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Metabolic pathways of naphthalene conversion to a set of biomass formation precursors, including the whole
patterns of the biochemical reaction rates, were found by computer reconstruction. Stoichiometric coeffi-
cients of the reactions and the data on their reversibility or irreversibility were used. The computed rates of
the precursor synthesis and application of the metabolism bioenergetic regularities gave maximal biomass
yield values. It was found that the presence of meta, ortho or gentisate-mediated paths of naphthalene oxidation ex-
erted a lesser effect on the yield value than the operation of the TCA cycle via the full sequence or glyoxylate bypass.
The latter factor markedly affected the values of flows via gluconeogenesis and the pentose phosphate pathway. The
maximal biomass yield from naphthalene was found to be within the range of 0.75—0.86 g/g. The maximal part
of naphthalene energy incorporated into grown biomass was found to be nearly 1/3.
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INTRODUCTION

Naphthalene is one of polycyclic aromatic hydro-
carbons (PAHSs), which are a class of widespread envi-
ronmental pollutants. Many PAHs are known to be
toxic, mutagenic, carcinogenic compounds persistent
in the environment. In response to contamination, in-
digenous populations of microorganisms exhibit a re-
markable ability to degrade such pollutants. When the
biodegradative activity of microflora present in con-
taminated soil is insufficient or absent, bacteria with a
degradation capacity can be introduced in situ into the
soil of the site.

Bacterial species from soil microflora displaying
the ability to degrade various PAHs belong to Proteo-
bacteria (Pseudomonas, Pseudoxanthomonas, Coma-
monas, Burkholderia, and Novosphingobium), Firmi-
cutes (Bacillus and Paenibacillus), and Actinobacteria
(Rhodococcus and Arthrobacter). Naphthalene has
been used in research laboratories as a model to deve-
lop catalysts and a biological process with potential to
effectively destroy various PAHs.

The majority of reported naphthalene degradation
pathways in bacteria are aerobic and can be subdivided
into two stages. Reactions of the upper stage transform
naphthalene to salicylate. The lower stage converts sa-

List of abbreviations: PAHs — polycyclic aromatic hydrocarbons,
SCM - standard constructive metabolism, FM — full forward
metabolism, GenMetPath — Generator of Metabolic Pathways.

licylate to tricarboxylic acid cycle intermediates. De-
pending on the organism, the formed salicylate is fur-
ther metabolized either via the catechol route using sali-
cylate 1-hydroxylase, or the gentisate route employing
salicylate 5-hydroxylase. Further, catechol is ring-
cleaved through the meta route by catechol 2,3-dioxy-
genase or alternatively through ortho-pathway using
catechol 1,2-oxygenase . In the gentisate pathway, the
aromatic ring is cleaved by gentisate 1,2-dioxygenase
to produce maleylpyruvate. Gram-negative microor-
ganisms such as Pseudomonas perform salicylate de-
carboxylation by salicylate 1-hydroxylase to form ca-
techol. In Gram-positive bacteria (Rhodococcus), sa-
licylate is converted to gentisate usually by salicylate
5-hydroxylase.

Estimation of PAH biodegradation efficiency is
necessary for comparison and selection of the most
promising microbial strains for environmental protec-
tion. This efficiency depends on some parameters, the
most significant of which are the rate of the biodegra-
dation process and the yield of biomass during its
growth on a target substrate, as well as the size of the
degrader inoculum applied to the contaminated soil.
The rate of biomass growth and the yield of biomass from
the substrate are important from the viewpoint of both
the inoculum production and the contaminant degrada-
tion in soil. These parameters are also of interest from the
viewpoint of the physiology and bioenergetics of micro-
bial population growth on a given substrate.
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Most publications on naphthalene biodegradation
are devoted to experimental research into the com-
pleteness of naphthalene consumption by a strain or
into the metabolic pathways of naphthalene oxidation
by various bacteria as well as genes responsible for the
presence of such paths in cells. The pathways, as a
rule, are considered from the stage of the degraded
pollutant primary oxidation to formation of one of the
known metabolites involved in “usual” cell metabo-
lism such as, e.g., pyruvate, acetaldehyde, succinyl-
CoA [1-7]. Details of the further conversion of these
products and the functioning of the whole metabolism
remain obscure. Experimental data on the biomass
yield from naphthalene available in the literature are
scarce [8, 9] because of a considerable complexity of
such measurements.

For this reason, the theoretical estimation of the at-
tainable yield value based on the data about naphtha-
lene metabolism in cells is of great interest. Such an es-
timate makes it possible to find how close the experi-
mentally obtained yield values are to the possible
maximum and, correspondingly, to what extent the
applied growth conditions are close to the optimum.

This estimation is, in fact, an investigation of the
metabolism’s influence on the characteristics of cell
population growth. Therefore, it requires revealing a
pattern of metabolic flows responsible for transforma-
tion of substrate into cell biomass including those sup-
plying energy for the process. Finding this pattern is
both an intermediary tool for the yield value calcula-
tion and an independent result of its own significance
for knowledge of living cell physiology.

Theoretically, the stoichiometry of the whole me-
tabolism might be ascertained if all the involved reac-
tions and flows via them had been known. In reality,
full information of this kind is not available. There-
fore, the stated problem was solved by accepting the
growth on the best studied substrate as a reference pro-
cess and finding metabolic differences between this
process and growth on the substrate of interest.

To accomplish this task, the whole cell metabolism
was subdivided into standard constructive metabolism
(SCM) and full forward metabolism (FM) [10]. The
former consists of practically identical pathways
during the growth of various organisms on any sub-
strate. SCM contains the most part of reactions form-
ing the whole metabolism. On the contrary, FM con-
tains essentially a smaller number of reactions and
strongly depends on a growth substrate.

The input substances of SCM are, first of all, the
precursors of biomass synthesis which have been
called as nodal metabolites [10, 11]. They are: glucose
as a precursor of cellular carbohydrates; acetyl-CoA
from which cells synthesize lipids; 2-oxoglutarate,
erythrose-4-phosphate, oxaloacetate, ribose-5-phos-
phate, 3-phosphoglycerate, phosphoenolpyruvate,
and pyruvate as precursors of protein and nucleic acid
formation. Further, SCM requires NADPH as a

source of additional reductivity for adjustment of the
whole nodal metabolite reductivity to that of cell bio-
mass and ATP as a source of high-energy bonds for
synthesis of biomass constituents. We take into ac-
count that the exchanges NADH = NADPH and
ATP == GTP proceed in cells easily.

As a reference substrate, glucose has been chosen
since the growth on it as well as its metabolism were
the best studied. Various microorganisms grown on
glucose at optimal conditions showed the same yield
equal to 0.5. The method for calculation of SCM cha-
racteristics based on the data concerning glucose me-
tabolism was developed in our work [10]. It is de-
scribed in brief below (MATERIALS AND METH-
ODS section).

The nodal metabolites as well as NADPH and ATP
are formed in FM by conversion of an organic sub-
strate, the yield from which is the quantity of interest.
Other substrates of FM are ADP, NADP*, CoA,
H;PO,, and, in the case of aerobic growth, oxygen.
These compounds, except oxygen, are cyclically re-
turned to FM by SCM after consuming ATP, NADPH
and various AcylCoA.All reactions constituting the
FM on a given substrate (naphthalene in our case) and
flows via them can be found using a specially designed
computer program package GenMetPath (Generator
of Metabolic Pathways). The mathematical basics of this
program are described in detail elsewhere [11—13] and
briefly in MATERIALS AND METHODS below.The
biomass yield from a substrate, which is a source of sub-
stance and energy for growth, depends on the specific
growth rate as follows [14, 15]:

max

Y5 L
max +“’

mSYX/S
where Yy g is dry cell biomass yield, g/g; U is specific

Yyss = (D

growth rate, h™'; ¥y is maximum biomass yield, and
mg is the specific rate of the substrate expenditure for
cell maintenance, h—'.

