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Summary Ornithine transcarbamylase deficiency (OTCD),

the X-linked, most frequent urea cycle error, results from mu-

tations in the OTC gene, encoding a 354-residue polypeptide.

To date 341 OTCD clinical mutations, including 222 mis-

sense single nucleotide changes (mSNCs), have been com-

piled (Hum Mutat 2006;27:626). OTCD mutation detection

might be simplified if the entire repertoire of OTCD-causing

mutations were known. We estimate the size of this reper-

toire from 23 new OTCD patients exhibiting 22 different

mutations, of which 9, including 4 mSNCs, are novel. The

complete repertoire of OTCD-causing mutations is estimated

as 560 mutations (95% confidence interval, 422–833 muta-

tions), including 290 mSNCs (95% confidence interval, 230–

394 mSNCs). Thus, OTCD diagnosis based on the screening

for known mutations might attain ∼90% sensitivity in <5

years. Since disease-causing mSNCs represent <20% of the

2064 possible OTC mSNCs, simple approaches are essen-

tial for discrimination between causative and trivial mSNCs.

Observation of the OTC structure appears a simple approach
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for such discrimination, comparing favourably in our sam-

ple with three formalized structure-based and/or sequence-

based in silico assessment methods, and supporting the cau-

sation of complete deficiency by the mutations p.Pro305Arg

and p.Ser96Phe, and of partial deficiency by p.Asp41Gly,

p.Glu122Gly, p.Leu179Phe, p.Pro220Thr and p.Glu273del.

Five non-mSNC novel mutations (p.Gly71X, a 7-nucleotide

and a 10-nucleotide duplication and deletion in exon 5, G>A

transitions at bases +1 and +5 of introns 4 and 9, respec-

tively) are obviously pathogenic. The previously reported

mSNCs p.Arg26Gln, p.Arg40His, p.Glu52Lys, pLys88Asn,

p.Arg129His, p.Asn161Ser, p.Thr178Met, p.His202Tyr,

p.Ala208Thr and p.His302Arg, found in our cohort, are also

discussed.

Abbreviations
CI confidence interval

mSNC missense single nucleotide change

nSNC nonsense single nucleotide change

OTC ornithine transcarbamylase

OTCD ornithine transcarbamylase deficiency

PALO phosphonoacetyl-L-ornithine

SNC single nucleotide change

SSCP single-strand conformational polymorphism

Introduction

Ornithine transcarbamylase (OTC; EC 2.1.3.3) deficiency

(OTCD; OMIM #311250) is X-linked (gene location Xp21.1)

(Lindgren et al 1984) and is the most frequent inborn er-

ror of the urea cycle; in males it causes either neonatal

hyperammonaemia or late-onset presentations depending,

respectively, on whether the deficiency is complete or partial.
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Female carriers can exhibit variable degrees of clinical

deficiency (Brusilow and Horwich 2001). The OTC gene, of

73 kb, comprising 10 exons and 9 introns (Hata et al 1988),

is expressed only in the liver and intestinal mucosa, yielding

a 354-residue polypeptide which, upon passage to the mito-

chondrial matrix, matures by cleavage of the 32 residues at

its N-terminus to a 322-amino acid polypeptide (Fig. 1A)

that associates into the active trimer (Fig. 1B) (Brusilow

and Horwich 2001), with involvement of residues from ad-

jacent subunits in each active centre (Shi et al 1998, 2000,

2001).

Mutation identification is a key component of OTCD clin-

ical diagnosis and is the gold standard for prenatal and female

carrier diagnosis. However, since there is little recurrence of

the numerous mutations identified thus far (341 compiled

as at early 2006; Yamaguchi et al 2006), genetic diagno-

sis requires extensive DNA sequencing and is laborious and

expensive. It would appear important to estimate how many

more OTCD-causing mutations remain to be identified, since

if a reasonably complete clinical mutation database were

obtained, OTCD genetic diagnosis might be simplified by

screening for known mutations, possibly using a DNA mi-

crochip strategy similar to those for other inborn diseases

(Bhardwaj et al 2003; Galvin et al 2004; Green and Pass

2005; Tejedor et al 2005). Here we exploit the investiga-

tion of the causative mutation in 23 new, unrelated Spanish

OTCD patients to estimate how large a fraction of the total

mutation repertoire is represented in the recent compilation

(Yamaguchi et al 2006) of 341 mutations, including 222 mis-

sense mutations due to single nucleotide changes (mSNCs).

