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Molecular Dynamics Method for Affinity Screening

A previously developed molecular dynamics (MD) workflow [1] was used to esti-
mate protein binding affinities (free energy of binding, AGeina) for selected perfluoroalkyl
acids (PFAAs). Affinities were subsequently translated to dissociation constants, Kos.
Briefly, the workflow consists of three major steps: molecular docking, MD simulation,
and molecular mechanics combined with Poisson-Boltzmann surface area (MM-PBSA)
energy calculation [1]. The MM-PBSA method [2] was used to calculate AGpina as follows:

AGbind — GComplex _ GProtein _ GPFAS
where GComplex, GProtein, and GPFAS are the free energies of the protein-PFAA complex, the
protein, and the PFAA ligand, respectively. The energy terms were calculated using the
MMPBSA.py program in AMBER 14. The calculated AGoind values were then translated
into equilibrium dissociation constants (Kb, with units of uM) using the following equa-
tion [3,4]:

AGina= RTIn (Kb / Co)

where R is the gas constant (1.987 cal K-' mol™), T is temperature (which is assumed to be
300 K), and Cois the standard state concentration (1 M). All simulations were carried out
on an AMBER GPU Certified molecular dynamics workstation (Exxact Corporation,
Fremont, CA, USA).

Material Extractions for Sorption Quality Control

Dialysis filters and vials (Figure S1) were extracted according to Robel et. al. (2020).
Briefly, items were cut into 4.0 + 0.5 cm? pieces with methanol rinsed scissors. Materials
were extracted by submerging with 3.3 mL of heated methanol (60-65 °C), shaking on a
wrist-action shaker for 10 min, centrifuging at 2808 g for 10 min, and then collecting the
supernatant a secondary centrifuge tube. This process was repeated two additional times
with each round’s supernatant collected in the same secondary tube, yielding a 9.9 mL
extract. Extracts were brought to a final volume of 10 mL with additional methanol.

‘P-,

] Mixture of 100 pL protein +
buffer spiked with PFAS

1.2 mL PBS buffer
spiked with PFAS

Figure S1. Equilibrium dialysis setup with materials used (dialysis filters and vials) shown.
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Material extracts were prepared for analysis as follows: 1) 60 pL aliquots of extract
were placed in 1.5 mL HDPE autosampler vials, 2) each vial was spiked with 0.72 ng of
isotopically labeled standards, and 3) vials were diluted with methanol to a final volume
of 1.2 mL. In order to assess sorption to the dialysis filters and vials, a spike and recovery
experiment was performed. Filters and vials were equilibrated on a shaker for 24 h with
1.5 mL of 500 ng/L of native PFASs (Table S1) in water. The spiked water was removed
and extracted utilizing the micro liquid-liquid extraction technique described by Backe et.
al. [5] and modified by Barzen-Hanson et al. [6].

Molecular Dynamics Results for PEAS-protein Affinity Screening

After the serum albumins, liver fatty acid binding protein (L-FABP) is probably the
most-studied protein for binding with per- and polyfluoroalkyl substances (PFAS), both
experimentally and using molecular modeling tools [7-10]. The focus on this particular
fatty acid binding protein is driven in large part by observations of high accumulation of
long-chain PFAS in liver tissue [11]. Existing literature shows a strong increase of binding
affinity between PFAS and L-FABP up to a carbon chain length for perfluoroalkyl carbox-
ylic acids (PFCAs) of 11, after which it levels off. In our previous modeling study [1],
which established the MD framework used here, perfluorohexanoic acid (PFHxA) was the
only short-chain PFCA predicted to bind strongly with L-FABP, but was a clear outlier in
the chain length relationship. Here we increased the simulation time in order to sample a
greater number of conformations, thus improving our predictions. The updated predic-
tions for all PFCAs now fall in line with the expected chain length trend (Figure 3). The
strongest binding was predicted for perfluorooctanoic acid (PFOA), perflorononanoic
acid (PENA), and perfluorooctane sulfonate (PFOS). Among the short-chain PFAS, bind-
ing was strongest for perfluorobutanoic aicd (PFBS).

