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Abstract The proposed method of kinetic analysis
of aqueous-phase biodegradation of polycyclic aro-
matic hydrocarbons (PAH) mixture presupposes rep-
resentation of kinetic curves for each pair of mixture
components, S, and S,, in double-logarithmic coordi-
nates (In S,; In §)). If PAH mixture conversion
corresponds to the multisubstrate model with a com-
mon active site, then the graphs in double-logarithmic
coordinates are straight lines with the angular coeffi-
cients equal to the ratio of respective first-order rate
constants k) = ,‘25, where K, and K, are half-satura-
tion constants, V, and V, are the maximum conversion
rates for substrates S, and S,; the graph slope does not
depend on any concentrations and remains constant
during the change of reaction rates as a result of
inhibition, induction/inactivation of enzymes or bio-
mass growth. The formulated method has been used to
analyze PAH mixture conversion by the culture of
Sphingomonas sp. VKM B-2434. It has been shown
that this process does not satisfy the multisubstrate
model with a single active site. The results suggest that
the strain VKM B-2434 contains at least two dioxy-
genases of different substrate specificity: one enzyme
converts phenanthrene and fluoranthene and the other
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converts acenaphthene and acenaphthylene. The ratios
of first-order rate constants have been obtained for
these pairs of substrates.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are dan-
gerous environmental pollutants; hence, PAH bio-
degradation is being intensively studied (Seo et al.
2009). In the environment, PAHs usually exist not as
individual compounds but as components of complex
mixtures, as in the case of soil pollution with oil or
coal tar.

PAH biodegradation by microbial culture is liable
to positive and negative effects of substrates and their
conversion products. PAH conversion is retarded by
substrate inhibition (Stringfellow and Aitken 1995)
and inhibition by products (Casellas et al. 1998;
Kazunga and Aitken 2000) and hastened by cross
induction (Molina et al. 1999), co-metabolism (Bou-
chez et al. 1995), and the increase of biomass
concentration during the growth (Guha et al. 1999).
It is essential that the conversion rates of PAHs as
mixture components differ from the conversion rates
of individual PAHs due to metabolic interference of
mixture components.
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The study of the kinetics of PAH mixture biocon-
version is important for understanding the mechanism
of this process and for prediction of the rate of
bioremediation of polluted environments. In most
cases, aqueous-phase PAH mixture conversion can be
satisfactorily described by a multisubstrate model,
according to which all mixture components compete
for the same common active site in accordance with
the principles of Michaelis kinetics (Stringfellow and
Aitken 1995; Guha et al. 1999; Lotfabad and Gray
2002; Knightes and Peters 2006; Dimitriou-Christidis
and Autenrieth 2007; Desai et al. 2008).

This paper describes the method of analysis of the
kinetic curves of PAH mixture conversion, which
proves the correspondence of process under study
with the above multisubstrate model and estimates
the relative values of first-order rate constants for all
mixture components.

Materials and methods
Reagents

Acenaphthylene (ACNL), acenaphthene (ACNT),
phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLA), pyrene (PYR), naphthalene, dibenzofuran, and
1,5-, 1,8-, 2,3-, 2,6-, and 2,7-dimethylnaphthalenes
were used as substrates and inhibitors; some of their
structural formulas are shown in Fig. 1. Fluorene was
used as internal standard. Hydrocarbons were of high
purity grade (>98%; purchased from Sigma-Aldrich,
Fluka, and Merck). Other reagents were produced in

Fig. 1 Substances used as
substrates and inhibitors:

1 acenaphthylene (ACNL); ‘

2 acenaphthene (ACNT); Y D
3 1,8-dimethylnaphthalene

(1,8DMN); 4 pyrene (PYR);

5 phenanthrene (PHE);

6 fluoranthene (FLA);
7 anthracene (ANT)
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Russia (no less than analytical reagent grade). Ethyl
acetate was distilled before use.

