1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Environ Sci Technol. Author manuscript; available in PMC 2018 August 01.

-, HHS Public Access
«

Published in final edited form as:
Environ Sci Technol. 2017 August 01; 51(15): 8569-8578. doi:10.1021/acs.est.7b01377.

Formation of Developmentally Toxic Phenanthrene Metabolite
Mixtures by Mycobacterium sp. ELW1

Jill E. Schrlau®, Amber L. Kramer#, Anna Chlebowski$, Lisa Truong$, Robert L. Tanguay$,
Staci L. Massey Simonich*8" and Lewis Semprini®

TDepartment of Chemical, Biological, and Environmental Engineering, Oregon State University,
Corvallis, OR

*Department of Chemistry, Oregon State University, Corvallis, OR

SDepartment of Environmental and Molecular Toxicology, Oregon State University, Corvallis, OR

Abstract

Mycobacterium sp. ELW1 co-metabolically degraded up to 1.8 pmol phenanthrene (PHE) in ~48
hours (hr) and the formation of hydroxyphenanthrene (OHPHE) metabolites, including 1-
hydroxyphenanthrene (1-OHPHE), 3-hydroxyphenanthrene (3-OHPHE), 4-hydroxyphenanthrene
(4-OHPHE), 9-hydroxyphenanthrene (9-OHPHE), 9,10-dihydroxyphenanthrene (1,9-OHPHE),
and #rans-9,10-dihydroxy-9,10-dihydrophenanthrene (frans-9,10-OHPHE), were identified and
quantified over time. The monooxygenase responsible for co-metabolic transformation of PHE
was inhibited by 1-octyne. First-order PHE transformation rates, kppyg, and half-lives, ty,, for
PHE-exposed cells ranged 0.16 — 0.51 hrL and 1.4 — 4.3 hr, respectively, and the 1-octyne controls
ranged 0.015 — 0.10 hr™1 and 7.0 — 47 hr, respectively. While single compound standards of PHE
and #rans-9,10-OHPHE, the major OHPHE metabolite formed by ELW1, were not toxic to
embryonic zebrafish (Danio rerio), single compound standards of minor OHPHE metabolites, 1-
OHPHE, 3-OHPHE, 4-OHPHE, 9-OHPHE, and 1,9-OHPHE, were toxic, with effective
concentrations (ECsgs) ranging from 0.5— 5.5 pM. The metabolite mixtures formed by ELW1, and
the reconstructed standard mixtures of the identified OHPHE metabolites, elicited a toxic response
in zebrafish for the same 3 time points. ECggs for the metabolite mixtures formed by ELW1 were
lower (more toxic) than those for the reconstructed standard mixtures of the identified OHPHE
metabolites. Ten unidentified hydroxy PHE metabolites were measured in the derivatized mixtures
formed by ELW1 and may explain the increased toxicity of the ELW1 metabolites mixture,
relative to the reconstructed standard mixtures of the identified OHPHE metabolites.
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Toxicity Testing of
Metabolite Mixtures
Using Zebrafish

(Danio reria)

e

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHS) are compounds comprised of two or more fused
benzene rings that form during the incomplete combustion of organic substances from both
natural and anthropogenic sources.? PAHs are also found in asphalt,2 crude oil,3 coal tar,*-6
and creosote.”® Many PAHSs are considered to be probable or possible human and animal
carcinogens by the International Agency for Research on Cancer (IARC), as well as
probable human carcinogens by the U.S. EPA Integrated Risk Information System.%10 Due
to their ubiquity and known toxicity, remediation of PAH-contaminated soils and sediments
is ongoing.

Many remediation technologies, including bioremediation, chemical oxidation, and thermal
treatments, have been used for PAH removal.1l Bioremediation is a cost effective strategy
that can be used /n situ, ex situ, aerobically, anaerobically, and further enhanced through
biostimulation and/or bioaugmentation.11-14 Two possible processes that occur during
bioremediation are 1) degradation (the process of microorganisms utilizing PAHSs as an
energy source and to form new biomass) and/or 2) co-metabolism (the process of
microorganisms transforming PAHs without metabolic benefits).1> However, bioremediation
of PAHSs is limited due to their low aqueous solubilities (0.003 to 234 pmol L™1 at 25°C) and
high affinity for organic matter.16 These properties result in low bioavailability of PAHs to
microorganisms. When microorganisms come in contact with PAHSs, essential enzymes
(oxygenases) need to be present in the cell for biodegradation and/or co-metabolism to
occur.1?

