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Pig liver esterases PLE1 and

PLEG6: heterologous expression,
hydrolysis of common antibiotics
and pharmacological consequences
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Carboxylesterases, historically referred as non-specific esterases, are ubiquitous hydrolases with
high catalytic efficiency. Without exceptions, all mammalian species studied contain multiple forms
of carboxylesterases. While having been widely studied in humans and experimental animals, these
enzymes remain to be characterized in farm animals. In this study, we showed that pig liver esterase
1 (PLE1) and pig liver esterase 6 (PLE6) were highly active toward amoxicillin (AMO) and ampicillin
(AMP), two major antibiotics that are widely used in food-supplements. Mass-spectrometric analysis
established that the hydrolysis occurred at the 3-lactam amide bond and the hydrolysis drastically
decreased or completely eliminated the antibacterial activity. Furthermore, hydrolytic activity

and proteomic analysis suggested that trace PLEs existed in pig plasma and contributed little to

the hydrolysis of AMO and AMP. These results suggested that carboxylesterases-based hydrolysis
determines the therapeutic intensity of these and related antibiotics and the magnitude of the
determination occurs in a species-dependent manner.

The widespread use of antibiotic supplements in farm animals is a major contributing factor to drug residues,
development of drug resistance, and even environmental pollution. While there are many types of antibiotics,
B-lactam antibiotics constitute the major type and are effective against both gram-positive and negative bacte-
ria. From 2000 to 2014, the global use of this type of antibioitcs such as AMO and AMP has risen by as much as
35%!-6. In humans, 60% of oral doses are excreted unchanged in the urine. Nevetheless, seven metabolites are
identified when AMO is incubated with human liver microsomes. These metabolites are formed through oxida-
tion, deamination and conjugation’~’.

Carboxylesterases (CEs, E.C.3.1.1.1) constitute a major class of hydrolases with high catalytic efficiency. These
enzymes are known to hydrolyze such chemical bonds as carboxylic esters and amides. Therefore, carboxylester-
ases play critical roles in drug metabolism, and pesticide detoxification!-'”. Pigs express multiple forms of car-
boxylesterases with the highest being in the liver. These enzymes are therefore designated as pig liver esterases
(PLEs). It has been reported that carboxylesterases demonstrate high enantioselectivity and stereoselectivity. As
a result, PLEs are widely used in the area of biosynthesis!®-%.

AMO and AMP are widely used as growth promoters in animal husbandry including pig farms, and impor-
tantly these antibiotics contain an amide bond. We, therefore, tested whether PLEs could hydrolyze these anti-
biotics. In previous studies, our research group found that PLE1 and PLE6 were the most abundant isoenzymes
in Large white and Tongcheng pigs, respectively?’. Accordingly, in this study, we cloned and expressed two PLEs:
PLE1, PLES6, and the recombinant carboxylesterases were tested for the hydrolysis of AMO and AMP. Both PLE1
and PLE® efficiently hydrolyzed AMO and AMP, and decreased their antibacterial activities. This is the first study
to quantify the hydrolytic activities of pure PLEs towards commonly used veterinary drugs.

1State Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine, Huazhong Agricultural
University, Wuhan, 430070, Hubei, China. 2Key Laboratory of Development of Veterinary Diagnostic Products of
Ministry of Agricultural, College of Veterinary Medicine, Huazhong Agricultural University, Wuhan, 430070, Hubei,
China. 3Key Laboratory of Preventive Veterinary Medicine in Hubei Province, College of Veterinary Medicine,
Huazhong Agricultural University, Wuhan, 430070, Hubei, China. *email: rock@mail.hzau.edu.cn

SCIENTIFIC REPORTS |

(2019) 9:15564 | https://doi.org/10.1038/s41598-019-51580-4


https://doi.org/10.1038/s41598-019-51580-4
mailto:rock@mail.hzau.edu.cn

www.nature.com/scientificreports/

PLE1 PLE2 PLE3 PLE4 PLE5S PLE6 APLE Control

R

Figure 1. Detection of antibody cross-reactivity against PLEs. Seven recombinant PLEs were detected by
western blotting. Control was a sample containing empty vector pET15b.
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Figure 2. Detection of protein and hydrolytic activities of PLEs and S9 fractions pool. (A) Western blotting

of PLE in S9 fractions pool (100 pg) from liver, kidney and intestine (n = 3), positive control was recombinant
PLE1 (10 pg); (B) Hydrolytic activity. Substrate p-NPA (200 pM) were prepared in 990 pl of reaction buffer Tris-
HCI (50 mM, pH 7.4) and then mixed with protein (10 pg recombinant PLE1 and PLE6 or 100 ug S9 fractions
pool). All assays were performed in triplicate with three transfection experiments and the hydrolytic rates were
expressed as the mean 4 S.D. (T-Tongcheng, L-Large white/Liver, K-Kidney, I-Intestine).

