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Summary. Nocardia corynebacteroides SM1 syn-
thesized di- and pentasaccharide lipids when
grown on n-alkanes, especially under nitrogen
limitation. Optimum conditions for their forma-
tion were pH 6.4-6.8, NaNO; as nitrogen source
and yeast extract supplementation of the nutrient.
A study of the time course of whole glycolipid
production was carried out in a 20-1 bioreactor.
After extraction of the culture broth with organic
solvents three main components could be iso-
lated. Both 'H and *C nuclear magnetic reson-
ance spectroscopic and elemental analysis studies
led to the identification of one novel pentasac-
charide lipid and two trehalose corynomycolates.
The oligosaccharide lipid showed significant sur-
face and interfacial active properties.

Introduction

It is known that some microorganisms are able to
synthesize surface active agents, in general during
growth on hydrophobic substrates (Haferburg et
al. 1986; Kosaric et al. 1987; Wagner 1987;
Wagner and Lang 1988). These biosurfactants,
with both hydrophilic and lipophilic structural
moieties, seem to facilitate the uptake of hydro-
carbons into the cells. Various surfactants can
also be detected during growth on water-soluble
substrates such as glycerol. Such compounds are
able to reduce the surface tension between water
and hydrocarbon phases.

* This paper is dedicated to Prof. Dr. Fritz Wagner, Technical
University of Braunschweig, on the occasion of his 60th birth-
day

Offprint requests to: S. Lang

In recent years various types of biosurfactants
have been isolated and characterized. Besides the
usual phospholipids, fatty acids and triglycerides
the most commonly isolated microbial surfactants
are the amino acid lipids, lipopeptides, lipopro-
teins, glycolipids and lipophilic polysaccharides.
For the carbohydrate-containing lipids it is evi-
dent that either mono-, di- or polysaccharides are
the hydrophilic backbones. Rhamnose-, sophor-
ose-, cellobiose-, trehalose- and mannosylerythri-
tollipids (Syldatk et al. 1985; Asmer et al. 1988;
Frautz et al. 1986; Rapp et al. 1979; Kretschmer
et al. 1982; Ristau and Wagner 1983; Kawashima
et al. 1983) are examples of low molecular weight
compounds, while Emulsan and Liposan are ex-
amples of high molecular weight lipophilic poly-
saccharides (Gutnick et al. 1981; Cirigliano and
Carman 1984).

Oligosaccharide lipids are rare in the literature
where only the acidic, dipyruvylated pentasac-
charide lipid of Mycobacterium smegmatis ATCC
356 grown on glycerol (Saadat and Ballou 1983)
has been reported. This oligosaccharide consists
of glucose units and the hydrophobic moiety con-
tains a mixture of long-chain fatty acids with 14—
22 carbon atoms.

Here we present an investigation of the forma-
tion, isolation and characterization of another
pentasaccharide lipid and of disaccharide lipids
from Nocardia corynebacteroides, which was re-
cently isolated from soil.

Materials and methods

Microorganism. Nocardia corynebacteroides SM1 was isolated
from an oil-containing soil sample and identified by R. M.
Kroppenstedt, Institut fiir Mikrobiologie, Technische Univer-
sitdt, Darmstadt, FRG.
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Growth conditions. The bacterial strain was maintained on agar
slants (Standard I-nutrient broth; Merck, Darmstadt, FRG) at
4°C and transferred at 2-month intervals. After inoculation
the slants were incubated for 3 days at 27°C.

The basic medium used throughout these studies con-
sisted of (g/1): NaNO;, 2.0; KH,PO,, 1.0; Na,HPO,.-2H,0,
2.5; FeCl;-6H,0, 0.13; MgSO,.-7H,0, 0.75; CaCl,-2H,0,
0.75; MnSO,- H,0, 0.2; ZnSO,-7H,0, 0.02; yeast extract, 3.0;
Mihagol S, 20.0. Composition of Mihagol S: 6.3% n-C,,, 76%
n-Cia, 11.3% n-Cys, 6.3% n-Cj,. Initial pH 6.6. Incubation tem-
perature: 22°C.

