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III. MODE OF ACTION OF ANTITUBERCULOSIS DRUGS
ON TUBERCLE BACILLI

—FElectron Microscopic Study and Biosynthetic Study—
Kiyoshi KONNO*, Masakichi MOTOMIYA, Kotaro OIZUMI and Fumio ARIJI

(Received for publication September 24, 1977)

Mode of action of antituberculosis drugs was studied by electron microscopy and biochemical
methods.

1) Fine structure of tubercle bacilli treated with kanamycin revealed disappearence of normal
structure of ribosome and aggregation of the cytoplasm. By biochemical study, it was observed
that kanamycin inhibits polypeptide synthesis, followed by the break down of polysomes and
detachment of m-RNA.

2) Fine structure of tubercle bacilli treated with rifampicin revealed marked changes in the
cytoplasm such as loss of compact structure of ribosomes. Destruction of mesosomes and
condensation of nucleoid were also observed. The cytoplasmic membrane and the cell wall were
well preserved. By biochemical study, purified DNA-dependent RNA polymerase prepared from
BCG, inhibited 70% of activity of RNA polymerase at a concentration of 0.1 u#g per ml.
Rifampicin seemed to affect the initiation of chain formation in RNA synthesis.

3) Fine structure of tubercle bacilli treated with ethambutol revealed the characteric changes
in nuclear region. Numerous vesicles and a little fiber structures of DNA were seen in the
nucleus.

4) Fine structure of tubercle bacilli treated with isoniazid revealed the numerous vesicles in the
nucleus. Fiber structures of DNA are scarecely observed. Cell wall and cytoplasm are not affected.
By biochemical methods, thymidine uptake of bacilli seemed to be affected by isoniazid.

5) Fine structure of tubercle bacilli treated with cycloserine revealed the destruction of cell

walls. By ruthenium red staining, it was assumed that peptidglycan of cell wall was damaged.
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* From the Research Institute for Tuberculosis and Cancer, Tohoku University, 4-1 Seiryocho, Sendai
980 Japan.
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B AES Z ENEL VDT, BRI D&
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SN R bNh 2, Z OREEIRI957E, BEHIZL DT
HES L 0 T4 <
BERIEL AV YV —a TR TS, AV Y — 234
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Photo.1. Electron microscopic localization of enzymes

in M. tuberculosis Hy;Ra. All enzymes examined

such as succinic dehydrogenase, cytochrome oxidase,

ATPase and acid phosphatase localize on the mem-
brane system, especially on the mesosome.
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Photo.2. A thin section of M. smegmatis 4172 stai-
ned with ruthenium red. Prominent increase of the
electron density is observed at the slime layer, the
unilateral layer of the membrane of mesosome. Note
the electron dense layer of the membrane of the
mesosome is continuous with the outer layer of the
cytoplasmic membrane. % 61,000

smegmatis stained by osmium-black
method. Similar findings as shown by ruthenium red,
an increased density is observed at the slime layer
the cell wall and at outer lay of the membrane system.
% 63,000

Photo. 3. M.
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7L L Tglycol DFEEXBTFEBETAHIIETH IO
TH5b, TOHEIFCBEEETRBILIR,
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ETREIhD, TiobbEEREONKE, Mgk,
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Photo.4. M. tuberculosis Hy;Ra stained with ruthe-
nium red after treatment of lipase and lysozyme.

The slime layer is stained so densely as in control
cells, but the inner most layer of the cell wall and
the membrane system are not stained with ruthenium
red. Note separation of the cell wall from the cyto-
plasmic membrane and partial disruption of the inner

most layer of the cell wall are recognized. X 64,000
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1 vy (KM) tz&<ALERE/B 50T KM i©
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FafEoTHRE L, 128HIEAE TEHCHIEDRE
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= AXHREE L, £ Z2BE (R0 lamellar - structure
MNE BB, LindZD% % dense 7¢ granule 124
LTt 5, FIECA ¥ hie dense 7oA ZEfig
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MEIRE Bl L, ToRBECR MO
D—HNH BN B, FIEDZE R ES BRI @
TW3 I R Bbe 5, 24FEFARE THENELDD
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Photo.5. M. tuberculosis Hy;Ra treated with 10xg/m/
of kanamycin for 48 hours. Disappearance of - the
normal structure of ribosome and aggregation of the
cytoplasm are observed. Some elongated lamellar
structures from the disrupted mesosome and running
to near the large dense aggregates are seen in the

cytoplasm. % 50, 000
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FEMARARL, —FH 7 s - CRFABRE L RNA
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7

