocobactins and the structure of
that from N. asteroides, termed nocobactin NA, was then elucidated by Ratledge
and Snow [50]. This is shown in Fig. 2.5 where it is labeled as type a. It resembled
the structure of mycobactin M (Fig. 2.4) but had a distinctive oxazole ring instead
of an oxazoline ring and with a shorter alkyl chain. This type of nocobactin was
also detected in N. paraffinae, N. sylvodorifera and N uniformis [51]. Two other
types of nocobactin were found: type b (which is then known as nocobactin NB)
was from N. brasiliensis, and type ¢, or nocobactin NC, was from N. caviae and
N. phenotolerans. The latter types were similar to mycobactins S and T but had
saturated alkyl chains rather than the unsaturated chains of the latter materials.
Once it was appreciated that iron deficient growth of a mycobacterium would
increase the content of mycobactin by up to a 100-fold, it was then a relative
easy matter to develop simpler methods of producing it. In our own work with
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Fig. 2.5 Structures of nocobactins from Nocardi species [49, 51]. Type a from N. asteroides,
N. sylvoderifa, N. paraffinae and N. uniformis (now all considered to be equivalent to N. asteroides)
type b from N. brasiliensis and type ¢ from N. caviae and N. phenotolerans. Types b and ¢ are
equivalent in structure to the mycobactins (see Fig. 2.4) but type a has its long alkyl chain at R4
and is somewhat equivalent to mycobactins M and N (see Fig. 2.4) but also has an unusual oxa-
zoline ring instead of the more usual oxazole ring

M. smegmatis, it was possible to produce cells with 10 % (w/w) of mycobactin, a
truly massive over-production of a siderophore. Richard Hall, one of my very able
graduate students, was also able to achieve good yields of mycobactin by grow-
ing cells on agar plates (though highly purified agar had to be used) but there was
no need to de-ferrinate the culture medium beforehand [52]. Cells could then be
scraped off just one or two plates and then the mycobactin extracted with etha-
nol in the usual way. Up to 10 mg mycobactin per plate could be attained. It was
then possible to analyze the mycobactins very quickly and easily using both thin
layer chromatography and the newly arrived technique of high-pressure chroma-
tography (HPLC) [53]. The former technique, with appropriate solvents, separated
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the mycobactins according to differences in the Ry, R3, R4 and Rs nuclear sub-
stituents (Fig. 2.4) and HPLC separated them mainly on the basis of differences in
the length of the alkyl chain at R1. Bosne et al. [54] subsequently simplified this
procedure by adding EDDA as an iron chelating agent into liquid culture medium
to produce iron-deficient growth conditions and thus a stimulation of mycobactin
production. They used this method to identify 65 strains of M. fortuitum and M.
chelonae according to the type of mycobactin being produced [55].

Using their simplified method of cultivation, Hall and Ratledge [56] analyzed
the mycobactins of 39 strains of mycobacteria, principally as a means to determine
if the mycobactins “...may be useful as a chemotaxonomic marker in the myco-
bacteria”. They were indeed able to confirm the validity of the hypothesis and
found that the mycobactins were strongly conserved molecules showing strong
intra-species consistency and could be therefore used as chemotaxonomic charac-
ters of high discriminatory power. The structures of the new mycobactins were not
determined, however. Using the same method, Leite et al. [57] were able to iden-
tify various clinical mycobacterial isolates from their mycobactins and Barclay et
al. [58] were able to suggest an even more rapid method of detecting and identify-
ing mycobacteria using Fe-labelling of the mycobactins. A list of species pro-
ducing mycobactin is given in Table 2.2; it is probably reasonable to conclude that
most species of mycobacteria will be found to produce a mycobactin but there are
some exceptions.

Rich Hall went on to apply his techniques to other groups of mycobacteria,
showing equivalence of the mycobactins from M. senegalense, M. farcinogenes
and M. fortuitum but a distinction from that from Nocardia farcinica [59]. He also
examined the mycobactins from seven strains of armadillo-derived mycobacte-
ria (ADM) [59] that were of interest because of the association of M. leprae with
the armadillo and because, but unlike M. leprae, these bacteria could be grown in
laboratory medium. The ADM were found to be a heterogeneous group; four of
them produced materials that resembled the mycobactins from M. avium-intracel-
lulare-scrofulaceum (MIAS) complex of mycobacteria suggesting that they could
be assigned to this taxonomic grouping.

