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ABSTRACT
Molecular dynamics (MD) simulations were used to investigate the binding of six chiral compounds
to the amino acid-based molecular micelle (MM) poly-(sodium undecyl-(L)-leucine-leucine) or
poly(SULL). The MM investigated is used as a chiral selector in capillary electrophoresis. The project
goal was to characterize the chiral recognition mechanism in these separations and to move
toward predictive models to identify the best amino acid-based MM for a given separation.
Poly(SULL) was found to contain six binding sites into which chiral compounds could insert. Four
sites had similar sizes, shapes, and electrostatic properties. Enantiomers of alprenolol, propranolol,
1,10-bi-2-naphthyl-2,20-diyl hydrogen phosphate, 1,10-bi-2-naphthol, chlorthalidone, or lorazepam
were separately docked into each binding pocket and MD simulations with the resulting intermo-
lecular complexes were performed. Solvent-accessible surface area calculations showed the com-
pounds preferentially associated with binding sites where they penetrated into the MM core and
shielded their non-polar atoms from solvent. Furthermore, with five of the six compounds the
enantiomer with the most favorable free energy of MM association also experienced the most
favorable intermolecular hydrogen bonding interactions with the MM. This result suggests that
stereoselective intermolecular hydrogen bonds play an important role in chiral discrimination in
separations using amino acid-based MMs.
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Introduction

The enantiomers of chiral drugs often have different poten-
cies, toxicities, and biochemical properties. For example,
the L-enantiomer of dopamine calms tremors, whereas
the D-enantiomer is toxic to nerve cells.[1,2] Therefore, the

FDA and other worldwide regulatory agencies require manu-
factures to test and prove the enantiomeric purity of chiral
drugs.[3] This requirement has led to the development of
many chiral chromatographic techniques using thin layer
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chromatography, gas chromatography, high-performance
liquid chromatography, and capillary electrophoresis (CE)-
based methods.[4,5] In each of these techniques, (R) and (S)
enantiomers in a racemic mixture are separated based upon
the often small differences in their interactions with other
chiral molecules making up the chromatographic stationary
or pseudostationary phases.

In chiral CE, the enantiomers in a racemic mixture and a
chiral selector are pulled down a capillary by an electric field.[6]

Examples of chiral selectors include micelles, crown ethers,
polysaccharides, polymers, and cyclodextrins.[7] The enantiom-
ers are separated when they interact differentially with these
chiral selectors. Recent developments in chiral CE separations
have been reviewed by Sciba.[7] CE-based chiral separations,
when compared to gas and liquid chromatography, often have
lower operating costs, smaller sample size requirements,
shorter analysis times, and higher separation efficiencies.[8]

The class of CE selectors investigated here are amino
acid-based chiral molecular micelles (MM). These selectors
were first applied in CE separations in the 1990s[9,10] and
have since been used to separate enantiomers of a wide
range of chiral compounds.[11–22] Amino acid-based MMs
are polymeric materials containing surfactant monomers
like those shown in Figure 1a with a hydrocarbon tail
attached to an amino acid or dipeptide headgroup. Also as
shown in Figure 1a, MMs are formed when a polymerization
reaction is carried out and the monomers are covalently
linked to one another with covalent bonds at the end of
each surfactant’s hydrocarbon tail. MMs as depicted in
Figure 1a, therefore have a single macromolecular structure

with a chiral, hydrophilic surface, and a non-polar hydrocar-
bon core.[23] In CE separations, covalently linking the
surfactant molecules eliminates the surfactants’ critical
micelle concentration, allows MMs to be used in lower con-
centrations than conventional micelles, and often increases
chiral resolution.[11,12]

The amino acids in a MM’s dipeptide headgroup and the
order in which the amino acids are connected have a dra-
matic effect on chiral resolution in CE separations.[8,12,13]

Therefore, analysts must often decide which headgroup is
likely to be the most effective chiral selector for the separ-
ation problem at hand. The long-term goal of this project is
to build a set of molecular modeling-based predictive models
that will identify the most effective chiral selector for a given
separation problem. Reliable predictive models, however,
must be based upon criteria that come from an understand-
ing of the chiral recognition mechanism. This mechanism
has been previously investigated by examining how chiral
compounds bind to a MM with two different amino acids,
leucine and valine, in the dipeptide headgroup.[24–28] In this
investigation, molecular dynamics (MD) simulations were
used to further probe this mechanism by studying how six
chiral compounds interacted with the MM poly-(sodium
undecyl-(L)-leucine-leucine) or poly(SULL). The structure of
this MM is shown in Figure 1a. Note that there are two
identical leucine amino acids in the dipeptide headgroup.
Poly(SULL) was also chosen because results from the MD
simulations could be compared to those from literature
CE experiments in which poly(SULL) was used as the
chiral selector.[22]

Figure 1. Chemical structures of (a) poly-(sodium undecyl-(L)-leucine-leucine), (b) alprenolol, (c) propranolol, (d) 1,10-bi-2-naphthol, (e) 1,10-binaphthyl-2,20-diyl
hydrogen phosphate, (f) chlorthalidone, (g) lorazepam.
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The ligands investigated in this study were alprenolol,
propranolol, 1,10-bi-2-naphthyl-2,20-diyl hydrogen phosphate
(BNP), 1,10-bi-2-naphthol (BOH), chlorthalidone, and loraze-
pam. The structures of these compounds are shown in
Figure 1b–1g. The binding of alprenolol, propranolol, BOH,
and BNP enantiomers to poly(SULL) have been investigated
experimentally by Billiot et al.[22] Propranolol and alprenolol
are b-blocker drugs and chlorthalidone is a thiazide diuretic
used to treat fluid retention in patients with hypertension.[29]

BNP and BOH are used in chiral syntheses[30,31] and their
interactions with amino acid-based MM have been studied
by a variety of experimental techniques.[32–37] Finally, loraze-
pam is a benzodiazepine drug used to treat anxiety, insom-
nia, and seizures.[38] By investigating the association of these
structurally diverse chiral compounds with poly(SULL), the
MM binding sites with the most favorable ligand: MM inter-
molecular interactions were identified along with the factors
determining which of a chiral compound’s enantiomers had
the lower MM binding-free energy. The insight gained will
then be used in subsequent work to build the quantitative
predictive models discussed above.