The quantities Yy)s' and mg are physiological and
bioenergetic parameters of the strain. They depend on
the growth conditions, e.g., temperature and pH. Ac-

cording to Eq. (1), Yy, = 0 atp = 0 and asymptotical-
ly approaches the value Yy s = Yy)s during u increase.
At a growth rate |l notably higher than myg the values of

Yy /s become close to Yy s . At |1 nearly equal to mg¥y)s-
the biomass yield is approximately twice as low as its
maximal value Yy)s".

The value of mg depends on the rate of matter turn-
over in cells. At present the problem of the theoretical
calculation of this quantity seems hardly solvable and
its values should be determined experimentally. The

order of mg for a given strain can be found based on the
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data related to other microorganisms cultivated at op-
timal growth conditions. At the same time, the value

of Yy)s attainable for a given strain grown on a given

substrate at optimal conditions can be calculated using
the method mentioned above.

The mass yield Yy,s, which is commonly used as a
stoichiometric index of substrate conversion to biomass,
does not reflect the energetic efficiency of such conver-
sion. The latter is estimated by energetic growth yield

Nx,s Which represents a fraction of substrate energy in-
corporated into the biomass grown. The latter quantity
depends on specific growth rate in a form similar to
that of the mass yield [15]:

max

_ MNyssd
T‘|X/S - max >
mMx,;s + 1

where m, is the specific rate of substrate energy expen-

@)

ditures for cell maintenance, nyg is maximal cell ener-
getic yield attainable when cell maintenance processes
play a minor role in the metabolism.

The quantities My s, Ny)s, and m, are expressed in
units of organic matter reductivity [15—20] as de-
scribed in MATERIALS AND METHODS.

The present work solves the following tasks:
1) finding metabolic flows via the forward metabolism
FM of microorganisms growing on glucose and, on
this basis, calculating the nodal metabolite, NADPH
and ATP inflows of standard constructive metabo-
lism; 2) finding metabolic flows via FM of bacteria
utilizing naphthalene as the sole source of organic
matter and energy, and 3) using these results, calculat-
ing maximal cell yield values, by mass and by energy
for naphthalene degrading bacteria. The correspon-
ding techniques are described in MATERIALS AND
METHODS.

MATERIALS AND METHODS

Theoretical background of the computer program
package GenMetPath

The GenMetPath program package was developed
by I.G. Minkevich for finding reactions which make
up a required metabolic pathway. The reactions are se-
lected from a local database (placed in the researcher’s
computer). The approach underlying the calculations
uses stoichiometric equations which are linear alge-
braic [12, 15, 21]. The stoichiometric coefficients of all
reactions from the local database form a matrix v,
where k is the number of a compound in the total set
of reagents participating in all reactions present in the
local database; r is the number of a reaction. The r’th
column of v,, describes the stoichiometry of the 7’th
reaction. Zero elements of this column relate to sub-
stances not participating in the given reaction. Ele-
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ments of k’th row of v,, participate in the molar ba-
lance of the k’th compound during the operation of all
reactions. A system of reactions gets several substances
as outer substrates and passes some of the formed
compounds outside as system products. The rates of
exchange between the reaction system and its sur-
roundings form a vector b,.

The equation system describing the stoichiometry
of the whole reaction system is as follows:

ka,z, = b, for all values of index £, (3)

where each z, is the molar flow via the ’th reaction.

When the values of b, are assigned and z, are unknown
the latter quantities should be found by solving Egs. (3).

Direct application of standard algorithms for solu-
tion of linear algebraic equations meets difficulties
specific to this problem [11—13]. Firstly, a part of b,
components cannot be assigned initially. When finding
the reactions composing a forward metabolism, the
synthesis rates of nodal metabolites, ATP, NADPH
should be set. But the rates of an organic substrate and
oxygen consumption, and CO,, H,O formation can-
not be known beforehand and should be calculated.
Equations for numbers &£ corresponding to the latter
components are to be excluded from Egs. (3) and used

for these b, calculation after all z, are found.

Secondly, the number of unknown z,’s is, as a rule,
higher than the number of equations, especially after
the mentioned reduction of the system Egs. (3).

Therefore, the values of a part of z,’s should be initial-

ly set after which the remaining z,’s can be found from
thus transformed Egs. (3). The existence of several
variants of this z,’s setting results in the existence of
several variants of metabolic pathways converting the
growth substrate into the nodal metabolites. In cells
these variants can be realized both singly and as a li-
near combination of at least two variants. In the latter
case the interrelation between flows in the branching
points of metabolism depends on Kinetic regulation of
the corresponding enzyme rates. An example of such
branching is flow partition between full tricarboxylic acid
cycle and its truncated variant via glyoxylate bypass.

Finally, some reactions are irreversible which im-
poses constraints upon the corresponding z, such as
z, = 0. This fact introduces restrictions upon the re-
gion of z, values within which the solution is situated.

The details of mathematical formulation and solution of
the latter problem are described by Minkevich [11—13].

The local database used in this work contains the
stoichiometry of biochemical reactions and informa-
tion about their reversibility or irreversibility. It in-
cludes 115 reactions and 112 compounds. The names
of the reactions and compounds (the full list of sub-
strates and products of the reactions) are given in Ta-
bles Al and A2 in Appendix. The reactions relate, first
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of all, to the metabolic pathways usually present in liv-
ing cells: glycolysis and gluconeogenesis, pentose
phosphate pathway, tricarboxylic acid cycle with gly-
oxylate bypass, a number of reactions of the central
metabolism. Further, this database includes reactions
of metabolization of naphthalene and other aromatics,
and C1 compounds. For other problems the database
can be easily expanded.

It should be emphasized that two malate dehydro-
genases, NAD-dependent and quinone-dependent,
present in the local database, catalyze irreversible re-
actions. The NAD-dependent reaction forms malate
from oxaloacetate which is a process inverse to TCA
direction. But the quinone-dependent reaction pro-
ceeds from malate to oxaloacetate and, therefore, is a
proper constituent of the TCA cycle. There are a num-
ber of works which have found evidence of the pre-
sence of the latter enzyme in bacteria [22—27].

Energetic characteristics of cell metabolism

These characteristics are closely associated with re-
ductivity as a parameter of various substances partici-
pating in the metabolism. In this work the notion of
reductivity has been applied for balance analysis of the
standard constructive metabolism and for calculation
of the total energy efficiency of bacterial growth on
naphthalene during the operation of different path-
ways of this substrate consumption.

The general unit of reductivity is redoxon (RO) in-
troduced by Minkevich [19]. The number of RO’s is a
measure of how much a given compound is reduced
relative to a common zero reductivity level. The latter
is assigned to carbon dioxide, water, ammonia, ortho-
phosphate, proton, etc., in the standard biochemical
state (#° = 25°C, pH 7.0). These compounds were
called as basis substances. The precursor of RO is the
notion of available electrons [16, 17, 28]. Reductivity
measured in RO’s, and earlier in available electrons,
was applied for solution of a number of problems relat-
ed to the mass-energy balance of cell metabolism and
cultivation of microorganisms [15—18, 20, 29, 30] and
displayed itself as a powerful tool in this field.

The definition of RO is based on the equation of
any compound formation by reduction of the proper
number of basis substances:

HCO; + H,0 + H" + NH; + H,PO;,

+ H,S + Fe™ ... + [~ (1/4)0,] — 4)
— C,.H, 0, N,P,S,Fe, ..."),

where CaCHaHOaONaNPaFSasFeaFe"'(E) is the molar for-
mula of the formed compound, a., ay, etc. are atomic
numbers of chemical elements in the formed mole-
cule, E is its electric charge, and [—(1/4)0,] is an
amount of oxygen subtracted from the basis substan-
ces in order to reduce them to the level of the formed

compound. RO corresponds to one [—(1/4)O,] unit,
i.e., to one place for an electron which can be accepted
by free oxygen during a reverse process of the com-
pound oxidation to basis substances.

