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Abstract--The activity of the enzymes of the tricarboxylic acid cycle and glyoxylate shunt, as well as of some 
enzymes involved in carbohydrate metabolism, were determined in the purple sulfur bacterium Chromatium 
minutissimum either maintained by subculturing in liquid medium or stored in the lyophilized state for 36 years. 
In cultures stored in the lyophilized state, the activities of the key enzymes of the tricarboxylic acid cycle, gly- 
oxylate shunt, and Embden-Meyerhof-Parnas pathway were higher, whereas the activities of glucose-6-phos- 
phate dehydrogenase, pyruvate kinase, and ribulose bisphosphate carboxylase were somewhat lower than in 
cultures maintained by regular transfers. 
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To ensure the survival of microorganisms and the 
stability of their biochemical properties, enzyme activ- 
ities, and vitamin- and antibiotic-producing abilities, 
microorganisms are maintained in culture collections 
by several parallel methods. Regular culture transfers, 
storage under mineral oil, drying, storage at low and 
extra low temperatures, lyophilization, and other meth- 
ods are used [1-3]. 

Lyophilization is one of most efficient storage meth- 
ods ensuring the viability of microorganisms and the 
stability of their enzymatic activities. Tens of microbial 
cultures of various systematic groups have been stored 
in the Culture Collection of Moscow State University in 
the lyophilized state for as long as 35-36 years [4--6]. 
Most of these cultures have retained their viability. 

The aim of the present work was to determine the 
activity of certain carbon metabolism enzymes in cul- 
tures of the purple sulfur bacterium Chromatium minut- 
issimum that was stored in the Culture Collection of the 
Moscow State University in the lyophilized state for 
36 years and to compare these activities with those in 
bacterial cultures maintained by periodical reinocula- 
tions in liquid medium. 

MATERIALS AND METHODS 

The subject of this study was the purple sulfur bac- 
terium Chr. minutissimum, strain 1, isolated by 
researchers from the Department of Microbiology at 
Moscow State University. 

Bacteria were grown anaerobically in the light 
(2000 Ix) in sealed flasks completely filled with Larsen 
mineral medium containing sulfide and thiosulfate 
(0.1% each). Cultivation was autotrophic or het- 

erotrophic; in the latter case, the medium was supple- 
mented with 0.1% acetate, malate, or glucose [7]. 

Bacteria were lyophilized from a 1% gelatin solu- 
tion containing 10% sucrose [5]. Ampules with lyo- 
philized cultures were stored at 3--6~ After 36 years 
of storage, bacteria were inoculated into Larsen 
medium with sulfide and thiosulfate (0.1% each). 

To determine enzyme activities, exponential-phase 
cultures were used. Cells were sedimented by centrifu- 
gation, washed with 0.05 M Tris-HCl buffer (pH 7.8), 
resuspended in the same buffer, and disrupted ultrason- 
icaUy at 22 kHz for 2.5-3 min. The supernatant 
obtained after homogenate centrifugation at 40000 g 
for 30 min was used to determine enzyme activities. 
Protein in cell extracts was determined by the method 
of Lowry et al. [8]. 

The activities of the tricarboxylic acid cycle (TCA 
cycle) enzymes and enzymes of the carbon metabolism 
were determined spectrophotometrically as described 
earlier [9, 10]. The proceeding of pyruvate decomposi- 
tion with the formation of acetyl phosphate (the phos- 
phoclastic reaction involving pyruvate : ferredoxin oxi- 
doreductase, hydrogenase, and phosphotransacetylase) 
was assayed in a reaction mixture containing methyl 
viologen and kept under an argon atmosphere [11]. 

