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The unique metabolic feature of members 
of the genus Propionibacterium is the conver- 
sion of carbohydrate to propionate, with 
varying amounts of acetate, succinate, and 
carbon dioxide (1, 2 ) .  The enzymatic steps 
for propionate fermentation, deciphered in 
elegant detail by Wood and associates ( 2 )  
and Allen et al. (3) are catalyzed by a bio- 
t in-dependen t oxaloacetate transcarboxylase, 
a CoA transferase, a cobamide-dependent 
methylmalonyl-CoA isomerase, and a 
methylmalonyl-CoA racemase. Kaziro and 
Ochoa (4) have elucidated the partially simi- 
lar enzymes for the reversed flow of carbon 
from propimate to succinate in animal tis- 
sues. The mechanism for the role of biotin 
and vitamin BI2 coenzyme in these enzymatic 
reactions has received detailed attention re- 
cently (3-5). 

Knowledge of these distinctive characteris- 
tics led to our earlier experimental inquiry on 
the identity of the pathway of valine-isoleu- 
cine biosynthesis in the genus Propionibac- 
terium (6) .  Since Propionibacterium sher- 
manii, Propionibacterium arabinosum, and 
Propionibacterium pentosaceum possessed a 
reductoisomerase and a dihydroxyacid dehy- 
dratase, it was concluded that the parallel 
pathway of biosynthesis of these two amino 
acids from pyruvate and a-ketobutyrate, re- 

1 P a r t  of the data in this paper is from the thesis 
submitted to the Graduate School, University of 
Missouri by A. A. J. in partial fulfillment of the 
requirements for the P h D  degree. A preliminary 
abstract has appeared (Fed. Proc., Fed. Amer. SOC. 
Exp. Biol. 25, 240 (1966). Supported by Research 
Grant GM-12891 of the National Institute of Gener- 
al Medical Sciences, NIH, U.S. Public Health Ser- 
vice. 

2 Present address : Rockefeller University, New 
York, NU 10021. 

spectively, was present here as in Escherichia 
roli  (6 ) .  During this investigation, the pauc- 
ity of information on the amino acid metabo- 
lism of these bacteria became apparent and 
required ascertaining their simplest defined 
medium. The propionic acid bacteria had ear- 
lier been shown to require pantothenic acid 
and biotin and to be stimulated by thiamine 
and/or p-aminobenzoic acid 17, 8)  and 
earlier references cited therein]. Some strains 
thrived in the absence of amino acids and 
others grew with difficulty under these nutri- 
tional conditions ( 7 ) .  This report presents 
further information on amino acid nutrition, 
ammonia assimilation, and some areas of am- 
ino acid catabolism in the genus Propionibac- 
terium. 

itlaterials and Methods. Source of cultures 
and media. Lyophilized cultures of P. sher- 
manii, ATCC 9614, P. arabinosum, ATCC 
4965, and P. peiztosaceum, ATCC 4875, were 
first grown on Delwiche’s defined liquid 
medium (8) a t  30*, and then maintained on 
tomato juice agar slants (9). In  growth ex- 
periments, the bacteria were grown semi- 
anaerobically a t  30’ in stationary 13 X 100 
mm culture t u b s  containing 5 ml of medium 
and closed with polyurethane plugs. Cell 
growth was measured as the turbidity at 660 
nm in a Klett-Summerson photoelectric colo- 
rimeter. When the nitrogen source was 
changed, the casein hydrolysate, L-cystine, 
and L-tryptophan in Delwiche’s medium (8) 
were replaced by an amino acid mixture (10) 
containing 700 mg of nitrogen/liter, or by 
an isonitrogenous amount of amino acid (s) , 
or (NH4)zS04. Only a-nitrogen was taken 
into consideration when L-histidine, L-argin- 
ine, L-lysine, or L-tryptophan was used. The 
inocula for Y .  shermanii and P. arabinosum 
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were grown on Delwiche's medium with 
casein hydrolysate or with (NH4)2S04 for P. 
pentosaceum. Each experimental medium ( 5 
ml run in duplicate) was inoculated with 0.1 
ml of a suspension of log phase cells which 
were washed twice in sterile 0.9% NaCl and 
resuspended in the same solution to give a 
Klett reading of 100. 

