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Abstract Perfluoroalkyl acids (PFAAs) are widespread
environmental contaminants which have been detected
in humans and linked to adverse health effects. Previous
toxicological studies mostly focused on nuclear receptor-
mediated pathways and did not support the observed toxic
effects. In this study, we aimed to investigate the molecu-
lar mechanisms of PFAA toxicities by identifying their
biological targets in cells. Using a novel electrochemical
biosensor, 16 PFAAs were evaluated for inhibition of pro-
tein tyrosine phosphatase SHP-2 activity. Their potency
increased with PFAA chain length, with perfluorooctade-
canoic acid (PFODA) showing the strongest inhibition.
Three selected PFAAs, 25 wM perfluorooctanoic acid
(PFOA), perfluorooctane sulfonic acid, and PFODA, also
inhibited SHP-2 activity in HepG2 cells and increased
paxillin phosphorylation level. PFOA was detected in
the immunoprecipitated SHP-2 from the cells exposed to
250 uM PFOA, providing unequivocal evidence for the
direct binding of PFOA with SHP-2 in the cell. Molecu-
lar docking rationalized the formation of PFAA/SHP-2
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complex and chain length-dependent inhibition potency.
Our results have established SHP-2 as a new cellular target
of PFAAs.
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Introduction

Perfluoroalkyl acids (PFAAs), including perfluoroalkyl car-
boxylic acids (PFCAs) and perfluoroalkyl sulfonic acids
(PFSAs; Supplementary Material Fig. S1), are an emerg-
ing class of environmental contaminants. They are widely
used in industrial and commercial products, and frequently
detected in various environmental media (Giesy and Kan-
nan 2002). Due to their extremely high chemical stabil-
ity, PFAAs hardly degrade in the environment or organ-
isms, and therefore persist and bioaccumulate over long
duration. A number of bio-monitoring investigations have
detected PFAAs in humans in many regions of the world,
but with considerable variation among populations as far
as their level of exposure is concerned (Perez et al. 2013).
The highest blood concentration was found among work-
ers in PFAA-producing plants, with mean concentrations
of 1000-2000 ng/mL for perfluorooctane sulfonate (PFOS)
and 5000 ng/mL for perfluorooctanoic acid (PFOA),
whereas general populations on average had concentrations
(ng/mL) of 35 (PFOS), 5 (PFOA), 2 (perfluorohexanesul-
fonate, PFHS), and 1.5 (perfluorononanoic acid, PFNA)
(Conder et al. 2008; Ng and Hungerbuhler 2014; Kato et al.
2011). Long elimination half-lives have been observed for
some PFAAs in humans, for example, means of 3.8 years
for PFOA, 5.4 years for PFOS and 8.5 years for PFHS
(Olsen et al. 2007).
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High human exposure levels of PFAAs have raised con-
cerns about their adverse health effects. Epidemiological
studies revealed positive correlations between PFAA con-
centrations in human and some diseases such as cancers
(kidney, prostate, testicular, ovarian, and thyroid cancer)
(Chang et al. 2014; Eriksen et al. 2009; Barry et al. 2013;
Vieira et al. 2013), asthma (Humblet et al. 2014), and car-
diovascular diseases (Simpson et al. 2013), as well as dys-
functions of reproductive and thyroid systems (Toft et al.
2012; Kristensen et al. 2013; Wang et al. 2014a, b). In view
of the potential health risks, toxicological studies of PFAAs
were carried out extensively on experimental animals and
cells. In rats, PFOS and PFOA demonstrated modest acute
toxicity, with average LDs;, values of 250 and 540 mg/kg/
day, respectively (Sato et al. 2009; Griffith and Long 1980).
In subacute tests, liver and thyroid are the most sensitive
target organs of mice and rats. Other effects include repro-
ductive and developmental toxicity (White et al. 2011a, b),
neurotoxicity, immunotoxicity (DeWitt et al. 2009), and
endocrine disruption (White et al. 2011a, b). In chronic
tests, hepatotoxicity and carcinogenicity were observed
in the rats exposed to PFOS (Wang et al. 2015). However,
PFAAs did not show any genotoxicity in various in vitro
and in vivo assays (Florentin et al. 2011), suggesting that
the carcinogenic effects observed in rats probably result
from mechanisms not directly acting on genes.