Balancing of Eq. (4) by all chemical elements gives
the following number of RO’s per 1 mole of the com-
pound considered: o0 = 4a: + ay — 2a5 —3ay +...— F
where ¢ is the molar reductivity of the compound (the
number of RO’s perits 1 mole). A useful quantity is the
average reductance degree of carbon, y = Oc/ ac, which
is applicable to both individual organic compounds
and their mixture including dry cell biomass. In the
latter case it is suitable to use the gross elemental com-
position of dry biomass expressed per 1 carbon atom:

CH,,0, N, ... Then y = 4 + by — 2B, — 3by + ...

Organic substances have positive o0 and 7y values.
Oxygen is a particular substance due to its role in the
formation of a compound; therefore, it has the nega-
tive number of RO’s: —4 per one O, molecule. All re-
actions proceed under the laws of conservation of each
chemical element and the electric charge from which
there follows the law of RO conservation: the total
number of RO’s of reaction substrates equals the total
number of RO’s of reaction products.

The energetic properties of redoxon are described
below.

The rates of biochemical reactions, both individual
and their aggregates (in other words, metabolic flows),
can be easily recalculated to RO units. Denoting the

molar flow as F™ and its expression in RO’s as f, we
have: f = oF™'. Denoting the flows in grams as

F™®  we obtain for carbonaceous substances:

f= (15—2Y F™, where ¢ is the mass fraction of carbon in

the substance to which the flow F™ relates, 2 F™* is

the corresponding flow in moles of the substance carbon.

Let subscripts S and B relate to the substrate and
biomass, correspondingly. Then, taking a ratio of ex-

OV Jmass

pression f; = s for cell biomass to that for

OsYs Fsmass
12

mass

the growth substrate, fg = we obtain:

mass
Jo Y8 ls  The ratio B =Yy is the mass
K

Js  OsYs Fy B
yield of dry cell matter from the substrate. We introduced
the biomass yield from the substrate by RO’s (formerly

the yield by available electrons), My s, as follows:

/B
= =MNxys (5)
fs
[15—20]. Then, the interrelation between both expres-
sions of biomass yield is as follows:
BUOTEXHOJOI'A Ne 3
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OgYB

_ OsY¥s
MNxss =
o

Yy =
/ (¢

Yys, MNx/s- (6)

SIS BiB

The values of 65 and yg can be easily calculated
from the substrate elemental composition. For various
nonoleaginous microorganisms it was found from our
and literature data on dry biomass elemental composi-
tion that 6yYj is close to 1.9 [15].

An important property of organic substances, both
individual compounds and dry cell biomass, is that
their energy level expressed per one RO is close to the
same value: 113—114 kJ (nearly 27 kcal) per RO mole
[15, 16, 19]. Therefore, 1y s is close to a fraction of the
substrate energy store which is incorporated into the
biomass grown. This quantity is independent of sub-
strate energy content per one mole or one gram of the

substance. Therefore, 1y /s is the most correct criteri-
on for the comparison of growth efficiency on differ-
ent substrates. The value of 1y 5 is always lower than 1.
The highest ny s was achieved during the growth of va-
rious microorganisms on glucose: ny,s = 0.6 [10, 15].

The balance of reductivity for metabolic flows has
a very simple form. In the case of aerobic growth when
organic products are absent or inconsiderable this ba-
lance is as follows:

fs = Js + Jo, (7

where f;, is the total flow of RO’s via all paths where
O, is a terminal acceptor of electrons. Since the O,
molecule accepts 4 electrons,

fo, = 4F3°. (8)

Values of flows on the input of standard
constructive metabolism

The approach for calculation of these flows is de-
scribed in detail elsewhere [10]. It is based on the fol-
lowing regularities. i) The metabolism of cells growing
on glucose was assumed as a reference one. Since glu-
cose-consuming cells grow at optimal conditions with
a high specific growth rate p, the highest values of

mass yield ¥y, achieved during the cultivation pro-

max

cess, according to Eq. (1), are very close to Yy .

max

Therefore, Yy Gucose = 0-5 and My Giucose = 0.6 were
taken as the reference biomass yield values. ii) It was
found earlier that ¢ and y for both lipid-free and lipi-
dic fractions of dry cell biomass are considerably con-
stant [29]. For lipid-free biomass the values of these
quantities are very close to those for glucose:

gy = 0.4 and vz, = 4.

The balances of RO’s and carbon during the con-
version of nodal metabolites to biomass have been
considered from which the additional amount of re-
ductivity in the form of NADPH which should be sup-
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Table 1. Nodal metabolites and the rates of their formation
by forward metabolism

Nodal metabolites Flows, mmol/h
Acetyl-CoA 18.9
D-Glucose 2
3-Phosphoglycerate 4.8
Phosphoenolpyruvate 4.8
Pyruvate 4.8
2-Oxoglutarate 3
Oxaloacetate 4.8
D-Ribose 5-phosphate 2.4
D-Erythrose 4-phosphate 3
ATP 382
NADPH 34.8

plied to SCM was found. The latter is necessary for ad-
justing the average carbon fraction and reductivity in
the total flow of nodal metabolites to the mentioned
Op, and 7y, values. A similar approach was applied for
calculation of NADPH necessary for synthesis of the
lipid biomass fraction from glucose via Acetyl-CoA. In
this way the flow f; was found. Further, the amount of
oxygen consumed during the growth on glucose was
calculated using My, =0.6. Equation (7) gives:
& = I _ 1= 1 —-1= 2, from which and from Eq.
fs T8 Nx/s

(8): For?(’l = i fo, = é /- Thereby the flows of all nodal

metabolites and NADPH on the input of SCM and,
correspondingly, the output of FM as well as the rate
of O, on the FM input on glucose were found including
the amount of ATP which is necessary (including ATP
converted to GTP) for energy requirements of SCM.

The rates of all compounds on the input of SCM
obtained as described here are given in Table 1. They
correspond to the biomass-growth volumetric rate of
3.82 g/h and can be proportionally recalculated for an-
other growth rate value.

Calculation of biomass yield from naphthalene

The maximal yields of dry cells from naphthalene

by mass, Y5 , and by RO’s, 15, were calculated as
follows. Application of GenMetPath program to FM
on naphthalene with established output flow values

given in Table 1 and unknown values of /" and F, °!
resulted in finding the latter flows. They provide the
matter and energy requirements of only SCM and do
not provide the requirements of cell maintenance.

mol

Therefore, the biomass yield calculated from F5 and
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Forrz’"1 is Yy)s in mass units and 1ny,s in RO units (see
Egs. (1) and (2)).

mol

Recalculation of Fy = to RO units was made using

the interrelation f; = o Fe™' . The elemental compo-
sition of naphthalene is C,,Hy from which
O = 4ac + ay =48, O =12ac[(12ac + ay) = 15/16,
Vs = Ocs/aC =4.8, ogYs = 4.5. As mentioned above,
oY = 1.9. Then, application of Egs. (5)—(7) gives:

Nss = (fs = fo,)/ /s = (48K = 4F5™) [48 K™,
Yyss = 2.368Nys.

©)

Comparison of biomass yield values
from naphthalene and n-alkanes
Let us compare the microbial growth on two different
substrates with identical My s values. Then, writing the
right expression (6) for substrates 1 and 2 and taking their

Y,

ratio, we obtain: —£2 = O2¥s2 | et substrate 1 be
Yis1 OsiYsi

long-chain n-alkanes with a gross formula CH,, from

Wthh GS] = 5, YS] = 6, GS]YS] :3_76 = 5143 FOr

naphthalene as substrate 2 we obtained above
GSYS = 45 Thel’l,

YX/naphthalene — Gsz'Ysz — 4.5 =0.875. (10)
OsiYs1 S.143

YX/n—alkanes

Values of cell yield from naphthalene
by full mass and by carbon

Sometimes the cell yield is expressed as the ratio of
grown biomass carbon to the substrate consumed car-

bon (denoted as yy/s). Then the full mass yield, ¥y
relates to yy g as

Os

YX/S = (11)

Yx/B-
B

RESULTS AND DISCUSSION

The values of the rates at which SCM consumes
nodal metabolites, NADPH and ATP, are given in Ta-
ble 1. They correspond to the biomass-growth volu-
metric rate of 3.82 g/h and can be proportionally re-
calculated for another growth rate value (see MATE-
RIALS AND METHODS). The same relates to all
rates of biochemical reactions given below.

