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Abstract

Retinoic acid (RA) is a vitamin A derivative, which modifies the appearance of fine wrinkles and
roughness of facial skin and treats acne and activates gene transcription by binding to
heterodimers of the retinoic acid receptor (RAR) and the retinoic X receptor (RXR). There are
series of protein bound RA complexes available in the protein databank (PDB), which provides a
broad range of information about the different bioactive conformations of RA. In order to gain
further insights into the observed bioactive RA conformations we applied quantum mechanic
(QM)/molecular mechanic (MM) approaches to re-refine the available RA protein-ligand
complexes. MP2 complete basis set (CBS) extrapolations single energy calculations are also
carried out for both the experimental conformations and QM optimized geometries of RA in the
gas as well as solution phase. The results demonstrate that the re-refined structures show better
geometries for RA than seen in the originally deposited PDB structures through the use of
quantum mechanics for the ligand in the X-ray refinement procedure. QM/MM re-refined
conformations also reduced the computed strain energies found in the deposited crystal
conformations for RA. Finally, the dependence of ligand strain on resolution is analyzed. It is
shown that ligand strain is not converged in our calculations and is likely an artifact of the typical
resolutions employed to study protein-ligand complexes.

Introduction

The retinoic acid (RA) is one of the active metabolites of vitamin A, which regulates the
transcription of target genes, such as those involved in morphogenesis, differentiation, and
homeostasis during embryonic development and postnatal life.1 It is also commonly used
in the treatment of acne. In addition, it has also found use in cancer therapy and prevention
for leukemia or AIDS-related Kaposi’s sarcoma.6-8 RA has two common isomers: All-
trans-retinoic acid (all-trans RA) and 9-cis-retinoic acid (9-cis RA) (shown in Figure 1),
which usually bind to two classes of nuclear receptors. In the presence of RA, superfamily
members of the nuclear receptor, i.e. the retinoid X receptor (RXR) and the retinoic acid
receptor (RAR), activates the transcription of vitamin A and its biologically active
derivatives.®-11 The RXR and RAR isotypes (o, B, y) and their numerous isoforms are
related to the thyroid/steroid hormone super family of receptors acting as ligand-dependent
transcription factors for different genes.12 RARs can bind both isomers of RA: all-trans RA
and 9-cis RA, while RXRs only bind to 9-cis RA 1314

X-ray crystallography and Nuclear Magnetic Resonance (NMR) are two major tools that
provide valuable three-dimensional structural information in structure based drug design.1®
They address the fundamental question regarding the nature of the interactions between the
receptor and a potential ligand. They are quite often used to demonstrate the efficiency of
different theoretical methodologies that predict ligand binding poses.16-18 X-ray
crystallography provides information at the atomic level but can not give direct insight on
subtle conformational changes in the active sites due to limitation of the experiments
themselves including resolution and the phase problem.18 It is very common that
uncertainties in the ligand atom positions and ambiguities in specific protein-ligand
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interactions are found in medium to low-resolution crystal structures.1%20 The bond lengths
and angles in the crystal structure are usually geometrically restrained by the force field
parameters used in the refinement. The ideal geometric parameters for small molecules,
especial those for novel chemical compounds and metal ions, are difficult to obtain and
require extra theoretical effort to develop.2122 Furthermore, force field parameters may
result in inappropriate bioactive conformations for unbound ligands, which might cause
anomalous strain in the protein bound conformation. The refinement process itself would
also introduce extra strain into the bioactive conformation if the force field parameters used
in the refinement do not recognize the correctly model the bioactive conformations. These
errors in the force field model could affect our ability to precisely reflect the actual strain
induced by complexation, which will lead to further uncertainties in in silico ligand design.