Observed hepatotoxic effects include hepatomegaly,
reduced triglyceride and cholesterol levels, and increased
expression of enzymes involved in B-oxidation and fatty
acid w-oxidation (Zhang et al. 2008; Kudo et al. 2006).
All these are biomarkers of exposure to peroxisome pro-
liferators (PPs). PPs are known to induce carcinogenesis
by mechanisms including prolonged oxidative stress and
uncontrolled cell replication. Because these biological
responses are mediated by peroxisome proliferator-acti-
vated receptor o (PPARa), a ligand-activated transcription
factor expressed primarily in the liver, early studies on the
mode of action of PFAAs focused almost exclusively on
this mechanism. Indeed, PFOS and PFOA were found to
bind to the PPARa ligand-binding domain and activate the
receptor in reporter gene assays. However, PFAAs are only
weak agonists when compared with PPARa natural ligands
such as long-chain unsaturated fatty acids (VandenHeuvel
et al. 2006). In addition, exposure of PPARa knockout mice
to PFOA also induced hepatomegaly (Yang et al. 2002).
These results suggest that PFAA hepatotoxicity cannot be
attributed solely to PPARa-mediated pathways. Extrapo-
lation of this mechanism to human is further hindered by
the fact that hepatic expression of the receptor in human is
much lower than in mice and rats (Wolf et al. 2012). More
recent studies have investigated other nuclear receptors and
enzymes as possible biological targets of PFAAs, such as
estrogen receptor (Benninghoff et al. 2011), PPARy (Zhang
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et al. 2013a, b), thyroid hormone receptor (Ren et al. 2015),
and lysine decarboxylase (Wang et al. 2014a, b).

Protein phosphorylation is a common regulatory process
involved in many intracellular signaling pathways. These
pathways are dependent on the coordinated actions of pro-
tein kinases and protein phosphatases to regulate protein
phosphorylation level. SHP-2 is a ubiquitously expressed
cytoplasmic protein tyrosine phosphatase. It mediates cell
signaling by growth factors and cytokines, and the activa-
tion of mitogen-activated protein (MAP) kinases Erk1/2
in particular (Deb et al. 1998). PTPN11 (encoding SHP-2)
mutations have been found in Noonan syndrome, juvenile
myelomonocytic leukemia, and several types of human
malignancies (Tartaglia et al. 2001; Muller et al. 2013;
Mohi and Neel 2007; Tartaglia et al. 2004). The direct asso-
ciation between SHP-2 hyperactivation and human diseases
has stimulated tremendous interest in targeting the pro-
tein for therapeutic treatment, and a few SHP-2 inhibitors
have been discovered (Chen et al. 2006; Liu et al. 2011; Yu
et al. 2013; Butterworth et al. 2014). However, recent stud-
ies have revealed SHP-2 as a tumor suppressor. Selective
deletion of SHP-2 leads to the development of tumors in
the liver of aged mice (Bard-Chapeau et al. 2011), and pro-
moted melanoma progression and metastasis in CD4+4 T
cells (Zhang et al. 2013a, b). In addition, decreased SHP-2
expression was observed in a small fraction of human hepa-
tocellular carcinoma patient samples (Jiang et al. 2012). It
was suggested that the dual functions of tumor promotion
and tumor suppression depended on cellular contexts (Li
et al. 2012).

Considering the observed hepatotoxicity of PFAAs,
insufficient knowledge on their mode of action, and impor-
tant roles of SHP-2 implicated in liver tumors, we sought
to find out whether SHP-2 would be a potential target of
PFAAs in liver cells. We first screened 16 PFAAs for their
inhibitory effect on SHP-2 using an electrochemical bio-
sensor-based enzyme activity assay. We then confirmed the
inhibition reaction and subsequent effect on protein phos-
phorylation in HepG2 cells after exposure to PFAAs. To
prove that the biological effects in cells are the results of
direct interaction of PFAAs with SHP-2, we captured the
protein in cells by immunoprecipitation and detected the
PFAA associated with the protein.

