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The autoregulatory 

 

d

 

1

 

 factors of microorganisms are
present in a number of bacteria and yeasts by alkylhy-
droxybenzenes (AOB); these compounds show a
capacity for physicochemical interactions with a wide
range of (macro)molecules, thus producing a whole
spectrum of biological effects. For instance, the interac-
tion of AOB with membrane lipids results in an increase
in membrane microviscosity to the point of lipid stroma
polycrystallization [1, 2]. The formation of complexes
of AOB with proteins results in an increase in their sta-
bility (the chaperon effect); in the case of the enzyme
proteins, this is connected with a nonspecific decrease
or increase in their enzymatic activity, depending on the
hydrophobicity of AOB as ligands and their concentra-
tion [2–5]. The previously demonstrated capacity of
AOB for interaction with DNA [2, 6] manifests itself in
the development of both mutagenic [7] and antimu-
tagenic effects [8], also depending on the structure of
AOB.

At the cellular level, the most general and universal
effect of AOB is an increase in the resistance of the sub-
cellular structures interacting with them and of the cell
as a whole to damaging environmental factors [9–11].

This effect is important and ecologically significant for
the development of resistance of microorganisms to
stress and for the transition of cells to the state of ana-
biosis during the formation of resting forms. One of the
well-documented aspects of this effect of AOB is an
increase in the stability of proteins and nucleic acids
against high temperatures [5, 6, 11]; this finding agrees
well with the notions of the high level of thermal resis-
tance of microbial cystlike resting forms whose forma-
tion is induced by the high level of AOB in microbial
cultures [12–15]. On the other hand, the stabilization of
biopolymers and, especially, of nucleic acids must also
result in the long-term preservation of their physico-
chemical properties under denaturing conditions and
will, therefore, predetermine the retention of their func-
tional activity. Earlier, we revealed the phenomenon of
DNA stabilization in complexes with AOB [6].

The aim of this investigation was to study the dura-
tion of the “preserving” effect of alkylhydroxybenzenes
on high-polymer DNA, which was assayed by the con-
servation of the physicochemical properties of this
biopolymer in aqueous solutions.
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Abstract

 

—he fact of long-term preservation of the physicochemical properties of DNA molecules in aqueous
solutions in complexes with methylresorcinol, hexylresorcinol, and tyrosol, the chemical analogues of micro-
bial autoregulators (d

 

1

 

 factors) from the group of alkylhydroxybenzenes (AOB), was established. Compared to
the control variants of storage of aqueous DNA solutions, the AOB influence consisted in the sum of correlating
effects: the prevention of DNA degradation (according to spectrophotometric parameters) and the preservation
of its viscous characteristics and electrophoretic mobility. The initial DNA properties were preserved to the
greatest degree in the presence of hexylresorcinol, the compound with the longest alkyl radical. Possible mech-
anisms of the protective action of alkylhydroxybenzenes in relation to DNA are discussed, namely, the preven-
tion of its hydrolysis due to isolation from the aqueous environment and maintaining DNA stability in the dor-
mant forms of microorganisms.
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MATERIALS AND METHODS

Methylresorcinol (MR, molecular weight = 124)
and hexylresorcinol (HR, molecular weight = 194) of
99.9% purity, as well as the structurally similar tyrosol
(2-(4-hydroxyphenyl)ethane-1-ol, T, molecular weight =
138), which is an autoregulatory 

 

d

 

1

 

 factor of the yeast

 

Saccharomyces cerevisiae

 

 [17], were used as the chem-
ical analogues of the 

 

d

 

1

 

 factors of bacteria [2, 16]. The
working concentrations of these substances in the solu-
tions studied were 

 

10

 

–3

 

, 10

 

–4

 

, and 

 

10

 

–5

 

 M.
A commercial preparation of high-polymer linear

DNA isolated from the bovine spleen and purified to
the homogeneous state was used in the experiments.
The DNA concentration in the solutions studied was

 

10

 

–4

 

 M (in terms of nucleotides). Its molar ratios with
AOB in different samples were 1 : 10, 1 : 1, and 10 : 1.
The incubation of DNA with AOB was carried out for
eight weeks at 

 

4°ë

 

. Individual DNA or AOB solutions
at equimolar concentrations incubated under the same
conditions were used as controls.

