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ChapterChapter 4 

Estimationn of kinetic parameters for  the 
biotransformationn of three-ring azaarenes by the 
phenanthrene-degradingg strain Sphingomonas sp. LH128 

Renéé van Herwijnen, Chris de Graaf. Harrie A.J. Govers, John R. Parsons 

-—Environmental-—Environmental and Toxicologkal Chemistry, 2004, Vol. 23, No. 2— 

Abstract t 

Wee examined the biotransformation of several azaarenes to get information on their 

ratee of removal from contaminated soil by cometabolic degradation. Acridine, 9-

methyl-acridine,, phenanthridine, benzo[/lquino!ine and benzo[/i]quinoline were found 

too be cometabolised by phenanthrene-degrading Sphingomonas sp. strain LH128. The 

transformationn of acridine and benzof/i/quinoline was shown to be inhibited at 

relativelyy high concentrations (24.9 mg/L and 58.2 mg/L respectively). Maximum 

biotransformationn rates (Vm;iX), Michaelis-Menten half saturation constants (Km) and 

biotransformationn constants (ki) were estimated for acridine, phenanthridine and 

benzo[/]quinolinee ranging from 14.0 - 26.1 mg/g total protein/hour for Vmus, 0.57 - 2.9 

mg/LL for Km and 4.9 - 30.8 L/g U)Ll| proteir/hour for k\. For 9-methyl-acridine only a /c, of 

0.66 L/g wtai pmteii/hour was estimated and for benzo|/?]quinoline, the highest 

biotransformationn rate measured was 6.8  0.4 mg/g lol;i, pm[ein/hour. To our knowledge. 

thiss is the first effort to determine both VmdX and Km kinetic parameters describing the 

biotransformationn of phenanthrene- and anthracene-analogue azaarenes. The results 

showw that the rate of removal of azaarenes from contaminated soil wil l probably be 

ratherr high, although accumulation of metabolites can be expected. 
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Introductio n n 

Polycyclicc Aromatic Hydrocarbons (PAHs) are molecules composed of two or more 

fusedd 6- and/or 5-membered aromatic rings. Although in recent years more and more 

informationn has become available on the environmental fate and toxic effects of 

homocyclicc PAHs. such as phenanthrene. information on the fate of heterocyclic 

PAHss is relatively scarce. Relatively high azaarene-eoncentrations (N-heterocyclic 

PAHs)) have been detected in river water (15) and groundwater polluted with coal and 

oill  or near wood preserving-facilities (10, 22). This in itself can be explained by the 

factt that heterocyclic aromatic hydrocarbons are expected to be relatively mobile 

pollutantss compared to their homocyclic analogues (11), partly because of their higher 

waterr solubility (21). 

Inn general, azaarenes are suspected to be more toxic than their homocyclic analogues, 

especiallyy in the aquatic environment, because their higher water solubility may 

increasee their biological availability (5). However, just because the nitrogen in 

azaareness causes large differences in physical-chemical properties between these 

compounds,, direct comparison of the toxicity of azaarenes of homocyclic PAHs is 

difficult .. Like homocyclic PAHs, azaarenes induce narcosis, or base line toxicity, to 

somee extent. Also genotoxic, teratogenic and other developmental effects of azaarenes 

orr their abiotic or biotic transformation products have been reported (5). 

Understandingg of the environmental fate of azaarenes is important for assessing the 

hazardss these chemicals may present to both human health and the environment. An 

importantt process that may play a significant role in determining the environmental 

fatee of azaarenes, is their metabolism by microorganisms, and metabolism by bacteria 

inn particular. This is because biotransformation processes can modify both the 

bioavailabilityy and toxic effects of azaarenes. Usually, bioavailability and toxicity of 

compoundss are influenced by the fact that they may be transformed into more polar 

metabolites,, thus facilitating their transport in the aquatic environment. 

Similarr to homocyclic PAHs, biotransformation of azaarenes often leads to reduction 

off  narcotic activity of the compound, as was demonstrated for the effect of acridine 

andd its metabolite(s) on zebra mussels (15) and the effects of phenanthridine. acridine 

andd their metabolites on midge larvae (5). Developmental effects and genotoxicity 

towardss midge larvae however, appeared to be significantly enhanced by the 

occurrencee of these biotransformation products (5). 

Aromaticc N-heterocyclic compounds are predominantly n>electron deficient molecular 

systems.. The electronegative N-atom leads to polarisation of the molecule, resulting in 
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thee ring carbon atoms having a positive net charge. As a consequence, they are 

amenablee for nucleophilic attack, preferably on C2- and C4-position (24). The 

presencee of the N-moiety in smaller azaarenes (< 4 aromatic rings) leads to metabolic 

routess which differ from those of the homocyclic analogues (5). 

Inn order to be able to predict the effects of biotransformation processes on the 

persistencee and environmental impact of azaarenes, it is not only important to have 

knowledgee of the variety of possible transformation products that can be formed via 

differentt metabolic reaction pathways. Information on the kinetics of 

biotransformationn is also essential, because it permits prediction of the levels of a 

chemicall  likely to be present at some future time. Without these kinetic parameters it 

iss impossible to predict their transformation rates and their concentrations at some 

futuree time. 

