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ABSTRACT: Human ornithine transcarbamylase deficiency
(OTCD) is the most common ureagenesis disorder in the world.

OTCD is an X-linked genetic deficiency in which patients :l
experience hyperammonemia to varying degrees depending on 1:E+
the severity of the genetic mutation. More than two-thirds of the =
known mutations are caused by single nucleotide substitutions. In <
this paper, partial order optimum likelihood (POOL), a machine ~ I'
learning method, is used to analyze single nucleotide substitutions
&

in OTC with varying disease phenotypes and predicted catalytic S F5E S FE F 8 ELE
efficiencies. Specifically, we used a computed metric, y,, a measure £

of the degree of coupling between an ionizable residue and its

neighbors, calculated for the catalytic residues, to identify which protein variants were most likely to have impacted catalytic
activities. From this analysis, 17 disease-associated variants were selected plus one additional variant, representing a range of y,
values and POOL ranks. Then p, predictions were compared with established bioinformatics tools, SIFT, PolyPhen-2, Provean,
FATHMM, MutPred2, and MutationTaster2. The bioinformatics tools predicted that most of these mutations are deleterious. The
variants were biochemically characterized using kinetics assays, size exclusion chromatography, and differential scanning fluorimetry.
POOL combined with g, analysis was able to predict correctly which variants were catalytically hindered in vitro for 17 out of 18
variants. Then by expressing a subset of these proteins in cell culture, mechanisms for disease were proposed. Analysis using y, is a
complementary method to the sequence-based bioinformatics tools for predicting the effects of mutation on catalytic function.
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Every year, 14,000—77,000 individuals are diagnosed with Currently, the Human Gene Mutation Database reports 486
ornithine transcarbamylase deficiency, OTCD, making it the mutations in the human OTC gene.” Single nucleotide base
most common ureagenesis disorder.! OTCD is an X-linked pair substitutions make up the 332 missense and nonsense
genetic disorder that usually results in the inability to mutations.””"" Despite the available genetic information, little
metabolize excess ammonia. OTC catalyzes the formation of biochemical characterization of these disease associated
citrulline from ornithine and carbamoyl phosphate, in a key proteins has been reported. Using the computational tool
step in the urea cycle; the formation of citrulline is also an developed by us, partial order optimum likelihood, POOL,"
important step in the biosynthesis of arginine. Disease carriers we analyzed the known disease-associated variants resulting
accumulate nitrogenous waste in their bloodstream resulting in from these point mutations.
symptoms such as vomiting, lethargy, coma, cerebral edema POOL is a machine learning method that rank-orders a
and, if left untreated, death.” The severity of the symptoms protein’s amino acids by the probability of functional
depends on the mutation and the deficiency of the enzyme.’ importance, for example, ligand binding or catalytic activity."”
Generally, OTCD can be classified by disease onset, as (1) POOL uses THEoretical Microscopic Anomalous Tltration
neonatal (2) late (3) female. The most severe form of the Curve Shapes, THEMATICS, as input features to identify
disease is neonatal onset in which newborns experience these important residues.* Briefly, THEMATICS computes

theoretical titration curves for the ionizable residues in the

symptoms during the first week of life. These patients often
structure and identifies residues with anomalous curves that are

have very poor outcomes, including neurological damage.”
However, males with late onset can exhibit a milder phenotype

which presents months or years after birth.” The widest range Received: January 14, 2025
of phenotypic variability occurs with female onset due to Revised:  February 24, 202§
random X chromosome inactivation. Therefore, the specific Accepted: March 3, 2025

mutation present can play a large role in the clinical Published: March 10, 2025

manifestation, which ranges from apparent normality to severe
neurological impairments.™”
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Table 1. Summary of Predictions for hOTC Disease Associated Variants

Disease POOL
Onset | Mutation® | rank uat SIFT® PolyPhen-2¢ Provean® AAGH
- WT - - — — - -
Neonatal G83D 119 Unaffected | Deleterious Possibly Damaging Deleterious 152
Late K88N 14 Hindered Deleterious Damaging Deleterious 50
Late R9AT 93 Unaffected Deleterious Damaging Deleterious 62
Female C109R 223 Hindered Deleterious Benign Deleterious 227
N/A C109A 223 Hindered Tolerated Benign Neutral 17
Late H117R 117 Hindered Tolerated Damaging Neutral -1
Late A135E 299 Unaffected | Deleterious Benign Neutral 46
Late A152V 294 | Unaffected Tolerated Benign Deleterious 57
Neonatal N161D 116 Hindered Deleterious Damaging Deleterious 79
Late D175G 5 Unaffected | Deleterious Damaging Deleterious -33
Late Y176C 8 Unaffected Deleterious Damaging Deleterious 72
Female W193R** 42 Hindered Deleterious Damaging Deleterious -5
Neonatal D196Y 23 Hindered Deleterious Damaging Deleterious -32
Female D263N 2 Hindered Deleterious Damaging Deleterious -37
Female S267R 28 Hindered Deleterious Damaging Deleterious -68
Late H302L 3 Hindered Deleterious Damaging Deleterious -10
Neonatal H302R 3 Hindered Deleterious Damaging Deleterious -5
Neonatal C303R 1 Hindered Deleterious Damaging Deleterious -34

