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Abstract

CAD, the multi-enzymatic protein essential for initiating the de novo biosynthesis of pyrimidine nucleo-
tides, forms large hexamers whose structure and function are not fully understood. Defects in CAD cause
a severe neurometabolic disorder that is challenging to diagnose. We developed a cellular functional
assay to identify defective CAD variants, and in this study, we characterized five pathogenic missense
mutations in CAD’s dihydroorotase (DHO) and aspartate transcarbamoylase (ATC) domains. All muta-
tions impaired enzymatic activities, with two notably disrupting the formation of DHO dimers and ATC tri-
mers. Combining crystal structures and AlphaFold predictions, we modeled the hexameric CAD complex,
highlighting the central role of the DHO and ATC domains in its assembly. Our findings provide insight into
CAD’s stability, function, and organization, revealing that correct oligomerization of CAD into a
supramolecular complex is required for its function in nucleotide synthesis and that mutations affecting
this assembly are potentially pathogenic.

© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction but interpreting the impact of individual genomic
alterations poses significant challenges. Many

Genome-wide sequencing is critical for identifying genetic missense variants have uncertain effects
causal mutations in inherited metabolic diseases, and require functional assays and detailed

0022-2836/© 2024 The Author(s). Published by Elsevier Ltd.This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/). Journal of Molecular Biology 436 (2024) 168832


mailto:fdelcano@ibv.csic.es
mailto:sramon@ibv.csic.es
https://doi.org/10.1016/j.jmb.2024.168832
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jmb.2024.168832

F. Del Cario-Ochoa, L. Ramadane-Morchadi, L. Eixeres, et al.

Journal of Molecular Biology 436 (2024) 168832

characterization of the target proteins to assess
their clinical relevance and to understand the
dysfunction mechanisms of the “diseased protein”.

Recent studies have identified defects in CAD, a
multi-enzymatic  protein initiating de novo
pyrimidine nucleotide biosynthesis,' ™ as the cause
of an autosomal recessive neurometabolic disorder
(OMIM #616457) that manifests in newborns and
young children.*> The disease is characterized by
early-onset refractory epilepsy, developmental
delag, severe developmental regression, and ane-
mia.” The untreated disease is often fatal, but
patients show remarkable improvement with oral
supplements of uridine, which fuel pyrimidine
nucleotide synthesis via a CAD-independent sal-
vage pathway.” '® However, diagnosis is challeng-
ing due to symptoms overlapping with other
conditions, the absence of a biomarker, and the
observation of >2,400 missense CAD variants in
the general population (gnomAD  v4.0,
ENSG00000084774). Our limited understanding of
CAD complicates the prediction of whether a clinical
missense variant is pathogenic or benign.

CAD is a poorly understood protein of 2,225
amino acids, formed by the fusion of four
enzymatic domains, each catalyzing an initial step
in de novo pyrimidine synthesis (Figure 1A).'%23
This large protein further oligomerizes into hexam-
ers of ~1.5 MDa, nearly half the size of a ribo-
some.>'” Although the structure of the hexamer
has not been described, our group determined the
crystal structures of CAD'’s isolated dihydroorotase
(DHO) and aspartate transcarbamoylase (ATC)
domains, showing that they assemble into dimers
and trimers, respectively.'®?' Combined with muta-
genesis analysis, these findings support a model in
which CAD trimers, linked by the ATC domains, fur-
ther dimerize through the DHO domains, forming
hexamers or “dimer of trimers”.?>?° However, the
architecture and functional implications of this
mega-enzyme remain uncharacterized.

To overcome the challenges of evaluating the
pathogenicity of missense CAD variants, we
developed a functional assay using a CAD-
knockout (KO) human cell line that can only grow
in media supplemented with uridine.”* We tran-
siently transfect these cells with a CAD cDNA con-
taining the specific patient variant and monitor
proliferation over a week in uridine-free conditions.
This method identifies mutations that disrupt CAD
activity and impede proliferation, indicating
pathogenicity, while normal cell growth suggests
that the variant is likely benign. In previous studies,
we used this proliferation assay to identify for the
first time or confirm the pathogenicity of 34 mis-
sense variants, helping diagnose CAD-deficient
patients worldwide.***°

At the same time, identifying pathogenic
mutations serves as a key to unlocking our
understanding of CAD, as they point to crucial
elements for the protein’s stability, function, and

organization. Intriguingly, the largest number of
deleterious changes (35%) accumulated within
CAD’s DHO domain, representing only a small
portion (1/6) of the entire protein. Thus, we
produced and characterized eight DHO
pathogenic variants to study the importance of this
domain in CAD function. All mutations except for
one were shown to impede substrate binding or
decrease protein stabilityzs. One mutation,
R1785C, was proposed to possibly alter interac-
tions with the CPS-2 domain given the short three-
residue linker between the two domains.

In this study, we further interrogate the
functioning of CAD by studying five confirmed
pathogenic mutations: three in the DHO domain
and two in the ATC domain (Figure 1A).%° Our find-
ings reveal that although all mutations have a detri-
mental effect on enzymatic activity, two of them
strongly impair the formation of the DHO dimers
and ATC trimers. Combining AlphaFold predictions
with crystal structure information, we constructed a
model of the CAD hexamer that highlights the cen-
tral role of the DHO and ATC in the architecture of
the particle. This study marks the discovery of
pathogenic changes that affect CAD oligomeriza-
tion, underscoring the critical role of assembling into
a functional supramolecular complex for the proper
function in the nucleotide synthesis pathway.

