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Mycolic acids, an a-alkyl B-hydroxy very long chain (Cgy-40) fatty acids are well known to be the
most characteristic cell wall lipid component in Actinomycetales and to contribute to the physiological
characteristic of cell walls in acid-fast bacteria. In order to investigate the biosynthetic mechanism
and physiological roles of such type of fatty acids, we have developed the powerful analytical method
for mycolic acid composition from various species of Mycobacteria and related microorganisms using
gas chromatography-mass spectrometry. The results showed, the first, M. phlei possessed a-mycolic
acids (M;) ranging from Cyy to Cg (dienoic monocarboxylic acids) and dicarboxy mycolic acids (M3)
ranging from Cs; to Cgy (monoenoic dicarboxylic acids) with Caq or Cg; alkyl chain at a position, as
major components of both the extractable and cell wall bound lipids. The second, with using this
method, the changes in mycolic acid composition upon the growth inhibition by the antituberculous
drug, isoniazid (INH), were examined and the synthesis of longer chain mycolic acids in both sub-
classes were shown to be strongly inhibited with the increase in the concentration of INH. Changes
in acid-fastness (the disappearing of acid fastness) or surface structure of the cells were also observed,
paralelled with the inhibition of mycolic acid synthesis. The third, the adaptive changes in mycolic
acid composition were also demonstrated in response to the shift of growth temperature. Increasing
the growth temperature from 20°C to 50°C resulted in an increase in longer chain species of both my-
colic acid subclasses with a concomitant decrease in shorter chain homologues. The most abundant
species were Crg of M; and Csg of Mj in the 20°C grown cells, while the 50°C grown cells contained
Cgo in M; and Cg; in M3, most abundantly. Mass fragmentographic analysis revealed an increase
in total carbon numbers of mycolic acids was caused by the elongation of straight chain alkyl unit,
without any change in a-branch. In vitro incorporation studies of 1-1C-acetate into long chain fatty
acids by the ammonium sulfate precipitated enzyme fraction obtained from sonicated M. phlei extracts
showed the radioactivity was incorporated actively into wide ranges of long chain even and odd num-
bered fatty acids ranging from Cgq to Csp, which could be precursors of straight chain alkyl unit of my-

colic acids. The 14C incorporation pattern on radio gas chromatogram was profoundly affected by
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the incubation temperature, the shorter acids were labelled at the lower temperature and the longer

acids were labelled at the higher temperature, this indicating the adaptative change in mycolic acid

molecule appeared again to occur at the straight alkyl chain, exclusively.

From the results obtained above, it was demonstrated the structure of mycolic acid are not only

characteristic in the species of mycobacteria, but also vary by the environmental condition, such as

the growth temperature or the presence of antituberculous isoniazid, followed by the changes in the

cell wall surface structure.
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Fig. 1. Thin-layer chromatograms of mycolic acid methyl ester subclasses in various Mycobacteria.

M, : a-mycolic acid, M,’: shorter-chain a-mycolic acid, M. :keto mycolic acid, M, : dicarboxy mycolic

acid, M., M.’ : unknown.
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Fig. 2. Gas chromatograms of TMS-methyl mycolate from M. phlei (M;, M3).
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Fig. 3. Mass spectra of TMS-derivatives of a-mycolic acid methyl esters (Cpy, Crg and Cyg:M;).
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Fig. 4. Mass spectra of TMS-derivatives of dicarboxy mycolic acid methyl esters (Cgg, Csg and Cgp: M3).
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Fig. 5. Growth inhibition of M. phlei by various
concentration of INH.
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Fig. 7. Changes in mycolic acid-molecular species composition by different
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Fig. 8. Growth curve of M. phlei at various
temperatures.
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Fig. 9. Thin-layer chromatograms of mycolic acid
methyl esters in M. phlei grown at various tempera-
ture. Total fatty acid methyl esters were obtained
from cells grown at 20, 30 or 40°C.
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Fig. 10. Changes in the molecular species composi-
tion of a-mycolic acids in extractable (EL) and cell
wall bound (BL) lipids according to growth temper-
ature. Values are relative percentages of mycolic
acids.
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Fig. 11. Changes in the molecular species composi-
tion of dicarboxy mycolic acids in extractable (EL)
and cell wall bound (BL) lipids according to growth
temperature. Values are relative percentages of
mycolic acids.
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Fig. 12. Changes in the dicarboxy mycolic acid
(M3) composition of the extractable lipids after
shifting up the growth temperature from 20°C to

