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Pyrroline-5-carboxylate (P5C) reductase catalyzes the final step in proline biosynthesis. Human P5C reductase
isoform 1 (PYCR1) has emerged as a key metabolic enzyme supporting cancer progression through its roles in
redox homeostasis, collagen production, and the proline-P5C cycle. Despite its relevance as a therapeutic target,
structural and chemical efforts to inhibit PYCR1 remain limited and have largely focused on proline analogs.
Here, we report the first crystallographic fragment screening (XFS) campaign against PYCR1, employing a
chemically diverse library of 96 compounds. We solved twelve co-crystal structures, featuring ligands occupying
the P5C and NADH binding pockets, including dual-site ligands that span both regions. Among the newly
identified moieties, sulfonamide and sulfamate groups emerged as notable isosteric replacements for the
carboxylate group in the PYCRI1 active site. Aromatic substituents in several compounds revealed a cryptic
subpocket near the nicotinamide-binding site. Interestingly, halogen-substituted aromatic rings, often present in
known PYCR1 inhibitors, exhibited distinct binding orientations, reflecting the flexibility and diversity of in-
teractions in the binding subpockets. High-resolution structures revealed ligand-induced conformational changes
in PYCR1, some involving significant rearrangements. Molecular dynamics simulations indicated that these
conformations are accessible in the ligand-free enzyme, underscoring the intrinsic plasticity of PYCR1’s active

site.

1. Introduction

Proline biosynthesis in mammals proceeds via two distinct pathways
originating from either glutamate in the mitochondria or ornithine in
the cytosol. Both pathways converge at the formation of Al-pyrroline-5-
carboxylate (P5C), which is then reduced to proline by Al-pyrroline-5-
carboxylate reductase (PYCR), utilizing equimolar amounts of NADH or
NADPH as a cofactor. Among the PYCR isozymes, PYCR1 is the pre-
dominant form in human cells, underscoring its crucial role in proline
production [1,2]. However, the function of PYCRI1 in cellular physiology
extends well beyond the synthesis of this proteinogenic amino acid.
Recent years have produced accumulating evidence implicating PYCR1
in cancer progression. Elevated PYCRI expression has been observed
across a wide range of malignancies, including highly aggressive types
such as hepatocellular carcinoma [3-6], breast carcinoma [7-9], pros-
tate cancer [10,11], and malignant melanoma [12]. Additionally,
PYCRI1 overexpression correlates with advanced tumor stage and is
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associated with a poor prognosis [6,7,13-15], whereas PYCRI
knockdown inhibits proliferation [3,9,10,16,17].

The molecular mechanism underlying the role of PYCR1 in tumori-
genesis and cancer progression remains elusive. One prominent hy-
pothesis involves the reprogramming of proline metabolism, which
becomes profoundly altered in cancer cells to meet the demands of un-
controlled growth and metabolic stress [1,2,5,6,17,18]. Furthermore,
proline has been identified as a restrictive amino acid in certain cancer
types, including clear cell renal cell carcinoma and invasive ductal
breast carcinoma [19]. Beyond its metabolic role, proline also contrib-
utes to cancer progression through its involvement in the biosynthesis of
collagen, a key structural component of the extracellular matrix (ECM).
Dysregulation of proline metabolism has been shown to affect ECM
composition and dynamics, thereby enhancing the invasive potential of
cancer cells and promoting metastatic spread [2,20,21].

An equally compelling hypothesis suggests that PYCR1 contributes to
cancer progression through its role in maintaining redox homeostasis
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and regenerating NAD"' during proline biosynthesis. Under hypoxic
conditions, when the mitochondrial electron transport chain is
impaired, PYCR1 activity becomes a major source of NAD", thereby
sustaining this essential metabolic processes [18,22,23]. This adaptive
mechanism enables cancer cells to continue proliferating under stress
conditions that would otherwise trigger apoptotic pathways. Recent
studies have further expanded this concept by identifying a distinct
subpopulation of mitochondria enriched in P5C synthetase (P5CS),
which defines a specialized metabolic compartment [24]. These P5CS-
positive mitochondria exhibit a proline-focused anabolic profile and
have been shown to support redox balance and biosynthetic capacity.
Strikingly, this form of mitochondrial specialization is prevalent in
cancer cell lines but largely absent in non-transformed cells, high-
lighting its potential role in oncogenic metabolic remodeling [24].

A third possibility relies on the so-called proline-P5C cycle, a meta-
bolic shortcut in which the P5C produced by proline dehydrogenase
(ProDH), instead of being further oxidized to glutamate by P5C dehy-
drogenase, is reduced back to proline by PYCR1 in an apparently futile
pathway. If the reductive half-cycle is catalyzed by the cytosol-localized
PYCRL (also referred to as PYCR3), a net transfer of reducing equivalents
from cytosolic NAD(P)H to the mitochondrial respiratory chain occurs as
a consequence [25]. However, experimental evidence supporting a
primary role of the mitochondrial PYCR isoforms 1 and 2 in the proline-
P5C cycle has been described [26], leading to questions about the sub-
cellular localization of PYCR1 [27]. In any case, the proline-P5C cycle
has been shown to enhance oxidative phosphorylation and maintain
pyridine nucleotide levels in the cytosol [28]. Moreover, the direct
transfer of electrons from ProDH to the respiratory chain is susceptible
to generating reactive oxygen species (ROS) that trigger various cell
signaling cascades. ProDH-mediated ROS signaling can initiate
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apoptosis, inhibit tumor growth, block the cell cycle, and suppress
hypoxia-inducible factor signaling. Consistently, ProDH was found to be
under the control of the tumor suppressor protein p53 [29]. However,
under metabolic stress such as oxygen and glucose deprivation, ProDH
can, on the contrary, serve as a tumor survival factor through ATP
production or ROS-induced autophagy [30]. Such a dual role of proline
catabolism suggests a pro- or antisurvival effect in cancer cells
depending on the context, and underlines that the ratio between proline
synthesis and catabolism may play a major role in several cancer types
[171.

Whatever the mechanism(s), the accumulating evidence supporting
PYCR1’s role in cancer progression and metastasis places it among the
most promising targets for anticancer drug development. Nevertheless,
since the connection between PYCR1 and cancer has been established
recently, investigation of specific PYCR1 inhibitors remains at an early
stage. A major limitation lies in the chemical space explored so far,
which has been notably restricted due to reliance on highly focused
compound libraries.

