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ABSTRACT

It was initially assumed that the tetracycline nucleus originated by the
polyketide pathway from acetyl- or malonyl-CoA. Evaluation of the results
of cxperiments with labelled precursors and on the regulation of presumed
key enzyme systems, however, has led to the conclusion that the situation is
more complex than was first thought. It is suggested that chlortetracycline
does not fit into the category of the so-called secondary metabolites and
should be regarded rather as an ‘excessive metabolite’ produced by variation
in the control of certain key primary pathways. The experimental evidence
on control of pathways during the various phases of the bacterial growth
cycle is reviewed.

INTRODUCTION

Abundant experimental evidence has accumulated over the past years
that the relatively large group of natural compounds designated as oligo-
ketides are formed by condensation of acetate and malonate units. A detailed
description of the history of gesearch into this metabolic pathway may be
found in reviews and monographs’ 4.

Nevertheless, even a short review of the concepts relevant to the bio-
synthesis of cyclicand aromatic compounds®—the older view of condensation
of hydroxyphthalic acids with phenolcarboxylic acids®®, or the statistical
approach assuming 24 possible combinations of four acetate units during
biosynthesis of orsellinic acid and more than 40000 combinations during
biosynthesis of compounds arising by condensation of eight acetate units® ;
the view of a supplementary oxidation of preformed anthraquinones which
aids in elucidating the synthesis of compounds with branched chains'® and
the closely connected role of a hypothetical orsellinyltriacetic acid!!;
consideration of a possible multi-enzyme complex and enzyme reactions
taking place on its level'? ; the concept of biosynthesis of more complicated
oligoketides through condensation of short incomplete chains, e.g. Cg + Cj,
where changes like methylation, reduction, keto-enol tautomerism take place
before condensation and can decide the type of compounds that will be
produced by the microorganism under certain environmental conditions!3—
shows that much remains to be solved even at the level of the principal
building blocks. Our present knowledge in this field could not yet be applied
to the treatment of systems controlling the biosynthesis of oligoketide-type
compounds.
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All papers stress the similarity with the biosynthesis of fatty acids with the
sole difference that intermediate polyketothioesters remain completely or
partly in the oxidized form during condensation. Experiments with in-
corporation of labelled acety! or malonyl thioesters in cell-free extracts into
6-methylsalicylic acid'*, patulin'®, stipitatic acid'®, and alternariol'’ were
in agreement with this basic view.

Some discord was introduced into the harmony by work on the tetra-
cycline series. Although the view is generally accepted that the terminal
group of the hypothetical nonaketide is formed by malonamyl-CoA'®"?!,
some papers indicated??=?* that not all the problems by far of the bio-
synthesis of the tetracene skeleton have been satisfactorily answered. The
existing modes attempts at understanding the regulation of the biosynthesis
of thesc compounds on the enzyme level suggest that the formation of
chlortetracycline in high-production strains of Streptomyces aureofaciens
cannot be accounted for simply by an intensive carboxylation of acetyl-CoA
to malonyl-CoA. Thus, under industrial fermentation conditions when the
medium contains a great deal of protein, one must also take into account
other precursors or metabolic pathways that might lead to the formation of
malonyl-CoA.

EXPERIMENTS WITH LABELLED PRECURSORS

Evaluation of the results of the first paper* dealing with the biosynthesis
of chlortetracycline with the aid of radioactive precursors lay predominantly
in a comparison of the specific radioactivities of chromatographically
isolated chlortetracycline after adding some 40 different labelled compounds
into the cultivation medium (a degradation procedure was used for the
localization of radioactivity after incorporation of 2-'*C-glycine and
14CH,-methionine into the dimethylamino group of ring A of the chlor-
tetracycline molecule). It was found that 80-90 per cent chlortetracycline is
formed from starch and, furthermore, that the metabolic pathway for the
biosynthesis of chlortetracycline does not involve fructose, pentoses, the
Krebs cycle, shikimic acid and fixation of carbon dioxide. It could be
concluded on the basis of this work that chlortetracycline is a representative
of oligoketide compounds.

More recent work using labelled substrates supplemented and confirmed
these first data. The question of the Krebs cycle remained open, particularly
from the point of view of control of chlortetracycline biosynthesis which will
require further investigation.

Chemical degradation of labelled oxytetracycline showed that the radio-
activity of the ring D carbon atoms differs from the radioactivity of the
ring A carbon atoms of the oxytetracycline molecule. Certain differences in
the results may be ascribed to the time (physiological state of the culture)
when the precursor is added to the cultivation medium and to the duration
of incubation with the radioactive precursor’®, A more important finding
appears to be the relatively high degree of randomization of radioactivity
after addition of '*CH;COOH among carbon atoms which, in the tetracene
skeleton, correspond to carbonyl carbons according to the oligoketide
rule?®. The relatively high degree of randomization (1/6) indicates that acetic
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acid is not incorporated directly into the tetracycline molecule (acetyl-
CoA — malonyl-CoA — tetracycline) but that it first passes through the
metabolic cycles of dicarboxylic or tricarboxylic acids. For comparison,
randomization accounts for only 2 per cent of total radioactivity of 2-'*C-
acetic acid incorporated into 6-methylsalicyclic acid of Penicillium
griseofulvum?”.