This database contains the mutations found in 14 of our 23

patients, including 13 of the 17 mSNCs represented in our

sample, leading to estimates of the total number of muta-

tions of any type and of mSNCs that cause OTCD that are

not too far from the present numbers in the compilation, rais-

ing hopes that genetic diagnosis of OTCD based on screening

for known mutations may be feasible soon. In addition, the

much lower number of mSNCs causing OTCD than the total

number of possible mSNCs for the OTC gene raises the ur-

gent need for easy discrimination between disease-causing

and trivial missense changes, by methods that should be

very simple and accessible to every laboratory looking for

mutations. In this context, we stress here the value of ob-

serving the OTC crystal structure (Shi et al 1998) by ex-

emplifying the use of this approach with the novel or the

less-characterized mutations found in our patients. Three

formalized structure-based and/or sequence-based in silico
assessment methods are also utilized, and give generally co-

incident results with the observational approach, although

the latter appears more informative. In any case, these ap-

proaches should be used by all in the first line of assess-

ment of the pathogenic potential of mutations found in OTCD

patients.

Patients, materials and methods

Twenty-three unrelated Spanish patients (two of them, pa-

tients19 and 23, having a father of central or northern African

ancestry, respectively), 15 males and 8 females, were referred

for mutational study because of enzymatically proven and/or

laboratory proven (high blood ammonia and glutamine, high

orotate excretion, low plasma levels of citrulline) OTC de-

ficiency, or because the clinical history and laboratory data

(generally including a positive allopurinol test) were highly

suggestive of this disease. Seven male patients presented

early-onset deficiency, with hyperammonaemic coma on

days 2–3 of life, and two additional male patients devel-

oped coma on days 7–8. The remaining 6 male and 8 fe-

male patients had characteristic late-onset presentations at

ages ranging from 1.5 months to 9 years, and generally in

these cases the presence of an elevated orotate excretion, ei-

ther spontaneous or after allopurinol challenge, or the finding

of decreased OTC activity (assayed colorimetrically at high

substrate concentrations) (Nuzum and Snodgrass 1976) were

key diagnostic elements.

Genomic DNA was extracted from peripheral leukocytes

using a commercial kit (QIAamp DNA blood, from Qiagen

Inc., Valencia, CA, USA) and the ten exons of the OTC
gene and the flanking intron–exon boundaries were PCR-

amplified (Garcia Perez et al 1995) and subjected to single-

strand conformational polymorphism (SSCP) analysis at

15◦C on the Genephor EF system with Genegel Clean 15/24

precast gels (both from Amersham Biosciences, Barcelona,

Spain) following the manufacturer instructions; the amplified

DNA fragments yielding abnormal SSCPs were sequenced

using the ABI Prism 3100 automated sequencer (from Ap-

plied Biosystems, Madrid, Spain). When no abnormal SSCP

was found or when a mutation was novel at the time of dis-

covery, the ten OTC exons and flanking intronic regions were

sequenced. Mutations were identified by comparison with the

GenBank reference sequence for human OTC (GenBank en-

tries: NP 000522 for the amino acid sequence; NM 000531

for the mRNA sequence; NC 000023 for exon–intron bound-

aries). The presence in a patient of a given mutation was

confirmed by repeating the analysis in the product of an in-

dependent PCR reaction from the patient DNA. Except in the

case of patient 4, maternal DNA was studied in all cases for

the presence of the mutations found in the patients.