There are no published experimental or modeling studies for PFAS binding with
other fatty acid binding proteins, precluding comparisons with our evaluation of inten-
stinal fatty acid binding protein, I-FABP. Our MD results indicated strongest I-FABP bind-
ing affinities for perfluoroheptanoic acid (PFHpA) and PFNA among the carboxylates
(Figure 3C), while binding between I-FABP and all sulfonates was predicted to be weak,
with no chain length trend and little difference in Ko among them (Figure 3D). This em-
phasizes the point that PFAS-protein binding affinity is not determined exclusively by
PFAS chain length; protein- and PFAS-specific attributes determine binding affinity and
should be considered individually.

The relationship between binding affinity predicted by MD and chain length is even
weaker for the peroxisome proliferator-activated nuclear receptors, PPARs (Figure 2). In
some cases, simulations predict similar or stronger binding for short-chain PFAS than for
long-chain PFAS. For example, among the PFCAs, PPAR-a (Figure 2A) is surprisingly
predicted to bind most strongly with PFBA. For the remaining PFCAs all binding affinities
are relatively weak and overlapping, with Kb values higher than those considered biolog-
ically relevant. In comparison, binding with PFSAs is predicted to be relatively stronger,
though without a chain length dependence; PPAR-a is predicted to bind equally well with
PFBS and PFOS and less strongly with perfluorohexane sulfonate, PFHxS (Figure 2B).

Previous studies found mixed evidence of PPAR-y activation by PFOA and PFOS.
Takacs and Abbott [12] found no evidence of PPAR-y activation by either PFOA or PFOS
(in contrast with PPAR-a), while Vanden Heuvel et al. [13] found that PFOA and PFOS
were at least partial activators of PPAR-y, but with lower activity than PPAR alpha. Fi-
nally, Buhrke et al. [14] found PFOA activated PPAR-y in primary human hepatocytes.
The predicted binding affinities for PPAR-y with both PFCAs and PFSAs (Figure 2C and
D) were all relatively weak and about the same except for PFNA and PFOS, which were
the only ones predicted to have moderate to strong binding (geometric mean Ko <1 uM).
Finally, the binding affinities predicted for PPAR-d were strongest for PFPeA among the
PFCAs, but all were in the micromolar and larger range (Figure 2E). For PFSAs, binding
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was predicted to be only slightly stronger, with essentially no difference in predicted
binding affinities among PFSA chain lengths (Figure 2F).

Based on the MD results, a set of 17 PFAS-protein pairs were selected for further
investigation by equilibrium dialysis (Table S1).

Table S1. Matrix of Selected Protein-PFAS combinations for batch analysis.

PFAS L-FABP I-FABP PPAR-a PPAR-y PPAR-d

PFBA X X
PFHxA X X
PFHpA X X
PFOA X X
PFNA X X
PFBS X X
PFHXS X X
PFOS X X X

Additional Dialysis Results
Peroxisome Proliferator-Activated Nuclear Receptors (PPARs)

For PPAR-a, no measurable binding was observed for either PFBA (Figure S2A) de-
spite strong binding predicted by MD. For PFHpA, the lack of observed binding was in
agreement with modeling results (Figure S2B).
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Figure S2. Equilibrium dialysis results for binding affinity of perfluorobutanoic acid, PFBA (A)
and perfluoroheptanoic acid, PFHpA (B) with peroxisome proliferator-activated nuclear receptor,
PPAR-a at pH =7.4 and ionic strength = 18.1 mS/cm. No Kb could be ascertained from these data.
The negative result for PFHpA indicates chemical may have been lost from the system due to non-
specific interactions that were not due to the protein (e.g. sorption) or that there was a problem
with the analysis of PFAS in the dialysate.

For PPAR-y, binding to PFOA was found to be substantially stronger than for PFOS
(Figure S3). PFOS bound more strongly to PPAR-0 (Figure S4A), with a Ko between that
of PFOA and PFOS for PPAR-y. For PFBS, no measurable binding was found for PPAR-
(Figure S4B).
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Figure S3. Equilibrium dialysis results for binding affinity of perfluorooctanoic acid, PFOA (A)
and perfluorooctane sulfonate, PFOS (B) with peroxisome proliferator-activated nuclear receptor,
PPAR-y at pH = 7.4 and ionic strength = 18.1 mS/cm.
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Figure S4. Equilibrium dialysis results for binding affinity of perfluorooctane sulfonate, PFOS (A)
and perfluorobutane sulfonate, PFBS (B) with peroxisome proliferator-activated nuclear receptor,
PPAR-d at pH = 7.4 and ionic strength = 18.1 mS/cm.