In this connection, it is of interest to note the results obtained with the
biosynthesis of 6-methylsalicyclic acid formed by condensation of one
molecule of acetyl-CoA and three molecules of malonyl-CoA in Myco-
bacterium phlei. The incorporation of 2-'*C-acetic acid into this compound
was very low in this case?®. Incorporation amounted here to thousandths or
hundredths of one per cent while incorporation of the same compound into
fatty acids under the same conditions amounted to almost 10 per cent.
This value is of importance as it shows that the low incorporation of acetic
acid into 6-methylsalicyclic acid is not due to low permeability of the cell
membrane with respect to this compound. Roughly similar incorporation
as with 6-methylsalicyclic acid was found in phenylacetate and tyrosine
which are gencrally believed to be formed by the shikimate pathway.
Chemical degradation of labelled tyrosine then showed that 67.4 per cent of
the total radioactivity resided in the aromatic ring.

The difficulty of the evaluation of the incorporation experiments and the
complexity of the metabolic relations existing in the living organism emerge
from the cxample of chartreusin, a glycoside produced by a Streptomyces sp.,
the aglycone of which is formed according to the acetate-malonate rule?®.
Acetic acid (in contrast with diethyl malonate) is again scarcely incorporated
into the aglycone. A substantially greater incorporation was achieved with
1-'*C-trans-cinnamic acid while the incorporation of 3-!*C-trans-cinnamic
acid was negligible. Apparently, 1-'*C-cinnamic acid is B-oxidized to radio-
active acetyl-CoA which is utilized for the biosynthesis of the oligoketide
skeleton of the aglycone of the chartreusin molecule.

Experiments with labelled acetic acid or malonic acid (or with the esters)
can hardly provide new information or a deeper insight into the mechanisms
underlying the biosynthesis of tetracycline in our case. What we lack is
above all experimental data on the precursors and enzyme systems from
which acetyl-CoA or malonyl-CoA are formed whilst the microorganism
does not grow further and catabolic reactions predominate. In a situation
when the cell has ceased to grow, when proteins are not synthesized and cell
walls are not enlarged, one can image that a shift has taken place in the
metabolic pathways contributing during the different periods to the common
pool of acetyl- or malonyl-CoA.

PYRUVATE AS A SOURCE OF ACETYL-CoA AND
MALONYL-CoA

Investigation of metabolic pathways in Streptomycetes has shown that
organic acids accumulate in the course of cultivation of these micro-
organisms®?. We are chiefly interested in pyruvic acid®' and lactic acid*?
since their accumulation signals that oxidative decarboxylation of pyruvic
acid to acetyl-CoA as the basic building unit of oligoketides has been
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restricted. To increase the concentration of pyruvic acid one may cultivate
streptomycetes in synthetic media. This suggests that pyruvate dehydro-
genase is an enzyme complex, sensitively responding to the conditions of the
external medium (in a broad sense of the word).

When studying the biosynthesis of chlortetracycline in S. aureofaciens
under production conditions, pyruvic acid was detected (Figure 1) about the
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Figure 1. Growth, respiration and pyruvic acid level during the cultivation of Streptomyces
aureofaciens in shaken flasks. A, respiration (ml O, 17!, culture h™!); B, dry wt. mycelium
(mg ml~"): C, pyruvic acid (ug ml~ ') From J. Biochem. Microb. Technol. Eng. 1, 261 (1959)
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Figure 2. Specific activity of pyruvate dehydrogenase complex in the course of cultivation of
low-producing (left) and producing (right) strains of S. aureofaciens 1-- spec. activity (umols
ferrocyanide per 30 minutes per mg protein); 2-—chlortetracycline (ug m!~' x 1073)
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12th hour of cultivation (about 100 pg ml™'). During subsequent hours of
cultivation, the content of this acid in the cultivation medium drops sharply?>.
The transient increase of pyruvate concentration in the cultivation medium
of S. aureofaciens is caused by the inability to remove phosphoenol-
pyruvate** 35 through the tricarboxylic acid cycle. This observation agrees
with the examination of the activity of the pyruvate dehydrogenase complex
in the course of cultivation of S. aureofaciens. The maximum activity of this
enzyme in the production strain appeared between 12 and 24 hours of
cultivation (Figure 2). After 48 hours, at the time of a sharp increase of the
enzyme systems synthesizing chlortetracycline, the activity of the dehydro-
genasc system is very low. Similar results were obtained when estimating
the activity of acetyl-CoA carboxylase. With this enzyme, too, the activity
during the production period is very low even if during the 12th and 24th
hours of fermentation it is clearly higher in the high-production strain of
S. aureofaciens than in the low-production one (Figure 3). It is thus thought
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Figure 3. Specific activity of acetyl-CoA carboxylase in the course of cultivation of low-producing

{left) and producing (right) strain of S. aureofaciens. 1—spec. activity (c.p.m. mg~!
protein x 107%); 2—chlortetracycline (ug ml " x 10 73)

that the decrease of enzyme activities, including those of the tricarboxylic
acid cycle at about 24 hours of fermentation®®:3”, is in a first approximation
due to restriction of protein synthesis. Glutamic and aspartic acids, as well as
other amino acids associated with the tricarboxylic acid, are not formed.
In this situation it may happen that the concentration of some organic
acids of the tricarboxylic acid cycle will be increased. During the subsequent
hours of cultivation, the cell compensates for this increasc by opening new
metabolic relations in which catabolic reactions predominate.

