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Benzo[a]pyrene is a hazardous environmental pollutant that is resistant to bacterial biodegradation and biotrans-
formation pathway development has not been advanced. Considering this, cometabolic benzo[a]pyrene biotrans-
formation by a member of the genus Sphingobium was investigated by cell growth on phenanthrene as a carbon
and energy source in conjunction with comparative analyses of culture extracts by gas chromatography (GC)
and liquid chromatography electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS). Under these
culture conditions, approximately 20% of 100 mg/L benzo[a]pyrene (apparent solubility) was biodegraded in
14 days and benzo[a]pyrene biotransformation products were detected and identified to be extradiol and in-
tradiol ring-cleavage products of the benzo[alpyrene kata-annelated ring. The o-hydroxy-tetraaromatic acids,
2-hydroxypyrene-1-carboxylic acid, and 1-hydroxypyrene-2-carboxylic acid were identified in addition to 7,8-
and 9,10-dihydroxy-benzo[alpyrenes, carboxyvinylpyrene-carboxylic acids, hydroxypyrene-oxobutenoic acids,
pyrene-1,2-dicarboxylic acid, 1,2-dihydroxypyrene and different oxophenalene compounds. 1-Pyrenecarboxylic
acid and other ring-opened oxidized compounds were identified as novel benzo[a]pyrene biodegradation prod-
ucts. In separate assays, 2-hydroxypyrene-1-carboxylic acid was found to be produced from 1-pyrenecarboxylic
acid and these results reshaped our understanding of bacterial benzo[a]pyrene biotransformation pathways. Over-
all, the identities of thirteen products were proposed and new benzo[a]lpyrene biodegradation pathways were
constructed from experimental chemical evidence. This work extends our understanding of benzo[a]pyrene bio-
transformation by gram-negative bacteria.

Introduction

Detection and identification of biotransformation products from the
bacterial biodegradation of hazardous high molecular weight polycyclic
aromatic hydrocarbons (HMW PAHSs) provides valuable information
for understanding the mechanisms by which these compounds may be
transformed (Juhasz and Naidu, 2000; Kanaly and Harayama, 2000).
This knowledge is applicable to predicting PAH transport and fate in the
environment, to risk assessment and mitigation methods and to the de-
velopment of strategies for biological upgrading of heavy oils (Leon and
Kumar, 2005; Lundstedt et al., 2007; Haritash and Kaushik, 2009;
Fernandez-Luqueno et al., 2011; Podgorski et al., 2021; Tomiyama et al.,
2021). Additionally it provides data support to large-scale metabolomics
investigations as has been shown recently (Tian et al., 2018).

At the same time, when cometabolism is involved in hazardous
pollutant biotransformation, detection and identification of products
poses challenges because products originating from the cometabolically-
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metabolized substrate, i.e., the secondary substrate, must be differen-
tiated from the products of the primary substrate(s). In the case of
HMW PAH cometabolism, the structural similarities of primary and
secondary substrates combined with the structural similarities among
downstream biotransformation products from both substrates further
complicates matters when attempting to separate and assign iden-
tities to unknown biotransformation products derived from the sec-
ondary substrate (van Herwijnen et al., 2003; Zhong et al., 2007, 2011;
Toyama et al., 2011; Zeng et al., 2019).

Benzo[a]pyrene is a five-ring HMW PAH that is a constituent of
heavy oil and oily sludges, may damage cellular nucleic acids and
proteins and is regarded as a relatively persistent compound that
when biodegraded by bacteria is generally only biodegraded under
cometabolic conditions (Goto et al., 1997; Juhasz and Naidu, 2000;
Frank et al.,, 2002; Kriipsalu et al., 2008; Verma et al., 2012;
Penning, 2014; Takeshita and Kanaly, 2019). Due to the apparent lim-
ited types of bacteria that may significantly biodegrade benzo[a]pyrene
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combined with the cometabolic nature of its metabolism, there are
few reports of benzo[a]pyrene biotransformation mechanisms where
experimental chemical evidence has been provided for the construc-
tion of biodegradation pathways (Fu et al., 2014). In the last 25
years there have been various studies which document benzo[a]pyrene
biodegradation under different conditions including in soil, by bac-
terial consortia and sometimes by defined isolates or groups of iso-
lates (Juhasz and Naidu, 2000; Kanaly and Harayama, 2000, 2010;
Song et al., 2015; M’Rassi et al., 2015; Folwell et al., 2016; Yan et al.,
2017; Zhu et al., 2017). Even so, there have only been two reports
where multiple (at least three or more) biotransformation products were
identified from a single organism under aerobic conditions by exper-
imental chemical evidence and this situation has limited our under-
standing of benzo[a]pyrene biotransformation mechanisms and hin-
dered biodegradation pathway development (Schneider et al., 1996;
Moody et al., 2004). In the above-mentioned reports, the organisms
involved in benzo[a]pyrene biodegradation were both Gram-positive
members of the genus Mycobacterium and it was shown that molecule
oxidation and ring-opening occurred through the 4,5-, 7,8- and 9,10-
carbon positions to produce tetraaromatic metabolites (Schneider et al.,
1996; Moody et al., 2004); reports of biotransformation products from
non-actinomycete organisms are few (Gibson et al., 1975; Rentz et al.,
2008).

In this investigation, Sphingobium barthaii KK22 cells were exposed to
phenanthrene or phenanthrene plus benzo[a]pyrene with the purpose to
identify benzo[a]pyrene biotransformation products to construct more
comprehensive biodegradation pathways for prokaryotes.

Materials and methods
Chemicals, bacterial strain and growth media

Phenanthrene (98% purity) and 1-pyrenecarboxylic acid (97%
purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Benzo[a]pyrene (>97% purity), pyrene (>98% purity), N,N-
dimethylformamide (DMF; >99% purity), chloroform, ethyl acetate
and methanol (HPLC grade or higher) were purchased from Wako Pure
Chemical Industries (Osaka, Japan).