“The mutation is colored red if the fold decrease in activity is >10-fold with respect to either CP or ORN (Tables 2 and 3). The C109A mutation
is not reported to be disease-associated and is included here due to subsequent analysis. “A summary of the j1, data based on our established cutoff.
A mutation is considered hindered (green) if it has three or more catalytic residues with a change in y4 greater than 20%, or one catalytic residue
with a change in y, > 40% (details in Table S1). “Predictions from SIFT, PolyPhen-2, and Provean are shown (deleterious mutations are colored).
Scoring details are in Table S2. 9AAG values were obtained from Desmond within Schrédinger. Pink highlights the variants with decreased stability
with respect to WT OTC. “MutPred2 and FATHMM predicted all mutations to be deleterious (Tables S2 and $3)./Could not be purified in

sufficient quantities for in vitro characterization.

characteristic of biochemically active residues. POOL utilizes
binding pocket information from ConCavity'* with THE-
MATICS metrics to generate its rank-ordered list. We have
shown POOL to be a highly successful tool in identifying
catalytically active residues, including distal residues.'>'®

We focus here on a new method that investigates changes in
the fourth central moment (u,) of the computed proton
occupation curves of the known ionizable active site residues in
the disease-associated variants of OTC, compared to WT. The
value i, is a THEMATICS metric and represents the “tailness”
or kurtosis of the first derivative of the theoretical titration
curve and is a measure of the degree of coupling of the
protonation equilibrium with those of other ionizable amino
acids. We have shown previously that y, is the best predictor of
the residues that are biochemically active'” and have argued
that, in a highly evolved enzyme, the y, values of the catalytic
amino acids are optimized.'"® We hypothesized that by
comparing the changes in y, between WT OTC and the
disease-associated variants, we could predict which variants are
catalytically hindered, if the catalytic residues show substantial
changes in their p, values. However, if the changes in y, are
small then the variant is not predicted to be catalytically
hindered even if it is disease associated.

A recent report on 17 cancer-associated variants of human
DNA polymerase kappa (pol k) showed that eight of these
variants had at least one of three catalytic residues (D107,
D198, and E199) with a p, value change of at least S0%
relative to WT pol ; these eight variants were observed to be
catalytically hindered, whereas the other nine variants with
smaller differences in y, were kinetically similar to WT pol &."’
Here, we determined p, values for the active site residues in
WT OTC and variants and then compared the i, analysis with
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predictions from informatics-based programs: SIFT, Polyphen-
2, Provean, FATHMM, MutPred2, and MutationTast-
er2.”7*** Our p, analysis accurately predicted which of
these variants are catalytically hindered in vitro. In addition, we
determined the stability of these enzymes to hypothesize why
some variants are disease associated even though they are
catalytically similar to WT OTC in vitro. We also determined
activity of these variants in human cell culture and found that
the bioinformatics programs are better at predicting their
phenotypes as expressed in mammalian cells.

B RESULTS AND DISCUSSION

Analysis of u4 of Active Site Residues of OTC Disease
Associated Variants. Our p, analysis focused on the
ionizable residues in the active site of hOTC. The CP binding
domain was defined to include R92, R141, and H168. The
phosphate binding motif is *°SxRT; '*HPxQ binds the
carbamoyl moiety.”*® We define the ornithine binding domain
as D263, H302, and C303 based on the conserved sequence of
'LHCLP and known ornithine binding domain
283DxxxSMG.>*?”"**  Even though these distinctions were
made, some residues such as C303 can be involved in binding
both ORN and CP.