Materials and methods

Electrochemical measurement of SHP-2 activity
and inhibition by PFAAs

In the sensor, a tyrosine-containing polypeptide, poly(glu,
tyr) (4:1) peptide, was used as the enzyme substrate,
and was covalently immobilized on the surface of ITO
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electrode by silane chemistry (Yang et al. 2011). Electro-
active tyrosine residue, as the only receptor of phospho-
rylation and dephosphorylation in polypeptide, was used
as a signal reporter. Tyrosine could be electrocatalytically
oxidized with an osmium polypyridyl complex leading to
the enhanced oxidation current, but the phosphorylation of
tyrosine residue caused suppression of the oxidation cur-
rent response (Qu et al. 2008). The distinct electrochemi-
cal behavior of tyrosine and phosphotyrosine enabled us
to determine whether phosphorylation and dephosphoryla-
tion were achieved on a polypeptide or not. When EGFR-
catalyzed tyrosine phosphorylation, and subsequent SHP-
2-catalyzed dephosphorylation were achieved, the tyrosine
residue in polypeptide gave a high current response (Sup-
plementary Material Fig. S2A,B). When the dephospho-
rylation was successfully inhibited, the tyrosine oxidation
response was suppressed. The instrument measures the
voltammetric oxidation current of tyrosine catalyzed by a
dissolved electron mediator Os(bpy)%+ (bpy = 2, 2'-bipyri-
dine) (Hamann et al. 2005) to assess SHP-2 activity and its
inhibition by PFAAs. SHP-2 activity assay was performed
according to the following protocol. Firstly, the phosphoryl-
ation reaction mixture containing 25 mM HEPES (pH 7.4),
2 mM MnCl,, 5 mM MgCl,, 50 uM ATP, and 150 UmL™!
EGFR in a total volume of 10 pL was deposited onto the
surface of the polypeptide-modified electrode and incu-
bated in a moisturized container at 30 °C for 35 min. Then,
the dephosphorylation reaction on ITO electrode was per-
formed in 10 pL phosphate buffer, containing 50 mM
NaCl, 1 mM DTT, 0.05 % Tween-20, and SHP-2 and incu-
bated in a moisturized container at 30 °C for 45 min (Sup-
plementary Material Fig. S3). After each surface reaction,
the electrodes were washed for 5 min each in 20 mM PB
(with 0.1 % Tween-20), 20 mM PB (with 150 mM NaCl),
and 20 mM PB on a shaker and then dried with nitrogen.
As for the inhibition experiments, varying concentrations
of inhibitors were included in the reaction mixture. The
time-dependent inhibition of SHP-2 by PFAAs was inves-
tigated (Supplementary Material Fig. S4). After washing
in PB, cyclic voltammograms (CVs) were measured in
3 uM Os(bpy)3™/20 mM PB (pH 7.4). From the dose—effect
curve, an ICy, value (the concentration of the inhibitor
required to reduce signal by 50 %) was obtained. Electro-
chemical measurements were taken on a CHI 660B elec-
trochemistry analyzer from CH Instruments (Austin, TX)
with an indium tin oxide (ITO) work electrode, a Pt counter
electrode, and an Ag/AgCl reference electrode.

SHP-2 activity assay and total SHP-2 measurement

For SHP-2 activity analysis, the cell lysates were collected
in specific lysis buffer and divided into two parts, each for

SHP-2 activity assay and ELISA determination of SHP-2
protein. The SHP-2 activity of each sample was measured
using the Human/Mouse/Rat Active SHP-2 Kit. In brief,
SHP-2 immunoprecipitate was prepared from cell lysate
using anti-SHP-2 antibody-conjugated agarose immuno-
precipitation (IP) beads for 3 h at 4 °C. After washing away
unbound lysate, a synthetic phosphopeptide substrate was
added and the reaction mixture was incubated for 30 min
at 37 °C with continuous shaking at 700 rpm. Thereafter,
50 nL of the supernatant was aliquoted to a 96-well plate
and Malachite Green reagent was used to quantify the
release of inorganic phosphate by reading the absorbance
at 620 nm. The determination of total SHP-2 protein abun-
dance was performed using the Human/Mouse/Rat Total
SHP-2 Kit. In brief, 96-well plates were coated with rat
antihuman SHP-2 antibody and then blocked with block-
ing buffer. After a series of wash steps, 100 pL samples
involving standard, blank control, or cell lysate was added
to each well, respectively, and incubated for 2 h at room
temperature. Wells were aspirated and washed with wash
buffer. Diluted biotinylated rat antihuman SHP-2 anti-
body was added to each well, and plates were incubated
for another 2 h. After a series of wash steps, 100 wL of the
diluted streptavidin-HRP was added and then the plate was
incubated for 20 min, protected from light. Stop solution
(2N H,SO,) was added to each well, and absorbance was
measured at 450 nm using a microplate reader (Varioskan
Flash, Thermo Fisher Scientific, Waltham, USA).