Sphingobium barthaii strain KK22 (Maeda et al., 2015) was isolated
from a soil consortium and details of the consortium, strain KK22 and
their maintenance are described elsewhere (Kanaly et al., 1997; 2000;
2001; Kanaly and Watanabe, 2004; Kunihiro et al., 2013).

Quantitative analyses of phenanthrene and benzo[a]pyrene biodegradation
by strain KK22

S. barthaii KK22 cells were grown on 20 mM glucose in 1-L volume
conical flasks that contained 200 ml of Stanier’s Basal Medium (SBM;
Atlas, 1993) by continuous rotary shaking at 150 rpm at 30 °C in the
dark. After 24 h, cells were washed in phosphate buffer (PBS; 50 mM,
pH 7.1), twice pelleted by centrifugation (8700 x g, 10 min, 4 °C), re-
suspended in SBM and transferred into 18-ml volume glass tubes that
contained five ml of SBM and benzo[a]pyrene and/or phenanthrene at
concentrations of 100 mg/L each (apparent solubility). PAHs were trans-
ferred in DMF before the addition of cells (final cell densities = 0.4).
Cell growth was measured by spectrophotometer (V-530 model, Jasco,
Tokyo, Japan) whereby culture fluids in 600 pl aliquots were aseptically
removed and measured in a quartz cuvette. At the start of incubation
and after 14 days, cultures were sacrificed in triplicate by whole tube
extraction with equal volumes of chloroform plus addition of pyrene in
chloroform as an extraction standard. Tubes were shaken for 18 h in
the dark at 23 °C by reciprocal shaking and extracted two times fur-
ther with chloroform. Extracts were pooled, passed through anhydrous
sodium sulfate into 250-ml volume glass evaporating flasks and con-
centrated in vacuo by rotary evaporation (Eyela model N-1000, Tokyo
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Rikakikai Co., Ltd., Tokyo, Japan). Finally, extracted material was re-
suspended in 1 ml of chloroform and transferred to 2-ml volume amber
glass vials.

Extracts were analyzed by gas chromatography (GC; GC-2014, Shi-
madzu, Kyoto, Japan) equipped with a capillary column (ZB-5, Phe-
nomenex, CA, USA; 30 m x I.D. 0.25 mm x 0.25 pm). The carrier gas
was helium and the flow rate was 1.0 ml per min. The injector temper-
ature was 280 °C and the detector temperature was 300 °C. The tem-
perature program was as follows: 150 °C for 2 min followed by con-
tinuous increase of 10 °C per min to 280 °C, and a final holding tem-
perature of 280 °C for 10 min for 25 min total run time. Sample in-
jection volumes were typically 1 pl and were applied manually by a
10-ul glass microsyringe fitted with a Chaney adaptor (Hamilton, Reno,
NV, USA). Peak areas and retention times were determined by GC solu-
tion software version 2.4 (Shimadzu, Kyoto, Japan). Under these con-
ditions, phenanthrene eluted at 9.5 min, pyrene eluted at 12.9 min
and benzo[a]pyrene eluted at 21.1 min. The recoveries of each PAH
were calculated based upon calibration curves for authentic standards
of phenanthrene, benzo[a]pyrene, and pyrene that were constructed un-
der identical GC conditions.

Monitoring benzo[a]pyrene biotransformation in large volume cultures

Strain KK22 cells were grown on 20 mM glucose in 200 ml of SBM
in a 2-L volume conical flask, washed in PBS and transferred into 2-
L volume conical flasks that contained 380 ml each of SBM plus (1)
phenanthrene or (2) phenanthrene and benzo[a]pyrene, 100 mg/L each
(apparent solubility) in duplicates. Identically to as described above, at
the start of incubation, PAHs were added, cell densities adjusted to 0.4
and cultures incubated for 14 days - however by rotary shaking - after
which 30-ml volumes each of culture fluids were removed, transferred to
500-ml volume conical flasks, adjusted to pH 2 with HCI and extracted
with 30-ml volumes of ethyl acetate by rotary shaking overnight in the
dark at 4 °C at 200 rpm. Following, aqueous and organic phases were
separated in 250-ml volume glass separatory funnels. Organic phases
were passed through anhydrous sodium sulfate, concentrated by using
a rotoevaporator under conditions as described above and the extracted
materials were resuspended in 1 ml of methanol before analyses by lig-
uid chromatography electrospray ionization tandem mass spectrometry
(LC/ESI-MS/MS) analyses as described below.

1-Pyrenecarboxylic acid biotransformation assays

S. barthaii KK22 cells were grown in 20 ml of SBM in 100-ml
volume conical flasks that contained 200 mg/L phenanthrene for 3
days after which cells were harvested by centrifugation (8700 x g,
10 min, 4 °C) and resuspended in SBM. Cells were transferred to 100-
ml volume conical flasks that contained 20 ml of SBM plus 50 mg/L
1-pyrenecarboxylic acid that was applied in chloroform as described
above (final ODgy, = 0.2). Abiotic controls consisted of 50 mg/L of
1-pyrenecarboxylic acid without cells and biotic controls consisted of
cells without 1-pyrenecarboxylic acid (ODggq = 0.2). All flasks were in-
cubated by continuous rotary shaking at 150 rpm at 30 °C in the dark.
Cultures were sampled at multiple times and were extracted with ethyl
acetate as described above. Organic and aqueous phases were separated
in glass separatory funnels, organic phases were collected after pass-
ing through anhydrous sodium sulfate, evaporated under a stream of
filter-sterilized nitrogen gas and resuspended in methanol for analyses
by LC/ESI-MS/MS.

Identification of PAH biotransformation products by LC/ESI(-)-MS(/MS)
analyses of culture extracts

Unknown compounds extracted from S. barthaii KK22 cultures were
analyzed by LC/ESI-MS(/MS) in full scan and product ion scan modes
as described previously (Maeda et al., 2020). An analytical standard
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Table 1
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Recoveries of phenanthrene and benzo[a]pyrene (100 mg/L each) in biodegradation assays.

