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SU3IMAI/Y 

I. Resting cells of 14 different strains of acetic acid bacteria oxidized 1,2-ethane- 
diol, DL-i,2-propanediol, DL-I,3-butanediol, meso-2,3-butanediol and 1,4-butanediol. 

2. The oxidation of 22 different glycols was studied with resting cells of Ghtcono- 
bacter oxydans (suboxydans). 

3. The end products of the oxidation of the following glycols with resting cells 
of either Gluconobacter oxydans (suboxydans) or Acetobacter aceti (liquefaciens) have 
been isolated and chemically identified: r,2-ethanediol to glycollic acid, 1,3-pro- 
panediol to fl-hydroxypropionic acid, 1,4-butanediol to succinie acid, 1,5-pczt.?-odiol 
to glutaric acid, 1,6-hexanediol to adipic acid, 1,7-heptanediol to pimelic acid and 
DL-I,3-butanediol to DL-fl-hydroxybutyric acid. The oxidation of 1,4-butanediol and 
1,5-pentanediol occurred in two steps. 

4. Acetobacter aceti (liquefaciens) w~.~ unable to grow in a medium with DL- 
1,3-butanediol as sole carbon source. This compound inhibited growth in culture 
media containing either ethanol or glycerol. 

5. All glycols which were oxidized by resting cells were also oxidized by the 
particulate fraction. D(--)- and L( +) - I  ,2-propanediol, D( --)- and L( +)-2,3-butanediol 
were oxidized to acetol, D(--)- and L(+)-acetylmethylcarbinol, respectively. 

6. A soluble NAD-linked primary alcohol dehydrogenase oxidized monohydric 
primary alcohols and oJ-diols. DL-I,3-Butanedi6i W-as oxidized slowly at C-I. 

7. A soluble NAD-linked secondary alcohol dehydrogenase oxidized monohydric 
secondary alcohols and the secondary alcohol function of the following glycols: 
meso-2,3-butanediol, DL-2,3-butanediol, DL-i,z-propanedio!, L(+)-i,2-propanediol, 
meso-3,4-hexanediol and (--)-3,4-hexanediol. Meso-2,3-butanediol and meso-3,4-hex- 
anediol were oxidized to L(+)-acetylmethylcarbinol and (+)ethylpropionylcarbinol. 

8. Both soluble dehydrogenases were purified and separated by chromatography. 

INTRODUCTION 

Acetic acid bacteria, which appear to be uniquely endowed with the capacity for 
oxidizing a great variety of carbohydrates and derivatives, also oxidize several glycols. 

BROWN 1 showed that Acetobacter aceti oxidized 1,2-ethanediol to glycollic acid. 
This was later confirmed with A. pasteuriamts and A. kiitzingianus by SEIFERT 2 and 
with A. xylinum, A. aceti, Gluconobacter suboxydans and G. melanogenus by VlSSER 
'T HOOFT 3. BANNING 4 reported that many strains were able to form oxalic acid from 
1,2-ethanediol. 
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With unshaken cultures of a variety of strains KLING 5 showed that the D(--) 
form of DL-i,2-propanediol was oxidized to acetol. This 5o % conversion was probably 
a coincidence since VISSER 'T HOOFT a gave evidence that both isomers were oxidized 
by A. a:vlimm~ and G. suboxydans. BUTLIN AND WINCE 6 convincingly showed that 
thoroughly aerated cultures of G. suboxydans oxidized both isomers nearly quanti- 
tatively to acetol. COPET, FIERENs-SNoECK AND VAN RISSEGHEM 7 and VAN RlSSE- 
GHEM s, again using poorly aerated unshaken cultures, reported that A. xylinum, 
A. aceli and G. subo:Lvdans oxidized D(--)-I,2-propanediol, another strain of G. sub. 
oxydans oxidized the L(+) form. 

From KLING'S results 9 with unshaken cultures of A. xylinum and A. aceti it can 
be deduced that the o(--) form of DL-2,3-butanediol was oxidized preferentially to 
D(--)-acetoin. His results were confirmed by GRIVSKY l° using the same species. 
UNDERKOFLER, FULMER, BANTZ AND KOOI n confirmed that the n(--) form was 
oxidized quantitatively by G. suboxydans, but the L(+) form was not attacked. 
Meso-2,3-butanediol was oxidized by G. suboxydans ~2 with the formation of L(+)- 
acetoin. From the results of VISSER 'T HOOFT 3 with A. xylinum and G. suboxydans 
the same conclusion can be drawn (although this author thought that he was using 
the DL-form). According to GRIVSKY 1° only D(--)-acetoin would be oxidized further 
to diacetyl by A. aceti. 

VAN P, ISSEGHEM x3 found that A. acegi and A. xylinum oxidized meso-3,4-hexane- 
diol to L(+)-ethylpropionylcarbinol. D(+)-3,4-Hexanediol was oxidized to D(--)- 
ethylpropionylcarbinol. The L(--) isomer was not attacked. Both isomers of ethyl- 
propionylcarbinol were oxidized to dipropionyl. 

Growing cultures of A. acai, A. xylinum and G. suboxydans did not oxidize 
1,2-butanedioF ,°, L2-pentanedioF and 1,2-hexanedioF. 

COMMI~S ~" reported on the oxidation of the following glycols by resting cells 
or ce!l-free extracts: nL-I,2-propanediol, 2-methyl-2-nitro-I,3-propanediol, 2-butyne- 
1,4-diol, 1,2,4-butanetriol, 2-butene-x,4-diol, 1,3-pentanediol, 1,5-pentanediol, hexyl- 
eneglycol, 1,2,6-hexanetriol, 2,5-hexanediol, cyclohexane-I,4-diol. The following 
compounds were not oxidized: 2,5-dimethyl-hexyne-3-diol-2,5, pentaerythritol, 
dipropylenegiycol, diethyleneglycol, thiodiethyleneglycol, styrenegiycol and cyclo- 
hexane-I,4-diol. 

GOLDSCHMIDT AND KRAMPITZ 15 have briefly reported on an NAD-linked 2,3- 
butanediol dehydrogenase from G. suboxydans which lacks specificity. 

Many of the previous experiments have been carried out with grovAng cultures, 
often poorly aerated and extending over periods up to 3-6 months. Knowledge on 
the enzymology of these glycols is negligible. In the present paper we want to report 
on the oxidation of several straight-chain glycols by acetic acid bacteria and on the 
nature of the enzymes which effect the primary catabolic step. It is an extension of 
the previous work of this laboratory on the biochenfisti T- and enzy~nolog~- of these 
bacteria (for reviews, see DE LEYlS,I~). 

METHODS AND MATERIALS 
Bacteria used 

We used the same strains of acetic acid bacteria which have previously been 
studied by DE J..EY 17. The same cultural conditions were adopted, as well as the 
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nomenclature ot the strains, Acetobacter aceti (paradoxus) and A. aceti (peroxydans) 
were grown in the liquid medium of ATKINSON TM under vigorous aeration TM. All the other 
strains were grown on solid glucose media. Pseudomonasfluorescens, strain 488 of the 
Institute of Biology, Prague, was obtained through the courtesy of Dr. O. LYSENKO. 
I t  was grown for about two days at 3 °° under vigorous aeration in a liquid medium 
containing o.5 % peptone and o.25% yeast extract (Difco). 

Preparation of cells 

Cells were harvested after 2-3 days of growth at 3o ° and washed three times 
by  suspending in o.oi M phosphate buffer (pH 6.2) and centrifuging at 12ooo y: g 
for 15 min. They were finally suspended in o.o2 M phosphate buffer (pH 6.2) in a 
concentration of 1oo mg living cells (wet wt.) per 1.8 ml and used at once for mano- 
metric experiments. Possible contamination was checked for by the criteria prescribed 
by JOUBERT, BAYENS AND DE LE', "22. 

Cell-fi, ee enzyme preparations 

Intact  cells of either acetic acid bacteria or Pseudomonas (IO g of living cells 
per 5 ° ml o.oi M phosphate buffer (pH 6.2)) were disrupted in the Io-kC, 25o-W 
Raytheon Sonic Oscillator at 4 ° i~ H~ atmosphere for 2o min. Intact  cells and large 
cell debris were removed by centrifugation at 4 ° for 3o min at IOOOO rev./min. 
The supernatant "crude extract" was centrifuged for 2 h at 105000 × g at 4 ° in a 
preparative Spinco ultracentrifuge. The gelatinous red or brown precipitate contained 
mainly small hull fragments (cell wall and cytoplasmic membrane) and the larger 
ribosomes. I t  was called "crude particles". The yellowish supernatant contained the 
"soluble enzymes". 

Respirometry 

The conventional Warburg respirometer was used at 30 °. With resting cells each 
vessel contained 1.8 mi suspension as above, IO/~meles substrate in o.I ml in the 
side-arm and o.I ml 2o% KOH in the center well. Oxygen uptake was corrected for 
the endogenous respiration which was usually very small (about 0. 4 t~mole O2/h ). 
Oxygen uptake was never followed for more than 5 h. The r~sults were expressed 
as mole O 2 uptake/mole substrate. The crude particle gel was suspended in o.o2 M 
phosphate buffer (pH 6.2) with a Potter-Elvehjem homogenizer to obtain a final 
turbidity of 4co units in the Klett coIorirneter with filter 66, corresponding to about 
2 mg protcin/ml. 1. 7 ml of the latter suspension and 30/,moles MgCI 2 in o.I ml were 
added in the main Warburg vessel. The side-arm and the center well contained the 
ingredients as above. Final volume 2 ml. 