Immunoprecipitation

Tosylated superparamagnetic beads (Dynabeads, 2.8 pm)
were conjugated with anti-SHP-2 antibody as follows:
200 pg antibody with 5 mg dynabeads in 0.1 M borate
buffer (pH 8.5) and 1.2 M (NH,),SO, for 18 h at 37 °C.
Dynabeads conjugated with an irrelevant IgG (Guinea pig
IgG) or ethanolamine were used as control group. After
that, the beads were blocked with excess ethanolamine
and then resuspended in pre-cold PBS. The human HepG2
cells were exposed to PFOA (250 wM) for 24 h, or with
only DMSO as vehicle control. After exposure, all cells
were washed twice with ice-cold PBS, and total cellular
protein was collected by lysing the cells with RIPA buffer
containing a protease inhibitor mixture. The concentration
of each protein sample was measured with a BCA Protein
Assay Kit. Then, 0.8 mg dynabeads with different surface
modification mentioned above were added to cell lysate
containing 8 mg protein to immunoprecipitate for 6 h at
4 °C, respectively. After magnetic separation, dynabeads
were washed four times with ice-cold PBS and then pre-
treated using the ion-pairing extraction method to capture
the PFOA on it.
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Molecular docking

SHP-2 was selected from the Protein Data Bank for con-
structing the receptor model. All molecular simulation
studies on the structural and conformational feature of
PFAAs/SHP-2 complexes were performed using Lamarck-
ian genetic algorithm provided by AutoDock 4.2 soft-
ware. Grid boxes were built around the protein with 60
points cube coverage. A spacing of 0.375 A between the
grid points was used. All other docking parameters were
set to defaults, including a population size of 150, maxi-
mum number of 2.5 million evaluations, maximum of 2700
generations, gene mutation rate of 0.02, crossover rate of
0.8, and 10 GA runs. Ten docked conformations for each
ligand were scored according to a free energy cost function
(AG*), and the lowest-energy conformation was selected
as the most likely bioactive conformation.

Results

Inhibition of SHP-2 activity by PFAAs using an
electrochemical enzyme assay

We first developed an electrochemical biosensor to assay
the SHP-2 enzyme activity. The biosensor works on the
signal transduction mechanism we reported previously in
which tyrosines and phosphorylated tyrosines exhibit dif-
ferential electrocatalytic current (Qu et al. 2008; Yang et al.
2011). In the biosensor (Fig. 1a), a phosphotyrosine-con-
taining polypeptide was used as the enzyme substrate and
was covalently immobilized on the surface of an indium
tin oxide (ITO) electrode. Os(bpy);Cl, in solution serves as
an electrocatalyst. In the presence of SHP-2, phosphortyr-
osines are converted to tyrosines, which produce a distinc-
tive electrochemical signal. Upon addition of an inhibitor,
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SHP-2 Tyr-OH
)
Kinase P
EGFR P Tyr-0
P Os(bpy)s™
—
ATP
inhibitor P —
@ : tyrosine 1 P g
) | Y
@-P : phosphorylated tyrosine P § l
B
N\ : polypeptide SHP-2 5
Potential (V)
B C D
1400 vy 1400 1200
1200
1200 + 1000 1200 | 1000
1000 | 2 | . 1000 F 800 |
< E 400 E <
S 800 g < 800 £
~ = 200 - -
£ g £ 2 600 |
S 600 o £ 600 | £
5 ’ 02 04 06 08 1 12 5 5 400
© 400 Potential (V) 400
200 200 | 200
0 0 0

0.0 0.5 1.0

NSC-87877 (uM)

15 2.0

Fig. 1 a Design of an electrochemical biosensor for the assay of
SHP-2 enzyme activity and screening of SHP-2 inhibitor. b Depend-
ence of the electrochemical current of the biosensor on the concentra-
tion of NSC-87877, a small-molecule inhibitor of SHP-2. Inset cyclic
voltammograms of the phosphopolypeptide immobilized on ITO
electrode in the presence of various concentrations of NSC-87877.
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And dose—effect inhibition curves of PFAAs on SHP-2 enzyme activ-
ity, including PFOS, PFOA (c) and PFODA (d). Error bars indicate
the standard deviation of three separate measurements (n = 3). Elec-
trochemical measurements were taken in 20 mM PB (pH 7.4) con-
taining 3 pM Os(bpy)3™. The electrode area in contact with the elec-
trolyte was 25 mm?. Voltage scan rate: 30 mVs™!
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Table 1 IC,, Log K, and