Materials and Methods

Protein production

The cDNA encoding the human DHO domain (aa
1,456—1,846) or the ATC domain (aa 1,917-2,225)
in mutated CAD constructs was PCR amplified and
inserted into pOPIN-M (Oxford Protein Production
Facility) by IVA cloning.”® DHO wild-type (WT)
and mutants were expressed in HEK293 cells and
purified as described.'®'9?” Briefly, HEK293S-
GnTI cells in suspension were transiently trans-
fected using polyethylenimine, grown for 2 days
and frozen at —80 °C until purification. Cells were
lysed in buffer A (20 mM Tris—HCI, pH 8, 0.5 M
NaCl, 10 mM imidazole, 5% glycerol, and 2 mM B-
mercaptoethanol) with 2 mM phenylmethanesul-
fonyl fluoride using a Dounce homogenizer and
brief sonication. Following clarification by centrifu-
gation, the protein was purified using a HisTrap
FF column (Cytiva) and dialyzed against buffer A
containing 30 mM imidazole and treated with
GST-tagged PreScission protease to cleave the
N-terminal Hiss-MBP tag. The sample was reloaded
onto a HisTrap column connected to a GSTrap FF
column (Cytiva) that retained non-cleaved protein,
His6-MBP tag, and protease. The DHO in the col-
umn flowthrough was concentrated by ultrafiltration
and purified by size exclusion chromatography
(SEC) on Superdex 200 10/300 GL or HiLoad
Superdex 200 pg columns (Cytiva) equilibrated in
buffer GF (20 mM Tris, pH 8, 0.15 M NaCl, 20 uM
ZnS04, and 0.2 mM TCEP). The final sample was
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Figure 1. Pathogenic variants in CAD’s ATC domain. A. Scheme of CAD protein with the four enzymatic
domains represented by boxes. Pathogenic variants in the DHO and ATC domains are indicated in magenta.
B. Surface representation of CAD’s ATC homotrimer with each subunit in a different color. The CP-loop is
represented in orange cartoon, and PALA as spheres. C. Detail of PALA binding in the active site and the mutated
P2186 depicted in magenta. Dashed lines represent electrostatic interactions. D. Detail of the intersubunit interactions
between the mutated residue R1986 and the neighboring subunit. E. SEC elution of ATC mutants P2186S and
R1986Q indicate the formation of trimers and monomers, respectively. F. SEC-MALS analysis shows that PALA
binding favors the assembly of R1986Q into trimers (98.4 + 0.4 kDa), while the apo protein elutes as a monomer
(89.5 £ 0.7 kDa). G. Enzymatic activity of WT and ATC mutants shown in scattered plot with three independent
measurements. Error bars indicate standard deviation. Activity units (U) are nmol of carbamoyl aspartate per min.

concentrated as before and quantified by Bradford.
Protein purification was monitored by SDS-PAGE.
The production of mutants DHO-W1581R and
DHO-H1687R was repeated twice in parallel with
WT, consistently yielding lower amounts compared
to WT and other DHO mutants.

ATC WT and mutants were expressed in bacteria
and purified as previously reported,”® with mutant
yields comparable to WT.

Enzymatic assays

DHO catag/zes a reversible reaction that is pH-
dependent.”® Enzymatic activity was assayed spec-
trophotometrically following the production of dihy-

droorotate by absorbance at 230 nm at the
favorable acidic pH and at 25 °C."® Reactions were
carried out in a final volume of 100 pl containing
50 mM sodium phosphate pH 5.7, 150 mM NaCl,
20 uM ZnSQy, 0.1 mg-ml‘1 of bovine serum albu-
min (BSA; Sigma), and 5 mM carbamoyl aspartate
(Ca-Asp; Sigma). Protein concentrations were
0.25 uM for the WT and were increased to 2.5—
3 uM for the mutants. The reaction was triggered
by adding Ca-Asp to a mix with the enzyme pre-
incubated for 5 min at 25 °C.

ATC activity was assayed by a colorimetric
method that quantifies the production of Ca-
Asp.?°2° Reactions were carried out in 50 mM
Tris-acetate pH 8.3 and 0.1 mg-ml~' BSA in a final
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volume of 100 pl. Protein was pre-incubated with
aspartate for 10 min by floating the tube in a water
bath at 25 °C. The reaction was triggered by adding
5 mM carbamoyl phosphate (Sigma) and stopped at
different times with 250 pl of color mix solution. The
samples were boiled at 95 °C for 15 min and kept in
the dark for 30 min before measuring the absor-
bance at 450 nm. Data analysis was performed with
GraphPad Prism.

Differential scanning fluorimetry (DSF)

Protein stability was measured in triplicates by
differential scanning fluorometry®® using a CFX
Opus 96 Real-Time PCR System (BioRad) in a
96-well reaction plate with 20 ul sample, containing
5 puM protein in GF buffer (20 mM Tris-HCI pH 7,
0.15 M NaCl and 2 mM DTT), 20x SYPRO Orange
(Invitrogen) with or without 2 mM 5-fluoroorotate
(FOA; Sigma). Fluorescence changes were moni-
tored every 1 °C in a temperature ramp from 20 to
95 °C using the extrinsic fluorescence of SYPRO
Orange (/lexcitation = 465 nM, Jemission = 580 nm)-
Curves were normalized, and the melting tempera-
ture (T,,) was determined as the midpoint of the
unfolding transition. Data were analyzed with
GraphPad.

Crystallization and structure determination

Crystals of the mutated DHO alone or in the
presence of 4 mM of Ca-Asp were obtained as
reported.'® 92" Optimal crystallization conditions
consisted of 2—3 mg-mI*1 of protein in GF buffer,
2-3 M sodium formate, and 0.1 M HEPES pH
6.5—7.5 as the mother liquor. Crystals were cryopro-
tected with 20% glycerol and flash-frozen. X-ray
diffraction datasets were collected at XALOC
(ALBA, Barcelona) and ID23-2 (ESRF, Grenoble).
Data processing and scaling were performed auto-
matically with autoPROC.®"*? Crystallographic
phases were obtained by molecular replacement
with PHASER®® and the WT DHO structure (PDB
4C6C and 4C6J) as the search model. Protein mod-
els were traced with COOT** and refined with
PHENIX®* or Refmac5.%%’

SEC coupled to multi-angle light scattering
(SEC-MALS) analysis

400 pl of purified protein at 2 mg-ml~" was
fractionated on a Superdex 200 10/300 column
(Cytiva) equilibrated in GF buffer, using an AKTA
purifier (Cytiva). The eluted samples were
characterized by in-line measurement of the
refractive index and multi-angle light scattering
using Optilab T-rEX and DAWN 8+ instruments,
respectively (Wyatt Technologg/). Data were
analyzed with ASTRA 6 software” and plotted with
GraphPad.

In silico prediction of pathogenicity

Pathogenicity prediction was performed with
AlphaMissense®® and FoldX.*° AlphaMissense
scores and pathogenicity predictions were retrieved
from  https://github.com/google-deepmind/alpha-
missense. FoldX 5.0 was run locally using default
settings, and the models of the crystallographic
DHO (PDB 4C6C; 1.45 A resolution) and ATC
(PDB 5G10; 2.1 A resolution). Before performing
calculations, the ‘RepairPDB’ command was used
to fix the structures. Individual mutations were intro-
duced using the ‘BuildModel’ command. Calcula-
tions were performed in 5 consecutive runs, and
AAG values were extracted from the FoldX output
files. A value of 1.5 kcal-mol~"! was set as the stabil-
ity change threshold, as previously suggested in
other studies assessing the impact of missense
mutations.*"*?

