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Specific target for cancer therapy

Prostaglandin reductase 1 (PTGR1) is an NADPH-dependent enzyme critical to eicosanoid metabolism. Its
elevated expression in malignant tumors often correlates with poor prognosis due to its role in protecting cells
against reactive oxygen species. This study explores the inhibitory potential of licochalcone A, a flavonoid
derived from Xinjiang licorice root, on human PTGR1. Using molecular dynamics simulations, we mapped the
enzyme’s conformational landscape, revealing a low-energy, rigid-body-like movement of the catalytic domain
relative to the nucleotide-binding domain that governs PTGR1’s transition between open and closed states.
Simulations of NADPH-depleted dimer and NADPH-bound monomer highlighted the critical role of intersubunit
interactions and coenzyme binding in defining PTGR1’s conformational landscape, offering a deeper under-
standing of its functional adaptability as a holo-homodimer. Covalent docking, informed by prior chemo-
proteomic cross-linking data, revealed a highly favorable binding pose for licochalcone A at the NADPH-binding
site. This pose aligned with a transient noncovalent binding pose inferred from solvent site-guided molecular
docking, emphasizing the stereochemical complementarity of the coenzyme-binding site to licochalcone A.
Sequence analysis across PTGR1 orthologs in vertebrates and exploration of 3D structures of human NADPH-
binding proteins further underscore the potential of the coenzyme-binding site as a scaffold for developing
PTGR1-specific inhibitors, positioning licochalcone A as a promising lead compound.

1. Introduction enzyme is an NADPH-dependent alkenal/one oxidoreductase, that cat-

alyzes the reduction of double bonds in a/p-unsaturated ketones, alke-

Prostaglandins are a group of lipid molecules derived from arach-
idonic acid through the action of cyclooxygenases. Functioning locally
as messenger molecules, they play pivotal roles in various physiological
processes. These include inflammation, cell survival, apoptosis, regula-
tion of smooth muscle contraction, adipocyte differentiation, vasodila-
tion, and the inhibition of platelet aggregation [1]. Prostaglandin
reductases (PTGR) are key enzymes in the irreversible inactivation of
these eicosanoids and are zinc-independent members of the medium-
chain dehydrogenase/reductase (MDR) superfamily [2].

PTGR1, originally identified as leukotriene B4 dehydrogenase [3], is
a rate-limiting enzyme involved in the arachidonic acid pathway. This
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nals, and nitroalkenes [4]. Its primary role involves the deactivation of
certain eicosanoids [4]. Among its main substrates are lipoxin A4,
prostaglandin E2, and leukotriene B4. Recent studies have indicated its
involvement in further metabolizing eicosanoids through both the
cyclooxygenase and lipoxygenase downstream pathways [5]. Structur-
ally, it exhibits the alcohol dehydrogenase fold characteristic of the MDR
superfamily [6]. Each monomer comprises a catalytic domain and a
nucleotide-binding Rossmann domain [7-10]. Fig. 1 illustrates a model
of the structural organization of the human PTGR1 dimer bound to
NADPH and the metabolite 15-oxo-prostaglandin E2. Each subunit
contains an NADPH molecule embedded in a deep cavity formed by the
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catalytic (residues 1-122 and 297-329) and NADPH-binding (residues
123-276) domains. The catalytic site resides in a cavity bordered at its
base by NADPH and flanked by residues from both subunits, high-
lighting the essential role of the homooligomeric state in the function of
most MDR enzymes [11-13].

The NADPH-dependent alkenal oxide reductase activity of PTGR1 is
pivotal in irreversibly inactivating multiple eicosanoids associated with
the inflammatory response [15]. Additionally, its activity supports the
reduction of polyunsaturated fatty acids susceptible to lipoperoxidation
by reactive oxygen species. Consequently, PTGR1 is recognized as a vital
component of the cellular detoxification system [16]. Numerous studies
consistently demonstrate a correlation between the overexpression of
PTGR1 in diverse cancer types (such as liver, lung, prostate, and
bladder) and an unfavorable prognosis for patient survival [17-20]. On
the contrary, diminished PTGR1 expression is linked to unfavorable
prognosis in ovarian, endometrial, and kidney cancers [4]. This dual role
positions PTGR1 as a potential selective marker for prognosis and
treatment guidance. Moreover, suppressing PTGR1 through short
hairpin RNA molecules in triple-negative breast cancer cells (TNBC)
leads to reduced cell proliferation [21]. In prostate cancer cell lines,
silencing PTGR1 expression induces cell cycle arrest in the GO/G1 phase,
accompanied by a decrease in cyclin D1 and an increase in apoptosis
markers [19]. In induced hepatocellular carcinoma cellular models,
PTGR1 exhibits a progressive increase in expression from early to
advanced stages of hepatocellular carcinoma development. Notably,
persistent nodules with elevated PTGR1 expression display heightened
cell proliferation and enhanced resistance to oxidative stress. This
resistance is attributed to PTGR1’s conversion activity on
lipoperoxidation-derived products, such as 4-hydroxy-trans-nonenal

Binding domain
(Rossman motif)

=8

™

\fL‘\ \’ :r\\

P ,é,’/\ Y

- .’ig A0 NADPH-binding site
| ~>,

Biophysical Chemistry 320-321 (2025) 107410

[17]. Consequently, the accumulated evidence supports PTGR1’s
oncogenic role, rendering it an appealing target for the exploration and
development of molecules to inhibit its activity.

Although PTGR1 stands as a promising therapeutic target for cancer
therapy, the availability of inhibitors for this enzyme remains limited.
Several studies have identified specific nonsteroidal anti-inflammatory
drugs like indomethacin, niflumic acid, and diclofenac as effective in-
hibitors of PTGR1 [2,22]. Among these, indomethacin exhibited the
highest inhibitory effect, with more than 95 % inhibition and an ICsg of
8.7 pM, whereas niflumic acid demonstrated ~80 % inhibition with an
ICsp of 7.1 pM [1,22]. Licochalcone A (LicA) is a flavonoid obtained
from Xinjiang licorice root with antiparasitic, antibacterial, and anti-
tumor properties [23,24]. The antitumor effects of LicA are correlated
with the induction of apoptosis via the inhibition of PI3K/Akt/mTOR
signaling pathway in HepG2 cells [25]. Treatment with LicA in H460
and A549 cells demonstrated a dose-dependent inhibition of the
expression of cell cycle-related genes, including MDM2, Cyclin B1, and
Cdc2. This led to the suppression of proliferation, linked with G2/M
phase arrest [26]. In addition, LicA inhibited the growth of TNBC with
an ICsg of 8.4 uM. By employing chemoproteomic profiling techniques,
LicA was found to disrupt the pathogenicity of TNBC by inhibiting
PTGR1 [27].