Microorganisms contain highly diverse and selective oxygenases and/or hydroxylases that
are necessary for aerobic degradation and/or co-metabolism. The initial step in the
transformation of PAHs requires oxidation of the rings by ring-hydroxylating oxygenases
(RHO:s), specifically either monooxygenases (RHMs) or dioxygenases (RHDs). Oxidation
by RHOs occurs through the addition of one or two hydroxy groups, to regiospecific and
stereoselective carbon atoms, to form dihydrodiols.1® The selection of the activation site is
determined by the shape of the enzyme and determines the metabolite structures.19:20
Dihydrodiols undergo dehydrogenation to form PAH-diols using dihydrodiols
dehydrogenases (DHDGs), followed by a ring-opening step performed by ring cleavage
dioxygenases (RCD).18 The process is repeated as long as the microbe has structurally
specific RHOs, DHDGs, and RCDs for the metabolites that are formed at each step. Co-
metabolism of PAHSs occurs through the broad specificity of RHOs. Studies have shown
naphthalene dioxygenase, present in Pseudomonas sp. NCIB 9816 and £ aeruginosa strain
PAO1, was able to oxidize 50 aromatic compounds and three-ringed PAHSs, respectively.21:22
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Dioxygenase complexes in Mycobacterium sp. strain AP1, Sphingomonas sp. strain LH128
and CHY-1 were able to oxidize PAHs with up to 5 rings.23-2> Microorganisms have
different co-metabolism capabilities based on their RHOs.

Accumulation of PAH metabolites occurs when microbes stop degradation or co-metabolism
at certain metabolites. These metabolites may be more toxic than the parent PAHs.26-30 Coal
tar-contaminated soil, collected from a manufactured gas plant site, was bioremediated using
an unknown microbial consortium in an aerobic bioreactor and showed statistically
significant increases in developmental toxicity in embryonic zebrafish (Danio rerio), as well
as genotoxicity using the DT40 bioassay.2 In addition, the toxicological response of PAH
mixtures have been inconsistent, with some studies showing an additive effect (the sum of
the toxicity of the individual compounds) or antagonist effect (less than the expected toxicity
if the effects were additive).31-38

Because it is so ubiquitous in the environment and is often the most abundant PAH,
phenanthrene (PHE) has been used as a model compound to study the ability for microbes to
degrade PAHs.3%-43 |n addition, PHE is commonly described as a prototype PAH due to the
replication of its 3-ring structure throughout higher-ringed, more carcinogenic PAHSs, such as
benzo[a]pyrene.?0-42 PHE has also been used as a model PAH for human metabolism
studies because its bay-region and K-region lead to the possible formation of more
carcinogenic PAHs.3943 PHE also has a moderate aqueous solubility of 6.73 pmol L2,
compared to the range of aqueous solubilities for other parent PAHs (0.003 to 234 pmol L
~1), and this is important for bioremediation studies in agqueous systems.16:17

For this study, the ability of a novel microorganism, Mycobacterium sp. strain ELW1, to
transform PHE in an aqueous system was evaluated. ELW1 was isolated from stream
sediment using isobutene (2-methylpropene) as the single source of carbon for growth and
energy.*4 PCR sequencing of the 16S rRNA gene of ELW1 indicates that it is a
Mycobacterium strain.** The ability of ELW1 to utilize isobutene as a growth substrate has
potential for the /n situ stimulation of endogenous microbial populations through isobutene
and oxygen addition, and may lead to a novel method to promote the initial oxidation of
PAHs for subsurface bioremediation, through co-metabolic transformations.

The purpose of this study was to determine the rate of PHE transformation by ELW1,
identify and quantify OHPHE metabolites formed by ELW?1, and to characterize the toxicity
of PHE metabolite mixtures formed by ELW1, using the embryonic zebrafish model. To our
knowledge, we are the first to identify and quantify a wide range of phenanthrene microbial
metabolites, as well as to evaluate their development toxicity in mixtures formed by a
microorganism. In addition, we are the first to evaluate ELW1 for the transformation of
PAHSs. This study has broad implications for the use of bioremediation to clean up PAH
contaminated sites, because it suggests that the toxicity of PAH metabolite mixtures formed
should be considered as part of the initial assessment for site remediation.
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MATERIALS AND METHODS

Chemicals

Standards for PHE, 16 OHPHEs, and isotopically-labeled PAHs were purchased from
various vendors, listed in the Supporting Information Table S1. Dichloromethane (DCM),
methanol (MeOH), acetone, ethyl acetate, and acetonitrile were purchased from EMD
Millipore (Gibbstown, NJ). Toluene (= 99%), dimethyl sulfoxide (DMSQ) (= 99%), the
derivatizing agent, N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA), and liquid 1-octyne
were purchased from Sigma Aldrich (St. Louis, MO). Isobutene (C.P. grade) was acquired
from Gas Innovations.

