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Supporting Information Available

Attach–Pull–Release Method

The attach–pull–release (APR) method by Henriksen et al. 1 for host–guest binding calcu-

lations decomposes the standard binding free energy into three sequential steps. In the

attachment phase, harmonic restraints on the guest’s translational, rotational, and host con-

formational degrees of freedom are gradually turned on to define a well-controlled pulling

coordinate. During the pulling phase, the same host-guest distance restraint is applied across

all windows, with its target distance progressively increased to separate the two species un-

til they no longer interact. In the release phase, the conformational restraints of host are

removed while the guest is kept far away, and the release of guest restraints is performed

analytically (i.e., no statistical uncertainty associated) with a standard-state correction to

recover the unbound state. Free energies along this pathway are obtained by the multi-

state Bennett acceptance ratio (MBAR) estimator,2 evaluated from the set of independent

simulation windows.

In our study, the attachment phase comprised 17 windows. During these windows,

the distance restraints on the guest were gradually changed, starting from 0, ending up

to a force constant of 10.0 kcal mol−1 Å−2, while the angle and torsion restraints reached

100.0 kcal mol−1 rad−2. To prevent full dissociation of the host–guest complex, which can

occur at very low λ values, flatwell restraints,3 i.e., restraints with a flat-bottomed potential

that exert no force within a predefined distance range and only become active when the

restraint coordinate moves outside that range, with a constant of 10.0 kcal mol−1 Å−2 were

applied throughout. According to Henriksen et al., β-CD has substantial conformational

flexibility. During pulling-stage simulations, the CD can stay in the distorted configuration

that persists for several nanoseconds. The resulting fluctuations and conformational trap-

ping lead to convergence difficulties of the host-guest binding calculations. To overcome

this issue, 14 torsional restraints (two per glucopyranoside monomer) were imposed on the
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β-CD backbone during the attachment stage of the free-energy calculation. Specifically,

each monomer was restrained via two torsion angles: O5n–C1n–O1n–C4n+1 and C1n–O1n–

C4n+1–C5n+1, with target values of 108.7◦ and −112.5◦, respectively, and a force constant of

6.0 kcal mol−1 rad−2. The pulling phase consisted of 29 windows in which the guest distance

restraint was incrementally shifted from 6.0 Å to 20.0 Å in steps of 0.5 Å.

Figure S1: 3D structures of linker-modified β-CDs, from left to right: β-CDs modified with
1, 3, and 5 linkers, respectively.
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Host–guest binding thermodynamic data obtained from

isothermal titration calorimetry and the molecular sim-

ulations using the APR method

Table S1a: ITC thermodynamic parameters for β-CD binding with selected PFAS. Values
obtained from fitting integrated heats to a K1:1 model.

PFAS Cell conc. K ∆H ∆G ∆S c-value
(mM) (M−1) (kcal mol−1) (kcal mol−1) (cal mol−1 K−1)

PFBA 0.94 (1.25± 0.6)× 103 −0.018± 0.02 −4.22± 0.28 12.7 1.7
PFHxA 0.64 (1.27± 0.03)× 104 −4.11± 0.03 −5.6± 0.03 4.99 8.1
PFOA 0.48 (1.28± 0.12)× 105 −5.32± 0.07 −6.96± 0.06 5.54 35
PFBS 0.67 (1.04± 0.02)× 104 −5.46± 0.01 −5.48± 0.01 0.07 8
PFHxS 0.50 (1.73± 0.02)× 105 −6.42± 0.04 −7.14± 0.01 2.42 89
PFOS 0.40 (6.17± 3.32)× 103 −32.1± 49.3 −5.17± 0.02 −90.3 2.5
PFNA 0.40 (5.01± 1.33)× 104 −7.72± 0.30 −6.41± 0.32 −4.37 15

Table S1b: ITC thermodynamic parameters for α-CD binding with selected PFAS. Values
obtained from fitting integrated heats to a K1:1 model.

PFAS Cell conc. K ∆H ∆G ∆S c-value
(mM) (M−1) (kcal mol−1) (kcal mol−1) (cal mol−1 K−1)

PFBA 0.94 (3.03± 6.07)× 103 −0.11± 2.3 −4.75± 1.19 15.6 2.8
PFHxA 0.64 3.39± 139 (−0.13± 0.5)× 103 ≈ −2.94 −39.5 < 1
PFOA 0.48 (0.3± 3)× 104 (−2.2± 7.8)× 103 −4.7± 5.9 8.59 1.5
PFBS 0.67 208± 24.1 −0.58± 0.05 −3.16± 0.07 8.6 < 1
PFHxS 0.50 930± 45.6 0.64± 0.02 −4.04± 0.02 15.7 < 1

Table S1c: ITC thermodynamic parameters for γ-CD binding with selected PFAS. Values
obtained from fitting integrated heats to a K1:1 model.