The 95% limits of the confidence interval (95% CI) for

the proportion of the OTCD-causing mutations that are al-

ready included in the more recent OTCD mutation database

(Yamaguchi et al 2006) were estimated from the expressions

(Doménech i Massons 1980):

Lower limit = p0 − 1.96
√

(p0q0/n)

Upper limit = p0 + 1.96
√

(p0q0/n)
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Fig. 1 OTC mutations found in the present patient cohort. Amino
acids and mutations are given in single letter notation. (A) Stereo dia-
gram showing the backbone trace of an OTC protein subunit with the
transition-state analogue inhibitor PALO bound at the active centre of
the enzyme. PALO is shown in space-filling representation, with the
moieties corresponding to carbamylphosphate and ornithine coloured
yellow and aqua, respectively. The coloured spheres mark the positions
of the residues for which mutations are reported here; they are shown
red if the impact of the mutation on structural bases is discussed here,
blue for Met355 where a 28-residue insertion should occur in patient
5, and pink for other mutations. (B) Ribbon representation of the 3D
structure of the OTC trimer containing three molecules of bound PALO
(represented in ball-and-stick form and coloured magenta). Each sub-
unit is coloured differently. Residues Glu122 and Leu179 are marked
in one subunit as red spheres, and are boxed. The inset on the left ex-
pands (in main chain representation) the region around Leu179. The
polypeptide chain is coloured green, the indicated amino acid side-

chains are grey, the side-chain of Leu179 is aqua, and the side-chain
of the mutant Leu179F is coloured red. The inset on the right details
the Glu122-Arg92 intersubunit connection, which cannot be retained
in the Glu122Gly mutant. One subunit is yellow and the other green. O
and N atoms of the amino acid side-chains are coloured red and blue,
respectively, and the side-chain of Glu122 is coloured aqua. The broken
lines indicate hydrogen bonds within the salt bridge. (C) Detailed stereo
view of the movement of the SMG loop upon binding of the two sub-
strates (mimicked by PALO). The backbone representations of the loop
in the complex with the bisubstrate analogue PALO (PDB file 1OTH)
is coloured green and is superimposed with the red-coloured loop for
the complex (PDB file 1EP9) with carbamoyl phosphate (abbreviated
CP). PALO and CP are in stick representation, in green and red, respec-
tively. The Pro220 ring and the portion of the main chain corresponding
to Glu273 are coloured aqua, whereas the side chains of the indicated
residues are grey
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where p0 is the fraction of the patients in the cohort who

carry already reported mutations, q0 = 1 − p0, and n is

the number of patients in the cohort. The corresponding

upper and lower limits of the 95% CI for the absolute

number of clinical mutations to be expected in OTCD are

obtained by dividing the number of already reported mu-

tations (Yamaguchi et al 2006) by, respectively, the lower

or upper limit of the 95% CI for the proportion of reported

mutations. The total number of possible single-nucleotide

changes causing missense mutations (mSNCs) or nonsense

mutations (nSNCs) for the OTC gene was estimated manually

by changing one by one base in the OTC coding sequence

for each one of the other three possible bases at the same

position, counting all the single base changes that caused

amino acid substitutions or that introduced stop codons,

respectively, yielding values of 2064 possible mSNCs and

145 nSNCs.

Statements about conservation of residues are based on

the alignment of OTC sequences from different species given

at the Human Ornithine Transcarbamylase web page (http:

//www.cnmcresearch.org/otc/sequence alignment.asp). This

alignment was used for sequence-based in silico predic-

tion of the effects of the mutations using the program SIFT

(http://blocks.fhcrc.org/sift/SIFT.html) (Ng and Henikoff

2003). Unless indicated, all references to human OTC

structure are based on the coordinates of entry 1OTH of

the Protein Data Bank (http://www.rcsb.org/pdb) (Shi et al

1998). Visualization and analysis of the structures and of

the consequences of the mutations was carried out with

the programs RASMOL (Bernstein 2000) and O (Jones

et al 1991). We also used a previously reported set of

quantitative rules (Wang and Moult 2001) for predicting

the effects of the mutations on the bases of 3D structure.

In addition, the PolyPhen server (http://www.bork.embl-

heidelberg.de/PolyPhen) (Ramensky et al 2002), which com-

bines structure- and sequence-based prediction, was also

used for prediction of the phenotypic consequences of

the mSNCs. Figures have been prepared using Molscript

(Kraulis 1991) and Raster 3D (Merritt and Murphy 1994).