Phenanthrene Transformation and Metabolite Formation Experiments

Pure Mycobacterium sp. strain ELW1 was originally isolated by, and acquired from,
Michael Hyman at North Carolina State University.** Methods used to grow the culture are
described in detail in the Supporting Information. Briefly, pure cultures were grown in batch
using 500 mL glass media bottles and mineral salt medium (MSM), with ~10% (v/v)
isobutene in the headspace, until the cell density was ODggg > 0.7 (usually 6—8 days)
measured using UV-VIS spectrophotometer analysis (Orion Aquamate 8000, ThermoFisher
Scientific). Cellular protein was determined by lysing the cells in NaOH and calorimetrically
determining the concentration using UV-VIS at 540 nm and a calibration curve (Detailed
Methods, Protein Assay in Supporting Information). The cells were harvested, centrifuged,
and re-suspended in fresh MSM. Cellular activity of the concentrated cells was determined
by measuring the rate of isobutene consumption (Figure S6 and Table S10).

PHE transformation studies were conducted as resting cell tests, using ~25-40 mg of cells,
in the absence of isobutene. PHE standards were prepared in MeOH and spiked in 303 mL
MSM in 500 mL media bottles at a maximum of 0.0089% MeOH (v/v) in each reactor,
which did not negatively impact the activity of ELW1 (Figure S8). Control reactors included
1-octyne controls (MSM, cells, PHE, and 1-octyne), PHE-only controls (MSM and PHE)
and cell-only controls (MSM and cells). 1-Octyne (~7 umol in the aqueous media) was used
as a control to inhibit the alkene monooxygenase involved in isobutene oxidation to reduce
PHE transformation and better understand the mechanism of transformation.*4 Preparation
of stock gas-phase 1-octyne and determination of optimal 1-octyne aqueous concentration is
explained in detail in the Supporting Information. 1-Octyne controls and PHE-only controls
were prepared with 0.033, 0.068, 0.14, and 0.84 umol PHE. Reactors containing PHE-
exposed cells (MSM, PHE, and cells) were prepared with 0.033, 0.068, 0.42, 0.84, 1.2, and
1.8 umol PHE. All reactors were prepared in triplicate and equilibrated with isobutene and
1-ocytne (for 1-octyne controls) in a temperature-controlled 30°C room (on a rotary shaker
table operating at 200 rpm) for ~1 hr prior to the addition of PHE and re-suspended cells
(~25 mg per reactor).

Liquid samples were collected immediately after the addition of cells, followed by
collections at approximately 1, 3, 5, 10, 22, 48, and 72 h, as needed, until PHE was no
longer measured in the samples (see Chemical Analysis).
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Sample Extraction and Preparation

Samples (5 — 15 mL) used to determine PHE transformation kinetics were collected from
each of the triplicate reactors and spiked with labeled surrogates (listed in Table S3)
immediately after collection to account for analyte loss during sample extraction. All
samples were extracted using solid phase extraction (SPE), with a modified version of a
previously published method.4> Bond Elut Plexa (30 mg, 3 mL) cartridges (Agilent
Technologies, New Castle, DE) were preconditioned with 5 mL MeOH, followed by 5 mL
deionized water. The liquid samples were added to the cartridges, analytes were retained on
the sorbent, and the eluent was discarded. Analytes were eluted with 5 mL acetone and 16
mL DCM, dried with sodium sulfate, and concentrated using a TurboVapR evaporator
(nitrogen gas, 30 °C water bath).

After SPE, the PHE transformation kinetics sample extracts were solvent exchanged to ethyl
acetate, spiked with @;-Acenaphthene (internal standard) for a final volume of 300 uL, and
analyzed for PHE using GC/MS (described below). The mean recovery of PHE across the
entire analytical method was 54 + 2.7% (Table S3).