For instance, Tanner et al. conducted a preliminary screening by
soaking PYCRI1 crystals with proline mimics. In this study, N-formyl-L-
proline (NFLP) emerged as the most potent inhibitor, exhibiting a K; of
99 pM (Fig. 1A) [31]. Building on this work, the same group later
implemented a docking-guided, fragment-based screening of 37 car-
boxylic acid analogs. Within this expanded chemical space, compound
33 (Fig. 1A) surpassed NFLP in inhibitory potency [32]. In both reported
studies, the authors prioritized P5C mimetics, a strategy that, while
increasing hit rates within a defined framework, also restricts the di-
versity of scaffolds available for inhibitor design. Broader chemical
screening efforts would offer better prospects for identifying novel
scaffolds with greater inhibitory potency.
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Fig. 1. (A) Known inhibitors of PYCR1. Compound 33 was reported by Meeks et al. [32]. (B) Microenvironments (subpockets) within the PYCR1 active site. The
surface of one PYCR1 subunit is colored red, while that of the obligate dimer is blue and semitransparent. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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A more chemically diverse approach was undertaken by Milne et al.,
who employed the LOPAC library consisting of 1280 pharmacologically
active, clinically approved compounds. The most promising candidate
identified was pargyline, a monoamine oxidase inhibitor, with an ICsg of
198 pM (Fig. 1A) [33]. As Sir James Whyte Black said, “The most fruitful
basis for the discovery of a new drug is to start with an old drug”
[34,35]. This approach offers the advantage of known ADME-Tox
properties. However, one must remember that this strategy also en-
tails a narrow activity spectrum. Compounds like pargyline, which have
had to demonstrate low off-target effects before their introduction to the
market, often have limited affinity for newly proposed targets.

To date, the most potent PYCR1 inhibitor identified is 3,5-dibromo-
phenylamino-methylenebisphosphonic acid (3,5-Br,PAMBPA), which
demonstrates an ICsog of 0.5 pM (Fig. 1A) [36]. Structure-activity re-
lationships have been established for several other phenyl-substituted
aminomethylene bisphosphonates [37]. Despite this promising activ-
ity, the lack of structural information regarding their binding sites (an
issue shared with pargyline) makes further optimization blindfolded.

Like most P5C reductases, human PYCR1 adopts a homodecameric
architecture composed of five dimers arranged in a circular configura-
tion. This quaternary structure positions the ten catalytic sites along a
peripheral groove. Each active site is formed at the interface of two
subunits within a dimer, making the dimers obligatory for enzymatic
function. The NAD(P)H coenzyme binds within the N-terminal domain,
which features a canonical Rossmann fold, while the substrate, P5C,
occupies a pocket formed by a loop connecting o-helices in the C-ter-
minal domain (Fig. 1B) [38]. This spatial arrangement brings P5C into
close proximity with the nicotinamide ring of NAD(P)H, enabling the
hydride transfer required for P5C reduction to proline. The architecture
of the PYCR1 active site, at the same time, potentially offers opportu-
nities for targeting several local microenvironments that normally bind
pyrrolidine, carboxylate, nicotinamide, ribose, pyrophosphate, another
ribose, and adenine (Fig. 1B).

In this study, we present the first crystallographic fragment screening
(XFS) campaign targeting human PYCR1, designed to address the limi-
tations of previous efforts by substantially broadening the explored
chemical space. Whereas prior studies focused primarily on substrate
mimics [31,32], our approach leverages the F2X-Entry screen, a chem-
ically diverse library of 96 low-molecular-weight fragments that are
structurally distinct from canonical substrates. This allowed us to
interrogate both the P5C and NADH binding pockets of PYCR1.

Importantly, several compounds induced localized conformational
shifts in PYCR1, highlighting the dynamic nature of the active site and
reinforcing the utility of XFS for uncovering cryptic binding sites.
Together, these findings provide a structurally resolved starting point
for fragment expansion via growing, linking, or merging strategies [38],
and establish a versatile framework for the rational development of
potent, dual-site PYCR1 inhibitors. In doing so, our study expands both
the structural and chemical landscape of PYCR1-targeted inhibition and
directly addresses a key bottleneck in translating the enzyme’s emerging
cancer relevance into therapeutic strategies.

2. Results and discussion

2.1. Crystallographic fragment screening against a broad chemical space
library revealed new PYCR1 binders

A prerequisite for a successful XFS campaign is a reproducible and
robust crystallization pipeline capable of generating high-quality crys-
tals, ideally diffracting to a resolution better than 2.2 A. Equally
important is the crystal’s stability during soaking with small molecules,
which requires tolerance to ~5 % DMSO. In our hands, the most reliable
crystallization condition was obtained using the Morpheus screen
(Molecular Dimensions) [39]. This condition includes 20 mM tartrate,
which we found to bind at the P5C site in preliminary co-crystallization
experiments (see below). Importantly, tartrate at concentrations up to
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25 mM did not inhibit the NADH-dependent reduction of P5C by PYCR1
(not shown).

Diffraction data were successfully collected for 94 out of the 96 li-
gands used for soaking (Supplementary Table S1), which are referred to
with their respective positions on the 96-well library plate. ADME
properties related to solubility for each ligand are listed in Supple-
mentary Table S2. Importantly, physicochemical properties (e.g., solu-
bility) were considered during the library design [40]. Crystals treated
with compounds C7 and D8 partially dissolved, resulting in a loss of
diffraction quality. The average resolution of the datasets was 1.83 A,
enabling confident identification of several bound ligands (Fig. 2),
including detection of water-mediated hydrogen bonds.

The ligands were identified in a two-step procedure. The first two
(D11 and H9) were identified by manual inspection based on strong
positive peaks in F, — F, difference electron density maps. The structures
with those ligands were refined using standard, maximum likelihood
protocols in Phenix.refine and deposited in the Protein Data Bank (PDB)
[41]. We note the existence of residual (positive and negative) F, — F
densities near the ligands; they could not be interpreted as alternative
conformations or partially bound other ligands. Noise in this region most
likely reflects the pronounced conformational dynamics of the sur-
rounding protein chain (see below), and heterogeneity within the active
site, which may contain a mixture of water, glycol, tartrate, formate,
acetate, and oxamate, in addition to the ligand.

