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Abstract

This study documents the disparate therapeutic effect of N-carbamyl-L-glutamate (NCG) in the 

activation of two different disease-causing mutants of carbamyl phosphate synthetase 1 (CPS1). 

We investigated the effects of NCG on purified recombinant wild-type (WT) mouse CPS1 and its 

human corresponding E1034G (increased ureagenesis on NCG) and M792I (decreased ureagenesis 

on NCG) mutants. NCG activates WT CPS1 sub-optimally compared to NAG. Similar to NAG, 

NCG, in combination with MgATP, stabilizes the enzyme, but competes with NAG binding to the 

enzyme. NCG supplementation activates available E1034G mutant CPS1 molecules not bound to 

NAG enhancing ureagenesis. Conversely, NCG competes with NAG binding to the scarce M792I 

mutant enzyme further decreasing residual ureagenesis. These results correlate with the respective 

patient’s response to NCG. Particular caution should be taken in the administration of NCG to 

patients with hyperammonemia before their molecular bases of their urea cycle disorders is 

known.
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1. Introduction

Six enzymes and two mitochondrial membrane transporters are involved in the urea cycle of 

mammals that converts toxic ammonia to urea. Functional deficiency in any of these 

enzymes or transporters results in hyperammonemia that can cause brain damage, coma, and 

even death [1]. Carbamyl phosphate synthetase 1 (CPS1) (EC 6.3.4.16), the first and rate 

limiting enzyme, which is active in the presence of its obligate allosteric activator, N-acetyl-

L-glutamate (NAG) [2], catalyzing the production of carbamyl phosphate (CP) from 

ammonium, bicarbonate, and ATP. Therefore, NAG, generated by N-acetylglutamate 

synthase (NAGS), plays a key role in controlling the flux of nitrogen through the urea cycle 
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[3–6]. Clinically and biochemically, CPS1 deficiency (MIM# 237300) is indistinguishable 

from NAGS deficiency (MIM# 237310), because in both, CPS1 enzyme activity and the 

urea cycle flux are reduced.

N-carbamyl-L-glutamate (NCG), a deacylase-resistant analog of NAG, can activate CPS1 

[7]. Even though in vitro, NCG has less than a tenth of the affinity to CPS1 than NAG [8] 

and activates CPS1 at only about 60% (Vmax) compared to NAG, patients with NAGS 

deficiency respond remarkably well to NCG, as evidenced by normalized blood ammonia 

and restoration of ureagenesis [9–11]. NCG supplementation has also been used successfully 

in other conditions with hyperammonemia, particularly for the conditions with hypothesized 

reductions in NAG levels, such as organic acidemias (propionic acidemia [12–19], 

methylmalonic acidemia [14,20–22] and isovaleric acidemia [23], hyperinsulinism 

hyperammonemia (HIHA) syndrome [24–26] and valproate-induced hyperammonemia [27–

29]). NCG was also used successfully to treat the hyperammonemia caused by 

mitochondrial carbonic anhydrase VA deficiency [30]. Because of its low toxicity and 

significant enhancement of ureagenesis in several metabolic disorders [31,32], a therapeutic 

trial with NCG has been proposed in any patient with undiagnosed hyperammonemia 

[33,34].

Our recent studies revealed that among 5 subjects under investigation, a patient with 

homozygous E1034G CPS1 mutation (c. 3101A > G) showed marked clinical improvement 

while on NCG [35]. Conversely, one subject with homozygous M792I (c. 2376 G > C) 

mutation responded poorly to NCG supplementation.

We therefore sought to understand and perhaps be able to predict the effect of NCG in 

patients with CPS1 deficiency by studying the wild type and the respective CPS1 mutant 

proteins in vitro. Our results suggest that when NAG concentration is insufficient to activate 

all CPS1 enzyme molecules, NCG supplementation could activate additional enzyme 

proteins to enhance ureagenesis as long as the enzyme has significant residual activity. 