In addition to PHE, all extracts were analyzed for 1-hydroxynaphthalene (1-OHNAP), 2-
hydroxynaphthalene (2-OHNAP), 1,5-dihydroxynaphthalene (1,5-OHNAP), 1,6-
dihydroxynaphthalene (1,6-OHNAP), 2,3-dihydroxynaphthalene (2,3-OHNAP), 2,6-
dihydroxynaphthalene (2,6-OHNAP), 2,7-dihydroxynaphthalene (2,7-OHNAP), 1-
hydroxy-2-naphthoic acid (1-OH-2-NAP), 1-hydroxyphenanthrene (1-OHPHE), 3-
hydroxyphenanthrene (3-OHPHE), 4-hydroxyphenanthrene (4-OHPHE), 9-
hydroxyphenanthrene (9-OHPHE), 1,9-dihydroxyphenanthrene (1,9-OHPHE), frans-9,10-
dihydroxy-9,10-dihydrophenanthrene (frans-9,10-OHPHE), and ¢/s-9,10-dihydroxy-9,10-
dihydrophenanthrene (¢/s-9,10-OHPHE) (Table S1, Figure S1). A 50 uL aliquote of the 300
UL sample extract was transferred into a 300 pL spring insert containing 100 uL acetonitrile
and 20 pL toluene and concentrated to 20 pL using a fine stream of nitrogen.4>46 BSTFA
(30 uL) was added to the extract and the mixture was incubated at 70 °C for 40 min.46
Storage stability of OHPHEs, as well as intra- and inter-day variability, has been previously
assessed.*> The mean recovery of the OHPHES across the entire analytical method ranged
from 19 £+ 1.5 to 83 £ 3.8% (Table S3).

Chemical Analysis

PHE and OHPHES were analyzed on an Agilent 6890 gas chromatograph (GC) coupled to a
5973N mass spectrometer (MS), with electron ionization (EI) in selective ion monitoring
(SIM) mode, using a DB-5MS (Agilent, 30 m x 0.25 mm I.D., 0.25 pm film thickness)
column. OHPHES were also analyzed in full scan mode. The instrument methods are
described in Supporting Information. Commercially available standards were used to
quantify OHPHEs that were able to be derivatized by BSTFA. SIM method parameters for
BSTFA-derivatized OHPHEs, including windows, fragment ions, and retention times, are
listed in Table S4. The estimated detection limits (EDLSs) were calculated following EPA
Method 8280 and was 0.51 pg pL~1 for PHE (Table S3) and ranged 0.86 — 5.0 pg uL~1 for
OHPHES (Table $3).47
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Embryonic Zebrafish Bioassay

PHE and OHPHE mixtures formed by ELW1 were generated by exposing ELW1 to 1.8
umol PHE in the same reactor bottles described above for the PHE transformation kinetic
studies. At 5, 28, 51, 76, and 122 hr, 50 mL was collected from each reactor (n7= 4) of the
PHE-exposed cells, 1-octyne control, PHE-only control, and cells-only controls and
combined. Samples were extracted as described above (Sample Extraction and Preparation)
but were not spiked with surrogates to prevent toxicity caused by the addition of the
surrogates. After SPE, the extracts were split gravimetrically, with 80% of the extract being
used for toxicity testing (toxicity fractions) and the remaining 20% being used for chemical
analysis (chemical fractions). Chemical fractions were solvent exchanged to ethyl acetate,
spiked with d;g-Acenaphthene (internal standard) for a final volume of 300 pL, and analyzed
for PHE and OHPHEsS as described above. These results were used to calculate the
concentrations of PHE and OHPHEs in the toxicity fractions used for toxicity testing. The
toxicity fractions were blown to dryness and reconstituted with 100 uL DMSO to a
concentration of ~8 mM total PHE and OHPHE concentration.

