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Abstract--Alkyl-substituted hydroxybenzenes (AHBs), autoinducers of microbial dormancy (or d I factors), 
were found to stabilize the structure of protein macromolecules, making them metabolically less active and 
more resistant to stresses. In vitro experiments with the Bacillus intermedius ribonuclease and chymotrypsin 
showed that the degree of the physical and chemical stability of these enzymes treated with AHBs depends on 
their concentration and incubation time. Experiments with RNase, which is capable of refolding, i.e., renatur- 
ation after heat denaturation, revealed that AHBs efficiently interact with both intact and denatured proteins. 
The data obtained allow the inference to be made that d I factors may play the role of natural chemical chaper- 
ons, blocking metabolism in dormant cells through the formation of catalytically inactive thermostable com- 
plexes with enzymes. 
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It has recently been shown that autoregulatory d~ 
factors, accumulating in the medium to a threshold 
level, induce the transition of vegetative microbial cells 
to a dormant state [1, 2]. In their chemical nature, the 
known dl factors represent mixtures of the isomers and 
homologues of alkyl-substituted hydroxybenzenes 
(AHBs) 13, 4]. The mechanism of action of dl factors 
during the development of a metabolically quiescent 
state is twofold. First, they interact with membrane 
lipid, causing the crystallization of the membrane lipid 
stroma, inhibition of the functional activity of mem- 
branes (including membrane-associated energy-produc- 
ing processes), an increase in membrane permeability to 
monovalent ions, and dehydration of the cell protoplast 
[5, 6]. Second, AHBs function as low-molecular-weight 
protein modifiers inhibiting the catalytic activity of 
enzymes (including nucleic acid depolymerases) and 
providing for the survival of dormant cells in the 
absence of functionally active energy-producing pro- 
cesses. The inactivation of enzymes by AHBs has been 
demonstrated in experiments with chymotrypsin, 
trypsin, RNase, invertase, and glucose oxidase [7]. The 
inhibition of metabolism by AHBs is associated with 
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an enhanced resistance of resting cells to various 
stress factors; therefore, it can be anticipated that 
AHBs may enhance the stability of protein molecules. 

In view of the foregoing, the aim of the present work 
was to study the stabilizing effect of d I factors on 
enzymes as one of the possible mechanisms of resis- 
tance of dormant cells to stresses. 

MATERIALS AND METHODS 

Experiments on the structural modification of 
enzymes were carried out using C6-AHB, an 
amphiphilic compound with pK,  = 9. C6-AHB (herein- 
after, also referred to as the dl factor) was added to 
reaction mixtures in the form of an ethanol solution to 
give the final ethanol concentration of no more than 
5 vol % (in control experiments, equivalent amounts of 
ethanol were added). 

Taking into account that RNases play an important 
role in the functioning of the hereditary apparatus of 
cells, are involved in trophic chains, and serve as the 
extracellular autoregulators of physiological activity, 
experiments were primarily performed with the RNase 
(EC 3.1.27.5) of Bacillus intermedius purified to an 
apparent homogeneity (Mr = 12 300 Da) [8]. Some 
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Table 1. Effect of C6-AHB on RNase activity at different pH values 
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RNase activity 

C6-AHB concentration, % pH 8.5 pH 7.0 pH 6.0 

(U/mg protein) I % (U/mg protein) % (U/mg protein) % 
x 10 -5 x 10 -5 x 10 -5 

0 
0.03 
0.05 

0.08 
0.1 

8.56 

8.50 
7.64 
2.17 

0.86 

100 

99.3 
89.3 
25.4 
10.0 

2.70 
2.56 

1.61 

0.90 
0.58 

100.0 

94.8 

59.6 
33.3 
21.5 

0.74 

0.73 

0.39 
0.30 
0.15 

100.0 

98.6 
52.7 

40.5 
20.3 

Table 2. Dependence of RNase activity on 15-min preincubation of 0.05% C6-AHB with different components of the reac- 
tion mixture 

Variant of mixing of reaction components 

RNase + buffer [incubation] + RNA + EtOH (control) 
RNase + C6-AHB [incubation] + buffer + RNA 

RNA + C6-AHB [incubation] + buffer + RNase 
Buffer + C6-AHB [incubation] + RNA + RNase 
RNA + buffer [incubation] + C6-AHB + RNase 

RNase activity 

(U/mg protein) x 10 -5 

8.56 
2.91 

8.40 

8.45 
8.50 

% 

100.0 
34.0 

98.1 

98.7 
99.3 

experiments were also carried out with chymotrypsin 
(EC 3.4.21.1 ) purchased from Merck (Germany). 