When the end products of the oxidation had to be isolated and identified, the 
Warburg vessels contained in a final volume of 3 ml: 2. 7 ml particle suspension 
(54 mg protein) in 0.02 M phosphate buffer (pH 6.2) and either 60 or 1oo t~moles 
of substrate in the side-arm; KOH in the center well. 

Dehydrogenase and reductase activity 

The formation or disappearance of either NADH 2 or NADPH,  was followed at 
34 ° m/~ in a Beckman spectrophotometer, equipped with an ERA and a Varian 
recorder. Dehydrogenase activity was measured in the system: o.I--o. 5 ml of enzyme 
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preparation, x5/~moles MgC12 in o.o5 ml, o.x5 tzmole NAD or NADP in o.o5 ml, 
o.I ml substrate (2o t~moles for secondary alcohol dehydrogenase or 2oo t~moles for 
prim~:y alcohol dehydrogenase). The final volume of r.2 ml was made up with 
o.o5 M Tris-HC1 buffer (pH 8.8). The reduction of keto and aldehyde groups was 
measured in the system: o.x-o.5 ml of enzyme preparation, I5 tzmoles MgCI 2 in 
o.o5 ml, o.I5 #mole NADH 2 freshly prepared in o.o5 ml, 2o t~moles substrate in 
o.x ml. The final volume of x.2 ml was made up with o.o5 M phosphate buffer (pH 7.5). 
In both types of estimation the reaction was started by the addition of the substrate. 
The enzyme activity in the eluates of DEAE-cellulose columns was determined by 
recording the linear activity for 9 ° sec and calculating the increase in absorbancy in 
the period I5-75 sec. The formation of x tLmole NADH 2 or NADPH 2 per min per 1 
was defined as one International Unit per 1 (see ref. zI). Specific activity was defined 
as the number of units per mg protein, determined according to WARBURG AND 
CHRISTIAN 22. 

Chemical and physical methods 

Soluble Ca was determined titrimetrically according to WILLARD AND FURMAN 23. 
Methyl-ketones were detected with the nitroprusside reagent ~4. Organic acids were 
detected by circular paper chromatography with the solvents: p ropanol -  ammonia 
(80: 20, v/v) 25, n-amylalcoho1-5 M formic acid (50:50, v/v) 2e and e thano l -  w a t e r -  
arnmonia (35:13:2, v/v) 2.. The chromatograms were sprayed with 2% ethanolic 
bromocresol green. Spraying with ammoniacal silver nitrate followed by heating at  
io5 ° for 5 min revealed the acids as white spots on a brown background 25. Optical 
activity was determined with a Zeiss polarimeter (o°oi), usually in a 2-dm tube at  
5461 .~. When the content of the Warburg vessels (3 ml) was used, it was de- 
proteinized with I ml IO % trichloroacetic acid and centrifuged. Optical rotation was 
measured against a blank consisting of the endogenous reaction mixture, treated in 
the same way. Melting points were determined in a Reichert "RCH" apparatus and 
are recorded uncorrected. 

Chemicals 

Acetylmethylcarbinol (82 % D(--) and 18% L(+)) had previously been prepared 
by DE LEY 28 from nL-iactate with A. aceti (rancens) strain 23. I t  was repurified by 
distillation. DL-2,3-Butanediol, L(+)-I,2-propanediol, meso-3,4-hexanediol and (--)- 
3,4-hexanediol were from the collection of Mile H. VAN RISSEGHEM and were ob- 
tained through the courtesy of Professor J. L~oI~Is. Other alcohols, glycols, aldehydes 
and ketones were commercial products. They were purified by fractional distillation. 

L-EiTthrulose, dihydroxyacetone, acetol and (+)ethylpropionylcarbinol were pre- 
pared biochemically from meso-erythritol, glycerol, DL-I,2-propanediol and meso- 
3,4-hexanediol by oxidation with the crude particle fraction of Gluconobacter oxydans 
(suboxydans). The Warburg vessels contained 1.6 ml concentrated particle suspension, 
30 t~moles MgCla in o.I ml and 60 t, moles substrate in 0. 3 ml. When O 2 uptake 
stopped, the suspension was centrifuged at 24ooo ~: g for I h. ~.5 ml supernatant 
(15 t~moles of the keto-compound) was used to check for the NADHz-linked reductase 
in the soluble fraction of G. oxydans (suboxydans). , 

Sephadex G-25 (Pharmacia, Sweden) was washed repeatedly with o.oi M phos- 
phate buffer (pH 6.5) to eliminate fine particles. DEAE-cellulose (Serva-Entwick- 
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lungs labor ,  Heide lberg ,  G e r m a n y )  No. 27o6I  w i t h  a c a p a c i t y  of o.68 m e q u i v / g  was  
washed  to  e l im ina t e  fine par t ic les  a n d  t r a n s f o r m e d  in to  t h e  free ba se  w i t h  N a O H .  
Af t e r  t h o r o u g h  w a s h i n g  w i t h  dis t i l led  wate r ,  i t  was  c h a r g e d  w i t h  o . i  M p h o s p h a t e  
buf fe r  (pH 6.5) a n d  e q u i l i b r a t e d  w i t h  o .o i  M p h o s p h a t e  buf fer  (pH 6.5). 

RESULTS 

L Oxidations with resting cells of  various acetic acid bacteria 

T h e  p H  o p t i n u m  for t h e  o x i d a t i o n  of I )L-! ,3-butanedio l  w i t h  r e s t ing  cells of 

A.  aceli ( l iquefaciens)  s t r a i n  20* e x t e n d e d  b e t w e e n  5.0 a n d  7.5- There fo re  a n d  also 
because  ace t ic  acid b a c t e r i a  prefer  a s l igh t ly  acid p H  for t h e i r  ox ida t ions ,  all  W a r b u r g  
e x p e r i m e n t s  were  ca r r i ed  o u t  in  0.02 M p h o s p h a t e  buffer  (pH 6.2). T h e  ox ida t i on  
of five diols  b y  14 d i f fe ren t  s t r a i n s  of acet ic  acid bac te r i a ,  r ep re sen t i ng  a wide t axo -  
nomic  va r i e ty ,  a re  s u m m a r i z e d  in T a b l e  I. 

TABLE I 

THE OXIDATION OF SOME GLVCOLS BY ACETIC ACID BACTI~RIA 

Contents of the Warburg vessels: see text. The results are expressed as mole Oz uptake/mole 
substrate after 18o rain. "~Vhen the reaction still continued after that  time, it is shown by the sign > .  

Biotype 5train z,2- z,a- Meso-~,.?- r~l.,-z,3- r,4- Ethanediol Propanediol butanediol Butanediol Butanediol 

Acetobacter Peroxydans group 
aceti peroxl,dans (8o18) > 0.45 > 0.70 0.50 > o,7o > 3.4 

paradoxus (P) ~ o.38 > o.I > o.I 

Acelobacter Oxydans group 
aceti mobilis (6428) > o.21 > i.I > 4,5 x.o > 3.3 

est,tnensis (E) > 0.4 > o.i ~.> 3.2 ) o.2 • 3.9 
lovaniensis (I3) ~> o.5 ~> 0.8 2> 4,7 > 0.8 > 3.7 
vini acetati (4939) ~ o. I ~> 0.2 2. 5 > o. 4 > 2. 5 
rancens (23 kl +)  ~- 0.2 ;> o.I > 0.7 )> 0.08 > 0. 4 
rancens (D) > 0.8 > L5 > i.o 

Acetobacter Mesoxydans group 
a c e t i  mesoxydans (8622) ~ o.t ~> 0.5 > 3.0 i.o > 1.7 

.o'linz'.m (8747) ~ o.5 > 0,7 ~- z.o t.o > 1.8 
aceti (Ch3l) o.5 > 4.o > 2.3 
liquefaciens (20) 0.7 > r.'.' o.5 i.o > 3.7 

Gluconobacter Suboxydans gro**p 
oxydans melanogenus (8086) 0.7 > I.o 0.5 i.o > 1. 3 

suboxydans (SU) o.6 o.5 o.5 o.o 1.9 

DL-r,3-Butanediol: All t h e  s t r a i n s  of Ghtconobacter a n d  of t h e  m e s o x y d a n s  g r o u p  
of A cetobacter oxid ized  th i s  s u b s t r a t e  qu ick ly  to  nL- f l -hyd roxybu ty r i c  ac id  (see below).  
T h e  o x i d a t i o n  r a t e  w i t h  s t r a i n s  of t h e  o x y d a n s  a n d  p e r o x y d a n s  g roups  of Acetobacter 

d e p e n d e d  on  t h e  s t r a i n  used:  f rom 0.04 mole  O~/mole s u b s t r a t e / h  for  A.  aceti (para-  
doxus)  to  1.5 moles  0 2 / m o l e  s u b s t r a t e / h  for  A .  aceti (mobilis).  T h e  e n d  p o i n t  of t h e  

fas t  s t r a i n s  was  a g a i n  I mole  0 o / m o l e  s u b s t r a t e ,  i n d i c a t i n g  t h e  f o r m a t i o n  of nI.-fl- 

h y d r o x y b u t y r i c  acid.  

