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Abstract Lincomycin and its derivatives are antibiotics
exhibiting biological activity against Gram-positive bac-
teria. The semi-synthetic chlorinated lincomycin deriva-
tive is used in clinical practice. The chemical structure of
lincosamide antibiotics, cultivation of producing strains
and analytical procedures used for separation and isolation
of these compounds are described in this review. Biosyn-
thesis of lincomycin and related compounds and its
genetic control are briefly discussed.

Introduction

Lincomycin, the first of two lincosamide antimicrobial
agents, was isolated in 1962 from a soil actinomycete
found near Lincoln, Nebraska, which gave origin to its
name (Stratton 1998). The actinomycete was classified as
Streptomyces lincolnensis var. lincolnensis, a new strepto-
mycete species. The announcement by Mason et al. (1962)
of the discovery of lincomycin coincided with chemical
and physical characterisation of the crystalline hydrochlo-
ride (Herr and Bergy 1962). Initial reports indicated that
lincomycin possessed good in vitro and in vivo potency
against a variety of Gram-positive microorganisms (Lewis
et al. 1963). It did not exhibit cross resistance with known
antibiotics and possessed a low degree of toxicity (Mason
and Lewis 1964). Lincomycin has gained clinical
acceptance as a major antibiotic for the treatment of
diseases caused by Gram-positive microbes. The reports of
extensive experimental and clinical studies with lincomy-
cin will be discussed in the second part of our review.
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Chemical structure

A study of the structure of lincomycin by Hoeksema et al.
(1964), employing both classical chemical degradation
and nuclear magnetic resonance (NMR) data, led to the
announcement of the structure of lincomycin (1; see
Table 1). It consists of an unusual amino acid, viz. trans-/N-
methyl-4-n-L-proline (propylhygric acid), linked via a
peptide bond with the sugar methylthiolincosamide.
Details of the chemical characterisation and NMR studies
of lincomycin and its degradation products subsequently
appeared (Herr and Slomp 1967; Schroeder et al. 1967;
Slomp and MacKellar 1967; Magerlein and Kagan 1969).
The electron-impact mass spectrum and the chemical-
ionisation mass spectrum of lincomycin were reported
somewhat later (Kagan and Trostic 1972; Horton et al.
1974).

Lincomycin proved to be a member of a new class of
antibiotics (Table 2) characterised by an alkyl 6-amino-
6,8-dideoxy-1-thio-p-erythro-x-p-galacto-octopyranoside
joined with a proline moiety by an amide linkage. The
availability of this interesting antibiotic presented an
excellent opportunity for chemical and microbiological
modification of lincomycin.

Cultivation

A typical cultivation is performed in a 1-1 fermentor
inoculated with a spore suspension or with frozen
vegetative cultures. In practice, cells from shake flasks
are transferred to an 8-1 fermentor and finally to a 250-1
fermentor. The growth of the culture is followed by
determining the concentration of diaminopimelic acid. A
sufficient oxygen supply, as well as the temperature and
pH of the cultivation medium, play a significant role in
determining production levels. Under optimum conditions,
the wild-type S. lincolnensis strain produced 25 mg/l
lincomycin A and negligible amounts of lincomycin B.
The strain S. lincolnensis 78—11 used by Zhang (1993) is a
phage-resistant, lincomycin-overproducing mutant of S.



Table 1 Structure of lincomy-
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. e e Name R1 Rz R3 R4 R5
cin and related antibiotics 1 Lincomycin A SCIL; ClL; CH,CH:CH; OH  H
4 Lincomycin B SCH; CH; CH,CHj; OH H
5 Lincomycin C SCH>CH; CH; CH,CH,CH; OH H
7 Lincomycin D SCH3 H CH,CH,CH; OH H
6 Lincomycin S SCH,CH; CH,CH; CH,CH,CH; OH H
8 Lincomycin K SCH,CH; H CH,CH,CH; OH H
10 Lincomycin sulfoxide %"‘CH;; CH; CH,CH,CH; OH H
O
11 1-Demethylthio-1- OH CH, CH,CH,CH; OH H
hydroxylincomycin
HO
2 Celesticetin A CH; H OCH; H
SCH,CH,00C
14 Celesticetin B SCH>CH,OOCCH>CH(CH3), CHj; H OCH; H
15 Celesticetin C HoN
CH; H OCH; H
SCH,CH,00C
16 Celesticetin D SCH,CH,OOCCH;3 CH; H OCH; H
3 Desalicetin SCH,CH,OH CH; H OCH; H
17 N-Demethylcelesticetin HO
H H OCH; H
SCH,CH,00C
18 Desalicetinsalicylate HO NH,
CH; H OCH; H
SCH,CH,00C
9 Clindamycin SCH;3 CH; CH,CH,CH; H Cl
12 Clindamycin sulfoxide .S.-CH3 CH; CH,CH,CH; H Cl
O
13 1’-demethylclindamycin SCH3 H CH,CH,CH; H Cl
R,

lincolnensis NRRL 2936, synthesising about 2.5 g/l
lincomycin A.

