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ARTICLE

The functional impact of 1,570 individual
amino acid substitutions in human OTC

Russell S. Lo,! Gareth A. Cromie,! Michelle Tang,! Kevin Teng,!.” Katherine Owens,!.28 Amy Sirr,!
J. Nathan Kutz,2 Hiroki Morizono,3# Ljubica Caldovic,?# Nicholas Ah Mew,34 Andrea Gropman,345¢
and Aimée M. Dudley!.*

Summary

Deleterious mutations in the X-linked gene encoding ornithine transcarbamylase (OTC) cause the most common urea cycle disorder,
OTC deficiency. This rare but highly actionable disease can present with severe neonatal onset in males or with later onset in either
sex. Individuals with neonatal onset appear normal at birth but rapidly develop hyperammonemia, which can progress to cerebral
edema, coma, and death, outcomes ameliorated by rapid diagnosis and treatment. Here, we develop a high-throughput functional assay
for human OTC and individually measure the impact of 1,570 variants, 84% of all SNV-accessible missense mutations. Comparison to
existing clinical significance calls, demonstrated that our assay distinguishes known benign from pathogenic variants and variants with
neonatal onset from late-onset disease presentation. This functional stratification allowed us to identify score ranges corresponding to
clinically relevant levels of impairment of OTC activity. Examining the results of our assay in the context of protein structure further
allowed us to identify a 13 amino acid domain, the SMG loop, whose function appears to be required in human cells but not in yeast.
Finally, inclusion of our data as PS3 evidence under the current ACMG guidelines, in a pilot reclassification of 34 variants with complete
loss of activity, would change the classification of 22 from variants of unknown significance to clinically actionable likely pathogenic

variants. These results illustrate how large-scale functional assays are especially powerful when applied to rare genetic diseases.

Introduction

Urea cycle disorders are inborn errors of metabolism
caused by deficiencies in any of the eight proteins in the
pathway responsible for the conversion of nitrogen, a
waste product of protein metabolism, to urea. Accumula-
tion of nitrogen, in the form of ammonia, to toxic levels
in the blood and brain leads to symptoms that include
vomiting, lethargy, behavioral abnormalities, cerebral
edema, seizures, coma, and death. Ornithine transcarba-
mylase deficiency (OTC deficiency [MIM: 311250]) is the
most common urea cycle disorder, accounting for approx-
imately half of all urea cycle disorder cases." OTC is a
nuclear-encoded mitochondrial protein that converts orni-
thine and carbamoyl phosphate to citrulline in human
liver cells. As an X-linked disorder, severe disease more
often presents in males but can also occur in females
harboring pathogenic alleles. Disease severity has both ge-
netic and environmental components.” While severe loss-
of-function mutations in OTC (MIM: 300461) are often
associated with neonatal presentation, age of onset can
vary, even among individuals harboring the same OTC
allele.”™ Late-onset presentation is often associated with
hyperammonemia-triggering events, such as high protein
intake, prolonged fasting, surgery, exposure to organic

chemicals, pregnancy, and administration of corticoste-
roids or valproate.® Severe outcomes can be prevented by
rapid diagnosis and administration of nitrogen scaven-
gers.7 However, individuals with severe, neonatal-onset
disease often require liver transplantation.®

Presymptomatic diagnosis of OTC deficiency is chal-
lenging. Because de novo mutations underlie 20%-30% of
OTC deficiencies’ and only a minority of variants are
recurrent, family history often cannot be used to inform
diagnosis. Additionally, the newborn screening assays for
OTC deficiency have technical limitations. Low citrulline
levels are a hallmark of OTC deficiency and a biochemical
assay is used to quantitate citrulline using dried blood spot
cards. However, citrulline is an unstable metabolite, '’
potentially generating false positive assay results. Low
citrulline levels can also be non-specific, occurring, for
example, when a newborn is premature or protein
restricted.’’ Additionally, in severely affected males,
hyperammonemia can occur rapidly after birth, often
before newborn screening results are available. In
females, the heterogeneity of liver cells due to
X-inactivation confounds enzymatic assays from liver
biopsies.

DNA sequencing provides an alternative approach for
diagnosis that avoids many of these problems, potentially
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reducing the morbidity and mortality associated with de-
layed treatment or underdiagnosis. In fact, OTC was added
to the American College of Medical Genetics and Geno-
mics secondary findings gene list (ACMG SF v2.0),'” which
specifies a small set of highly actionable genes to be evalu-
ated when an individual undergoes clinical exome and
genome sequencing for any reason. For DNA sequencing
to inform diagnosis and clinical management, any variants
detected need to be clinically interpretable. However,
only a small minority of variants observed in the human
exome currently have benign or pathogenic interpreta-
tions. Instead, DNA sequencing often returns sequence
variants of uncertain significance (VUSs), many of them
novel, which cannot be used as a basis for diagnosis or
treatment. Therefore, there is a critical need for methods
that can aid clinical interpretation of genetic variation,
particularly for highly actionable genes such as OTC.

High-throughput functional assays are one approach to
addressing this problem at scale. Deep mutational scanning
(DMYS) or multiplexed assays of variant effect (MAVE) ap-
proaches have been applied to the comprehensive analysis
of amino acid or nucleotide variants in synthetic peptides,
protein domains, whole proteins, transcriptional promoters,
RNA transcripts, splice sites, and DNA replication ori-
gins."*'"> Because fundamental biological processes are
generally conserved between humans and other species, it
is often possible to leverage the experimental tractability of
model organisms to perform low cost, high-throughput
studies on massively parallel scales.

Many human protein-coding sequences can functionally
replace (complement) their orthologs in the yeast, Saccharo-
myces cerevisiae.'®>* This is especially true for genes that
encode core metabolic processes such as nutrient biosyn-
thesis and utilization.”®> The enzymes in the urea cycle
responsible for arginine biosynthesis are highly conserved
between humans and yeast (Figure 1A). At the protein level,
human OTC s 34.5% identical and 54.5% similar to its yeast
ortholog Arg3, and both function as homotrimers. Here, we
present a complementation assay in which growth of yeast
cells in the absence of arginine serves as a proxy for the func-
tion of human OTC. We use this assay at scale to measure
relative growth scores for 1,570 SNV-accessible single amino
acid substitutions across the length of the protein. Our re-
sults, based on multiple biological and experimental repli-
cates of sequence-confirmed clones, are highly reproducible.
A large proportion of these missense variants encode
proteins exhibiting reduced protein function in our assay,
including many that show complete loss of function. Vari-
ants within this extremely low range of activity include the
majority of amino acid substitutions at catalytic residues,
variants resulting from SNVs with pathogenic or likely path-
ogenic clinical classifications, and variants resulting from
SNVs associated with severe disease (neonatal onset) in the
literature. On this basis, our dataset satisfies the criteria of a
well-validated functional assay, and we highlight examples
in which its use as supporting evidence enables the reclassi-
fication of VUSs.

Material and methods

Plasmid and strain construction

All S. cerevisiae strains used in this study (Table S1) were derived
from the isogenic lab strain FY4.>> Unless noted, strains were
grown in rich YPD medium (1% yeast extract, 2% peptone, and
2% glucose) or minimal (SD) medium (without amino acids, 2%
glucose) with standard media conditions and methods for yeast
genetic manipulation.”®

To construct yeast strains harboring OTC variants, we first
deleted the ARG3 open reading frame from FY4 and replaced
it with a selectable kanamycin resistance gene from pFA6a-
kanMX6.?” In this strain, expression of the kanamycin resistance
gene was under control of the S. cerevisiae ARG3 promoter and
the A. gossypii TEF terminator.