Molecular dynamics

Molecular dynamic (MD) simulations were
performed for the DHO dimer using GROMACS
2023 software.*> The DHO WT (PDB ID 4C6l)
and S1538L crystal structures were used as input
for the solution builder module in CHARMM-
GUI**  (https://www.charmm-gui.org) and the
CHARMM36m** force field was adopted. The sys-
tem was prepared using the structures without
ligands and the flexible loop in the closed confor-
mation, and the non-standard carboxylated lysine
residue (K1556) was parameterized with the
CHARMM36 force field.*® Zinc ions were not
included in the system due to the complex param-
eterization of the catalytic center of the protein.
The system pH was set to 7, and TIP3 water
was added to the simulation in a rectangular
box. Potassium and chloride counter-ions in a
0.15 M concentration were added to neutralize
the solvated system. The Particle Mesh Ewald
(PME)*” was used to treat long-range electrostatic
interactions, while a 12 A cutoff scheme was used
for van der Waals interactions. Simulations were
performed at 310.15 K and 1 bar in an NPT
ensemble. Two replicates of 500 ns were run for
the WT and mutant dimers, and the trajectories
were analyzed individually for each subunit using
GROMACS analysis tools. Principal components
analysis (PCA) was performed on the backbone
atoms to reduce dimensionality and explore pro-
tein flexibility along the trajectory. The analysis
was performed on single trajectories that concate-
nated the simulations of the dimer subunits in the
two replicas fitted to the reference structure. The
covariance matrix and PCA projection for the
two first eigenvectors were computed with GRO-
MACS analysis tools. Matplotlib®® was used for
PCA plot representation, Pymol (https:/pymol.
org/) and ChimeraX*’ for visual structural analysis,
and GraphPad for other graphical representations.
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Figure 2. Pathogenic variants in CAD’s DHO domain. A. Cartoon representation of the DHO dimer, with
substrate Ca-Asp and Zn?* cations depicted as spheres. The positions of pathogenic variants are indicated with
magenta spheres. B. Surface representation of the DHO active site with bound Ca-Asp and the flexible loop in closed
(orange) and open (yellow) conformations. Loop-3 is shown in green, with the side chain of S1538 in magenta.
Dashed lines indicate electrostatic interactions. C, D. Detail views of the mutated residues (in magenta) and
surrounding elements. E. SDS-PAGE of purified recombinant DHO mutants. F. Enzymatic activity of WT and DHO
mutants shown in a scattered plot with three independent measurements. Error bars indicate standard deviation.

Activity units (U) are nmol of dihydroorotate per min.
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Figure 3. Oligomerization and stability of DHO mutants. A. SEC analysis of purified DHO proteins. Column
calibration with proteins of known molecular weight: ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and
carbonic anhydrase (29 kDa). B. Denaturing curves in the absence (apo) and presence of fluoroorotate (FOA)
measured by scanning fluorimetry. Midpoint temperatures (T,,,) are indicated.

Results

Characterization of pathogenic variants in
CAD’s ATC domain

The cell proliferation assay identified two
pathogenic changes, R1986Q and P2186S, within
CAD’s ATC domain (Figure 1A).** This domain
self-assembles into a homotrimer with one active
site per subunit (Figure 1B).?° Each active site con-
tains binding sites for the substrates carbamoyl
phosphate (CP) and aspartate and is comple-
mented with a CP-loop from the adjacent subunit
that positions CP for nucleophilic attack and stabi-
lizes the transition state. Mutation P2186S affects
an invariant residue within the active site that intro-
duces a kink in the polypeptide chain and contacts
the side chains of three also invariant residues —
S2000, K2003 and E2005— in the CP-loop of the
adjacent subunit (Figure 1C and Supplementary
Figure 1). A substituting Ser at this position was pre-
dicted to distort the active site and hinder the
approach of the CP-loop. On the other hand, resi-

due R1986, located ~20 A away from the active site
and on the opposite face of the trimer, forms an
intersubunit salt bridge with D2019 (Figure 1D).
Both residues are highly conserved (Supplemen-
tary Figure 1); thus, mutation R1986Q was antici-
pated to disrupt the conserved interaction and
destabilize the trimer.

To characterize the molecular alterations of these
variants, we produced the ATC domain bearing the
point mutations R1986Q and P2186S. The
recombinant proteins were produced at a similar
yield and purity as the wild-type (WT) protein,
suggesting that the mutations did not have a
noticeable effect on protein folding and stability.
Size exclusion chromatography (SEC) analysis
showed that ATC-P2186S eluted at the expected
position for a homotrimer (molecular weight
105 kDa), whereas ATC-R1986Q behaved as a
monomer (35 KDa) (Figure 1E). Using SEC
coupled with multiangle light scattering (MALS)
analysis, we observed that adding PALA
(phosphonacetyl-L-aspartate), an inhibitor that
mimics the transition state of the reaction,®
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Table 1 Data collection and refinement statistics. Values for the highest resolution shell are shown in parentheses.

S1538L+Ca-Asp S1538A+Ca-Asp S1538A apo
PDB deposition 1D 9FS1 9FS2 9FS3
Data collection
Wavelength 0.87313 0.97926 0.97926

Resolution range (A)

Space group

Unit cell parameters

a, b, c (A)

o, B, v (°)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor
R-pim

CCyp2
Refinement
Reflections used

73.08-1.21 (1.26-1.21)

C222,

82.3, 158.7, 61.9
90, 90, 90
781,132 (24,483)
119,378 (5,546)
6.4 (6.7)

99.2 (91.5)

20.4 (0.8)

13.1

0.049 (1.048)
0.992 (0.882)

119,320 (9,691)

47.22-1.12 (1.16-1.12)

C222,

82.1, 158.6, 61.9
90, 90, 90
303,746 (27,639)
153,846 (13,868)
6.5 (6.1)

98.8 (91.1)

7.5 (0.8)

11.0

0.051 (0.963)
0.998 (0.410)

152,046 (13,864)

44.43-1.18 (1.22-1.18)

C222,

82.1, 158.5, 61.8
90, 90, 90
671,722 (63,734)
130,558 (12,435)
5.1 (5.0)

98.2 (95.0)

8.0 (0.9)

1.7

0.044 (0.762)
0.998 (0.433)

129,893 (12,431)

R-factor/R-free 0.12/0.15
Number of atoms 3,284
Macromolecules 2,837
Ligands 32
Solvent 425
Protein residues 362
RMS (bonds) (A) 0.011
RMS (angles) (°) 1.24
Ramachandran favored (%) 95.8
Ramachandran allowed (%) 3.6
Ramachandran outliers (%) 0.6
Rotamer outliers (%) 0.7
Average B-factor 19.21
Macromolecules 17.12
Ligands 14.85
Solvent 33.42

0.14/0.17 0.15/0.17
3,526 3,360
2,962 2,881
93 63
504 441
362 362
0.014 0.009
1.32 1.15
95.5 95.8
3.7 3.4
0.8 0.8
0.9 0.0
16.65 16.48
14.34 14.62
23.92 25.08
29.35 27.92

prompted the re-assembly of ATC-R1986Q into tri-
mers. This result suggested that the multiple elec-
trostatic interactions with PALA glued the CP-loop
and active site elements from adjacent subunits
and compensated for the missing salt bridge (Fig-
ure 1C, F).