Before reviewing the other naturally occurring members
of the lincomycin family of antibiotics, processes used for
the cultivation of producing strains and methods for
separation of lincomycin A will be described.

The first patent describing lincomycin production was
registered by Upjohn (Bergy et al. 1963). The producing S.
lincolnensis var. lincolnensis has a compact cream-pink
aerial growth, yellow-tan vegetative growth, and is
melanin positive. Spore chains are flexuous and smooth.
Its growth characteristics on standard biological media and
its carbon assimilation were also described in this patent.
Cultivation in a 380-1 fermentor containing 250 1 sterile
medium proceeded at 28°C for 5 days while agitating at
6.5 Hz and aerating at a rate of 100 I air per minute. At the
end of the fermentation (114 h), 210 | cultivation broth
were harvested from the fermentor (pH 7.9; assay,
43 biounits/ml).

The entire cultivation broth from the fermentor was
adjusted from a harvest pH of 7.9 to pH 6.7 with 70 ml
concentrated sulfuric acid and filtered. The filter cake was
washed with one-tenth volume of water, based on the
whole broth, and added to the clear liquid. The clear liquid
(250 I; assay, 20 biounits/ml) was adjusted to pH 10 with
300 ml 59% aqueous sodium hydroxide solution and
extracted twice with one-third volume of 1-butanol. The
washed butanol extract was freeze-dried to give about
105 g dried preparation assaying 125 biounits/mg. After
further purification, the yield was 32 g lincomycin A at a
purity of 232 biounits/mg.

The novel actinomycete S. vellosus var. vellosus NRRL
8037 isolated from Arizona soil was used according to the
invention patent (Bergy et al. 1981) for the production of
lincomycin. The culture can be readily differentiated from
other lincomycin producers according to its characteristics
such as colour, overall appearance, and cultivation and
biochemical properties. Most importantly, the strain
produces lincomycin A without concomitant production
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Table 2 Strains producing the

. . L. Organisms
lincomycin group of antibiotics

Literature

Streptomyces lincolnensis 78—11
. lincolnensis NRRL 2936

. lincolnensis RIA 1246

. lincolnensis UC 5124

. espinosus NRRL 5729

. espinosus NRRL 3890

. espinosus

L tan ta ! ”n

S. espinosus

S. pseudogriseolus NRRL 3985
S. variabilis var. liniabilis

S. vellosusNRRL 8037
Micromonospora halophytica
Actinomyces roseolus

Zhang et al. (1992), Peschke et al. (1995)
Bergy et al. (1963), Brahme et al. (1984a), Peschke et al. (1995)
Neusser et al. (1998)

Chung und Crose (1990)

Peschke et al. (1995)

Peschke et al. (1995)

Argoudelis et al. (1972)

Reusser and Argoudelis (1974)

Peschke et al. (1995)

Argoudelis and Coats (1974)

Bergy et al. (1963), Peschke et al. (1995)
Bibikova et al. (1989)

Kuznetsov et al. (1974)

of lincomycin B. Another strain characteristic is the
production of comparable titres of lincomycin at 28°C and
45°C.

Several strains were obtained by extensive screening of
different wild-type strains and appropriate patents were
published. According to the patent of Argoudelis et al.
(1972), the novel actinomycete produced only lincomycin
A. S. espinosus Dietz sp. Nov. NRRL 3890 produced
50 pg/ml of the desirable lincomycin A during a 4-h
cultivation at 28°C in shake flasks with classical medium.
According to the US Patent (Argoudelis and Coats 1974)
S. pseudogriseolus var. linmyceticus Dietz var. nova
NRRL 3985 cultivated for 2 days at 28°C produces
~22 pg/ml lincomycin. Another patent describing produc-
tion of lincomycin A only, without contamination with
lincomycin B, was registered by Upjohn. S. variabilis var.
liniabilis NRRL 5618 produces 26 pg/ml lincomycin A
after a 120-h cultivation at 28°C in shaken 500-ml
Erlenmeyer flasks.

In the last 5 years, Chinese investigators have become
interested in the cultivation of lincomycin-producing
strains; mainly in the isolation of lincomycin A with a
simultaneous decrease or complete removal of the
undesirable lincomycin B (Wang and Qi 1999, 2000,
2001; Dong and Dong 2001; Li et al. 2001).