0 PFAAs Length (A) Log K,,,, ICsy (LM) Binding energy Hydrogen-bonding

some molecular docking results (keal/M) interaction

of PFAAs
PFBA 6.02 2.04 20.2 —5.34 Lys364, 366, Ser460
PFPA 6.47 2.65 16.5 —5.50 Lys364, 366, Ser460
PFHxA 7.94 3.25 13.1 —5.78 Lys364, 366, Ser460
PFHpA 8.96 3.85 10.5 —-5.90 Lys364, 366, Ser460
PFOA 9.64 4.46 8.0 —6.05 Lys364, 366, Ser460
PFNA 11.77 5.06 6.5 —6.22 Lys364, 366, Ser460
PFDA 12.66 5.66 5.1 —6.38 Lys364, 366, Ser460
PFUA 13.07 6.27 4.0 —6.49 Lys364, 366, Ser460
PFDoDA 14.08 6.87 2.8 —6.55 Lys364, 366, Ser460
PFTDA 15.10 7.47 0.73 —6.65 Lys364, 366, Ser460
PFTeDA 17.15 8.08 0.51 —6.75 Lys364, 366
PFHDA 19.87 9.28 0.32 —6.87 Lys364, 366
PFODA 20.98 10.49 0.18 —7.09 Lys364, 366
PFBS 7.15 2.72 10.5 —5.80 Lys364, 366, Ser460
PFHS 10.11 3.93 6.9 —6.35 Lys364, 366, Ser460
PFOS 11.98 5.14 43 —6.59 Lys364, 366, Ser460

the signal is reduced due to less conversion of phosphor-
tyrosines. The signal decreased progressively with the con-
centration of NSC-87877 (a known SHP-2 inhibitor, see
Supplementary Material Fig. S1) until it reached a plateau
(Fig. 1b). The ICs, and K; values were calculated to be,
respectively, 0.52 £ 0.21 and 0.37 &= 0.11 wM, in accord-
ance with those reported in the literature (IC5, = 0.32 pM,
K; = 0.31 uM) (Chen et al. 2006).

After the electrochemical biosensor assay was devel-
oped and validated, 16 PFAAs with different carbon chain
lengths and acid head groups were screened for their inhib-
itory effects on SHP-2. As shown in Fig. 1c, d and Supple-
mentary Material Fig. S5, all the PFAAs inhibited SHP-2
activity in a dose-dependent manner. But their inhibition
potency differed significantly, as demonstrated by their
ICy, values summarized in Table 1. For the 13 PFCAs,
the inhibitory effect increased significantly with their
chain length, with PFODA (18 carbons) being the strong-
est and PFBA (four carbons) the weakest. As for the three
PFSAs, the inhibitory effect follows the same pattern, i.e.,
PFOS > PFHS (six carbons) > PFBS (four carbons, per-
fluorobutanesulfonic acid). In addition, for the PFSAs
and PFCAs containing the same carbon number, PFSAs
showed stronger inhibition potency than PFCAs.

Inhibition of SHP-2 activity by PFAAs in HepG2 Cells

Due to its high expression of SHP-2 enzyme, HepG2 cells
were used to further investigate the effect of PFAAs on
SHP-2 activity in biological systems. Three PFAAs, PFOA,
PFOS, and PFODA, were selected to elucidate the roles of
carbon chain length and functional group of PFAAs within

cells. HepG2 cells were exposed to one of the PFAAs at
non-cytotoxic concentrations for 24 h (Supplementary
Material Fig. S6A-C). Then, SHP-2 was immunoprecipi-
tated from the cell lysates, and its activity was measured
by the addition of a synthetic phosphopeptide substrate
and quantification of the amount of released phosphate.
As shown in Fig. 2a—c, the three PFAAs were all found
to inhibit SHP-2 activity in a concentration-dependent
manner. Among them, PFODA reduced SHP-2 activity in
HepG2 cells by 50 % at 25 wM exposure, and PFOS and
PFOA inhibited the activity by 44 and 39 %, respectively,
at 100 wM concentration. Therefore, the inhibition potency
follows the order of PFODA > PFOS > PFOA, which is
in accordance with the order observed above in the elec-
trochemical biosensor assay and confirms the structural
dependence of PFAAs inhibition effect.