Since active sites form at subunit interfaces, ATC
must trimerize to be active. Thus, the
oligomerization defect of ATC-R1986Q explains its
near-zero enzymatic activity (Figure 1G). Notably,
its residual activity was even lower than ATC-
P2186S, which directly impairs substrate binding
and catalysis by altering an invariant residue at
the active site.

Characterization of pathogenic variants in
CAD’s DHO domain

The cell proliferation assay identified three
pathogenic mutations that affected conserved
residues in the DHO domain: S1538L, W1581R,
and H1687R (Figure 1A and Supplementary
Figure 2).?° This domain forms a homodimer, with

each subunit folding in an (o/p)g-barrel with an adja-
cent B-stranded region opposite the dimerization
interface and a long C-terminal extension (Fig-
ure 2A)."®2® The active site, formed by the loops
connecting the carboxy end of the B-barrel with
the surrounding a-helices, contains three Zn?*
cations and a flexible loop that closes over the sub-
strate carbamoyl aspartate (Ca-Asp) and opens for
dihydroorotate product release (Figure 2A, B). A
preliminary structural analysis suggested that
S1538L would disrupt the formation of hydrogen
bonds in the loop bearing the mutation (loop-3),
which is adjacent to the catalytic flexible loop (Fig-
ure 2B). On the other hand, W1581R replaces the
Trp at the C-end of a dimerization helix with a pos-
itively charged side chain that would be in an unfa-
vorable hydrophobic environment and cause
severe steric clashes (Figure 2C), whereas
H1687R introduces a bulky side chain next to a
Zn-coordinating Asp (D1686), likely causing steric
clashes and distortion of the active site (Figure 2D).
The pathogenicity of the variants was correctly pre-
dicted by FoldX, with scores being two-fold higher
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Figure 4. Structure of DHO S1538L mutant. A. Ribbon superposition of DHO WT and S1538L subunits. B.
Superposition of the DHO WT (side chain carbon atoms in yellow) and mutant S1538L (pink) active sites. Dashed
lines represent electrostatic interactions. C. Detail of mutant S1538L crystal structure with the flexible loop depicted in
orange and the mutated Leu in magenta. The 2F ns-Fcic €lectron density map is shown as a blue mesh contoured at
1.0 . D. Close contact between the mutated Leu and residue E1565 in the flexible loop. Atom radii are represented
as dot clouds. E. Model of the clash between the mutated Leu and the flexible loop in the open conformation.

for W1581R and H1687R compared to S1538L,
whereas AlphaMissense considered S1538L as
benign (Supplementary Table 1).

To characterize the molecular alterations of these
variants, we produced isolated DHO domains with
the point mutations (Figure 2E). DHO-S1538L was
expressed and purified at yields comparable to
DHO-WT. In contrast, mutants DHO-W1581R and
DHO-H1687R consistently showed ~20-fold lower
yields despite repeated attempts, indicating that
these mutations negatively impact protein
production.

All three mutated DHO domains showed impaired
enzymatic activity (Figure 2F). The residual activity
of DHO-S1538L (v = 0.1 U-mg™") was ~40-fold
lower than DHO-WT (v = 4.2 U-mg~ '), whereas
DHO-W1581R and DHO-H1687R exhibited no
activity despite testing protein concentrations 10-
fold higher.

Analysis of the oligomeric state by SEC showed
that similar to DHO-WT, DHO-H1687R eluted as a
single peak at the position expected for a

homodimer (Figure 3A). In turn, DHO-S1538L and
DHO-W1581R eluted in two peaks, corresponding
to a different proportion of dimers and monomers.
Mutant DHO-W1581R behaved mostly as a dimer
with a 30% monomer fraction, whereas DHO-
S1538L was mostly dissociated (80%) (Figure 3A).

We compared the stability of the proteins by
differential scanning fluorimetry (DSF) in the
absence and presence of fluoroorotic acid (FOA),
a competitive inhibitor that mimics the binding of
dihydroorotate to the active site.'® The DHO-WT
denaturation curves showed a midpoint tempera-
ture (Tm) of 65 °C and an increment of 13 °C upon
binding to FOA (Figure 3B). In turn, the mutants had
compromised stability, with Tm’s falling within the
range of 42—45 °C and no increase in stability in
the presence of FOA.

In summary, these results indicated that reduced
stability, compromised substrate binding and
impaired enzymatic activity may contribute to the
pathogenicity of the mutations in the DHO domain.
Notably, two mutations, S1538L and W1581R,
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Figure 5. Characterization of DHO S1538A mutant. A. SEC analysis of purified mutant S1538A (black trace)
shows the formation of dimers. In the presence of 2 mM Ca-Asp, the mutant S1538L (gray trace) continues as a
monomer. B. Activity assay of mutant S1538A. C. Thermal stability assay of mutant S1538A in the absence and
presence of 2 mM FOA. D. Detail of mutant S1538A crystal structure. The 2F ,,s-F ¢4 €lectron density map, shown as
a blue mesh contoured at 1.0 o, indicates a mixed population of molecules with the flexible loop in closed (orange)
and open (yellow) conformations. E. Close contact between the substituting Ala and the flexible loop, with atom radii

represented as dot clouds.

also promoted the dissociation of the DHO dimer,
suggesting that this was a novel factor to consider
when evaluating the pathogenicity of CAD clinical
variants.

