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from cultures of Pseudomonas fluorescens B10 grown under low-iron stress
has been developed. Preparative HPLC is of pivotal importance in the isolation

methodology. The application of this isolation procedure to similar metabolites
produced by other organisms is discussed.
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have been made based on the use of modern 2-D NMR experiments (COSY,
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sequence information was obtained through FAB-MS experiments.

Biosynthetic studies on pseudobactin indicated that tyrosine was a

direct precursor to the 6,7-dihydroxyquinoline derived chromophore.
Radio labelled tyrosine (14C) was incorporated into pseudobactin. Purification

of pseudobactin from cultures fed DL-[2,3,3-2H3]-tyrosine and subsequent
analysis by 2H NMR showed that tyrosine had been specifically incorporated
into the pseudobactin chromophore. No incorporation of deuterium was found
when cultures were fed DL-[2',5',6',-2H3]-3,4-dihydroxyphenylalanine (DOPA).

The synthesis of the deuterium-labelled precursors is also described.
Two possible methods for the incorporation of tyrosine are suggested

based on the results of feeding experiments. Tyrosine and possibly a
diaminobutanoic acid residue could either;

i)

initially form a dipeptide

intermediate, undergo cyclization to form the chromophore carbon skeleton,
and subsequently be incorporated into the peptide, or ii) first be incorporated
into the peptide chain followed by cyclization to form the chromophore carbon
skeleton.
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Introduction

Siderophores and Iron Assimilation

It is evident from its central role in many enzymatic reactions that iron is

a requirement for cellular processes. However, due to the low solubility of iron
in an aerobic environment at physiological pH (Ksp[Fe+3] < 10-38) it is an element

which is biologically unavailable. Many organisms have been able to overcome

the inherent insolubility of iron by the development of a highly specific, active
transport system for sequestering ferric iron. This transport system is comprised

of two components, a siderophore which is a Fe+3 specific ligand excreted
from the cell, and a receptor site on the cell surface which will recognize the
iron complex and provide for transport across the cell wall. Siderophores are

generally hexadentate ligands ranging in molecular weight from 500 - 1000
daltons (several comprehensive reviews on siderophores have been published'

3). They have been shown to be produced under low-iron stress by fungi,

aerobic and anaerobic bacteria'', and plants5' 6. From the isolation and
characterization of numerous siderophores, three structural classes have been

delineated. The hydroxamate and the catechol classes, accommodate the

majority of siderophores and are represented by ferrichrome7, 1, and
enterochelin8' 9, 2 , respectively.

2

OH

0%c

NH

OH

2

1

The third class of siderophores, the "miscellaneous" class, is interesting

in that it encompasses siderophores owning the most structural variability.
These siderophores coordinate Fe+3 with either a hydroxamate or a catechol

moiety or both, and a third ligand present as one of the following moieties; i)
an a-hydroxycarboxylate as found in aerobactin10, 3, ii) an a-am inocarboxylate
as found in fusarinine11, 4, or iii) a 2- (o- hydroxyphenyl)- oxazoline as found in
agrobactin12' 13, 5.
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A number of structurally related miscellaneous siderophores, the

pyoverdins and pseudobactins, are produced by the fluorescent
Pseudomonads". 15. These metabolites are characterized by the presence of

an Nkhydroxyornithine residue, a 13-hydroxyaspartate residue, and a 6,7-

dihydroxyquinoline-derived UV-fluorescent chromophore. The peptide
backbone which links the ferric chelators commonly contains 6 to 10 amino
acid residues and is comprised of alternating 0 and L amino acids. Examples

of both cyclic and linear pyoverdins and pseudobactins have been isolated.
Structural variation within this family of siderophores is most often found in the
peptide sequence, although examples do exist in which the ligating hydroxamate

is acetylated, or cyclized or in which the chromophore contains different sidechains.

One unifying characteristic of the pyoverdins and pseudobactins is the
presence of the UV-fluorescent chromophore. Although slight variations in its

oxidation levels are found, the existence of this structural motif implies these

metabolites might all share a common biosynthetic pathway. At present, no
reports of the biosynthetic origin of the chromophore have been published. It

was the intent of the current study to investigate this pathway in one of the
producing organisms, Pseudomonas fluorescens B10.

4

Siderophores of the Pseudomonads

The existence of fluorescent siderophores has been known for many

years and is used in the taxonomic identification of the fluorescent
Pseudomonads16. It was not until a purification procedure had been developed
and chemical properties of these fluorescent pigments described, that structural
information of the pyoverdins was obtained17. A few years after the initial isolation

procedure for these metabolites was developed, pseudobactin, 6, was isolated

from a culture of Pseudomonas fluorescens B10 and its structure determined

by x-ray crystallography18. Since then, numerous related compounds have
been isolated from other Pseudomonas sp., and their structures have been

elucidated primarily by FAB-MS, high resolution NMR, and hydrolysis
techniques19-23 .

0

6

The apparently limitless variations of the pyoverdins/pseudobactins
prompted investigations into the utilization of siderophores by different strains

of Pseudomonas fluorescens 24. Results of this work indicate that a specific

5

membrane receptor is required for transport of each individual siderophore. A

Pseudomonas sp. previously unable to utilize ferric pseudobactin, has
successfully been transformed with the gene coding for the ferric pseudobactin

outer membrane receptor25. More recent works regarding siderophores from

Pseudomonas aeruginosa have identified the fate of the iron and the ligand
after transport across the membrane26, as well as the identification of a 90 kDa

iron-regulated outer membrane receptor'.

Biological Activity of the Pseudomonads

With the discovery that fluorescent Pseudomonads will enhance plant
growth and increase yields of certain root crops24'

28,

research was directed

towards elucidating a biological control mechanism. Early in vitro studies

showed that pseudobactin exhibited antibiotic activity against the plant
pathogenic bacterium Erwinia carotovora as well as a strain of Escherichia
coli deficient in enterochelin production28. Addition of FeCI3 to the assay plates
reversed the activity of pseudobactin against these organisms. It was determined

that Ps. fluorescens did not excrete substances which directly increased plant

growth but was exerting some effect on the populations of pathogenic
rhizobacteria29. Concurrent work screening for fluorescent negative mutants
exhibiting in vitro antibiosis39 gave a convincing argument that the presence of

siderophores was effectively binding iron and making it unavailable to
pathogenic organisms. The detrimental effect of the pathogens was therefore
lessened and plant growth increased.

A few years later, evidence surfaced showing there was no correlation

between in vitro antibiosis and suppression of fungal "take-all" disease in
wheat or of Ophibolus Patch in turfgrass31. This same study, interestingly enough,
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revealed that the Pseudomonas sp. isolates did not similarly inhibit individual

isolates of the same fungus. This may be indicative of a mechanism which
counteracts the effects of iron starvation brought about by the Pseudomonad,

i.e. a fungal siderophore. Studies using Thielaviopsis basicola, the causative

organism of Black Root Rot, suggested that ferrated siderophores inhibited

fungal mycelium growth and spore germination more effectively than the
desferrisiderophores32. More recent work has revealed that inhibition of fungal

growth by siderophores was repressed more significantly at pH 8 than at pH
633. Since the availability of iron is inversely correlated with soil pH, siderophore-

mediated biological control of pathogenic organisms is most likely to occur in

neutral to alkaline soils. Research has also implicated cyanide production in
Ps. fluorescens as a factor in suppressing Black Root Rot34. It is apparent in
suppression of fungal diseases, that siderophores are at least one factor which

mediate plant growth under specific conditions. The role of siderophores as
biological control agents has been extensively reviewed35-37.

Although the data at first glance appear to conflict,

it

is reasonable to

assume the mechanism of biocontrol against fungal pathogens would be

different than the mechanism against bacterial pathogens, due to their
fundamental physiological differences. The significance in comparing studies
conducted on different pathogens lies in the conclusion that biological control
of plant diseases will most likely not be explained by a single, overly simplistic

mechanism, but rather by several mechanisms acting in conjunction with one

another, or perhaps by independent mechanisms which target specific
pathogens.
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Rationale for the Current Study

A question which still remains is whether or not siderophores are actually

produced in the soil. Out of the scores of siderophores isolated and
characterized, only one has ever been detected in a soil culture38. Studies
using fluorescent negative mutants support the idea that siderophores function

as biocontrol agents in situ. However, definitive proof will come only after
genetic mutations are correlated with the disruption of a specific gene product.

Otherwise the effect that genetic mutations may have on other metabolic
pathways involved in disease suppression cannot be overlooked.

One approach used successfully in the past to correlate a gene and its
biological function, has been to construct a genetic probe based on the amino
acid sequence of an isolated enzyme. The probe can then be tested against a

DNA library and the corresponding gene sequences identified. This initially
requires purification and isolation of the enzyme from cell extracts. In turn, this

requires the development of an assay to monitor enzyme purification. To be of

use in quantitating enzyme purity, the assay must be specific to the system

under study and is best developed based on a sound understanding of the

biosynthetic reactions involved. Thus, elucidation of the pyoverdinpseudobactin biosynthetic pathway forms the basic framework on which further

study into the mechanism of biological control may progress. Since the
fluorescent chromophore is common to all pyoverdins and pseudobactins, it
was the obvious choice for biosynthetic studies.
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Siderophore Biosynthesis

The biosynthesis of ferrichrome, 1, by Ustilago spherogena 39 (Figure

1-1) provides a model for in vivo hydroxamate siderophore production. The

hydroxamates are derived from the condensation of an N-hydroxyornithine
residue originating from the oxidation of ornithine, and a polyketide fragment
originating from acetyl-CoA. An understanding of the intermediate steps along

this pathway have come from a variety of sources. Cell-free extracts of
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Figure 1-1. Ferrichrome biosynthetic pathway. The order of peptide
assembly is not known, but based on analogy has been hypothesized to occur
by condensation of two tripeptide units.

Rhodotorulia pilimanae have afforded a novel oxygenase responsible for the
hydroxylation of ornithine in the biosynthesis of rhodotorulic acid', 7. An
N-hydroxylase has also been isolated and characterized from the aerobactin

pathway in Aerobacter aerogenesm. An enzyme which acetylates Nhydroxyornithine has been isolated from Ustilago spherogena extracts'. It has
been determined that iron-mediated regulation of aerobactin production occurs
at the transcriptional level in a CoIV plasmid producing strain of E. co/f'3.