PFAS Cell conc. K ∆H ∆G ∆S c-value
(mM) (M−1) (kcal mol−1) (kcal mol−1) (cal mol−1 K−1)

PFBA 0.94 (0.1± 3)× 103 (0.001± 3.2)× 105 −2.7 38.6 < 1
PFHxA 0.64 725± 799 0.12± 0.05 −3.91± 0.05 13.5 < 1
PFOA 0.48 (1.01± 0.03)× 103 0.80± 0.01 −4.10± 0.02 16.4 < 1
PFBS 0.67 87.2± 24.5 −0.52± 0.13 −2.65± 0.17 7.14 < 1
PFHxS 0.50 (1.56± 0.14)× 103 0.24± 0.01 −4.35± 0.01 15.4 < 1
PFNA 0.40 (1.32± 0.25)× 103 21.6± 100.6 −4.24± 1.14 86.9 < 1
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Table S2a: Binding free energies (∆G, kcal mol−1) of PFAS with α-, β-, and γ-cyclodextrin
computed from MD simulations in Orientation 1. Im = implicit solvent; Ex = explicit
solvent.

α-CD β-CD γ-CD

PFAS Im Ex Im Ex Im Ex

PFBA 2.79 −0.07 −1.90 −4.24 −1.73 −2.37
PFHxA 1.52 1.74 −5.23 −7.51 −3.70 −3.82
PFOA 0.58 2.05 −7.17 −8.08 −5.73 −4.73
PFBS 1.08 −1.12 −5.01 −6.90 −3.30 −3.79
PFHxS 2.39 1.58 −7.03 −9.33 −5.20 −5.28
PFOS 0.39 0.01 −8.15 −10.14 −6.92 −6.31
PFNA — — −3.19 −7.91 — —

Table S2b: Binding free energies (∆G, kcal mol−1) of PFAS with α-, β-, and γ-cyclodextrin
computed with MD simulations in Orientation 2. Im = implicit solvent; Ex = explicit
solvent.

α-CD β-CD γ-CD

PFAS Im Ex Im Ex Im Ex

PFBA 0.68 −2.95 −2.43 −4.69 −1.94 −2.73
PFHxA −0.61 −5.27 −5.32 −8.06 −3.59 −4.53
PFOA 1.36 0.44 −7.28 −9.92 −5.68 −6.35
PFBS −0.23 −3.44 −5.05 −7.43 −3.48 −3.96
PFHxS −0.36 −0.54 −7.27 −8.53 −4.99 −5.85
PFOS 1.16 0.46 −10.71 −11.36 −6.58 −6.68
PFNA — — −2.68 −11.24 — —

Table S3: Binding free energies (∆G, kcal mol−1) of TCP4,5 and HEX1 with β-CD from
MD simulations here and from the literature (explicit solvent simulations and experimental
results). Im = implicit solvent; Ex = explicit solvent. Expt. = experiment.

Compound Im Ex Literature Ex Literature Expt.

TCP −5.6± 0.3 −3.2± 0.4 −3.7± 0.4 –2.8
HEX −1.8± 0.2 −3.5± 0.3 −3.9± 0.2 –2.3± 0.1
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Description of Simulation Files and Pipeline for the β-

CD–PFOA APR Binding Free Energy Calculations

The ZIP archive “Scripts and forcefields” contains the complete set of input structures, force

field parameters, setup and analysis scripts, and AMBER input files required to compute

APR binding free energies of the β-CD–PFOA complex in two orientations and two solvent

models (implicit GB and explicit Bind3P). A summary of each file’s purpose is given below;

full details and step-by-step instructions are provided in the README.md file included in the

archive.

• BCD-FOA1.pdb and BCD-FOA2.pdb: Starting complex structures for orientation 1 (C3

of PFOA leads during pulling) and orientation 2 (C7 leads).

• BCD.mol2 and FOA.mol2: Tripos Mol2 topologies for β-CD and PFOA.

• BCD.frcmod and FOA.frcmod: AMBER force field modification files for the host and

guest.

• setup nopbc1.py and setup nopbc2.py: Python scripts that build the vacuum com-

plex, add dummy atoms, and generate APR restraint windows for implicit-solvent

(GB) simulations.

• setup pbc1.py and setup pbc2.py: Python scripts that solvate each window with

Bind3P water and add counterions for explicit-solvent simulations.

• minimize nopbc.in, production nopbc1.in, production nopbc2.in: AMBER min-

imization, short equilibration, and production input files for GB runs.

• minimize pbc.in, production pbc1.in, production pbc2.in, production pbc3.in:

AMBER minimization, stepwise equilibration, and production input files for explicit-

solvent runs.
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• analysis nopbc1.py, analysis nopbc2.py, analysis pbc1.py, analysis pbc2.py:

Python scripts that perform thermodynamic integration analysis on the output trajec-

tories and compute the binding free energy.

• run.sh: Main script that sequentially executes the full pipeline (setup, minimization,

equilibration, production, and analysis).

• BCD 1L.pdb, BCD 3L.pdb, and BCD 5L.pdb: 3D structures of the 1-, 3-, and 5-substituted

linker-modified β-CD hosts, respectively.

All simulations were performed using the pmemd.cuda engine of AMBER. The pipeline re-

quires the paprika, parmed, numpy, and matplotlib Python packages. Detailed prerequi-

sites, workflow description, and instructions for running individual stages are documented

in the README.md file.
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