S1538L hinders the movement of the DHO
catalytic flexible loop

To better understand the impact of the pathogenic
mutations in the DHO domain, we sought to
determine their crystal structures. Mutants DHO-
W1581R and DHO-H1687R could not be
concentrated without significant protein losses and
did not crystallize in the conditions reported for
DHO-WT or after extensive screenings,
supporting the destabilizing effects of these
mutations. However, DHO-S1538L crystallized
using the established conditions for DHO-WT, and
the structure was determined at 1.5 A resolution
(Table 1).

DHO-S1538L only crystallized in the presence of
the substrate Ca-Asp. Although predominantly
monomeric in solution, the structure revealed a
homodimer with subunits indistinguishable from
DHO-WT (Figure 4A), suggesting that the higher
protein concentration and favorable packing in the
crystal lattice enhanced the formation of the
dimer. The high-resolution electron density maps
showed the Zn?* cations and residues in the
active site in virtually identical positions as DHO-
WT and a molecule of Ca-Asp interacting with the
flexible loop in the closed conformation
(Figure 4B). The substituting Leu exhibited well-
defined electron density and, in principle, did not
show any alterations that could explain the
impaired enzymatic activity (Figure 4C). However,
the Leu side chain would clash against E1565 if
the catalytic flexible loop adopted the open
conformation (Figure 4D, E). This observation
explained that the protein only crystallized in the
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closed state favored by the binding of Ca-Asp. We
hypothesized that in the absence of Ca-Asp, the
flexible loop could move away from the active site
to a position different from the canonical open
conformation that destabilized the subunit and
affected dimerization.

We also tested whether incubating mutant
S1538L with 2 mM Ca-Asp and adding the
substrate in the SEC column buffer favored the
formation of the dimer, but the protein eluted at
the expected position for a monomer (Figure 5A).
This suggested that the higher protein
concentration used for crystallization and the
growth of the crystal itself, which depends on the
packing of a dimer in the crystal lattice, favor
interdomain interactions that are otherwise too
weak to maintain the S1538L dimer in solution.

To demonstrate that the inactivation of the
enzyme is due to a steric clash between the
mutated Leu and the loop in the open
conformation, we substituted S1538 with Ala. The
isolated DHO domain bearing mutation S1538A
behaved as a homodimer in solution and exhibited
similar enzymatic activity as the WT and
comparable thermal stability (Figure 5A—C). The
structures of DHO-S1538A, free and in the
presence of Ca-Asp, were determined at 1.2 A
resolution (Table 1). As for DHO-WT, the
structures showed the flexible loop in alternate
open and closed conformations (Figure 5D), and
in agreement with the reversibility of the reaction,
the crystal grown with Ca-Asp showed an average
electron density corresponding to a mixture of
substrate and product in the active site
(Supplementary Figure 3). These results proved
that disrupting the electrostatic interactions of the
S1538 side chain within loop-3 had a minor impact
on the stability and activity of the protein and that
its substitution with alanine but not with leucine is
compatible with the canonical open conformation
of the flexible loop (Figures 4E and 5E).

Next, we compared the movement of the flexible
loop in DHO-WT and DHO-S1538L using
molecular dynamics (MD). Simulations for the
protein dimers started with the flexible loop in the
closed conformation and no substrate in the active

site. Over the 500 ns trajectories, DHO-S1538L
exhibited overall increased flexibility compared to
DHO-WT, particularly in the flexible loop, the loop-
3 bearing the point mutation, and the dimerization
helices (Figure 6A). Whereas in DHO-WT, the
flexible loop fluctuated between the known open
and closed conformations, in DHO-S1538L, the
loop moved from the closed state to distant
positions that were different from the canonical
open conformation. This was monitored by
measuring the distance between the Co atom of
F1563 at the tip of the flexible loop relative to its
position in the initially closed conformation
(Figure 6B). The increased flexibility of the mutant
was also apparent by comparing the positions of
the Ca atoms of residues F1563 and G1543, the
residue at the tip of loop-3, along the trajectories
(Figure 6C). Principal components analysis (PCA)
of the trajectories showed major conformations
changes along the first eigenvector (principal
component-1; PC1), corresponding to the
movements of the flexible loop, loop-3 and
adjacent dimerization helices (Figure 6D). The
larger variations along PC1 and PC2 indicated
that mutation S1538L favored new structural
states or increased the flexibility of the existing
ones compared to DHO-WT.

The simulated time allowed us to observe local
movements of the flexible loop and other protein
elements but was insufficient to capture their
impact on larger collective motions, such as dimer
dissociation, which likely requires microsecond-
scale simulations.”’ Overall, these findings sup-
ported that mutation S1538L inactivates the
enzyme by altering the movement of the catalytic
flexible loop and also increases the flexibility in this
loop, in loop-3 bearing the mutation, and in the adja-
cent helices, which may impair DHO dimerization.
However, the impact of impaired dimerization on
the activity of the full-length protein remained
unclear.

DHO dimerization is required for CAD activity

The effect of mutation S1538L was twofold, as it
impacted the movement of the flexible loop and

>

Figure 6. DHO molecular dynamics simulations. A. Backbone root mean square fluctuation (RMSF) for DHO
WT and mutant S1538L, showing increased flexibility in the mutant, mainly in loop-3 bearing the mutation, flexible
loop and first dimerization helix (a4). Lines are mean values, and shaded areas represent the standard deviation of
two independent simulations of the dimers. B. Variation of the distance in the position of the Ca atom or residue
F1563, at the tip of the flexible loop, relative to its initial closed conformation along the 500 ns trajectories. C.
Perpendicular views of the DHO model, with spheres indicating the dispersion in the positions of the Coa atoms of
residues G1543 and F1563 in the WT (cyan) and mutant S1538L (magenta) during simulations. D. Principal
component analysis (PCA) of the protein models along the MD trajectories (represented as dots). Higher populated
conformational states are indicated with a color gradient, with yellow being the most populated. The most populated
conformations of the WT (depicted in cyan) and mutant S1538L (magenta) proteins are shown in ribbon
representation and superposed with the initial closed state in the trajectory (in green).
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Figure 7. CAD is inactivated by impaired DHO oligomerization. A. Cartoon representation of the DHO
dimerization interface viewed from the other subunit in the dimer. The Ca atoms of the mutated residues are shown as
magenta spheres. M1601E is located in the middle of the central dimerization helix and impedes the oligomerization
by charge repulsion and steric clashes with the same residue in the other subunit. B,C. Growth complementation
assay of CAD-knockout cells grown without uridine and transfected with GFP-CAD WT (B) or bearing point mutations
(C). Each point represents the mean and standard deviation of two independent experiments, counted in duplicates.

dimerization. To investigate to what extent a defect
in DHO dimerization contributed to pathogenicity,
we turned to another mutation, M1601E, which we
previously designed to |dent|fy the DHO
dimerization interface (Figure 7A)."® Our prior study
showed that DHO-M1601E behaved as a monomer
in solution and had similar thermal stability as DHO-
WT. Interestmgly, DHO M1601E retained 50% of
the WT activity,'® suggesting that dimerization
could somehow affect the movement of the catalytic
flexible loop but was not essential for the DHO
enzymatic activity. However, the impact of mutation
M1601E within the full-length CAD protein had not
been tested.