* This s tr ; in was previously tentatively classified as a Gluconobacter due to the uncertainty 
of its flagellation. Its infrared spectrum (kindly examined by Dr. A. W. ScoPI:S) showed it to 
be an ,4 cetobacter. 
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lr,4-Butanediol: The most clear-cut case was represented by the suboxydans 
strain, which oxidized the substrate to the succinate stage only. The melanogenus 
strain oxidized more slowly, but also leveled off to the same final stage. Succinate 
was not oxidized further since these bacteria do not possess a Krebs cycle 29. All the 
other strains (A. aceti (rancens 23 k l+)  excepted, which was very slow with all sub- 
strates) took up Oa far beyond the succinate stage, in some cases to near-completion. 

Meso-2,3-butanediol: was oxidized to acetoin by the Gluconobacter strains and 
A. aceti (liquefaciens, 20). The end" product was detected by the Voges-Proskauer 
reaction. All the strains of the mesoxydans and oxydans groups of Acetooaeter oxidized 
the substrate far beyond the acetoin stage. The strains of the peroxydans group 
were very slow. 

nL-z,2-Propanediol was oxidized to acetol (see below) by G. oxydans (suboxydans, 
SU) and by A. aceti (xylinum, 8747). The oxidation rate with the other strains varied 
widely, from hardly any oxidation at all as with A. aceti (rancens, 23 k l+)  and 
A. aceti (estunensis, E) to very fast as with A. aceti (liquefaciens, 20) and G. oxydans 
(melanogenus 8086). 

z,2-Ethanediol was oxidized very slowly by all strains. Only the Gluconobacter 
strains and A. aceti (liquefaciens, 20) reached an upper level of about 0.6 mole O~/mole 
substrate after 3 h. Oxalic acid could not be detected by paper chromatot~, aphy, 
only glycollic acid. 

2. Oxidations with resting cells of G. oxydans (suboxydans) strain SU 

In addition to the above substrates, the oxidation of the following glycols was 
studied with resting cells of the suboxydans strain: x,3-propanediol, 1,5-propanediol~ 
1,6-hexanediol, 1,7-heptanediol, diethyleneglycol, triethyleneglycol, 2-ethyl-2-nitro- 
1,3-propanediol, 2-ethyl-2-amino-x,3-propanediol, pentaerythritol, 1,4-butinediol , 
1,2,6-hexanetriol, 2,5-hexanedioi, 1,4-cyc!ohexanediol, ethyleneglycol-monomethyl- 
ether, DL-2,3-btitanediol, L(+)-i,2-propanediol and meso-3,4-hexanediol. The results 
are represented in Figs. I and 2. The contents of the vessels, in which acids had been 
mrmed, were centrifuged, the supernatant decationized with Amberlite IR-x2o(H+) 
and analyzed by paper chromatography. The results are summarized in Table II .  
From the O~ uptake and the paper chromatographic evidence, we can put forward 
the following reactions: 

1,2-ethanediol * glycollic acid 
t,3-propanediol > ~-hydroxypropionic acid 

(hydracrylic acid) 
1,4-butanediol > succinic acid 
DL-x,3-buta.nediol ...... u DL-~-hydroxybutyric acid 
1,5-pentanediol -~ glutaric acid 
x,6-hexanediol > adipic acid 
z,7-heptanediol > pimelic acid 
ethyleneglycol- 

monomethylether ~ ~-methoxy acetic acid 

Since the C4-C T o~-diols were apparently oxidized to the corresponding dicarboxylie 
acids, the intermediate formation of an oo-hydroxy carboxylic acid seemed possible. 
This was found to be the case with x,4-butanediol and 1,5-pentanediol. The oxidation 
of two concentrations of both substrates by intact cells of the suboxydans strain is 
shown in Fig. 3. After x mole Oz/mole substrate had been taken up, the oxidation 
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r a t e  d e c r e a s e d ,  e v e n  m o r e  so  w h e n  t h e  i n i t i a l  s u b s t r a t e  c o n c e n t r a t i o n  w a s  lower .  

C i r c u l a r  p a p e r  c h r o m a t o g r a p h y  w i t h  t h e  s o l v e n t  p r o p a n o l - a m m o n i a  ( 8 0 : 2 0 ,  v /v )  

I m~., ~1 mo,o s o . . . ° , ,  m°,.. o~ I . . . . . .  b ~ , . o , o  

I: I t7 HO I 

. / ~ ,,2,6 Hr 

! I I ,7.o 
1.3 BD 0 p] 7,2 PD 

~ - - - - ~ g  EHDD • M 2,3 BO 

DEG 

0 40 80 120 rain 0 40 O0 120 NO rain 

Figs. [ and z. Oxidat ion of several glycols by rest ing cells of Ghtconobacter o.rydans (suboxydans) 
strain SU. Content  of the Warburg  vessels, see text.  Abbreviat ions used in this  and the folk)wing 
figures: 1,2 ED:I ,2-e thanedio l ;  1,2 1)D:DL-i,2-propanediol; (+ ) [ ,2  PD:L(+) - i , z -p ropaned io l ;  
J,3 I ' I):  1,3-propanediol; 1, 4 BD: t ,4-butanediol ;  I, 3 BD: nL-I,3-butanediol;  2, 3 BD: DL-2, 3- 
butanediol ;  M 2,3 BD: meso-2,3-butanediol;  L4 BiD: L4-butinediol;  (---)AMC: n( - - )ace to in ;  
I, 5 t)D: t ,5-pentanediol;  PE:  pentaerythr i tol ;  1,6 HD:  [,6-hexanediol;  M 3,4 HD:  meso-3,4- 
hcxanediol;  2, 5 l ID:  , ,5-hexanediol ;  t,2,6 HT:  1,2,0-hexanetriol; 1,4 CHD: t ,4-cyclohexanediol;  
t,7 H I) : [ ,7-heptanediol;  EGM : ethyleneglycol monomethyle ther  ; DEG : diethvienegiycol ; TG : 

triethyleneglycol. 

J moles 02 

10 ],Jmotes 1,5 HD 20 . . . . .  

#OJJmole$ t¢ RD 

15 / . / ~ , ~ ' ~ f l  moles 15 PO 

. / i "  
1o 

~ I,4BD 

o ,~o ;oo ;oo . , .  
Fig. 3. The step-wise oxidation of some (o-diols by resting ceils o£ G. ox),dans (snboxydans) strain 
SU. Content  of tl~t: Warburg  vessels: see text.  Substra te  concentrat ions used are indicated near 

the  curves. For abbreviat ions,  see Fig. I. 

Of t h e  v e s s e l  c o n t e n t  s h o w e d  t h a t  f r o m  1 , 5 - p e n t a n e d i o l  a n  a c i d  w i t h  R e  = 0 5 5  h a d  

b e e n  f o r m e d  w h i c h  w e  b e l i e v e  t o  b e  8 - h y d r o x y v a l e r i c  ac id .  A f t e r  300  r a in  t h e  O~ 
u p t a k e  h a d  r e a c h e d  1.8 m o l e s  O J m o l e  s u b s t r a t e .  A n o t h e r  W a r b u r g  v e s s e l  w a s  t h e n  
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318 K. K E R S T E R S ,  J.  D E  L E Y  

T A B L E  l I  

PAPER CHROMATOGRAPHIC ANALSISIS OF THE CONTENT OF "~VARBURG 'CESSELS AFTER 
THI," OXII)ATION OF SEVIgRAL GLYCOLS BY RESTING CELLS OF G. o.~'yda~ts 

(SUBOXYDANS) STRAIN SU 

Content of Warburg vessels and procedure: see text. 

R F in R F in R F in 
tt-amylalcokol- cthanol- water- 

Comp, und n-propanol- formic acid acet ic acid 
ammoltia(8o:2o) (5o:5o) (35:13:2) 

()xidation product lrom 
i, 2-ethanediol 0.3 l 

Glycollie acid o. 3 l 
Oxalic acid o.o5 

Oxidati, n product from 
1,3-propanediol o.39 

/3-hydroxypropionic ackl o.40 

Oxidation product from 
1 , 3 - b u t a n e d i o l  0.48 

/~-hydroxybutyric acid 0.48 

Oxidation product from 
1 , 4 - b u t a n e d i o l  

Suecinic acid 

()xklation product from 
1,5-pentanediol after 
! ~ mole f)2,/mole sub,~trate 0.55 
[ r.8 mole : ~z/mn! o m,h~trate o.I 5 

(,lutaric acid o. r 5 

()xidation product from 
1,0-hexanediol 

Adipic acid 

)xidation product from 

0.47 
0.47 

O.71 
O.71 

0.71 
0.7 ° 

0.78 
0.78 

i, 7-heptanediol o.S2 
I qmelic acid o.b2 

ana lyzed ,  which  showed  t h a t  t h e  l a t t e r  ac id  h a d  d i s a p p e a r e d  a n d  was rep lacvd  b y  

:-n acid wi th  tbv  samv RF its g lu t a r i c  acid.  T h e  o x i d a t i o n  t h u s  occur red  in two  s t ages  

as r ep re sen t ed  b y :  

('I l~( )1 l- (Cll:b,- ('H2()ii --+ CO()H. (Ctt:~):V ('Ha()H --~ C()('fl 1- tC He)a- CO()H 

T h e  resu l t s  wi th  1 ,4 -bu taned io l  were  s imi la r  a n d  i n d i c a t e d  t h a t  y - h y d r u x y b u t y r i c  
acid was a n  i n t e r m e d i a t e  in t h e  f o r m a t i o n  of succinic  acid,  acco rd ing  to  t h e  r eac t i ons :  

CI 12( )11. (C H,,)2" CH'z()I-! ~ CO()H. (CH.z).a- C H.a( )H --~- ('()( )i l- (CI l.a/2" C( )OH 

Tile o x i d a t i o n  of 1 ,6-hexanedio l  a n d  1 ,7 -hep taned io l  showed  no  inf lexion po in t ,  
a p p a r e n t l y  b o t h  ends  of t h e  molecule  were  ox id ized  equa l ly  rap id ly .  