Substrate solutions

Substrate solutions were obtained by dissolving
ACNL and ACNT in methanol in a concentra-
tion ~300 umol/l for each compound; PHE, ANT,
FLA and PYR in a concentration ~55 pmol/l for
each compound. In some experiments, other polyar-
omatic compounds were added to substrate solutions
or some components were excluded from substrate
composition.

Incubation medium

The mineral medium contained (g/1): NH4NO;, 1.0;
KH,POy, 1.0; K;HPOy, 1.0; MgS04-7H,0, 0.2; CaCl,,
0.02; FeCl;, two drops of saturated solution, pH ~
7.5. The mineral medium was filtered and sterilized.
Vitamin By, (1 pg/l) was added to the medium after
sterilization. Eight hours prior to the experiment, the
incubation medium was poured by 49 ml into flasks
(50 ml), substrate solution was added by 200 pl, the
flasks were tightly closed with glass caps and incu-
bated for thermostating at 30°C with slow stirring from
time to time. Initial concentrations in the incubation
medium were ~ 1.2 uymol/l for ACNL and ACNT
and ~0.22 pumol/l for other substrates, which was
much less than the water solubility of all hydrocarbons
used (Juhasz and Naidu 2000; Wammer and Peters
2005).
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Microbial culture

The strain Sphingomonas sp. VKM B-2434 capable
of PAH conversion has been characterized previously
(Baboshin et al. 2008). Fed-batch microbial culture
was obtained as follows: 1 ml of Sphingomonas sp.
VKM B-2434 culture grown in the medium with
ACNT (0.5 g/1) was added into a flask with 400 ml of
the incubation medium and incubated at 30°C under
stirring and bubbling by humid air saturated with
ACNT vapor; for this purpose, the air (~1 1/min)
was passed first through a bottle with water and then
through a column (23 cm, @ 12 mm) with crystalline
ACNT and fed to the flask with the culture; the rate of
ACNT feeding was ~ 12 pg/min. The culture dem-
onstrated substrate-limited growth; linear increase of
biomass concentration and negligible ACNT concen-
tration were observed in the culture. After 96 h of
incubation, the culture turbidity reached 0.38-0.40
OD values and the fed-batch culture was used in the
experiments. The same culture killed by boiling
(5 min) was used in sterile control experiments.

Experimental procedure

Microbial culture (1 ml) was added into a flask with
the incubation medium; the flask was tightly closed
with a glass cap and incubated on a shaker at 30°C
for a certain period of time (1-40 min). Incubation
was stopped by adding 0.5 ml of 5 N sulfuric acid
solution.

Sample processing

After the incubation, 20 pg of fluorene in 1 ml of
ethyl acetate (internal standard) and 5 N potassium
hydroxide solutions (0.5 ml) were introduced into the
flask. The liquid was twice extracted with ethyl
acetate, (20 + 10) ml. The extracts were evaporated
in a rotor evaporator at 38°C under vacuum
(~100 mbar), with preliminary addition of 100 pl
of dimethylformamide into each extract. Ethyl ace-
tate vaporized and dimethylformamide remained.
Thus, extracted hydrocarbons (including the internal
standard) were dissolved in a small volume of
dimethylformamide in the concentrations sufficient
for gas chromatography.

Gas chromatography of the extracts

Hydrocarbon concentrations in the extracts were
determined by gas chromatography in a Kiristall-
2000 M chromatograph (Chromatec, Russia) with a
flame-ionizing detector and a HP-5 column (30 m x
0.32 mm x 0.25 um). The evaporator and detector
temperatures were 250 and 290°C, respectively. The
column temperature increased from 160 to 260°C
during the analysis at a rate of 10°C/min. Hydrocar-
bon mass in a sample (pg) was calculated by the ratio
of the hydrocarbon peak area to the peak area of
internal standard (fluorene):

m; = Briv_Ai * 20, (1)
B Arry

where B‘M was the ratio of fluorene and the hydro-

carbon aflalytic sensitivities; ﬁ was the ratio of the

hydrocarbon and fluorene peak areas; and 20 was

fluorene mass in a sample (pg).

