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Abstract

CAD is a large, 2,225 amino acid multi-enzymatic protein required for de novo pyrimidine
biosynthesis. Pathological CAD variants cause a developmental and epileptic encephalopathy
which is highly responsive to uridine supplements. CAD deficiency is difficult to diagnose
because symptoms are nonspecific, there is no biomarker, and the protein has over 1,000 known
variants. To improve diagnosis, we assessed the pathogenicity of 20 unreported missense CAD
variants using a growth complementation assay that identified 11 pathogenic variants in 7 affected
individuals; they would benefit from uridine treatment. We also tested 9 variants previously
reported as pathogenic and confirmed the damaging effect of 7. However, we reclassified two
variants as likely benign based on our assay, which is consistent with their long-term follow-up
with uridine. We found that several computational methods are unreliable predictors of pathogenic
CAD variants, so we extended the functional assay results by studying the impact of pathogenic
variants at the protein level. We focused on CAD's dihydroorotase (DHO) domain because it
accumulates the largest density of damaging missense changes. The atomic-resolution structures
of 8 DHO pathogenic variants, combined with functional and molecular dynamics analyses,
provided a comprehensive structural and functional understanding of the activity, stability, and
oligomerization of CAD's DHO domain. Combining our functional and protein structural analysis
can help refine clinical diagnostic workflow for CAD variants in the genomics era.

Keywords

Developmental and epileptic encephalopathy; epilepsy; uridine; treatment; functional validation
assay; pyrimidine metabolism; variant of uncertain significance; inborn metabolic disease;
dihydroorotase; protein structure-function; X-ray crystallography; molecular dynamics

INTRODUCTION

Genome-wide sequencing is indispensable for diagnosing inborn metabolic disorders and
identifies millions of genetic variants.! However, the sequencing capacity is far greater
than our ability to interpret the significance of genetic variation, and the classification of
variants is a major task and a moving field.2 Computational methods are commonly used
to quantitate the potentially damaging effect of a variant on the gene product, but they are
less reliable in pathogenicity evaluation. Studies have shown that up to one-third of benign
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variations could be predicted as disease-causing and that even state-of-art /n sifico prediction
tools, which may disagree with each other, should not be used as standalone evidence to
infer variant pathogenicity.3# Alternatively, functional validation assays offer a powerful
and reliable way to assess the pathogenicity of genetic variants,® especially in poorly
characterized proteins that present significant challenges for computational predictors.
Regrettably, functional testing is not feasible for the majority of cases, not only due to

the lack of functional assay itself but also because of the lack of specialized laboratories to
perform them in a diagnostic context and often in the complete absence of funding from
health care systems for these “post-exome” confirmatory diagnostics. Therefore, acquiring
as much knowledge as possible about a protein's mechanisms and the effects of known
deleterious mutations can help assess whether a variant of uncertain clinical significance
(VUS) is connected to a health condition. In this context, the analysis of protein structures is
an excellent tool for understanding disease-associated mutations, but its potential to predict
deleterious effects needs to be fully exploited.

CAD deficiency (developmental and epileptic encephalopathy-50, OMIM #616457) is a
recently discovered autosomal recessive heurometabolic disorder characterized by early-
onset refractory epilepsy, developmental delay, severe developmental regression, and
normocytic anemia.8-8 The disease is caused by biallelic variants in CAD, encoding a
2,225 amino acid protein responsible for initiating the de novo synthesis of uridine 5-
monophosphate (UMP), the precursor of all pyrimidine nucleotides for DNA and RNA
synthesis, glycosylation, and other important cellular processes.® While the course of

the disease left untreated is often fatal, patients respond well to the oral supplement

of a uridine source (uridine, uridine monophosphate, uridine triacetate), which fuels
pyrimidine nucleotide requirements through CAD-independent salvage pathways. In some
treated patients, the improvement is striking, with a cessation of seizures and significant
improvement in the clinical phenotype, and even regaining of lost skills.6:8:10 However,

the diagnosis is difficult since there are neither distinctive biomarkers nor a distinctive
clinical phenotype, as the terms neurodevelopmental disorder and epilepsy are non-specific
and commonly seen in a broad range of other diseases. Furthermore, genetic testing is
challenged by ~1,000 CAD missense variants reported in the population.1! Predicting
whether a missense variant is pathogenic or benign is hampered by the complexity of the
protein and how little we know about its functioning. The protein CAD results from the
fusion of four enzymatic domains, glutamine amidotransferase (GLN), carbamoyl phosphate
synthetase (CPS-2), aspartate transcarbamylase (ATC), and dihydroorotase (DHO), each
catalyzing one of the initial sequential reactions for de novo UMP synthesis.® This already
large multi-enzymatic protein further oligomerizes into hexameric particles,12:13 subjected
to a complex regulation through allosteric effectors and phosphorylation cascades.1419 So
far, our understanding of the architecture of this mega-enzyme is limited to the crystal
structures of the DHO and ATC domains,20-23 and a paralogous human CPS (CPS-1),24 and
thus, our ability to predict the pathogenicity of the variants is greatly diminished.