T h e  end  p r o d u c t s  of t h e  o x i d a t i o n  of d ie thy leneg lyco l ,  t r i e thy leneg lyco l ,  1,4- 
bu t ined io l .  1 ,2 ,6-hexanet r io l ,  c i s - I A - c y c l o h e x a n e d i o l  a n d  2 ,5-hexanedio l  h a v e  n o t  
been  ident i f ied ,  due  pa r t i a l l y  to  t h e  slow o x i d a t i o n  a n d  pa r t i a l l y  to  t h e  lack  of ref-  
e rence  c o m p o u n d s .  

B i o c h i m .  B i o p h y s . . 4  eta, 71 (I063) 31 I-.331 



GLYCOL OXIDATION Bx: ACETIC ACID BACTERIA 3I~) 

From tile oxygen uptake with the following glycols, the reactions below could 
be put forward: 

I)L- I. --propanediol -> acetol 
L ( r" ) -", z-t m q)anedi~! . . . .  > acetol 
nlcso-2,3-butancdi~l ..... ~ o(- ) or L( +)-acctoln 
l)L-2,3-butarledild ---:- l)L-acctoin 
moso-3,4-hcxancdiol ---:- (+) or (-}ethylpropionyI-cart~inol 

The following compounds were not .xidizt~d by resting cell~ ,~,f the suboxydans strain : 
2-ethyl-2-nitra-i,3-propanediol, 2-ethvl-2-amino-i,3-propanediol and pentaerythritol. 
CUMMINS l'I reported that 2-methyl-2-nitro-I,3-propanedlol and pentaerythritol were 
not oxidized bv another strain of suboxvdans. 

3. Chemical idenl(ficalio~ 5: the oxidatioH prodllcls of some ,~lyco's by inlacl cells of 
G. oxvdans (sttboxvdaJ~s) ~nd A. aceti (liquefaciens) 

3a. The oxidation product from DL-t,3-b.taJzediol 

A. aceti (liquefaciens) was unabh, to grow on a liquid medium with DL-i,3-butane- 
diol as sole carbon source. FUI.MI.;R, UNI)ERKOFI.EI¢ AND I~;\NTZ 12 and ]~UTLIN AND 
WINCE ° had obtained similar results with G. oxydans (suboxydans) and meso-2,3- 
butanediol and OL-t,2-propanediol respectively. We tried to grow our strain on a 
medium with either ethanol or glycerol and in the presence of the diol. In these 
cultures, containing either o.5, I or 2.5':0 of DL-I,3-butanediol, only trace amounts  
of acid were formed (estimated as soluble Ca and corrected for acetate formation}. 
In  concentrations of 5°0 or more of the dio! there was even no growth. In cultures 
with glycerol, amounts  as small as o.5% of the diol inhibited growth. It was thus 
at tempted to prepare the oxidation product with resting ceils. The yield ,.lependcd 
on the initial substrate concentration, 2.50/0 being optimal. When a new portion 
of 2.5% of the substrate was added after the first had been oxidized to comiJletion, 
there was no further reaction. A similar phenomenon had been observed by P~UTLIN 
AND WIN('E ~ in the oxidation of 1,2-propanediol to acetol. Concentrations of Io ° o 
or more of the diol nearly abolished the reaction. 

The following procedure was adopted for the isolation of l)L-fl-hydroxybutyric 
acid. 4 g of gh2cose-grown A. tweli (liquefaciens) were suspended in Ioo ml of a 3 % 
sterile s~:lution of I)L-I,3-butanediol in distilled water. The suspension was shaken 
at 3o °. Titration with o.I N NaOH showed that 7o"0 of the theoretically expected 
acid had been formed aftel x8 h. The bacteria were centrifuged off, the supernatant  
was saturated with ammonium sulphate, acidified with 5 ml of 25% sulfuric acid 
and continuously extracted for ~) h with ether. The ether phase was distilled, the re- 
maining pale yellow acid oil dissolved in 7 ml aq. dest. and neutralized with I N 
NaOH. After distillation in vacz¢o, the crystalline Na salt was dissolved in the minimal 
amount  of absolute ethanol and poured :;lowly under stirring in 50 ml of acetone. 
The crystals were filtered off and washed several times with ether. Melting p,,int 
after two recrystallisations from hot ethanol: 163--164 ° (reporteda°: 163-164°). 

The iollowing additional criteria were used for identification. (a) The p-phen/~- 
phenacylester had a melting point of IO5-io6 ~ after three crvsatllisations from acete 
Authentic p-phenylphenacylester ofj~L-fl-hydroxybutyric acid had a melting poin" 
of Io5-IO5.5". The mixed melting point remained unchanged. (b) The equivalent 

ttiochim, t3iophys..4cta, 71 (1963) 3II-331 
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weight of the dry sodium salt was determined by potentiometric titration in glacial 
acetic acid with acetous perchloric acid 3~ and was found to be 126.o. Theoretically 
expected: I25.9. 

3b. The oxidation product from 1,2-ethanediol 
The same procedure as above was followed, starting with a mixture of 1-5 % 

ethanediol, 4 % CaCO~ and resting cells of G. oxydans (suboxydans). After ether ex- 
traction the Ca glycollate was purified twice by precipitation from acetone. The free 
acid was prepared with a column of Amberlite IR-I2o  (H +) and concentrated in vacuo 
until crystals started to form. Crystailisation was continued at 4 °. M.p. of the free 
acld : 73-75 ° (reported: 7o-8o ° (see ref. 32) and 79 ° (see ref. 31)). M.p. of the p-bromo- 
phenacylester: 137-138 ° (reported31: 138°). 

3c. 7"he oxidation product from z,3-propanediol 

This oxidation product was prepared and the Na salt isolated as described sub 3a. 
M.p. of the Na salt: 141-142 ° (reported 3° for Na/3-hydroxypropionate:  142°). The 
equivalent weight of the Na salt, determined according to VO~EL '~, 112.2 (calculated 
for Na/~-hydroxypropionate: ii2.o). 

3d. The oxidation product from x,4-butanediol 

A mixture containing 2 g of resting cells of the suboxydans strain and 0.5 g of 
the diol in 50 ml distilled water was shaken for 2 days at 30 °. The bacteria were 
centrifuged and the supernatant extracted with ether. The ether phase was distilled 
and the remaining acid was recrystallized from hot water. M.p. : 185-187 ° (reported ~l 
for succinic acid: 185 °). M.p. of the p-bromophenacylester:  211-212 ° (reported 31 : 211°). 

3e. The oxidation product from LS-pentanediol 

A mixture, containing 2 g of resting cells of the liquefaciens strain and 50 mg 
of 1,5-pentanediol in 4 ° ml distilled water was shaken as above. When greater 
concentrations of the substrate were used, the oxidation did not go to completion. 
The free acid was isolated after ether extraction as above. I t  was recrystallized from 
benzene and had a m.p. of 96-97.5 ° (reported 3t for glutaric acid: 97-98°). M.p. of the 
di-p-phenylphenacylester, prepared according to VOGEL 31 : 151-152 ° (reported ~l: 152 o). 

3f. The oxidation product from i,6-/~xanedio! 

The same procedure as sub 3d was followed. M.p. of the free acid: 151-152° 
(reported 3t *or adipic acid: 152°). M.p. of the p-bromophenacyl ester: 153.5-154.5 ° 
(reported31: 155°). 

3g. The oxidation product from 1,7-heptanediol 
~ This oxidation product was again obtained in the same manner. The free acid 

had a m.p. of lO5 ° (reported 3x for pimelic acid lO5°). The p-phenylphenacylester 
had a m.p. of 145-I45.5 ° (reported31: 146°). 

4. Oxidations by the crude particle fraction of G. oxydans (suboxvdans) 

Most of the glycols investigated were oxidized by this fraction. Some typical 
experiments are illustrated in Fig. 4 and the results are summarized in Table I I I .  