All the studied variants except C109A had documented
disease associated phenotypes.”'" Eight of these variants had
changes in the p, value of at least three active site residues
(Table S1). Some of these residues were highly POOL ranked,
for example C303, D263, and H302 were ranked first, second
and third, respectively. While one would expect that mutation
of one of the highest POOL-ranked residues such as C303,
D263 and H302 would result in reduced activity, we
hypothesized that alterations in the pu, values of the active

https://doi.org/10.1021/acschembio.5c00043
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Table 2. Steady-State Kinetics Assay Results for hOTC WT and Variants with Respect to ORN

POOL rank variant onset K,, (mM) Viax (mM/min) ke (s71) ke/ Ky (M7! s71) fold decrease hOTC
WT 0.37 + 0.14 0.035 + 0.0037 59 + 12 1.6 X 10° + 2.4 x 10*

119 G83D neonatal 0.82 + 0.12 0.041 + 0.0013 68 + 0.50 8.6 X 10* + 1.8 x 10* 1.9

14 K88N late 2.8 + 0.41 0.0090 =+ 0.0021 7.5+ 1.8 2.8 x 10* + 7.8 x 10* 57

93 R94T late 0.34 + 0.057 0.0047 + 0.0022 16 + 2.2 4.7 X 10* + 6.5 x 10° 34

223 C109R fernale 0.56 + 0.095 0.00032 + 0.0000037 0.018 + 0.0020 33 % 10" + 5.9 49 x 10°
223 C109A N/A 0.75 + 0.010 0.028 + 0.0028 47 + 47 6.3 x 10" + 1.1 x 10* 2.5

117 H117R late 0.57 + 0.13 0.0045 + 0.00025 3.7 + 0.60 6.5 X 10° + 9.4 x 10? 25

299 A13SE late 0.70 + 0.054 0.038 + 0.0098 32+ 82 4.6 x 10" + 1.0 x 10* 3.5

294 A152V late 0.33 + 0.055 0.027 + 0.0016 23+ 1.3 7.2 x 10* + 1.8 x 10* 22

116 N161D neonatal 3.4 + 091 0.0046 + 0.0010 15 + 3.5 4.6 X 10° + 1.2 X 10° 35

5 D175G late 0.64 + 0.060 0.026 + 0.0033 22 + 2.7 3.4 X 10* + 4.6 x 10° 47

8 Y176C late 0.40 + 0.070 0.020 + 0.00070 16 + 0.59 42 X 10* £ 92 x 10° 3.8

23 D196Y neonatal 55+ 1.6 0.014 + 0.00058 1.5 + 0.065 2.8 X 10" + 1.1 + 01 5.7 X 10°
2 D263N female 172 + 29 0.0042 + 0.00055 0.088 + 0.011 0.52 + 9.5 X 1072 3.1 % 10°
28 S267R female 427 + 12 0.0093 + 0.0010 39 +0.73 9.1 X 10" + 1.4 x 10" 1.8 x 10°
3 H302L late 80+ 19 0.024 + 0.0018 10 + 1.8 1.3 X 10° + 1.4 x 107 12 x 103
3 H302R neonatal 96 + 10 0.0020 + 0.00032 0.12 + 0.017 1.2 + 0.051 1.3 x 10°
1 C303R” neonatal

“OTC C303R had activity below the limit of detection for the assay which was calculated to be 0.3 uM citrulline formation.

Table 3. Steady-State Kinetics Assay Results for hOTC WT and Variants with Respect to CP