Insight into the biosynthesis of catechol siderophores has been attained
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primarily through investigations into the enterochelin pathway of E. coli (Figure

1-2.), although other enterochelin producing organisms appear to use the
same method of assembly". The catechol moiety arises through conversion of

chorismic acid to dihydroxybenzoic acid, and the enzymes responsible for

each of these steps have been subcloned, overexpressed, and purified to
homogeneity"-47. Three enzyme fractions which catalyze the ATP activation of

both L-serine and dihydroxybenzoic acid as well as the condensation of these
units into the final product" have been identified. It was has also been suggested

that a fourth structural protein provides the framework to support these enzymes
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H2r\\Enz
O
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2

Figure 1-2. Enterochelin biosynthetic pathway of E. coli.

10

in a functional complex". It has been shown that expression of the gene

cluster coding for enzymes used in the conversion of chorismic acid to
dihydroxybenzoic acid, is regulated by the presence of Fe+3 45.

The biosynthesis of the less common siderophore moieties is not well

understood. Presumed intermediates in the agrobactin pathway along with
two protein fractions that catalyze the steps shown in Figure 1-3, have been
isolated from liquid cultures of Micrococcusdenitrificans5°. A biosynthetic path-

Spermidine

Mg

+2

;ATP

5

Threonine;
Salicylic Acid

OH

0

Figure 1-3. Proposed biosynthetic pathway for agrobactin. The
enzymatic assembly of dihydrobenzoic acid and spermidine is thought to occur

by a similar mechanism as that found for the initial step in the enterochelin
pathway.

way for pyochelin, 8, a siderophore produced by Pseudomonas aeruginosa,
has been proposed' (Figure 1-4), and genetic studies have identified mutants
requiring salicylic acid for its production52.

Insight into the assembly of the pyoverdins and pseudobactins has
primarily come from genetic studies on the iron-uptake systems of fluorescent
Pseudomonas sp. Random insertion of the transposon Tn5 into the chromosomal
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DNA of Ps. putida WCS358 has yielded a collection of mutants deficient in
either fluorescence or siderophore production or both53. Complementation
analysis of these mutants with wild type DNA has suggested
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Figure 1-4. Proposed biosynthesis of pyochelin.

that synthesis of the fluorescent chromophore is a post peptide assembly
modification and occurs late in the pathway. To date, there have been no
published studies directly investigating the biosynthesis of the pyoverdins or
pseudobactins.

Proposal for the Current Study

Retro-biosynthetic analysis of the pseudobactin chromophore suggested

2,4-diaminobutanoic acid (DABA), 9, and either tyrosine, 1 0, or 3,4-dihydroxy-

phenylalanine (DOPA), 1 1, as likely precursors (Figure 1-5.). The origin of

DABA is not well defined but can be envisioned as a reduction of either
asparagine, 1 2, or [3-cyanoalanine, 1 3. In plant and bacterial studies, pcyanoalanine has been shown to originate from a nucleophilic displacement
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of either the hydroxyl of serine, or the thiol of cystine54'. Asparagine may be

derived from the transamination of aspartic acid although little precedence
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Figure 1-5. Retroanalysis of the chromophore of pseudobactin from
Pseudomonas fluorescens B10.
exists for the reduction of asparagine to DABA in biological systems. Interestingly

enough, asparagine has been shown to derive from 13-cyanoalanine in a
Pseudomonas sp.".

The enzymatic conversion of tyrosine to DOPA by either tyrosine
hydroxylase58 or tyrosinase59, has been well established. Since pseudobactin
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is likely to be produced enzymatically (as opposed to a translational assembly),

tyrosine could conceivably be converted to DOPA at one of two points along

the pathway. Tyrosine could first be incorporated into the growing peptide
chain and hydroxylated at a later point in the pathway, or alternatively, it could
first be converted to DOPA and subsequently incorporated. Since DOPA is not

found in translated proteins, this hydroxylation step is significant in that it
commits the precursor to a non-ribosomal biosynthetic pathway.

It was the purpose of this study to examine the involvement of tyrosine

and DOPA in the biosynthesis of the chromophore. The success of this study

depended upon several details. First, the development of a suitable isolation
protocol was required. Previous literature methods proved less than ideal due

to difficulties in reproducibility. Second, analysis of stable isotope feeding
studies required unequivocal NMR assignments of pseudobactin. Previously

published assignments of spectral data were incomplete, and modern 2-D
NMR techniques were expected to allow unequivocal assignments. Finally, it
was necessary to synthesize the labelled precursors to complete the required
feeding studies.
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Results and Discussion

Pseudobactin Assay

Because of possible difficulties resulting from either poor analytical
resolution due to the iron scavenging capability of pseudobactin, or the possible

instability of the non-complexed siderophore, development of a pseudobactin
assay was based upon detection of the ferric siderophore.

Thin layer chromatography using normal phase silica or cellulose plates

developed with water/alcohol mixtures, or reverse phase C18 silica plates

developed in acetonitrile/water mixtures, did not provide separation of
metabolites from a crude fermentation extract. The resolving power of high
performance liquid chromatography (HPLC) methods using C18 reverse phase
silica afforded baseline separation of ferric pseudobactin in analytical samples.

HPLC Analysis

Spectroscopic HPLC detection at 254 nm and 400 nm provided a
reasonable indication of sample purity, since ferric pseudobactin exhibits
absorption maxima at both of these wavelengths. Previously reported C18 reverse

phase methods19.23 using triethylamine acetate buffer and acetonitrile, resolved

ferric pseudobactin from the sample matrix, but the analysis time was in excess

of 30 minutes. This value was reduced to less than 15 minutes with a 92%
water/ 8% acetonitrile/ 0.1% trifluoroacetic acid (pH <2) mobile phase. However,

the acidity of the solvent interfered with the separation several metabolites,
including ferric pseudobactin.

A mobile phase of 20 mM ammonium bicarbonate-methanol (9:1)
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adjusted to pH 6.5 with carbon dioxide, provided base-line resolution of the
siderophores and analysis times of less than 12 minutes. However, over the
course of several hours, the retention times of late eluting compounds changed

significantly (>2 minutes). This was attributed to an increase in the buffer pH

(from 6.5 to 7.3) as a result of sparging the solvent reservoir with helium.
Since the pH of the buffer was adjusted with carbonic acid formed in vitro with
carbon dioxide, degassing of the solvent with helium would drive the carbonic
acid-carbon dioxide equilibrium backwards, causing the pH change. To avoid

this problem, acetic acid was used instead of carbon dioxide to adjust the pH
of the mobile phase.

Fermentation Requirements for Pseudobactin Production
Fermentation conditions for this study were chosen to optimize
pseudobactin production61. One of the major factors to influence production, is
the limitation of [Fe+3] in the media62' 63. To prevent the introduction of iron into

the fermentation media, all glassware was washed with dilute HCI prior to
each fermentation, and the medium was prepared using high purity reagents

and deionized water. Culture flasks were shaken (150 rpm) to ensure
appropriate aeration of the media. If the shaking rate was increased (250
rpm), pseudobactin was still produced, but an unidentified purple siderophore
became the major product.

During the course of our studies, pseudobactin production unexpectedly

dropped from 65 mg/L to 20 mg/L. In an attempt to restore initial production
levels, several media preparations17. 23.64.66 efficient for the production of other

related siderophores, were tested for pseudobactin production. However, none

of these increased the production level. Addition of a trace mineral solution67
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containing ethylenediamine tetraacetic acid, Zn+2, Fe+2, Mn+2, Cu+2, Co+2, and

B+3 to the medium, stimulated the culture to become bright yellow. The mineral-

supplemented broth produced significantly less pseudobactin than the control
(20 mg/L and 35 mg/L, respectively).

Pseudobactin production was eventually increased to 50 mg/L by
changing the flask size to media volume ratio. More pseudobactin was detected

in 300 mL fermentations conducted in 2000 mL flasks than was detected in

200 mL fermentations conducted in 1000 mL flasks (45 and 28 mg/L
respectively). The exact cause responsible for the decrease in production was
not identified.

Pseudobactin Time Course Study
The assay developed for pseudobactin was readily applicable to
monitoring in vivo siderophore production and required minimal sample
preparation. To establish the onset of siderophore biosynthesis and the point

at which production was maximized, 1 mL aliquots were removed from the
culture every 6-8 hours and analyzed. Results shown in Figure 2-1 indicate
pseudobactin production began 12 hours after the initial inoculation and attained

maximum production after 42 hours. This appeared to coincide with the
logarithmic growth phase of the organism, although cell density was not
measured. The culture pH exhibited a slight drop in the first 6 hours of cell
growth and increased steadily throughout the fermentation (to pH 7.3). It did
not, however, prove to be a useful indicator of pseudobactin production.
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Figure 2-1. Pseudobactin production level and pH profiles of Ps.
fluorescens. The pH of the broth was 6.9 before inoculation. Samples were
taken every 6-8 hours for 48 hours.

Production Profile of Ps. fluorescens B10
HPLC analysis coupled with the use of photo diode array detection
methods was useful for the detection of other siderophores produced by Ps.

fluorescens B10. As is illustrated in Figure 2-2, compounds which eluted at

5.18, 7.02, 7.95, and 9.15 minutes all exhibited UV spectra similar to ferric

pseudobactin, the major component at 11.22 minutes. This was taken as
evidence for structural similarities existing among these metabolites. The
compound which eluted at 6.08 minutes shows a slight absorbance at 311
nm. Expansion of this spectrum further into the visible range revealed a very

broad absorbance at 540 nm. Teintze et. al. 18 reported the isolation of
pseudobactin A, a purple Ps. fluorescens metabolite structurally related to
pseudobactin. The visible spectrum for ferric pseudobactin A matched that of
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Figure 2-2.

Production profile detected at 254 nm for Ps. fluorescens B10. UV spectra indicate there are at
least five metabolites which exhibit absorbances characteristic of the pseudobactin chromophore. The peak at 11.2
minutes has been identified as ferric pseudobactin via co-injection. HPLC analysis was performed on Waters C18
reverse phase Nova-Pak silica in 90% 20 mM ammonium bicarbonate-10% methanol buffer adjusted to pH 6.5 with
acetic acid. Flow rate was 2.0 mUmin. Eluant was monitored with a Waters 990 photo diode array detector.
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the 6.08 minute peak in Figure 2-2.

From these data we suggest that several siderophores which posses

similar chromophores are produced by Ps. fluorescens B10. We further
speculate that structural differences probably reside in the peptide chain which

links the ligating moieties. In a recent study on ferrioxamine siderophores68,
homologs of biosynthetic precursors administered to the fermentation induced

structural variations in the siderophores. A similar enzymatic flexibility in Ps.
fluorescens could account for the various siderophores.