When a ligand binds to a protein, it is thought to generally trigger a conformational
rearrangement in the ligand, protein or both.23-25 In recent years, detailed insights about
how ligand-protein interactions occur have made it possible to advance the theoretical
prediction of protein-ligand poses and binding free energies.26-28 In order to accurately
predict binding affinities, it is necessary to sufficiently sample available conformations in
order to effectively evaluate the energetic and entropic cost of ligand binding. Previous
research has predicted that the difference is 4-5 kcal/mol between the bound conformation
and the lowest-energy conformation in potential energy.2%-31 For about 10% of the ligands
the energy difference exceeds 9 kcal/mol and can reach as high as 15 kcal/mol.30:32-34

In this study, we present a comprehensive study of conformational space of RA observed in
the deposited crystal structures in the Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank (PDB).35 We have re-examined the RA conformations using a
quantum mechanical (QM)/molecular mechanical (MM) refinement procedure,36-44 which
utilizes accurate QM calculations to provide detailed insights into the conformational
preference and energy of the ligand and the interactions between a ligand and its receptor
protein. The ligand conformations are further analyzed by gas and solution phase ab initio
methods to estimate the strain energy induced by RA binding to a receptor protein.

Library of protein structures with retinoic acid bound from the PDB

PDB entries with X-ray resolutions greater than 3 A were excluded in this study. The
resulting library includes 24 crystal structures of protein/RA complexes; 13 for all-trans RA
and 11 for 9-cis RA complexes. In Table 1, each entry lists the PDB ID, the resolution of the
crystal, the protein name, the reported R and R Values and the availability of
experimental structure factor (SF) data.

Conformational analysis and strain energy calculation

The coordinates of the non-hydrogen atoms of RA were extracted from the deposited PDB
structures. The hydrogen atoms of RA were added using gsview (Gaussian, Inc.). In order to
identify the global minima and local minima on RA’s potential energy surface, Omega
(Open Eye Scientific, Inc.) is used to generate a conformational ensemble for both all-trans
and 9-cis retinoic acids.® The energy window was set to 200 kcal/mol. Both the “-
maxconfs” and “-rms” options were set to zero to force Omega to write all generated
conformers into an output file. HF/6-31G* geometry optimizations were performed on all
Omega generated and PDB deposited conformers using the Gaussian09 package*S. In our
study, the global strain energy was defined as the energy difference between a protein-bound
RA conformation and the lowest energy conformation identified by Omega plus
Gaussian09, whereas the local strain energy was calculated as the energy difference between
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the crystallographic conformation and the nearest local minimum on the conformational
energy surface obtained by unconstrained HF/6-31G* geometry optimization. In order to
estimate the strain energy precisely, we performed MP2 complete basis set (CBS)
extrapolations to calculate the single point energy of both the RA experimental
conformations and QM optimized geometries in the gas as well as in the solution phase
(PCM model). Two-parameter exponential functions of the cardinal number X (X=2 for aug-
cc-pVDZ and X=3 for aug-cc-pVTZ) were used to estimate the CBS limit for the Hartree-
Fock energies. 47

HF -9VX
s Fa(X+1)e

EMF=E
The MP2 electron correlation energies (&, = EM'* — EF) were extrapolated using a two-

parameter polynomial formula:

£y =Eops +hX 3

Combining these two energies together we obtained the MP2 CBS energy:

MP2_ HF
ECBS =Ecas +ECBS

Further details regarding conformational space of retinoic acid will be reported in a future
publication.48

QM/MM re-refinement with deposited crystal structures from the PDB

All deposited PDB coordinates were chosen as the initial structures for QM/MM re-
refinement. In the QM/MM refinement process the semi-empirical (SE) (AM1)4°
Hamiltonian was first introduced covering a relatively large QM region at different
weighting factors. The remainder of the protein was treated as a MM region with the
AMBER force field. After QM(SE)/MM refinement, the resultant structure was used as the
initial structure for the next QM(HF)/MM refinement at the same weighting factor. We
chose to use the HF/6-31G* basis set for our ab initio QM theory because it offers best the
compromise between overall accuracy (geometries and hydrogen bonding) and
performance.>%-52 The refinement process can take 100’s of minimization steps making the
use of much larger basis sets and correlated levels infeasible. Moreover, the refinement
process constrains the ligand to the experimental density making it unlikely Hamiltonian
errors would alter the outcome significantly The QM region encompassed the ligand and any
group with strong hydrogen bonding interactions to the ligand, while the rest of the protein
was modeled using MM. In this study we performed QM/MM refinement on the following
four PDB entries: 3CWK, 1CBS, 2LBD and 2VE3, which are the only all-trans RA-
bounded protein complexes with available experimental structure factors in the PDB
database (see Table 1). The coordinates of all atoms found in RA were then extracted from
the structures after QM(HF)/MM re-refinements for subsequent strain energy calculations at
the MP2/CBS level of theory.
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The superposition of all-trans RAs and 9-cis RAs from all listed crystal structures are shown
in Supplementary Information Figures 1A and 1B respectively. The main difference
between the conformations is the position of the ionone ring and the distance between the
ionone ring and the carboxylate group on the other end. The distance varies from 9.85 A in
1GX9%3 to 11.28 A in IN4H> for all-trans RA, 9.23 A in 2NNH%° and 10.70 A in 1G5Y>6
for 9-cis RA. This difference might be the consequence of different interactions between the
various proteins and the RA ligand.