The MIAS group of mycobacteria had earlier been studied by Barclay and
Ratledge [61] for their mycobactins which were of particular interest as some
freshly isolated strains of M. avium had been reported as being dependent on
mycobactin for growth [62]. The presence of mycobactins in strains of M. avium
had, though, been initially reported by Ratledge and McCready [63]. Barclay and
Ratledge [61] found that only those strains of M. avium that could grow with-
out mycobactin could produce it themselves but three strains, initially unable to
grow unless mycobactin was added to the growth medium, were eventually able
to grow without it and now produced small quantities themselves. This indi-
cated that mycobactin biosynthesis was being strongly repressed and then slowly
reversed during the subsequent adaptation rather than being indicative of a perma-
nent genetic deletion. The structure of mycobactin Av from M. avium and other
MIAS strains was subsequently determined by Barclay et al. [64] (Fig. 2.4). In
addition, the same type of mycobactin was also isolated from three strains of M.
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Table 2.2 Occurrence of mycobactins in Mycobacterium and related species®

Species in which mycobactin Mycobacterium: M. aurum, M. aviumP®, M. bovis BCG,
has been found in all strains M.chelonae, M. chitae, M. diernhoferi, M. duvali, M.
examined farcinogenes, M. flavescens, M. fortuitum, M. gadium,

M. gordonae, M. gallinarum, M. intracellulare, M.
kansasii, M. marinum, M. neoaurum, M. nonchromog-
enicum, M. peregrinum, M. phlei, M. scrofulaceum, M.
senegalense, M. smegmatis, M. szulgai, M. terrae, M.
trivale, M. tuberculosis, plus unspeciated species termed
“Armadillo-derived mycobacteria (ADM)”.

Nocardia: N. asteroides, N. brasilienses, N. caviae, N.

farcinica
Rhodococcus: R. bronchialis, R. rubropertinctus, R. terrae

Species in which mycobactin M. parafortuitum, M. thermoresistible, M. vaccae

has been found in low

(<0.1 %) concentration or is

absent in some strains
Species in which mycobactin Mycobacterium: “M. kanazawa”®, “M. komossense”, M.

has not been found paratuberculosis®

Rhodococcus: R. coprophilus, R. equi, R. erythropolis, R.
Luteus, R. maris, R. rhodnii, R. rhodochrous, R. ruber

“Data from [26, 54-57, 59, 60, 71]

bA few strains are dependent upon mycobactin for growth

“May not be a true Mycobacterium

dOne strain (adapted to laboratory growth) produces mycobactin J [64, 66]

paratuberculosis of that had lost their original dependency on mycobactin and
could now produce it themselves. This suggested a taxonomic similarity between
M. paratuberculosis and the MIAS complex of mycobacteria and this indeed has
now been confirmed by more conventional taxonomic methods [65]. M. para-
tuberculosis, having started life as Mycobacterium enteriditis chronicae pseu-
dotuberculosae bovis, Johne, or Johne’s bacillus for short, and then becoming
M. johnei, is now re-named as M. avium subsp. paratuberculosis.

Barclay et al. [64] found that mycobactin Av differed from the other mycobac-
tins in having two long lipophilic side-chains (Fig. 2.4), one at the usual R; posi-
tion and the second one of about 10 carbons in length at the R4 position. They also
showed that the mycobactins from M. tuberculosis, M. bovis and M. africanum,
were identical molecules and therefore could all be named as mycobactin T.

A mycobactin from M. paratuberculosis, but of slightly different structure to
that isolated by Barclay et al. [64], had been isolated and identified 2 years earlier
by Richard Merkal [66, 67]. Again this was being produced by a strain that was
initially mycobactin-dependent for growth but had subsequently reverted. This was
named as mycobactin J (Fig. 2.4) but it was more like the conventional mycobac-
tins in having just a single alkyl chain at the R1 position. The absolute configura-
tion of the structure of mycobactin J was subsequently confirmed by Schwartz and
De Voss [68]. Barclay et al. [64], having kindly been sent a sample of mycobactin
J and also the production organism, M. paratuberculosis strain NADC 18 (now
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ATCC 19698) by Richard Merkal, could only find mycobactin J as a minor com-
ponent at <10 % of the total mycobactins that they extracted from the same strain
as used by Merkal himself. The major mycobactin of this species, in our hands,
was equivalent to the mycobactin from M. intracellulare M12, which is part of
the avium complex of mycobacteria. It now appears that the original culture of M.
paratuberculosis strain 18 probably had been taxonomically misnamed [69, 70]
and should therefore be regarded as a strain of M. avium.

