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Novel membrane lipids containing the unusual very long chain fattymaid,3,16-dimethyloctacosanedioate
dimethyl ester (DME C30) was isolated and purified from thermophilic anaerobic eubacterium,
Thermoanaerobacter ethanolicuStructures of the lipids containing the bifunctional fatty acyl components
were proposed by various analyses sucia¥C, 3'P nuclear magnetic resonance (NMR), Fourier transform
infrared (FTIR) spectroscopy, gas chromatography/mass spectrometry (GC/MS) and fast atom bombardment
mass spectrometry (FAB/MS). Combined with the GC/MEand™*C NMR data, we confirmed that the head
groups of the lipids contained the glycerol and/or glucosamine moletR¢$MR spectrum also showed that

the lipids contained phosphate in a phosphodiester linkage. The proposed structures of these novel lipid
components were the ones in which two head groups were linked by the membrane spanning fatty acyl
component (DME C3@nd regular chain fatty acids on glycerol moiety of each head group.

Key Words : Thermoanaerobacter ethanoligighermophile, Phosphoglycolipids,w-13,16-Dimethylocta-
cosanedioate dimethyl ester (DME C30), Structural analyses

Introduction two leaflets of the membrane bilayer as a general response to
the external shocks such as temperature and®HHT.

Bacterial membranes are extremely dynamic complexethanolicuscontains the very long chain, DME C30, as the
systems that interface directly with the environment andmost abundant transmembrane fatty acid component in its
carry out many important functiohd The membranes serve membrané? Although their exact conformations of physio-
as a control center for the regulation of the motional dynamictogical functions inside the membrane still remain to be
of membrane components. The term “homeoviscous adaptiknown, it is believed to be responsible for the main-
ability” has been used to describe the process whereby, afteenance of membrane integrity against the changes of
a perturbation that changes membrane viscosity, thexternal temperaturé.A possible physiological role of the
membrane chemistry of an organism is altered to restore tHeBME C30 as a major fatty acid component has been also
original viscosity or fluidityy Membrane lipids are especi- reported through the work using a model membrane made of
ally known to play various important roles in the physiolo- phosphatidylcholine (PC) and the very long chain fatty
gical functions of bacteri&@ From the standpoint of signal acid® However, no available information on the structures
transduction, structural studies of membrane lipids and thef the lipid species containing the DME C30 has ever been
induction of the synthesis of unusual structures have @roposed. Their structural information will be critical for
special importancé-’ understanding the architecture of the thermophilic membrane

Thermoanaerobacter ethanolicis a thermophilic and as well as the biochemical functions in the cellular physiology.
anaerobic eubacterium whose optimum temperature for Here, we propose the partial structures of a family of
growth is 65-68°C.1%*® High temperature induces high membrane lipids containing the membrane spanning fatty
degrees of motion of lipids, through which the dynamics oracyl component, DME C30, in the membrang&.a@thanolicus
fluidity of the membrane is critically affected. The membrane

of the bacterium has been known to contain a family of Experimental Section
unusual very long chainsg,w-dicarboxylic fatty acyl
components similar to those formedSarcina ventriculi a Bacterial Cultures. T. ethanolicuswas obtained from