POOL rank variant onset K, (mM) Ve (mM/min) ke (s7) koo/K,, (M1 s7h) fold decrease hOTC
WT 0.24 + 0.07 0.034 + 0.0022 56 +9.8 2.4 x 10° + 2.9 x 10*
119 G83D neonatal 0.73 + 0.069 0.035 + 0.0064 58 + 11 8.1 x 10* + 2.0 x 10* 3.0
14 K88N late 0.20 + 0.024 0.0069 + 0.0017 58 + 14 3.1 % 10* + 1.2 x 10* 52
93 R94T late 0.15 + 0.028 0.0047 + 0.00023 16 + 2.1 1.1 X 10° + 1.8 x 10* 1.5
223 C109R female 3.4 + 031 0.00038 + 0.0000057 0.021 + 0.0031 6.2 + 0.76 2.6 x 10*
223 C109A N/A 0.21 + 0.036 0.023 + 0.0020 39 +£3.5 1.9 X 10° + 1.7 x 10* 0.84
117 H117R late 0.052 + 0.0074 0.0047 + 0.00078 3.9 + 0.65 7.5 %X 10* + 1.1 x 10° 2.1
299 A13SE late 0.42 + 0.028 0.034 + 0.0086 28 + 7.2 6.7 X 10* + 1.8 x 10* 2.4
294 A152V late 0.29 + 0.023 0.026 + 0.0019 22+ 1.5 7.5 x 10* + 5.0 x 10° 22
116 N161D neonatal 0.37 + 0.04 0.0040 + 0.00068 13 +23 3.6 x 10" + 32 x 10° 44
5 D175G late 0.54 + 0.063 0.025 + 0.0028 21 +24 3.8 X 10* + 2.8 x 10° 42
8 Y176C late 0.53 + 0.078 0.056 + 0.0012 12 + 0.98 2.4 x 10* + 2.6 X 10° 6.7
23 D196Y neonatal 021 + 0.017 0.011 + 0.00054 1.2 + 0.060 5.7 X 10* + 3.2 X 10? 28
2 D263N female 0.54 + 0.18 0.012 + 0.0020 0.25 + 0.038 4.8 X 10* + 8.5 x 10" 3.3 X 10?
28 S267R female 0.061 =+ 0.013 0.0067 + 0.00025 2.8 + 0.10 47 x 10* + 1.8 x 10° 3.4
3 H302L late 55+ 12 0.023 + 0.0028 95+ 12 1.8 X 10° + 2.4 x 10? 89
3 H302R neonatal 3.8 +£ 091 0.0015 + 0.00024 0.116 + 0.013 32 % 10" + 6.9 5.0 x 10°
1 C303R” neonatal

“OTC C303R had activity below the limit of detection for the assay which was calculated to be 0.3 yM citrulline formation.

site residues are better predictors of loss of activity. A residue
with a low POOL ranking, such as C109 (rank 223) and N161
(rank 116), when mutated to an amino acid with very different
electrostatic properties, for instance in the variants C109R and
N161D, could alter the electrical potential at one or more of
the active site residues and thus affect activity. Furthermore,
while a loss of stability that is large enough to cause unfolding
would be detrimental to activity, we do not expect smaller
changes in stability to be strongly correlated with activity
because active sites are local regions of higher energy that
enable catalysis. Therefore, we expected that the best predictor
of loss of activity is many changes or larger changes in the s, of
the active site residues. To test this hypothesis, residues that
had small changes in p, and different disease phenotypes were
also chosen: G83D, R94T, AI13SE, A152V, DI175G, and
Y176C. We predicted that these variants would not be
catalytically hindered even though residues D175 and Y176
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were highly POOL ranked, fifth and eighth, respectively. Other
variants such as D196Y and H302L were chosen to determine
if a cutoff in p, could be identified, since these variants only
had one residue with a y, change greater than 40%. N161D
was analyzed because it had the greatest change in a single 1,
value of all the variants.

These 18 variants were also analyzed with other methods
that are bioinformatics based, SIFT, PolyPhen-2, Provean,
FATHMM, MutPred2, and MutationTaster2. SIFT uses
multiple sequence alignments to predict tolerated and
deleterious substitutions for every amino acid in the sequence,
then calculates the normalized probabilities for all possible
substitutions.”” PolyPhen-2 is a prediction tool that uses
sequence-based features combined with structural features to
predict whether the amino acid substitution is damaging.”'
Similarly, Provean is also based on multiple sequence
alignments and conservation scores to determine if protein

https://doi.org/10.1021/acschembio.5c00043
ACS Chem. Biol. 2025, 20, 1059—-1067
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sequence variation affects protein function.”> FATHMM,
Functional Analysis through Hidden Markov Models, is
based on amino acid sequence and conserved amino acids.””
MutPred2 is a sequence-based model that uses machine
learning to provide probable reasons for the pathogenicity of
amino acid substitutions.** Finally, MutationTaster2” incor-
porates evolutionary conservation, splice-site changes and
effects on protein features and mRNA.” Detailed results from
the bioinformatics servers are in Supporting Information
(Tables S2 and S3).

Table 1 summarizes the POOL analysis and bioinformatics
results of hOTC variants. SIFT predicted that of the variants
analyzed, only C109A, H117R, and A152V would be tolerated.
PolyPhen-2 predicted only CI109R, C109A, A13SE, and
A152V as benign mutations. Provean predicted all mutations
to be deleterious except C109A, H117R, and A13SE would be
neutral. C109A, which is not a disease associated mutation,
was predicted to be tolerated by all the servers except
FATHMM.

