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ARTICLE INFO ABSTRACT

Keywords: Members of the human aldehyde dehydrogenase family 1 (ALDH1As) play a crucial role in converting retinal to
ALDH1A2 retinoic acid, a multifunctional bioactive compound. Most evidence highlight ALDH1As as markers for cancer
ALDHIA3 . stem cells correlating with tumour aggressiveness. Increasing structural and biochemical data about these
itll;luec};[;;:sbased drug discovery important isoenzymes have been reported in literature. Crystal structures of human ALDH1A2 have been so far

only obtained in the presence of ligands/cofactors from vapour diffusion hanging drops. Apo-enzyme structures
have been described only for the other two members of the family (ALDH1A1 and ALDH1A3) serving as the basis
for their co-crystallisation with various ligands.

In this study, we describe the first apo-ALDH1A2 structure obtained from nanolitre sitting-drop crystallisation,
which expands the potential for high-throughput structure-based drug discovery studies on this isoform. We also
explore the crystallisability of NAD*-ALDH1A3 from microlitre drops and compare the structure obtained from it
with that of apo-ALDH1A2.

Cancer stem cells

Finally, we propose strategies compatible with robotic setups to streamline structural studies on ALDH1A3 and
facilitate the exploration of extensive ligand libraries.

1. Introduction

Aldehydes are a class of highly reactive toxic compounds, that
originate from two primary sources: endogenous, produced by meta-
bolic processes within the body, and exogenous, introduced in the body
via environmental exposure [1]. Aldehyde dehydrogenases (ALDHs) are
a class of NAD"-dependent enzymes essential for detoxifying aldehydes
by oxidising them into carboxylic acids. The ALDHs superfamily is
evolutionarily ancient, and is conserved across a wide range of organ-
isms, from bacteria to humans. The structural similarity of these en-
zymes underpins a common ancestral gene dating back about 3 billion
years [2,3]. The nomenclature of ALDHs isozymes was established based
on sequence similarity during the 1998 International Symposium on
Enzymology [3]. Isozymes within the same family share over 40 %
sequence identity, while those in the same subfamily share over 60 %
identity [4]. In humans, the ALDH gene family comprises 19 functional
proteins and 3 pseudogenes, each distinguished by unique chromosomal
locations and substrate specificities [5].

* Corresponding author.

Structurally, ALDHs typically function as dimers or tetramers, with
each monomer featuring three key functions: a cofactor-binding
domain, a catalytic domain, and oligomerisation domain [6,7]. These
domains are spatially arranged to form a funnel-like architecture leading
to the catalytic site. Here, isoform-specific amino acids determine sub-
strate selectivity, while conserved residues participate in the catalytic
mechanism [8,9]. The reaction begins with the activation of a catalytic
Cysteine (Cys320 in ALDH1A2 and 314 in ALDH1A3) by a Glutamic acid
(at positions 286 and 280 respectively) and a water molecule, enabling a
nucleophilic attack on the aldehyde substrate. This results in the for-
mation of a thiohemiacetal intermediate and the transfer of a hydride to
NAD™. The enzyme is subsequently regenerated through hydrolysis of
the thioester intermediate, followed by the release of NADH [10].

The human ALDH1A subfamily consists of three members
(ALDH1A1, ALDH1A2, and ALDH1A3) that play an important role in the
biosynthesis of retinoic acid (RA) [11]. RA, a derivative of vitamin A, is
essential for gene regulation, and influences key biological processes
such as cell differentiation and development [12]. Its biological role is
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mediated through its binding to the nuclear receptors RARs and RXRs,
which form complexes that either activate or repress gene expression
[13]. This regulatory mechanism is key for embryonic development,
particularly in neurogenesis and organ formation, and it is also essential
for pluripotent stem cell signalling and immune function [14].

Dysregulation of RA synthesis mediated by ALDH1As has been linked
to various diseases including cancer, where altered enzyme activity can
promote tumorigenesis [15]. In the case of ALDH1AS3, its enzymatic
activity can be used as a marker for cancer stem cells and is associated
with increased tumour aggressiveness, highlighting the potential for
novel isoform-specific therapeutic strategies towards ALDH1As [16].

All ALDH1As share similar molecular architecture, with ALDH1A2
and ALDH1A3 exhibiting 72 % sequence identity. In this context, precise
identification of isoform-specific amino acids involved in substrate
recognition, is essential for the development of selective inhibitors.
High-throughput crystallographic screening offers a promising approach
to accelerate the he discovery of isoform-specific compounds [17].

All ALDH1A2 crystal structures published to date have been obtained
using microlitre-volume hanging drop crystallisation methods. These
structures include complexes with both NAD™ and ligands (PDB: 6ALJ,
6B5G, 6B5H), with a ligand only (PDB: 6B5I), or with NAD™ alone (PDB:
4X2Q) [18]. Notably, all available structures include a ligand (NAD™ or
inhibitor), while the apo-form of the enzyme has not been reported yet.
This limits the understanding of conformational flexibility and struc-
tural changes occurring upon ligand and/or cofactor binding. Such
modulations within the active site of the enzyme are critical for rational
drug design and for elucidating the enzyme’s catalytic mechanism.

