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SUMMARY 

I. The oxidation of several carbohydrates and related compounds by intact cells 
of Gluconobacter liquefaciens has been studied. 

2. Intact  cells were disrupted by ultrasonic treatment and separated into several 
fractions by centrifugation. "Cell d6bris" and small particles oxidized glucose, glu- 
conate and 2-ketogluconate to 2,5-diketogluconate and beyond; D-lactate and ethanol 
to the acetate stage; galactose, mannose, xylose and L-arabinose to the corresponding 
acids; sorbitol to sorbose; glycerol and rneso-erytbritol to the corresponding keto- 
derivatives. Acetate, 5-ketogluconate, fructose and mannitol were not attacked. 

3. Intact  cells could be converted into "protoplasts" with an efficiency of about 
95 % by means of human serum in an appropriate medium. Pig serum effected 60-70 % 
conversion. 

4-The "protoplasts" oxidized most of the substrates at about 6o-8o % of the 
rate of the intact cells. The oxidation rate of substrates, metabolized after an induction 
period by intact cells (fructose, mannitol, 5-ketogluconate and glycerol) was con- 
siderably slower by "protoplasts".  

5. Only about 50 % of the "protoplasts" lyzed in water or dilute buffer after 
several h at 3 o°. No lysis was observed after pig serum treatment.  

6. Several fractions were obtained from "protoplasts" after either lysis or short 
ultrasonic treatment.  All the substrates which were oxidized by the small particles 
and "cell d6bris", were likewise oxidized to the same extent by "ghosts" and "pro- 
toplast d6bris", with the exception of glycerol and meso-erythritol. The enzymes for 
these latter two substances were apparently inactivated at 37 ° . 

7. Several particle-linked oxidases from Gluconobacter (Acetobacter) suboxydans 
were constitutive. 

8. The oxidase-bearing particles from acetic acid bacteria apparently do not exist 
as such in the cytoplasm of the bacteria, but probably originate from "ghosts" through 
mechanical or ultrasonic disruption. 

9. The oxidative characteristics, typical for the acetic acid bacteria, are mainly 
determined by the enzymic activity of an outer cell envelope (probably the cyto~ 
plasmic membrane). 

* Associ6 du Fonds  National  de la  R e c h e r c h e  Sc ient i f i c lue  (Be lg ique ) .  
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INTRODUCTION 

The cells of acetic acid bacteria conta.in a var iety of partJele-li;~].ced enzyme.,;, v,.'))iei? 
carry out oxidations, t3 pical for this genus. ] 'he particles from Acetr~bac~e~, :,,~5<<Jda~zs 
are able to oxidize several sugars to the corresponding acids ~. The particle.:.,, prepared 
from species of the mesoxydans and suboxydans groups, frequer~tly a!m oxidize 
glucona.te to 2-ketoghxeo:late J,2. A cegobacler pero.:~3,dans a and many other species 4 
contain particles oxidizing D- and L-lactate to acetate by v, av of pyr[x\-ate. :rod 
acetaldehyde; ethanol and other pr imary alcohols are converted to i}>, eol-~>f~pondi~.g 
fa t ty  acids. They  also contain the complete system for electro~ ITaJ?spor'.~ from the 
substrate to O2 by  way of the cytochrome system. Particles from A. ficroa:)~da~zs carry 
out several peroxidatic rea.ctions a. These ultramicroscopic strue!i!T17es -~VeiTe isolat(d 
in our laboratory from cell-free extracts by ultrace~.irifugation at mS,ooo U for 
2 h. Other partJculat-e fractions from A. s~J)o:c,,dans, usually Jso]ated at lower :~peed 
and probably consistink" of similar particles or aggregates therefrom, l>.ve been u:~ed 
by  several authors ¢s-Ja. These fractions were abie to oxidize sc,.era! c?.ciitots ~ a, 
several open chain po]yo]s 1°,1:l, glucose, galactose and pr imary :~Jcolmls ~:*. T}-~cy co~> 
rained a 8-D-gluconolactone delactonase ra. PRIEUId * discovered !he, partictda.te n~t~.re 
of the etha.nol oxidase system in A. GvZi~em~e. 

Although ultramicroscopic particles have been de~;crJbed in other bacterial get, era 
(for a review, see ALEXANI)ER:I:~), it appeared from the above mentioned ~t,~dJes i:!nat 
the Acelobacler-partic]es were rather unique because they displayed a far greater 
diversity of enzyme actio~. They uere  also very poor in RNA z, whJcl> agai> set t!:em 
apar t  from most  of the particles fro'm other bacteria. 

In view of the presence of several oxidase systems, of the cs,tochromes a, ~e ar.d 
of the low RNA content,  we surmised tha t  these particles were derived from t!te outer 
layer of the cell (most probably the cytoplasmic membrane 16,~7) ~md i~ the present 
paper experiments with intact  cells, "protoplas ts"  and. various subce!lu!~.~r fraetio~qs 
will be described which lend strength to this hypott~esis. 