A significant decrease in catalytic activity is observed for
mutations that cause changes in g, of at least 40% in one active
residue or with three or more active residues with y, change
greater than 20% compared to WT OTC (Tables 2 and 3,
Table S1). Using these pu, parameters allowed correct
prediction of most variants that were catalytically hindered in
vitro except for WI93R and C109A. OTC WI193R was
predicted to be catalytically deficient but it could not be
produced in sufficient quantities for assays. OTC C109A was
predicted to be catalytically deficient with a 78% change in y,
of R92 (Table S1) but was catalytically similar to WT OTC
(Tables 2 and 3), the only incorrect prediction by the u,
metric. It is possible that a change in p, might be better
tolerated in some active site residues than others. For example,
the change in p, of D263, which is ranked second using
POOL, might be less tolerated than a change in p, of R92,
which is ranked 11th. Thus, this prediction method may
benefit from the POOL rank and change in y, of these residues
(Table 1).

Steady State Kinetics and Insight into Disease
Phenotypes. Mutation of highly POOL-ranked residues
with large changes in j, values resulted in the least
biochemically active enzymes, OTC C303R, H302R, and
D263N. OTC C303R was the least active variant with activity
below the experimentally determined limit of detection, which
is 52 pg citrulline. Even when the enzyme concentration was
increased to greater than 1 yM and the reaction time was
extended to 1 h, the reaction did not produce sufficient
citrulline to be detected. Steady state kinetics assays showed
that OTC H302R and OTC D263N were also extremely
catalytically deficient. OTC H302R had a 1.3 X 10°-fold
decrease in activity compared to WT OTC with respect to
ORN and a 5.0 X 10°-fold decrease with respect to CP whereas
OTC D263N had a 3.1 X 10°fold decrease with respect to
ORN and 3.3 X 10*-fold decrease in activity with respect to CP
(Tables 2, 3). C303, D263, and H302 are residues known to be
involved in catalysis.””*”*' Even OTC H302L, which only had
one residue with a p, change greater than 40%, had a 1200-
and 89-fold decrease in activity with respect to ORN and CP,
respectively.

OTC S267R, C109R, and D196Y were also severely
catalytically impaired. OTC S267R had a 1.8 X 10°-fold
decrease in efficiency with respect to ORN but only a 3.4-fold
decrease with respect to CP. S267 is part of the SMG loop
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which is involved in ORN binding and catalysis. Changing the
amino acid from an uncharged serine to a charged arginine
clearly impairs catalysis. OTC CI09R was also severely
catalytically impaired with a 4.9 X 10°-fold decrease with
respect to ORN and 2.6 X 10*fold decrease in activity with
respect to CP. OTC C109R had the largest decrease in activity
with respect to CP, which could be because the mutation is at
the trimer interface (Figure 1 and Table S1); CP binding

Ala52 (B) 7 N\
A His 302
Asp 263 ol
Ala 135 (8), Asp 175 4 éTml% «
= Cys 303 \Q}‘ & !
His 117 (8) NVA/ \T - )
yr176 2= ) i
Gﬁa ) =, ASp 196 )
Cys 109/(B) CP } , / "
7~ = \ Ser 267
| ) K
"L Lys 88
Arg 94 R | /
P16l
Cys 109
Arg 94 (C) Sye
I‘
{ }
é ¥ Ala 135 ‘/Ah 1%;2
sl / )

Figure 1. Crystal structure of hOTC (PDB 1c9y)** substrates are
indicated in pink. The SMG loop is highlighted in yellow. The
residues that were mutated based on the i, analysis are highlighted in
green, except for the ones that are known to be catalytic residues.
D263 and S267 are shown in yellow since they are part of the SMG
loop. H302 and C303 are also shown in purple since they important
to ornithine binding.

involves H117 from another subunit and therefore a mutation
that destabilizes the interface could interfere with CP binding,
OTC C109A had essentially unchanged activity relative to WT
OTC which suggests that the positive charge from arginine has
detrimental effects in that position. OTC D196Y had a 5.7 X
10%fold decrease in activity with respect to ORN and 28-fold
decrease in activity with respect to CP. D196 likely helps tether
the SMG loop in the correct orientation for catalysis to occur,
as it forms a salt bridge with R277, which is located on a short
helix adjacent to the SMG loop (Figure 1, yellow).