Experimental details

MD simulations and ligand docking

The molecular modeling and MD simulation methods used
in this project are described in detail in references.[26,27] The
Supplemental Information section of reference[27] also con-
tains the input files used to carry out the MD simulations.
The methods used are summarized as follows. First, a
poly(SULL) micelle was built by connecting together 19
SULL surfactant monomer chains with covalent bonds at the
end of each monomer’s hydrocarbon tail. Fluorescence
quenching experiments have shown that poly(SULL) con-
tains on average 19 surfactant monomers.[23] The monomers
were connected in this fashion in a manner consistent with
our previous work and because the CE chiral selectors under
investigation contain covalent bonds connecting the individ-
ual surfactant monomers.[24–28] AMBER 14 was then used to
carry out a 60.0 ns MD simulation on a system containing
the poly(SULL) molecule, 19 sodium counter-ions and
�8000 TIP3P water molecules.[39] The average poly(SULL)
structure was then calculated. Next, the root mean squared
deviation (RMSD) of each MD simulation structure with
respect to the average structure was determined. A represen-
tative poly(SULL) structure having a low RMSD with respect
to the average structure was then extracted from the MD
simulation. This method was employed to choose a specific
structure from the MD simulation that was most similar to
the average structure. This representative poly(SULL) struc-
ture was then used in the ligand docking analyses.[26–28]

The MOE (Molecular Operating Environment, Chemical
Computing Group, Inc., Montreal, Canada) software package
was used to identify ligand binding sites within the
poly(SULL) micelle and to dock ligand enantiomers into
each binding pocket.[40] The ligands were docked into the
binding pockets identified by MOE because CE experiments
have shown that the ligands investigated and other

compounds with similar structures do in fact associate with
this MM. Since the association between the ligands and
poly(SULL) has been confirmed experimentally, site identifi-
cation and docking were done to determine exactly where
and how the ligands bound to the MM in question. These
methods were also employed in our previous studies.[24–28]

In the site identification and docking analyses, the represen-
tative poly(SULL) structure from above was first imported
into MOE and the molecule’s binding pockets were identi-
fied using the Site Finder module. In this step of the ana-
lysis, the alpha sphere and discrete-flow methods developed
by Edelsbrunner and Mucke[41] and Edelsbrunner and
Shah[42] were used. The site finder step identified six differ-
ent binding pockets at different locations within the
poly(SULL) molecule. MOE also placed alpha spheres within
each binding pocket to characterize its electrostatic proper-
ties. An alpha sphere in MOE is a dummy atom with four
receptor atoms on its boundary.[41,42] The alpha spheres
found within each binding site were colored white if they
were in a non-polar or poor hydrogen bonding region of the
pocket. Alpha spheres were colored red if they were in a
polar pocket region where hydrogen bonding could occur.
The relative numbers of white and red alpha spheres within
a given pocket were used to assess whether the pocket pro-
vided ligand enantiomers with a primarily hydrophobic or
hydrophilic environment.

After the binding pockets were identified, MOE was then
used to separately dock either the (R) or (S) enantiomer of
each ligand investigated into each of the six different
poly(SULL) binding pockets. The poly(SULL) receptor was
rigid and each ligand enantiomer was completely flexible dur-
ing the docking analysis. Hundreds of ligand poses
were examined. Each pose was also given a score based upon
the free energy of the ligand:receptor complex. Scoring was
done using dG scoring function developed by Dal Ben
et al.[43] The highest scoring pose or the pose with the lowest
free energy was used in the MD simulation analyses. Since
each chiral ligand had two enantiomers and poly(SULL) had
six biding pockets, a total of 12 docked structures, that is,
either (R) or (S) docked into each of the six MM pockets,
was generated for each chiral compound studied.

MD simulations with all of these intermolecular com-
plexes were carried out using AMBER 14 and the parm99
force field.[39,44] The system used for each MD simulation
contained the poly(SULL):enantiomer complex of interest,
19 sodium counterions, and �8000 TIP3P water molecules.
An energy minimization step was performed first followed
by a 20 picoseconds MD simulation to warm the system to
300K. A 1 ns MD simulation was then used to equilibrate to
a pressure of one atmosphere before the 60.0 ns MD simula-
tion production run was carried out. In the production run,
the time step was 2 fs, structures were stored every 0.2 ps,
and cubic periodic boundary conditions were employed.

Binding free energy analyses

MM binding free energy calculations were performed with
AMBER 14 using the mm-PBSA method developed by

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY 3



Kollman et al.[45] The DGbinding values calculated with this
method correspond to the difference in free energy between
each MM:enantiomer complex and the sum of the free ener-
gies of the separate MM receptor and ligand enantiomer.
These calculations were performed for the (R) and (S) enan-
tiomers of each chiral compound binding to all six
poly(SULL) binding pockets. The fractional occupancies of
each MM binding pocket were calculated as well. These val-
ues correspond to the fraction of time that the ligand will
bind to each poly(SULL) pocket, based upon the calculated
free energies of binding. Fractional occupancies were calcu-
lated with Equation (1).[26]

fi ¼ e�Gi=kB�T
XN

i¼1
e�Gi=kB�T

[1]

Gi is the binding free energy of one of the ligand enan-
tiomers in the ith pocket of the MM, kB is Boltzmann’s con-
stant, and T is Kelvin temperature. The summation in
Equation (1) is over the six poly(SULL) binding sites. In
most of the chiral compounds investigated, the fi values cal-
culated by Equation (1) were near one for one of the MM
pockets and near zero for the others. This result indicates
that the ligand enantiomers bind almost exclusively to the
MM pocket with the large fi value. Finally, a pocket averaged
free energy of binding was also calculated for each ligand
enantiomer by multiplying each pocket’s respective Gi and fi
values and summing these products over the six binding
pockets.[28] Tables 1–3 report DGbinding and fi values for
each ligand enantiomer binding to all six poly(SULL) bind-
ing pockets. Pocket-averaged binding free energies for each
ligand enantiomer are presented as well.