The versatility of our photo diode array HPLC analysis method for
siderophore production was demonstrated by screening several Ps. fluorescens

strains. The chromatograms detected at 400 nm for Ps. fluorescens strains
JL-4312, JL-3551, and JL-2000 are shown in Figure 2-3. All of the prominent

peaks in these chromatograms have UV absorbances identical to ferric
pseudobactin. It is interesting to note that of the organisms we screened, Ps.

fluorescens 2000 produced only one siderophore, in addition to ferric
pseudobactin, which possessed the pseudobactin chromophore.

Isolation of Pseudobactin
A procedure for purifying ferric- and desferric-pseudobactin had
previously been reported 18 but from efforts to repeat this work, it was apparent

that this method was not sufficient for our studies. Extraction of desferric-

pseudobactin directly from the fermentation broth using ethyl acetate or
methylene chloride was unsuccessful and prompted us to direct our efforts
towards purifying ferric pseudobactin. Once the purified iron siderophore was
in hand, a deferration step was expected to provide us with the desired product.
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Ps fluorescens 2000
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0.029
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Figure 2-3. HPLC chromatograms for three different strains of Ps.
fluorescens. Waters C18 Nova Pak reverse phase silica column eluted with a
buffer consisting of 90% 20 mM ammonium bicarbonate and 10% methanol
adjusted to pH 6.5 with acetic acid. The chromatograms shown above were
detected at 400 nm and were processed with a Waters 990 photo diode array
UV detector. All peaks exhibiting absorbances above 0.009 AU have UV spectra
identical to that of ferric pseudobactin.
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Ferric Pseudobactin
Extractions with a chloroform and phenol mixture69 (1:1 v/v) efficiently

removed all color from the ferrated broth but unfortunately, carried along an
impurity which was latter difficult to remove. Extraction of the broth with benzyl
alcohol18 circumvented this problem. This method, however, required saturation

of the ferrated broth with ammonium sulfate prior to the extraction and
precipitation of salt from the aqueous layer complicated the procedure.
Extractions using either the chloroform/phenol mixture or the benzyl alcohol
were also prone to forming emulsions.
Two variations of immobilized metal affinity chromatography79-72 using

BioRad Chelex 100 resin, were investigated for isolating siderophores directly

from the fermentation media. The first involved charging the resin with Fe+3.

When the culture supernatant was applied to the column, pseudobactin
effectively stripped the column of iron and was not retained. Conversely, ferrated

culture supernatant was applied to the same resin which had not been charged
with Fe+3. Again, none of the siderophores were retained.

Developments in the use of Amber lite XAD resins for isolating fungal
siderophores73 were tested on our system. Passage of the ferrated broth through

a column containing Amber lite XAD-4 resin provided low recovery of the iron

complexes. However, if the resin was stirred with the ferrated broth (100 g/L)

for several hours, almost all of the pigments were adsorbed. The red-brown
ferric complexes were subsequently eluted from the resin with an acetone/water
mix (8:2 v/v).

Further purification of the crude fermentation extract by flash

chromatography on either normal phase silica gel or Silicar CC-4 silica
(Mallinckrodt) eluted with methanol/acetonitrile mixtures, was not successful.
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The use of C18 reverse phase silica gel (Bakerbond ODS C18, 40 iim) and
elution with a step-wise water/acetonitrile gradient (100% H2O to 85% H2O in 8

steps) resolved the crude material into three brown fractions. Unfortunately,

low recovery (<6%) of the material did not warrant use of this method.
Polypropylene chromatographic resin (Polysciences, Inc.), a material with
chromatographic properties similar to reverse phase silica, eluted with water,
did not provide any separation of the crude extract.

Size exclusion chromatography using either BioRad P-2 gel with 50

mM pyridinium acetate buffer (pH 5.5) or Sephadex G-10 resin with 95:5
water/methanol, removed low molecular weight compounds from the crude
extract with equal efficiency. A slight improvement in separation on the BioRad

P-2 gel was obtained by increasing column length from 30 cm to 50 cm and
decreasing flow rates from 8 mUhr to 3 mUhr.

Resolution of the crude fraction into four distinct fractions was obtained

with Sephadex CM-25 ion exchange resin (pyridinium form) eluted with 0.1 M

pyridinium acetate buffer pH 6.5. The first two red-brown fractions contained

compounds with UV absorbances practically identical to the published UV
spectrum of ferric pseudobactin. The third fraction consisted of two partially
resolved bands, a purple front-running region and a red-brown tailing region.

The red-brown tailing region consisted primarily of ferric pseudobactin as
determined by HPLC and UV analysis.
It was inferred from the original isolation procedure' that the front-running

purple component contained ferric pseudobactin A. A yellow, UV-active fraction

eluted from the ion exchange column well behind the others. The color of this

fraction did not significantly change upon addition of ferric ion, however the
UV-activity was quenched. The 1H NMR spectrum of this fraction indicated it

primarily consisted of phenylalanine with a trace of what may have been a
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siderophore. Although ion exchange did not completely resolve ferric
pseudobactin and ferric pseudobactin A, it did provide an efficient method for
removing other siderophores from the sample.

The final step in the isolation of ferric pseudobactin was provided by
scale-up of the analytical HPLC technique. Preparative HPLC was the only
method we found which provided efficient separation of ferric pseudobactin

and ferric pseudobactin A. As a result, preparative HPLC was of pivotal
importance in this isolation scheme.

Pseudobactin

Extraction of an acidic, aqueous solution (3.5 < pH < 4.0) of ferric
pseudobactin with 8-hydroxyquinoline17 in chloroform (5% w/v) provided a
reasonable deferration method. The pH and vigorous stirring were found to be
critical factors for efficient removal of iron from the ferrated complex. Purification

of 8-hydroxyquinoline was required prior to the deferration step either by
recrystallization of the 8-hydroxyquinoline from hot ethanol and water, or by

repeated extraction of the chloroform solution with water. Small amounts of
8-hydroxyquinoline were present in the pseudobactin sample even after backextraction with chloroform. Impurities were easily removed by chromatography

of the sample on a BioRad P-2 size exclusion column eluted with water. A
summary of the isolation procedure is presented in Figure 2-4.

Stability of Pseudobactin

Proton NMR experiments conducted at 25, 40, 57, and 67 °C showed
no spectral changes in the pseudobactin sample. There was also no change
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in the spectra after heating the sample at 40 °C for 24 hours. It was

Fermentation in low-iron media:

Pseudomonas fluorescens B10:
addition of ferric nitrate

Crude fractionation with

discard cells

Amber lite XAD-4 resin
1

1

1

discard H2O

Ion exchange chromatography

wash

unidentified
siderophore

Pseudobactin

unidentified yellow
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compound

Preparative HPLC - C18

I

Ferric pseudobactin
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siderophores

Deferration with
8-hydroxyquinoline
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Aqueous layer
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Figure 2-4. Schematic diagram of pseudobactin isolation
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concluded that pseudobactin is reasonably stable. However, ferric pseudobactin

could be degraded if ferrated culture broths were subject to extreme conditions

(autoclaved at 252 °F for 20 minutes). HPLC analysis of autoclaved samples

indicated a decrease in ferric pseudobactin concentration was accompanied

by an increased in the concentration of a less polar siderophore. This
siderophore exhibited the same UV absorbances as ferric pseudobactin and
was always detectable in the fermentation broth. It is unknown if this degradation

product was actually produced by the organism. Since the UV spectral data of

these two compounds were virtually identical, and the degraded siderophore

continued to bind iron, it would be reasonable to conclude that; i) the
chromophore had not been modified, and ii) degradation may have occurred
on either a non-chelating amino acid side chain or on the side chain present
on the chromophore.

Pseudobactin Structural Studies
Previously reported 11-1 NMR assignments for pseudobactin

did not

specifically define the chemical shifts for two of the three aromatic protons,
and the remaining assignments had been based on analogy. Since biosynthetic

research relies on the ability to track a specific atom through a pathway, it was

necessary that all NMR assignments for pseudobactin be explicit and
unequivocal. We found that routine 2-D NMR experiments allowed for complete
13C spectral assignments as well as completion of the aromatic 11-1 assignments

in pseudobactin. The 13C NMR assignments had not been previously reported
for pseudobactin.

The chemical shifts for the amino acid a-protons in pseudobactin were

affected by pH changes. This effect is typical of peptides presumably due to
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changes in the sp2 character of the amide caused by resonance stabilization.
The most drastic effect was seen in the signals for the a- and p-protons of the
lysine residue. The p-proton signal exhibited an upfield shift from 1.93 to 1.72

ppm as the sample pH was changed from 4.4 to 10.5. The effect on the
a-proton, which exhibited an upfield shift from 4.18 to 3.60 ppm, was even
more dramatic over the same pH range. To minimize the number of overlapping

NMR signals, the NMR samples were adjusted to between pH 6.5 and pH 7.0
with either 2% DCI or 2% NaOD.

Longitudinal relaxation time constants (T1) for several protons were
determined by inverse recovery NMR experiments and were used to estimate

the time delays required in subsequent 2-D NMR analysis. The results are
listed in Table 2-1. The 0-protons of the p-hydroxyaspartic acid and threonine

residues possessed long T1 values (1.9 sec and 2.0 sec, respectively) and

indicated that an efficient relaxation mechanism was not operative. The
molecular conformation of pseudobactin could account for these results if the

peptide were folded such that solvent interactions for these protons were
minimized. This would have prevented the relaxation of the polarized spin
states and contributed to the long T1 values.

The proton NMR spectrum of pseudobactin in D20 exhibited several
broad resonances which lacked any apparent coupling information. Other NMR

solvents were examined in an attempt to narrow spectral linewidths.
Pseudobactin was only soluble in very polar solvents. Neither dimethyl sulfoxide
(DMSO) nor methanol appeared to have any influence on resonance linewidths.

The proton spectrum of the DMSO sample at 50 °C contained broadened
resonances as well.
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Table 2-1. Longitudinal relaxation time constants (T1) of several representative
protons in pseudobactin.