The full set of flows via the reactions composing
the forward metabolism, which transforms naphtha-
lene to nodal metabolites, was determined separately
for the above mentioned three pathways. For every
pathway these sets were found for two variants of tri-

carboxylic acid (TCA) cycle operation. It can function
in its complete form (citrate — isocitrate — succinyl-
CoA — succinate — fumarate — malate — oxaloace-
tate) or in a truncated form via the glyoxylate bypass.
The latter variant operates, e.g., during microbial growth
on n-alkanes. The results are shown in Tables 2—4. The
values of some rates given in these tables are equal to
zero or are small compared with those in Table 1,
which means that the corresponding enzymes do not
participate in the forward metabolism or their role in it
is negligible.

One of the meta pathway variants (except the elec-
tron transport chain) is present in Fig. 3. The full stoi-
chiometric equation describing this case of naphtha-
lene conversion to the nodal metabolites shown in
Fig. 3 is as follows:

267.50, + 397H,PO, + 382ADP + 34.8NADP* +
+ 189CoA + 34.9Naphthalene = 197.7CO, +
+394.7H,0 + 34.8H" + 382ATP + 34.8NADPH +
+ 18.9Acetyl-CoA+2D-Glucose + 4.8 X 3-Phospho-
glycerate + 4.8Phosphoenolpyruvate + 4.8Pyruvate +
+ 3 X 2-Oxoglutarate + 4.80xaloacetate + 2.4D-Ri-
bose 5-phosphate + 3D-Erythrose 4-phosphate.

Figures 1 and 2 depict the FM (also except the elec-
tron transport chain) for ortho and gentisate-mediated
pathways of naphthalene oxidation, correspondingly.
The full stoichiometric equation of FM for the ortho
path is as follows:

289.20, + 397H;PO, + 382ADP + 34.8NADP* +
+ 18.9CoA + 36.7Naphthalene = 215.8CO, +401.9H,0 +
+ 34.8H" + 382ATP + 34.8NADPH + 18.9Acetyl-CoA +
+ 2D-Glucose + 4.8 X 3-Phosphoglycerate +
+ 4.8Phosphoenolpyruvate + 4.8 Pyruvate + 3 X 2-Ox-
oglutarate + 4.80xaloacetate + 2.4D-ribose 5-phos-
phate + 3D-erythrose 4-phosphate.

The same for the gentisate-mediated path:

266.70, + 397H,PO, + 382ADP + 34.8NADP* +
+ 18.9CoA + 34.8Naphthalene = 197CO, + 394.4H,0 +

+ 34.6H* + 382ATP + 34.8NADPH + 18.9Acetyl-CoA +
+ 2D-glucose + 4.8 X 3-Phosphoglycerate +
+ 4.8Phosphoenolpyruvate + 4.8 X Pyruvate + 3 X 2-Ox-
oglutarate + 4.80xaloacetate + 2.4D-ribose_5-phos-
phate + 3D-Erythrose 4-phosphate.

max

Table 5 gives the summary set of the maximal Yy g

max

and my,s values obtained for all variants of the bio-
chemical pathways considered above.

For all the three variants of naphthalene metabo-
lization (the ortho, meta pathways and the pathway via
gentisate) the molar flows from primary naphthalene
oxidation up to metabolites common for “usual” cell
metabolism have uniform values. The first reaction
with a different flow value is that catalyzed by pyruvate
carboxylase. The meta path includes an alternative se-
quence of reactions between 2-hydroxymuconate
semialdehyde and 2-hydroxy-2,4-pentadienoate. This
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Table 2. Forward metabolism (FM) reaction rates, overall input-output FM flow rates and corresponding biomass yield
maximal values computed. The case of naphthalene oxidation via the ortho pathway. Variant 1: full tricarboxylic acid cycle;
variant 2: glyoxylate bypass

Reactions 1 2
Flows, mmol h™!

Naphthalene 1,2-dioxygenase 36.7 39.6
cis-1,2-Dihydro-1,2-dihydroxynaphthalene dehydrogenase 36.7 39.6
1,2-Dihydroxynaphthalene dioxygenase 36.7 39.6
2-Hydroxychromene-2-carboxylate isomerase 36.7 39.6
trans-o-Hydroxybenzylidenepyruvate hydratase-aldolase 36.7 39.6
Salicylaldehyde dehydrogenase 36.7 39.6
Salicylate 1-monooxygenase 36.7 39.6
Catechol 1,2-dioxygenase 36.7 39.6
Muconate cycloisomerase 36.7 39.6
Muconolactone delta-isomerase 36.7 39.6
3-Oxoadipate enol-lactonase 36.7 39.6
3-Oxoadipate CoA-transferase 36.7 39.6
3-Oxoadipyl-CoA thiolase 36.7 39.6
Pyruvate carboxylase 9.6 324
Pyruvate dehydrogenase complex 22.3 2.45
Citrate synthase 40.1 13.1
Aconitase 40.1 13.1
Isocitrate dehydrogenase 40.1 3
Oxoglutarate dehydrogenase 37.1 0
Succinyl coenzyme A synthetase (GTP) 37.1 0
Succinate dehydrogenase (complex IT) 73.8 49.7
Fumarase (fumarate hydratase) 73.8 49.7
Quinone-dependent malate dehydrogenase 73.8 59.8
Isocitrate lyase 0 10.1
Malate synthase 0 10.1
Phosphoenolpyruvate carboxykinase (ATP) 38.5 74.25
Enolase 33.7 69.45
Phosphoglycerate mutase 33.7 69.45
Phosphoglycerate kinase 28.9 64.65
Glyceraldehyde phosphate dehydrogenase (phosphorylating) 28.9 64.65
Triosephosphate isomerase 21.5 57.25
Fructose bisphosphate aldolase 21.5 57.25
Fructose 1,6-bisphosphatase 21.5 57.25
Glucose-6-phosphate isomerase 52.7 160
Glucose 6-phosphatase 2 2
Glucose-6-phosphate dehydrogenase 50.7 158
6-Phosphogluconolactonase 50.7 158
Phosphogluconate dehydrogenase (decarboxylating) 50.7 158
Ribose-5-phosphate isomerase 19.5 55.25
D-Ribulose-5-phosphate 3-epimerase 31.2 102.7
Transketolase (KEGG R01641) 17.1 52.9
Transaldolase (KEGG R08575) 17.1 52.9
Transketolase (KEGG R01067) 14.1 49.9
NAD(P)*transhydrogenase (AB-specific) 66.6 281
ATP GDP phosphotransferase 37.1 0
ETC (complex I) 137.2 222
ETC (complex IIT) 284.8 331.4
ETC (complex 1V) 142.4 165.7
ATP synthase 422 553.3
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Table 2. (Contd.)