To help assess the damaging potential of missense CAD variants, we developed a functional
assay using CAD-knockout (KO) cells unable to grow in media without uridine.2> The

cells are transiently transfected with a cDNA encoding a green fluorescent protein (GFP)-
tagged CAD carrying the individual-specific variant. Protein expression is confirmed
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by fluorescence microscopy, and cell proliferation is monitored for one week in uridine-
deprived conditions. CAD-KO cells expressing a pathogenic variant do not proliferate
without uridine, whereas normal growth indicates that the variant is benign and compatible
with CAD activity. Using this assay, we previously evaluated 34 missense variants found
in 25 individuals suspected of CAD deficiency, out of which only 11 were proven to
carry biallelic pathogenic variants and, therefore, suffer disease-causing CAD deficiency
and could benefit from the uridine treatment.26 The study also revealed the low reliability
of sometimes conflicting computational approaches to predict the pathogenicity of CAD
variants compared to the functional assay. Therefore, the CAD-KO rescue assay has
remained the most reliable and feasible approach to discern pathogenic versus benign
missense variants, and new suspects were brought to our attention. for evaluation.

In this study, we report the evaluation of 20 new missense variants found in 15 individuals
with clinical phenotypes compatible with CAD deficiency. We also analyzed 9 variants
reported as disease-causing in other studies to confirm their detrimental effect. To
understand the molecular bases of disease-casuality by the identified pathogenic variants,
we investigated the impact of those changes mapping n the DHO domain of CAD, which
exhibits the greatest number of deleterious variants relative to its size. Our studies revealed
the importance of the affected residues on the DHO active site, in stabilizing the protein, or
as interactors with other domains in the unresolved architecture of CAD.

MATERIALS AND METHODS

Site-directed mutagenesis

Variants were introduced in plasmid pcDNA3.1-GFPhuCAD, encoding an N-terminal
histidine-tagged enhanced green fluorescent protein (GFP) followed in-frame by human
CAD,? using site-directed mutagenesis and specific primers (Supplementary Table S3) as
reported,2® or it was outsourced to GenScript (https://www.genscript.com).

Growth complementation assay

Growth complementation assays were performed as published.2 In brief, U20S cells
knockout for CAD (CAD-KO) were grown in DMEM (Lonza), 10% fetal bovine serum
(FBS; Sigma) dialyzed to remove uridine,2>27 2 mM L-glutamine (Lonza), and 50 U-mI~1
penicillin and 50 pg-mi~1 streptomycin (Invitrogen), at 5% CO, and 37 °C. Media was
supplemented with 30 M uridine (Sigma) to allow the growth of CAD-deficient cells. Cells
were transfected with WT or mutated pcDNA3.1-GFPhuCAD using FuGene6 transfection
reagent (Promega). One day before transfection, 1.5-2 x 10° cells in a final volume of 500
4 of medium were transferred to 24-well plates to reach approximately 50-80% confluence.
For transfection, 2 g of DNA in 50 /4 of DMEM and 50 z4 FuGene6 at 1mg-ml~1 in
DMEM were incubated separately for 5 min at room temperature and then mixed and
incubated at room temperature for an additional 10 min. The 100 /4 mix was added to the
wells drop by drop, followed by a 16 h incubation at 37°C and 5% CO,. One day after
transfection, 1 x 10° cells were seeded by duplicate in 24-well plates using media without
uridine. Every 24 h, cells from one well were trypsinized and counted using Neubauer
chamber or an automated cell counter (Luna Il Automated cell counter, Logos Biosystems).

J Inherit Metab Dis. Author manuscript; available in PMC 2024 February 16.
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The efficiency of transfection (>95%) and the expression of the GFP-CAD protein variant
were verified two days after transfection by fluorescence microscopy.

Protein production

The DHO coding region (aa 1456-1846) in the mutated CAD constructs was PCR amplified
using specific primers (Supplementary Table S3) and inserted into pOPIN-M (Oxford
Protein Production Facility) by I\VA-cloning.28 WT and mutated DHO proteins were
expressed in HEK293 cells and purified as reported.20-21.29

Enzymatic assays

Enzymatic activity was assayed spectrophotometrically following the production of DHO by
absorbance at 230 nm.21 Reactions were carried out in a final volume of 100 pl containing
50 mM sodium phosphate pH 5.7, 150 mM NaCl, 20 M ZnSOy, 0.1 mg-ml~1 of bovine
serum albumin, and 5 mM CA-asp. Protein concentrations were 0.25 M for the WT and
were increased to 2.5-3 uM for some mutants. The reaction was triggered by adding CA-asp
to a mix with the enzyme pre-incubated for 5 min at the reaction temperature. Data analysis
was performed with GraphPad Prism.