Results and discussion

Mutations found (Tables 1 and 2)

Using an unbiased mutation search, 22 different mutations

were identified in the 23 OTCD patients, where one muta-

tion (p.Lys88Asn) recurred in patients 13 and 14 and none

of the mutations was detected in any of other 100 unrelated

X chromosomes. Nine mutations were novel (patients 1–9,

Table 1), and 15 (68%) yielded an SSCP, supporting the cur-

rent trend towards direct sequencing without SSCP analysis.

In accordance with previous findings (Tuchman et al 2002),

the mother was not a carrier and thus the mutation appeared to

have arisen de novo (although the rare possibility of germline

mosaicism was not excluded) with a higher frequency in fe-

males (3 of 8 females, or 38%) than in male patients (1 of 15

males, or ∼7%).

Three patients (13%) presented small insertions or

deletions, and the other 20 (87%) exhibited SNCs. Among

the latter, 4 (17%) had mutations at splice sites, two of

them within the exon, which also caused a missense change,

and two in intronic bases of the splice site. Only one

patient (4%) presented a SNC causing a nonsense change.

In the remaining 15 patients (65%) having SNCs, the

mutation appears to cause a pure amino acid substitution,

without any predicted splicing aberration (judged by

searching for splice sites with the program SpliceSiteFinder

(http://violin.genet.sickkids.on.ca/∼ali/splicesitefinder.html)

and searching for splicing enhancers with the program ES-

Efinder (http://rulai.cshl.edu/tools/ESE)). Interestingly, 12

of the 14 missense mutations, or 86% of these mutations,

occurred in exons 2 to 6, which represent only ∼55% of the

coding sequence, and thus changes in the region encoded

by exons 2 to 6 appear more frequently detrimental than

changes occurring elsewhere (Figs. 1A and 1B localize the

missense mutations in the OTC structure). The proportions

of the patients exhibiting missense changes, splice site

mutations and small insertions or deletions agrees grossly

with the proportion of these mutations (70–80%, 10–20%

and ∼10%, respectively) in previous OTCD mutation

compilations (Tuchman et al 2002; Yamaguchi et al 2006).

Of the 19 SNCs, 15 are transitions (seven G>A, and four of

each of A>G and C>T) and only 4 are transversions (one of

each of G>T, A>C, C>G and C>A). Although five SNCs

affect one or other of the 19 CpG hotspots found in the OTC

cDNA and splice sites, the p.Lys88Asn mutation recurring

in two patients does not affect a CpG.

Estimation of the total number of expected clinical

mutations in OTCD. Implications for the genetic diagnosis

of OTCD

Fourteen (60.9%) patients, 13 of them presenting mSNCs

(76.5% of the 17 patients having mSNCs), carry mutations

that are reported in the most recent OTCD mutation database

(Yamaguchi et al 2006) of 341 mutations of all types in-

cluding 222 mSNCs. Therefore, ∼61% of mutations of all

types (95% CI, 41–81%, see Materials and Methods) and

∼76% of mSNCs (95% CI, 56–97%) appear to be included

already in this database, and the complete mutational reper-

toire is thus estimated to consist of 560 mutations of all types

(95% CI, 422–833 mutations), including 290 mSNCs (95%

CI, 230–394 mSNCs). Additional support for these estimates

is provided by the similarity of the figures obtained for an-

other cohort consisting of 26 Korean OTCD patients reported
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Table 1 Novel mutations found in patients with ornithine transcarbamylase deficiencya

Age of Nucleotide change/ Nature of Restriction site

Patient Sex onsetb codon changec change Exon/Intron alterationd SSCPe Inheritancef