What the reasons were for mycobactin J being the dominant siderophore when
NADC 18 strain was grown in Merkal’s laboratory but not in the UK remains
unsolved but clearly there must be some subtle regulatory mechanism that can
cause such a shift. Mycobactin J remains the only commercially available myco-
bactin and, because of its structural similarities to the main mycobactins, is able to
stimulate the growth of both a number of isolates and mutants that are being gen-
erated with defects in their iron metabolic pathways.

Hall and Ratledge [71] also isolated mycobactin-like materials from three out of
11 species of Rhodococcus: R. bronchialis, R. terreus and R. rubropertinctus and
suggested that the latter two species might be equivalent to each other. Although
no structural determinations were carried out, the similarity of these new materi-
als to the mycobactins was apparent and they should have been, but were not,
named as rhodobactins. Some species of Rhodococcus, including R. rhodochrous,
did not, however, produce a ‘rhodobactin’. Some 20 years later, Dhungana et al.
[72] isolated a siderophore from R. rhodochrous, albeit from a different strain to
that of Hall and Ratledge, with hexadecane as the sole carbon source. This sidero-
phore was named rhodobactin but it was present in the culture medium and was
not apparently in the cells. It was therefore distinct in structure to the mycobactins
having two catecholate and one hydroxamate moieties for iron chelation instead of
having a salicyloyl and two hydroxamate moieties and without a long alkyl chain
for lipid solubility. Pedantically, the name ‘rhodobactin’ is therefore incorrect as it
would imply similarity to the mycobactins and nocobactins.

2.4.3 Salicylic Acid

The story of the mycobactins and iron metabolism was then taken up by the author
of this review. I carried out research work, as post-doctoral fellow, with Frank
Winder in Dublin from October 1960 to June 1964 being asked to focus on the
metabolic consequences of iron-deficiency in M. smegmatis being used as a model
organism for the tubercle bacillus. The first significant finding [73] was the identifi-
cation of salicylic acid that accumulated up to about 17 pg/ml in the medium of iron
deficiently grown cells whereas in iron replete medium only about 0.6 g salicylic
acid/ml was found (see Fig. 2.6). However, a mistake was made in the latter part of
this paper when the concentrations of salicylic acid were being given for M. tuber-
culosis and M. phlei. The ‘salicylic acid’ in the latter species had only been verified
by simple paper chromatography where it ran with the same Rf value as authentic
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salicylic acid. Alan Snow then wrote to us to ask if the detected acid was indeed
salicylate; could it not be 6-methylsalicylate? And, indeed, so it turned out to be.

Snow’s concern over the correct identification of salicylic acid arose from his
realization that, although salicylate was a common moiety in most mycobactins,
in some mycobactins (see Fig. 2.4) and notably in mycobactin P from M phlei,
it was 6-methylsalicylate that occurred. It therefore seemed odd to Snow that
we had recorded finding salicylate in the extracellular medium of this species as
this would imply a metabolic puzzle. However, by using more selective solvent
systems for paper chromatography, we then showed that the original conclusion
had been too hasty. We had failed to double-check; M. phlei did indeed secrete
6-methylsalicylate into the culture medium and not salicylic acid.

This useful contact with Alan Snow then immediately brought our attention to
the mycobactins which, at that point, were just emerging as probably having sig-
nificant roles in iron metabolism. Although the biochemical connection between
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salicylic acid and mycobactin was clear, it was far from evident how these two
molecules might interact, if at all, to achieve uptake and assimilation of iron into
the mycobacteria. However, for a continuation of this work, there was jump of sev-
eral years as, following my time in Dublin, I then spent the next 3 years working
in industry and it was only when I returned to academia to the University of Hull,
UK, in late 1967 that interest in the mycobacteria and iron metabolism was re-
awakened. The role of salicylic acid in mycobacteria then became one of the major
foci of our work and this is described in more detail in the following section.