EXPER]~MENTAL METHODS 

Bacteria used 

The strain used was GMconobacfer ZiqueJacicJ~s, kindly suppli<,d by  Piu.)s;. T. ASAL 
Tokyo. Several other strains from our collection were also use(] occasio~mlly. The strain 
of A. subo.cvdans was the same as mentioned in a previous pape; ~ 

Growth conditio~¢s 

The bacteria were inoculated in Io m] of beer in x:oo ml ErJenmeyer flasks and 
incubated for 2 days at 3 °° on a sha.king machine. This suspension was ~sed to inoculate 
the solid medium in Roux flasks, containing IO % glucose, z % yeast extract  (Difco), 
3 % Ca.COs and 2. 5 % agar. For A. s~bo.%vdans the same medium with either 3 % 
galactose, 3 % xylose or 5 % maonitol  as main. carbon source was ~,Iso used. The 
bacteria were harvested, centrifuged, washed twice in o.oi M phosphate buffer pHi 6.2 
and finally suspended Jl? the same buffer (IOO mg living bacteria/in]). \'v:]~en the cells 
were to be used for "protoplas t"  production, they were suspended i~ o.85 % Na¢i 
solution. 
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Disruption of the cells (Fig. 1) 

The cell suspension was treated in the IO kc, 25o-W Raytheon Sonic Oscillator 
for 15-2o rain. Examination under the phase contrast microscope showed that  nearly 
all the cells were broken. The opalescent suspension was centrifuged at 4 ° in the MSE 
centrifuge at i i ,ooo × g for 30 rain to I h. The precipitate usually consisted of 3 
layers: a bo t tom layer containing most of the intact cells, which was discarded, a 
distinctly brownish middle layer, called "brown layer", which was used occasionally 
and a white iellylike top layer ("white layer"). Since the enzymic activities of both 
layers were nearly identical, they were usually pooled and the fraction called "cell 
d6bris". The MSE supernatant was centrifuged in the Spinco Supercentrifuge at 
lO5,OOO × g for 2 h. The precipitate contained the brownish "particles A", equivalent 
to the particles which we studied in other strains. In ALEXANDER'S nomenclature 15 
they would be called the lO5-12o fraction. The supernatant was called "supernatant  A". 

Manometric experiments were carried out in the conventional Warburg apparatus 
at 3 o°. Each vessel contained 5 ° mg of intact cells in a final volume of 2 ml 0.022 M 
phosphate buffer pH 6.2, with IO ~moles of substrate in the side arm and o.I ml 15 % 
KOH in the central well. The oxidations were followed until cessation of O~ consump- 
tion. In several cases where oxidation of substrates was slow, the process was followed 
up to 5 h. 

Particles, "ghosts" and other fractions were suspended in 0.022 M phosphate 
buffer pH 6.2 and used in the same manner. 

"Protoplasts" were centrifuged from the serum medium in which they were 
prepared and washed twice in 1% MgSO,.7H~O, 4% lactose and 0.68% NaC1, 
followed by centrifugation. For use in the Warburg they were suspended in the same 
medium which also contained 0.022 M phosphate buffer pH 6.2, with the substrate 
in the side arm. Final volume 2 ml. When the activity of the "protoplasts" was to be 
compared with that  of the intact cells, the latter were suspended in the Warburg 
vessel in the same high-osmotic medium. Each vessel contained the amount of 
"protoplasts" prepared from 5 ° mg of intact cells. A small amount of intact cells, 
about 5 %, was still present and could not be separated by fractional centrifugation. 

When the Spinco supernatant A or B was used, the oxidations were carried out 
with 0.65 mg N-methylphenaziniummethylsulfate per vessel as carrier. 

RESULTS 

L Oxidations of several substrates by intact cells of Gluconobacter liquefaciens 

Table I represents the results of a typical experiment. 
Gluconate and 2-ketogluconate rapidly took up 1.0 and 0.50~/mole substrate 

respectively, indicating the final formation of the same endproduct, 2,5-diketo- 
gluconate. The formation of this substance was also indicated by the fact that  the 
content of the Warburg vessels turned brown after standing overnight. Furthermore, 
these cells produced a brown pigment when grown on a glucose medium; similarly 
A. melanogenum, is known to produce this pigment from 2,5-diketogluconate TM. 
Glucose took up rapidly about 2 O2/mole substrate. Assuming that  most of it was 
converted into 2,5-diketogluconate, one can calculate that  about IO % of the glucose 
was oxidized to completion, probably by  way of the HMP oxidative cycle ("shunt"). 
The three above mentioned substrates were ultimately oxidized at exactly the same 
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TABI,E I 

T H E  O X I D A T I O N  OF S E V E R A L  S U B S T R A T E S  B3 '~ }-NTACT CYSL.LS A N D  "PRO' ITOPLAS'FS"  (;)IV 

G/n/co~zobacler Ziquc/acie~.s 
Manometric method at  30~; content  of the \,Varbnrg vessels, see Methods. '1717e oxidation rate is 
expressed as Qmo]e o2 (me e O~ uptake/mole substrate/Joo mg bacteria or "protc, piasts"/h ). The 
final O 2 uptake is expressed as mole O2/moie substrate.  V, Then the reactioJ? was slo.,v a~d riot T,-¢ 

over after 5 h, it was marked by t!~e sign > .  

Bacfcrir~ "Pro top las t£ '  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ',)~nok O, ( " # r o t o p i a s t ~ )  

Substrate Fi~aai F i n a l  r~o ;,: . . . . . . . . . . . . . . .  
0 " Qa2oI~. Oo (bacierhU 

Qmole O~ O. uptahe << mote 0~ 0 e up take  

Glucose .4,56 :z,16 * 3.oo e.2 * 66 
Sodium gluconate 5.7 ° o.97" 3,75 o.97 * 56 
Sodium 2-ketogluconate 5.06 0.50* 3.I8 0.50* {i 5 
Sodiu in D -lactate 5.29 2.55 4.28 P.. 85 E ,~ 
Ethanol  6.06 2.63 4.66 2,63 77 
Galactose ~ .33 0.60 I.o 4 0.60 7:~ 
Mannose '-).34 2> o.52 o.28 2~- 0.40 '~3 
Xylose 0.40 e.5 o o.32 0.50 S(.' 
g-Arabinose 0.32 2> o. 3 ~ 0.28 > e.3o :~? 
Sorbitol 0.40 o.4( 0.26 F~- 0.30 "i0 
Glvcero]~ r .88 ~.~ 3 ° o,34 0.60 ~ , 
meso-Erythrito] 060 o.3o o o <~ 
Sodium acetate ~.J8 2no 0-7~ ~> ~:-9 !:*~) 
Sodium 5-ketogluconate s-35 2.5o o.35 e.4 :?6 
Fructose 1.58 ~ ] .54 0.56 "~- 0.8 "4, 
Mannito]. J-54 ~" 3.5 o.5J ~-w ~ .2 ...'o/, 

* Followed by a slow further  oxJdat%m 

ra te ,  w h i c h  was  a p p a r e n t l y  due  to  t h e  f u r t h e r  s low o x i d a t i o n  el  £ , 5 - d i k e t o g ] u c o n a t e .  