Although lincomycin was the first member of its family
to have its structure completely elucidated, a related
antibiotic, celesticetin, was reported some years earlier in
the culture broth of a new actinomycete species Strepto-
myces caelestis. This antibiotic was isolated by Hoeksema
et al. (1955). Employing some of the techniques used in
structural studies on lincomycin, Hoeksema (1968)
assigned structure 2 (Table 1) to celesticetin. Desalicetin,
the alkaline hydrolysis product of celesticetin, was shown
to possess structure 3. Both of these antibiotics proved to
be less effective than lincomycin when assayed in vitro
and in vivo against a spectrum of microorganisms (Mason
and Lewis 1964).

In addition to lincomycin, a very closely related
antibiotic was isolated from fermentations of S. lincol-
nensis var. lincolnensis. Structural studies indicated this

compound to be lincomycin B, i.e. 4'-depropyl-4-ethyl-
lincomycin (4). Lincomycin B, described as a minor
component in S. /incolnensis cultures as early as 1965,
exhibits only 25% of the antibiotic activity shown by
lincomycin A. As shown in Table 1, lincomycin B
contains one less methylene group in the side chain of
propylhygric acid. Several patents (Visser 1972; Witz
1972; Reusser and Argoudelis 1974) describing ways to
reduce the amount of lincomycin B during fermentation
have been published. The addition of propylproline to the
cultivation medium was found to decrease the amount of
lincomycin B produced. It has been assumed that
propylproline is a likely precursor of propylhygric acid
in lincomycin A, whereas ethylproline is a tentative
precursor of the ethylhygric acid in lincomycin B.
Aromatic amino acids, primarily L-tyrosine, L-dihydroxy-
phenylalanine and other compounds similar to tyrosine,
are incorporated into lincomycin A during cultivation of
S. lincolnensis. Addition of L-tyrosine or L-dihydroxyphe-
nylalanine to the culture medium was found to induce
accumulation of propylproline; however, although to a
lesser extent, accumulation of ethylproline was also
induced. Despite the fact that the mechanism by which
the addition of propylproline or r-tyrosine and similar
compounds influences the biosynthesis of lincomycin has
not yet been clarified, the results obtained so far indicate
that N-demethyllincomycin synthetase, the enzyme cata-
lysing the linkage between the amino acid and sugar
moiety of lincomycin, preferentially utilises propylproline.
Effects of different salts, nitrogen and carbon sources on
specific ratios of lincomycin production in S. lincolnensis
in a chemically defined medium have also been investi-
gated. Effects of biomass concentration, pH and utilisation
of carbon sources such as glucose and citrate in lincomy-
cin production are shown in Fig. 1. Maximum lincomycin
production is detected during the late stages of growth.
When carbon sources are exhausted, growth rapidly
decreases, whereas lincomycin production remains con-
stant for some time. The addition of phosphates as
physiological regulators of lincomycin production has
also been described. Maximal lincomycin production was
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Fig. 1 Profiles of glucose utilisation (2), citrate utilisation (0) and
pH (®) (A), and cell dry weight accumulation (m), lincomycin titers
() and specific rate of lincomycin productivity (o) (B) by
Streptomyces lincolnensis inoculated into a chemically defined
medium. The specific rate of lincomycin production was determined
in washed-cell reactions. Redrawn from Grady 1968

detected at 3 mM phosphate; at higher phosphate
concentrations production decreases sharply whereas the
amount of biomass significantly increases. Another bio-
genic element, nitrogen (in the form of ammonium salts),
influences not only lincomycin production but also
growth. The optimum concentration for lincomycin
production varies between 40 and 200 mM. Glucose at
20-30 g/l seems to be the best carbon source in chemically
defined media.

The introduction of various chemicals to the fermenta-
tion of S. lincolnensis var. lincolnensis was found to
induce the formation of lincomycin-related antibiotics. For
example, introduction of the biosynthetic precursor n-
propyl-L-proline increases production of the desirable
lincomycin A, as described in the patent by Bruce et al.
(1973). Thus, the addition of pr-ethionine led to the
isolation of 1-demethylthio-l-ethylthiolincomycin (5) and
1-demethyl-l-demethylthio-1'-ethyl-1-ethylthiolincomycin
(6); methylthiolincosamide induced formation of 1'-
demethyllincomycin (7); and ethyl thiolinconsamide
yielded 1’-demethyl-l-demethylthio-l-ethylthiolincomycin
(8). Sulfonamides, and particularly sulfanilamide, inhibit
N-methylation rather selectively, resulting in the produc-
tion of 1’-demethyllincomycin (7). In each case, lincomy-
cin was also noted in the fermentation extracts.