1 M 13 months c.365A>G p.Glu122Gly E4 + Inherited

122GAA→GGA

2g M 8 days c.386+5G>A Donor splice site I4 + PsiI − Inherited

error E4/I4

3g M Neonatal c.516 525 p.Leu173ThrfsX11 E5 − MvaI + Inherited

delCCTGGCTGAT − EcoRII

4 M 7 days c.535C>T p.Leu179Phe E5 − BpmI − (Inherited)

179CTC→TTC

5h M Neonatal c.1005+1G>A Donor splice site I9 + BspHI − Inherited

error E9/I9

6 F 9 months c.211G>T p.Gly71X E2 − de novo
71GGA→TGA

7 F 18 months c.287C>T p.Ser96Phe E3 − BstSFI − Inherited (de novo
96TCT→TTT − SfcI in mother)

8 F 22 months c.391 397dupTTGTCTA p.Ser133IlefX3 E5 + Inherited

9 F 2 years c.658C>A p.Pro220Thr E6 − Bsc4I + Inherited

220CCA→ACA − BsiYI

aNone of the nucleotide changes was found in any of 100 unrelated chromosomes
b“Neonatal” indicates the development of hyperammonaemic coma at days 2–3 of life
cThe figures before the triplets correspond to codon numbers
dA − or + sign before the restriction enzyme indicates the respective elimination or creation of the indicated site
eA positive sign indicates that the mutation gave an abnormal SSCP
fInheritance of the mutation was ascertained by maternal DNA analysis, except in the case in parentheses, in which no maternal DNA could be
obtained but in which the inherited nature of the deficiency was deduced from the positivity of the allopurinol test in the mother. In the cases
in which the mutation is considered to have arisen de novo, the rare possibility that the mutations were inherited from a progenitor exhibiting
germline mosaicism has not been excluded
gThe deficiency was confirmed by a very low or undetectable ornithine transcarbamylase activity in the liver or in intestinal mucosa
hLiver ornithine transcarbamylase activity was 14% of normal

as this paper was under revision (Kim et al 2006): 61.5%

of the mutations found in these patients, including 68.4%

of the mSNCs, are present already in the database. Using

both cohorts combined, closely similar figures but narrower

confidence intervals are estimated for the complete reper-

toire of mutations causing OTCD: 557 mutations (95% CI

455–716 mutations), including 307 mSNCs (95% CI 256–

385 mSNCs). Therefore, we are reasonably close, certainly

within <5 years (for a rate of detection of ∼175 OTCD muta-

tions per year in the western world and Japan, with only 1/5 of

the mutations being novel mSNCs), to compiling a complete

mutational repertoire, particularly concerning mSNCs; thus,

to reach this objective it is important to report all novel muta-

tions. Diagnosis based on the screening for known mutations

might attain ∼90% sensitivity (excluding from diagnosis in-

sertions and deletions, believed to represent ∼10% of the

mutations causing OTCD; Tuchman et al 2002) by searching

for <1000 mutations: <385 mSNCs (the upper limit of the

narrower 95% CI), supplemented with 145 nonsense SNCs

(this number of nSNCs was determined as indicated in Mate-

rials and Methods) and the 378 possible SNCs affecting the

seven bases at exon–intron junctions and thus likely trigger-

ing splicing errors.

Assessment of the disease-causing potential of the novel

mutations (Fig. 1)

Since there are 2064 possible mSNCs in the OTC gene (calcu-

lated as indicated in Materials and Methods), even the upper

limit of the 95% CI for disease-causing mSNCs only rep-

resents a small fraction (<1/5) of all possible mSNCs, and

thus most mSNCs appear to be trivial amino acid substitu-

tions that should not cause OTCD. Therefore, it is crucial to

distinguish between clinical mutations and mere polymor-

phisms. In vitro expression studies (Morizono et al 1997),

although valuable for this purpose, appear impractical for

very extensive mutation repertoires as in OTCD. Structure-

based analysis is simpler, it has been used already for OTCD

(Shi et al 1998), and although of a conjectural nature, it is

based on our understanding of the forces that guide pro-

tein folding and assembly, substrate binding and catalysis,

providing a rationale for the effects of the mutations, as is

illustrated here for the present novel or most recently de-

scribed, poorly characterized, single-amino-acid mutations

(Fig. 1A, in red). For example, Pro305 belongs to the con-

stant ornithine binding signature HCLP, it forms a rare cis-
peptidic bond that is exclusively found with proline, and
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Table 2 Previously reported mutations found in our patients with ornithine transcarbamylase deficiencya

