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Chapter 1

Malonomicin

1.1. Introduction

Cultures of Streptomyces rimosus forma paramomy-
cinus characteristically develop UV absorptions at 240
and 230 nm after about 24 hours of growth together with
biological activity against trypanosoma species. Three
metabolites could be isolated, of which the major one
(named K16) was responsible for the anti-trypanosoma
activity [1]J. The two other minor metabolites have
been shown to be identical with paramomycin and strep-
timidon. Extensive degradation studies have esta-
blished structure (1) for the major bicactive compound,

which could be confirmed by 1H NMR spectroscopy [2].

(1)

Recently, total synthesis, involving acylation of the
heterocyclic nucleus with an activated side-chain, pro-

vided the final proof for this structure [£33. The most



striking structural feature of K15 is the aminomalonic
acid moiety, and because of this the antibiotic has

been named malonomicin.

From a biosynthetic point of view, malonomicin has
several 1interesting features. In the first place,
there 1is the presence of a heterocyclic ring, a
pyrrolidin-dione or tetramic acid, substituted at (-2
with an acyl group and at C=4 with an aminomethyl group
(the numbering used throughout this thesis is shown 1in
(1)) (described in chapter 1.2.)2. The origin of the
characteristic UV absorptions is the 1,3 keto-enol sys-
tem. According to the biosynthesis of tetramic acids
(vide infra), this particular tetramic acid can be
thought of as derived from 2,3-diaminopropancoic acid
(DAP), which is a rather uncommon amino acid (1.3).
The third and maybe most conspicuous feature in malo-
nomicin 1is the presence of an aminomalonic acid moiety
which rapidly Looses CO2 when heated in water, thereby
being converted dinto & bio—inactive compound (previ-
ously named K 16A)(1.4).

1.2. Tetramic acid

Since the discovery of tenuazonic acid (2) in 1959
£4]1 the number of tetramic acids, isolated from natural
sources, 1s steadily growing. Enolmethylethers derived
from tetramic acids also occur in nature. Most of them
are produced by Streptomyces and Penicillium species
and they all exhibit biologicalt activity, e.g. tenua-
zonic acid has an anti-tumour [51 and 1insecticide-
activity [6], and streptolydigin shows an inhibitory
activity on RNA polymerase [7]J. They show great varia-

tion in substitution patterns at N, C-2 and C-4; if



substituted at C-2, this is always an acyl group. A

survey of the many different structures is shown below.
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Biosynthetic studies on tenuazonic acid (2) [231,
erythroskyrin (3) [24] and cyclopiazonic acid (4) [25]
have revealed that the tetramic acid nucleus originates
from the condensation of an acetate derived precursor
and an oc-amino acid i.e. isoleucine, valine and trypto-

phane, respectively (see e.g. figure 2).

COOH O
H~ CH
NH, + 3 3
H3C CH, 07 SoH
(2)
figure 2

An analogous pathway has been suggested for dikarugamy-
cin (5) L2861, but no tracer experiments were performed

to prove the hypothesis.

A tetramic acid has also been postulated as an inter-
mediate 1in the biosynthesis of tenellin and bassianin
£27]. Here as well, the origin of the nuclteus, which
isomerizes to a N-hydroxy-dihydropyridone (figure 3),

is an a—amino acid and an acetate derived precursor.

1.3. Diaminopropanoic acid

The 2,3~diaminopropanoic acid (DAP) moiety occurs 1in
several secondary metabolites with strongly divergent
structures. Some of them are shown on page 8 and 9.

DAP and simple DAP derivatives (20, 22) are used for
chemotaxonomic purposes in Acacia species [391. Secon-

dary metabolites containing DAP <can exert -biological
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OH
figure 3

activity, e.g. Ns-oxatyl DAP 1is a strong neurotoxin
L3113 and the bleomycins (29) are used as antineoplastic
agents in the treatment of a wide variety of human car-
cinomas and Lymphomas [401. In addition, bleomycin
labelled with radioactive isotopes such as 57Co, 64Cu

etc., has been employed as a tumour scanning agent



L411].
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The metabolic origin of DAP is equivocal for different

organisms. Reinbothe studied the biosynthesis of

albiziine (25) in Albizzia lophantha Bent. and found a
1

good incorporation of E1—14C] and E3-14C] serine [43].

He suggested a pathway for the biosynthesis of diami-
nopropanoic acid involving oxidation of serine to ami-
nomalonic acid semialdehyde and subsequent transamina-

tion (figure 4).

COOH COOCH
COOH COOH R NH R/go COOH
I | 2 |
H-C—NHz  ——>  H-C-NH, N H—C—NH,
o |
H,C —OH H-C=0 H,C~NH,

figure 4%

Seviratne and Fowden however, found no incorporation of

14

Clserine and only a small incorporation of [U-

CIDAP in albiziine in Acacia podalyriaefolia [441].

14C]

serine was found, but on the other hand a highly effi-
14C] DAP. The N3-

disubstituted DAP derivatives e.g. quisqualic acid

Also in N3-acetyL bAP (20) no dincorporation of Cu-
cient incorporation of 95.4% of Lu-

(24), mimosin (26) and willardiine (27) appear to be
formed by condensation of a serine derivative with a
heterocyclic ringsystem like pyrazole. In a crude
extract from Quisqualis indica var. villosa, quisqualic
acid is synthesized in vitro from O-acetyl-serine and
3,5-dioxo-1,2,4-0oxadiazolidine (30) (figure 5) L[451].

Carter et al. (1974) [463 studied the biosynthesis of

viomycin (tuberactinomycin B) (28) and found



H
COOH |

H-C —NH, + % X — H,C
1 0N A0 ,
|

H,C —O—C—~CH,

] QO ~
H O
O (30) Y

figure 5

14

incorporation of [1- "C] and of E3-14C] serine 1in the

serine part as well as in the DAP part of the molecule.
14
Cu-

DAP part and only slightly in the serine part. This

C1l DAP was 1incorporated almost exclusively in the

finding was not consistent with that of Tam and Jordan
(1972) [47] who could not prove incorporation of serine
into viomycin., Carter et al., Llike Reinbothe, sug-
gested an oxidation of serine followed by a transamina-
tion for the biosynthesis of DAP, but preliminary
investigation of the incorporation of [3—2H2] serine
could not prove this hypothesis for both deuterons were
present in the product. Since then, no further details
have been reported and, as far as we know, no other
evidence on the mechanism of the serine to 2,3-
diaminopropanoic acid interconversion has been

presented.

1.4. Aminomalonic acid

At the time of its structural elucidation (1972),
malonomicin was the first natural occurring derivative
of aminomalonic acid. In 1975 the structure of the fish

attractant arcamine (31) from Arca zebra was published
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which is also an aminomalonic acid derijvative although
the evidence presented for this structure is not firm
C481].

12 g N2t
HOOC-C—C—N-C—-C—SO0,H  (31)
H

Aminomalonic acid itself is not stable in solution and
decarpbpoxylation gives glycine which Led Knoop to sug-
gest that aminomalonic acid might be a precursor of
glycine 1in Living organisms and an intermediate in the

route from serine to glycine [49] (figure 5).

?OOH COOH ?OOH C02 ?OOH
H—(l“,—NHz — H—(l:~NH2 — H-(ll—NH2 H,C —NH,
PBC~OH H-C=0 COOH

figure 6

In 1955 Shimura et al. [50] discovered in the posterior
silk-gland of silkworm and also in rat Liver an enzyme
that catalyzed the decarboxylation of aminomalonic acid
to glycine. Thanassi and Fruton found that the addi-
tion of pyridoxal phosphate stimulated the decarboxyla-
tion I[511. Recent investigation showed the decarboxy-
Lation by rat Liver not to be stereospecific and also
the aminomalonic acid decarboxylase activity to be
identicat with serine hydroxymethylase [52]. This fit-
ted the findings of Matthew and Neuberger that ami-
nomalonic acid is an inhibitor of serine hydroxymethy-
Lase [53] However, formation of glycine from serine by

serine hydroxymethylase does occur stereospecifically;
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therefore, aminomalonic acid cannot be an intermediate

in this reaction.

Apart from the fact that aminomalonic acid can be
transformed to glycine 1in Lliving organisms, there 1is
the question of how it might be biosynthesized. The
possibility of formation from serine is not probabtle
(vide supra), 1In 1958 Shimura et al. [54] discovered
an enzyme (again in the posterior silk-gland of silk-
worms) that catalyzed the transamination of oxomalonic
acid (33) to aminomalonic acid; alanine proved to be

the best NH2~donor (figure 7).

?OOH ?OOH
?OOH H—Cl:—NH2 ?=O COOH
I
c=0 CH CH H-C—NH
3
| \\\_ 4/, 3—e> l ?
COOH COOH
figure 7

Vedel and Guitton also found a transaminase in Catalpa
bignoniodes that catalyzed the formation of amino-
malonic acid from oxomalonic acid and glutamic acid as
the NH,-donor [551]. In 1its turn, the origin of
oxomalonic acid was found to be hydroxymalonic acid
(tartronic acid) [56]1, a degradation product of 2-oxo-

D-gluconic acid (571,

Although there have been found some enzymes that
catalyze the formation of aminomalonic acid in vitro,
the amino acid itself has never been found 1in nature,

except for its derivatives malonomicin and arcamine.



- 14 -

1.5. The scope of the investigation

The investigation described in this thesis has the
aim to elucidate the biological pathways and mechanisms
by which maltonomicin 1is formed, in particular with
respect to the construction of the tetramic acid
nucleus, the mechanism of DAP formation and the con-
struction of the aminomalonic acid moiety. This was
expected to answer the question whether aminomalonic

acid 1is a natural amino acid or not.

In chapter 2 the methodology is described with special
attention to the use of stable isotopes in biosynthetic
studies. In chapter 3 the interpretation and assign-
ment of the various NMR spectra of malonomicin will be
given. Incorporation experiments with simple precur-
sors are describeda in chapter 4 and with more complex
precursors in chapter 5. Finally 1in <chapter 4§ an
evaluation and the results of some preliminary experi-

ments will be given.
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Chapter 2

Methodology

2.1. 1Introduction

Though the term "biosynthesis" suggests formation
of any substance by a living organism, it is mostly
used in the more restricted anabolic (constructive)
sense. Biosynthesis in the still more restricted sense
used 1in this thesis comprises the elaboration of
molecules from Lless complex precursors by endergonic
reactions [1]J. Before biosynthetic studies were per-
formed, +the term biogenesis was used in considering
more or Less obvious relations between classes of
secondary metabolites, which were postulated to imply
actual reaction sequences, but in most cases they were

not experimentally verified by tracer studies.

Apart from the study in biosynthesis as a fundamental
occupation with its own justification, studies in
biosynthesis are also useful for many purposes. One of
them 1is to derive possible structures of natural pro-
ducts, for which other methods of structure determina-
tion have yielded incomplete evidence. Historically,
the isoprene rule, though more an empirical than a
biosynthetic principle, has been one of the most con-
clusive factors in determining terpene structures. The

polyketide hypothesis by Birch [2] is wuseful in
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Limiting the number of possible formulae for natural
products derived from acetate units. However, it has
to be mentioned that too much reliance on biogenetic
principles can lead to error; Robinson for instance,
suggested a wrong structure for strychnine based on the
biogenetical relationship between Strychnos and Cin-

chona alkaloids [3].

Considering the biosynthesis of natural products (see
for example Art in Biosynthesis [4]) will show the
superiority of nature over the synthetic chemist and
maybe induce a stronger interest and insight in the
fascinating possibitities which nature offers. Another
application of biosynthetic studies is in biomimetic
synthesis, an area to which more and more attention 1is
paid 1in recent years. In this field, non—-enzyme
catalyzed Laboratory analogies of natural pathways are
carried out which in several instances have succeeded
in producing moderate yields of the expected products.
However, in the absence of the corresponding enzyme-
controlled conversions, this apparent biosynthetic evi-
dence in support of a particular speculative scheme is
at best circumstantial.

With knowledge of the biosynthesis of certain antibiot-
ics, metabolism sometimes can be guided by adding com-
pounds, related to the original precursors, which are
incorporated insteaada of them [5]. The obtained new
antibiotics may have some other qualities than the ori-
ginat antibiotic, which can alter the mode of action or

can circumvent resistance.
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2.2. Biosynthesis and natural product chemistry

Interest in the biosynthetic origin of natural
products developed paraltel with the elucidation of
more and more diverse structures. The observation of
WBhler in 1828, that the natural! product urea could be
formed by the thermalt rearrangement of ammonium
cyanate, meant a landmark in chemistry as it made chem-
ists realize that these compounds were formed in nature
by basically wunexceptional processes. This important
finding served to remove the mystique of naturat pro-
ducts which wuntil then had been regarded rather as
supernaturat products, the formation of which required

an unknown vital force.

The structural elucidation of new natural products
could not always keep pace with the isolation, and
sometimes it took over 100 years before the correct
structure was assigned. In the period since 1940 the
natural product chemistry developed rapidly, and the
classical trio of natural product chemistry, i.e. iso-
Lation, structure elucidation and total synthesis was
accomplished in progressively shorter times. The main

factors for these rapid advances were:

- the development of new chromatographic techniques, by
which even microquantities of chemically similar sub-

stances could be separated;

- the marked progress in spectroscopic aids to struc-
ture determination Like UV, IR, nuclear magnetic
resonance and mass spectroscopy and also X-ray

analysis;
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- the elaboration and application of sophisticated syn-
thetic methods.

From the biosynthetic point of view, 1t was particu-
larly fortunate that these advances also coincided with
the development of nuclear technolLogy, which Led to the
commercial availability of isotopic tracers. Their
application to the investigation of metabolic pathways
has been so successful that biosynthetic studies can
now be regarded as an integral part of natural product

chemistry.

2.3. Approaches to the study of biosynthesis

The study of biosynthesis with tracer methods s
almost invariablLy performed with isotopic tracers.
These studies fall into two general categories, con-
cerned respectively with pathways and reaction mechan-
isms. It is only natural that the former have greatly
predominated, since one must establish the identity of
at Least some of the intermediates 1in a reaction
sequence before mechanisms of the conversion can be

seriously considered.

By tracer methods, precursors and intermediates can be
identified with a good degree of confidence in intact
organisms, and considerable information on mechanisms
is also obtainable by this approach. But the ideally
systematic approach would be jdentification of idinter-
mediates in a pathway by tracers, followed by purifica-
tion of the enzymes mediating the individual steps and
finally the use of these enzymes in a detailed study of
the reaction mechanisms with the aid of position-—

specifically or stereospecifically labelled compounds.
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This Last step is of course not different in principte
from the study of chemical reaction mechanisms in gen-

eratl.

The choice of candidate precursors is normally based on
considerations of potential biosynthetic schemes,
These schemes are generally arrived at by preliminary
structural analysis of a natural product in terms of
possibte simple precursors, and also by comparison with
products of reltated structure of which the mode of
biosynthesis is known. If meaningful results are to be
obtained, a labelled compound administered to an organ-—
ism obviously must not only penetrate to the synthetic
site, but must also do so at a time when the enzyme
systems mediating the synthetic reactions are present
and active. This seems trivial, but permeability prob-
lems can sometimes obscure the obtained results and
addition of the same precursor at different moments to
a microbial culture can sometimes give contradictory
results. For micro-organisms, incorporation of precur-
sors is normally effected by their addition to the
culture-medium during the phase of maximum production
of the required metabotite. The optimum dincorporation
efficiency 1is determined following exploratory experi=-
ments, in which the right moment of addition, the right
concentration of the Labelled precursor and the best
moment for working wup are determined by use of a
radioactive precursor, €.d. E1—14C]acetate, that with

high certainty will be incorporated.

An jdeal biosynthetic incorporation experiment should

meet the following criteria according to Mcbonald [43]:
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- The precursor should be specifically Labelled

- The precursor should be pure (at least isotopically)
- Relatively small quantities should be '"fed"

- The metabolite should be extensively purified

- The level of incorporation should far exceed that of

. *
a btank experiment

- The site(s) and quantity of label should be deter-

mined

In the past, biosynthetic experiments were (and
some still are) done with precursors lLabelled with
radioactive isotopes. Detection occurred wusually by
scintiltation counting. Therefore it was mostly neces-—
sary that the lLabelled metabolite was degraded wunder
controlled conditions to small fragments, e.g. to one-
carbon fragments for 14C lLabelling, to locate the site
and to determine the quantity of Labelling. The
specific degradation reactions were often elaborated

during the preceding structure determination.