The production and isolation of a new antibiotic,
celesticetin, in S. caelestis NRRL 2418 was first described
in 1960. The strain was obtained from a soil sample from
Utah. Celesticetin exhibits a broad antibacterial spectrum,
particularly against Gram-positive bacteria. For cultiva-
tion, a 380 1 tank was filled with 240 1 fermentation
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medium. After 67 h, cultivation was terminated and
celesticetin at 26 pg/ml was obtained by means of
commonly used methods. New antibiotics, N-demethyl-
7-O-demethylcelesticetin and N-demethylcelesticetin were
found to be produced by cultivation of the new strain S.
caelestis NRRL 5481. The cultivation proceeded in a
7,000 1 fermentor containing the following cultivation
medium: glucose (15 g/l), enzymatically hydrolysed
proteins of animal origin (15 g/l), yeast extract (1 g/l).
The culture was grown for 4 days at 28°C. From 4,400 I
whole cultivation broth, 1.6 kg crude mixture was isolated
that was further purified by means of counter current
distribution. Both metabolites were obtained as pure
crystalline compounds. S. caelestis NRRL 5320 cultivated
for 4 days at 28°C produced 7-O-demethylcelesticetin.
Total production was 38 pg/ml (after extraction and silica
gel chromatography).

Chemical modification (partial synthesis) of lincomycin
derivatives consisted mainly of substitution of hydrogen
atoms bound to a heteroatom (Birkenmeyer 1981, 1982a,
1982b; Argoudelis and Stroman 1984; Patt et al. 1984).
Tens of lincomycin esters, either with organic (from
acetate to stearate) or inorganic (phosphoric, carbonic)
acids or of lincomycin alkyl derivatives (ethers) have been
prepared. Substitutions were performed primarily in
positions 2, 3, 4 and 7. Salts of lincomycin with inorganic
acids, i.e. hydrochlorides and derivatives of sulfamic acid,
were also synthesised. Replacement of hydroxyl in the
side chain (i.e. C-7 of octose) is another modification of
lincomycin. By introduction of chlorine, the commercially
used derivative with the generic name clindamycin was
produced (9). Additional thio-analogs, of which, e.g., the
C-1 (3-anomer exhibits only one-tenth of the activity of the
natural o-anomer, were synthesised. The changed config-
uration of 1-methyl-4-proline is also very important. It was
demonstrated that the derivative with the p amino acid
exhibits only 50% of the expected antibacterial activity. It
can be concluded that although hundreds of lincomycin
derivatives have been prepared, including derivatives
produced totally by chemical synthesis, clindamycin is
the only drug that has been successfully used in clinical
practice. Detailed synthetic procedures leading to hun-
dreds of lincomycin derivatives together with their
biological activity were described by Magerlein (1971).

A new and stereoselective route to the aminoglycoside
components of the antibiotics lincomycin and clindamycin
was presented. The key step involves diastereoselective
introduction of the amino group at C-6 of p-galactose by
(3,3)-sigmatropic rearrangements of the corresponding
allylic (Z)-trifluoroacetimidate and (Z)- and (E)-allylic
thiocyanates. Epoxidation of the resulting trifluoroaceta-
mide with m-CPBA led to an epoxide with high threo-
selectivity (Gonda et al. 2000). A further paper (Bowden
and Stevens 2000) reported the novel synthesis of
clindamycin from lincomycin using N-chlorosuccinimide
and triphenylphosphine.

Microbial modification of lincomycin and clindamycin
does not lend itself to the formation of the number and
diversity of transformation products encountered in chem-
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ical modification. However, several types of interesting
microbial transformations have been reported.

The addition of lincomycin to a fermentation of S.
lincolnensis var. lincolnensis resulted in the formation of
lincomycin sulfoxide (10). This sulfoxide was also
prepared by oxidation of lincomycin hydrochloride with
hydrogen peroxide (PospiSil et al. 2001). As compared
with lincomycin it exhibits only 1% activity against
Sarcina lutea. A lower yield of 1-demethylthio-I-hydroxy-
lincomycin (11) was also isolated from the fermentation
broth.

Similarly, clindamycin sulfoxide (12) was the major
transformation product when clindamycin (9) was added
to fermentations of S. armentorus. Trace amounts of
sulfoxide were detected in similar fermentations of other
Streptomyces species, particularly S. punipalus. Clinda-
mycin sulfoxide is about equal in potency to lincomycin
when assayed with the test organism Sarcina lutea.