Medium (100 ml in 500-ml erlenmeyer shake flasks) was
inoculated with one platinum loop of the strain and incubated
for 48 h at 100 rpm (Shaker KF4, Infors, Miinchen, FRG).
Then 15 ml was added to 500 ml of the same medium in a 2-1
shake flask. This cultivation was performed under the same
conditions for 24 h.

For batch cultivation a bioreactor (type b20, Giovanola
Fréres, Monthey, Switzerland) equipped with an intensor sys-
tem was used. Physiological activity was followed by the use
of a pH electrode, a pO, electrode, and oxygen and carbon
dioxide gas analysers (Unor and Oxygor, Fa. H. Maihak,
Hamburg, FRG).

The conditions in the bioreactor were 1500 rpm; aeration
rate, 0.6 (v/v/m); inoculation of 181 fresh medium by 21 cul-
ture broth; total incubation time, 80 h.

Analytical methods. Biomass was determined by centrifugation
at 9600 g for 20 min after mixing 10 ml samples of the culture
broth with 10 ml ethanol/n-butanol/chloroform (10:10:1, v/
v/v) to remove residual n-alkanes. After washing with 10 ml
water, the pellet was dried at 105° C (24 h) and weighed.

The ammonium-ion concentration in the supernatant was
determined by the method described previously (Facwett and
Scott 1960). The nitrate-ion concentration in cell-free culture
liquid was followed using an enzymatic kit from Boehringer
Mannheim (Mannheim, FRG). n-Alkane concentration was
measured by the method described previously (Suzuki et al.
1969).

The glycolipid content was determined by the anthrone
method, modified as described (Kretschmer et al. 1982) or by
thin-layer chromatography (TLC; stationary phase: Chroma-
rods SII) coupled with a flame ionisation detector using an
Tatroscan TH10 (SES, Niederolm, FRG). Before measurement
10ml of the whole microbial broth was extracted with
CH,Cl,/CH;0H (2/1, v/v) or ethyl acetate for isolation of the
glycolipid. The TLC was conducted on TLC plates (no. 5554,
Merck) which were developed horizontally using the solvent
system CHCl;/CH;0H/H,0 (60/30/2, v/v/v). Detecting rea-
gents: anisaldehyde/sulphuric acid/acetic acid (1/2/100, v/v/
v), 150° C; green spots in the case of glycolipids.

Surface tension was measured using the ring method in a
Lauda Tensiomat (Fa. Lauda-Wobser, Konigshofen, FRG)
after previous emulsification of the glycolipid by ultrasonic
treatment in water. Interfacial tension was measured in a sim-
ilar way against n-hexadecane.

Purification and identification of the glycolipids. For the isola-
tion of the glycolipids 201 of the whole broth were extracted
twice with 201 ethyl acetate. After evaporation of the solvent
to dryness the crude products were initially separated using
medium pressure liquid chromatography (MPLC): Chromato-
graphy Pump 681 and Column B685, 460 x 49 mm (Biichi, Eis-
lingen, FRG); stationary phase, Kieselgel 60, 70-230 mesh
ASTM (Merck); loading, 5 g crude products; developing sys-
tem, CHCl3;/CH;OH mixtures (100/0, v/v to 70/30, v/v; 5%
steps, 800 ml per step). After this, the individual glycolipid

M. Powalla et al.: Penta- and diglucose lipid formation

fractions were purified by thick layer chromatography on sil-
ica gel plates (no. 7734, Merck); developing system 1, CHCl;/
CH;0H/H,0 (65/15/2, v/v/v); developing system 2, CHCl;/
CH3;0H (60/30, v/v). Elution of the glycolipids was per-
formed using CHCl;/CH;0H (2/1, v/v).