strict anaerobic and facultative acidophilic eubacteritiit®  Korea Collection for Culture Type as KCTC 3184 (ATCC
In S. ventriculi these unusual lipid species appear to be31938). The bacterium was cultivated as we described previ-
formed by the tail-to-tail coupling of alkyl chains across theously:®!® The cells were grown on complex media that
contained 0.2% (w/v) yeast extract, salts, and vitamin with
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65°C. The mixture was concentrated to dryness and then 1 mL of
Extraction of Membrane Lipids. The cells were harvest- chloroform and 1 mL of water were added to the residue.
ed by centrifugation at 10,0@pfor 10 min. The cells were The chloroform layer was washed once with 1 mL of 0.5 M
then extracted at 40C with 40 mL of a mixture of NacCl, concentrated, and subjected to GC or GC/MS analyses
chloroform/methanol/water (15: 3: 2, by vol.) for 2 h, and on a J&w Scientific DB1 capillary column (Folsom, U.S.A.)
extraction was performed with intermittent sonication over 2with an initial temperature of 10, hold time 5.0 min and
h. After centrifugation at 10,008 g, the supernatant was a rate of 1.0C/min to temperature of 15C. A second lamp
taken to dryness on a rotary evaporator, dissolved in 10 mbf a rate of 1.0C/min was then immediately started until the
of chloroform/methanol (5: 1, v/v), and then shaken withfinal temperature of 250C was obtained. This temperature
water. The lower phase containing the lipids was taken tovas held for 30 min. The retention times of the alditol
dryness, and the residue was dissolved in 1 mL of chloroacetated derivatives were compared with those of a number
form. of alditol acetate standards. GC/MS analyses were then
Isolation of the Membrane Lipids Containing the  performed with a JEOL JMS-AX505WA mass spectrometer
DME C30. Separation of the lipids extracted from the cells (Peabody, U.S.A.) interfaced with a Hewlett-Packard 5890A
was performed on flash column chromatography (Sigma, Sggas chromatograph.
Louis, U.S.A) packed with silica-gel 60 (Merck, Germany). Analyses of Fatty Acyl Components The fatty acid
The lipids were sequentially eluted with chloroform, acetoneanalyses were performed on the isolated lipids by treatment
and chloroform/methanol/water (65 : 25 : 0.5, by vol.) at awith a 5% methanolic-HCI solution. A 3 mL of chloroform
flow rate of 60 mL/min. Very polar lipids containing the was added to 1 mL of the isolated lipids suspension followed
DME C30 were then eluted with methanol. by 15 mL of a 5% methanolic-HCI solution. The flask was
Analyses of the Lipids The lipids containing the DME sealed and heated in an oven af@Zor 24 h. A 3 mL of
C30 were separated by using thin layer chromatographghloroform was added every 8 h followed by mild sonication
(TLC) (Merck, Germany) with silica-gel 60 using chloroform/ for 5 min. The mixture was then concentrated on a rotary
methanol/water (7 :1.6/0.2, by vol.) as a solvent systemevaporator to dryness and extracted with chloroform. The
Spots were visualized either by spraying with 50%combined organic fraction was redissolved in 1 mL of
ethanolicsulfuric acid and heating at 280 to char the hexane. The fatty acid methyl esters were subjected to gas
organic components or by spraying with a 0.1% solution ofthromatographic analysis on a DB1 capillary column using
2',7-dichlorofluorescein in aqueous ethanol (1:1, ®A7). helium as a carrier gas and with an initial temperature of 150
Standard phospholipids were used as standards in addition %G, hold time 0.0 min and a rate of 3@min to temperature
free fatty acids. Spraying agents for the detection of eacbf 300 °C. This temperature was held for 40 min. The
lipid components were used as we described previbusly. relative proportions of the lipid components were calculated
Each lipid band was scraped from the plate onto a columfrom the integrated peak area. The identification of fatty
fitted with a sintered disc and the material was eluted fromacids and the determination of molecular weights were
the silica gel using mixtures of methanol and chloroform.accomplished by the GC/MS analysis.
Each fraction was concentrated by evaporation and redis- FAB Mass Spectrometry FAB/MS was performed using
solved in chloroform or a chloroform/methanol (5/1, viv) a JEOL HX100 (Peabody, U.S.A.) double-focusing mass
mixture for further analysis. spectrometer (EB configuration) equipped with a high-field
Analyses of Lipid Headgroups The isolated lipids (2-3 magnet operated in the negative ion mode. The ions were
mg) were hydrolyzed with 1 mL of 2 M trifluoroacetic acid produced by bombardment with a beam of Xe atoms (6 kV).
(TFA) (Sigma, St. Louis, U.S.A) at 12T for 3 h? The  The accelerating voltage was 10 kV, and the resolution was
hydrolysate was concentrated to dryness, then 1 mL of wateset at 1,000 or 3,000 according to the mass range of interest.
was added and the solution was concentrated to dryness Thhe samples were dissolved in a chloroform solution.
remove any trace amounts of TFA. The hydrolysate wasenerally, 1-1.594L of the sample was mixed withd of
further analyzed byH, 1*C and®’P NMR spectroscopy or by m-nitrobenzyl alcohol (MBA) on the FAB-MS stainless steel
the conversion to alditiol acetate derivatives for a GC/MSprobe tip' The calibration was performed using Ultramark
analysis. For the GC/MS analysis with the alditol acetatg443 or 6121) or (Csl) cluster ions, depending on the mass
derivatives, the hydrolysate was extracted with 1 mL ofrange of interest. A JEOL DA-5000 data system was used
chloroform (2 vol.). The chloroform layer of the extracts wasfor recording the spectra. The spectrum was scanned over 2
discarded and the aqueous layer was concentrated to drynesg frommnmy/z 0 to 3,000.
under nitrogen. The aqueous residue was dissolved in*H, *C and ®P NMR Spectroscopic Analysis NMR
methanol and reduced with sodium borohydride (Sigma, Stspectroscopic analysis was performed on a Bruker Avance
Louis, U.S.A) for 1 h. Three molar HCI was then added to(AMX, Germany) 500 NMR spectrometer operated at 500
decompose the excess borohydride. The solution wablHz for *H, 125 MHz for*C and 202.5 MHz foP'P,
repeatedly concentrated to dryness several times fromespectively. All measurements were performed with 0.6 mL
methanol. Both 0.1 mL of pyridine and 0.1 mL of acetic samples in 5 mm NMR tubes using CP@F DO as a
anhydride were added to the residue. The solution wasolvent. For the analysis of the isolated lipids, 15 mg of the
briefly sonicated and left at room temperature for 16-20 hlipids was dissolved in CDgIlFor the analysis of the head
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groups of the lipids, the hydrolysates were dissolved. D
Chemical shifts were quoted relative to the chloroform
resonances 7.24 for'H and & 77.00 for'C), external
trimethylsilane (TMS,0 0.00) and 85% HPQ, (J 0.00) for
3P NMR measurement, respectively.