A drop in pyruvic acid may occur either in consequence of induced
synthesis of the dehydrogenase enzyme complex or due to removal of an
inhibitor, e.g. succinate (it should be noted in this context that the cultivation
medium of S. rimosus was found to contain large amounts of o,B-diamino-
succinic acid®®). Another possibility would be the carboxylation of pyruvic
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acid to oxaloacetic acid (using the biotin enzyme plus ATP) or carboxylation
to malic acid by reductive carboxylation with NADPH?*°. In our experiments,
we could not demonstrate pyruvate carboxylase that could give rise to
oxaloacetic acid. It may be concluded from the enzyme activity of malate
dehydrogenase (decarboxylating) that the enzyme does not participate in
chlortetracycline biosynthesis (Figure 4).
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Figure 4. Specific activity of malate dehydrogenase {decarboxylating) in the course of cultivation
of low-producing (left) and producing (right) strains of S. aureofaciens 1—specific activity
{pmol pg ! protein min~'): 2- —chlortetracycline (ug mi~' x 1073

Accumulation of a-keto acids was also observed in S. rimosus (a producer
of oxytetracycline*®). It was found that pyruvic acid is converted stoichio-
metrically to a-ketoglutaric acid.

It was said before that the oxidation of pyruvic acid to acetyl-CoA as the
single metabolic pathway yielding the basic building blocks of chlortetra-
cycline is contradicted by the results obtained with labelled precursors.
It must be borne in mind, however, that addition of acetic acid to the medium
does not correspond to physiological conditions. To convert labelled acetic
acid added tothe medium to acetyl-CoA, the cell requires considerable energy.
This can be drawn from the cleavage of ATP (this gives rise to adenylic
anhydride as an intermediate product) or from a markedly exergonic
reaction, such as oxidative decarboxylation. It was found in the present
experiments that the concentration of ATP in the low-production strain
shows two peaks and is about 10 times greater than in the high-production
strain. The ATPase activities are about equal. In the low-production strain,
the maximum is reached after some 36 hours of cultivation, in the high-
production strain after some 48 hours (Figure 5). When studying the in-
corporation of 1-'*C-acetic acid in high- and low-production strains of S.
aureofaciens into fatty acids it was observed that the activity of the enzyme
system is about 5 times greater in the high-production strain and attains
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Figure 5. Changes in intracellular concentration of ATP and ATPase activity in the course of
cultivation of low-producing (left) and producing (right) strains of S. aureofaciens 1. -ATP
(ug ml™'); 2- -ATPase (orthophosphate pgml~!' protein x 5.107%): 3—chlortetracycline
(ugml™ ' x 51074

maximum production between 20 and 24 hours of cultivation (Figure 6).
These results, like the randomization of radioactivity after adding 2-'*C-
acetic acid, indicate that the carboxylation of acetyl-CoA to malonyl-CoA
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Figure 6. Incorporation of 1-!*C-acetic acid into fatty acids during cultivation of low-producing

(left) and producing (right) strain of S. aureofaciens 1--incorporation of labelled acetate
(uCi g~ ' mycelial dry weight); 2—chlortetracycline production (ng ml™! x 1073)

is not the sole source of the building units of the tetracene skeleton. It appears
that at least a part of acetyl-CoA is drawn into the dicarboxylic acid pool.
It is thus likely that the carboxylation of acetyl-CoA to malonyl-CoA is the
bottleneck of chlortetracycline synthesis.

OTHER PRECURSORS OF MALONYL-CoA

The literature contains ample data that malonyl-CoA need not arise
merely by carboxylation of acetyl-CoA. A number of other reactions were
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described, all of them giving rise to malonic acid or rather to malonyl-CoA.
For example, malonyl-semialdehyde was found to be formed in rat kidney
where it is the product of transamination of B-alanine with 2-oxoglutarate.
Similarly, malonyl-semialdehyde was detected in a partially purified enzyme
preparation from a Pseudomonas species (transamination between p-alanine
and pyruvate). The B-alanine considered in these reactions is formed during
metabolism of dihydrouracil or of propionyl-CoA. Enzyme-bound malonyl-
semialdehyde is further assumed to be the intermediate during conversion
of B-alanine to 3-hydroxypropionate in Clostridium propionicum*'. Malonyl-
CoA was also described as a product of oxidation of propionic acid in
Clostridium cluyveri. Culture extracts of this microorganism catalyze
reversible hydration of acrylyl-CoA to 3-hydroxypropionyl-CoA. Malonic
acid can be further formed as a product of bacterial degradation of
pyrimidines*?.

Malonic acid was identified, as the main organic acid, in bean roots
(Phaseolus vulgaris) where the acetyl-CoA carboxylase activity in root tissue
sections was very low (this contrasts with the embryonic tissue). It was shown
in further work that the immediate precursor of malonic acid in the roots
of this plant is oxaloacetic acid**~*°. Investigation of the enzyme catalyzing
the oxidative decarboxylation of oxaloacetate showed it to be probably a
peroxidase.

Another possibility of formation of malonyl-CoA lies in the hypothetical
transcarboxylation reactions*®~*# which might play a role in the biosynthesis
of oligoketides since they have very small energy requirements.

For the sake of completeness, let me mention that during degradation of
aminoadipic acid, glutaric acid is formed after transamination and oxidative
decarboxylation. After attaching coenzyme A, the glutaric acid is further
degraded as a fatty acid. This means that an intermediate to be considered
here is the unsaturated glutaconic acid which gives rise to 3-hydroxy- and
further to 3-keto-glutaric acid which is split to acetyl-CoA and malonyl-
CoA*".

The possibility of the condensation of two molecules of malonyl-CoA
that might then be decarboxylated to 3-ketoglutaric acid (or the simple
condensation of acetyl-CoA with malonyl-CoA) and subsequent metabolism
as described above to 2-ketoglutaric acid, is not found in the literature.
It would represent a fine bridge to the tricarboxylic acid cycle.