Theory

In accordance with the multisubstrate model with a
common active site (further referred to as MCAS-
model), n substrates (Sy, S»,...,S,) compete for a
single active site E according to the scheme

Sy +E—ES|,So+E—ES,,....,S,+E—ES,,
) ) ")
ES\, —E+S,ES,—E+S,,.. ,ES,—E+S,,
(k) %) k")
ES; — E + P|,ESy —E + P5, ... ES, — E + P,
k"] 7] k"]

(2)

Applying quasi-steady-state approximation to the

scheme (2), one can derive the following formula for

the rate of conversion of any substrate S; (Segel 1975;
Guha et al. 1999; Desai et al. 2008):

ViS;

— (3)
K+ %‘_Sj
j=1

Vi =

where V; = k$’E is the maximum rate of reaction i

(i.e., the rate of complete saturation of the active site
)
+k

. 3 . . .
with substrate ;) and K; = g s Michaelis
1

constant for substrate S;.
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Formula (3) has an interesting property, which as
yet has escaped researchers’ attention and has not
been used in any way. It turns out that the ratio of
conversion rates for any pair of substrates S, and S,
from the series (S;, S»,...,5,) is proportional to the
ratio of their concentrations:

\% Sy

2 @

where

- V,K,

@:gv (4a)
yVx

is the ratio of first-order rate constants for substrates
Sy and S, (in other words, the ratio of their specific
affinity constants).

Indeed, if the system contains two substrates
(n = 2), their conversion rates, according to formula
(3), are determined by expressions

Vi§1K, an
Vv =
"T KK + $1K; + K1 S
- K28,
KK+ 81K + K1 Sy

d

V2

and their ratio

n_ViKsSi S
v K2 S 28,

corresponds to formula (4). In the presence of three
substrates in the system (n = 3), their conversion
rates are determined by expressions

ViS1 K2 K3
V) = )
' T K KoKs + S1KoKs + K1 S:Ks + K1 K» S5
K1 V28K,
= , and
K\ K K3 + S1 KK + K1 S$>K5 + K1 KbS3
Ki1K>V383
V3

" KiKxKs + S1K:Ks + K1S:K3 + K1KS3

and the ratios of the rates as well satisfy the property
)

Vi o V1K2 Sl - 151. 1% - V2K3 Sz - 252.

v KV S 28 v KaViSy oSy

vi  ViK3S1 15

vi KiVaS, Sy

With an arbitrary quantity of substrates in the system
(any n), the their conversion rates are also expressed
in fractions, where denominators are identical and the
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ratio of numerators results in formula (4), because the
half-saturation constants of all other substrates,
except for the pair under consideration, are recipro-
cally cancelled. Integration of Eq. 4 leads to:

mg:@m&+(m$—@m$) 5)

Consequently, if substrate conversion satisfies the
MCAS-model, then the graph in double-logarithmic
coordinates (In S,; In S,) is a line segment with the
angular coefficient equal to the ratio of respective
first-order rate constants. The angular coefficient of
graph (5) does not depend on any concentrations and
remains constant on the addition of inhibitors of
conversion of tested substrates and on the change of
catalytic activity as a result of growth or induction/
inactivation of biomass. Indeed, during the inhibition
of conversion of substrates S, and S, in the common
active site, the kinetic parameters V, and V|, K, and
K, change in proportion to each other and, according
to formula (4a), the angular coefficient k) remains
unchanged; the change of concentration of the active
site itself will result in proportional alteration of
parameters V, and V, at constant K, and K,, and
coefficient k} will also remain constant.

Thus, the constancy of graph slope in double-
logarithmic coordinates under different changes of
concentrations in the studied system is a criterion of
correspondence with the MCAS-model, and the
angular coefficients of these graphs make allow
estimation of the relative values of first-order rate
constants for conversion of each substrate. This
approach has been used for the analysis of PAH
conversion by the strain Sphingomonas sp. VKM
B-2434.