Reactions 1 2
Input-output flows, mmol h~!
Naphthalene consumed 36.7 39.6
O, consumed 289 324
CO, formed 216 245
H,O0 formed 402 413.6
n;%‘ 0.34 0.32
Y;(l;gx, g/g 0.81 0.75
Naphthalene

36.7y— NADH
cis-1,2-Dihydronaphthalene-1,2-diol

36.7 NADH
Naphthalene-1,2-diol
36.7]
Erythrose-4-phosphate s 3 2-Hydroxychromene-2-carboxylate
1.1 3.7
Sedoheptulose 7-phosphate trans-o- Hydroxybenzylidenepyruvate

17.1

17.1 36.7
L-xylulose 5-phosphate 14.1 36.7Salicylaldehyde
7T 36.7
Ribose-5-phosphate » 3S6a171cylate NADH
31.2 T 19.5 )
Ribulose-5-phosphate Catechol
150.7 3674
6-Phosphogluconate cis,cys-Muconate
Y507 36.7
: 5-0x0-2,5-dihydrofuran-2-acetate
6-Phosphogluconolactone Glucose
0.7\ 3 36.7)
Glucose 6-phosphate 2-0Oxo0-2,5-dihydrofuran-5-acetate
171 527 36.71
> Fructose 6-phosphate 3-Oxoadipate , Succinyl-CoA
tors o 14l 36.7
Fructose 1,6—blsphosphzalt§5 3-Oxoadipyl-CoA Succinate
Glycerone phosphate ’ { Pyruvate sm==p 4.8
N 1215 215 7]
17'161 ceraldehyde 3-phosphate 22.3
Y 58 9y lr\)IADr;—I 14.1 4.8 Acetyl-CoA mmmmmmp- 18.9
AL — 96 40.1
1,3-Bisphosphoglycerate Citrate 40.1  36.7
28.9 4.8 20.1
3-Phosphoglycerate / Oxaloacetate - cis-Aconitate
$33.7 73 SI/vQH2 \ 40.1
_ 38.5 : ’
2 PhosphTo?%}./; era/ L-Malate Isocitrate
Phosphoenolpyruvate sp- 4.8 73'8T NADH *—440‘]
Fumarate Oxalosuccinate
73.8%, > QH2 / 40.1

Succinate GTp NADH 2_0Oxoglutarate
36.7( 37 Succinyl-CoA< 7| =,

Fig. 1. Scheme of nodal metabolite (NM) synthesis from naphthalene via the ortho pathway (variant 1 in Table 2 for

Y)?}?\}‘aphthalene = 0.81). NM names are given by Arial bold. Thick arrows show outflows of NM formed in the forward metabolism

to the standard constructive metabolism (see Table 1).
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Table 3. Forward metabolism (FM) reaction rates, overall input-output FM flow rates and corresponding biomass yield
maximal values computed. The case of naphthalene oxidation via the gentisate pathway. Variant 1: full tricarboxylic acid
cycle; variant 2: glyoxylate bypass.

1 2
Reactions
Flows, mmol h™!

Naphthalene 1,2-dioxygenase 34.8 37.54
cis-1,2-Dihydro-1,2-dihydroxynaphthalene dehydrogenase 34.8 37.54
1,2-Dihydroxynaphthalene dioxygenase 34.8 37.54
2-Hydroxychromene-2-carboxylate isomerase 34.8 37.54
trans-o-Hydroxybenzylidenepyruvate hydratase-aldolase 34.8 37.54
Salicylaldehyde dehydrogenase 34.8 37.54
Salicylate 5-hydroxylase 34.8 37.54
Gentisate 1,2-dioxygenase 34.8 37.54
Maleylpyruvate isomerase 34.8 37.54
3-Fumarylpyruvate hydrolase 34.8 37.54
Pyruvate carboxylase 2.7 12.3
Pyruvate dehydrogenase complex 62.2 58
Citrate synthase 43.3 21
Aconitase 43.3 21
Isocitrate dehydrogenase 43.3 3
Oxoglutarate dehydrogenase 40.3 0
Succinyl coenzyme A synthetase (GTP) 40.3 0
Succinate dehydrogenase (complex IT) 40.3 18
Fumarase (fumarate hydratase) 75.1 55.6
Quinone-dependent malate dehydrogenase 75.1 73.6
Isocitrate lyase 0 18
Malate synthase 0 18
Phosphoenolpyruvate carboxykinase (ATP) 29.7 60
Enolase 24.9 55.3
Phosphoglycerate mutase 24.9 55.3
Phosphoglycerate kinase 20.1 50.5
Glyceraldehyde phosphate dehydrogenase (phosphorylating) 20.1 50.5
Triosephosphate isomerase 12.7 43
Fructose bisphosphate aldolase 12.7 43
Fructose 1,6-bisphosphatase 12.7 43
Glucose-6-phosphate isomerase 26.3 117.5
Glucose 6-phosphatase 2 2
Glucose-6-phosphate dehydrogenase 24.3 115.5
6-Phosphogluconolactonase 24.3 115.5
Phosphogluconate dehydrogenase (decarboxylating) 24.3 115.5
Ribose-5-phosphate isomerase 10.7 41
D-Ribulose-5-phosphate 3-epimerase 13.6 74.4
Transketolase (KEGG R01641) 8.3 38.7
Transaldolase (KEGG R08575) 8.3 38.7
Transketolase (KEGG R01067) 5.3 35.7
NAD(P)+transhydrogenase (AB-specific) 13.8 196.2
ATP GDP phosphotransferase 40.3 0
ETC (complex I) 140 207
ETC (complex IIT) 255 300
ETC (complex 1V) 127.4 149
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Table 3. (Contd.)

Reactions

ATP synthase

Input-output flows, mmol h~!

Naphthalene consumed
O, consumed

CO, formed

H,0 formed

nxs

max

Yx/s » 8/8

1 | 2
Flows, mmol h™!
394 | 505
34.8 37.5
267 300
200 224
394 405
0.36 0.33
0.86 0.79

sequence begins from one of the enzymes: 2-hydroxy-
muconate semialdehyde hydrolase or 2-hydroxymu-
conate semialdehyde dehydrogenase (see Table 4).
Realization of one or another subpath or any combi-
nation of them depends on the expression of the cor-
responding enzyme genes.

Biochemical reactions specific for naphthalene
degradation transform this compound into metabo-
lites which can be considered as “usual” or “com-
mon” since the reactions of their further conversion
are present in all organisms. Usually, these reactions
are outside the scope of research into aromatic com-
pound degradation since they are well known. Howev-
er, the set of these reaction rates is not known in ad-
vance but represents an important factor affecting the
biomass yield. First of all, it is related to the function-
ing of the tricarboxylic acid cycle.

The rate of TCA cycle operation can be characte-
rized by the flow via citrate synthase. Comparing all
the considered cases, it can be seen from Tables 2—4
that this flow changes nearly fourfold, from 13.1 (Ta-
ble 2) to 45.7 (Table 4). For all the three paths of naph-
thalene metabolization the rate of citrate synthase op-
eration is higher when TCA works as the full reaction
sequence than in the case of glyoxylate bypass. This
difference is the largest for the ortho pathway
(40.1/13.1, i.e., threefold), is less for the gentisate path
(43.3/21, i.e., twofold), and the smallest for the meta
path (45.7/30.2 and 42.5/28.6, i.e., one and a half
times). The absence of a part of TCA cycle reactions in
the case of the glyoxylate bypass results in a markedly
lesser amount of reductivity, which this cycle supplies
to the electron transport chain. By the same reason,
the amounts of malate and oxaloacetate formed are
markedly higher compared with the full TCA cycle op-
eration. This fact, in turn, results in a much higher
flow via gluconeogenesis and, then, the pentose phos-
phate pathway (PPP) reactions in the case of the gly-
oxylate bypass compared with the full TCA cycle. De-
hydrogenases of PPP complete the lack of reduced

pyridine nucleotides taking place because of truncated
TCA cycle functioning.

It can be seen from the tables that the rate of ATP
synthase is higher than the total rate of ATP produc-
tion by FM (382 mmol/h) necessary for biomass syn-
thesis by SCM: a part of ATP formed is utilized by FM
itself, e.g., within gluconeogenesis. The results of Ta-
bles 2—4 show also that the ATP synthase works at a
markedly (about 5/4 times) higher rate in the case of
the glyoxylate bypass. In part, it occurs due to the ab-
sence of GTP formation by substrate phosphorylation
which is performed by succinyl-CoA synthetase in the
full TCA cycle.

The found values of attainable maximal cell yield
from naphthalene, expressed both by mass (¥yys ) and

by energy (ny)s), are given together in Table 5. It can
be seen that there are two factors affecting the yield:
1) a specific pathway transforming naphthalene to
compounds involved in the “usual” metabolism, and
2) features of the tricarboxylic acid cycle. Concerning
the pathway of initial naphthalene conversion, the
maximal yield estimates belong to two groups. The
meta path via 2-hydroxymuconate-semialdehyde
(2HMS) hydrolase and the ortho path give lower yield
estimates. At the same time, the meta path via 2HMS
dehydrogenase and the gentisate pathway give esti-
mates bigger by about 6—7% (0.86/0.81 and 0.8/0.75).
All the yields provided by full TCA cycle operation are
higher than those provided by the TCA with the gly-
oxylate bypass by 6.5—9% (Table 5). Hence, the full
tricarboxylic acid cycle as well as one of the two naph-
thalene oxidation paths, the meta path via 2HMS de-
hydrogenase or that via gentisate, if they are present in
cells, provide the highest biomass yield from naphtha-

max

lene, which can be expected as Yy, = 0.86 by mass,

max

Nxss = 0.36 by energy.