When we take a closer look at the resolution quality of the crystal structures found within
the PDB, it is clear that most of RA bound protein structures were obtained utilizing
medium to low-resolution data sets (see Table 1A and 1B), especially for the 9-cis RASs,
where all data sets were above 2.0 A resolution except 1TYR®. The crystal structure
1RLB58 was determined at a relatively low resolution of 3.1A, which represents the lowest
resolution data among the all-trans RA complexes. The all-trans RA in 1RLB had one
oxygen atom from the carboxylate group missing. Due to the low-resolution data set, the
electron density around this oxygen atom is not significantly above the noise level. Thereby
the exact position of this atom could not be determined from the experimental data.
Furthermore, the angles measured between the C atoms on the pentene chain had angles
(109°) indicative of tetrahedral carbon (sp3) rather than sp? carbon with bond angles of 120°.
The measured bond angles are shown in Figure 2A. In the crystal structure of 2VE3°9, the
carbon atom (C11, shown in Figure 2B) in the pentene chain also had a tetrahedral geometry
as inferred from the measured angles. And when the two RA structures found in 2VE3 were
compared, differences in the pentene chain and the orientation of the carboxylate group were
observed. Unfortunately, there is no experimental structure factor data available in the PDB
for 1RLB in order to re-refine this structure by more advanced methods especially for the
ligand. However, 2VE3 has experimental structure factor data available, which provides us
with an opportunity to further examine this system using our QM/MM refinement method.

The interactions between the carboxylate group of retinoic acid with the protein for the
complexes with available structure factors are shown in Figure 3. The crystal structure of
3CWK is refined to high resolution (1.6A) and is a pentuple mutant
(R132K:Y134F:R111L:T54V:L121E) of CRABPII with bound RA.%0 All-trans RA is
buried in the cavity via interactions between the carboxylate group and residues from the
protein. The ionone ring is extended into solvent. The carboxylate-group makes strong water
mediated interactions with Glu121, which causes the increased affinity of RA for the
pentuple mutant. A hydrogen bond also forms between RA and Lys132. Several water
molecules are found in the pocket. Due to the high resolution of 3CWK, some side chains of
the pentuple mutant have multiple conformations (Figure 3A). In the present study, only one
conformation of these side chains was retained in the QM/MM refinement calculations.

In the crystal structure of 1CBS®1, all-trans RA is co-crystallized with the cellular RA-
binding protein 11 (CRABPII). The ligand extends the tail of the isoprene unit into the cavity
of a B-barrel. The ring interacts with the side chain of Arg59. The angle is ~55° between the
carboxylate group plane of RA and the plane of the isoprene tail. It has interactions with
Argl111 and Arg132 and the hydrophobic group Tyr134. Only one of the carboxylate oxygen
atoms forms hydrogen bonds with the hydroxyl group of Tyr134 and two nitrogen atoms
from the guanidinium group of Arg132. The other oxygen atom of the carboxylate group
interacts with Arg111 via a water bridge (Figure 3B).

J Comput Chem. Author manuscript; available in PMC 2013 January 30.
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In the 2.06 A crystal structure of 2LBD62, all-trans RA is bound to the ligand-binding
domain (LBD) of the human retinoic acid receptor (RAR)-y. All-trans RA is buried in a
hydrophobic pocket formed by residues from a p-turn, and two loops. One oxygen atom
from the carboxylate group makes a salt bridge with the nitrogen atom from Lys236. This
oxygen atom also has a close contact with the side chain carbonyl of Leu233 and the amide
group of Ser289. The other carboxylate oxygen atom interacts with the hydroxy! group of
Ser289. There is a weak salt bridge between Arg278 and the second oxygen atom. There is a
very close contact of the nitrogen atom in Lys236 with one water molecule (WAT581) in the
originally deposited PDB structure. The water molecule position was a concern. It might be
another nitrogen atom from Lys236, which might result another conformation of this side
chain. In this study, this water atom was excluded from our calculations because of this
uncertainty (Figure 3C).