Results

The analysis of aqueous-phase PAH mixture
conversion by the strain Sphingomonas sp. VKM
B-2434

Conversion of the mixture of four substrates (PHE,
ANT, FLA, and PYR) has been studied with ACNL,
ACNT, dibenzofuran, naphthalene, and five isomeric
dimethylnaphthalenes used as inhibitors. All of these
substances significantly retarded substrate conver-
sion; the maximum change of graph slopes in double-
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logarithmic coordinates was observed in the presence
of naphthalene 1,8-derivatives: ACNL, ACNT, and
1,8-dimethylnaphthalene (1,8DMN). Results of the
two most informative experiments are given below.
No changes of PAH concentrations were observed in
sterile control experiments.

In the presence of ACNL and ACNT in the
medium, the rates of conversion of each of the above
four substrates significantly decreased (Fig. 2). The
graphs in double-logarithmic coordinates (Fig. 3) can
be considered as linear for most of the substrate pairs;
however, graph slopes in the presence and absence of
inhibitors are highly different in all cases but one: for
the PHE-FLA pair, the angular coefficient was
unchanged during the inhibition (Fig. 3b). These data
lead to the following conclusions: (1) conversion of
the pairs of substrates PHE-ANT, PHE-PYR, ANT—
FLA, and ANT-PYR do not satisfy the MCAS-
model; (2) the substrates form a series of ANT <
PHE = FLA < PYR by sensitivity to inhibition, i.e.,
PYR conversion is inhibited maximally and ANT
conversion is inhibited minimally, while PHE and
FLA conversions are inhibited equally, with an

intermediate value of inhibition (as follows from
comparison of the angular coefficients of the graphs
in the presence and absence of inhibition); and (3)
conversion of the PHE-FLA pair seems to correspond
to the MCAS-model, with the catalytic activity being
3.6 times higher for FLA than for PHE: KA = 3.6.
With other inhibitors, the angular coefficient of the
graph also acquired values close to 3.6.

Further, conversion of a mixture of six substrates
(ACNL, ACNT, PHE, ANT, FLA, and PYR) was
compared in the absence of other hydrocarbons and in
the presence of 1,8DMN as an inhibitor. 1,8DMN
substantially reduced the rate of ACNL and ACNT
conversion but had no effect on conversion of other
four substrates (Fig. 4). The graphs in double-loga-
rithmic coordinates for the ACNL-ACNT pair are
linear, with the same angular coefficient with and
without the inhibitor, while for ACNL-PHE, ACNL-
ANT, and ACNL-FLA they are curves and do not
coincide during incubation in the presence and
absence of the inhibitor (Fig. 5). The graphs for
ACNL-PYR cannot be satisfactorily smoothed by the
lines due to the very low rate of PYR conversion

Fig. 2 Conversion curves 0,25 4
of ACNL, ACNT, PHE,
ANT, FLA, and PYR in a 024
mixture in the absence of
other hydrocarbons (cross) =
: 0,15
and in the presence of =3
ACNL and ACNT, both in =
o . Z o014 X
the initial concentration of < , .
1.15 pmol/l, (plus) . S
0,05 - X.. 0,051 o
%
0 T T T T ) 0 T T T T )
0 5 10 15 20 25 0 5 10 15 20 25
t, minutes t, minutes
0,25 ~
+
027 % +
e
§ 0,15 - «
g:_“ X
X 014 .
X+
0,05 - X
1 0 ) X
25 0 5 10 15 20 25
t, minutes t, minutes
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Fig. 3 Double-logarithmic a In[PHE] b
plot for PHE, ANT, FLA, ( ) : : 1 ( .) _InPHE]
and PYR conversion in a -3 -25 -2 -l -2 -1,8 -16 14 -1,2
mixture in the absence of
other hydrocarbons (open 14
circle) and in the presence -1,5 4
of ACNL and ACNT (filled E g
circle). Figure b shows the < 210
data on conversion of the £ =3
PHE-FLA pair in the 24
subsequent experiment 3]
(cross)
®  In[FLA] = 3,58*In[PHE] + 3,74
-2,5 -
-4 |
(c) In[PHE] (d) IN[ANT]
-3,5 -3 -25 -2 -1,5 - -2 -1,8 -1,6 -14
1
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/&/ <
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,/é -2 g -8 ’ g
/70 n._'. e o,
/ £ Mg c
4 7 ° 2] 7
i 25 ] -
o ' IR
’
’
’
o/ 3
-2,5
under the given conditions (Fig. 5e). Thus, the Discussion