50°C.
Fig. 13. Mass fragmentographic analysis of dicarboxy

mycolic acids from cells grown at various temperature.

a : Fragment ions due to C.-C; cleavage (A).
b : Fragment ions due to C;-C, cleavage (B) and (B-29).
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Fig. 14. Incorporation of 2-14C-acetate into mycolic acid subclasses at various incubation
temperatures in M. phlei after shifting up to 50°C or down to 20C° from 35°C.

EL : chloroform- methanol (2:1, by vol.) extractable lipid, BL :cell wall bound lipid, M, :ea-
myecolic acid, M; : dicarboxy mycolic acid.
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THER 50, BENE N EBTINERCHT, Mias
D3 2~ NEOEEFRIERICIT b T 5 2 &3
D IeDT,
4. Cyo-so REANRIIER DEEHNIE A
4-1. BREESBERC L 5 1-1C FER D B4 I5 IR~
DI AZIZ RIF T RIGILEE D2
Fig. 15 10/R4 X 512 1-4C g BR4ERIHEE~ DL
D RAZIEMEL20C s 555C & FLIE AR EERIZ 3850 5
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Fig. 17. Radio gas chromatograms of 4C-labelled fatty acid methyl esters synthesized enzymatically

at 25, 37 or 45°C in M. phlei.
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Fig. 18. Mass spectra of very long chain, non-polar fatty acid methyl ester from M. phlei.
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Table 1. Molecular Ions of Cgy-5 Very Long Chain Fatty Acid
Methyl Esters in M. phle
Carbon numbers Saturated (Mongi:[;.r?l%;r;glganoic) (Dicygtl);r;gganoic)
30 466 464 462
31 480 478 476
32 494 492 490
33 508 506 504
34 522 520 518
35 536 534 532
36 550 548 546
37 564 562 560
38 578 576 574
39 592 590 588
40 606 604 602
41 620 618 616
42 634 632 630
43 648 646 644
44 662 660 658
45 676 674 672
46 690 688 686
47 704 702 700
48 718 716 714
49 732 730 828
50 746 744 742

N, CTDEHMEII40CHIET TH Ok, Tl OFED
RO ON DML M. phlei DFEFRERE L L {—

34 L T,
4-2. TLC = X 2R - JeMiEE 05 HEL 1C Ji
el wiil

MEFEEFRT X D ARSI ¥C i 2 F 1= A
7% TLC CTHEES % LIRGHE e — 27 12E L LTTD
Bdbh, TR ZnIFmEIENEE, 3-hydroxy JiEIHEE
FALzATFAD Ry [B&—F Lz (Fig.16), ZhbD
AT RNREC L > T 8% 5, RENEL D
12 EIEBEEIRIERAN OB RABAE & Te2te, Tk, &
DREISEBETTIE S 2 —ABADOIRDARILIZTE A LR
DHRIEIDTR,

MBI IR ER A 5 A e ©— 2 23 X b @R
L, X561t AgNO;-TLC 1T X » REZFIE DT - 5
subclass (f3f1, &/ =V B IOY = VES) ZHEHT S
& RSHE D902 L Rl AaFNE TR Bk,

4-3. GLC It X 2 & KB ORI OS5 EEEL 1C Ji)

HHE Do

HPEDEIFIE S % B X v EIR L radio GLC 44
fTieotc b &b, Hhtheit Cu~Cso DFdD THEL DRSS
FERFBRCER DR E R T % 2 LB B Awc oot (Fig.
17), Lind, ZhbHOBHHED 5 A ILRIGERECL D