We optimized the OTC coding sequence (GenBank:
NM_000531.6) for expression in yeast (hereafter yOTC, GenBank:
ON872185) by using a custom, in-house method designed to
match the codon usage frequency of S. cerevisiae. Briefly, at
positions where amino acids are conserved between the yeast
and human proteins, the yeast (S288c reference) codon was
used. In non-conserved locations, codons encoding the appro-
priate OTC amino acid were chosen to be as similar as possible
to the usage frequency of the codons at corresponding positions
in ARG3.

The mitochondrial leader sequence (amino acids 2-32) of the
human OTC was omitted from yOTC, and yOTC was placed under
the control of the native ARG3 promoter. Hereafter, the stated
variant amino acid positions refer to positions of native, full-
length OTC. To avoid disrupting the regulation of the neighboring
essential yeast gene (TRLI), which shares a 186 bp terminator
sequence with ARG3, we retained the TRL1 terminator and intro-
duced a TRP2 terminator sequence upstream of the drug marker to
control the termination of the yOTC mRNA (Figure 1B).

A plasmid containing yOTC was constructed as follows. A DNA
fragment containing the ARG3 promoter (pARG3) and wild-type
yOTC was synthesized (Genewiz) and cloned upstream of the TRP2
terminator and NatMX6 drug marker cassette in a pUC19-based vec-
tor with the NEB HiFi DNA Assembly Cloning Kit (New England Bio-
labs). This AB614_yOTC plasmid (GenBank: ON872185) was used as
a template for variant library construction.

Construction of variant library

We designed the variant library to capture the amino acid substi-
tutions resulting from all SNV-accessible missense mutations,
excluding the start and stop codons, in the human OTC cDNA
sequence (GenBank: NM_000531.6). These SNV-accessible amino
acid substitutions were defined relative to the native human OTC
cDNA sequence, not the yOTC codon-optimized sequence. The
nine possible SNVs at each native codon can produce 4-7 unique
amino acid substitutions. yOTC derivatives encoding the complete
set of these unique amino acid substitutions (n = 1,879) were
synthesized (Twist Biosciences) as a pARG3-yOTC-tTRP2-NatMX
variant library in which each well of a 96-well plate contained
an approximately equal pool of genotypes encoding each of the
4-7 amino acid substitutions at a given amino acid position (sup-
plemental methods).

Separate PCR amplification reactions and subsequent integra-
tive yeast transformations were then performed for each Twist
well, i.e., a separate transformation for each amino acid position
tested (n = 323). Approximately 500 ng of each PCR-amplified
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Figure 1. A yeast-based functional assay for human OTC amino acid substitutions

(A) Comparison of the urea cycle in humans (left) and the arginine biosynthesis pathway in S. cerevisiae (right).

(B) Yeast strain construction. The arg3A strain was transformed with PCR products containing either wild-type or variant alleles of the
yeast codon-optimized human OTC coding sequence (yOTC), which is adjacent to a nourseothricin resistance drug marker (NAT). Ho-
mology-directed integration at the ARG3 locus places yOTC under the control of the yeast ARG3 promoter and TRP2 terminator.

(C) Yeast growth in the absence of arginine as a quantitative assay for OTC function. In the absence of arginine, yeast cells harboring the
native OTC ortholog (ARG3) grow robustly, but cells harboring a precise gene deletion (arg3A) do not. Yeast cells harboring wild-type
yOTC or a benign variant (p.Lys46Arg) as the sole source of ornithine transcarbamylase activity grow at 77% and 69% of ARG3, respec-
tively. Yeast cells harboring a pathogenic variant (p.Arg141Gln) are unable to grow. Growth on minimal medium is calculated as the
product of the area and the intensity from plates imaged after 3 days. Growth estimates for each genotype = standard deviations are
displayed relative to ARG3 (set to 1.0) and arg3A (set to 0). Six independent isolates of each strain (ARG3, arg3A0, wild-type yOTC,
yOTC-Arg141GlIn, and yOTC-Lys46Arg) were assayed in triplicate.

amino acid variant pool was transformed into a MATa haploid dividual transformants were arrayed into 96-well plates contain-
deletion strain (arg3A0) via standard methods. From each transfor-  ing rich medium. This number of colonies was chosen such that
mation, single colonies were isolated such that a total of 5,700 in-  approximately three independent transformants of each variant

The American Journal of Human Genetics 110, 863-879, May 4, 2023 865



would be isolated and assayed. For downstream phenotype
normalization, each library plate also contained replicates of the
same control strains: two deletion (arg3A0) and four wild-type
(yOTC). Stocks were maintained as individual strains in 96-well
format.

Variant library sequence confirmation

In our strain construction pipeline, for each transformant in a
given well of a 96-well plate, the target codon harboring the amino
acid substitution is known, but the specific variant is not. To deter-
mine this, we used a custom MinION (Oxford Nanopore Technol-
ogies) long-read sequencing pipeline (described in detail in supple-
mental methods, script in Methods S1). Briefly, individual
transformants were pooled in groups of 16, such that no target
codon position was represented more than once in a single pool.
Each pool was then sequenced using Oxford Nanopore Flongle
flow cells (R9.4.1). At each target codon in each pool, the most
frequent potential variant codon was identified (candidate
variant) as well as the second most frequent variant (second
variant). Because we know which target codon corresponds to
which transformant, this allows us to associate each candidate
variant with a single transformant.

The frequency and pattern of MinION sequencing errors is high-
ly variable and depends on the context of surrounding bases.
These errors can occur at high frequencies, potentially generating
spurious matches to variant codons. However, the error patterns
are also reproducible per given DNA sequence, allowing us to
develop an error model for each variant, describing the frequency
with which it is generated by sequencing errors. This frequency
can be compared to the frequency observed for each candidate
variant in the pooled sequencing, allowing true variants to be
distinguished from sequencing noise.

We performed quality control on candidate variants by using
the error model along with minimum variant frequency thresh-
olds (supplemental methods). Candidates were also flagged for
later removal if any missense or nonsense secondary mutations,
or insertions or deletions (indels), were present in the yOTC
sequence. The end result of this process was that each transform-
ant was assigned either a high-confidence call for the variant pre-
sent in that transformant or an “NA” call that resulted in the
removal of that transformant from further consideration.

Validating the MinlON variant-calling pipeline with
lllumina sequencing

Long-read sequencing technologies, such as Oxford Nanopore,
allow us to identify both the yOTC variant present in each trans-
formant and also any secondary mutations elsewhere in the
gene. To validate our Oxford Nanopore pipeline, we performed
amplicon sequencing by using highly accurate, but short-read, Il-
lumina sequencing, to identify the variant in each transformant
(supplemental methods). These calls were then compared to the
result from the Oxford Nanopore pipeline. To accommodate Illu-
mina read length limits, the yOTC sequence was divided up into
four ~300 bp overlapping segments. The specific segment to be
amplified and sequenced corresponded to the known codon posi-
tion of the variant in each transformant. Comparison of the
MinION and [llumina results revealed excellent agreement
(99.8%) for the MinION calls passing quality control (Figure S1).
The accession numbers for the Illumina and MinION read se-
quences generated for this study are SRA: PRJEB61166 and SRA:
PRJEB60279.