conversion of ACNL and ACNT seems to correspond
to the multisubstrate kinetics with the common active
site, different from the previously postulated active
site for PHE-FLA. Catalytic activity is 3.3 times
higher for ACNL than for ACNT: kisnr = 0.30 ~
1/3.3. The conversion of ANT together with the
ACNL-ACNT pair does not satisfy the MCAS-
model. It is not clear from the data obtained whether
PYR reacts in the same active site as ACNL-ACNT.
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In contrast to most of the previous studies of the
kinetics of PAH mixture conversion (Guha et al. 1999;
Knightes and Peters 2006; Dimitriou-Christidis and
Autenrieth 2007; Desai et al. 2008), in this work we
have concentrated our attention on the direct analysis
of the curves of PAH mixture conversion without
resorting to sole-substrate experiments. We have
shown theoretically that in the case of multisubstrate



Biodegradation (2011) 22:13-23

19

Fig. 4 Conversion curves
of ACNL, ACNT, PHE,

ANT, FLA, and PYR in a
mixture in the absence of

other hydrocarbons (cross) §
and in the presence of -
1,8DMN in the initial 3
concentration of 2.6 pmol/l O
<
(plus)
O T T
0 10 20
t, minutes
0,31

0 T T T 1
10 20 30 40

t, minutes

0 T T
10 20

t, minutes

0 T T T 1
10 20 30 40

t, minutes

10 20

t, minutes

kinetics with a common active site the logarithms of
substrate concentrations are linearly dependent. It
means that conversion of an arbitrarily complex
mixture of substrates can be described by a single
function. Indeed, it follows from Eq. 5 that the kinetic
curves represented in the coordinates | t; ln% can be
superposed by compression to the axis of time with
compression factors proportional to the first-order rate
constants for each substrate.

Besides testing the conformance of PAH mixture
to the MCAS-model, our method makes it possible to
estimate the relative values of first-order rate

0 T T T 1
10 20 30 40

t, minutes

30

constants for each component of the mixture. These
constants characterize biodegradability of the sub-
strates (Wammer and Peters 2005) and define the
relative values of PAH conversion at low concentra-
tions in the aqueous phase (S; < K;), which takes
place under limited bioavailability of PAH (Lotfabad
and Gray 2002). Coefficients k) can also be used
for adjustment of the values of kinetic parameters
obtained from sole-substrate experiments.

In this work, as in the earlier studies of other
authors, the kinetics of PAH mixture conversion has
been described using an MCAS-model presupposing

@ Springer
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Fig. 5 Double-logarithmic a
plot for ACNL, ACNT, @ 04 4 (Ib) InfACNU
PHE, ANT, FLA, and PYR d
. . . . -4 -2
conversion in a mixture in _ " 0.3 L°
the absence of other IN[ACNT] = 0,30"In[ACNL] + 0,19 b
hydrocarbons (open circle) g‘ 1
and in the presence of _'3 X my
1,8DMN (filled circle). IN[ACNL] % E
Figure a shows the data on 021 — =
conversion of the ACNL— %
ACNT pair in the preceding 04] =
experiment (cross) -
L)
-0,6
(c) In[ACNL]
-3,5 -2,5 -1,5 -0,5 0,5
-0,5 3/
4] E
=
=