2.5 Extracellular Siderophores of Mycobacteria

2.5.1 The Problem with Mycobactin

The essential puzzle with mycobactin was not whether or not it was involved with
iron metabolism, as clearly it was just judging from the very large increase in its
production during iron-deficient growth of any mycobacterium, but how did it actu-
ally acquire iron from the environment. Mycobactins all have a long alkyl chain
(see Fig. 2.4) that makes them almost completely insoluble in water but easily solu-
ble in organic solvents such as ethanol, methanol or chloroform. Thus, they were
cell-associated materials and were not released into the culture medium. It was later
shown that mycobactin forms a discrete but discontinuous layer abutting on to the
cytoplasmic membrane of the cells and some distance from the outer surface of the
cell (Fig. 2.7) [74]. For this work, staining of mycobactin was achieved by using
vanadyl ions as they reacted faster with mycobactin than did iron and was also
much more specific in what it was able to bind to. (Alan Snow pointed out to me an
interesting experiment that could be done by adding a mixed solution of ferric chlo-
ride and vanadyl ions in the form of ammonium metavanadate to desferrimycobac-
tin in ethanol. The solution would immediately turn deep blue due to formation of
the vanadate complex but then, on standing overnight, the solution became red due
to the formation of the ferric complex. This indicated a difference between the rate
of the reaction and the stability of the product. Ferric ions although reacting slower
than vanadyl ions nevertheless could replace it and form a complex with a much
higher affinity which was then the final stable form of the chelate.)

It was suggested in this paper of Ratledge et al. [74] that the mycobactin was
probably intercalated between the cytoplasmic membrane and the peptidogly-
can backbone of the cell wall with, perhaps a small amount of it possibly being
within the membrane itself. There did not appear to be any of it within the cyto-
plasm. Thus, what was the function of mycobactin and how was it able to acquire
iron from the extracellular medium, or the environment in which it grew within
an infected host cell, if it was a wholly intracellular and water-insoluble material?
Ivan Kochan [75] working in Miami of Ohio University, suggested that mycobac-
tin could indeed fulfill this role by demonstrating that mycobactin could remove
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(a)

Fig. 2.7 a (magnification ~140,000-fold), and b (magnification ~700,000-fold). Cellular loca-
tion of mycobactin. Electron micrographs of iron-deficiently grown Mycobacterium smegma-
tis incubated with 0.1 % ammonium metavanadate for 10 min at 4 °C (The vanadyl ions react
very quickly and specifically with desferrimyobactin but are not metabolically removed from the
mycobactin). The large black circular areas in the cytoplasm are polyphosphate granules which
are also seen in iron-sufficiently grown cells [74]

the iron from transferrin but this did not explain how the two molecules might
legitimately come into contact. Kochan et al. [76] and later Golden et al. [77] then
showed that mycobactin could be solubilized and transferred into the medium if
a detergent, such as Tween 80, Triton or lecithin, was added to the medium. But
again, to my group (at Hull University), that now included Leo Macham as post-
doctoral research assistant and who made some significant contributions in this
area, this did not seem a likely condition for pathogenic mycobacteria to experi-
ence when growing in vivo. To us, the experimental conditions used by Kochan
seemed contrived and unlikely to be realistic. His proposals certainly could not
explain how iron was mobilized by mycobacteria growing in simple laboratory
culture medium devoid of any detergent. We, therefore, were of the opinion that
another iron binding component, that was water-soluble and which would be
released by the cells into their surrounding environment, was necessary to explain
how iron was solubilized in the medium before being transferred into the cells.
The first and obvious candidate for this was salicylic acid—why else did it occur
in increased quantities in the culture medium during iron-deficient growth (Fig. 2.6)?
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Although >>Fe-labelled salicylate could readily donate the iron to mycobactin [78]
this was only if the experiment was carefully constructed to avoid phosphate buffers.
When similar experiments were done in the presence of phosphate buffer, no trans-
fer of iron took place as the iron was quickly converted to ferric phosphate that was
insoluble and not immediately accessible to the mycobactin [79]. It was confirmed
much later by Chipperfield and Ratledge [2] that, indeed, salicylate could not func-
tion as chelating agent for iron at neutral pH values.

The failure of salicylate to function as an extracellular siderophore for the solu-
bilization of iron then raised two questions: if salicylate was not the extracellular
iron sequestering agent, what was? And, if salicylate did not have this role, then
what function did it have, if any, other than being a precursor of mycobactin? The
answer to the latter question remains unsolved though salicylate can function as a
means of transferring the ferrous ion, being released from mycobactin by ferric-
mycobactin reductase [38—40] across the cell membrane and into a receptor por-
phyrin for the synthesis of haem. This is shown later in Fig. 2.11. It was also found
that the mode of action of the anti-tuberculosis agent, PAS = p-aminosalicylic
acid, was, contrary to the initial indications that it was acting as an antagonist of
p-aminobenzoic acid for the synthesis of folic acid, was in fact acting as an antag-
onist of salicylic acid for its role in iron metabolism [80, 81]. This has then been
confirmed by later work [82—-84].