RNase activity was assayed by the method of Anfin- 
sen et al. [ 10] in a modification described in the hand- 
book [9] using high-polymeric yeast RNA purchased 
from Sigma (United States). The amount of acid-solu- 
ble products formed from RNA at 37~ in 15 min was 
determined by measuring the optical density of the 
reaction mixture at ~, = 260 nm (OD260). The reaction 
mixture contained 0.1 ml of RNase solution 
(0.5 mg/ml), 0.1 ml of C6-AHB solution in 5% ethanol 
(the blank reaction mixture contained 0.1 ml of 5% eth- 
anol), 0.2 ml of 0.2 M Tris-HCl buffer (pH 8.5), and 
0.1 ml of RNA solution (5 mg/ml). The reaction com- 
ponents were mixed in the aforementioned order, 
unless otherwise stated. In some experiments, the reac- 
tion was carried out at different pH values. 

Chymotrypsin activity was determined from the rate 
of hydrolysis of N-benzoyl-L-tyrosine ethyl ester 
(BTEE) [11]. The reaction mixture contained 1,9 ml of 
BTEE solution (172 ~g/ml) in Tris-HCl buffer (pH 7.8) 
with 0.1 M CaCI 2, 20 ~tl of enzyme solution (100 ~tg/ml) 
and 0.1 ml of C6-AHB solution in ethanol (the blank reac- 
tion mixture contained 0.1 ml of ethanol). The reaction 
was carried out at 18-20~ for 15-75 s. Enzyme activity 
was calculated, using the coefficient of molar extinction 
equal to 900, from the absorbance of the products of 
BTEE hydrolysis measured at ~, = 257 nm (SF-56 spectro- 
photometer; 10-mm cuvette). 

The photooxidation of RNase was studied as 
described by Kurinenko et al. [ 12]. One and a half mil- 
liliters of RNase solution (0.5 mg/mi) in 0.1 M 
Tris-acetate buffer (pH 7.5) was mixed with 0.3 ml of 
C6-AHB solutions to give the final concentrations of 
C6-AHB equal to 0.01,0.03, and 0.05%. After incubat- 
ing the mixtures for 10, 30, and 60 min, they were 
mixed with 0.2 ml of a solution of methylene blue to 
give its final concentration of 0.0125%. The reaction 
mixtures containing the dye were placed on a magnetic 
stirrer (200-250 rpm) and exposed (25-28~ 30 min) 
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Dependence of RNase activity on pH at different concentra- 
tions of C6-AHB (%): (1) 0; (2) 0.03; (3) 0.05; (4) 0.08; and 
(5) 0.]. 
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Table 3. Effect of C6-AHB on the photooxidation of RNase 

C6-AHB concentration, % 

0 (before photooxidation) 
0 (after photooxidation) 

0.01 
0.03 
0.05 

RNase activity 

(U/mgprotein) 
• 10 -5 

8.57 
6.16 
6.98 
6.51 
5.91 

% 

100 
71.9 
81.4 
76.0 

69.0 

Table 4. Effect of the time ofpreincubation of 0.05% C6-AHB 
with RNase on enzyme resistance to ~hotooxidation 

RNase activity 

Preincubation time, min (U/mg pro- 
tein) x 10 -5 % 

Control 1 (before photooxidation) 8.56 100.0 
Control 2 (after photooxidation 6.16 72.0 
without C6-AHB) 

0 
10 
30 
60 

5.91 
6.60 
7.54 
8.34 

69.0 
77.1 
88.1 
97.4 

to the light of a 200-W incandescent lamp placed at a 
distance of 22 cm. After exposure, the reaction mixtures 
were assayed, in 0.1-ml aliquots, for RNase activity. 

The thermostability of RNase was determined as 
follows. Solutions containing RNase and C6-AHB at a 
concentration of 0.05% were preincubated for 0, 10, 
30, and 60 min and kept at 100~ for the next 20 min. 
In the control experiment (0-min preincubation), C6- 
AHB was added to an RNase solution preheated to 
100~ After cooling the solutions to room tempera- 
ture, RNase activity was assayed in 0.1-ml aliquots. 

The thermostability of chymotrypsin was deter- 
mined analogously, by incubating the enzyme at 60~ 
without (control) or with C6-AHB at concentrations of 
0.05 and 0.1%. 

All the experiments were carded out in at least five 
replicates. The data obtained were statistically processed 
using Student's t-test with significance level P < 0.05. 