However, if the NAG generated from NAGS is at high enough concentrations to activate tall 

residual CPS1 molecules the net effect of NCG addition could be a decrease in ureagenesis. 

Our studies also indicate that in one of the mutant, NCG may have also acted as a 

chaperone. The study emphasizes that caution should be taken in supplementing NCG to 

patients with hyperammonemia, and especially for those patients with presumed low 

residual CPS1 enzyme.

2. Materials and methods

2.1. Case reports

The two subjects of study were both diagnosed with late-onset CPS1 deficiency and were 

participants in a 3-day NCG trial [35]. During the trial, the subject homozygous for CPS1 c.

3101A > G (p.E1034G) displayed a marked decrease in ammonia and increase in 

ureagenesis. After the trial, she was started on NCG therapy at 100 mg/kg/d. She was stable 

and had no hyperammonemia episodes for 2.5 years on NCG therapy alone. In contrast, the 

subject homozygous for CPS1 c.2376G > C (p.M792I) surprisingly exhibited a reduction in 

urea production [35].
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2.2. Protein preparation, expression and purification

Mouse CPS1 cDNA clones (MR222149) were purchased from OriGene (Rockville, 

Maryland, USA). The coding region for the full-length mature CPS1 was amplified using In-

Fusion HD cloning kit (Clontech). The gene was then subcloned into the pFastBac-NH-1 

vector, which was derived from the original pFastbac-1 vector provided in the commercial 

kit (Bac-to-Bac® Baculovirus Expression System; Invitrogen). The pFastBac-NH-1 was 

reconstructed by adding a thrombin-cutting site and His6-tag upstream of the EcoR1 site in 

the multiple cloning region. The correct sequence was confirmed using Retrogen DNA 

sequencing service. The recombinant mature mouse CPS1 wild-type protein and E1034G 

and M792I mutants with a His6-tag at the N-terminus were expressed in insect cells and 

purified as described previously [36]. The expressed wild-type CPS1 and the two mutants, 

E1034G and M792I, were of similar yield and purity (Fig. 1).

2.3. Site-directed mutagenesis

Site-directed mutant DNA sequences encoding E1034G and M792I were created using 

primers containing the desired mutations and the QuikChange Mutagenesis Kit according to 

the manufacturer’s protocol (Strategene). The mutant DNA sequences were verified by DNA 

sequencing.

2.4. Enzyme activity assay

CPS1 activity was assayed at 310 K in a 100 μL solution containing 20 mM KCl, 35 mM 

NH4HCO3, 5 mM ATP, 20 mM MgCl2, 5 mM L-ornithine, 20 mM glycyl-glycine, pH 7.4, 

0.5 μg human ornithine transcarbamylase (OTC in house) and fixed amount of NCG (10 

mM) and/or NAG (1 mM). The reaction was initiated by the addition of purified 

recombinant enzyme (20 μg) and was stopped by adding equal volume of solution 

containing 5 mM 13C-citrulline and 30% TCA (v/v) after 10 min reaction. Precipitated 

protein was removed by micro-centrifugation. The supernatant (10 μL) was analyzed by LC-

MS (Agilent). The mobile phase consisted of 92% solvent A (1 mL trifluoroacetic acid in 1 

L water) and 8% solvent B (1 mL trifluoroacetic acid in 1 L of 1:9 water/acetonitrile) and 

the flow rate was 0.6 mL/min. Citrulline, and 13C-citrulline were detected and quantified by 

selected ion monitoring. The amounts of resulting citrulline were quantified using C13-

citrulline as internal standard.