To accurately characterise isoform-specific differences in ligand
binding, obtaining fully apo- (i.e., NAD*-free) ALDH1A2 crystals is a key
priority. In contrast, a large number of crystallographic structures of
ALDH1AS3 is available. The first ALDH1A3 structure was obtained
through co-crystallisation with NAD™ and its reaction product RA (PDB:
5FHZ [8]), providing insights into the substrate and cofactor binding,
which are central to its roles in RA biosynthesis and aldehyde
detoxification.

Five additional ALDH1A3 structures have been obtained in co-
crystallisation with NAD" and selective inhibitors (PDB: 7A6Q, 6TRY,
6TE5, 6S6W, 6TGW), enabling precise identification of isoform-specific
residues involved in ligand selectivity [14,19,20].

Further structural insight was obtained from ALDH1A3 crystals
representing distinct enzymatic states including the apo-form (PDB:
7QK?7), the NAD"-bound form (PDB: 7QK8), and a complex with ATP
(PDB: 7QK9 [21]). However, the crystallisation of both apo- and
holo-forms of ALDH1A3 remains highly variable and sensitive to small
changes in the experimental geometry and the drop volume. To date, no
reproducible methods has been established for obtaining apo-ALDH1A3
crystals.

This hinders the application of soaking techniques which requires
unliganded crystals for the introduction of test compounds, conse-
quently slowing down the discovery of potent and selective inhibitors.
This challenge may be addressed by co-crystallising the enzyme with
low-affinity stabilising molecules that can be later displaced by higher-
affinity ligands through soaking.

2. Materials and Methods
2.1. Molecular biology

The E. coli codon-optimised cDNA sequences encoding for the human
isoforms of ALDH1A2 (GenelD: 8854) and ALDH1A3 (GenelD: 220)
were obtained from GenScript. The N-terminally deleted ALDH1A2 gene
(26-518) was cloned into the pET-28b vector between the Ndel and Xhol
sites. An N-terminal Hisg-tag followed by a TEV protease cleavage site
was introduced to generate a Hise-TEV-ALDH1A2 construct.

The gene for ALDH1A3 was inserted in pDEST17 vector through the
Gateway™ recombination technology, resulting in an N-terminally Hise-
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tagged enzyme (residues 2-513 preceded by an N-terminal tail from the
cloning vector). The integrity and correctness of both constructs was
confirmed by Sanger sequencing and complete data is reported in Sup-
plementary Materials (Table S1a for ALDH1A2 and S1b for ALDH1A3).

2.2. Protein expression and purification

Both proteins were expressed in E. coli and purified following pro-
tocols optimised based on previous work from our laboratory [8].
Briefly, the plasmids described above were used to transform BL21
CodonPlus (DE3) cells which were grown in LB medium supplemented
with appropriate antibiotics (25 pg/mL Chloramphenicol and 100
pg/mL Carbenicillin for ALDH1A3 or 50 pg/mL Kanamycin for
ALDH1A2).

Large scale expression was initiated by diluting 1:100 the overnight
saturated cultures into baffled Erlenmeyer flasks containing 2xTY me-
dium with antibiotics. Cells were incubated at 37 °C with vigorous
shaking (200 rpm) until reaching the optical density of cultures at 600
nm (ODggp) of 0.8-1. Protein expression was then induced with 1 mM
isopropyl p-p-1-thiogalactopyranoside (IPTG) followed by incubation at
18 °C, 200 rpm for 16 h. Cells were harvested by centrifugation at
5000xg for 10 min, and the resulting pellet were stored at —80 °C.

For the purification, cells from 1 L of culture were thawed and
resuspended at a 1:5 ratio in lysis buffer (50 mM NayHPO4, 300 mM
NaCl, 1 mM p-mercaptoethanol, 20 mM imidazole, pH 7.5) supple-
mented with cOmplete™ Protease Inhibitor Cocktail (Roche) and 250 U
of Benzonase nuclease. Cells were lysed by two passes through a cell
disruptor (Constant systems) at 35 kpsi. The lysate was clarified by ul-
tracentrifugation at 200000 x g for 30 min at 4 °C, followed by filtration
through a 0.22 pm membrane.

The first purification step consisted in an affinity chromatography
using a HisTrap FF 1 mL (Cytiva) on a FPLC system. After sample
loading, the column was washed with 20 column volumes (CV) of lysis
buffer, followed by a 20 CV wash with 20 % elution buffer (50 mM
NayHPO4, 300 mM NaCl, 1 mM f-mercaptoethanol, 300 mM imidazole,
pH 8). Protein were then eluted using a 10 CV linear gradient 20-100 %
of elution buffer, and 1 mL fractions were collected.