Although it has been proposed that LicA might serve as a potential
PTGR1 inhibitor, there is currently a lack of information regarding its
inhibitory activity or structural studies detailing its interaction with
PTGRI1. In this study, we aimed to characterize the conformational
landscape of PTGR1 by molecular dynamics (MD) simulations. Our data
revealed a plausible mechanism driving the enzyme’s transition be-
tween open and closed states. To investigate the effects of NADPH
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Fig. 1. Molecular model of the human PTGR1 dimer bound to NADPH and a substrate. The holo form of human PTGR1 was constructed by aligning two monomers,
each bound to NADPH and the inhibitor raloxifene (PDB ID 2Y05), to the apo dimer structure (PDB ID 1ZSV). The guinea pig PTGR1 dimer structure (PDB ID 1V3V
[14]) was used to position the solved moiety of the metabolite 15-oxo-prostaglandin E2, overlapping the raloxifene binding site This substrate orientation closely
matchs with the binding pose obtained via docking to the human enzyme, as detailed in reference [1]. Insets provide close-up views of the catalytic and NADPH-
binding sites, as well as structural delineations of the catalytic domain (residues 1-122, 297-329) and the NADPH-binding domain (residues 123-276). The small
hinge domain (residues 277-296), identified in this study as critical for conformational transitions, is highlighted in black. NADPH and 15-oxo-prostaglandin E2 are
shown in gray and green sticks, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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binding and the oligomeric state on the conformational landscape of the
holo dimer, additional simulations were conducted for the apo dimer
and the NADPH-bound monomeric subunit. Guided by prior reported
experimental cross-linking data [27], we derived a covalent binding
pose for the inhibitor at the nucleotide-binding site and examined the
conformational effects induced by this adduct formation. Finally, an
analysis of NADPH-binding protein sequences and 3D structures high-
lighted LicA as a promising scaffold for developing drug-like inhibitors
selectively targeting PTGR1, providing a potential strategy to combat
malignant cells.

2. Methods
2.1. Molecular dynamics simulations

Two structures of human PTGR1 have been deposited in the PDB: one
bound to NADPH and the raloxifene inhibitor (PDB ID 2YO05, 2.2 A
resolution), and another in apo form (PDB ID 1ZSV, 2.3 A resolution). In
the first structure, it is reported as a monomer, whereas in the second as
a dimer. However, the protomers exhibit highly similar conformations in
both structures (backbone RMSD ~0.5 [o\). Experimental evidence, akin
to PTGR1 orthologs and many other MDR enzymes, indicates that the
functional form of human PTGR1 is a homodimer [1]. Thus, to construct
the dimeric form of the coenzyme complex, we duplicated the NADPH-
bound protomer from 2Y05 and aligned the two subunits with the dimer
from 1ZSV, deleting the raloxifene molecule. In the resulting structure,
no steric clashes were observed between the protomers, making it
suitable as the starting point for the simulations. Additionally, the apo
dimer was generated by removing the NADPH from both subunits, while
the monomeric form in complex with NADPH was derived from the
corresponding crystal structure (PDB ID 2Y05).

The pmemd.cuda module of AMBER 22 was used to perform the MD
simulations, employing the force field FF19SB and the OPC water model
[28-31]. NADPH parameters were taken from [32]. The system was
protonated at pH 7.4 with PDBfixer [33] and placed in a truncated
octahedral box, initially spanning 12 A further from the solute in each
direction using the AMBER tLeap module. The overall charge of the
system was neutralized by the addition of four sodium ions. ParmEd
[34] was used to implement the hydrogen mass repartitioning scheme
[35]. Local clashes and solvent orientation were corrected using the
steepest descent algorithm for 5000 cycles. During the initial NVT
equilibration, the velocities gradually increased through five steps of
200 ps each. The temperature progression started at 150 K and was
raised to 200 K, 250 K, 300 K, and finally, 310 K. Position restraints were
applied to heavy atoms of the protein, with the restraining forces pro-
gressively decreasing at each step. The spring constants were set at 4, 5,
3, and 1 kcal/mol 10\2, respectively, to allow for the gradual relaxation of
the protein. The system was further equilibrated for 1 ns in the NPT
ensemble with no restraints. For treating long-range electrostatic in-
teractions, periodic boundary conditions and Ewald sums were used
with a 9 A cutoff for direct interactions [36,37]. The same cutoff was
used for Lennard-Jones interactions. The Langevin thermostat [38] with
a collision frequency of 4 ps~! and the Monte Carlo barostat [39] with a
pressure relaxation time of 2 ps were used to control temperatures and
pressures, respectively. The SHAKE algorithm was used to fix any bond
involving hydrogen atoms [40], and a 4-fs time step integration was
used [41,42] Unless otherwise stated, no other constraints were used.
Five replicas of 500 ns each per system were produced.

The topology and parameter files for a LicA molecule and for this
inhibitor covalently bound to the sulfur atom of a cysteine residue were
generated with Antechamber suite [43], using the general Amber force
field (GAFF2) for organic molecules [44]. Atomic charges were derived
using the AM1-BB method [45]. The parameters are documented in
Supplementary Tables SI-1 and SI-2. Trajectories for PTGR1 covalently
and noncovalently bound to LicA were run using the same conditions as
described above. All molecular structure representations were created
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using UCSF ChimeraX v1.8 [46,47].

2.2. MD trajectory analysis

Structural analysis was performed using CPPTRAJ [48]. It included
autocorrelation, hydrogen bonds (HB), intermolecular contacts, radius
of gyration (RoG), root-mean-square deviation (RMSD), and principal
component analysis (PCA). Data analysis and visualization plots were
created with the Python libraries Pandas [49], Matplotlib [50] and
Seaborn [51]. The flexibility of the protein was evaluated using the
MDLovofit program, which determines regions with the lowest RMSD
value to be used as the aligning mask for all trajectory conformers [52].

2.3. Characterization of domain-domain displacements

To characterize domain motion in PTGR1, the most divergent con-
formations relative to the reference structure were identified in the MD
trajectories. The closed (experimental) and the selected most open
conformers were examined using the DynDom software [53]. By
comparing these extreme conformations, the inter-domain screw axes
and inter-domain bending regions were determined.