SphingomonasSphingomonas sp. strain LH128. isolated from soil samples heavily polluted with 

diesell  oil (containing relatively high amounts of different PAHs) (4). is capable of 

growthh on phenanthrene and. in addition, is able to cometabolise anthracene, 

dibenzothiophenee and fluorenc. Based on this observed substrate specificity, the 

phenanthrenee analogues phenanthridine. ben/.o[/]quinolinc and bcnzo[//]quinoline, and 

thee anthracene analogues acridine and 9-methylacridine, a methylated form of acridine 

(figuree 4.1). were selected to serve as substrates for Sphingomonas sp. strain LH128. 

Too our knowledge, this is the first effort to determine both Vmax and Km kinetic 

parameterss describing the biotransformation of phenanthrene- and anthracene-

anthracenee ^ " ^ 9-methylacridine 
benzo[fr]quinoline e 

FigureFigure 4.1. Three-ring azaarcne test compounds used for this study together with their 
homocvclicc analogues. 
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analoguee azaarenes. Earlier, only Smith (26) and Willumsen (30) derived a first-order 

biotransformationn constant k\ and initial transformation rates of benzo[/lquinoline. 

Withh our research we want to obtain kinetic parameters of the examined three-ring 

azaareness that can be used to improve the knowledge on their biotransformation. With 

thiss knowledge better predictions can be made on the rate of removal of those 

compoundss from a contaminated soil and also on the possible accumulation of 

metabolitess in this soil. 

Material ss and methods 

Chemicals Chemicals 

Phenanthrenee was provided by J.T. Baker Chemical co. (Philipsburg, Walkerburn, 

Scotland).. Fluoranthene (>99%), phenanthridine (>99%), acridine (97%), 9(10H)-

Acridinonee (99%) and 6(5H)-phenanthridinone (98%) were provided by Sigma-

Aldrichh (Zwijndrecht, The Netherlands). Benzof/i]quinoline (97%), lodomethane 

(99%)) and K2CO3 (p.a. grade) were provided by Acros Organics co. (Den Bosch, the 

Netherlands).. Benzo[/]quinoline (99%) 9-methyl-acridine (99%) were provided by 

Janssenn Chimica (Geel, Belgium). All organic solvents used were of glass distilled 

grade,, except acetonitrile and methanol, which were of HPLC grade, and were 

providedd by Rathburn (Walkerburn, Scotland). Na:S04 (p.a. grade) and Florisil (60-

1000 mesh ASTM) were provided by Merck (Darmstadt, Germany). 

BacterialBacterial strain ami culture conditions 

SphingonumasSphingonumas sp. strain LH128 was selected because oï its capability to mineralise 

andd utilize phenanthrene as sole source of carbon and energy and cometabolise 

anthracene,, dibenzothiophene and fluorene (4). The strain was grown in a phosphate-

bufferedd minimal medium containing 1 % v/v of a trace elements solution (27). The 

pHH of the medium is adjusted to 6.8-7.0. Crystalline phenanthrene was added as 

carbonn source at a concentration of approximately 1 g/1. Transformation experiments 

onn lag phases of cometabolism were carried out in 250 ml erlenmeyer flasks 

containingg 90 ml medium. Before inoculation, azaarenes were added to the media in 

0.05-0.22 ml methanol and shaken for 30 minutes to evaporate the methanol. The batch 

culturess were inoculated with 10 ml Sphingomonas sp. LH128 culture, corresponding 

too 65 to 345 mg total protein/1. The inoculum was prepared with cells pregrown on 

phenanthrenee at 25°C, harvested in the late-exponential growth phase by centrifugation 
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(40800 G, IOC, 15 min) washed once in minimal medium, and resuspended in minimal 

medium. . 

TotalTotal protein analysis 

Thee total protein concentration was determined with use of a Bio-Rad Df Protein 

Assayy kit (Bio-Rad Laboratories, Veenendaal). Crystalline bovine serum albumin (98-

999 %), provided by Aldrich Chemical co., St. Louis, MO, USA, was used as protein 

standardd for the calibration procedure. Absorption was measured at 750 nm. 

CellCell count 

Populationn densities were determined by direct cell count using a Scharfe Systems 

CASYY 1 cell counter, containing a 60 urn diameter capillary and calibrated for 

particless with diameters ranging from 1 to 5 u.m. 

CorrelationCorrelation between protein concentration and population density 

Too be able to compare the transformation rates determined during different 

experiments,, they are normalised to total protein concentration, as is also done in other 

studiess on the biological breakdown of azaarenes (12, 20). However, in order to also 

bee able to compare the results of studies using viable counts (26, 30) with the results 

presentedd in this paper, research was done on the relationship between protein 

concentrationn and population density, using certain samples taken during the 

transformationn rates ([P] = 75.3 * C + 28.0; [P] = total protein concentration (mg/l): C 

== cell concentration (*109/1); R2 = 0.82). This relationship is used to convert protein 

concentrationn into cell density. 