Protein-containing fractions were diluted 1:3 with size-exclusion
chromatography (SEC) buffer (Tris-HCl pH 8, 150 mM NaCl, 10 mM
DTT) and concentrated to 5 mL using a 100 kDa MWCO Amicon® Ultra
centrifugal filter. This sample was loaded onto a HilLoad 16/600
Superdex 200 column and eluted isocratically, with 1 mL fractions
collected. Protein purity was assessed by SDS-PAGE and the purest
fractions were pooled and concentrated to 15-20 mg/mL as determined
by absorbance at 280 nm using the extinction factors reported in
Table S1. Typical yields for purifications from 1 L of cultures were 50 mg
for ALDH1A2 and 60 mg for ALDH1A3. Purified proteins, aliquoted in
25 pL volumes, were snap-frozen in liquid nitrogen and stored at —80 °C.

2.3. Protein crystallisation

2.3.1. ALDH1A2 high-throughput screening

For de novo high-throughput crystallisation screening, ALDH1A2 was
thawed on ice for 2 h and diluted with SEC buffer to a concentration of
10 mg/mL. Crystallisation trays were set up using a Mosquito LCP 2
crystallisation robot (STP Labtech) in SWISSCI MRC 3-lens sitting drop
crystallisation plates. Drops were prepared at varying protein-to-
precipitant ratios: 100 nL. + 100 nL, 100 nL. + 50 nL, and 50 nL +
100 nL.

To ensure a broad sampling of the crystallisation space, five com-
mercial screens were chosen: Morpheus [22], Wizard 1 + 2, Wizard 3 +
4, Peg Ion, and PGA [23]. The best-diffracting crystals were obtained in
the condition reported in Table 1. Crystallisation plates were sealed,
incubated at 20 °C and monitored regularly using a Formulatrix imaging
system.
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Table 1
apo-ALDH1A2 crystallisation conditions.

Crystallisation Vapour diffusion (sitting drop)
method

Plate type SWISSCI MRC 3-lens
Temperature (°C) 20 °C

Crystallisation protein 10 mg/ml

Storage-buffer
composition
Reservoir composition

Tris-HCl pH 8, 150 mM NaCl, 10 mM DTT

0.09 M NPS, 0.1 M Buffer System 3 (pH 8.5 Tris-base;
BICINE 8.5) 30 % v/v Precipitant Mix 3 (20 % v/v Glycerol;
10 % w/v PEG 4000)

Drop volume (nL) 200 (1:1 precipitant: protein ratio)

Reservoir volume (pL) 30

2.3.2. ALDHI1AS3 crystallisation with co-factor

Following a previously established protocol, ALDH1A3 was thawed
on ice, diluted to 7 mg/mL in SEC buffer, and incubated for 30 min after
the addition of 1 mM NAD™. Crystallisation trials were set up using 24
wells of a Linbro plates (Jena Bioscience), with each well filled with 500
pL of precipitant solution containing 5 % PEG 400, 100 mM BIS-TRIS
(pH 5.5), and 2.2 M ammonium sulfate. Hanging drops were prepared
by mixing 1 pL drops of protein solution with 1 pL of precipitant solution
on siliconised glass coverslips.

To establish vapour diffusion equilibrium, three different methods
were tested: A. Coverslips sealed with Crystal Clear Sealing Tape
(Hampton Research, HR3-511) B. Coverslips sealed using a thin layer of
DOW CORNING High Vacuum Grease applied around the reservoir edge,
C. As in method B, but using DOW CORNING 7 Release Compound
Grease instead.

Crystallisation plates were incubated at 20 °C and monitored under a
polarised light microscope (Leica M205C equipped with DFC295 camera
unit).

2.4. Structure determination and refinement

Crystals obtained from the various experiments were harvested using
SPINE standard cryo-loops and flash-cooled in liquid nitrogen without
the addition of cryoprotectants.

X-ray diffraction data were collected at beamline 104 of the Diamond
Light Source (UK). Data collection employed a fine-omega slicing
strategy (0.1° per image) using a 13 keV X-ray beam. Exposure time and
beam attenuation were adjusted to deliver a total radiation dose be-
tween 5 and 10 MGy per dataset (Table 2).

The unitial data reduction and integration was performed with the
automated pipeline xia2-DIALS [24,25]. Subsequent processing was
carried out within the CCP4 Cloud suite [26]: Molecular replacement
was conducted using PHASER [27] with curated versions of PDB entries:
4X2Q for ALDH1A2 and 5FHZ for ALDH1A3. Final refinement and
preparation of PDBx/mmCIF files for PDB deposition was carried out
with Phenix [28,29].

The initial model was refined through iterative cycles of manual
model building in Coot [30] alternating with refinement with the pro-
grams REFMACS [31], applying NCS restraints [32] for all chains in the
asymmetric unit. A randomly chosen 5 % subset of reflections were
excluded from the refinement of the structure and used for the Rfee
value.

In the final steps of refinement, water molecules were automatically
picked using ARP/WARP [33] and manually curated. The NAD *
molecule was manually modelled into the strongest positive density in
the F,-F. difference map. Final refinement statistics and crystallographic
parameters are summarised in Table 3.