Because the enzymatic activity measurement of a pro-
tein varies with both total content and specific activity of
the protein, we next determined gene expression and pro-
tein levels of SHP-2 in HepG2 cells after PFAAs exposure
to rule out the first possibility. The results of RT-PCR show
that both PFODA and PFOS increased the gene expression
of SHP-2 in a concentration-dependent manner, while no
effect was observed after PFOA exposure even at the high-
est concentration (Fig. 2d—f). The SHP-2 protein level in
the exposed cells was quantified using Western blot assay
(Fig. 2g—i). PFAAs exposure stimulated increase in SHP-2
protein level by 1.19-fold (PFODA), 1.4-fold (PFOS),
and 1.3-fold (PFOA), respectively (Fig. 2d—f). The results
indicate that SHP-2 inhibition in HepG2 cells by the three
PFAAs was due to the loss of enzyme activity, not protein
content.
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Fig. 2 SHP-2 activity, relative expression of SHP-2 at transcriptional
and protein levels, representative images of Western blot analysis on
SHP-2 level in HepG2 cells exposed to PFODA (a, d, g), PFOS (b,
e, h), and PFOA (c, f, i) for 24 h. HepG2 cells treated with Na;VO,

25

(1 wM, 24 h) were used as positive control. Data are presented as
the means of three replicates and normalized against GAPDH (RT-
PCR) and p-actin (Western blot). Significance was set as *p < 0.05;
*#p <0.01

Fig. 3 Change in paxillin
tyrosine phosphorylation level
(a) and representative images
of Western blot analysis on
paxillin tyrosine phosphoryla-
tion level (b) in cells exposed to
PFODA, PFOS, and PFOA for
24 h. HepG2 cells treated with
NSC-87877 (20 uM, 24 h) were
used as positive control. Data
represent the mean + SD. Sig-
nificance was set as *p < 0.05; EGF:
*5p < 0.01 25 25

>
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Change in protein tyrosine phosphorylation level
after PFAA exposure

As described in the introduction, protein phosphorylation
level in cells is regulated by the coordinated action of protein
kinases and protein phosphatases. Since SHP-2 is protein
tyrosine phosphatase, its inhibition by PFAAs should lead to
an accumulation of phosphotyrosines. We therefore selected
paxillin, a physiological substrate of SHP-2, to investigate
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the effect of PFAA inhibition on protein phosphorylation
level in cells. After exposure to one of the three PFAAs,
HepG?2 cells were lysed and the levels of both paxillin and
phosphorylated paxillin were detected by immunoblot-
ting. Compared with the cells treated with culture medium,
PFAA-treated cells had a significant increase in the rela-
tive content of tyrosine phosphorylated paxillin (Fig. 3a, b).
Among the three PFAAs tested, PFOA increased the phos-
phorylation level as much as NSC-87877 did.
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Detection of PFOA in immunoprecipitated SHP-2
from exposed cells

Based on the electrochemical biosensor assay results, we
hypothesized that the inhibition of SHP-2 activity and
increase in protein tyrosine phosphorylation in HepG2 cells
after PFAA exposure would be the results of direct bind-
ing of PFAA with SHP-2. To prove the hypothesis, HepG2
cells were exposed to 250 wuM PFOA for 24 h and then
washed extensively to remove the compound that did not
enter the cell. Dynabeads coated with anti-SHP-2 anti-
body were added into the lysate of the exposed cells to
capture the protein (Fig. 4a and Supplementary Material
Fig. S7). The bead sample was then analyzed for SHP-2
and PFOA content. The amount of SHP-2 captured on
the beads was measured to be 0.10 nmol by BCA protein
quantification. And the PFOA content detected in the anti-
body-coated bead sample by HPLC/ESI-MS-MS (Zhou
et al. 2014) is 37.33 pg L' (i.e., 0.09 nmol), which is
approximately 10- and 36-fold higher than the guinea pig
IgG-coated bead (3.70 pg L") and ethanolamine-blocked
bead (1.05 pg L™!; Fig. 4b and Supplementary Material
Fig. S8). Since both PFOA and SHP-2 were detected on
the beads, it can be concluded that PFOA bound directly
to SHP-2 in the exposed HepG2 cells. The binding ratio of
PFOA to SHP-2 can be estimated to be 0.9.