AzaareneAzaarene transformation assays 

Transformationn of azaarenes was monitored by HPLC (see below). After inoculation, 

thee flasks were incubated on a shaker table at 175 rpm at 25°C in the dark. Chemical 

(noo bacteria) and bacterial (cultures killed by acidification with H2S04) controls were 

included.. Subsamples of 2 ml were taken in duplicate at periodic intervals and added 

too 10 ml bottles, containing 2 ml acetonitrile and acidified with a 2M H2SO4 to pH 2, 

too both kil l the bacteria and extract the azaarene compounds from the bacterial cells. 

Thee subsamples were filtered through a 13 mm 0.2 \im PTFE syringe filter. Both the 

subsamplee bottle and the filter were washed twice with 2 ml acetonitrile. The filtrate 

wass added to other 10 ml bottles and analysed directly with High Performance Liquid 

Chromatography-Fluorescencee (HPLC-FLU). To make quantitative analysis possible. 
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fluoranthenee was used as an injection standard. Recoveries of the different compounds 

duringg sample preparation were determined by analysing samples of killed cultures, 

spikedd with known amounts of test compound. 

IsolationIsolation of metabolites 

Bacteria!!  cultures, bacterial controls and chemical controls were sampled 5 hours after 

startingg incubation for qualitative analysis of azaarene metabolites. The samples were 

extractedd twice with 50 ml ethyl acetate at pH7 and twice at pHl. The extracts were 

preparedd for GC-MS analysis similarly to the sample preparation for the qualitative 

analysiss of metabolites of homocyclic PAHs (27). The samples were dissolved in 

2,2,4-trimethylpentanee (TMP) and analysed with use of GC-MS. 

Analysis Analysis 

Analysiss was performed by HPLC with a Waters 600E system controller equipped 

withh a Waters 717 plus autosampler and a Waters 474 scanning fluorescence detector. 

Thee column used was a Lichrospher RP18 125 x 2.0 mm with 3u pore size maintained 

att a temperature of 40°C. The mobile phase composition was maintained at 60/40 (v/v) 

acetonitrile/ammonium-acetatee (acidified with acetic acid solution to pH4). The 

wavelengthss of excitation and emission were 250 and 400 nm for acridine, acridinone 

andd 9-methyIacridine, 252 and 364 nm for phenanthridine, phenanthridinone, 

benzo[/]quinolinee and benzo[/j]quinoline and 288 and 462 nm for fluoranthene. 

Calibrationn was performed using authentic compounds, including the injection 

standardd fluoranthene. GC-MS measurements were performed on a Thermoquest 

Tracee GC equipped with a Finnigan Trace MS (electron impact, ionisation energy: 70 

eV),, using a J&W DB-5 (60 m x 0.32 mm) fused-silica capillary column. 

DataData analysis 

Linearr regression analysis 

Thee uncorrected initial transformation rates V' of the different azaarenes at different 

initiall  concentrations were estimated by linear regression of between 6 and 24 data 

pointss (at between 3 and 12 different time points) using equation 1. 

fS]] = V ' * t + b Equation 1 

Wheree t = time; [SJ = substrate concentration. The uncorrected V' is normalised with 

respectt to the total protein concentration to yield V. The standard deviation of V (=SD) 

iss assumed to be a result of the standard deviations in the uncorrected V' determined 
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byy the linear regression procedure and the standard deviation of the protein 

concentrationn of the medium, and is calculated via a spreadsheet method described by 

Kragtenn (16). In the same way, the degrees of freedom associated to the determination 

off  V, can be calculated using the Welch-Statterthwaite-equation (28). 

Nonlinearr regression analysis 

Nonlinearr regression analyses for estimating the kinetic parameters, Vmas and Km, were 

conductedd with SGPLUS (Oasis, Nieuwegein, The Netherlands), which performs fits 

minimizingg least squares to data by the method of Marquardt. The model equations 

usedd in this study are a modified form of the Michaelis-Menten equation and the 

integratedd form of the Michaelis-Menten equation. 

First,, the corrected initial transformation rates (V) of benzo[/]quinoline and 

phenanthridine,, estimated by linear regression at different initial concentrations ([S(} ]). 

weree directly fitted to (a modified form of) the Michaelis-Menten equation (equation 

2). . 

VV [S | ,] Equation 2 
<[S(I]]  + K m ) 

Inn this equation the initial transformation rate V is the dependent variable, the initial 

substratee concentration [S0] is an independent variable and Vma, and Km are parameters 

too be found. Nonlinear regression analysis was used as a means for generating values 

off  these parameters. Second order biotransformation rate constants (k\) can be 

determinedd by the assumption that [S0] « Km from Vmax and Km giving equation 3. 

VV = *|*[S 0] *, = Vmax / Km Equation 3 

Thee integrated form of the Michaelis-Menten equation: 

K m- ln ( -^ )) + ([5]-[S()l ) = -Vltli ,v-r Equation 4 

wass used to determine Vm.M, Km and k\ by determining the progress curves of single 

degradationn experiments. The substrate concentration [SI in this equation is the 

dependentt variable, time (t) is an independent variable, and Vmax and Km are 

parameters.. Values for the variables [SJ and t are provided as data to the analyses, 

whereass values for the parameters VmM and Km are the output desired from the 

analyses.. Technically, S(> is an initial condition. It is however recommended that initial 
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conditionss should be treated as parameters subject to nonlinear estimation when their 

valuess are known with only moderate accuracy (as is assumed to be the case in this 

study).. Therefore, in this study S<> is also treated as a parameter to be found. 