FELLRERY, FIGEEC TR D AR Cx Hic b
WCEEEDN, RIGRESTCETSHE Co bzt ET
BARERRD bR, SLIBESELRDE, LR
DIEBHERN DISHE DI h AR BD B hlc, Kk
BENABWIZE, ICREOIEHRCSEE, B
C— 7 NERSEEL, ESIRHR ORI ST, SEEE,
vrwFe AVBEZRDRAETRTOD S ERRE IR
2o

4-4, =RATSFIZAVIIT7 4 =1Lk 5 Cyp~CsF

SHIRIATR D[R E

INBDRGEEE — 7 % & HIC I RES 5 7o,
Bk L h REEIEER A HhE L, £ OFIBAE T DT
GC-MS 5#i%&fT7eote, T DFER, M. phlei DIEmM:
iy, Cis~zo BIEEDRIFERESNT, Cao~so F7ciX%
NI DXL RMEDIEHRR e ) DREEL, Thb
'k GLC DR FFFR:H 2 & EERBETR D27 58, 4%
FRaate 2 ENB ST DR, Lo b RES I
DILHEDT, FIFESEIRIEAIC —F Linwv ©— 2 355
it L CHBLLIcD T, ThFhORERD €~ 712D
WCRATZF AV 257 4~ BRAERITOR,
ek HAREALA, AEAIR, A 2 AR X OB
&/ IO Z RN Y 5 5 F A 4 v [MI* Fic
X M-82]* 1 vhe=r—F5ZLic) b (Table 1)
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ZRBTRCORS A st Lic (Fig. 18,19), %
DiEE, BEHEER X OHHIRIL, Cio~o BEICE EF
D Cosego ITITE 7 AFALEBIFAEL, IBICEH
i LB R T OB TR, Thbbyse
FrRVEEEBIOE AFLE Vv T R AVEERE
B % 10 h 2 ENABIC DT, ZhbD Chp-s0
RO OBBIIARE D § 2 — LR OB —K
L MC Fchhei mas il craERuE s fafm~, Refll©
DX SBENBBE LY 7 v P e VRN LILD R
FNBIEND, KED I 2~ LVEBOHEMEHS (2= 3
I — VER) ICHT A RENEHIRMN C OFEERCTHRS
I ERRBEE NI, B bz &nd, M. phle Tk
T3 32— ABEARIC R, RENED CEET
FfEEE S = — ABROEREYFEH LT3 2 EHLME
foolc,

1v. # ®

Eukaryotic, 33 J 0% prockaryotic cell DR E I BREE
TELESC RIS LT e iw o fluidity %39 2 7o dic ks
EOEET 5 RO R T %, —C 7 T AR
TiE, ERERETY VIEHR OB LUy s r T as
VRT3 A A EAFNEI R R AN 3 N3 51917, IRy
1277 A IBHEE ¥ I R FE R & & E e W T O %
B, BEOBRE ORI JRIFTR D acyl ZED IS
By, FRIMERABLIR L L L W fTishbh 519,
Mycobacteria }s & O8N % O MEFE TIF, sk X O
DIREAR B EMETH D, R X OSHIEIER
&L OREN A DY VIEER IO a - AVBE ST
glycolipid, 3 =2 —AfRDfEA L7 cell wall skelton &
B D T\ %5, Mycobacteria @ 3 =2 — LB 1T ex-
tractable #F7-i% cell wall bound lipid Fr-CiLiBNENEEE
Tt U TN h20~30% % 7cik80~902% % 5%, A
B EE LA HE LR L TWD EEZBRTWAY,
BRERREOZEIC L b ED X 5 I8 50 2038
MR TWiehDl,