Results

The prepared antibody against PLEs has qualified cross-reactivity. To determine the cross-reactiv-
ity, seven recombinant PLEs were subjected to western blotting analysis. As shown in Fig. 1, this antibody detected
a band in all recombinant PLE samples and no band in control (sample transfected empty vector pET15b). The
size of the band varied slightly at 60 kDa which was the expected molecular weight of PLE isoenzymes, as the
cDNA sequences of PLE isoenzymes contained 1698 base pairs, encoding 566 amino acids with 18 AA-signal pep-
tide sequence?. These results demonstrated the purified antibody prepared by our research group has qualified
cross-reactivity with the seven PLE isoenzymes tested in this study.

Enzymatic assays of recombinant PLEs and S9 fractions for para-nitrophenylacetate
(p-NPA). Western blotting detected PLE expression in the liver, kidney and intestine with the liver expressing
the highest level, and the molecular weights were consistent with recombinant PLE1 (Fig. 2A). To specify the
hydrolytic activity, recombinant PLEs or S9 fractions were incubated with p-NPA (a universal substrate for car-
boxylesterases. The structure of p-NPA was shown in Supplementary Fig. $3) and the hydrolysis was spectropho-
tometarically monitored at 400 nm. Recombinant PLE1 and PLE6 showed the comparable hydrolytic activities of
1.7 U/mg and 2.2 U/mg, respectively (Fig. 2B). Consistent with the high level expression in the liver, S9 fraction
from the liver exhibited the highest activity toward p-NPA. The liver S9 from Large white pigs had a specific activ-
ity of 6.1 U/mg, and the S9 from Tongcheng pigs 2.9 U/mg (Fig. 2B).

Hydrolysis of AMO and AMP by recombinant PLE1, PLE6 and S9 fractions. To gain clinical signifi-
cance, we tested the hydrolysis of AMO and AMP by recombinant PLEs and pig liver S9. The hydrolysis was moni-
tored by LC-MS/MS. As shown in Fig. 3 and Supplementary Table S1, AMO yielded a parent ion at 366 m/z and AMP
at 350 m/z. Incubations of AMO and AMP with PLE1 or PLE6 rapidly decreased the levels of parent drugs. Based on
MS and MS/MS spectrograms of product ions (see Supplementary Table S2), AMO produced two major metabo-
lites: AMA (amoxicilloic acid) yielded a parent ion at 384 m/z and DIKETO (amoxicilloic 2/,5'-diketopiperazine) at
366 m/z, whereas AMP produced a single metabolite: APA (aminobenzyl-penicilloic acid) at 368 m/z. The LC-MS/
MS method was optimized for the detection of these metabolites with respective standards (the concentration of
standards was 4 ug/mL), and the hydrolytic activities of PLEs were quantified with the amount of product. The assay
was linear from 0.25ug/mL to 16 ug/mL for DIKETO, 2 to 64 ug/mL for AMA, 0.5ug/mL to 32 ug/mL for APA, and
the regression coefficients for DIKETO, AMA, and APA were 0.990, 0.999, and 0.999 respectively.

Both AMO and AMP were rapidly hydrolyzed by PLE1 and PLE6 to produce AMA and APA respectively. The
time-course incubations showed that the amount of parent drug decreased accompanied by increasing the forma-
tion of the corresponding metabolites. In addition, liver S9 fractions from both Large white and Tongcheng pigs
also hydrolyzed AMO and AMP and produced two major metabolites: DIKETO and APA. DIKETO is an isomer
of AMO and more stable than AMA. Likewise, the hydrolysis by liver S9 fractions occurred in a time-dependent
manner. PLE1 was more active toward AMO (25.94 U/mg) than AMP (8.34 U/mg), and PLE6 was also more
active toward AMO (25.32 U/mg) than AMP (10.44 U/mg) (Fig. 4A). The hydrolytic activities of the Large white
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Figure 3. The detail information of parent drugs and metabolites. The parent drugs AMO or AMP and their
metabolites AMA, DIKETO and APA were dissolved in DMSO. Acetonitrile was used for dilution of LC-MS/