T h e  fo l lowing  s u b s t r a t e s  were  o x i d i z e d  a l m o s t  to  c o m p l e t i o n  : > J a e t a t e ,  c t h a ~ o i ,  

a c e t a t e  a n d  glycerol .  B o t h  5 - k e t o g l u c o n a t e  a n d  f ruc to se  were  o n l y  p~qrtial}y oxidiz , :d  

(f inal  0 2 u p t a k e :  2.5 a n d  I -9  O2/moie  s u b s t r a t e  r e spec t i ve ly ) ,  s n g g ( s t i n g  eithe]- t h e  

f o r m a t i o n  of u n i d e n t i f i e d  e n d p r o d u c t s  or  a s u b s t a n t i a l  a s s imi l a t i on .  XIarmito]  vca~ 

s lowly  ox id ized ,  m o s t  p r o b a b l y  a lso  to  n e a r - c o m p l e t i o n .  SorbJ to l  wa:~ ox id i zed  to  SOl- 

bose,  w h i c h  cou ld  b e  d e t e c t e d  on p a p e r  c h r o m a t o g r a m s .  F r u c t o s e  ,,~as not: f o r m e d .  

Meso-erythritol was  ox id i zed  s l i gh t l y  b e y o n d  t h e  e r y t b r u l o s e  s t age ,  n :mnnose,  x y l o s e  

a n d  L - a r a b i n o s e  t o  t h e  c o r r e s p o n d i n g  ac ids  a n d  g a l a c t o s e  slight!3,  b e y o n d  t h e  

g a l a c t o n a t e  s tage .  

Sorbose ,  I ) - a rab inose ,  l ac tose  a n d  s uc r o s e  we re  n o t  ox id ized  b y  t h e s e  ce]ls a;~d 

r ibose  a n d  m a l t o s e  o n l y  v e r y  s l i g h t l y  or n o t  a t  all. 

I t  s h o u l d  be  n o t e d  t h a t  5 - k e t o g l u c o n a t e ,  g lycerol ,  a c e t a t e ,  f r u c t o s e  a n d  m a n n i t o i  

were  o n l y  o x i d i z e d  a f t e r  an  i n d u c t i o n  p e r i o d  of I o - 3 o  ra in .  

2. Preparation of "/)rot@lasts" from A c e t o b a c t e r  

Seve ra l  m e t h o d s ,  d e s c r i b e d  in t h e  l i t e r a t u r e  for  t h e  p r e p a r a t i o n  of p r o t o p l a s t s ,  

s p h e r o p l a s t s  a n d  s i m i l a r  s t r u c t u r e s  (for a rev iew,  s e e  W E I B U L L I 9 ) ,  t?gv0 heed  used in 

o u r  p r e l i m i n a r y  e x p e r i m e n t s  for  p r o t o p l a s t  p r e p a r a t i o n  f r o m  Acetobact.eT. T h e  r e s u l t s  

were  u n i f o r m l y  n e g a t i v e .  W i t h  some  m e t h o d s ,  t h e  c o n d i t i o n s  of pH ,  suc rose  c o n c e n -  

t r a t i o n  or  ionic  s t r e n g t h  were  modified,  w i t h o u t  i m p r o v e m e n t .  I . y s o z y m e  t r e a t m e n t  

o c c a s i o n a l l y  p r o d u c e d  a. :few r o u n d  fo rms .  W e  are  i n d e b t e d  to  thc~ Labo:Tatory  for  

i~iockim. 13ioplo.,s..4 clc,, 4 c (* 900) 277 -289 
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Hygiene, Prof. K. C. WINKLER, Utrecht, for pointing out to us the serum method s°, 
which was discovered there by Dr. J. WILLERS, independently from the published 
method. Using this procedure, one strain, Gl. liquefaciens, was converted into approxi- 
mately 95 % "protoplasts", as judged under the phase contrast microscope. 80 % 
"protoplasts" were obtained from A. aceti muciparum and 50 % from one strain of 
A. suboxydans. Most of the strains used, such as A. mesoxvdans, melanogenum, xylinum, 
peroxydans and Gl. cerinus var. rosei were scarcely affected. It  was found that species, 
consisting of small short cells, were unsuitable due to difficulty in observing differ- 
ences between cells and "protoplasts". The term "protoplast" with quotation marks 
was used according to the proposal of MITCHELL AND MOYLE 21 to denote the fact that 
the cell wall was not completely removed, in contrast to the real protoplasts from 
Bacillus megaterium. 

The following modification of the method of MUSCHEL et al. z° was finally adopted. 
To 0.5 ml human or pig serum was added o.i ml IO % MgSO4"7H20, o.I ml 4 ° % 
lactose and IO nag of living bacteria in 0.3 ml 0.85 % NaC1. The suspension was 
incubated in a water bath at 37 °, occasionally shaken and samples regularly observed 
under the phase contrast microscope. With human serum more than half of the cells 
were converted into spherical forms after 30 rain. After 2-3 h there was about 95 % 
conversion. With pig serum, 5-12 h at 37 ° were required and only 60-70 % of the 
ceils were converted. The intact cells were rods 3-4 or more t* long and about I t* thick. 
The "protoplasts" were perfect or nearly perfect spheres of about 1.5-2. 5 t* diameter 
and often contained two or more granules in or on the membrane. Occasionally larger 
individuals were seen. 