Measuring the growth of individual isolates

To prepare for phenotyping, each isolate was picked and grown in
rich medium supplemented with the selectable drug and then
pinned onto solid rich medium containing 3% glycerol as the car-
bon source (YPG), to select against cells that were slow growing as
a result of loss of respiratory function. Cells were then pinned
from YPG solid medium back into non-selective rich liquid me-
dium (YPD) and grown to saturation overnight at 30°C. Next, cul-
tures were pinned onto solid omniplates containing minimal (SD)
medium (lacking arginine) with a Biomek i7 robot outfitted with a
V&P Scientific 96 floating-pin replicator head. Pinning onto SD
plates was done in triplicate, followed by growth at 30°C for 72
h. Plates were photographed with a mounted Canon PowerShot
SX10 IS compact digital camera under consistent lighting, camera
to subject distance, and zoom. Images (ISO200, f4.5, 1/40 s expo-
sure) were acquired as .jpg files. Growth phenotypes were ex-
tracted from the images via a custom pipeline, PyPL8 (https://
github.com/lacyk3/PyPI8). Briefly, a pseudo patch “volume” for
each pinned isolate was generated, consisting of the product (“In-
tDen”) of the patch area (obtained via thresholding with Otsu’s
method”® or circle detection®”) and the mean patch pixel intensity
(grayscale) (described in detail in supplemental methods).

Data normalization and relative growth estimation

Raw phenotypic values were normalized, quality control filters
were applied to each isolate, and a final relative growth estimate
for each yOTC variant (across all isolates) was determined
(described in detail in supplemental methods, processing script
in Methods S2). Briefly, normalization steps to account for the ef-
fects of plate-to-plate variation, relative growth of neighboring
patches, and plate edge effects were applied to the data with a
custom script (Methods S2). Isolates with (non-synonymous) sec-
ondary mutations were removed from the dataset. Any yOTC var-
iants that had discordant growth estimates between isolates were
also removed. Finally, we used a linear model, fit with weighted
least-squares regression, to estimate the relative growth of each
yOTC variant, on a scale with growth of null controls set to
0 and growth of wild-type yOTC set to 1 (supplemental methods
and Methods S2).

Curation of OTC sequence variant clinical significance

Criteria developed for the interpretation of clinical significance of
sequence variants by the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology
(ACMG/AMP)*° were applied to the OTC benign variant
(p.Leul66Phe) and to variants with growth rates below 5% of
the wild-type that were annotated either as VUSs, likely patho-
genic (LP) variants, or variants with conflicting interpretation
(CI) in the ClinVar database®’ (May 20, 2022). Variant Curation
Interface was used for variant classification.*” The following mod-
erate criteria were used for classification of OTC sequence variants:
PM1, located in a mutational hot spot and/or critical and well-es-
tablished functional domain (e.g., active site of an enzyme)
without benign variation; PM2, allele frequency in human popu-
lation databases; PMS, missense change at an amino acid residue
where a different pathogenic or likely pathogenic missense change
has been seen before; PS4_Moderate, one male or female proband
with disease-specific phenotype (PP4).° The following supporting
criteria were used for classification of OTC sequence variants: PP3,
multiple lines of computational evidence with REVEL score > 0.75
support a deleterious effect on the gene or gene product; PP4,
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disease-specific phenotype—elevated plasma glutamine or
elevated ammonia AND low/normal citrulline, elevated urine or-
otic acid, and enzyme activity <20% in patient-derived cells
from a male proband. The PP4 and PS4 criteria were not applied
to the same proband. Variant Curation Interface applies classifica-
tion criteria to determine the clinical significance of each sequence
variant according to the rules described in Richards et al.*° Growth
rates of each OTC sequence variant were applied as
PS3_Supporting level of evidence for variant pathogenicity on
the basis of the number of known benign and pathogenic variants
used as controls.*?

Permutation p values

For calculations of permutation p values, 1 million samples of the
appropriate size were drawn, without replacement, from the
appropriate subset of assay results. These samples were used to
calculate a null distribution of medians, to which the test median
was compared.

Conservation and structure analysis

Conservation scores of OTC (PDB: 10TH) were downloaded from
ConSurf-DB server.** Surface residues of 10TH were identified by
running findSurfaceResidues.py (https://pymolwiki.org/index.
php/FindSurfaceResidues) with default cutoff exposed area of
2.5Ain PyMOL version 1.8.2. We consider interior residues output
from findSurfaceResidues.py as buried residues. Structural visuali-
zation was conducted in PyMOL 1.8.2. A Chi-squared test was
performed in R to determine significant association of conserved
residues (ConSurf conservation score < 0) in the amorphic range
of median yeast growth (median estimate < 0.05).

Results

Establishing an in vivo OTC functional assay in yeast

We set out to create a quantitative, yeast-based assay to mea-
sure the impact of amino acid substitutions on the activity of
human OTC. Our assay is based on the ability of human OTC
to functionally replace its yeast ortholog (Arg3) in
S. cerevisiae. Human OTC contains ten exons and nine in-
trons but, like most genes in the yeast genome, ARG3 is in-
tronless.>> Therefore, we started with the OTC cDNA
sequence (from GenBank: NM_000531.6), which encodes
the 354 amino acid OTC precursor. This sequence includes
a 32 amino acid mitochondrial leader sequence that is
cleaved from the N terminus of OTC following mitochon-
drial import.*® Because the Arg3 enzyme functions in the
yeast cytosol,”” we omitted amino acids 2-32 from the hu-
man OTC coding sequence. However, to simplify compari-
sons with the clinical literature and databases, we refer to
variant amino acid positions within this protein by using
their position in native, full-length OTC.

We next sought to match the gene expression of OTC to
that of its yeast ortholog as follows. First, we generated a
codon-harmonized version of OTC that encodes the
human protein but more closely matches the codon utili-
zation frequency of ARG3 than does the original OTC
cDNA sequence (material and methods). A single copy of
this harmonized sequence, hereafter yOTC, was integrated

into the (haploid) yeast genome at the ARG3 locus, under
the control of the native ARG3 promoter (Figure 1B). This
experimental design ensured stable maintenance of yOTC
(wild-type and variant derivatives) at a uniform copy num-
ber in all cells and placed yOTC in the native regulatory
environment of the yeast ortholog.

Because ornithine transcarbamylase activity is required for
yeast to grow in the absence of exogenously supplied argi-
nine, growth on minimal medium (lacking arginine) is a
quantitative measure of enzyme function that is amenable
to high-throughput analysis. To quantify the ability of
yOTC to functionally replace ARG3, we compared growth
of the parental strain (FY4, expressing yeast ARG3) to that
of the same strain background lacking any ornithine trans-
carbamylase activity (arg3A0::NATMX) or harboring the hu-
man OTC expression construct (yOTC) at the ARG3 locus as
the sole source of enzyme activity. Each strain was grown
under a non-selective condition (rich medium containing
arginine), replica pinned to minimal medium lacking argi-
nine, and grown at 30°C for 72 h. As expected, in the absence
of arginine, FY4 grew robustly while the arg3 deletion was
unable to grow, displaying only the faint patch of cells depos-
ited by the initial replica pinning (Figure 1C). In agreement
with a previous plasmid-based study that expressed the
full-length protein-coding sequence in yeast,”® human orni-
thine transcarbamylase expressed from our integrative
construct (YOTC) was able to complement an arg3 deletion.
In our assay, complementation was robust, conferring 77%
growth relative to the FY4 strain expressing the yeast
ortholog Arg3 (Figure 1C).