Single OHPHE standards, mixture extracts formed by ELW1 for various time points, and
reconstructed OHPHE standard mixtures (prepared in the same OHPHE ratios as the
mixture extracts formed by ELW1 using single OHPHE standards, Table S8) were assessed
in embryonic zebrafish according to Truong er a/*® At 6 hours post-fertilization (hpf),
dechorinated zebrafish embryos (7= 32) were exposed to different concentrations (ranging
from 0.01 — 60 uM) of single OHPHE standards, mixture extracts formed by ELW1 at
various time points, and reconstructed OHPHE standard mixtures. Briefly, embryos were
dechorionated and exposed to 0 — 50 uM OHPHE standards (32 animals per concentration, 6
concentrations) from 6-120 hours post fertilization (hpf). For the mixtures, embryos were
exposed to 6 nominal water (zebrafish embryo media) concentrations, from 0.01 to 60 M,
depending on the concentration of the stock produced. Although the high-end test
concentration (60 M) was above the water solubility of PHE (~ 7 uM), the solubility of
PHE was likely enhanced slightly by the DMSO present and zebrafish embryo media. In
addition, there was no evidence of PHE being insoluble at this high-end dose. Embryos were
statically exposed and evaluated at 24 and 120 hpf for 22 morbidity and mortality endpoints.
A Fisher’s Exact test was performed for each of the 22 endpoints and a cumulative “any”
effect to allow for detection for any aberrant animals.*

In addition to the bioassay, the toxicity of the reconstructed OHPHE standard mixtures
(ECs0,mix) Was predicted using the concentration addition approach.>%-51 This method
combines the proportion of each of the toxic OHPHES in the mixture, the toxic contribution
of each OHPHE to the mixture, and assumes that each toxic compound has the same
pathway of action in an organism using this equation:>!

-1
n Di
ECSO, mix = (Z, = 1?501) 1
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where pjis the fraction of compound /in the mixture and £Csp ;is the ECs values for the
individual OHPHE standards.

Statistical Analyses

Statistical analyses were performed using JMP 12 software (by SAS). Differences between
triplicate means for both zero-order and first-order rate constants were evaluated using
Student t-tests with statistical significance resulting in a p-value < 0.05.

RESULTS AND DISCUSSION

Phenanthrene Transformation and Metabolite Formation by ELW1

PHE was 100% co-metabolically transformed by ELW1 within 29 hr, at initial PHE masses
of 0.033, 0.068, 0.42, 0.84, and 1.8 pmol, and within 47 hr at 1.2 pmol (Figure 1A). In the 1-
octyne controls, 26-49% of PHE was transformed (Figure 1B), while in the PHE-only
controls, 6-31% of PHE was lost, likely due to adsorption to the reactor walls (Figure 1C).
Our measured concentrations of PHE and OHPHE in the PHE-exposed cells and 1-octyne
controls account for transformation and adsorption losses combined. 1-Octyne effectively,
but not completely, inhibited PHE degradation (Figure 1B).44 The enzyme responsible for
PHE oxidation is most likely an alkene monooxygenase found at high levels in isobutene-
grown cells of ELW1.%4 The activity of the pre-exposed ELW1 cells, determined by the rate
of isobutene consumption, was similar for all experiments (Figure S6 and Table S10).

All samples were analyzed for 16 hydroxy PAH metabolites with commercially available
standards (Table S1, Figure S1), at three different initial PHE masses (Figure 2 and Figure
S2). The metabolites detected in both the PHE-exposed cells (Figure 2) and 1-octyne
controls (Figure S2), included only OHPHE compounds: 1-OHPHE, 3-OHPHE, 4-OHPHE,
9-OHPHE, 1,9-OHPHE, and #rans-9,10-OHPHE. The OHPHE masses were significantly
higher (p-value < 0.05) in the PHE-exposed cells than in the 1-octyne controls for the same
mass of PHE tested. At all PHE masses tested, the primary OHPHE metabolite formed by
both PHE-exposed cells and 1-octyne controls was #rans-9,10-OHPHE, with its percent
contribution to the total OHPHE metabolite mass ranging from 72—100%. In both cases,
trans-9,10-OHPHE was formed as PHE was transformed (Figure 2 and Figure S2). In the
PHE-exposed cells, the trans-9,10-OHPHE concentration remained constant for the duration
of each experiment, with no further transformation during the time course of the experiment
(Figure 2). Neither ¢/s-9,10-OHPHE or 1-OH-2-NAP were detected in the samples. In
addition, OHPHE metabolites were not detected in the PHE-only or cells-only controls.