OTC H117R also was catalytically hindered but to a much
less extent, which could be because the mutation maintains the
positive charge at this position. The H117R mutation was
observed to confer 18% hepatic OTC activity”” and about 10%
activity when expressed and assayed in COS-7 cells.”> OTC
K88N had a 57-fold decrease with respect to ORN and 5.2-fold
with respect to CP. It has been shown to confer ~15% activity
in cell culture studies.”® It was previously shown that a positive
charge is needed at position 88 for proficient catalytic
activity.”* When the K88Q mutation was made the protein
had less than 1% WT activity while K88R mutation retained
20% activity and had no effect on substrate binding.’* It is
believed that acetylation of K88 may inhibit OTC and be a
method of physiological regulation.’* Furthermore, K88 forms
a salt bridge with D168, an interaction that may be important
for conformational stability. The K88 side chain may help to

https://doi.org/10.1021/acschembio.5c00043
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Figure 2. Size exclusion chromatogram comparing WT hOTC, and OTC C109R, C109A, and D175G variants, which were the variants that had

the most altered elution profiles.

provide the correct electrostatic environment for the
carboxylate moiety of ORN and thus help to orient the
bound ORN.

OTC variants G83D, R94T, A13SE, A152V, D175G, and
Y176C had similar efficiencies as WT OTC. Even though
D175 and Y176 were highly POOL ranked, OTC D175G and
Y176C variants had overall similar activity to WT OTC; these
examples illustrate that small changes in p, values can be good
predictors of normal catalytic activity. OTC N161D had the
largest single change in y, observed, and a 35-fold decrease in
efficiency with respect to ORN and 4.4-fold decrease with
respect to CP, which indicates that a very large shift in u, for
one important amino acid could predict reduced catalytic
activity. Comparison of these results with those from other
cell-based assays*” reveals general agreement but with some
differences (Table S4). However, y, analysis remains the best
predictor of changes in kinetic efficiency.

Thermal Shift Assays of Protein Stability. To under-
stand the effects of these mutations on protein stability,
differential scanning fluorimetry was used to determine the
melting temperatures of WT OTC and variants in the presence
and absence of substrates. Several conditions were tested: Apo,
+CP, +ORN, +citrulline (CIT), +phosphate, +norvaline
(NVA), +NVA-CP. NVA when combined with CP is
considered to be a transition state mimic.”’

WT Apo OTC had a melting temperature of 59 + 0.6 °C
and most of the disease associated variants had Apo melting
temperatures within 4 °C of WT OTC (Figure S2). The
variants that had the lowest thermal stability were OTC
C109A, CI109R, and DI175G, which had Apo melting
temperatures of 52—54 °C (Figure SS). In the presence of
ORN, CIT, or NVA, all the variants showed a similar trend as
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that of WT OTC, with melting temperatures within a degree of
their respective Apo temperatures. This was an expected result
since a conformational change initiated by the addition of CP
must occur for OTC to bind ORN or NVA. Of note, OTC
Y176C exhibited two melting transitions in the presence of
NVA, one at 57 + 0.4 °C and the other at 61 + 0.1 °C, which
suggests that OTC Y176C is able to bind NVA in the absence
of CP (Figure S3).

All the variants exhibited the largest change when CP and
NVA-CP were added. WT OTC had an increase in melting
temperature of 14 °C in the presence of CP. OTC R94T,
C109R, H117R, and D196Y had the smallest increases in
melting temperature with the addition of CP of 9, 4, 10, and 11
°C, respectively. Additionally, OTC R94T displayed a less
steep slope in the melt curve and an altered derivative curve in
the presence of CP that was not observed with other variants
(Figure S4). The other variants had an increase in melting
temperature between 12 and 18 °C with the addition of CP.

In the presence of NVA-CP, WT OTC had an increase in
melting temperature of 16 °C compared to Apo temperature
and 2 °C compared to CP alone. About half of the variants
showed small increases of 1—3 °C in melting temperature in
the presence of NVA + CP relative to that with CP alone, with
most of the rest showing essentially no change. OTC R94T
had a 5 °C increase in melting temperature between +CP and
+NVA-CP, which was the largest of the variants. Variants OTC
K88N, D196Y, D263N, S267R, H302L, H302R, and C303R
did not change melting temperatures with the addition of
+NVA-CP relative to their T, with CP alone (Figure S2).
Unfortunately, the yields of N161D and WI193R were not
sufficient to perform this analysis.
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Figure 3. OTC activity is expressed as nmol/min per mg protein which was determined in extracts of cells transfected with various vectors. A.
Activity is normalized to percent activity defining WT as 100% activity B. Activity normalized by transfection efficiency.

The addition of phosphate generally increased the melting
temperature of these variants between 2 and 5 °C. OTC R94T,
C109R (Figure SS), and H302L showed the smallest change in
melting temperature with the addition of phosphate, with no
or a 1 °C increase from their Apo temperatures.