Preparation of the  cell-free extracts. For 
larger scale growth, the propionic acid bac- 
teria were incubated at 30" semiaerobically 
in 1 liter of medium in a plugged 2-liter 
Erlenmeyer flask. After 24 to 48 hr incu- 
bation at  SO0, the log phase cells were har- 
vested by centrifugation at 3,500g for 15 min 
at  3 O ,  washed twice with 0.1 M Tris-HC1, 
(pH 7.4) or 0.1 M potassium phosphate 
buffer (pH 7.4). The usual yield of cells was 
0.9 to 1.5 g of wet cells/liter. The cells were 
resuspended in 0.1 M Tris or phosphate 
buffer (pH 7.4) to give a 10 or 205% (w/v) 
suspension and ruptured by ultrasonic oscil- 
lation at  4' (Branson Sonifier Model S-125, 
Branson Instruments, Inc., Danbury, CT) . 
The time for maximum release (i.e.,  highest 
specific activity) for another enzyme from P. 
pentosaceum, P. sherrnanii, and P. arabino- 
sum was 10, 5 and 5 min, respectively (6 ) ;  
these sonicatioii times were used in the 
present study. The ruptured cell suspension 
was centrifuged at  18,OOOg or 39,OOOg for 20 
min at  3" as specified below. The superna- 
tant was kept at  3' and used the same day or 
was frozen at  -20' in small vials. For the 
pellet suspension, which was prepared by a 
modification of the method by Wagner et al. 
(1 1),  the ruptured cell suspension was centri- 
fuged at  5OOg for 15 min in the cold to 
remove unbroken cells and cell debris. The 
supernatant was then centrifuged at  39,OOOg 
for 1 hr at  3". The pellet was washed once in 
0.1 M phosphate buffer (pH 7.4) and dis- 
persed ( 5 %  w/v) in the same buffer by used 
of a teflon homogenizer. 

E n z y m e  assnys. Several enzymes were 
measured spectrophotometrically: L-gluta- 
mate dehydrogenase (EC 1.4.1.4) at  340 nm 
for NADPH formation ( 12), L-alanine dehy- 
drogenase (EC 1.4.1.1) a t  340 nm for 
NADH oxidation in the presence of NH&l 
and pyruvate (13) ,  and aspartase (EC 

4.3.1.1) a t  240' nm using L-aspartate as sub- 
strate (14). For the assay of L-serine dehy- 
dratase (EC 4.2.1.13) and L-threonine dehy- 
dratase (EC 4.2.1.16), the incubation mix- 
ture contained 0.1 M potassium phosphate 
buffer (pH 8.0), 10 pg of pyridoxal phos- 
phate, 40 mM L-serine or L-threonine, 3 mM 
GSH,3 and 3 m M  AMP (15). The log phase 
cells of P. penfosaceum were washed twice 
with 0.1 M phosphate buffer (pH 7.4), and 
resuspended in the same buffer containing 3 
mM each of GSH and AMP (15), ruptured 
by ultrasonic oscillation for 10 min at 4", 
and centrifuged at  39,OOOg. The enzyme as- 
says were performed the same day with fresh 
extracts, or with whole cells in some experi- 
ments. After a 30 min incubation at  37", the 
protein was removed by adding 2 ml of 5 %  
(w/v) trichloroacetic acid and centrifuging. 
The keto acid was determined as the hydra- 
zone in alkaline solution by a modification 
(16) of a colorimetric method (17). Protein 
was determined by the method of Lowry e t  
al. (18) with crystalline bovine serum al- 
bumin as the standard. After subtraction of 
values from appropriate controls (i.e., assay 
tubes deficient in substrate for Tables 
V-VII), the results were expressed as spe- 
cific activity in units of micromoles of keto 
acid enzymatically formed per hour per milli- 
gram of protein. Amino acids, nucleotides, 
coenzymes, and colfactors were purchased 
from Nutritional Biochemicals Corp., Cleve- 
land, OH, or Sigma, St. Louis, MO. 