Several studies have identified PHE metabolites during degradation and co-metabolism of
PHE by other microorganisms. According to the summary of PHE degradation pathways by
microorganisms, published by Mallick et a/, both #rans-9,10-OHPHE and ¢/s-9,10-OHPHE
are possible products resulting from the initial oxidation of the 9 and 10 positions during
PHE metabolism.18 The trans-9,10-OHPHE isomer is formed from an epoxide at the 9,10
position (9,10-epoxy-9,10-dihydroxyphenanthrene), or co-oxidaxation, by a monooxygenase
and is a dead-end product.1840:52 C/s-9,10-OHPHE, on the other hand, is formed by a
dioxygenase and may be further oxidized to form 9,10-dihydroxyphenanthrene (9,10-
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OHPHE).18:40.53 77ans-9,10-OHPHE was the sole metabolite formed during co-metabolism
of PHE by Mycobacterium strain S1 grown in the presence of anthracene.>* However, the
formation of c¢/s-dihydrodiols, including c¢/s-3,4-dihydroxy-3,4-dihydrophenanthrene
(cis-3,4-OHPHE) by Mycobacterium sp. strain 6PY 1, M. vanbaalenii strain PYR-1, and
Sphingomonas sp. strain A4,55-58 ¢js-9,10-OHPHE by M. aromativorans JS19b1,57-60 and
cfs-1,2-dihydroxy-1,2-dihydrophenanthrene (cis-1,2-OHPHE) by M. aromativorans
JS19b1,57:59 have been measured in other studies. Kim er a/also measured additional
OHPHE metabolites including 2-and 3-OHPHE, 9,10-OHPHE, and one additional
phenanthrenediol.>” Identification of other PHE metabolites structures further in the PHE
degradation pathways presented in Mallick et a/18 including coumarins, benzocourmarins,
and 1-OH-2-NAP, have also been made.53:60-62 |n our study, 1-OH-2-NAP was not detected,
suggesting PHE co-metabolism by ELW1 did not form ¢/s-1,2-OHPHE or cis-3,4-OHPHE,
or that ELW1 was not able to transform these products to 1-OH-2-NAP.18 Based on the
consistency of frans-9,10-OHPHE concentrations over time and its high contribution to the
total mass of the OHPHE metabolites formed by ELW1, #rans-9,10-OHPHE did not appear
to undergo further transformation by ELW1.

Kinetics and Mass Balance

Average biomass-normalized zero-order PHE transformation rates were determined for all
PHE masses tested and are listed in Table S5. The zero-order PHE transformation rates in
PHE-exposed cells increased significantly as the PHE mass increased (p-value < 0.01)
(Table S5). The zero-order PHE transformation rates in 1-octyne controls were not
statistically different for any of the PHE masses tested (p-value > 0.05). The zero-order rates
for this study were within the same order of magnitude as other Mycobacterium sp. strains,
including and PYRGCK, JS19b1, czh-3, and czh-117 (-0.0020 to —0.019 pmol hr~1) and
A1-PYR (-0.019 pmol hr™1),60.62

PHE transformation by ELW1 followed first-order kinetics, as indicated by a straight
regression line when the natural logarithm of PHE concentration was plotted over time
(Figure S3). Non-normalized first-order PHE transformation rates (hr2), kppyg, and half-
lives (hr), t1/», were calculated for PHE-exposed cells and 1-octyne controls, and are listed in
Table S6. The non-normalized first-order rates of PHE transformation in this study (-0.16 to
-0.51 hr~1) were much faster than those previously reported for Mycobacteriumsp. PYR-1
(-0.0015 hr~1) and Pasteurella spp. was (-0.0005 hr~1).63

Average biomass-normalized zero-order rates of OHPHE metabolites formation increased
with increasing PHE mass for both PHE-exposed cells and 1-octyne controls (Table S5).
Rates of formation for each OHPHE, in both PHE-exposed cells and 1-octyne controls,
significantly increased (p-value < 0.04) as the initial PHE mass increased. For several of the
OHPHESs measured in the 1-octyne controls, zero-order rates could not be determined
because of limitations due to instrumental detection limits and/or poor chromatography
(Table S7).

Mass balances were assessed by comparing zero-order PHE transformation rates to the sum
of the zero-order OHPHE formation rates (Table S7). In PHE-exposed cells, the rate of PHE
transformation was in good agreement with the OHPHE formation rates, with percent
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differences ranging 6-46%. There were higher percent differences for the 1-octyne controls
because OHPHE concentrations were close to the instrumental detection limits.