RESULTS AND DISCUSSION 

The stabilizing effect of the dl factor on the molec- 
ular structure of enzymes was estimated from its ability 
to prevent the inactivation of the enzymes exposed to a 
physical (heat, radiation) or chemical (pH value) dam- 
aging agent. In designing the experiments, we took into 
account that the stabilizing effect of the d 1 factor, which 
is presumably due to its binding to enzymes, must 

depend on the concentration of this factor and incuba- 
tion time. Furthermore, like other dt factors of microor- 
ganisms, C6-AHB is an amphiphilic compound, which 
occurs in aqueous media and in different compartments 
of cells either as a true solution (at concentrations less 
than 4.5 x 10 -3 M or 0.09%) or a micellar colloid 
(at higher concentrations) [7]. 

Table 1 summarizes the results of experiments in 
which C6-AHB was added to RNase solutions immedi- 
ately before enzyme activity was measured. At pH 8.5 
(optimum pH value for enzyme activity), the inhibitory 
effect of C6-AHB directly depended on its concentra- 
tion. At pH 7.0 and 6.0, the decrease in enzyme activity 
was obviously due to both nonoptimum pH values (.this 
follows from the comparison of enzyme activities at a 
zero concentration of the dt factor) and the interaction 
of C6-AHB with the enzyme. At concentrations close to 
the critical micelle concentration (CMC) value 
(0.09%), the inhibitory effect of C6-AHB on RNase 
somewhat decreased: the remaining RNase activity at 
pH 6.0 and C6-AHB concentrations of 0.08 and 0.1% 
was, respectively, 1.5-fold and 2-fold higher than at pH 
8.5 (Table 1 and Fig. 1). 

In the case of high-polymeric substrates, changes in 
the enzyme reaction rates may be due to modifications 
in the tertiary structure of not only enzymes but also 
substrates, as demonstrated by Filimonova et al. [13] 
with reference to the effect of Mg 2§ ions on the rate of 
RNA hydrolysis by the Serra t ia  m a r c e s c e n s  nuclease. 
In our earlier work [7], we presented direct evidence 
that AHB inhibits RNase activity by complexing with 
the enzyme. In the present work, it was necessary to 
show that C6-AHB did not interact with RNA under the 
experimental conditions chosen, although such interac- 
tion is basically possible [ 14]. 

With this in mind, we investigated the effect of a 
15-min preincubation of C6-AHB with different com- 
ponents of the reaction mixture on RNase activity 
(Table 2). The chosen concentration of C6-AHB 
(0.05%) was sufficient to reliably inhibit the activity of 
RNase (see Table 1) and to cause a transition of micro- 
bial cells to the dormant state. 

As can be seen from the data presented in Table 2, 
preincubation of RNase with C6-AHB in the absence of 
RNA led to a considerable decrease in enzyme activity, 
whereas preincubation of C6-AHB with RNA did not 
affect RNase activity. Therefore, in the experiments 
described in the present paper, the prevention of 
enzyme activity by C6-AHB may be evidence for 
enzyme stabilization. It should be noted that the stabi- 
lizing effect of C6-AHB depended on the time of its 
preincubation with the enzyme. 

Resting microbial forms are subject to maturation; 
that is, cells require some time to attain the state of met- 
abolic dormancy and resistance to hostile conditions. A 
similar phenomenon of the structural maturation of the 
enzyme-ABH complex was revealed in the following 
set of experiments on the photooxidation of RNase. 
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Table 5. Effect of the time of preincubation of 0.05% C6-AHB with RNase on enzyme resistance to 20-min boiling 
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Preincubation time, min 

Control 1 (before boiling) 
Control 2 (after boiling without C6-AHB) 

0 
10 
30 
60 

(U/mg protein) x 10 -5 

RNase activity 

% of control 1 

8.56 
8.23 
5.35 
5.43 
6.09 
6.91 

100 
96.1 
62.5 
63.4 
71.1 
80.7 

% of control 2 

100 
65.0 
66.0 
74.0 
84.0 

Without preincubation, C6-AHB, at concentrations 
of 0.01 and 0.03%, somewhat prevented (by about 10 
and 4%, respectively) RNase photooxidation (Table 3). 
The absence of the protective effect of the higher con- 
centration of C6-AHB (0.05%) can be explained by the 
inhibitory action of this concentration of the dl factor 
on RNase (see Table 1). 

Preincubation of RNase with 0.05% C6-AHB led to 
enzyme stabilization (Table 4). The stabilizing effect 
increased with the time of preincubation, so that a 
60-min preincubation of RNase with 0.05% C6-AHB 
almost completely prevented the photooxidation of the 
enzyme. It is likely that preincubation stabilizes RNase 
by changing its conformation due to hydrophobic inter- 
actions and the formation of hydrogen bonds. Stabi- 
lized RNase becomes more resistant to denaturation 
processes, including photooxidation. 