Influence of serum. Fresh human blood was obtained from the Dept. of Internal 
Medicine through the courtesy of Dr. A. VERMEULEN. Serum was prepared as usual 
and centrifuged free of erythrocytes. It could be stored for several weeks at - -  20 ° 
without loss of activity. There was no difference in the rate or final amount of 
"protoplasts" when serum was used from 3 people, currently working in this laboratory 
with Acetobacter, and from a variety of other people, who had never been exposed to 
Acetobacter cultures. However, with the latter types of serum there was usually a 
marked agglutination of the bacteria. Horse and cow serum agglutinated the bacteria 
rapidly and did not produce "protoplasts". 0.5-0.4 ml human serum/ml mixture was 
required, smaller amounts gave smaller yields. Substitution of IOO t~g crystalline 
lysozyme for serum did not result in "protoplast" formation. 

Influence of Mg++. Omission of Mg ++ scarcely affected the final yield of "proto- 
plasts". On the whole the spheres were much smaller. 

Influence of the stabilizer. 5 % sucrose, 4 % lactose or 5 % maltose could he used 
without notable difference. Omission of the stabilizer still resulted in a yield of 95 % 
"protoplast";  which were larger than usual. Lactose was preferred to sucrose, since 
Gl. liquefaciens was unable to oxidize it. 

Mass production of "protoplasts". For physiological studies on the "protoplasts" 
and their subunits, several grams of a 2 day old culture of the bacteria could easily 
be converted in the conditions described above. The production of "protoplasts" was 
limited only by the amount of human serum available. 

Lysis of the "protoplasts". The "protoplasts" were collected by centrifugation, 
washed twice in a solution containing 1% MgSO4' 7H20, 4 % lactose and 0.68 % NaC1. 
In the latter solution they were stable for at least I day. They were suspended in either 
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distilled water or o.oI 34 phosphate buffer pH  6.2. and kept  at 30:'; the ]ysi::, which 
was slow, was followed by  phase contrast.  They did not burst as is the case: for proto- 
plasts of Gram-positive micro-organisms. Only after 3-4 h were an api)recbdJe amount  
of "ghosts"  noted. However, lysis was never complete, about  5 ° % of the "protopiasta" 
remaining unchanged. The "ghosts"  had approximateiy  the same dimensions as the 
original "protop]asts"  a.nd often retained the spherical shape, a.]though it could ~e 
seen that  they were empty  and were no longer intact. They were neariy transparent 
and often the granu]es still adhered to them. I t  was found to h,e advs:mt~-geo~> I:o 
prepare the "ghosts"  immediate]y after the "protop]asts" were 1u]iv formed. I.ysi~: 
was only obtained from "protop]asts"  made with human serum: '~.il:h 1:,Jg serum 
scarcely any ]ysis was noted. After lvsis the suspension was separ d;ed re:i J! furiher as 
described in Fig. z.  

Disr@tio1~ of the "prot@lasts'. The "protoplasts" were a]~<, disruptud by corn 
trolled breakage in the Raytheon  Sonic Oscillator. Every  rain a samp]c v,:a>~ take~a ~:nd 
observed under the phase contrast  microscope. 4-7 rain t rea tment  broke the '*prOl:O- 

plasts" almost comp]etdy,  as compared to the 2o rain required for Mr, c1 calls. Ti~e 

S u s p e n s i o n  of l iv ing bacteria, (] oo m g / m i )  

I 
i . . . . . . .  7 . . . . . . . . . . . . . . . . . . . . .  

\Var l )urg  ] s e r u m  m e t h o d  
? 

"protopla.sts" 
L 

F . . . . . . . . . . . .  ~ . . . .  

i \ ¥ a s h i n g  o.ol  3?  4 7 ra in  
i i p h o s p  hs1:e R a y t h e o n  
. buffer  centr i f .  
4 p H  6.2 1o-3o mill  a t  

\ V a r b u r g  
9,000 X g 

par t i a l  lys is  

cenfiri£ 
J:o-3o rain a t  
9,000 )< g 

u n c h a n g e d  
' p r o t o p l a s t s "  
-F i n t a c t  cells 

rein oved 

20 J~;M "Ra) theoP~ 
eentN f, 
3 ° 1~in :N. 

,, - - - - - % -  - , 

i n t ac t  cells "cell ddbr i s "  superr 'a . te 
r e m o v e d  " w h i t e  l a y e r "  

" b r o w n  !aye< ' ~ ia a t  
~O5~OOO )( ,{; 

pardc]es ,k s~]pernate A 

" . . . . . .  4 " -  
u n c h a n g e d  " p r o t o p l a s t  supeNmfie 

"protoplasts" d6br i s "  : 
q- i n t ac t  cells { 2 L, a t  

r emoved  i ~ o5.ooo :: L." 

, . . . .  % 

par t ic les  C s u p c r n a t e  C 

" g h o s t s "  superna%c 

"2 h a,£ 
zo5,ooo X g 

, .  . . . . . . .  $ 

par t ic les  13 s u p e r n a t e  B 

Fig.  I .  F l o w - s h e e t  of t he  prepa.rat ion of " p r o t o p l a s t s "  and v a r i o u s  subce l iu la r  f rac t ions  fro,'p- 
Gh~co~ob~cler [iq~e/a.eie~zs. 
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results of the fractional centrifugation can be seen from Fig. I. The upper layer was 
called "protoplast d6bris". Under phase contrast this fraction contained small 
fragments about I/~ or less in diameter and many membraneous "ghosts" or "ghost 
fragments". The amount of particles B and C, after centrifugation of the supernatant 
in the Spinco supercentrifuge, was +ery small. 