It is of interest to compare the above theoretical
yield values with experimental ones found during the
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Table 4. Forward metabolism (FM) reaction rates, overall input-output FM flow rates and corresponding biomass yield
maximal values computed. The case of naphthalene oxidation via the meta pathway. Full tricarboxylic acid cycle: variants 1 and
2; glyoxylate bypass: variants 3 and 4. Metabolization of 2-hydroxymuconate semialdehyde via hydrolase: variants 1 and 3;
via dehydrogenase: variants 2 and 4.

1 2 3 4
Reactions
Flows, mmol h™!

Naphthalene 1,2-dioxygenase 36.2 34.9 38.9 37.2
cis-1,2-Dihydro-1,2-dihydroxynaphthalene dehydrogenase 36.2 34.9 38.9 37.2
1,2-Dihydroxynaphthalene dioxygenase 36.2 34.9 38.9 37.2
2-Hydroxychromene-2-carboxylate isomerase 36.2 34.9 38.9 37.2
trans-o-Hydroxybenzylidenepyruvate hydratase-aldolase 36.2 34.9 38.9 37.2
Salicylaldehyde dehydrogenase 36.2 34.9 38.9 37.2
Salicylate 1-monooxygenase 36.2 34.9 38.9 37.2
Catechol 2,3-dioxygenase 36.2 34.9 38.9 37.2
2-Hydroxymuconate semialdehyde hydrolase 36.2 0 38.9 0
Formate dehydrogenase-N 36.2 0 38.9 0
2-Oxopent-4-enoate hydratase 36.2 34.9 38.9 37.2
4-Hydroxy-2-oxovalerate aldolase 36.2 34.9 38.9 37.2
2-Hydroxymuconate semialdehyde dehydrogenase 0 34.9 0 37.2
v-Oxalocrotonate isomerase 0 34.9 0 37.2
v-Oxalocrotonate decarboxylase 0 349 0 37.2
Acetaldehyde dehydrogenase 36.2 34.9 38.9 37.2
Pyruvate carboxylase 39.2 38.5 35.5 33.9
Pyruvate dehydrogenase complex 28.4 26.49 37.4 35.8
Phosphoenolpyruvate carboxykinase (ATP) 31.4 30.7 54.9 51.6
Citrate synthase 45.7 42.5 30.2 28.6
Aconitase 45.7 42.5 30.2 28.6
Isocitrate dehydrogenase 45.7 42.5 3 3
Oxoglutarate dehydrogenase 42.7 42.5 0 0
Succinyl coenzyme A synthetase (GTP) 42.7 42.5 0 0
Succinate dehydrogenase (complex 11) 42.7 42.5 27.2 25.6
Fumarase (fumarate hydratase) 42.7 42.5 27.2 25.6
Quinone-dependent malate dehydrogenase 43 39.5 55 511
Isocitrate lyase 0 0 27.2 25.6
Malate synthase 0 0 27.2 25.6
Enolase 26.6 25.9 50.1 46.8
Phosphoglycerate mutase 26.6 25.9 50.1 46.8
Phosphoglycerate kinase 21.8 21.1 45.3 42
Glyceraldehyde phosphate dehydrogenase (phosphorylating) 21.8 21.1 45.3 42
Triosephosphate isomerase 14.4 13.7 37.9 34.6
Fructose bisphosphate aldolase 14.4 13.7 37.9 34.6
Fructose 1,6-bisphosphatase 14.4 13.7 37.9 34.6
Glucose-6-phosphate isomerase 314 29.3 101.9 92
Glucose 6-phosphatase 2 2 2 2
Glucose-6-phosphate dehydrogenase 29.4 27.3 99.9 90
6-Phosphogluconolactonase 29.4 27.3 99.9 90
Phosphogluconate dehydrogenase (decarboxylating) 29.4 27.3 99.9 90
Ribose-5-phosphate isomerase 12.4 11.7 35.9 32.6
D-Ribulose-5-phosphate 3-epimerase 17 15.6 64 57.4
Transketolase (KEGG R01641) 10 9.3 33.5 30.2
Transaldolase (KEGG R08575) 10 9.3 33.5 30.2
Transketolase (KEGG R01067) 7 6.3 30.5 27.2
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Table 4. (Contd.)

MINKEVICH et al.

1 2 3 4
Reactions
Flows, mmol h™!
NAD(P)+transhydrogenase (AB-specific) 24 20 165 145
ATP GDP phosphotransferase 42.7 39.5 0 0
ETC (complex I) 155 177 198 216
ETC (complex IIT) 277 256 319 293
ETC (complex IV) 138 128 160 147
ATP synthase 432 433 518 509
Input-output flows, mmol h™!
Naphthalene consumed 36.2 34.9 38.9 37.2
O, consumed 283 268 315 295
CO, formed 211 198 237 221
H,O formed 400 395 411 404
Q;‘é‘ 0.35 0.36 0.33 0.34

Y;}g", g/g 0.82 0.86 0.77 0.8

Table 5. Values of maximal biomass yield from naphthalene when it is oxidized via different pathways. Abbreviations: TCA,
tricarboxylic acid cycle; 2HMS, 2-hydroxymuconate semialdehyde.

Full TCA Glyoxylate bypass L max
Pathway of naphthalene oxidation . yli}ifu” TCA
Y)?}gx n??g Y)r(’r}gx n;q/aé yleldglyoxylate bypass
Ortho 0.81 0.34 0.75 0.32 1.080
Via gentisate 0.86 0.36 0.79 0.33 1.089
Meta via 2HMS hydrolase 0.82 0.35 0.77 0.33 1.065
via 2HMS dehydrogenase 0.86 0.36 0.8 0.34 1.075
. | imax 1.05 1.04
yieldypms hydrolase
yieldgnl-zlvl(\/ls dehydrogenase

cultivation of various organisms on naphthalene and
other substrates.

There are few experimental yield values for naph-
thalene present in literature. Volkering et al. [8] pub-
lished Yy, =1.2, which is considerably higher than
the theoretical values found here. The likelihood of
this value can be considered in comparison with mi-
crobial growth on n-alkanes. This process was widely
investigated in connection with its industrial applica-
tions [31—34]. The reliable value of the maximal yield
from n-alkanes in the absence of additional substrates
such as the yeast extract was found to be 1.0—1.1 g/g.
The mass yield value from naphthalene, Ny s, with the
same energetic yield Ny s as that from n-alkanes, ac-
cording to Eq. (10) in MATERIALS AND METH-
ODS, equals1.1x0.875 = 0.96. It should be taken in-
to account that metabolization of n-alkanes includes
one O,-consuming stage not coupled with ATP for-

mation, viz., a monooxygenase. At the same time, me-
tabolization of naphthalene includes several oxygen-
ase reactions and, therefore, results in a larger energy
loss. For this reason, the yield from naphthalene
should be lower — but in no way higher — than 0.96,
which is consistent with the yield values found in the
present work. Thus, the mentioned experimental value
Yx,s = 1.2 is overstated, which can be because of prob-
lems with the accuracy of the consumed substrate
measurement.

Another data set obtained during cultivation of Ba-
cillus thermoleovorans on naphthalene [9] presents values
of cell biomass yield by carbon, yy /s> Which is the ratio
of carbon of cells grown to carbon of the substrate con-

sumed. The maximal value of yy s found in that work
is 0.21. According to Eq. (11) (MATERIALS AND
METHODS), the mass yield from naphthalene is

BUOTEXHOJOI'A Ne 3
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Fig. 2. Scheme of nodal metabolite (NM) synthesis from naphthalene via the pathway via gentisate (variant 1 in Table 3 for

Y;J}?\’fapmhalene = 0.86). NM names are given by Arial bold. Thick arrows show outflows of NM formed in the forward metabolism

to the standard constructive metabolism (see Table 1).