Fatty Acid Binding Proteins (FABPs)

For L-FABP, dialysis results agreed with earlier observations of chain-length depend-
ent binding. Long-chain PFAAs (PFOA, PFHxS) bound relatively strongly to L-FABP,
whereas short-chain PFAAs (PFBS, PFHxA) had no measurable binding (Figure S5). For
I-FABP, the short-chain PFHpA also showed no measurable binding (Figure S5).
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Figure S5. Equilibrium dialysis results for binding affinity of perfluorooctanoic acid, PFOA (A),
perfluorobutane sulfonate, PFBS (B), perfluorohexanoic acid, PFHxA (C), and perfluorohexane
sulfonate, PFHxS (D) with liver fatty acid binding protein, L-FABP, at pH = 7.4 and ionic strength

=18.1 mS/cm.
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Figure S6. Equilibrium dialysis results for binding affinity of perfluoroheptanoic acid, PFHpA,
with intestinal fatty acid binding protein, I-FABP, at pH = 7.4 and ionic strength = 18.1 mS/cm.

Comparison of Published Kbs for Serum Albumins

A literature review of published studies for measured binding affinities using a wide
array of techniques including equilibrium dialysis show values that range over several
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orders of magnitude for a single PFAS for both human serum albumin (HSA, Figure S7)
and bovine serum albumin (BSA, Figure S8). Data extracted from the literature and used
to construct similar comparisons for FABPs and PPAR isoforms, shown in main text Fig-
ure 7, are shown in Table S2. Data extracted from the literature and used to construct the
comparisons for HSA and BSA are shown in Table S3.
HSA ® Equilibrium dialysis
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Figure S7. Comparison of reported equilibrium dissociation constant, Ko (+ SE) values for human serum albumin, HSA.
Data extracted from literature [15-24]. Values plotted as log of Kb, indicating order-of-magnitude differences.
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BSA Equilibrium dialysis
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Figure S8. Comparison of reported equilibrium dissociation constant, Ko (+ SE) values for bovine serum albumin, BSA.
Data extracted from literature [15,20,24-27]. Values plotted as log of Kb, indicating order-of-magnitude differences.

Table S2. Comparison of Kb from different methods for L- and I-FABP and PPAR-a, y, and d

Kd (uM) I1C50 (UM)
Isothermal
Protein PEAS Equ'lhbn.um Tltre.mon Fl'uorescence Competitive Binding F!uorescence
Dialysis Calorimetry Displacement Assay Displacement
(ITC)
Kd Reference Kd Reference Kd Reference Kd  Reference Kd Reference
ND 8 ND

PFHxA ND" Current study 151

261.7 (rat) [28]
50.4 [8] 9 [8]
6.49 9 2.36 9 8.14 9
PFOA  0.099 Current study ] Bl Bl
8.03 [32] 2.15 [32]

L-FABP 13.14 (rat) [28]
PFBS ND Current study 1034 [8] 185 [8]
PFHxS  1.695 Current study 85.7 [8] 15.3 [8]
18.5 8 3.3 8
PFOS  0.184 Current study 8] 8]
4.99 [32] 1.34 [32]
PFBA ND [8] ND [8]
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PFPeA 336 [8] ND [8]
PENA 3.14 [9] 1.32 [9] 4.55 [9]