2.4. Dynamic cross-correlation analysis

The displacement of each Ca atom in the subunits was evaluated to
quantify the extent of their correlated motions. The degree of dynamic
cross-correlation between pairs of atoms was determined by calculating
the covariance of their pairwise fluctuations [54]. The cross-correlation
coefficient c(i,j) was calculated using the following equation:

(Ar-Ary)

i () (a2 v

c(i.j)

where Ar; and Ar; are the ensemble average displacement vectors of
atoms i and j, respectively, averaged over the ensemble of configura-
tions. A positive correlation (values close to +1) indicates that the atoms
move in the same direction, whereas a negative correlation (values near
—1) reflects anticorrelated motion, meaning that the atoms tend to move
in opposite directions. A coefficient close to zero indicates a lack of
correlation, signifying that the motions of the two atoms are indepen-
dent [55].

2.5. Cartesian principal component analysis

PCA was applied to MD trajectories to reduce the data dimension-
ality and identify a set of orthogonal principal components, each rep-
resenting dominant modes trends of the protein’s collective motions
[56]. This method simplifies the complex data by capturing the most
significant conformational changes across multiple dimensions. For each
system, a combined trajectory was generated that combined by
concatenating the data for the last 350 ns of the five replicates for both
subunits taken together. To specifically highlight the displacement of
the catalytic domain relative to the NADPH-binding domain, the
concatenated trajectory was aligned to the latter domain (residues
123-276). Next, from this aligned trajectory, the 3 N covariance matrix
was calculated, where N represents the number of atoms in the protein.
The covariance matrix captures the degree of correlated motion between
pairs of atomic coordinates over time. The matrix was then decomposed
by diagonalization, a step that removes instantaneous linear correlations
between variables and yields the eigenvectors and eigenvalues. Eigen-
vectors define the principal components (PCs), or directions of motion,
while the eigenvalues correspond to the amplitude of movement along
each PC. To prioritize the most significant motions, eigenvalues were
sorted in descending order.

To further explore these dominant motions, two-dimensional free
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energy landscapes (FEL) were constructed using the first two principal
components, PC1 and PC2, with PyYEMMA [57]:

G(x) = —kg*T*InP(x) (2)

where G(x) is the x-coordinate free energy landscape, kg is the Boltz-
mann constant, T is the absolute temperature and P(x) represents the
probability distribution of positions along PC1 and PC2, represented as a
two-dimensional histogram. This landscape reveals conformational
preferences and transitions, providing a visual map of the most acces-
sible energy states in the protein’s dynamic behavior.

2.6. Solvent-site identification and guided docking

Determination of solvent sites (SS) for ethanol and water molecules
was conducted by employing the MDmix method. After removing both
NADPH molecules from the enzyme dimer, the system was protonated at
pH 7.4 with PDBfixer [33] and placed in a truncated octahedral box of
water/ethanol 80/20 % v/v, extending 12 A beyond the solute in each
direction using the AMBER tLeap module. Five 20 ns replicas were run,
using the same conditions described above, but applying Cartesian re-
strictions of 0.01 keal/mol A2 over all heavy atoms. After the alignment
of trajectories, density maps for probe atoms were generated by con-
structing a static mesh with cubic grids (0.5 A edge length) over the
entire simulation box. The occurrence of probe atoms within each grid
were tracked across the trajectories. These density distributions were
then converted into binding free energy using the Boltzmann relation-
ship, comparing observed probe atom distributions against the expected
bulk solvent distribution at 1.0 M. Solvent sites were then filtered by
applying an energy threshold of —1 kcal/mol [58,59].

2.7. LicA docking

For covalent docking, LicA, bound through its Cg atom to the sulfur
atom of C23°, was docked onto the NADPH-binding site of human PTGR1
employing the covalent docking module of AutoDock4 v4.2.6 [60,61].
The flexible side-chain methodology was used. For noncovalent docking,
solvent sites for ethanol and water molecules were used as pharmaco-
phoric elements for rDock [62]. This docking involved defining the re-
ceptor system and generating a binding cavity using NADPH as a
reference molecule. During the noncovalent docking, a penalty score
proportional to the square of the distance from each ligand conforma-
tion to a solvent site was applied when the separation exceeded 2 A. The
docking run included 100 simulations, generating a set of potential
binding modes for LicA within the NADPH-binding site site.

2.8. Sequence analysis of NADPH-binding sites

Sequences of vertebrate PTGR1 orthologs were retrieved from the
UniProt database [63]. Unreviewed entries were excluded. A multiple
alignment of 530 sequences was generated employing Clustal Omega
[64]. Furthermore, sequences of human NADPH-binding proteins with
experimentally determined 3D structures were compiled. Subsequently,
sequence logos corresponding to the nucleotide-binding residues for
each protein dataset were created using the Weblogo3 server [33].

3. Results
3.1. Conformational flexibility of PTGR1

To unveil the conformational landscape of PTGR1, we characterized
the enzyme dimer bound to two NADPH molecules using unconstrained
MD simulations. Five replicates of 500 ns each were generated at 310 K,
pH 7.4, under NPT conditions. According to an autocorrelation analysis
of backbone dihedral angles, all replicas achieved independence from
the starting coordinates within the first 150 ns (Fig. SI-1).
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Conformational relaxation was evident during this period as well, as
reflected in the RMSD and RoG trends (Fig. SI-2). Therefore, for the
subsequent analysis, only the last 350 ns of the trajectories were
considered. These five partial trajectories were concatenated into a
single trajectory to perform a global analysis of the data.

RMSD and RoG analyses of the PTGR1dimer revealed complex dy-
namic behaviors associated with significant conformational changes.
The RMSD histogram depicted a broad distribution (~5 A), with a pri-
mary peak centered at ~2.5 A (Fig. SI-2 A). These conformers clustered
into two similarly populated groups with different degrees of compact-
ness, as indicated by the RoG histograms (Fig. SI-2B). To clarify the
origin of these conformational variations, self-alignments of the cata-
lytic (residues 1-122, 297-329) and the nucleotide-binding (residues
123-276) domains were performed. For this analysis, each protomer
was individually isolated, and the ten resulting 350-ns trajectories were
combined into a single trajectory. As shown in Fig. 2A, each domain
exhibited a narrow, unimodal probability distribution centered at an
RMSD value of ~1 A. Consistent with this, the catalytic and NADPH-
binding domains preserved conformations nearly superimposable
throughout the trajectory (Fig. 2B). These results indicate that each
domain behaved as a single structural entity. The region comprising
residues 277-296, which serves as a connector between the catalytic and
nucleotide-binding domains, exhibited only marginal conformational
variation.