2.5. Surface plasmon resonance

Surface plasmon resonance (SPR) experiments were conducted on a

Biochemical and Biophysical Research Communications 780 (2025) 152469

Table 2
Data collection statistics (numbers in parentheses refer to the highest resolution
shell).
ALDH1A2 ALDH1A3
Beamline 104 at Diamond Light Source
Energy, 13 keV, 0.9537 A
Wavelength
Data collection 100K
temperature
Detector Eiger2 XE 16 M
Rotation range per 0.1°
image
Total rotation per 360°
dataset
Total dose per 10 MGy
dataset
Space group P2, P2, 22;

Resolution limits
oy

Total reflections

Unique reflections

a=282.84,b=139.48,c =
85.17, 0 =y =90°, f = 93.93°
2.79-72.56 (2.79-2.54)

341961 (17132)
47510 (4715)

a=81.03,b=289.20,c =
158.61, a = p =y = 90°
2.01-79.33 (2.01-2.04)

77391 (50770)
72250 (4047)

Multiplicity 7.1(7.3) 13.6 (12.5)
Completeness (%) 100.0 (98.2) 100.0 (99.8)
mean(I/sigma(l))* 5.40 (0.6) 6.1 (0.4)
CC(1/2)* 1.0 (0.3) 1.0 (0.3)
Wilson B factor 57.97 25.69

A3

Table 3

Refinement and model statistics (numbers in parentheses refer to the highest

resolution shell).

ALDH1A2 ALDHI1A3
Refinement resolution (A) 2.80 2.5
Rwork (%) 21.20 18.10
Rfree (%) 28.52 23.23
Number of non-hydrogen atoms
Macromolecules 14710 7678
Ligands 0 6
Water 53 173
RMSD (bonds, A) 0.0090 0.0073
RMSD (angles, °) 1.036 1.777
Ramachandran plot (%)
favoured 92.7 95.9
allowed 6.8 3.8
outliers 0.6 0.3
Rotamer outliers (%) 5.5 1.0
Clash score 16.4 2.3
MolProbity score (percentile) 2.74 1.29
Average B-factor
macromolecules 69.40 35.33
Ligands (NAD ™) - 60.70
Ligands (others) - 44.24
solvent 56.17 42.26

Table 4

SPR assay results of the interactions between ALDH1A2/ALDH1A3 and NAD ™",
Sample Kq (M) Fit model
NAD'- ALDH1A2 16.8 Steady-state affinity
NAD' ALDH1A3 0.033 Steady-state affinity

Biacore T200 instrument (GE Healthcare) using a NTA sensor chip (see
Table 4). ALDH1As subfamily proteins were immobilised via their N-
terminal His-tags through nickel-affinity capture. The NTA surface was
activated with a 60-s injection of Ni?* solution at a flow rate of 10 pL/
min, resulting in a baseline response of about 40 response units (RU),
followed by a wash using 3 mM EDTA solution.

His-tagged ALDH1A2 and ALDH1A3 were prepared at concentra-
tions below 10 pM in running buffer to minimise rapid dissociation, and
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immobilised over the Ni2™-activated surface with 90 injections at a flow
rate of 10 pL/min. The running consisted of 5 mM Tris-HCI (pH 8), 150
mM NaCl, 0.5 mM TCEP, 0.05 % P20, 5 % DMSO, and water.

Steady-state binding experiments were performed by injecting NAD*
at various concentrations, prepared through serial seven-fold dilutions
of a 500 pM stock, with the lowest concentration being 3.12 pM. In-
jections were carried out at 30 pL/min and 20 °C. Binding affinities were
analysed using a 1:1 interaction steady-state binding model, and data
fitting was performed using BIAevaluation 1.0 software (GE
Healthcare).

3. Results and discussion

The optimised protocol described in the Materials and Methods
section enabled large-scale production of human ALDH1A2 and
ALDH1A3, yielding over 50 mg/L of culture with purity levels exceeding
95 %.

3.1. Rationale for ALDHIA2 crystallisation

The ALDH1A2 crystals described to date have been generated from
microlitre-size hanging drop experiments and involved the addition of
ligands or cofactors. However, the fully apo form of ALDH1A2 (i.e., free
from NAD " and substrates) has not yet been described. This represents a
significant gap in our understanding of the enzyme’s structural features
and poses a limitation for large-scale drug discovery campaigns against

Cc6 C10

Biochemical and Biophysical Research Communications 780 (2025) 152469

this isoform.

For such applications, it is essential to generate crystals in nanolitre-
scale droplets, as demonstrated in this study using SWISSCI MRC3 3-lens
plates in combination with a Mosquito liquid-handling robot (SPT
Labtech).

In the initial phase of our work, we screened 1440 crystallisation
conditions across various commercial precipitant screens. Needle-like
crystals were observed in multiple wells, exhibiting variability in size,
spatial distribution, and clustering. Fig. 1 shows representative images
of the crystallisation plate and resulting crystal morphologies. Detailed
conditions for crystals formation across the different screens are pro-
vided in Supplementary Fig. S2.