BCG B 51 Ry — 2w Gis#EsS, T8 b S-30
extract %1855k BCG Htha R L, EEK AN
% —A MRIZ Licd D% DNase THOE LHFELT
F2HGIERLL EFEHFO3LG, 5MHELL,
EEEREHODL —70C I HE R F L i, Amino-
acylase, Translocase%: D FiEFEEREL & S-100 &4
BEROZ E LU TRE LK, T7bbENHDS-30
Ei54 105,000 g, 3ERLEO LIcb DD RE 2/3 21X
DENIH, FFOY 105,000g, 3ERDEO L EEEY —70C
TR LT,

BCG 74Ky —a&BuicH) 75+ FEKD assay
system (¥ GTP, ATP, ATP H4%, IO 7 v —
SR IOEER & FH 8 L - messenger RNA kL O°
transfer RNA, BCG 5 1 AV — &% X0 S-100 &4y,
FHCI9ED 7 3 7 ks L O MUC-leucine 0 bHie b,
HERINIAY T FEOWEZERANC—REID
bovine serum albumin #fn% 5% TCA #hnx 718,
90Ciznzh L2k TCA REWWHEEY 1V RT7 7 4 v &2 —
IR EDEEDR, YV FU—va VI YV E—THE
FEHEPEST S L X VT2, TORIEHRTOA
) ST FAERBITERCRINL 120 5T 5 b~
ET 5, REHET LT 5 RS EEAH255 TKM
HEMT S &, UBOERIEEINRS, Tibhb KM
37 FEOMBREREETS Z LB LI,

KM % & x« DEBEZEHEN LB ED R Y X7 5 VAR
T3 1pg/ml OPEET= v b r—1LD58%,
T4 %P T5(FE 1),

EDZ L7 7—2 RNA % mRNA & LCTHWR
LN poly U #HWEE, D= — Nk

10 pg/ml
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Table 1. Amino Acid Incorporation into Polypeptide
with Phage f;RNA by the Ribosomes from
Mycobacterium Bovis, BCG in the Presence
of Kanamycin

. Phage f,RNA directed
Sfo Iﬁzﬁgﬁ;ﬁﬁl [14C)-Leucine incorporation
(pg/ml) c.p.m. (%)

0 1,425 (100)
1 822 (37.7)
10 653 (45.8)
100 599 (42.0)
250 526 (36.9)
500 407 (28.6)

HREVT 22T T =VERCHTS KM O E55E
iz KM 10 pg ©81%, 100 pg "T80% L2026 RLDHA L
I BETH O, = KMIZ X % = — F O misread-
ing (Ft4m#p) DOl polyU D=2 — Mz 4L 7w
RYA Yy e vOsRLBEIh, TOoEX KM 0
Enicon LT KM 10 gg T 190%, 100
pg TI% 294% L KIgC¥Eing %, Davis H¥9C LU
SM iz KBE#ED 30S SARY -2 kDT 37T~
RNA 2I#ET 502, Tisbb A-site WELK 52,
A-site ~D7 3 2 7N tRNA OMEEHTHT 2458,
_7F VEOMRIZELRTS Ev, o A site (3[F
Briza— F - 7vFa— FORBOMMLTLH DD TA
site DZEZIL polyU, poly A /e EFDATA v £V P+
— % F\ 72384 0 misreading DERIC S 705 E T L
T3, BCG 514 Ay — 2%t KM OB LRABEDOH
SRR DBNICRTH 5,