As an initial test of how well activity in yeast agreed with
activity in humans, we constructed and individually assayed
a small set of well-characterized variants with pathogenic or
benign clinical significance calls in ClinVar.*' We expected
that amino acid changes matching those encoded by known
pathogenic missense variants would impair OTC activity, re-
sulting in poor growth, potentially down to the complete
lack of growth conferred by the arg3 deletion. In contrast,
amino acid changes corresponding to those of benign
missense variants should result in high growth, potentially
up to the high level conferred by wild-type yOTC. The path-
ogenic missense SNV ¢.422G>A (p.Arg141Gln) (GenBank:
NM_000531.6) encodes an amino acid substitution that
abolishes enzymatic activity without altering protein abun-
dance.’” In our assay, the strain harboring this amino acid
substitution behaved like the arg3 deletion mutant and failed
to grow on minimal medium (Figure 1C). The most common
benign missense variant reported in gnomAD is c.137A>G
(p-Lys46Arg) (GenBank: NM_000531.6). In our assay, this
amino acid variant functionally complemented the arg3
deletion to 90% of the growth of the strain harboring the
wild-type human construct (yOTC) and to 69% of the orig-
inal yeast strain harboring the yeast ortholog (ARG3)
(Figure 1C). Thus, yOTC complements a deletion of ARG3,
and the activities of amino acid substitutions corresponding
to a small number of well-characterized pathogenic and
benign missense variants are consistent with expectations.
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Assaying SNV-accessible OTC amino acid substitutions
at scale

With a validated functional assay in hand, we proceeded
with the construction and analysis of a full-scale variant li-
brary. While it is possible to construct variant libraries that
sample all 19 amino acid substitutions at a given residue,
we focused on the subset of missense variants that are
most likely to arise in the human population. Thus, our li-
brary design included all single amino acid substitutions
(four to seven per residue) that are accessible by a single-
nucleotide variant (SNV) in the reference human OTC
sequence. While our experimental design measures the
impact on protein function of the amino acid substitutions
encoded by the SNVs, it does not directly test nucleotide
variation itself. As such, the assay is not an informative
readout for the effects of nucleotide-based phenomena
such as synonymous mutations and mRNA splicing.

Yeast cells were transformed with a library of yOTC deriv-
atives, each encoding a single amino acid substitution. In-
dividual transformants were isolated and arrayed into
96-well plates, ensuring that each strain in each 96-well
plate is an independently constructed biological isolate
of the variant it contains (material and methods). The
number of colonies picked (n = 5,700) was chosen such
that on average, three biological isolates for each substitu-
tion would be collected and assayed. The identity of the
altered codon in each transformant was then determined
by sequencing the full length of yOTC with a custom
long read (Oxford Nanopore) pipeline. The ability of this
pipeline to accurately determine the yOTC variant present
in a given strain was confirmed with Illumina sequencing,
with 99.8% agreement between the altered codon identi-
fied by the Oxford Nanopore pipeline and that identified
by Illumina sequencing (material and methods). The abil-
ity to sequence the entire protein-coding sequence with
the long read pipeline also allowed us to identify trans-
formants with secondary mutations in yOTC and remove
from the final dataset any transformants with indels or
non-synonymous or nonsense secondary mutations. After
this filtering step, the remaining genotypes included 1,592
out of 1,879 (85%) of the total possible SNV-accessible
amino acid substitutions in OTC.

We next measured the growth of each strain individu-
ally by robotically pinning cells arrayed in 96-well format
to solid medium. In contrast to pooled competitive
fitness-based approaches, phenotyping in this manner
provides a stable estimate of activity for each yOTC
variant. Specifically, individual measurements are inde-
pendent of the composition of a particular competitive
pool and are not subject to relative fitness changes as
the mean pool fitness increases over time. Individual
strain phenotyping also facilitates the integration of the
current dataset with additional strain phenotyping carried
out in the future. Assaying future strains with a defined
set of controls allows the additional data to be placed
on the same quantitative scale and be compared directly
to the earlier dataset.

Briefly, the growth assay was performed as follows. First,
strains were grown to saturation in 96-well plates contain-
ing rich liquid medium (containing arginine). Then, cells
were robotically replica pinned in triplicate to solid agar
plates containing minimal medium (lacking arginine)
and grown for 72 h. Next, growth was measured as the
product of the area and average pixel intensity of each
patch, with a custom script (material and methods). After
normalization to account for plate-to-plate, edge, and
neighbor patch effects on growth, we used a linear model
to estimate the growth of each yeast yOTC genotype (using
all transformants with that genotype). Finally, growth
values were rescaled so that wild-type yOTC growth was
set to a value of 100% and the arg3 deletion strain was
set to a value of 0% (Table S7) (material and methods).
The results were highly reproducible. For genotypes
with more than one isolate, the correlation between the
genotype growth estimate and the individual isolate
growth estimates had an r* value 0.982 (Figure S2). A small
number of genotypes were identified that displayed incon-
sistent growth between independent isolates (Figure S2)
(material and methods). These genotypes were removed
from further analysis, leaving a final dataset of 1,570
amino acid substitutions in OTC, representing 84% of all
SNV-accessible amino acid substitutions, and for the ma-
jority (77%) of these, multiple independent transformants
were isolated and individually assayed (Table S7).

A high proportion of amino acid substitutions impair
OTC activity

The amino acid substitutions tested conferred a wide range
of growth values spanning the range between the wild-
type (vOTC) and null (arg3) controls but, quite strikingly,
27% of amino acid substitutions exhibited relative growth
values below 5% of wild-type activity (Figure 2). The
approximately normal distribution of these low values,
centered on the null control, is consistent with complete
loss of OTC function in our assay combined with a small
amount of measurement noise. We therefore defined sub-
stitutions falling in this range as amorphic. The remaining
amino acid substitutions exhibited a relatively uniform
distribution across the rest of the growth range. Within
this group, we defined amino acid substitutions having
growth >90% as functionally unimpaired and those falling
in the range 5%-90% as hypomorphic. Unexpectedly,
there was no frequency peak of amino acid substitutions
centered around the wild-type level of growth in the unim-
paired range and only 18% of amino acid substitutions had
growth >90% in our assay (Figure 2).

The fact that the human protein-coding sequence did
not fully complement loss of the yeast ortholog (77% of
ARG3 growth, Figure 1C) suggests that our assay has the
potential to detect hypermorphic variants exhibiting
increased growth up to at least the level of the ARG3 strain.
Interestingly, among the 16 amino acid substitutions with
the highest growth (top 1%), ten were substitutions at po-
sitions 143, 324-326, or 349-350 (Figure S3).
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Figure 2. Quantitative growth measurements of 1,570 OTC variants

(A) Frequency of yOTC variants exhibiting varying levels of normalized growth. Variant growth is reported relative to that of the arg3
deletion (normalized growth value = 0, marked in purple) and the wild-type yOTC (normalized growth value = 1, marked in green).
The 0.05 and 0.9 lines used to demarcate the amorphic, hypomorphic, and unimpaired growth ranges are indicated with dashed

gray lines.