Results.  Vi tamin requirements of Pro- 
pionibacterium. The vitamin requirements of 
the propionic acid bacteria were determined 
with two nitrogen sources: Delwiche's medi- 
um (8) containing either casein hydrolysate, 
L-cystine, and T--tryptophan, or a mixture of 
18 amino acids (10). Pantothenic acid was 
essential for the growth of all three organ- 
isms, whereas p-aminobenzoic acid and thia- 
mine were stimulatory. The first trial with 
biotin-deficient media showed moderate 
growth, but when washed biotin-deficient 

3 Abbreviations used in this paper include: reduced 
glutathione, GSH ; adenosine-5'-monoph,osphate, 
AMP ; adenosine-5'-diphosphate, ADP ; and the usu- 
al abbreviations for the amino acids. 
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TIME (hours) 

Fic. 1. Growth curves of members of  the genus 
Propionibacterium: The change in turbidity for P .  
shermanii ( A ) ;  P. arabinosum ( B ) ;  and P. pento- 
sncPum ( C )  ; with casein hydrolyzate, L-cystine, and 
L-tryptophan ( 0 - ) ;  mixture of 18 amino acids 
(0-1 ; and (NH,)&O, (A-) as the main nitrogen 
source during a 30" semianaerobic, incubation. 

cells were transferred to fresh, biotin-free 
media, there was no growth with either of the 
two nitrogen sources. Thus the vitamin re- 
quirements were identical for both nitrogen 
sources and remained the same as that re- 
ported earlier ( 7 , 8 ) .  

Amino acid requirements of Propionibac- 
terium. Growth of the 3 Yropionibacterium 
species on casein hydrolysite or on a mixture 
of 18 amino acids was comparable (Fig. 1). 
Of the 3 Propimibacterium, only P. pento- 
saceum grew appreciably on (NH4)BSO* as 
the main source of nitrogen ( S O Y ,  of the con- 

trol amino acid mixture). When amino acids 
were deleted one by one from the control 
mixture of 18 amino acids, P. shermanii 
showed growth depression (90% of the con- 
trol or lower values) for 11 out of 18 amino 
acids; the greatest depression was given by 
glutamate (5  1 % ) , alanine (53 % ) , tryrosine 
(44 "/o ) , and leucine (3  2 $% of the control) . For 
P .  arabinosum, growth was depressed upon 
omission of 14 of the 18 amino acids al- 
though to a lower extent, since only aspartate 
( 5 8 % )  and methionine ( 5 5 % )  reached the 
lower levels. The growth of P. pentosaceum 
was decreased from the control for 8 of the 
18 amino acids, with only isoleucine (54% of 
control) being at  the lower values. Evidently 
the biosynthetic ability of P. pentosaceum is 
greater than P. arabinosum, which in turn, is 
greater than P. shermanii. 

With this background, groups of amino 
acids were deleted from the control mixture 
of amino acids (Table I ) .  These groups are 
based on the known routes for amino acid 
biosynthesis from a common precursor in E .  
coli, i.e., the histidine-, aromatic amino acid-, 
serine-, branched chain amino acid-, aspar- 
tate-, and glutamate families (19). The data 
in Table I show that the main growth de- 
crease was observed with the omission of the 
glutamate family (glutamate, arginine, and 
proline), and, to a lesser extent, by the lack 
of aspartate family (aspartate, threonine, ly- 
sine, methionine, and isoleucine) . Evidently 

Omissions from 
amino acid mixturc" 

None 
His 
Phe + Tyr + Trp 
Ser + Gly + Cys 
Ala + Val + Ile + Leu 
Asp + Thr + Lys + Met + Ilc 
Glu + Arg + Pro 

Growth by Klett reading 
a t  96 hr 

p .  sherinnnii P. arclbinosum 

379 262 
280 217 
2GO 253 
171 202 
210 299 
144 34 
21 13 

T h e  propionic acid bacteria w c i ~  growii in  Dclwichc's mctliiim with 18 amino acids, o r  the 
same metlium deficient in a group of amino acids. The  amino acids were grouped accortling to 
their biosyiithetic route of formation. T h e  results are meaiis of duplicate experiments with reatl- 
ings at 0, 48, 96, and 144 hr. 
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TABLE 11. Substitutions for Aspartate in Medium 
for P .  shermanii. 