Differential scanning fluorimetry (DSF)

Protein stability was measured in triplicates by differential scanning fluorometry3° using a
7500 Real-Time PCR system (Applied Biosystems) in a 96-well reaction plate with 20 /4
sample, containing 5 £M protein, 5x SYPRO Orange (Invitrogen) and GF buffer with or
without 2 mM 5-fluoroorotate (FOA). Fluorescence changes were monitored every 1°C in
a temperature ramp from 20 to 95°C using the extrinsic fluorescence of SYPRO Orange
(Aexcitation = 465 NM, Aemission = 580 nm). Curves were normalized, and the melting
temperature (Ty,) was determined as the midpoint of the unfolding transition. Data were
analyzed with GraphPad.

Splicing analysis

EBV-immortalized lymphoblastoid cells (LCLs) were cultured at 37°C under 5% CO, in
DMEM-F12 with HEPES (Gibco, 11039-021) supplemented with 10% FBS (Clone IlI,
HyClones). Puromycin treatment was performed by incubating cells for 2 h at 37°C with
100 pg-ml~1 puromycin before RNA extraction. Total RNA was isolated using an RNeasy
Mini kit (Qiagen) alongside DNase treatment (Roche Diagnostics). A First-Strand cDNA
synthesis kit (GE Healthcare) was used for reverse transcription from 2 pg RNA. PCR
amplification and RT-gPCR cDNA were performed from the resulting cDNA with the
oligonucleotides specified in Supplementary Table S4. RT-gPCR was performed using the
Lightcycler 480 SYBR Green | Master Kit.

Structure determination

Crystals of the mutated DHO alone or in the presence of 4 mM dihydroorotate, carbamoyl
aspartate or FOA were obtained as reported.20:21.29 Optimal crystallization conditions
consisted of 2-3 mg mlI~1 protein and 2.0-3 M sodium formate, and 0.1 M HEPES

pH 6.5-7.5 as the mother liquor. Crystals were cryoprotected with 20% glycerol and

J Inherit Metab Dis. Author manuscript; available in PMC 2024 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

del Cafio-Ochoa et al.

Page 6

flash-frozen. X-ray diffraction datasets were collected at XALOC (ALBA, Barcelona)

and ID23-2 (ESRF, Grenoble). Data processing and scaling were performed automatically
with autoPROC.31:32 Crystallographic phases were obtained by molecular replacement with
PHASERS33 and the WT DHO structure (PDB 4C6C and 4C6J) as search model. Protein
models were traced with COOT34 and refined with PHENIX3® or Refmac5.36:37

Molecular dynamics

RESULTS

MD simulations were performed for the DHO dimer using GROMACS 2022.6 software
package38 and the CHARMM36m force field.39. Initial models with point mutations and
files for GROMACS were prepared with CHARMM-GUI (http://www.charmm-gui.org).40
The carboxylated lysine and the Zn cations were not included due to parametrization
problems. The protein was solvated with water, and counterions (150 mM KCI) were added
by replacing a corresponding number of water molecules to achieve a neutral condition.

Van der Waals interactions were smoothly switched off at 1012 A by a force-switching
function, and long-range electrostatic interactions were treated with the particle mesh Ewald
method.#! Simulations were performed at 310.15 K using a Nose-Hoover thermostat with
T = 1.0 ps. Pressure was maintained constant at 1 bar with a Parrinello-Rahman algorithm
with a semi-isotropic coupling constant TP = 5.0 ps and compressibility = 4.5 A~ 1075 bar~1.
The LINCS method was used to constrain bond lengths. A time step of 2 fs was used for
numerical integration. Coordinates were saved every 5 ps for analysis, and the simulation
time was at least 400 ns. Analysis was performed using the GROMACS suite programs. The
trajectories were visualized with PyMol (Schrddinger; https://pymol.org/2/).

Functional validation of CAD variants

Using a growth complementation assay,2> we tested the functionality of 20 unreported CAD
missense variants found in 15 individuals with a clinical phenotype compatible with CAD
deficiency (Table 1). All patients referred for functional testing of CAD variants presented
one or more of the features suggestive of CAD deficiency (seizures, epilepsy, developmental
delay, intellectual disability, abnormalities on blood smear and/or anemia), and all variants
were considered as VUS or likely pathogenic based on next-generation sequencing analysis.
Upon transfection of CAD-KO cells, variants p.G58S, p.R238C, p.R1475Q, p.K1482M,
p.S1538L, p.W1581R, p.R1617Q, p.H1687R, p.R1722W, and p.R1785H did not rescue

the growth in media without uridine and were considered pathogenic as they impair CAD
activity and de novo pyrimidine synthesis (Figure 1A). As previously seen, inactivating
mutants in the GLN domain showed a partial rescue, indicating that free ammonia can,

to some extent, feed the CPS-2 reaction.® Similar slow growth was observed for CAD
variants p.K1482M and p.W1581R in the DHO domain, suggesting that these mutations
were damaging, although to a lesser extent than other changes in the same domain. In turn,
variants p.L56V, p.Q195K, p.R496W, p.1713T, p.A779S, p.V1783l, p.R2122H, p.P2137L,
and p.A2201T rescued the growth phenotype and were regarded as benign (Figure 1A and
Table 1). Interestingly, variant ¢.2030A>G introduced the change Q677R but also modified
the last base of exon 13 and was predicted to affect splicing (Table 1). Since variant
p.Q677R rescued the growth phenotype (Figure 1A), the alternative splicing was further
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explored and confirmed (Supplementary Figure S1). Thus, the variant was considered
pathogenic, although the change Q677R did not harm CAD activity. Overall, 11 of the