(B) Relative growth of each ordered yOTC variant plotted with = SE of the growth estimates.

Assay results agree with expectations based on protein
function, evolutionary conservation, and variant
representation in the human population
We next examined the functional impact of amino acid
substitutions in our assay with respect to the evolutionary
conservation of residues and the protein structure of OTC.
Substitutions causing loss of function were spread rela-
tively evenly across the linear sequence of the protein
and most positions exhibited high levels of intolerance
(Figures 3A and S3). Because OTC is an evolutionarily
ancient enzyme, we expected conserved residues to be
highly sensitive to mutation and variable residues to be
more tolerant to mutation. Consistent with this, we
observed a highly significant (p = 3.1 x 10~®) but weak
(Spearman’s p = 0.3) correlation between the ConSurf**
relative conservation scores and our median growth esti-
mates for each residue (Figures 3A and S4); with more
conserved sites showed lower median growth. In partic-
ular, we observed a strong enrichment (p = 7 x 107%,
Chi-squared test) of the most highly intolerant substitu-
tion class (median values in the amorphic range) at
conserved residues (negative ConSurf scores) (Figure S4).
Because buried residues are important for proper protein
folding, we expected them to be both highly conserved
and highly sensitive to amino acid substitution in OTC.
When we mapped the conservation scores and the median
yeast growth onto the protein structure, the majority of
both the highly conserved and mutation-sensitive residues
were indeed concentrated in the internal parts of the pro-
tein (Figures 3B, 3C, and S4). In particular, high levels of
conservation and sensitivity to substitution were observed
around the substrate-binding and catalytic “pocket” of
OTC (Figures 3B and 3C). In contrast, the least conserved
and most substitution-tolerant residues were found mostly
on the protein surface (Figures 3B, 3C, and S4).

While OTC shows a general intolerance to amino acid
substitutions, we expected that altering the amino acids
at active sites of the enzyme would have a particularly
high likelihood of impairing OTC function and therefore
inhibiting growth in our assay. OTC has several known
active sites involved in interaction with the substrates
carbamoyl phosphate and ornithine for enzymatic conver-
sion to citrulline.*"** Interactions with carbamoyl phos-
phate involve the SxRT (Ser90, Arg92, Thr93) and HPxQ
(His168, Prol69, GInl71) motifs as well as residues
His117, Argl41, and Arg330. Residues Asp263, Leul63,
and Asn199 interact with ornithine while the HCLP
(His302, Cys303, Leu304, and Pro305) motif participates
in interactions with both substrates. The SMG motif
(Ser267, Met268, and Gly269) is involved in the capping
of the active site pocket. Most of these active site residues
were very sensitive to the effect of amino acid substitutions
(Figure 4A). The median growth of substitutions at all
active site residues was only 13.2%, which is significantly,
and very substantially, lower than the global median of
41.7% (p < 1 x 1073, one-sided permutation test). In
particular, 77% of substitutions at catalytic residues were
amorphic (<5% growth), significantly greater than the
27% of all substitutions that fall in this range (p = 1.0 x
1078, one-sided exact binomial test). Thus, as expected,
active sites were intolerant to amino acid substitutions in
our assay.

One notable exception to the pattern of sensitivity at
conserved functional residues is the SMG motif, which
is tolerant to amino acid substitutions in our assay
(Figure 4A). This motif is part of a loop from amino acids
264-276 that swings to close the active site upon binding
of carbamoyl phosphate and ornithine (Figure 4B). The
full length of this mobile loop is tolerant to amino acid
substitutions (Figure S5), suggesting that its function,
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while important for the activity of OTC in human mito-
chondria, may not be required for OTC activity in the
context of the yeast cytoplasm.

Finally, we evaluated the agreement of our results with
variant representation in the human population. Because
of the severity of this X-linked disease, we expect that OTC
missense SNVs that result in deleterious amino acid substitu-
tions will be underrepresented. Consistent with this, substi-
tutions corresponding to human missense SNVs present in
gnomAD™* (May 20, 2022) have significantly higher median
levels of growth than do all substitutions (71.1% versus

40.4%; p < 103, one-sided permutation test). In particular,
substitutions corresponding to gnomAD SNVs are very
strongly and significantly (p = 2.5 x 10~%, one-sided exact
binomial test) depleted among substitutions showing <5%
growth in our assay, with 1.5% of gnomAD substitutions fall-
ing below this cutoff versus 27% of all substitutions
(Figure S6A). Interestingly, for growth values above 5% in
our assay, the distributions of gnomAD substitutions and
all substitutions appear similar (Figure S6B).

Thus, although the proportion of all amino acid substi-
tutions in OTC that are deleterious is high, our results
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agree with expectations based on the known features of
the protein structure and with variant representation in
the human population.

Assay results closely agree with clinical annotations
To evaluate how our functional assay compared with hu-
man phenotypes, we assessed the growth scores of amino

acid substitutions corresponding to those caused by
missense SNVs with definitive clinical significance calls
in the ClinVar database (Figure 5). In our assay, we expect
that amino acid substitutions corresponding to benign
missense variants will display high growth, while those
corresponding to pathogenic missense variants will display
reduced growth.
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Figure 5. Yeast assay results for amino acid substitutions corresponding to variants with clinical significance calls
(A) Strip charts of normalized growth for all amino acid substitutions and those corresponding to ClinVar classification groups. Colored
dots correspond to amino acid substitutions in the SMG loop (green) or that correspond to pathogenic/likely pathogenic missense SNVs

predicted to impair splicing (pink).

(B) Comparison of the proportion of all amino acid substitutions and those with either ClinVar pathogenic/likely pathogenic or benign/
likely benign annotations falling under a given level of normalized growth. Dotted lines indicate boundaries of amorphic, hypomorphic,

and functionally unimpaired assay ranges.

ClinVar (May 20, 2022) contains twelve missense vari-
ants classified as benign or likely benign. Two of these
encode substitutions (p.Met21Val and p.Arg23Gln) in the
mitochondrial leader portion of the protein, which is not
included in our assay. Seven of the remaining ten amino
acid substitutions were present in our library. Six of these
(p-Lys46Arg, p.Gly50Ala, p.Thel50lle, p.Thr150Asn, p.Hi-
s255Arg, and p.GIn270Arg) exhibited growth levels in the
unimpaired range of our assay (>90%) and one (p.Leu166-
Phe, growth = 71%) in the hypomorphic range. No benign
substitutions displayed growth in the amorphic range of
our assay (<5%) (Figure 5). In contrast, for all substitutions,
the proportions in the amorphic, hypomorphic, and
unimpaired growth ranges were 27%, 55%, and 18%,
respectively. This difference in distributions, where the
benign variants showed less functional impairment, was
significant (p = 2.8 x 10~ *, exact multinomial test).