3. Oxidation of several substrates by "prot@lasts" of Gl. liquefaciens (Table I, Fig. 2) 

The "protoplasts" were still able to actively oxidize most substrates. The ten 
upper substrates, listed in the Table I, were oxidized at a slightly decreased rate as 
compared to intact cells. This decrease was probably due to either a partial inactiva- 
tion of the "protoplasts" which were kept at 37 ° for several h, or to the destruction of 
some of them. We shall show below that the oxidation of all these substrates was also 
effected by "ghosts" and particle-linked enzymes. Acetate was oxidized after a marked 
induction period. In spite of the relatively high respiration rate acetate really belonged 
to the following group of substrates. 

f mote 0 2 /mole ~ubs~ole 
A / Mol 8 

2 0 2D 

G 

1.0 ~ / I l,O Hol 

2K 

0 "/ 2 3 4 0 I 2 3 4 

2D 

1.0 

G 

Mol  ; 5K 
i i I i 

2 3 4 

hours 

Fig. 2. Oxidation of glucose (G), manni to |  (~Iol), 5-ketogluconate (5K) and 2-ketogluconate (2K) 
by  intact  cells (Fig. A), "protoplasts" (Fig. B) and "ghosts" (Fig. C) of Gl. lique/aciens. Mano- 

metric method, content of the Warburg vessels, see text.  

The oxidation rate of 5-ketogluconate, fructose, mannitol, glycerol and meso- 
erythritol was lowered for 6O-lOO %, depending on the substrate. The oxidation curve 
of the latter substrates (including acetate but excluding meso-erythritol), showed a 
more or less marked induction period. These results suggest that the latter substrates 
were oxidized by way of one or more inducible enzymes and that the capacity of the 
"protoplasts" to form those enzymes was seriously impaired. It  is very striking that 
all these enzymes (kinases and coenzyme-linked dehydrogenases) were soluble and that 
these substrates were oxidized neither by the "ghosts", the particles nor any other 
fraction. 
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4. O x i d a t i o n  o~ several substragc, s by subcd[u lar  / rac l ions  o~ G].  ] i q u f f a c M ~ s  ( ] a b J e s  - ' f  

a n d  I I I )  

T A B L E  I I  

O X I D A T I O N  OF S U B S T R A T G S  B Y  S E V E R A L  F R A C T I O N S  OF RAYTI - IEONIZEI )  I2 TAC1 Ch2LLS OF 

G[uconoba, cter h:que/acie~¢s 

M a n o m e t r i c  m e t h o d ;  c o n t e n t  of t h e  ~,Va.rbm-g vesse l s ,  see M e t h o d s .  T h e  r e su l t s  a r e  e x p r e s s e d  ss  in 
T a M e  Y. 

Substrate 

{)mo!e Oz Oo up a!¢c Qmoie 0:. 

Particles A "Celi ddb r~s" Spi*lco S @e;'mzfan ~ /, 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7rinai Zinai  F :~ ai O~ 
uptake 0 e ()~<)l,~ 0:, ~@,*:M.,c 

Glucose  3.42 i.~ * i .o  4 > 1 .3"  o.] 2 
S o d i u m  g l u c o n a t e  3-28 0.95 * i _40 0.95 * 0.3o 
S o d i u m  2 - k e t o g l u c o n a t e  2.6o 0.5 ~ .4 2 o.~ . . . .  
S o d i u m  n - l a c t a t e  ~.68 o.5 0.58 0. 5 0 
E t h a n o l  2,73 o@5 ~ .4~ 0.97 o 
G a l a c t o s e  o.  2 t o .  5 o .  1 4  ~ O., 4 0 

M a n n o s e  o 05 > on  o 
X y l o s e  o , i ]  > - 0 . 3 5  o,o6 > o . 2 6  o 
L - A r a b i n o s e  0.08 > 0.35 o.o7 ,>  o.~9 
G l y c e r o l  o.05 ,~  0.28 0.02 > o .M o 
meso-Eo~thritol 0.07 3-" 0,4.5 0,03 > o, i  8 o 
S o d i u m  a c e t a t e  o o o 
S o d i u m  5 - k e t o g l u c o n a t e  0 o o 

F r u c t o s e  o o 

Manni to}  o o o 

~7>o, 3 

~> ] .0  

> - 0 , 8  

* F o l l o w e d  b 3 a s low fmt the r  o x i d a t i o n .  

T A ] 3 L E  I I I  

O X I D A T I O N  OF S E V E R A L  S U B S T R A T E S  B Y  V A R I O U S  SUJ3CI~2LI, U L A R  F R A C T I O N S  OF "I ) lZOT~PLA! ' ;TS ' '  OJF 

Gh~conobaclex lique/nciens 

M a n o m e t r i c  m e t h o d  ; c o n t e n t  of t h e  \ ¥ a r b u r g  vesse l s ,  see M e t h o d s .  Q'm,m, o2 ,~Gp~ csenq s t h e  a m o u n t  
of  m o l e  O 2 u p t a k e / m o l e  su b s t r a t e / h .  T h e s e  r e s u l t s  cou]d n o t  be  e x p r e s s e d  p e r  J oo m g  of cells, si~,ce 
n e i t h e r  t h e  b r e a k a g e  i~ t h e  R a y t h e o n  n o r  t h e  h/s is  w a s  q u a n t i t a t i v e ,  T im  ~b~al O e u p t a k e  w a s  

e x p r e s s e d  a.s m o l e  O2 /mo le  s u b s t r a t e .  