Biochim. Biophys..4cta. 71 (1963) 311-33t 



T
A

B
L

E
 

II
1 

O
X

ID
A

T
IO

N
 

O
F 

SE
V

E
R

A
L

 
G

L
Y

C
O

L
S 

B
Y

 
T

H
E

 
P

A
R

T
IC

U
L

A
T

E
 

FR
A

C
T

IO
N

 
O

F 
G

. 
ox

yd
an

s 
(S

U
B

O
X

Y
D

A
N

S)
 

ST
R

A
IN

 
S

U
 

C
o

n
te

n
t 

of
 t

h
e 

W
ar

b
u

rg
 v

es
se

ls
: 

se
e 

te
xt

. 
T

h
e 

o
x

y
g

en
 u

pt
ak

e 
is

 r
ec

or
de

d 
af

ter
an

d 2
00

 m
in

ch
ro

m
at

 
ag

ra
p

h
y

,a
n

d
 

ex
pr

es
.,

ed
 a

s 
m

ol
e 

ro
ta

tio
nO

° 
up

ta
ke

/m
ol

ea
nd

 
ch

em
ica

lS
U

bs
tra

te'
tes

ts.
Th

e n
at

ur
e 

of
 t

he
 p

re
su

m
ed

 e
nd

 p
ro

du
ct

s 
is

 c
on

cl
ud

ed
 f

ro
m

 o
x

y
g

en
 u

p
ta

k
e 

pa
pe

r 
op

ti
ca

l 

ve
ss

el
 co

nt
en

t 

D
io

ls
 w

it
h 

p
ri

m
a

ry
 O

h
 g

ro
up

s 

1,
2 

.E
tb

an
ed

io
l 

1.
o 

t ,
3-

P
ro

pa
ne

di
ol

 
0.

95
 

1,
4-

B
ut

an
ed

io
l 

2.
o 

I,
 5

-P
en

ta
ne

di
ol

 
'2 

.o
 

1,
6-

Il
ex

an
ed

io
l 

1.
08

 
1,

7-
H

ep
ta

n
ed

io
l 

~ .
~9

 
P

en
ta

-e
ry

th
ri

to
l 

o.
 i 

2-
E

th
yl

-z
-n

it
ro

-l
,3

-p
ro

pa
ne

di
ol

 
o 

2-
E

th
yl

-2
-a

m
in

o-
l,

3-
pr

op
an

ed
io

l 
o 

2-
A

m
in

o-
2-

(h
yd

ro
xy

m
et

hy
l)

- 1
,3

- 
pr

op
an

ed
io

l 
o 

1,
4.

.B
u

ti
n

ed
io

l 
> 

o.
7 

E
th

yl
en

eg
ly

co
l 

m
o

n
o

m
et

h
y

le
th

er
 

o.
95

 
D

ie
th

yl
en

eg
ly

co
l 

> 
o.

8 
T

ri
et

hy
le

ne
gl

yc
ol

 
> 

I.
 1

 

G
ly

co
ll

ic
 a

ci
d 

fl
-H

yd
ro

xy
pr

op
io

ni
c 

ac
id

 
S

uc
cl

ni
c 

ac
id

 
G

lu
ta

ri
c 

ac
id

 
A

di
pi

c 
ac

id
 

P
im

el
ic

 a
ci

d 

G
ly

co
ls

 w
it

h 
ei

th
er

 s
ec

on
da

ry
 o

r 
pr

im
ar

y 
an

d 
,;

ec
ou

da
rv

 O
H

 g
ro

up
s 

D
L

-I
,z

-P
ro

pa
ne

di
ol

 
o.

5o
 

A
ce

to
l 

L
(+

)-
 1

,2
-1

h'
op

an
ed

io
l 

o.
55

 
A

ce
to

l 
D

L
-X

,3
-B

ut
an

ed
io

l 
o.

98
 

fl
-t

ty
dr

ox
yb

ut
yr

ic
 a

ci
d 

M
es

o-
2,

3-
bu

ta
ne

di
ol

 
o.

54
 

L
(+

)-
A

ce
to

in
 

D
L

-2
,3

-B
ut

an
ed

io
l 

o.
53

 
D

L
-A

ce
to

in
 

( +
 0

--
,-

-)
 A

ce
to

in
 

> 
o.

o6
 

D
ia

ce
ty

l 
M

es
o-

3,
4-

he
xa

ne
di

ol
 

0.
51

 
(+

)-
E

th
yl

pr
op

io
ny

lc
ar

bi
no

l 
2,

5-
H

ex
an

ed
io

l 
> 

o.
6 

1,
2,

6-
H

ex
an

et
ri

ol
 

> 
1.

4 
¢i

s-
1,

4-
C

yc
lo

he
xa

ne
di

ol
 

~>
 o

. 3
 

o 
° 

o.
1i

 
o°

 
o 

o 
o,

~1
 

o°
 

+ 
72

° 
0.

22
 

+
6

9
 ~

 
o 

o 
o.

 1
3 

o°
 

+
8

8
 °

 
o.

17
 

+ 
88

0 



.322 K. KERSTERS, J. DE LEY 

,o-Diols with 2 and 3 carbon atoms were oxidized to the corresponding hydroxy- 
carboxylic acids; w-diols with 4-7 carbon atoms were oxidized to the corresponding 
dicarboxylic acids. Just  as with intact  cells the C 4 and C~ w-diols showed an inflexion 
point when I mole O.,/mole substrate had been taken up; C, and C7 ,o-di:fls were 
oxidized at once to the stage of 2 moles O2/mole substrate. Fig. 5 illustrates an 
experiment. The presumed ~,-hydroxybutyric acid was oxidized faster when the 
concentration of both enzyme and substrate was higher. Paper chromatography 
showed that  the end products of the oxidation with crude particles arid with intact  
cells were the same. The oxidation product from l)L-I,3-butanediol was expected 
to be DL-fl-hydroxybutyric acid as judged from the O., uptake. It was isolated by 
ether extraction and identified by the m.p. of its Na salt:  164-165 °. 

l mole$ Ozl rnole Sub strofe 

2p  ~ ~ 1,6 HD 10 

| l / ~" "° _ll / ~ o  
+ . + o  

- - - t  - -" . . . .  -_ "~ - - - "t f- ) A M c 

- -  r=22G 
y m°les O 2 / 

• . -  - - ~ - - - "  - = 5 6  _ 

! 
o 13o 200 rmn 0 0 100 min 

Fig. 4. Oxidatior~ of some glycols by the par- Fig. 5- Oxidation of two concentration levels 
ticulate fraction of G. oxydans (suboxydans) (5/(moles per Warburg vessel: lower broken 
strain SU. Content of ttle V~Parburg vessels: see lines and io/+moles per 'Warburg vessel: upper 

text. Abbreviations as in Fig. 1. full lines) of ],4-butanediol by several concen- 
trations of the particulate fraction of G. oxydans 

(suboxydans) strain SU. T indicate,~ the concentration of the particulate fraction expressed as 
Klett units with filter 66. Co:trent of the ~Varburg vessels: see text. 

Both I)- and L-1,2-propanediol.were oxidized to acetol, as evidenced by O.~ uptake, 
lack of optical rotation after oxidation (c = o . I I  in water, l = 2) and the reduction 
of the Fehling reagent. Lactaldehyde formation is ruled out since L(+)-I ,z-pro- 
panediol ought to yield an optically active lactaldehyde. The end product showed 
again no optical activity. 

Meso-2,3-butanediol was oxidized at the D-OH-group, since L(+)-acetylmethyl-  
carbinol was formed. Meso- 3,4-hexanediol was oxidized to ( +)-ethylpropionylcarbinol.  

The following experiments show that  both D- and L-2,3-butanediol were oxidized 
to D- and L-acetoin. The D isomer was oxidized about 6 times as fast as the L form. 
The oxidation curve of DL-2,3-butanedio! showed an inflexion point at 0.25 mole 
O~/mole substrate (see Fig. 4)- Supposing that  only the D isomer had been oxidized, 
3,0/,moles of D(--)-acetoin and 3 °/Lmoles of L(+)-2,3-butanediol had to be expected. 
The content  of the Warburg ~¢essels (60 pmoles substrate) after deproteinisation was 

Biochim. Biophys..4cta, 7 t (19o3) 3t t -33~ 
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!evorotatory,  = -= - -  o,o 7 o. The specifi~ rotation of the end product,  corrected for the 
rotat ion oi L( . ) -2 ,3-butanedio! ,  was calculated to be [~]~](, = - - 6 1  ° (c ~ o.o66 in 
water) which was in good agreement with the known value for D(--)-acetoin TM. After 
20o min the oxidation stopped when o. 5 mole O2/mole subst la te  had been taken up. 
Two explanations are possible: either I.( ~-)-2,3-butanediol was oxidized to L(+)-  
acetoin or D(---)-acetoin had been oxidized to diacetvl.  The former explanation 
appeared to be the true one since (a) the reaction mixture was optically inactive, 
(b) only traces of diacetyl  were found, and (c) D(--)-acetoin in separate experiments 
was oxidized only very slowly. 

Since 2,5-hexanediol, ci.s-I,4-cych~twx',mediol and 1,2,6-h¢'xauetriol continued to 
take up oxygen even after 5 h, no effort was made to determine the nature of the 
end products.  Final ly it may  be mentioned that  the oxidation r~tes for all the above 
substrates  were s t imulated by 31g 2 ~. 