We introduced mutation M1601E in the full-length
CAD construct and assessed its functionality in the
cell proliferation assay. Transfection of CAD-
M1601E failed to rescue the growth of CAD-KO
cells under uridine-free conditions, as seen for the
pathogenic variants, including S1538L (Figure 7B,
C). This result indicated that mutation M1601E
impairs CAD activity and, thus, the de novo
synthesis of pyrimidine nucleotides. In turn, CAD-
S1538A effectively recovered the growth
phenotype, confirming the neutral effect of this
mutation in both the isolated DHO domain and the
full-length protein (Figure 7C).

In summary, our finding with mutation M1601E
indicated that DHO dimerization is essential for
CAD function. Therefore, we also concluded that
the dimerization defect contributes to the
pathogenicity of the S1538L variant.

Predicted structure of CAD hexamers

The low stability of full-length human CAD protein
has thus far impeded its structural characterization
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through various methods, including cryo-electron
microscopy. Thus, we turned to the AlphaFold
(AF) artificial intelligence prediction program to
advance our understanding of the protein’s
architecture.”®> The available CAD model in
the AF database (https://alphafold.ebi.ac.uk/entry/
P27708) correctly predicts the structures of the
ATC and DHO domains and generates a reliable
GLN/CPS-2 heterodimer, closely resembling
E. coli CPS and human CPS-1 structures (Supple-
mentary Figure 4A).°*** The high value for the
pLDDT confidence measure (>90) indicated high
accuracy in the modeled domains but not for the
linkers (pLDDT < 50), particularly for the 96 aa con-
necting DHO and ATC. Thus, the model fails to pro-
vide a reliable orientation of the ATC domain, as
indicated by the predicted aligned error (PAE) cal-
culations, which we attributed to the low structural
complexity of the long linker to the rest of the protein
(Supplementary Figure 4A).

Nonetheless, the models obtained by running AF-
2 locally or using the AF-3 webserver consistently
predicted the interaction between ATC and the L2
and L3 domains of CPS-2 (Figure 8A and
Supplementary Figure 4B, C). The scores for the
template modeling (pTM > 0.83) and the interface
predicted template modeling (ipTM 0.76)
indicated a low error in the overall predicted fold
and in the relative positioning of the domains. The
result was consistent whether using the full-length
protein or the isolated enzymatic domains as
input. In this model, the orientation of the ATC
domain was compatible with its oligomerization as
a homotrimer observed by X-ray crystallography
(Figure 1C). By superimposing three copies of the
predicted CAD subunits with the crystal structure
of the ATC trimer, we constructed a model of a
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ATC trimer

ATC trimer

Figure 8. Model of CAD hexamer. A. Cartoon representation of the model generated by AlphaFold for the CAD
subunit, with each enzymatic domain depicted in a different color. B, C. Perpendicular views of the CAD trimer
obtained by superimposing three copies of the AlphaFold model on the crystal structure of the ATC trimer. D. Model of
the CAD hexamer generated by the superposition of two CAD trimers on the crystal structure of the DHO dimers.

CAD trimer that showed no steric clashes among
domains (Figure 8B, C). We obtained a similar
model among the top five solutions of AF-2 upon
modeling a CAD trimer. Within this trimer, the
three DHO domains were oriented on the same
side of the particle (Figure 8C), which was
compatible with the formation of the DHO
homodimers observed in the crystal structure
(Figure 2A). Based on the symmetry of the DHO
dimers, we positioned a second CAD trimer,
obtaining a hexameric particle (a dimer of trimers)
(Figure 8D and Supplementary movie). The
resulting model, obtained simply by applying the
known symmetries of the ATC and DHO domains
to the AF subunit solution, shows no clashes, and
only small adjustments in two DHO subunits
would be needed to match exactly the interactions
observed in the crystal structure. We find it highly
improbable that a hexameric particle could form
without significant steric clashes if the CAD
domains were oriented differently, which is an
indication to us that the model is likely correct.

Discussion

The assembly of CAD into a hexameric particle
has remained unresolved, but likely supports
concatenated enzymatic reactions, subunit
cooperativity,”> metabolite channeling,?*°>°° allos-
teric control,®> modulation by phosphorylation,>’°
and may also enable the formation of a “pyrimidi-
nosome” with other proteins in the nucleotide
biosynthetic pathway.®' While so far, the variants
in CAD-deficient patients have been shown to affect
protein stability or active site elements,?* this study
shows that mutations disrupting oligomerization are
pathogenic and that the assembly of
CAD into a mega-enzyme is essential for nucleotide
synthesis.

13

The importance of ATC oligomerization for CAD
assembly was first shown in vitro by D.
Davidson’s group.®®®® Based on the E. coli ATC
structure and sequence conservation, they proved
that disrupting the ion pair D2009-R2187 in ATC
caused hamster CAD to dissociate into monomers,
severely reducing activity, and that PALA or CP
binding restored oligomerization. Here, we demon-
strated a similar defect as the pathogenic mecha-
nism of variant R1986Q, found in homozygosis in
a patient and one deceased sibling.?* This mutation
disrupts the R1986-D2019 ion pair, leading to ATC
trimer dissociation and a residual activity that is
likely due to partial reassembly upon CP binding
(Figure 1E, G). PALA also compensates for the loss
of the ion pair and restores oligomerization (Fig-
ure 1F), indicating that R1986Q does not cause pro-
tein misfolding. Notably, this oligomerization defect
is as harmful as directly mutating an invariant resi-
due at the active site (Figure 1G). In the context of
the full-length protein, we previously showed that
CAD-R1986Q fails to rescue the growth of CAD-
KO cells without uridine,?* thus confirming that the
defect in ATC oligomerization blocks pyrimidine
nucleotide synthesis. Very likely, the variants
D2019A and D2019N, found at low allele frequency
in the population (107°~10"7,gnomAD v4.0), are
also pathogenic since they impair this conserved
ion pair but have not been found in CAD-deficient
patients yet.”®

The role of the DHO domain in CAD assembly
was less understood. The discovery that the
isolated human DHO domain forms a homodimer
was insightful but not entirely unexpected,'®'9:%*
given that bacterial homologs also form dimers,
although using different interacting interfaces.'®
We found that the human DHO dimer was virtually
identical to the pseudo-DHO domain in the CAD-
like protein from fungi.?® In these organisms, GLN,
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CPS-2 and ATC are fused into a CAD-like polypep-
tide with an inactive pseudo-DHO domain, while an
independent monofunctional protein carries out this
enzymatic activity.°> The structural similarity
between human DHO and fungal pseudo-DHO
homodimers suggested a key role in assembling
CAD into a “dimer of trimers” (a hexamer).>®> Now,
the characterization of pathogenic variants confirms
that DHO dimerization is essential for CAD function.