Proton assignment

Chemical Shift (ppm)
7.79
Chromophore (Arom.)
4.54
Aspartic acid -13
4.12
Threonine - 13
3.66
Ornithine - 6
Chromophore - y -CH23.30
2.70
Succinate
Lysine - 8
1.54
Threonine - y
1.22

T1 value (sec)

0.9
1.9

2.0
0.4
0.6
0.5
0.3
0.5

Homonuclear Correlation Spectroscopy

Proton hornonuclear correlation spectroscope' 75 (COSY) experiments

resolved overlapping signals and greatly facilitated the NMR assignment of
individual spin systems. The cross peaks for the spin systems identified in the
COSY spectrum are shown in Figure 2-5.
The ABX3 system of the threonine residue was identified from couplings,

shown as cross peaks in the COSY spectra, between the a-proton (4.32 ppm,
doublet), the (3-proton (4.12 ppm, pentet), and the y-methyl protons (1.22 ppm,

doublet). The AB system of the succinamide moiety was identified from two
partially resolved signals (2.78 ppm and 2.71 ppm, triplets) which showed a
very strong coupling. Both alanine residues were assigned based on partially

resolved cross peaks at (4.43, 1.43) ppm and (4.36, 1.41) ppm which
corresponded to the a-, (3-proton coupling.
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Figure 2-5. 300 MHz COSY spectrum of pseudobactin in D20. Sample
pH was adjusted to 6.5 with 2% DCI in D20. Data was acquired in 256 experiments

of 8 scans each. The initial delay time was 1 second and increased by 452
lisec for each successive experiment. Cross peaks for each residue are labelled
using the standard three letter amino acid abbreviation. The chromophore and
the succinamide moieties are indicated as Chr and Suc, respectively. Protonproton correlations are indicated by the superscript Greek letters. Diastereotopic
protons are indicated by primes (').
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The deshielded proton signal at 5.51 ppm was assigned to the a-proton

of the non-aromatic chromophore ring. The downfield position of this signal
was attributed to deshielding by both the aromatic portion of the chromophore
and the adjacent amide carbonyl. A cross peak at (5.51, 2.41) ppm was evidence

for a coupling between the a-proton and one of the 0-protons. This 13-proton
was geminally coupled to the second (3-proton (2.64 ppm), and the two adjacent

7-protons (3.70, and 3.30 ppm) as indicated by three cross peaks. A cross
peak was observed for the coupling between the 2.64 ppm 13-proton and the

7-proton at 3.30 ppm. The COSY experiment also revealed strong geminal
couplings between the 7-protons. The proton-proton correlations are illustrated
in Figure 2-6.

We were unable to assign the three remaining spin systems in
pseudobactin from the COSY data. Coupling between the a- and (3-protons in

N

3.70H

22.8
H2.41

Figure 2-6. The non-aromatic portion of the pseudobactin chromophore.
The arrows represent the observed proton-proton couplings from the COSY
spectrum (Figure 2-5). The superscript values are the assigned proton chemical
shifts. 13C chemical shifts are in italics and were assigned based on the observed
HETCORR data. All values are in ppm.
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the 13-hydroxyaspartate was detected as a cross peak at (4.90, 4.54). However,

both protons were deshielded by an adjacent heteroatom as well as a carbonyl.

This made individual assignments based on chemical shifts difficult. A triplet

centered at 4.07 ppm was assigned as the a-proton of the lysine. However,
overlapping resonances in the 1.6 - 2.0 region complicated further identification

of this spin system. Two cross peaks at (4.45, 1.98) ppm and (4.45, 1.75) ppm

were evidence for coupling in the N-OH-Orn residue between the a-proton
and the two adjacent diastereotopic 0-protons. However, crowding of signals

in the 1.6 - 2.0 ppm region prevented further analysis of this spin system as
well.

The use of a phase-sensitive COSY experiment76' 77 clarified the 1.6 -

2.0 ppm region and made further assignments possible. Spectral assignments

for the lysine residue were made from the a-, 0-proton coupling at (4.07, 1.83

ppm), the 13-, y-proton coupling at (1.83, 1.31), the y-, 6- proton coupling at
(1.54, 1.31) ppm, and the 6 -, E-proton coupling at (3.28, 1.54) ppm. Data from

the phase-sensitive COSY are illustrated in Figure 2-7. It should be noted that

the spectrum projections in Figures 2-5 and 2-7 vary slightly as a result of
sample pH.

The a-, 0-proton couplings at (4.45, 1.98) ppm and (4.45, 1.75) ppm
and the y-, 6- proton couplings at (3.66, 1.96) ppm of the N-OH-Orn residue,

were identified in the initial COSY spectrum and used as starting points for
interpreting the phase-sensitive data. A cross peak at (1.96, 1.75) ppm was
identified and indicated a very weak coupling between the 13-protons and the
y- protons. The 13-protons exhibited considerable diastereotopic character as

shown by a strong geminal coupling at (1.98, 1.75) ppm. Interpretation of this
spectral region is shown in Figure 2-8 and the observed correlations illustrated
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Figure 2-7. The 400 MHz phase-sensitive COSY spectrum of

pseudobactin in D20. Sample pH was 7.0. 512 experiments of 32 scans each

were acquired. The initial delay time was 2.5 seconds and increased 162
4sec after each experiment. Cross peaks are labelled as described in Figure
2-5.
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Figure 2-8. An enlargement of the 1.0 - 2.2 ppm region of the 400
MHz phase-sensitive COSY spectrum shown in Figure 2-7. Cross peaks are
labelled as described in Figure 2-5.
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Table 2-2. 1H - 1H and 1H - 13C NMR assignments of pseudobactin.
1H - 1H Correlations

2.41

4.54
4.90
1.75, 1.98
1.43
1.41

4.12
4.32, 1.22
1.83
3.30, 2.41
1.96
3.70, 2.64, 2.41
1.54
2.71

2.78
2.41, 3.30
2.64, 3.30, 3.70, 5.51
4.45, 1.75
1.75, 3.66
4.07, 1.31
4.45, 1.98, 1.96
1.31, 3.28
4.43
4.36
1.54, 1.85
4.12

1H*
7.79 (s)
7.00 (s)
6.91 (s)

5.51 (bs)
4.90 (d)
4.54 (d)
4.45 (mutt)
4.43 (q)
4.36 (q)
4.32 (d)
4.12 (5)
4.07 (t)
3.70 (mult)
3.66 (mutt)
3.30 (mutt)
3.28 (mutt)
2.78 (t)
2.71(t)
2.64 (bd)
2.41 (bs)
1.98 (mutt)
1.96 (mutt)
1.83 (mutt)
1.75 (mutt)
1.54 (bs)
1.43 (d)
1.41 (d)
1.31 (bs)
1.22 (d)

13

139.6
113.7
101.0

57.8
57.3
72.8
50.9
50.8
50.5
59.7
67.7
53.9
35.8
52.3
35.8
39.9
31.3
30.5
22.8
22.8
27.3
20.7
31.2
27.3
28.5
17.1

17.3
22.2
19.3

Proton assignment
Chr. (aromatic)
Chr. (aromatic)
Chr. (aromatic)
Chr. - a
13--OH-Asp-a

f3-0H-Asp-13

N-OH-Orn- a
Ala1- a
Ala2- a
Thr - a
Thr - f3

Lys a
Chr. - y
N-OH-Orn- 8
Chr. - y
Lys - c
Succin.-CH2
Succin.-CH2
Chr. - [3
Chr. -13

N-OH-Orn- (3

N-OH-Orn- y
Lys -13

N-OH-Orn-13
Lys 6
Ala1- R
Ala2- VI
Lys y
Thr - y

* The following abbreviations are used; s - singlet, d - doublet, t - triplet, q quartet, bs - broad singlet, bd - broad doublet, mutt - multiplet, Chr chromophore.
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CL1

H: 1.96

13C:

H: 3.66

H1.75

20.7

O

Figure 2-9. The pseudobactin N-hydroxyornithine residue. The arrows
represent the observed proton-proton couplings from the phase-sensitive COSY
spectrum (Figures 2-7 and 2-8). The superscript values are the assigned proton
chemical shifts. 13C chemical shifts are in italics and were assigned based on
the observed HETCORR data. All values are in ppm.

in Figure 2-9. A compilation of all observed couplings from the COSY NMR
experiments is listed in Table 2-2.

Heteronuclear Correlation Spectroscopy
Pseudobactin 13C NMR signals were assigned from proton-carbon

coupling information obtained by heteronuclear correlation spectroscopic
techniques' (HETCORR), and are compiled in Table 2-2. The HETCORR data

provided verification of the diastereotopic proton assignments from the COSY
spectrum, it allowed assignment of the 13-hydroxyaspartate protons, and it formed

the foundation for further structural assignments through long range correlation

NMR methods. The long range NMR techniques were expected to provide

data regarding both the pseudobactin amino acid sequence and definitive
assignments of the aromatic proton and carbon signals.
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Figure 2-10. The 100 MHz HETCORR spectrum of pseudobactin in
D20. Sample pH was 6.9. 128 experiments of 256 scans each with 16 K data
point in the F2 direction were acquired. Initial delay was 1.25 seconds and
increased by 156 gsec after each successive experiment. The diastereotopic
hydrogens and their corresponding carbons are indicated by abbreviations
for the chromophore (Chr) or N-hydroxyornithine (Orn), and followed by Greek
symbols indicating the position of the specific nuclei in the residue.
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The 13C assignments for all proton bearing carbons in pseudobactin
were easily made from cross peaks which correlated to the previously assigned

proton signals. Cross peaks correlated six protons to three carbons in the
22-38 ppm spectral region (Figure 2-10). These data confirmed the COSY

assignments for the diastereotopic protons in both the non-aromatic
chromophore and the N-OH-Orn spin systems. Two pairs of cross peaks were
assigned to the 0- (1H: 2.64, 2.41 ppm and 13C: 22.8 ppm) and the y- (1H: 3.70,

3.30 ppm and 13C: 35.8 ppm) methylenes of the non-aromatic chromophore
ring. The other pair (1H: 1.98, 1.75 ppm and 13C: 27.3 ppm) was assigned to
the 0-methylene of the N-OH-Orn. The carbon signal at 52.3 ppm was assigned

to the 8 carbon of the N-OH-Orn residue. This signal was further downfield

than would be expected and was accounted for by the additional electronwithdrawing effect provided by the oxygen bonded to the adjacent nitrogen.
HETCORR data resolved the uncertainty of the J3- hydroxyaspartate proton

signal assignments (Figure 2-11). For the a-carbons of amino acids, 13C chemical

HO

HOOC

H4.54
72.8
H4.90

57.3
N
H

O

Figure 2-11. The pseudobactin 0-hydroxyaspartic acid residue. The
arrows indicate observed proton-proton couplings in the COSY spectrum. Proton
chemical shifts are the superscripted values and the 13C chemical shifts are in

italics. The 13C chemical shifts were based on HETCORR data and allowed
assignment of the corresponding proton signals.
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shifts are typically on the order of 50-60 ppm. The 0-hydroxyaspartate 13C
signals were identified as 57.3 and 72.8 ppm. We have therefore assigned the
57.3 ppm signal to the a-carbon and the 72.8 ppm resonance to the 13- carbon.