In addition to sulfoxide formation, several species of
streptomycetes, including those mentioned above, perform
a partial 1-demethylation. S. punipalus was particularly
successful in demethylating clindamycin (9) to 1'-
demethylclindamycin (13), which was previously prepared
by chemical modification.

Argoudelis and Coats (1969) observed that S. rochei
grown in synthetic medium converted lincomycin and
lincomycin-related antibiotics to the 3-phosphate esters.
Lincomycin 3-phosphate was inactive in vitro against
several organisms. It did protect Staphylococcus aureus
infected mice with CDsy of about 30 mg/kg when
administered subcutaneously.

Analysis and chromatographic separations

For the success of physiological experiments it was
necessary to develop methods to determine the amount
of lincomycin by either biological or chemical means. In
addition to classical methods of biological assay, e.g. the
diffusion disc plate assay, physico-chemical methods were
also used. In the mid-1960s gas chromatography was first
used followed later by HPLC methods. An advantage of
chromatographic methods over biological procedures is
that they make it possible to determine not only the overall
titre of the antibiotic but also the lincomycin A:lincomycin
B ratio.

A recovery process using reverse-phase (RP) prepara-
tive HPLC vyielding a highly purified preparation of
lincomycin hydrochloride was patented (Hofstetter 1982).
As well as giving a highly purified preparation of
lincomycin hydrochloride with less than only about
0.5% lincomycin B, the process also yields analytically
pure lincomycin B hydrochloride that can be used as a
laboratory standard.

Comparison of RP-HPLC and HPLC on normal phase
revealed that the latter method yielded a product of
insufficient purity (40-50%), required high volumes of
solvent (more than three-fold with respect to RP-HPLC),
and was also demanding in terms of materials (cartridge

with silica gel). Therefore, the results presented below
were obtained mainly with RP-HPLC.

Lincomycin salvage mother liquor, containing about
30% lincomycin B was used as the starting material.
Lincomycin B eluted at between about 5 and 6 void
volumes; lincomycin A eluted next between 6 and 8.5
column void volumes. Yields were about 64 g crystalline
lincomycin B, and ca. 40 g high purity lincomycin A.

A crude crystalline lincomycin A preparation contained
20% of lincomycin B; the remaining solid material was
primarily lincomycin A. This starting material was used
for 20 18 g runs over two cartridges eluted isocratically
with (2:1) water:methanol. The lincomycin B-rich pool
was concentrated to an aqueous phase to which enough
methanol was added to make a mobile phase, which was
then reinjected. Rich eluent from the second HPLC was
concentrated as before and rechromatographed a third
time. Yields were 24 g 99% pure lincomycin B and ca.
125 g lincomycin A of high purity.

Procedures for the determination of clindamycin in
human plasma using HPLC with UV detection have been
described in the literature (Liu et al. 1997; La Follette et al.
1988; Fieger-Biischges et al. 1999). These methods are
either not very sensitive, or are time-consuming and
require laborious sample preparation. Recently, two
methods using HPLC coupled with MS detection have
been published for the quantification of clindamycin in
human plasma. Yu et al. (1999) used an LC/ESI-MS/MS
method, with acceptable linearity in the 0.05-20 pl/ml
range and a quantification limit of 0.050 pg/ml. Martens-
Lobenhoffer and Banditt (2001) used an LC/APCI-MS
method for both human plasma and bone. The method
showed good linearity in the 0.1-4 pg/ml range for plasma
with a limit of quantification of 0.1 pg/ml.

A method for the quantification of clindamycin in
animal plasma using LC/ESI-MS/MS has also been
published (Cherlet et al. 2002). Lincomycin was used as
the internal standard. The sample preparation includes a
simple deproteinisation step with trichloroacetic acid.
Chromatographic separation is achieved on an RP-18
Hypersil column using gradient elution with 0.01 M
ammonium acetate and acetonitrile as mobile phase. Good
linearity was observed in the range 0—10 pg/ml. The limit
of quantification of the method is 50 pg/ml and the
detection limit is 1.3 ng/ml. The method was used for
pharmacokinetic studies of clindamycin formulations in
dogs.