MS simples.
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Figure 4. Hydrolysis of AMO/AMP by PLE1, PLE6 and liver S9 fractions and determination of enzyme
kinetics. (A,B) LC-MS/MS detection of the hydrolytic activities of recombinant PLEs and liver S9 fractions
toward AMO/AMP. (C-F) Line weaver-Burk plot of AMO/AMP hydrolysis by recombinant PLEs. K, and V,,,,
were calculated by Visual Enzymics. All assays were performed in triplicate with three experiments and the
hydrolytic activities are expressed as the mean = S.D. The asterisk sign denotes statistical significance (P < 0.05;

*P<0.01; P < 0.001).

pig liver S9 fractions for AMO and AMP were 1.1 nmol/mg/min and 0.8 nmol/mg/min, respectively. Tongcheng
pig liver S9 fractions showed comparable activities toward these two antibiotics with a specific activity of
1.1 nmol/mg/min and 0.7 nmol/mg/min, respectively (Fig. 4B).

To gain kinetic insight, the kinetic parameters were determined with PLE1 and PLE6. The hydrolytic rate of
AMO/AMP was determined as a function of substrate concentrations (12.5-800 uM). As shown in Fig. 4C-F,
data from PLE1 and PLE6 yielded a linear Line weaver-Burk plot. Both PLEI and PLE6 showed a compara-
ble V. value toward AMO: 24.65 umol/mg/min and 25.09 umol/mg/min, respectively. But PLE6 exhibited a
higher V,,,, values toward AMP (10.17 pmol/mg/min) than PLE1 (7.79 umol/mg/min). PLEI had a K,, value
of 62.04 uM toward AMO and 89.20 uM toward AMP. In contrast, PLE6 had a lower K,, value than PLE1 for
both antibiotics with 36.66 uM toward AMO and 64.21 uM toward AMP. These results suggested that PLE6 was
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Figure 5. Antibacterial activities of AMO, AMP or metabolites hydrolyzed by PLEs. (A) The antibacterial
activity of AMO or products AMA hydrolyzed by PLE1 or PLE6. (B) The antibacterial activity of AMP or
products APA hydrolyzed by PLE1 or PLE6. (C) The partially inhibition zone diagrams of AMO, AMP or
metabolites hydrolyzed by PLEs for Salmonella typhimurium. The antibacterial activities of parent or daughter
drugs were showed by diameter of inhibition zones. The diameter of inhibition zone >20 mm is extremely
sensitive showed by ****, 15-20 mm is highly sensitive showed by ***, 10-15 mm is moderately sensitive
showed by **, <10 mm is slightly sensitive, <0 mm is insensitive.

kinetically favorable than PLE1 for both AMO and AMP. Between two antibiotics, AMO was kinetically favorable.
According to these results, we concluded that the overall hydrolysis depends on a carboxylesterase as well as a
substrate.

Antibacterial activity. Next we tested the impact of hydrolysis on the antibacterial activity. AMO and AMP
showed strong antibacterial activity toward E. coli K88ac, Staphylococcus aureus, and Salmonella typhimurium
(Fig. 5A,B). However, incubations with recombinant PLE1 or PLE6 sharply decreased or even eliminated their
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Figure 6. The hydrolytic activities of PLE1 and PLE6 expressed in 293T cells toward AMO and AMP. A: 293T
cells were transfected with empty vector tag-2B, tag-2B-PLE1, tag-2B-PLE6, and the cell lysates were analyzed
by western blotting. B: The transfected 293T cells were treated with AMO or AMP and the culture supernatants
were analyzed by LC-MS/MS. All assays were performed in triplicate with three transfection experiments

and the hydrolytic activities are expressed as the mean £ S.D. The asterisk sign denotes statistical significance
(P <0.05; P <0.01; P < 0.001).

antibacterial activities. Figure 5C shows the images of the inhibition zones. These results suggested that the ther-
apeutic efficacy of these two antibiotics in vivo may be subject to the activity of PLEs.