More recently, in particular since the Late sixties,
non-destructive methods of locating Labelled atoms
were developed based on nuclear magnetic resonance
spectroscopy, following a suggestion by Lauterbur [73;
mass spectrometry was already used before and still is,

especially for oxygen and nitrogen labelled compounds

*) Of course, in a blank experiment, there is no Level
of incorporation, but the meaning of this sentence will
be clear.
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but its use is Limited by its low sensitivity due to
the appearance of all natural abundance isotopes in the
mass spectrum. This direct approach, which has met
with considerable success, was applied initially to 13C
and subsequently to 2H, 3H, 15N and 170. Though the
use of radioactive disotopes 1in certain cases offers
advantages such as low detection Llimit and Low-cost
detection, the disadvantages, especialtly the extensive
and time-consuming degradations with often cumulative
errors, are so severe that, if possible, one nowadays
prefers the use of stable isotopes. Moreover, of
recently discovered metabolites, the chemical knowledge
necessary to degrade them unambiguously 1is rather
meagre. This is due to the tendency to use almost
exclusively spectroscopic methods for structure eluci-
dation.

0f course, the use of stable isotopes has its disadvan-

13C has a rela-

tages too, lLike Low sensitivity (e-.g.
tively high natural abundance), expensive equipment,
and the fact that, because of low sensitivity, high
amounts of precursor must be "fed", which sometimes can
lead to metabolic distortion. Although the Llatter
warning is often sounded , in practice there are only a
very few examples known. In some cases the obtained
result coutld be interpreted from a knowledge of

intermediary metabolism [8] (see also chapter 4).

2.4. Application of NMR-spectroscopy in biosynthetic

studies



2.4.1. Carbon-13

Several excellent reviews on the use of 13C in

biosynthetic studies are available (91, so comments
here are Limited to those aspects that are of {impor-
tance for the present study (see table 1 for the

relevant properties of 13C compared to 1H).

Table 1

1H 13c
Nuclear spin 18 172 1/2
Resonance frequencyb 90 22.563
Magnetic moment 2.792 0.70216
Natural abundanced 99.9844 1.108
Relative sensitivity® 1.00 0.016
Receptivity 1.00 0.000175
Normal chemical shift rangeg 10 225

a) in multiples of ?%
b) at 2.11 Tesla in MHz

c) in multiples of the nuclear magneton

d) %

e) for equal number of nuclei at constant field

f) sensitivity at natural abundance

g) ppm

The quality of biosynthetic information depends almost

entirely on the unequivocal assignment of the 13C reso-
nances and ideally these should be made independent of

biosynthetic assumptions and experiments. The intensi-

ties of 13C resonances increase after 1incorporation of

138 Labelled precursors. Labelled sites may be
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jdentified by the differences between signal intensi-
ties 1in the p.n.d. (proton noise decoupled) spectra of
the enriched and the wunenriched material (see e.g.
chapter &4, fig. 2). The subtraction necessary causes
obvious difficulties at small enrichments, where errors
are of the same order as the differences. To assign the
observed intensity enhancements to incorporation, the
enricnment factor (vide infra) must usually be Llarger
than 0.5%.

Relative intensities (peak-heights) of 13C resonances

are mainly determined by the spin-lattice relaxation
time (T1) and nuclear Overhauser enhancement (NOED .
Many factors can influence the intensities, e.g. pulse
width, pulse delay, concentration, temperature, homo-—
geneity of the static magnetic field etc.; therefore,
enrichments measured by a difference method are only
meaningful if all these variables are constant for the
two spectra. Uncontrolled intensity variations, too
Large to be attributed to noise, can occur between suc-
cessive Fourier transform (FT) measurements and are
attributed to instrumental fluctuations [9al, although
the use of large data blocks can circumvent these vari-
ations to a certain extent. Further errors can be
introduced if the samples contain different trace quan-
tities of paramagnetic impurities which can decrease
both T1 and the heteronuclear Overhauser enhancement,
particularlty for quaternary carbons. This is of spe-
cial concern in aqueous solutions, for in organic sol-
vents these impurities can easily be removed by washing
with an aqueous solution of a chelating agent such as
ethylenediaminetetraacetic acid. Although in FT exper-
iments peak-heights are usually measured, integrals are

preferable as they compensate for instrumental Lline-



broadening and unresolved couplings.

If incorporation is tow, special effort is necessary to
assign the Labelled sites unambiguously and to calcu-
late the enrichment factor. In these cases, it 1is
advisable to normalize the peak-intensities, for which
various methods have been developed. 1In this +thesis,
we have used the method of Hanson and coworkers [101],
except that we use integrals instead of intensities.
This method consists of dividing all the peak-
intensities in both, the natural abundance spectrum and
the spectrum of the enriched metabolite, by the respec-
tive intensity of a reference Line, belonging to a car-
bon atom that with great certainty has not been

Labelled or affected by scrambling of the tracer:

observed int. (2.1)
observed int. of ref. Lline "

in (nocrmalized int.)

13

The total C content X at a specific site <can be

13

obtained as X at a centre with € at natural abundance

only is 1.1% :

in Labelled

X = = Tk 1.1% (2.2)

1n nat. abund.

. * s . .
The enrichment factor , EF, for a specific site, i.e.
the excess lLabel above natural abundance, can be calcu-

lated with the following formula:

EF = X - 1.1% (2.3)

*)}) The term enrichment factor is not correct, for it is
defined as a difference, not a factor.
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The Low probability (10_4) of two adjacent carbon

atoms being 13C
13C"13

13

isotopes usually precludes the observa-
tion of C satellites due to spin-spin coupling in
the p.n.d. C spectrum of a compound at natural abun-
dance. The incorporation of precursors containing
13C-13C units will increase satellite intensities and
this can be effectively used to measure enrichment fac-
tors at Llower levels, e.g. 0.1% . 0.5% for singly-
labelled precursors. An EF of 0.1% for a singly-
Labelled precursor means that the intensity of a reso-
nance will increase by 10%, which is within the accu-
racy Limit, so this cannot be assigned to an incorpora-
tion of a labelled precursor. An EF of 0.1% of a
doubly-lLabelled precursor, (81% doubLy-LabeLLed*), will
give satellites of 4% of the centre peak. For observa-
tion a signal-to-noise ratio of over 100:1 is desirable
and the spinning-rate of the tube should be adjusted in
such a way that the spinning side bands do not coincide
with the satellites. This can be deduced from the known

or estimated 13C-—13

C spin—-spin coupling constant.

Another important advantage of wusing doubly-labelled
precursors in enrichment studies, is that evidence can
be obtained for the incorporation of intact units.
Moreover, rearrangements will be visualized by the Lloss
of 13C_13

other hand, using suitable nonadjacent labelled precur-
13c_13c

C coupling, indicating bond scission. On the
sors, observation of couplings can also indi-
cate rearrangements as used eftectively in the study of

porphyrin biosynthesis [111.

*) Nowadays almost all commercial available 136 en-—

riched compounds are enriched to 90%.
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2.4.2, Deuterium and tritium

The use of 2H NMR in biosynthetic studies has been

reported onty recentLy*. In the =excellent comprehen-
stve 1977 review of Mantsch, Saito and Smith [14] only
two applications are mentioned (151. This number has
grown to about 15 at this moment and most of them deal
with stereochemical problems [16]1. This rise is in par-
ticular due to the increasing availability of cryomag-
nets with high field strength and the improved sensi-
tivity of modern spectrometers. The application of NMR
spectroscopy of the other hydrogen isotope tritium in
biosynthesis has also been reported in recent years
C173*™*,

In table 2 the nuclear properties of 1H, 2H and 3H are
shown. The deuteron, in contrast to the other hydrogen
isotopes, has a quadrupole moment which, in spite of
its weakness, constitutes the major source of relaxa-
tion. This relaxation behaviour is responsible for the
absence of a nuclear Overhauser enhancement, which
theoretically could be a factor of 4.25. Under the
same conditions deuteron chemical shifts are essen-
tially the same as proton chemical shifts, since there
is no primary isotope effect. These shifts are scaled
down by a factor of 6.51 due to the smaller magneto-
gyric ratio of 2H. Together with the broader Lines,

this considerably lowers the chemical shift dispersion

*) The use of deuterium as a label in biosyn%hetic stu-
dies1§as also been used in combination with 'H NMR [121]
and C NMR L[13] as a detection probe.

*%x) Very recently, the use of protium as a label in1§he
?§udy of biosynthesis has been reported, using H3 c-
C02H as a substrate in a culture in D20 C131].



Table 2

1H 2H 3H
Nuclear spin 12 1/2 1 112
Resonance frequencyb 70 13.82 96.0
Magnetic moment® 2.7927 0.3574 2.97833%
Natural abundanced 93 .9844 J2.0155 -
Relative sensitivity® 1.00 0.00965 1.21
Receptivity' 1.00 1.5.1079% -
Chemical shift rangeg 10 10 10
Quadrupole momenth - 2.?7.10“5 -
h) in units of e Xx 10-24 cm2

For other units see Table 1.

relative to that of the proton. The demand for higher
fields in deuteron NMR is therefore almost imperative.
Also, the (scalar) spin-spin coupling constant nJ(X—1H)
is reduced by a factor of 5.51 upon replacement of the
proton by a deuteron. In comparison to nJ(1H-1H),
nJ(ZH-ZH) is scaled down by a factor of 42.4. 2H--ZH
coupling constants in perdeuteriated compounds can
therefore hardly be detected. Because of the low pro-
bability of two deuterons in adjacent positions at
natural abundance, these couplings are not observed in
unenriched compounds. The absence of EH—ZH couplings
and the wuse of broadband proton decoupling result in
an extremely useful simplification of the spectra with
regard to the proton spectra, provided the individual
resonances are resolved. Unfortunately, this is not
the <case 4in more complex molecules with simitar func-

tional groups, e.g. in peptides or steroids. Except



for the use of higher field strengths* (which 1s rather
Limited) attempts at narrowing the resonance=-lLines
might improve the resolution, Apart from narrowing
techniques by data-manipulation, which are accompanied
by a loss in signal-to-noise ratio, one should consider
the following thecoretical possibilities. The Linewidth
at half height, Avg o is given by equation (2.4) (only

valid under extreme narrowing conditions)

Avg o = = + 6v1/2 (2.4)

*
> T

where TZ is the effective spin-spin relaxation time, T2
s the spin—-spin relaxation time which equals T1 under
these conditions and 6v1/2 the Linewidth contribution
from inhomogeneity in the static magnetic field. In
modern superconducting magnets the contribution of
field inhomogeneity i3s3 almost negligible (<0.1 Hz>.

The possibilities for Line-narrowing can be extracted

from equation (2.5) and (2.4) where eth is the quadru-

pole coupling constant, T, the correlation time, n the

viscosity and a the radius of a spherical molecule

™~

-1 -3 {eaqa} . (2.5)
*) The tendency to use increasingly higher

fieldstrenghts, can give unexpected problems. Recent-
Ly, line splittings have been observed which are caused
by a small alignment induced by the interaction of the
magnetic field with the diamagnetic susceptibility
f191. These splittings are proportional to the aniso-
tropy in the diamagnetic susceptibility and to the
square of the magnetic field.



r o Ama’ (2.5)
c 3kT )

From equation (2.5) and (2.%) it follows that T1 (=T2)
i1s inversely proportional to the viscosity coefficient
and directly proportional to the absolute temperature.
Thus, with solvents of lLow viscosity (e.g. acetone or
benzene) and with increasing temperatures, T1 (and T2)
become Longer and so 2H resonances rapidly become nar-
rower, e.g. the relaxation times of the enolic =CD-
deuteron in acetylacetone-d8 are 0.346 sec at 0°C,
0.615 sec at 35 °C and 0.914 sec at 63 OC, correspond-
ing with a linewidth of 0.92 Hz, 0.52 Hz and 0.35 Hz,
respectively [203]. However, one should not forget that
the detection sensitivity decreases by increasing the
temperature for the Boltzmann distribution is <changed

unfavourably.

2

Application of "H NMR in biosynthetic studies has the
following advantages compared to 13C:

- An enrichment factor with deuterium of oniy 1%
leads to a sixty-fold enhancement over the natural

abundance signal.

- Shift assignments can be made from the correspond-

ing proton spectra.

"
*) The caLcuLaF%on of enrichment factors in1fH spectra
(and also in N spectra) is identical to '°C spectra;
equation (2.2) and (2.3) are changed in so far that
1.1% becomes 0.0186% (0.35%5%).



.—33_

- Integralts can be measured without difficulties (no
NOE, no partial saturation as the the T1's are

short).

- Not only the construction of a skeleton can be stu-
died but also the fate of the more peripheral
hydrogens, and thus the stereochemical course of a

reaction, can be followed.

- Deuteriated substrates and reagents are relatively
inexpensive and deuterium can often be dintroduced
into the molecule in one of the Last steps of a

reaction sequence by exchange reactions.

The use of tritium NMR-spectroscopy in biosynthesis
seems most promising. The much higher sensitivity, the
larger chemical shift separation, the absence of a qua-
drupole moment, the observability of spin-spin cou-
plings and the absence of any background signals makes
tritium 1in theory superior to deuterium. But the con-
comitant radiocactivity makes its use Limited to those
cases where the precursor can be labelled in one of the
Last steps or where the incorporation is rather high.
If one assumes a NMR detection Limit of 0.5 mCi and an
enrichment corresponding with an enrichment factor of
0.02% for deuterium as described in chapter 5, we would
have needed in the first step of the ten—-step synthesis
of Labelled tetramic acids (overall yield 5%) the huge
amount of 9000 C3i of radioactivity.

2.4.3. Nitrogen-15

Since the skeleton of many natural products s
Largely composed of carbon and nitrogen, the applica-

tion of carbon and nitrogen NMR to structural problems
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is potentially even more powerful than proton NMR tech-

niques. Tablte 3 gives some of the important nuclear

properties of both nitrogen isotopes compared to 1H.

Table 3

1, 15, Thy
Nuclear spin® 1/2 1/2 1
Resonance frequencyb g0 9.12 5.5
Magnetic moment® 2.7927 -0.28304  0.40357
Natural abundance® 99 .9844 0.365 99.635
Relative sensitivity® 1.00 0.001 0.001
Receptivity' 1.00 3.8.107° 0.001
Chemical shift range9 10 1000 1000
Quadrupole momenth - - ?'.1.10-2

For units see Table 1 and 2.

Although the 14N isotope has the advantage of a rela-

tively high overall sensitivity, it is unsuitable for
high resolution NMR because the relatively large elec-
tric quadrupole moment gives rise to too broad Lines

(Av1/2 > 100 H2) Despite some of dits wunfavourable

15N

nuclear magnettic properties the isotope has

received increasing attention in the Last few vyears.
Undoubtedly, the advent of the modern high field spec-
trometers has been the major impetus for the applica-
tion of 15N NMR to divergent structural problems. In
biosynthetic studies only a few examples of 15NMR have
yet been reported [21]1; however, more mass spectros-

copic studies have been performed, as 15N

is the only
means available to study nitrogen metabolism with

tracer methods.



In measuring 15N, attention should be paid to the fol~-

Lowing more or less characteristic features:

- The heteronuclear Overhauser effect s large but

leads to negative enhancements because of the nega=~

tive magnetogyric ratio of 15N
M 7 T T
z H 1 1 -
—_— = + = 1 - 4_93 T - . .
e 1 ZyN T1dd T1dd 3.9 (2.7

T1dd is the dipole-dipole relaxation time which s
mostly dominant in nitrogen relaxation, at lLeast for
those nitrogens directly bonded to hydrogen. How—
ever, dipolar relaxation is not the exclusive relaxa-
tion mechanism and hence NOE's between 0 and -2 have
to be avoided for these lead to lower intensities or
even to a nulling of a resonance Line on continuous
irradiation of the proton frequencies. In these

cases gated decoupling will eliminate this problem.