Two DHO variants, H1687R and W1581R, were
found in compound heterozygosity via post-
mortem exome sequencing in one patient and in
another unrelated patient from the same city who
improved with uridine treatment®® (Dr. P Sanchez-
Pintos, personal communication). Both mutations
affect the folding and stability of the DHO domain,
with reduced production yields, decreased thermal
stability, and no enzymatic activity (Figures 2E, F
and 3B). Additionally, W1581R caused partial dis-
sociation (Figure 3A) due to its position at one
dimerization helix (Figures 2C and 7A). Another
DHO variant, S1538L, was found alongside a splic-
ing variantin a 1-year-old patient who also improved
with uridine®® (Dr. J Kenny, personal communica-
tion). S1538L, though less destabilizing than the
previous mutations, inactivated the enzyme and
promoted dimer dissociation (Figures 2F and 3A).
The structure and MD simulations indicate that the
mutation of S1538 to Leu, but not to Ala, alters the
correct movement of the catalytic flexible loop (Fig-
ures 4C—E and 5D, E). This flexible loop acts as a lid
over the active site in both E. coliand human DHOs,
playing a crucial role in the reaction cycle: it closes
to bind and orient Ca-Asp, increases its elec-
trophilicity, excludes water, stabilizes the transition
state, and then opens to release dihydrooro-
tate.””°57 Only two distinct open and closed con-
formation states have been observed in various
human DHO structures.”” S1538L prevents the
canonical open conformation, forcing the catalytic
loop into more distant and flexible conformations
(Figure 6), and also increases the flexibility of
loop-3 and adjacent dimerization helices, explaining
the dimerization issues. Notably, we previously
observed that replacing the flexible loop of human
DHO with that of E. coli resulted in an inactive chi-
meric protein with impaired dimerization.?” Alto-
gether, these results suggest that changes in the
flexible loop’s movement can affect dimerization
and vice versa.

The dual impact of S1538L on enzymatic activity
and dimerization left unclear whether impaired
DHO  oligomerization  contributes to its
pathogenicity. To explore this, we examined the
non-clinical mutation M1601E, designed to confirm
the role of helices o4, o5 and o6 in DHO
dimerization (Figures 2A and 7A)."® M1601 is cen-
trally located in helix o5, and the large, negatively
charged Glu side chain would clash with the same
residue in the adjacent subunit, hindering dimeriza-
tion. Previously, we found that monomeric DHO-
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M1601E showed similar stability to DHO-WT but
had 50% reduced activity,'® which we now attribute
to increased flexibility in the dimerization helices
and indirect alterations in the flexible loop. Now,
using the CAD-KO proliferation assay, we demon-
strated that M1601E impairs full-length CAD
function (Figure 7B, C). Given that CPS-2 is the
rate-limiting step in CAD overall reaction (~30-fold
slower than DHO),*%? the 50% reduction in DHO
activity alone does not explain the effect of this
mutation. Instead, our data indicate that the
pathogenicity of M1601E arises from impaired
CAD oligomerization. Thus, we conclude that
DHO dimerization is essential for CAD assembly
and that mutations altering the DHO intersubunit
interface will be pathogenic.

CAD is a challenging protein, and despite many
efforts, including our own, X-ray crystallography
and cryo-EM have not succeeded in resolving its
structure. To our surprise, and in a mixture of joy
and dejection at the superiority of artificial
intelligence, AlphaFold helped generate a CAD
model that likely reflects the true architecture.
Although it requires experimental verification, the
model helps explain the pathogenicity of the
studied variants (Table 2). It reveals two layers of
ATC trimers surrounded by GLN/CPS-2
heterodimers connected by three central DHO
dimers (Figure 8). The GLN domains protrude,
while CPS-2 interacts only with ATC and DHO
within its subunit. The ATC and DHO active sites
face outwards, contrary to our previous hypothesis
of an internal reaction chamber.?® The exit of the
tunnel connecting the different active sites within
CPS-2 is near the ATC active site for release of
the unstable CP.>*** The gaps between the CPS-
2 domains are partially filled by the linkers connect-
ing DHO and ATC, and the phosphorylation of
S1859 in this linker is proposed to favor CAD
oligomerization.®® The model underscores the
importance of ATC and DHO oligomerization for
forming the CAD hexamer. In particular, DHO plays
(literally) a central role, explaining the accumulation
of pathogenic mutations in this domain and the
structural conservation of the inactive pseudo-
DHO domain in fungal CAD-like proteins. Thanks
to the finding and characterization of the pathogenic
variants R1986Q and S1538L, and of mutation
M1601E, we can conclude that CAD must assem-
ble into this large complex for proper cellular func-
tion. However, beyond forming intersubunit ATC
active sites, the purpose of this mega-enzyme
remains unclear and may relate to its integration
with other cellular components.

Given CAD'’s need to form a functional hexamer,
we questioned whether variants with impaired
oligomerization could disrupt normal protein
function, acting as dominant negatives. For
instance, the S1538L variant with impaired DHO
dimerization could still oligomerize with WT protein
via the ATC domain, “poisoning“ functional CAD
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Table 2 CAD pathogenic variants and predicted mechanism based on the structure.

Variant Predicted impact Refs.

GLN domain

M33R Met at interface with CPS-2; the larger and positively charged Arg side chain impairs interactions with  24,5,6
CPS-2 and blocks the channeling of ammonia.

G58S Gly in a sharp turn of a loop at the CPS-2 interface; Ser substitution causes steric clashes, disrupting 25
interactions with CPS-2.

R238C Arg side chain forms electrostatic interactions with solvent-exposed elements; Cys substitution 25
disrupts these stabilizing interactions.