BN TIZ0S B LUB0S T4 RV —arF2=y b
DS, fREEAIR DR LISA bR Y RT 5 NERY T
52 ENEE LTRBEEY AW EREED DAEE I I
Twb, ¥RRBEEREEZ SM SEMIer
AHY — a7 7 AL mRNA DHMC “lFH7"OET S
L Ih T %, 2 TBCG BN T 1AV~
A7 5 ADHANCE % 5 KM 084 % 5 121z BCG
BRI UC-uracil % 0% 24K¢fE] incubation L,
% B2 U ribosomal RNA %5~ L T & & 100
pg/ml O KM & 1 BB I BE X RGO BLEEF
WX, 4L H-uracil T00/M VA5 <Y v gy
fi7cvs mRNA % 3H L7z, BAE® V51714 A
TEHHI LIS BERL, mEY = F— F&15~30% D
EREARECEB LAY 14 v 7 v — 2 — 725,000
12 B RO L, EO% 32 32055V, £5EO
UC 3 X0 3H OMEHE®EZWE LI, =¥ Pr—AT
1ZARY Y — 2D — 27, 42 dimer ¥ L0 trimer D ¢
— 7 N TH B O L, KM 1 BB Tk 4y
V—aDHEEE, CHRIZHIGLT 70S £/ v~—K XU
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Fig.1. Disappearance of Polysomes Consistent with Messenger Ribonucleic
Acid (mRNA) in that Region and Accumulation of the 70S
Monosome were Observed in the Cells Treated with Kanamycin

for 60 Minutes
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Photo. 6. M. tuberculosis Hy;Ra treated with 10xg/m/
of rifampicin for 12 hours. The cytoplasm is loose,
and irregular coase granules are seen. The structure
of the mesosomes is destroyed. % 82,000

50S 47 ==y b DEFENEP TH O (Fig. 1),

DI E DSBS, B, RT3 KM of FA#k
FiAY 7 FEEHEEE, ChIC5[EHECAY Y —
A DfEE . mRNA OB B % &R S hic®,

3) U77rELOHEZER

ABBIRERS & AL DEBR R AT 7 D 7o, FEBEIT
RFP % 10pg/ml, 12Ff2: b A2RHEAS®2 L, 7
3 7 EOER S UUCHIBRE O BRI BRI 5235, 7 3
7 BolEfk & Rein b BRI Ml E ozEfafb s 2 v v
— A DRAEENE DR B, KMEABEIC R bR X 57

Fraction No.

C——O mRNA labeled with [*HJ uracil for 20 minutes.
@—@ stable RNA labeled with ['*C] uracil for 24 hours.

HRE= 51T % dense 75 granule & < OGS
RbH, MIREIIALL, ZOFRTAHEY — A4
DEMZ B8 % less dense Al FIREIND,
¥7- RFP Tz HEEMFRINCEE D condensation 232
ZD0TL B (BE6)s

RFP o AREE A\ 72EH2 5 DNA &
7 RNA polymerase JEMAETH 5 Z L2 BT
TRTHB?, bhbhiifEEE BCG 2 bAE SR %
B, REPOIRERRAHR L DNA & ERNA
polymerase |3 DNA #4457 (template) &L, ATP,
GTP,CTP,UTP 0 4fED % 7 VA4 F FEHEB LT IR
A 5 BER TH B, T DIRSIE DNA LEER D2
&, BHBAtE, 27 vAF FEHOERKS IUKT D 4B
Pa R TSER T %, REPIZ RGBSR OAEFE 27
EB b A RBA OB T DNA BERE A /FR L,
FEHEORB AT S Z EXELNT IR TS,
® BCG 725 Fuchs H23KEH & A T T OZERIC X
h DNA {&f: RNA polymerase 28l L, AEERIC
xf3% RFP offf%#ZE L, BCG Hfk%x Ribi o
cell-fractionator “Cffi## L homogenate % 70,000 g, 40
AL FRE2 T 105,000, 10 B0 L pellet
#18, “h# DEAE-+x/r— 23T 22, 0025
M TE 2D ) OREARIC L Y BT 5, EHED
HHEGERED, MESEYTLS &, HEHRIEELLT
30~65 % faN CILB T 2 MHCEE 2, T DEGEEN
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BTSRRI & LT, EERRIE M A RIS
A L, AREIR0S TRARIZEL, ToBIizANT
WA LT B, FT7ebb, - DESEEEEIZ1 RNase
ORIV E D, T2 T %M B0BTELT Y &
r — VEEAFREOT L) FICERA2 T, EEEERE
WD &, RIGEREILEE ML, oEiEsEsy
ELELC EXNabhi,