- Long spin—lattice relaxation times (T1 up to 170 sec.
have been reported [221) can be shortened by addition
of paramagnetic relaxation reagents; this method 1is
particularly suitable to tertiary nitrogens. However,
the absence of broadening effects of +these reagents

is a8 prereguisite.

- For measurement of nitrogens in solvents where
exchange of protons attached to nitrogens is possi-
ble, attention should be paid to circumvent condi-
tions wWwhere the exchange rate is comparable to the
time scale of the NMR experiment, otherwise signals

will broaden or will hardly be detectable.



When these features are taken

can be observed,

into account, sharp lines

(often presented Like negative Llines

(with NOQE)), and 15N NMR can be a powerful tool 1in

natural product chemistry.
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Chapter 3

Interpretation of 13C, 1H, 2H and 15N NMR spectra

of malonomicin

3.1, Introduction

A prerequisite for the unambiguous 1interpretation
of the results from biosynthetic studies using NMR
methods, is the complete and unequivocal interpretation
of the NMR spectra involved. Furthermore, the solubil=
ity and stability in solution of the compound to be
measured have to be such that a NMR spectrum can be
obtained in a time, during which degradations occur to
only a minor extent.

Malonomicin is not soluble 1in organic solvents; in
water it is soluble only by addition of acid or base.
Since malonomicin is not very stable in acidic solu-—-
tion, and at high pH the protons at C-4 and C-7 are
exchanged at a measurable rate, the NMR spectra of
malonomicin are measured mostly in aqueous solutions of

pH 7-10. However, two of the pKa's faltl in this

region, PK,= 7.8 of the serine amino group and pK_=9.2

of the aminomethyl group [131; therefore, chemical

shifts of most resonances in 13C, 1H, 2H and 15N spec-

tra of malonomicin will be pH dependent. At the begin-
1

ning of this investigation, only the 'H spectrum of the
decarboxylation product of malonomicin (K16A) had been

interpreted €11 at several pH's, showing the
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considerable pH-dependency of the <chemical shifts 1in

the pH region 7-10.

In 13

¢ spectra of malonomicin, on changing the pH, the
rather small chemical shift differences in comparison
with the chemical shift range will give no special
problems 1in determining the site(s) of labelling and
calculating the enrichment factors. Moreover, the pH
dependency of some chemical shifts can be used effec~-

tively for the assignment of the NMR spectrum.

1H chemical shifts (and thus 2H chemical shifts) are
relatively more sensitive to changes in pH due to the
much smaller chemical shift range. This is reinforced
by the fact that all stable protons of malonomicin
resonate within 0.8 ppm; thus, control of the pH and
the wuse of high field strength is necessary for com-
plete &analysis of the proton spectra. From this
anatysis automatically the deuterjum chemical shifts
are obtained, as there is no primary isotope effect for

the chemical shifts of protons and deuterons.

In the proton broadband decoupled 15

N spectrum, only
four resonances are toc be expected, which will also
show a strong pH-dependency. Moreover, in the pH
region 7-10, broadening of those resonances of nitrogen
atoms, that are involved in protonation-deprotonation
processes at a rate comparablte to the NMR time scale,
can be expected. However, given the large chemical

shift range, this wiltl not raise insuperable problems.
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3.2. Carbon-13 HNMR spectra

The natural abundance 13C spectrum of malonaomicin

in H20 at pH 3.5 (proton noise decoupled; p.n.d.) is

shown in figure 1.

Malonomicin

COOH

C
HO@ ‘C—g;é—CO@H
®© M
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figure 1 Natural abundance proton noise decoupled 13C

spectrum of malonomicin in H20 at pH 8.5.

The resonances were assigned by comparison with reso-
nances of the decarboxylation product of malonomicin
(2), the model compound 2-acetyl=-4-aminomethyltetramic
acid (3) 11, serine (4), 2-carboxyaspartic acid (5)
and its decarboxylation product D,L-aspartic acid (6.
Use was also made of single frequency off resonance
decoupling (s.f.o.r.d.)> to determine the number of
attached protons at each <carbon atom, and of the

13C reso-

results of selective deuteriation studies.
nances o0f these compounds at pH 8.5 are summarized in

tabte 1 and in table 2 the resonances of malonomicin at
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different pH's are given. In the ¢ spectrum of malo-
nomicin, the resonances of five carbonyl carbon atoms,
one olefinic carbon atom and six sp3 hybridised <carbon
atoms are visible, However, in malonomicin six car-
bonyl carbon atoms are present. The carbonyl carbon
resonance at § 175.%6 with about twice the intensity of
the other carbonyl carbon atoms 1is assigned to the
coincident resonances of the two <carboxylic carbon
atoms €-9 and C-10. Evidence for this assignment is
provided by decarboxylation of malonomicin to give (2),
which causes a decrease of signal intensity of this
particular resonance accompanied by a downfield shift
of 3.0 ppm in agreement with similar phenomena observed
with the model compounds 2-carboxyaspartic acid (5) and

D,L-aspartic acid (6).

Decarboxylation of malonomicin also —causes a strong
upfietd shift of the resonance at & 67.4, assigned to
(-8, and a smaller upfield shift (2.4 ppm) of the reso-
nance at 6 44.5 (which is a triplet in the s.f.o.r.d.
spectrum), which can be assigned to (-7, the <carbon

atom in the B position.



Table 1
13C chemical shifts of malonomicin (1) and model com-
pounds 1in H,0 at pH 8.5 (in ppm downfield from TMS (d& =
0), calculated from internal dioxan (& é6.7); multipli-
cities 1in the s.f.r.o.d. spectra are indicated with s,

d, t and gq.

carbon’ (1) (2)** (3)+C4) (3) (%)
1 173.4 s 178.4 s 177.8 s

2 103.0 s 103.1 s  102.8 s

3 194.0 s 194.5 s 194.9 s

4 57.2 d 57.5 d 53.% d

5 40.3 t 40.7 t 41.7 t

6 194.3 s 194.0 s 195.9 s 177.8 s 177.9
7 44,5 t 42.1 t 14.0 gq 39.3 t 37.0
8 67 .4 s 52.4 d 57.1 s 52 .4
9/10 175.6 s 178.6 s 172.2 s 174.83
11 170.4 s 173.2 s 173.9

12 56.0 d 56.2 d 57.5 d

13 63.3 t 63.5 t 63.9 t

*) for numbering system see figure 1

x*x*) for all carbons except C-4, C-7 and C-13 two reso-
nances coutd be observed (A8 < 0.3 ppm) due toc the for-
mation of diastereoisomers on decarboxylation; in the

table the average chemical shift is given.

Assignment of the resonances at & 57.2 and & 56.9 (both
are doublets in the s.f.o.r.d. spectrum) could be made

by selective deuteriation. Proton—-deuteron exchange at

o +



Table 2

13C chemijcal shifts of malonomicin at different pH's.

pH 7.6 8.0 8.5 9.0 9.5 10.0
1 178.4  178.4  173.4  173.4  178_.4  178.4
2 102.9 102.9 103.0  103.1  103.3  103.5
3 193.8  193.8  194.0 194.4  194.9  195.2
4 56.7 56.8 57.2 57.9 58 .7 59 .1
5 40.7 40.7 40.8 41.0 41.3 51.5
5 194.3  194.3  194.3 194.3  194.3  194.3
7 44 .5 44 .5 445 b4 .5 44,5 44 .5
8 67 .6 57 .5 57 .4 57 .4 67 .4 57 .4
9/10 175.5 175.5 175.% 175.7 175.7  175.8
11 168.4  169.7  171.1  171.9  172.3  172.5
12 55.5 55.7 56 .0 56.3 56 .4 56.5
13 62.0 52.6 53.3 53.7 5%.9 540

C=4 1in 020 at pD 14 (monitored also by following the
simultaneous racemization by optical rotation measure-
ment) caused a more than ten-fold decrease in intensity
of the § 57.2 resonance; the expected splitting by
13C-ZH spin-spin coupling 1s not <c¢learly observed,
probably due to the fast quadrupolar relaxation rate.
Proton-deuteron exchange at (-12 by means of pyridoxal
phosphate 1in D20 at pD 9.6 (which notably affects the
exchange of the g-proton of o-aminoc acids) has a pro-
nounced eftect on the § 56.0 resonance. Prolonged
treatment of malonomicin with NaOD at pD 14 also caused

a relatively slow proton-deuteron exchange of the
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protons at C~7 (44.5 ppm) which provided corroboration
for its assignment.

The resonances at lowest field with normal values for
keto- or enolic carbon atoms are attributed to C-3 and
C-6. The C-3.resonance was expected to show a titra-
tion shift 1in the pH region 7-10, as a consequence of
the proximity of the NH2 group at C~5* which has a pKa
of 9.2 (see table 2). The behaviour of the § 194.0
resonance in this pH region (A8 1.4) is in agreement
with this expectation. The nearby carbonyl resonance
at § 194.3 1is not pH dependent in this region and is
therefore assigned to C-6.

The behaviour of the highest field carbonyl group at
different pH's, (A8 4.1 Bg(pH 7.6-10)), points to a
position of an amino group with a pKa in this region.
This agrees with the position of C-11, which is B to
the amino group of the serine part of the molecule (pKa
= 7.8).

The remaining resonances at § 178.4, 5 103.0 and & 63.3
can be readily assigned; &8 178.4 to C-1 (normal amide
resonance) , § 103.0, (the only olefinic ~carbon atom)
to C-2 and &§ 63.3 to the hydroxymethyl group of serine
at C-13. The enrichment studies {(chapter 4) provide
ample contirmatory evidence for all assignments made.

13C

From spectra of malonomicin, labelled with , Cou-

pling constants have been determined and they are given

*) Normally a value of 3-4 is found for the lowest pK
of tetramic acids [2] and the lowest pK_ for malonomi-
cin (0.9) had been explained by the presgnce of an ami-
no group at €-5 by which a hydrogen bond can be formed
with the oxygen at €-3 £11. This can only explain the
observed Llow pPK, in part, for the PK 4 of model compound
(3) is found to be 1.9 [11.
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in table 3. They all agree with Lliterature values.

Table 3

13

Coupling constants observed in [1,2-'"C,lacetate-, L[2-

13 13

Clacetate-, DL-L1-

derived malonomicin.

Carbons  14(C-C)  24¢

68.38
65.0
65.5
11
40.0
41.1

1
O N SN W

-3 42.5
8-9/10 50.1

3.3. Proton and deuter

C1DAP-, and E1,4~13C2]succinate-

3

c-¢C) J-¢>

.7

on spectra

3.3.1. Proton spectra

Proton spectra of
at different pD's and
ure 2 the measured and
pD 8.37 and pD 9.64.,
tated in table 4. At h
spectrum can easily be
three spin systems can
system, an ABX, ABM or

tem. On the basis of c

malonomicin were measured 1in DZO
analyzed by simulation. In fig-
simulated spectra are given at
The coupling constants are tabu-
igh field strength, the proton

assigned. Depending on the pH,
be distinguished, an ABX or A2x
ABC system, and an AB or A, sys-

hemical shifts and decoupling



_J L

:J\UJ\\ )L



m |

b2 h}

figure 2 Proton spectra of matonomicin (250 MHz) at pbD
9.64 (a) and pbd 8.37 (b); measured (1), simu-
lated (2).



Table 4

Coupling constants observed in the proton spectrum of
malonomicin at pD 8.5 (the different protons bonded to

one carbon have been designated by a and b).

"0 CH-H) Hz "3 CH-H) Hz
4 -5a 4.2 12 -13a 4.7
4 -5b 4.5 12 -13b 5.8
5a-5b 13.2 13a-13b ~12.4
7a-7b 17 .4

experiments, the ABX cor A,X system can be assigned to
the methylene protons ;f the aminomethyl group (C-3)
and the proton at C-4; the ABX, ABM or ABC system s
formed by the protons of the serine moiety, and the AB
or A2 system is formed by the protons at (-7. These
assignments agreed with the behaviour of the chemical
shifts on changing the pH. In figure 3, the chemical
shifts of allt resonances are plotted as a function of
the pbD. From these data it can be concluded that
nearly all chemical shifts are strongly pH dependent.
Furthermore, the protons at C-5 are equivalent at high
pD  (>10.5), but not at lower pD. This is also found
for the protons at C-7.

The non-equivalence of the aminomethyl protons at €C-5
is probably due to a hydrogen bridge between the pro-
tonated amino group at C-5 and the oxygen at -3 (see
footnote at p. 48). The reason for the increased chem-
ical shift difference of the C-7 protons at lower pbD's

is not clear; probably the serine amino group is
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figure 3 Proton chemical shifts of malonomicin

function of the pbD.

as



_52_

involved in an intramolecular hydrogen bond, fixing the
molecule in a rather rigid conformation. Evidence for
this is provided by the fact that the difference in
chemical shift between the protons at C-7 develops
parallel with the degree of protonation of the amino

group of the serine part (see figure 3).

3.3.2. Deuteron spectra

In general, with high field spectrometers it is
not difficult to obtain a deuteron spectrum at natural
abundance of solutions of >0.3 M. Malonomicin however,
has several characteristics which make the observation

of deuteron spectra very unfavourable (cf. chapter
2.4.2.):

- Malonomicin is only soluble in aqueous acid and base,
which are relative viscous solvents; this will
broaden the resonances considerably (for example by a

factor of 3 compared to solutions in acetone).
- Malonomicin is not stable at high temperatures.

- Chemical shift dispersion in the proton spectra of
malonomicin 1is small; at pH 8 all protons resonate
between ¢ 4.0-3.6 except for the protons at C-5
which resonate at § 3.2. This is felt the more
strongly in the deuteron spectra, where the differ-
ences in chemical shift (in Hz) are reduced by a fac-

tor of 6.5 (at constant fietd).

- The resonances are at high field of the solvent peak,
§ 4.7 at room temperature. The high molarity of the
solvent vs 0.4 M malonomicin will cause severe over-

Lap of almost all resonances by the solvent peak.



Moreover, at higher temperatures, the solvent peak
shifts to higher field and aggravates the overlap,

though the linewidth will be smaller.

As a consequence of these disadvantages, special meas—
ures have to be taken for measuring deuteron spectra of
malonomicin at natural or low abundance (EF <0.53%).
The onty way of lowering the viscosity is raising the
temperature, but for stability and detection-
sensitivity reasons this is Limited to a small tempera-
ture range and a short perijod. In practice, this
means that measurements were made at 323 K and for 1-2

hours.

To overcome the problem of small chemical shift disper-
sion and to observe spectra at low enrichments, spectra
were measured at high field, 9.3 Tesla (51.42 MH2)
which also provided the necessary sensitivity. Samples
with rather high enrichments (EF >1%) were usually
measured at 27.64 MH:z.

By the use of deuteron-depleted water (to % of the
natural abundance) the overlap of resonances with the
solvent peak could be avoided, even at higher tempera-
tures.

In figure 4a the natural abundance 2H spectrum of malo-
nomicin is given. In this spectrum, except for the
solvent peak at 4.5 ppm, only two deuteron resonances
are visible; the -5 deuterons at high field (3.25 ppm)
and the other deuterons at 3.382 ppm. Apparently, the
Linewidth is too lLlarge to observe single resonances for
each deuteron. From spectra of malonomicin, specifi-
cally enriched at positions 4, 7 or 12, linewidths
could be measured which appeared to be in the range of
14-18 Hz (at 323 K). Low level enrichments (EF <0.1%



- 54 -

can only be made visible by comparison of the spectrum
with the natural abundance spectrum. Ffrom the integral
ratio between the two groups of resonances, an enrich-
ment c¢can be indicated, although the determination of
the exact position of the Label 1is not easily accom=
plished, because the position of the resonances is
strongly pH-dependent (see figure 3).

When the pH of the enriched sample solution is known
accurately, the natural abundance spectrum at the same
pH can be simulated from the <chemical shifts of the
corresponding proton spectrum (see figure 3). When the
pH is not accurately known (the pH of the samples was
usually adjusted using a pH indicator strip), the poéi-
tions of all other resonances can be read from figure 3
when the chemical shift of the deuterons at C-5 is
known. The resonance of the deuterons at (¢-5 is the
only resolved resonance and the chemical shift of this
resonance is pH dependent in the regien in which the

spectra are usually measured.