We next analyzed the set of amino acid substitutions in
our library corresponding to SNVs with ClinVar patho-
genic (n = 165 of 208) and pathogenic/likely pathogenic
or likely pathogenic (n = 30 of 39) classifications. The
majority of substitutions found in these groups (57%) dis-
played amorphic growth (<5%) (Figure 5), greatly enriched
versus the 27% of all substitutions that fall in this growth
range. The pathogenic-associated substitutions were also
strongly depleted in the unimpaired (>90% growth) range
of our assay; only 2% of pathogenic substitutions fell in
this range versus 18% of all substitutions. The difference
between the distribution of the pathogenic-associated sub-
stitutions versus all substitutions, where pathogenic-asso-
ciated amino acid substitutions showed greater functional
impairment, was highly significant (p = 2.4 x 107°, exact
multinomial test).

A recent study** characterized the functional impact of
71 pathogenic variants in OTC by using a mammalian

cell-based spectrophotometric assay, where all of the tested
variants demonstrated strong reductions in measured OTC
activity (<50% of wild-type). 44 of these were missense
variants encoding amino acid substitutions that were
also tested in our assay. Among these, 23 (52%) had growth
rates falling in our amorphic range, and all but one of the
remaining variants fell in the hypomorphic range (<90%
growth). Therefore, both assays confirm that these patho-
genic amino acid substitutions lead to impaired OTC
activity.

The expected correlation between pathogenicity and
low growth in our assay is based on the assumption that
the pathogenicity of a missense SNV is an effect of the
amino acid substitution that it encodes. However, in addi-
tion to causing amino acid substitutions, missense SNVs in
the first and last codons of an exon can also affect mRNA
splicing. Because the intronless construct used in our assay
is not subject to splicing effects, pathogenicity and
growth in our assay may not be correlated for this small
class of variants. For example, a missense variant patho-
genic through its effect on splicing might encode an amino
acid substitution with little effect on enzyme activity,
leading to high growth in our assay.

To identify amino acid substitutions encoded by patho-
genic missense SNVs that might impact splicing, we first
identified all 76 possible missense SNVsin the last three bases
of exons 2-9 and the first base of exons 3-10 of OTC. The
junction between exons 1-2 was not assessed because exon
1 encodes the mitochondrial leader sequence, which is not
present in our expression construct. In silico predictions
for the effect of these variants on OTC mRNA splicing
were then generated with MaxEntScan,*> VarSeak (www.
varSEAK.bio), and SpliceAl,*° allowing us to classify variants
as having a high, intermediate, or low probability of impair-
ing splicing (Table S8). Among the SNVs with a high
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probability of impairing splicing, we determined that ten
also had ClinVar pathogenic or likely pathogenic classifica-
tions, and we identified nine amino acid substitutions in
our assay corresponding to one of these SNVs. Four of these
substitutions (p.Arg129His, p.Arg129Leu, p.GIn180His, and
p-Lys289Asn) displayed high growth value in our assay
(>84% growth), suggesting that the corresponding SNVs
are pathogenic primarily due to their effect on splicing.
The remaining five substitutions (p.Argl29Pro, p.Ly-
s221Asn, p.Glu239Gly, p.Glu239Val, and p.Met3351le) dis-
played impaired growth (<65%) in our assay (Table S7).
Therefore, the corresponding SNVs both encode amino
acid substitutions that have a deleterious effect on OTC func-
tion and are also likely to impair splicing, making their mode
of pathogenicity ambiguous. Thus, for pathogenic missense
SNVswith the potential to impact splicing, our data could be
used to help disentangle the molecular mechanisms of
pathogenicity.

After accounting for pathogenic variants with likely ef-
fects on splicing, the only two remaining pathogenic/
likely pathogenic amino acid substitutions with growth
>90% in our assay (p.The264Asn and p.Met268Thr) are
located in the SMG loop (Figure 5A). This is consistent
with our earlier observation that highly conserved residues
in this region are tolerant to amino acid substitutions
(Figures 3, 4, and S5) and support the possibility that the
function provided by this region of OTC in human
mitochondria is not essential when OTC is localized in
the yeast cytoplasm. Based on the region predicted to un-
dergo a conformational change upon binding of ornithine
(Figure 4B), we flagged resides located in the portion of the
SMG loop from residues 264-276 as a region in which the
yeast assay results might not be informative about human
protein function.

Defining informative ranges of the assay to support
clinical variant classification

The strong correlation between the clinical significance
calls in ClinVar and the quantitative scale of our assay sup-
ports the validity of the yeast assay for assessing human
protein function. By comparing the distribution of exist-
ing benign and pathogenic variants, it is possible to
identify assay ranges that are consistent with pathogenic
and benign clinical presentation. Although the number
of amino acid substitutions associated with benign annota-
tions is small, the degree of separation between the benign
and pathogenic growth distributions observed in our assay
suggests that a relatively clear classification boundary be-
tween the two clinical classes may exist. After removing
from consideration amino acid changes associated with
variants likely to influence splicing or that are present in
the SMG loop, all remaining pathogenic-associated amino
acid substitutions (154/154) had growth <86% in our
assay. In contrast, all but one benign substitution (6/7)
had growth >90% in our assay, and the outlier (p.Leu166-
Phe) had 71% growth (Figure 5). This suggests a cutoff be-
tween the two classes could be placed either just below

71%, in which case seven pathogenic variants would be
misclassified as benign, or in the range 86%-90%, where
one benign variant would be misclassified as pathogenic.
Using a cutoff of 90% would have the advantage of both
minimizing misclassification of existing clinically anno-
tated variants and minimizing the potential to underdiag-
nose pathogenic variants for this severe and clinically
actionable disease. In addition, the fact that one of a
limited number of benign variants behaves as an outlier
by our assay (p.Leul66Phe), suggests that the clinical clas-
sification of the corresponding SNV, c.498G>T (p.Leul66-
Phe) (GenBank: NM_000531.6), should be examined more
closely. In fact, under the current ACMG guidelines and
independent of our data, this variant would be reclassified
as a VUS (Table S9).

On this basis, we chose a cutoff of 90% growth, below
which we categorize substitutions as deleterious, impairing
OTC function to a level sufficient for disease presentation,
and above which we categorize substitutions as non-
deleterious (Table S7). As such, the deleterious class
corresponds to the combined amorphic and hypomorphic
classes previously defined. Using this threshold, 1,294
(82%) of variants assayed exhibit functional impairment
consistent with pathogenicity. Functional information
that is consistent with the behavior of known pathogenic
and benign alleles can be used as supporting information
for clinical classification of the corresponding human
SNVs. Our assay measuring the effect of amino acid substi-
tutions on OTC activity meets this requirement, allowing
it to be considered a well-validated functional assay for
use as a PS3 supporting level of evidence according to
the ACMG guidelines. In addition, we anticipate that as
more clinical data becomes available over time, and in
particular a larger set of benign variants are identified,
the boundary between the benign and pathogenic distri-
butions of values in our assay may become better resolved.