For further analysis of lincomycin and spectinomycin
an RP ion-pair LC method with a base-deactivated column
and pulsed electrochemical detection by means of a gold
electrode was used (Szunyog et al. 2002). This method
allows the separation of a mixture of spectinomycin
sulfate, lincomycin hydrochloride and related substances.
A step gradient was necessary to obtain good separation
together with a reasonable analysis time of 40 min. The
mobile phases consisted of an aqueous solution of 3.3 or
0.55 g/l pentanesulfonic acid, 10 mM acetic acid and
20 ml/l tetrahydrofuran. Both mobile phases were adjusted
to pH 4.0 with diluted sodium hydroxide.
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Fig. 2 Hypothetical biosynthetic pathway for lincomycin A (based
on Brahme et al, 1984a, 1984b; Kuo et al. 1992 and Peschke et al.
1995). Two alternative pathways are proposed for methylthiolinco-
samide biosynthesis: 4 from intermediates of the pentose phosphate
cycle via formation of a Cg sugar precursor; B from dTDP-glucose

Capillary electrophoresis was used for simultaneous
determination of the five aminoglycoside antibiotics
(netilmicin, tobramycin, lincomycin, kanamycin and ami-
kacin). Under the optimum separation conditions (separa-
tion voltage of 6.2 kV, electrophoretic medium of 125 mM
NaOH), the aminoglycoside antibiotics were baseline
separated within 20 min. At a working electrode potential
of 0.7 V (versus saturated calomel electrode), the calibra-
tion curves were linear over two orders of magnitude of
concentration, and the detection limits (S/N=3) were
below 6.7 uM for lincomycin (Yang et al. 2001).

HPLC-integrated pulsed amperometric detection is a
good primary detection method to complement or replace
absorbance detection for nonchromophoric sulfur-contain-
ing antibiotics and their sulfur-containing impurities and
decomposition products (Hanko et al. 2001).

A thin layer chromatography (TLC)/densitometric
method was developed with mobile phases e.g. 10% citric
acid:n-n-hexane:ethanol (80:1:1, v/v) and/or n-butanol:
ethanol:chloroform:25% ammonia (4:5:2:5, v/v) for the
identification and quantitation of oxytetracycline, tiamulin,
lincomycin, and spectinomycin in veterinary preparations
(Krzek et al. 2000).

| Octulose 8(P) | | dTDP-Glucose |

H,C-0—(P)

(LmbO,M,S’?)l l(LmbM?)
(LmbS?)

HO—

N—
H

—o ~~ H,0H

£ - A ;@

Methylthiolincosamide

via a 6-deoxyhexose pathway and a later extension of the carbon
chain (Thorson et al. 1993). The possible involvement of three of the
gene products of the putative methylthiolincosamide genes is
indicated

Lincomycin and related antibiotics were analysed by a
tandem mass spectral technique with in-source collision-
induced dissociation in bovine milk extract. Lincomycin
gave a limit of detection of 0.83 pg on-column, despite the
fact that trifluoroacetic acid (TFA) was required to give
adequate chromatography (Crellin et al. 2003).

Genetics of lincomycin biosynthesis

Similar to other antibiotics (Martin and Liras 1989)
produced by actinomycetes, genes coding for lincomycin
biosynthesis are clustered together in a single genomic
region and are closely linked to the corresponding
resistance determinants (Wovcha et al. 1986; Chung and
Crose 1990; Zhang et al. 1992).

The 35 kb-long chromosomal region bearing the
lincomycin production gene cluster from the overprodu-
cing industrial strain S. /incolnensis 78—11 was cloned and
sequenced by Peschke et al. (1995). There are 27 open
reading frames (ORFs) with putative biosynthetic or
regulatory functions (/mb genes) and three resistance
(Imr) genes in the region (Fig. 3). Genes designated /mrA
and /mrC flank the cluster and appear to code for proteins
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involved in lincomycin export (Zhang et al. 1992; Peschke
et al. 1995). The /mrB gene codes for a protein very
similar to several 23S RNA methyltransferases (Zhang et
al. 1992). Four other lincomycin producers probably share
the overall cluster organisation; however, the clusters are
embedded in non-homologous chromosomal surround-
ings. DNA sequence analysis suggests a complicated
transcription pattern with at least 12 possible transcription
units.

By virtue of experiments using transposon-4560-
mediated mutagenesis of the lincomycin production
cluster of a strain derived from S. lincolnensis UC 5124,
it is assumed that genes coding for enzymes involved in
propylproline synthesis are located close to the /mrA gene
whereas those controlling methythiolincosamide synthesis
are located further from it (Chung and Crose 1990). Thus,
biosynthetic genes may be organised according to func-
tional pathways within the cluster region; however, the
same experiments suggest that genes coding for subunits
of the NDL synthetase, the key enzyme catalysing
propylproline and methylthiolincosamide condensation,
are located at three widely separated loci (Chung et al.
1997). The functions coded for by just a few of the above
mentioned ORFs have been demonstrated experimentally.
In addition to resistance genes, only the functions of the
genes /mbBI and ImbB2, coding for enzymes converting
L-tyrosine and L-dihydroxyphenylalanine, have been
clarified (Neusser et al. 1998). Gene I/mbJ apparently
codes for a specific N-demethyllincomycin methyltrans-
ferase (Janata et al. 1999). Functions of other proteins
encoded by lincomycin cluster genes can only be deduced.