To rapidly identify optimal precipitant conditions and evaluate the
effects of buffer composition, pH, and specific salts, X-ray diffraction
screening was performed on the apo-enzymes. The most promising
crystals were obtained from the Morpheus screen, which consistently
yielded high-quality crystals in several wells. In all cases, needle-like
morphologies were observed, occasionally displaying crystal twinning
(gemination), which could be mitigated by isolating individual crystals
during harvesting.

The specific conditions that supported crystal formation are sum-
marised in Table S3 (Supplementary Materials). These results revealed a
strong preference for combinations of medium-molecular-weight poly-
ethylene glycols (PEGs) with lighter organic additives such as glycerol
and ethylene glycol. The highest-quality crystals were obtained under
the Morpheus C11 condition, where the presence of glycerol and PEG

B10

100 pm
<
\\\\
1 2 3 N0 4
A | |
A 4
T
D|
E
F
G|
H
1 2 3 4
A
B )
C
D
:
F
G
H
1 2 3 4 5 6 7 8 9 10 11 12 -
A
C B -
(|
D
E e —L--
P 1
G
H

Fig. 1. Schematic overview of ALDH1A2 crystallisation screening using a nanolitre drop setup. Coloured cells represent conditions that produced protein crystals;
increasing colour intensity corresponds to fewer but larger crystals. Insets show representative crystal formations from the most successful conditions in the following
screens: A) Morpheus, B) Wizard 3 + 4, and C) PGA. (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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4000 also provided effective cryoprotection, reducing the risk of damage
during handling.

Despite the isoelectric point of ALDH1A2 (pl = 6.17), crystals
consistently formed at pH values between 7.5 and 8.5, which we propose
as the optimal pH window for crystallisation. Additionally, the inclusion
of dithiothreitol (DTT) in the buffer was found to stabilise the catalytic
site and reduce protein aggregation.

Our most promising apo-ALDH1A2 crystals (Fig. 1A) appeared
within 48 h in two separate experiments using the same precipitant
formulation but different protein-to-precipitant ratios (1:1 and 1:0.5
respectively). These findings underscore the importance of fine-tuning
precipitant composition and properties to achieve successful crystal-
lisation. Moreover, given the complexity of the Morpheus screen, further
optimisation may be achieved by selectively modulating individual
components.

Crystals reached their maximum size (approximately 100 pm in the
longest direction) within one week and were harvested directly for
cryocooling in liquid nitrogen for X-ray diffraction experiments. The
highest resolution obtained from the apo-ALDH1A2 crystals was 2.8 A.
While this resolution is modest for large-scale drug discovery applica-
tions, it nonetheless represents a significant advancement, as it is the
first reported structure of ALDH1A2 in the complete absence of both
substrate and cofactor.

This structure complements the previously available NAD"-bound
ALDH1A2 structure (PDB: 4X2Q, 2.94 A resolution), offering new in-
sights into the unliganded conformation of the enzyme. Since ligand-
bound structures typically exhibit higher resolution than their apo
counterparts, we hypothesise that subtle active-site interactions may
contribute to stabilising the overall protein fold or modulating dynamics
critical for crystal packing.

The ability to generate crystals from nanolitre-scale droplets is
particularly valuable, as it enables rapid and efficient optimisation of
crystallisation conditions. This approach can facilitate improvements in
crystal morphology and size, leading to better-diffracting crystals while
requiring minimal proteins quantities and offering enhanced
reproducibility.

This approach allowed us to evaluate the effects of microseeding
[34], in which pre-formed microcrystals were introduced into fresh
drops. This method is a well-established procedure for controlling
nucleation and usually promotes the growth of more ordered crystals,
potentially yielding better diffracting samples, suitable for soaking or
co-crystallisation with small molecules.

Since many ligands are dissolved in solvents such as DMSO or DMF,
we also tested the direct addition of low concentrations of these solvents
to assess the tolerance of the crystals. This step is critical for determining
the suitability of the system for high-throughput drug-discovery cam-
paigns [35].

Biochemical and Biophysical Research Communications 780 (2025) 152469
3.2. ALDHI1AS3 crystallisation

During the crystallisation of ALDH1A3, we observed significant
variability in crystal formation across different drops. Notably, both the
choice of plate sealing method and the presence of cofactors had a
pronounced impact on crystal morphology (Fig. 2), and the overall
propensity for crystal growth.

The crystal form shown in Fig. 2B was particularly sensitive to subtle
changes in the sealing method adopted. These crystals were initially
observed when coverslips were kept in place using adhesive tape rather
than tightly sealed. Attempts to reproduce this morphology using con-
ventional sealing greases were unsuccessful. This suggests that complete
isolation of the crystallisation drops (such as that achieved with high-
vacuum grease) may inhibit crystal formation, whereas a less restric-
tive seal allows for reproducible growth of birefringent crystals within
one week.