20 tested variants were diagnosed as pathogenic, and 7 out of 15 patients were confirmed as
CAD-deficient subjects for carrying biallelic damaging variants (Table 1).

We also used the functional assay to validate 9 missense CAD variants reported as
pathogenic by previous studies: p.M33R, p.Y60H, p.V762I, p.S948N, p.Y967C, p.V1259M,
p.R1789Q, p.R1810Q, and p.E1954K .6:8:4243 \We confirmed the damaging effect of all
variants, except p.V762l and p.Y967C, that rescued the growth phenotype and were
therefore reconsidered as likely benign (Figure 1A).

The results of the functional validation of the 63 CAD variants reported to date are
summarized in Figure 1B and Supplementary Table S1. The comparison of these functional
validation results with the predictions from state-of-the-art computational methods is
striking (Figure 2 and Supplementary Figure S1). The scores calculated with CADD#4

for pathogenic and likely benign variants practically overlap, whereas values obtained

from VARITY#® for pathogenic variants are widely spread. Thus, unlike the functional
assay, computational indicators cannot be used confidently to assess the disease-causing
potential of CAD variants. Yet, these computational methods are expected to improve their
predictions if properly trained with data resulting from a better understanding of the protein
structure and function. Interestingly, 12 of the 34 (35%) pathogenic missense variants in
CAD map within the DHO domain (Figure 1B), which represents only 1/6 of the entire
protein and accumulates the largest number of deleterious changes. This, and the fact that
we previously determined the crystal structure of this domain,20:2946 led us to produce the
pathogenic DHO variants and study their functionality, molecular properties, and structure to
start uncovering the specific impacts of pathogenic variants on CAD.

Production and characterization of DHO pathogenic variants

To start understanding the effect of the pathogenic variants, we produced and characterized
the isolated DHO domain of human CAD bearing 8 damaging point mutations and
compared them with the wild-type (WT) protein. Four of the 12 reported DHO pathogenic
variants —p.S1538L, p.W1581R, p.H1687R, and p.R1785H- were recently identified, and
although their characterization is underway, they could not be included in this study. The
mutated DHO domains were produced in human cells using the same protocol as for the
WT, and the yield and purity were similar (Figure 3A), indicating that the mutations did
not severely affect the domain's folding and solubility. Size-exclusion chromatography also
showed that the WT and mutated proteins eluted as single peaks at the expected positions
for a homodimer (Figure 3B), and only R1810Q showed peak tailing, possibly suggesting
partial dimer dissociation. These results indicated that, with the possible exception of
R1810Q, the mutations did not impair DHO oligomerization.

Next, we compared the enzymatic activity of the WT and DHO mutants. The enzyme
catalyzes a reversible pH-dependent reaction.20-21.47.48 \We measured the activity at an acidic
pH (5.7) to favor the reaction in the forward direction (dihydroorotate synthesis). Although
all the tested variants cause CAD deficiency (Figure 1), only R1475Q and K1556T were
inactive, while K1482M exhibited ~5-fold decreased specific activity relative to the WT (v =
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4.22 + 0.2 U-mg™1) (Figure 3C). All other tested mutants exhibited specific activities similar
to WT.

We compared the stability of the different mutants relative to the WT by differential
scanning fluorimetry (DSF) in the absence and presence of the product mimic 5-
fluoroorotate (FOA) (Figure 3D).20-21 The denaturing curves of WT without FOA were
approximately sigmoidal with a midpoint temperature (Tm) of ~65 °C. The curve became
biphasic in the presence of FOA, indicating a grossly ~10 °C increase in Ty,. In contrast,
the denaturing curves of the inactive mutants R1475Q and K1556T did not change with
FOA, suggesting a lack of binding, whereas the partially active K1482M showed a small
Tm increase, suggesting decreased substrate affinity (Figure 3D). The mutants with normal
activities exhibited Tm changes with FOA addition (Figure 3D), suggesting unaffected
substrate affinities and consistent with specific activities similar to WT (Figure 3C).
However, R1617Q, R1789Q and R1810Q showed decreases of 3, 5 and 15°C in respective
Tm values without FOA, pointing to decreased stability as a potential cause of their
pathogenic nature. This was particularly marked for R1810Q, which showed ~4-fold lower
enzymatic activity than the WT at 42°C and was nearly inactive at 50 °C (Figure 3E). This
result confirmed that R1810Q decreases thermal stability of the enzyme.