Phenanthrene recovery® (%)

Benzo[a]pyrene recovery® (%)

Time (days)  when cultured without benzo[a]pyrene

when cultured with benzo[a]pyrene

when cultured without phenanthrene ~ when cultured with phenanthrene

0 102.7 + 2.2
14 < 1.0

97.8 +1.1
<1.0®

97.4 + 2.0
104.8 + 1.0

101.8 £ 1.8
77.6 £ 5.0

2 Recoveries are expressed normalized against recoveries for the corresponding abiotic controls. » Not detected; values are expressed as the percent limit of

detection under these conditions.
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of 1-pyrenecarboxylic acid dissolved in methanol was analyzed under
identical LC/ESI(-)-MS(/MS) conditions.

Results
Monitoring of phenanthrene and benzo[a]pyrene biodegradation by GC

S. barthaii KK22 cells were exposed separately to (i) phenanthrene,
(ii) benzo[alpyrene, or (iii) both phenanthrene and benzo[a]pyrene af-
ter which PAH concentrations in culture media were measured after
14 days. Results showed that phenanthrene was biodegraded to un-
detectable levels when cultured both with or without benzo[a]pyrene
(reported as percent limit of detection in Table 1). Contrastively,
benzo[a]pyrene biodegradation only occurred in the presence of
phenanthrene ie., without phenanthrene, benzo[a]pyrene biodegrada-
tion was less than approximately 5% even when experimental error was
considered (Table 1). In the presence of phenanthrene, approximately
20% of benzo[a]pyrene was removed whereby the average recovery was
77.6 +5.0% (Table 1) and this corresponded to a mass of approximately
1.1 mg of benzo[a]pyrene.

Detection and identification of abundant o-hydroxy-tetraaromatic acid
biotransformation products

Considering that the results of quantitative analyses indicated that
strain KK22 was capable of cometabolic benzo[a]pyrene biodegrada-
tion, qualitative analyses were conducted by LC/ESI-MS(/MS) coupled
with UV detection to confirm quantitative analyses. Shown in Figs. 1A
and 1B are the results of separation and detection (at 254 nm) of bio-
transformation products in organic extracts when S. barthaii KK22 cells
were exposed to both phenanthrene and benzo[a]pyrene (Fig. 1A) and
when cells were exposed only to phenanthrene (Fig. 1B). Compari-
son of these results showed that numerous peaks were detected when

100 125 150 175 200 225 250

m/z

benzo[a]pyrene was present through approximately 20 min (Fig. 1A)
that were either not detected or detected in relatively small amounts
in extracts when benzo[a]pyrene was not (Fig. 1B). From these re-
sults it was concluded that peaks detected when benzo[a]pyrene was
present may have represented benzo[a]pyrene biotransformation prod-
ucts (Fig. 1A; time course results are given in Fig. S1).

Next, results of LC-MS full scan analyses combined with mass selec-
tion techniques showed that two abundantly detected products eluted
at retention times (tz) of 7.6 and 9.3 min that each corresponded to
the deprotonated molecule [M — H]~ = 261 and the extracted ion chro-
matogram (EIC) for these unknown compounds is shown in Fig. 1C.
These two products also corresponded to two products that were de-
tected in relatively high concentration at 254 nm (designated by arrows
in Fig. 1A). When EICs for [M — H]~ = 261 were compared to other cul-
ture conditions (cells exposed to phenanthrene without benzo[a]pyrene
and abiotic controls that consisted of phenanthrene and benzo[a]pyrene
without cells) these products were not detected (data not shown). These
results provided strong evidence that these unknown compounds were
benzo[a]pyrene biotransformation products.

Product ion scan analyses of these products were conducted and
results showed that nearly identical fragmentation patterns were ob-
served for each compound (Fig. 1D and Table 2). The mass spectrum
of the compound that eluted at 7.6 min is shown in Fig. 1D when it
was produced under relatively strong CID conditions (20 eV). The most
abundant ion, m/z 217, occurred through a loss of 44 Da from the par-
ent deprotonated molecule as CO,. The second diagnostic ion, m/z 189
represented losses of CO, and CO as 72 Da from the parent deproto-
nated molecule whereby carbonyl loss of 28 Da occurred through a hy-
droxyl moiety (Xu et al., 2004; Matsui et al., 2019). Considering these
fragmentation patterns, molar masses of 262 Da each and molecular
formulae of C;,H;(O3, these products appeared to be two o-hydroxy-
tetraaromatic acid products of benzo[a]pyrene biotransformation
(Fig. 1D).
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Table 2
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Results of LC/ESI(-)-MS/MS product ion scan analyses of biotransformation products discussed in this report. Compounds are listed in the order that they are

introduced in the Results section.

tg* CID®

[M-H]~ (min) (eV) Diagnostic fragments [m/z (ion,% relative intensity)] Identity assignment

261 7.6 20 261 (M, 1), 217 (M~ - CO,, 100), 189 (M~ - CO, - CO, 1) 2-hydroxypyrene-1-carboxylic acid®

261 9.3 20 261 (M, 2), 217 (M~ — CO,, 100), 189 (M~ — CO, - CO, 1) 1-hydroxypyrene-2-carboxylic acid

283 17.5 8 283 (M-, 100), 265 (M~ - H,0, 2), 255 (M~ - CO, <1), 251 (M~ - CyoH;; ", 2), 247 7,8- or 9,10-dihydroxy-benzo[a]pyrene
(M~ - 2H,0, 25), 239 (C;oH;; ", 3), 227 (M~ - 2CO, 1)

283 18.7 8 283 (M-, 100), 265 (M~ - H,0, 1), 255 (M~ - CO, 3), 251 (M~ - Cy,H;; ", 1), 247 7,8- or 9,10-dihydroxy-benzo[a]pyrene
(M~ - 2H,0, 5), 239 (C;oH;; 7, 3)