Minor changes in the vapour diffusion process likely affect the
evaporation rate, making this a critical parameter when exploring the
crystallisation space. We found that a slight transpiration, as achieved
by loosely sealed coverslips (e.g., using only adhesive tape) enhances
crystal quality, we hypothesise that this effect results from a gradual
dehydration coupled with the vapour equilibrium, allowing the drop
crystallisation drops to reach a favourable crystallisation endpoint. This
condition led to a distinct crystal morphology, improved crystal packing,
and enhanced diffraction quality.

This form of controlled dehydration may also benefit the crystal-
lisation of other proteins, particularly when traditional vapour diffusion
methods fail to optimise crystal properties. However, because the system
is not fully sealed, it is essential to harvest crystals promptly to prevent
over-dehydration.

Similar evaporation effects may also be induced using semi-
permeable sealing techniques, such as mixtures of perspirant greases,
and could be adapted for use in microbatch or vapour-batch crystal-
lisation formats.

The different crystal morphologies displayed in Fig. 2 were obtained
using the same precipitant, both in the absence and in the presence of
the cofactor NAD ™. The needle-shaped crystals formed in the absence of
cofactors could be optimised to yield 200 pm-long rods (Fig. 2A) in 1 pL
+ 1 pL hanging drops. Unfortunately, despite their promising
morphology, all the crystals diffracted very weakly, possibly due to the
loose crystal packing, as none of the cryoprotectants tested improved the
diffraction properties.

The second morphology (Fig. 2B and C) was observed when NAD"
was pre-incubated with ALDH1A3 and co-crystallised with the protein.
In this case, we obtained either single rounded crystals resembling rice
grains (Fig. 2B) or clusters thereof (Fig. 2C). In all instances, their
maximum dimension was approximately 100 pm and presented a flat,
two-dimensional morphology upon harvesting. These crystals produced
high-quality X-ray diffraction data, with resolutions consistently in the
range of 2.0-2.5 A. As the reservoir solution in this condition contained

C

Fig. 2. Three images illustrating the various morphologies of ALDH1A3 crystals formed using the same precipitant: A) needle-shaped apo-ALDH1A3 crystals, B) rice
grain-shaped NAD"-bound ALDH1A3 crystals, and C) clustered rice grain-shaped NAD*-bound ALDH1A3 crystals.
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a significant amount of low-molecular-weight organic precipitant
(PEG400), no additional cryoprotection steps were needed prior to
harvesting.

The results highlight the importance of selecting the appropriate
crystal morphology to consistently achieve high-resolution diffraction
data.

Independently of the sealing methods, we unequivocally found that,
for ALDH1A3 as well, the presence of a cofactor favours the formation of
highly ordered crystals. This observation is supported by the literature in
which all crystal structures except for one (PDB 7QK7) contain a
cofactor in the binding site, helping to stabilise the protein structure.

As observed in other NAD*-binding proteins, including members of
the ALDH family, our electron density maps confirm the clear binding
mode for the adenosine part of the cofactor. As the nicotinamide portion
appears more flexible and less ordered, likely due to its rotational
freedom, we proposed a model reflecting the two possible in-
terpretations: while in monomer A we included all atoms of the cofactor,
in monomer B we removed 9 atoms corresponding to the nicotinamide
which was not identifiable within the electron density maps. In the first
case, the elevated B-factors within the nicotinamide region, compensate
for the uncertain position of the atoms, a feature commonly reported in
previous ALDH structures [8,36].

Although our dataset has a lower resolution than the equivalent
structure reported by Castellvi and coworkers [21], the positioning of
the adenine moiety is well supported by the electron density maps.
These are shown for the NAD'-binding region for both chains of the
asymmetric unit (Supplementary Fig. SS5A and S5B). The quality of these
maps is comparable to those derived from the reprocessed PDB entry
7QKS8 using PDB-REDO (Supplementary Fig. S5C and S5D). We attribute
this similarity to the high data redundancy in our ALDH1A3 structure
(multiplicity >13) and propose to overcome limitations in resolution by
increasing the reciprocal space sampling, eventually also by considering
multi-axis goniometry for data collection.

Importantly, our structure does not show significant deviations from
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ATP-bound ALDH1A3 structure available in the Protein Data Bank. This
consistency reinforces the notion that the adenosine-binding pocket is
well-defined and structurally conserved, while the flexibility of the
nicotinamide moiety likely reflects its dynamic role in catalysis.

Nonetheless, electron densities of good quality can be achieved, and
the active site is well defined also in the experimental conditions
described here. The crystallisation and data collection methods
described here have yielded consistently interpretable maps in the
presence of ligands from various families and can be extended to small
structure based drug discovery campaigns.

3.3. Effects of co-factor binding to ALDH1A2 and ALDH1A3

Our investigation into the structure-function relationships of NAD™
binding to ALDH1A2 and ALDH1A3 began with an SPR kinetic analysis
(Fig. 3), which revealed distinct differences in cofactor affinity between
the two isoforms. While both enzymes are capable of binding NAD",
ALDH1AS3 exhibits significantly higher affinity (Kq = 33 nM) compared
to ALDH1A2, (K4 = 16.8 uM). These findings suggest that NAD " not only
plays a central role in the ALDH1A3’s enzymatic activity but also con-
tributes substantially to its structural stabilisation.