The spectral absorption characteristics of DNA,
AOB, and the DNA + AOB mixtures were determined
using a Fluorat-02 Panorama spectrofluorimeter (NPO
Lumeks, Russia) in the range of 210–300 nm. For the
quantitative assessment of the degree of DNA degrada-
tion in the time course of the experiment, the ratio of its
absorption at 260 (maximum) and 240 nm was calcu-
lated using the formula (

 

D

 

260

 

/

 

D

 

240

 

). For the DNA +
AOB mixtures, the formula (

 

D

 

mix260

 

 – 

 

D

 

AOB260

 

)/(

 

D

 

mix240

 

 –

 

D

 

AOB240

 

) was used, where 

 

D

 

mix260

 

 and 

 

D

 

mix240

 

 are the
optical densities of the DNA + AOB mixture at 260 and
240 nm, and 

 

D

 

AOB260

 

 and 

 

D

 

AOB240

 

 are the optical densi-
ties of AOB at 260 and 240 nm.

The viscosity of intact DNA solutions, as well as of
DNA in the presence of AOB, was measured with an
Ostwald viscosimeter with a working capillary diame-
ter of 0.86 mm by determining the relative viscosity
value (

 

η

 

) from the 

 

t

 

/

 

t

 

0

 

 ratio, where 

 

t

 

 is the solution
efflux time; 

 

t

 

0

 

 is the efflux time of distilled water.
Electrophoresis of the samples was carried out in

0.8% agarose gel in the presence of 0.5 

 

µ

 

g/ml of ethid-
ium bromide at the electrode voltage 150 V and the cur-
rent 100 mA, so that 1 cm of gel accounted for 5 V/cm.
DNA migration after 120 min of electrophoresis was
assessed using a Vilber Lourmat transluminator
(France) and the digital images acquired were pro-
cessed using the Image J software package. The 

 

Hin

 

dIII

 

DNA restricts of phage 

 

λ

 

 (Sibenzim, Russia) were used
as molecular mass markers, and the DNA samples stud-
ied were subdivided into relatively “long-stranded” and
“short-stranded” fragments according to the results of
comparison of their electrophoretic mobility with that
of The 4361 bp marker (the fourth band from the start).

Scanning electron microscopy of the DNA + AOB
samples on the silicon substrate was carried out using a
JSM-20 electron microscope (JEOL, Japan) by scan-
ning the same local area of the sample at different mag-
nifications.

The experiments were performed in at least three
repetitions and three series of experiments were staged.
Statistical analysis was performed using the standard
mathematical methods in the SPSS for Windows soft-
ware package. The procedure of multiple correlation
analysis was used for the integrated assessment of the
characteristics describing the preservation of the DNA
physicochemical properties in the presence of AOB.

RESULTS AND DISCUSSION

The concepts of DNA degradation in aqueous solu-
tions developing in time, usually linked to spontane-
ously proceeding energy-independent hydrolysis of
phosphodiester bonds in the sugar–phosphate frame-
work of this polymer, formed the basis of this research
[18]. The gradual accumulation of such single-stranded
breaks at a distance of several nucleotide pairs from
each other results in the degradation of high-polymer
DNA into more short-stranded fragments. The pattern
of a change in the DNA physicochemical properties in
this case consists of the progressive loss of its inherent
optical parameters, a decrease in viscosity, and an
increase in electrophoretic mobility.

Thus, when we analyzed the optical properties of
individual DNA solutions (control), calculating the
ratios of absorption at the maximum (260 nm) and in
the short-wave arm of the spectrum (240 nm), the

 

D

 

260

 

/

 

D

 

240

 

 value was 1.85 in the first week of storage. In
the process of DNA incubation in aqueous solutions,
the values of this ratio decreased to 1.68 at four weeks
and subsequently decreased progressively to less than
1.0 at eight weeks (Fig. 1a).