RIGHOMRITAFE Fo it DNA, “C-ATP # 7-ix
SH-UTP & L O GTP, CTP % 7 LA F F&n
BED, TOLETTHEY 22 vAF FRZEDRATH
7o UC, 7u% SH OREHEMME % 10% TCA %0
%C millipore filter i £BHHIE L7, RFP OAEE
SRIEHRT 2 L ERD R RICBIRA 305 TN L%
BIXRD bR, BFKE RFP 25 Hh U 30 70
preincubation L7-®%, missing components %Nz,
RIGHBAIE S S B AT DAREN RN RD bhvie, +
7eib, RFP 13 RNA AABOZEMD 5%, RNA
SHO MR E Y 547, Bth (initiation) DB
P PR ER A RIS 5 - VR S Rt (Fig.2), &
WTO0.10b1lpgml \wE 5 E O RFP LR %
preincubate L7z DB IGHEG S, NEMRLBLZE

Fig.2. Effect of Time of Addition of Rifampicin on
the Ribonucleic Acid Polymerase Reaction
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The reaction mixture contained 0.776 mg protein of the
purified enzyme preparation, 60 gmole of Tris hydrochloride
at pH 7.9; 25 pgmole of f-mercaptoethanol; 20 gmole of
magnesium chloride; 10 g#mole of manganese chloride; 250pg
of calf thymus deoxyribonucleic acid; 200 nmole each of
guanosine triphosphate, adenosine triphosphate, and cytosine
triphosphate; 0.45 nmole of uridine triphosphate-'H in a final
volume of 1.0 ml. At intervals, an aliquot of 0.2m!/ was
withdrawn for the assay of the enzyme activity. @—@=
control; A——A =rifampicin added 30 minutes after the start
of the reaction (at the point indicated by arrow) at a final
concentration of 1 pg per m/; @----@=enzyme pre-incubated
with the drug for 30 minutes at 37°C and then reaction
started by addition of missing components.

B OHESE H12%F

Fig.3. Effect of Rifampicin(RFP)on Ribonucleic
Acid Polymerase Activity
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Each reaction mixture consisted of 0.155 mg of protein
from a purified enzyme preparation, 8 zmole of Tris hydro-
chloride at pH 7.9; 5 gmole of B-mercaptoethanol; 4 gmole
of magnesium chloride; 4 #mole of manganese chloride; 50
pg of calf thymus deoxyribonucleic acid; 40 nmole each of
guanosine triphosphate, adenosine triphosphate, and cytosine
triphosphate; 0.045 nmole of uridine triphosphate-*H. Rifam-
picin was added to give a final concentration of 0, 0.1, 0.25,
0.5, and 1.0 pg per m/ to each reaction mixture, respectively;
the final volume was 0.2 m/. The enzyme was preincubated
with the drug for 30 minutes, and the reaction was started
with addition of the missing components. The mixture was
incubated at 37°C for a further 150 minutes.

L7, 0.1pg/ml OPEEET 70% RERRL DI
PNECREEL BT CLIHEOREIIS ) 3 & F, dose
dependency 338 Tl /xhs27: (Fig.3),

4) FERHEICKT S Ethambutol DHiFERIER

BT =2 7+ - (EB) offlF2
W BRI R 2 T1e 27, EB % 10 pg/ml, 24
B[, B2\ TSR RIEECFR S8 5 LA SR D
Z Lk, BEORA D filamentous FiEEIT ISR L,
Bz vacuole 7o\~ L vesicle fEDREEN R BB, B
D, B DI E L TEHHD vesicle #REE1RH S
R, ¥ filament 2353 2 MALUTFBNTIND LT B,
vesicle 1% homogenous %> dense iz R 5, *
7o vesicle |T—EOIRFRE A & DT 50, FO—EiT
ZhNic A Y Y — A LU BT EE L WA BN R
b5 (BET), /¥ typical /g2 v v — MIR LRI
W, AIfEE D aggregation, HHVMIREBLDOLD
AR BRTWinwy, el a2
DI, EB 3R & UTikBaT sl S8 Lt
%L Zbhiz, Forbes &% EB » M. smegmatis 1%
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Photo.7. M. tuberculosis H;Ra treated with 100