Growth by Klett reading 
Additions to 

deficient medium" 9G hr 144 hr 

None 151 
Succitia te 134 
Fumarate 04 
Malate 105 
Aspar t a te 32 1 
Asparagine 382 

360 
21 1 
187 
204 
43 1 
475 

a P .  shernzanii was grown in Delwiche's mediutn 
with 13 of the usual 18 amino acids as the nitrogen 
source (i.e.J deletion of aspartate, threonine, lysine, 
methionine, and isoleucine in the deficient medium). 

these two Propionibacterium could synthesize 
the other four amino acid families at a faster 
rate than the glutamate and aspartate 
groups. 

To study the possible precursors of the 
aspartate family in P. shermanii, a medium 
deficient in aspartic acid, threonine, lysine, 
methionine, and isoleucine was used as the 
control (Table 11). Addition of succinate, 
fumarate, or malate to the deficient medium 
did not improve the bacterial growth, but 
aspartate or asparagine increased their growth. 
These observations suggest an impaired con- 
version of citric acid cycle intermediates to 
aspartate, or an inadequate transport of these 
intermediates into the cell. A similar experi- 
ment was performed with deletion of the glu- 
tamate family from the usual medium (Table 
111). Addition of a-ketoglutarate did not 
give a growth response. Perhaps the cells 
degraded the a-ketoglutarate, or were unable 
to transport, or transaminate this keto acid. 
The marked increase in growth upon addition 
of glutamate, ornithine, citrulline, or argin- 
ine is consistent with the presence of the 
ornithine-urea cycle among these amino ac- 
ids. Proline was only partially utilized under 
these experimental conditions. Hydroxypro- 
line was not available here for the formation 
of the other five-carbon amino acids, which is 
consistent with the irreversible formation of 
hydroxyproline in other biological systems 

Single nitroEen souxes for the ProDioni- 
(20). 

bacterium. In contrast to the previous experi- 
ments, the ability of the propionic acid bac- 
teria to grow on various single nitrogen sour- 
ces (k, other than the vitamins in the medi- 
um) was tested next (Table IV).  P. sher- 
manii failed to grow on all tested sub- 
stances, except glutamate; this finding is con- 
sistent with the observation in Fig. 1 and 
Table I. P. arnbinosum grew significantly 
only on aspartate, again in concord with the 
data in Table I. P. arabinosum grew slowly 
on histidine, arginine, methionine, phenyla- 
lanine, serine, leucine, and glutamate. P. pen- 
tosaceum was more versatile with its growth 
on (NH4)2SO4 (54% of the control amino 
acid mixture), glutamate (83 %), aspartate 
(52  %), and to (z lesser extent with other ami- 
no acids. 

Some enzymes are repressed by the 
presence of glucose or its catabolic products 
in the growth medium (2  1 ) .  Since the growth 
experiments with P. pentosaceum contained 
1 %  glucose and 0.8% acetate (Fig. 1 and 
Table IV) , the cff ectiveness of carbon sources 
(i.e., 1% glucose, 0.8% acetate, 1 %  glycerol, 
or only the amino acid) to support growth 
with several single nitrogen sources (i.e., 
( NH4) zS04,  glutamate, histidine, serine, or 
arginine) was tested. The growth of P. pento- 
saceum with glucose as a carbon source was 
the same as the glucose plus acetate medium 
for each of the 5 nitrogen sources. When 

TABLE 111. Substitutions for Glutaniate in Medium 
for P .  shernznnii. 