—7, SHEHBELERERC Lo T OBERHKER
Enfnh, ABERETIRSTC, BEEKEIIIhE
DR 37T~45C TRIFRFEB 1RO b, LR
DR BHPERE M. fortuitum %3 YO8 M. chelonei 112
REDIRDDBECEHEBREY 2T 5, FRCA
FUREBBENL3TC 0 b B (IR BT B - L BB L
Wibid B “Cold shock” L\ v ABRIGRD B, &
DEE I 2~ ABREAKMEILT D Z LG Sh T
20, TRHOED I =2~ AR, ABE T Chomgs,
BEEVEE Cgo~g0, M. fortuitum Cqoeqg, M. chelonei Crparg &
% DRFBIE OWOEHBFRBMEAKEL TR,
EHRBREESE L B3 E, BRIAEL A HEEA
BOBRTNWE2  LIeiDT 3 2—ABB oS T8
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#LELAS Mycobacteria DFEE FIRE /IR E L RD Z—2 D
HERTHHZ L IRBEIN D,

Lo Liehth, TR 3 = — AVERER SRR X
DEDL BT BT % AT E LML TWighot,
M. phlei 3. Mycobacteria @ 5 % Gl CJAEIFH DR
BCHEETIHTH D DT, WAXIHEERMIE L
TR 3 2 —AFRDEEC X 5B L 37, M. phle
D3Ia—AFRIY, aIa—ABESC S IRy I a—
NEEPE END EIVEBNITH DD, DHALRY 2~
AERIE, M. avium &0 slow growing group D7, il %
@ rapid growing mycobacteria [Z43A L, HIEREE D5
IO ALE S L B D B & &R B A T
L7=2029 Etémadi 513 h b a A Hv 3 2 — ARz,
Baeyer Villiger & D A L7 F v 7ELTr b 3
2 — ABROBREIC LD T2 AT 3 2~ AEENBERE R,
FROBERIND EHEBL TN 52, s OFERTIL,
T AT 2= AFRORBEC L Y SR ERD THS
5 octadecanol-2 L eicosanol-2 D&Y, REZRC
JGUTCERL, UHLEY I a— A0S FREERDZEE
{LEWIT LI, M. phlei Da I 2 —ARE IO H v
AV 3 a— A BROSENREC L Y FELWEEY ST,
BRI Y, WO $ 2 - BREENNTS 2L,
Ffe 32— ABROS TR LIREC X WY 51,
EE EREDOG TINS5 Z L R Lic, IF
#4E Bacillus stearothermophilus TIXIREEC X b, 4V
BIOT V74V GEIEOLENELT 2 DA LTIR
IHEE DSEENEILT 2 Z LB TN B, M. phlei
DI 3= AFETONT L FEDEAAED LN BN, £
DRFIDEB DIFIEK Z < 20°C2>550°C DHH T
RFEH 3 ~ 4 HOBEENRBDBI, HEE LT, &
s ERESTFEDOERNS  In0tc, FioFHEMARK
DEFNL, {REED shift up 1R L CTHD T SO G
L 3 ~ 5 D&M T FROEI RO biic, &
REDZ EDsb 32— A2, Mycobacteria ¢ F-ZERE
BIFE & LT, flssciifaBoiiE#isodind &b
—hii & DT D & E R BT feDTe,