These free energy of binding calculations provide an
important link between MD simulation and experimental
results. In chiral CE, ligand enantiomers separate based
upon their relative free energies of binding to the chiral
selector.[36] The enantiomer exhibiting the larger or less
favorable free energy of MM binding elutes before

the enantiomer with the lower DGbinding value.[23,36–38]

Therefore, free energy calculations can be used to validate
MD simulation methods and to predict elution order in CE
separations.[26–28]

Solvent-accessible surface area (SASA) and hydrogen
bond analyses

Analyses of the MD simulation trajectories were done using
the CPPTRAJ utilities in AMBER 14.[46] For each ligand
enantiomer investigated, SASA calculations were carried out
to assess the extent to which the ligand enantiomers pene-
trated into the MM hydrocarbon core. The SASA represents
the surface area of the ligand molecule in Å2 that is exposed
or accessible to solvent molecules. An enantiomer found
deep within the hydrocarbon core of the MM would
be expected to have a low SASA value. The SASA would be
higher for a ligand enantiomer binding near the MM surface
where it is likely surrounded by more solvent molecules.

The ligands investigated in this study, however, had dif-
ferent molar masses and numbers of atoms. Therefore, a
smaller ligand molecule binding nearer the surface of the
MM could have a SASA comparable to a larger ligand mol-
ecule found deeper within the MM core. In order to facili-
tate comparison of molecules with different sizes, MD
simulations were also carried out with each ligand in
free solution with no MM present. The MD simulation aver-
age percentage decrease in SASA upon moving from the free
solution to the MM-bound states was then calculated for
each MM pocket.[28] A large average percentage decreases in
SASA for a given pocket, indicates that within that pocket
the ligand is able to penetrate deep in the MM core. A
smaller average percentage decrease in the SASA is charac-
teristic of a MM pocket that places the ligand nearer
the MM surface and closer to the bulk aqueous phase.
Tables 1–3 report the percentage decrease in SASA values
calculated for each ligand enantiomer binding to all six

Table 1. Free energies of binding, pocket fraction occupied values, and percentage decrease in solvent-accessible surface area for alprenolol and propranolol
enantiomers binding to poly(SULL).

Pocket 1 Pocket 2 Pocket 3 Pocket 4 Pocket 5 Pocket 6

R-Alprenolol
DGbinding (kJ�mol�1) –44.7 –72.9 –75.4 –58.5 –70.3 –72.4
Fraction occupied – 0.21 0.55 – 0.07 0.17
% SASA decrease 24.7 49.3 54.7 40.7 49.5 49.3

Pocket average DGbinding¼ –74.0 kJ�mol�1

S-Alprenolol
DGbinding (kJ�mol�1) –86.2 –73.6 –107.5 –83.6 –67.4 –101.0
Fraction occupied – – 0.93 – – 0.07
% SASA decrease 54.2 53.0 69.9 62.4 43.9 59.1

Pocket average DGbinding¼ –107.0 kJ�mol�1

R-Propranolol
DGbinding (kJ�mol�1) –74.9 –103.2 –62.4 –83.4 –88.2 –75.2
Fraction occupied – 1.00 – – – –
% SASA decrease 42.7 52.3 40.3 58.3 51.7 8.8

Pocket average DGbinding¼ –103.2 kJ�mol�1

S-Propranolol
DGbinding (kJ�mol�1) –62.0 –59.8 –86.4 –117.7 –110.3 –57.9
Fraction occupied – – – 0.95 0.05 –
% SASA decrease 42.1 45.3 50.2 67.4 61.9 1.0

Pocket average DGbinding¼ –117.3 kJ�mol�1

4 K. MORRIS ET AL.



poly(SULL) binding pockets. Figure 2 shows a representative
plot of SASA versus simulation time for (R)-BOH binding
to poly(SULL) pocket 6. A plot of SASA versus simulation
time is also included for the MD simulation carried out with
the ligand enantiomer in free solution. The arrow on the
graph represents the percentage decrease in SASA.

The CPPTRAJ utilities in AMBER 14 were also used to
investigate intermolecular hydrogen bond formation between
ligand enantiomers and the MM dipeptide headgroups.[46]

The criteria used to identify a hydrogen bond were as fol-
lows. The distance cutoff between the heavy atoms making
up the hydrogen bond was 3.0 Å and the angle cutoff
between the donor and acceptor atoms was ±30 �C.[46] These
H-bond cutoffs are the default values in the AMBER 14
ccptraj utility and were also used in our previous MD

simulation analyses.[24–28] Supplemental Tables S1–S5 pre-
sent the hydrogen bond analyses carried out for each ligand
enantiomer in the six poly(SULL) binding pockets. For each
H-bond, the donor atom, acceptor atom, and percentage
occupancy are reported. The later quantity corresponds to
the percentage of the 60.0 ns simulation time that a given
hydrogen bond was present.

Results and discussion

Poly(SULL) binding sites or pockets were identified as
described above by first importing a representative
poly(SULL) structure into the software package MOE. The
software’s site finder feature then identified the six distinct
binding pockets shown in Figure 3a–3f.[40] In Figure 3, each

Table 2. Free energies of binding, pocket fraction occupied values, and percentage decrease in solvent-accessible surface area for BOH and BNP enantiomers
binding to poly(SULL).