PLEs contribute to the intracellular hydrolysis of AMO and AMP.  To gain the intracellular significance
of the hydrolysis, 293T cells were transfected with PLE1, PLE6 or the empty vector (tag-2B) and the hydrolytic activity
toward AMO and AMP was determined. As expected, transfection with a PLE construct yielded robust expression
(Fig. 6A). In addition, the LC-MS/MS detected the metabolites in the supernatants when the cells were treated with
AMO or AMP. The hydrolytic activities of PLE1 toward AMO and AMP were mildly higher than PLE6 (Fig. 6B,C).
These results established that PLE1 and PLE6 contributed to the intracellular hydrolysis of AMO and AMP. It was
concluded that PLEs expressed in eukaryote cells had a similar hydrolytic activity with PLEs of prokaryotic expression.

Hydrolysis of AMO and AMP by pig hepatocytes. To mimic the hydrolysis in vivo, pig hepatocytes
were prepared and tested for the hydrolysis of AMO and AMP. Hepatocytes from 25-day old male Large white
pigs were cultured for 10h, 36 h, or 72h, as shown in Fig. 7A. These hepatocytes were healthy and of high purity.
These hepatocytes expressed high-levels of PLEs and the expression was not altered by AMO or AMP (Fig. 7B). In
addition, no PLE was detected in the supernatants of hepatocytes treated with AMO or AMP for 6h, 24h, or 48h
(Fig. 7C), which suggested that PLEs location was not affected by the treatment of AMO or AMP.

To link the expression to catalytic activity, hepatocytes were treated with AMO or AMP and the levels of the
metabolites in the supernatants were monitored. As shown in Fig. 7D,E, the levels of the parent drugs decreased
whereas the formation of the metabolites increased in a time-dependent manner. It was interesting to note that
there was no AMA but DIKETO in the supernatants when the hepatocytes or 293T cells transfected with PLEs
were treated with AMO. These results suggested that: maybe because of the instability, AMA was transformed to
DIKETO by other enzymes after hydrolysis by PLEs. Taken together, we concluded that AMO and AMP could
enter into cells and were effectively hydrolyzed by PLEs.

Trace PLEs exist in pig serum. Inaddition, the question as to whether PLE isoenzymes are presented in pig
serum was also explored. Western blotting analysis showed that all serum samples contained a band located at the
same position, which was smaller in size than that of recombinant PLE1 and PLE6 (Fig. 8A). Figure 8B showed
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Figure 7. Detection of PLE isoenzymes and the hydrolytic activities in pig hepatocytes toward AMO and AMP.
(A) Morphological analysis of pig hepatocytes cultured for 10h, 36 h, and 72 h. (B) Western blotting analysis

of pig hepatocytes lysate treated with AMO or AMP (20 uM) for 24 h. Control was pig hepatocytes without any
treatment. (C) Western blotting analysis of supernatants of pig hepatocytes treated with AMO or AMP (20 uM).
(D,E) LC-MS/MS detection of supernatants of pig hepatocytes treated with AMO or AMP (20 uM). All assays
were performed in triplicate with three transfection experiments and the hydrolytic activities are expressed as
the mean=+S.D.

that serum samples from three different farms had very little hydrolytic activities for p-NPA. Furthermore, a
shotgun proteomics analysis also detected a very low level of PLE isoenzymes in pig serum (Fig. 8C,D, Table 1).
Importantly, LC-MS/MS analysis showed the serum samples could not hydrolyze AMO or AMP (data not
shown). This discrepancy was likely due to the fact that there are some other proteins in serum which share
with PLEs in certain part of the amino sequences. On the basis of these results, it was concluded that only trace
PLEs existed in pig serum and the trace PLE in serum did not contribute significantly to the hydrolysis of either
antibiotic.

Discussion

The important roles that carboxylesterases play in the pharmacokinetics of many therapeutic agents have been
well characterized in humans!%-1214-1728-33 DPjg liver esterases (PLEs) belong to mammal carboxylesterase, despite
extensive use in organic chemistry synthesis due to their high stereoselectivity and hydrolytic activity?»?634%,
little is known about their pharmacological roles, particularly in veterinary medicine. In this study, we found that
two PLE isoenzymes, PLE1 and PLE6 could hydrolyze AMO and AMP, two antibiotics that are widely used in
animal husbandry. Moreover, the overall hydrolytic activity varied depending on enzyme as well as substrate. Our
data showed that AMO was more greatly affected by either of the PLEs tested and that AMP was more susceptible
to PLE6 than to PLE1. Our published paper already proved that PLE1 and PLE6 were the most abundant isoen-
zymes in Large white pigs and Tongcheng pigs (outstanding Chinese local breed) respectively”. Comprehensively,
the expression level and hydrolytic activity difference of PLE isoenzymes most probably were the foundation of
clinical rationale administration of antibiotics.
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Figure 8. Detection the protein level of PLEs in pig serum and hydrolytic activity for p-NPA. (A) Western
blotting of PLEs in serum pool samples. (B) Hydrolytic activity of pig serum for p-NPA. (C) SDS-PAGE
detection of pig serum pool samples. Lane 1, 2 and 3 were serum pool samples (n =4) from pigs in three
different farms respectively and were diluted 100-fold with PBS (50 mM, pH 7.4), the recombinant PLE1 and
PLE6 were used as positive controls. The gel piece in the red box was collected for shotgun proteomic analysis.
(D) 382 kinds of proteins were detected by shotgun proteomic analysis, seven proteins belonged to the PLE
family, 164 were known proteins, and 211 were unknown proteins in the UniProt database.