G296E Gly at active site forms H-bond with substrate glutamine; Glu introduces steric clashes and charge 24
repulsion, distorting the active site and blocking substrate binding.

N320S Asn side chain forms H-bonds with elements near the active site; Ser disrupts H-bonds, impairing 24
substrate binding.

CPS-2 domain

P454R Pro side chain makes hydrophobic and Van der Waals contacts with adjacent elements; Arg’s larger 13
and positively charged side chain is in unfavorable environment and causes steric clashes.

G526R Gly favors a sharp turn not permitted for other residue types, including Arg. 24

R742Q Arg side chain at the active site; GIn substitution disrupts phosphorylation of carbamate. 24

P796T Unclear effect. Pro in solvent-exposed loop likely tolerates Thr substitution. 24

VI999M Val side chain involved in hydrophobic cluster; Met’s larger and more polar side chain causes steric 6,14
clashes in unfavorable environment.

R1033Q Arg forms a salt bridge with E1009 in an adjacent loop at the ATC interface; GIn substitution disrupts 24
this stabilizing interaction and alters ATC contacts.

P1171Q Pro in cys conformation in a sharp turn; Gin substitution causes steric clashes in a cluster of 24
hydrophobic residues.

G1290S Gly at contact point between secondary elements; Ser substitution introduces steric clashes. 13,24

DHO domain

R1475Q Arg side chain binds substrate carboxylate group at the active site; GIn hampers substrate binding 25

K1482M Lys side chain orients catalytic residues R1475 and H1690 in active site; Met substitution hampers 25

correct formation of active site.

S1538L Ser next to catalytic flexible loop; Leu substitution hinders normal movement of the catalytic loop and
indirectly disrupts DHO dimerization.
K1556T Carboxylation of Lys side chain coordinates two Zn?* ions at the active site; Thr substitution disrupts

active site formation.

W1581R Trp at C-end of dimerization helix; Arg substitution causes steric clashes and impairs hydrophobic
interactions.

R1617Q Arg side chain forms electrostatic interactions between adjacent structural elements; Gin substitution
disrupts these stabilizing interactions

H1687R Mutation introduces a bulky side chain next to Zn-coordinating D1686, causing steric clashes and
distortion of the active site

R1722W Arg forms electrostatic interactions between adjacent structural elements, including ion pair with
E1671; Trp disrupts these stabilizing interactions

R1785C Arg at interface with CPS-2; Cys substitution impairs interdomain contacts

R1785H Arg at interface with CPS-2; His substitution impairs interdomain contacts

R1789Q Arg side chain makes H-bonds and salt bridge with D1530; Gin substitution impedes these stabilizing
interactions, and affects the positions of the C-terminal extension.

R1810Q Arg anchors the DHO C-terminal extension to the globular domain through multiple H-bonds; Gin
substitution impairs these stabilizing interactions and the anchoring of the C-terminal extension.

ATC domain

E1954K Glu makes intersubunit salt bridge; Lys substitution impairs oligomerization

R1986Q Arg makes an intersubunit H-bonds and a salt bridge; Gin substitution favors the dissociation and
inactivation of the ATC catalytic trimer.

L1987V Leu is part of a hydrophobic cluster; a substituting Val is in a favorable environment, but reduces
contacts due to its smaller side chain.

R2024Q Arg side chain binds the substrate at the active site; GIn substitution impedes correct formation of

active site.

R2110L Solvent-exposed Arg forms electrostatic interactions with nearby structural elements; a substituting
Leu is in an unfavorable environment, and disrupts these stabilizing interactions.

E2128K Glu in solvent-exposed positio, forms electrostatic interactions with adjacent Arg residues; Lys
substitution disrupts these interactions and introduces charge repulsion.

P2186S Pro introduces a sharp turn that shapes the active site, and interacts with K2003 from adjacent

subunit; Ser substitution distorts the active site.

25, this paper
24
25, this paper
25
25, this paper
25
24

25
68

6,20
24, this work

24
4,20
24
24

24

15



F. Del Cario-Ochoa, L. Ramadane-Morchadi, L. Eixeres, et al.

Journal of Molecular Biology 436 (2024) 168832

A

B
|

ATC

souradaion

@ mutations

IMpa;
Raieq imerizag

hexamer

assemblyl

ATC trimer

ATC trimer

R1986Q 4@
3
o iR
J
wt / mut

é’

X

Figure 9. Assembly of CAD pathogenic variants. A. Proposed model for the assembly of CAD into a hexamer or
a “dimer of trimers”. B. Pathogenic mutations affecting oligomerization (red circles) could lead to protein degradation
or “poison” the formation of functional particles. C. Three scenarios for the oligomerization of WT and mutated ATC
and DHO domains. “+“ and “—” signs indicate the ion pair between R1986 (+) and D2019 (—).

complexes (Figure 9A, B). Similarly, R1986Q with
impaired ATC trimerization could oligomerize
through the DHO domain. However, parents
carrying an oligomerization-impaired CAD variant
in one allele did not manifest the disease,
indicating a recessive effect. This may be due to
reduced stability and degradation of pathogenic
variants or only subunits with intact DHO and ATC
being incorporated into complexes. Another
possibility is that mutations may weaken but not
completely prevent oligomerization with WT
(Figure 9C). In our in vitro assays, only mutant
proteins are present, as in R1986Q homozygotes
or S1538L haploinsufficient patients. However, in
heterozygosity (as in the parents), pathogenic
variants might still oligomerize with WT proteins,
forming imperfect but partially functional
complexes. For example, ATC-R1986Q might
form heterotrimers with WT because the mutant
retains residue D2019 to form an ion pair with
R1986 in the WT (Figure 9C). Similarly, a DHO-
S1538L could potentially dimerize with WT. For
either of these scenarios or others we may not
have considered, mutations S1538L and R1986Q
are recessive. However, we do not discard that
other oligomerization-defective variants could be
dominant. For instance, M1601E likely prevents
dimerization with  WT without destabilizing the
DHO domain,'® suggesting it could have a domi-
nant effect. Given the severity of the disease and

its early manifestation, such dominant variants
may appear de novo in heterozygosity with
unaffected CAD variants, complicating diagnosis.

In summary, identifying and characterizing
pathogenic  variants has  enriched  our
understanding of CAD, showing that
oligomerization into a hexameric complex is
essential for its function in nucleotide biosynthesis.
Defects in this assembly must be carefully
considered when assessing the pathogenicity of
new variants. We look forward to experimentally
confirming the predicted structure of this mega-
enzyme to further clarify its mechanisms and
related disease alterations.
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