315 5.4 20 315 (M, 6), 297 (M~ - H,0, <1), 271 (M~ - CO,, 4), 227 (M~ - 2CO,, 100), 201 1-(2-)(2-carboxyvinyl)pyrene-2-(1-)carboxylic acid
(CiHo™, 7)

315 7.5 20 315 (M, 58), 297 (M~ - H,0, 2), 287 (M~ - CO, 21), 271 (M~ - CO,, 17), 253 (M~  4-[1-(2-)hydroxypyren-2-(1-)yl]-2-oxo-but-3-enoic acid
- CO, - H,0, 4), 243 (M~ - CO, - CO, 11), 227 (C,gH,; ", 100), 201 (C;Hy", 8)

289 5.7 8 289 (M-, 100), 245 (M~ - CO,, 55), 201 (M~ - CO,, 23) pyrene-1,2-dicarboxylic acid

245 12.3 8 245 (M-, 100), 201 (M~ - CO, / C,¢Hy™, 27) 1-(2-)pyrenecarboxylic acid

245 12.4 8 245 (M-, 100), 201 (M~ - CO, / C;cHy™, 69) 1-pyrenecarboxylic acid authentic standard

265 4.5 8 265 (M-, 100), 247 (M~ - H, 0, 14), 229 (M~ - 2H,0, 36), 221 (M~ - CO,, 11), 203  2-hydroxy-3-(9-oxophenalen-1-yl)prop-2-enoic acid /
(M~ - CO, - H,0, 3), 193 (M~ - CO, - CO, 15), 177 (C;4,Hy™, 4) 3-(9-hydroxyphenalen-1-ylidene)-2-oxo-propanoic acid

293 7.9 20 293 (M-, 3), 249 (M~ - CO,, 42), 205 (M~ - CO,, 100), 177 (C,,H,", 18), 115 2-[(9-oxophenalen-1-yl) methylene]propanedioic acid
(C,H;0,",13)

261 7.7 20 261 (M-, 5), 217 (M~ — CO,, 100), 189 (M~ - CO, - CO, 1) 2-hydroxypyrene-1-carboxylic acid®

233 9.1 8 233 (M-, 100), 215 (M~ - H,0, 1), 201 (C,Hy™, 1) 189 (C;5Hy ™, 1) 177 (C14Hy~, 1) 1,2-dihydroxypyrene

223 4.1 20 223 (M, 26), 205 (M~ - H,0, 52), 195 (M~ - CO, 15) 179 (M~ - CO,, 100) 9-oxophenalene-1-carboxylic acid

195 5.2 20 195 (M-, 21), 177 (M~ - H,0, 100), 159 (M~ - 2H,0", 4) 9-hydroxyphenalen-1-one

2 tg, retention time, EIC.
b Collision induced dissociation energy.

¢ Positions of hydroxyl and carboxyl moieties were confirmed through results of 1-pyrenecarboxylic acid biodegradation assays.

Related to these results, when bacterial biotransformation of
the five-ring PAH benzo[k]fluoranthene (molar mass identical to
benzo[alpyrene; 252 Da) was examined previously, a single biotrans-
formation product that possessed a molar mass of 262 Da was rel-
atively strongly detected (Maeda et al., 2014). CID fragmentation of
this compound revealed a spectrum that was nearly identical to the
benzo[a]pyrene products detected herein that also corresponded to [M
— H]~ = 261. The benzo[k]fluoranthene biotransformation product was
identified as an o-hydroxy-tetraaromatic acid, 9-hydroxyfluoranthene-
8-carboxylic acid that was produced through 8,9-carbon position oxi-
dation of benzo[k]fluoranthene. Interestingly, dioxygenation of the ex-
posed kata-annelated ring of benzo[k]fluoranthene may result in the
production of only one downstream o-hydroxy-tetraaromatic acid prod-
uct with a molar mass of 262 Da due to the molecular symmetry of
the molecule, i.e., 9-hydroxyfluoranthene-8-carboxylic acid. When con-
sidering the benzo[a]pyrene molecule however, a 7,8- or 9,10-carbon
position oxidation of the exposed kata-annelated ring may result in two
possible downstream constitutionally isomeric o-hydroxy-tetraaromatic
acids with molar masses equal to 262 Da each. In this work, the two
compounds that corresponded to [M - H]~ = 261 were proposed to be
2-hydroxypyrene-1-carboxylic acid and 1-hydroxypyrene-2-carboxylic
acid (Fig. 1D).

In a previous benzo[a]pyrene biodegradation study (Rentz et al.,
2008), LC-MS in full scan mode was used to detect a compound that
corresponded to m/z 261 that was detected in experiments from media
that contained 1.2 ug/L benzo[alpyrene. Our understanding is that the
detected peak was next correlated to an ion equal to m/z 217 by repeat
analysis in full scan mode by using greater collision cell energy and from
these data hydroxypyrene-carboxylic acids were proposed as potential
biodegradation products; the organism was a reported as a Sphingomonas
strain by 16S rRNA gene sequencing of 862 bases (Rentz et al., 2008).

Identification of upstream benzo[a]pyrene biotransformation products

As shown in Fig. 1A, two of the latest-eluted biotransformation
products were detected at retention times of 17.4 and 18.7 min
each (UVgs4,,) and they were found to correspond to deprotonated
molecules equal to [M — H]~ = 283 each. CID fragmentation of these

compounds revealed fragmentation patterns that were similar to each
other (Table 2). Results for the earlier-eluted compound (tz = 17.4 min)
are given in Fig. 2A whereby m/z 265 and m/z 247 represented losses
of one or two water molecules respectively from the parent depro-
tonated molecule and formation of m/z 255 occurred through car-
bonyl loss of 28 Da from the parent deprotonated molecule. Detec-
tion of m/z 239 occurred through losses of a carbonyl and water to
form a five-membered ring (Fig. 2A) and provided evidence for the
presence of phenolic hydroxyl groups on the parent molecule. Inter-
estingly, m/z 251 was also detected and appeared to represent the de-
protonated benzo[a]pyrene molecule. Considering these fragmentation
patterns, compounds with molar masses of 284 Da and molecular formu-
lae of Cy,H;50,, these compounds were assigned identities of 7,8- and
9,10-dihydroxy-benzo[alpyrene (Table 2) and the structure for 9,10-
dihydroxy-benzo[alpyrene is given in Fig. 2A.