Pocket 1 Pocket 2 Pocket 3 Pocket 4 Pocket 5 Pocket 6

R-BOH
DGbinding (kJ.mol�1) –56.7 –53.1 –49.4 –58.6 –41.2 –88.1
Fraction occupied – – – – – 1.00
% SASA decrease 55.1 59.2 55.9 65.4 1.6 69.5

Pocket average DGbinding¼ –88.1 kJ.mol�1

S-BOH
DGbinding (kJ.mol�1) –45.1 –39.6 –45.8 –39.8 –39.7 –61.7
Fraction occupied – – – – – 1.00
% SASA decrease 46.2 46.6 54.3 41.9 42.4 59.1

Pocket average DGbinding¼ –61.6 kJ.mol�1

R-BNP
DGbinding (kJ.mol�1) –28.0 –36.8 –46.0 –28.4 –26.3 –25.6
Fraction occupied – 0.02 0.97 – – –
% SASA decrease 50.9 55.4 57.1 42.3 36.3 34.6

Pocket average DGbinding¼ –45.7 kJ.mol�1

S-BNP
DGbinding (kJ.mol�1) –42.8 –56.8 –66.6 –28.0 –39.2 –51.6
Fraction occupied – 0.02 0.98 – – –
% SASA decrease 53.4 60.6 77.7 37.0 47.0 52.2

Pocket average DGbinding¼ –66.4 kJ.mol�1

Table 3. Free energies of binding, pocket fraction occupied values, and percentage decrease in solvent-accessible surface area for chlorthalidone and lorazepam
enantiomers binding to poly(SULL).

Pocket 1 Pocket 2 Pocket 3 Pocket 4 Pocket 5 Pocket 6

R-Chlorthalidone
DGbinding (kJ.mol�1) –75.9 –59.5 –44.2 –86.0 –53.1 –42.1
Fraction occupied 0.02 – – 0.98 – –
% SASA decrease 71.1 66.3 48.9 77.2 51.9 48.7

Pocket average DGbinding¼ –85.8 kJ.mol�1

S-Chlorthalidone
DGbinding (kJ.mol�1) –96.0 –48.7 –111.0 –45.8 –41.3 –67.9
Fraction occupied – – 1.00 – – –
% SASA decrease 71.9 18.3 73.3 51.9 46.0 69.0

Pocket average DGbinding¼ –111.01 kJ.mol�1

R-Lorazepam
DGbinding (kJ.mol�1) –93.6 –52.4 –56.4 –62.1 –49.5 –58.3
Fraction occupied 1.00 – – – – –
% SASA decrease 71.4 42.2 44.8 46.4 46.5 40.9

Pocket average DGbinding¼ –93.6 kJ.mol�1

S-Lorazepam
DGbinding (kJ.mol�1) –71.6 –78.8 –70.9 –114.8 –103.1 –78.9
Fraction occupied – – – 0.99 – –
% SASA decrease 50.0 58.8 55.4 72.8 75.2 52.2

Pocket average DGbinding¼ –114.7 kJ.mol�1
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pocket is displayed as a solid surface with green and red col-
ors corresponding to pocket regions that are, respectively
hydrophobic or hydrophilic. Alpha spheres are also shown
within each binding site. Red and white alpha spheres
identify, respectively, good and poor hydrogen bonding loca-
tions within the pocket.[40–42] In other words, a pocket col-
ored green and containing a large number of white alpha
spheres is very hydrophobic, whereas a pocket colored red
containing a large number of red alpha spheres is instead
hydrophilic.

It should also be noted that the pockets shown in
Figure 3a–3f are those found in a representative structure
extracted from an MD simulation of the poly(SULL) MM.
The monomer chains in the MM though are dynamic, so we
would expect the exact nature of these pockets to fluctuate

over time. However, the number of pockets and their diver-
sity is governed by the number of monomers in the MM
and the amino acids making up the dipeptide headgroup. So
although the pocket properties may fluctuate as the chains
move, the number and diversity of binding sites will likely
remain largely the same. In other words, the pockets shown
in Figure 3 represent a reasonable representation of the
binding sites available to chiral compounds when they bind
to poly(SULL).

An examination of the poly(SULL) pockets in Figure 3
illustrates interesting differences between the binding sites
formed by poly(SULL) and those detected in our previous
work with the MM poly-(sodium undecyl-(L)-leucine-
valine) or poly(SULV). First, poly(SULL) was found to
form six binding pockets, compared to only four pockets
found in poly(SULV).[26–28] More significantly, though the
poly(SULL) analyses suggest that four of the MM’s six bind-
ing sites, namely pockets 1–4 shown in Figure 3a–3d, are
similar in both size and shape. This behavior contrasts previ-
ously reported behavior for poly(SULV) where a deep nar-
row pocket, two more non-polar dish-shaped pockets, and a
fourth non-polar pocket near the MM surface were
detected.[28] Figure 3a–3d suggest that poly(SULL) pockets
1–4 have similar electrostatic properties as well. This similar-
ity is evident if we examine the number of white and red
(i.e. hydrophobic or hydrophilic) alpha spheres placed by the
MOE software in poly(SULL) pockets 1 (21 white and
4 red), 2 (27 white and 5 red), 3 (14 white and 6 red), and
4 (15 white and 3 red). This behavior is somewhat expected
because poly(SULL) has two identical leucine amino acids in
its dipeptide headgroup. Therefore, we might expect the bid-
ing pockets formed in different regions of poly(SULL) to be

Figure 2. Plot of solvent-accessible surface area versus simulation time for (R)-
BOH: pocket 6 MD simulation. The red and blue lines correspond to, respect-
ively, a BOH MD simulation in free solution and bound to poly(SULL).

Figure 3. Poly(SULL) binding pockets. Green and red correspond to, respectively, hydrophobic and hydrophilic pocket regions.
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similar as well. Furthermore, the poly(SULL) pockets shown
in Figure 3 when compared to the poly(SULV) pockets
reported in reference[28] suggest that changing the amino
acids making up the dipeptide headgroup also changes the
character of the MM’s binding pockets.