An alternative role for salicylic acid was advanced by Morrison [42] who
pointed out that salicylate may be acting as an energy-uncoupling agent as had
been indicated earlier by Brodie [85]. This then might tie in with the original
observation by Bernheim [86] that salicylate was readily oxidized by M. tubercu-
losis and therefore might be an important respiratory substrate. The view of Brodie
[84, 87] would be that salicylate uncoupled oxidative phosphorylation and, there-
fore, with insufficient ATP for growth, cells have to increase their respiration rate.
But in the iron-deficient cells that over-produce salicylate, the salicylate may be a
means of rapidly down-regulating energy production by directly uncoupling oxi-
dative phosphorylation in order to conserve key metabolic processes and not to
generate ATP needlessly. This is certainly an intriguing suggestion from Morrison
that has never been followed up.

The search for the iron-solubilizing agent that would be present in the culture
medium of mycobacteria then began. Clearly the answer to this question was of
considerable importance as it would help to explain how pathogenic mycobacteria
were able to acquire iron from host tissues and iron-containing cell components.
Macham and Ratledge [88] carried out experiments with M. smegmatis and M.
bovis BCG both being grown iron deficiently. They showed that there was some
material in the cell-free culture filtrates of both organisms that could hold >>Fe in
solution at pH 7 in the presence of phosphate ions and could be dialyzed; in other
words, it had a molecular size of <10000 Da and was therefore not some form of
colloidal iron. These materials were named exochelins. But it quickly became evi-
dent that the material from M. smegmatis was quite different from that of M. bovis.
The former was completely water-soluble and could not be extracted into any
organic solvent, including ethanol, whereas the other exochelin could, when in the



2 A History of Iron Metabolism in the Mycobacteria 27

ferric-form, be extracted into chloroform [88, 89]. It was also found that the two
exochelins had different mechanisms for iron uptake: exochelin from M. smeg-
matis was taken up by an active (energy-dependent) transport system but the one
from M. bovis was by facilitated diffusion and was not energy dependent [90, 91].
Furthermore, the M. smegmatis exochelin could not be taken up by M. bovis but
that from M. bovis could be taken up by M. smegmatis. Thus, two distinct types of
extracellular siderophores were being produced by the mycobacteria. Other water-
soluble exochelins were recovered from other non-pathogens: M. neoaurum [92]
and M. vaccae [93]. The latter siderophore was of interest as this species of myco-
bacteria did not appear to have a mycobactin.

2.5.2 The Water-Soluble Exochelins

It was nearly 20 years after the initial discoveries of the exochelins before their
structures were resolved though it was established soon after their initial isola-
tion that exochelin MS from M. smegmatis was probably a pentapeptide with three
N-epsilon-hydroxyornithines providing the chelating centre. Various research groups
in the UK had been approached by the author for assistance in trying to work out the
structures and to see how the ornithine residues, together with a beta-alanine and an
allo-threonine, were assembled. But none had been able to complete the work until
the author approached the group headed by Dudley Williams in the Department of
Chemistry at the University of Cambridge to help solve the structure of the water-
soluble exochelins. The structure of the chloroform-soluble exochelins was solved
by collaboration with a research group at Glaxo Research Laboratories.

The structure of the exochelin from M. smegmatis, then named as exoche-
lin MS, was determined by a PhD student, Gary Sharman working under Dudley
Williams at Cambridge University. Exochelin MS was an ornithinyl siderophore
with three hydroxamate groups that provided the iron chelating center (Fig. 2.8a)
[94]. Further, but unpublished, work of the author indicated that the exochelin
from M. vaccae was probably similar if not identical to this exochelin. The struc-
ture of the exochelin from M. neoarum, called exochelin MN, was different [95]
but was still based on a peptide backbone as seen with exochelin MS (Fig. 2.8b). It
had an unusual 2-hydroxyhistidine residue as part of its iron chelating center.