The two highest molar mass products that were revealed possessed
identical deprotonated molecules of [M — H]~ = 315 each and retention
times of approximately 5.4 and 7.5 min; they were subsequently inves-
tigated by CID (Figs. 2B and 2C). Results of CID analyses of the earlier-
eluted compound (Fig. 2B) showed that three diagnostic ions were pro-
duced that revealed losses of 44 and 88 Da each from the parent de-
protonated molecule (m/z 271 and m/z 227 respectively) including pro-
duction of the strong diagnostic fragment, m/z 201 which represented
the deprotonated pyrene molecule (Nourse et al., 1992). Loss of wa-
ter as 18 Da from the parent deprotonated molecule was also detected
(m/z 297). Considering these results, a molar mass of 316 Da and a
molecular formula of CqH;,0,, this compound was proposed to be one
of two possible intradiol cleavage products, 1-(2-carboxyvinyl)pyrene-
2-carboxylic acid or 2-(2-carboxyvinyl)pyrene-1-carboxylic acid and
the structure for 1-(2-carboxyvinyl)pyrene-2-carboxylic acid is given in
Fig. 2B. These products may have occurred through ortho ring cleav-
age of upstream 7,8- and/or 9,10-dihydroxy-benzo[a]pyrene(s) identi-
fied above ([M - H]~ = 283 each).

CID analyses of the second unknown compound that corresponded
to [M - H]- = 315 revealed fragment m/z 287 which represented
loss of 28 Da as CO from the parent deprotonated molecule and m/z
243 which represented loss of 72 Da from the parent deprotonated
molecule as CO, and CO (Fig. 2C). Identically to its constitutional iso-
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Fig. 2. LC/ESI(-)-MS/MS product ion scan mass spectra of the biotransformation products that corresponded to: (A) [M - H]~ = 283, t; = 17.5 min, (B) [M -
H]~ = 315, tg = 5.4 min, (C) [M - H]~ = 315, t; = 7.5 min and (D) [M - H]~ = 289, t; = 5.7 min. The baseline in (A) was magnified 15-fold with the exception of

the parent deprotonated molecule.

mer described above, the strong diagnostic fragment m/z 201 was de-
tected as deprotonated pyrene in addition to m/z 297, m/z 271 and
m/z 227 (Fig. 2C). This fragmentation pattern provided evidence that
both CO and CO, were directly eliminated from the parent deproto-
nated molecule. Therefore, considering a molar mass of 316 Da and
a molecular formula of Cy3H;,0,, these results supported that this
compound was one of two potential extradiol cleavage products, 4-(1-
hydroxypyren-2-yl)-2-oxo-but-3-enoic acid or 4-(2-hydroxypyren-1-yl)-
2-oxo-but-3-enoic acid; 4-(1-hydroxypyren-2-yl)-2-oxo-but-3-enoic acid
is shown in Fig. 2C. Such products may be formed through meta ring
cleavage of upstream 7,8- and/or 9,10-dihydroxy-benzo[a]pyrene(s).

Results of product ion scan analyses of a biotransformation prod-
uct that corresponded to [M — H]~ = 289 (tz = 5.7 min) revealed
a simple mass spectrum that consisted of two abundant fragments
(Fig. 2D) whereby again deprotonated pyrene was detected (m/z 201)
which represented a loss of 88 Da (2CO,) and m/z 245 was detected
which represented a loss of 44 Da (CO,) from the parent deproto-
nated molecule. Considering this fragmentation pattern, a molar mass
of 290 Da, and a molecular formula of C;gH;,04, this compound was
identified as pyrene-1,2-dicarboxylic acid. In conjunction with detec-
tion of carboxyvinyl-pyrene-carboxylic acids described above ([M -
H]~ = 315; tg = 7.6 min; Fig. 2B) detection of pyrene-1,2-dicarboxylic
acid provided further evidence for upstream ortho-cleavage events dur-
ing benzo[a]pyrene biotransformation by this strain.

Detection, identification and confirmation of 1-pyrenecarboxylic acid as a
product of benzo[a]pyrene biodegradation

Results of analysis of a relatively late-eluted compound
(tg = 12.3 min) that corresponded to [M — H]~ = 245 is given in
Fig. 3A (EIC) and 3B (CID) whereby a single loss of 44 Da as CO,
from the parent deprotonated molecule to yield deprotonated pyrene
(m/z 201) was revealed. Considering a molar mass of 246 Da, this
simple mass spectrum and a molecular formula of C;,H;O,, this com-

pound was proposed to be either 1-pyrene- and/or 2-pyrenecarboxylic
acid(s).

1-Pyrenecarboxylic acid was commercially available and analysis
of an authentic analytical standard of this compound in methanol
revealed a nearly identical retention time and fragmentation pat-
tern (Figs. 3C and 3D) when compared to the product detected in
benzo[a]pyrene biodegradation extracts thereby confirming its produc-
tion during benzo[a]pyrene biodegradation.