Finally, poly(SULL) pockets 5 and 6 appear to be some-
what different than pockets 1–4. Figure 3e shows that
poly(SULL) pocket 5 is primarily hydrophilic in nature with
five red and only one white alpha spheres. Pocket 5, though,
appears to be approximately the same size as poly(SULL)
pockets 1–4. Finally, poly(SULL) pocket 6 is somewhat
smaller than the other five pockets and is primarily hydro-
phobic in nature, with 28 white and no red alpha spheres.
Also note that all of pocket 6 in Figure 3f is colored green
further illustrating its non-polar nature.

We now move to an examination of how the chiral com-
pounds listed above interact with these six poly(SULL) bind-
ing pockets. Results from the MD simulations with
alprenolol:poly(SULL) intermolecular complexes are sum-
marized in Table 1 and Supplemental Table S1. Table 1 gives
free energies of MM binding, DGbinding, and fractional occu-
pancies, fi, for (R) and (S)-alprenolol binding to poly(SULL)
pockets 1 through 6. The pocket averaged DGbinding values
in Table 1 for the (R) and (S) enantiomers of alprenolol
were found to be –74.0 and –107.0 kJ�mol�1, respectively.
Therefore, the MD simulation analyses predict that (S)-
alprenolol interacts more favorably with poly(SULL) than
(R)-alprenolol. This result is consistent with experiment, in
that a CE analysis of a racemic alprenolol mixture using
poly(SULL) as the chiral selector showed that (S)-alprenolol
eluted after (R)-alprenolol.[22] Enantiomers separate in chiral
CE based upon their relative free energies of binding to the
chiral selector.[34–36] Therefore, the experimental CE results
also show that (S)-alprenolol interacts with poly(SULL)
more favorably that (R)-alprenolol.

Table 1 also shows that the binding free energy for both
alprenolol enantiomers is lowest in poly(SULL) pocket 3. In
(R)-alprenolol, the pocket 3 fi¼ 0.55. This fi value is the
highest of the six pockets, however, pockets 2 and 6 have fi
values of 0.21 and 0.17, respectively. This result suggests that
(R)-alprenolol can interact favorably with these poly(SULL)
pockets as well. In contrast, the (S)-alprenolol pocket 3 fi
value is 0.93 indicating that the (S) enantiomer binds most
strongly to this single MM pocket. Finally, for both alpreno-
lol enantiomers, pocket 3 is likely preferred because alpreno-
lol is a bulky, awkwardly shaped ligand and Figure 3 shows
that pocket 3 is the largest of the six binding sites.

SASA analyses can be used to further rationalize why the
alprenolol enantiomers have a high affinity for poly(SULL)
pocket 3. For example, in the (R)-alprenolol pocket 3 MD
simulation, the SASA percentage decrease in moving from
free solution to the MM bound state was found to be 54.7%.
This value represented the largest decrease among the six
poly(SULL) binding pockets. In the (S)-alprenolol pocket 3
MD simulation, the corresponding SASA decrease was found
to be 69.9%, which was also the largest decrease observed
for the (S)-enantiomer. Therefore, the results of Table 1
show a correlation between a poly(SULL) pocket’s free
energy of ligand binding and the SASA decrease experienced

by a ligand binding in that pocket, with the lowest DGbinding

corresponding to a high SASA decrease. This result suggests
that the alprenolol enantiomers bind preferentially to the
poly(SULL) pocket that most effectively shields their hydro-
phobic atoms from solvent.

Supplemental Table S1 presents an analysis of the
intermolecular hydrogen bonds formed during the
alprenolol:poly(SULL) MD simulations. For each MM
pocket, the percentage occupancies are listed for intermo-
lecular hydrogen bonds that were present for more than
10% of the MD simulation time. The H-bond donor and
acceptor atoms are given as well. In Supplemental Table S1,
C-Leu and N-Leu are used to represent atoms on, respect-
ively the C-terminal and N-terminal amino acids of the
poly(SULL) dipeptide headgroup. The symbol C¼O repre-
sents the carbonyl oxygen connecting the dipeptide head-
group to the surfactant monomer’s hydrocarbon chain.
Finally, recall that the poly(SULL) MM contained 19 cova-
lently bound surfactant monomers. The surfactant monomer
chain containing the atoms forming each hydrogen bond
(identified as chains 1–19) are listed in Supplemental
Table S1 as well.

The Supplemental Table S1 results show that the MM
pocket with the lowest binding free energy is not necessarily
the pocket where the most intermolecular hydrogen bonds
formed between poly(SULL) and the alprenolol enantiomers.
For example, (R)-alprenaolol had the lowest binding free
energy in pocket 3, yet the intermolecular hydrogen bond
percentage occupancies were actually higher in poly(SULL)
pockets 2 and 5. (S)-alprenolol also had the lowest DGbinding

in pocket 3, yet the percentage occupancies of the intermo-
lecular H-bonds were higher in pocket 6. Therefore, the MD
simulation results suggest that alprenolol enantiomers bind
to the pocket that best shields their hydrophobic atoms from
solvent (thus the large SASA decrease discussed above), but
not necessarily to the pocket where ligand:MM hydrogen
bonding is the strongest.