Inn order to choose between the Michaelis-Menten-model and second-order-kinetics. 

thee F-test of Fischer and Snedecor was used, comparing the residual standard 

deviationss of the two models; the testing variable F being equal to the quotient of the 

twoo found variations SD~: F,,, , ,,.,..,.,= —-
"""" SD 

Thee distribution function of F was calculated mathematically with the statistical y~-

distributionn of the standard deviations. This means that for the F-distribution, the 

probabilityy value of F is 1 and the form of the F-distribution. and corresponding 

confidencee intervals, depend on the number of degrees of freedom of both estimations. 

Thee model with the lowest residual standard deviation was accepted as the model with 

thee best fit, only when the difference with the other model is significant within a 10% 

levell  of probability (p<0.1). 

Additionally,, a second-order transformation constant kt is calculated from the values 

off  Km and Vlli;l x using equation 3. The standard deviation of k] is also assumed to be the 

resultt of the contributions of the standard deviations of Km and Vnm and was 

determinedd using the spreadsheet method of Kragten (16). 

Resultss and discussion 

ProductsProducts of the biotransformation of' azemrenes 

SplungomonasSplungomonas LH128 was not able to use the azaarenes acridine. phenanthridine. 

benzo[/lquinoline,, benzo[/i]quinoline and 9-methyl-acridine as sole carbon source for 

growth.. Colouring of the medium was observed for bacterial cultures with initial 

substratee concentrations of 9.0 mg/L and higher. Media with phenanthridine and 

acridinee coloured yellow-green, those with methyl-acridine light green, those with 

benzo[/lquinolinee deep yellow and those with benzo[/?]quinoline green-red. Willumsen 

ett al. (30) also observed yellow colouring of the medium during the biotransformation 

off  benzo[/]quinoline. This coloration seems to be the result of the formation of a "dead 

end'""  metabolite. These observations suggest that these compounds might be 

transformedd into calcitrant products that might accumulate in soil however in an actual 
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soill  containing a complete bacterial ecosystem these dead-end metabolites might be 

furtherr transformed by other bacteria. 

Fromm the HPLC-chromatograms of all the investigated azaarenes the transient 

accumulationn of a metabolite could be detected. In the case of benzo[/]quinoline and 

acridinee peaks corresponding to these possible metabolites were very predominant. 

Thesee metabolites show a transient accumulation during the disappearance of the 

parentt compounds. The transformed amount of acridinone detected corresponds to 

aboutt 30% of transformed acridine. Comparison of retention times demonstrated the 

metabolitee of acridine to be 9( lO//)-aeridinone. De Voogt et at. (9) also demonstrated 

acridinonee to be a major biological breakdown product of acridine by zebra mussel, 

greenn alga and bacteria. 

Forr the elucidation of the structure of these potential metabolites of azaarene 

biotransformation.. GC with MS detection was used. The GC-MS chromatograms were 

screenedd for the occurrence of specific m/z values that could be assigned to potential 

metabolitess of azaarene biotransformation. This only resulted in the notification of a 

peakk at 18.96 min. in the chromatogram of the experimental sample of the batch 

culturee amended with benzo[/]quinoline. The mass spectrum ((m/z (assignment, 

relativee intensity)) 209(AT, 92.5), 194(AT-CH3, 1.7), 178(M+-OCH3, 1.2), 166(A/+-C-

OCH3,, 100.0), 151(A/+-OCH3-HCN, 16.0), 152(AT-OCH3-CN, 36.6), 139(9.7), 

113(3.5),, 105(14.3). 89(9.6), 70(1.6)) shows an M+ of 209. This mass corresponds 

withh benzo[/]quinoline with a -OCH3 group attached to one of the aromatic rings. The 

originall  compound would have been a monohydroxylated or keto-derivative of 

benzo[/]quinoline.. This assumption is supported by the loss of -CH3, -OCH3, -C-OCH3 

andd -OCHrHCN fragments. Subsequently, the removal of another carbon atom and 

ethylenee group can account for the detection of a relatively abundant peak at m/z 139 

andd a peak at 113 m/z, respectively. 

Thee mass spectrum of the unknown metabolite shows similarity with the mass 

spectrumm of derivatised 6(5H)-phenanthridinone ((m/z (assignment, relative intensity)) 

209(AT,, 100.0), 178(A/+-OCH3. 33.1), 166(M+-C-OCH3, 3.5), 152(19.4), 151(8.5), 

139(M+-C-OCH3-HCN,, 5.1), 105(7.6), 90(10.5). 76(9.3)). This suggests that keto 

groupss of azaarenes also become methylated during the derivatisation. 

Benzo[/]quinolinee is probably attacked adjacent to the N-hctero atom because of 

polarisationn of the molecule by the electronegative N-atom. Willumsen et al. (30) also 

seemedd to have identified (2-)oxo-benzo[/lquinolinone as a metabolite of the bacterial 

transformationn of benzo[/]quinoline. Altogether 2-oxo/hydroxy-benzol/lquinoIinone is 
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aa likely identification for the accumulating metabolite of the cometabolic 

transformationn of benzo[/]quino!ine by LH128. 