The pure glycolipids were analysed by the following
chemical and spectroscopic methods. Alkaline hydrolysis of
the glycolipids for removal of fatty acids was carried out by
refluxing with 1 N ethanolic sodium hydroxide solution.
Acidic hydrolysis of the oligosaccharide (after alkaline hy-
droylsis) was performed by stirring in 0.5 N H,SO, at 70° C for
4 h under a nitrogen atmosphere. All 1D and 2D COSY-90 'H
(400.1 MHz) nuclear magnetic resonance (NMR) spectra were
recorded at ambient temperature on a Bruker WM 400 NMR
spectrometer locked to the major deuterium resonance of the
solvent. The 'H broad-band decoupled- and DEPT *C (100.6
MHz) NMR spectra were recorded on the same instrument as
above. The lipid-free pentasaccharide (about 20mg) was dis-
solved in 0.6 ml D,O and the glycolipid (about 25 mg) was dis-
solved in 0.6 ml CDCl;/CD;0D (7/3, v/v).

Results
Shake flask experiments

Shake flasks were used to test the effects of var-
ious carbon and nitrogen sources, temperature
and pH on the growth and formation of glycoli-
pids by N. corynebacteroides. Table 1 contains
data for N. corynebacteroides cultured in the pres-
ence of either water-soluble carbohydrates or wa-

Table 1. Influence of various carbon sources on the glycolipid
production of growing cells of Nocardia corynebacteroides
after 144 h

C-Source Glycolipid Specific glycolipid

(2%) :24)] formation
(g/g biomass)

n-Decane 0.0 0.0

n-Undecane 0.4 0.15

n-Dodecane 0.8 0.30

n-Tetradecane 2.9 0.95

n-Pentadecane 2.8 1.00

n-Hexadecane 2.7 1.20

n-Octadecane 0.2 0.10

Mihagol L 0.0 0.0

Mihagol M® 0.9 0.25

Mihagol S 2.9 0.95

Glucose 0.2 0.05

Fructose 0.2 0.10

Sucrose 0.1 0.09

Ethanol 0.0 0.00

Conditions: shake flasks, mineral salts medium with 3.0 g/1
yeast extract; pH 6.6; temp.=22°C

2 Composition of Mihagol L: 86.1% n-Cyo, 11.5% n-Cy;, 2.4%
n-Ciz

> Composition of Mihagol M: 5.2% n-Cy, 33.1% n-Cy;, 42.0%
I’I-C]z, 19.7% n-C13
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Table 2. Influence of different nitrogen sources on the glycol-
ipid formation of growing cells of N. corynebacteroides afier

144 h

N-Source Glycolipid Specific glycolipid

(0.2%) g/l formation
(g/g biomass)

(NH,),S0., 1.4 1.20

NaNO, 2.9 0.95

NH,CI 1.6 1.40

NH,NO; 1.7 1.10

(NH,),CO 0.0 0.00

Glycine 0.2 0.20

Glutamic acid 0.15 0.15

Conditions: shake flaks; mineral salts medium with 3.0 g/1
yeast extract; 2% Mihagol S; pH 6.6; temp.=22°C

ter-insoluble n-alkanes as sources of carbon and
energy for growth and surfactant production. As
can be seen the glycolipid production was absent
using ethanol, n-decane and Mihagol L, because
of the lack of growth. Among the other substrates
n-C,4 to n-C,¢ alkanes and Mihagol S led to the
highest values with regard to volumetric and spe-
cific surfactant production. As the yields were
similar to the technical grade C,, 15-n-alkane mix-
ture, Mihagol S was used throughout the follow-
ing studies.

The results of the influence of various ni-
trogen sources on glycolipid formation are pre-
sented in Table 2. As there were different changes
in pH during the shake-flask cultivation caused
by different counter ions and non-continuous pH
adjustment, the yields should be interpreted with
caution. Nevertheless urea, glutamic acid and gly-
cine with zero or low values seemed to be unsuit-
able for glycolipid production whereas the inor-
ganic nitrogen sources led to distinctly higher
yields. A mineral salt medium containing NaNO;
led to the highest glycolipid production with 2.9
g/1; a medium supplemented with NH,Cl re-
sulted in the highest specific surfactant produc-
tion (1.4 g/1).