The value for the [3-carbon signal can be argued on the basis of deshielding

by both the carboxylic acid and the hydroxyl moieties. The same argument
can be used for identifying the proton resonances as well, with the [3-proton
(1H: 4.54 ppm) shifted downfield from 3.5 ppm, the typical resonance for the
13-carbon in aspartic acid.

Long Range Spectroscopic Methods

Long range NMR experiments were expected to resolve two structural

ambiguities which remained: the assignment of the quaternary carbon
resonances in the chromophore and the inter-spin system connectivity, i.e.

the amino acid sequence. The aromatic portion of the chromophore was
completely assigned using a long range heteronuclear COSY technique79' 80
(LR HETCOSY) which is particularly sensitive to three bond, aromatic 1H-13C

couplings. Cross peaks correlated each of the proton bearing carbons to several

quaternary carbons and established the relative positioning of all aromatic
carbons. The observed correlations are outlined in Figure 2-12.

Observed LR HETCOSY couplings between an amide carbonyl at 172

ppm and the a-protons of both the 13-hydroxyaspartate and the threonine,

brought into question the identity of the metabolite that had been isolated.
Based on this data, the 13-hydroxyaspartate and threonine residues appeared

adjacent to one another in the peptide. In the X-ray crystal structure of
pseudobactin, these residues are separated by alanine. Additional sequence
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data were not detected using the LR HETCOSY experiment.

Two other long range NMR techniques were used in an attempt to

elucidate the pseudobactin peptide sequence. Correlation spectroscopy of

C'

7.77

6.97

H

H

139.6

OH

1170

N

149.8

154.9 OH

133.0

H
6.88

Figure 2-12. Long range HETCOSY assignments for the pseudobactin
chromophore. The 117.0 ppm 13C assignment was made by default since it
was the only carbon for which a correlation was not observed.

long range couplings" (COLOC), did not substantiate the LR HETCOSY
sequence data, nor did it provide additional coupling information. Similarly,
heteronuclear multiple-bond correlation (HMBC) NMR82 did not provide any

long range coupling information. This lack of information in the HMBC
experiment was attributed to a low signal to noise ratio which resulted from the
broad proton signals.

Mass Spectrometry

Fast atom bombardment mass spectrometry (FAB-MS) was utilized in
an attempt to clarify the conflicting peptide sequence information which resulted

from the COLOC and LR HETCOSY NMR experiments. FAB-MS techniques

have been successfully applied

in

the structural elucidation of several
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Figure 2-13. The positive FAB-MS spectrum of pseudobactin. Sample matrix was a mixture of thioglycerol

and glycerol (3:1). The ion peaks used for identification of the partial peptide sequence are indicated by asterisks (*).
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pseudobactins22. 21 as well as a related siderophore, azotobactin83. FAB-MS

has also been applied for sequencing larger peptides and proteins". However,

we were unable to explicitly define the amino acid sequence of pseudobactin

via FAB-MS techniques. The order of the N-OH-Orn, the threonine, and the
alanine residues could not be determined because of a lack of information in
the 700-900 da spectral region (Figure 2-13). The spectrum was dominated by

an m/z 989 peak which was in agreement with the molecular formula for
pseudobactin (C42H60N12016). Ion peaks associated with a number of N-terminal

fragments were identified and corresponded to the loss of N-OH-Orn (m/z
875), an (Ala, Thr)-Orn fragment (m/z 687), an Ala-(Ala, Thr)-Orn fragment (m/z

614), and an Asp-Ala-(Ala, Thr)-Orn fragment (m/z 457). Demange et al.83
reported that N-terminal fragments were usually accompanied by diagnostic
peaks located 15, 43, 44, and 45 mass units below the daughter peak. These

would correspond to the various fragmentations of the amide, as shown in
Figure 2-14.
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(m/z-43)
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(m/z-44)

(m/z-45)

Figure 2-14. Common N-terminal fragments of peptides. The charge
required for detection is localized on the implied moiety of the fragment.
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The low signal-to-noise ratio in the pseudobactin mass spectrum made

identification of these signals difficult at best. Only for the m/z 875 peak were

all four diagnostic peaks recognizable. At least two of the four diagnostic
peaks were identified for the remaining three N-terminal fragments (m/z 687,
614, and 457). An ion peak at m/z 805 was identified but barely exceeded the

background noise level. Unfortunately, none of the diagnostic peaks for this

fragment were present and prevented complete assignment of the peptide
sequence. A schematic illustration depicting the assigned fragments and the
inferred peptide sequence is shown in Figure 2-15.

457
I

614 687
I

I

(805) 875
I

I

989
I

(m/z)

N-OH-Om

(Ala, Thr)-Om
Ala-(Ala, Thr)-Om

Chr-Lys

--ir

Asp-Ala-(Ala, Thr)-Om

Figure 2-15. A schematic illustration of the peptide fragments identified
by FAB-MS. The fragment corresponding to m/z 805 (shown as a dotted line)
could not be absolutely identified but would correspond to an Ala-N-OH-Orn
fragment. It was therefore not possible to define the order of the Ala and Thr
residues.

Biosynthetic Studies
The biosynthetic hypothesis outlined in the introduction of this text
indicated the chromophore may result from the condensation and cyclization
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of either tyrosine or 3,4-dihydroxphenylalanine (DOPA) and p-cyanoalanine.
Since DOPA is metabolically derived from tyrosine, at the very least we would

expect tyrosine to be incorporated into the chromophore. The origins of 13cyanoalanine are less straightforward. The two possible pathways leading to

P-cyanoalanine are; i) the substitution by cyanide for either the hydroxyl of
serine or the thiol of cysteine54-56, and ii) the transamination of aspartate followed

by dehydration of the resultant asparagine. Tyrosine, serine, cysteine, and
aspartate were therefore chosen for the initial feeding studies.

Radioisotope Feeding Studies

For this set of feeding experiments, fermentations were limited to 200
mL and pseudobactin was purified in the ferrated form to minimize handling of

radioactive samples. There was some concern that ferric pseudobactin could
lower the scintillation counting efficiency through color-quenching and introduce

error in the analysis. To ascertain the extent of quenching, a series of diluted

samples ranging from 0µg to 320 gig of ferric pseudobactin were added to
vials containing 0.001 µCi of [1-14C] acetate. Scintillation counting efficiency
was not affected by the presence of ferric pseudobactin and the H numbers (a

value quantifying the amount of quench) were within the allowable range for
accurate measurements (<300).
Approximately 10 !ICI each of DL- [3 -14C]- tyrosine, DL- [4- 14C]- aspartate,

L- [U -14C]- serine, and L-N-14q-cystine were fed to four Ps. fluorescens B10
fermentations that had been inoculated from the same seed culture. Inoculation

of the fermentations from the same seed culture maintained an internal
consistency between the individual experiments by eliminating variations
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stemming from the culture medium as well as from the seed cultures. The
amino acids were introduced in a single pulse at the beginning of siderophore

production (12 hours). Initially, no incorporation of radioactivity in ferric

pseudobactin was detected with HPLC analysis using tandem UV and

radiochemical detectors. Failure of this method was attributed to an
incompatibility between the scintillation cocktail and the HPLC mobile phase.

Purification of ferric pseudobactin and recrystallization from

methanol/water to radiochemical purity indicated there had been a high
incorporation of tyrosine into pseudobactin (3.7%). Serine and cystine were

incorporated as well, but to a lesser extent (0.5% and 0.6% respectively).
Unfortunately, during 4 recrystallizations, the specific activity of the serine and

cystine derived samples remained relatively constant (std. dev. ±5 %) but did

not meet the statistical criteria for radiochemical purity. Radiochemical purity
requires that the specific activity of the product remains statistically constant
(std. dev. ± 3%) over the course of several recrystallizations. However, these
samples may have been radiochemically pure but varied in specific activity as

a result of handling technique. Lowered pseudobactin production in the
aspartate-fed culture (4 mg as compared to 12 mg for the other experiments)
prevented purification of ferric pseudobactin in quantities sufficient for analysis.
Therefore, no conclusions were made from either the serine, cystine, or aspartate

feedings.

Stable Isotope Feeding Studies
The observed data from the radiolabelled tyrosine feeding study
warranted further investigation of tyrosine as a precursor of pseudobactin. The

initial biosynthetic hypothesis predicted tyrosine would be incorporated
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regardless of when oxidation of the aromatic ring took place. Therefore, the
more relevant question addressed the timing of the modification. Feeding studies

were performed using stable-isotope labelled tyrosine and DOPA. If specific
incorporations were observed with both of the suspected precursors, oxidation

of the aromatic ring most likely occurred before incorporation into the
chromophore. However, if specific incorporation was observed with only
tyrosine, modification probably occurred after incorporation and would implicate
tyrosine as a primary precursor.

Deuterium was chosen as the stable isotope used in the specific
incorporation studies because the aromatic resonances in the 1H NMR spectrum

were well resolved, and hydrogen-deuterium exchange methodologies offered

the most straightforward method of synthesis of the precursors. Although
aromatization of the pseudobactin chromophore would cause the eventual
loss of the a- and one p-proton from the precursor, sufficient label was expected
to be retained for 2H-NMR spectroscopic detection.

Precursor Synthesis

DL- [2,3,3 -2H3]- tyrosine was synthesized by a metal-assisted pyridoxal

exchange of the a- and the 13- protons85. The reported isolation procedure for

labelled tyrosine involved adsorption of the reaction mixture onto Dowex 50-W

ion exchange resin followed by elution with 0.1 M aqueous ammonium
hydroxide. However, tyrosine was insoluble in aqueous ammonium hydroxide
and precipitated on the column. Instead, tyrosine was eluted from the column

with 1.0 M aqueous HCI, recovered by adjusting the acidic fractions to pH 7
with dilute aqueous ammonium hydroxide, and the resultant precipitate collected

by filtration. Deuterium enrichment at the a- and the 3- positions was 96% and
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67% respectively as determined by integration of the 11-1 NMR spectrum. The

yield of deuterated tyrosine was relatively low (42%) from this reaction. In
retrospect, it may have been more advisable to use deuterotrifluoroacetic acid

and electrophilically exchange the aromatic protons of tyrosine. This would

have eliminated the need for the ion exchange chromatography and may
have increased the yield.