FTIR Spectroscopic Analysis Spectra were obtained on
a JASCO FTIR-300E spectrometer (REV, U.S.A.) over the
wave number of 4000-300 ¢ The 5-6 mg of purified
lipids was mixed with a KBr pellet.

Results and Discussion

NMR Spectroscopic Analysis of the Isolated Lipids
The H, °C and3P NMR spectra of the unusual lipids
containing bifunctional acyl chains were obtained. In‘the
NMR spectra of the isolated total lipids (Figure 1A) and
purified lipids (Figure 1B), the signals of the intense reson-
ance ato 0.79 andd 1.18 were assigned to the methyl and
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Figure 2. **C NMR spectrum of the isolated membrane total lipids.
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Figure 1. '"H NMR spectra of the membrane lipids containing the
DME C30. (A) Spectrum for the isolated total lipids. (B) Spectrum
for the isolated lipids of which DME C30 is one of the fatty acyl
components.

fatty acyl components, respectively. The characteristic
resonance ab 0.79 contains the signal of the vicinal methyl
groups of thewlinked bifunctional acyl chains. The signals
of the resonance at2.23,01.97 and 1.50 corresponded to
the methylene protorsrelated to the carbonyl function, the
protons of the methylene groups next to the vinyl carbons,
and the methylene protoifkrelated to the carbonyl group,
respectively. The small signal & 5.28 assigned to the
olefinic protons was present only in the regular fatty acyl
chains of the lipids, not in the bifunctional very long fatty
acyl chains as we described previoddlyhe peaks within
the range o 3.00-5.18 strongly indicate the presence of
glycerol and carbohydrate moieties in both the total and the
purified lipids. The'*C NMR spectrum for the isolated total
lipids (Figure 2) showed the ester carbonyl carbord at
172.4, methylene next tiso-branch atd 38.1, methylene
next toanteisebranch atd 35.6, methyne next tanteise
branch atd 33.4, methyne next tegso-branch atd 26.1,
methyliso-branch ad 23.4, methyhnteisebranch ad 18.2,
vicinal methyl group ad 13.0, and methydnteisebranch at
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Figure 3. 8P NMR specrum of the isolated membrane lipids
containing the DME C30.
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supported that the purified lipids were in the family of

! phosphoglycolipids as shown in the NMR spectra.

| Analyses of Headgroups of the LipidsThe gas chromato-

j graphic profile of the alditol acetates was obtained from the
hydrolysate of the lipid fractions by treatment with 2 M TFA
(Figure 5). The three major components were observed. The
presence of this alditol acetate was confirmed by electron

| impact (El) mass spectrometry. The El mass spectrum of

[ peak A in Figure 5 is shown in Figure 6A. Typically, alditol

Transmittance (%)