Detection and identification of downstream phenalenone biotransformation
products

Fig. 4A shows CID results of a product that corresponded to [M —
HI]- = 265, tg = 4.7 min. In addition to loss of water from the parent
deprotonated molecule (m/z 247) there were direct losses of 28 Da as
CO (m/z 237), 44 Da as CO,, (m/z 221) and consecutive losses of 44 and
28 Da as CO, and CO, respectively (m/z 193). At the same time, the
diagnostic ion, m/z 177 was detected which represented deprotonated
1-methylenephenalene (Fig. 4A). Taken together with a molar mass of
266 Da and a molecular formula of C;¢H;70,, these data provided evi-
dence that this compound was a three-ring PAH biotransformation prod-
uct derived from a 1H-phenalene base and 2-hydroxy-3-(9-oxophenalen-
1-yl)-prop-2-enoic acid is shown in Fig. 4A. This type of product may be
formed through meta cleavage of 1,2-dihydroxy-pyrene for example.

A relatively high molar mass phenalenone product that corresponded
to [M — H]- = 293 was also detected and CID analyses revealed con-
secutive losses of CO, as 44 and 88 Da each from the parent de-
protonated molecule (m/z 249 and m/z 205, respectively; Fig. 4B).
Again, the diagnostic fragment, deprotonated 1-methylenephenalene
was also detected (m/z 177) and m/z 115 which represented depro-
tonated 2-methylenepropanedioic acid (Fig. 4B). Considering this frag-
mentation pattern, a molar mass of 294 Da and a molecular formula
of Cy7H;(O5 this compound was proposed to be 2-(9-oxophenalen-1-
yDmethylenepropanedioic acid as shown in Fig. 4B.
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Fig. 3. (A) Extracted ion chromatogram of the unknown product that corre-
sponded to [M - H]~ = 245. (B) LC/ESI(-)-MS/MS product ion scan mass spec-
trum of the product in (A), [M - H]~ = 245. (C) Extracted ion chromatogram of
an authentic standard of 1-pyrenecarboxylic acid. (D) LC/ESI(-)-MS/MS product
ion scan mass spectrum of an authentic standard of 1-pyrenecarboxylic acid, [M
—H]™ = 245.

Identification of 2-hydroxypyrene-1-carboxylic acid, [M — H]~ = 261, and
products downstream from 1-pyrenecarboxylic acid

Following the confirmation that at least 1-pyrenecarboxylic acid
was a product of benzo[a]lpyrene biodegradation, 1-pyrenecarboxylic
acid biotransformation assays were conducted using strain KK22 to
determine if downstream products could be identified. Interestingly,
a single peak that corresponded to the deprotonated molecule [M -
H]~ = 261 was strongly detected within 24 h and it eluted at a re-
tention time of 7.7 min (Fig. 5A). This product possessed an identical
deprotonated molecule value and a nearly identical retention time to a
benzo[a]pyrene biotransformation product introduced in Fig. 1C. CID
analysis of the pyrene-1-carboxylic acid product also revealed a nearly
identical mass spectrum to the two benzo[alpyrene products that cor-
responded to [M - H]~ = 261 (Fig. 5B and Table 2) whereby the most
abundant ion, m/z 217, occurred through a loss of CO, as 44 Da from
the parent deprotonated molecule and m/z 189 represented losses of
CO, and CO as 72 Da. Considering this fragmentation pattern, a molar
mass of 262 Da, a molecular formula of C;,H;,03, and that this product
was produced from 1-pyrenecarboxylic acid, it was assigned an identity
of 2-hydroxypyrene-1-carboxylic acid. Identification of this product also
therefore allowed for the differentiation of the two previously detected
benzo[a]pyrene products that corresponded to [M — H]~ = 261 whereby
2-hydroxypyrene-1-carboxylic acid was identified as the compound that
eluted at 7.6 min (Fig. 1C).

A relatively late-eluting product that corresponded to a deprotonated
molecule of [M — H]~ = 233 (Fig. 5C) was detected at 9.1 min in 1-
pyrenecarboxylic acid biodegradation assays and results of CID analysis
revealed two strong diagnostic fragments, m/z 201 and m/z 177 which
represented deprotonated pyrene and 1-methylenephenalene molecules,
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Fig. 4. LC/ESI(-)-MS/MS product ion scan mass spectra of the product that cor-
responded to [M - H]~ = 265 (A) and the product that corresponded to [M —
H]~ = 293 (B). Except for the parent deprotonated molecule, the baseline in (A)
was magnified ten-fold.

respectively. Also considering losses of water (m/z 215) and consecu-
tive losses of water and carbonyl (m/z 189; Fig. 5C) combined with
a molar mass of 234 Da and a molecular formula of C;¢H;(0,, this
compound was proposed to be 1,2-dihydroxypyrene. Detection of 1,2-
dihydroxypyrene from 1-pyrenecarboxylic acid was unexpected and its
identification was of strong utility for constructing the benzo[a]pyrene
biodegradation pathways described below.

Finally, Fig. 5D and E show CID results of two products that cor-
responded to [M - H]™ = 223, tz = 4.1 min and [M - H]~ = 195,
tg = 5.2 min whereby it was revealed that these were phenalenone-
derived compounds proposed to be 9-oxophenalene-1-carboxylic acid
and 9-hydroxyphenalen-1-one, respectively. Results of LC analyses from
1-pyrenecarboxylic acid biotransformation assays are given in Fig. S2.

Construction of a benzo[a]pyrene biotransformation pathway for
sphingomonads

Based upon the results of these analyses, pathways for the
cometabolic biodegradation of benzo[a]pyrene by S. barthaii KK22
were constructed and are presented in Fig. 6. Initial oxidation of the
benzo[a]pyrene molecule at the 7,8- and 9,10-carbon positions occurred
to produce benzo[a]lpyrene-dihydrodiols that were reduced to their
respective dihydroxy-benzo[a]pyrenes. These PAH-catechols were de-
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Fig. 5. (A) Extracted ion chromatogram of a 1-pyrenecarboxylic acid biotransformation product that corresponded to [M — H]~ = 261. LC/ESI(-)-MS/MS product
ion scan mass spectra of 1-pyrenecarboxylic acid biotransformation products that corresponded to [M — H]~ = 261 (B), [M — H]~ = 233 (C), [M - H]~ = 223 (D) and
[M - H]~ = 195 (E). Except for the parent deprotonated molecule, the baseline in (B) was magnified 40-fold and the baseline in (D) was magnified 30-fold.