In figure 4 the natural abundance 2H spectrum of malo-
nomicin 1is compared with a simulated spectrum. The
simulation of the spectrum was done by calculating the
proton-stick spectrum and adding a lorenztian tLinewidth
of 19 Hz.

In this manner, also enrichments can be determined at

very low levels (chapter 5).

3.4. Nitrogen spectrum

With modern high field spectrometers it is possible to
obtain nitrogen-15 NMR spectra of solutions down to

0.05 M when the spectral parameters are carefully
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figure 4 Natural abundance 2H spectrum of malonomicin
(61.42 MHz) (a) and simulated spectrum (b).

chosen (cf. chapter 2.2.3.). The 1SN spectrum of malo-

nomicin at pH 8.5 is shown in figure 5. The expected
four resonances are observed, all of them with a con-
siderable NOE (all nitrogens are proton bearing). The
assignment of the resonances is straightforward. The
lowest field resonance is assigned to the amide reso-
nance (N-1). The chemical shift (§ 132.8) agrees very
well with the observed chemical shift of the a =nitrogen
of DAP in viomycin (&6 132.5) [4]. The other lLow field
resonance can then be assigned to the aminomalonic acid
nitrogen (N=-3). The two other high field resonances
belong to primary amino nitrogens. In model <compound
L-2,3-diaminopropanoic acid the chemical shifts are &

31.3 for the 2-amino group and § 24.8 for the 3-amino
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figure 5 15N spectrum of malonomicin. Chemical shifts

are in ppm from anhydrous liquid ammonia and
have been converted from the originally meas-
ured NH415N03 (5% in 2 N-HNO3) reference with
conversion constant 375,6 ppm L[3].

group, which is expected as increasing alkyl substitu-
tion at the nitrogen-bonded carbon will cause downfield
shifts [31. Therefore, the resonance at § 28.4 is
assigned to the serine amino group (N-4) and the reso-

nance at &§ 24.7 to the amino group at C-5 (N-2).

15

In a lLabelling experiment with NHQCL (500 mg/L), uni-
formally enriched malonomicin (ca 20% 15N) was
obtained. By means of 13C NMR, 136-1SN coupling con-

stants <could be measured, which are tabulated in table

5. They all agree with Literature values [3].



Table 5
Coupling constants observed 1in 15N enriched malonomicin
(absolute values)
Ty A3c¢-150 Hz Ty13¢-15 H2z
13.. 215y 12.8 V¢ -1y 11.56
13 1 151 13 8 45 3
C,- °N 10.0 C,.— "N 16.0
13C"_15N ‘9 13C11_15N3 -
5 2 - 12 4 .

3.5. Experimental

|

.2.1. <Carbon-13 spectra

136 spectra were recorded on a Varian XL-100 at 25.16

MHz or a Bruker WH 90 at 22.63 MHz. TypicaLLy; malo-
nomicin was dissolved in HZO_DZO (1.2 ml; 10 :1 wv/v)
and after adjusting the pH to 8.5, filtered into a 10
mm tube; teflon anti vortex plugs were used. The spec-
tral width was 5 KHz (XL-100) or 6 KHz (WH 90). The
pulse delay was 5 sec., 8K data points were recorded
and 45 ° pulses were used; ca 12.000 transients were
accumulated under proton broadband decoupling. For
determination of enrichments, spectra were recorded
during the weekend and always a reference spectrum of
untabelled malonomicin was run under identical condi-

tions.
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.5.2. Proton spectra

1H spectra were recorded on a Bruker WH 90, a Bruker WM

250, a Bruker WH 270, and a Bruker HX 350. Spectral
width and number of data points were adjusted in such a
way as to determine chemical shifts with an accuracy of
at least 0.002 ppm. The pD of the samples (D.15 M) in
020 was measured using a pH meter with a semi-micro
glass electrode. Simulations were performed wusing the

ITRCAL program on the Bruker WH 90.

3.5.3. Deuteron spectra

2H spectra were recorded on a Bruker WH 130 (27 .64

MHz), a Bruker WM 250 (33.39 MHz), and a Bruker WH 400
(671.42 MHz). Typically, malonomicin (125-300 mg) was
dissolved in 1.2 ml H20 and filtered into a 10 mm tube;
for measurements of samples with Low enrichments,
deuteron—-depleted water (Aldrich) was used. The pH was
adjusted to ca 3.5 with 2N-KOH wusing a pH idndicator
strip. The spectral width was usually 1000 Hz; 256
data points were used for accumulation and 1K data
points for Fourier transform. 90° pulses were used
without delay. An exponential line-broadening of 3 Hz
was applied.

3.5.4. Nitrogen-13 spectra

15N spectra were recorded on a Bruker WP 200 (20.28

MHz), a Bruker WH 270 (27.36 MHz), and a Bruker WH 400
(40.55 MHz). Typically, malonomicin (300 mg) was dis=-
solved in 3.5 mL HZO_DZO (10 : 1) and filtered into a
15 mm NMR tube after adjusting the pH to 8.5. Spectral
width 3000 Hz (WP 200), pulse width 20 psec. (45 deg.),
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acquisition time 2.64 sec., 16 K data points. 1000
scans were accumulated under proton broadband decou-
pling. Exponential line-broadening of 0.3 Hz was
applied. The reference lLine was external 15N03_ in 5 M
HNOS. The accuracy in chemical shift determination is

about 2 Hz.
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Chapter 4

Feeding experiments with simple precursors

4.17. Introduction

Consideration of the possibilities for the biosyn-
thesis of malonomicin from simple precursors, and com-
parison with the known mode of biosynthesis of other
tetramic acids like tenuazonic acid (chapter 1, refs.
23-25) lead to the working—hypothesis that the hetero-
cyclbic nucleus of malonomicin could be derived from L-
2,3=diaminopropanoic actd (L-DAP) and acetate (or
maLonate), whereas the origin of DAP itself and the
serine part of the molecule could be L=-serine L[1]. The
origin of the rest of the side-chain (C-6, -7, C-8,
-9 and €-10) however, is far lLess obvious. As already
mentioned in chapter 1, the occurrence of aminomalonic
acid as such in nature is still unknown; only the enzy-
matic conversion (in vitro!) of oxomalonic acid to ami-
nomalonic acid L2] and the naturalt occurrence of two
derivatives give reason not to exclude the possibility
of aminomaloni¢ acid being a natural amino acid. Ami-
nomalonic acid itself as a precursor for this moiety 1in
malonomicin seems not likely from a reaction mechanis-—
tic point of view, especially if acetate or an acetyl
group at C-2 of the tetramic acid nuclteus would be the
source for C-6 and C-7 {(as in tenuazonic acid); this

would imply without any precedent, condensation of a



methyl group with the central carbon of aminomalonic
acid. On the other hand, oxomalonic acid could
theoretically condense easily with acetate or an acetyl
group, and after dehydration and amination yield the
carbon atoms of the side-chain in gquestion (figure 1).
Besides, in this <context, the involvement of imi-
nomalonic acid can not be excluded.

The abovementioned considerations formed the starting

point for the investigation.

ﬁ ?CKDH ﬁ H ?CX)H
2
R—C—CH3+ ?ZO — R-C-C-C-COOH ——
|
COOH OH
Icl) Cl.‘,OOH ICI) H (IZOOH
2
R - —?=ﬂ}—COOH —> R-C-C-C-COOH
I
H
NH2
figure 1

4.2. Exploratory experiments

Before starting biosynthetic studies, the right
moment for the addition of the right amount of lLabelled
precursors has to be determined (see chapter 2). This
is especially difficult when the organism is growing
slowly or when the required metabolite has no special
physical or physiological features. Fortunately, Strep-
tomyces rimosus is a rather fast growing organism in
which the beginning of the malonomicin production can

easily be visualized by measuring the UV spectrum of
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the culture at regular intervals, the emerging absorp-
tion at 280 nm indicating this moment. Usually this
will be after 24 hrs of incubation and production will

continue for about 16 - 20 hrs.

Exploratory feeding experiments for determining the
optimum addition parameters were performed with L[1-
3C]acetate. Addition of 200 mg/l gave good incorpora-
tion, almost independent of the mode of addition. Addi-
tion in one portion at the beginning of the production,
or addition in two portions, one at the beginning of
the production and the second after 8 hours, or working
up before the end of the malonomicin production (after
8 hours) did not change the enrichment factors signifi-
cantly. Henceforward, addition of all precursors was
performed in the same way, i.e. in one portion at the
beginning of the production. The yield of malonomicin
was about 200-300 mg/l; thus, for experiments with two
synchronous cultures, the capacity of the incubator (2
x 4 flasks of 500 mi with 110-150 ml each) was suffi-
cient to give high encugh yields of each culture for

accurate incorporation measurements.

The exploratory experiments established also that the
presence of different trace quantities of paramagnetic
ions (from the culture medium or from the NMR-sample
sotvent) which can form stable complexes with malonomi-
cin, causes rather strong intensity variations for the
quaternary carbons. This behaviour can exptain some of
the different enrichment factors for carbon atoms for
which, on biosynthetic arguments, equal labelling was
expected. This is also the reason that the accuracy of
the enrichment factors for the quaternary carbon atoms
is not better than 0.5%.
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4.3, Results and discussion

13C]DAP to a culture of Strep-

Addition of D,L=-[1-
tomyces rimosus {(for details see Experimental 4.4)
caused a high dincorporation at C-3 (an enrichment fac-

tor of ca 16.5, (table 1, figure 2)).

®
HN—CH: D () ®C|___0
H N N-C =
e

® ®

200 50 ‘ 100 — &0

._JL~_.*___A_1___L_ " L | 1 R |

13c

figure 2 spectrum of malonomicin a) at natural
abundance; b) after incorporation of D.L-[1-
13capar.

13

The Llabel from D,L-L1-'“Clserine was incorporated at



Table 1

Enrichment factors at individual positions in 13C—enriched samples of malonomicin,

Carbon  [1-13¢INaoac  [2-T3cnaoac  [1,2-13¢,INa0Ac  [1-T3cIMatonate

200 mg/0.5 L@ 200 mg/0.5 L 200 mg/0.5 L 270 mg/L
1 7.0 0.5 5.0 1.0
2 0.5 9.0 4.0
3 0.5 0.5
:
5 4.9 4.0 4.5 0.5
7 3.5 3.5
8 | 4.5 3.0
9/10 6.0 5.0 9.0 0.5
11 0.5 0.5 1.0
12
13

carbon  bL-[1-13c10ap  oL-[1-"3c¢iser  ['3cINaHcos  [3-13cIoxaloacetated

300 mg/L 300 mg/L 300 mg/lL 200 mg/0.5 1

1 0.5

2 3.0

3 16.5 5.0

A

5

o) 2.9

7 3.5

3 d 0.5 0.5 3.0
9/10 0.3 1.0 3.5 2.5

11 0.5 7.5

12

13

a) Amount of Labelled precursor b) Single addition ¢) Continuous addition

d) Enrichment calculated for one carbon atom

[1,4-13C2]Succinate

150 mg/0.5 L

4.5

5.5

[3-13¢10xaloacetate®
150 mg/0.5 L

0.5

EEGEEY % Tum
L I ]
[an 1W, T LV |

59 -
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C-11 and only slightly less at C-3, which suggests a
rather direct pathway from serine to DAP (table 1; fig-

ure 3)*.

<-n
C-3
~ -
figure 3 13C spectrum of malonomicin after incorpora-
tion of D,L—[1-1JC]serine.
Addition of L—E3~2H2]DAP and D—EB—ZHZJDAP and mecasure-
ment of the 2H NMR spectrum (figure 4) demonstrated

that L-DAP is incorporated efficiently, while D-DAP s
almost not incorporated. The small incorporation in the
experiment with D-DAP might have been originated from a
minor quantity of L=DAP present in D-DAP (the detection
Limit from measurement of the optical rotation is 1-2%
L-DAP). Concomitant with this low incorporation, there
was the fact that the yield of malonomicin after addi-

tion of D-DAP was considerably LlLower (ca 1/3 of the

*) The small quantity of Label on C-’?/H?3 can be ex-
pLajged by assuming degradation of [1- “Clamino acids

to COZ' which can be incorporated (vide infra).



et —_—
1 ppm 1 ppm

2
figure 4 “H spectrum of malonomicin (27.54 MHz) a)
2HZJDAP; b) after
H2]DAP.

after incorporation of L-[3-
2

incorporation of D-[3-
normal production) which was reproducible in a second
experiment. From these experiments it can be concluded
that D-PAP is probably an inhibitor of one of the
enzyme systems, mediating the biosynthesis of malonomi-
cin. The experiments wWwith Labelled DAP and serine
prove that serine is the origin of DAP and that L-DAP
is incorporated as such in the tetramic acid nucleus.
Experiments on the mechanism of the transformation from

serine to DAP are described in the next chapter.

Addition of E1*13C]oxomatonic acid to a growing culture
of S. rimosus did not give the expected resutt. Incor-
poration could not be demonstrated and therefore
oxomalonic acid will probably not be direct precursor
for the carbon atoms C-8, €=9 and C-10. The involve-
ment of aminomalonic acid as a direct precursor is all
the more untikely. This was established by the fact
that at least one of the carboxyli groups (C-9 and/or



C-10, which are coincident in the 13C spectrum) is
COZ—derived. After feeding NaH13C03; onky €-9/10
showed an enrichment (table 1; figure 5), with an
enrichment factor of ca 3.5, calculated for one carbon
atom. This might implicate that the aminomalonic acid
moiety 1is constructed via a carboxylation reaction in

some stage of the biosynthesis.

C-9/10

.-

figure 5 13C spectrum of malonomicin after incorpora-

tion of NaH13C0

3-

Complicated and surprising, but of decisive signifi-
cance for the successful elucidation of the biosyn-
thesis of the side chain, was the outcome of the exper-—
iments with Llabelled acetate (and malonate). The aim
of these experiments was initially only to determine
the origin of (C-1 and C€C-2 and perhaps C=-6 and C-7.

After addition of E1-13C]acetate, enrichments were
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observed not only at C-1 and (-6, as expected, but also
at €C-9/10 (table 1; figure 6)%.

c-9/10
Cc1

o

figure 6 1JC spectrum of malonomicin after dincorpora-
tion of [1-13C]acetate.

The 1°C spectrum obtained after addition of L1-

13

Clmalonate showed essentially the same Llabelling pat-
tern, though with a much Lower enrichment {(corrected
for Loss of label by scrambling over C-1 and C=3 of the
singly-labelled malonate) suggesting that acetate s
incorporated without conversion to malonate. The ratio
of incorporation at positions 1, 6, and 9/10 1is about
the same for acetate and malonate, which indicates that
malonate is decarboxylated to acetate prior to incor=

poration into malonomicin.

At this stage of the investigation it was not <clear
whether the Labelling of C~9/10 by L[1-1°

ginated directly from the carboxyl group of an acetate

ClJacetate ori-

*) The Llabelling of C-11 and (-3 after feeding labelled
acetate is probably due to the synthesis of serine from
pyruvic acid, which is formed by decarboxylation of ox-
aloacetic acid in the TCA cycle (vide infra).
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. 13 . _
unit or from CO2 (vide supra) generated by degrada
tion of acetate in the tricarboxylic acid (TCA) cycle
(figure 7) or even from both sources. This last possi-

13

bility became plausible by feeding [2- "Clacetate

(table 1; figure 3).

c-8

C-9/10

WL"L N

13

figure 3 C spectrum of malonomicin after incorpora=-

13

tion of [2- Clacetate.