Compounds which are formed by condensation of acetyl-CoA and two
molecules of malonyl-CoA, i.e. triacetic acid (3,5-dioxohexanoic acid) or its
lactone (4-hydroxy-6-methyl(2H)-pyran-2-one) were described as metabolites
formed in the absence of NADPH in pigeon liver®, in Escherichia coli®'
and in Penicillium patulum®? 33, Derivatives of triacetic acid lactone (4-
hydroxy-6-(2-oxopropyl(2H)}-pyran-2-one  and  3,6-dimethyl-4-hydroxy-
(2H)-pyran-2-one) were isolated from the cultivation medium of Penicillium
stipitatum®* 8.

THE TERMINAL GROUP

It was mentioned before that the terminal group of the chlortetracycline
molecule is formed by malonamyl-CoA'®. This view is indirectly supported
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by isolation of 2-acetyl-decarboxamidotetracycline®® where the terminal

group is formed by acetoacetyl-CoA. Fatty acid analysis of the mycelium

60--62

of Streptomyces aureofaciens showed that the main component is formed by
branched fatty acids, viz. 13-mcthyltetradecanoic, 14-methylpentadecanoic
and 14-methylhexadecanoic. It is without doubt that the terminal group of
these fatty acids arises from the corresponding branched amino acids
(after-deamination and decarboxylation during condensation with malonyl-
CoA shorter by one carbon atom—Table 1).

Table I. Representation of fatty acids in the lipid fractions of Streptomyces aureofaciens

Acid

Lauric acid, C,,,,

Myristic acid, C, 4.0
12-Methyltridecanoic acid, iC, 4o
13-Methyltetradecanoic acid, iC, 5.q
14-Methylpentadecanoic acid, iC, 4.4
Palmitic acid, C, 4.9

Palmitoleic acid, C .,
14-Methylhexadecanoic acid. aC, ;.o
Stearic acid, C, 4.0

Oleic acid, C 4.,

Linoleic acid. C4,,

Relative
elution
volume
of Me
ester®
0.29
0.37
047
0.55
0.76
1.00
1.02
1.16
1.78
1.94
2.30

Relative %

Trigly- Digly- Free fatty Mycelium
cerides cerides acids hydro-

lyzate®
04 04 04 0.4
2.0 0.8 1.6 0.9
23 1.2 1.9 29
17.6 220 26.0 23.2
12.1 14.3 15.6 19.2
15.4 159 149 174
129 11.3 14.8 0
14.2 155 15.9 27.8
2.7 20 1.8 0
9.8 6.1 49 0
9.6 71 43 0

* Vg (methylpalmitate) — 2183 ml.

" Fatty acids remaining in the mycelium alter extraction and liberated by alkaline hydrolysis.

One might visualize that the terminal group of the hypothetical nonaketide
molecule of tetracycline is also formed by an amino acid, unbranched in this
case, from which several metabolic reactions lead to malonamyl-CoA.
This view was supported by the present results with labelled asparagine.

CH3 OH N(CHg)o
OH
H* Hofmann
NH(CHz)p . HCI ~=—— — —BaCOy
CONH, @
OH O OH| O
OH
OH"~
OH
COOH
OH

[133]

Figure 7. Scheme oftetracycline degradation and the values of theradioactivity (r.m.a. x 1073/1C)
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Degradation experiments showed®? that the radioactivity in the chlortetra-
cycline molecule is distributed unevenly. The radioactivity of the amide
carbon arising from the assumed terminal group was about ten times greater
than the radioactivity of carbons in the C and D rings of the chlortetracycline
molecule (measured as gentisic acid or 6-acetylsalicyclic acid) (Figure 7).

As an approximation, one can imagine two paths for the transformation of
asparagine to malonamide (Scheme 1). In the first case, the amide group of
asparagine is retained during the formation of malonamide. In the second
case, the amino nitrogen of asparagine becomes the donor of the amide

CONH,
| CONH,
CH, 120 |
CONH, | _ 120, . ¢cH, +coO,
| c=0 |
CH, ! COOH
| COOH
CHNH,
|
COOH
COOH
| COOH
CH, | + CO, + H,0
H 2 2
1 __102_. CHZ
CHNH, |
| CONH,
COOH
COOH CO ~AMP CO-SCoA
l | |
CH, + ATP —— CH, +pp A oy, 4 aAMmP
! f |
CONH, CONH, CONH,

Scheme 1. Transformations of Asparagine to malonamide.

group of malonamide. This can be activated by ATP to malonamyl adenylate
or to malonamyl-CoA. In connection with the formation of amides one may
assume that amino acids and pyridoxal phosphate first react to form the
corresponding Schiff's bases®*. Peroxidase forms with the base a strong
electrophilic complex. After decarboxylation the complex is hydrolyzed,
the hydrolysis product being an amide.

THE EFFECT OF ANTIBIOTICS

The effect of antibiotics on their producer has been studied relatively
frequently®® 7 even if not at the enzyme level. In most cases, the selective
effect on low-producing strains was examined®® 7', It was generally assumed
that the high concentrations of compounds added to the cultivation medium
can be tolerated only by the high-production mutants. The mechanism of
action of the antibiotic in these experiments cannot be elucidated satis-
factorily. A major role is played by the external medium. A production
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strain of Streptomyces griseus (2 mg streptomycin ml~') grew well during
cultivation on a solid production medium and tolerated relatively high
concentrations of streptomycin added to the medium at the beginning of
cultivation. During cultivation on a non-production medium (potato agar)
it was sensitive to streptomycin just as were other control low-production
strains.