Pisttz#l Isoniazid 132 DIFAREFIC Bk 28 b ich
&« OGN TIobh CT& e, INH (3% O (LSS
vy Py — VERRCELLTO 5 DT h R iR &
T B4 OEEFR, KT T 3 RABICBIE T SRR
i A EIEA T Shiens?, JIEIERC bR
BEX O VECEETLIEENRDBRT, EO
{ERKEIE L 1XE 2 ST, JT4E, Takayama 5%
UC Eifhx 7o cell TOERMD, HMEED 2~
AR A INH i Lo THHEIR®, cell-free iz
BWTH I 2 —ABOEMEES (A= 3 2—1[R) 2
W5 EEZ B BN D Cao-eo EEHIRIHER DA BAVEIEE
INH yinciifl &, i Cp LD elongation 3
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EXNTHWAIEEWLNT L2, 41k M. phlei i
BT cell h o 3 2 —AfBoEaE», INH B
HOIL CERCEIT50R8LT, I a~LROGTF
FEARLEHL INH BERNSL /L EREDI = -1
B+ 5z e R L., hbo INHIZX 5
3 a—ABRORFEFOLEENL, M. smegmatis DEEHVT L
OB, TATIISAVNIT 74 —DERIY, E
PE OERY (B CHIRT S T LBk
(unpublished), # 7=, =} & B L€ INH OHEA L7
P AR <, RO LTV R IR
DTWB A, MO L TIHEIAMEN & &3
BT\ %, Nocardia rubra %3 . OF Corynebacterium xerosis
1% Mycobacteria OEFEETH D 3 =2 —ABIFETS
A, Shbo I o — A RENIT Mycobacteria & [
T N.rubra Caseso, T C.xerosis T Cag-36 TH 5,
RS DE OIS INH OFEE I TARL L,
N.rubra ¢ INH 2 pg/ml L) F-CHEE 7 RBHENR
Db, C.xerosis T4 BLENR D bhigh2
72, %7- INH D #FbdHh b Nocardia Tk INH
X5 32— AR FROEESRDLH, HEAYRE
D 3 32— Cuaus 2B L, —FHEDHI IR
Corynebacteria Tl34: - FREBKOE(LIR D bhis
o130 Lo T, MEofEREsS INH 0F (—
) RS DWTIE, AR 3§ a2 — AT % REH
NERHIER & SR DT m DB T B R, FrT Ca
Ll B chain O&RK GERKIG) ZHLET 2 2 LAVRE
EhBb, DX SCEERS IO INH OB LD 3 =2
— AR O LI —REMUL TR D, REMENEE,
FroEEo INH FIHNE S, 3 =2 — AEREENED
F B D& LT EMOIENEERD L, ZhbOFREE
Fis-CVE R S DR I T N SRR EE L S D,

DX BT 22— AR cell wall, cell membrane D
JEBE DRSS TH 51, ThbDIFERG DL
By HfaEE DEEHEC E D X 5 I BE T LT
MEIND & S ILEESH D, F o T M. phlei 20C, 50C
weaE, INH g ok, INH R OWELE

EHRIC X b EAFRE OB & 1T7c 1, Mycobacteria
DR IEEFEH O BHIRERS T R D TR T D RIEITHY
80A DlFx L oSMOMMEMEL AL TH D, O
BIIREYERETHLDEEZ LR TS, 50Ck X
O INH JEFEIN® control Tk, M. phlei (3 R\WEET
FEECIX LR OFHERSS (fibrous structure) 23FED LA
375, 20CH L INH [EERTRWTR S BEEEII
Z BOEREA BT 22T, 2Dk ik a—
MR DS FREMROZEENC AT L CHEORBIEEITE
{ERD B, FFEEDBUKM 7 B2 H AL L
TW5A Z EHTRE ST,