Variant assay values agree closely with OTC clinical
stratification

In males, the presentation of OTC deficiency is classified
into two groups defined by age of onset: neonatal and
late-onset (more than 6 weeks of age). Amino acid substitu-
tions corresponding to SNVs with neonatal onset are ex-
pected to more severely impair OTC activity than those
corresponding to the late-onset alleles. In females, it has
been suggested that disease presentation results from
skewed patterns of X-inactivation affecting expression of
a wild-type and a severe pathogenic SNV.*”~** To examine
how well our results agree with clinical stratification of
OTC deficiency, we reviewed the disease literature and
identified missense SNVs observed in instances of male
neonatal, male late-onset, and female disease presentation.
We then identified any amino acid substitutions tested in
our assay that correspond to these SNVs, which comprised
69 neonatal male, 57 late-onset male, and 88 female substi-
tutions (Table S7). No substitutions were present in more
than one class.
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Consistent with expectations, amino acid substitutions
observed in the neonatal and female classes were associated
with severe loss of activity in our assay. The two distribu-
tions were very similar (Figure 6A), showing strong enrich-
ment in the amorphic range (<5% growth), depletion in
the hypomorphic range (5%-90% growth), and strong
depletion in the functionally unimpaired range (>90%
growth). In particular, 70% of the neonatal class and 77%
of the female class behaved as amorphs versus 27% of all
substitutions while 1% of neonatal and 0% of female substi-
tutions displayed unimpaired growth versus 18% of all var-
iants. The difference between the growth distribution of all
substitutions versus the neonatal and female substitutions
considered as a single combined class was highly significant
(p = 2.2 x 107%, exact multinomial test); the neonatal- and
female-associated amino acid substitutions showed greater
functional impairment. The strong association between
the two most severe disease classes and the amorphic range
of our assay (<5% growth) suggests that amorphic missense
variants should be under strong purifying selection in the
human population. This is consistent with our observation
that amorphic variants are strongly depleted in gnomAD
(Figure S6A).

Consistent with their pathogenicity, substitutions in the
late-onset class were also strongly depleted in the unim-
paired range of our assay (Figure 6A), relative to all substi-
tutions (2% versus 18%). However, while the neonatal and
female categories showed strongest enrichment in the
amorphic range, late-onset substitutions were most
enriched in the hypomorphic growth range (5%-90% ac-
tivity); 75% of late-onset substitutions fell in this range
compared to 55% of all substitutions. The difference
between the late-onset distribution and that of all substitu-
tions is significant (p = 3.1 x 10~*, exact multinomial
test), as is the difference between the late-onset distribu-

tion and that of the combined neonatal and female class
(p = 1.1 x 107!, Fisher’s exact test). In fact, the late-onset
substitutions are most strongly concentrated in the lower
half of the hypomorphic range (5%-50% growth), as
51% fell in this range versus 29% of neonatal/female
substitutions and 27% of all substitutions (Table S7).
Therefore, late-onset presentation is associated with amino
acid substitutions that have impaired activity in our assay
but generally less impaired than those associated with
neonatal and female presentation. Unlike amorphs, which
appear to be under strong purifying selection (Figure S6A),
variants associated with the hypomorphic range of our
assay (5%-90% growth) show little sign of depletion in
gnomAD (Figure S6B) and therefore little sign of strong
purifying selection. This difference may be explained by
the association between amorphs and severe disease
presentation (both female and neonatal male), while hy-
pomorphs are more strongly associated with a less severe
disease phenotype, i.e., late-onset male-specific disease
presentation (Figure 6).

Similar to the results for the ClinVar pathogenic class,
several of the amino acid substitutions displaying the
highest growth in each of the three disease stratification
groups correspond to SNVs with a high probability of
affecting splicing (Figure 6B). This is consistent with the
pathogenicity of these variants resulting from splicing de-
fects rather than the effect of the amino acid substitution
on OTC activity. Several other high growing substitutions
in the three disease groups occur in the SMG loop
(Figure 6). This provides further evidence that the SMG
loop, while important for OTC function in human mito-
chondria, does not appear to be needed for OTC function
in the yeast cytoplasm.

Together, these results demonstrate a very close
agreement between growth in our assay and disease
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(B) Age of diagnosis/onset among late-onset males with missense SNVs and yeast growth scores for the matching amino acid substitu-
tions. Substitutions corresponding to missense SNVs predicted to impair splicing or that are present in the SMG loop were omitted from

this plot.

stratification. All three classes of disease-associated amino
acid substitutions are depleted in the upper range of our
assay, but those associated with neonatal and female pre-
sentation show complete, or near complete, loss of OTC
function, while those associated with the late-onset class
demonstrate less severe loss of OTC function.

Heterogeneity in age of diagnosis in the late-onset class
The correlation between age of disease onset and activity in
our assay is strong. Amino acid changes corresponding to
neonatal variants (<6 weeks old onset) display significantly
lower growth than those corresponding to late-onset vari-
ants (>6 weeks old onset) (Figure 6). However, within the
late-onset class, the age of diagnosis varies greatly. There-
fore, we extended our analysis to investigate whether there
was also a correlation between age of (late) onset and
growth in our assay. To this end, we further resolved the
exact age of onset, or diagnosis, in the late-onset class of
males by performing an exhaustive literature search for
these parameters (Table S10). Age of diagnosis varied from
6 weeks of age up to the 7" decade of life, with 50% occur-
ring by age 5 and 65% by age 10 (Figure 7). However, 25% of
diagnoses occurred in individuals older than 18, further
helping to explain the lack of strong selection against vari-
ants falling in the hypomorphic range of our assay (5%-—
90% growth, Figure S6B) that are associated with late-onset
male-specific presentation (Figure 6).

After removing late-onset substitutions located in the
SMG loop or corresponding to SNVs with a high probabil-
ity of affecting splicing, we observed no significant rela-
tionship between growth in our assay and age of (late)
onset (Kendall’s tau = —0.14; p = 0.061) (Figure 7B). There-
fore, while late-onset variants are associated with moderate
loss of function in OTC, the actual age of onset within

the late class is, at most, only weakly determined by
the relative severity of the OTC amino acid substitution.
In addition, our results also highlighted a number of
instances where people with the same amino acid substitu-
tion (p.Ala208Thr, p.Pro225Thr, p.Arg40His, p.Val337Leu,
and p.Arg277Trp) displayed a wide range of age of onset
(Figure 7B). This suggests that age of onset within the
late class is highly variable, even for a single OTC allele.
Both of these results are consistent with the very strong
role that environment is known to play in instances of
late-onset disease presentation, with specific environ-
mental triggers frequently identified for instances of
hyperammonemia in older individuals (Table S10). The
unpredictable occurrence of these triggers together with
additional factors, such as the individual’s diagnostic
odyssey, are likely to contribute to the variability of age
of disease presentation.

Reclassifying VUSs with functional assay data

Finally, having identified functional thresholds in our data
that agree well with clinical annotations and disease strat-
ification, we set out to examine the impact that inclusion
of our data might have on OTC variant reclassification.
While formal reclassification of OTC variants in the
ClinVar database is performed through a process®’ over-
seen by the Urea Cycle Disorders Variant Curation Expert
Panel,>! we performed a pilot reclassification of variants
by using the current ACMG guidelines.*’

We previously identified growth <90% in our assay as
identifying the level of functional impairment necessary
to cause disease. However, for our pilot reclassification,
we used the highly conservative 5% threshold associated
with complete loss of OTC function in our assay. This
very stringent cutoff captures amino acid substitutions
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Table 1.