Work dealing with the biosynthesis of chloramphenicol in Streptomyces
venezuelae showed the existence of two mechanisms at the metabolic level
which control the production of the antibiotic’?2, When adding different
amounts of the antibiotic at the beginning of cultivation (lower, equal and
higher amount of chloramphenicol than was produced by the cells in the
given medium) the overall concentration of the antibiotic was about the
same at the end of fermentation. It is highly likely that at the higher con-
centrations of the antibiotic, enzyme systems were induced to degrade
chloramphenicol actively to biologically inefficient compounds’?. Tt was
demonstrated that a culture of Streptomyces sp. 3022a degrades the
synthesized chloramphenicol to p-nitrobenzyl alcohol and to p-nitrobenzoic
acid. The main degradation product was N-acetyl-p-nitrophenylserinol’*,

Evaluation of the data published on the effect of tetracycline antibiotics
on their producer is very complicated. The application of terms like high-
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Figure 8. Qo, and pyruvic acid level in the course of cultivation of S. aureofaciens Bg. The column
graph shows the effect of aeration interruptions of the final production of CTC as percentage

of control culture yields. The aeration was interrupted every hour for 10 min, i.e. in the first
group between start and 6th hour, in the second group, between 6th and 12th hour, etc.
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production and low-production strainsis not donerigorously in the literature.
In industrial practice (strains of Streptomyces aureofaciens producing mg of
chlortetracycline per ml after 72 or 96 hours of cultivation) a production
below 500 ug mi~! cultivation medium is disregarded and such strains are
designated as non-producing.

Also in the case of tetracycline antibiotics it was confirmed that addition
of the antibiotics at the beginning of cultivation (or even to the sporulation
media) has a favourable selection effect on the antibiotic production.
Experimental results showed that the young mycelium just beginning to
grow is particularly sensitive to external effects’®. A brief interruption of
aeration between the 6th and the 12th hours of cultivation (Figure 8) has a
drastic effect on the production of the antibiotic even if other metabolic
processes (increase of bio-mass) remained intact’® 7"

After adding 500 ug TC ml™ ' cultivation medium to four-hour cultures
(Figure 9), a TC-producing strain of S. aureofuciens exhibited a 37 per cent
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Figure 9. (A) Incorporation of '*C-leucine into proteins of tetracycline-producing strain of

Streptomyces aureofaciens(O -O) and production of tetracycline (@ -@). (B) Effect of tetracycline

on incorporation of '*C-leucine into proteins. Course of '*C-leucine incorporation after

addition of tetracycline to 4h cultures: 50 pg ml™' (+ - 4); 500 pg ml~' (O—0) and 1000 pg

ml~' (A - A). In the experiment with 500 pg TC ml~' the level of tetracycline was followed
during the experiment (@-- @)
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inhibition of incorporation of '*C-leucine into proteins and a complete
inhibition of tetracycline synthesis’®. Under the same experimental con-
ditions, the TC-nonproducing strain had a completely blocked incorporation
of leucine into proteins (Figure 10). It was found further that the non-
producing strain of S. aureofaciens is able to take up some 23 per cent more
of *H-TC than the producing strain (Figure 1I). The difference in the
sensitivity of these strains to tetracycline can be partly accounted for by a
difference in the permeability of the cells toward the antibiotic.
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Figure 10. Incorporation of '*C-leucine into proteins of a tetracycline-nonproducing strain of
Streptomyces aureofaciens. '*C-leucine incorporation in absence (O-—O) and presence of
500 pg ml~ ! tetracycline (@—@)
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Figure 11. Uptake of *H-tetracycline by tetracycline-producing (@—®) and nonproducing

(O0—0) strains of Streptomyces aureofaciens. The 4h-old cells were incubated at 30°C with

500 pg ml~" of *H-tetracycline (10 uCi). The samples were suspended in 10mM Tris—-HCl

buffer at pH 7.5 and filtered through a membrane filter. Radioactivity of washed cells was
counted in a Bray’s solution
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Further results of studying protein synthesis in S. aureofaciens showed
that addition of tetracycline during the exponential phase of growth leads
to a partial inhibition of protein synthesis and a complete inhibition of
tetracycline biosynthesis. Addition of tetracycline during the 16th hour of
incubation had no effect on the production of the antibiotic. These results
indicate that tetracycline interacts with the synthesis of specific enzymes
which are essential for the synthesis of the antibiotic rather than affecting
merely their activity’?. One may conclude that the basis of the mechanism
of action of these compounds and their interference with metabolism during
the early hours of cultivation lies in an effect on protein synthesis or rather
on the enzyme equipment of the cell.

It being established that under our cultivation conditions chlortetracycline
is already formed after 10 hours of cultivation, we wanted to verify to what
extent the activity of the enzyme systems of the so-called primary metabolism

20001

1000

T

100

50

Figure 12. Changes in specific activities of tricarboxylic acid enzymes (A, pmol min~' per mg

protein) in the course of submerged cultivation of S. aureofaciens R1A 57 1—aconitate hydratase;

2~isocitrate dehydrogenase; 3--citrate synthase; 4—fumarate hydratase; S—malate
dehydrogenase
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is affected. The dynamic growth of a S. aureofaciens culture on a reciprocal
shaker sets in after some 6 hours and ceases after some 16 hours of cultivation.
At this time, some of the K rebs cycle enzymes showed their maximum activity
(Figure 12). Before estimating the enzyme activity we added 1 mg chlortetra-
cycline ml~! medium at this hour. It was observed that the activities of
malate dehydrogenase and citrate synthase were not affected by the
chlortetracycline added. The activities of ATPase, phosphoenolpyruvate
carboxylase, malate dehydrogenase(decarboxylating) and isocitrate dehydro-
genase were actually stimulated. On the other hand, acetyl-CoA carboxylase
and pyruvate dehydrogenase were inhibited.