"Ghosls . . . .  Y'rofo/dast ddbris" i:'acllEc~ 1~ 

Subsgralc F'hlal F i n e  F i n a l  
Q'~mle O~ Os uptake Q'moIe 0,2 O~ uplaI~e ()'mEe 0,. ¢-i~ ~-.'Pm#~ 

Glucose  o,8S ~> i . i  0.50 ,~  i .o  c ,6  
S o d i u m  g l u c o n a t e  0 .36 0. 9 o . i 6  > 0.6 
S o d i u m  2 - k e t o g l u c o n a t e  o .36 0.5 0.28 0.6 
S o d i u m  n - l a c t a  te  o.6o o,6 o. 13 > o.9 
E t h a n o l  o n  5 > o.? o . l o  },'> 0.6 ox)7 
G a l a c t o s e  o.o7 o.5 o.~ o o,5 o 
M a n n o s e  0.03 > 0.25 
X y l o s e  o.o 5 > 0.35 o.o8 > o.32 o 
L - A r a b i n o s e  o.o 4 > o.3 ° 
G lyce ro l  o o o 
meso-Erythritol o o o 
S o d i u m  a c e t a t e  o o o 
S o d i u m  5 k e t o g l u c o n a t e  o o 0 
F r u c t o s e  o o o 
M a n n i t o ]  o o o 

] .  0 
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The behaviour of the "ghosts", "protoplast  d6bris", "cell d6bris" and particles A 
will be discussed together, because their oxidative capacities were nearly identical. 

2-Ketogluconate was always oxidized with a rapid uptake of 0. 5 mole 02/mole 
substrate, with the formation of 2,5-diketogluconate followed by a slow oxidation of 
the latter substance. Only the "white layer" appeared to lack the latter oxidase. 
The oxidation of 2-ketogluconate to 2,5-diketogluconate was also in A.  melanogenum 
almost certainly carried out by particles, since KATZNELSON et al. is reported that  
o.5 02 was taken up with crude extract, in the absence of an artificial electron carrier. 
Gluconate took up rapidly about I.O and glucose 1.1-1.3 mole 02/mole substrate. 
For both substrates the oxidation rate continued slowly at the same rate as the 2,5- 
diketogluconate oxidation. 

Galactose, xylose and L-arabinose were always oxidized with a final uptake of 
0.5 mole O2/mole substrate. The oxidation of mannose was much slower, but tended 
to the same value. I t  was obvious that  in all these cases the corresponding sugar acids 
were formed. Sorbitol was very slowly oxidized by  particles A and, as a consequence, 
this substrate was not investigated further. 

All these fractions oxidized ethanol with the final uptake of o.9-1.o mole O2/mole 
substrate, showing that  acetate had been formed. Sodium a)-lactate was oxidized very 
rapidly with the uptake of 0.50z/mole substrate and the formation of the theoretical 
amount of pyruvate,  as shown by the method of FRIEDEMANN AND HAUGEN 22. In 
some experiments, pyruvate was oxidized further, but only at about 6 % of the rate of 
D-lactate oxidation. A weak pyruvate decarboxylase was detected. Particles A were 
unable to oxidize pyruvate, probably because the pyruvate decarboxylase was not 
tightly linked to the structure and was easily dislodged by sonication. 

Sodium acetate, sodium 5-ketogluconate, fructose and mannitol were not oxizided 
by  any of these fractions. I t  should be remembered that  these substrates were oxidized 
after an induction period by intact cells and that  their oxidation rate by "protoplasts" 
was heavily impaired. 

Glycerol and meso-erythritol were only oxidized by  particles A and by "cell 
d6bris" to the corresponding keto-derivative stage, dihydroxyacetone and erythrulose, 
with the final uptake of o.5 mole O~/mole substrate. The "ghosts" and the "proto- 
plast d6bris" were scarcely able to carry out this oxidation. The explanation for this 
difference was found in the temperature-labili ty of both oxidases. Treatment of 
particles A for 3 h at 37 ° decreased the erythritol oxidation rate by 75 % and the 
glycerol oxidation rate by 6o % (Fig. 3). I t  may therefore be assumed that  during the 
preparation of the "protoplasts" at 37 °, both oxidase systems, which were probably 
located on the "ghosts", were almost completely destroyed. 

When the "ghosts" were treated in the Raytheon for 2o rain, they could no longer 
be centrifuged at 9,ooo × g for 3o min - -  I h. After centrifugation of this suspension 
at lO5,OOO ~ g for 2 h a precipitate was formed which was indistinguishable from the 
particles A. 

The Spinco supernatants A and B were only able to oxidize glucose, gluconate 
and 2-ketogluconate weakly in the presence of phenazine. The other substrates were 
not attacked, showing that  indeed most of the oxidase systems were nearly always 
lo=ated on the above mentioned insoluble structures. 

The amount of particles B and C being very small, only a few experiments could 
be carried out. The results indicated however that  their enzymic activity was nearly 
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mob. 0 2 / molesubstrat~ 

E~ t 

# 

Gel 

0 2 2 4 5 h o u r s  

Fig .  3. In i}uence  of tl~e ±em, p e r a t u r e  on  t h e  
s t a b i ] i t y  of t he  o x i d a s e  s',rstem:- for g-]77cer,,:;l 
(Go1) a n d  ;~zeso-erytlnito! {Eel) in p a r t i c l e s  A 
hTom gl. l/gueiacie*~,s, M a u o m e t r i c  m e t h o d  aL 
3o ~'. Content of the VkYa!7])IJ)Tg -',70SS(]]S, see fie:e!. 
T h e  pa,ri:ic]es> used  for t he  c u r v e s  Go] and E e l ,  
w e r e  ~_ot e x p o s e d  to  t e m p e r  ~tures h i g h e r  f h a n  
4 :  be fo re  ,cl~e m a n o m e t r i c  experJmer~t .  F o r  
t h e  c u r v e  w i t h  i n d e x  3 7 :  a batch<f fparL ic ]es  
was  used,  k e p t  a t  37 ° f(> 3 h prh:)r t;0 t h e  

e x p e  17i n~ e~ )f., 

negligible. These fract ions m a y  correspond to the RNA-contaimn.,~ parde}es iso]ated 
b y  ,1'I.~RR el al.s< s~ and require fur ther  s tudy.  