Accession number/Gene No. of (unique) | Cover Unique peptide
name pI/Mw (kDa) peptides percent (%) | Protein description sequences
A0A1S6L960/PLE1 5.62/62077.69 1/1 2.12
A0A1S6L967/PLE-B9 5.70/62008.42 1/1 2.12
FIRF15/CES1 553/53181.31 | 1/1 2.49 be Carboxylic ester

ydrolase
A0A1S6L948/PLE-C4 5.78/61976.39 1/1 2.12 GDAPEEEVSLSK
AO0A1S6L959/PLE-G2 5.61/61965.38 1/1 2.12
Q29550/PLE5 5.62/62015.53 1/1 2.12 liver carboxylesterase
A9GYWG6/APLE 5.78/59961.2 1/1 2.19 pig carboxylic ester hydrolase

Table 1. The information of PLE proteins in pig serum by shotgun proteomic analysis.

It is well-established that bacteria produce 3-lactamase to abolish 3-lactam activity. Jones et al. also found
the 3-lactamase activity of pig liver esterase, which was used to synthesize the 3-lactams™®. In this study, the
B-lactamase activity of PLE were demonstrated by incubation AMO and AMP with pure PLE isoenzymes, livers
S9, pig hepatocytes and PLE transfected 293T cells, and the significance of 3-lactamase activity of PLE for anti-
bacterial activities of AMO and AMP were further focused on. 3-lactamase activity of PLE were proved to abolish
B-lactam activity obviously or even totally, which suggested that the expression level and hydrolytic activity of
PLEs were highly correlated with the therapeutic efficacy and metabolism of antibiotic in vivo.

There are reports that under aqueous conditions, the hydrolytic products of AMO are pH-sensitive, whereas
the hydrolytic products of AMP are pH-insensitive. In addition, the hydrolysis of AMO can be significantly influ-
enced by the presence of Fe?*, Zn*", Ca?" and Mg?" in solution®*”, So, the differences in the bivalent metal ion
concentration and pH between the Tris-HCI buffer and cells may be the reason of product differences. But this
issue remains to be determined as the dependence on bivalent metal ion occurs with carboxylesterase-based
hydrolysis or an involvement of other hydrolases. In this study, LC-MS/MS analysis demonstrated that recombi-
nant PLEs could hydrolyze AMO to produce AMA, while the liver S9, pig hepatocytes and 293T cells transfected
with PLEs produce DIKETO. That could be because that after hydrolysis of AMO by PLEs, AMA is unstable in
the cells and is transformed to DIKETO by other enzymes. Moreover, LC-MS/MS showed that the levels of AMA
increased and then decreased with the increasing of hydrolysis time. Maybe it is because that AMA is converted to
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DIKETO or other metabolites during hydrolysis, which needs further explore. Consistent with our results, Négele
and Moritz reported that DIKETO was a possible further metabolite of AMO?.

Our results suggest that PLEs in various pig tissues play a key role in the metabolism process of AMO and
AMP. Consistent with our results, it was reported that the metabolites of AMO and AMP in the liver, kidney,
fat and muscle of pig were AMA/DIKETO or APA respectively*”. However, human liver microsomes metabo-
lized AMO to form six phase I metabolites and one phase IT metabolite via oxidation, hydroxylation and oxida-
tive deamination, as well as the combination of these reactions, and the reactions were mainly attributed to the
function of cytochrome P450 monooxygenase*. Therefore, our data which showed robust hydrolysis of AMO
and AMP by PLEs in pig hepatocytes, indicated profound species differences in carboxylesterases-based drug
metabolism.