Growth by Klett reading 
Additions to 

deficient medium" 96 hr 144 hr 

None 
a-Ketoglutarate 
Glutamate 
Ornithine 
Citrulline 
Arginine 
Proline 
Hydrox yproline 

17 
36 
181 
105 
29 1 
333 
61 
1 1  

45 
121 
325 
281 
356 
382 
204 

12 

a P .  sherrnnnii was grown in Delwiche's medium 
with 15 of the usual amino acids as the nitrogen 
source (i.e.J deletion of L-glutamate, arginine, and 
proline). 
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Growth by Klett reading 

18 Amino acids 
(N HJ2SO4 

I .-G I 11 t ama I C  

I)l,-Aspa rta tc 

I)L.- Alaii i i  i L' 

~.-Ai.giiiinc 
i,-Prolinc 

n ~ - V a  1 i 11 c 
nI.-Isolciiciiic 

L-Ixucine 
~~ . -Phcr iy~a la i i i i i c  

L-C 111 tamine 
I I - A spa 12 g i I i e 

m-Scrine 
DL-Threofiine 
DL-Histidine 

Glycine 
DL-Met hioninc 

r.-Lysinc 

3!)8 
0 

I02 
!) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

P .  peii losticeum 

96 

348 
188 
2!" 
181 
122 
I58 

?!I 
142 

7 4  
161 
89 
10 
28 

111 
58 

144 
12 
82 
73 

_ _  -~ 

a T h e  propionic acicl I)actc.ria ~ C I C  11 i i i  Iklwirhc's metliuiii ivith one o f  the indicated 
Iiitrogcit soi~rccs at ;I co~icentt~atioii of 0.0770 ( \v/v)  a-aniiiio nitroym. l ' h e  rcsulrs ale the mcans 
of 3 separate experiments. 

acetate was the carbon source tested with 
each of the above amino acids as the nitrogen 
source, growth was absent. In the test for 
single amino acids as the sole carbon source 
[Le., (NH4)2SOi present], or as the sole car- 
bon and nitrogen source, the cells failed to 
grow. With glycerol as the carbon source, 
there was no growth with (NH4)2S04 as the 
nitrogen source, and reduced growth for each 
of the amino acids (045% of the growth in 
the glucose + acetate medium). These results 
suggest that glucose, or its degradation pro- 
ducts, did not repress the first enzyme for the 
catabolism of these amino acids to the ex- 
tent of retardation of bacterial growth. 

Some e n z y m a  for amino acid metabolism 
in Propionibacterium. Since P. pentosaceum 
was the one species observed to grow with 
(NH4)2S04 as the nitrogen source (Fig. l ) ,  
a search for the enzyme responsible for am- 
monia assimilation [i.e., glutamate dehydrog- 
enase, alanine dehydrogenase or aspartase, 
cf. ( 2 2 ) ]  was conducted. Cells of P. pento- 

saceum grown on an (NH1)2S01 medium 
were harvested in the log phase, ruptured, 
and centrifuged at  39,OOOg to give a superna- 
tant extract and a pellet. The supernatant 
extract had glutamate dehydrogenase activity 
( 1.28 nmoles 9f NADPH oxidized/min: 
sp act, 1.07 nmoles/min/mg of protein), low 
NAD-glutamate dehydrogenase activity, and 
no detectable activity for the other 2 en- 
zymes. The resuspended pellet was devoid of 
activity for NADP- or NAD-specific, gluta- 
mate dehydrogenase, alanine dehydrogenase 
and aspartase. Therefore the reaction for am- 
monia assimilation in P. pentosaceum is cat- 
alyzed by NADP-specific glutamate dehy- 
drogenase. 

P. pentosaceuwz was shown earlier to de- 
grade serine and threonine (Table IV) . Pre- 
liminary assays showed low serine and thre- 
onine dehydratase activity in the supernatant 
extracts of P. pentosaceum grown on serine 
or threonine. This observation led to tests for 
activities in the resuspended pellet as well as 
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TABLE V. Enzymes for Serine and Threonine Degradation in Extracts of P. pentosaceum. 