Toxicity of PHE and OHPHE Metabolites

The developmental toxicity of PHE and OHPHE standards were tested using the embryonic
zebrafish model, at nominal concentrations ranging from 0.01 — 60 pM. These
concentrations were not measured in the 96-well plates, but previously published studies
indicate that sorptive losses in this test system for lower molecular weight PAHS, such as
phenanthrene, are less than 10%.%4 PHE and #rans-9,10-OHPHE were not toxic to zebrafish
at the range of concentrations tested. The relative order of the mean effective concentrations
at which any negative effect was observed in half the embryonic zebrafish (ECsp), at 120
hpf, were 1,9-OHPHE (most toxic) < 3-OHPHE < 9-OHPHE < 4-OHPHE < 1-OHPHE
(least toxic) and are shown in Figure 3 as the dashed lines for each standard.

To investigate the influence of physical-chemical properties on the developmental toxicity of
PHE and the OHPHEs, their log K,y values were estimated (Table S2). PHE had the highest
log Ky and was not developmentally toxic, while the OHPHES had lower log Kq,, values
than PHE and were toxic. However, trans-9,10-OHPHE had the lowest log K, value of all
of the compounds tested and was not toxic. This suggests that log K, alone does not
account for the measured developmental toxicity.

Figure 3 was created to determine if the measured toxicity of the metabolite mixtures
formed by ELW1 could be explained by the concentrations of the individual OHPHES
identified in the mixtures, as evidenced by their concentrations in the mixture exceeding
their individual ECsq values. The data shown in Figure 3 shows the highest concentration of
the PHE and OHPHE metabolite mixtures formed by ELW1 that the zebrafish were exposed
to (~60 uM), in both the PHE-exposed cells and 1-octyne controls. Toxicity was observed
for the PHE-exposed cell mixtures at 5, 76, and 122 hr and for the 1-octyne control mixtures
at 28, 76, and 122 hr (indicated by asterisks in Figure 3). PHE and OHPHE metabolites were
not detected in extracts from the cells-only controls and these extracts were not toxic to
embryonic zebrafish (data not shown). In the PHE-exposed cells, only the 1,9-OHPHE
concentrations in the mixtures (at 5 and 122 hr) were higher than the ECs value for the
individual 1,9-OHPHE standard (Figure 3), suggesting that the measured toxicity at these
time points may have been caused by 1,9-OHPHE. In the 1-octyne controls and in the
remaining PHE-exposed cell time points, the PHE and OHPHE concentrations in the
mixtures did not exceed the ECsq values for any individual standards, suggesting that
measured toxicity could not be explained by any one identified compound (Figure 3).

In order to evaluate, and account for, the potential for mixture toxicity of the OHPHE
metabolites identified in the ELW1 produced mixtures, we reconstructed the mixture using
single PHE and OHPHE standards of the identified metabolites (prepared in the same PHE
and OHPHE ratios as the mixture extracts formed by ELW1) and measured the
developmental toxicity of this reconstructed standard mixture. ECsg values were measured
for both the reconstructed standard mixtures of the identified OHPHE metabolites and the
original mixtures formed by ELW1 and are shown in Figure 4. Additionally, predicted ECgg
values for the reconstructed standard mixtures of the identified OHPHE metabolites were
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calculated assuming additive effects of the individual toxic OHPHE metabolites identified
(see equation 1) and are shown in Figure 4.51 The measured ECs values for the mixtures
formed by ELW1 were lower (more toxic) than the measured ECsgq values for the
reconstructed standard mixtures of the identified OHPHE metabolites at the 76 and 122 hr
time points (Figure 4), suggesting that the mixtures formed by ELW1 may contain additional
unidentified toxic metabolites that contribute to the toxicity of the complex mixture. In
addition, the measured ECsq values for the reconstructed standard mixtures of the identified
OHPHE metabolites were in good agreement with the predicted ECsg values of the
identified metabolites for PHE-exposed cells at 76 and 122 hr (Figure 4). Together, these
data suggest that an additive toxic effect to embryonic zebrafish was observed at these time
points for the identified metabolites and that the presence of yet unidentified metabolites
may have contributed to an increase in toxicity in the mixtures formed by ELW1, at these
time points. ECgq values for the mixtures formed by ELW1 and the reconstructed standard
mixtures of the identified OHPHE metabolites at 28 and 51 hr were not measured because
these mixtures did not elicit a toxic response at the concentrations tested. The predicted
ECsq values at 28 and 51 hr indicated that higher concentrations of the mixtures were
needed to elicit a toxic response (Figure 4).