While hydrogen bonding interactions may not govern the
preferred ligand binding site, the Supplemental Table S1
results suggest that the formation of intermolecular hydro-
gen bonds is an important factor in determining whether
(R) or (S)-alprenolol interacts more strongly with the MM.
Table 1 results show that both alprenolol enantiomers inter-
act most favorably with poly(SULL) pocket 3. DGbinding of
(S)-alprenolol, however, in pocket 3 is lower than the corre-
sponding value for (R)-alprenolol in the same pocket.
Examination of the Supplemental Table S1 results shows
that in pocket 3, (S)-alprenolol forms seven intermolecular
hydrogen bonds with poly(SULL) having percentage occu-
pancies greater than 10%. The three highest occupancy (S)-
alprenolol:poly(SULL) pocket 3 hydrogen bonds have per-
centage occupancies of 34.65%, 24.30%, and 21.04%. In con-
trast, (R)-alprenolol in pocket 3 forms only three hydrogen
bonds with occupancies greater than 10%, the highest of
which is 13.29%. The (R)-alprenolol fi values in Table 1
show that the (R) enantiomer also has affinity for
poly(SULL) pockets 2 and 6. However, the percentage occu-
pancies of the (S)-alprenolol H-bonds in pocket 3 are gener-
ally larger than the corresponding (R)-alprenolol pocket 2
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and 6 occupancies. Therefore, the alprenolol results suggest
that once the ligand binds to the MM in its preferred low
free energy pocket or pockets, the formation of stereoselect-
ive hydrogen bonds, that is, H-bonds that are different for
the (R) and (S) enantiomers, plays an important role in gov-
erning whether the (R) or (S) enantiomer has the overall
lowest binding free energy. Formation of these stereoselect-
ive hydrogen bonds would, therefore, be expected to deter-
mine the enantiomer’s elution order in chiral CE separations
as well, since elution order is determined by the relative free
energies of MM binding for each of the ligand enantiomers.

Conclusions similar to those discussed above can also be
drawn from the propranolol:poly(SULL) MD simulation
analyses. Table 1 shows that the pocket-averaged MM bind-
ing free energy for (S)-propranolol is lower than the corre-
sponding (R)-propranolol value. This result indicates that
the (S) enantiomer experiences more favorable interactions
with the MM and is consistent with experiment in that (S)-
propranolol was found to elute after (R)-propranolol in CE
separations with poly(SULL) as the chiral selector.[22]

Table 1 also shows that (R)-propranolol had the lowest bind-
ing free energy in pocket 2, while DGbinding was lowest for
(S)-propranolol in pocket 4. The fi values were 1.00 for (R)-
propranolol in pocket 2 and 0.95 for (S)-propranolol in
pocket 4, suggesting that both propranolol enantiomers bind
preferentially to a single poly(SULL) pocket. Furthermore,
Figure 3 shows that poly(SULL) pockets 2 and 4 are very
similar in size, shape, and electrostatic properties; therefore,
it may not be surprising that the propranolol enantiomers
do not necessarily prefer the same binding site.

As with alprenolol, the propranolol MD simulation analy-
ses show that the decrease in ligand SASA upon moving
from free solution to the MM-bound state is a good pre-
dictor of which MM pocket has the lowest DGbinding value.
The SASA decrease of 52.3% for (R)-propranolol in pocket 2
was the second highest of the six pockets investigated and
the SASA decrease of 67.4% for (S)-propranolol in pocket 4
was the largest decrease observed in the (S) enantiomer anal-
yses. Therefore, both b-blockers (alprenolol and propranolol)
preferentially bind to a MM pocket that effectively shields
their hydrophobic rings from solvent.

In addition, once bound to the MM in the pocket with the
lowest DGbinding and highest fi values, the propranolol MD
simulations suggest that hydrogen bond formation between
the MM and propranolol enantiomers plays an important role
in determining which enantiomer experiences the most favor-
able interactions with poly(SULL). Supplemental Table S2
shows that (S)-propranolol in pocket 4 forms seven hydrogen
bonds with percentage occupancies greater than 10%; the
highest being 46.63% between a terminal carboxylate oxygen
atom of poly(SULL) monomer chain six and the (S)-propran-
olol hydroxyl hydrogen atom. In contrast, (R)-propranolol in
pocket 2 forms five hydrogen bonds with occupancies greater
than 10% with the highest value of only 21.53%. Therefore, as
in the alprenolol MD simulation analysis, stereoselective
hydrogen bond formation between the propranolol enantiom-
ers and poly(SULL) likely plays an important role in deter-
mining chiral discrimination and elution order in CE
experiments.

We will now consider the BOH and BNP MD simulation
analyses. These compounds were investigated in part because
their interactions with poly(SULL) have been studied experi-
mentally.[22] Furthermore, these two binaphthyl compounds
have very different structures than the b-blockers alprenolol
and propranolol. Therefore, comparing the b-blocker and
BOH/BNP results will allow us to assess whether the conclu-
sions drawn above hold only for b-blockers and molecules
with similar structures or if they apply more generally to a
broader range of structurally diverse compounds. Table 2
shows that both enantiomers of BOH preferentially bind to
MM pocket 6. The fi values are 1.00 for both enantiomers in
this pocket, indicating that the BOH enantiomers have a
very high affinity for pocket 6 and a rather low affinity for
the other poly(SULL) binding sites. In contrast, both enan-
tiomers of BNP preferentially bind to poly(SULL) pocket 3
where the fi values were 0.97 and 0.98 for (R)-BNP and (S)-
BNP, respectively. These results can be rationalized based
upon the shapes and electrostatic properties of the
binaphthyl compounds and their preferred poly(SULL) bind-
ing pockets. Recall, pocket 6 is the most hydrophobic of the
six poly(SULL) binding sites, containing 28 white/non-polar
and no red or polar alpha spheres. Therefore, it seems rea-
sonable that enantiomers of a non-polar molecule like BOH
would have affinity for this pocket. BNP on the other hand
is anionic and more polar than BOH. Its enantiomers, there-
fore, interact more favorably with pocket 3 which is more
hydrophilic in nature than pocket 6. In fact, Figure 3 shows
that with 14 white and 8 red alpha spheres, MM pocket 3 is
among the most polar or hydrophilic poly(SULL) bind-
ing site.