The crystal structure of all-trans RA bound to the cyanobacterial cytochrome P450
CYP120A1 was determined at 2.1A resolution (PDB ID: 2VE3)®. This is the first structural
characterization of a bound cyanobacterial P450. The ionone ring is located between Trp80
and Phe253. One hydrogen bond is found between the oxygen atom from the carboxylate
group of RA and the nitrogen atom from the amide group of GIn345. However, there is a
small difference in the interactions between RA and the two chains of the protein due to the
orientation of the carboxylate group of RA. In chain A, the hydrogen bond distance is 2.80A
between the nitrogen and oxygen atoms, while this hydrogen bond distance is extended to
3.56A in chain B. The two oxygen atoms are also in very close contact with oxygen atoms
from GIn345, the distances are 2.49 and 3.39A respectively, while in chain B, the distances
are 2.90 and 3.89A (Figure 3D and 3E). Figure 3F shows the overlay of all of the structures
discussed above and shows the variation in conformations seen in deposited PDB structures
with structure factors.

2. ab initio analysis of the RA conformations from deposited PDB crystal structures

In this study, single point energy calculations were first carried out using the coordinates of
RA directly extracted from the deposited PDB structures. The difference in computed total
energy for each RA can be as large as 238 kcal/mol (between RA in 1IFEM®3 and 1CBS) at
HF/6-31G(d). Moreover, the relative energy difference between the two RAs found in 2VE3
is 21 kcal/mol at HF/6-31G(d). However, after geometry optimization with HF/6-31G(d) in
the gas phase, 13 initial RA conformations result in 4 total conformations. The RA from
1GX9 has the lowest energy and the RA from 1EPB54 yields the highest energy
conformation at HF/6-31G(d). The energy difference between these two conformations is
4.06 kcal/mol. RA from 1CBR5Z, 1CBS, 3CWK, 2FR35° and 2G78% give the same
conformation which is the second local minimum; 1.49 kcal/mol higher than the lowest
energy minimum. RAs from 1FEM, 1N4H, 2LBD, 2VE3 yield the next local minimum, the
difference is only 0.81 kcal/mol compared to the global minimum energy of RA in 1GX9.
The relative energy differences are shown in Supplementary Figure 2 for HF/6-31G(d).

After geometry optimization, the conformations of the four structures calculated in the gas
phase differ significantly, and the details are shown in Supplementary Figure 3. The major
difference in the 4 conformations of RA is the torsion angle defined by one carbon atom
from the ionone ring and three carbon atoms from the alkene chain. (179.11° for 1FEM,;
—179.13° for 1GX9; 178.39° for 1CBR; —177.69° for 1EPB) It makes the pentene chain of
RA from 1FEM extend in the opposite direction from the others. Another torsion angle (C8-
C9-C10-C11) distinguishes RA from 1EPB and the RAs from 1CBR and 1GX9, which is
—178.41° in 1EBP, while in 1CBR and 1GX9, this angle is 179.99° and 179.93°
respectively. A third torsion angle contributes to the conformational change between RA
from 1CBR and 1GX9, which is the angle between the carbon atom from the carboxylate

J Comput Chem. Author manuscript; available in PMC 2013 January 30.
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group and three carbon atoms in the pentene chain. One is —178.26° in 1CBR and the other
is 0.04° in 1GX9.