The molecular mechanism by which clindamycin
inhibits ribosomal protein biosynthesis in prokaryotic
microorganisms has hitherto been unclear. However,
recently it has been shown that the three-dimensional
structure of clindamycin closely resembles the biomole-
cules L-Pro-Met and the p-ribosyl ring of adenosine
(Fitzhugh 1998), which occur proximal to one another at
the 3’-ends of L-Pro-Met-tRNA and deacylated-tRNA for a
brief interval following the formation of a peptide bond
between L-Pro-tRNA and r-Met-tRNA. This finding
strongly suggests that clindamycin and other lincosamides
act as mimics of the 3’-ends of L-Pro-Met-tRNA and
deacylated-tRNA as they are positioned during an initial
phase of pretranslocation in the peptide elongation cycle.
As such, clindamycin constitutes a structural analogue of
an intermediate state in protein biosynthesis.

Biosynthesis of lincomycin

Lincomycin is chemically classified as a member of the
lincosamide group of antibiotics. A typical feature of these
antibiotic molecules is the presence of 6,8-dideoxy-6-
aminooctose lincosamine. In lincomycin A, the unusual
sugar moiety o-amino-6,8-dideoxy-1-thio-np-erythro-o-n-
galactooctopyranoside  (commonly referred to as
methylthiolincosamide) is linked by an amide bond to
the amino acid derivative trans-N-methyl-4-n-propyl-L-

proline (commonly referred to as propylhygric acid)
(Piepersberg 1994).

The lincomycin biosynthetic pathway (Retzlaff et al.
1993) proceeds via a heterogeneously rooting biphasic
pathway giving rise to propylproline (Fig. 2) and
methylthiolincosamide (Fig. 2). These subunits then
become condensed to N-demethyllincomycin, which is
finally methylated to yield lincomycin.

Biosynthesis of the amino acid moiety

Tyrosine seems to be the principal precursor of the amino
acid moiety. Feeding studies using L-[1-'*C]tyrosine and
L-[U-"*C]tyrosine by Witz et al. (1971) suggested that
seven of the nine carbons in the propylhygric acid come
from tyrosine. The other two carbons in the propylhygric
acid, namely, the N-methyl and terminal aliphatic side
chain methyl groups, are added in reactions involving
transfer from S-adenosylmethionine (Argoudelis et al.
1969; Witz et al. 1971; Brahme et al. 1984a, 1984b).
Biosynthetic experiments with p-('*Cg)glucose suggest
that glucose is converted via glycolysis and the hexose
monophosphate shunt to phosphoenolpyruvate and eryth-
rose-4-phosphate, respectively, which are in turn con-
verted via the shikimic acid pathway to tyrosine and then
to dihydroxyphenylalanine. The pathway seems to con-
tinue through the 2,3-extradiol cleavage of the aromatic
ring of dihydroxyphenylalanine, followed by condensation
to form a pyrrole ring (Brahme et al. 1984a). Lincomycin
probably shares a similar biosynthetic route—leading from
tyrosine through dihydroxyphenylalanine and pyrrole ring
formation—with the pyrrolo[1,4]benzodiazepine antibio-
tics anthramycin, sibiromycin and tomaymycin (Hurley et
al. 1979; Hurley 1980). The multistep conversion of
dihydroxyphenylalanine to propylproline remains un-
known, but it seems to lead through 1,2,3,6-tetradehy-
dro-propylproline, which was shown to accumulate in
mutants lacking a reductase that requires lincomycin co-
synthetic factor (Kuo et al. 1992) identified as 7,8-
didemethyl-8-hydroxy-5-deazariboflavin  (Kuo et al
1989). Based on this finding, Kuo and coworkers modified
the scheme of Brahme et al. (1984a, 1984b) and designed
the remaining steps leading to propylproline as shown in

(Fig. 2).