The analysis of the results of capillary viscosimetry
also gave evidence of the degradation of individual
DNA progressing over time, indicated by the decrease
in the relative viscosity values of its aqueous solutions
from 10.13 in the first week of incubation to 6.0 at four
weeks and to 3.1 at eight weeks of incubation (Fig. 1b).
The conversion of the results of viscosimetry at the time
indicated above to the molecular mass values [19]
showed a decrease in the average length of the frag-
ments of this polymer from 12011 to 5446 nucleotide
pairs (bp) and subsequently to 2017 bp, which is fully
consistent with the notions of the mechanisms of its
degradation described above.

The results of electrophoretic behavior of DNA in
agarose gel correlated with the optical and viscosimet-
ric manifestations of its degradation. An increase in the
electrophoretic DNA mobility (

 

U

 

eph

 

) was observed in
the electrophoregrams, which indicated a decrease in
the relative content of the long-stranded fragments in
the sample with a simultaneous increase in the short-
stranded ones (Fig. 2). The average calculated length of
the DNA fragments decreased progressively from
11370 bp at the beginning of the experiment to 9300 bp
at four weeks and to 8123 bp at eight weeks of incuba-
tion, which is further proof of this mechanism of
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biopolymer degradation due to the appearance of sin-
gle- and double-stranded breaks in its molecule.

Against this background, the conservation of the
physicochemical DNA properties in the presence of
alkylhydroxybenzenes, which was characterized by us
as a “preserving” effect of AOB, is fundamentally
important. Both the distinctions in the efficacy of the
action of MR, HR, and T (resulting from the differences
in their chemical structure), and the concentration
dependencies of their effects were established. HR and
T revealed the most marked stabilizing effect when
their DNA : AOB molar ratio was 1 : 10, whereas MR
was the most efficacious in the DNA : MR = 1 : 1 vari-
ants (table, Fig. 1a).

When studying the optical properties of the DNA +
HR/T solutions (at the 1 : 10 molar ratio), we found that
the calculated (

 

D

 

mix260

 

 –

 

 

 

D

 

ÄéB260

 

)/(

 

D

 

mix240

 

 – 

 

D

 

ÄéB240

 

)
value in the variant with HR virtually did not change (at
the beginning of the experiment, 1.9; after eight weeks
of storage, 1.85). In the variant with tyrosol, this param-
eter, although it did change, displayed a less pro-
nounced tendency to decrease (at the beginning of the
experiment, 1.75; after eight weeks of storage, 0.97)

compared to the optical characteristics of individual
DNA solutions in the control variants (at the beginning
of the experiment, 1.85; after eight weeks, 0.85). With
a decrease in the concentration of HR/T (the DNA :
AOB molar ratio = 1 : 1), the calculated (

 

D

 

mix260

 

 –

 

D

 

ÄéB260

 

)/(

 

D

 

mix240

 

 – 

 

D

 

ÄéB240

 

) value in the DNA + HR
variant decreased from 2.05 to 1.62 after eight weeks of
incubation. However, the stabilizing effect of HR was
retained, whereas in the variants with T, this parameter
changed in a way similar to the control.

When DNA was treated with methylresorcinol, we
observed the reverse picture. In the DNA : MR = 1 : 1
variants, the stabilization effect was evident: while at
the beginning of the experiment the (

 

D

 

mix260

 

 –

 

D

 

ÄéB260

 

)/(

 

D

 

mix240

 

 – 

 

D

 

ÄéB240

 

) value was 1.89, after eight
weeks of incubation it was close to the initial value,
1.73. However, in the DNA solutions with the DNA :
MR = 1 : 10, i.e., when the AOB concentration
increased, the effect was opposite to that observed in
solutions with HR, i.e., the (

 

D

 

mix260

 

 –

 

 

 

D

 

ÄéB260

 

)/(

 

D

 

mix240

 

 –

 

D

 

ÄéB240

 

) value sharply decreased to 0.7.

Thus, the “preserving” effect of AOB not only
depended on the structure of AOB, but different AOB
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Fig. 1.