Not only C-2 and C-7 were Labelled as expected, but
also (€-3, €¢-2/10 and even C-6. The more or less equal
lLabelling of C-7 and (-8, accompanied by comparable
Labelling of C-% and C-9/10 (with the Latter in excess,
which is probably due to 13C0? formation and incorpora-
tion) could be accounted —for by assuming a C4-
dicarboxylic acid derived from the TCA cycle as a
source of these carbon atoms. Indeed, in the TCA
cycle, the Label of E2-13C]acetate is distributed
equally over the central carbon atoms of scme CA_
dicarboxylic acids after formation of the symmetrical
succinic acid in a first turn, leading to LlLabel on C-7
and C-8. In a second turn, these labels are transposed

partially to the carboxyl groups (labelling of (-6 and



from CO»H
carbohydrate | 2 cO;
metabolism T™C=0

|

CHy  co H3C —CO,H

2
GO2H \\
H-C = Nr /A ?02"‘

GHa ./ZCI:=o H,C-CO,H
| /’ 2% = 2
CO,H *,CH I
y CO,H ZA0 HO~C~CO,H
Aspartate [ 2 CO,H o |
H'(l: “/2 ~OH Oxaloacetate Hcht—CtO-‘,H
itrate
7G?H2
do,H )
A Malate M
H CO,H |
e 2 HO-C-CO,H
2
. H-C~CO,H
HOPéC\H o | 2
2V~ H,C-CO,H
Fumarate Isocitrate
(IZOZH
CO,H ¢=0
' CH,
./ZCI:Hz ‘c':H
*/,CH, |2 €O,
| CO,H
CO,H
a-Oxoglutarate
Succinate
CO,
figure 7
Reactions of the tricarboxylic acid —cycle. The

symbol ® designates positions of label from en-
trance of CH,-labelled acetate into the cycte (one
turn). Note " that is not two carbon atoms from ace-
tate which are immediately removed as (0 but two
atoms from oxalcacetate. Only after several turns
of the cycle are the carbon atoms of acetate <com-
pletely converted into COZ'
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€-9/10); finally the label is extruded as 13co2 (extra

label on C-9/180).

To prove the incorporation of intact acetate units, an
additional experiment wWwith E1,2—13C2]acetate was per=
formed. This furnished a clear proof of the incorpora=
tion of three acetate units, i.e. C=-1 + C-2, C~6 + C-7

and €-8 + ¢-9/10 (table 1; figure 92).

c-9/10

c-8
c-7
c-1 ¢-2

13

figure 9 C spectrum of malonomicin after incorpora=

13

tion of [1,2- C2]acetate.

13C NMR

0f these, C-1 + C-2 were fully coupled in the
spectrum, demonstrating that exclusively an intact ace-
tate unit is used for the biosynthesis of the heterocy-
clic nucleus of malonomicin. The increased intensity
of the satellites of €C-1 and C-2 originates from the
incorporation of the doubly-labelled precursor (81%
doubly=-labelled}); the increased intensity of the centre
peak is due to incorporation of the singly=~labelled
precursor (9% singly-labelied). (¢-% +C-7 and C-8 + (-
9/10 were only partially coupled, in accordance with

the assumed conversion to a Cé-dicarboxyLic acid in the
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TCA cycle prior to incorporation into malonomicin. The
satetlites of (-6, (-7, C-8 and C-9/10 coriginate from
the dncorporation of a C4—dicarboxyLic acid in which
the intact acetate is present. The Llabelling, visible
in the increase of the intensities of the centre peaks,
originates from the incorporation of a C-4 dicarboxylic
acid in which the coupling is lost by one or more turns
in the TCA cycle; this leads to excess of label on the
carboxyl groups of the Ca-dicarboxylic acid (see figure
7).

Straightforward evidence for the incorporation of an
intact C4—dicarboxyLic acid, either directly from the
TCA cycle or in equilibrium with it, was obtained in a
feeding experiment with [1,4='°C dsuccinic acid. By

measuring intensities (the technique mostly wused in
13

biosynthetic studies with C lLabelled precursors) it
seemed at first that only C-92/10 was enriched (figure

10). 8ut by measuring peak integrals , an enrichment

at C~6 also was clearly indicated. The observed Line-
broadening of the (-% and C-9/10 resonances is caused
by a three bond 13C--13C coupling which is not resolved
in the normal 538000 Hz spectrum on 4K data points. How=
ever, by measuring & 1299 Hz spectrum on 4K data
points, both €-6 and C€-3/10 were partially resolved
into two doublets with a coupling constant of 2.% Hz.
This is  a clear demonstration of 1the problems 1n
enrichment studies which are associated with the use of
intensities instead of integrals (see chapter 2). The
higher extent of lLabelling at €-9/10 may also be caused
by incorporation of 13C02, generated by one turn in the

TCA cycle.



C-9/t0

C-9/10

U

¢ spectrum of malonomicin after incorpora-
13

figure 10 13

tion of [1,4- Czlsuccinic acid; a) spectrum
recorded with a spectral width of 5300 Hz; b)
spectrum recorded with a spectral width of

Hz.
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On the basis of this result, oxaloacetic acid was
regarded as an attractive direct precursor of malonomi-
cin. This because of the presence of the keto group,
which can provide the necessary activation for both
central carbon atoms (cf. figure 1. However, this
possibility was ruled out by the result of a feedirg

1‘)C]oxatoarsetir: acid. Instead of

experiment with [3-
carrying a considerable excess of label at C-7 or (-3,
the matonomicin isolated showed a similarly complex
pattern of enrichment as was obtained wWith L2-
13Cjacetate. The ratio and extent of enrichment of C-
2, ¢-5, (-7, (-3 and C-9/10 was dependent on the rate
of oxaloacetic acid addition to the <culture medium
(table 1; figure 11). When adding the Labelled
oxaloacetic acid all at once, the result was almost the
same as with E2-13C3acetate which can be explained by
assuming a rapid degradation of oxaloacetic acid to
acetic acid wvia pyruvic acid. When the exogenic
oxaloacetic acid concentration was kept low by continu-
ous feeding during the malonomicin production (ca. 16
hrs), the Labelling of C-2 (demonstrated to be directly
acetate derived, vide supra) was significantly Less;
apparently, degradation to acetic acid had been consid-
erably suppressed by this method. However, the label-
Ling pattern still resembled that obtained with [2-
13C]acetate, with the conspicuous feature of almost
equal Llabelling of C-7 and C-8, regardless of the feed-
ing method. The unexpected and complicated incorpora-
tion pattern after addition of oxaloacetic acid demon-—
strates that in the stud, of biosynthesis by means of
13C Labelled precursors the large amount necessary can
indeed cause metabolic distortion <(see chapter 2),

especially when precursors are added, which are pivotal



c-8
c-2 <-7
c-6
C-9/10
a
c-8
c-9/10
C-6 Cc-7
b c-2
Y,
. 13 .. .
figure 11 { spectrum of malonomicin after incorpora-

4
tion of E3~1“C30xaLoacetate; al after addi-
tion of precursor at the beginning of the
malonomicin production; b after continuous

feeding during the malonomicin production.

intermediates in intermediary metabolism.

The scrambling of the Llabel of [3-13C]oxatoacetic acid
over C(6-10), the equal labelling of C-7 and C-3 both
from E2-13C]acetate and from [3-13C]oxaLoacetic acid
and the incorporation of intact succinic acid point to

a symmetrical TCA cycle C4-dicarboxylic acid, T.E.
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succinic or fumaric acid, as a direct precursor in the
biosynthesis of malonomicin. The distribution of Label
from E3-13C]0xaLoacetic acid over C-7 and C-8 can be
explained as the result of a metabolic equilibrium
existing between oxaloacetic acid and the symmetrical
succinic or fumaric acid via malic and/or aspartic acid
(figure 7). Similarly, the incorporation of label on
C-5 and C-9/10 is a consequence of the dirreversible
conversion of [3-13C]oxatoacetic acid 1into carboxy-
labelled succinic or fumaric acid via decarpoxylation

of oxoglutaric acid in the TCA cycle.

From an experiment with L~E3-2H2]aspartic acid 1t
turned out that deuterium was incorporated. However,
aspartic acid is in equilibrium with both oxaloacetic
acid and fumaric acid (figure 7) and an experiment with
L-"°N aspartic acid (100 mg/l) proved that aspartic
acid 1Jis not a direct precursor of malonomicin, for
enrichment could not be demonstrated 1in the 15N NMR
spectrum. Therefore, aspartic acid is probably incor-
porated via oxaLoacetic1§cid and/or fumaric acid.

Addition of 503 mg/lL NHACL to a growing culture

resulted in a high enrichment (enrichment factor ca 20%

as measured by determining the heights of the 15N

satellites in the 13

C spectrum). ALL four nitrogens
were labelled to an almost equal extent, so this exper-
iment gives no further information*.

Whether succinic or fumaric acid is the direct

*¥) In this experiment, another (known [3]1) metabolite
of Streptomyces1§imosus, diaminosuccinic acid, could be
isolated. The N content was 50%; probably the high
exogenous ammonium concentration had induced its syn=-
thesis.



_?8._

precursor cannot easily be concluded only from experi-

ments with the Labelled acids, because of the rapid

equilibrium between these two acids. And indeed,
incorporation of 52,3“2H4]succinic acid and [2,3-
2

HZqumaric acid to two synchronous cultures did show

no significant difference (figure 12).

figure 12 2H spectrum of malonomicin (27.64 MHz), a)

after dincorporation of E2,3-2H4Jsuccinic
acid; b) after incorporation of [2,3-
2

H2]fumaric acid.

However, if this equilibrium can be influenced by means
of a competitive 1inhibitor, discrimination between
these two precursors might be possible. Malonate is
such an inhibitor (on the basis of its close structural
analogy), which, at moderate <concentrations (0.01MO,
does not influence the malonomicin production. Experi-
ments with the deuteriated acids performed with syn-—
chronous cultures with and without added of malonate
(figure 13) showed that the incorporation of fumaric
acid is considerably lower in the presence of malonate,
while malonate had no effect on the incorporation of
succinic acid. Therefore, it is <concluded that suc-

cinic acid is the most direct precursor from the TCA



figure 13 2H spectrum of malonomicin (27 .64 MHz} after
incorporation of a) deuteriated succinic acid
(A) and fumaric acid (B), with added malonate

(A1 and B1) and wWwithout added malonate (A2
and B2).

cyclte for C-6, C-7, C-8 and C-9 or C-10

The effect of broadband proton decoupling on the deu-

terjum spectrum after incorporation of 2,3~
H4]succinic acid is shown in figure 14. Due to the
1,_.2

Large Linewidths of the deuteron resonances, H="H cou-
plings do not result in observable splittings; however,
on broadband proton decoupling, the Llinewidth will
decrease to the extent of the wvalue of the coupling

-1H7) is 17 .4

constant. The <coupling constant ZJ(1H?



Hz, thus the <corresponding proton-deuteron coupling
constant will be 2.7 Hz. 1In figure 14 the predicted
Line narrowing on decoupling with the <concomitant
increase of intensity is clearly visible (the integral
remains constant); the solvent peak serves as an inter-

nal reference.

figure 1% 2H spectrum of malonomicin (27.54 MHz) after
incorporation of E2,3—2H4]succinate al

decoupler on, b) decoupler off.

From this, it can be concluded that only one hydrogen
of succinic acid 1is incorporated into malonomicin.
This is in agreement with the observation that the
extent of Llabelling from deuteriated succinic acid and
fumaric acid does not differ much, though the deuterijum
content in succinic acid is twice that in fumaric acid.
A 2

deuterijated succininic acid was measured at pH $.5; at

H spectrum of malonomicin after incorporation of

this pH (and Lower) the chemical shift difference
between the two protons at -7 is largest (see figure
3, p. 51). 1t appears that only at 3.82 enrichment
is observed. The small resonance at high field ori-

ginates from incorporation of deuterium at C-5; the
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Large guantity fed (1g/1.5 L) may lead to incorporation
in the serine- and DAP part via pyruvic acid. This
means that the step from succinic acid to the ami-
nomatonic acid moiety in which one of the protons s

lost, is a stereospecific process.

From the abovementioned results the origin of all the
carbon atoms in malonomicin c¢can be explained from
incorporation of acetate, succinic acid, C02 and ser-
ine. However, there is no evidence yet with respect to
the order in which the building blocks are assembled
and to the intermediates which are involved. This will
be the subject of the next chapter where some mechan-

isms and intermediates are discussed.

4.4. Experimental

4.4.1. General method for feeding experiments

A high yielding strain of Streptomyces rimosus
forma paramomycinus*, maintained on malt extract agar
{malt extract (Oxoid L 39; 15 g), bacteriological pep~-
ton (Oxoid L 34; 10 g), NaCl (5 g),agar (Oxoid L 11; 20
g) and tapwater (1 L)}, was inoculated into 500-ml baf-
fled <conical flasks with wadding closure containing ca
130 mL of medium of the following composition: a) malt
extract (O0xoid CM 57; 18 g), pepton (Difco 0118-01; 7
g), NaCl (5 g) and tapwater (1 L), or b) the abovemen-
tioned agarmedium (without agar). The pH of the medium

was adjusted to 9 with 4N-ammonia (or 2N-NaOH) and the

*) A generous gift of malonomicin and a high yielding
strain of S. rimosus from G6ist—-Brocades N.V. is great-
fully acknowledged.
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medium was sterilized in a pressure coocker at 125 O¢
for 25 minutes. After sterilization the pH of the
medium was ca 8.5. When cultures were grown without
long intervals, an aliguot of a 24 hr old culture was
used to inoculate the next culture. Incubations were
performed at 23°C on a rotary shaker (300 rpm; 3.8 cm
eccentricity). Isotopically-labelled substrates in
dilute aqueous solution of pH 8 were added as single
additions at the the beginning of the malonomicin pro-
duction, (usually at ca 24 h after start of the incuba-
tion). Only £3—13C]oxaloacetic acid was added continu-
ously during the production by means of a multichannel
peristaltic pump. The amounts of Labelled precursor
are given 1in table 1. In the study of the incorpora-
tion of two precursors in two synchronous cultures, the
contents of all the flasks were pooled together at the
start of the malonomicin production and divided again
over the flasks before addition of the labetled sub-

strate.

4.4.2. Isolation of (labelled) malonomicin

Mycelijum was centrifuged off 16-20 h after the
start of the production of malonomicin. The superna-
tant (ca 1 L) was concentrated to ca 75 ml by evapora-
tion 4in vacuo at 40 °C and acidified to pH 2 with con-
centrated HCL. The precipitate was centrifuged off and

the pH of the supernatant was adjusted to the i1soelec-

tric point of malonomicin (pH 2.7). MeOH (four
volumes) was added and the precipitate was collected by
centrifugation after cooling for two hours at -20 %c.
The brown residue obtained was dissolved in Hy0 (150

ml), the pH.was adjusted to 3.5, and the filtered solu-
tion was adsorbed on DEAE-Sephadex A-25 (column 35 x 2
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cm; adsorbent swollen in 0.5M~NH40A0; pH adjusted to
8.5 with 4N-NH40H). After washing with Hzo, malonomi-
cin was eluted with a Linear gradient of H20/1N—H0Ac
(total 900 ml; flLow rate 60 mlL h—1

containing the antibiotic were concentrated to a small

). The fractions

volume (5-10 ml), after wWwhich crystallization occurred.
After cooling, the crystals were collected by suction
filtration, washed with cold H50 and MeOH, and dried

over P205 in vacuo, yielding 200-300 mg of malonomicin.

A.4.3. Chemicals

Sodium [1-13C]acetate, E2~13C]acetate, £1,2-
13 13 13C]

C2]acetate, barium [ “Clcarbonate, potassium C
cyanide and sodium [13C]cyanide (each 20% enriched)

were obtained from Merck, Sharp and Dohme, Holland.

Sodium hydrogen E13C]carbonate was prepared from barium
E13C]carbonate and sodium hydroxide Cal. C1-
13C]Oxomatom’c acid was synthesized from E1—13C]matonic
acid via dibromomalonic acid [51. ©1,4-'°C,JSuccinic

1

acid was synthesized from potassium L[ 3C]cyanide and

1,2-dibromoethane £[561, £1—13C]matonic acid from sodium
E1SC]cyanide and monochloroacetic acid [7]. E1-13C3-
2,3-Diamingopropanoic acid was synthesized from L1~
13C]acryL'ic acid (from barium E13C]carbonate and vinyl-
magnesium bromide) via bromine addition [83 and amina-
tion [9] with NHAOH in c¢a 304 overall yield. C1-
13 13 -
cl-2,3~

dibromopropanocate in 30% overall yield. The protecting

ClSerine was prepared [10] from methyl [1-

O-benzylgroup was removed by catalytic hydrogenation
over Pd-C. [3—13

ester condensation of t-butyl [2-

ClOxalacetic acid was synthesized via
13CJacetate and di~-t-
butyl oxalate, according to the method of Heidelberger

and Hurlbert [£11]. The required t-butyl [2-13CJacetate
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was prepared by reacting finely powdered sodium [2-
3C]acetate (500 mg) with Lliquid isobutene (10 ml) in
diethyl ether (2 ml) and concentrated H2304 (9.5 mbL) 1in
a well stoppered glass tube at room temperature under
2H2]DAP and D-L3-
HZJDAP were synthesized from L~ and D-E3-2H2]aspartic

;igorous shaking during 15 h. L-[3-
acid 121, which had been prepared by deuteriation
(>95%) of L- and D-aspartic acid (Fluka) with 4N-DCL
according to [131]. 2,3-2H4 Succinic acid and 2,3-—2H2
fumaric acid were prepared from the unlabelled acids
with 2N-KOD/D20 using a modified procedure of Atkinson
et al. C[14]: succinic acid 15 h at 153 © and fumaric
acid 2 h at 150 °c¢c and subsequently 2 h at 100° in a
Teflon coated stainless steel autoclave. After acidif-
ication and evaporation to dryness, the acids were
purified by sublimation (140 °C¢, 1073 nm Hg), yield
>95% for succinic acid and 50% for fumaric acid (deu-
terjum content >95%).