Studies on the influence of yeast extract con-
centration, pH and temperature are shown in Fig.
1. Figure la shows that yeast extract had a posi-
tive effect on the glycolipid production from N.
corynebacteroides. The optimum concentration
was found to be 3 g/l which was about 30%
higher than the control medium without yeast ex-
tract.

After testing initial pH values in the range of 4
to 9 we observed that pH 6-7.5 allows optimum
specific glycolipid production with Mihagol S as
carbon source (Fig. 1b), and the best results were
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Fig. 1a-c. Influence of yeast extract, pH and temperature on
glycolipid formation by Nocardia corynebacteroides after
144 h. All cultures were grown in shake flasks in mineral salts
medium with 20 g/1 Mihagol S. a pH 6.6, temp.=22°C. b
Temp.=22°C, 3.0 g/1 yeast extract. ¢ pH 6.6, 3.0 g/1 yeast ex-
tract

obtained at 22°C after 144 h cultivation (Fig.
1c).

In conclusion the results of shake-flask experi-
ments on glycolipid production by N. corynebacte-
roides favoured the following cultivation condi-
tions: supplementation of the mineral salt me-
dium with 0.2% NaNO; and 0.3% yeast extract;
pH 6.6; temp.=22°C; Mihagol S as carbon
source.

Bioreactor cultivation

Taking into account the above results a batch cul-
tivation with automatic pH adjustment was per-
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Fig. 2. Production of glycolipids with growing cells of N. corynebacteroides under N-limitation in a 20-1 bioreactor (intensor
system). Conditions: mineral salts medium including 2 g/1 NaNO; and 3 g/l yeast extract; 100 g/l Mihagol $; pH 6.6;

temp.=22°C

formed using a 20-1 bioreactor (intensor system).
The results for growth and product formation are
shown in Fig. 2. After nitrogen exhaustion the sta-
tionary phase of growth was reached after about
25 h. At this point the initial yield of whole gly-
colipids increased greatly until 75 h, resulting in
2.9 g/1 after consumption of 52 g/1 Mihagol S.
The yield was 0.055 g glycolipid/g Mihagol S and
the corresponding value for biomass formation
was 0.48 g glycolipid/g biomass.

The qualitative composition of the crude or-
ganic extract was the same during the whole culti-
vation; only quantitative shifts were observed
with increasing incubation time. Degradation of
the cell-associated biosurfactants could not be de-
tected throughout the cultivation. In the absence
of the n-alkane substrate, but in the presence of
all other nutrients, the glycolipids were not con-
sumed by N. corynebacteroides.

Analysis of the crude organic extract
The qualitative analysis of the crude organic ex-

tract by TLC showed three glycolipids at R, val-
ues of 0.78 (glycolipid TL-1), 0.48 (glycolipid TL-

2) and 0.36 (glycolipid PL). The percentage con-
tent of the three components was estimated to be
2%, 6%, and 92%, respectively.

For both measurements of surface and interfa-
cial tension and for structure elucidation studies
the glycolipids of the crude extract were purified
by MPLC and thick layer chromatography on sil-
ica gel.

Physico-chemical and structural characterization
of pure glycolipids

The measurement of the physico-chemical prop-
erties showed that 4 mg/1 of both TL-1 and TL-2
glycolipids reduced the surface tension of water
from 72 mN/m to 36 and 32 mN/m, respectively,
and the interfacial tension against n-C,¢ alkane
from 43 mN/m to 17 and 14 mN/m, respectively.
Employing the glycolipid PL, the surface and in-
terfacial tensions were lowered to 26 mN/m and
<1 mN/m, respectively, at a concentration of 30
mg/1, showing that this compound may be a bet-
ter surfactant than the other two.

The structures of the three glycolipids were
elucidated by 'H, '3C NMR spectroscopy, ele-
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mental analysis and by chemical methods. The
two glycolipids, TL-1 and TL-2, were shown to be
trehalose-6,6'-dicorynomycolates and trehalose-6-
monocorynomycolate, which have been described
previously (Rapp et al. 1979; Kretschmer et al.
1982).