Overall, these experiments indicated that mutations R1475Q, K1482M, and K1556T
inactivate the DHO domain by impeding the binding of the substrate and that mutations
R1789Q and R1810Q cause a marked decrease in stability. The effect of variants R1617Q,
R1722W, and R1785C remained unclear as the protein stability or activity changes were
subtle.

Structures of the inactivating variants K1482M, R1475Q and K1556T

We further studied the impact of the variants by solving the crystal structure of the DHO
domain bearing the point mutations. Previously, we reported the structure of the isolated
human DHO domain, showing that it is a homodimer in solution, with each subunit folded
in a (a/B)g-barrel, with a Zn-containing active site enclosed by a flexible loop, an adjacent
domain of unknown function, and a C-terminal extension placing the N- and C-termini on
opposite sides of the protein (Figure 4A).20:21 Using similar conditions as for the WT, we
crystallized and determined the structures of the DHO mutants R1475Q, K1482M, K1556T,
R1617Q, R1722W, R1785C, R1789Q, and R1810Q, free or in complex with FOA or with
the substrate (carbamoyl aspartate or dihydroorotate). The statistics for the diffraction and
refinement data of the 14 new structures are summarized in Supplementary Table S2a,b.

The inactivating mutations K1482M, R1475Q, and K1556T affect elements at or near the
active site. In the WT, the side chain of K1556 undergoes a posttranslational carboxylation
required to coordinate two catalytic Zn?* cations and form the active site (Figure 4B). Thus,
any other residue at this position would hamper the correct binding of the metals and the
formation of the active site. However, to our surprise, the structures of K1556T showed

an intact active site, with the substrate or FOA bound, the Zn2* cations in the correct
position, the Thr replacing K1556 well-defined in the electron density map, and a molecule
of formate from the crystallization condition mimicking the posttranslational modification
of the missing lysine (Figure 4C). Thus, the presence of 2-3 M sodium formate, 1-2 mM
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ZnS0y4, and 2 mM FOA/substrate in the crystallization solution favored the assembly of
the active site in an inactive mutant that failed to bind the substrate in more physiological
conditions (Figure 3C,D).

On the other hand, the WT structure showed that residue R1475, N1505, and H1690 are
responsible for recognizing the a-COOH group of the substrate (Figure 4B). Thus, mutation
R1475Q was expected to hamper the binding and correct positioning of the substrate, as
confirmed by the stability assay (Figure 3D). Indeed, despite increasing the concentration

of FOA or dihydroorotate to 10 mM in the crystallization condition, the structure showed

a fuzzy electron density at the active site, suggesting weak or no binding of the ligands,

the side chain of the mutated Gln pointing outside the active site, the loop containing the
mutated residue (loop 1) appeared flexibly disordered, and an extra Zn?* cation (from the
crystallization condition) occupied the position of K1482 in the interaction with H1690 and
E1694 in loop 8 (Figure 4D). This zigzagging interaction between loop 1 (residues H1481
and K1482), loop 8 (E1694 and H1690), and the substrate a-COOH group (Figure 4B), was
also disrupted by mutation K1482M. The structure of this mutant showed the mutated Met
facing outside the active site, the side chain of H1481 occupying the position of the missing
Lys, and an extra Zn?* cation coordinated by H1481, E1694, H1690 and a formate molecule
(Figure 4E). These results strongly suggested that the activity loss of R1475Q and K1482M
is caused by the increased flexibility of loops 1 and 8 and the incorrect positioning of H1690
and R1475Q to interact with the substrate. However, this effect is possibly minimized in the
crystal structures because the high concentration of formate, Zn2*, and dihydroorotate/FOA
stabilize the active site elements.

Structures of variants R1617Q, R1722W and R1785C

Next, we studied the impact of variants R1617Q, R1722W, and R1785C on the protein
structure. Residue R1617 locates three residues downwards the Zn-coordinating H1614,
and interacts with E1592, which also binds the Zn-coordinating H1590 (Figure 4B). Thus,
mutation R1617Q was predicted to affect the coordination of Zn and decrease the catalytic
efficiency. However, the activity of R1617Q was similar to WT (Figure 3C), and the
structure, obtained in complex with the substrate or FOA, showed no alterations in the
active site (Figure 4F). The side chain of the replacing Gln is well-defined in the electron
density map, and two water molecules occupy the positions of the missing Arg and interact
with E1592. To better understand the effect of R1617Q, we performed molecular dynamics
(MD) simulations. The 400 ns trajectories calculated for the WT showed that the side chain
of residue R1617 does not occupy the fixed position observed in the crystal structure but
rather shifts its interactions between E1592, and the nearby negatively charged residues,
E1619, E1620, E1663, and D1669 (Supplementary Figure S2A). The formation of any of
these strong salt bridges between different structural elements in the (a/p)-barrel would be
impeded by mutation R1617Q, which may explain the decreased stability of the mutant
(Figure 3D).