In the second step, we implemented the PanDDA software to detect
weakly bound molecules in event (E) maps [42]. In the latter case, a
ligand was considered detected if at least 90 % of its atoms were covered
by the E-map contoured at the 2¢ level. Nonetheless, possibly due to
apparent low occupancy, reciprocal-space refinement of those structures
resulted in ligands “escaping” the bound sites. Therefore, in addition to
manual model editing in Coot, we implemented the real-space refine-
ment protocol in Phenix.refine to fit the models in the E-maps and ensure
proper geometry. The structures were validated with MolProbity [43]
and deposited in MX-RDR (https://mxrdr.icm.edu.pl/) together with the
E-maps and raw diffraction data.

2.2. Fragments occupying the P5C/proline site

Tartrate (sequestered from the crystallization solution) occupies the
P5C/proline binding site and forms several hydrogen bonds that stabi-
lize its interaction with the protein (Fig. 3A). The electron density maps
clearly indicate selective binding of the L-enantiomer. The tartrate hy-
droxyl groups form direct hydrogen bonds with the side chain of Ser233
and the amide group of Ala237. In addition, one of the tartrate carboxyls
participates in hydrogen bonding with the backbone amides of Ser233
and Thr238, as well as the side chain of Thr238. The second carboxyl
group forms hydrogen bonds with the side chain of Lys71 and the amide
of Ala97. Additionally, three water molecules contribute to the stabili-
zation of the tartrate-protein complex by mediating interactions with
Ala97, Ser233, and 11e239.

The first bona fide ligand occupying the P5C/proline binding site was
compound D11 from the F2X-Entry library. Key residues involved in the
PYCR1-D11 interaction include Ala237 and Thr238, both of which form
direct hydrogen bonds of 2.9-3.0 A with the ligand’s carboxylate group
(Fig. 3B). Additional stabilization is conferred by a network of three
water molecules that mediate hydrogen bonding (ranging from 2.7 to
3.2 A). These H-bond bridges form between the D11’s nitrogen atom,
water, and Ala97, as well as between D11’s carboxylate group, water,
Ser233, and [le239 (Fig. 3B). These interactions are further reinforced
by the macrodipole of the o-helix (Ala237 to Gly248) initiated at
Ala237, a feature commonly observed in PYCR1 complexes with proline
analogs [32]. Additionally, the third water-mediated hydrogen bond
links the ligand with the hydroxyl group of Ser233 (not shown in the
figure). Notably, ligand binding is further supported by an S-r interac-
tion between the thiazole moiety of D11 and the sulfur atom of Met121
(~3.4-A distance), as well as hydrophobic interactions between the
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NADH binding site

Fig. 2. PYCRI1 binders identified in this work. The ligands are named according to their position in the plate of the F2X-Entry library. The ligands are divided into
three groups: the occupiers of PSC, NADH, or both of these binding sites. Pyrrolidine-1-sulfonate (P1S) and L-tartrate are also included.

thiazole ring and Leull.

Compared to P5C or proline, the five-membered thiazole ring of D11
is separated from the carboxylate group by two additional car-
bon-carbon bonds. This extended linker results in a spatial displace-
ment, placing the thiazole moiety in partial overlap with the NADH
binding site. Structural analysis suggests a potential steric clash, as
indicated by a 1.2 A distance between the thiazole ring and the C5 atom
of the nicotinamide ring (Fig. 3B, inset). To evaluate the inhibitory
potential of D11, we determined its half-maximal inhibitory concen-
tration (ICsp) under saturating concentrations of both PSC and NADH
(Fig. 4). The resulting ICso value of 2.74 + 0.14 mM classifies D11 as a
weak inhibitor.

Among the compounds identified with PanDDA, B5 emerged as the
only ligand exclusively occupying the substrate-binding site (Fig. 3C).
Similar to other P5C analogs, B5 engages in hydrogen bonding with the
hydroxyl group of Thr238 and the backbone amide of Ala237. Addi-
tionally, the ligand’s carboxylate group participates in a water-mediated
hydrogen bond network involving residues Ser233 and Ile239. Beyond
polar interactions, the binding of B5 is further stabilized by van der
Waals interactions with Ala97 and Met121, as well as through the S-n
interaction between its aromatic ring and the sulfur atom of Met121.

2.3. Fragments overlapping with NADH

Kinetic and structural data indicate that substrate binding in PYCR
enzymes follows an ordered sequential mechanism in which L-P5C binds
to the enzyme before NAD(P)H. A surface rendering of the active center
of the enzyme from various organisms shows that, upon binding of the
coenzyme, the entrance to the active center cavity is effectively blocked,
leaving only a small opening insufficient for P5C entry (Fig. 1B).
Consistently, the inhibition of plant P5C reductase by phenyl-substituted
aminomethylenebisphosphonates was found incompetitive with respect
to P5C [44]. Product inhibition studies led to the same conclusion for
human PYCR2 [45]. Therefore, binders to the NADH pocket could also
prevent P5C binding. The Fo — Fc difference electron density maps
revealed a clear and continuous signal for compound H9, which was
modeled and refined at full occupancy alongside tartrate, bound as
described above (Fig. 5A). H9 binds exclusively to the coenzyme binding
site, overlapping with both nicotinamide and ribose moieties of NADH.
The ligand establishes a single hydrogen bond, mediated by a water
molecule, with the backbone carbonyl of Val231. In addition, the par-
a-fluorine forms an orthogonal C—F---C—=0 interaction with the back-
bone of Asn123 at a distance of 3.0 A. The ortho-fluorine interacts with
Cys95, Cys120, and Thr122 via a water molecule with H-bonds ranging
~3.0 A. Notably, comparison with the D11-bound structure reveals that
H9 induces a conformational rearrangement discussed in detail in a
separate section.

To evaluate its functional relevance, we assessed whether H9 inhibits

PYCRI1 activity under near-saturating substrate conditions (2.5 mM P5C
and 500 pM NADH). No inhibitory effect was observed, even when co-
incubated with equimolar concentrations of tartrate (data not shown).
This result is consistent with the typical properties of fragment-sized
ligands identified by crystallographic screening, which often display
weak or no activity prior to optimization. Moreover, H9 and any ligand
binding at the coenzyme site must compete with NADH, for which
PYCR1 has a significantly higher affinity (Ky = 88 pM) compared to that
of P5C (Ky = 714 pM) [36]. In other words, a ligand occupying the
NADH site would need to exhibit inhibitory properties at concentrations
comparable to the Ky of NADH to be detectable. On this basis, we
decided not to test the inhibition brought about by other ligands that
also occupy the NADH binding site.