Molecular docking simulation of PFAA/SHP-2
complexes

To better understand the inhibitory effect of PFAAs on
SHP-2 activity, the binding interaction of PFAAs with the
protein was simulated by molecular docking. Previous
X-ray crystal structure shows that the protein comprises two
SH2 domains and one catalytic PTP domain. Key conserved
features of the PTP catalytic cleft include Cys459, the cata-
Iytic nucleophile; Arg465 and the “phosphate-binding cra-
dle” formed by several main-chain amide groups (Hof et al.
1998). We first docked NSC-87877 to SHP-2 using the
AutoDock software. Results show that NSC-87877 resides
at the PTP catalytic cleft of SHP-2, and its B-ring sulfonic
acid group forms hydrogen bonds with the backbone NH
group of Arg465 which is a conserved residue in the PTP
signature motif (HCSAGIGRS) located at the base of the
PTP catalytic cleft. Due to structural rigidity, the A-ring of
NSC-87877 protrudes from the cleft and the sulfonic acid
forms hydrogen bonds with the side-chain NH; group of
Lys280 and the side-chain NH, group of Asn281 (Fig. 5a,
b). Our simulation results are in good agreement with those
published in the literature (Chen et al. 2006).

By using the same constraints, the 16 PFAAs were
docked with SHP-2. Although all the PFAAs were found
to bind to the protein at the same cleft as NSC-87877
(Fig. 5c—f and Supplementary Material Fig. S9), they
actually exhibited a completely different binding mode.
By comparison with NSC-87877, the flexible structure
of PFAAs makes them fit to the interior of the cleft. The
charged head group of a PFAA interacts with Lys364,
Lys366, and Ser460 by hydrogen bonds, and its fluorocar-
bon tail forms Van der Waals and hydrophobic interactions
with the surrounding amino acid residues in the cleft. The
binding energy between PFAAs and SHP-2 was calculated
and listed in Table 1.

Discussion

One of the most toxic effects of PFAAs on experimental
animals is liver cancer. Unfortunately, the mechanism
responsible for the effects of PFAAs on liver has not been
clarified. We speculate that some important functional
biomolecules might be involved in the mediation of such
effects. The inhibition of SHP-2 as a tumor suppressor in
liver could in principle lead to the development of tumors
in the liver. It also might be a new clue for the toxic and
pathogenic factors of PFAAs. In our work, a set of experi-
ments were carried out in an attempt to establish SHP-2 as
a potential target of PFAAs in liver cells in their carcino-
genic action.
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Fig. 5 Molecular model overlay of five compounds bound to the
SHP-2 PTP domain, including NSC-87877, PFBA (carbon in purple),
PFOA (blue), PFOS (brown), and PFODA (orange; a). The hydrogen
bonds formed between SHP-2 and NSC-87877 (b), PFBA (c¢), PFOA

In the in vitro SHP-2 enzyme activity assay, we found
that all the 16 PFAAs inhibited SHP-2 activity for the de-
phosphorylation of phosphorylated tyrosines in a poly-
peptide substrate. However, their inhibition potency was
strongly dependent on the structures. Among them, the
potency of the 13 PFCAs increased progressively with their
carbon chain length. The two longest PFCAs, PFHDA and
PFODA, were even more potent than NSC-87877, a well-
known SHP-2 inhibitor. A similar trend was also observed
for the three PFSAs, although the number of PFSAs under
the study was limited. By comparing PFCAs and PFSAs
with the same chain length, it is clear that PESAs are more
potent than PFCAs. Molecular docking on the interactions
between PFAAs and SHP-2 provided rationales for the dif-
ference in their structure-dependent inhibition potency. For
the PFCAs, the calculated binding energy of the docked
complexes decreased with their carbon chain length, with
PFODA being the lowest (Table 1). This trend correlates
very well with the experimentally measured inhibition
potency (ICs,) of PFCAs and therefore supports the validity
of the molecular docking approach. The agreement in the
1:1 binding mode between the simulated complex and the
immunoprecipitation experiment provides further support.

In the docked complexes, all the PFAAs are located in
the active center of SHP-2 in such a manner that the entire
molecule fits into a binding pocket consisted of amino

@ Springer

(d), PFOS (e), and PFODA (f), respectively. For the compounds in
b—f, carbon atoms are colored in gray, oxygen in red, nitrogen in
blue, hydrogen in white, sulfur in yellow, and fluorine in green (color
figure online)