The strain energy calculated for the crystallographically determined bound ligands with
respect to the optimized free ligand conformations in the gas phase and PCM solvent model
ranges from 20 (RA in 1CBS) to 110 (RA in 2VE3) kcal/mol at the MP2/CBS level, as
shown in Figure 4. The energy penalty is extremely high when using the ligand structures
taken directly from PDB without any further analysis of the crystal data. It doesn’t
accurately reflect the conformational change between free ligand and bound ligand,
especially given the uncertainties in hydrogen atom positions. Due to the resolution
limitations, it is impossible to accurately locate hydrogen atoms positions in protein crystal
structures. To lower the energy penalty introduced by the traditional crystal refinement
procedure, all four RA-bound protein complexes in Figure 3 were re-refined with the QM/
MM refinement approach. From Figure 5 we can see that after QM/MM re-refinement, the
strain energy ranges from 1.8 kcal/mol to 7.2 kcal/mol, at the MP2/CBS level which is a
reduction of almost 94% when compared with the predicted crystallographic conformers.
Note that the resolution of the data set is also a key factor in reducing the conformational
strain found in protein-bound RA (see Figure 5).

3. QM/MM re-refinements on the available crystal structures in PDB

In the current PDB, RA displays a variety of conformations when bound to different
proteins. Different interactions between the ligand and the proteins may cause RAs to adopt
different conformations when bound, which might induce differences in binding affinity.
However, most of the crystal structures with bound RA are medium to low-resolution
structures and different force fields parameters of RA might of been used in the refinements,
which limits the accurate modeling of ligand positions in the proteins. Furthermore, different
conformations might result because of different interactions between the protein and ligand,
and/or may result from the error introduced by different refinement procedures. By
introducing the newly developed QM/MM refinement procedure, the ligand and residues
from the protein included in the QM region are consistently refined with an ab initio QM
Hamiltonian. In addition, QM/MM refinement also takes into account all of the hydrogen
atoms in the QM region. The re-refinement of crystal structures by QM/MM methods has
been proven to be efficient in improving the local geometry of structures.36:38-41.44 Hence,
each structure with available experimental structure factor data in the PDB was re-refined
with our QM/MM refinement procedure.

The comparison of RA conformations obtained by different approaches at selected
weighting factors is shown in Figure 6. For 1CBS, 2LBD, and 3CWK, the RA structures
obtained from QM/MM and MM refinement are very similar, except for the positioning of
the carboxylate groups. Significant differences were observed for the 2VE3 structures after
different refinement procedures. As shown in Figure 2, the angles between C10-C11-C12
and C12-C13-C14 indicate sp2 hybridization. After QM/MM refinement (see Figure 6),
however, the angles between these carbon atoms change from 111.95 and 113.79 to 117.27
and 116.37 respectively.

In the determination of macromolecular structure by crystallography, R and R¢ee Values are
measurements of the quality of fitting the entire atomic models to the observed diffraction
data. It is possible to have an incorrectly placed residue or ligand model while still obtaining
fairly good R and Ryree Values as long as the rest of the protein model is consistent with the
experimental structure factors. Thus, we compared real space R (RSR) values for the ligand
only in order to better understand how the model of the ligand was affected by refinement
protocol choice. From Table 2, it is clear that the QM/MM refinement procedures always
provides better RSR values than the original CNS/MM refinement procedures, which proves
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QM/MM refinement provide a better fit into the electron density. Furthermore, as one might
expect, the RSR values show better agreement with the structural data as the experimental
resolution increases (see Table 2).

4. Conformational strain energy difference caused by weighting factor choice

After QM/MM re-refinements on the available crystal structures, the ligand conformations
at different weighting factors were also further analyzed using single point energy
calculations with HF/6-31G(d). The weighting factor balances the energy function between
the chemical and structural information.8” In protein crystallography, diffraction data is
often combined with geometric information in the restrained least squares refinement of
atomic positions. In the energy function, w is a weighing factor applied to the X-ray pseudo-
energy function. Weighting factor is another important variable in X-ray refinement. If w is
too small, the empirical information in Echemical Will contribute the most in the refinement
procedure and it will result in a less accurate R-value. If w is too large, it is possible to
overfit the structural model yielding a fairly good R-value, but the geometry of the structure
maybe distorted.