When adding chlortetracycline (for the actual estimation of enzyme
activities) directly to the reaction mixture (50-200 pg mi~! reaction mixture)
a stimulation of citrate synthase was observed, together with a slight
inhibition of malate dehydrogenase and decarboxylating malate dehydro-
genase, the other enzymes studied being without substantial changes. It was
stated intentionally that the changes ‘were observed’ since there are many
practical difficulties in preparing ‘pure’ enzyme preparations from S.
aureofaciens that would not contain chlortetracycline which is present
normally as a natural product of S. aureofaciens both in the cultivation
medium and in the mycelium.

The inhibition of pyruvate dehydrogenase with chlortetracycline observed
in vitro need not have an effect on the biosynthesis of this antibiotic. It is
known that acetyl-CoA is formed either through oxidation of pyruvic acid
or of fatty acids, inside the mitochondria. The question of existence of
mitochondria in Streptomycetes is not unequivocally solved but still some
observations indicate the existence of mitochondria-like forms in the cells.
However, since most oligoketide-type compounds are probably synthesized
by extra-mitochondrial agencies the transport of the two-carbon building
unit across the mitochondrial membrane might play a role in the control
of the synthesis of these compounds. The significance of the above acetyl-
CoA deacetylase would then consist in its splitting acetyl-CoA to acetate
which can be transported out of the mitochondria. However, other transport
mechanisms have been envisaged, such as condensation with oxaloacetate
and passage in the form of citrate, or condensation with carnitine and
passage in the form of acetyl carnitine.

In conclusion to this section one might say that, in spite of the emphasis
on the non-essential character of secondary metabolites (i.e. they do not form
a common component of the cell protoplasm), it is admitted that their
presence (either through synthesis or addition) during microbial culture
growth can, even in minute amounts, (a) affect the structure of nucleic acids
or replication, (b) inhibit the function of ribosomes, (c) suppress energy-
transmitting reactions, and (d) damage membrane structure and activity®°.
This statement is admittedly very general and only further detailed work
may help in elucidating to what extent the production of the antibiotic will
participate in the regulation of the metabolic pathways of the producer itself.
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EXCESSIVE METABOLITES

Let us briefly reitcrate that the developmental cycle of a bacterial culture
may be divided into several different phases. For example, lag, phase I,
when the growth rate is equal to zero; acceleration, phase 11, including the
time when the cells begin to divide and when the rate of multiplication
increases; exponential, phase III, when the growth rate is constant;
retardation, phase 1V stationary, phase V, when the growth rate is again
equal to zero. During phase V the bacteria multiply further but this is
compensated by accelerated death rate. The next phase, of accelerated
death rate, VI, represents a transition to the phase of exponential decrease,
VII, which then terminates in the final phase VIII, which may be described by
a straight line.

It is understandable that the curve of the various growth phases will be
different for different bacterial species and will depend on the environmental
conditions. If one discusses the formation of various microbial metabolites
from the point of view of different growth phases it must not be forgotten
that they are products, not only of bacteria, but also of Streptomycetes,
fungi, algae, amoebas and other protozoa and these may differ very widely
in their growth phases. In all attempts at generalization, one must keep in
mind the difficulties arising from this complexity.

In a rough approximation, one may distinguish two metabolic phases, the
anabolic and catabolic. Intensive synthesis of cell components during the
anabolic phase passes over to the catabolic phase where decomposition and
degradation processes begin to predominate. In microorganisms, this phase
is further characterized by various synthetic processes which result, for
example, in the formation of spores or of various polymers, pigments, and
excessive formation of simple organic acids.

It is quite logical if one intercalates between the two phases, a third which
is called the ‘transition phase’. During this phase, the enzyme systems
undergo a profound rearrangement, first of all from the point of view of their
mutual regulation. Here one may speak of the trophophase, transition
phase and idiophase®', designating the metabolites formed during the
trophophase as primary and those in the idiophase as secondary.

The terms primary and secondary metabolites are used mainly by plant
physiologists. They distinguish between substances which can be detected
in practically all plants and which possess obviously functional characters,
such as chlorophyll or lipids, and substances which can be obtained only
from certain plant species and which do not possess a clear general function,
such as camphor and tannins.

The definition of secondary metabolites in microorganisms has further
shortcomings. A secondary metabolite may be a substance with limited
taxonomic distribution which is not formed under all conditions and which
does not possess a clear metabolic function. However, among secondary
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metabolites one may also count metabolites of primary metabolism (e.g.
citric acid, vitamins, amino acids, nucleotides), if they are produced in
disproportionate amounts®°,

This last view is somewhat embarrassing. One should remember that the
existing genetic and physiological breeding methods of microbiology make
it possible for virtually any metabolite at any phase of growth to be
synthesized to excess. From the point of view of functional significance, it
may be either essential or not. When studying the mechanisms controlling
the biosynthesis of such a metabolite, its chemical structure is of decisive
importance, together with the principal biosynthetic building blocks, the
efficiency of enzyme systems which synthesize the metabolite, and its bio-
logical activity with all the regulating aspects which, under the given
cultivation conditions, maintain the metabolite at a certain quantitative level.
Experimental results indicate that the production of a metabolite in excess
of normal is determined in a fundamental way not only by the genetic
equipment of the microorganism but also by the environmental conditions
during the so-called preparatory phase (lag phase). It is understandable that
the conditions for the development of certain enzyme systems during further
metabolic phases of microbial evolution will also be reflected either positively
or negatively in the production ability.