Unidentified Metabolites

The mixtures formed by ELW?1 were derivatized and analyzed in full scan mode to identify
the presence of unknown metabolites. Ten peaks, corresponding to yet unidentified
metabolites, were observed in the chromatograms for both the PHE-exposed cells and 1-
octyne controls, with retention times between ~26-31 min (Figure 5). Chromatograms for
each of the time points from PHE-exposed cells and 1-octyne controls are shown in Figure
S4 and Figure S5, respectively. The peak retention times, primary ions, and tentative
identifications are listed in Table S9 and may include other mono-OHPHE and di-OHPHE
metabolites that we were not able to identify because of the lack of commercially available
standards. The unidentified metabolites in both PHE-exposed cells and 1-octyne controls
may have contributed to the toxicity of the metabolite mixture formed by ELW1. Several of
the chromatogram peaks (Peak 3, 7, 8, 10) increased in area with the time of cell exposure
(up to 122 hr) (Figure S4), which corresponds to the increase in measured toxicity with time.
For example, Peak 7, was tentatively identified as a di-OHPHE, which could be produced
via the transformation of initial mono-OHPHE compounds.

This study has shown that ELW1 can rapidly co-metabolize PHE in resting cell tests. Using
commercially available standards, OHPHE metabolites were identified and quantified. The
primary metabolite formed by ELW1 was frans-9,10-OHPHE, which was not further
transformed. Developmental toxicity of individual metabolites, and metabolite mixtures, was
assessed using embryonic zebrafish and showed PHE and frans-9,10-OHPHE were not toxic
to zebrafish, but all other identified metabolites (1-, 3-, 4-, 9-, and 1,9-OHPHE) were toxic.
ELW!1 formed toxic metabolites through the co-metabolism of PHE and the mixtures of
these metabolites were also toxic to zebrafish. The increased toxicity observed from the
metabolite mixtures formed by ELW1, relative to the reconstructed standard mixtures of the
identified OHPHE metabolites, was likely caused by unidentified metabolites in the extract,
since a mixture of the known metabolites exerted less toxicity than the metabolic mixture.
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Future research should include an integrated approach for identifying these toxic
transformation products.5® The time dependent nature of the toxicity of the ELW1 formed
metabolites indicates initial products may have been co-metabolized to form more toxic
secondary products, which warrants further study. Based on these results, future studies in
bioremediation of PAHSs should consider the possibility that more toxic metabolites may be
formed during bioremediation, as well as investigating the metabolites formed by more
recalcitrant PAHSs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Transformation of initial PHE masses by ELW1 (with standard error bars, 7= 3). (A) PHE-
exposed cells (MSM, cells, and PHE) (solid lines), (B) 1-octyne, alkene monooxygenase
inhibitor controls (MSM, cells, and PHE) (dashed lines), and (C) PHE-only, no-cells control

(MSM and PHE) (dotted lines).
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Figure 2.
Mass of PHE transformed and OHPHE metabolites formed by ELW1 in PHE-exposed cells

for initial PHE masses of 0.068 pmol, 1.2 pmol, and 1.8 pmol (with standard error bars, n=
3). Note that there are differences in the x- and y-axes between plots.
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Figure 3.

PHE and identified OHPHE metabolite concentrations in mixtures formed by ELW1 in the
PHE-exposed cells (solid bars) and 1-octyne controls (dashed bars) and used for zebrafish
testing. Mean ECggs (with standard error, n= 32) for individual OHPHE standards are
shown in dotted lines. The initial PHE mass was 1.8 pmol in the reactors. Mixtures that
elicited a toxic response after 120 hpf in PHE-exposed cells were harvested at 5, 76, and 122
hr and in 1-octyne controls at 28, 76, and 122 hr, as indicated by the asterisk (*) above the
corresponding bars. ND: Compounds that were not detected.
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Figure 4.
Measured ECsgs (with standard error bars, n= 32) for PHE and OHPHE mixtures formed by

ELW!1 (solid grey bar) and the reconstructed standard mixtures of the identified OHPHE
metabolites (dashed bar), as well as the predicted ECsgs for the reconstructed standard
mixture using equation 1 (black bar) (7= 1), over time (hr), for PHE-exposed cells. Mixtures
at 5, 76, and 122 hours elicited a toxic response after 120 hpf and are highlighted with a
light grey background. NT: Not Toxic at the concentrations tested on embryonic zebrafish.
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Figure5.

Full scan chromatogram between ~26 — 31 min for derivatized PHE-exposed cells and 1-
octyne controls collected at 122 hr.
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