tected as the latest-eluted products that corresponded to [M — H]~ = 283
each (Fig. 1A) and were subjected to ring fission by both intradiol and
extradiol ring cleavage events to produce tetraaromatic products that
corresponded to [M — H]~ = 315: 1(2)-(2-carboxyvinyl)pyrene-2(1)-
carboxylic acid(s) and 4-[1(2)-hydroxypyren-2(1)-yl]-2-oxo-but-3-enoic
acid(s) respectively (Fig. 2B and C). Production of carboxyvinyl intra-
diol PAH cleavage products is less common and has been shown be-
fore for 2- and 3-ring PAHs (Seo et al., 2006, 2007; Fukuoka et al.,
2015) but not for benzo[a]pyrene. Pyrene-1,2-dicarboxylic acid, [M
- H]~ = 289, was detected and confirmed that intradiol cleavage
had occurred because this product may only be produced downstream
from carboxyvinylpyrene-carboxylic acids (Fig. 6). Similarly, pyrenecar-
boxylic acids ([M - H]~ = 245) were likely produced from upstream
extradiol cleavage products (analogous compounds were detected by
Schneider et al., 1996) and transformed into the consistently most abun-
dantly detected products that corresponded to [M — H]~™ = 261, the
hydroxypyrene-carboxylic acids (Fig. 6) enroute to 1,2-dihydroxypyrene
or ring-opened products. At the same time, pyrenecarboxylic acids
were transformed into 1,2-dihydroxypyrene through 1,2-dihydroxy-
pyrene-carboxylic acid intermediates as shown in Fig. 6. These oxi-
dation steps may be based upon the same mechanism of arene-diol
generation from benzoic acid dioxygenation enroute to catechol that
has been shown to occur in this strain and other strains (Sun et al.,
2008; Maeda et al., 2020). Pathway convergence appeared to oc-
cur through production of 1,2-dihydroxypyrene ([M - H]~ = 233)
from pyrene-1,2-carboxylic acid and hydroxypyrene-carboxylic acids
(Fig. 6). Three-ring phenalenone products were detected and indi-
cated that downstream transformation had continued through ex-
tradiol cleavage of 1,2-dihydroxypyrene. At the same time, produc-
tion of the phenalenone derivative, 2-[(9-oxophenalen-1-yl)methylene]-
propanedioic acid, [M — H]~ = 293, may only have occurred through
direct ring-opening of 1-hydroxypyrene-2-carboxylic acid ultimately
leading to potential pathway convergence through 9-oxophenalene-

1-carboxyclic acid and 9-hydroxy-phenalen-1-one. Interestingly, this
mechanism of ring opening (Fig. 6) was recently shown in a Sphingo-
bium species (Roy et al., 2012) whereby Sphingobium sp. strain PNB di-
rectly cleaved hydroxy-naphthoic acid intermediates of phenanthrene
biodegradation to compounds that were structurally analogous to [(9-
oxophenalen-1-yl)methylene]-propanedioic acid (Roy et al., 2012).

Discussion

S. barthaii KK22 grew on phenanthrene as a sole source of car-
bon and energy but was unable to biotransform benzo[a]pyrene in
the absence of phenanthrene and it was therefore concluded that
benzo[a]pyrene biotransformation occurred through cometabolism. Ini-
tial oxidation of the benzo[alpyrene molecule by bacterial dioxyge-
nases may hypothetically occur in at least six different locations, i.e.,
oxidation at the 1,2-, 2,3-, 4,5-, 7,8-, 9,10-,and/or 11,12-carbon posi-
tions and depending upon the location of the initial oxidation event,
the structures of downstream products shall vary (Kweon et al., 2011).
Herein, such information was useful to determine the positions of ini-
tial oxidation on the benzo[a]pyrene molecule and for construction
of biotransformation pathways. For example, 1-pyrenecarboxylic acid
was identified in culture extracts as a benzo[alpyrene biodegrada-
tion product and in conjunction with other identified products, pro-
vided key supportive evidence that initial oxidation occurred on the
kata-annelated ring of benzo[a]pyrene; precisely, at the 7,8-carbon po-
sitions of benzo[a]pyrene. At the same time, identification of both
2-hydroxypyrene-1-carboxylic acid and 1-hydroxypyrene-2-carboxylic
acid provided strong evidence that again the kata-annelated ring of
benzo[a]pyrene was biotransformed through initial oxidations at the
7,8- and 9,10-carbon positions of benzo[a]pyrene.

During aerobic PAH biodegradation, formation of a cis-dihydrodiol
is considered to be the critical first step (Fu et al., 2018). Herein, initial
dioxygenation yielded benzo[a]pyrene-dihydrodiols followed by dehy-
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drogenase reduction to form 7,8- and 9,10-dihydroxy-benzo[a]pyrene.
Previously, the three protein components of a biphenyl-2,3-dioxygenase
system that encoded for the genes bphA4, bphA3 and bphA1fA2f from
Sphingobium yanoikuyae strain B1 were shown to facilitate the dioxy-
genation of benzo[a]pyrene to cis-7,8- and cis-9,10-dihydrodiols by ex-
pression in E. coli but not at other positions on the pericondensed
rings (Ni Chadhian et al., 2007; Yu et al., 2007). In the case of strain
KK22, different investigations showed that there were at least seven
sets of aromatic ring-hydroxylating oxygenases (RHOs) in its genome
(Maeda et al., 2013; Maeda et al., 2014; Mori and Kanaly, 2020, 2021)
and among these RHOs greater than 94% amino acid identity of the
concatenated sequences was revealed when compared to bphAIfA2f
homologues in S. yanoikuyae B1 (Maeda et al., 2020). Contrastively,
strain KK22 also appeared unable to biotransform the 4-ring pericon-
densed PAH pyrene similarly to strain B1 (unpublished results). These
findings were in-line with results of investigations involving the PAH
dioxygenase system of HMW PAH-degrading Sphingomonas sp. strain
CHY-1 (PhnA4, PhnA3 and Phnl) where it was found that pyrene was
also not a good substrate (Demaneche et al., 2004; Jouanneau et al.,
2016). However, identically to strain KK22, oxidation of only the kata-
annelated ring of benzo[a]pyrene was shown to occur by strain CHY-1
whereby at least 9,10-dihydrodiols were identified (Demaneche et al.,
2004; Jouanneau et al., 2016). Through molecular modeling studies, it
was reported that a large hydrophobic substrate binding cavity was nec-
essary to accommodate the 5-ring benzo[a]pyrene molecule in strain
CHY-1 (Jakoncic et al., 2007), Sphingobium sp. strain FB3 (Fu et al.,
2018) and Sphingobium sp. strain PNB (Khara et al., 2014, 2018).