ALL isotopically- Labelled substrates were pure by

t.l.c. and 1H and 1’C NMR spectroscopy.



4.5.

10

11

12
13
14

_85....
References

a) H. Reinbothe, Flora, 1962, 152, 545.

b) I. Murakoshi, F. Kato, J. Haginiwa, and T. Takemoto, Chen.
Pharm. Bull. (Japan), 1974, 22, 473.

¢) J.H. Carter II, R.H. Du Bus, J.R. Dyer, J.C. Floyd, K.C.
Rice, and P.bp. Shaw, Biochemistry, 1974, 13, 1221.

a) H. Nagayama, M. Muramatsu, and X. Shimura, Nature, 1958,
131, 417.
b) F. Vedel and Y. Guitton, Compt. Rend., 19465, 250, 1733.

F.A. Hochstein, J. Org. Chem., 1959, 24, 479,

D.B8. Melville, J.R. Rachele, and E.B. Keller, J. Biol. Chem.,
1947, 169, 419.

M. Conrad and H. Reinbach, Chem. Ber., 1902, 35, 1313.

B. Bak, J.T. Nielsen, and M. Schottl8nder, Acta Chem. Scand.,
1962, 16, 123.

M. Calvin, C. Heidelberger, J.C. Reid, B.M. Tolbert, and P.E.
Yankwich, Isotopic Carbon, Wiley, New York, 1949, p. 191.

L. Pichat, M. Herbert, and F. Aubert, J. Labelled Compounds,
1965, 1, 6o.

E. Winterstein and A. KlUng, Z. Physiol. Chem., 1709, 59, 141.

W. Grassmann, E. Wlnsch, P. Duefel, and A. Zwick, Chem. Ber.,
1958, 91, 538,

C. Heidelberger and R.B. Hurlbert, J. Amer. Chem. Soc., 1950,
72, 4704.

S.L.N. Rao, Biochemistry, 1975, 14, 5218.

I. Putter, U.S.P. 3,599,158.

J.G. Atkinson, J.J.Csakvary, G.T. Herbert, and R.S. Stuart,
J. Amer. Chem. Soc., 1963, 90, 493.



Chapter 5

Mechanistic investigation

5.1, Introduction

After the determination of the simple precursors
that form the basis for the construction of malonomi-
tin, the gquestions arise of the sequence in which the
skeleton iJs built wup and of the mechanisms involved.
Starting point for this investigation was the known
mode of biosynthesis of some other tetramic acids, par-
ticularly tenuazonic acid (1). For this simple antibi-
otic, it had been established that the first step is
the condensation of L-isoleucine (2) with an acetylCoA
derivative as depicted in figure 1 C13. Analogousty,
it seemed obvious that the biosynthesis of malonomicin
should start with the condensation of L-2,3-
diaminopropanoic acid (3) and a more or less substi-
tuted acetylCoA derivative, after which cyclisation to
(5) occurs and eventually the rest of the side-chain is
attached (figure 2). In figure 2, R 1is H 1in one
extreme; 1in the other extreme, the rest of the basic
precursors including serine is already attached before
the ring closure. Between the two extremes, in princi-

ple several other possibilities exist.

Diaminopropanoic acid is not a common amino acid and 1in

S. rimosus it 1is probably formed directly from serine



_8?..

H3C CH, H,C CH, (1)
figure 1
H\(‘ZOOH R
woh o [ —
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2 O CoA
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H,N  C C T HLN Hn
2 e NS 2° 7N\ O
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H, | H, l
H (4) (5)

figure 2
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as demonstrated in chapter 4. O0On the basis of normal
reaction pathways in primary metabolism, two mechanisms
for this conversion seem likely. These can be studied

using serine, deuteriated at the 2- and 3-positions
(figure 3 and 4).

CITOOH (|ZOOH

?OOH
D—cl:-NH2
B
H.C —OH
2
\\\& COOH ?OOH
i
D—C-NH, — > D—?—NHz
|
H-C=0O H,C-NH,
figure 3

Mechanism A involves dehydration of serine to o -amino
acrylic acid (6) and addition of ammonia to the double
bond. In mechanism B, serine 1is oxidized to ami-
nomalonic acid semialdehyde and transformed to DAP by a
transamination.

In mechanism A, the deuteron in the o —-position will
disappear, but both deuterons in theB —-position will
remain in DAP. The fate of the o ~deuteron in mechanism
B is different from mechanism A and it will ©be
retained; however, of the p—deuterons, one will be Llost
in the oxidation step.

A third possible mechanism, which is excluded here, for

it has not been demonstrated in in vivo experiments for



(IZOOH (IZOOH

C-‘NH — H—C—NH
I 2 | 2

COOH
D.C-OH B
2
\ (|ZOOH C.|“.OOH
H-C-NH, —s H-C-NH,
| |
D_C=0 D—CIZ—NH2
H
figure 4

serine, 1s the direct substitution of the hydroxyl or
activated hydroxyl group* of serine by an amino group.
In this case, both a= and B-deuterons would be retained
in the DAP molecule.

The results of these experiments are described in

chapter 5.2.1.

The investigation of +the nature of the acetylCoA

derivative that is coupled to the a-amino group of DAP

has been carried out using 13C- and 2

sors {(5.2.2.).

H-Labelled precur-

Using deuterium labelled precursors, it could be esta-

blished, in which stage of the biosynthesis of

*) The hydroxyl group of serine i1s often activated by
an acetyl, sulphate or phosphate group (see &e.g.
chapter 1.3.).
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malonomicin cyclization occurs. The enrichment factors
in these experiments were very low (0.02% and 0.05%);
however, by doubly labelling, the identity of the first
ringclosed precursor could be established with cer-
tainty.

In experiments with more elaborate precursors the
detection Limit of NMR methods was probably reached,
since it was not possible to detect incorporation of
substrates, in which the aminomalonic acid moiety had
been either completely or partly constructed (5.3.3.)
and (5.3.4.).

5.2. Results

5.2.1. Formation of 2,3-diaminopropancic acid from

serine

2H spectra obtained after feeding D,L-

In figure 5 the
E2—2HJserine £t2l] and D,L-E3—2H2]serine (31 are given.
In spectrum a), only one resonance is visible with the
same chemical shift as observed 1in the spectrum of
malonomicin where the proton at C-12 is exchanged with
deuterium by means of pyridoxal phosphate in 020 at pbD
9.2 [21. 1f there also would have been a resonance of
the deuteron at (-4, these two resonances would prob-
ably not have been resolved, but the resulting chemical
shift of the broad resonance would have been intermedi-
ate between the resonances of the deuterons at C-4 and
t-12.

Incorporation of D,L-E'S-2

H2]serine gave two resonances
in the deuteron spectrum with the expected chemical
shifts. An advantage in studying these mechanisms with
the aid of NMR is that the incorporation of serine can

be observed as well as the incorporation of DAP. This
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1ppm 0.5 ppm

figure 5 2H spectra of malonomicin after incorporation
of a) D,L—E2—2H33erine (27 .54 MHz) and b)

D,L-E3-2H2]serine (38.39 MHZz)

provides an internal check, since it allows a com-

parison of the integrals from the serine and the DAP

deuterons with respect to the ratio of 13C

13

incorpora-
tion from C[1- “Clserine, which is about 1 : 1.5 (cf.
chapter 4.2.). The integral ratio of the two reso-
nances in figure 5b is 1 : 1.4, which means that both
deuterons from D,L—E3—2H2]serine are incorporated 1in
the diaminopropanoic acid part of malonomicin.

Additional evidence for the 1incorporation of both B8
deuterons of serine 1in the g-position of DAP can be
derived from the effect of proton decoupling on the
linewidth of the deuteron resonances. Proton broadband
decoupling narrows both lines by about 1 Hz. This 1s
expected for both resonances when no deuterium is lost,

. 3 3
for the coupling constants J(H12 H13) and J(HA_HS)
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are 4.3-5.3 Hz (chapter 3.3); this would result in a
theoretical line narrowing of 0.7-0.9 Hz. The loss of
one deuteron 1in the @ -position of DAP would have
resulted in an additional Line narrowing of 2 Hz on
jrradiating the proton frequencies (the geminal cou-
pling constant is 13.2 Hz).

On the basis of these results, mechanism B can be
rejected and it seemed obvious that mechanism A was the
correct mechanism,

For comparison, D,L—[2,3—2H3]DAP was added to a culture
and the isolated malonomicin was analyzed. Unexpect-
edly, however, the deuteron spectrum (figure 6a) showed

only enrichment at the 8-position and not at all in the

A

a—-position.

y b

p—
1 ppm

figure 5 a) 2H spectrum of malonomicin (27.64 MHz)

2H3]DAP (300

spectrum of malonomicin after

after incorporation of 0,L-02,3-
mg/L); b) 15N
incorporation of [3-15NJDAP (100 mg/ L)

There are at lLeast two possible reasons for the deu-
teron (proton) loss at the a-position of DAP.

In the first ptace it is possible that serine 1is not
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converted into DAP and thereupon incorporated into
matonomicin, but that there 1is a joint dintermediate
from both serine and DAP which is further modified to
form the tetramic acid nucleus. It is known that ser-
ine can be dehydrated enzymatically to a—-aminoacrylic
acid (48), e.g. in the formation of tryptophane [4].
This intermediate, which is hydrolysed to pyruvic acid
and ammonia, could also arise from DAP by elimination
of ammonia [5]J. This hypothesis was tested by feeding
r3-1° TSN NmR

(figure 6b). Only the resonance at § 24.7, which is

NIJDAP, and analysis of malonomicin by

assigned to the nitrogen at €-5, showed a strong
enrichment; the enrichment factor is about 7%. From
this result it can be concluded that the B-NH2 group of
DAP 1is incorporated into malonomicin at C-5 and that
therefore a-aminoacrylic acid is not an dintermediate

between DAP and malonomicin.

The second explanation for the a -proton Loss from DAP
is that in one of the following stages of the biosyn-
. . P *
thesis the x—-proton is stereospecifically exchanged .
One of these stages could be the ring closure reaction
(which almost always proceeds with racemization at the
4-position 1in non-enzymatic systems [8al). 1In section

5.2.4. a possible mechanism is drawn.

*) The most self-evident explanation for the absence of
the resonance from the a-deuteron would be the lLoss of
this deuteron by racemization during work-up. It is
known from malonomicin and also from other tetramic
acids substituted at C-4, that the C-4-proton is rather
Labile [63]; it 1is easily exchanged by both acid and
base (accompanied by racemization). Therefore, the
optical rotation of the malonomicin solution was meas-—

ured after the recording of the deuteron spectrum, but
no significant racemization was observed.
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These results make it impossible to verify mechanism A,
atthough the retainment of both Rgdeuterons does sup=-

port it strongly.

5.2.2. Acylation of DAP

As established in chapter 4, acetate 1is incorporated
intact at positions 1 and 2 and therefore the first
step after the formation of DAP might be the N2-
acetylation to form Nz—acetyL—DAP ({(4); R=H). This

hypothesis was tested using N2-acetyL DAP, Llabelled at

the amide—-carbon wWith 13C.

However, incorporation
could not be demonstrated. This was also the case with
the derived ring-closed precursor 4-aminomethyltetramic
acid ((5); R=H), Llabelled at -5 with deuterium.
Although it cannot be excluded that the incorporations
are below the detection Limit, there seems tc be no
special reason why these precursors would give a so

much Llower incorporation than DAP itself.

From these experiments, it was conchkuded that the for-
mation of the tetramic acid nucleus occurs only after
at lLeast part of the side=-chain has been built up .
Therefore, we decided to investigate intermediates in
which succinic acid is already involved. As both suc-
cinic acid and acetate are incorporated next to each
other, their condensation product 3-oxoadipic acid (7)
might seem a plausible intermediate.

3-0Oxoadipic acid is known in nature as the degradation
product of several aromatic compounds like catechol and
protocatechuate to finally form acetic acid and suc-
cinic acid (figure 7).

As deuterium-labelled 3-oxoadipic acid had been syn-

thesized from [2,3-2H4]succinic acid and malonic acid



OH
COOH 7
COOH HOOC\J/(jjlko E
~ oH o

o)
H, [} H
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7

(

o H, Hy Hy
C-COOH ——> HOOC- CH; + HOOC - C C COCH
)

figure 7

(7], special attention was paid to be sure that no
Labelled succinic acid was present in the precursor
sample. If present, 52;3‘2H215uccinic acid would cer-
tainly have been incorporated (cf. chapter 4.3.) and
false conclusions could have been drawn.

After these precautions, a rather Large dose (300 mg/
1.5 L) was fed and incorporation of deuterium could be
established (figure 8a). The incorporation was not
high; it was estimated to be in the range of 0.15-0.27%.
Compared to the high incorporations of the basic pre-
cursors this might seem almost insignificant, but it is
well known in the Lliterature that more complex precur-
sors are often incorporated to a Low extent (0.1-
0.005%), especially when they are polar [81]. It s
akso known that 3-oxcadipic acid cannot easily permeate
the cytoplasma membrane in bacteria [91. Given this
low permeability, dncorporation to 0.1-0.15% can be

considered to be significant. However, enzymatic

degradation of 3-oxoadipic acid to succinic acid prior
to incorporation (see figure 7) cannot be excluded in
this experiment. To establish whether the 3-oxoadipate

pathway is operative in Streptomyces rimosus (in the
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titerature the pathway 1is not known for Streptomyces
species), deuteriated catechol was added to a culture
to see whether 3-oxoadipic acid can be generated by
biological degradation. However, we could not detect
any incorporation of deuterium into malonomicin and it
seems plausible that there are no enzyme systems
present din Streptomyces rimosus, which can degrade 3-
oxoadipic acid to succinic acid.

Although the evidence for the incorporation of 3-
oxoadipic acid is not <conclusive, the evidence
presented is at least circumstantial. As far as we
know, this would be the first time, that 3-oxoadipic
acid is demonstrated to be invotved 1in an anabolic

pathway.

A Logical next step in the biosynthesis might be the
N-acylation of L-DAP with 3-oxoadipic acid to form (3).

Ha H; ﬁ HaH,
s . _C-C-C-COOH HO_ , , C-C-C-COOH
COOH H Cz ] ? 8 9 5 7 8 9
H‘\I ] 21 H —_—
H,N Cc Cx H,N S
H  (8) (9) %

The risk of adding (8) to a culture when Llabelled 1in
position 5 or 7 (positions 2,4 and 83 are not suitable),
is that by hydrolysis both products, L-DAP and 3-
oxoadipic acid, <can be incorporated separately which
tan lLlead to erroneocus conclusions. To avoid this, dou-

bly Labelling at position 5 and 7 was used, and the

*) The numbering has been adapted to the numbering 1in
matonomicin for convenience. In the experimental part
the IUPAC nomenclature is used.
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absence of L-DAP in the precursor sample was checked by
t.l.cC. The resulting deuteron spectrum after addition

of the doubly-labelled compound is shown in figure 8b.

a -—‘—/—‘\\ | ‘/\/N

1 ppm 1 ppm

figure 3 2H spectra of malonomicin after incorporation
of a) [4,5—2H4]-3-oxoadipic acid (300 mg/1.5
L) and b) [5,7,8-"H,1-N°-(3-o0xo0adipoyl)-DAP

(300 mg/ L)

It is clearly visible that position-5 is significantly
enriched. However, position-7 {(which should be enriched
to only half of the Labelling at position-5, because
one deuteron is lost; see chapter 4) is not enriched to
the corresponding extent. Probably, hydrolysis has
occurred for a fraction only, and given the high incor-
poration of DAP (300 mg gives an enrichment factor of
16.5%Z; hydrolysis of 300 mg of (8) for 2% would result
in an enrichment factor of 0.17%, which 1is more than
ten times the natural abundance of deuterium. From
this experiment we cannot conclude whether (8) is a

precursor or not.