The titration experiments for bicarbonate, ammonium and ATP were performed at 

concentrations that varied between 0 and 30 mM, NAG titration experiments were carried 

out with NAG concentration that varied between 0.25 and 1.0 and NCG concentration fixed 

at 0.0, 10.0 and 30.0 mM, respectively while NCG titration experiments were performed 

with NCG concentrations that varied in the range of 0.5–30 mM and NAG concentrations 

fixed at 0.0, 0.1 and 1.0 mM, respectively. All titration data were fit to hyperbolic (n = 1) or 

sigmoidal kinetics (V = Vmax [X]n/([X]n + Kn), where X is the concentration of substrate or 

activator, Vmax is maximum activity, K are the Km values for each substrate or Ka values for 

activator NAG or NCG, and n is the Hill coefficient, using the program GraphPad Prism.
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2.5. Thermal stability assay

Thermal stability assays were performed in a 96-well plate format using a 7900 HT real-

time PCR system (Applied Biosystem) to record changes in the fluorescence signal when the 

temperature was ramped from 298 K to 353 K to monitor thermal unfolding of proteins in 

the presence of a fluorescent dye, Sypro Orange (Invitrogen), as previously described 

[37,38]. Wells contained 6 μg of enzyme in 20 mM glycyl-glycine, pH 7.4, 20 mM KCl, 

10% glycerol, and 50X SYPRO orange. All measurements were carried out in triplicate.

2.6. Limited proteolysis assay

The recombinant mouse CPS1 was incubated with 0.08 U of elastase at 310 K for 5–30 min 

in a solution containing 20 mM glycyl-glycine pH 7.4, 10% glycerol, 20 mM KCl, 20 mM 

MgCl2, and in the presence of 50 mM ATP, 50 mM ATP + 1 mM NAG and 50 mM ATP 

+ 10 mM NCG, respectively. After limited proteolysis, the residual CPS1 activities were 

measured and the fluorescence was recorded by adding 50X Sypro orange to probe the 

partially unfolded states of CPS1.

2.7. Docking analysis for E1034G with NCG

To determine whether NCG binds to the E1034G mutant, we carried out the molecular 

docking study using Autodock 4.0 tools [39]. The NCG structure was generated using the 

PRODRG2 server [40]. The structure of the E1034G CPS1 was created by mutating 

Glu1034 to Gly1034 using Coot [41] on the active form CPS1 structure (PDB ID: 5DOU) 

[42]. An energy grid was built within a cubic box of dimensions 60 × 60 × 60 Å grid points 

and 0.375 Å spacing using the Autogrid program. The center of the box was set on the 

center of ligand that was put on the location of the side-chain of the original E1034. The grid 

points were generated around the cavity left by E1034G mutation to cover the entire 

potential NCG binding site. The docking simulations were performed using Lamarckian 

Genetic Algorithm (LCA) with the default docking parameters.

3. Results

3.1. NCG activates CPS1 suboptimally in comparison to NAG

We carried out a detailed comparative characterization of CPS1 in the presence of NAG or 

NCG (Fig. 2–3 and Table 1). The most significant difference was the 25-fold increase in the 

NCG concentration required for half-maximal activation of CPS1 compared to the NAG. 

The Km for ATP and ammonium exhibited 2- to 3-fold increase in the presence of NCG 

compared to NAG, while the affinity for bicarbonate was comparable. In all these 

experiments, the maximal velocities in the presence of NCG were about 30–60% lower than 

with NAG. It seems that NCG activated CPS1 suboptimally with lower maximal specific 

activity in comparison to NAG. These results are consistent with previous studies on the 

isolated CPS from frog liver [43] and purified rat liver CPS1 [8].

3.2. NCG competes with NAG binding

Since the NAGS gene is normal in patients with CPS1 deficiency, the NAG level should be 

normal as well in these patients. In order to evaluate the potential competition between NAG 
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and NCG in activation of WT CPS1, NCG titration experiments were performed in the 

presence and absence of NAG (Fig. 3A). In the presence of the saturating NAG (1.0 mM), 

the addition of saturating NCG concentration decreased the enzyme specific activity. It 

appears that when NAG is at saturating concentrations, NCG competes with NAG binding 

conferring to a portion of CPS1 a suboptimal activation state, resulting in lower specific 

activity. However, under unsaturated condition (e.g. 0.1 mM NAG), the addition of NCG 