The third glycolipid, PL, was identified as an
oligosaccharide substituted with seven fatty acids
and succinate. The structure of the sugar moiety
was determined by investigation of the lipid-free
carbohydrate produced by alkaline hydrolysis of
PL. Inspection of the 2D 'H COSY spectrum al-
lowed the identification of five complete hexose
spin systems, which were compatible with glucose
units. This was confirmed by the results of a com-
plete hydrolysis of the pentasaccharide as glucose
was the only monosaccharide detected. The
chemical shifts of all protons were determined
from the COSY spectrum and are reported in Ta-
ble 3, together with the magnitude of the coupling
constants.

Shifts of H-6A and H-6B to a low field of ca. 4
ppm are characteristic of substitution at C-6,
while ring substitution causes a low field shift of
the adjacent ring proton. Hence the chemical
shifts of the protons of two -glucose units corre-
spond to terminal moieties bound through C-1

Table 3. The 'H data of the lipid-free pentasaccharide in
Dzo

Chemical shifts (ppm)*
Sugar moieties

H1 522 520 470 454 444
H-2 3.84 3.67 338  3.32 3.55
H-3 4.08 3.88  ~355 351 3.65
H-4 3.56 3.59  ~340 3.67 3.92
H-5 3.85 3.96 346 3.87 3.67
H-6A  389-3.66 418 391 382366 4.2
H-6B 3.89-3.66 3.89 373  3.82-3.66 3.88
Couplings (Hz)®

(1-2) 3.8° 38 799 7.9¢ 7.8¢
(2-3) 9.2 9.6 — 94 L
(3-4) 9.2 L — 9.3 —
(4-5) L L — L —
(5-6A)  — ~1.1 S — 1.6
(5-6B)  — M M - M
(6A-6B) — 115 L — 11.6

2 Chemical shifts were taken directly from the 2D '"H COSY
spectrum

° Coupling constants were determined from the 1D "H spec-
trum except in those cases where a letter is shown, when the
magnitude of the coupling was assessed from the dimensions
of the cross peaks in the 2D 'H COSY spectrum: L=large
coupling (>8 Hz); M=medium coupling (3-8 Hz); S=small
coupling (<3 Hz)

¢ Characteristic coupling for a-glucopyranosyl moieties

4 Characteristic coupling for B-glucopyranosyl moieties
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Glc(18-3)Glc(1o-1a)Glc(6-18)Glc(6-1B) Gic

Fig. 3. Structure of the lipid-free pentasaccharide produced by
N. corynebacteroides

while the third S-glucose unit is substituted at C-6.
One of the two a-glucose units possesses substitu-
tion at C-6, while the second has substitution at
C-3 and a free CH,OH group. The inter-ring link-
age positions are shown by single underlining in
Table 3. Comparison of the literature data for the
'"Ha (De Bruyn et al. 1975) and the *C chemical
shifts of C-la (Bock and Thagersen 1982) in a
comprehensive set of disaccharides in D,O with
those of the present work ('H shifts: see Table 3,
B3C shifts: 93.81, C-1la x 2) indicate that only an
a,c-trehalose moiety is possible for the two a-glu-
cose systems.

The presence of trehalose was confirmed ex-
perimentally as it was detected chromatographi-
cally after partial hydrolysis. Only the structure
shown in Fig. 3 is compatible with all the NMR
data. Both 'H and *C NMR spectra of the native
pentasaccharide lipid could only be obtained in a
mixed solvent system of CDCl;/CD;0D (7/3, v/
v) where both the sugar and aliphatic side-chains
gave sharp and well-resolved signals. The five su-
gar units were identified again in the 2D 'H
COSY spectrum. The chemical shift and coupling
constant data are assembled in Table 4.

