











Table 1 Summary of enzyme surface coverage and NNK—enzyme turnover values

Total surface ECL array turnover value’/cm? LC-UV HPB
Enzyme film coverage/pmol cm > Initial slope” (pmol enzyme) ! min~! quant.‘/nmol
1A2 62(£10) 39.2(£3.70) 0.61(0.11) 0.72(£0.05)
2E1 54(+8.0) 16.2(+3.10) 0.30(0.07) 0.36(+0.03)
1B1 52(+6.0) 8.43(+1.45) 0.16(+0.03) n.d.
CPO 22(4+2.0) 3.42(+1.46) 0.16(+0.07) n.d.

“ From Fig. 2 (% ECL increase min~"). * % ECL increase. ¢ Detected after 10 min reaction.

Fig. 3 (a) LC chromatograms showing the UV response from the nanoreactor enzyme films upon reaction with NNK and H,O, for 10 min.
Control is a 1A2 enzyme film exposed to NNK without the additional H,O,. (b) Mass spectrum of Peak A in (a) demonstrating the presence of
material consistent with HPB. (c) Mass spectrum of Peak B in (a) showing the presence of unreacted NNK.

(Fig. 3c), respectively. Qualitatively, the cyt P450 1A2 nano-
reactor HPB peak area in Fig. 3a approximately doubles that
from cyt P450 2E1 films, and calibration curve quantification
verifies this observation (Fig. S3, ESI¥).

We previously utilized the nanoreactor platform to detect
and elucidate the DNA adducts that were being formed in the
immobilized films. We showed that cyt P450 2E1 produced
reactive NNK metabolites that led to labile DNA adducts with
m/z 299 that increased in a linear fashion over reaction time.*'“
Upon analysis employing tandem MS, we showed that these
adducts fragmented to m/z 152, characteristic of NNK—guanine
adducts fragmenting to guanine. Overall, the data were con-
sistent with pyridyloxobutylation of guanine from the bio-
activation by cyt P450 2E1.2'“ Taken as a whole, this demon-
strates that the increasing production of HPB in the films is
indicative of the increasing population of reactive metabolites in
the films leading to increasing amounts of DNA adducts.

Table 1 also summarizes the absorbance peaks from the LC
chromatograms based on the calibration curve plot where 0.72
and 0.36 nmol HPB were produced in 10 min, respectively,
from cyt P450 1A2 and cyt P450 2E1 films. As Table 1
describes, the LC-MS and ECL array data both show an
approximate 50% decrease in enzymatic turnover when going
from cyt P450 1A2 to cyt P450 2E1 films, which demonstrates
the excellent synergy by both layered film methods to rapidly
ascertain and confirm enzyme—substrate specificity.

Discussion

Both ECL array and LC-MS methods employed in this study
clearly demonstrate the NNK metabolism differences between
the different cyt P450 enzymes. Of the enzymes employed, cyt
P450 1A2 exhibited higher specificity toward NNK bioactivation

for DNA damage followed by cyt P450 2E1, which was shown
to be approximately half as active as cyt P450 1A2 toward
NNK metabolism. None of the other enzymes studied here,
including cyt P450 1B1, showed preference toward activation
of this cancerous compound.

It has been known for some time that the two isoforms
(1A2, 2E1) show a capacity toward NNK bioactivation both
in vitro® 3% and in vivo.**** The sensor results here showing
that cyt P450 1A2 is approximately two times more reactive
toward NNK bioactivation for DNA damage than cyt P450
2E1 agree well with previous in vitro solution studies. Smith
et al. employed purified enzymes or heterologously expressed
enzymes from different cell lines to study this reaction. Their
results have shown that NNK is converted to the keto alcohol
(HPB) by cyt P450 1A2 with k.,/Ky, values typically 3 to 10
times greater than cyt P450 2E1.>**? Therefore, on a qualita-
tive level, our results correlate well with these previous in vitro
kinetic studies showing that cyt P450 1A2 exhibits at least
twice the specificity toward NNK bioactivation compared to
cyt P450 2E1. Any quantitative deviations (i.e. differences in
rates, specificity, efc.) from previous reports and our results
described herein are likely to stem from the different metabolic
system used.'> Here we employed purified enzymes activated
via peroxide shunt, which has been shown to produce identical
metabolites in varying proportions vs. NADPH activation
with P450 reductase.?® Other systems (i.e. reconstituted lipid,
microsomal, membrane, whole cell, efc.) typically generate
differences in the Michaelis-Menten parameters.*’

It is not surprising that cyt P450 1B1 in our sensor did not
bioactivate NNK very well as it shows preference for larger
aromatic molecules, such as PAHs.?”” However, no report to
our knowledge has ever suggested that NNK could be meta-
bolized by cyt P450 1B1; therefore, at the very least the use of
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this enzyme acts as a negative control and confirms previous
literature accounts summarizing the enzymes active in the
bioactivation of this molecule.**® Overall, depending on the
expression system used in addition to the reconstitution para-
meters, cyt P450 1A2 shows enhanced specificity toward NNK
activation compared to cyt P450 2E1.

ECL results can shed some light on the actual in vivo toxicity
of this molecule. NNK is known to be carcinogenic toward not
only the respiratory tract organs but the liver and pancreas as
well.3%4¢ Cyt P450 family 2A enzymes are predominantly
active in NNK lung metabolism,*” but cyt P450 1A2 and cyt
P450 2E1 are predominantly located in the liver.>’” These two
isoforms have been implicated in the complex cancer etiology
leading from increasing amounts of NNK metabolites damaging
DNA to neoplasia in the liver.3'* Also, these cyt P450
isoforms are inducible through ingestion of other xenobiotics—i.e.
alcohol consumption promoting increased cyt P450 2E1
expression.*® In this vein, hamsters that had been exposed to
NNK had a dramatic shift in the locale of new cancerous
tissue from lung to pancreas upon additional exposure to
alcohol.®® While this xenobiotic synergy is not completely
understood, one explanation cites the increased quantity of
NNK metabolites from the induced cyt P450 2E1 enzymes.*

The chromatographic and ECL methods offered congruent
results as both showed that NNK was two times more reactive
after interaction with cyt P450 1A2 compared to cyt P450 2E1.
The similarity in the LC-MS HPB detection result compared
to the ECL turnover values verifies that the ECL signal
increase is due to reactive metabolite formation in the films
that manifest as detectable DNA adducts. Therefore, this
platform offers more than a DNA damage sensor. Rather, it
can act as a platform from which toxic metabolite production
can be monitored. We previously exhibited this kind of
method synergy employing purified enzymes'> and membrane
and/or microsomal enzymes.'” In the previous report employ-
ing purified enzymes, we showed that cyt P450 1B1 was highly
specific toward activation of benzo[a]pyrene (B[«]P) followed
by cyt P450 1A2 and 2E1. Here, using a different class of
molecule, an opposite bioactivation order was obtained, but
one that is consistent with previous metabolic studies in the
literature. This further demonstrates the utility of the ECL
array to be able to rapidly detect enzymatic specificity for a
number of potentially hazardous compounds and a range of
enzymes. In addition, results also suggest that the ECL/LC-MS
method synergy shows great promise for future high-throughput
metabolism and toxicity investigations of potential drugs and
environmental pollutants.
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