Pyridoxal-assisted deuterium exchange of DOPA gave very poor yields
(23%) and low deuterium enrichment at the 0 position (<50%). However, good

exchange of the aromatic protons was afforded by heating DOPA with
deuterotrifluoroacetic acid in a sealed reaction tube for 24 hours. Isolation of

the desired product involved removal of the solvent in vacuo, followed by
recrystallization (70% yield). Integration of proton NMR spectra of 0.25 mMole

and 5 mMole scale reactions indicated deuterium enrichment in the aromatic
ring was >95% and 85%, respectively.

Feeding Studies
It was calculated that for a 2 L fermentation, 280 mg of DL-tyrosine
would be required to observe a reliable deuterium enrichment above natural
abundance. This value was based on the following information; i) the observed

tyrosine incorporation in the initial radioisotope feeding experiments (3.7%), ii)
the expected level of pseudobactin production (50 mg/L), and iii) a 2 lamole 2H
NMR detection limit.

Tyrosine was administered to the fermentation 14 hours and 16 hours

after inoculation. Addition of tyrosine as a sterile water suspension was
necessary due to its low solubility in water. Pseudobactin production by cultures

fed deuterated tyrosine was 10 mg/L lower than production in a control culture
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which was fed unlabelled tyrosine. Purification and subsequent 2H NMR analysis

revealed a signal at 7.7 ppm and indicated tyrosine had been specifically
incorporated into the chromophore. Tert -butanol was included in the NMR
sample both as a chemical shift and a deuterium enrichment reference. It was

estimated that the deuterium enrichment in pseudobactin was approximately
10% over natural abundance based on comparison of the 2H NMR integrals

for deutero-pseudobactin and t -butanol. Specific enrichment at this position
revealed that tyrosine is a precursor for the chromophore and was incorporated

as illustrated in Figure 2-16. The percent incorporation for 2H-labelled DLtyrosine was calculated to be 0.5% based on i) the amount of pseudobactin

produced, ii) the observed level of enrichment, and iii) the mass of labelled
tyrosine administered to the fermentation. Although this value does not agree

with the incorporation level observed in the radioisotope feeding studies, the
discrepancy may be accounted for based on variation of the metabolism which
resulted from the large mass of tyrosine administered.

Two explanations exist which would account for the observed difference
in production levels between the culture fed deuterated tyrosine and the control.
D

RNH
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N
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Figure 2-16. Incorporation of tyrosine into the pseudobactin
chromophore.
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The first is based on the variability of biological systems. We have observed
that cultures of Ps. fluorescens widely vary from one fermentation to the next,

and the 10 mg/L discrepancy between the two fermentations may, in fact, be
an artifact. The second argument is that the reduced production is a result of a

deuterium isotope effect. Aromatization of the chromophore requires the loss

of two protons, one from the a-position in tyrosine and the other from the 13-

position. Substitution at these positions with deuterium could conceivably
increase the energy barrier for aromatization of the ring, thus reducing the
amount of pseudobactin produced.

Identical conditions were used in the deuterium-labelled DOPA feeding
study. Since the deuterium label was contained in the aromatic ring of DOPA,
enrichment in the pseudobactin chromophore would be detected at 6.97 ppm
and 6.88 ppm in the 2H NMR spectrum. However, upon isolation and analysis

of pseudobactin, no enrichment was observed. Calculations based on the
intensity of the t -butanol signal, the signal-to-noise ratio, and the amount of
pseudobactin produced indicated the lowest detectable level of incorporation
for 2H-labelled DL-DOPA was 0.05%, one-tenth of the incorporation observed

for 2H-labelled tyrosine. It was therefore concluded that tyrosine is a direct
precursor to the pseudobactin chromophore.
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Conclusion

The present study has resulted in: 1) development of an efficient assay

and isolation procedure for pseudobactin, 2) unequivocal NMR structural
assignments for pseudobactin, and 3) demonstration of tyrosine as a direct
precursor to the pseudobactin chromophore.

The pseudobactin assay and isolation procedures developed in this
study are expected to be applicable in the isolation of related metabolites.
Only pseudobactin was isolated as the des-ferri siderophore, but several related

ferrated compounds were purified. As a general method for isolating
siderophores from Pseudomonas species, it is anticipated that the preparative
HPLC step would need to be slightly modified to suit each individual compound.

Production profiles for other strains of Ps. fluorescens were obtained using our

assay procedure, and the production of chromatographically distinct
siderophores was apparent.

Modern two dimensional NMR techniques were invaluable in making

unambiguous structural assignments for pseudobactin. Although the X-ray
crystal structure of pseudobactin had been solved, complete and unequivocal

NMR assignments were required to determine the specific incorporation of
labelled precursors.

Results from the feeding studies have shown that tyrosine is one of the

direct precursors of the pseudobactin chromophore. Since the chromophore
formally exists as a modification to the lysine side chain, two possible methods

of incorporation can be envisioned. The dipeptide resulting from condensation
of diaminobutanoic acid (assuming it is a precursor) and tyrosine could either:
i)

initially undergo cyclization to form the chromophore carbon skeleton and

subsequently be incorporated into the peptide, or ii) first be incorporated into
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the peptide chain followed by cyclization to form the chromophore carbon
skeleton.

Further Areas of Study

The most difficult and frustrating aspect of this study has been the
variability in the metabolism of Ps. fluorescens B10. On more than one occasion,

this organism has shown a remarkable sensitivity to media formulation. The
most noteworthy occurrence was during a feeding study in which 8 mg of KCN

was added to 2.1 L of culture broth 14 hours after inoculation. This small
change in the fermentation caused a dramatic decrease in pseudobactin
production and an unidentified compound appeared as the major metabolite.

This result was even more surprising since Pseudomonads are known to be
cyanogenic organisms86. Further illustration of the variability in this organism
was seen when pseudobactin production dropped to almost undetectable levels

during the course of our study. We can only guess as to what prompted this
result, for the causative agent was never discovered. Therefore, it is imperative

that before further studies with this organism are pursued, fermentation
predictability and reproducibility need to be established. It may be advisable
to screen for pseudobactin production other Pseudomonas sp. to identify one
more amenable to biosynthetic studies.

The iron scavenging ability of pseudobactin has proven to be another

source of inconvenience. The paramagnetic property of iron does not allow
analysis of the ferric complex by NMR. To simplify the isolation and analysis of

labelled metabolites, it would be advisable to investigate the possibility of
complexing pseudobactin with diamagnetic metals such as aluminum or gallium.
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The most immediate biosynthetic question which remains involves the
primary precursor for the non-aromatic portion of the chromophore. We have

started to develop a synthetic method to obtain stable isotope labelled
diaminobutanoic acid, the proposed precursor. Our efforts have focused on a
previously developed methodology87.88 based on the nucleophilic ring opening

of f3-propriolactones with cyanide. Using this method we have successfully
produced p-cyanoalanine, but our inability to isolate this product has hampered
efforts to obtain diaminobutanoic acid. Commercial samples of 13-cyanoalanine
are efficiently reduced by catalytic hydrogenation with Pd/C in ethanol. Synthesis

of 13C labelled diaminobutanoic acid is expected to be straightforward once an

isolation technique for P-cyanoalanine has been perfected.
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Experimental Methods

General
HPLC analysis was monitored with a Waters 990+ UV photodiode array

detector. Spectral data was processed using version 5.02 of Waters 990+

software. Analytical samples were microfuged

in

an Eppindorf 5414

microcentrifuge. Water used for this study was deionized with a Milli-Q (Millipore)

water purification system. All glassware used for fermentations or which came

in contact with the deferrated pseudobactin was acid soaked in aqueous 6 M
HCI (12-24 h). All fermentation media was sterilized via autoclave (15 psi, 252
°F, 20 min). Strains of Pseudomonas fluorescens were obtained from Dr. Joyce
Loper, USDA, Orchard St., Corvallis, OR 97331. Liquid cultures were incubated

(21 °C, 150 RPM) in a Lab-Line 3525 platform orbital shaker with a 1" throw.
An IEC B-20A centrifuge equipped with the 872 rotor was used for removal of
cells from the fermentation broth. Rotary evaporation was performed at 25-30
°C. Radioisotope labelled compounds were obtained from NEN-DuPont (Boston,
MA). Stable isotope labelled compounds were obtained from Cambridge Isotope

Laboratories (Woburn, MA), except deuterotrifluoroacetic acid which was
obtained from Aldrich Chemical (Milwaukee, WI). Chromatographic resins were
obtained either from Sigma Chemical Co. (St. Louis, MO) or BioRad (Richmond,
CA).

All NMR spectra were acquired either on a Bruker AC300 or AM400
spectrometer. Purified pseudobactin samples were dissolved in D20 (approx.

0.5 mL) and the pH adjusted with either 2% DCI in D20 or 2% NaOD in D20.

Samples were placed in 5 mm NMR tubes. The probe was maintained at
ambient temperature. Spectra were referenced to either HOD (4.85 ppm) or
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acetone (2.22 ppm). Mass spectra were obtained on a Kratos MS-50
spectrometer.

Radioactive feedings were performed on cultures (200 mL) in

1

L

Erlenmeyer flasks which were inoculated from a single seed broth. The culture
conditions, assay, and isolation procedure for ferric pseudobactin are described

below. Feedings were administered 12 h after inoculation via sterile filtration.
Fermentations were worked up 42 h after inoculation. Pure ferric pseudobactin

was isolated using the procedure below. The radioactive ferric pseudobactin

was diluted with a known mass of unlabelled ferric pseudobactin and the
combined sample recrystallized to constant specific activity. To recrystallize

ferric pseudobactin, samples were placed in a Craig tube and dissolved in

warm methanol. Water was added dropwise to the seeding point and the
solution cooled to 0 °C. The crystals were then collected by clinical centrifugation,

and subsequently dried on an Abderhalden apparatus (24 h). Radioactive
samples were weighted on a Cahn microbalance, dissolved in Beckman Ready-

So lv HP/b scintillant, and counted on a Beckman LS 7800 scintillation counter.

Assay for Pseudobactin

Pseudobactin was detected as the ferric complex by HPLC analysis on
a Waters Nova-Pak C18 (4 jim particle size) radial compression cartridge (0.8 x

10 cm) eluted with a buffer comprised of 90% 20 mM NH4HCO3 /10% Me0H,

adjusted to pH 6.5 with acetic acid. The flow rate was 2.0 mUmin (Rt=9 min).