Although the structure of exochelin MS was not elucidated until 1995, quite a
lot of its properties and function had been worked out beforehand. Its uptake, see
above, was by an active transport process requiring the input of energy (i.e., ATP
was involved at some point of the mechanism) [90]. It was produced in a growth-
related manner and could readily solubilize iron from not only inorganic forms of
insoluble iron, such as ferric hydroxide and ferric phosphate, but also from ferritin
the storage form of iron found in all animals [88, 89]. The involvement of myco-
bactin in the uptake of iron into M. smegmatis was not immediately apparent when
small concentrations of ferric-exochelin were used; however, when higher con-
centrations were used, a second uptake process became evident. This was a slower
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process and was not inhibited by energy poisons and other agents; it was deduced to
be by a process involving transfer to mycobactin itself [90] and could be explained
by the mycobactin preventing a sudden over-load of iron into the cells. Cells that
were iron-deficient had very low contents of porphyrins (Table 2.1) and thus the key
precursors of haem synthesis were not instantly available to utilize the iron. But even
though iron could not be immediately used and incorporated into cell components,
a mechanism of iron storage was necessary that would then serve as a ‘pantry’ of
iron. This then began to shape the view that mycobactin was an intracellular store of
iron and that it acquired iron only when there was a sudden availability of it to the
cells (see Fig. 2.11). Of interest was the finding that an exochelin may be involved
in iron uptake into the leprosy bacillus, M. leprae. Somewhat fortuitously, Hall et
al. [96] had isolated the exochelin from M. neoarum simply because this species
was taxonomically related to M. vaccae [97] and which, in turn, had been suggested
might be related to M. leprae [98]. Iron metabolism in M. neoarum therefore might
be worth investigating. Richard Hall showed that, by using °Fe-labelled exochelin
MN, the iron was taken up by cells of M. leprae isolated from armadillo livers but
the process was not one of active transport (as was with its uptake into M. neoarum)
and appeared to be by facilitated diffusion [96]. The process though was specific in
that there was no transfer of iron when chelated to exochelin MS. However, another
exochelin, this time isolated from an armadillo-derived Mycobacterium (ADM)
and which could be grown in the laboratory, also could donate iron to M. leprae
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[92]. Examination of the two exochelins—from M. neoaurum and Mycobacterium
ADMS8563—showed that they had similar properties and were possibly identical.
The presence of a chloroform-soluble carboxymycobactin was not investigated in
this work but it would not have been present in the preparations used because these
had been purified by ion exchange chromatography which would have excluded the
carboxymycobactins. The rate of uptake of iron into M. leprae was, as might have
been expected, very slow but, as exochelin-mediated iron uptake did not occur in
ADM cells that had been grown iron sufficiently, it was concluded that this result
might indicate that M. leprae had been growing iron-deficiently in its host animal
(the armadillo) in order for iron uptake to have taken place at all. It was also sug-
gested that one of these exochelins might be useful additions to any growth medium
that might be being developed for the possible growth of M. leprae in the laboratory.
This however was never additionally studied and the cultivation of M. leprae in cul-
ture medium still remains a distant prospect.

2.5.3 The Carboxymycobactins

The name ‘carboxymycobactin’ was not given to the extracellular siderophores
that had been isolated from pathogenic species of mycobacteria, including M.
tuberculosis, M. bovis and M. avium and related species, before their structures
had been established which was not until 1995. Up to that date, they were referred
to as the chloroform-soluble exochelins. Perhaps, with hindsight an alternative
name to ‘exochelin’ might have been used to avoid confusion with the obviously
different water-soluble exochelins that were described in the previous section. But
we (as all the work had been done in the author’s laboratory) simply had no idea
what might be their structures. To call the material ‘exomycobactin’, as was belat-
edly suggested by another group, presupposed we knew it was related to myco-
bactin itself. For all we knew, it could have been based on a completely different
type of structure. What made matters worse, was that initial analysis of the sidero-
phores from the pathogenic species showed that they were composed of a variety
of materials. Barclay and Ratledge [48, 99] analyzed the exochelins from species
of mycobacteria belonging to the tuberculosis group, including both H37Rv (viru-
lent) and H37Ra (avirulent) strains of M. tuberculosis, and to the avium groups
using both high performance thin layer chromatography (HPTLC) and high per-
formance liquid chromatography (HPLC). Multiple spots or peaks were revealed;
in some cases upwards of 15 individual compounds could be seen. This was com-
pletely puzzling and suggested that, as there was no large single entity, determin-
ing the structures might be a long and daunting task if each component had to be
isolated and purified. If only we had used a less discriminating technique, such as
ordinary thin layer chromatography, we might have seen just a single spot on the
chromatograms that would then have encouraged us to have the material examined
without delay. But a multiple of spots on HPTLC and peaks with HPLC suggested
there might be a multiple of structures.
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It was, however, quite clear to us from very early in our experiments with the
chloroform-soluble exochelins that they were of significance in the uptake of iron into
pathogenic mycobacteria. Perhaps the most important work on their role came from
the work of Raymond Barclay who was a post-doctoral research assistant working
with me. Raymond showed that the bacteriostatic effects of serum (containing the
iron-withholding protein of transferrin) towards the growth of M. avium and M. para-
tuberculosis in laboratory medium could be reversed not only by mycobactin but also
by the exochelins that these bacteria were producing [48]. This was strong evidence in
favor of these siderophores being of major importance in the development of myco-
bacterial infections in animals. Our much earlier work following the initial discovery
of the exochelins had already established their ability to extract the iron from animal
ferritin to support growth of M. bovis var. BCG [100]. Finding out what was the struc-
ture or structures of these siderophores then became major of pre-occupation in our
work. But would be nearly another 10 years before the problem was finally solved.