The position of the inter-ring linkages are
more difficult to assess in the pentasaccharide
lipid as the shifts are not as characteristic in the

Table 4. The 'H data for the sugar moieties of the pentasac-
charide lipid in CDCl;/CD;0D (7/3, v/v)

Chemical shifts (ppm)
Sugar moieties

H-1 5.34 5.32 458 436 430
H-2 4.82 4.87 3.53 3.73 3.29
H-3 4.07 4.00 513 490  3.47-3.23
H-4 4.94 3.52 491 537 343
H-5 3.87 373 3.91 3.91 3.26
H-6A ~ 3.56 3.80-3.65 4.04* 4.12* 3.81
H-6B ~ 3.56 3.80-3.65 3.59 3.91 3.77
Couplings (Hz)

(1-2) 3.8 3.7 7.8 7.8 7.6
(2-3) 9.8 9.6 9.5 L —
3-4) 9.5 ~9 9.5 — L
4-5) ~10 - L — L
(5-6A) — — S — —
(5-6B) - — M — —
(6A-6B) — — L — —

* One of the C-6 positions in these two B-glucopyranosyl sys-
tems is acylated, while the other is an inter-ring linkage
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Fig. 4. The two possible molecular structures (a, b) of the native pentasaccharide lipid from N. corynebacteroides:
® =R =CH;COO (2 x), CH;CH,COO and CH;CH,CH,COO (3 x in total; each of these residues shows three signals in the *C
spectrum, with each signal being about haif the intensity of each signal of the acetyl substituents), CH3(CH,),COO n=6 (2x),

HO,CCH,CH,COO (1x)

mixed solvent and ring acylation causes signifi-
cant effects. The acylation positions are readily
found from characteristic low field shifts, shown
underlined in Table 4. These data are compatible
with two possible acylation patterns for the pen-
tasaccharide lipid (Fig. 4) in which the only dif-
ference between the two is the position of one
acylation site. Hence the latter is either at C-4 of
glucose unit B (Fig. 4a) or C-4 of the middle glu-
cose unit, C (Fig. 4b).

Information regarding the number and nature
of the acyl substituents is available from inspec-
tion of the high field region, 2.7 to 0.8 ppm, of the
1D and 2D 'H spectra and from the >C data. The
structures of the major substituents follow from
the 2D COSY spectrum and these are also shown
in Fig. 4. The relative proportions of each system
follows from integration of the 1D 'H spectrum
and from the intensities of the signals in the C
spectra. Integration of the 1D spectrum indicates
that the major long-chain substituent is approxi-
mately eight carbon atoms in length. The only
non-homologous acyl-substituent is succinate.

The elemental analysis (C: 52.4%, H: 7.1%, O:
40.5%) confirmed the structure proposal (C:
53.42%, H: 7.12%, O: 39.45%) with the molecular
formula C65H104O36.

Discussion

Nocardia corynebacteroides SM1 was found to
produce an unusual pentasaccharide lipid with re-
markable surface and interfacial active properties.
Only one similar pentasaccharide lipid has been
found and this was synthesized by M. smegmatis
ATCC 356. This also contained two ¢r-glucose and
three f-glucose units but with other inter-ring
linkage positions and the lipid appeared to be a
mixture of long chain fatty acids with 14-22 car-
bon atoms (Saadat and Ballou 1983).

Besides the oligosaccharide lipid trehalose-
mono- and dicorynomycolates were also detected
in the case of N. corynebacteroides. From the liter-
ature it is known that Rhodococcus erythropolis is
also able to form similar trehalose lipids and, in
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addition, produces a third trehalose esterified in
four positions with short chain fatty acids and
succinate, when grown on n-alkanes under ni-
trogen limitation (Ristau and Wagner 1983). On
comparison of the pentaglucose lipid of N. cory-
nebacteroides and «,c-trehalose-2,2'-3,4-tetraester
of R. erythropolis, it is conspicuous that one of the
oligosaccharide lipid structures (Fig. 4a) contains
an ¢,a-trehalose unit substituted at the same posi-
tions as the known trehalose tetraester. The simi-
larity of the acyl groups in both lipids and the
presence of succinate suggests that the trehalose
lipid could be the biosynthetic precursor of the ol-
igosaccharide lipid. This observation and the
common occurrence of trehalose corynomycolates
causes the supposition that N. corynebacteroides
belongs to the genus Rhodococcus. However the
pentasaccharide lipid has taxonomic signifi-
cance.
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