#g/ml of ethambutol for 48 hours. Characteristic
changes are seen in the nuclear region. Numerous
vesicles and a little fiber structures of DNA are seen
in the nucleus. The normal structure of the mesosome
are not recognized. % 61,000

TRl ESREZBEL TV 59,
5) #EHBEICHTS INH OHE

fZEC 35 INH of FfABFZ2E & U GBBHE
ENHEIZE LT, 10 pg o INH % 24 B3 X0 48 BF
FWER R, 24 R TIER L LI 2 2 722s,
#% o filament |35 loose ITFEFEL, BOKSEILIZD
& bh Lizw, EREAorhdir  CicEE L T vesicle
HoEERAbIhD, —BOKIZ A % R, Hix homo-
genous TX°X° dense [ Rz %5, & DN BALIEREE A
HZbh, AV V—srllRTHLDOEBID, ¥7c48
R TP SR D vesicle fEEE R B,
filament DA Z BN, Zhbix EB {FAHE &IE
FCBEULCHETRTH 5, TOERITL 2 b g b
2, REL EB & INH {FAE TIZ—20fERE LT
DNA OV DOTWAHLDLHEEINRD, i
VY — ADEENEH Zh(FEES),

ZhHOFT R INH © DNA SREES R~ 353
DE#E% BNDDT chemical 7l bER LIz, 7 3
J Bt X LT “C-valine, RNA #ijE&Rfk & L T 3H-uridine,
DNA #iiBkfk & LT 3H-thymidine %\, FhFho
YE D BCG ABHEANDI D ALRIZR 32 INH @
wHE L7, Uridine ORh AHH L, INH 3£
PER R AR &2y 27 DK L, thymidine DF R
BT RS 2R3 2%, 9RO S TA D &
JEvRIn IR & INH 50 pg/ml 0 & TiEmia e Bl & 23
AbhB L5Einh, Fic valine DI RARSIREIT
EIE 5, Incubation DFERTA 8 HrRY, 24FFR], 48
fEELL, oBHEZEDY v 7 %57 ice—cold
TCA TI55MAB LA -DObEERCEEI R TV 3
4C-valine, 3H-uridine, 3 X" 3H-thymidine D4t
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Photo.8. M. tuberculosis Hy;Ra treated with 10pg/ml
of isoniazid. Similar findings are observed as in the
ethambutol treated bacilli. Numerous vesicles are seen
in the nucleus, Fiber structures of DNA are scarcely
observed. x 54,000

TEMEARE L TA S & valine 5 X OF uridine DE A~
DY AZITEFF I L, INH O¥Rin X > CRE
DILENZ BN S, Thymidine DH AL BT 8 B
TE—27CEL, UBERLTL %, ZHIXE&A thy-
midine 7 — L HEAER BRI ET 5 2%, Zh
PEBIZ DNA S FHRCR VA ThicEr RT3 0TL
72 <, EEED thymidine 13M:RDORZME & & bITEAS
TR T2 0LEZ bR B, 48 BREBOMHEIIIE,
DNA SFicR YR EhicBic—%32 L0 LHEHR
55, MRCHEST INH 2% L08e, FoEiT
EFTLTW3,

6) WERECHTIHI70) - OPHFE

David LizfE#% B © wax-D (X775 FZ/ Y = ¥)
A4, ¥ X0 D-alanyl-D-alaninesynthetase | %3 %
D-cycloserine DI ERFEABEL T 5,