The results presented suggest that the overall conformational fluc-
tuations of PTGR1 arise from rigid body-like displacements between
domains. To characterize these displacements, trajectories aligned to the
nucleotide-binding domain were analyzed using Cartesian PCA. The
analysis revealed that the main principal component describes a
concerted movement of the catalytic domain relative to the nucleotide-
binding domain (Fig. 3A). In contrast, the connecting domain exhibited
minimal changes, consistent with a hinge-like functionality, suggesting
it facilitates the observed domain displacements. Similar results were
obtained when the catalytic domain was used as alignment reference
(data not shown). Analysis of RMSD revealed that the positional shift of
the catalytic domain relative to the nucleotide-binding domain ranged
mostly between 2 and 5 A (Fig. 3B). However, transient conformations
with RMSD values up to 15 A were observed, where NADPH, while
maintaining a pose similar to the reference one, largely lost contact with
the catalytic domain (Fig. 3C). To further describe the enzyme’s open-
ing, the angle between two vectors was defined (Fig. 3D). The angle
probability densities described a pattern similar to that in Fig. 3B,
featuring a predominant peak at ~17.5° and a less populated one at
~23.5°. A strong correlation (r = 0.92) was observed between the RMSD
and rotation angle values (Fig. 3E), showing that both metrics effectively
captured the enzyme’s conformational rearrangement. The most open
conformations can be attributed to a hinge-like motion between two
rigid bodies, with an axis of rotation around the a-helix formed by res-
idues 277-292 and a maximum angle change of ~35° [65]. This
approach pinpointed the same segment previously identified in the
RMSF and RMSD analyses (Fig. 2), albeit shortened by four residues. The
opening angle was accompanied by a rotameric change of the ¢ angle of
K299, albeit with a weak correlation between the two angles (r = —0.47).
Additionally, the ¢ angle of K2°° and the ¢ angle of Y2?® displayed sig-
nificant rotameric differences between the closed and most open states.
However, these changes showed no quantitative correlation with the
open movement of the two domains.

To quantify the relative abundance of PTGR1 conformations, free
energy landscapes (FEL) were constructed from the Cartesian PCA of the
enzyme-coenzyme complex (Fig. 4). The FEL displayed a prominent
basin representing the most stable conformation, along with two shal-
lower basins that indicate the presence of less-stable conformations
(Fig. 4A). In alignment with the coordinated motion depicted by the
projection of conformers onto the PC1 eigenvector (Fig. 3A), the first
component accounted for 64 % of the total variance in the trajectory
(Fig. 4A’s inset), underscoring its role in the enzyme’s primary
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Fig. 2. Conformational flexibility of PTGR1 in complex with NADPH. (A) RMSD probability densities of the catalytic (residues 1-122, 297-329), NADPH-binding
(residues 123-276), and hinge (residues 277-298) domains, calculated relative to the initial structure. (B) Snapshots extracted from the MD trajectories, taken every
50 ns, optimally aligned using residues of the corresponding domain with the lowest RMSD (< 0.8 A) and the highest residue coverage fraction (> 0.7) [52].
Snapshots are color-coded according to RMSF values (&) of backbone heavy atoms, as shown on the color scale. The corresponding RMSF plot is shown in Fig. SI-3.
Data represents a combined analysis of both PTGR1 protomers over the last 350 ns from five replicate simulations at 310 K, pH 7.4.

conformational changes. A clustering analysis provided further insights
into the enzyme’s conformational dynamics, pinpointing three distinct
states within the FEL (Fig. 4A). The most probable state, S1, represented
a closed PTRG1 conformation. The remaining, less-populated states
corresponded to conformations with differing degrees of NADPH-
binding site accessibility (Fig. 4B). Notably, tracking transitions be-
tween conformational clusters revealed that the most open conforma-
tion, S3 (with a relative abundance of 0.11), is accessible from S1
(relative abundance of 0.71) only through a sequential pathway in
which the semi-open state S2 (relative abundance of 0.18) functions as
an obligatory intermediate. These findings highlight the simulations’
effectiveness in capturing the sequential transitions integral to the en-
zyme’s opening mechanism, offering valuable insights into its structural
adaptability and the stepwise nature of its conformational shifts.

To investigate interaction changes associated with the PTGR1
conformational groups, we analyzed contact frequencies in each state
(Table SI-1). Fig. 5 highlights contacts with prevalence shifts > |0.5|
when comparing the open states S2 and S3 relative to the closed state S1.
A progressive opening pathway was observed, propagating from the
mouth to the base of the NADPH-binding cavity. This is reflected in the
increasing number of disrupted contacts from S1 — S2 (19 broken
contacts) to S1 — S3 (27 broken contacts). The simulations showed that
only three intradomain persistent hydrogen bonds in S1 were lost in
both S2 and $3 (G**:R5, P*8:R5!, Y245:1242), Thus, the enzyme opening
was largely coupled to the loss of interdomain nonpolar interactions.
Concurrently, new intradomain contacts formed in S2 (5 contacts) and
S3 (13 contacts). Driven by local repositioning of the secondary struc-
ture in S3 relative to S1, two intradomain hydrogen bonds (T!21:E3°,

P*8:R%) and two salt bridges (T45:Q66) were established. Overall, these
findings highlight a stepwise mechanism for cavity opening that prop-
agates from the mouth to the bottom of the NADPH-binding cavity,
which may be critical for coenzyme binding and release.

Throughout the simulations, a total of 20 residues engaged in direct
interactions with NADPH with a cumulative frequency > 0.7 (Fig. SI-4).
In line with the results indicating that the coenzyme stayed anchored to
the nucleotide-binding domain regardless of the opening state of the
binding site, three out of four contacting residues belonged to the last
domain. Moreover, four distinctive enzyme-coenzyme hydrogen bonds
were identified, each mediated by a phosphate moiety of NADPH. The
peptide bonds of A'®® and G'74, as well as the side chains of K}”® and
K324, exhibited differing occurrences of direct interaction with NADPH,
ranging from low to moderate prevalence, with cumulative frequencies
of 0.3, 0.4, 0.5, 0.7, respectively. However, these interactions increased
significantly when accounting for water molecule-bridging between
these residues and the phosphate groups, resulting in combined fre-
quencies of 0.6, 0.7, 0.9, 1.0, respectively.