3.2.3. Ring closure

When 3-oxoadipic acid is a precursor in the biosyn=-
thesis of malonomicin, ring closure could occur after
its reaction with DAP. The involvement of this reac-
tion product, N2-3—oxoadipoyt DAP, could not be esta-
blished, but dits 1involvement seems mechanistically
plausible. Therefore, its ring closed product (%)
labelled at C-7 with deuterium was fed to a culture and
enrichment could be demonstrated, though to a low
extent. However, in this <case too, we could not
exclude degradation to labelled succinic acid prior to
incorporation. Therefore, we labelled (9) in two posi-
tions, at (-7 and <(€-5. If degradation occurs, only
Label at (€-7 of malonomicin is expected, for 4-
aminomethyltetramic acid 1i1s not incorporated (vide
supra)l. From figure 9 it can be concluded, that both
positions are enriched (compare the simulated natural
abundance spectrum at the same pH; cf. chapter 3). The
ratio of the integrals of both signals has been changed
from the normal value 3 : 1 to about 1.5 : 1. This can
be expected, taking into account that only one deuteron
at €C-7 1is incorporated into malonomicin v. two deu-
terons at C-5. From the integral ratio 1.5 : 1, an
enrichment factor of 0.02% can be calculated. The
observed chemical shift of the resonance at Lower field
deviates from the simulated one and corresponds more
with the chemical shift of the deuterons at C-7; this
is expected when more deuterium is present at C-7 than
at the other constituting positions. This means that
(9) is incorporated intact and thus is an intermediate

in the biosynthesis of malonomicin.



by
1 ppm

figure 9 2H spectrum of malonomicin (41.42 MH2) al
6]-4—

aminomethyl-2-succinoyltetramic acid; b) simu-

after incorporation of ES,?,S—ZH

lLated spectrum

If the second explanation, given in section 5.2.1., for
the proton Loss at the g-position of DAP is correct,
the proton at C-4 in (11) is not exchanged any more at
this stage of the biosynthesis. When (9), lLabelled
with deuterium at positions 4 and 5, was added, incor-
poration 1into malonomicin (figure 10) and indeed label
at C~4 was unequivocally demonstrated by comparing the
spectrum and integral with the simulated natural abun-
dance spectrum and its integral. The integral ratio of
1.12 1 implicates an enrichment factor of 0.047%.
The expected difference in chemical shift for the
enriched and the unenriched c¢ompound is clearly
observed (0.1 ppm) and is too large to be explained by
experimental errors. Thus, there is no doubt that the

C-4 proton is retained after ring closure.



- 100 -

1 ppm

figure 10 2H‘spectrum of malonomicin (61.42 MHz), a)
after incorporation of E4,5-2H3]—4—
aminomethyl=2=-succinoyltetramic acid; b

simulated spectrum

A tentative mechanism for the stereospecific exchange
of the a-proton of DAP 1is drawn in figure 11, In this
mechanism, the first step is a Claisen type condensa-
tion mediated by an enzyme (complex). In a following
step, the activating group <can be removed from the
tetrahedral intermediate by an elimination via proton
abstraction at (C-4. Finally, the resulting enolate~
anion could be stereospecifically protonated at C-4 Dby

the enzyme.

5.2.4. Construction of the aminomalonic acid moiety

C02’ ammonia and serine are the basic precursors, which
together with (9) witl form malonomicin. It is not

easy however, to derive a mechanism for the
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construction of the aminomalonic acid moiety starting
from (9). Given the incorporation of CO2 and ammonia,
(10>, (11) and (12) can be postulated as intermediates,
although a mechanism for the direct formation of (12)
from (10) or (11) 4is without precedent, since carboxy-
lation of an g-amino acid at the a-position and amina-
tion at the central carbon atom of a malonic acid
derivative are both unknown processes in nature. How-
ever, (103, (11) and (12), (lLabelled with deuterium at
C-5), were not incorporated, at least not to the
2H NMR (the

detection Limit can assumed to be 0.5 x natural abun-

minimum extent necessary for detection with

dance = 0.008%*). Low permeability could be the reason




], GO
HO R R= -C-C-C-COOH (10)
— H
HN H
27\ O H
CTNpNT SO il Ha
N, , R= -C—C-Cli—COOH (11)
H NH,
O OOH
noH2
=—C-C—$—-COOH (12)
NH,

for not detecting any enrichment since the 1incorpora-
tion of polar (9) is low and (10), (11) and (12) are
still more polar and so their permeability will be
stilt Llower. This means that for deuterium NMR, which
has certainly proven to be an excellent method for
demonstrating incorporations at a Llow level, the lower
Limit of its application has been reached. Other
methods, that can circumvent the potential permeability
problems or that can establish incorporations at Lower
tevels or a combination of both will have to be used to
elucidate the mechanism of the Llast steps of the
biosynthesis of malonomicin. In chapter 6 some prelim-

inary experiments in this direction are described.

*) This can probably only be achieved in spectra with
well resolved resonances which can provide the neces-
sary internal reference. Up to now the lowest level of
incorporation of deuterium reported in the literature
is 0.08% C101.
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5.3. Experimental

5.3.1. Synthesis of labelled precursors

D,L—E2,3-2H3]~2,3—diaminopropanoic acid

This compound was synthesized from L-aspartic acid
113, that had been deuteriated wusing the modified
method of Atkinson et al. (cf. chapter 4.4.3.).

E3-15N]-2,3-diaminopropanoic acid
Nitrogen=15 Labelled DAP was prepared from L-3-

chlorocalanine (250 mg)> by amination 1in 1 ml conc

15NH40H in 2 small Teflon coated stainless steel auto-

clave (2 h at 120 %¢). Purification was performed by
ion-exchange chromatography [111. Yield 50%.

13 1,.,13._15

C NMR: J( c N) 5.9 Hz.

NZ-E1-13C]acetyl-2,3-diaminOpropanoic acid (4)

3

(4) was synthesized from methyl N”-benzyloxycarbonyl~

2,3-diaminopropancate [12] and [1*13

Clacetyl chloride
(MSD Holland) using the method described in [131. After
basic hydrolysis of the methyl ester, the protecting
benzyloxycarbonyl group was removed by catalytic hy-
drogenation with HZ-Pd/C in methanol/agueous HCL. Yield
ca 60%.

136 NMR (H20, pH 8.5): § 174.5 (C-1)*, 22.3 (c-2),
177.0  (c-3), 54.2 (C-4), 42.0 (c-5), 4P c-1-13¢-2»

49.8 Hz.

*) The numbering in the spectral data corresponds with
the numbering in the figures
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ES-ZHZJS—aminomethyL—A—hydroxy-AF-pyrroLin-2—one
(5) (R=H)

(5)(R=H) was synthesized from L-E3-2H2]DAP (see chapter
4.4.3.) according to [%al.

3¢ NMR (H,0,pH 8.5): & 170.0 (c-1), 44.0 (c-2), 210.2

(C-3), 63.9 (C-4), 42.3 (C-5).
E4,5-2H43-3-hexanedioic acid (7)

(7) was prepared from E2,3-2H4]succinic acid and bis
trimethylsilyl malonate according to [73. The benzyl-
group of the dintermediate 06-benzyl 01-hydrogen 3-
oxohexanedioate was removed by catalytic hydrogenation
with H2—Pd/C in methanol.

13C NMR (non-labelled compound; H,0, pH 8.5): § 174 .5
(c-13, 50.2 (c-2>, 206.7 (¢-3), 37.7 (C-4), 29.27 (C-
5), 177.7 (C=6).

E2,3,4,5—2H4]catechol

Catechol (2.5 g) was dissolved in 1.5 N DCL (20 wml),
heated for 2 h at 120 °C in 5 Teflon coated stainless
steel autoclaves and evaporated to dryness. Deuterium

content >90%.

Ne-1-C4,5-2

acid (3)

H4]-3-oxohexanedioyL—2,3—diaminopropanoic

The synthesis of (3) was carried out from benzyl £L3-

2H2]-N3-benzyloxycarbonyL-Z,'S-diaminopropanoate and 06-

-z

benzyl 01—hydrogen 3-oxohexanedicate using the HOBT/DCC
coupling method as described in [6al. The protecting
groups were removed by catalytic hydrogenation with

H2-Pd/C in methanol. Overall yield from L—£3—2H2]DAP
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30%.

136 NMR (non-labelled compound; HZO’ pH 8.5): § 170.1

(C-1>, 49.6 (Cc-2), 171.3 (¢c-3), 50.5 (¢c-4>, 40.2 (c-5),
207.0 (¢c-46), 37.9 (Cc-7), 27.9 (Cc-8)>), 177.0 (Cc-9).

Ring closed compounds (9), (10), (11) and (12)

Synthesis of these compounds was accomplished using the
same methods as used for the total synthesis of malo-
nomicin [bal. The tetramic acids had been Labelled us-
ing Labelled (5) (vide supral). The didentity of the

13C NMR . In some com-

compounds was established by
pounds a minor quantity of the starting material was
present. This was mainly the (unlabelled) sidechain,
which cannot disturb the incorporation experiment. The

yields are calculated starting from (5).

[S—ZHZJ—S—aminomethyL—A-hydroxy—S-succinoyL-A?-
pyrrolin-2-one (%)

(9) was prepared from (5) and monobenzyl succinate.

Yield 40%. The ES,?,8-2H6] Labelled precursor was syn-

thesized from LlLabelled monobenzyl succinate and (5).
The [4,5-2
change of the C-4 proton in D20/1N—DCL for one hour.

13

HSJ labelled precursor was obtained by ex-

C NMR (H,0, pH 8.5): §178.3 (¢-1), 103.1 (¢-2),
196.0 (C-3), 59.6 (c-4), 42.0 (C-5), 197.0 (C-6), 36.83
(c-7), 32.5 (c-8), 180.5 (C-9).

[5-2

H2]-5-aminomethyL-3-(3—carboxysuccinoyL)—4-
hydroxy-A}-pyrroLin—2—one (10)

This compound was synthesized from (5) and 01-benzyL
4
0

prepared from dibenzyl malonate and t-butyl <chlorocace-

-hydrogen 2-benzyloxycarbonylsuccinate (13) which was
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tate using the method described for the synthesis of
the aminomalonic acid derivatives as described in [%a].
The monoalkylated malonate was separated from the di-
alkylated malonate by selective extraction from water,
buffered at pH 6.0 (after removal of the t-butyl grouph
Yield of (10) 35%.

13¢ nmr (H,0, pH 8.5): §178.7 (c-1), 102.7 (c-2),

193.5 (C-3), 56.5 (C-4), 40.1 (C=-5), 195.7 (Cc-6), 41.3
(c-7), 53.5 (C-8), 179.7 (C-9).

E5~2H J-S-aminomethyl-3~(4~aspartyl)-4-hydroxy=
3 2
N -pyrrolin-2-one (11)

The synthesis of (11) was carried out from (5) and 01-

benzyl 04—hydrogen N-benzyloxycarbonylaspartate [1473.
Yield 40%.

T3¢ umr (H,0, pH 8.5): §177.7 (c-1), 102.7 (c-2),

192.7 (C-3), 59.4 (C-4), 41.25 (C-6), 1956.0 (c-6), 40.3
(¢C-7), 52.4 (C-8), 175.9 (C-9).

E5~2H2]-5—aminomethyL-3-(2—carboxy-4-aspartyl)-

A—hydroxy-éé—pyrroLin—Z-one (12)

This compound was -prepared from (5) and Oq—benzyt 04-

hydrogen 2-benzyloxycarbonyl-N-benzyloxycarbonyl-
aspartate (14). Yield 30%. The synthesis of (14)  was
performed according to [5al from dibenzyl N-benzyloxy-
carbonylaminomalonate and t-butyl chloroacetate.

3¢ NMR (H,0, pH $.5): & 177.8 (Cc-1), 102.8 (c-2),

192.6 (C=3), 59.4 (C-4), 42.4 (C-5), 195.9 (C-6), 43.4
(C-7), 67.1 (€-8), 173.2 (C-9/10).
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Chapter 5

Evaluation and some preliminary experiments

6.1. Introduction

The results of the biosynthetic experiments with simple
and more elaborate precursors described in chapter 4
and 5 are summarized in figure 1 and 2. Serine is con-
verted 4dnto diaminopropanoic acid, which is probably
N-acylated with the condensation product of acetate and
succinate (1) to form (2). After ringclosure to (3J,
the remaining precursors COZ’ ammonia and serine are
attached to ultimately form malonomicin.

As shown in this figure, not all questions have been
solved. In the first place, the mechanism of the
conversion of serine into diaminopropanoic acid is not
definitely known. Also the involvement of 3-oxoadipic
acid as a direct precursor is not absolutely sure and
the involvement of the N-acylated product (2) could not
be established. Furthermore, the reactions that take
place after the formation of 2-succinoyl-4-
aminomethyltetramic acid (3) could not be determined.
Whether the failure of incorporation of some potential
intermediates such as (4), (5) and (6) was caused by
the fact that these compounds are not real intermedi-
ates, or by the inability to penetrate to the site of
synthesis of malonomicin, is an open question. Permea-

bility barriers do pose serious problems in
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biosynthetic studies. Indeed, it has been reported
that even simple precursors Like mevalonate and acetate
cannot cross the permeability barriers in some organ-
isms L[£11.

In Looking for a solution to these problems, severatl
approaches wWwill be discussed and also some pretiminary

experiments described.

6.2. Conversion of serine into diaminopropanoic acid

As a consequence of the Lloss of the -proton of DAP in
one of the subsequent steps of the biosynthesis of
malonomicin (presumably in the ringclosure of (2) to
(3), see <chapter 5.2.3.), the exact mechanism of the
serine to DAP conversion could not be established with
certainty. One mechanism, which, although Lless Llikely,
still cannot be excluded on the basis of the performed
experiments, is the direct substitution of the
(activated) hydroxyl group of serine by ammonia. This
mechanism can be tested by the use of serine, stereos-
pecifically lLabelled with deuterijum at C-3; in the case
of direct substitution by ammonia, the configuration at
€C-3 will be dinverted and 1in the case of an
elimination—addition reaction, the configuration will
remain the same [2]. By investigating other DAP <con-
taining metabolites in which the DAP part is incor-
porated without further modification, circumstantial
evidence for the conversion mechanism in malonomicin
can be obtained. Therefore, experiments with Strepto-
myces cotlinus Lindenbein, which produces NS-
fumarylcarboxyamido-L-2,3-diaminopropanoyl-L-alanine

L33 are under way. Labelling experiments with E2-2HJ~
and E3-2H2]serine could give the following possible

results:



- in the case of direct substitution, Label will Dbe
found at both the a- and B-positions and in the origi-
nal rétio.

- p—oxidation followed by transamination will give loss
of one deuteron in the f3A—-position.

- the occurrence of an elimination—addition reaction
will yieltd deuterium at the g8=-position only.

This last possibility, involving a-aminocacrylic acid or
dehydroalanine, is the most LlLikely one. Dehydroaminoa-
cids have also frequently been implicated as biochemi-
cal reaction intermediates. It has been suggested for
example, that dehydrocysteine- and dehydrovaline-
containing peptides could be intermediates in penicil-
Lin and cephalosporin biosynthesis [4]. In addition,
enzyme—-bound dehydroalanine has been proposed as an
intermediate 1in the desulphuration of cysteine
catalyzed by S—alkyl-L-cysteine lyase [5]1, in the dehy-
dration of serine by serine dehydrolase [5], and in the
metabolism of O-acetylserine [71]. Dehydroalanine
occurs in some peptide antibiotics, e.g. siomycin [83,
thiostrepton (9], and berninamycin £10]. In berninamy-
cin, which contains five dehydroalanine residues, it
has been demonstrated that serine is the best precursor
for these residues [£111, though it is not known whether
the dehydration occurs at the individual amino acid
Level or following incorporation into a peptide struc-
ture.