increased the enzyme activity up to approximately 5.0 mM of NCG. Beyond 5 mM, 

increased supplementation of NCG decreased the enzyme activity. In order to understand 

better the competitive interaction between NAG and NCG, NAG titration experiments were 

carried out in the presence of different concentration of NCG (Fig. 3B). The results revealed 

that there is a crossing point in the NAG titration curves when NCG is added. This crossing 

point is different for different amounts of NCG. At a concentration lower than the crossing 

point of NAG (<0.22 mM), the presence of NCG (10 mM) increased specific activity, but at 

higher concentrations (>0.22 mM) of NAG, the presence of NCG decreased specific activity. 

These findings explain the mechanism underlying the results of earlier experiments by 

others, which showed that the activation of CPS1 saturated with NAG was inhibited by NCG 

[44]. A similar phenomenon was observed for the effects of glycerol on CPS1 activity in the 

presence or the absence of NAG [36]. It is particularly interesting to note that the crossing 

point occurred at a lower concentration of NAG (0.16 mM) when NCG concentration 

increased to 30 mM. Therefore, when NAG concentration is at 0.20 mM, the addition of 10 

mM of NCG increased enzymatic activity, but further increasing concentration of NCG to 30 

mM decreased the enzyme activity.

3.3. Mild late-onset phenotype of patient with E1034G mutation is consistent with its 
significant residual activity

Activity assay demonstrated that the E1034G mouse CPS1 mutant has enzymatic activity 

that is approximately 30–40% of the WT enzyme (Fig. 3C). This result is consistent with the 

late-onset phenotype of the patient with the same mutation [35].

3.4. Patient with a severe phenotype affected by M792I mutation is consistent with very low 
residual activity

Activity assay of the recombinant M792I CPS1 mutant indicated that the residual activity is 

very low at 0.04 ± 0.01 μmol/mg/min, which is consistent with the more severe phenotype of 

the patient with the same mutation [35].

3.5. NCG effects on the E1034G CPS1 mutant

NCG can activate the mouse CPS1 E1034G mutant, but with activity of about 30–40% lower 

than WT CPS1, while the affinity of NCG to E1034G CPS1 mutant seems to be similar to 

the WT enzyme (Fig. 3D).

In order to define the basis for the favorable effect of NCG in this patient, two experiments 

were performed to look for stability differences between WT and mutant enzyme in the 

presence and absence of NAG and/or NCG. In the first experiment, the thermal stability of 

proteins with and without NAG or NCG was monitored by the fall in the activity of the 

enzyme after incubation at different temperatures (Fig. 4A).
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In the second experiment, protection of the two enzymes by NAG or NCG against thermal 

unfolding were followed by changes in the fluorescence of a dye (Sybro Orange), which was 

added before temperature ramps (Fig. 4B).

Both experiments demonstrated that both NAG and NCG protect the WT CPS1 and E1034G 

mutant from thermal unfolding (Fig. 4C and D). However, NAG appears to protect WT 

CPS1 from thermal unfolding better than NCG while NCG protects the E1034G mutant 

slightly better than WT CPS1.

3.6. Protection from protease hydrolysis of E1034G mutant

Previous work has demonstrated that the combination of MgATP and NAG protects the 

enzyme from inactivation by elastase [45–48]. Recent experiment with recombinant human 

CPS1 confirmed this observation [36]. Our experiment with recombinant mouse CPS1 also 

indicated that MgATP in combination with NAG or NCG provided protection from attack by 

elastase for both WT enzyme and E1034G mutant (Fig. 5A–B). The unfolding of the 

enzymes can be easily detected by the increase of the fluorescence signal when Sybro 

Orange was added (Fig. 5C–D).

3.7. M792I mutant is a stable protein

Since the activity of M792I mutant is very low and close to the detection limits of the assay, 

activity based thermal stability assay could not be performed and could only be evaluated by 

the fluorescence assay. The results indicated that the melting temperature of M792I is 

similar to WT CPS1 and E1034G mutant (Fig. 5E). Furthermore, NAG or NCG, in 

combination with MgATP, afforded the M792I mutant similar protection against attack by 

elastase (Fig. 5F), implying that NAG or NCG could bind to M792I to convert the mutant 

protein to the active conformation, even though the catalytic site was damaged.