Sp act (pmolcs of keto acid formed/hr/mg 
of protein) 

Source of 
Enzyme nitrogen for Supernatant Kesuspendetl 
assayed cell growtha extract pellet 

L-Serine L-Seiinc 0.40 

2.90 

I.-Th rcon in e I .-Seri ti e 4.16 
tleh ytlra taw 1.-Thrconine 3.14 

L-C: 1 utatna tc 8.65 

tlehytlratase 1.-T h reo t i  i t  1 c 0.70 
I .-G 111 tam at c 

2.46 
3.14 
3.48 

2.48 
0.10 
3.08 

" P .  pe?itodoceunz was p o w t i  on the indicate(] amino acitl as the nilrogen source, harvested in 
the log phase and ruptured by sonic oscillation. T h e  suspension was centrifuged a t  500g for 15 
min and then at  39,000g for GO min. T h e  values for the corrected enzyme assays on the supernatant 
extract and resuspended pellet are the means o f  tluplicatc experiments. 

the supernatant extract (Table V) . Although 
the cells had been treated by sonic oscilla- 
tion for 10 min, a time demonstrated to give 
the maximum release of dihydroxyacid dehy- 
dratase ( 6 ) ,  the serine dehydratase had a 
greater activity and specific activity in the 
pellet than the supernatant. The location of 
the threonine dehydratase activity and spe- 
cific activity had the reverse pattern, which 
suggested two separate enzymes for these ac- 
tivities. Hence in the next experiment, intact 
cell suspensions with the addition of a sur- 
face active agent were used with these polar 
substrates (Table VI) .  The addition of ce- 

tyltrimethylammonium bromide or toluene 
increased each dehydratase activity, but tolu- 
ene was more effective. Again the range of 
ratios of threonine dehydratase/serine dehy- 
dratase activities ( 5 ,  2, and 1 in the toluene 
column of Table VI)  provided another clue 
for separate enzymes in P. pentosaceum. 

The results (Table V and VI )  also show 
that higher L-threonine dehydratase activities 
were observed in L-serine- and L-glutamate- 
grown P. pentosaceum than for L-threonine- 
grown cells. This finding is inconsistent with 
a constitutive enzyme and suggests a complex 
pat tern of regulation. 

TABLE VI. Assay of Cell Suspensions of P. f~entos(iceiirti for Serine and Threonine Dehytlratascs. 

Sp act (pmoles of keto acid formecl/hr/mg of 
dried cells); surface active agent added Source of 

Enzyme nitrogen for ____ 
assayed cell growth" None Cctavlon Toluene 

-- .- 

L-Seri tic I.-Scrine 0.40 0.68 1.08 
de hydra t ase i , - 'Ihi eoiiine 0.28 0.42 0.68 

1.4; I iita ma t r 0.00 0.42 2.80 

L-Th re0 t i  i tie r.-Scriiic 0.82 1.22 6.40 

I.-C11I tanlate 0 .oo 0.88 2.80 
tlchytlratase 1.-Threonine 0.54 0.68 1.22 

~ ~ 

a P. fJentosaceuni was grown as before (Table V), harvested, washed, antl resuspcndcd in  buffer 
[lo% (wiv)]. One tenth milliliter of this suspension was added to the usual assay components 
(final vol, 1.0 ml) along with, in  some cases, 1.0 pmole of cetyltrimethylammonium bromide 
(Cetavlon), o r  1 diop of toluenc. T h e  a h v e  results are corrected by subtraction of the trace of 
kcto acids found in  control tubes tlcficicnt in sirl)st~ate antl are the means of duplicate experi- 
ments. 
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TABLE 1’11, Effect of Cofactors and L-Isoleucine on L-Threonine nehydratase .4ctivity(s) of 
P .  pen tosrrce u rn. 

Sp act (pmolcs of kcto acid fortiwtl/hr/nig of 
protein); nitrogen source for growth of cclls‘ 

Additions to 
the assay mixture L-Serine L-Threoninc L-Glutatnate 

None 
GSH + AMP 
GSH + ADP 
r .-Isoleuci ne 
GSH + AMP + L-isoleucine 
GSH + ADP + 1.-isoleucine 

2 .oo 2.12 
2.80 2.30 
2.72 2.36 
0.44 0.22 
1 .3G 0.72 
1.36 0.94 

10.00 
10.76 
10.76 
1.10 
4.94 
4.06 

a P .  perrtostrcerir,i was grown on the nitrogen sources indicated above, harvested and ruptured. 
T h e  assay conditions are the same as that desci.ibecl in the Methods section, except for the dele- 
tion of GSH and A M P  in line 1, Where iiidicatetl, 3.0 ptiioles of AMP or ADP and 4.0 pmoles 
of L-isoleucine were added to the assay s)stem (final k o l ,  1.0 nil). Similar results were observed 
i n  a separate, parallel experiment. 