CometcibolismCometcibolism of three-ring ctzciarenes 

LH1288 was able to degrade the azaarenes without lag phase when the culture was 

grownn on phenanthrene as a sole carbon and energy source. When grown on 2 g/1 

glucosee the bacteria were also able to cometabolise the azaarenes. but only after a lag 

phasee of several days. Transformation rates were also much lower when grown on 

glucosee than when grown on phenanthrene. A possible explanation for this observation 

iss that the enzymes responsible for the breakdown of azaarenes are induced for the 

biologicall  breakdown of phenanthrene. Furthermore, it is possible that catabolic 

repressionn of enzymes that are involved in the transformation of phenanthrene occurs 

byy glucose or one of its breakdown products (1). 

Basedd on these observations, it seemed possible to describe the transformation of 

azaareness by Sphingomonas LH128 using Michaelis-Menten kinetics, taking into 

accountt that no lag phase would occur before the start of biological transformation 

process,, and there would be no major changes in population density or biomass (and 

thereforee of enzyme levels) during the biotransformation experiments. Therefore, the 

culturee was pregrown on phenanthrene, and the protein concentration (proportional to 

biomass)) was measured at different stadia during the experiment. 

EstimationEstimation of initial transformation rates with varying initial substrate concentrations 

Experimentall  recoveries of the azaarenes were 96-101 % and the analysis of chemical 

andd bacterial controls showed a maximum decrease in azaarene concentration of 2 % 

duringg the biotransformation experiments as a result of abiotic losses. Initial 

transformationn rates (V) of acridine. phenanthridine, benzo[/]quinoline. 

benzo[/i]quinolinee obtained with linear regression (equation 1) from transformation 

experimentss with different initial substrate concentrations are given in table 4.1. 

Bothh the transformation of acridine and benzo[/jJquinoline seems to be inhibited at 

relativelyy high concentrations (24.9 mg/1 and 58.2 mg/1 respectively), while the 

microbiologicall  breakdown of phenanthridine and benzo[/]quinoline still increases at 

initiall  concentrations of 36.9 mg/1 and 30.6 mg/1 respectively. It is possible however, 

thatt at higher substrate concentrations than those tested the transformation of 

phenanthridinee and benzo[/]quinoline may also be inhibited. Inhibition of the 
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transformationn process at relatively high substrate concentrations is possibly the result 

off  the toxic potential of the compounds and/or their metabolites on the bacterial cells 

orr inhibition of enzymes. Quinoline and benzo[/]quinoline were found to cause 

respiratoryy inhibition, membrane damage, decreased cellular ATP synthesis, and 

decreasedd cell viability in E. coli (7). In addition, Bundy et al. (6) showed that the 

azaareness quinoline, isoquinoline and acridine possess a higher toxic potential to 

PseudomonasPseudomonas fluorescence than their homocyclic polyaromatic analogues. Also 

Willumsenn et al. (30) found inhibition of the microbial transformation of 

benzo[/]quinolinee at a substrate concentration of 49.9 mg/1 or higher and the inhibition 

off  the transformation of phenanthridine and benzo[/i]quinoline at a substrate 

concentrationn of 20.0 mg/1. 

TableTable 4.1. Initial biotransformation rates (V) of acridine, phenanthridine, benzo[f]-

quinolinee and benzo|h|quinoline at different initial concentrations ([So]). 

Compound d 

Acridine e 

Phenanthridine e 

Benzoo [ƒ] -quinoline 

Benzoj/i]-quinoline e 

(mg/1) ) 
0.54 4 

2.7 7 

27.9 9 

58.2 2 

0.54 4 

1.4 4 

3.0 0 

15.9 9 

36.9 9 

1.3 3 

2.3 3 

3.4 4 

14.1 1 

30.6 6 

0.18 8 

0.9 9 

15.2 2 

24.9 9 

VV  (stdev*) 

(mg/gr r„„ m/ l /h) ) 

6.66 {1.6) 

8.44 (0.9) 

27.00 [5.9) 

10.99 (0.4) 

6.11 (0.7) 

6.44 (0.4) 

8.11 (0.2) 

15.4(0.5) ) 

16.8(7.*) ) 

4.55 (0.4) 

6.44 (0.2) 

8.44 (0.4) 

11.8(0.5) ) 

12.77 (0.9) 

2.33 (0.2) 

3.99 (0.4) 

6.88 (0.4) 

4.88 (0.9) 

tpc"**  (stdei) 

(mg/1) ) 

655 (0 

744 (7) 

1177 (2) 

1055 (2) 

l\9{4) l\9{4) 

2244 (5) 

2244 (2) 

114(7) ) 

114(2) ) 

2111 (15) 

4100 (7) 

220( / /) ) 

3322 (J) 

3455 (19) 

H99 (4) 

7 9 (0 0 
3400 (?) 