, 1 l 1 ‘ ‘ \ ) , acetate derivatives did not produce molecular ions. However,
4300 3800 3300 2800 2300 1800 1300 800 300 [M-CH3CO,]" ion atm/z 159 was found in low abundance
Wavenumber (cm™) by the elimination of an acetoxyl group, or by the cleavage
Figure 4. FTIR spectrum of the the isolated membrane lipidsOf the alditol chains. The base ion peakrét 145 corre-
containing the DME C30. sponded to [M-CLHDCOCH;]*. The ion atmyz 103 was
assigned to the loss of ketene [-C] from nV/z 145.
0 10.3, respectively. The peaks betweeB0.9 andd 26.2  These mass fragmentations clearly indicated the presence of
corresponded to the methylene groups of long chain acylycerol triacetate. Figure 6B shows the EI mass spectrum of
components. The signals betwe®t31.5 and 124.0 also  peak C in Figure 5. The major ions appeared/a890, 374
indicate the presence of glycerol and carbohydrate residuemd 360. These corresponded to [M-CGQEHM-CHsCO,]*
in the headgroups of the lipids. Spectrum for the moreand [M-CHCH:;CGO,]", respectively. The ion at'z 144 also
purified lipids also showed each resonance for the carborsuggests the typical mass fragmentation of glucosamine in
observed in the total lipids (data not showffP NMR  glycolipids. In addition to the major ions, other primary
spectrum (Figure 3) showed the presence of phosphordsagments were formed from glucosamitol hexaacetates
esters, indicating that the isolated lipids were composed dfFigure 6B). Peak B in Figure 5 was assigned to the glucos-
the mixture of phosphoglycolipids. amitol pentaacetate that the carbon in position-1 remained
FTIR Analysis of the Lipids. The infrared spectrum aldehyde forms due to incompletely reduced glucosamine
(Figure 4) showed a strong aliphatic C-H asymmetricduring the acetylation. These results were further confirmed
stretching absorption at 2921 ¢rand symmetric stretching by the analysis of thtH NMR (Figure 7A) and*C NMR
at 2850 crit. The characteristic C=0 absorption band of the
aliphatic ester group appeared at 1739'cifhe C=0 over-

tone absorption at 4323 chwas also observed. A strong Ao, 0 TN i

asymmetric C-O-C stretching band appeared at 1088 cm % H onc'®

Band due to P-O-C stretching was observed at 786 ém 801 A I
70 20AC

broad OH strectching band (3600-3000 Ymwas also

observed. The C-O stretching vibration in the alcohol £
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Figure 5. Gas chromatographic profile of the alditol acetates of the

headgroup hydrolysates of the lipids. (A) Glycerol triacetate. (B)Figure 6. EI mass spectra of (A) Glycerol triacetate and (B)
Glucosamitol pentaacetate. (C) Glucosamitol hexaacetate. Glucosamitol hexaacetate.
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A respectively (Figure 7B). Peaks @68.5 andd 62.6 were
{ confirmed as typical glycerol carbons. Peakdafl78.1
indicated the aldehyde carbon of the glucosamine molecule
hydrolyzed by the TFA treatment. Through ti€ NMR
analysis, we clearly confirmed that a component of the head
groups of the purified lipids was nbkacetylglucosamine
but glucosamine, due to the absence of signal corresponding
to -CHs of acetyl group. Combined with the GC/M8, and
13C NMR data, we confirmed that glycerol and glucosamine
i were the components of the head groups of the purified
b 1 lipids.

A S
‘ ‘ _ ‘ . Compositional Analyses of Fatty Acyl Components of
50 45 49 35 30 25 20 15 the Lipids. Total fatty acyl components in the purified lipids