Since resting microbial forms exhibit increased 
thermoresistance, it would be reasonable to suggest 
that the interaction of C6-AHB with RNase enhances its 
thermostability. This suggestion was verified using two 
enzymes differing in thermostability. 

It is known that the high thermostability of B. inter- 
medius RNase is due to the absence of disulfide bonds 
in its molecule [8]. As a result, cooling of the enzyme 
solution preliminarily boiled for 20 min (the so-called 
interval of cooperative melting) led to the restoration of 
the native enzyme structure [15]. As can be seen from 
the data presented in Table 5, the 20-min boiling of 
RNase did not noticeably affect their activity. When 
C6-AHB was added to a hot RNase solution (0-min pre- 
incubation) or when it was preincubated with the 
enzyme for a short time period (10 min), enzyme rena- 
turation was hindered, presumably due to the intercala- 
tion of C6-AHB molecules into the enzyme molecule. In 
the case of a longer preincubation (30 or 60 min), the 
adverse effect of C6-AHB on enzyme renaturation 
decreased, while its protective effect increased (Table 5). 

Therefore, the interaction of C6-AHB molecules 
with RNase is nonspecific; this follows from the 
equally efficient binding of the d I factor to both native 
and denatured forms of the enzyme. This inference 
agrees with our earlier findings showing the nonspe- 
cific interaction of AHBs with various protein macro- 

molecules and explains the role of AHBs as microbial 
dormancy autoinducers [7]. 

Data on the interaction of C6-AHB with chymot- 
rypsin, which differs from RNase in being thermo- 
labile, are summarized in Table 6. It can be seen that the 
heating of chymotrypsin at 60~ for 10 min in Tris- 
HCI buffer (pH 7.8) containing 1% CaC12 led to the 
complete inactivation of the enzyme. C6-AHB at con- 
centrations of 0.05 and 0.1% prevented the thermoinac- 
tivation of chymotrypsin: its residual activities at these 
concentrations of the d~ factor were 95.6 and 62.5%, 
respectively. The difference in the protective effects of 
0.05 and 0.1% C6-AHB was probably due to different 
forms in which this d~ factor exists in the medium at the 
indicated concentrations (true solution and micellar 
colloid, respectively). 

Thus, by the mechanism of action (structural stabi- 
lization of protein globules), d~ factors can be referred 
to natural chemical chaperons [ 16]. The interaction of 
AHBs with enzyme molecules raises their rigidity [17], 
due to which the activity of enzymes falls while their 
stability rises. The increased stability (in particular, 
thermostability) of proteins can be evidence for their 
structural modification [ 17, 18]. In our opinion, such a 
stabilizing effect of AHBs is convincingly demon- 
strated by the profound protective effect of C6-AHB on 
RNase subjected to heat inactivation (Table 5, 60-min 
preincubation). The comparison of the results of 
60-min and 0-min preincubations suggests that the pre- 
vention of enzyme activity in this case was not evi- 
dently due to protein refolding (Table 5). 

Inasmuch as enzymes isolated from spores and veg- 
etative cells are identical [19], it can be suggested that 
the aforementioned interactions of AHBs with protein 
macromolecules may be responsible for the suppres- 
sion of metabolism and the development of the general 
resistance of resting microbial forms. Together with 
cell dehydration, the structural stabilization of 
enzymes, including nucleic acid depolymerases, by 
AHBs can explain cell survival in the absence of any 
energy-generating processes. 

We believe that the data presented in this paper will 
provide further insight into the mechanisms of develop- 
ment and maintenance of dormant microbial forms, as 
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Table 6. Effect of C6-AHB on chymotrypsin resistance to 
15-min heating at 60~ 

C6-AHB 
concentration, % 

0 
0.05 
0.1 

Activity of chymotrypsin, mmol/s 

before heating 

0.88 (100 %) 
0.69 (100 %) 
0.56 (100 %) 

after heating 

0.0 (0 %) 
0.66 (95.6 %) 
0.35 (62.5 %) 

well as into the regulatory functions of dormancy auto- 
inducers in growing microbial cultures and associations 
at the population level. The possibility of the post- 
translational regulation of the catalytic activity and sta- 
bility of enzymes should also be taken into account 
when considering the succession and function of 
microbial communities under varying environmental 
conditions. 

Our interest in dormancy autoinducers is largely 
determined by the fact that they are always present in 
growing microbial cultures [1, 20-22]. The interactions 
ofd~ factors (AHBs) with enzymes and the dependence 
of these interactions on the protein-to-AHB molar 
ratios, AHB composition, and various environmental 
factors may represent a novel level of regulation of the 
physiological activity of microbial cultures and their 
functioning in situ. 
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