To further explore the role of NAD" and gain insight into the
ALDH1A2 active site, we present the first structure of the enzyme in its
unliganded (apo) form. Unlike most ligand-bound ALDH structures in
the Protein Data Bank, the apo-ALDH1A2 crystallised in the monoclinic
space-group P2;, with four monomers in the asymmetric unit (Fig. 4).

A notable feature of our ALDH1A2 crystals is the weak electron
density observed in the loop spanning residues 475-497, consistent with
the previously unpublished NAD"-bound structure (PDB: 4X2Q).
Although this loop has been reported to interact with residues 162-166
of a neighbouring monomer, our SEC elution profiles show that apo-
ALDH1A2 adopts a tetrameric arrangement (Fig. S6), suggesting that
these loop-mediated contacts are not essential for oligomerisation. The
pronounced flexibility of loop 475-497 appears to be a unique feature of
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Fig. 3. SPR analysis of the dissociation constant (Ky) for the interaction between NAD" and ALDHI1A subtypes. A) Equilibrium binding response of ALDH1A2 to
NAD™, and B) its corresponding sensorgram (time-dependent response curve). C) and D) show the equivalent data for ALDH1AS.
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Fig. 4. Oligo-tetrameric structure of human ALDH1A2. A) Ribbon representation of the ALDH1A2 tetramer with individual subunits coloured (yellow: chain A,
green: chain B, magenta: chain C, blue: chain D). N-terminal tails extend outward, while C-termini are buried within the tetramer core. B) The interactions between
the loop region (residues 475-497, in black) and the surrounding structure as presented in the structures in which the loop is stabilised. C) Structural overlay of
dimeric ALDH1A3 (PDB: 7QK9, green) and its symmetry mate (grey) with tetrameric ALDH1A2 (PDB: 6ALJ, magenta). (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

ALDH1A2 and may present an opportunity for designing isoform-
specific ligands that extend into this otherwise inaccessible region,
which is more rigid in other ALDH isoforms. Notably, the highest-
resolution structures of ALDH1A2 reported to date by Chen and col-
leagues have all been determined in the presence of ligands that interact
with the flexible loop, stabilising it in a well-defined conformation [18].

Instead, the broader C-terminal region (residues 468-512) forms
extensive interactions with the corresponding region of an adjacent
monomer. Additional inter-subunit contacts are formed between o-he-
lices spanning residues 266-278 (Fig. 4B).

The overall fold of ALDH1A2 remains largely unchanged in the
absence of its co-factor. However, monoclinic crystals (space-group P2;)
consistently produced better diffraction quality than their orthorhombic
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crystallisation of ALDH1A2 in this optimal form using nanolitre-scale
drops represents a significant advancement, enabling large-scale
ligand-binding studies targeting this enzyme.

Importantly, the conformation of the flexible loop region (residues
475-497) does not interfere with tetramer formation. This opens the
possibility of co-crystallisation or soaking experiments with ligands or
fragments that target either of the loop’s conformational states.

Since apo crystals often exhibit poor diffraction, we recommend pre-
incubating the protein with cofactors such as NAD" or weaker,
displaceable analogues prior to crystallisation. This strategy can stabi-
lise the active site and promote improved crystal packing, particularly
beneficial for soaking experiments aimed at the co-factor binding site.

5 8

LPSPTPNLEIKYTKIFINNEWONSESGRVFPVYNPATGEQVCEVQEADKADIDKAVQAARLAFSLGSVWRRMDASERGRL

L okkgk Kk akkk gk Kk Kakkkkgkkgakk kK kkkgkk kKKK

-------- EVKFTKIFINNEWHESKSGKKFATCNPSTREQICEVEEGDKPDVDKAVEAAQVAFQRGSPWRRLDALSRGRL

s 3
w0
<

s

LDKLADLVERDRAVLATME SLNGGKPFLQAFY¥VDLOGVIKIFRYYAGWADKIHGMTIPVDGDYFTFTRHEPIGVCGQIIP

KKKk g kk g akok(alk Ktk ok kg kkkk KKKk KAk ks

LHQLADLVERDRATLAALETMDTGKPFLHAFEFIDLEGCIRTLRYFAGWADKIQGKTIPTDDNVVCFTRHEPIGVCGAITP

kokkhkkhkkkkhk Kk k

@
1]

WNFPLLMFAWKIAPALCCGNTVVIKPAEQTPLSALYMGALIKEAGFPPGVINILPGYGPTAGAAIASHIGIDKIAFTGST

R R T R Rt s

WNFPLLMLVWKLAPALCCGNTMVLKPAEQTPLTALYLGSLIKEAGFPPGVVNIVPGFGPTVGAAISSHPQINKIAFTGST

® ~ (<]