ThBD 33— ARORERIAE S RERC oW T,

R OETE BLF

WERH LTI /e 28, INH ORER X 55 F&
MR OO EZ B LT oo, £F
R DR 2T 5 BENH B & Bbh b, Promés
1% Corynebacterium diphtheriae DFERKE 2 F\ > Cis:0 +%
w3 F VRN 2 5 THEE L, REBEEOIFECE, Wb
PBHaY F 3 a—ABEAR LIS, Zhb ORI X
» Etémadi 5|} Mycobacteria @ 3 = — VR Tk, Cis,
Cis DRI n HOER LA L TTERI 2~
DFHE (Coomgo # 7 3 2 — LfR) 1T Cre~Cas DJREFIRA
A LTI AR L, 3 a—ABrvEEREhs &
% T3, Bloch 1z hbdxr 32— ARICH
W3- 7 BAMIRIHER D & BT D\ TG L, Mycobacteria
1x, oo fatty acyl FDA G system ZHFL, —2
i% synthetase I Th H Ci~Co DHCHFEL LTHD,
% 7= synthetase II 1% Cyp ¥ TOPED elongation %17
TR\ T USIREE S < 705 & T RFEB I
T2 ERMELTND, LN Co T TIRE
EEOTB, chbDsr 32— ANt R
TERAlR D& Rz o\ Tik Takayama &% M. tuberculosis
HyRa % H\HEER R T malonyl-CoA DIXh i& &%
i\ Cso & CTHEHREDI D IAZERD TN S, 4
DFFfeDte M. phlei 0 B %2 53 BRERERRC L 2 1-14C
Bl DESEIEIR N DER D AL EBRDIERTIX, LY
CZHMENGR D B A Crgezs T TE Cos LhE Csomgo T
DZDD system NEZ b, BEHL Cp LD
BHERA L elongation 2 X W {Tlebh T EEX L
DR,  OBREIIRIGEEC R L TR T G
LT, REPEEOMRDOREINTebh, Z OfER,
I - ABOSFREOMENIEIh D Z LR IR
%,

ZOX R LTHERI N 3 2 — AR ERA Tl
B BB E D X 51T transfer SR BT DOWTH
£ b T e t:, Takayama 5 (%, whole cell
CHER AT DA ¥ INH CHOREAET S, ¥
bz EL o TMM ADH D AZME S DO L
T, FEMMEIETRAN O D AZIIMES N Z L xR
DT B0 F 4 1L M. phiei DRFFIEIEM OB A INH
BRI LA & & om0 k% EL, BL @) TR
~Nfek b, EL 03 =~ VERGFIED BT 3 B &
D ETFROLR, S HICHFFHEIC BL 04T
FHZEREDT D, Fiz M. phlei © wholl cell &
2-UC Fifif#% incubate -+ % & JRAHAEIZFID EL (% B
{ TMM, TDM k¥ bh3) Kifthilh, EHIT
#< T cell wall bound 3 =2 —AFRICELDIAE NS &
WO HER A BT S, ER TIRHT cell wall ~DHth
Az E ST, DI &b Mycobacteria @ 3 =
— AR R B M ¥ kRN CRR S h, &
BEhic s 2—ARIE, 52D CHllEEAT transfer
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Cell wall skeleton(BL)

C
lfgbrlo-methylation Trehalose esters (EL)
co C18:1
2 ‘“desaturation C.,2 74,76,78 (M.)
AcetylCoA~3MalonylCoA=53C, ¢ 18___24—9C44___54T) (AR 1
! e - ! C
AcetylCoA Fatty acid Fatty acid 72,74.76,78
carboxylase synthetase I synthetase II (ester mycolic)
1
1
hyilirolysis
Cs6,58%60,62 * C1370172
(M, dicarboxy) 207172
Scheme. 1. Proposed pathway and regulation for fatty acid and mycolic acid

biosynthesis in Mycobacterium phlei.

ERBOTRHIREEL DR D,

PED#ERENL FHREhD § 2 —AEEKD path-
way #7553 & Scheme I @ X 512/eb, Ci~Co FRJE
DIEIERD & B & R, & BT Co B EOREANRIFIRS
elongation ¥} T, Cu~Co BEDIEHEAL 2D,
— AEROESE I ER S, KT Cou JEIRR & OffE &
ZX b Cp, Cr Copg fBEDa $ a—ABRERIID
oEELOND, THRERLT, PHVEY I -
Wi, v F3a2—ABhb=AT L 3 — VBRI
H, THAKBERTERLCLDEEZBRDN, &
b ORI lET DLW, T IERIE R T 5,
ZDXB, I a—-ABERRIEOFBMCIL, Ex0
TERT GRIER7: 5 ONCBREENTC) 2EAEL, in vitro
BXOin vivo TIERLTCWA Z ENELBRDD, &
%, FEMCHT LA cwEEL TS, DL 5L
THERLII 2—ABO e —XJBE (TMM B &
' TDM) ~DHL b ;AL Ll flagE~ o transfer 12D T
L7 DI S TR, PR B GEE & B ST
RFMEICIE, B> CEBELBEH CHoLEL DD,