The nucleotide requirements of threonine 
dehydratase varies from AMP to ADP ac- 
cording to the microbial source; a biosynthet- 
ic threonine dehydratase is known, as well as 
the catabolic threonine dehydratase. Hence, 
threonine dehydratase was studied further 
with respect to its cofactors and L-isoleucine 
(Table VII). The addition of AMP or ADP 
with GSH caused a mild increase in the en- 
zyme activity, even though they were in- 
cluded in the preparation of the extract. Iso- 
leucine (line 4, Table VII) inhibited 78, 90, 
and 89% of the control threonine dehydratase 
activity (line 1 ). However, the inhibition by 
isoleucine in the presence of GSH and AMP 
(line 5)  was only 32, 66, and 51% of the 
control; similar results were observed in the 
presence of ADP. The difference in the two 
levels is due to the catabolic threonine dehy- 
dratase activity, which as a crude estimate 
was 49, 36, and 42% of the total activity 
(values in line 5 + 6 X 100 t values in 
lines 2 + 3, Table VII) .  

Discussion. To distinguish between the am- 
ino acids required for growth and those syn- 
thesized by the cells, amino acids were 
deleted singly or by biosynthetic groups. P. 
shermanii had the lowest ability to synthesize 
amino acids, particularly glutamate and 
aspartate (Tables I, 11, 111). P. arabinosum 
had an intermediate biosynthetic ability; 
whereas P. pentosaceum had the highest syn- 

thetic ability in these experiments. The 
growth results (Table 111) suggested a meta- 
bolic interconversion among the five carbon 
amino acids, i e . ,  glutamate + glutamate- 
7-semialdehyde + ornithine + citrulline + 
arginine + ornithine (20). At this time, it is 
unknown whether the pathways for ornithine 
formation occurs by N-acetyl intermediates 
or nonacetylated intermediates ( 19). A simi- 
lar alternative utilization of ornithine, citrul- 
line, or arginine has been reported for several 
lactic acid bacteria (23) .  However, the path- 
way for proline catabolism (20), i.e., pro- 
line + A’--pyrroline-2-carboxylate + 
2-keto-5-aminovalerate 3 L-A’-pyrrohe- 
5-carboxylate + L-glutamate-7-semialdehyde 
+ glutamate, was inefficient in P.  shermanii 
(Table I11 and IV), but more effective in 
the other 2 propionic acid bacteria (Table 

Confirmation of the above order of biosyn- 
thetic ability was found in the experiment 
(Fig. l ) ,  where P.  s hermanii and P. arabin- 
osum failed to grow on (T\;H4)?S04, in con- 
trast to the positive growth of P. pentosace- 
urn. With regard to degradative ability, as 
demonstrated by growth with single amino 
acids as the main nitrogen source, P. sher- 
manii could grow only on L-glutamate, 
whereas P. pentosaceum could grow on many 
amino acids, as well as (NH4)2S04 (Table 
IV) .  The ability of P. arabinosum to grow on 

IV) . 
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single nitrogen sources was between that of 
P.  sherntanii and P. pentosaceum. Wood et 
al. ( 7 )  reported growth experiments with P. 
sherinanii 52W and P. pentosaceum 49W 
leading to the dbservation that amino acids 
were beneficial, but not essential for the pro- 
pionic acid bacteria. Using quite different test 
groups of amino acids and no single amino 
acid deletions, they concluded that no single 
group of amino acids was essential. 

The known enzymes for ammonia assimila- 
tion (glutamate dehydrogenase, alanine dehy- 
drogenase, and aspartase) vary with the mi- 
croorganism, [ cf. ( 2 2 )  1 . For P. pentosaceum, 
the only enzyme present for ammonia incor- 
poration into an amino acid was a NADP- 
specific glutamate dehydrogenase. 