The remaining ligands binding at the NADH pocket were identified
through PanDDA-based analysis of E-maps [34]. Among these, com-
pounds F3, F4, G5, and H4 localize exclusively to the cofactor-binding
site (Fig. 5B-E).

Ligand F3 directly overlaps with the ribose moiety of NADH
(Fig. 5B). It forms a direct hydrogen bond as a proton acceptor from the
side chain of Lys71. Additional water-mediated hydrogen bonds involve
the ligand’s amine group, with a surrounding water molecule facilitating
the interactions. These polar contacts are further stabilized by hydro-
phobic interactions with residues Leull, Alal4, and Ala96. A notable
orthogonal C—F---C=O0 interaction is observed between the ligand’s
fluorine substituent and the carbonyl group of Gln10 (3.1 A), contrib-
uting to binding specificity.

Compound F4 occupies both the ribose and nicotinamide subpockets
within the NADH-binding site (Fig. 5C). The PYCR1-F4 complex is sta-
bilized primarily through a network of water-mediated hydrogen bonds
involving the ligand’s secondary amine and the backbone atoms of
Cys95, Cys120, and Thr122. In this structure, tartrate is also present,
and one of its hydroxyl groups forms a hydrogen bond with the F4
sulfonyl group. In addition, the para-bromine substituent of F4 engages
in halogen bonding with the backbone carbonyl of GIn10 (3.5 A). Hy-
drophobic contacts further support complex stability, particularly with
residues Leull, Ala96, Thr122, and Thr124.

Ligand G5 occupies a region adjacent to the ribose-binding sub-
pocket (Fig. 5D). Although it forms only a single, water-mediated
hydrogen bond with the carbonyl group of Cys95, it is retained in the
binding pocket through van der Waals interactions with a hydrophobic
patch composed of Leull, Alal4, Ala96, and Thr122.

The phenyl moiety of compound H4 also occupies a peripheral re-
gion of the NADH site near the nicotinamide subpocket and forms
extensive hydrophobic interactions with nonpolar side chains of Leull,
Alal4, Thr122, Thr124, and Vall26 (Fig. 5E). However, the nitrile
group extends toward the P5C/proline site, forming a direct hydrogen
bond with the hydroxyl group of Ser233.
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B5 (event, 20)

Fig. 3. Ligands that bind at the substrate binding site and their interactions. (A)
L-tartrate; the green mesh represents the polder electron density map (F, — F,).
(B) Ligand D11. (C) Ligand B5 with E-map shown as a yellow mesh. Map
contours are marked on panels for each compound. Depicted amino acid resi-
dues are located within 4.0 A from ligands. Dashed lines represent hydrogen
bonds. The inset shows the superposition of the ligand with the P5C analog
(yellow) and NADH (dark purple) in a stick representation, and PYCR1 shown
as a surface clipped for clarity. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The ICsy curve for compound D11. The ICsy value was determined
based on the absorbance at 340 nm. The measurements were performed for 7
concentrations of D11: 700 pM, 1 mM, 1.5 mM, 2 mM, 3 mM, 5 mM, and 10 mM
under saturating concentrations of both PSC and NADH. PYCR1 was used at a
final concentration of 0.24 pg/mL.

2.4. Dual-site binders overlapping with both P5C and NADH: ligands D2,
G9, and H3

Compounds D2, G9, and H3 occupy both the substrate (P5C) and
cofactor (NADH) pockets of PYCR1. More precisely, the non-aromatic
regions of these ligands overlap with the pyrroline ring of P5C, while
their aromatic moieties extend into the NADH binding site.

The binding of ligand D2 is anchored through a combination of direct
and water-mediated hydrogen bonds (Fig. 5F). The amine substituent of
the ligand forms direct hydrogen bonds with the carbonyl group of
Val70, while the sulfonamide group, through its O atoms, interacts with
the backbone amides of Ala237 and Thr238. Additionally, a hydrogen
bond is formed between the ligand amide and the side chain hydroxyl of
Ser233. Water-mediated hydrogen bonding further stabilizes the com-
plex, involving interactions between the ligand’s meta-amine group and
the backbone carbonyl of Ala97, as well as between the sulfonamide
group and the backbone carbonyl of Ser233. Notably, an orthogonal
C—F.--C=O0 interaction is observed between the para-fluorine atom of
the ligand and the carbonyl groups of Ala69 and Val70, both at distances
of 3.2 A. Additional stabilization arises from hydrophobic contacts with
Ala97 and Thr171.

Ligand G9 engages in a single hydrogen bond with the side chain of
Ser233 (Fig. 5G). Despite the limited polar interactions, the ligand is
retained within the active site through hydrophobic interactions with
Leull, Ala97, Thr122, Thr124, and Thr171.

Ligand H3 is anchored within the active site of PYCR1 via a hydrogen
bond network involving its carboxylate group and the side chain of
Thr238, along with the backbone amides of Ala237 and Ser233
(Fig. 5H). Further stabilization is achieved through van der Waals in-
teractions with the nonpolar residues Leull, Ala97, Thr124, and
Thr171.

2.5. Sulfur oxyanions as isosteric carboxylate replacements

Since PYCR1 is predominantly localized within the mitochondria,
any effective PYCR1-targeted therapeutic must be capable of traversing
not only the cellular membrane but also the mitochondrial double
membrane. This poses a considerable challenge, particularly because the
P5C/proline binding site is optimized for interactions with a carboxylate
group, whose permeability via passive diffusion is limited.

Previous studies have demonstrated that the carboxylate group can
be substituted with a sulfonate group in PYCR1-targeted proline analogs
[46]. However, comprehensive analyses of carboxylate bioisosteres
have revealed that sulfonates exhibit lower membrane permeability
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Fig. 5. Ligands that bind at the cofactor binding site and their interactions; dual-site binders are also included. The polder electron density maps are shown as a green
mesh. Event-maps are shown as a yellow mesh. Map contours and types are marked on each panel. Depicted amino acid residues are located within a 4.0-A distance
from ligands. Dashed lines represent hydrogen bonds. Each inset shows the superposition of the ligand with the P5C analog (yellow) and NADH (dark purple). (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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compared with carboxylates [47]. In this context, the identification of a
sulfonamide group in ligand D2, occupying the carboxylate-binding site
(Fig. 5F), appears especially promising. Sulfonamides generally offer
improved ADME properties, including enhanced membrane perme-
ability, when compared with both carboxylates and sulfonates.