177(6) ) 

R:° ° 

0.56 6 

0.93 3 

0.84 4 

0.89 9 

0.85 5 

0.98 8 

0.99 9 

098 8 

0.98 8 

0,97 7 

0.99 9 

0.99 9 

0.97 7 

0.97 7 

0.94 4 

0.97 7 

0.99 9 

0.98 8 

dff  (Y)°° 

12 2 

4 4 

4 4 

15 5 

13 3 

12 2 

22 2 

12 2 

6 6 

3 3 

8 8 

3 3 

4 4 
7 7 

15 5 

3 3 

6 6 

7 7 

dff  (n-2) * 

12 2 

20 0 

4 4 

18 8 

12 2 

12 2 

20 0 

10 0 

6 6 

11 1 

6 6 

18 8 

4 4 

5 5 

14 4 

14 4 

6 6 

7 7 

**  stdev: standard deviation; **  tpc: total protein concentration; c Rn: correlation coefficient of the 

linearr regression; °° dffA'): degrees of freedom of the normalised transformation rate Y; ' df(n-2): 

degreess of freedom of the linear regression procedure. 
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FigureFigure 4.2. Initial transformation rate of benzo [/[quinoline (V) vs. initial substrate 
concentrationn ([So]). The line is the result of a nonlinear fit of the Michaelis-
Mentenn equation. 

Inn figure 4.2 the initial transformation rates of benzo[/]quinoline are plotted against the 

initiall  substrate concentrations. As a consequence of the small number of data points 

andd because of the possible inhibiting effect of relatively high substrate concentrations 

mentionedd earlier, the Michaelis-Menten equation could only be fitted to the data of 

benzo[/]quinoline.. This nonlinear fitting procedure resulted in a Vmaxof 14  0.18 mg 

substrate/gg protein/hour, a Km of 2.8 4 mg/L and a calculated reaction constant A', 

(=Vmaxx / Km) of 4.9  0.2 L/g protein/h. 

EstimationEstimation ofK„„ Vmax and k/ by nonlinear regression of data from single 

biotransformationbiotransformation experiments 

Becausee determination of kinetic parameters Vmax, Km and k}, from the initial 

transformationn rates at several different substrate concentrations did not seem to yield 

satisfyingg results (as a consequence of having too littl e data and inhibition of the 

transformationn process at higher substrate concentrations), the parameters were 

estimatedd by determining the progress curves of single transformation experiments 

withh initial concentrations in the range of (an estimation of) Km with use of nonlinear 

regressionn of the integrated form of the Michaelis-Menten equation (equation 4). 

Accuratee initial estimations of A",,,. Vmax and [S0J are needed for this computational 
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fittingg process. That is why, preceding this nonlinear regression method, Km and Vm.M 

weree determined using the numerical optimisation method of Counotte and Prins (8). 

Thee results of this procedure were subsequently used as initial estimations for the 

unknownn parameters. 

Inn table 4.2, the determined kinetic parameters are presented. Additionally, the values 

off  the kinetic parameters of benzo[/]quinoline. as determined by a direct nonlinear fit 

off  the initial transformation rates V with varying initial substrate concentration [S0] to 

thee Michaelis-Menten model (equation 2), are given. VmM is normalized to total 

proteinn concentration. 

Studiess using different kinetic models for describing the transformation of substrates at 

differentt initial concentrations (13, 23, 25) showed that it is possible that more models 

cann be fitted to the experimental data in a proper way. In this way, it also seemed to be 

possiblee to describe the transformation of the azaarenes by second-order kinetics 

(equationn 3) fairly well at the concentration used in these experiments. The integrated 

Michaelis-Mentenn model (equation 4) was fitted to the transformation data of acridine, 

phenanthridinee and benzo[/]quinoline. In those cases the Michaelis-Menten model was 

significantlyy better than the second-order kinetic model (p<0.01) (equation 3) and k\ 

wass calculated from Km and Vlliax (equation 3). The transformation of 9-

methylacridinee however seemed to be best described by second-order kinetics 

(equationn 3), although the difference with the Michaelis-Menten model did not seem to 

TableTable 4.2. Kinetic parameters of azaarenes determined by a nonlinear fitting 

proceduree of biotransformation data obtained with different initial substrate 

concentrationss (|So|) to Michaelis-Menten and second-order kinetics. 

Compound d 

Acridine e 

Phenanthr id ine e 

BB en z o [/J t] ui n oli n e 

[S„] ] 

(mg/IO O 
2.1 1 

5.0 0 

1.1 1 

.12 2 

1.8 8 

4.3 3 

varyingg substrate 

concentt rations 

9-Mcthvlacndine e 4.4 4 

KKmm (sfJrr*) 

fmg/L) ) 

1.488 (ft 35) 

3.655 (0.3(f) 

0.577 (0.05) 

1.044 (0.40) 

0.455 (0.05) 

2.311 (0.20) 

2.855 (ft/-/) 

--

II  ™, (stdei 

(mg/gpr.,,. . 

26.11 (3.9) 

42.88 (3.0) 

17.99 ( M ) 

32.44 (ftp) 

8.22 (ft 5) 

18.11 ( / . /) 

14.DD (0.2) 

--

*) *) 
Jh) Jh) 

k\k\ (shier*) 

(Wgpt.,,„,, /") 
14.22 (3.2) 

11.1(1.2) 11.1(1.2) 

30.88 (3.5) 

31.11 (//.ft) 

IH.7IH.7 (2.3) 

7.8(0 .7, , 

4.99 (0.2) 

0.6(0.0) 0.6(0.0) 

R:: *-

0.998 8 

0.999 9 

1.000 0 

0.989 9 

0.994 4 

0.997 7 

(1.999 9 

0.991 1 

stved.L L 

0.10 0 

0.12 2 

d.02 2 

0.19 9 

0.19 9 

0.14 4 

0.1)0 0 

1.37 7 

,, dfuu 

9 9 

13 3 

7 7 

6 6 

12 2 

15 5 

10 0 

19 9 

""  stdev: standard deviation; **  K1: correlation coefficient; " stdev u.„: residual error or the fit;  "" dt: 

degreess of freedom of the fit. 