The activities of ribulose bisphosphate carboxylase 
(RuBPC), phosphoenolpyruvate carboxylase, and 
phosphoenolpyruvate carboxykinase were determined 
by the radioisotopic method [12] from the rate of radio- 
carbon incorporation from [14C]bicarbonate by cellular 
extracts. To study the effect of NaCN on RuBPC, it was 
added at a concentration of 1 mM. 
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Table 1. Activities (nmol/(min mg protein)) of the enzymes of the TCA cycle and glyoxylate shunt in Chr. minutissimum 
strain 1 cells grown in media of different compositions 

Enzyme 

Citrate synthase 
Aconitate hydratase 
Isocitrate dehydrogenase 
2-Oxoglutarate dehydrogenase 
Fumarase 
Malate dehydrogenase 
Malic enzyme 
Isocitrate lyase 
Malate synthase 

Culture stored by reinoculations Lyophilically stored culture 

malate 

17.3 
26.4 
46.9 

0 
42.1 

0 
25.0 

1.6 
23.5 

acetate 

21.8 
54.5 
28.6 

0 
75.7 

0 
42.6 
10.2 
25.5 

grown in medium with 

sulfide and 
thiosulfate malate 

15.2 
85.0 
51.0 

0 
46.0 

0 
94.0 

3.5 
51.0 

acetate 

17.8 
80.0 
90.0 

0 
89.0 

0 
88.0 
11.6 

48.0 

12.6 
62.0 
16.0 
0 

59.0 
0 

19.0 
0 

27.0 

sulfide and 
thiosulfate 

13.8 
61.0 
19.0 
0 

52.0 
0 

24.0 
0.9 

39.0 

Table 2. Activities (nmol/(min mg protein)) of the carbohydrate metabolism enzymes in Chr. minutissimum strain 1 cells 
grown in media with malate and glucose 

Enzyme 

Hexokinase 
Glucose-6-phosphate dehydrogenase 
Fructose bisphosphate aldolase 
6-Phosphofructokinase 
Glyceraldehyde-3-phosphate dehydrogenase 
Pyruvate kinase 
Phosphoclastic reaction 

Culture stored by reinoculations Lyophilically stored culture 

grown in medium with 

malate glucose malate glucose 

0.6 
3.8 

130.0 
11.5 
39.0 
86.0 
12.8 

0.9 
1.8 

230.0 
15.8 
57.0 
63.4 
37.4 

4.2 

7.5 
153.0 

16.4 
100.0 
163.0 

16.3 

5.9 
4.6 

245.0 
10.0 

119.0 

122.0 
38.0 

RESULTS 

Enzymes of the TCA Cycle and Glyoxylate Shunt 

Cultures of Chr. minutissimum, strain 1, both those 
maintained by regular transfers and those lyophilically 
stored for 36 years, exhibited the activities of all of the 
main TCA cycle enzymes except 2-oxoglutarate dehy- 
drogenase and malate dehydrogenase (Table 1). The 
activity of the key TCA cycle enzyme, citrate syn- 
thase, was somewhat higher in cells grown on acetate 
than in cells grown on malate and autotrophically 
grown cells. The activity of citrate synthase in cells 
grown on acetate was slightly lower after lyophilic 
storage of Chr. minutissimum than after its mainte- 
nance by subculturing. 

The level of other TCA enzymes studied was generally 
higher in iyophilically stored cultures of Chr. minutissi- 
mum (Table i); e.g., the activity of aconitate hydratase 

in such cultures grown on malate or acetate was, 
respectively, 3 and 1.5 times higher than in cultures 
maintained by regular transfers. 

After autotrophic cultivation, no differences in 
aconitate dehydrogenase activity were revealed 
between cultures stored by different methods. The 
activity of isocitrate dehydrogenase in acetate-grown 
cells of lyophilically stored cultures was 3 times higher 
than in acetate-grown cells of cultures maintained by 
regular transfers (Table 1). After autotrophic growth or 
heterotrophic growth on malate-containing medium, 
the activity of isocitrate dehydrogenase was slightly 
higher in lyophilically stored cultures. 

In acetate-grown cells, the activity of fumarase was 
20% higher for lyophilically stored cultures; in malate- 
grown or autotrophically grown cells, the activity of 
fumarase was independent of the culture storage 
method (Table 1). The activity of the malic enzyme of 
the lyophilically stored cultures was higher than that of 
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Table 3. Activities (nmol/(min mg protein)) of carboxylases in Chr. minutissimum strain 1 cells grown 
compositions 

in media of different 

Enzyme 

RuBPC 
RuBPC + I mM cyanide 
PEP carboxylase 
Mg 2§ 
Mn 2+ 

PEP carboxykinase 
ADP 

Culture stored by reinoculations 

malate 

12.3 

0.1 
0.1 

acetate 

14.0 
1.5 

0.1 
0.2 

0.1 

Lyophilically stored culture 

grown in medium with 

sulfide and 
thiosulfate 

30.2 
2.2 

0.1 

Note: "-" means that a given experimental variant was not ran. 