Yx/s = 0.43. This value is markedly lower than the
maximal upper limit found in the present work.

Comparison of the found theoretical yield maxi-
mum from naphthalene with the biomass yield from
other substrates can be correctly done using energetic
growth efficiency ny,s which is independent of sub-
strate energy content in its mass unit. As mentioned
above, a reliable maximal value of My, was achieved
during the growth of various microorganisms on glu-
cose, viz., 0.6. The estimates of maximal energy yield
values from naphthalene obtained in the present work
are markedly lower: about 1/3 (Table 5). Nearly half of
naphthalene energy, which could be utilized by cells if
the efficiency of its utilization had been the same as

BUOTEXHOJIOTUA
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on glucose, is actually lost. The reason is the occur-
rence of several oxygenase reactions which oxidize
naphthalene and its intermediates without coupling

with ATP formation. Further, ¥y, =1.1 for growth

on n-alkanes, according to Eq. (6), gives ny,s = 0.41.
Methanol-assimilating microorganisms show

Nxss = 0.32-0.36 (yeasts) and 1y s = 0.41-0.46 (bac-
teria) [20]. Energetic efficiency of methanol-grown
yeasts is close to the estimates of this quantity for
naphthalene degrading bacteria found in the present
work. This fact is due to a similar part of energy losses
on naphthalene and on methanol: yeasts oxidize
methanol to formaldehyde without ATP formation. In
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Fig. 3. Scheme of nodal metabolite (NM) synthesis from naphthalene via the mefa pathway (variant 1 in Table 4 for

Y)?}?\’fapmha]ene = 0.82). NM names are given by Arial bold. Thick arrows show outflows of NM formed in the forward metabolism

to the standard constructive metabolism (see Table 1).

methanol-assimilating bacteria there is partial coup-
ling of methanol oxidation to formaldehyde with ATP

formation due to which bacterial 1y s on methanol is
higher than that of yeasts on methanol and bacteria on
naphthalene. Comparison of ny, given here shows
that conversion of naphthalene to cell biomass has one
of the lowest energetic efficiency values.

CONCLUSION

Our study, using mathematical and computer bio-
chemistry tools, elucidates the patterns of reaction
rates composing the forward part of metabolism in
cells degrading naphthalene. For every pathway of

naphthalene oxidation we found the maximal biomass
yield value which cannot be exceeded during the
growth of bacteria on this substrate in a fermentor or in
soil. The results obtained show that the maximum bio-
mass yield from naphthalene depends notably on the
peculiarities of that part of cell metabolism, which is
not specific for this particular substrate. Comparison
of interrelations between various reaction rates within
the forward metabolism, found in our work, with simi-
lar interrelations present in a strain of interest can help
to find a bottleneck step which determines the maxi-
mal rate of naphthalene degradation by this organism.
Revealing such a bottleneck, in turn, may serve as an
indication on genes the amplification of which could
increase the degradation rate.
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APPENDIX

Table Al. Reactions present in the local database which was used for construction of the forward metabolism in naphtha-
lene degrading bacteria. The reactions are designated by names of the corresponding enzymes. Left aligned bold numbers
indicate irreversible reactions

No. Reaction No. Reaction
1 | ETC (complex I) 40 | Glyoxylate reductase
2 | ETC (complex III) 41 | Glucose 6-phosphatase
3 | ETC (complex IV) 42 | Fructose 1,6-bisphosphatase
4 | ATP synthase 43 | Maleylpyruvate isomerase
5 | Catalase 44 | Glucose-6-phosphate dehydrogenase
6 |NAD(P)" transhydrogenase (AB-specific) 45 | 6-Phosphogluconolactonase
7 | ATP-GDP phosphotransferase 46 | Phosphogluconate dehydrogenase (decarboxylating)
8 | Hexokinase 47 | Ribose-5-phosphate isomerase
9 | Glucose-6-phosphate isomerase 48 | D-ribulose-5-phosphate 3-epimerase
10 | 6-Phosphofructokinase 49 | Transketolase (KEGG R01641)
11 | Fructose bisphosphate aldolase 50 |Transaldolase (KEGG R08575)
12 | Triosephosphate isomerase 51 | Transketolase (KEGG R01067)
13 | Glyceraldehyde phosphate dehydrogenase (phosphory- 52 | 3-Hexulose-6-phosphate synthase
lating)
14 | Phosphoglycerate kinase 53 | 6-Phospho-3-hexuloisomerase
15 | Phosphoglycerate mutase 54 | Glycerol kinase
16 | Enolase 55 | Glycerol-3-phosphate 1-dehydrogenase (NADP+)
17 | Pyruvate kinase 56 | Glycerol NAD" oxidoreductase
18 | Pyruvate decarboxylase 57 |Triose kinase
19 | Alcohol dehydrogenase 58 | Aldehyde dehydrogenase (NAD+)
20 | Pyruvate dehydrogenase complex 59 | Glycerate 3-kinase
21 | Pyruvate carboxylase 60 | Glycerate-2-kinase
22 | Phosphoenolpyruvate carboxykinase (ATP) 61 | Glycerol NAD++ 2-oxidoreductase
23 | Phosphoenolpyruvate carboxylase 62 | Glycerol-3-phosphate dehydrogenase (NAD™)
24 | Citrate synthase 63 | Glycerol-3-phosphate dehydrogenase [NAD(P)*]
25 | Aconitase (step 1) 64 | Glycerone kinase
26 |Aconitase (step 2) 65 | Phosphoenolpyruvate-glycerone phosphotransferase
27 |Isocitrate dehydrogenase (step 1) 66 |3-Fumarylpyruvate hydrolase
28 | Isocitrate dehydrogenase (step 2) 67 | Methane monooxygenase
29 | Oxoglutarate dehydrogenase 68 | Methanol cytochrome cL oxidoreductase
30 | Succinyl coenzyme A synthetase (GTP) 69 | Alcohol oxidase
31 |[Succinate dehydrogenase (complex II) 70 | Formaldehyde dehydrogenase
32 | Fumarase (fumarate hydratase) 71 | Formate dehydrogenase-N
33 | Malate dehydrogenase (NAD-dependent) 72 | Formaldehyde transketolase
34 | Quinone-dependent malate dehydrogenase 73 | Serine transhydroxymethylase
35 | Acetyl Co-A synthetase 74 | Serine-glyoxylate transaminase
36 | Lactate dehydrogenase 75 | Glycerate dehydrogenase
37 | Acetaldehyde dehydrogenase 76 | Malyl-CoA lyase (acetyl-CoA forming)
38 | Isocitrate lyase 77 | CoA-independent aldehyde dehydrogenase (NAD)
39 | Malate synthase 78 | Succinyl-CoA-malate CoA transferase
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No. Reaction No. Reaction

79 | Malate-CoA ligase 98 |3-Oxoadipate enol-lactonase

80 | Tetrahydroxynaphthalene reductase 99 | Acetylsalicylate deacetylase

81 [Salicylaldehyde dehydrogenase 100 | Acylpyruvate hydrolase

82 | 1,6-Dihydroxycyclohexa-2,4-diene- 1-carboxylate dehydro-|| 101 | 2- Hydroxymuconate-semialdehyde hydrolase

genase

83 | ¢is-1,2-Dihydro-1,2-dihydroxynaphthalene dehydrogenase |[102 |4-Carboxymuconolactone decarboxylase

84 | Dibenzothiophene dihydrodiol dehydrogenase 103 | 6-Methylsalicylate decarboxylase