An experiment which can give more detailed 1insight in
the dehydration step 1is addition of serine and O-
acetylserine, both labelled at C-3, to two synchronous
cultures of Streptomyces rimosus, O-acetyl=~L-serine is
involved in the biosynthesis of many DAP-containing
plant metabolites [121] (cf. chapter 1) and has been
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detected recently in Citrullus wvulgaris (water-melon)
[13], which also produces a DAP-containing metabolite
L1413. If the dehydratation step follows the activation
of serine by conversion to O-acetyl-L-serine, the ratio
of incorporation into the serine and the DAP part of
malonomicin will probably be ¢hanged in favour of the
incorporation intc the DAP part. If O-acetyl-L-serine
is not an intermediate, the ratio of incorporation will
probably be the same as in the experiment with labelled

serine,

6.3. 3-0xoadipic acid

Although circumstantial evidence has been presented for
the incorporation of 3-oxoadipic acid into malonomicin,
degradation of 3-oxoadipic acid to succinic acid prior
to incorporation cannot be excluded with certainty.
Double Llabelling of 3-oxoadipic acid could definitely
prove the incorporation of the intact molecule,
There,fore we synthesized E2,3,6—13

C3]3-oxoadipic acid
13 13
from L[2- “Clmalonate and [1,4-

Cejsuccinic acid (see
chapter 5.4.). When incorporated intact, satellites

are expected to be visible in the 13C

spectrum at the
resonances of (=2 and €-3. However, enrichment could
not be detected. Unfortunately, only 100 mg of the
doubly Llabelled precursor was available for the incor-
poration experiment (vs 300 mg in the deuterium experi-
ment), and thus the detection of incorporation was much
more difficult. Unexpectedly, the yield of malonomicin

in the 13

C experiment was twice as high as usual, which
caused an extra dilution of Llabel. Assuming incorpora-
tion proportional to the concentration of Labelled
precursor{which in the <case of good permeability is

certainly not true)_,and given the enrichment factor of



0.15 for the deuterium experiment, the expected incor-
poration in the 13C experiment is 0.01%. The detection
Limit with doubly lLabelled precursors can be estimated
to be 0.025%, which will give satellites of 1.5% of the
centre peak (the natural abundance satellites have an
intensity of 0.55%% of the centre peakl.

An experiment with a larger quantity of precursor dou-
bly Labelled with 13C (see however 65.5.3.) or, much
less expensive, the use of radicoactive double Llabelling
with 146 and 3H, might give the definite proof for the
incorporation of intact 3-oxoadipic acid. With

radicactive Llabelling, the 3H : 14C

ratic should be
reduced to one fourth of the original value as only one

proton of 3-oxoadipic acid is incorporated (cf. chapter
&.2.).

The experiment with deuteriated catechol (cf. chapter
52 cannot be wused as a definite proof for the 3-
oxoadipate pathway not being operative in Streptomyces
rimosus. It is possible that the stereospecific Lloss
of deuterium (cf. chapter 4) is the explanation for the
absence of deuterium in malonomicin after feeding the
deuteriated precursor. Therefore, an experiment with
catechol, Llabelled with 13C or 14C can give extra

information on the occurrence of this pathway.

5.4, ﬂz-(é-oxoadipoyL)—g,z-diaminopropanoic acid (29

The only way to obtain a definite proof for the incor-
poration of the N-acylated DAP molecule (2) i1s a double
Labelling experiment. The doublie labelling has to be
such that hydrolysis of this compound to DAP and 3-
oxoadipic acid will not disturb the detection of incor-

poration of the intact precursor. This can be
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accomplished by Labelling the =nitrogen and the amide
carbonyl, by which a coupling of 12.3 Hz (see chapter

3.4) will be visible in both the 13C and the 15N spec-

trum. The enrichment can best be detected in the 1SN
spectrum since with the smaller linewidth there i1s Less
risk of obscuring the satellites in the base of the
resonance. Moreover, the theoretical detection Limit s
lower because of the Lower natural abundance of

nitrogen-15.

6.5. Approaches to the elucidation of the final steps

in the biosynthesis of malonomicin

b5.5.1. Permeabilization

An obvious method to study the incorporation of precur-
sors, for which the cytoplasma membrane is poorly
permeable, 1s to permeabilize the cells. This method
is rather mitd and fast and avoids the risk of mechani-
cal disruption methods which destroy the organizational
integrity of the cell and may lead to inactivation of
enzymes, dissociation of enzyme complexes, and other
artifacts. In the Literature several procedures are
known. With Saccharomyces cerevisiae the application
of nystatin [15], dimethylsulfoxide (DMS0O) [16], and a
mixture of toluene and ethanol {17] have been shown to
be successful for specific purposes. Recently, a per-
meabilization method using 0.05% Triton X-100 has been
reported which has also been wused in Streptomyces

species [181.

Permeabilized cells were used to study the involvement
of (2) in the biosynthesis of malonomicin. This

molecule is the probable precursor of the ring~-closed
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product (3) and other intermediate tetramic acids. As
a sensitive detection method of (3) UV spectroscopy was
chosen, for acyltetramic acids have an & of about
10,000 at 240 and 280 nm.

However, preliminary experiments wusing Triton X-100
(3.05 and 1%) and DMSO could not establish the ringclo-
sure from (2) to (3). Possibly, known methods for
testing the permeability of the cells have to be used
to establish the most favourable conditions, before
these permeabilized <cells can be successfully applied

in the study of the biosynthesis of malonomicin.

6.5.2. Use of cell-free extracts

Cell-free extracts have been used in biosynthetic stu=~
dies with considerable success, e.g. in the biosyn=-
thesis of porphyrins L138]J. The absence of any permea-
bility barrier might favour this method in its applica-
tion to our problems, but the disintegration of the
organized enzyme <complexes can inhibit its successful
application. In one preliminary experiment we prepared
a cell-free extract using sonication and lysozyme. Two
biosynthetic reactions were used to test this method:
a) the serine to DAP conversion using EU—14CJserine and
b) the incorporation of (3) (tabelled with tritium at
C-4) into one of the next intermediates. Detection was
performed with preparative HPTLC, and liquid scintilla-
tion counting. Although no gquantitative data are

available yet, some tentative conclusions may be drawn.

14

- In the experiment with C-Labelled serine, two

radioactive zones were found with the re values of
serine and DAP. The activity of the LlLatter fraction

was very Low and isolation of the DAP formed and an
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independent identification will be necessary for the
definite proof of this conversion in cell-free

extracts.

- In the experiment with tritium Labelled (3), two
radioactive zones could also be measured with the re
values of the substrate and an unknown compound. The
activity of the unknown compound was also very Low

and its ijdentity could not be established with cer-

tainty. None of the potential intermediates between
(3 and malonomicin (cf. chapter 53 coutd be
detected. Surprisingly, the rs vatue of the unknown

compound agreed very well with the r value of malo-
nomicin itsetf. Assuming that the radioactive com-
pound is malonomicin, it can tentatively be concluded
that the synthesis of malonomicin from (3} 4is accom-
plished in an enzyme complex without release of
intermediates. Isotation of the unknown compound and
recrystallization to constant specific activity after
addition of carrier malonomicin can establish whether
this product is identical to malonomicin or not.
When the method for obtaining cell-free extracts has
been optimized, this method <c¢an also be used 1in
experiments with tritium=Llabelled (4), (5), and ($)
to establish their involvement in the biosynthesis of

malonomicin.

$.5.3. "Tracer" studies

When permeability problems are not the reason that
incorporation of the most elaborate precursors could
not be detected, another explanation could be that
after the formation of 2-succinoyl-4-amincocmethyl

tetramic acid (2) the subsequent intermediates 1in the
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biosynthesis are enzyme—-bound. 1In that case, addition
of 300 mg precursor will be sufficient to block equili-
bration of the exogenous material with the biosynthetic
intermediates. It is known in the literature [20,211,
that the use of levels of exogenous substrate in vast
excess over endogenous substrate is liable to generate
misleading results, It has been emphasized [21], that
the use of labelled precursors in testing biosynthetic
hypotheses is a tracer technigue; therefore, repetitﬁon
of the experiments with Llabelled (8), (9) and (10) at
Lower Llevel of addition (e.g. 25 mg/lL) may give posi-

tive results.

$.5.4. The possible involvement of a plasmid in malo-

nomicin synthesis by Streptomyces rimosus

Numerous investigations with Streptomyces species have
suggested the role of plasmids as genetic determinants
of a number of phenotypic properties (e.g. fertility
£22,231, aerial mycelium formation [24,25], antibiotic
production (22,24-32], antibiotic resistance [25,281,
and melanin synthesis [33,341], The =elimination of
these characteristics by treatment with acridinium or
phenantrium dyes has been wused to demonstrate the
involvement of a plasmid. Of particular iJinterest s
the finding that antibiotic production may depend on
the presence of a plasmid. The transfer of antibiotic
producing ability by ¢conjugation has also been reported
£32] and transfer of this ability from a microorganism
with poor permeability properties to an organism with
better permeability properties, could make possible the
‘study of the biosynthesis of this antibiotic.

Therefore, we tried to detect plasmids in Streptomyces

rimosus, and, if present, to investigate whether the
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plasmid is responsible for the malonomicin production.
Two different methods were used to detect the plasmid
DNA: the "cleared lysate”™ method [35] and the "salt
out'" method [35]. Detection was performed using ethi-
dium bromide and CsCl gradient centrifugation, followed
by agarose—-gel electroforesis.

However, with both methods no plasmid DNA <could be
detected.

6.5.5. Mutation of Streptomyces rimosus

The use of microbial mutants has been of enormous value
in the study of biosynthetic pathways [37]. The basis
of the method is the production through mutagenic
agents, of mutants which are deficient in an enzyme
mediating one reaction of the biosynthetic process
under investigatiaon. The intermediate immediately
preceding the deleted enzyme in the pathway may accumu-
late 1in sufficient quantity to be i1solated and identi-
fied. This method has been successfully applied in the
study of the biosynthesis of, for instance, tetracy-
ctines [381, prodigiosin [39] and erythromycin [&401].

As mutant production is a random process, the success
of this approach clearly hinges on the feasibility of
treatment of Large populations. Another requirement 1is
@ practical procedure for selecting the desired mutants
from the treated population. As a selection criterion
the mutants are sometimes tested biologically.
Malonomicin is active against Pseudomonas sp. 257 L4171
and related molecules such as the decarboxylation pro-
duct of malonomicin and a number of synthetic analogues
are not [42]. Therefore, after treatment with N-
methyL-N.—nitro—N—nitrosoguanidine (kitling factor

90%), potential mutants (10,000) were plated and tested
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against Pseudomonas. The non-active mutants Wwere
transferred to and grown in a shaken culture and the UV
spectrum was measured since we were in search of acyl-
tetramic acids, which have characteristic UV absorp-
tions at 240 and 280 nm. The cultures themselves were
also biologically tested against Pseudomonas as the
biological test on agar-grown cultures was not always
retiable. However, no culture of the inactive mutants
showed the characteristic UV spectrum; on the other
hand some mutants could be isolated which produced
malonomicin at a much lower Level than normal (the
identity of malonomicin was checked by t.l.c.). The
development of a biological test which is more reliable
and the wuse of other mutagenic agents should be tried

before this method can be abandoned.

6.6. Conclusion

In this chapter the remaining problems in the biosyn-
thesis of malonomicin and several approaches to solve
them have been discussed. From the preliminary experi-
ments, 1t can be conciuded that the use of cell~-free
extracts seems promising for the solution of some of
the problems. Also, experiments using doubly labelled

precursors may give some additional information.
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Samenvatting

In dit proefschrift wordt het onderzoek beschreven naar
de biosynthese van het antibioticum malonomicine (1),
dat actief is tegen de verwekkers van de slaapziekte.
De bijzondere kenmerken van dit antibioticum zijn de
aanwezigheid van de tetramzuurkern (C1-C5), het amino-
zuur diaminopropionzuur (C3—C5) en met name het ami-
nomalonzuur gedeelte (CB_C1O)'

Ten tijde van de structuuropheldering van malonomicine
(toen nog K15 geheten), was dit de eerste natuurstof
waarin aminomalonzuur voorkwam. Sindsdien 1is er nog
een natuurlijke verbinding ontdekt met hetzelfde ken-
merk.

Voordat de structuur van malonomicine was opgehelderd,
waren er reeds enzymen bekend die in staat waren ami-
nomalonzuur om te zetten in glycine en aminomalonzuur
te maken wuit oxomalonzuur. Aminomalonzuur zelf kon
echter niet in vivo worden aangetoond.

Odm na te gaan hoe malonomicine wordt opgebouwd en of
aminomatonzuur een natuurlijk voorkomend aminozuur is
dat betrokken is bij de opbouw van malonomicine , werd
het hiervoor beschreven onderzoek verricht C(hoofdstuk
1).

In hoofdstuk 2 wordt de methodologie van biosynthetisch
onderzoek beschreven met de nadruk op het gebruik van
stabiele isotopen in kombinatie met kernspinresonantie.
Hiermee 1is het mogelijk inbouw van bepaalde bouwstenen
te bestuderen zonder dat de getabelde wverbinding tot
kiLeine fragmenten moet worden afgebroken om de positie

en mate van Llabelling te kunnen bepalen.
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In hoofdstuk 3 worden de interpretaties wvan koolstof-
13, proton, deuteron en stikstof-15 NMR spektra van
matonomicine besproken. Een juiste en volledige inter-
pretatie is noodzakelijk om tot eenduidige resultaten

bij biosynthetisch onderzoek te komen.

De resultaten van experimenten met eenvoudige bouw-
stenen worden beschreven in hoofdstuk 4. Hieruit kon
worden gekonkludeerd dat malonomicine wordt opgebouwd
uit azijnzuur, barnsteenzuur, C02, ammonia en serine
(waarvan diaminopropionzuur afkomstig is); aminomaton=-
zuur en oxomalonzuur bleken niet in matonomicine te

Wworden ingebouwd.

In hoofdstuk 5 worden experimenten beschreven om de
volgorde wvan opbouw en het mechanisme van de omzetting
van deze eenvoudige bouwstenen tot malonomicine te
bepalen. De biosynthese begint waarschijnlijk met de
omzetting van serine naar diaminopropionzuur.
Aangetoond werd dat deze omzetting waarschijnlijk ver-—
Loopt via afsplitsing van water en additie van ammonia.
Hierdoor verdwijnt het o=-proton van serine. Echter,
ook het o-proton van diaminopropionzuur wordt niet
teruggevonden in malonomicine. Mogelijk wordt dit pro-
ton vervangen bij een van de volgreacties, b.v. de
ringsluiting.

De volgorde van opbouw verloopt waarschijnlijk wvolgens
schema A. Niet alle stappen konden met zekerheid wor-
den vastgesteld, maar met name het optreden van het
eerste ringgesloten intermediair (3) kon worden
bewezen. Het blijkt dat na de ringsluiting het proton
op C-4 behouden blijft wat een ondersteuning is voor de
gegeven verkilaring.

Welke intermediairen na (3) optreden kon niet worden
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vastgesteld, omdat (4), (5) en (&) niet werden inge-
bouwd. Een - mogelijke oorzaak zou kunnen zijn dat de
inbouw onder de detectiegrens Ligt, of dat de aange-
boden bouwstenen geen echte intermediairen zijn. Een
Lage inbouw zou verklaard kunnen worden door aan te
nemen dat deze bouwstenen het cytoplasma membraan niet
of zeer moeilijk kunnen passeren (voor (2) en (3) wordt

cok een lage inbouw gevonden).

Om deze verklaring te kunnen testen worden in hoofdstuk
6 enkele methoden beschreven om ook de laatste stappen
in de opbouw van malonomicine te kunnen bestuderen. De
resultaten van een aantal voorlopige experimenten
toonde aan dat het gebruik van cel-vrije extracten wvan
Streptomyces rimosus hierbij een belangrijke rol kan

vervullen.
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