To validate the energy differences introduced by different weighting factors in QM/MM
refinements, we carried out a series of calculations at different weighting factors. After QM/
MM refinement for each structure, the coordinates of the ligand were used to calculate
single point energies. The total energy of each optimized unbound ligand in the gas phase
was set as reference energy. The energy difference is calculated as the differences between
the single point energy of the ligand after QM/MM refinement and the optimized energy for
the same ligand in the gas phase. For comparison, the results for each ligand at the same
weighting factor w,=1 are shown in supplementary Figure 4. The strain energies for RA
bound to different proteins are similar (within ~x2kcal/mol) at the same weighting factor for
different resolution structures (1.6-2.1A range). However, when comparing RA bound to the
same protein, the strain energy varies from 3 kcal/mol to 18 kcal/mol when different
weighting factors are used in the refinement. This is clearly shown in Figure 7: the strain
energy increases with the weighting factor in RA-bound complexes. If the weighting factor
is set to 1, the strain energy is between 8.4 kcal/mol and 10.9 kcal/mol (weighting factor
induced strain is ~4—6kcal/mol). If the weighting factor is set to 2, the strain energy will
reach 18 kcal/mol in 2VE3 (representing a weighting factor induced strain of ~10-14kcal/
mol). It should be noted that in 2LBD, the trend is different from the other cases in that the
trend between strain and weighting factors is not smooth. When we took a close look at the
interactions between the protein and ligand in 2LBD, we found that the position of the
hydroxyl group from Ser289 affects the orientation of RA’s carboxylate group and the
observed weighting factor versus strain trend. The comparison of QM regions resulting from
QM(HF)/MM minimization and QM(HF)/MM refinement are shown in Figure 8.

As discussed above, the weighting factor is an important parameter balancing the chemical
information with the experimental diffraction data. However, in medium or low-resolution
crystal structures, the weighting factor tends to be large to ensure that there is a good fit to
the reflection data, for example, in 2LBD and 2VE3. Thus, we find that regardless of the
chemical model (be it QM or MM) the structure is more likely to be distorted. When a
ligand or substrate from such structures is used in evaluating the strain energy when bound
to a protein, 4-6 kcal/mol energy differences would be expected for a weighting factor
around 1 and 10-12 kcal/mol for weighting factor around 2. This could introduce large
errors into these structures when they are further analyzed using other computational
methods. Considering the number of medium to low-resolution structures in PDB, especially
for drug related protein-ligand complexes, this artifact needs to be considered.

J Comput Chem. Author manuscript; available in PMC 2013 January 30.
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Conclusions

Detailed insights into protein-ligand interactions are essential to predict and identify novel
drug candidates. However, the conformational preferences between the protein bound and
free ligand may be further complicated by the resolution of X-ray experiment and the
refinement procedure employed. QM/MM refinement procedures eliminate errors
introduced by the empirical force fields used in the traditional refinement. The choice of
pseudo-enegy weighting factor has also been shown to play a critical role in the strain
induced into a ligand when bound to a protein. Care must be taken in choosing this value
and as low a value as possible should be selected to ensure minimal distortion in the ligand
structure. This is true no matter whether a MM or QM/MM maodel is used in refinement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of (a) all-trans retinoic acid; (b) 9-cis retinoic acid.
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Figure 2.

(B) 2VE3 A1445.
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Figure 3.

Interactions between all-trans retinoic acid and surrounding residues in the context of the
various binding sites observed in the PDB. (A) 3CWK A300; (B) 1CBS A200; (C) 2LBD
A500; (D) 2VE3 A1445; (E) 2VE3 B1445; (F) Overlay of PDB deposited RA conformers
(Red: 3CKW; Orange: 1CBS; Yellow: 2LBD; Blue: 2VE3 A1445 and Violet: 2VE3
B1445).
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Figure 4.

Strain energies of bound retinoic acid conformers deposited in the PDB. (A) and (B) in gas
phase; (C) and (D) in PCM solvent model. The PDB entries are in order of decreasing
resolution. Energies are from MP2/CBS calculations using HF/6-31G(d) geometries.
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Figure 5.

Comparison of strain energies of retinoic acid conformations after QM/MM re-refinement.
(A) and (B) in gas phase; (C) and (D) in PCM solvent model. The PDB entries are in order
of decreasing resolution. Energies are from MP2/CBS calculations using HF/6-31G(d)
geometries.
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e et e

Figure 6.

Superposition of refined retinoic acid conformations by different approaches (Green stick:
CNS/MM refinement; Magenta: QM/MM refinement). (A) 3CWK A300 (w,;=0.3); (B)
1CBS A200 (w,=0.4); (C) 2LBD A500 (w,=1.0); (D) 2VE3 A1445 (w,=1.0); (E) 2VE3
B1445 (w,=1.0).
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Figure 7.