In addition, we explored the possibility that circulating levels of PLEs might be a factor in antibiotic metabo-
lism. Carboxylesterases have been detected in the plasma of cat, mouse, rabbit, rat, and horse, but not in that of
humans*. In our study, only trace PLEs was detected in pig plasma, which consistent with previous observations
in humans. And the trace PLEs in pig serum also had no hydrolytic activity against either AMO or AMP. These
results indicate that the hydrolytic activity of PLE in vivo is likely to be intracellular and follow antibiotic uptake
into cells.

B-lactam antibiotics are the most common oral treatments for both human and pig respiratory disease.
AMO is highly effective against Streptococcus pneumoniae and Haemophilus influenza in humans and against
Haemophilus parasuis and Actinobacillus pleuropneumoniae in pigs*>*. It has been reported that the bioavailabil-
ity of AMO is 70-92% in humans*, 31-47% in pigs*, and only 5-10% in horses*® where plasma carboxylesterase
activity is high**6. These findings, in conjunction with our observations, indicate that carboxylesterases-based
hydrolysis occurs in a species-dependent manner and that these species differences may have strong clinical sig-
nificance. In particular, the application of AMO/AMP and other veterinary drugs in pigs or other animals should
take account of the impact of hepatic first pass metabolism and PLEs expression profiles, which is likely to reduce
the bioavailability of these antibiotics®’.

Materials and Methods

Antibody cross-reactivity. Immunogen of PLE was prepared by conjugating the conserved sequences
of PLE isoenzymes (SKEAAKKPPKIKC and CNTQAAKRLKGEE) to keyhole limpet hemocyanin, the rabbit
derived PLE polyclonal antibody were prepared and purified as described previously*. The cross-activity of the
antibody was determined with 7 recombinant PLEs (PLE1 to PLE6, and APLE). The recombinant PLEs were
expressed and purified as described by Bottcher et al.'8. In brief, the recombinant plasmid pET-15b-PLE con-
structed by our research group and molecular chaperone pGro7 were transfected into E. coli Origami (DE3),
positive clones were selected to culture at 30 °C, 200 rpm. L-arabinose (Sigma) was firstly added to final con-
centration of 1 mg/mL to induce the expression of pGro7, when the optical density at 600 nm reached 0.6-0.8,
IPTG (isopropyl 3-D-1-thiogalactopyranoside) (Sigma) was added to final concentration of 40 uM to induce the
expression of PLEs. After being cultured for 6 h at 30 °C, 200 rpm, the cells were collected by centrifugation (4 °C,
8000 rpm, 10 min) and broken. The samples were centrifuged for 30 min at 4 °C, 12000 rpm, and the supernatants
were harvested and purified by AKTA purifier and His Trap FF crude column. The purified PLEs were analyzed
by western blotting.

Enzymatic assays for p-NPA, AMO and AMP.  Adult Tongcheng and Large White pigs, no genetic
relationship in three generations, were purchased from conservation farms in Tongcheng country and Hubei
Tianzhong Animal Husbandry Co., Ltd., Hubei province, China. The liver, kidney and intestine were harvested
and frozen in liquid nitrogen immediately. The tissues were used for the preparation of S9 fractions (n=3,
female) as described previously**. The study was performed in accordance with the Guide for the Care and Use
of Laboratory Animals Monitoring Committee of Hubei Province, China. The protocol was approved by the
Committee on the Ethics of Animal Experiments at the College of Veterinary Medicine, Huazhong Agricultural
University.

Fresh blood samples were obtained from adult pigs (Duroc x Landrace x Large white, 4 months old approxi-
mately, n =4, male) from three different farms and then were placed at 4 °C for overnight after 1 h at 37°C. Serum
samples from the same farm were mixed in equal amount and diluted with phosphate buffer solution (50 mM, pH
7.4). The protein concentrations were determined by BCA Protein Assay Kit (Pierce) according to the protocol of
manufacturer. The hydrolytic activities of pig liver S9, pig serum samples and recombinant PLEs for p-NPA was
monitored by spectrometer as described previously's.