0.1 
0.1 

0.1 

malate 

16.6 

0.I 
0.1 

0 

acetate 

8.1 
1.04 

0.1 
0.1 

sulfide and 
thiosulfate 

21.2 
1.64 

0.2 
0.3 

0.1 

the cultures maintained by regular transfers (fourfold 
for malate-grown cells and twofold for acetate-grown 
cells). 

The TCA cycle in Chr. minutissimum is incomplete, 
lacking 2-oxoglutarate dehydrogenase and malate 
dehydrogenase. The absence of these enzymes is com- 
pensated for by the presence of the key enzymes of the 
glyoxylate shunt, isocitrate lyase and malate synthase 
(Table 1). The activity of malate synthase was higher 
for lyophilically stored cultures (2-fold in malate- and 
acetate-grown cells and 1.5-fold in autotrophically 
grown cells). The activity of citrate lyase was not 
affected by the method of storage. 

Enzymes of Carbohydrate Metabolism 

Chr. minutissimum can, at a moderate rate, utilize 
some sugars as an additional carbon source. Carbohy- 
drate metabolism in this bacterium proceeds via the 
fructose bisphosphate pathway [ 10]. This pathway may 
also be operative during the synthesis of reserve 
polysaccharides from organic acids, including acetate 
and malate. 

Table 2 shows the activities of hexose catabolism 
enzymes in Chr. minutissimum cells grown in media 
with malate or glucose. The activities of hexokinase 
and glyceraldehyde-3-phosphate dehydrogenase in 
malate- and glucose-grown cells were greater for lyo- 
philically stored cultures. The activities of fructose bis- 
phosphate aldolase (the key enzyme of the Embden- 
Meyerhof pathway) and of enzymes responsible for the 
phosphoclastic reaction (pyruvate cleavage with the 
formation of acetyl phosphate) in malate- and glucose- 
grown cells were, respectively, 1.6 and 2.5 times higher 
for lyophilically stored cultures than for cultures main- 
tained by regular transfers (Table 2). On the contrary, 
the activities of glucose-6-phosphate dehydrogenase 
and pyruvate kinase in malate- and glucose-grown cells 
was higher for cultures maintained by regular transfers. 

Carboxylases 

Table 3 presents data on the activities of some car- 
boxylases in Chr. minutissimum cultures as dependent 
on the storage method. The activity of RuBPC, the key 
enzyme of the Calvin cycle, was higher after 
autotrophic cultivation, irrespective of the storage 
method; the highest value was recorded in autotrophi- 
cally grown cells of cultures maintained by regular 
transfers. 

In acetate-grown cells, the activity of RuBPC was 
about two times lower than in autotrophically grown cells, 
irrespective of the culture storage method (Table 3). 
In malate-grown cells, the activity of RuBPC was also 
lower than in autotrophically grown cells: by 25% 
for the case of lyophilically stored cultures and by 
2.5 times for cultures maintained by regular transfers. 

Introduction of l0 -3 M cyanide, an RuBPC inhibi- 
tor, into the reaction mixture inhibited the reaction rate 
by an order of magnitude, irrespective of the storage 
method and growth substrate (Table 3). Linear kinetics 
of CO2 fixation was observed for at least 8-10 min irre- 
spective of the presence of cyanide (Figs. l, 2), con- 
firming the operation of RuBPC. 

It is known that microorganisms possessing the 
Calvin cycle can also fix CO2 via other reactions, 
including the carboxylation of phosphoenolpyruvate 
and pyruvate. Therefore, in addition to RuBPC activity, 
we also determined the activities of phosphoenolpyru- 
vate carboxylase and phosphoenolpyruvate carboxyki- 
nase (Table 3). The activity of phosphoenolpymvate 
carboxylase proved to be very low, irrespective of the 
culture storage method and growth substrate. The activ- 
ity of phosphoenolpyruvate carboxykinase was also 
very low; in malate- and acetate-grown cells of lyophil- 
ically stored cultures, its activity could not even be 
detected (Table 3). 
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Fig. 1. Activity of RuBPC (nmol/mg protein) in a lyophili- 
cally stored culture of Chr. minutissimum strain l: (1) cells 
were grown autotrophically; (2) cells were grown in acetate 
medium; (3) cells were grown autotrophically; 1 mM cya- 
nide was added to the reaction mixture; (4) cells were grown 
in acetate medium; I mM cyanide was added to the reaction 
mixture. 