If it is admitted that metabolic differentiation of microorganisms includes
not only primary and secondary metabolism but that it also shows a deeper
differentiation, then from the point of view of the control of biosynthesis of
metabolites their division into primary and secondary metabolites has but a
limited significance.

The aim of microbial syntheses is to maximize the formation of a certain
product and to minimize the formation of other products®2. In order to
achieve excess production of a certain substance one must interfere with the
normal control of metabolic pathways®3. This can be achieved either by a
gene mutation or by extreme conditions of the cultivation medium or by a
combination of the two®*. A planned interference with microbial syntheses
depends on our knowledge of the possible ways of influencing the physio-
logical phases of culture development.

Work dealing with the mechanisms controlling the biosynthesis of
industrially important metabolites, work on the possibilities of circumventing
these mechanisms, is of necessity at a pioneering stage. In no case can one
agree with the view that during the transition phase a metabolic catastrophe
must take place. This would be unphysiological and contrary to historical
experience. Similarly, the designation of the production phase as an idiophase
(particular phase), and of ‘secondary’ metabolites as biochemically bizarre
molecules, does not contribute much to our understanding of the control
mechanisms or of new metabolic equilibria which result in their over-
production.

Examples of mechanisms controlling the biosynthesis of industrially
important metabolites as well as pathways for circumventing them have
been reviewed several times®* 8¢, In our attempts at quantifying a certain
metabolite we are often enslaved by mechanistic views which follow from our
knowledge of precursors and of individual biochemical steps leading to the
synthesis of the desired compound. Regulation of biosynthesis as a
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quantitative character is much more complex. Interference (genetic and
physiological) with areas outside the main metabolic pathway may affect
substantially the amount of substance produced®’- 88,

It was the aim of this review to remove some of the mysteriousness from
the mechanisms controlling the synthesis of secondary metabolites; to
show that new information and data that have accumulated around the
biosynthesis of these compounds will not fit under the heading ‘secondary’.
Aboveall, we wanted to stress the fact that the production of a given substance
in quantitative terms is governed both by the genome of the microorganism
and by the physiological conditions of the metabolic phases that have
preceded the production phase.

METABOLIC AND EVOLUTIONARY CYCLE OF S. aureofaciens

It is generally assumed that the excessive (secondary) metabolites are not
produced during so-called balanced growth. It has been claimed in a number
of cases that balanced growth is terminated as nutrients like nitrogen or
phosphorus are exhausted from the medium. The cases in point are the
production of gibberellin by Gibberella fujikuroi®®, production of alkaloids
by Claviceps purpurea®®, formation of anthraquinones by Penicillium
islandicum®' and others. A detailed study of the metabolism of micro-
organisms producing these excessive metabolites would certainly reveal
that even here the statement is not fullv justified.

The biosynthesis of chlortetracycline by S. aureofaciens proceeds differently.
Inorganic phosphate is exhausted from the medium by the 10th hour of
fermentation®3. At that time also the maximum synthesis of RNA will take
place®?. The exhaustion of phosphate from the cultivation medium is a
prerequisite for chlortetracycline biosynthesis. In no case, however, does it
mean cessation of growth. On the contrary, after about 10 hours of culti-
vation, a vigorous multiplication of cells and an exponential growth of the
culture take place® ®*. In this case, one cannot speak of a termination of
balanced growth (trophophase) due to exhaustion of nutrients since during
cultivation of S. aureofaciens in cultivation flasks, sucrose and ammonia
nitrogen become exhausted only after some 96 hours of cultivation. Under
production conditions, nutrients are added to the medium to achieve higher
yields of chlortetracycline. In spite of this, one may state on the basis of
various enzyme assays that in the course of cultivation of S. aureofaciens
profound enzyme changes take place. The beginning of rearrangement of
enzyme systems (the transition phase) may then be placed at about 30 hours
of cultivation. Minute qualitative and quantitative changes of the inner and
outer medium, feedback control, induction and catabolite repression, will
be reflected during subsequent cultivation in a vigorous synthesis of pigments,
the chlortetracycline in which we are particularly interested being only one
of the substances the production of which was pronouncedly altered.

Biosynthesis and excessive production of some metabolites does not close
the metabolic and evolutionary cycle of the microorganism. The excessive
metabolites can later be transformed to other compounds, or even degraded
all the way to CO,. New synthetic processes may be induced which lead to

480



BIOSYNTHESIS OF TETRACYCLINE

the formation of new resistant forms, say, of spores, or else the cells and the
whole culture will autolyze.

An idealized pattern of the metabolic phase of S. aureofaciens may be
represented as follows? :

(i) Preparatory (lag) phase begins with the inoculation of fresh nutrient
medium and ends after about 6 hours of cultivation. The external medium is
of paramount importance for the metabolic phenotype of the young mycelium.
It is known that a number of stimulators of the biosynthesis of tetracycline
antibiotics will be effective only if added at the beginning of cultivation
(at time zero). If these substances are added later during cultivation, say,
after 24 hours, they have no effect on the biosynthesis of the antibiotic. The
metabolic activity of the culture is rather low during this phase.