We decided to further explore this path and investigate a P5C/pro-
line analog bearing a sulfamate moiety, pyrrolidine-1-sulfonate (P1S).
Notably, the binding of sulfamates to PYCR1 has not been studied pre-
viously. As P1S is not available commercially, we used pyrrolidine-1-
sulfonyl chloride, which undergoes spontaneous hydrolysis in aqueous
solution to yield P1S. The resulting crystal structure confirmed that P1S
binds in a manner similar to proline (Fig. 6A). The major role in stabi-
lizing the PYCR1-P1S complex is played by hydrogen bonds involving
the sulfamate oxygens. One of them forms hydrogen bonds with the
backbone amide group and the hydroxyl moiety of Ser233. The second
oxygen of the sulfamate forms a hydrogen bond with the backbone
amide of Ala237. The third oxygen is H-bonded to Thr238, involving
both the main-chain and side-chain of this residue. Additionally, it
participates in water-mediated hydrogen bonding that connects the
ligand with the backbone carbonyl of Ser233 and amide of Ile239.

When measured at saturating substrate concentrations, P1S exhibi-
ted an ICsg of 1.88 + 0.159 mM, indicating weak inhibitory activity
(Fig. 6B). This value is comparable to that of proline, which has a re-
ported Ki of 1.7 mM [31]. Furthermore, the presence of an additional
hydroxyl group in the ligand could potentially enhance binding, as
observed for 1-hydroxyethane-1-sulfonate (PDB ID: 8TDB), referred to
as compound 43 in the original work [46] (Fig. 6C). In this case, the
hydroxyl group donates a hydrogen bond to the Val231 carbonyl and
accepts one from the Thr238 side chain. These interactions likely
explain the higher apparent efficacy of compound 43 (Ki = 100 pM),
although the assay conditions differed. However, the sulfamate group
presents an attractive handle for further ligand optimization to improve
potency. Notably, P1S forms a hydrogen bond with the hydroxyl group
of Ser233, whose critical role in ligand recognition was previously
demonstrated [31]. Therefore, sulfonate (as in compound 43), sulfon-
amide (compound D2), and sulfamate (P1S) appear to be viable isosteric
replacements for carboxylate in the PYCR1 active site.

2.6. PYCRI flexibility and adaptability of the active site pocket

During the PYCR1-H9 structure refinement, it became apparent that
the conformation of the protein chain differed significantly from that in
other complexes, such as PYCR1-D11 (Fig. 7A). In fact, the PYCR1
complexes reported in this work can be divided into two classes: one
representing states similar to that observed in PYCR1-TLA or D11
complexes and the other resembling PYCR1-H9 (Fig. 7B). The observed
shifts of more than 5 A indicate an induced-fit binding mode. Notably,
the crystal lattice in all our structures is isomorphous, and therefore, the
protein conformations can be attributed purely to ligand presence rather
than crystal packing. In terms of protein chain conformation, previously
published PYCR1 structures differ significantly from PYCR1-H9, and are
more similar to the PYCR1-D11 complex (Fig. 7C). Certain flexibility
near the PYCR1 active site had already been observed by Christensen
et al. [31]. The authors noted that in the PYCR1-NFLP complex (PDB ID:
6xp0), the o-helix spanning Pro224-Val231 (denoted aK) is shifted by
~1 A toward its N-terminus. That conformational change was required
to accommodate the formyl group of NFLP and allow it to form addi-
tional H-bonds with Ser233.

With that in mind, the structural rearrangements observed in the
PYCR1-H9 complex are truly spectacular. The shifts involve three re-
gions near the ligand-binding site (Fig. 7A). The region Ile6-Alal2 is
significantly closer to the ligand, with the largest movement observed
for Ala8 (5.0 A shift of Ca) compared with the PYCR1-D11 structure. The
fragment Ser33-Asp38 shifts along with the former, involving a 5.4-A
change in the Met37 Ca position. Regarding the Ile6-Alal2 and Ser33-
Asp38 regions, the structures reported in this work can be divided into
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Fig. 6. Interactions with pyrrolidine-1-sulfonate (P1S). (A) P1S with the polder
electron density maps (F, — F.) is shown as a green mesh. Dashed lines repre-
sent hydrogen bonds. The inset shows the superposition of the ligand with the
P5C analog (yellow) and NADH (dark purple). (B) The ICso curve for P1S,
measured under saturating substrate concentrations (2.5 mM P5C and 500 pM
NADH). (C) Superposition of PYCR1-P1S complex with the structure of PYCR1
complexed with NADH and 1-hydroxyethane-1-sulfonate (PDB ID: 8TDB),
referred to as compound 43 in the original work [46]. Grey dashed lines
represent the additional hydrogen bonds formed by the hydroxyl of compound
43; the remaining interactions are omitted for clarity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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A

TLAD2,F3.F4
G5.G9.H4 HI

Fig. 7. Structural rearrangements upon ligand binding. (A) The PYCR1-D11
(yellow) and H9 (purple) complexes were superposed; the PYCR1-NFLP com-
plex (PDB ID: 6xp0, coral, semi-transparent) is added for comparison as the
example for which structural changes were described by Christensen et al. [31].
Ca atoms of residues undergoing the largest shifts (dash-dotted lines; distances
in f\) and referenced in the text are shown as balls, and those in the PYCR1-D11
complex are labeled. Ligands are depicted in ball-and-stick representation.
Residues are labeled in black. (B) PYCR1 main-chain conformations in all
PYCR1 structures reported in this work. Positioning of regions near Ala8,
Met37, Pro72, and Ser270 is colour-coded. Note that the conformations of re-
gions near Ala8 and Met37 are not always correlated with those of the region
near Ser270. (C) Comparison of the main chain conformation in this work
PYCR1-H9 complex with those in all other structures available in the PDB (PDB
IDs: 8TCV, 8TCX, 8TCZ, 8TCU, 8TCW, 8TCY, 8TDO, 8TD1, 8TD7, 6XP0, 6XOZ,
6XP1, 6XP2, 6XP3, 8TD2, 8TD3, 8TD4, 8TD5, 8TD6, 8TDS, 8TD9, 8TDB, 8TDC,
8TDD, 8VRE, 8DKG, 5UAX, SUAT, SUAU, 5UAV, SUAW). Chains other than A
are omitted for clarity in panels B and C. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