Residue R1722, on the other hand, is in an invariant loop (}721GR1722) exposed to the
solvent between the last helix of the (a/p)s-barrel and the helix connecting with the adjacent
domain (Figure 4G, left panel). The crystal structure of R1722W showed that replacing
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the positively charged Arg with a large and hydrophobic residue did not alter the local
arrangement of the loop (Figure 4G, right panel). Rather than a stacking interaction between
the guanidine group of R1722 and the side chain of W1674, the mutant showed a rt-cation
interaction between the two Trp side chains, and an additional density adjacent to the
mutated Trp was interpreted as a glycerol molecule from the cryogenic solution. However,
analysis of MD trajectories showed that crystal packing favors a conformation that masked
the effect of the mutation. Indeed, early in the simulated trajectory, the side chain of residue
E1671 moves from the position favoring crystal lattice contacts to interact with R1722
forming a stable salt bridge (Supplementary Figure S2B-D). Mutation R1722W would
hamper this strong linkage between adjacent structural elements, explaining the decrease,
although small, in protein stability (Figure 3D).

Residue R1785 locates in the middle p-strand of a five-stranded pB-sheet formed by the
adjacent domain and the beginning of the C-terminal extension (Figure 5A). The side

chain of R1785 makes electrostatic interactions with adjacent structural elements, and thus
mutation R1785C was expected to disrupt these interactions and destabilize the protein.
Instead, R1785C showed a small increase in thermal stability (Figure 3D), and the structure
of the mutant showed that despite the lack of interactions, the introduced Cys did not

alter the adjacent domain (Figure 5B). Since the mutation does not seemingly damage

the stability nor the activity of the protein, one possibility is that it affects the interaction
between the DHO and the CPS-2 domain of CAD. A short 3 aa loop bridges the CPS-2 with
the adjacent domain, and thus R1785 and other conserved elements at this interface could
be involved in interdomain contacts and assembly of the full-length protein (Supplementary
Figure S3).

the destabilizing variants R1789Q and R1810Q

The C-terminal extension is an important structural element, absent in the DHOs of
prokaryotes and plants, which places the N- and C-termini at opposite ends of the domain
(Figure 4A). In the WT structure, the side chain of R1789 projects from the adjacent domain
and makes H-bonds with the main and side chains of Y1805 in the C-terminal extension

and a salt bridge with D1530 in the central p-barrel (Figure 5A). The structure of R1789Q
showed that the replacing GIn forms an H-bond with D1530 rather than a strong salt bridge
and lacks interactions with the C-terminal extension (Figure 5C).

On the other hand, mutation R1810Q affects a pivotal residue anchoring the C-terminal
extension to the bottom of the (a/p)g-barrel (Figure 5D, left panel). The side chain of R1810
forms H-bonds with carbonyl oxygens of residues A1552, A1553, F1740, and H1741 in the
(a/B)g-barrel, and with G1815 downstream the C-terminal extension, which follows a wavy
trace. The crystal structure of mutant R1810Q showed that the replacing GIn only interacts
with A1552 and with a water molecule that mimics the interactions of the missing Arg with
A1553 and F1740 (Figure 5D, right panel), and there was no electron density beyond residue
1811, indicating that the C-terminal extension was flexibly disordered.

Overall, these results indicate that mutations R1789Q and R1810Q damage the anchoring
of the C-terminal extension to the DHO domain, explaining the decreased stability of these
mutants (Figure 3D).
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DISCUSSION

We identified 13 previously unreported damaging changes in CAD, including 10 missense,
2 splicing, and 1 loss of function variants. This confirmed the diagnosis of CAD deficiency
in 7 patients with suggestive clinical features and biallelic variants in CAD (Table 1). Less
than 50 CAD-deficient subjects have been reported worldwide, and as new cases are brought
regularly to our attention, we are confident that it is still grossly underdiagnosed. Being

a severe and often fatal neurometabolic disease with a safe treatment option available, we
aim to develop rapid and reliable tools for its diagnosis. Additionally, biomarkers and the
use of fluxomic assays to diagnose the disease are currently being investigated but rely on
patient-derived material (e.g., fibroblasts, urine). Hence, the proliferation assay remains the
most informative approach, and we used it to complete the functional validation of the 63
missense clinical CAD variants reported thus far (Figure 1B and Supplementary Table S1).

As new variants continue appearing, we are concerned about the limited availability of this
functional assay, which is currently only done in two research groups (S. Ramon-Maiques
and H. H. Freeze) but needs to be implemented and available in diagnostic laboratories.