3.8. M792I mutation likely damages the bicarbonate phosphorylation catalytic site

The availability of human CPS1 crystal structures with and without NAG bound provided a 

reliable modeling of the effect of the M792I mutation [42]. Met792 is part of the L1β17-

L1β18 loop (residues 777-793), also termed the T-loop, which is located at the bicarbonate 

phosphorylation domain (Fig. 6A–B) [42]. In the apo form without ligand bound (PDB ID 

5DOT), this T-loop is mobile or disordered and its structure could not been traced. However, 

in the ligand bound form (ADP and NAG bound; PDB 5DOU), this loop becomes fixed, 

helping to shape the bicarbonate phosphorylation active site. The conformational changes of 

the T-loop accompanied the corresponding conformational changes of its equivalent T′-loop 

(residues 1314-1332, L3β15-L3β16 loop) in the carbamate phosphorylation domain L3. 

Similarly, the T′-loop helped to shape the carbamate phosphorylation active site. The T-loop 

and T′-loop interact with each other to maintain a widened loop conformation. Since M792 

is located in this key loop, it is likely that the M792I mutation damages the bicarbonate 

phosphorylation site of CPS1, consistent with its very low enzyme activity.

3.9. Binding of NCG to the E1034G mutant

Based on the crystal structure of CPS1, Glu1034 is located at the carbamate phosphorylation 

domain L3, approximately 50 Å away from the NAG binding site, and 27 Å away from the 
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phosphorylation sites in both domains L1 and L3 (Fig. 6A). The side-chain of Glu1034 

forms hydrogen-bonding interactions with the side-chain of Arg814, which belongs to 

domain L1. The side-chain of Arg814 has intense hydrogen bonding interactions with the 

side-chains of the main-chain O of Gly911 and Glu821, and the side-chain of Gln916 (Fig. 

6C). Since Glu1034 is located at the interface among the bicarbonate phosphorylation 

domain L1, integrating domain L2 and carbonate phosphorylation domain L3, the hydrogen 

bonding interaction network around Glu1034 may be important to stabilize the whole 

structure. However, the Glu1034Gly mutation seems to leave enough space to allow NCG to 

bind to this site, replace the function of Glu1034, and rebuild the hydrogen bonding 

interaction network to stabilize the enzyme. Our docking study indicated that NCG might 

bind to this cavity in a way that puts the side-chain of NCG in a similar position as the side-

chain of Glu1034, allowing interaction with the side-chain of Arg814; its α-carboxyl group 

hydrogen bonds with the main-chain N of Leu1035 and the carbamyl group of NCG to 

interact with the main-chain oxygen atoms from the loop between Arg814 and Ile820 (Fig. 

7). In contrast to NCG carbamyl, the methyl group of NAG is not amenable to this 

environment.

3.10. NCG plays a dual role for activation and stabilization of CPS1 to ameliorate the 
clinical condition of a patient with E1034G mutation

In our recent experiment of a 3-day trial of oral NCG in 5 patients with late-onset CPS1 

deficiency, the patient with the E1034G mutation showed marked improvement in nitrogen 

metabolism and clinical condition with NCG administration [35]. Considering the stability 

of the E1034G mutant and the yield produced using the baculovirus/insect cell expression 

system, an in vivo abundance of the E1034G mutant protein that is similar to the wild-type 

enzyme would be expected. Even though the patient has a normal NAGS gene, it is likely 

that the amount of NAG in liver mitochondria would be insufficient to activate all the CPS1 

enzyme molecules, which seems the case in normal healthy adults [31]. Thus, 

supplementation of NCG likely activated additional CPS1 molecules to augment the 

patient’s ureagenesis. The cavity created in the protein by the replacement of a glutamate 

with glycine happens to allow NCG binding replacing the missing glutamate side chain, 

perhaps increasing protein stability. Taken together, our experiments indicate that NCG may 

have played a dual role here, activating more of the CPS1 E1034G mutant molecules and 

stabilizing them as a chaperon.