The strain energy difference introduced by weighting factors. (A) 3CWK A300; (B) 1CBS
A200 (1.6A); (C) 2LBD A500 (1.8A); (D) 2VE3 A1445 (2.06A); (E) 2VE3 B1445 (2.1A).
Energies are from HF/6-31G(d) calculations using HF/6-31G(d) geometries.
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Figure 8.

Superposition of a portion of the QM region (Ser289 and all-trans retinoic acid) in 2LBD
after QM/MM minimization and QM/MM refinement (minimization: Green; refinement:
Cyan at w,=0.5; Magenta at w,=0.8; Yellow at w,;=1.0; Pink at w,;=2.0).
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Table 1

Retinoic acid (RA) entries in the PDB

A. All-trans retinoic acid entries in the PDB

PDB ID  Resolution (A) Protein Description R/Rfree SF
1CBR 2.90 Holo cellular RA-binding protein type | 0.251/0.320
1CBS 1.80 Holo cellular RA-binding protein type Il 0.200/0.237
1EPB 2.20 Epididymal RA-binding protein 0.182 N/A
1FEM 1.90 Bovine plasma retinol-binding protein 0.184 N/A
1GX9 2.34 Bovine B-lactoglobulin 0.226/0.298 N/A
1N4H 2.10 Orphan nuclear receptor ROR-p 0.217/0.255 N/A
1RLB 3.10 Transthyretin and retinol-binding protein 0.215 N/A
2FR3 1.48 Apo-wild-type cellular RA-binding protein type I 0.131/0.174 N/A
2G78 1.70 The R132K:Y134F mutant of cellular RA-Binding protein type Il 0.151/0.203 N/A
2LBD 2.06 Ligand-binding domain of the human RAR-y 0.210/0.313
2VE3 2.10 Cyanobacterial cytochrome P450 CYP120A1 0.225/0.267
3CWK 1.60 Cellular RA-binding protein type 11-R132K:Y134F:R111L:L121E:T54V  0.125/0.167
B. 9-cis retinoic acid entries in the PDB
PDB ID  Resolution (A) Protein Description R/Rfree SF
1FBY 2.25 Human RXR-a ligand binding domain 0.228/0.263 N/A
1FM6 2.10 Human RXR-o and PPAR-y ligand binding domain ~ 0.250/0.292
1FM9 2.10 Human RXR-a and PPAR-y ligand binding domain  0.239/0.268
1G5Y 2.00 RXR-a ligand binding domain 0.231/0.254 N/A
1K74 2.30 Human RXR-o and PPAR-y ligand binding domain  0.238/0.279  N/A
1TYR 1.80 Transthyretin 0.196 N/A
1XDK 2.90 RAR-B/RXR-a ligand binding domain 0.253/0.296
2ACL 2.80 Liver X receptor agonists 0.220/0.280
2NNH 2.60 Cytochrome P450 0.172/0.267
3LBD 2.40 Human nuclear receptor RAR-y 0.210/0.313 N/A
3DZU 3.20 PAR-y-RXR-a nuclear receptor complex on DNA  0.201/0.272
3Dzy 3.10 PAR-y-RXR-a nuclear receptor complex on DNA  0.213/0.268

J Comput Chem. Author manuscript; available in PMC 2013 January 30.

Page 19



Page 20

Lietal.

sayoeoidde JuawauLgal JUBIaKIP AQ Saxa|dwod ¥-UIajoid pauljal J0) SIUSIOILS0I UOIR[31I09 aeds [eal/sanjeA Y aoeds |eal ayL

NIH-PA Author Manuscript

¥¢6'0/9,0'0  8¢6°0/¢.,0°0
1.8°0/6¢1°0 LS8°0/€¥T'0

9T6'0/780°0  TS6°0/6¥0°0  ININ/(xOTE-9/AH)NO

0T="m 0T="m
SvyTd SPYTV
LENY4 LENY4

658°0/TYT'0  ¥T16°0/980°0  0¥6°0/090°0 NIN/SNO
7'0="m e0="Mm s1030e- Bunybrap
00ev 0oev
00S¥/dSd
S401 MMOE

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Comput Chem. Author manuscript; available in PMC 2013 January 30.