The hydrolysis of AMO and AMP (Sigma, USA) was carried out at 37 °C in a total volume of 100 L at a final
concentration of 12.5, 25, 50, 100, 200, 400, 800 .M, respectively. The final concentration of the organic solvent in
all reaction was 0.1% (v/v). AMO or AMP was added to the Tris-HCI buffer (50 mM, pH 7.4), and the hydrolysis
reaction was initiated by adding enzyme preparation (10 ug PLE1 or PLE6), S9 fraction (100 pg) or serum sam-
ples (200 pg). The reaction lasted for 0.5 min, 15 min, 30 min, 45 min or 90 min respectively and then terminated
by adding acetonitrile (200 pL). The reaction mixture was placed in an ice-bath for 10 min and then centrifuged
at 12,000 rpm for 15 min at 4 °C. The supernatant (200 pL) was removed and diluted with acetonitrile (800 pL),
following which, the parent drug and metabolites were monitored by LC-MS/MS. Control samples were either
incubated with thermally inactivated enzymes (treated at 100 °C for 10 min) or the enzymatic reactions were
stopped at 0 min.

LC-MS/MS. The LC-MS/MS analysis was performed using a Waters Xevo G2 QTOF mass spectrometer
and a Waters Acquity Ultra Performance Liquid Chromatography (Waters, USA), with a WATERS ACQUITY
UPLC/XEVO G2 QTOF system. Various parameters were adjusted to obtain the optimal conditions for
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Primers Sequences 5/-3/
pCMV-tag-2B-PLE (up) GAATTCATGTGGCTTCTCCCGCTGGTCCTGACCTCCCTCG
pCMV-tag-2B-PLE (down) CTCGAGTCACAGCTCAGCATGCTTTATCTTGGGTGGCTTCTTTGCT

Table 2. The primers for sub-cloning cDNA of PLE1 and PLE6.

the quantification of AMO/AMP and their metabolites. Chromatographic separation was performed using
a reverse-phase C18 polymeric column (ACQUITY UPLC BEH, 2.1 mm x 100 mm, 1.7 pm). Gradient elu-
tion was performed using a mobile phase of 0.1% formic acid in water (A) and acetonitrile (B) at a flow rate
of 0.4 mL/min. The gradient elution used was as follows: 0-0.5 min, A-99%; 0.6-7.5 min, A-1%; 7.6—-10 min,
A-99%. The auto sampler was set at 6 °C and the column temperature was 45 °C. The scanned area \ was 190-
600 nm and covered almost all spectral ranges®**°. Conditions for the ESI source for positive ionization mode
were optimized by direct infusion of standard solutions of AMO, AMP, AMA, DIKETO and APA (Toronto
Research Chemicals). Capillary voltage was set to 2 kv, sampling cone was 30 v and source temperature was
120°C. N, was used as the desolvation gas with 800 L/h at 450 °C, and Argon was used as the collision gas with
50 L/h. The collision energy was set to 6.0 ev and the scanning range was m/z = 100-1000. Data analysis was
performed with MassLynx software Version 4.1.

All quantifications were performed based on the peak areas. The calibration curves were constructed with
concentration (x axis) plotted against peak area (y axis). All solutions and reagents used for LC-MS/MS were of
mass spectrum purity and purchased from Thermo-Fisher Scientific.

Oxford cup bacteriostatic test. To specify the effect of hydrolysis on the inhibitory activity (antibiotic),
the oxford cup antibacterial test was performed. The indicator bacterial strains were Staphylococcus aureus
(ATCC25923), Salmonella typhimurium (CVCC542), and E. coli K88ac (C83905). Bacteria were cultured to the
logarithmic phase, adjusted to 1-10 x 107 CFU/mL, and spread uniformly on an LB agar plate. Thereafter hydro-
Iytic reaction mixture (200 pL) of AMO or AMP incubated with recombinant PLEs for 0 min or 30 min or control
(no PLEs) was added to oxford cup. The incubations were prepared at a drug solution final concentration of
10pg/200 pL as described above. The incubation mixture was centrifuged at 12,000 rpm for 15 min at 4 °C prior to
applying to the plates. The plates were placed at 4 °C for 4h, and then transferred to a 37 °C incubator for 12-16 h.
The diameter of the bacteriostatic circles was recorded with Vernier caliper. Acetonitrile (solvent), Tris-HCL, and
AMO/AMP standard solutions were used as the negative or positive controls.

Transient transfection. The cDNA sequences encoding PLE1 and PLE6 were sub-cloned into the
pCMV-tag-2B vector with primers shown in Table 2. 293T cells were cultured and transfected with Lipofectamine
2000 Transfection Reagent (Invitrogen) according to Shi et al.'®. The expression was monitored by western
blotting.