In[FLA]

-3,5

o e

the competition of several substrates for a single
active site. The processes in microbial cultures are
much more complex than this model. Deviation of the
rate of conversion from the value predicted by the
formula (3) may be caused by: (1) biomass growth or
induction of enzyme systems during the experiment;
(2) sorption of substrates by the biomass and the
surface of fermenter and the presence of substrates as
a solid phase; and (3) existence of several alternative
systems of substrate conversion. Let us consider the
above factors in more detail.
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-1,5 4

In[PYR]

-1,6 -

Experiments on PAH mixture conversion are
usually performed in microbial cultures with pre-
induced enzyme systems of PAH conversion; other-
wise, the kinetic curves with a lag phase are
observed, which do not satisfy the MCAS-model
(Lotfabad and Gray 2002). Biomass growth is
either taken into account in the course of modeling
(Guha et al. 1999; Knightes and Peters 2006), or the
experiments are performed under so-called extant
conditions (Grady et al. 1996) when growth can be
neglected (Dimitriou-Christidis and Autenrieth 2007,
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Desai et al. 2008; present paper). For analysis in the
double-logarithmic plot, the induction and growth are
indifferent: as is shown in the “Theory” section, the
graph slope remains constant during the change of
active site concentration. Thus, the double-logarith-
mic plot is applicable in unsteady state by catalytic
activity (for instance, to initially uninduced cultures)
and does not require any correction for biomass
growth.

The second factor, i.e., sequestration of substrates
into non-aqueous phases, results in substantial devi-
ations from the MCAS-model in the systems with
hydrophobic surfaces, non-aqueous-phase liquids,
or solid PAHs. Effective (aqueous) substrate concen-
trations (S{“?) in such systems are less than the
measured values (S;). In the presence of substantial
sequestration of substrates into non-aqueous phases,
this phenomenon is taken into account in the model
(Guha et al. 1999; Lotfabad and Gray 2002). In our
experiments, as in most of the works on this subject,
PAH concentrations were lower than their aqueous
solubility and the solid phase was absent. The
principal factor of sequestration of substrates seemed
to be their sorption by the biomass. Being hydropho-
bic substances, PAHs can be solved in biomem-
branes, and the coefficient of sorption correlates with
the substance hydrophobicity, i.e., with the octanol—
water partition coefficient (Baughman and Paris
1981). Among the PAHs we used, fluoranthene and
pyrene were the most hydrophobic. Bacterial sorption
coefficient of pyrene as estimated earlier (ibid.) is
equal to K¥o’ = 2.7 * 10*. Biomass concentration
in our experiments was approximately B = 5 ppm.
Consequently, the amount of sorbed pyrene was
about seven times less compared to that solved in the
water phase: K$on” * B = 0.135 ~ 1/7. Thus, the
sorption of even the most hydrophobic substrates of
those used was rather low at such a low biomass
concentration. It is more interesting that even
substantial sorption of substrates, significantly retard-
ing their conversion, has no effect on the double-
logarithmic plot. If the sorption of substrates S, and

S, can be described by partition coefficients
Sy — Siaq) (sorb) _ S)' — S}(]‘”I) (6)
x slaa) 7Y slaa) 7

y

K(sorb) _

and the conditions of MCAS-model are satisfied for
the aqueous concentrations

InS = K/ In S 4 (m $9@9 — K In SS<“'1>) )

then the double-logarithmic plot for total concen-
trations (S, and S,) will also be a straight line with
angular coefficient k), because Eq. 5 follows from the
system of Egs. 6 and 7. It means that the method of
double-logarithmic plot is not confined to the aque-
ous-phase kinetics but also applicable in the presence
of sorption equilibria in the system. Under significant
diffusion limitations, when the sorption/desorption
process is far from equilibrium, Eq. 6 are not satisfied
and the double-logarithmic plot will be distorted.
However, existence of such diffusion limitations in
bacterial cell suspensions seems to be unlikely.