Nl

Mxibsiedicy, HAHBELIRE, HiEEy
[ D e R T ST S R S A B 2 B B S IE R U,
ARG PNG SRS e N G SIS C AN RN &
THR IS Je T IE %, T se e, gl
IR E LM T EE R B OBEER L £T,

X ik

1) Asselineau, J.: The bacterial lipids. Hermann,
Paris, p. 122, 1966.

2) Etémadi, A.H. et al.: Identification d’homologues
supérieurs des acides corynomycolique et coryno-
mycolénique dans les lipides de Corynébactérium
506, Bull Soc Chim Biol, 47: 631, 1965.

3) Lederer, E.: Glycolipids of mycobacteria and re-
lated microorganisms, Chem Phys Lipids, 1: 294,
1967.

4) Goren, M.B.: Mycobacterial lipids: Selected topics,

Bacteriol Rev, 36: 33, 1972.
5) Murohashi, T. et al.: The role of lipids in acid-fast-

6

)

7)

8

=

9

10)

11)

12

13

)

=

14)

15

16

17

=

=

~

ness of Mycobacteria, Amer Rev Resp Dis, 99:
794, 1969.

Ribi, E. et al.: Efficacy of mycobacterial cell walls
as a vaccine against airborne tuberculosis in the
Rhesus monkey, J Infect Dis, 123: 527, 1971.
Bekierkunst, A. et al.: Immunotherapy of cancer
with nonliving BCG and fractions derived from
Mycobacteria: Role of cord factor (Trehalose-6,6’-
dimycolate) in Tumor Regression, Infect Immun,
10: 1044, 1974.

Kato, M.: Site of action of the cord factor of Coryne-
bacterium diphtheriae in mitochondria, J Bacteriol,
107: 745, 1971.

Kato, M. et al.: Chemical structure and biochem-
ical activity of cord factor analogs. A comparative
study of esters of methyl glucoside and non-hydro-
xylated fatty acids, Eur J Biochem, 87: 497, 1978.
Toriyama, S. et al.: Separation of Cg_g and
Cqo-go mycolic acid molecular species and their
changes by growth temperatures in Mycobacterium
phlei, FEBS lett, 95: 115, 1978.

Krembel, J. and Etémadi, AH.: Sur la biogenése
des ““acides mycoliques en Cg isolés de Myco-
bacterium smegmatis, Bull Soc Chim Biol, 48: 67,
1966.

Etémadi, A.H. and Pinte, F.: Sur une novelle voie
metabolique des acides palmitique et stéorique
mise en évidence chez M. smegmatis, G R Acad Sci
[D] (Paris), 262: 1151, 1966.

Takayama, K. et al.: Effect of isoniazid on the in
vivo mycolic acid synthesis, cell growth, and vi-
ability of Mycobacterium tuberculosis, Antimicrob
Agents Chemother, 2: 29, 1972.

Takayama, K. et al.: Site of inhibitory action of
isoniazid in the synthesis of mycolic acids in Myco-
bacterium tuberculosis, J Lipids Res, 16: 308, 1975.
Cronan, J.E., Jr. and Gelman, E.P.: Physical prop-
erties of membrane lipids: Biological relevance
and regulation, Bacteriol Rev, 39: 232, 1975.
Cronan, J.E., Jr. and Vagelos, P.R.: Metabolism
and fruction of the membrane phospholipids of
Escherichia coli, Biochim Biophys Acta, 265: 25,
1972.

Sinensky, M.: Homeoviscous adaption—a home-
ostatic process that regulates the viscosity of the



294

membrane lipids in Escherichia coli, Proc Natl Acad
Sci USA, 71: 522, 1974.