two groups: (i) TLA, P1S, B5, D11, H3, resembling the conformations
observed previously; and (ii) D2, F3, F4, G5, G9, H4, H9, whose main-
chain arrangement is different (Fig. 7B). Notably, Asp36-Asp38 are ab-
sent in the PYCR1-NFLP model because of insufficient electron density.
The third fragment whose conformation was altered is Leu68-Ile78. In
particular, Pro72 shifted by as much as 3.7 A (Ca positions in D11 vs.
HO9). The latter rearrangement appears to be directly induced by the H9
ligand binding, as the protein adjusts to fit the triazole moiety. On the
other hand, the protein conformation in the PYCR1-D11 complex differs
from that in both the H9 and NFLP complexes within the C-terminal
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region (residues GIn269-Asp273). Ser270, which undergoes the largest
shift of 6.5 A (Ca atoms), is closer to the active site and to Pro72 in the
PYCR1-D11 complex.

The ability of PYCRI1 to rearrange and accommodate binders of such
diverse chemical structures and sizes is exceptional. We wondered
whether these extreme states are the product of a ligand-induced fit
mechanism or are already present in the conformational landscape of
PYCRI1. To shed new light, we performed 1-ps all-atom molecular dy-
namics (MD) simulations on the PYCR1 structures derived from the D11
and H9 complexes without the ligands (Supplementary Fig. S1). As the
indicator, we selected the Pro72(Ca)-Val231(Ca) distance, since Val231
lies along the axis of movement associated with shifts in the position of
Pro72(Ca). Of note, this distance measures 14.6 and 18.4 A in the
PYCR1-D11 and H9 crystal structures, respectively. Measurement of the
distances across the simulation trajectory for each subunit individually
yielded an average of 15.6 + 0.8 and 16.5 + 0.8 A, respectively (Sup-
plementary Table S3). More importantly, the maximal distance of 19.7 A
was actually observed in the MD run starting from the PYCR1-D11
conformation. This suggests that, while an initial bias exists due to the
wider opening of the H9 complex, the intrinsic conformational flexi-
bility of PYCR1 can produce states corresponding to those observed in
both the D11 and H9 complexes.

3. Conclusions and outlook

Previous studies, especially those reporting a number of
PYCR1-inhibitor complexes [31,32,46], have firmly established the
chemical tractability of PYCR1. They also highlighted its intrinsic flex-
ibility, providing the first evidence of induced-fit behavior. Building on
this foundation, our crystallographic fragment screening (XFS)
campaign offers the first structure-based exploration of PYCR1’s ligand-
binding landscape using a chemically diverse, unbiased library.

Our crystallization system contained tartrate, which was bound in
the “empty” structures and in complexes with H9, F3, F4, and G5.
Complexes with P1S, D11, D2, B5, H3, G9, and H4 did not contain it, i.e.,
these ligands displaced tartrate, indicating also that a cleared active site
is not a prerequisite for XFS. In total, twelve previously uncharacterized
ligands were identified within the P5C and NADH binding pockets,
including dual-site binders that bridge both regions. High-resolution
crystal structures revealed a network of interactions spanning distinct
microenvironments within the active site. In several cases, ligand
binding induced prominent conformational rearrangements, which, in
the extreme case of the PYCR1-H9 complex, included main-chain shifts
of 4-6 A. The observed conformations of the PYCR1 main chain appear
directly correlated with ligand chemical structure and binding position,
allowing identification of certain compound classes. Importantly,
extreme states such as that observed in the PYCR1-H9 complex have not
been observed in the many known PYCR1 structures. Molecular dy-
namics simulations demonstrated that these conformational states fall
within the intrinsic flexibility of PYCR1, confirming the enzyme’s
structural adaptability and capacity to recognize a broad range of
chemical scaffolds.

A residue-level analysis of fragment binding revealed distinct inter-
action hotspots that correspond to specific moieties of the substrate and
cofactor binding sites in PYCRI1. In the carboxylate-binding region,
Ser233, Ile239, and Ala97 form an extensive polar network—either
directly or through structured water molecules—that stabilizes the
binding of fragments such as D11 and B5, which feature carboxylate
groups, or fragments D2 and P1S, which carry sulfonamide and sulfa-
mate moieties. The latter two are particularly notable for their improved
ADME properties, especially enhanced membrane permeability
compared with carboxylates. The binding interactions are further rein-
forced by the dipole of the helix beginning at Ala237, a structural
hallmark of the P5C/proline-binding site. The pyrrolidine-binding sub-
pocket can accommodate an aromatic ring when appropriately
substituted, as in B5, where a carboxylated phenyl overlaps this position.
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In two cases, aliphatic and saturated chains occupy the pyrroline site: an
ethyl linker in D11, or a propyl group in D2. Interestingly, the thiazole of
D11 is positioned between the pyrroline and nicotinamide subpockets.
The nicotinamide-binding site is defined by key interactions with
Val231, Asn123, and Thr122. Compound H9 features a fluorinated
phenyl ring that engages in an orthogonal C—F---C=0 interaction with
the backbone of Asn123. Notably, several binders containing an aro-
matic moiety (H9, F3, F4, G5, H4, G9, H3) access a cryptic subpocket
shaped by Leull, Thr122, and Thr124, which extends deeper than
typically observed for nicotinamide binding (Fig. 5). Additional stabi-
lizing interactions include halogen bonding between F4 and GInl0, as
well as z-sulfur interactions, exemplified by D11---Met121. In the
ribose-binding subpocket, ligands F3 and F4 engage Cys120, Thr122,
and Lys71 through hydrogen bonds, either directly or via bridging water
molecules. This region is further supported by hydrophobic contacts
involving Alal4, Ala96, and Val70. Finally, a continuous hydrophobic
patch spanning the substrate and cofactor sites contributes van der
Waals interactions that stabilize multiple ligands, including dual-site
binders such as G9 and H3.