3.2. Effects of the coenzyme and the quaternary state on the
conformational flexibility of PTGR1

To evaluate how the coenzyme and dimeric state affect PTGR1’s
conformational dynamics, we generated trajectories for the apo dimer
and the NADPH-bound monomer under the same conditions used for the
holo dimer. Fig. 6 illustrates that both systems displayed motion trends
of the catalytic domain relative to the NADPH-binding domain as seen in
the holo dimer. However, narrower opening shifts were observed in the
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Fig. 3. Conformational fluctuations between the catalytic and NADPH-binding domains of PTGR1. A. Depiction of the magnitude of motions along the first PC of the
Ca atoms across the concatenated trajectory. B. RMSD probability densities of the catalytic domain (residues 1-122, 297-329) relative to the nucleotide-binding
domain (residues 123-276). C. Representative open and closed conformations of PTGR1, with the open conformation corresponding to snapshots with the
largest RMSD. The angle between two vectors (black cylinders) was defined to describe the enzyme’s opening. The center of mass of the Ca atoms of residues
277-292 was used as the pivot, while residues 11-18 and 242-248 were taken as reference for the other end of the catalytic and nucleotide-binding domain vectors,
respectively. D. Angle probability densities. E. Correlation between the opening angle and RMSD values. The data presented corresponds to the combined analysis of
the two protomers of the PTGR1 dimer, using the last 350 ns of the five replicates simulated at 310 K, pH 7.4.

RMSD and angle data, particularly in the NADPH-depleted dimer. In the
apo dimer, the dominant angle peak centered at ~17.5°, corresponding
to the closed conformation of the holo dimer, became even more
populated. A secondary peak centered at ~27° was detected. In contrast,
the NADPH-bound monomer displayed more appreciable variations
relative to the holo dimer. The RMSD and angle densities for the closed
state decreased, while intermediate conformations (RMSD ~4.5 f\, angle
~19.3°) between the closed and semi-open forms of the holo dimer were
more frequently sampled. The FELs of each system revealed distinct
distributions (Fig. SI-5 A,B). Variance along the first principal compo-
nent was even more constrained in the apo dimer than in the NADPH-
bound monomer, indicating a greater restriction in conformational
flexibility relative to the holo dimer (Fig. SI-5C). Three discernible
clusters were identified for the apo dimer, all resembling the closed-like
conformation of the holo dimer (Fig. SI-5 A). In contrast, the NADPH-
bound monomer formed only two clusters, both representing interme-
diate states between the closed and semi-open conformation of the holo
dimer (Fig. SI-5B). These findings suggest that both NADPH and inter-
chain interactions modulate the conformational flexibility of PTGR1,
emphasizing their importance for the functional adaptability of the

enzyme.

Correlated movement analysis provided additional insights into
PTGR1’s domain organization (Fig. 7). By aligning trajectories to the
hinge domain’s axis of rotation, we observed a strong positive correla-
tion within residues of both the catalytic domain and the nucleotide-
binding site, confirming that each region moves as a cohesive unit
(Fig. 7A). Conversely, a slight negative correlation between the two
domains suggested a marginal degree of dependence, with each domain
tending to move in opposite directions. Similar patterns were observed
in the apo dimer and NADPH-bound monomer (Fig. 7B,C); however, the
apo dimer showed somewhat stronger correlations between the catalytic
and nucleotide-binding domains, while they diminished in the mono-
mer. In terms of intersubunit communication, NADPH binding enhanced
the coordination between NADPH-binding domains across protomers in
the dimer, a coordination weakened in the apo form (Fig. 7D,E). In
contrast, the catalytic domains showed no direct correlation with each
other, but each displayed a moderate positive correlation with the
opposite subunit’s binding domain, patterns unaffected by NADPH
presence. Together, these findings indicate that both the coenzyme and
oligomeric state significantly impact intra and intersubunit
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Fig. 4. Free energy landscapes of PTGR1. A. FEL (in kgT units) was obtained
from a Cartesian PCA projected onto the first two principal components for a
trajectory aligned to the NADPH-binding domain. The clusters identified via a
k-means analysis are depicted in the bottom-right corner of the plot. Inset:
Eigenvalue distributions for the first 20 eigenvectors. B. Representative struc-
tures of the three clusters. S1 includes the closed conformers of the enzyme, S2
contains the semi-open conformers, and S3 encompasses the most open con-
formers. The centroid of each state is shown in cylinder representation, colored
according to the k-means cluster visualization shown in panel A, and super-
imposed on the reference structure in black ribbons. The data presented cor-
responds to the combined analysis of the two protomers of the PTGR1 dimer,
using the last 350 ns of the five replicates simulated at 310 K, pH 7.4.

communication within PTGR1, influencing its dynamic behavior.

3.3. Covalent binding of LicA to PTGR1

To investigate the potential site and mode of binding of LicA, we
conducted virtual molecular covalent docking of the inhibitor onto
PTGR1, followed by subsequent unconstrained MD simulations of the
resulting complex. An essential element guiding this analysis was the
experimental discovery demonstrating LicA’s cross-linking with the
thiol group of C23° of PTGR1, a residue integral to the NADPH-binding
site [27]. Topology and parameter files of a modified Cys residue were
constructed, where the sulfur atom was covalently attached to the Cg
atom of LicA (Table SI-2), thereby simulating the product of a Michael
addition reaction within the NAPDH’s cavity of PTGR1. The virtual
docking results demonstrated a high degree of consistency among the
poses, revealing only two distinct groups with slightly different orien-
tations among the top-scoring poses (Fig. 8).