The column eluant was monitored for UV absorbance at both 254 and 400
nm. Samples were quantitated against a standard curve constructed using
five serial dilutions of purified ferric pseudobactin (30, 60, 90, 120 and 150
mg/L)

.
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Maintenance of Ps. fluorescens B10
Pseudomonas fluorescens B10 (JL-3133) was stored at -80 °C, in 1 mL

suspensions of sterile Difco nutrient broth (8 g/L) containing either 7% DMSO
or 15% glycerol. Frozen cells were viable for at least one year.

Fermentation of Ps. fluorescens B10

To initiate growth of Ps. fluorescens B10, a frozen culture was plated on

sterile Kings Media B agar(89) (2.0% Difco proteose peptone #3, 1.5% Bacto
Agar, 1.0% glycerol, 0.15% K2HPO4, 0.15% MgSO4 7 H2O, pH 7) and incubated

(2-3 d, 26 °C). The culture was then transferred via cotton swab to a sterile
seed broth (2 mL of Kings Media B minus addition of the Bacto Agar) contained

in a 17x150 mm culture tube and incubated (24 h, 21 °C, 150 RPM). A 250 mL

Erlenmeyer flask containing sterile minimal medium61 (50 mL of the following
solution: 0.13% (NH4)2SO4, 0.025% MgSO4 7 H2O, 1.0% glycerol, 1.0% Difco
casamino acids, 0.40% HEPES buffer, 0.95% K2HPO4, 0.30% KH2PO4, pH 6.9)

was then inoculated with 0.5 mL of the seed broth and incubated (24 h, 21 °C,

150 RPM). Aliquots of this culture (1 mL) were subsequently added to the
minimal medium (300 mL) contained in several 2 L Erlenmeyer flasks and
incubated (42 h, 21 °C, 150 RPM). Pseudobactin was first detected in the
culture 12 h after inoculation and reached maximum production (45 - 55 mg/L)
between 42 and 45 h.
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Trace Mineral Supplemented Fermentation of Ps. fluorescens B10

Prior to sterilization, 1 mL of Hutner's trace mineral solution67 (318 mg
disodium EDTA, 1082 mg ZnSO4

7 H2O, 15.8 mg MnSO4

H2O, 391.9 mg

CuSO4 5 H2O, 18.1 mg Na2B407 10 H2O, and 25.2 mg (NH4)4Mo7024 4 H2O,

dissolved in 100 mL deionized H2O) was added to minimal medium (200 mL)
contained in a 1L Erlenmeyer flask. The fermentation was conducted following
the procedure outline above.

Pseudobactin Time Course Study and Production Profile of Ps.
fluorescens B10

An aliquot of broth (1 mL) was removed via a sterile pipette every 6 h

during the course of the fermentation. The sample was then ferrated with
Fe(NO3)3

9 H2O solution (10 lit, 500 mg in 5 mL H20), vortexed, allowed to

rest (5 min), and microfuged (2 min). The pH was measured at this point if
required. Quantification of ferric pseudobactin as well as analysis of the culture

production profile was obtained from the previously described HPLC-diode
array analysis.

Production Profiles of Related Ps. fluorescens sp.
Cultures of Ps. fluorescens strains JL-2000, JL-3551, and JL-4312
were grown under identical conditions as described for Ps. fluorescens B10.

Analytical samples were prepared using the procedure described for the
pseudobactin time course study. The production profiles were obtained from
the previously described HPLC-diode array analysis.
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Isolation of Ferric Pseudobactin
FeCI3 (1g/L) was added to the yellow-green production broth (1 L) 42 h

after inoculation, and the mixture was stirred for 5 minutes. Removal of solids
by centrifugation (104 rpm x 10 min, 13800 G, 4 °C) afforded a clear, red-brown

supernatant. Amber lite XAD-4 resin (100 g/L of broth) previously rinsed with
50% aqueous ethanol (200 mL) followed by H2O (200 mL), was added to the
supernatant and slowly stirred (4-9 h). After almost all color had been absorbed

onto the resin, the slurry was poured into a glass column (5 cm diameter) and

washed with H2O (approx. 750 mL). The colored pigments were eluted from

the resin with an 80% acetone/20% water solution (approx. 400 mL). The
solvent was removed by rotary evaporation and lyophilization, which provided
a dark brown powder (approx. yield was 350 mg/L).

The brown powder was dissolved in a minimal volume (approx. 12 mL)

of 0.1 M aqueous pyridinium acetate buffer, pH 6.5. This concentrate was
loaded onto a column containing Sephadex CM-25 resin (pyridinium form, 2.5

x 100 cm) and eluted isocratically in the same buffer at a flow rate of 20-30
mUh. Ferric pseudobactin was contained in the last brown band to elute from
the column. This band was distinguished by the presence of a partially resolved,

forerunning purple component. The red-brown fractions were collected. The

solvent was removed by high vacuum rotary evaporation followed by
lyophilization (approx. yield 50 mg/L).

The sample recovered from the ion-exchange column was dissolved in
a minimal amount (approx. 30 mL) of 90% 20 mM NH4HCO3/10% Me0H buffer,

pH 6.5 (adjusted with CO2) and filtered (0.45 micron filter). Pure ferric
pseudobactin was isolated by preparative HPLC using a Waters Nova-Pak C18

(6 j.tm) radial compression cartridge (2.5 x 10 cm) eluted with the same buffer.
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The flow rate was maintained at 14 mUmin. The eluant was monitored for

absorbance at 254 nm, and fractions were collected manually. Ferric
pseudobactin was eluted in the last, red-brown fraction from the column (Rt=12

min). The pooled HPLC fractions were rotary evaporated and lyophilized
(approx. yield 25-35 mg/L).

Isolation of Pseudobactin

In a 125 mL Erlenmeyer flask fitted with a ground glass stopper and a

stir bar, purified ferric pseudobactin (25-35 mg) was dissolved in deionized
water (approx. 10-15 mL) and the mixture adjusted to pH 4 with acetic acid. A

5% (w/v) chloroform solution of 8-hydroxyquinoline (previously recrystallized

from hot ethanol and water) was extracted with a 10% volume of deionized
water (5x). The 8-hydroxyquinoline/chloroform solution (30 mL) was then added

to the Erlenmeyer flask which contained the ferric pseudobactin solution and
the mixture vigorously stirred. After the organic layer turned green (approx. 20

min), the biphasic mixture was transferred to a 250 mL separatory funnel and

the aqueous phase recovered. This was readjusted to pH 4 with acetic acid.
This extraction procedure was repeated (6x) or until the chloroform solution no
longer turned green.

The combined chloroform layers were extracted with a 10% volume of

deionized water (3x), and all aqueous layers pooled. The aqueous solution
was back-extracted with a 10% volume of chloroform (3x). The bright yellow,
UV-active aqueous solution was rotary evaporated and lyophilized. The sample

was protected from light with aluminum foil during lyophilization.

A glass column packed with BioRad P-2 size exclusion gel (1.5 x 50
cm) equilibrated in water, was first treated with aqueous 1% ethylenediamine
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tetraacetic acid (200 mL), and then rinsed with water (1 L). The crude
pseudobactin sample was dissolved in a minimal amount of water (approx. 1
mL) and applied to the size exclusion column. The flow rate was maintained at

5 mUh. Fractions were collected in 12x75 mm culture tubes via a fraction
collector. The yellow-green, UV-active fraction contained pure pseudobactin.
Yields were typically 10-15 mg/L.

Stability Studies on Pseudobactin
Ferric pseudobactin (7 mg) was deferrated as previously described,
immediately before this experiment. The freshly prepared pseudobactin was
dissolved in D20 (approx. 600 1.1L), placed in a 5 mm NMR tube, and two 11-1
NMR spectra taken, the first at 25 °C and the second at 40 °C. The sample was

then placed in a water bath maintained at 40 °C, and 1H NMR spectra taken at
2 hour intervals for the first 8 hours. Three more 1H NMR spectra were taken at

16, 22.5, and 25 hours. All spectra were referenced to the HOD signal (4.85
ppm). No changes in the NMR spectra were observed.

Decomposition of ferric pseudobactin was achieved by autoclaving the
ferrated production broth at 252 °F for 20 minutes. HPLC analysis showed the

appearance of a less polar compound characterized by an absorbance
maximum at 254 nm and 400 nm, and a retention time of 4.1 minutes.

Structural Studies on Pseudobactin

COSY (AC300) - Ferric pseudobactin (79 mg) was deferrated, and
subsequent purification yielded approximately 30 mg of pseudobactin. This
was dissolved in D20 and the pH adjusted to 6.5 with 2% DCI. The following
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acquisition parameters were used: DO = 3 jisec, D1 = 1.0 sec, IN = 452 ilsec,
SI1 = 512 word, SI2 = 1024 word, SW1 = 1106 Hz, SW2 = 2212 Hz. The data
were acquired in 256 experiments of 8 scans each, and multiplied by a standard

sine-bell window function prior to the Fourier transform.

Phase sensitive COSY (AM400) - Eleven milligrams of pseudobactin

was dissolved in D20 with a resulting pH of 6.9. No adjustment to pH was
made on this sample. Phase sensitive data were collected using a standard

Bruker program which contained a pulse sequence for water suppression
(COSYPDHG.AUR). The following parameters were used: DO = D3 = 3 psec,

D1 = 2.5 sec, IN = 162 psec, Si = S2 = 25L, D4 = 2 msec, SI1 = SI2 = 2048

word, SW1 = 1543 Hz, SW2 = 3086 Hz. The data were acquired in 512
experiments of 32 scans each and multiplied by a squared sine-bell window
shifted by 7c/3 prior to the Fourier transform.

HETCORF? (AM400) - The sample used in this experiment was the
same as used for the phase sensitive COSY. The HETCORR data were collected

using the following acquisition parameters: DO = 3 psec, D1 = 1.25 sec, D3 =
3.7 msec, IN = 156 iisec, S1 = OH, S2 = 15H, D4 = 1.85 msec, SI1 = 256 word,

512 = 16384 word, SW1 = 1599 Hz, SW2 = 15151 Hz. The data were acquired

in 128 experiments of 256 scans each and multiplied by a squared sine-bell
window shifted by 7c/3 prior to the Fourier transform.