 

 Dynamics of changes in the (a) optical and (b) viscous properties of (

 

1

 

) DNA, (

 

2

 

) DNA + MR, (

 

3

 

) DNA + HR, and (

 

4

 

) DNA +
T at a molar ratio of DNA : AOB = 1 : 10.
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exhibited specific concentration dependencies. In the
variants with the most efficacious analogue hexylresor-
cinol, the stabilizing effect increased with an increase
in the AOB : DNA molar ratios (table).

The results of capillary viscosimetry indicating a
less marked decrease in the viscosity of DNA solutions
in the presence of AOB agreed to a significant degree

with the data shown above (Fig. 1b). In these experi-
ments, the extent of the “preserving” effect also
depended on the dose and the specific features of the
chemical structure of alkylhydroxybenzenes; in this
respect HR also displayed the highest activity. Thus,
after eight weeks of incubation of the DNA + HR solu-
tions, their relative viscosity value in the DNA : AOB =

 

0.40

0 2

 

Time, weeks

 

4 6 8
0.35

0.45

0.50

0.55

0.60

 

1
2

3

4

1 2 3 4 5 6

 

4361 bp

 

Fig. 2.

 

 Electrophoretic mobility of individual DNA and DNA in complexes with MR, HR, and T (AOB : DNA = 1 : 1). Left—the
results of electrophoresis; (

 

1

 

) DNA molecular mass markers (

 

λ

 

/

 

Hin

 

dIII); (

 

2

 

) DNA at one week of incubation; (

 

3–6

 

) samples after
eight weeks of incubation; (

 

3

 

) DNA; (

 

4

 

) DNA + MR; (

 

5

 

) DNA + HR; (

 

6

 

) DNA + T. The arrow marks the start. Right: the dynamics
of a decrease in the share (from 1.0) of long-stranded fragments (4362 bp) depending on the incubation time of the DNA + AOB
complexes: (1) DNA; (2) DNA + MR; (3) DNA + HR; (4) DNA + T.

A change in the optical, viscous, and electrophoretic DNA properties during long-term incubation with AOB

Experimental 
variant

DNA : AOB 
ratio, M : M

D260/D240 η Ueph

week 1 week 4 week 8 week 1 week 4 week 8 week 1 week 4 week 8

DNA 1.85 1.68 0.85 10.13 6.00 3.10 57 52 43
DNA + MR 10 : 1 1.80 1.18 1.33 10.10 6.07 3.21 57 52 43

1 : 1 1.89 1.64 1.73 9.99 6.92 4.91 57 53 44
1 : 10 1.67 1.50 0.70 10.20 6.87 5.01 56 53 46

DNA + HR 10 : 1 1.83 1.75 1.48 10.27 6.30 3.22 57 52 44
1 : 1 2.05 1.88 1.62 11.52 8.48 6.81 57 55 54
1 : 10 1.90 1.89 1.85 11.61 8.88 7.03 58 56 56

DNA + T 10 : 1 2.18 1.73 0.61 10.10 5.90 3.00 58 52 42
1 : 1 1.88 1.76 0.85 8.46 5.88 4.91 57 51 40
1 : 10 1.75 1.67 0.97 9.51 6.11 4.80 58 50 39
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1 : 1 and DNA : AOB = 1 : 10 variants was 6.81 and
7.03, respectively. This corresponded to a 6588 bp aver-
age length of the DNA fragments in solutions and
exceeded more than threefold the 2017 bp value deter-
mined for the control DNA solutions. In the presence of
MR and T, this effect was less pronounced and mani-
fested itself only when their high concentrations were
used (table). The results obtained agree with the data on
the influence of different AOB homologues (HR and
MR) on changes in the elasticity and viscosity of the
supramolecular DNA complexes isolated from the cells
of Pseudomonas aurantiaca of different physiological
age [20].