were analyzed as fatty acid methyl ester derivatives obtained
after methanolysis with 5% methanolic-HCI. These fatty
acid methyl esters were then subjected to gas chromato-
graphic analysis. GC analysis of fatty acid methyl esters is
shown in Figure 8. Exact structures and masses of the fatty
acid methyl esters were determined by a GC/MS analysis as
our previous reporf The GC profile showed that the peaks
‘ ‘ from A to E were the typical membrane fatty acyl compo-
00 s 1m0 15 100 7 0 s ) nents ranging from 15 to 18 carbon chains. Major regular
fatty acids werdso-pentadecanoic acid (peak Bp-Cis.)
and iso-heptadecanoic acid (peak Gp-Ci7). The later
eluting peak was assigned to the DME C30. The relative
proportion of the fatty acid methyl esters was also measured
from the gas chromatogram (Table 1). The relative proportion
spectra (Figure 7B) of the hydrolysates obtained by the TFAf the unusual DME C30 was more than 75% relative to the
hydrolysis for the purified lipids. The anomeric mixtures of typical fatty acyl components in the purified lipids.
glucosamine were confirmed by the characteristic H-1 protons FAB/MS Analysis of the Lipids. In this study, data
at o 453 andd 5.05. Characteristic signals of glycerol obtained by FAB/MS provide the structural information of
appeared ab 3.51 andd 3.41 (Figure 7A). The anomeric the purified transmembrane lipids. The negative FAB mass
carbon (C-1) of glucosamine was observed 87.5. Peaks spectra of the purified lipids were obtained to determine the
at 0 55.5,0 63.9,0 64.7,5 65.1, andd 71.5 were also ranges of the molecular weights (Figure 9). The spectra
assigned to the carbons in position-2, -6, -4, -3, and -5showed a mixture of phosphoglycolipids. The general structure
proposed could be also predicted from the mass data
1oo1 F obtained in Figure 9. The molecular weight of the tail-to-tail
joined lipid between the two diacyl glycerol (DAG) contain-
ing fouriso-Cis.ois 1076, which was observedmatz 1058 as
[M-H20] (Figure 9A). The ion atvz 1182 could be assign-

Figure 7. NMR spectroscopic analysis of the headgroup hydro-
lysates of the lipids. (AJH NMR spectrum of the hydrolysates. (B)
13C NMR spectrum of the hydrolysates.

=)
(=1

g ed to the pseudomolecular ion [M-Hpf the tail-to-tail
& 60 joined lipid between the lyso-phosphatidylglycerol (PG) and
%6‘ - PG containing twdso-Cys and oneanteiseCis;o (Figure
S 40 9B). Figure 9C shows the proposed structures of the tail-to-
g tail coupled lipids between trsgr1-glycerylO-DAG (GDAG)

" A c and PG molecules, the phosphatidylglucosamine (PGA) and

B D
ol ; Table 1. The composition of fatty acid methyl ester in the purified
5 15 25 35 45 55 65 75
Retention Time (min) Fatty acid methyl ester ~ Relative abundance (%)
Figure 8. Gas chromatographic analysis of fatty acyl components A Ciso 4.81
in the purified lipids. Total fatty acids within the lipids were B Ciso 4.41
analyzed as the methyl ester derivatives after methanolysis. (A) C Ciro 6.95
Cisocarboxylic acid methyl ester. (Bx&scarboxylic methyl ester. D Cis1 5.96
(C) Gz carboxylic acid methyl ester. (D)1£; carboxylic acid E Ciso 273
methyl ester. (E) G carboxylic acid methyl ester. (F)sfs F C ) 7514
30:0 .

dicarboxylic 13,16-dimethyl ester.
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Figure 9. Proposed novel lipid structures and the negative ion FAB mass spectra of the lipids containing the DIMIEaE&@nolicus(A)
Negative ion FAB mass spectrum and the structure of tail-to-tail coupled lipids of DAG molecules. (B) Negative ion FABiM® skt
the structure of tail-to-tail coupled lipids of PG molecule and lyso-PG molecules. (C) Negative ion spectrum and the cttadttmesil
coupled lipids of GDAG/PG and PGA/DAG. (D) Negative ion spectrum and the structures tail-to-tail coupled lipids of PGA/GDAG.