The a$-elimination reactions f rom a-ami- 
no-P-hydroxy acids are catalyzed by several 
different enzymes, many of which have been 
shown to be pyridoxal phosphate dependent 
(24) .  Initially the L-serine- and L-threonine 
dehydratase activities were believed to be cat- 
alyzed by one enzyme in E. coIi ( 2 5 )  and 
N .  crassa (26),  but more recent evidence 
indicates that 2 or more entities are present 
in E. coli (27-29) and in Clostridium tetano- 
morphum (30). L-Serine dehydratase was 
quite unstable (27, 29) and specific for 
L-serine (29).  The catabolic L-threonine de- 
hydratase in E. coli had cofactors of pyridoxal 
phosphate, GSH, and AMP (25, 31-34); 
whereas this enzyme from C. tetanomorphum 
was activated by pyridoxal phosphate, re- 
ducing agents and ADP (35-38). The biosyn- 
thetic L-threonine dehydratase had an enzy- 
matic role in isoleucine biosynthesis and was 
subject to end product inhibition by isoleu- 
cine in E.  coli (39, 40), Salmonella typhi- 
murium (41) and Bacillus subtilis (42) and 
had a somewhat different pattern in Rhodo- 
pseudomonas spheroides (43) and Saccharo- 
myces cerevisiae (44, 45). The D-serine dehy- 
dratase activities of E. coli had inherent, al- 
though lower activity for D-threonine (24, 
2 7 ) .  The catalytic mechanism for these 
enzymes is based on a Schiff’s base interme- 
diate (24) and their mode of regulation by 
isoleucine, AMP, or ADP has received recent 
attention ( 3  1-44). The L-serine- and D-ser- 
ine dehydratases have been assayed in tolu- 

ene-treated cell suspensions ( 2 1, 2 7 ) .  D-Serine 
dehydratase was induced solely by D-serine 
in E .  coli, whereas L-serine dehydratase had 
a more complex pattern of induction than 
merely L-serine as an inducer ( 2  7 ) .  

From the present series of experiments, P. 
pentosaceum also had an unstable dehydra- 
tase activity; required toluene for assays with 
cell suspensions (Table VI) ; probably had 
separate L-serine dehydratase and L-threo- 
nine dehydratase (Table V )  ; had a GSH plus 
adenine nucleotide-stimulated, L-threonine 
dehydratase activity (Table VII ) ;  and had 
an L-isoleucine-inhibited, L-threonine dehy- 
dratase (Table VII). The main difference 
from the above results and those in the litera- 
ture (3 1-38) was the ambivalence between 
AMP and ADP for the catabolic threonine 
dehydratase activity from P. pentosaceum. 
With their varying levels in Tables V, VI, 
and VII ,  L-serine dehydratase and catabolic 
L-threonine dehydratase were apparently not 
constitutive enzymes, but the mode of their 
regulation appeared to be complex and was 
not deciphered in the reported experiments. 
The results establish the presence of a L-ser- 
ine dehydratase, a catabolic L-threonine de- 
hydratase and a biosynthetic L-threonine de- 
hydratase in P. pentosaceum. 

Summary. Propionibacterium shermanii, P. 
arabinosum, and P. pentosaceum can syn- 
thesize many amino acids as determined by 
growth in the absence of a single amino acid 
or a group of biosynthetically related amino 
acids. P. shermanii and P. arabinosum were 
distinctive in their limited ability to synthe- 
size glutamate and aspartate. When examin- 
ing amino acids and (NH4)2S04 as possible 
single nitrogen sources, P. shermanii had the 
most limited capacity and grew only on glu- 
tamate. P. arabinosum was able to utilize 
several amino acids, but not (NH4)2S04, as 
the main nitrogen source. For P. pentosace- 
um, glutamate dehydrogenase was demon- 
strated for the function of ammonia assimila- 
tion, L-serine dehydratase for L-serine degra- 
dation, and an AMP- or ADP-dependent 
L-threonine dehyratase for threonine catabol- 
ism. A biosynthetic, L-isoleucine-inhibited, 
L-threonine dehydratase was observed in P. 
pent osaceum. 
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