Size Exclusion Chromatography (SEC) Analysis of
OTC. In addition to their stability, the quaternary structures of
these OTC variants were also analyzed. We showed previously
that SEC can differentiate the monomer vs trimer OTC.”'
Most variants eluted at similar times to WT OTC (Figure SS).
The molecular weights of WT OTC and the variants were
calculated to be ~107 kDa, indicating that most of the protein
is an intact trimer. OTC C109R was the only variant that
eluted as a monomer, at 15.69 mL, which is calculated to be
approximately 28 kDa. While this is slightly smaller than the
molecular weight of the monomer, it does correlate with the
hydrodynamic radius, which is calculated to be 27.3 A.*' OTC
C109A was used to test whether this was a specific effect of
introducing the bulky Arg. Variants OTC C109A and OTC
D175G had the most elongated elution profiles (Figure 2).
The long trailing tail indicates that although the majority of the
protein is present as a trimer, dimer and monomer are both
present in the solution. OTC K88N, A152V, and Y176C also
have elution profiles consistent with a mixture of trimer, dimer
and monomer (Figure S6).

Cell Culture Assays of OTC Activity. To further
investigate the functions of these variants, we expressed a
subset of them, representing a range of biochemical activities,
in human HEK293T cells. OTC variants G83D, R94T, A13SE,
A152V, D175G, and Y176C all have biochemical activity
similar to WT OTC (Tables 2 and 3) and were further studied
in cell culture. Untransfected cells and cells with empty vector
were used as controls and citrulline formation was not detected
with these constructs (Figure 3). OTC D196Y, representing
neonatal phenotype, showed large changes in catalytic activity
in vitro and was used as the most catalytically compromised
variant. Indeed, it had almost no citrulline production (Figure
3).

Although some variants had similar biochemical activity to
WT OTC in vitro, they showed a range of activity in the cell
culture assay. Indeed, all the variants showed a decrease in
activity relative to WT OTC with OTC W193R being the most
active variant with 54% of the WT OTC activity. OTC A13SE
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showed activity at 27% the activity of WT OTC. OTC G83D,
A152V, D175G, and Y176C variants all had activities of 8% or
less than that of WT OTC. OTC R94T had activity that was
barely detectable, as did OTC D196Y, a neonatal phenotype
variant. The OTC G83D, R94T, A135E, A152V, and Y176C
also showed decreased activity in a yeast complementation
assay.” Cells from a patient with the OTC R94T mutation
were previously reported to show virtually no OTC activity.*®
OTC AIlS2V was tested previously in COS-7 cells and
displayed 3.7% WT OTC activity, which is similar to our
observations (Figure 3).%7

It is known that OTC biochemical activity levels do not
always correlate with activity determined in mammalian
expression systems.”” >~ For the severely catalytically deficient
enzymes that display the neonatal phenotype, their mechanism
of disease is presumably due to this loss of activity; however,
many questions remain regarding the female and late-onset
phenotypes. It is possible that OTC G83D, D175G, and
Y176C variants are unstable and quickly degraded once inside
the mitochondrial matrix, similar to OTC A152V.*>” Of the
variants assayed in cell culture, stability of OTC G83D, R94T,
A13SE, A152V, and Y176C was reduced relative to WT OTC
(Table 1). OTC Y176C was found to confer an amorphic
phenotype with growth <5% of WT in Aarg73 yeast, which
might be due to the instability of this variant.” OTC D175G
was calculated to have a more negative AAG than WT OTC
(Table 1). However, SEC showed that OTC D175G had a
distribution of monomer, dimer, and trimer (Figure 2) and the
lowest Apo melting temperature of all the variants tested
(Figure S2). OTC D175G also had reduced protein levels in
COS-7 cells.” D175 is involved in the hydrogen bonding
network in the active site and mutating this amino acid affects
the stability of the protein.

OTC is expressed as a nuclear gene and must be transported
into the mitochondria.*” Once in the mitochondria it must be
assembled into a trimer. G83, A135 and A152 are near the
interface between the monomer subunits (Figure 1). It is
possible that the mutations prevent efficient oligomerization,
resulting in degradation.

B CONCLUSIONS

Our study shows that y, analysis correctly predicted, for 17 of
18 variants, the variants that are catalytically deficient in vitro
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and is a useful tool for studying protein biochemistry. The y,
metric differs from most bioinformatics analysis because y, is a
chemical property computed from the three-dimensional
structure; i, is complementary to using sequence conservation
or evolution-based bioinformatics methods. The informatics-
based prediction methods were not as good at predicting
which variants would have decreased biochemical activity but
were able to predict phenotypes more accurately and correlate
with our cell culture data.