8 8 8

EVGKLIQEAAGRSNLKRVTLELGGKSPNIIFADADLDY¥AVEQAHQGVFFNQGQCCTAGSRIFVEESIYEEFVRRSVERAK

dkd ko |k k k| Kok ko k Rk kR R Rk ok Kk s KK KK | p ok kkkkkkkk Kk

EVGKLVKEAASRSNLKRVTLELGGKNPCIVCADADLDEAVECAHQGVFFNQGQCCTAASRVFVEEQVYSEFVRRSVEYAK

-

R8 g & g

RRVVGSPFDPTTEQGPQIDKKQYNKILELIQSGVAEGAKLECGGKGLGRKGFFIEPTVFSNVTDDMRIAKEEIFGPVQET

ke kkakhkkhkkakhk s hhhhhhhhhhhhh *

KRPVGDPFDVKTEQGPQIDQKQFDKILELIESGKKEGAKLECGGSAMEDKGLFIKPTVFSEVTDNMRIAKEEIFGPVQPI

3 g
3 3

LRFKTMDEVIERANNSDFGLVAAVFTNDINKALTVSSAMOAGTVWINCYNALNAQSPFGGFKMSGNGREMGEFGLREYSE

skk s kKkKkkhkkK Kk KkakkKAKKKKKKKKK _kk o K KKk

LKFKSIEEVIKRANSTDYGLTAAVFTKNLDKALKLASALESGTVWINCYNALYAQAPFGGFKMSGNGRELGEYALAEYTE

a8 w @
55 g

Fig. 5. Sequence alignment of human ALDH1A2 and ALDH1A3. Key surface residues involved in crystal packing are highlighted in orange, while catalytic site
residues are shown in green. The catalytic cysteine is indicated in yellow, and the flexible loop (absent in the apo-ALDH1A2 structure) is marked in bold. (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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3.4. Extending ALDH1A2 crystallisability to ALDHIA3

As previously discussed, the crystallisation of ALDH1A3 is highly
sensitive to experimental setup conditions, and to date, we have not yet
succeeded in generating crystals from nanolitre-scale drops. In contrast,
ALDH1A2 consistently yields crystals under these conditions. This
observation suggests two complementary strategies to extend high
throughput crystallisability to ALDH1A3.

The first strategy involves engineering ALDH1A2 to mimic the
substrate-binding characteristics of ALDH1A3. This approach could
enable the use of ALDH1A2 as a structural scaffold for ligand-binding
studies targeting ALDH1A3. Given the high degree of structural simi-
larity between the two isoforms particularly in the active site (Fig. 5) this
mutagenesis-based method could facilitate parallel structure-based drug
discovery campaigns. However, the flexible loop spanning residues
475-497 in ALDH1A2, which differs significantly from the more rigid,
‘locked’ conformation observed in ALDH1A3, must be considered. To
address this, a full loop transplant from ALDH1A3 into ALDH1A2 may
be necessary, although such a modification could unpredictably affect
the protein’s flexibility and crystallisation behaviour.

Specific mutations proposed to remodel the ALDH1A2 active site
include V132I, Q135E, K139R, and F137Y within one a-helix, and
Y297L and Q301C within another In the flexible loop region, N472Y,
S475A and M488L are likely to influence ligand binding and loop sta-
bility [37]. These mutations are showed in Fig. 6A.

The second strategy focuses on modifying surface-exposed residues
of ALDH1A3 to mimic those of ALDH1A2, with the goal of improving
crystal packing and contact formation. This surface residue borrowing”
approach is depicted in Fig. 6B. Key mutations in the N-terminal region
include H41Q, E42 N, K44E, K47R, and K48V. More Additional differ-
ences in the 373-400 region K373V, K374A, E387G, D388R, E400 N
may also contribute to improved crystallisability. Although V80L, Q83S,
and R84L are oriented internally within the ALDH1A3 tetramer, they
may still influence overall packing and should be considered.

Among the proposed mutations, those that alter surface charge or
target flexible residues, particularly lysines, are known to enhance
crystal packing. Furthermore, surface lysine methylation has been suc-
cessfully proven to improve crystallisation in other systems [38]. While
this technique is more challenging to standardise, it be valuable for
generating for generating high quality crystal seeds.

4. Conclusions

This study describes the first crystallographic structure of apo-
ALDH1AZ2, shedding new light on the future of drug discovery target-
ing this class of enzymes.

Biochemical and Biophysical Research Communications 780 (2025) 152469

We provide evidence that the crystallisation of this enzyme can be
streamlined using nanolitre-sized drops deposited by robotic equipment.
This approach is essential for enabling high-throughput crystallographic
screening of large compound libraries, including fragment-based drug
discovery strategies [35] or in situ data collection [39].

Based on our findings with ALDH1A2, we propose mutagenesis-
based strategies to generate mimics of the ALDH1A3 active site with
an enhanced propensity for crystallisation. This could pave the way to
the design of isoform-selective compounds aimed at treating a wide
range of pathologies.

PDB accession codes

The structures in this work have been deposited in the Protein Data
Bank with accession 9R3Z (for ALDH1A2) and 9QZE (for ALDH1A3).
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