73 73 



ChapterChapter 4 

bee very significant (p~().65). In figure 4.3 the kinetic models of acridine, 

benzo[/Iquinolinee and phenanthridine are fitted to the data points of the transformation 

experimentss with the different substrates at two different initial substrate 

concentrationss (see table 4.2). In table 4.2 the degrees of freedom of the nonlinear 

regressionn procedure (df). the correlation coefficient R" and the residual error of the fit 

(stdevres)) are also shown. 

Forr both acridine, phenanthridine and benzo[/]quinoiine the value of Vnm determined 

att higher initial concentrations (respectively 5.0, 3.2 and 4.3 mg/1) is 1.6 to 2.7 times 

higherr than the Vmax value determined at lower initial concentrations (respectively 2.1. 

1.22 and 1.8 mg/1). When taking the standard deviation into account, the value of Km of 

phenanthridinee seems to be not very different for the two initial substrate 

concentrationss tested 0.57  0.05 ((S„] = 1 mg/1) and 1.04  0.38 ([S0] = 3.2 mg/1). The 

200 40 60 
timee (min) 

—I I 
^ ) ) 
E. . 

4 4 

33 ' 

2 2 

11 i 

n n — ** — 

c c 

100 20 30 
timee (min) 

40 0 

100 0 

FigureFigure 4.3. kinetic models of acridine (A), benzo[/Jquinoline (B) and phenanthridine 
(C)) are firred To the data points of the transformation experiments with the 
differentt substrates ar low (A.) and high ) initial substrate 
concentrations. . 
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valuess of Km derived from transformation experiments with benzo|/]quinoline and 

acridine,, however, are determined to be much higher at higher initial concentrations 

thann the values determined at lower initial concentrations (5.1 and 2.5 times as high, 

respectively).. Earlier research on the ability to use a nonlinear regression method for 

thee determination of Vmax and Km from a single transformation curve, showed that, 

whenn the initial substrate concentration is smaller than Kmt the estimated values of the 

kineticc parameters are lower than the values derived from initial transformation rates at 

varyingg initial substrate concentrations (2). Additionally, the values of the kinetic 

parameters,, as determined for benzo[/lquinoline using a direct Michaelis-Menten-fit of 

VV versus [So], seem to be in better agreement with the values using nonlinear 

regressionn of a single transformation curve at a higher initial substrate concentration 

(4.33 mg/L). 

Smithh et ah (26) derived a second-order transformation constant of 3.5*10"" 

L/cell/hourr for the transformation of benzo[/]quinoline by a bacterial culture isolated 

fromm a heavily polluted lake, using quinoline as sole carbon source. By converting the 

populationn density into total protein concentration one can derive an estimated second-

orderr transformation constant of 5.1  0,2 L/g ma] prült.Jn/hour, comparable to the k{ 

valuee of benzo[/]quinoline (4.9  0.2 L/g taIal proIein/hour), determined during the study 

reportedd in this paper. Willumsen et ah (30) derived initial transformation rates of 0.17 

 0.04 mg/L/hour (at [S0] = 20 mg/L) and 0.10  0.10 mg/L/hour (at [S0] = 50 mg/L) 

forr the breakdown of benzo[/]quinoline by Mycobacterium gilvum sp. LB307T at a 

populationn density of 27.5*109 cfu/L. These values correspond to approximately 0.14 

 0.04 mg/g total protein/hour and 0.09 + 0.09 mg/g ,(rta]  pmtem/hour respectively, about 

1000 times lower than the results obtained by the study described in this report. 

However,, Mycobacterium gilvum sp. LB307T was shown to be able to use 

benzoo [/I quinoline as sole sources of carbon, nitrogen and energy. 

Valuess of the Michaelis-Menten-kinetics of the transformation of the homocyclic 

analoguess phenanthrene and anthracene are scarcely presented in literature. For 

anthracenee Km values of 0.07 mg/L and 0.04 mg/L and a Vmax value of 1388 

mg/gproteine/hh have been found (14, 29). For phenanthrene Km values in soil vary from 

0.522 mg/kgsoi! to 174 mg/kgwM and Vma, values are given of 0.005 mg/kgsui|/h and 0.006 

mg/kgSüM/hh (18). Those values cannot be compared with the Km and Vnm values of the 

examinedd azaarenes since those values are obtained under different circumstances or 

aree given in units that cannot be converted. 
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Variouss authors have reported the existence of more than one A'm or K  ̂value for the 

transformationn of xenobiotic compounds. Simkins and Alexander (25) derived A\, 

valuess of 0.04 to 0.20 mg/1 for benzylamine from experiments with polluted lake water 

att initial substrate concentrations of 0.1 to 2.8 mg/1. In the same way. Jones and 

Alexanderr (13) derived two different Ks values (0.005 mg/1 and 0.40 mg/1 at substrate 

concentrationss below and above 0.005 mg/1 respectively) from transformation 

experimentss with phenol in water samples from a lake, and also Bandyopadhyay et at. 