Our findings collectively show that PYCR1 is not only chemically
tractable but also highly adaptable and capable of interacting with a
broad repertoire of chemical moieties. Future efforts should focus on
fragment linking and extension into underexplored subpockets, partic-
ularly near the NADH adenosine and phosphate regions. Importantly,
the observed conformational plasticity underscores the need for design
strategies that account for dynamic ensemble states rather than static
models. These structural insights provide a compelling starting point for
the rational development of PYCRI1 inhibitors and effectors, advancing
its emerging potential as an intervention point in cancer treatment.

4. Materials and methods
4.1. Cloning

The construct for PYCR1 production was designed based on the work
by Christensen et al. [38]. The N-terminal methionine of the genuine
PYCR1 sequence was preceded by MHHHHHHSSGVDLGTENLYFQS.
Moreover, we found that C-terminal truncation following Asp273
greatly increases repeatability; hence, our construct included residues
1-273 of the 319-residue full-length variant (Uniprot ID: P32322). To
obtain the designed construct, total RNA was isolated from human MCF-
7 cells using the Universal RNA Purification Kit (EurX). The isolated
RNA was subsequently reverse transcribed into cDNA using Maxima H-
reverse transcriptase. The desired DNA fragment was amplified by po-
lymerase chain reaction (PCR) with the primers: forward TACTTC-
CAATCCAATGCCATGAGCGTGGGCTTCATCGGC and reverse TTATC
CACTTCCAATGTTAGTCAGCCATGGACTGCAGCTC. Amplified DNA
fragments were cloned into the pMCSG53 vector using a ligase-
independent procedure [48] and subsequently transformed into E. coli
BL21 Gold (Agilent) competent cells. The following primers
were used to modify the N-terminal region: ACCTGGGCACCGA-
GAACCTCTATTTCCAATCGATGAGCGTGGGCTTCATCGGC  (forward)
and GAGGTTCTCGGTGCCCAGGTCCACGCCGCTGCTGTGATGATGAT-
GATGGTGCATATGTATATCTCCTTC (reverse) according to the Poly-
merase Incomplete Primer Extension protocol [49]. The coding
sequence was verified by DNA sequencing.

4.2. Protein production

PYCRI1 production in E. coli was performed in 1 L of liquid LB me-
dium supplemented with 150 pg/mL ampicillin. The bacterial culture
was shaken at 37 °C until the ODgq( reached 1.0. The temperature was
then lowered to 4 °C, and shaking was continued for 1 h. Overexpression
was induced using 0.5 mM isopropyl-D-thiogalactopyranoside (IPTG)
and continued overnight at 18 °C. The cells were harvested by centri-
fugation at 6000 xg for 15 min, and resuspended in binding buffer (50
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mM HEPES NaOH, pH 8.0; 300 mM NaCl; 50 mM imidazole; 5 % glyc-
erol). The suspension was frozen and stored at —80 °C.

4.3. Protein purification

Cells were lysed by sonication in an ice bath with a total probe
working time of 5 min (4/26 s on/off cycles). Cell debris was removed by
centrifugation (27000 xg, 30 min, 4 °C). The supernatant was applied to
a column filled with HP Ni-NTA resin (GE Healthcare). The resin-bound
protein was washed with 250 mL of binding buffer and eluted with 12
mL of elution buffer (50 mM HEPES NaOH, pH 8.0; 300 mM NacCl; 300
mM imidazole; 5 % glycerol). The Hise-tag was not cleaved. The
collected protein was concentrated to 2 mL using Amicon Ultra 50 mL
centrifugal filters, and then injected into a size-exclusion column
(HiLoad Superdex 200 16 x 60) connected to the AKTA FPLC system (GE
Healthcare). Chromatography was performed using size-exclusion
buffer (50 mM HEPES NaOH, pH 8; 300 mM NacCl; 5 % glycerol). The
fractions were analyzed by SDS-PAGE. Fractions corresponding to the
PYCR1 decamer were combined and concentrated to ~10 mg/mL.

4.4. Protein crystallization

PYCR1 was crystallized at 19 °C by vapor diffusion using the sitting-
drop method in Nextal plates (Qiagen). Initial screening was performed
with JCSG+, BCS, and Morpheus screens (Molecular Dimensions).
Optimal crystals for soaking were obtained from a solution consisting of
the Morpheus 2-34 condition [39] (Molecular Dimensions), containing
0.02 M sodium formate, 0.02 M ammonium acetate, 0.02 M sodium
citrate tribasic, 0.02 M potassium sodium tartrate, 0.02 M sodium oxa-
mate, 0.1 M Tris (base), BICINE pH 8.5, 20 % ethylene glycol, 10 % PEG
8000, and supplemented with 10 % ethylene glycol for cryoprotection.
The protein was mixed with reservoir solution in a v/v ratio of 1:1 (2
pL:2 pL) and crystallization seeds.

4.5. Crystallographic fragment screening

For crystallographic fragment screening, the F2X-Entry library [40]
consisting of 96 chemical fragments was used. The fragments were
dissolved in a soaking solution composed of the crystallization solution
with an additional 10 % ethylene glycol and 5 % DMSO. The final
concentrations of the fragments in the soaking solutions were 33 mM.
The PYCR1 crystals were transferred to a solution containing fragments
and incubated for 3 min before flash-cooling in liquid nitrogen.

4.6. X-ray structure determination and refinement

Diffraction data were collected at the BioMAX beamline of MAX IV
[50] and the P13 beamline of PETRA III (EMBL, Hamburg, Germany)
[51]. Diffraction images were processed in XDS [52]. Data collection
and processing statistics are summarized in Table 1. Structures were
solved by refinement against the isomorphous structure (PDB ID: 6xpl,
[31]1) using Dimple [53] within the CCP4 suite [54]. Identification of
ligands in E-maps was performed with PanDDA [42], also implemented
in CCP4. Manual corrections were performed using Coot [55]. The
models were refined in several cycles in Phenix.refine [56]. Structures
were validated with MolProbity [43].