The assay has no complications other than handling cell cultures, the CAD-KO cells and
GFP-CAD cDNA used are available upon request, and troublesome mutagenesis can be
outsourced (see Methods). But, in any case, the purpose of the functional validation is

to complete the previous and necessary genetic analysis since a direct assessment at the
protein level could be misleading. This is exemplified here by the variant c.2030A>G, which
introduces a benign change at the protein level, p.Q677R, but modifies the last position of
the exon, favoring aberrant splicing (Table 1 and Supplementary Figure S1). Once again,
we emphasize that erroneously variant interpretation in cases of CAD deficiency would
mean that an available and effective treatment is not given to severely diseased patients.
Conversely, patients with CAD variants lacking functional impact receive unnecessary daily
uridine supplements, which may lead to false hopes of improvement.

Another aspect that should be considered is the possibility that exogenously overexpressed
hypomorphic variants could rescue cell growth and go undetected. Until we manage to

tune the transient expression to the endogenous protein levels, pathogenic variants can

be convincingly annotated, whereas those rescuing growth should be labeled as "likely
benign" and evaluated alongside clinical data, including the possible response to uridine
treatment.%9 In this line, two variants reported as pathogenic, V7621 and VV967C, rescued cell
proliferation and were thus reclassified as likely benign (Figure 1A,B). Homozygous V967C
variant occurred in two siblings with mild developmental issues, hematological issues, and
no epilepsy.8 Follow-up on these cases (now aged 7 and 4.5 years) revealed that both
attended regular school/kindergarten and did not develop epilepsy. Despite uridine treatment,
their mild anemia and anisopoikilocytosis, a frequent trait in CAD-deficient patients,
persisted. Thus, there are arguments that the patients might not be CAD-deficient and that
the variant could be benign. The other dubious variant, V7621, was found along with the
confirmed pathogenic variant S948N in a patient with a story of refractive seizures who
showed a better development with uridine treatment.8 Follow-up on this patient revealed
that he is on the same anti-epileptic drug regime and no longer has absence seizures under
uridine supplementation. Also, mild anemia normalized. After an initial developmental
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spurt, this went back to the same pace as before the uridine supplementation. Hence there
are arguments for and against the pathogenicity of the variant leading to CAD deficiency.

There is also the possibility that the combination of two "benign" variants could be
damaging and cause CAD deficiency. This could be well the case for changes at the protein
interfaces that are insufficient to have an effect by themselves but that, in combination, could
alter the assembly of CAD into an active oligomeric particle.

Treatment with a uridine source (uridine, uridine monophosphate or uridine triacetate) could
be recommended when in doubt since no secondary effects have been reported. However,
other inputs to the functional assay would be desirable to help discern the possible mild

yet damaging effect of hypomorphic variants. There are high expectations on the rapidly
evolving computational algorithms to aid in evaluating VUS, or even to reliably predict their
pathogenicity without establishing a battery of disease-specific functional assays. However,
despite advances in the field, computational approaches could be limited by our knowledge
of the protein mechanisms and the "molecular sociology" that dictates interactions with
other cellular components.>? The potential to enhance the accuracy of computational
predictions in CAD is evident (Figure 2). We lack the expertise to delve into the reasons
behind inaccurate predictions, but at the moment, we strongly advise against using these
computational methods to predict variant pathogenicity in CAD. Computational methods
could benefit from the comprehensive structural and functional characterization of the four
CAD domains, their assembly into a multienzyme particle, the detailed comprehension

of the catalytic and regulatory properties, and deciphering the molecular mechanisms of
already known pathogenic variants. To this aim, in this study, we started investigating the
impact of pathogenic variants at the protein level.

Among the 997 missense variants found in CAD,11 220 are located in the DHO domain, the
second most variable domain after CPS (390 variants), but before GLN (206 variants), ATC
(136 variants) and the DHO-ATC linker (45 variants). The DHO domain exhibits the highest
number of changes relative to its size, with 47 % of its residues having at least one missense
variant. This variability might suggest that DHO is less important than other domains,

with more missense variants being fixed in the population. However, the current study
shows a greater accumulation of pathogenic variants within the DHO domain (Figure 1B),
suggesting a prominent role in CAD's functioning mechanisms. In addition to its enzymatic
function, DHO plays a crucial role in CAD's oligomerization, occupying a core position in
the hexameric particles.?2 This scaffolding function is particularly evident in fungi. These
organisms have a CAD-like protein with an inactive DHO-like domain, and an additional
gene encodes for an independent, active DHO enzyme.® The structure of the isolated fungal
DHO-like domain revealed strong similarity to the human CAD's DHO domain, except

for the absence of the active site.22 These results suggest that apart from its enzymatic
activity, DHO serves a conserved structural function from fungi to humans. Much remains
to be understood about CAD's DHO domain and its participation in assembling the mega-
enzymatic particles. The abundance of pathogenic variants in this domain, including the 8
pathogenic changes characterized in this study, offers invaluable insights into identifying
crucial elements of the protein's structure and function. This wealth of information should
also facilitate the interpretation of new clinical variants. For instance, mutation K1556T
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confirmed the central role of this residue with a post-translational modification in organizing
the Zn-containing active site, whereas R1475Q and K1482M highlighted the importance

of preserving the interactions between loops 1 and 8 to bind the substrate. On the other
hand, R1617Q and R1722Q helped us identify electrostatic interactions between secondary
structural elements that passed unadvertised in the initial structural characterization, but

that proved important for stability. Similarly, R1789Q and R1810Q revealed the importance
of correctly anchoring the C-terminal extension to preserve the integrity of the domain.
Additionally, R1785C drew attention to the adjacent domain that had previously been
assigned no function other than covering one side of the (a/p)g-barrel, and which is now
proposed to provide the interactions with the CPS-2 domain.