Treatment of pig hepatocytes with AMO or AMP. Pig hepatocytes were isolated from the liver of
25-day old healthy male Large white pigs. The isolation and culture were performed according to Zhou et al.*
with slight modification. The pig hepatocytes were cultured in Dulbecco’s modified Eagle’s medium with 10%
fetal calf serum. Thereafter cells were treated with AMO or AMP at a final concentration of 20 uM and cultured at
37°Cin a humid atmosphere of 5% CO, for 1, 2, 4, 8, 12, 16, or 24 h respectively. The supernatants were collected
and mixed well with equal volume of acetonitrile, which were analyzed by LC-MS/MS. In addition, the superna-
tants and the cell lysates were analyzed by western blotting.

Shotgun proteomic analysis. Serum samples from the same farm were mixed in equal amount, and then
mixed well with 5 x loading buffer and boiled for 10 min. The samples were electrophoretically separated in pol-
yacrylamide gels (12%). Protein bands were visualized by Coomassie Blue R-250 staining, and were cut and
analyzed by shotgun proteomic.

The gel pieces contained the protein bands were rinsed thrice using Milli-Q water and destained with 100 mM
NH,HCO; (Sigma) in 30% acetonitrile at 37 °C until the color depigmented completely. After dried in a vac-
uum centrifuge, the in-gel proteins were reduced with 100 mM NH,HCO; in 10 mM dithiothreitol (Sigma)
for 90 min at 37 °C. Then, gel pieces were alkylated with 60 mM iodoacetamide (Sigma) in 100 mM NH,HCO,
in the dark at room temperature for 20 minutes after rinsed by 100% acetonitrile. Gel pieces were rinsed with
100 mM NH,HCO; for 15min and 100% acetonitrile for 5 min, respectively, and dried in a vacuum centrifuge.
Subsequently, gel pieces were digested in 10 ng/uL chymotrypsin (Promega) for 20h at 37 °C. The peptides were
extracted three times with 0.1% trifluoroacetic acid (Sigma) in 60% acetonitrile. The extracts were evaporated
in a vacuum centrifuge, and resuspended with 0.1% formic acid (Sigma) to detect by HPLC separation and MS
analysis.

After chymotrypsin digested, all digested peptide mixtures were separated by HPLC and analyzed by tan-
dem MS. Samples were loaded onto a C18 reverse phase trap column (Thermo Scientific Acclaim PepMap100,
2cm x 100 pm) and analyzed with a C18-reversed phase analytical column (Thermo Scientific Easy Column,
10cm x 75pum, 3 pm). Gradient elution was performed using buffer A (0.1% formic acid) and buffer B (84%
acetonitrile, 0.1% formic acid) at a flow rate of 0.3 pL/min. The gradient elution used was as follows: 0-35%
buffer B for 50 min; 35-100% buffer B for 5 min; hold in 100% buffer B for 5min. A Q exactive mass spectrometer
(Thermo Scientific) was used for MS/MS in positive ion mode. Automatic gain control (AGC) target was set to
1e® and maximum inject time was 50 ms. Dynamic exclusion duration was 60s. Survey scans were acquired at a
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resolution of 70,000 at m/z=300-1800, MS, activation type was high energy collision dissociation (HCD) whose
resolution was set to 17,500 at m/z=200-2000, and isolation width was 2 m/z. Normalized collision energy was
30 ev and the underfill ratio was defined as 0.1%.

Western blotting analysis. Protein expression levels were determined using western blotting. Equal
amount of proteins were separated on polyacrylamide gels (12.5%) with a stacking gel (5%) in a mini-gel
apparatus and transferred electrophoretically to a PVDF membrane. The blots were incubated with the puri-
fied rabbit antiserum against PLE or GAPDH (glyceraldehyde-3-phosphate dehydrogenase, the house keeping
gene) primary antibody respectively. The primary antibody against PLEs was prepared by our previous study?,
while the primary antibody against GAPDH was purchased from Proteintech (China). The second antibody
was goat anti-rabbit IgG conjugated with horseradish peroxidase. The signal was captured by MF-Chemi BIS
Chemiluminescence imager (Bio-Imaging Systems) and the relative intensities were quantified by Image ]
software.

Statistical analysis. Data were presented as mean = standard deviation (SD) of at least three independent
experiments. Statistical analysis was carried out using one-way analysis of variance, followed by T test. Statistical
significance was made at P < 0.05 and indicated by asterisks ("P < 0.05; “P < 0.01; P < 0.001).
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