The breakthrough in determining the structure of the chloroform-soluble exo-
chelins came in collaboration between researchers at Glaxo Research Laboratories
at Stevenage near London. As soon as the first high resolution NMR spectrum
of the purified exochelin from M. avium was obtained, Steve Lane and his col-
leagues were immediately able to suggest a strong similarity in structure to myco-
bactin but with a variation: the long alkyl chain of mycobactin was now shorter
and, instead of terminating in a methyl group, now terminated in a carboxy group
(Fig. 2.9). As there was now competition to publish the structure of these extra-
cellular siderophores, an instant decision was made to call the material ‘carbox-
ymycobactin’ as this seemed to be an accurate descriptor of the molecule. The
structure was then published by Lane et al. [101] with the paper being submitted
on February 15th 1995. In this paper, mention was made that a preliminary exami-
nation of the related materials from M. tuberculosis and M. bovis had revealed that
these were also carboxymycobactins of similar structures. A group led by Marcus
Horwitz in California, USA, simultaneously published (their paper was submit-
ted on February 21st, a week after the paper of Lane et al. [101]) the structure

OH o CH, O OH
N o H N
7 NH
o) o}
o CHg CH,

Fig. 2.9 Structure of the carboxymycobactins (originally termed the chloroform-soluble exoche-
lins) from Mycobacterium avium, M. bovis BCG and M. tuberculosis [101] where n = 2-9. Related
siderophores have been reported in M. smegmatis [53, 104]. Related molecules but with a terminal
methyl ester group on the acyl chain from M. tuberculosis and M. avium were found [102, 103]
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of the related material that they had isolated from M. tuberculosis [102, 103]. In
this case, however, the terminating group of the alkyl chain was not a carboxy
group but was the methyl ester of this group. Possibly the esterification reaction
may have occurred during the late growth phase of the cultures that had been used
whereas for the work of Lane et al. [101, 104], culture filtrates had been prepared
from cells in their active phase of growth during which iron solubilization and
uptake should be at their maximum.

It is clear that all the siderophores obtained earlier from culture filtrates of path-
ogenic mycobacteria and had been termed ‘chloroform-soluble exochelins’ were,
in fact, carboxymycobactins. A list of species and strains that produce carboxymy-
cobactins is given in Table 2.3. Of considerable importance and interest was the
finding that all (13 out of 13) strains of M. paratuberculosis that had been exam-
ined by Barclay and Ratledge [99] produced a carboxymycobactin but all of them
still required mycobactin for growth. However, it was ruled out that the added
mycobactin was being converted into the extracellular product as the amount of
carboxymycobactin recovered was much greater than the amount of mycobactin
that had been added as a growth factor into the culture medium. Also there was no
observable conversion of '*C-labelled carboxymycobactin into mycobactin itself
when fed to cultures of M. bovis [100].

This discovery then provides a partial explanation as to how M. paratuberculo-
sis and other mycobactin-dependent species are able to grow in vivo. They simply
produce carboxymycobactin, an extracellular siderophore that then acquires the
iron from host tissues and transfers the iron to the bacterial cells. There must then
be a slow transfer of iron into the pathogenic bacteria without the participation of
mycobactin, though how this occurs is still not clear. Evidently, however, when the
bacteria are isolated from an infected animal, mycobactin becomes essential for
the uptake process to be complete and for the bacteria to grow in vitro. Homuth
et al. [105] took an alternative view: they suggested, on the basis of their finding
of an extracellular ferric reductase in cultures of M. paratuberculosis that could
reduce the iron in transferrin and lactoferrin, that this may be an alternative means
of iron acquisition in this bacterium in vivo. The possibility of the direct uptake of
iron from transferrin had been suggested earlier by Lambrecht and Collins [106].
But, if this were the case, one would then have expected extracts of animal tis-
sues to have supported growth of this bacterium in laboratory culture medium but
clearly this does not happen [22-24]. Further work on this aspect of iron metabo-
lism in M. paratuberculosis and other mycobactin-dependent strains is therefore
still needed to give some vital clues as to how it is accomplished.