85 | Catechol 1,2-dioxygenase 104 | Salicylate decarboxylase

86 | Catechol 2,3-dioxygenase 105 | trans-o-Hydroxybenzylidenepyruvate hydratase-

aldolase

87 | Protocatechuate 3,4-dioxygenase 106 |4-Hydroxy-2-oxovalerate aldolase

88 | Gentisate 1,2-dioxygenase 107 |2-Oxopent-4-enoate hydratase

89 | 1,2-Dihydroxynaphthalene dioxygenase 108 | Muconolactone delta-isomerase

90 | Benzoate 1,2-dioxygenase 109 | Muconate cycloisomerase

91 | Naphthalene 1,2-dioxygenase 110 | 3-Carboxy-cis,cis-muconate cycloisomerase
92 |Salicylate 1-monooxygenase 111 | 2-Hydroxychromene-2-carboxylate isomerase
93 | 4-Hydroxybenzoate 3-monooxygenase 112 | 2-Hydroxymuconate semialdehyde dehydrogenase
94 | Benzoate 4-monooxygenase 113 | y-Oxalocrotonate isomerase

95 |Salicylate 5-hydroxylase 114 |y-Oxalocrotonate decarboxylase

96 | 3-Oxoadipyl-CoA thiolase 115 | Gentisate 1,2-dioxygenase

97 | 3-Oxoadipate CoA-transferase

Table A2. Substrates and products of the reactions present in the local database which was used for construction of the for-
ward metabolism in naphthalene degrading bacteria

No. Compounds No. Compounds
110, 18 |NADP*
2 | CO, 19 | Ubiquinol (QH,)
3 |H,O 20 | Ubiquinone (Q)
4 |H0, 21 | Ferrocytochrome C2*
5 |H® 22 | Ferricytochrome C3*
6 | Houd 23 | CoA
7 |H3PO, 24 | Acetyl-CoA
8 | Pyrophosphate 25 | Succinyl-CoA
9 |ATP 26 | 3-Oxoadipyl-CoA
10 |ADP 27 | L-Malyl-CoA
11 |AMP 28 | Tetrahydrofolate
12 |GTP 29 | 5,10-Methylenetetrahydrofolate
13 |GDP 30 | D-Glucose
14 |GMP 31 | D-Glucose 6-phosphate
15 |NADH 32 | D-Fructose 6-phosphate
16 |NAD™ 33 | D-Fructose 1,6-bisphosphate
17 | NADPH 34 | Glycerone phosphate
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No. Compounds No. Compounds

35 | D-Glyceraldehyde 3-phosphate 74 | Formaldehyde

36 |1,3-Bisphosphoglycerate 75 | Formate

37 | 3-Phosphoglycerate 76 | 1,6-Dihydroxycyclohexa-2,4-diene-1-carboxylate
38 |2-Phosphoglycerate 77 | 5-Ox0-2,5-dihydrofuran-2-acetate

39 | Phosphoenolpyruvate 78 | 1,2-Dihydroxydibenzothiophene

40 | Pyruvate 79 |1,3,6,8-Naphthalenetetrol

41 | Acetaldehyde 80 |2,5-Dihydro-5-oxofuran-2-acetate (Muconolactone)
42 | Ethanol 81 |2,5-Dihydroxybenzoate (Gentisate)

43 | Acetate 82 | 2-Carboxy-2,5-dihydro-5-oxofuran-2-acetate
44 | Lactate 83 | 2-Hydroxy-2,4-pentadienoate

45 | 3-Hydroxypyruvate 84 | 2-Hydroxychromene-2-carboxylate

46 | Citrate 85 | 2-Hydroxymuconate semialdehyde

47 | cis-Aconitate 86 |2-Oxo0-2,3-dihydrofuran-5-acetate (3-Oxoadipate

enol-lactone)

48 | Isocitrate 87 | 3,4-Dihydroxybenzoate

49 | Oxalosuccinate 88 | 3-Carboxy-cis,cis-muconate

50 |2-Oxoglutarate 89 | 3-Cresol

51 | Succinate 90 |3-Fumarylpyruvate

52 | Fumarate 91 |3-Oxoadipate

53 | L-Malate 92 | 4-Hydroxy-2-oxopentanoate

54 | Oxaloacetate 93 | 4-Hydroxybenzoate

55 | Glyoxylate 94 | 6-Methylsalicylate

56 | Glycolate 95 | Aspirin (Acetylsalicylate)

57 | 6-Phosphogluconolactone 96 |Benzoate

58 | 6-Phosphogluconate 97 | Catechol

59 | D-Ribulose 5-phosphate 98 | cis-1,2-Dihydronaphthalene-1,2-diol

60 | D-Ribose 5-phosphate 99 | cis-1,2-Dihydroxy-1,2-dihydrodibenzothiophene
61 | D-Xylulose 5-phosphate 100 | cis,cis-Muconate

62 | Sedoheptulose 7-phosphate 101 | Gentisate aldehyde

63 | D-Erythrose 4-phosphate 102 | Homogentisate

64 | D-Arabino-hex-3-ulose 6-phosphate 103 | Maleylpyruvate

65 | Glycerol 104 | Naphthalene-1,2-diol

66 |sn-Glycerol 3-phosphate 105 | Naphthalene

67 | D-Glyceraldehyde 106 | Phenol

68 | D-Glycerate 107 | Salicylaldehyde

69 | Glycerone 108 | Salicylate

70 | Glycine 109 | Scytalone

71 | L-Serine 110 | trans-o-Hydroxybenzylidenepyruvate

72 | Methane 111 | 2-Hydroxymuconate

73 | Methanol 112 |y-Oxalocrotonate
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MeTtaboauueckue IyTH KOHBEPCUM HadTalIMHA B HA0OP COeAMHEHU-TIPEAIIECTBEHHUKOB 00pa3oBaHus
GUMOMACCHI U TOJIHbIE COBOKYITHOCTU CKOPOCTEI COOTBETCTBYIOIIMX OMOXMMUYECKUX PeaKLIMii HAIeHBI C
IMOMOILbIO KOMITBIOTEPHOI pEKOHCTPYKLUMU. VM CITOIb30BaHbI CTEXMOMETpUUYECKUE KO3(DMULIMEHTHI peak-
LU U TaHHBIE 00 MX 00PAaTUMOCTU MJIM HeOOpaTUMOCTU. HalineHHbIe CKOPOCTH CUHTE3a TP eaIIeCTBEHHM -
KOB 00pa3oBaHUs GMOMACChl ¥ UCIIOJIb30BaHKE OMO3HEPreTUUECKMX 3aKOHOMEPHOCTEM MeTaboI3mMa 1a-
JIY 3HAYEHUSI MAaKCUMaJIbHOTO BbIXo/1a 6oMacchl. HaitneHo, 4To Haauuue B KJIETKaX TAKUX ITyTeil oKucie-
HUS HadTaIMHA, KaK Mema, opmo WIU IyTh Yepe3 FeHTU3aT, OKa3bIBaeT MEHbIIIEe BIUSIHUE HAa BEJIUYUHY
BbIX0oJia 6oMacchl, YeM (byHKIIMOHUPOBaHUE IIMKJIAa TPUKAPOOHOBBIX KMCIOT Yepe3 IMOJIHYIO TOoCcIea0Ba-
TeJIbHOCTh WJIM Yepe3 INIMOKCUIIATHBIN LIyHT. [TocnenqHuii hakTop 3aMEeTHO BJIMSIET HAa BETMUYUHBI IIOTOKOB
yepes MIIOKOHeoreHe3 U neHro3odocdarHbiit myTh. HalineHo, 4To MaKCUMaJbHBIM BBIXOI OMOMAcCChI U3
HadTanmmHa Haxogutcs B npenenax 0.75—0.86 r/r. MakcuManbHast OIS SHEPTeTUIECKOTO COMEPKaHMS
HadTaqMHa, Iepexoasiiasi B o0pa3oBaHHYIO buoMaccy — mpumepHo 1/3.

Knroueswvie cnosa: pasmoxenue HadpTaimHa, 6aKTEpUM, METAOOIM3M KIIETOK, CTEXMOMETPUSI COBOKYITHO-

cTeil peakimii, BBIXOH 6oMacchl, OMO3HEepreTUKa
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