Biosynthesis of the sugar moiety

To date, no intermediates of the aminooctose moiety
methylthiolincosamide biosynthesis have been identified.
A likely pathway leading from glucose to methylthiolin-
cosamide was predicted by Brahme et al. (1984b), who
studied the metabolic origin of methythiolincosamide by
means of analysis of *C—'°C spin coupling patterns in
methythiolincosamide and lincomycin derived from a
biosynthetic experiment with p-("*Cg)glucose, and the
specific '*C enrichments in methylthiolincosamide synthe-
sised from specifically labeled substrates. The data
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Fig. 3 The lincomycin gene cluster (according to Peschke et al.
1995). Grey arrows designated 4—Z indicate putative biosynthetic
genes and black arrows designated rA—rC indicate genes coding for
functions that impart a lincomycin resistance phenotype

obtained from both these approaches suggested that the C8
carbon skeleton of methythiolincosamide arises from
condensation of a pentose unit (C5) and a C3 unit. The
pentose unit could be derived either from glucose through
the hexose monophosphate shunt as an intact unit or result
from condensation of glyceraldehyde-3-phosphate with a
C2 donor such as sedoheptulose-7-phosphate via a
transketolase reaction. The C3 unit probably comes from
a suitable donor molecule, such as sedoheptulose-7-
phosphate, and is added via a transaldolase reaction.
According to the origin of the C3 unit donor, the unit
could consist either of an intact C3 unit or a C2 unit
combined with a C1 unit. The C3 and C5 units then
condense giving rise to octose, which is then converted to
methylthiolincosamide. The final conversion of the C8-
skeleton to methylthiolincosamide was postulated to
involve isomerisation of the octulose to octose, dephos-
phorylation and reduction of the C8 carbon, transamina-
tion of the precursor 6-ketooctose, and final thiomethyla-
tion of the C1 carbon. First attempts to determine the
metabolic origin of the sugar moiety were provided by
means of a combination of radioactive labeling and mass
spectroscopy. The S-methyl group of the methylthiolinco-
samide subunit was found to be derived from Cl
fragments at the oxidation state of methyl groups.

Analysis of the lincomycin gene cluster sequence lead
Peschke et al. (1995) to design an alternative route (Fig. 2,
route B) to the above scheme.

The eight genes, Imb-LMNZPOSQ, form a “sugar
subcluster” which probably codes for a set of enzymes
involved in sugar metabolism (Fig. 3) (Pissowotzki et al.
1991). Putative proteins LmbO, LmbM and LmbS show
similarity to enzymes involved in the central steps of many
NDP-6-deoxyhexose pathways (Stockmann and Piepers-
berg 1992), including NDP hexose synthases (LmbO),
NDP-hexose dehydratases (LmbM), and (NDP-) ketosugar
(or cyclitol) aminotransferases (LmbS). The genetic record
led Peschke et al. (1995) to the conclusion that
methylthiolincosamide biosynthesis presumably involves
a nucleotide (probably dTDP) activation step and a series
of modification steps on dNTP-activated sugar intermedi-
ates. Thus, two totally different pathways, starting from
either p-glucose or NDP-activation and modification of a
C8 sugar intermediate, both represent routes leading to the
production of methylthiolincosamide.

The authors assume that the '*C-labelling pattern in
methylthiolincosamide published by Brahme et al (1984Db),
suggesting that an octulose-phosphate intermediate is
formed first, could support glucose as a starter unit if
there is rapid and efficient equilibrium in the hexose
phosphate pool mediated by a hexose monophosphate
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shunt during the production phase. This type of rearrange-
ment of labelling has been described for other streptomy-
cete products directly derived from glucose (Rinehart et al.
1992).

The detection of a gene (ImbR) encoding a transaldo-
lase-like enzyme in the “sugar subcluster” could support
an alternative route via a pyranosidic octose intermediate
that is NDP-activated and further modified in this form.
Finally, a thiomethyl unit at the C1 position of the
postulated (NDP-)6-amino-6,8-deoxyoctose intermediate
would be added, which could be transferred from 5'-
thiomethyladenosine, a side product of polyamine biosyn-
thesis from S-adenosyl-methionine (Piepersberg and Dis-
tler 1997).

Condensation and final modification

Formation of the amide bond between the carboxyl group
of the aglycone propylproline and the amino group of the
methylthiolincosamide yielding N-demethyllincomycin
seems to be the penultimate step in the lincomycin
biosynthesis. N-Demethyllincomycin-synthetase, which
catalyses this reaction, is probably a complex of readily
dissociable subunits with non-identical molecular weights
(Hausknecht and Wolf 1986).

The final step in the pathway is N-methylation of N-
demethyllincomycin, catalysed by S-adenosylmethionine:
N-demethyllincomycin methyl transferase (Patt and Hor-
vath 1985).

Conclusion

Chemical and microbial modifications of lincomycin have
succeeded in producing derived antibiotics possessing
greater potency, extended spectrum (including antiparasit-
ic activity), improved taste, and varied absorption
characteristics. Several total syntheses of lincomycin
have been achieved. These syntheses offer opportunities
for further modification of the lincomycin molecule.

The direction and extent to which these new opportu-
nities, as well as the older synthetic patterns, are developed
and extended, make modification of lincomycin an
exciting area of future research.
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