5. Solnblc dehydrogena:ses 

Prel iminary experiments  showed that  most glycols were oxidized by NAD ~ 
the  "soluble-enzyme" fraction of the suboxvdans strain. There was no reactio~ th 
NADP.  The following purification procedure showed that  two types of enzymes were 
involved:  a pr imary and a _~,:con,_t;~rv alcohol dehydrogenase. 2.5 ml I 3I MnC12 were 
added at  i ° under st irring to 5 ° ml of the "soluble-enzyme" fraction, containing 
about  15o nag protein. After 2 h the precipitate was centrifuged off and the excess 
of MnCI z in the supernatant  was eliminated by  gel filtration on a Sephadex G-25 
column. The eluate was sa tura ted  for 55 % with ammonium sulphate. The precipi tate 
was collected by  centrifugation, dissolved in 5 ml o.oi  M phosphate buffer (pH 6.5) 
and the ammonium sulphate was el iminated by  gel filtration on a Sephadex G-25 
column, previously equil ibrated with the same burlier. The resulting solution was 
adsorbed on a 2.5 ~: 20 cm cohmm of DEAE-cellulose, previously equil ibrated with 
o.oi  M phosphate  buffer (pH 6.5). Proteins were eluted by  an increasing NaCl-gradient 
in the  same buffer. The mixing chamber contained 450 ml o.oi  M phosphate buffer 
(pH 6.5), the upper  vessel contained o.I 5 M NaCI in the same buffer. Fract ions of 
4 ml were collected. All ma,fipulations were carried out at 4 °. Fig. ~ represents the 
results of an exper iment :  a pr imary  alcohol dehydrogenase was clearly separated 
from a secondary alcohol dehydrogenase. In both cases the specific ac t iv i ty  had 
increased about  12 times. Fract ions 62-66, representing the w a k  of the primary. 
alcohol dehydrogenase,  and fractions 83, 86 and 88, representing the peak of the 
secondary alcohol dehydrogenase, were collected and used to determine the enzyme 
specificity. The results are summarized in Table IV. 

5a. The primary alcohoi del~,drogenase 

The following arguments  showed tha t  only one enzyme was concerned, and not 
a collection of closely related pr imary alcohol dehydrogenases, each with limited 
specificity. 

(a) The reaction rates with n-propanol and 1,5-pentanediol were compared for 
each fraction of the curve. The ratio was always about the same, being (specific 
ac t iv i ty  n-propanol/specific act ivi ty  1,5-pentanediol = 2.5). 

(b) The reaction rates were measured with either n-propanol in the presence 
of 1,5-pentanediol, n-propanol in the presence of 1,7-heptanediol or each of the  sub- 

i~iockim. Biophys. Acta. 77 {t903) 3 -t !-33 ! 
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strates separately  (Table V). The reaction rates were not  additive.  When two difierent 
enzymes are involved, the reaction rates would be addit ive,  as i l lustrated in Table VI : 
the reaction rate  with both n-propanol  and meso-2,3-butanediol (o.15o) was tnc sum 
of the  rate with n-propanol  (o.o25) and meso-2,3-butanediol (o.~25) separately.  The 
former subst ra te  Was indeed oxidized by  the pr imary,  the la t ter  by  the secondary 
alcohol d ~n 5 ~rogenase. The oxidat ion of NADH 2 in the presence of acetaldehyde,  
propionaldehyc e and f l -hydroxybutyryla ldehyde (Table V) ,made it l ikely tha t  the 
reactions were reversible and tha t  the aldehydes were the end products  from the 
pr imary  alcohol dehydrogenase act ivi ty.  

A 2~0 

o--.-o n- PROPANOL 
e---.e moso-2,3 .BUTANEDIOL hf NoCI Units~rag 0-- .,0 1,5 - PENTANEDIOL protein 

~ SECONDARY 

I acohotdehydr. ~ .5o00 

0,2. 

0 20 40 60 O0 100 120 
Froction number 

Fig. 6. Chromatographic separation on DEAE-cellulose-phosphate of the 0-55 % ammonium 
sulphate saturated fraction of the "soluble enzymes" from G. oxydans (suboxydans) strain SU. 
The curve NaCI shows the NaC1 gradient (left side of the right ordinate). In the curve Prot. t h e  
protein content is expressed as absorbancy at 280 m# (left ordinate). The other curves represent 
the enzyme activity with the substrates indicated on the graph, determined as described in the 

text and expressed as units/rag protein (right side of the right ordinate). 

5b. The secondary alcohol dehydrogenase 

Arguments  of the  same type  as above made i t  l ikely tha t  only one enzyme was 
involved in the oxidat ion of the  different substrates.  

(a) The ac t iv i ty  with meso-z,3-butanediol,  sec.-butanol and nL-i ,2-propanediol  
of the different fractions of the  curve was proport ional ly  the same. 

(b) The reaction rates with mixtures  of two substrates  pointed to  one single 
enzyme (Table VI). 

The reaction p~oduct from monohydric  secondary alcohols was obviously the  
eorres r~nding  ketone. Wi th  glycols this required further investigation.  Pre l iminary  
exper iments  on the reversibil i ty of the reaction with some ketones and NADH~ 
(Table IV) suggested tha t  indeed the secondary alcohol function was oxidized. 
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TABLE IV 

SUBSTRATE SPECIFICITY OF THE PURIFIED SOLUBLE NAD-LINKED ALCOHOL DBHYDROGENASES 

Purification: see text and Fig. 6. Estimation of enzyme activity: see text. The relative oxidation 
rates ware expressed against n-propanol or meso-z,3-butanediol, arbitrarily put at ion. The re- 
duction of ket{ ties and aldt.hvdes was determined qualitatively with NADH,, in the Beckman 

spectrophotometer, model DU at 34 ° m,u. 

Primary alcohol ~'hydroge~ta-~e Secondary alcohol dehydroge~ase 

n-Propanol ~oo Meso-2,3-butanediol too 
Ethanol 67 DL-,,3-t}utanediol I95 
n-Butanol 17 DL- t, 2-Propanediol 9 
iso-Butanol 3 L( +)-  I,-'- Propanediol ~7 
n-Hexanol 16 Meso-3,4-hexanediol IO 
Allyalcohol 'q (--)-3 4 -Hexanediol 64 
DL- 1,3-Butanediol 2 Sec.-butanol t2 
Ethyleneglycol monnmethylether T7 Sec.-propanol i 
1,2-Ethanediol 28 Cyclopentanol 2 
1 , 3 - P r o p a n e d i o l  2_, Cyclohexanol 4 
1,4-Butanediol 25 Cycloheptanol 30 
L5-Pentanediol 30 Cvclooctanol 29 
1,6-Hexanediol 42 G'lycerol o 
1,7-Heptanediol ~}7 Meso-erythritol o 
Glycerol o Na DE-lactate o 
DL- x,z-Propanediol o Na DL-fl-hydroxvbutyrate o 
L(+)-t,2-Propanediol o Na phosphoglycerate o 
Diethyleneglycol o Methanol o 
Triethyleneglycol o Tert. -butanol o 
2-Ethyl-2-nitro- L3-propanediol o 
2-Ethyl-z-amino- t,3-propanediol o 
Methanol o 
Tert.-butanol o 

Reduction of aldehydes Reduction of keto groups 
Acetaldehyde + + Diacetyl + + + 
Propionaldehyde + D(-)-Acetoin + -l- 
fl- Hydroxybutyraldehyde + + Acetol + 
Glyceraldehyde --- ( + )- Ethylpropionylcarbinol + 

Cyclopentanone + 
Cycloheptanone + 
Ethylmethylketone + 
L-Erythrulose 
Dihydroxyacetone --- 
Na pyruvate 

F u r t h e r m o r e  i t  was  t r i ed  to  o b t a i n  la rger  a m o u n t s  of some of t h e  e n d  p r o d u c t s  b y  
coup l ing  N A D H  2 f o r m a t i o n  w i t h  a su i t ab l e  acceptor .  N - m e t h y l p h e n a z i n i u m - m e t h o -  

su lpha t e ,  2 ,6 -d i ch lo ropheno l indopheno l ,  m e t h y l e n e  b lue  a n d  fe r r i cyan ide  r eac ted  too  
slowly. A b e t t e r  m e t h o d  cons i s ted  in coup l ing  w i t h  t h e  p a r t i c u l a t e  NADH~-ox idase  
s y s t e m  f rom Ps .  f luorescens .  T h e  " c r u d e - p a r t i c l e "  f r ac t ion  of these  b a c t e r i a  was  
p r e p a r e d  in  t h e  s a m e  w a y  as  desc r ibed  for ace t ic  acid bac te r ia .  Th i s  f r ac t ion  was  
devo id  of d e h y d r o g e n a s e s  for  s e c o n d a r y  a lcohols  a n d  glycols.  T h e  p H  o p t i m u m  for 

t h e  coup led  o x i d a t i o n  was  a b o u t  7.6. In  a t yp ica l  e x p e r i m e n t  t h e  W a r b u r g  vessels  

c o n t a i n e d :  I . I  ml  of t h e  " s o l u b l e - e n z y m e "  f r ac t ion  of t h e  s u b o x y d a n s  s t r a i n  in 
o .or  M p h o s p h a t e  buf fer  (pH 5.2), 0.5 mi  of t h e  " c r u d e  p a r t i c l e "  suspens ion  of 