To assess whether LicA modifies the conformational space of PTGR1,
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MD simulations of the covalent adduct, analogous to those performed
with the NADPH complex, were conducted. For these simulations, we
used the LicA pose with the lowest energy, which in turn belonged to the
predominant binding mode among the top-ranked covalent poses. A
combined analysis of both enzyme protomers is summarized in Fig. 9.
Each of the three domains continued to behave as a cohesive structural
unit, although a second minor peak shifted towards somewhat larger
RMSD values was evident for the catalytic domain (Fig. 9A). Regarding
the opening motion (Fig. 9B), the RMSD analysis revealed a single broad
peak centered around ~4 A, accompanied by a notable decrease in the
frequency of conformations with RMSD values >8 A observed in the
holo dimer. In contrast, the angle distribution identified three distinct
populations with varying degrees of interdomain opening: one cluster
centered at 17.5° (representing the closed state of the holo dimer),
another at 23.6° (corresponding to the semi-open state of the holo
dimer), and a dominant cluster at 19.1°, which represents an interme-
diate opening state only populated by the NADPH-bound monomer
(Fig. 6D). Like the RMSD results, the angle distribution revealed that the
extent of opening in the covalent adduct was significantly smaller than
that observed in the holo dimer. In line with these findings, a single-state
FEL was obtained (Fig. SI-6 A), with the eigenvalue for PC1 significantly
smaller than that of the NADPH-bound dimer (Fig. SI-6B). The centroid
of this state exhibited a slightly more open conformation than the closed
state of the holo dimer (Fig. SI-6C), with an opening angle of ~19°.
Cross-correlation maps revealed distinct intra- and intersubunit
displacement patterns compared to those observed in the apo or holo
dimers (Fig. SI-7). Additionally, the presence of LicA induced localized
structural changes, characterized by the rupture of certain interdomain
contacts and the formation of new contacts involving residues in the
region adjacent to the inhibitor (Fig. 9D, Table SI-3). In summary, the
covalent binding of LicA substantially altered the conformational dy-
namics of PTGR1, stabilizing a distinctive state that features a group of
non-native contacts. This state exhibited an NADPH-site opening inter-
mediate between the S1 and S2 states of the holo dimer, along with a
significant reduction in the extent of the maximum opening motions.

3.4. Noncovalent binding of LicA to PTGR1

To evaluate the stereochemical complementarity, and thus the
specificity, of LicA recognition by PTGR1 prior to covalent binding, we
conducted a noncovalent virtual docking between the two molecules. To
strengthen the docking results, we first characterized the solvation
properties of the NADPH-binding site using the MDmix method. This
approach involves MD simulations in mixed solvent box containing
water and an organic cosolvent. Ethanol was chosen as the cosolvent due
to its proven stereochemistry, allowing for identification of preferential
interaction sites on the protein with both polar (via its hydroxyl group)
and hydrophobic groups (via its methyl group) found in drug-like mol-
ecules [58,59,66].

Fig. 10A reveals multiple solvation sites (SS) that were observed for
both ethanol and water molecules on the surface of the NADPH-binding
site in the absence of the coenzyme. Notably, there was a continual
influx and efflux of solvent molecules into the binding site. Five pref-
erential SS (AG < —0.7 kcal/mol) were identified, two corresponding to
the methyl group (SScri and SScrs), and one to the hydroxyl group
(SSon) of ethanol, while the remaining two were attributed to water
molecules (SSwat1 and SSwarz2). SScr1 was positioned within a hydro-
phobic pocket where the nicotinamide moiety of NADPH anchors. This
SS was surrounded by residues M124, T128, V154, C239, and V72, SSwAT1
and SSwar2 occupied positions equivalent to the amide and ribose ether
of nicotinamide, respectively. SScra2 and SSpy were in the more polar
region of the cavity, responsible for binding the adenine moiety of
NADPH. The hydrophobic surfaces of A K78 mB316, and N3
anchored SScrz. Conversely, SSoy occupied a space corresponding to the
a-phosphate of NADPH, interacting with the side chain of N*2! and the
backbone of A'®3, Furthermore, the analysis revealed several low-energy
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Fig. 5. Residue-residue contact changes across PTGR1 conformational clusters. A. Contacts disrupted in the S1-S2 conformational change. B. Newly formed
contacts in the S1-S2 conformational change. C. Contacts disrupted in the S1-S3 conformational change. D. Newly formed contacts in the S1-S3 conformational
change. Only contact changes with prevalence shifts greater than 0.5 between the compared macrostates are shown. A cutoff of 5.5 A was used to identify residue-
residue contacts. Quantitative changes for contact prevalences in each state are provided in Table SI-1.

SSwat (AG > —0.7 kcal/mol), closely mirroring the positions occupied
by well-defined crystal water molecules. Using these five SS as phar-
macophoric guides, we docked NADPH onto PTGR1, achieving a success
rate of 0.72 (RMSD <4 A relative to the experimental pose). In contrast,
without using preferential solvation information, the coenzyme pose
was correctly predicted with a success rate of only 0.28. This difference
in the docking results indicates that the determined SS indeed captured
key information underlying the interaction between the enzyme and its
coenzyme.

We conducted noncovalent docking of the inhibitor by utilizing the
low-energy SS as pharmacophoric guides. Since LicA is smaller and more
hydrophobic than NADPH, we constrained the docking process by
imposing the use of either hydrophobic SS, while treating the other as an
optional element. Additionally, SSoy was set as obligatory, while the
two hydration sites were regarded as optional elements. Among the top
100 poses resulting from this docking, we identified two recurring
binding modes exhibiting an inverted orientation of LicA. To discern
between these two modes, an additional pharmacophoric criterion was
applied, requiring that the thiol group of C2*° be within van der Waals
distance from the Cg atom of LicA, i.e., the two chemical groups iden-
tified to be cross-linked with each other in the chemoproteomic profiling
study [27]. As depicted in Fig. 10B, the resulting pose revealed the
LicA’s quinolone group in a region akin to where the adenine of NADPH
binds. Notably, this pose exhibited closely the same orientation as that
obtained with covalent docking, albeit with a slightly greater distance

from the thiol group of C23° due to the absence of the intermolecular
covalent bond. Additionally, the ring carrying the prenyl and methoxy
moieties was rotated by ~160°. To investigate the stability of this
complex, we conducted unconstrained MD simulations. Three repli-
cates, each spanning 100 ns, were performed, with one LicA molecule
(Table SI-4) present in each of the two PTGR1 subunits. The inhibitor’s
position remained fixed at the designated sites throughout all replicates.
The prenyl group, exposed to the solvent, exhibited the most mobility
within LicA due to the free rotation capability of the single bond con-
necting it to the ring. A consistent set of binding residues was identified,
forming stable interactions with the inhibitor (Fig. 10C). A stable
hydrogen bond between the hydroxyl group of Y2*° and the OH2 of LicA
was identified, persisting over 90 % of the cumulative time across the
three trajectories of each protomer. Importantly, the distance between
the thiol group of C2*° and the Cp atom of LicA remained within van der
Waals distance for most of the simulation. This distance transiently
increased, mainly due to the rotation of the side chain of C2*° (Fig. 10D).