YA 7 rx) v (CS) 50 pg/ml 48 EIEAEICEIZ L
T2V AVy FREBPTROR, MEERIEGE L b G
L, ZOHEABIIITE Z A THEBREBLRL TV 3,
NT =9 AVy FTHRE LLEE TIETOMEBITR
REIHTH5D, AfEBEONE AR T 57
W MBI —E 2 v v — 2 DEE Bbh 5D
2Hhbh, % dense KHEIID (EHY9), =hb
DOFFRIZ Y A—£ LY V5 — ATURB LA EIEFTE
PLizdDTHD, <7+ F7) Hh v oRfEsEe 2T
W3 EFEx bhis, CS50pg # 12FHIIFMA SR ciER
HWTAT =7 A vy FREETRDR, 128EFERET
WL, R B o BE i, AF=vavy F
Ptz X D MREOREMIIL LAKETLTWLAA, £
VYV —AH0FEEIT dense LBEINS, BEOEEST
Tis L, BEELEDMHI G dense KHZEX h 5, L7
=V AVy FCRELIHPENZ IREHR LTS X5
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Photo.9. M. tuberculosis HaRa stained with ruthe-
nium red after treated with 50pg/m/ of cycloserine
for 48 hours. The cell wall is separated from the
cytoplasmic membrane and the inner most layer is
partially disrupted. The slime layer is densely ob-
served, but the inner most layer of the cell wall
and the cytoplasmic membrane are not stained with
ruthenium red. The remained structures of the me-
sosome slightly stained are seen in a cell at the right
upper corner. x 55,000

Bhbhic, L UHEEHE CBEIR 25 - LB
WCIEEZ Rk T, technical limit 2 HFEHE TIXH E D
SEMR BT TE IR,

AR D= RAAFOTHZE L, 1,000 pg o CS TH®D
FEBHIELSH D, WTREENE S 225, 1RHTRE
SELTFEBRIENZ DR D, BEBILIZ DML TERD L,
MREEH AR EE A DRSS, VT =T AV
v FI kb 2V Y — a2k hIEEIC dense I ] £
h3, CS off i Lo THIlgEDRTF FZ7 Y AV D
ERISIAESI RS, ET AV Y — ACHifaBEDR T 5
7Y % v ORERE LB B WENER L TL %, K
R SN DRI EN AV Y — DR EFL, £V
Y — A BRTEREDH TDIT 7\ Fo DI IRACAC 1 2 A
BETRTF N7 ) p v EiE L, flfaBEoilEht, AED
BFESNRE 2T B EE2 bR D, Lo LEKE TE~
FFF7) HvOIMIT L 5 —2DENH D T AR
cell wall Dffl#, 547 r F 77 A VUREARD Z &
HREETH B, T cell wall Otk HBH\W
REEDOHRFL 7 7 AEHEC TS, Zhikx Y
V— ADHGEIBABRLTWS LB D, Fi:cell wall
DN HLZ 7 2EERE LTk, Thid cel
wall OEDRELEZ b,
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1) KM CIIEBHEIZE TS A Ay — 20B R Rbh,
AV Y — AL PH IR T, E(EFHER T KM
EEEORY)RTF FERAEL Chicg k< £Y v
— A DfAE X m-RNA O BZE I,

2) RFP i3l cllaE OB E W T7 4
Ay — 2 FELIHFEL, MBREIES (EEIhL,
Fio AV Y — ADREED D VCIERNHEERE TIE
o condensation 73 H bhtc, A{bE)9EE Tl DNA-
dependent RNA polymerase DREN R i, Ekic
initiation DEFECIHENRIE S WA Z EXNHER S h
T

3) EB TiiEx & LTEENED LENIC ZH D va-
cuole #*7-1% vesicle HMEEN R bR B2, HifnEERL
BB b 2 BRI A DT,

4) INH it EB :FEHRCE & L TROBEDZL
L, BPICSH D vesicle KGR o, AEFH
1213 thymidine DXt h AL DA NEREI T,

4) CS TILBMIREAINC L ARIBE X BEE X b ek
L, MiZ4L T\ e, A5 =V AL » FREI XD Hiflak
DRFF K 7Y B v HNIAREE TR UAIIREE DBeEE, 7
BOBRERR Dz EhE L bR,

FEAGTE DB IOY RS 7 X ALK 2 SRR BR BT FE 7T
PRl BRSO L, AL RRRER L
BYIhiZ EXRL, ZIRESHERETS,
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