P s .  f l uorescens  in  o.o2 M p h o s p h a t e  buffer  (pH 7.6) ( t u r b i d i t y  400 K l e t t  u n i t s  w i t h  
f i l ter  66), 0.3 ml  T r i s - H C l  buffer  (pH 7.6), 3 ° t, moles  MgC!2 a n d  --, tzmolcs NAD.  
T h e  s ide a r m  c o n t a i n e d  6o ta-noles s u b s t r a t e .  F ina l  v o l u m e  3 m l  a n d  f inal  p H  7.6. 
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TABLE V 

NON-ADDITIVE REDUCTION RATE OF NAD BY MIXTURES OF SUBSTRATES FOR 
THE PRIMARV ALCOHOL DEHYDROGENASE OF (~. ox .vdans  (SUBOXVDANS) STRAIN SO 

The reaction mixture contained: dialyzed "soluble-enzyme" fraction of the suboxydans strain 
(o.2 mg protein), o.x 5 ttmole NAI), 15 pmoles MgCI 2 and the amounts  of substrate shown below 
in a final vohlmc of I ml o.o 5 M Tr is -  HCI buffer (pH 8.7). "~ :~e results are expressed as the increase 

in absorbancy per mill at 34 ° m l t  in the Beckman spectrophotomcter model I)L'. 

Fitml molar I~cactio~l rate 
Substratc concentration 

n-l 'ropanol I • IO I 0.092 
2" 1o-2 o.ooo 
i"  io -z 0.08, 
5" IO-e 0.076 

1,5-Pentanediol t. to -t 0.040 
5" lo-2 0-034 
2" 1o --° 0.020 

1,7-Heptanediol I" to -I 0.060 
n-Propanol 5" Io-2 ~ 0.080 

and 1,5-pentanediol l" to -t j 
n-Propanol 5" Io-2 t o.oSo 

and L7-heptanediol t" Io -1 I 

TABLE VI 

NON-ADDITIVE REDUCTION RATE OF 2"~A]_) BY MIXTURI-~ OF SUBSTRATES FOR 
TIlE SECONDARX" ALCOHOL DEHYDROGENASE OF (~. o x y d a n s  (SUBOXYDANS) STRAIN SU 

Additive reduction rate for mixtures of two enzymes: the pr imary and secondary alcohol de- 
hydrogenases. The reaction mixture contained: dialyzed "soluble-enzyme" fraction of the sub- 
oxydans strain (0.04 mg protein), oA5 pmole NAD, 15 ttmoles MgCI 2 and the amounts  of substrate  
shown below in a final volume of t ml 0.05 M Tr is -HCl  buffer (pH 8.7). The results are expressed 

as in Table V. 

Substrale Fitlal molar Reaction rate 
concentration 

Mes°-2,3-butanedi°l 4" t°-~ o. 125 
i .  i o  - 2  o . i  1 5  

4" 1°-3 O.O00 
I " 10 -3 0.030 

n-I'ropanol 2" IO -2 0.025 
L ( -4-)- t, 2- Propanediol 2. Io -~- 0.030 
Meso-2.3-butanedlol 4" to-'° 

J o. and n-propanol 2. IO -2 
Mcso'z,3-butanediol 4" "o-2 ~ oAoo 

and L(+)-I,2-propanediol 2. lo -2 j 

C o n t r o l  vesse l  c o n t a i n e d  e i t h e r  n o  s u b s t r a t e ,  n o  N A D  or  n o  s u b s t r a t e  a n d  n o  N A D .  

A t y p i c a l  o x y g e n - u p t a k e  c u r v e  is r e p r e s e n t e d  in Fig.  7. A f t e r  IO h of  o x i d a t i o n  t h e  

p r o t e i n s  w e r e  p r e c i p i t a t e d  w i t h  t r i c h l o r o a c e t i c  acid,  f inal  c o n c e n t r a t i o n  2 %.  T h e  

c o n t e n t s  of  s e v e r a l  W a r b u r g  vesse l s  w e r e  p o o l e d  a n d  d r i ed  o v e r n i g h t  i n  v a c u o  ove r  

CaCI 2. Ti le  a m o u n t  of  t h e  p r e s u m e d  e n d  p r o d u c t  w a s  c a l c u l a t e d  f r o m  t h e  O~ u p t a k e .  

O p t i c a l  r o t a t i o n  w a s  d e t e r n f i n e d  as  be fo re  a g a i n s t  t h e  con t ro l s ,  t r e a t e d  in t h e  s a m e  

w a y .  T a b l e  V I I  s h o w s  t h a t  m e s o - 2 , 3 - b u t a n e d i o l  w a s  ox id ized  t o  L ( + ) - a c e t o i n ,  a s  in  
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t h e  case  of  t h e  p a r t i c u l a t e  e n z y m e s .  M e s o - 3 , 4 - h e x a n e d i o l  was  l ikewise  o x i d i z e d  to  
( + ) e t h y l p r o p i o n y l c a r b i n o l .  

T.\ BI.F VII 

I:NI) PRODUCTS OF THE OXIDATION OF TXV¢) MESO-DIOLS BY THE ~;\I)-LINKEI) S()LUBLt'~ 
GECItNI)ARY ,XIA'OHf)L DEH'I'I)Rr)t;t-;NAS[.~ ()F (~*. ¢)r~'d(gH~ (SIYBOX~r'[)ANS) STNAI~ ~,2~U 

Content  of the \Varburg vessels and procedure f~w the estimation of the optical rotation: see text. 

Suhslralc , z, ~ ~g, ,g th," c l*a a.ater ,\'itroprus.~idc ,,,idati~m pr,dmt ~,~t Pr,'~;one~l ,'ml product 

.XIeso-2.3-butancdiol +62 " o. lo 5 ~- L! i )-acetoin 
Meso-3,4-hexanediol 4-8 4 o.o0~ 4- d -- ) -eth ylpropionylcarl)inol 

20 l Ju mo.,es O 2 ~ . . . . . . . .  2,3 8 D 

3,/,, HD 

. . . .  

========================== . . . . .  ~o.o, ~.o 

o - - "  2oo  4bo 6bo rain 

Fig. 7. Oxidation of some glycols in tl:t, pr-sence of NAD and the "soluble enzymes" of G. oxydans 
(suboxydans) strain SU. coupled wit!. the N.Xl)H~-oxidative system of Ps. ]tuorescens. Abbrevi- 

at ions as in Fig. I. 6o/ ,moles  sabstrate.  Content of the Warburg vessels : see text. 

DISCUSSYON 

A t  l ea s t  t h r e e  e n z y m e s  a re  i n v o l v e d  in t h e  o x i d a t i o n  of  a l i p h a t i c  g lyco l s  b y  ace t i c  

a c i d  b a c t e r i a :  a so lub l e  N A D - l i n k e d  p , i m a r y  a l coho l  d e h y d r o g e n a s e ,  a so lub le  N A D -  
l i n k e d  s e c o n d a r y  a l coho l  d e h y d r o g e n a s e  a n d  o n e  o r  m o r e  p a r t i c u l a t e  o x i d a t i v e  

s y s t e m s .  F r o m  p r e v i o u s  e x p e r i e n c e  in t h i s  l a b o r a t o r y ' ,  zt on  t h e  l oca l i s a t i on  of  

e n z y m e s  in  t h e  cell  o f  ace t i c  ac id  b a c t e r i a ,  i t  c a n  b e  sa id  t h a t  t h e  so lub l e  e n z y m e s  
a r e  l o c a t e d  in  t h e  c y t o p l a s m  a n d  t h e  p a r t i c u l a t e  one(s)  a r e  a t t a c h e d  to  t h e  c y t o -  
p l a s m i c  m e m b r a n e .  

I .  T h e  soh,,ble N A D - l i n k e d  p r i m a r y  alcohol dehydrogenase  

T h e  e n z y m e  s e e m s  to  r e q u i r e  t h e  " ) C H . C H 2 0 H  g r o u p .  T h a t  t w o  c a r b o n s  a r e  

r e q u i r e d  c a n  b e  s e e n  f r o m  t h e  fact  t h a ( m e t i l a n o l  is n o t  ox id i zed .  A s e c o n d  H a t o m  
a t  C-2 is n o t  a b s o l u t e l y  r e q u i r e d ,  s ince  a l lv l  a l coho l  is o x i d i z e d ,  b u t  i t s  p r e s e n c e  
i m p r o v e s  t h e  o x i d a t i o n  ( c o m p a r e  a l lv l  a l coho l  a n d  n - p r o p a n o l ) .  T h e  p r e s e n c e  of  a n  
O H  g r o u p  o r  a s e c o n d  C H z O H  g r o u p  a t  C-2 d e c r e a s e s  t h e  a c t i v i t y  of  t h e  enz3wne 
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(compare ethanol with 1,2-ethanediol and 1,3-propanediol, also n-propanol and 
1,3-propanediol) and the presence of both groups, as in glycerol, completely prevents 
the activity of the enzyme. The presence of a secondary OH group alone in C-2 seems 
to be enough to prevent enzyme activity (compare n-propanol with i,z-propanediol). 
The harmful effect of the second CH2OH group is nicely illustrated in the series of 
the co-diols from 1,3-propanediol to r,7-heptanediol, where the enzyme activity 
increases with the chain length: the farther the second CEeOH group is removed 
from the one to be attacked, the better the enzyme works. Also, when C-2 is completely 
surrounded by polar groups as in 2-ethyl-~-nitro-I,3-propanediol, 2-ethyl-z-amino- 
1,3-propanediol, pentaerythritol or Tris, the substrate is not attacked. Etherification 
of the second primary alcohol group has a further deleterious effect, as illustrated 
by tim decrease of activity in the series 1,2-ethanediol, ethylene glycol monomethyl- 
ether and di- and triethylene glycol. Summarizing it can be said that the addition 
of a polar group on or in the vicinity of the C-2 of the ~CH.CHzOH structure de- 
creases or can completely inhibit enzyme activity. 