The results of electrophoresis of the DNA + AOB
mixtures confirmed the existence of the “preserving”
effect of alkylhydroxybenzenes, but only for hexylre-
sorcinol. Its action resulted in preventing the high-poly-
mer DNA molecules from disintegrating into more
short-stranded fragments with a higher electrophoretic
mobility (Fig. 2). Thus, while in the control DNA solu-
tion, the share of long-stranded fragments with a
molecular mass of more than 4361 bp progressively
decreased from 57 to 43% over eight weeks of incuba-
tion, in the presence of HR (DNA : MR = 1 : 1), signif-
icant changes were not observed; in this variant, long-
stranded fragments predominated. When MR or T were

used, electrophoretic revealed no significant evidence
of prevention of DNA degradation.

Thus, the sum of the previously obtained results
allows us to confirm the existence of a unique “preserv-
ing” effect of AOB on DNA stored for prolonged time
in aqueous solutions. This effect is revealed when the
process of degradation of DNA, existing in aqueous
solutions in complexes with AOB, is studied, during
prolonged storage, in terms of optical characteristics,
the retention of viscous properties, and electrophoretic
mobility. It manifests itself in the relative stability of
these parameters compared to their change in the con-
trol solutions of individual DNA. Among the AOB
studied, the stabilizing effects are most pronounced for
HR, which agrees with the previously reported activity
of HR as an anabiosis autoinducer [12–15].

Analyzing the results of the study of the optical, vis-
cous, and electrophoretic properties of DNA in com-
plexes with AOB, it is necessary to point out that we
observed not a number of independent structural
changes affecting the macromolecular properties men-
tioned, but a unified process of DNA stabilization (pre-
vention of degradation) in aqueous solutions character-
ized by the three parameters used. The high level of cor-
relation between them proves this assumption. Figure 3
illustrates the direct relationship between the optical
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Fig. 3. Correlation between (a) the optical and viscous properties and (b) the optical properties and electrophoretic mobility of
DNA + HR in aqueous solutions.
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and viscous properties of the DNA + HR solutions (r =
0.463; P < 0.001), as well as the inverse correlation
between the conservation of the optical properties of
DNA and the characteristics of the electrophoretic
mobility of its constituent fragments (r = –0.435; P <
0.01).

Discussing the possible mechanisms of the forma-
tion of the AOB “preserving” effect, we should draw
attention to its proportionality to the alkyl radical
length in different AOB (this radical forms the hydro-
phobic pole of these molecules), and to the marked con-
centration dependence of the action of AOB. In this
context, there is reason to suggest that in the develop-
ment of these effects, not only direct contacts between
AOB and DNA but also the surface -AOB-AOB-AOB-
interactions leading to the formation of micelle-like
structures on this polymer play an important part. Dur-
ing long-term incubation (eight weeks), they aggregate
and merge to form alkylhydroxybenzene envelopes
around the orderly arranged DNA molecules. Their
study by scanning electron microscopy revealed
extended “cable” structures several dozens to hundreds
of µm thick, consisting of a number of in parallel-ori-
ented DNA strands united by a common alkylresorcinol
“sheath.” Microscopy of the terminal ends of these
structures revealed the patterns of untwisting DNA
strands, each of which retained its individuality
(Fig. 4). The isolation thus achieved of the DNA mole-
cule from the aqueous surroundings may be one of the
causes (possibly the main one) preventing the hydroly-

sis of the sugar–phosphate framework of this biopoly-
mer during its long-term storage in aqueous solutions.

This conclusion is consistent with the data on the
substitution of membrane phospholipids with long-
stranded alkylhydroxybenzenes (alkylresorcinols) in
azotobacter cysts. They form the alkylresorcinol mem-
brane, which surrounds the protoplast of a resting cell,
thus contributing to the maintenance of the ametabo-
lism (anabiosis) state and to an increase in resistance to
damaging effects in the resting forms of this type [21].

On the whole, the results obtained agree well with
the notions of the integral results of the biological
action of AOB on bacterial and yeast cells resulting in
the formation of cystlike resting forms, which are met-
abolically inert, resistant to the effects of external fac-
tors, and long-lived [12–15]. In the process, the conser-
vation of DNA with the involvement of microbial AOB
seems to be one of the indispensable conditions for the
transition of a cell to a resting state.
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