3.5. The NADPH-binding site of PTGR1 as a specific pharmacological
target

To explore the conservation of the NADPH-binding site in PTGR1, we
analyzed the sequences of this enzyme’s orthologs. We compiled se-
quences from 530 vertebrate species available in the GenBank and
conducted a multiple alignment. With this information, we generated a
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sequence logo. The residues depicted in Fig. 11 are those situated within
5 A of the coenzyme in the 3D structure of PTGR1. As evidenced, the
NADPH-binding site of PTGR1 orthologues demonstrated a pronounced
degree of conservation (Fig. 11A). While this outcome was anticipated,
the presence of positions with significant variability stands out, espe-
cially in the C-term region. As an alternative approach for investigating
the conservation of NADPH-binding sites, we conducted an analysis of
residue variability in human proteins that interact with this coenzyme. A
search using the Foldseek software identified 474 human proteins with
the Rossmann fold motif [67]. From this set, entries containing the
keyword ‘nicotinamide’ were selected, resulting in a subset of 151
unique proteins. Due to the diversity of protein architectures bearing the
Rossmann fold motif, structural alignment was performed on residues
equivalent to the NADPH-binding site in PTGR1, reducing the subset to
94 entries. Following a multiple alignment, 16 structures were identified
with at least 90 % sequence overlap in NADPH-binding residues,
showing an average identity of 37 + 15 %. PTGR2 and PTGR3 had the
closest identities at ~83 % and 54 %, respectively, to PTGR1. Finally,
with this information, we generated the corresponding sequence logo
(Fig. 11B). The results plainly depicted the extensive diversity in the
amino acid composition constituting the NADPH-binding site in human
proteins [68], even among proteins that share a Rossmann-fold archi-
tecture similar to that of PTGR1. A recent comprehensive analysis of
orthologs of nine different eukaryotic MDR proteins yielded similar re-
sults to those presented in Fig. 10B [10].

4. Discussion

Although PTGR1 shows promise as an anticancer target, its confor-
mational dynamics has remained largely uncharacterized, an essential
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densities of the catalytic domain (residues 1-122, 297-329) relative to the nucleotide-binding domain (residues 123-276). Insets: Angle probability densities as
defined in Fig. 3’s legend.

information for pharmacological modulation of its enzymatic activity. In
this study, we performed a comprehensive conformational character-
ization of human PTGR1 using MD simulations. Our analysis revealed
that PTGR1 undergoes conformational transitions between closed and
open states, marked by rigid body-like displacements of the catalytic and
the nucleotide-binding domains, pivoted by a a-helix hinge region. In
the closed conformation, NADPH is located in a deep, relatively solvent-
inaccessible cavity. Our simulations revealed that transitions between
the closed and open states, which proceed through a semi-open inter-
mediate, are frequent in the submicrosecond timescale. Notably, simu-
lations of the apo dimer and the NADPH-bound monomer revealed that
both the enzyme’s quaternary structure and the coenzyme binding
significantly influence its conformational landscape, enhancing the
opening dynamics of the NADPH-binding site. This effect extends to the
catalytic site, which is partially shielded from the solvent by residues
spanning both the NADPH-binding domain of one subunit and the cat-
alytic domain of the other. Consequently, the dynamic behavior of the
holo dimer supports the efficient and rapid turnover of both the coen-
zyme and substrate/product. Comparable opening and closing motions
at the nucleotide-binding site have been proposed for other zinc-
independent members of the MDR superfamily, based on crystallo-
graphic studies of apo and holo enzyme forms [69,79-81] and MD
simulations [82]. To our knowledge, however, this is the first study to
provide a detailed characterization of the conformational landscape of a
prostaglandin reductase.

In this study, we performed an in-silico characterization of PTGR1
inhibition by LicA, a secondary metabolite known for its significant
antioxidant and anti-inflammatory properties. In contemporary phar-
macology, a pivotal goal is the development of molecules with highly
specificity for their intended targets, minimizing the likelihood of cross-
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Fig. 8. Covalent docking of LicA onto the NADPH site of PTGR1. The ten top-ranked poses of LicA covalently bound to Cys®*® are shown superimposed. Covalent
docking was performed with AutoDock4 v4.2.6 [60,61].

reactions with off-targets, which are a common cause of adverse drug exploration was the prior experimental observation that this chalcone
effects. Integral to achieving this objective is a comprehensive under- binds to C2*°, located in the NADPH-binding site [27]. Virtual docking
standing of the structural details governing the interaction between the predicted a highly favored orientation for the inhibitor within the top-
receptor and the lead molecule. We investigated the potential binding ranked poses. MD simulations indicated that PTGR1, with the cova-
mode of LicA when covalently bound to PTGR1. A crucial aspect in this lently bound inhibitor, exhibits a more restricted conformational

10
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landscape, predominantly confined to a slightly more open state than
the fully closed conformation. This perturbation highlights the delicate
balance underlying the active site opening mechanism of PTGR1.
Before covalent binding can occur, LicA must access the interior of
the NADPH-binding cavity and suitable position its Cg atom to react with
the thiol group of C2°. Therefore, determining whether this approach is
facilitated by noncovalent stereochemical complementarity is critical, as
this would lay the foundations for achieving specific covalent inhibition.
To investigate this, we conducted noncovalent molecular docking of
LicA onto PTGR1. To enhance the precision of the docking process, we
gained valuable insights into PTGR1’s affinity for organic molecules by
conducting MD simulations in a water/ethanol solvent. The results
revealed multiple solvent sites where water molecules and the hydroxyl
and methyl groups of ethanol strongly interacted with the amino acids
within the NADPH-binding site. By leveraging these solvent sites, we
elucidated a binding mode where the thiol group of G>*° and the Cpatom
of LicA were positioned within van der Waals distance, consistent with

11

the reported chemical cross-linking between these groups. Importantly,
the noncovalent pose was strikingly similar to that of the covalently
bound inhibitor. In addition, unconstrained MD simulations confirmed
the stability of the proposed binding pose of LicA, with the cross-linking
groups maintaining proximity throughout the simulations.