DAG molecules. The FAB/MS spectrum obtained in theamong thea,w-dicarboxylic fatty acyl components, the
negative mode gave/z 1363 and 1385 as the pseudomole-DME C30 have been known to be only found in the mem-
cular ions [M-HQO]", respectively. Additionally, the mass brane lipids off. ethanolicusin the case d&. ventriculj the
spectra also confirmed the tail-to-tail coupled lipids betweeracidophilic bacterium has been known to contain the
the PGA and GDAG molecules containing thiseCisyo membrane lipids including MGDG, DAG and PG. In the
and oneanteisaCi7.0 (Figure 9D). The ions aw'z 1444 were  bacterium, a mechanism has been also proposed by the
observed as [M+Na] hydrocarbon tail-to-tail coupling between the bilayer leaflets
Studies on the fatty acyl chains in the membrane lipids irand the lipid molecules partially cross-linked between the
T. ethanolicushas shown that the membrane lipids of thehead groups during the environmental adaptdt@n. the
bacterium contain the,w-dicarboxylic fatty acids as compo- contrary, T. ethanolicus contains a mixture of phospho-
nents similar to those formed $ ventricul®'®**However,  glycolipids containing PG, DAG, GDAG and PGA in its
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membrane components as we here described. In this study, National Center for Inter-University Research Facilities
we also confirmed that the carbohydrate moiety of the lipidor NMR spectroscopic analysis. SDG.
were composed of the glucosamine molecule whereas the
moiety as the glucose moleculeSnventriculi The unusual References
structure of the DME C30 ifi. ethanolicusmply that the
mechanism for the formation of the long chain fatty acid is 1. Lee, J.; Jung, S.; Lowe, S. E.; Zeikus, J. G.; Hollingsworth JR. I.
due to the tail-to-taitu coupling of the regulaso-branched Am. Chem. S08.998 120 5855-5863.
fatty acids across opposite sides of the membrane to survivé KM A Jeong, I-C.; Shim, Y.-B., Kang, S.-W.; Park, JJS.
. . . . Biochem. Mol. Biol2001, 34, 446-451.

against the extreme environmental conditiofihe synthesis 5 Sinensky, MProc. Natl. Acad. Sci. U.S.A974 71, 522-525.
of the DME C30 explains the result that the percentage of thes. wang, Y.; Botelho, G.; Martinez, V.; Brown, M.JF.Am. Chem.
transmembrane fatty acid is raised in response to increasing Soc.2002 124, 7690-7770.
levels of ethanol as recently reportédrhe couplings of - €hoi, ﬁ Hll 9350296:-5 I&;Jark, O. H.; Yoon, B.JDMicrobiol.
lipid chains have a very high significance because it representg ggrtjge,nl?.;' Holl?ng’sworth, R.Biochemistryl995 34, 12005-12011.
a new and unusual mechanism for maintaining membrane; cnoi, v.-H.; Yang, C.-H.; Kim, H.-W.; Jung, $. Biochem. Mol.
integrity during adaptation to extreme condition in extremo-  Biol. 200Q 33, 54-58.
philic bacteria. This type of response explains the remarkable8. Jung, S.; Hollingsworth, R.J. Lipid Res1994 35, 1932-1945.
structural complexity and high dynamic fidelity of membrane 9- Jung, S.; Choi, Y;; Chang, Y.; ¥i, D.; Kwon, T.; Hollingsworth, R.
systems. | J. Microbiol. Biotechnol200Q 10, 386-393.

Here, we reported the proposed molecular structures o]'fo' Kim, H.. Kang, S.; Jung, Bul. Korean Chem. So&001, 22

’ 979-983.

the novel lipid components of which DME C30 is a major 11. Rouquette-Jazdanian, A. K.; Pelassy, C.; Breittmayer, J.; Cousin,
fatty acyl component in the membrane Tof ethanolicus J.; Aussel, CBiochem. J2002, 363, 645-655.
One of the proposed physiological roles of these novel?- GBu,gdetlteérl?\}ir%r;lJll\J/lri]cgr’oii'éxlszr(])%nz’e(saé;rﬁingg\ivgnh’ R.1.; Zeikus, J.
membrane componenis may be the enhancement qf Jung,pé.; Zeikus, J. G.: Hollingsworth, R Lipid. Res1994
membrane thermostability which would be endowed by the 35 1057-1065.
increased van der Waals interactions due to the presence of Jung, S.; Hollingsworth, R.J. Theoret. Biol1995 172, 121-126.
these characteristic, unusually very long chain fatty acyl5. Jung, S.; Lowe, S. E.; Hollingsworth, RJ!.Biol. Chem1993

components of the lipids. Further research will be continued 268 2828-2835. .

in this viewpoint 16. Lee, Y.-E; J.aln, M. K.; Lee, C.; Lowe, S. E.; Zeikus, JInG.J.
' Syst. Bacterioll993 43, 41-51.

) 17. Bazzi, M. D.; Nelsestuen, G. BiochemistryLl 987 26, 5002-5008.

Acknowledgment This work was supported by a grant 18. Lovitt, R. W.; Longin, R.; Zeikus, J. @ppl. Environ. Microbial

from Konkuk University in 2001. We thank the NMR group 1984 48, 171-177.