The pocket averaged MM binding free energies for
(R)-BOH and (S)-BOH are –88.1 and –61.6 kJ�mol�1,
respectively. This result shows that unlike the b-blockers, the
(R) enantiomer of BOH interacts more favorably with
poly(SULL) than the (S) enantiomer. This result, however, is
consistent with experiment because a CE separation of a
racemic BOH mixture with poly(SULL) as the chiral selector
showed that (R)-BOH eluted after (S)-BOH.[22] The pocket
averaged DGbinding values for (R)-BNP and (S)-BNP are
–45.7 and –66.4 kJ�mol�1, respectively. Again this result
is consistent with experiment because in a CE separation
of racemic BNP using poly(SULL) as the chiral selector,
(S)-BNP eluted after (R)-BNP.[22] It also interesting to note
that the association of the BOH enantiomers with
poly(SULL) (DGbinding¼ –88.1 and –61.6 kJ�mol�1 for the
two enantiomers) is overall stronger than that of the
corresponding BNP enantiomers (DGbinding¼ –45.7 and
–66.4 kJ�mol�1). This observation likely results from the
more non-polar BOH enantiomers having a greater affinity
for poly(SULL) which also has two non-polar leucine amino
acids in its dipeptide headgroups. The binaphthyl com-
pounds also interact less strongly with poly(SULL) than the
b-blocker enantiomers. Again this result is expected given
that the b-blockers are cationic and are thus attracted to the
anionic MM. Alprenolol and propranolol also contain more
hydrogen bond donor and acceptor atoms and thus likely
form more hydrogen bonds with the poly(SULL) headgroups
than BNP and BOH. Finally, NMR measurements of MM
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binding constants also showed that BNP interacted less
favorably with a different MM (poly(SULV)) than BOH,
which in turn bound to the MM less strongly that
propranolol.[47]

The MD simulations also suggest that both binaphthyl
compounds bind to the pocket that best shields their fused
rings from solvent. Furthermore, the formation of stereo-
selective hydrogen bonds between the binaphthyl com-
pounds and MM headgoup atoms governs which BOH or
BNP enantiomer has the lower DGbinding. The former con-
clusion can be drawn by examining the percentage decrease
in SASA upon moving from free solution to the MM-bound
state. These values are given in Table 2 for both BOH and
BNP. In the BOH MD simulations, pocket 6 was the MM
binding site with the largest decrease in SASA, with values
of 69.5% and 59.1% for (R)-BOH and (S)-BOH, respectively.
Recall both enantiomers also had the lowest DGbinding in
pocket 6. Both BNP enantiomers showed the largest decrease
in SASA in pocket 3 (57.1% and 77.7% for (R)-BNP and
(S)-BNP, respectively) which was also the pocket with the
lowest free energy of MM binding for both enantiomers.
Therefore, like the b-blockers BOH and BNP prefer binding
to pockets that allow their enantiomers to penetrate into the
MM core and shield their non-polar atoms from solvent
exposure. Finally, it is also interesting to note that the SASA
percentage decrease for (S)-BNP inserting into poly(SULL)
pocket 3 was higher than the corresponding (R)-BNP value.
This result suggests that (S)-BNP on average penetrates
deeper into the MM hydrocarbon core than (R)-BNP. An
analogous result was found in a previous MD simulation
study of BNP binding to a different MM where(S)-BNP was
also found to be more shielded from solvent than (R)-BNP
in the MM bound state.[26]

The b-blocker and BOH/BNP results are also similar in
that the MD simulations suggest that formation of stereo-
selective hydrogen bonds between the binaphthyl com-
pounds and the MM headgroups plays an important role in
governing which BOH or BNP enantiomer has the lower
DGbinding. The results of the BOH and BNP hydrogen bond
analyses are shown in Supplemental Table S3. (R)-BOH in
MM pocket 6, that is, the pocket with the lowest DGbinding,
formed four hydrogen bonds with occupancies greater than
10%. The highest occupancy hydrogen bond was 48.01%
between a terminal carboxylate oxygen atom on poly(SULL)
chain 12 and an (R)-BOH hydroxyl hydrogen atom. In con-
trast, (S)-BOH in pocket 6 formed only one high occupancy
intermolecular hydrogen bond (24.74%). Similarly, (S)-BNP
had a lower DGbinding than (R)-BNP and in pocket 3 the (S)
enantiomer formed hydrogen bonds with occupancies of
19.66%, 16.21%, and 12.19% between BNP oxygen atoms
and NH donor atoms on the poly(SULL) headgroups. (R)-
BNP in contrast, formed only two intermolecular hydrogen
bonds (13.44% and 12.05% occupancies) with the
poly(SULL) headgroup atoms.

Therefore, it can be concluded that even though the
b-blockers and binaphthyl compounds have very different
structures, they exhibit similar behavior when binding to
poly(SULL). The MD simulations suggest that enantiomers
of all four compounds (alprenolol, propranolol, BOH, and

BNP) interact preferentially with MM binding pockets that
effectively shield their hydrophobic-fused rings from the
solvent. Within this preferred pocket, the ligand enantiomer
experiencing the larger number or more favorable hydrogen
bonding interactions with the MM has the lower DGbinding

value and would be expected to elute last in a chiral CE sep-
aration. We will now investigate whether this same binding
model can be applied to the chiral drugs chlorthalidone
and lorazepam.

Table 3 shows that pocket-averaged DGbinding for (S)-
chlorthalidone and (S)-lorazepam are lower than the corre-
sponding values for the (R) enantiomers of both compounds.
To the best of our knowledge, the chiral CE elution order of
chlorthalidone and lorazepam enantiomers has not been
reported, so the results of these free energy calculations can-
not be compared to experiment. However, MD simulations
from the literature showed that the (S) enantiomers of both
compounds had lower pocket-averaged DGbinding values
when they bound to the MM poly(SULV).[28] Therefore, the
poly(SULL) free energy of binding results presented here are
consistent with these literature results.