(3)) found different K, values (varying from 11.3 to 677 mg/1) for different initial 

phenoll  concentrations (varying from 94 to 996 mg/1). Lewis et at. (17) suggested that 

thee breakdown of methyl parathion by Fiavobacterhun species follows so called 

multiphasicmultiphasic kinetics involving at least two different uptake and transformation systems 

withh different Km and Vmux values operating at different substrate concentrations. In 

otherr words, the Monod half-saturation constant A\, or Michaelis-Menten half-

saturationn constant Km seem to vary at different substrate concentration because of the 

presencee of different uptake and transformation systems with different affinity and 

capacityy towards a certain compound. The activity of transport and transformation 

systemss with relatively high affinity (low Ks or Km) is expected to increase at relatively 

loww substrate concentrations in comparison to systems with lower affinity (high Ks or 

KKmm).). This suggests that during bioremediation of a polluted site pollutant degrading 

organismss with a high affinity a wil l increase their transformation rate towards the 

timee point that most of the contaminant is degraded. In addition higher affinities can 

bee expected for transformation of poorly available hydrophobic pollutants like 

homocyclicc PAHs. 

ObservedObserved trends in biodegradability between different azaarenes at different substrate 

concentrations concentrations 

Thee highest biotransformation rate observed for benzo[/;]quinoline is determined to be 

lowerr than the maximum biotransformation rates (Vnm) of the other substrates (table 

4.1).. Table 4.1 shows also that the initial transformation rates of this compound are 

lowerr than the initial transformation rates of the other azaarenes at approximately the 

samee initial concentrations. Based on these results, it can be assumed that the 

maximumm transformation rate of benzo[/?]quinoline will also be smaller than the 

maximumm transformation rate of the other tested substrates nevertheless this cannot be 

staledd for certain since a Km value is not known. 
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Inn general, the following trends with respect to the kinetic parameters of the tested 

azaareness can be given: 

KJphemmthridine)KJphemmthridine) < Kjacridine) < Kjbenzolfjquinoline) 

VmaJacridine)VmaJacridine) > Vmax(phenanthridine) > VIIUJ benzoffj quinoline) 

(>V(>Vmm„J„J  benzol hjquinoline)) 

Fromm this it can be concluded that at azaarene concentrations much higher than the 

calculatedd values of Km ([S0] > 9.0 mg/L) the sequence of decreasing substrate 

disappearancee rates wil l be: acridine - phenanthridine - benzo[f] quinoline -

benzolhj'quinoline,benzolhj'quinoline, because under these circumstances V approaches Vimx. It must be 

stated,, however, that one must take into account that at relatively high substrate 

concentrations,, there can be inhibition of the biotransformation process, as was 

showedd for acridine (at 58.2 mg/L) and benzo[/i]quinoline (at 24.9 mg/L) and in this 

casee V will not approach Vmax. 

Whenn azaarene-coneentrations decrease and approach Km (0.9 mg/L < [S(>] < 9.0 

mg/L),, the substrate transformation rate will be in the order; phenanthridine-acridine-

benzolf]benzolf] quinoline (possibly followed by benzol hjquinoline), because in this case the 

transformationn process is best described by Michaelis-Menten-kinetics. 

Too compare the transformation rates of the different azaarenes at concentrations much 

lowerr than Km ([S0] <0.18 mg/L), one could compare the second-order-transformation 

constantss A], which are calculated from Vm;iX and Km: 

kitkit phenanthridine) > kf(acridine) > k /(benzolJ'j'quinoline) » k }{9-methylacridine) 

Thee actual order of substrate disappearance at a contaminated site thus will depend on 

thee concentration of the contaminants. 

Inn conclusion, it appears that the rate of cometabolic transformation of azaarenes by 

SphingomonasSphingomonas sp. strain LH128 is relative high. The rate is similar to that reported for 

cometabolicc transformation by a bacterial culture isolated from a polluted lake (26) 

andd 100 times higher than that reported for the metabolic transformation by the isolate 

MycobacteriumMycobacterium gilvum sp. LB307T (30). Comparison with transformation rates of 

homocyclicc PAHs can hardly be made because of the fact that known values are 

obtainedd under different conditions or are given in units that cannot be converted. As 

iss the case for azaarenes, the values reported for homocyclic PAHs show a high 

variety.. However, it can be stated in general that the disappearance rate of a similar 

homocyclicc PAH will be lower than that of azaarenes since it has a lower solubility 

andd therefore a lower availability for biotransformation (19). 
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Forr most examined compounds, accumulating metabolites are observed in the cultures 

thatt are probably not further degraded by LH128. It' this strain was used for 

remediationn of polluted soil, it should be taken into account that complete 

mineralizationn is probably not performed, possibly resulting in the accumulation of 

metabolitess in the soil. Since biotransformation might result in more toxic compounds, 

thee concentration of potentially recalcitrant and toxic metabolites should be monitored 

duringg the remediation process. 
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