The end products of the oxidation are most likely the corresponding aldehydes 
as pointed out before. KING AND CHELDELIN 35 demonstrated the presence of rela- 
tively unspecific NAD- and NADP-linked aldehyde dehydrogenases in G. oxydans 
(suboxydans). These enzymes were detected in several other acetic acid bacteria by 
D~ LEY AND SCHELL19, ~. The oxidation products of the combined activities of both 
primary alcohol dehydrogenase and aldehyde dehydrogenases are probably the same 
as with the particulate enzymes. 

2. The soluble NAD-linked secondary alcohol dehydrogenasa 

Glycols with a secondary OH group are oxidized by an enzyme with very wide 
specificity. The presence of an adjacent OH group improves the enzyme activity, 
e.g. 1,2-propanediol is oxidized faster than iso-propanol, both DL- and meso-z,3- 
butanediol are oxidized faster than sec.-butanol. Nevertheless this enzyme can not 
be called "glycol dehydrogenase" because monohydric compounds are quite readily 
oxidized. The presence of the carboxyiic ion, as in lactate, phosphoglycerate and 
fl-hydroxybutyrate, prevents enzyme activity. The presence of a third OH group as 
in glycerol, is likewise deleterious. The configurationa! specificity of this enzyme 
cou!d not be established, due to lack of pure isomers. In both meso-z,3-butanediol 
and meso-3,4-hexanediol , it is the D-OH group which is oxidized. Apparently the 
C=O function prevents the oxidation of the L configuration in the resulting carbinols. 
However, also the L-OH can be oxidized as testified by the reaction with L(+)-I,2- 
propanediol and (--)3,4-hexauediol, According to VAN RISSEGHEM 13 the latter com- 
pound has the L configuration. Other stereoisomers were no* available. It can tenta- 
tively be concluded that the secondary alcohol dehydrogenase can oxidize both 
L- and D-OH groups. 

The end products of the oxidation appear to be the corresponding ketones. This 
was shown by direct proof for meso-z,3-butanediol and meso-3,4-hexanediol and also 
by the reversibility of the reaction with available ketones (see Table IV). 

This enzyme appears to be different from the NAD-linked 2,3-butanediol de- 
hydrogenases, which are specific for either D(--) or L(+) configuration, as found by 
TAYLOR AND JuNI 3~ in several bacteria. LAMBORG AND KAPLAN ~ found an NAD-linked 
glycol dehydrogenase which oxidized glycerol and 1,2-propanediol in Aerobacter aero- 
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genes, Escherichia coli and G. suboxydans. Our purified enzyme did not oxidize 
glycerol. 

3. The particulate oxidative systems 

The oxidation of the glycols proceeds with the uptake of oxygen. Our previous 
experience witt / the particulate fraction makes it likely that  electron transport occurs 
by way of the cytochrome system. 

The oxidation of the primary alcohol group presents the following characteristics. 
(a) Oxidation of o,-diols depends on the distance between the terminal CH 2OH groups. 
When they are close together as in 1,2-ethanediol and 1,3-propanediol, only one of 
them is being oxidized. The resulting COO- group apparently prevents further enzyme 
action. With greater distance, from 1,4-butanediol on~ first one group is ox dized with 
the probable formation of an o,-hydroxyacid (7-hydroxybutyric and &hydroxyvaleric 
acids), followed by the oxidation of the second CH20H group. The enzyme thus 
prefers to oxidize a molecule with a CH._,OH at the distal end over one with a COO- 
group, illustrat': g again the harmful effect of the latter function. With longer mole-- 
cules such as 1,o-hexanediol and 1,7-heptanediol, the negative influence of the earboxyl 
group becomes negligible and the oxidation proceeds with both types of molecules 
at once to the diearboxylic acid. (b) The optical configuration has no importance as 
testified by the oxidation of both D- and L-I,3-butanediol. 

I t  seems likely that  the primary oxidation product of the particulate enzyme(:;) 
is the corresponding aldehyde, which is then oxidized further by the same fraction 
to the acid. Tile aldehydes corresponding to all the compounds studied were not 
available to investigate this point, but  it has been established that  the particulate 
fraction readily oxidizes acetaldehyde (DE LEY A.~D SCm'.LLa6), formaldehyde, OL- 
glyceraldehyde, propionaldehyde, iso- and n-butyraldehyde (unpublished results). 

When stereoisomeric secondary alcohols were investigated, both forms were 
oxidized (D- and L-i,2-propanediol and D- and L-2,3-butanediol). HL'FF 39 expressed 
doubt whether acetic acid bacteria produce acetol from 1,2-propanediol, because 
several tests used to identify acetol do not distinguish between this compound and 
lactaldehyde. There are, however, two arguments in favour of acetol. First, COPET et alY 
crystallized a semicarbazide with the same melting point as HL'VF's acetol-semi- 
carbazide, while, according to HUFF, no crystals would be formed with lactaldehyde. 
Second, we found that  the oxidation product from L(-L-)-I,2-propanediol was optically 
inactive as expected for acetol: lactaldehyde would have been optically active. 

~"-~ . c  elucidation of the nature of the particulate dehydrogenase(s) will have to 
await further study with solubilized preparations. 

In previous papers from this laboratory it was pointed out that  acetic acid 
bacteria decompose several substrates (e.g. hexoses, gluconate, 2-ketogluconate, 
lactate, some polyols, etc.) by two enzyme systems : one particulate, the other soluble. 
The same situation was again encountered for the oxidation of nearly all the glycols 
investigated. 

4. Oxidations by resting cells of G. oxydans (suboxydans) 

By comparing the results of the oxidations by intact cells with these of the par- 
ticulate fraction, it is seen that  the oxidation products are exactly the same in all 
the cases studied. Even details of the mode of oxidation were identical, such as the 
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two-s tep  ox ida t ion  of 1,4-butanediol  and  of 1,5-pentanediol .  B o t h  in tac t  ceils and  
the  pa r t i cu la te  fract ion have  a p H  o p t i m u m  around 6. The  soluble dehydrogenases  
have  a p H  o p t i m u m  in the  alkal ine region. In  neut ra l  or  slightly, acid med ium the  
reduct ion  of the  ke tone  or  a ldehyde  group is favoured.  F r o m  these  reasons it  follows 
tha t  the  ox ida t ions  of glycols effected by  in tac t  cells, are main ly ,  if not  solely, the  
result  of the  enzymic  ac t iv i ty  on the  cy toplasmic  membrane .  We  bel ieve t h a t  the  
format ion  of the  ox ida t ion  products  f rom glycols, as descr ibed by  previous  au thors  
wi th  o the r  s t ra ins  of acetic acid bacter ia ,  can be unders tood  in the  same way. 

Where  our  exper iments  wi th  rest ing cells and  par t icu la te  fract ion over lapped  

those  of o ther  au thors  wi th  thorougly  ae ra ted  growing  cul tures  and  rest ing cells, 
the  resul ts  qua l i t a t i ve ly  conf i rmed each o ther  wi th  t he  excep t ion  of L (+ ) - z ,3 -bu t ane -  
diol. UNDERKOFLER el al. n found tha t  i t  was not  oxidized,  according to GRIVSKY TM 

i t  was oxidized s lowly and wi th  the  par t i cu la te  fract ion of our  s t rain it  was oxidized 
six t imes  more  slowly than  the D ( - )  isomer.  This  difference p robab ly  is a m a t t e r  
of strain indiv idual i ty .  

5. Oxidations by other strains of  Gluconobacter and Acetobacter 

Represen ta t ive  s t ra ins  of bo th  b io types  have  been selected,  such as to cover  the  
ent i re  t axonomic  range of the  acet ic  acid bacter ia .  Table  I shows tha t  there  is a wide 
range amongs t  the  s t ra ins  bo th  in the  ra te  of oxygen  up take  and in the  final s tage 
of oxidat ion.  Simpli fying,  i t  can be said tha t  the basis types  are  represen ted  by the  
ace ta te  non-oxidiz ing Ghtconobacter strains,  which oxidize the  glycols mere ly  to  t he  
end  products  described i n  the  present  paper  and by prev ious  authors .  W h e t h e r  
s trains of Acetobacter will oxidize these compounds  fur ther  or  not  and  a t  wha t  ra te  
is a m a t t e r  of s t rain ind iv idua l i ty .  
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