(1) Logarithmic phase is characterized by a sharp rise of metabolic activity.
It occurs between the 6th and the 16th hour of cultivation. During this phase
the culture is most sensitive to changes of the outside medium (e.g., inter-
ruption of aeration between the 6th and the 12th hour). A number of enzyme
systems (c.g. the tricarboxylic acid cycle) reach the maximum of their activity
during the period. Similarly, the level of pyruvic acid in the culture reaches
high values. The respiration of the high-production strains is pronouncedly
higher than with the low-production strains. The amount of chlortetracycline
varies about 200 pg ml~' cultivation medium. This phase is further
characterized by exhaustion of inorganic phosphate. Nucleic acids are
synthesized, the synthesis of RNA reaching here a maximum. Incorporation
of '*C-lcucinc into proteins rises up to the 12th hour of cultivation. An
analogous pattern may be observed for the incorporation of '*C-thymine
into DNA. This phase is characterized also by a sharp rise of ATP concen-
tration. The ATP level in cells reaches the first maximum during this phase,
both in the nonproducing and in the high-producing strains.

The mycelium in the submerged culture is usually composed of strong,
long, unbranched, basophilic hyphae.

(iii) Stationary phase cannot be sharply differentiated from the preceding
phase but it is characterized by a drop of some enzyme activities, e.g. of
aminoacyl-tRNA synthetase, the incorporation of **C-leucine into proteins,
the decrease in activity of some tricarboxylic acid cycle enzymes, and the
drop in the level of ATP. This phase is characterized by a rise of ATPase
activity. Also the biosynthesis of fatty acids reaches a maximum here.

The culture contains fewer basophilic hyphae; after 24 hours, thin, very
long, medium-basophilic hyphae predominate. In the course of further
cultivation, a gradual decrease of the basophilic character of hyphae may be
observed. The utilization of nitrogen and carbon sources by the culture
proceeds evenly. This phase ends after about 30 hours of cultivation.

(iv) Transition phase is characterized by cessation of protein synthesis.
Ataconcentration of about 500 pg CTC ml ™! culture, the ribosomes become

t The time values shown serve merely for orientation. The course of cultivation and of
enzyme activity and production maxima will differ, depending on metabolic and cultivation
conditions and on the microbial strain used. Transitions between phases in a heterogeneous
culture are not as sharp and the individual phases may overlap.
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Figure 13. Isolated ribosomes from the cells of S. aureofaciens, producing strain 84/25 from 8h
cultures (left). Ribosomal aggregates isolated from the same TC producing strain S. aureofaciens
after 48 hours of cultivation (right). Magnification 40000 x

Figure 14. Surfacc part of submerged mycelium of S. aureofaciens, 36 hours old, observed by
scanning electromicroscope Geen 50A. Shadowed with gold, enlargement 10000 x in original,
reduced by one-half
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aggregated (Figure 13). It appears that during this period, feedback and
induction mechanisms become dominant which control the synthesis of
chlortetracycline. After about 40 hours, metachromatic granules of volution
begin to appear in the hyphae and their number rises considerably up to the
72nd hour. During this phase, the ATPase activity reaches its maximum. The
culture contains no more basophilic hyphae and only long thin filaments
persist (Figure 14). This phase may be considered to end after about 45 hours
of cultivation.

(v) Excess phase. During this phase, which may be placed somewhere
between the 45th and the 96th—120th hour of cultivation, a vigorous bio-
synthesis of the excess metabolite may take place. The metabolic activity of
the culture during this phase is heavily dependent on the genotype. With
low-production strains resembling the standard type, this phase is
accompanied by a renewed increase of activity of the tricarboxylic acid cycle,
concomitant with a rising level of ATP in cells. The source of carbon in the
medium is still intensively utilized but it is mostly oxidized in the tricarboxylic
acid cycle and the ATP is apparently transformed to polyphosphate.

The metabolic activity of the producing strains is concentrated during this
phase on the biosynthesis of the antibiotic. In contrast with the low-
production strains, the activity of the TCA cycle and the ATP level do not
rise substantially. During this phase, the production strain forms a
characteristic mycelium, composed of very thin, branched hyphae which
contain no metachromatic granules. It is likely that due to genetic changes
in the energy metabolism, the high-production strain displays a decreased
activity of the TCA cycle and the precursors thus spared are utilized as
building blocks for the biosynthesis of tetracyclines.

(vi) Degradation phase, autolysis. During this phase the biosynthetic
activities cease. Accumulation of the excess metabolite induces enzyme
systems which result in its degradation. Frequently, these processes are
accompanied by an autolysis of the mycelium. The metabolic activity of the
culture stops, the content of ATP in the mycelium drops sharply, the
mycelial hyphae arc fragmented into small pieces. Later, the hyphae lyse
completely.

CONCLUSION

The experimental data permit the conclusion to be drawn that chlortetra-
cycline does not fit into the category of the so-called ‘secondary metabolites’.
The study of regulation processes controlling the biosynthesis of chlortetra-
cycline stresses the importance of the metabolic phases which precede the
actual production phase. The view is advanced that the existing physiological
and genetic approaches to microbiology make it possible for cell metabolites,
such as vitamins, amino acids, organic acids, antibiotics and others, to
become ‘excess metabolites’. To attain the excess character of production
of a given metabolite is the aim of studying metabolic pathways and control
mechanisms. For this reason we feel that the term excess metabolite expresses
better the present state of information in industrial microbiology than does
the term ‘secondary metabolite’.
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