4.7. Synthesis of DL-P5C

DL-P5C was synthesized as described previously [57]. Briefly, 2
mmol of hydroxylysine was dissolved in 28 mL of water in a brown glass
bottle and cooled to 4 °C. A 50 mM solution of sodium metaperiodate
was adjusted to pH 7.0 using 1 M NaOH and also cooled to 4 °C. Then,
44 mL of the neutralized periodate solution was rapidly added to the
hydroxylysine solution under stirring. After 8 min, the remaining peri-
odate was quenched with 0.7 mL of 1 M glycerol. Two minutes later, the
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Table 1
X-ray data collection and refinement statistics.
PYCR1-TLA PYCR1-D11 PYCR1-H9 PYCR1-P1S
Data collection
Beamline BioMAX at MAX IV P13 at PETRA III, EMBL
Wavelength (A) 0.976 1.0597
Temperature (K) 100
Space group P2,2,2 P2,2,2 P2,2,2 P2,2:2
Unit cell parameter 164.20, 163.67, 163.78, 164.55
ab,c &) 88.11, 88.04, 88.00, 88.04
116.25 116.73 116.81 116.66
Resolution range & 37.21—1.65’ 37.11-1.65 ‘ 38.64-1.57 ‘ 46.55-1.70’
(1.75-1.65)" (1.75-1.65)" (1.67-1.57)" (1.80-1.70)"
No. of unique reflections 201,497 (32213)° 202,193 (32339)° 234,708 (37624)" 185,960 (29800)"
Completeness (%) 99.9 (99.7)° 100.0 (99.8)° 100.0 (99.9)° 99.7 (99.7)"
Redundancy 13.6 (13.8)° 13.7 (13.76)" 13.6 (13.39)° 13.8 (13.3)"
I/6 () 22.86 (1.45)" 19.84 (1.46)" 20.46 (1.41)" 18.19 (1.47)°
Rineas (%) 6.1 (210)" 7.7 (205.4)" 6.3 (211.1)" 12 (282.1)"
CCy/2 (%) 100.0 (72.8)" 100.0 (72.2)° 100.0 (76.0)° 100.0 (45.6)°
Refinement
No. of R reflections 1999 2000 1998 1857
Rwork/Riree 0.182/0.204 0.174/0.193 0.185/0.205 0.191/0.215
No. of non-H atoms
Protein 10,195 10,199 10,150 10,262
Ligand 46 222 154 85
Water 674 724 810 808
R.m.s. deviations
Bonds (A)/ angles () 0.004/0.67 0.01/1.01 0.006/0.822 0.006/0.822
Ramachandran plot
Favored/allowed,/outliers (%) 98.60/1.40/0.00 98.75/1.25/0.00 98.60/1.40/0.00 97.87/2.13/0.00
Average B-factor protein/water/ligands A% 51.83/52.57/54.75 42.65/46.43/53.52 44.35/47.89/50.67 43.84/42.04/43.32
PDB ID 9501 9502 9s04 9rzz

# Values in parentheses are for the last resolution shell.

reaction mixture was acidified with 0.6 mL of 6 M HCl. The mixture was
removed from the ice bath and loaded onto a Dowex 50 column. The
product was eluted with 1 M HCI and stored at 4 °C in solution. Product
identity was confirmed by mass spectrometry.

4.8. ICso determination

ICsq values at saturating substrate concentrations were measured for
compounds identified through difference maps: D11, H9, P1S, and
tartrate. The physiological P5C reduction reaction with NADH was
monitored by measuring the decrease in absorbance at 340 nm.

Compound D11 and L-tartrate were tested at eight concentrations
(10 mM, 5 mM, 3 mM, 2 mM, 1.5 mM, 1 mM, 700 pM, 400 uM). For
compound H9, the range was extended to 15, 20, and 25 mM. Com-
pound P1S was tested at six concentrations (5 mM, 3 mM, 1.5 mM, 1
mM, 500 pM, and 100 upM). A 5 % DMSO solution served as a negative
control. All D11, H9, and P1S stock solutions were prepared in DMSO,
while tartrate was dissolved in Milli-Q water. Final assay concentrations
were: 17.6 nM PYCR1, 0.5 mM NADH, and 2.5 mM DL-P5C. PYCR1 was
diluted in assay buffer (25 mM Tris, pH 8.0, 100 mM NaCl, 1 mM TCEP),
NADH was dissolved in Milli-Q water, and DL-P5C was adjusted to pH
7.0 using Tris base before dilution in assay buffer. Inhibitor solutions (5
pL for ligands revealed during XFS and 0.75 pL for P1S) were dispensed
into wells of a microtiter plate, followed by the addition of 33 pL (50 pL
in the assay with P1S) of the PYCR1 solution. After a 15-min incubation,
33 pL of NADH and 33 pL of P5C were added (50 pL NADH and 50 pL
P5C in the assay with P1S); the addition of P5C initiated the reaction.
The plate was immediately placed in a HIDEX Sense Microplate Reader,
and absorbance at 340 nm was recorded every 60 s for at least 15 min.
Each ICsp measurement was performed in triplicate. Dose-response
curves were plotted, and ICsy values were calculated in GraphPad 6
(Prism) software. The errors were calculated as half of the difference
between 95 % confidence interval values.

4.9. Molecular dynamics simulations

Models for MD simulations were created from the refined structures
of PYCR1-D11 and PYCR1-H9 complexes, each reconstituted into
physiologically relevant decamers. Such models were imported into
Maestro 14 within Schrodinger Suite, release 2025-1 (Schrodinger, LLC,
New York, NY, 2025) and processed with the protein preparation tool,
including the addition of hydrogen atoms, optimization of their geom-
etry, and energy minimization. Except for water molecules, all ligands
were removed. In cases of double conformations, only those with the
highest occupancies were kept.

The MD simulations were performed in Desmond 8.1.129 [58],
within Maestro 14 (Schrodinger, LLC, New York, NY, 2025). Each system
was configured with the most recent OPLS5 force field [59] using the
TIP4P solvent model. The charges were neutralized by adding Na™/Cl~
ions, and the equivalent of 150 mM NaCl was introduced to the system.
Prior to the production simulations, a standard relaxation protocol was
applied. MD simulations were run for 1000 ns at 310 K under NPT
conditions. Trajectory data were recorded every 1 ns (1000 frames per
system; Supplementary Fig. S1). The structural and dynamic properties
of each of the ten subunits within each system were analyzed indepen-
dently, utilizing tools included in Maestro.

4.10. Other software

ADME properties related to solubility were calculated with QikProp
(Schrodinger, LLC, New York, NY, 2025). Molecular figures were pre-
pared with UCSF Chimera [60].
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