3.11. Negative response to NCG in a patient with M792I mutation

Enzymatic assay indicated that the recombinant M792I mutant has very low residual 

activity, likely due to the damaged bicarbonate phosphorylation site (see above). However, 

similar yields of the M792I mutant and wild-type CPS1 in insect cells suggest that this 

protein is stable. Similar thermal stability and protection by NAG plus ATP of the M792I 

and WT enzymes from elastase further confirm this assertion. Table 2 lists the liver biopsy 

derived relative abundance of wild-type CPS1 and M792I mutant, and also NAGS and OTC, 

demonstrating the a comparable in vivo abundance of the M792I mutant to WT CPS1. Our 

in vitro experiment demonstrated that the paradoxical reduction of the enzymatic activity in 

response to NCG could have happened due to relative over-abundance of NCG. Since the 

patient this mutation adhered to dietary protein restriction, it is unlikely that NAG was at a 
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higher than normal concentration. Thus, the negative response to NCG supplementation 

could be explained by supplementation of NCG.

4. Discussion

It is known that patients with NAGS deficiency respond remarkably well to NCG 

supplementation, which allows for normalization of blood ammonia and restoration of 

ureagenesis [9–11]. NCG, as a deacylase-resistant analog of NAG, binds the same site as 

NAG and replaced the function of NAG activating CPS1. We showed that supplementation 

of NCG may also benefit some patients with partial CPS1 deficiency [35]. However, the 

effect may vary from patient to patient. The biochemical properties of NCG, particularly its 

interchange with NAG, have not been studied in detail. We provide herein a possible 

explanation for the variable or even disparate effects of NCG supplementation in patients 

with CPS1 deficiency.

Our study suggests that NCG binds to the same site as NAG, activating CPS1, but in a 

suboptimal conformation. MgATP alone can protect WT CPS1 from thermal denaturation, 

but not from attack by elastase. However, a combination of MgATP and NAG or NCG can 

protect the protein from both thermal denaturation and elastase attack. Similar protection 

was observed for the E1034G and M792I CPS1 mutants, but NCG seems to work slightly 

better than NAG for the E1034G mutant. Auto-docking study suggested that NCG might in 

addition bind the cavity left by the E1034G mutation in a way that NAG cannot stabilize the 

mutant protein. In the matrix of liver mitochondria, MgATP is likely to be abundant under 

normal physiological conditions. However, NAG, generated by NAGS, may be insufficient 

to saturate all CPS1 molecules, especially under conditions of protein restriction. Therefore, 

in most situations, supplementation of NCG will not only activate more CPS1, but also help 

to stabilize the enzyme.

The potential effects of NCG supplementation in patients with different CPS1 mutations 

may vary in different conditions: First, if the mutant CPS1 does not have any residual 

activity or there is an insignificant amount of CPS1 enzyme, the supplementation of NCG 

will likely not have an effect. In a second scenario, if the mutant CPS1 has partial activity 

and the NAG produced from NAGS is not sufficient to activate all mutant CPS1 in the liver 

mitochondria, NCG supplementation will likely activate more enzymes and enhance 

ureagenesis. The current E1034G CPS1 mutant likely represents this scenario. A third 

possibility is that NAG is already abundant enough to saturate all or most CPS1 molecules. 