acids Lys364, Lys366, Ser460, Arg465, Gly464, Arg362,
His426, Trp423, GIn506, and Tyr279. But the exact bind-
ing geometry is slightly different. For PFCAs from 14 to
18 carbons, there are only two hydrogen bonds between
the carboxylate or sulfonate group of the chemical and
Lys364, 366 of SHP-2, while for other PFAAs, three hydro-
gen bonds exist between the carboxylate or sulfonate group
of PFAA and the side-chain residues of Lys364, Lys366,
and Ser460 of SHP-2. The difference in binding geometry
might be that the whole molecule of PFAA moved upward
in the cleft with the increase in carbon chain length so as
to obtain the optimal matching in size and energy. The cal-
culated binding energy takes into account the hydrophobic,
Van der Waal’s interactions, and hydrogen-bonding as well
as electrostatic interaction. As the fluorocarbon chain of a
PFCA gets longer, its hydrophobicity increases, as indi-
cated by its Log K. Therefore, long-chain PFCAs should
bind stronger to SHP-2 than the short-chain counterparts
due to increased hydrophobic and Van der Waal’s interac-
tions. In addition, PFAA head group took a leading role in
their inhibitory strength. PTP catalytic cleft of SHP-2 is
positively charged due to the presence of the “phosphate-
binding cradle,” and electrostatic interaction is inevitably
involved for the combination of PFAA with SHP-2. Sul-
fonate carries more negative charges and thus is capable
of forming stronger electrostatic forces with SHP-2 than
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carboxylate. This may explain why PFSAs are more potent
inhibitors than PFCAs even when they possess approxi-
mately the same molecular length, Log K, and hydrogen-
bonding mode.

The molecular docking results may also be used to
rationalize the structure-dependent inhibition potency
observed in the cell-based SHP-2 activity assays, although
the situation is more complicated as other processes such as
cell permeation may play an important role in the inhibition
reaction. Moreover, after cells are exposed to exogenous
chemicals such as PFAAs, a variety of biological processes
can be perturbed, which might have detrimental effects on
SHP-2 activity, either directly or indirectly. To establish
that SHP-2 is the direct target of PFAAs in HepG2 cells,
we needed to answer the following two questions. First, is
the decreased SHP-2 activity in the cell assay due to the
loss of SHP-2 activity by PFAA inhibition, or lowering of
SHP-2 protein expression in the cell after PFAA exposure?
Our experimental results show that neither gene nor protein
expression was suppressed by PFAAs. This indicates that
the decrease in SHP-2 activity was indeed caused by the
inhibition of PFAAs. The other question is does the inhi-
bition occur as a result of PFAAs binding directly to the
protein? In the immunoprecipitation experiment, magnetic
beads coated with an anti-SHP-2 antibody were used to
selectively capture SHP-2 in the cell lysate. During the pro-
cess, any PFAAs bound to the SHP-2 protein would also be
captured by the beads. A significant amount of PFOA was
detected by HPLC/ESI-MS-MS in the bead sample. By
comparison, minimal PFOA was detected on the uncoated
beads, and very low level PFOA was detected on the IgG-
coated beads, probably due to some non-specific binding.
These results provide unequivocal evidence for the direct
binding of PFOA to SHP-2 in HepG2 cells. To the best of
our knowledge, this is the first time a complex between an
environmental chemical and a protein was detected in cells.

Since SHP-2 participates in the regulation of protein
tyrosine phosphorylation level by catalyzing the removal
of phosphate, inhibition of SHP-2 activity should lead to
an increase in phosphotyrosines of its substrate. We chose
paxillin as a protein substrate of SHP-2 to evaluate the
effect of SHP-2 inhibition in HepG2 cells. As expected,
all the three PFAAs induced significant increase in phos-
phorylated paxillin in HepG2 cells. Paxillin is a scaffold
protein located to the intracellular surface of the cell mem-
brane. It interacts with a wide variety of structural and
regulatory proteins through its multiple binding domains,
many of which are regulated by tyrosine phosphorylation.
The state of paxillin phosphorylation plays a central role
in cell adhesion, migration, and metastasis, and it is regu-
lated in turn by SHP-2 and other phosphatases (Deakin and
Turner 2008). The evidence provided in our study possibly
explained the association between PFAA exposure and its

W

carcinogenicity. It remains to be seen whether SHP-2 inhi-
bition by PFAAs would have any impacts on cell motility.

Conclusions

In summary, using a combined experimental approach
including biosensor-based enzyme activity assay, cell-
based assays, immunoprecipitation, and molecular dock-
ing simulation, we have established protein tyrosine phos-
phatase SHP-2 as a new target of PFAAs in cells. Upon cell
exposure, PFAAs enter the cell, bind directly to SHP-2, and
inhibit its tyrosine dephosphorylation reaction, and thereby
increase the level of phosphorylated tyrosine residues
of paxillin. Further studies are needed to investigate the
effects of SHP-2 inhibition on cell motility and its possible
link to the toxic effects observed on experimental animals.
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