Table 3 also shows that as in the b-blocker, BOH, and
BNP analyses, enantiomers of chlorthalidone and lorazepam
bind preferentially to poly(SULL) binding pockets where
there is a large percentage decrease in the ligand SASA
when moving between free solution to the MM-bound states.
In other words, chlorthalidone and lorazepam enantiomers
prefer poly(SULL) pockets that allow the ligands to penetrate
into the MM hydrocarbon core where they are shielded
from solvent exposure. For example, (R)-chlorthalidone was
found to interact most favorably with poly(SULL) pocket 4
(DGbinding¼ –86.0 kJ�mol�1, fi¼ 0.98) where the SASA
decrease was 77.2%. DGbinding for (S)-chlorthalidone was
lowest in pocket 3 (DGbinding¼ –111.0 kJ�mol�1 and fi¼ 1.00)
where the SASA decrease was also high (73.3%). The loraze-
pam MD simulation results are similar, with (R)-lorazepam
in pocket 1 having DGbinding¼ –93.6 kJ�mol�1, an fi value of
1, and a corresponding SASA decrease of 71.4%. (S)-loraze-
pam in pocket 4 had DGbinding¼ –114.8 kJ�mol�1, fi¼ 0.99,
and an SASA decrease of 72.8%. Again with both enantiom-
ers, the MM pockets with the most favorable free energies of
enantiomer binding also effectively shielded the lorazepam
enantiomers from solvent exposure. Finally, it should also be
noted that like propranolol, the chlorthalidone and loraze-
pam enantiomer had their lowest DGbinding values in differ-
ent poly(SULL) binding pockets. However, this result may
be rationalized based upon the similarity in size, shape, and
electrostatic properties of poly(SULL) pockets 1–4 (see
Figure 2).

As with the b-blockers, BOH, and BNP, the chlorthali-
done MD simulation results suggest that stereoselective
hydrogen bond formation contributes to (S)-chlorthalidone
having a lower pocket averaged DGbinding than (R)-chlortha-
lidone. (R)-chlorthalidone binds preferentially to pocket 4
where the results presented in Supplemental Table S4 show
that three intermolecular hydrogen bonds with occupancies
of 30.66%, 13.18%, and 12.67% were detected. (S)-chlorthali-
done in contrast, binds most strongly to SULL pocket 3
where six high-occupancy intermolecular hydrogen bonds
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were formed, three of which were over 30%. Therefore, with
chlorthalidone we see that the enantiomer with the lowest
DGbinding also experiences more favorable hydrogen bonding
interactions with the MM.

The results of the lorazepam:poly(SULL) hydrogen bond-
ing analysis shown in Supplemental Table S5, however, are
less straightforward. (R)-lorazepam was found to bind pref-
erentially to poly(SULL) pocket 1 where Supplemental Table
S5 shows that two intermolecular hydrogen bonds with
occupancies of 42.16% and 18.01% were detected. (S)-loraze-
pam bound most strongly to poly(SULL) pocket 4 where
there were more intermolecular hydrogen bonds (four versus
two for (R)-lorazepam), but the percentage occupancies of
these hydrogen bonds were generally lower (21.82%, 18.08%,
16.80%, and 14.01%). Therefore, we cannot conclude that
(S)-lorazepam has the lower free energy of poly(SULL) bind-
ing simply because the (S) enantiomer has more favorable
hydrogen bonding interactions with the MM.

A previous investigation of lorazepam binding to a differ-
ent MM (poly(SULV)) showed that ligand penetration into
the MM hydrocarbon core, intermolecular hydrogen bond-
ing, and the orientation adopted by the ligand enantiomers
within each pocket were all important factors in determining
how strongly each enantiomer interacted with the MM.[28]

The lorazepam enantiomers were found to interact most
favorably with the MM pockets when the molecule’s seven-
membered and two aromatic rings were all oriented toward
the MM hydrocarbon core. Less favorable orientations of the
rings with respect to the hydrocarbon core and solvent phase
lead to less favorable DGbinding values.[28] Similar behavior
may be occurring in the lorazepam:poly(SULL) system.
A more detailed analysis of all the factors governing the
binding of lorazepam enantiomers to poly(SULL) is cur-
rently underway.

Finally, one conclusion drawn from all of the above MD
simulation results is that the ligands investigated bind pref-
erentially to a poly(SULL) pocket that shielded their hydro-
phobic rings from solvent exposure. Figure 4 shows three
representative structures extracted from the MD simulations
that show ligand enantiomers inserted into the binding
pockets in this manner. Figure 4a shows a structure
extracted from the (S)-propranolol: pocket 4 MD simulation
at 21.8 ns. Figure 4b shows a structure extracted from the
(R)-BOH: pocket 6 MD simulation at 41.0 ns, and Figure 4c
is a structure extracted from the (S)-lorazepam: pocket 4
MD simulation at 19.0 ns. The structures at each of these
time steps were found to have a low RMSD value with
respect to the average structure. As shown in Figure 3, the
polar and non-polar regions of the Figure 4 binding pockets
are colored red and green, respectively. Each of the Figure 4
structures shows the ligands’ hydrophobic fused rings point-
ing into the non-polar pocket region and oriented toward
the poly(SULL) hydrocarbon core.

Conclusions

MD simulations have been used to investigate the stereo-
selective binding of six different chiral compounds to the
amino acid-based MM poly(SULL). Poly(SULL) was found
to have six pockets or binding sites into which chiral ligand
enantiomers could insert. Four of these pockets were found
to have similar sizes, shapes, and electrostatic properties. All
six chiral compounds bound most strongly to a poly(SULL)
pocket that shielded their non-polar atoms from solvent. In
five of the six compounds studied, the formation of stereo-
selective intermolecular hydrogen bonds determined which
enantiomer had the lower free energy of MM association.
This enantiomer would be expected to elute last in a chiral
CE separation. Subsequent studies will further test this
model with single amino acid and other dipeptide MM
before using the model to develop molecular modeling-based
techniques that will identify the best MM for a given chiral
separation problem.
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