The third cause of possible deviations for the
model with a single active site consists in the
complex organization of a real metabolic system
compared to the model. The formulated approach
permits certain assumptions as regards the quantity of
active PAH conversion sites in the microbial culture
under study. Obviously, the conversion of substrates
satisfies the MCAS-model, if their metabolic path-
ways have a common flux-generating step (Crabtree
and Newsholme 1987), i.e., the sequence of reactions
prior to the first irreversible reaction, including the
latter. PAH utilization by bacteria begins with an
irreversible dioxygenase reaction; therefore, in the
absence of diffusion limitations, the unchanged graph
slope in double-logarithmic coordinates can be inter-
preted as the presence of a common first enzyme in
the PAH metabolic pathways, while the change of
inclination of the graph may be evidence that the
metabolic pathways of given substrates begin on
different enzymes. Thus, the results suggest that PAH
conversion by the culture of Sphingomonas sp. VKM
B-2434 begins on different enzymes. It seems that
there is a common active site for the ACNL-ACNT
pair and another active site for the PHE-FLA pair. It
is significant that the substrates from each of these
pairs have higher structural similarity between them
than to other substrates (Fig. 1). It is in agreement
with conclusions from the study (Wammer and Peters
2006) showing that the rate of hydrocarbon oxidation
by naphthalene oxygenase is determined mainly by
the structure but not thermodynamic characteristics
of a substrate.

According to the literature data, different bacterial
strains may have the common or different enzymes
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catalyzing PAH oxidation. The conversion of naph-
thalene, 1,5-dimethylnaphthalene, and fluorene by the
strain Sphingomonas sp. EPA 505 satisfies the
MCAS-model (Desai et al. 2008). In the strain
Sphingomonas sp. CHY-1, the presence of a single
enzyme for oxidation of polyaromatic hydrocarbons
has been shown by introduction of a mutation into the
respective gene (Demaneche et al. 2004). On the
other hand, in spite of prediction by the MCAS-
model, the conversion of 1-methylfluorene by the
strain EPA 505 was not affected by the presence of
naphthalene and 1,5-dimethylnaphthalene (Desai
et al. 2008). The strain Mycobacterium vanbaalenii
PYR-1 possesses several copies of dioxygenase genes
(Kim et al. 2006); two oxygenases found in the strain
Mycobacterium sp. 6PY1 differ in substrate specific-
ities to phenanthrene and pyrene (Krivobok et al.
2003). The results of our kinetic experiments do not
satisfy the MCAS-model and are evidence of the
probable presence of at least two dioxygenases of
different substrate specificity in Sphingomonas sp.
VKM B-2434. Tt should be noted that the unconfor-
mity of conversion of two substrates to the MCAS-
model does not imply the absence of the common site
of their conversion. A situation is possible, e.g., when
there is one more site (besides the common active
site) specific to one of the substrates; hence, the
question about the quantity of active sites needs
further investigation.

The question whether two enzymatic reactions
take place in the same active site or in different sites
was solved previously by the method of competition
plot (Chevillard et al. 1993). This method was further
used in several tens of enzymological studies; but it
seems to be inapplicable for the study of microbial
cultures as it presupposes the measurement of initial
steady-state reaction rates. The method of double-
logarithmic plot described in the present work has the
following advantages as compared with the previous
method (Chevillard et al. 1993): (1) it is quantitative,
i.e., provides for estimation of the ratios of first-order
rate constants for reactions with the common active
site; (2) it is applicable in unsteady state by catalytic
activity; this is important, because enzyme induction/
inactivation and microbial growth during the mea-
surement is usually an obstacle for correct assess-
ment of the kinetic parameters of microbial cultures
(Grady et al. 1996); and (3) it presupposes the
measurement of not reaction rates but the ratios of
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substrate concentrations, making much lesser demands
on the accuracy of chemical and analytical methods.
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