Aromatic ring-opening of the kata-annelated ring by strain KK22 oc-
curred by extradiol and intradiol cleavage to produce hydroxypyrene-
oxobutenoic acids and carboxyvinylpyrene-carboxylic acids, respec-
tively (Fig. 6). Extradiol ring-opened products of benzo[a]pyrene
through the 7,8-carbon positions (Schneider et al., 1996) and 9,10-
carbon positions (Schneider et al., 1996; Moody et al., 2004) were
identified from Mycobacterium spp. before, however, intradiol cleavage
products of benzo[a]pyrene through the kata-annelated ring have not
been reported. At the same time, the extradiol ring-cleavage product of
the kata-annelated ring of benzo[a]pyrene, hydroxypyrene-oxobutenoic
acid (316 Da) was identified for the first time from a Gram-negative or-
ganism. Pyrene-1,2-carboxylic acid was also identified in culture media
and provided further evidence that intradiol biotransformation mecha-
nisms were active.

Interestingly, 2-hydroxypyrene-1-carboxylic acid was detected as
a biotransformation product of 1-pyrenecarboxylic acid and this sup-
ported that hydroxypyrene-carboxylic acids were downstream prod-
ucts of pyrenecarboxylic acids metabolism during benzo[a]pyrene
catabolism (Fig. 6). Alternatively, pyrenecarboxylic acids were po-
tentially transformed into arene-diols through 1,2-dihydroxy-2(1)H-
pyrene-1(2)-carboxylic acids (Fig. 6). Hydroxypyrene-carboxylic acids
may be acted upon by gene products of the ahdAl[c-e]lA2[c-e]
RHOs to again produce 1,2-dihydroxy-pyrene by decarboxylation
(Pinyakong et al., 2003) or through direct oxidation and ring fission
to produce three-ring phenalenone products; the latter through a dioxy-
genation mechanism that has recently been shown to occur during PAH
biodegradation in Sphingobium (Roy et al., 2012) and Staphylococcus
spp. (Mallick et al., 2007). Three RHOs responsible for the conver-
sion of salicylic acids to catechols that were characterized in Sphingo-
bium sp. strain P2, AhdA1[c-e]A2[c-e], (Pinyakong et al., 2003) were
found to share amino acid identities of 99.5%, 98.2% and 97.1% respec-
tively with strain KK22 AhdA1[c-e]A2[c-e] homologues. These enzymes
were reported to be inactive against two-ring hydroxy-naphthoic acids
(Pinyakong et al., 2003). Still, little is known in regard to the enzymes
involved in many downstream PAH biotransformation steps (Zhao et al.,
2017). At the same time, the gene(s) responsible for direct ring-opening
of hydroxy-naphthoic acids during phenanthrene biodegradation are
also unknown (Roy et al., 2012). MS results herein supported that at
least four three-ring compounds appeared in culture extracts, likely
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as phenalenone products. Phenalenones such as 9-hydroxy-phenalen-1-
one were identified as products of pyrene biodegradation, however the
greater molar mass products described above were not (Heitkamp et al.,
1988).

Sphingomonads have been reported to biotransform many differ-
ent types of organic pollutants including PAHs (Baboshin et al., 2008;
Stolz, 2009; Aylward et al., 2013; Stolz, 2014) and it has been discussed
that they survive and may thrive in contaminated soil environments due
to their abilities to withstand potentially high amounts of organic pollu-
tant and metals contamination in soils (Cunliffe et al., 2006; Cunliffe and
Kertesz, 2006; Kanaly et al., 2015; Chen et al., 2016; Mahbub et al.,
2016; Volpicella et al., 2017). Herein it was demonstrated that although
strain KK22 was able to biotransform benzo[a]pyrene including ring-
opening, it required an additional carbon source for growth. These re-
sults indicate that benzo[a]pyrene biodegradation in the environment
likely requires cometabolism in addition to the cooperation of other
bacterial members to facilitate efficient biodegradation of downstream
products. In the soil environment where many different types of organ-
isms are present, including actinomycete mycobacteria, interspecies co-
operation may facilitate biodegradation of 4- and 3-ring benzo[a]pyrene
products as carbon sources (Schneider et al., 1996; Moody et al., 2004;
Kweon et al., 2011).

Conclusions

Past work by many research groups over the years have indi-
cated that biotransformation of benzo[a]lpyrene by bacteria occurs by
cometabolic metabolism and the results of this study continued to sup-
port this hypothesis. At the same time, through a combination of com-
parative biodegradation assays and comprehensive CID analyses, the
identities of thirteen benzo[a]pyrene biotransformation products were
proposed, some of them novel, and benzo[a]pyrene biotransformation
pathways were constructed. These pathways differed from previously
constructed pathways. Overall, our understanding of the manner by
which bacteria and specifically members of the genus Sphingobium may
biotransform HMW PAHs such as benzo[a]pyrene was expanded in con-
junction with demonstration of the utility of LC/ESI-MS/MS to elucidate
hazardous pollutant biodegradation mechanisms.
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