As mentioned above, this condition is unlikely, but is plausible. In this situation, 

supplementation of NCG will likely not help to increase ureagenesis, and in fact may 

decrease urea production because NCG might out-compete already bound NAG and activate 

the enzyme in a suboptimal conformation resulting in lower enzymatic activity. Possibly 

“relative overdosage” of NCG may potentially inhibit ureagenesis, which may have been the 

case with the patient homozygous for the M792I mutation. Therefore, it may be useful to try 

and work out the optimal dosage of NCG supplementation for patients with 

hyperammonemia depending on their respective genotype and biochemical phenotype.
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Trials of NCG supplementation in patients with CPS1 deficiency are quite limited [35,49,50] 

and more are warranted, as are in vitro studies of recombinant CPS1 mutants. The newly 

developed baculovirus/insect cell expression system, which can produce a large amount of 

the recombinant CPS1 with desired mutations, provides a useful tool to evaluate the residual 

activity, protein yield and stability of CPS1 mutants. This tool has been successfully used to 

study the disease-causing roles and pathogenic mechanism of various mutations in CPS1 

[36,38,51–54].

Even though the concentration of NCG in liver mitochondria of the subjects receiving 100 

mg/kg/d of the drug is unknown, there seemed sufficient NCG to activate CPS1 and restore 

ureagenesis in subjects with negligible NAG. Our previous experiments demonstrated that a 

single dose of NCG administration to healthy young adults increased the formation of urea 

[31]. Therefore, in most cases, the NAG generated from NAGS in healthy adults must be 

insufficient to saturate all CPS1 molecules in the basal state. The above results are consistent 

with earlier observations that only 30–60% of CPS1 in mitochondria is in an active form in 

the basal state [55]. The NAG concentration in liver mitochondria of animals and human has 

been estimated to be 0.1–0.3 mM [5]. These values are close to the apparent Ka of 0.13 mM 

for NAG bound to purify CPS1. It seems that the biosynthetic capacity of NAGS is limited 

due to its low abundance (Table 2), and the level of NAG inside mitochondria is sufficient to 

activate only a portion of CPS1 allowing the supplementation of NCG to activate more.

Finally, since the affinity of NCG to CPS1 is 20–25 fold weaker than NAG, in order to allow 

NCG to work efficiently, its concentration should be in the range of 0.5–7.5 mM, in 

comparison to the NAG concentration inside mitochondria (0.03–0.30 mM). However, the 

peak concentration of NCG in plasma after oral administration of 100 mg/kg body weight in 

a healthy male is only about 0.015 mM [56]. It is still a mystery how NCG is taken up and 

concentrated within liver mitochondria to reach millimolar concentrations. Recently, a 

specific transporter for NCG uptake was identified [57]. More studies of NCG intestinal and 

hepatic uptake and its renal excretion are certainly needed. These studies illustrate the 

application of mutation-specific precision medicine approach to the treatment of a single 

gene disorder and the laboratory and clinical research tools available to help tailor treatment 

to a specific patient.
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Fig. 1. 
SDS/PAGE (Coomassie Blue staining, ~10 μg of total protein per lane) of purified wild-type 

mouse CPS1 and two mutants (E1034G and M792I) illustrating their expression levels. 

Lane1, recombinant wild-type mouse CPS1 (mCPS1); Lane 2, E1034G mouse CPS1 

mutant; Lane 3, M792I mouse CPS1 mutant. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. 
Comparison of biochemical properties of wild-type mouse CPS1 in the presence of NAG 

(1.0 mM) or NCG (10.0 mM). (A–C) Dependence of reaction velocity on the concentration 

of each substrate, ATP, bicarbonate and ammonium, respectively in the presence of NAG 

(square spots) or NCG (circle spots). (D) Dependence of reaction velocity on the 

concentration of NAG (square spots) and NCG (circle spots), illustrating their different 

affinity and maximum velocity. The inset is the enlargement of NAG titration curve.
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Fig. 3. 
Competition between NAG and NCG. (A) Dependence of reaction velocity on the 

concentration of NCG in the absence (black curve) and presence of NAG in 0.1 mM (red 

curve) and 1.0 mM (blue curve) concentration. (B) Dependence of reaction velocity on the 

concentration of NAG in the absence (green curve) and presence of NCG in 10.0 mM (blue 

curve) and 30.0 mM (red curve). (C–D) Comparison of NAG (C) and NCG (D) titration 

between wild-type mouse CPS1 (blue curve) and E1034G CPS1 mutant (green curve).
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Fig. 4. 
Thermal stability of wild-type CPS1 and E1034G mutant. (A) Remaining relative enzyme 

activity after incubation for 15 min at the indicated temperature for wild-type CPS1 in 

presence of MgATP (blue curve), MgATP + NAG (yellow curve) or MgATP + NCG (purple 

curve). (B) Relative fluorescence for wild-type CPS1 in presence of MgATP (blue curve), 