Long range HETCOSY (AM400) - The sample used in this experiment

was the same as used for the phase sensitive COSY. This data set was
collected using the following acquisition parameters: DO = 3 psec, D1 = 1.5
sec, D2 = 3.7 m sec IN = 353 ilsec, S1 = OH, SI1 = 512 word, SI2 = 8192 word,
SW1 = 1414 Hz, SW2 = 16666 Hz. The data were acquired in 256 experiments

of 256 scans each, and multiplied by a squared sine-bell window shifted by
7c/3 prior to the Fourier transform.
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COLOC (AM400) - The sample used in this experiment was the same
as used for the phase sensitive COSY. The COLOC data set was collected on

a 400 MHz instrument using the following acquisition parameters: DO = 3
psec, D1 = 1.5 sec, D2 = 80 msec, D3 = 40 msec, IN = 161 gsec, S1 = OH, S2

= 15H, SI1 = 512 word, SI2 = 8192 word, SW1 = 1549 Hz, SW2 = 17857 Hz.
The data were acquired in 256 experiments of 128 scans each and multiplied
by a squared sine-bell window shifted by n/3 prior to the Fourier transform.
Fast Atom Bombardment Mass Spectrometry - Either ferric pseudobactin

or pseudobactin was dissolved in a 3:1 thioglycerol:glycerol matrix. Sample
fragments were generated by a FAB source generated from Ze gas of 8 kV.
Resolution was 1500.

Biosynthetic Studies
Radioisotope Feeding Studies

L-111-"C]-Serine - An aqueous solution of L- [U -14C]- serine (2.39 x 107

dpm, sp. act.= 180.1 mCi mmo1-1) was sterile filtered into a 12 h culture (200
mL) contained in a 1 L Erlenmeyer flask. After 42 h, 13.1 mg of ferric pseudobactin

had been produced. Subsequent purification yielded 7.2 mg of ferric
pseudobactin. Unlabelled ferric pseudobactin (8.0 mg) was then added to the

radioactive sample. After 8 recrystallizations from methanol and water, the
average specific activity (4.6 x 103 dpm/mg, std. dev.= ± 4.3 `)/0) indicated an
incorporation of 0.5%.
L- [U -14C]- Cystine - An aqueous solution of L4U-14C]-cystine (2.58 x 107

dpm, sp. act.= 306.2 mCi mmo1-1) was sterile filtered into a 12 h culture (200
mL) contained in a 1 L Erlenmeyer flask. After 42 h, 10.7 mg of ferric pseudobactin
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had been produced. Work-up yielded 5.6 mg of ferric pseudobactin. Unlabelled

ferric pseudobactin (14.6 mg) was then added to the radioactive sample. After

6 recrystallizations from methanol and water, the average specific activity (4.0

x 103 dpm/mg, std. dev.= ± 4.5 %) corresponded to a 0.6% incorporation of
cystine.
DL- [3 -14C]- Tyrosine - An aqueous solution of DL- [3 -14C]-tyrosine
tyrosine (3.21 x

107 dpm, sp. act.= 15.6 mCi mmol-1) was sterile filtered into a 12 h culture (200
mL) contained in a 1 L Erlenmeyer flask. After 42 h, 12.2 mg of ferric pseudobactin

had been produced. Work up yielded 6.9 mg of ferric pseudobactin. Unlabelled

ferric pseudobactin (20.1 mg) was then added to the radioactive sample. The

combined sample was recrystallized from methanol and water to a constant

specific activity (3.1 x 104 dpm/mg, std. dev.= ± 2.8 %). The observed
incorporation of tyrosine was 3.7 %.

Stable Isotope Feeding Studies
Preparation of D L.- [2 , 3 ,3-2H 3]-Ty ros ne

Following the procedure outlined by LeMaster and Richards85, DL- tyrosine

(906 mg, 5.0 mmol), pyridoxal hydrochloride (102 mg, 0.5 mmol), and Al2SO4

18 H2O (83 mg, 0.125 mmol) were combined with 20 mL D20 in a 200 mL

round bottom flask containing a stir bar. The slurry was vigorously mixed,
frozen, and lyophilized. A solution containing pyridine (210 pL, 2.5 mmol) in
50 mL D20 was added to the yellow powder. The slurry was again frozen and

the flask evacuated under vacuum (0.25 torr) and sealed. The mixture was
heated at 125 °C for 8 d.

The reaction was quenched with H2O (5 L) containing 3-methylpyrazole
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(274 !IL, 5.0 mmol), concentrated HCI (416 j..tt, 5 mmol HCI), and sodium
oxalate (134 mg, 1.0 mmol). The pH of the resultant solution was 3.5. A glass

column (2.7 x 20.0 cm) was packed to a bed height of 3 cm with Dowex
50W-X4 (H+ form, 50 - 100 mesh) ion exchange resin. The quenched reaction

products were adsorbed to the resin. The charged resin was washed with
deionized H2O (100 mL). The partially purified deuterated tyrosine was eluted
from the column with aqueous 3 M HCI (40 mL). The acidic eluant was collected

and adjusted to pH 7 with concentrated NH4OH. A flocculent precipitate formed
upon cooling. Recrystallization from ethanol and water afforded pure deuterated

tyrosine (377 mg, 42% overall yield).
1H NMR (300 MHz, D20) 8 6.79 (dd, 1H, J = 2, 6 Hz), 6.48 (dd, 1

H, J = 2, 6 Hz), 3.93 (dd, 0.06 H), 2.81 (d, 0.35 H, J = 15 Hz), 2.75 (d 0.35 H, J
= 15 Hz). Integration of the 1H NMR signals, referenced to the aromatic protons,

determined deuterium enrichment to be 94% and 65% at the a-C and p-c,
respectively.

Preparation of DL,[2',5',6'-2H3]-3,4-Dihydroxyphenylalanine
To a specially designed 2 x 12 cm hydrolysis tube with an attached
teflon valve and equipped with a stir bar, DL-3,4-dihydroxyphenylalanine (1.0

g, 5.1 mmol) was dissolved in deutero-trifluoroacetic acid (10 g, 6 mL, 87
mmol, 99.5 atom % D) and D20 (1 mL). The reaction tube was cooled in a dry
ice/acetone bath, evacuated, and filled with argon. This procedure was repeated

three times. The reaction was then warmed to room temperature and immersed
in an oil bath (100 °C). Over the course of 24 h, the bath temperature fluctuated

between 90 °C and 115 °C. After 24 h, an aliquot of the reaction mixture (0.5
mL) was removed and analyzed by 1H NMR spectroscopy. Integration of the
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1H NMR spectrum indicated 85% deuterium enrichment of each position in the

aromatic ring. Concentrated DCI (5 drops) was added to the reaction. The
reaction was allowed to proceed for an additional 14 h. Further spectroscopic

analysis indicated there was no additional substitution of deuterium in the
aromatic ring. The reaction was transferred to a round bottom flask and the
solvent removed by rotary evaporation and high vacuum.

The brown gummy residue was dissolved in H2O (3 mL) containing a
few milligrams of Na2S2O5. The solution was adjusted to pH 2.4 with dilute

aqueous ammonia and the sample lyophilized. The resulting white powder
was then dissolved in H2O (3 mL) and the solution adjusted to pH 6 with dilute

aqueous ammonia. Formation of a white precipitate occurred instantaneously.

The sample was cooled to 0 °C. The light grey powder was recovered by
filtration (70% yield). Recrystallization was not required.

NMR (300 MHz, D20) 8 6.85 (s, 0.15 H), 6.81 (s, 0.16 H), 6.68 (s,
0.16 H), 4.28 (dd, 1 H, J = 5, 8 Hz), 3.26 (dd, 1 H, J = 5, 15 Hz), 3.07 (dd, 1 H, J
= 8, 15 Hz).

DL-[2,3,3-2113]-Tyrosine Feeding

Fermentation conditions for this experiment were identical to those
outlined above. Feedings were administered to 8 - 300 mL cultures contained
in 2 L Erlenmeyer flasks. The deuterated tyrosine (280 mg) was suspended in

sterile water (14 mL). At 14 h and 16 h after inoculation, 7 cultures were each
fed the tyrosine suspension (1 mL) via a sterile pipette. As a control, unlabelled

tyrosine (40 mg suspended in 2 mL H2O) was fed to one culture using the
same procedure. After 42 h, pseudobactin production in the cultures which

were fed deuterated material was 27 mg/L. Pseudobactin production in the
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unlabelled tyrosine fed culture was 40 mg/L. Work up of the labelled tyrosine
fed cultures yielded 13 mg of pure pseudobactin.

The sample was dissolved in deuterium depleted water (approx. 1 mL)

and lyophilized. This procedure was repeated three times. The lyophilized
sample was then dissolved in deuterium depleted water (approx. 0.5 mL) and

placed in a 5 mm NMR tube. Tert -butanol (20 pl) was added to the NMR
sample as an internal reference and deuterium standard. Analysis by 2H NMR

spectroscopy (Aquisition parameters: SW = 1432 Hz, SI = 16K, TE = 297 K,
NS = 40,057. Data multiplied by LB = 3.0.) revealed a deuterium signal at 7.77

ppm. An enrichment of 13 `Yo over natural abundance was determined from
comparison of the integrals for the t-butanol and pseudobactin signals.

DL-[ 2', 5', 6' 2H3]-3,4-Dihydroxyphenylalanine Feeding

Fermentation conditions for this experiment were identical to those
outlined above. Feedings were administered to 8 - 300 mL cultures contained

in 2 L Erlenmeyer flasks. The deuterated DOPA (266 mg) was dissolved in
deionized water (21 mL). At 14 h, 16 h , and 17.5 h after inoculation, a portion

of the solution (1 mL) was sterile filtered into each of 7 cultures. One flask did
not receive any DOPA and was maintained as a control. After 43 h, pseudobactin

production in the cultures which were fed deuterated material was 25 mg/L.
Pseudobactin production in the control culture was 30 mg/L. Work up of the
DOPA fed cultures yielded 29 mg of pure pseudobactin.

The sample was dissolved in deuterium depleted water (approx. 1 mL)

and lyophilized. This procedure was repeated three times. The lyophilized
sample was then dissolved in deuterium depleted water (approx. 0.5 mL) and

placed in a 5 mm NMR tube. Tert -butanol (25 4) was added to the NMR
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sample as an internal reference and deuterium standard. No deuterium
enrichment was observed by 2H NMR spectroscopy (Aquisition parameters:
SW = 1432 Hz, SI = 16K, TE = 297 K, NS = 31,694. Data multiplied LB = 2.0.).
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