Fig. 2. Activity of RuBPC (nmol/mg protein) in a culture of 
Chr. minutissimum strain l maintained by regular reinocu- 
lations into liquid medium: (I) cells were grown autotroph- 
ically; (2) cells were grown in acetate medium; (3) cells 
were grown autotrophically; I mM cyanide was added to 
the reaction mixture; (4) cells were grown in acetate 
medium; 1 mM cyanide was added to the reaction mixture. 

DISCUSSION 

In the course of lyophilization, microorganisms are 
subject to various stresses, such as freezing, drying, etc. 

As follows from the data obtained in the present 
work, the activity of some enzymes changed in the cul- 
ture of Chr. minutissimum stored for 36 years in a lyo- 
philic state. The activities of aconitate hydratase, isoci- 
trate dehydrogenase, malic enzyme, malate synthase, 
fructose bisphosphate aldolase, and of the enzyme 
complex responsible for the phosphoclastic reaction 
increased (Tables 1, 2), whereas the activities of glu- 
cose-6-phosphate dehydrogenase, pyruvate kinase, and 
ribulose bisphosphate carboxylase somewhat 
decreased (Tables 2, 3). On the whole, the type of 
metabolism did not change in the lyophilically stored 
culture. 

The differences in the enzyme activities observed 
between cultures of Chr. minutissimum stored lyophili- 
cally and by regular transfers cannot be explained with- 
out a special additional investigation. At present, we 
may assume that these differences were due to muta- 
tions arising in the bacterial population as a result of 
storage in the lyophilic state. 

It is known that, during lyophilization, a consider- 
able portion of cells die due to protein, DNA, and RNA 
denaturation and damage to membranes, cell walls, and 
other structures. The addition of protectants and the use 
of sparing lyophilization methods [13-16] increase the 
cell survival rate but do not allow cell death to be com- 
pletely avoided. 

During the resuscitation of the anabiotic cells that 
have survived the process Of lyophilization and storage 
in the lyophilized state, damaged DNA is repaired via 
the postreplicational reparation; errors during the latter 
process give rise to mutants [17-19]. Lyophilization of 

bacterial cells may cause multiple DNA breaks [16]; 
therefore, mutations usually affect entire chromosome 
segments rather than individual nucleotides. 

It was shown that the frequency of mutations 
depends on the storage temperature of the lyophilized 
cultures. After the storage of lyophilized Escherichia 
coli cells at temperatures below 5~ virtually no muta- 
tions were detected, whereas at higher temperatures, 
mutations arose at a frequency of 10 -7 [16, 18, 19]. A 
number of chemical compounds can prevent mutations 
[3, 20]. These are, first of all, adonitol (100 mM), cys- 
teine (3 mM), and thiourea (30 mM). In the Culture 
Collection of Moscow State University, ampules with 
lyophilized Chr. minutissimum cultures are stored at 
3-6~ and the protecting medium lacks compounds 
preventing mutations. Therefore, it can be suggested 
that the changes found in the enzymatic activities of 
Chr. minutissimum cells after 36 years of storage result 
from mutations. However, relevant experiments are 
necessary for final conclusions to be made. 

Changes in the enzymatic activities of Chr. minutis- 
simum cultures maintained by regular transfers and, in 
particular, the decrease in these activities can also be 
explained by spontaneous mutations and their selection 
by cultivation conditions. Surely, in this case, relevant 
experiments are also necessary for final conclusions. 
However, culture transfers of photosynthetic bacteria 
that have been repeated many times are known to some- 
times result in culture contamination in spite of all the 
precautions taken; the consequently needed culture 
.purification may result in the selection of a clone carry- 
mg this or that spontaneous mutation. Therefore, cul- 
ture storage by lyophilization seems a more reliable 
method; however, the use of storage temperatures no 
higher than 2-3~ is recommended, and the medium 
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should be supplemented with mutation-preventing 
compounds. 
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