18) Folch, J. et al.: A simple method for the isolation
and purification of total lipids from animal tissues,
J Biol Chem, 226: 497, 1959.

19) REFEETm: FREMREO T EWE, BEE
- B - B3R, 20: 168, 1975.

20) Azuma, I. et al.: Fraction ation of mycobacterial
cell wall, J. Bacteriol, 96: 1885, 1968.

21) Takayama, K. et al.: Effect of low temperature on

growth, viability, and synthesis of mycolic acids of

Mpycobacterium tuberculosis Strain HzRa, Amer Rev

Respir Dis, 118: 113, 1978.

REFHR, - BIU%ET: Mycobacteria & 7 o JEEHT

BRES 2 = — PR (Coo-go TBERARIRINER) D H# A2 ®

= ST T 4= e RAARZ bR A NY —, BESG

¥, 27:69, 1979.

Markovits, J. et al.: Sur la structure des acides

mycoliques dicarboxyliques insaturés isolés de

Mycobacterium phlei, C R Acad Sci [C] (Paris), 263:

960, 1966.

24) KEPHRL M : Gas chromatographic and mass spec-
trometric analysis of Csp-g mono- and di-carboxy
mycolic acids in Mycobacteria, B~ APse4sk
s, 3:169, 1978.

25) REPARtLM: a-3 =2 — AR5 FH1C & % Rapid-
grower HERE DL, HARMBEREMRE, 34: 172,
1979.

26) Toriyama, S. et al.: Regulation of cell wall mycolic
acid biosynthesis in acid-fast bacteria, J Biochem,
88: 211, 1980.

27) Yoneda, M. and Asano, N.: Competitive action of
isonicotinic acid hydrazide and pyridoxal in the
amino acid decarboxylation of Escherichia coli,
Science, 117: 277, 1953.

28) Davidson, L.A. and Takayama, K.:

22

=

23

=

Isoniazid

B WS E HS5E

inhibition of the synthesis of monounsaturated
long-chain fatty acids in Mpycobacterium tuberculosis
HgzRa, Antimicrob Agents Chemother, 16: 104,
1979.

29) Takayama, K. et al.: Studies of the effects of
isoniazid on the biosynthesis of non-mycolic Csy_sg
fatty acids by Mpycobacterium tuberculosis Hg;Ra,
Proceeding for US-Japan cooperative medical
science. Fifteen joint meeting tuberculosis panel,
p. 71, 1980.

30) BT n: BURSEGR INH 12 k% 3 2 — VR A
BRRLE & 4 TR OLE), BAMEYHRS, 33:
313, 1978.

31) Walker, R.W. et al.: Biosynthesis of mycolic acids.

Formation of a CjpB-keto ester from palmitic acid

in a cell-free system of Corynebacterium diphtheriae,

Biochim Biophys Acta, 326: 52, 1973.

Promé, J.C. et al.: Condensation de deux molécules

d’acide palmitique chez Corynebacterium diphtheriae:

formation d’un f-céto-ester de tréhalose, C R Acad

Sci [C] (Paris), 278: 1065, 1974.

Etémadi, A.H.: Correlations structurales et bio-

génétiques des acides mycoliques en rapport avec

la phylogenése de quelques genres d’actinomyce-

tales, Bull Soc Chim Biol, 49: 695, 1967.

Odriozola, J.M. and Bloch, K.: Effects of phos-

phatidylcholine liposomes on the fatty acid syn-

thetase complex from Mpycobacterium smegmatis,

Biochim Biophys Acta, 488: 198, 1977.

Qdriozola, J.M. et al.: Fatty acid synthetase

activity in Mycobacterium smegmatis, Biochim Biophys

Acta, 488: 207, 1977.

36) Takayama, K. and Armstrong, E.L.: Metabolic
role of free mycolic acids in Mycobacterium tuberculosis,
J Bacteriol, 130: 569, 1977.

32

—

33

=

34

=

35

~