5. The cow,sUrefire ~aah.~ro o/ #arUcZc-h~ekcd olzz3w.~es 

Some of the above exper iments  suggested tha~ the par t ic le  l inked enz,. rues ',,,ere 
const i tu t ive .  This was tes ted  b y  the {o]]owing exper iments .  A. sed..'o.~:;.'.'hr~ax was growl~ 
in Roux flasks on a '~o!id medium descrihed a]~oxe with ekher  ~o <{ g]ucos% 3 % 

o/ galactose,  3 ,,o xylo~e or 5 % mannito]  as main carbon source. 1, e c<,,u, were grow~ 
for 2 days at 3 o°, hat ' ,  e:;ted, washed, broken in the  Naytheon  for ~5 7"t'lilS a]]d partiek'.s 
A isola ted as described for Gl. Zict~,tc/ac@,~e.s. Part ic les  from these four batcl~es of ce]b 
behaved  in an identical  f a sh ion  Glucose aml gluconate  were ox]dJzed to 2-]<cto- 
gluconate  (demonst ra ted  b y  paper  chromatography) ,  galacto~,', 7.-arabiuose and 
xylose to the corresponding sugar acids. Maunito] was oxidized to fr~c{ose (identified 
hy  paper  chromatography) .  GlyceroI, inositol, ~ms0-erythrito],  sorbito] and ado~sito] 
were oxidized with the up take  of 0.5 O d m o i e  suhslra.te. Mannose, ma]to:~e and sucre,~¢ 
were slowly oxidized. A va r i e tyo f  other sugars and  sugar derivati~ es w+-:~ not a t l acked .  
This exper iment  shov, ed tha t  the  par t ic les  contained the sau~< o:.<ida~: ~:ystem!-;, 
i r respect ive  of the  condit ions in which the cells had pre ' , ious ly  beer; grc:v ':~. 

A fur ther  a rgument  was der ived from the oxida t ion  rate<.- 1> 3 t]:esc, ]::,~:J-tic]es. 
They  oxidized the above ment ioned subs t ra tes  at  p rac t ica l ly  the san:,e reiat ivo ra te  
(glucose a rb i t ra r i ly  iakcn as ~oo) (T;~.ble IV). 

D I S C U S S I O N  

I t  seems very  l ikely tha t  the ceil wail of AcutoBc,,cfe~" species m a y  be of a ra ther  unusual  
const i tut ion or s tructur% since it cou}d not  he removed by  any  of the n~<f]:.,ods >or,,.- ]>. 
use for the preparatios,  of the  protoplasts ,  The serum method a]ou~ was svece~sfui 
and then on]3: with a 7]mJted number  of strains.  Serm-n undoub ted ] )  r~,mo~ ud par t  of 
the  ce.]] wall of the  in tac t  cells, sh~cc spherical bodies were obtain,ed wit],, fragi]e 
membranes .  The la t te r  fact  could be readi]y observed bv  ul t rasonic  , 7b:a~7o>. b r a c t  

7?iock,iu~. i7;,@1£?D. ,~'~ia, 7 ~ : c(<: i  Z77 -' c~ 
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TABLE IV 

T H E  O X I D A T I O N  R A T E  OF S O M E  S U B S T R A T E S  B Y  P A R T I C L E S ,  I S O L A T E D  F R O M  A. suboxydans, 
G R O W N  ON S E V E R A L  S U B S T R A T E S  

Content of the ~Varburg vessels (3 o°) in 2 ml 0.022 M phosphate buffer pH 6.2 : particles (final 
turbidity 240 as measured in the Klett colorimeter with filter 66), io/,moles of substrate in the 
side-arm, o.I ml 15% KOH in the central well. The oxidation rate of glucose was always 

arbitrarily set as ioo. 

Particles ]tom bacteria grown on 
Substrate 

glucose galactose xylose mannitol 

Glucose i oo i oo i oo i oo 
Sodium gluconate 5o 4 ° 76 38 
Galactose i i 13 i i 8 
L-Arabinose i 5 i o 
Xylose 28 22 25 37 
Mannitol i 5 i I 
Inositol 145 152 
meso-Erythritol 3~ 34 

cells required I5 -2o  min of sonicat ion for near ly  complete  breakage,  while "p ro to -  
p las t s"  were d i s rup ted  after 4-7  rain. 

Fo r  the  slow lysis of the "p ro top las t s "  there  are several  explanat ions .  The 
hypothes is  t ha t  the  "p ro top l a s t "  membrane  re ta ined  a cer ta in  r ig id i ty  and was not  
as delicate and fragile as the  "ghos t "  of Gram-posi t ive  organisms seems the most  l ikely 
because of the large swollen "p ro top la s t s "  which were often formed after  several  h in 
dis t i l led water.  The Acetobacter "p ro top las t s "  resembled the spheroplas ts  and s imilar  
s tructures,  described in other  Gram-nega t ive  micro-organisms 19. 

The "ghosts" ,  the  "cell  d6bris",  the "p ro top las t  d~bris" and  the par t ic les  A all 
oxidized the same subs t ra tes  with the  format ion  of the  same end products .  The 
oxyda t ion  of glycerol  and  meso-erythritol was the only exception,  a ppa re n t l y  because 
heat- labi le  enzymes were involved.  These results  thus t end  to show tha t  the  oxidase 
bear ing par t ic les  were derived from the cell envelope (probably  the cy toplasmic  
membrane)  th rough  ul t rasonic breakage.  An a l te rna t ive  explana t ion  might  be e.g. 
t ha t  these par t ic les  t igh t ly  adhere to the cytoplasmic  membrane  and  are dis lodged 
b y  ul t rasonic t rea tment .  Anyway ,  these results  s t rengthen the view tha t  these par-  
ticles do not  float freely in the cy top lasm and tha t  t hey  m a y  not  even exist  a t  all as 
separa te  s t ructures  in the  cell. MARR ct al. 23, 24 have shown tha t  the  small  part icles  of 
Azotob~:ctcr vindandii ,  bear ing  hydrogenase  and several  oxidase systems,  were 
art i f icial ly der ived from the "hul l"  through sonication. The l a t t e r  also d isp layed the 
same enzymic ac t iv i ty  as the part icles.  