16.2 [8] 2.9 [8]
PFDA 12.9 [8] 2.3 [8]
PFUnDA 10.6 [8] 1.9 [8]
PFDoDA 12.3 [8] 2.2 [8]
PFTeDA 60.5 [8] 10.8 [8]
PFHxDA 115.4 [8] 20.6 [8]
PFOcDA 62.2 [8] 11.1 [8]
6:2 FTOH ND [8] ND [8]
8:2 FTOH ND [8] ND [8]
6:2 FTCA 436.55 [32] 116.88 [32]
6:2 FTSA 345.54 [32] 78.97 [32]
6:2 Cl-
PFESA 4.05 [32] 1.14 [32]
PFHpA ND Current study
I-FABP
PENA  ND Current study
PFBA ND Current study 3224 [29]
PFHxA 0.097 Current study 904 [29]
PFHpA ND Current study 275 [29]
PFPeA 3279 [29]
PFOA 371 [29]
PPAR-a PFDA 366 [29]
PFUnDA 3265 [29]
PFBS 7745 [29]
PFHxS 140 [29]
PFOS 237 [29]
PFNA  0.083 Current study 277 [29]
PFOA  0.057 Current study 300.9 [30] 435 [30]
PFOS  8.47 Current study 93.7 [30] 13.5 [30]
PFBA ND [30] ND [30]
PFHxA ND [30] ND [30]
PFHpA 1330.4 [30] 192.4 [30]
PFNA 155.4 [30] 224 [30]
PFDA 8.4 [30] 12.2 [30]
PPAR PFUnDA 58.2 [30] 8.4 [30]
Y PFDoDA 143.1 [30] 20.6 [30]
PFTeDA 157.8 [30] 22.8 [30]
PFHxDA 128.2 [30] 18.5 [30]
PFOcDA 107.6 [30] 15.5 [30]
PFBS ND [30] ND [30]
PFHxS 285.3 [30] 41.2 [30]
6:2 FTOH ND [30] ND [30]
8:2 FTOH ND [30] ND [30]
PFBA  0.044 Current study ND [31]
PFBS ND Current study ND [31]
PFHxS  0.035 Current study ND [31]
PFOS  0.686 Current study 76.9 [31]
PPAR-d  PFHxA ND [31]
PFHpA ND [31]
PFOA ND [31]
PFNA 127.9 [31]
PFDA 56.6 [31]
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PFUnDA 47.7 [31]
PFDoA 32.6 [31]
PFTrDA 52.6 [31]
PFTeDA 110.8 [31]

PFHxDA 159.8 [31]
PFOcDA ND [31]

6:2 FTOH ND [31]

8:2 FTOH ND [31]

*ND indicates non-detect (no measurable binding).
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Table S3. Comparison of Kb from different methods for HSA, BSA, RSA, and fish serum proteins.

Kd (uM)
Electrospray
Equilibrium Nanoelectrospray Fluorine-19 Nuclear Micro Size Centrifree Ionization Mass Isothermal
Protein  PFAS 1 . . Ionization Mass Fluorescence Spectrometry Magnetic Resonance Exclusion . . Spectrometry Titration
Dialysis Ultrafiltration R
Spectrometry Spectroscopy Chromatography and Fluorescence Calorimetry (ITC)
Spectrometry
Kd Reference* Kd Reference* Kd Reference Kd Reference* Kd Reference* Kd Reference* Kd Reference* Kd Reference*
.47 1 2 2 2
PENA 0 [15] 0 [20] 50 [20]
37.88 [19]
32.05 [16] 37 [17] 380 [21] 100 [22] 8.3 [24] 40.48 [16]
PFOA 91 [34] 45.24 [19]
9.1 [33] 162.6 (296 K) [18]
20.94 [19]
PFDA
37.33 (296 K) [18]
6.66 [33] 0.91 (site I) [17]
PFBA i -
ND (slight ef (18]
fect)
PFHXA ND (fsh%ht ef- (18]
HSA ect)
2 [33] 113 [19] 30.7 [23] 7.14 [24]
PFOS 45.45 (trp site)
—0.13 (site I) (171 0.08 [22]
.77 101.7. 1
PFDoDA 0 [33] 0 . 3 [19]
0.83 (site II) [17]
0.45 (site I)—
PEBS 0.15 (site II) (171
PFHxS 6.25 [33] 80.13 [19]
PFHpA 101.73 [19]
PFBS 25 [33]
6:2 Cl-
PFESA 16.7 [23]
0.71 [15] 7.69 [15] 2.08 (295 K) [25] 1587.3 [20] 384  [24]
PFOA 0.6 [20]
BSA
22.93 (300 K) [26]

PFNA  0.425 [15] 0.38 [15] 1.67 [20] 125 [20]
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PEDA 3.33 [20]
1.46 (300 K) [26]

PFOS 4.76 (294 K) [27] 1.09 [24]
1.33 (295 K) [25]
PFUnDA 50 [20]

RSA PFOA 290 [21] 360 [21]

PFHxS 869 [35]
PFOS 643 [35]
Fish PFOA 6370 [35]
serum PENA 2590 [35]
protein  PFDA 1858 [35]
PFUnDA 1300 [35]
PFDoDA 1210 [35]

* See main SI document for full references. * Average of two values.
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