MgATP + NAG (green curve) or MgATP + NCG (brown curve) when temperature ramps 

from 298 K to 353 K. (C) Remaining relative enzyme activity after incubation for 15 min at 

the indicated temperature for the E1034G mutant in presence of MgATP (blue curve), 

MgATP + NAG (yellow curve) or MgATP + NCG (brown curve). (D) Relative fluorescence 

for the E1034G mutant in presence of MgATP (blue curve), MgATP + NAG (green curve) or 

MgATP + NCG (brown curve) when temperature ramps from 298 K to 353 K.
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Fig. 5. 
Protection of CPS1 in the presence of NAG or NCG with MgATP. (A–B) Remaining relative 

activity for the wild-type CPS1 (A) and E1034G mutant (B) after incubation with elastase 

for 40 and 60 min in the presence of MgATP (brown curve), MgATP + NAG (blue curve) or 

MgATP + NCG (green curve). (C–D) Fluorescence signals for the wild-type CPS1 (C) and 

E1034G mutant (D) after incubation with elatase for 10 min in the presence of MgATP 

(brown dots), MgATP + NAG (blue dots) or MgATP + NCG (green dots). (E) Relative 

fluorescence for the M792I mutant in presence of MgATP (blue curve), MgATP + NAG 

(green curve) or MgATP + NCG (red curve) when temperature ramps from 298 K to 353 K. 

(F) Fluorescence signals for the M792I mutant after incubation with elastase for 10 min in 

the presence of MgATP (blue dots), MgATP + NAG (green dots) or MgATP + NCG (red 

dots).
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Fig. 6. 
Locations of E1034G and M792I mutation in the CPS1 structure. (A) Ribbon diagram of the 

human CPS1 structure bound with NAG (sphere representation) and ADP showing the 

location of E1034 and M792. (B) Details of M792 site. The side-chain of M792 and the 

bound ADP are shown in sticks. (C) Details of E1034 site with hydrogen bonding 

interactions shown in dashed lines.
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Fig. 7. 
Proposed binding mode of NCG in the cavity created by E1034G mutation. The NCG is 

shown as magenta sticks and the hydrogen bonding interactions with the surrounding 

residues are shown in red dashed lines.
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Table 1

Biochemical properties of mouse CPS1 in response to NCG and NAG.

Substrate or activator Km or Ka (mM) Vmax (μmol/min/mg)

NCG NAG NCG NAG

ATP 6.3 ± 1.2 2.7 ± 0.6 1.4 ± 0.1 2.1 ± 0.2

Bicarbonate 5.2 ± 0.8 7.8 ± 0.6 0.56 ± 0.01 1.4 ± 0.1

Ammonium 0.88 ± 0.12 0.27 ± 0.35 0.64 ± 0.01 1.5 ± 0.1

NCG or NAG 2.23 ± 0.06 0.13 ± 0.05 0.92 ± 0.02 1.51 ± 0.05
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Table 2

Relative abundance of CPS1, OTC and NAGS in liver.

Enzymatic activity (μmol/min/mg)

CPS1 NAGS OTC

WT M792I

Liver 4.8 × 10−2 [58] 0.9 × 10−3 [35] 1.2 × 10−3 [59] 0.7 [58]

Recombinant protein 1.31 [54] 0.04 14.6 [60] 30 [61]

Relative abundance 3.7 × 10−2 2.0 × 10−2 8.2 × 10−5 2.3 × 10−2
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