The "ghos ts"  of Acetobacter cells have enzymes for the oxidat ion  of several  
hexoses, pentoses,  gluconate,  2-ketogluconate  in the case of Gl. liquc/aciens and 
possibly  A.  mdanogenum, D-lactate,, ethanol,  several  sugar alcohols and  the complete  
e lec t ron- t ranspor t  system, with the format ion of the corresponding hexonic and 
pentonic  acids, 2-ketogluconate,  2 ,5-diketogluconate  for the 2 ment ioned  species, 
ace ta te  and  ketosugars.  I t  is l ikely, bu t  still has to be proved,  t ha t  all the par t ic le-  
l inked enzymes in the  genus Acctobecter ~ 14, are rea l ly  "ghost"- l inked.  This would 
cons iderably  s implify the  picture of the  s t ructure  and the physiological  act ivi t ies  of 
Ac~tobact..r cells. The main  character is t ics  of acetic acid bac te r ia  reside precisely in 
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these highly developed oxidative capacities, which set them apart  f~om most  otb_er 
bacterial genera. This then would be mainly a reflection of the special .str~xet:n:< and 
enzymic act ivi ty of their cell envelope (cytoplasmic membrane).  Y-,:xrth,~.n~?ore, it i~- 
worth stressing tha t  these membrane-l inked enzyme.~: appear to be co~sti!:~t~, e. Th:is 
picture of the ana tomy of the zlc~obac~" cell coincides with the re~ub:s of ot]-~:r 
authors on the locaiisation of several enzymes in the plasma membrane of; 
S*afShylococc~,s ae~,~'ee~,s ~'~, the "hull ' :  of Azo~ohac~cr vg~e, da~di,i s3, z, and t-he g h o s t "  Jn 
Bacillus ~gate~'iz~,~¢". 

Finally, a remark on the taxonomic and phylogenetic position of G,':./~i<Tzsc/~ci~e~s 
is desirable. Ls~vsox  ~ proposed to reassemble the polarly flagella.to acetic acid 
bacteria in a new genus A ce~omo¢¢,as, e .g .A ,  s~d)os3,cf, a~zs and A.  ¢~v:Za~z.%e'm~,~m J', s~",I ~,~ 
recently stressed ~' tha t  hc segregated a group of acetic acid bacteria in a ~e',v genus 
Gh~co~,obacgd';, at d-mi time based on several physiologic~_g prepertie:,. Both 
A ce~omo¢,aas and (;h~co~o~,a~cgc~, are obviously identical and it appe;~rs to ~s i:hat, for 
priority reasons, the ]after name should be retained. The inability Io oxidize acetai:e 
to C0~ and H~0 Js one of the characteristics of this ge~,us. F~:om the abo,-e expert-. 
ments, from similar results of ST()UTHAMER ~8 a.'.]d from the beiaav ou.': of growir~g 
cultures% it may  be seen that  GZ. ,[iqz~e/acie~r,s is ab]e to oxidize acetate.  V e t  it iea,~es 
little doubt  tha t  this sp,':cJes belongs to the genus gh~co~.obacter (a~d is not a mem.be~ of 
the mesoxydans group, as erroneous]y stated~S), because of the typ< ~. of flage]btJon, the 
strong gluconic acid production, the sugar alcohol oxidation and t]-,'.e ,/-pyro1:e form,> 
tion~6,~% Ul. Hqa, e/aci~;,~,,s has the most extensive enzymic array of all acetic acid 
bacteria described so far and one can imagine that,  in the course of evo!utio.:< it could 
have given rise to Gl. ~eda¢aoge¢z.~m by  Ioss of the Krebs eye!e. ]"urther loss of the 
2-ketoglucono-oxidase wou]d the~ ]cad to G[. s~bo:,Td(<.s and C/. c~;~'i~ze,'.s. 
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SUMMARY 

I. The biosynthesis of progesterone from [I-laC]acetate has been demonstrated. 
2. By means of in vitro incubations of F4-14C]progesterone and [4-14C]androstene - 

dione in human ovarian tissue, a continuous spectrum of intermediate compounds 
leading to the synthesis of estrogens has been demonstrated. Presumptive evidence has 
been obtained for the following products: 6fl-hydroxyprogesterone, pregnanedione, 
allopregnanedione, 2oa-hydroxypregnene-3-one , 2ofl-hydroxypregnene-3-one, i7-hy- 
droxyprogesterone, I7a-2o~-dihydroxypregnene-3-one , 2o~-hydroxypregnane-3-one, 
androstenedione, estrone, and estradiol-I7fl. 

INTRODUCTION 

Although it has been assumed that the early steps of progesterone biosynthesis follow 
the same general pathway as the synthesis of cholesterol 1,2, direct evidence for its 
synthesis from simple carbon compounds in the ovary has not been heretofore avail- 
able. The studies reported in this paper demonstrate the in vitro biosynthesis of 
progesterone from ~i-14C]acetate incubated with corpora luteal tissue. The subsequent 
course of progesterone metabolism in the human ovary has been followed by the in 
vitro incubation of I4-14CJprogesterone and F4-14C]androstenedione with ovarian 
stromal and corpora luteal tissue. Seven products have been characterized. The nature 
of the products is such as to suggest a relatively detailed metabolic scheme in the 
transformation of progesterone to androstenedione and estrogens. 
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