Most of the neonatal variants with hindered activity were
predicted by i, and the bioinformatics servers. Those variants
display a large difference from WT OTC with respect to their
electrostatic couplings and have high sequence conservation
score at the site of mutation. Indeed, OTC N161D, D196Y,
and H302R were also all catalytically hindered in vitro and
OTC DI196Y showed activity below the limit of detection in
cell culture. A similar trend was observed with the female
variants. Due to the vast differences in phenotype, predicting
the severity of late onset phenotypes is difficult for the different
prediction algorithms. Understanding the basis for disease for
each variant is an important step in the development of
personalized interventions.

B MATERIALS AND METHODS

Analysis of u4 Values in Disease Associated Variants of OTC
Using POOL and THEMATICS. The biological unit of hOTC (PDB
ID 1C9Y; UniProt #P00480)>° was preprocessed in YASARA*' to
add missing atoms and carry out energy minimization. The prepared
OTC PDB file was then imported into the Schrodinger suite of
programs. The residue scanning feature was used to build homology
models of the disease-associated variants. The PDB files for the
variants were then analyzed with POOL, which provides a ranked list
of amino acids in the protein in order of their predicted catalytic
importance. In addition, POOL provides a moment file, which
describes the shape and spread of the first derivative function of the
theoretical titration curve for each ionizable amino acid.

The ji, values of the known active site residues were compared to
those of WI' OTC for over 270 disease-associated variants. Variants
with changes greater than 20% in j, values of four or more active site
residues were compiled. Variants with small changes in the p, (<20%)
of four or more catalytic residues were also compiled. Next, we
selected variants with both high and low POOL rankings to be
represented in both these categories, to determine how POOL
ranking at the site of mutation affects the catalytic activity in
combination with the y, values. Finally, a variety of phenotypes to
represent neonatal, late, and female onset were included in each
group. In addition, one variant with the largest change in p, in any
one residue was also chosen. A subset of these variants was
characterized biochemically.

Site-Directed Mutagenesis, Protein Expression and Purifi-
cation, and Enzyme Kinetics. The methods were followed as
published.>’ A discontinuous colorimetric assay was used to
determine the activity of hOTC which was adapted from Ngu and
from Mori.'*" Detailed procedures are in the Supporting
Information.

Differential Scanning Fluorimetry. Melting temperatures of
WT hOTC and variants were determined using previously published
methods with slight modifications.'®** Enzyme (4 M) was used and
final substrate concentrations were 30 mM ORN, 100 mM CP, 10
mM L-norvaline (NVA), 10 mM sodium phosphate and 10 mM Cit.
Detailed procedures are in the Supporting Information.

Determination of Molecular Size by Size Exclusion
Chromatography. The molecular weights of WT OTC and variants
were determined using SEC chromatography using a 26 mL Superdex
200 Increase (Cytiva) column at 0.250 mL/min. An isocratic elution
of 50 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2% glycerol, pH 7.4
was used. Gel filtration standards (Bio-Rad 1511901) were
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characterized in the same buffer to develop a calibration curve,
which was used to determine the molecular weights of the proteins.

Site-Directed Mutagenesis and Vector Preparation of
Plasmid for Mammalian Cell Culture. A pcDNA3.1(+) IRES-
GFP plasmid expressing human OTC was prepared by GenScript.
Variants were prepared with Quickchange site-directed mutagenesis
kit (Agilent) using mutagenic DNA primers (Eurofins Operon
Biotechnologies) and verified by DNA sequencing (Eton Bioscience,
Charlestown, MA). Plasmids were prepared using the miraprep
protocol.”® A UV spectrum of each plasmid was obtained to ensure
that the A260/280 was >1.6.""

Transient Transfection of OTC Proteins, Cell Lysis, and OTC
Activity Assay. Transient transfection of HEK293T cells (ATCC
CRL-3216) with full-length hOTC was performed as described in the
Supporting Information.

After determining transfection efficiency, cells were harvested from
the poly-D-lysine coated plates using Gibco TrypLE Express and
neutralized with complete serum. The cells were collected by
centrifuging at 125¢ for 10 min. The supernatant was decanted, and
the pellet was resuspended in mitochondrial lysis buffer. The lysis was
performed as published.®® Citrulline was measured as previously
described with a few modifications,** including using determination of
total protein. A detailed protocol can be found in the Supporting
Information.

B ASSOCIATED CONTENT
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