Table 2.3 Occurrence of carboxymycobactins in mycobacteria (see also Fig. 2.9)*

Pathogens M. africanum, M. avium, M. bovis BCG, M. intracellulare, M. paratuber-
culosis, M. trivial, M. tuberculosis H37Ra and H37Rv, M. xenopi

Non-pathogens M. smegmatisb M. neoaurum®

4Data from [60, 99]

5[108]

“From Tan Eng Lee and Ratledge [unpublished]



32 C. Ratledge

The only species of Mycobacterium that failed to produce detectable amounts
of carboxymycobactin was M. microti which also appeared not to produce a myco-
bactin [99]. This species therefore is an oddity amongst the mycobacteria in pro-
ducing neither mycobactin nor a carboxymycobactin and clearly would warrant
further investigation as to what is its mechanism of iron acquisition. It is, however,
a genuine mycobacterium in that it is the causative organism of tuberculosis in
voles and other rodents but has also been associated with some isolated cases of
TB in humans [107]. Some investigation into iron metabolism in this species may
therefore be warranted.

What came as a complete surprise during this phase of our work was the find-
ing of a carboxymycobactin in culture filtrates of M. smegmatis grown iron defi-
ciently [108]. The presence of exochelin MS in this species had appeared to be
sufficient to account for iron uptake in the saprophyte so the presence of a second,
and alternative, method of iron acquisition was unexpected. However, the amounts
of carboxymycobactin (10-25 pg/ml) that were produced were, at most, only
10 % of the total siderophores. Also it was produced later in the growth of the cells
indicating that the exochelin-dependent route of iron assimilation was probably
the major one. It was also noted that the amount of carboxymycobactin was some
20 times higher when glycerol was used as a carbon source instead of glucose.
The structure of this carboxymycobactin was subsequently determined [104] and
was found to resemble the structure of mycobactin S with a family of short car-
boxylic acids attached to the mycobactin nucleus. Some eight variants of the mol-
ecule were identified [6, 104] and this could then partly explain why Barclay and
Ratledge [61, 99] found such a plethora of iron-binding molecules when they first
examined the carboxymycobactins from pathogenic mycobacteria by high resolu-
tion chromatographic techniques.

2.6 Putting it All Together

How the various components of iron metabolism come together to present a coher-
ent picture of iron uptake and transport in mycobacteria still has a long way to
go. But we are getting there. It is not, however, the remit of this chapter to go
into the details of how the various components enumerated above dovetail together
but, for the sake of completeness, I have included the very first model that was
proposed in 1975 for iron transport in the mycobacteria (Fig. 2.10) that does not
distinguish between the water-soluble exochelins of the saprophytic strains and the
chloroform-soluble ones of the pathogens [100]. A more detailed model proposed
in 1999 is given in Fig. 2.11. In this model, besides the major routes of iron uptake
via the exochelins and carboxymycobactins, the uptake of iron chelated to citrate
was worked out by Ann Messenger [93] and assimilation of iron by direct binding
of a mycobacterial cell to transferrin or lactoferrin was proposed by Lambrecht
and Collins [106] probably involving an extracellular ferric reductase as iden-
tified by Homuth et al. [105]. This enzyme could also work with ferritin and
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Bfr bacterioferritin, 7 unknown mechanisms but the uptake of ferric-carboxymycobactin is now
known to involve an ABC transporter

ferric ammonium citrate. Iron storage within the cytoplasm of the cell is by bac-
terioferritin [109—111] but only when the iron is in excess of immediate metabolic
requirements. Bacterioferritin receives the iron being released by ferrimycobactin
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after passage through the cell membrane [112]. Iron would then be released from
bacterioferritin on demand from the cell probably by an internal ferric-reductase.

It will then be of doubtless interest to the reader to compare this model given
in Fig. 2.11 to the ones then described in detail in the other chapters of this mono-
graph. When all is known and understood, these early beginnings of iron acqui-
sition may, hopefully, still prove to have been modeled along the right lines but
there is still much to be elucidated in this fascinating aspect of mycobacterial
metabolism.
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