Beyond the evolution of the ligand for achieving refined stereo-
chemical complementarity, the recognition site to which it anchors
should exhibit distinctive characteristics. These residues, along with
selected highly conserved residues, could serve as targets for designing
drug-like molecules to attain high binding potency and specificity.
Sequence analysis of PTGR1 orthologs in vertebrates revealed a highly
conserved NADPH-binding site, with moderate variations, particularly
in the C-term segment. In contrast, a comparison of human proteins
featuring the Rossmann fold whose 3D structure has been experimen-
tally solved, revealed substantial variability in the composition of the
NADPH-binding sites. The nucleotide-binding sites of PTGR2 and
PTGRS3, the other two prostaglandin reductases compared, exhibit 3 and



S.A. Ramirez-Cortés et al. Biophysical Chemistry 320-321 (2025) 107410

K178 vz /'/\’

v

|
|

@ solventsite— WAT

@ Solventsite— OH

@ solventsite— CT

@ Xray-WAT

== s Hydrogen bond

388 C29(SH)-LicA(Cg) distance

replica 1 : replica 2 ’ replica 3

i |

| 14t
A i S
°] Ma\"ﬂ f!" il

L

LIEVHIT

LETY e
““;”ng.‘qum ‘f 1R

Contact frequency

C*(SH) - licA(Cp) distance (A)

4 | N
protomer A .
protomer B .
3 7 - T - T - T - T -
DPYMPTAGAVYNVCGI I YF|VMGN 0 50 100 150 200 250 300
47 48 49 124 125128 149 152 153 154 193 217 218 239 240 241 242 245 270 271 272 316 319 321
Residue Time (ns)

Fig. 10. Solvent sites identification and noncovalent docking of licA on PTGR1’s NADPH-binding site. A. Hydrophobic and hydrophilic cosolvent sites determined by
the MDMix approach (energy < —0.7 kcal/mol) are represented by green and orange spheres, respectively. Hydration sites with interaction energy < —0.7 and >
—0.7 kcal/mol are indicated by large and small blue spheres, respectively. NADPH (black sticks) and water molecules (small black spheres) solved in the experi-
mental structure are also shown. B. The most energetically favorable solvent sites identified in the NADPH-binding site were used to guide the noncovalent docking of
LicA (magenta sticks). For comparison, the covalently docked pose of LicA is shown (black sticks). C. Contact frequency of PTGR1 residues with noncovalently
docked LicA. Cumulative frequencies for combined three 100-ns MD simulations of the two protomers. D. Distance variation over time between the thiol group of
€232 and the Cg atom of LicA. The results are depicted in a concatenated format for the three MD simulation replicates, with individual runs separated by horizontal
dotted lines. Results for each protomer in the dimer are shown. Colored solid horizontal lines depict the average distances for each site. MD simulations of PTGR1
were carried out in a water/ethanol mixture box. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

11 mutations, respectively, relative to PTGR1. Notably, C**° is a rela- CRediT authorship contribution statement
tively poorly conserved residue among proteins with an NADPH binding

site, which would hinder covalent binding to LicA. Supporting the Sara Abigail Ramirez-Cortés: Writing — review & editing, Meth-

specificity of LicA for PTGR1, the chemoproteomic analysis conducted odology, Investigation, Formal analysis, Conceptualization. Adrian

by Roberts et al. [27] detected, within the limits of experimental reso- Duran-Vargas: Writing — review & editing, Investigation, Formal

lution, exclusive cross-linking between these molecules. However, it is analysis. Jestis Antonio Rauda-Ceja: Writing — review & editing,

worth mentioning that PTGR2, the enzyme most similar to PTGR1, does Visualization, Investigation. Paola Mendoza-Espinosa: Writing — re-

have a cysteine residue in the equivalent position. view & editing, Investigation, Formal analysis. Luis Fernando Cofas-
Covalent drugs offer significant therapeutic advantages but also Vargas: Writing — review & editing, Investigation, Formal analysis.

come with certain drawbacks. One major disadvantage is their potential Armando Cruz-Rangel: Writing — review & editing, Writing — original

for unexpected toxicity and hypersensitivity reactions due to their high draft, Methodology, Investigation, Formal analysis, Conceptualization.

reactivity, which can lead to off-target interactions or adverse effects in Julio Isael Pérez-Carredn: Writing — review & editing, Investigation,

essential physiological pathways. This concern has historically limited Formal analysis. Enrique Garcia-Hernandez: Writing — review &

their development, although advances in selective targeting have made editing, Writing — original draft, Supervision, Resources, Methodology,

covalent drugs safer and more widely used [83,84]. While evidence Formal analysis, Conceptualization.

suggests that LicA can interact with other human proteins [85], the

promising perspective is that, through rational design and evolution of Declaration of competing interest

its chemical structure, molecules can be developed with the desired

ability to selectively bind to human PTGR1. The authors declare that they have no known competing financial

12



S.A. Ramirez-Cortés et al.

A
E
©
e
g L
o
M
— T T
49 124 128 149 153 154 174 178 193 217 218 239 242 243 271 272 316 324
’ |
g &VIA S
o NHSY NVIIL Y
o =
AGT | MASAAEIM YRNNEI
| Svvy Il SATIL GSPAYV T VNV
PTGRLD P YM T A A V KYNVCISVVMEK
PIGR2D P YM T GACGERKYNVCTISLVMEZEK
PIGR3ANA SV TAGT S SKYSVITISTFTLMEZK

Fig. 11. Conservation of the NADPH-binding site. Residue numbering on the x-
axis corresponds to the human PTGR1 sequence. A. Vertebrate PTGR1 se-
quences. B. Human NADPH-binding sequences. In this last case, the following
human NADPH-binding proteins bearing a Rossmann-fold domain were
retrieved from the PDB with the indicated identity percentage with respect to
PTGR1: PTGR1 (100 %, PDB ID 2Y05), PTGR2 (83 %, PDB ID 2ZB8 [69]),
PTGR3 (54 %, PDB ID 2C0C), ¢ alcohol dehydrogenase (27 %, PDB ID 1AGN,
[701), a alcohol dehydrogenase (27 %, PDB ID 1HSO, [71]), p1 alcohol dehy-
drogenase (27 %, PDB ID 1HSZ, [72]), y2 alcohol dehydrogenase (27 %, PDB ID
1HTO, [72]), 3 alcohol dehydrogenase (27 %, PDB ID 1HTB, [73]), yy alcohol
dehydrogenase (27 %, PDB ID 1HTB, [74]), ¢ crystallin (32 %, PDB ID 1YBS5, to
be published), glutathione-dependent formaldehyde dehydrogenase (32 %, PDB
ID 2FZW, [75]), P53 inducible oxidoreductase (38 %, PDB ID 2J8Z, [76]),
reticulon 4 interacting protein 1 (35 %, PDB ID 2VNB8), class II alcohol dehy-
drogenase (32 %, PDB ID 3COS), vesicle amine transport-1 (38 %, PDB ID
6LHR, [77]), fatty acid synthase (38 %, PDB ID 8EYI, [78]).
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