Reclassification of VUSs and likely pathogenic and conflicting variants according to current ACMG/AMP guidelines

ClinVar ACMG alone ACMG with yeast data
VUSs 16 32 10
Likely pathogenic 17 2 24
Conflicting 1 0 0

corresponding to 57% of ClinVar pathogenic and likely
pathogenic variants, 70% of neonatal variants, and 81%
of those in affected females. In total, 27% of all amino
acid substitutions that we tested had growth <5%,
including 320 corresponding to missense variants not yet
documented in ClinVar or gnomAD.

Accepting growth <5% in our assay as strong functional
evidence for impaired OTC activity, we examined the
effect this evidence would have on variant classification
by using the current ACMG guidelines.*° Of the 39 amino
acid substitutions in our library that correspond to variants
annotated as VUSs in ClinVar (n = 39 of 58), 16 had
growth values below the 5% cutoff (Figure 5A). Addition-
ally, 17 likely pathogenic variants and one variant with
conflicting interpretations corresponded to amino acid
substitutions with growth values below 5%. We reanalyzed
these 34 variants according to current ACMG standards
and guidelines by using the Variant Curation Interface®”
(material and methods). To control for potential
differences in interpretation, variant reclassification was
performed with and without the inclusion of the yeast
functional data as PS3 functional evidence (Tables 1 and
S9) by the same disease expert. Surprisingly, in the absence
of our data, reclassification with the current ACMG guide-
lines resulted in a substantial reduction in the number of
variants with definitive clinical significance calls (32 VUS
and two likely pathogenic). However, inclusion of the
yeast assay data reclassified 22 of these VUSs to likely path-
ogenic and did not change the classification of the two
likely pathogenic alleles. For the ten variants that re-
mained VUSs, the limitation was not the strength of the
functional information, but rather limitations due to
other criteria (Table S9), such as the number of docu-
mented individuals harboring the same rare allele. Taken
together, these results provide an example of the impor-
tance of including functional evidence in variant reclassifi-
cation, particularly as the rigorous ACMG standards are
applied more widely.

Discussion

Eliminating the VUS category of clinical diagnosis by 2030
has been deemed one of the ten “highest-priority elements
envisioned for the cutting-edge of human genomics.”>”
Because computational prediction algorithms often give
inaccurate or conflicting results,”® large-scale functional
assays are the only means of variant interpretation
currently poised to match the pace of variant discovery.

Here, we describe the development and application at scale
of such an assay, a yeast-based quantitative growth assay
for measuring the activity of human OTC. Because we
assay single copies of gene variants integrated into a
haploid yeast strain, our functional assay not only assesses
the activity of individual OTC variants but also recapitu-
lates the genotypes of males with single amino acid
changes in the enzyme encoded by this X-linked gene. In
total, we measured the effect of 1,570 single amino acid
substitutions on OTC activity.

The validity of the assay is supported by the close agree-
ment with existing information about OTC, both at the
level of clinically characterized variants and protein struc-
ture. Amino acid substitutions corresponding to known
pathogenic variants and substitutions affecting active sites
in the protein both demonstrated impaired activity in our
assay. In addition, the degree of impairment shows good
agreement with clinical stratification of known disease var-
iants. Amino acid substitutions corresponding to the most
severe clinical variants (neonatal presentation in males) are
highly enriched in the amorphic range of the assay. Addi-
tionally, our results support the long-standing hypothesis
that highly deleterious variants in females can lead to
disease presentation. Variants corresponding to amorphic
substitutions, and therefore neonatal/female disease
presentation, are very strongly depleted in gnomAD,
suggesting they are under strong purifying selection.

Amino acid substitutions corresponding to male late-onset
OTC deficiency variants also display significant impairment
in our assay but on average have activity levels that are signif-
icantly higher than substitutions associated with severe
variants. Interestingly, the lack of significant correlation be-
tween these more moderately impaired variants and finer
scaled analysis of age of onset is consistent with observations
that there is a strong environmental component to late-
onset presentation. In these individuals, clear triggering
events are often identified. These events include dietary
changes, surgeries, infections, pregnancy, or exposure to val-
proate (an inhibitor of N-acetylglutamate synthase, which is
upstream of OTC in the urea cycle) or glucocorticoids (which
inhibit protein synthesis and promote catabolism). As these
events are stochastic, age of late onset for moderate variants
is also largely stochastic. This pattern is consistent with
moderately impaired OTC variants being sufficient for
baseline urea cycle activity but not sufficient under stress
conditions. Thus, variants with moderately impaired growth
values (5%-90%) are also actionable, as individuals with
these variants may be able to avoid potential hyperammone-
mia-triggering factors, and physicians can more rapidly
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diagnose metabolic crises should they occur. Variants corre-
sponding to less impaired substitutions show little sign of
depletion in gnomAD, suggesting they are not under strong
purifying selection. This is consistent with the association
between less severe, but still pathogenic, levels of functional
impairment and late-onset male-specific disease presenta-
tion that is dependent on a triggering environmental event.

Although we saw excellent agreement between clinical
information and activity in our yeast assay across most of
the length of the protein, we identified one relatively small
region in which known pathogenic alleles exhibited rela-
tively high growth values. This region of the protein corre-
sponded to a 13 amino acid domain that is thought (based
on the crystal structure) to undergo a conformational
change upon binding ornithine. Our data suggest that this
region of the protein may have a role in human cells that
is not required in yeast, and therefore in this region, our
assay may not be informative for human protein function.
In total, 68 of our 1,570 amino acid substitutions fell in
this region. We have flagged these results in the dataset indi-
cating that they should be interpreted with extreme care.

The results of our functional assay provide additional
evidence for assignment of clinical significance to OTC
missense variants classified as VUSs according to the
ACMG criteria.’* Current classifications of OTC variants in
ClinVar were determined by submitters who have applied
their own criteria for classification. However, the effort to
standardize the clinical annotation process will undoubt-
edly come with some challenges, particularly for rare
diseases where certain types of supporting evidence are un-
likely to be available. As our preliminary reclassification of a
small number of variants illustrated, one consequence of
applying a set of uniform and relatively stringent criteria
for variant reclassification is that some variants that previ-
ously had definitive calls could be reclassified as VUSs.
Our reclassification exercise illustrates the impact that
the inclusion of functional assay results can have when
ACMG criteria are consistently applied, changing the classi-
fication of 22 variants that would otherwise be VUSs to the
clinically actionable likely pathogenic class.’* These results
emphasize how large-scale functional assays are particularly
powerful in the context of rare genetic diseases.

Data and code availability

The PyPL8 code used for automated extraction of yeast growth mea-
surements is available at https://github.com/lacyk3/PyP18 andis free
for non-commercial use. Additional scripts used for determination of
the yOTC variant present in each transformant and for phenotype
data processing and normalization are included as Methods S1 and
S2, respectively. The yeast growth scores for each variant and the
standard error estimates are available at mavedb.org under accession
number MAVEDB: urn:mavedb:00000112-a-1 and as Table S7 of the
manuscript. This dataset and the methods used to generate it are free
for non-commercial use. The dataset and methods described herein
may be the subject of one or more US patent or patent applications.
Raw sequence reads used to identify the variant and any potential
secondary mutations are available at the Sequence Read Archive

(SRA) under accession numbers SRA: PRJEB61166 and SRA:
PRJEB60279. This data is free for both commercial and non-commer-
cial use.

Supplemental information

Supplemental information can be found online at https://doi.org/
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