Integrating structural knowledge with clinical and functional genomics can accelerate the
diagnosis of new CAD-deficient patients and enable their timely treatment. However,
uncovering the structure, mechanisms, and abnormalities of this mega-enzyme within the
context of human disease poses a formidable challenge. This is an example of the ongoing
challenges on reaching meaningful diagnoses in the genomics era and the unmet need of
integrating functional validation assays or other “post-exome” investigations into the clinical
diagnostic workflow that needs attention and financial coverage by the healthcare systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

Integrating functional genomics with structural and functional protein knowledge, we
identified pathogenic variants in the multi-enzymatic protein CAD and explained the
underlying disease-causing mechanisms.
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Figure 1. Functional validation of CAD variants.

A) Growth complementation assay of CAD-knockout (KO) cells grown without uridine and
transfected with GFP-CAD WT (grey) or bearing point variants in the GLN, CPS-2, DHO,
or ATC domains. Cell proliferation is shown as % confluence to KO-cells transfected with
GFP-CAD WT. Each point represents the mean and standard deviation of two independent
experiments, counted in duplicates, except for L56V, Q195K, and P2137L, which were
assayed once and counted in triplicates. B) Scheme of CAD mapping all missense changes
functionally validated. Pathogenic and likely benign changes are shown in red and black,
respectively. Those reported for the first time in this study are underscored, whereas others
reported in different studies are indicated with superscripts: A8 B,2>C8 D43 E*2 F7, and
G.51 variants p.V7621 and p.Y967C, shown with a red frame, were reported as pathogenic8
but reconsidered as likely benign based on the cell assay. Variant p.Q677R rescues cell
growth and is shown in black, although the nucleotide change is pathogenic for inducing
aberrant splicing.
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Figure 2. Performance of computational predictors contrasted with results of the KO-rescue
assay.

Scatter plots of values calculated with computational predictors CADD** (A) and
VARITY#® (B,C) for variants validated as pathogenic (red dots) or likely benign (white
dots) using the KO-rescue assay. The horizontal bar represents the median of the values.
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Figure 3. Characterization of pathogenic variants in CAD's DHO domain.
A) SDS-PAGE of purified recombinant DHO domains bearing point mutations. St,

molecular weight standards (kDa). B) Size exclusion chromatography of purified DHO
proteins eluting as a single peak at the position expected for a homodimer. The tailed

peak of R1810Q is indicated. On top, column calibration with proteins of known molecular
weight (ferritin, 440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa; carbonic anhydrase

29 kDa), indicating in blue the positions for the DHO dimer (closed circle) and the
expected position for the monomer (open circle). C) Enzymatic activity of WT and mutants
measured at 25 °C. The scattered plot shows three independent measurements. Activity
units (U) are nmol of dihydroorotate per min. D) Denaturing curves in the absence (APO)
and presence of fluoroorotate (FOA) measured by differential scanning fluorimetry. The
midpoint temperatures (T,) for the curves are indicated. E) Activity assay at different

temperatures for the WT and R1810Q.
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Figure 4. Characterization of DHO variants by X-ray crystallography.
A) Cartoon representation of the crystal structure of CAD's DHO subunit and dimer (PDB

ID 4C6C). B) Detail of the DHO's active site with Zn?* shown as cyan spheres and a
molecule of FOA depicted with carbon atoms in pink. The carboxylated lysine (KCX)

and the other residues bearing pathogenic substitutions are depicted with carbon atoms in
yellow. Dashed lines represent relevant electrostatic interactions. C-G) Details of the crystal
structures for mutants K1556T (C), R1475Q (D), K1482M (E), R1617Q (F), and R1722W
(G). The 2Fgps-Fcalc electron density map for regions of interest is shown as a blue mesh
contoured at 1.0 o. Flexible disordered loops are represented as thick dashed lines. Panel G)
shows the structure of the WT and R1722W side by side for comparison.
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Figure 5. Structure of DHO variants in the adjacent domain and C-terminal extension.
A) Cartoon representation of the WT DHO adjacent domain and beginning of the C-terminal

extension. B-D) Detailed views of the crystal structures of mutants R1785C (B), R1789Q
(C), and R1810Q (D). 2Fgps-Fcalc electron density maps are shown as a blue mesh contoured
at 1.0 o. Panel D) shows the structure of the WT and R1810Q side by side for comparison.
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