Age of Nucleotide change Nature First

Patient Sex onsetb /codon changec of change Exon/Intron SSCPd Inheritancee description

10 M Neonatal c.77G>A p.Arg26Gln E1 + Inherited Grompe et al (1989)

26CGG→CAG Donor splice

Last base of exon 1 site error at

CpG dinucleotide E1/I1

11f M 9 years c.119G>A p.Arg40His E2 + Inherited Tuchman et al (1994)

40CGT→CAT

CpG dinucleotide

12 M Neonatal surviving c.122A>G p.Asp41Gly E2 + de novo Yamaguchi et al (2006)

41GAC→GGC

13f M 16 months c.264A>C p.Lys88Asn E3 + Inherited Reish et al (1993)

88AAA→AAC

14 M 28 months c.264A>C p.Lys88Asn E3 + Inherited Reish et al (1993)

88AAA→AAC

15 M Neonatal c.482A>G p.Asn161Ser E5 + Inherited Tuchman and Plante (1995)

161AAT→AGT

16 M 16 months c.604C>T p.His202Tyr E6 + Inherited Tuchman et al (1997)

202CAC→TAC

17f M 3.5 years c.622G>A p.Ala208Thr E6 + Inherited Van Diggelen et al (1996)

208GCA→ACA

CpG dinucleotide

18 M Neonatal c.905A>G p.His302Arg E9 − Inherited Genet et al (2000)

302CAC→CGC

19f M Neonatal c.914C>G p.Pro305Arg E9 + Inherited Yamaguchi et al (2006)

305CCC→CGC

20 F 14 months c.154G>A p.Glu52Lys E2 + de novo McCullough et al (2000)

52 GAA→AAA

21 F 6 years c.386G>A p.Arg129His E4 + Inherited Garcia-Pérez et al (1995)

129CGG→CAG Donor splice site

Last base of exon 4 error at E4/I4

CpG dinucleotide

22 F 4.5 years c.533C>T p.Thr178Met E5 − Inherited Oppliger Leibundgut

178ACG→ATG et al (1995)

CpG dinucleotide

23 F 1.5 months c.817 819delGAG p.Glu273del E8 + de novo Segues et al (1996)

aNone of the nucleotide changes was found in any of 100 unrelated chromosomes
b“Neonatal” indicates the development of hyperammonaemic coma at days 2–3 of life
cThe figures before the triplets correspond to codon numbers
dA positive sign indicates that the mutation gave an abnormal SSCP
eInheritance of the mutation was ascertained by maternal DNA analysis. In the cases in which the mutation is considered to have arisen de novo,
the rare possibility that the mutations were inherited from a progenitor exhibiting germline mosaicism has not been excluded
fOrnithine transcarbamylase activity of intestinal mucosa was borderline in patient 11, 14% and 16% of normal in patients 13 and 17, respectively,
and undetectable in patient 19

largely determines the shape of the ornithine site. Conse-

quently, mutations at Pro305 should be highly deleterious, as

observed in the complete deficiency presented by patient 19

(mutation p.Pro305Arg) and by a previous male patient car-

rying the p.Pro305His mutation (Climent and Rubio 2002).

In contrast, the mutations p.Glu122Gly, p.Asp41Gly and

p.Leu179Phe are supported as causing the partial deficiencies

observed in male patients 1, 12 and 4, since these mutations

should merely decrease enzyme stability or trigger modest

structural distortions. p.Glu122Gly should eliminate the in-

tersubunit interactions between the side-chain carboxylate

of Glu122 and the guanidinium group of Arg92 of another

subunit (Fig. 1B), rendering less stable the OTC trimer that

is the active form of the enzyme. The mutation p.Asp41Gly

eliminates one of the three hydrogen bonds that interlink

strands 2 and 5 of the carbamoyl phosphate domain central

β-sheet, and should decrease the stability of this domain.

For mutation p.Leu179Phe, the bulky and rigid phenylala-

nine side-chain should cause some mild steric distortion in

the densely packed and hydrophobic core of the ornithine
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domain (Fig. 1B) without triggering complete misfolding

and total inactivation. In contrast, the mutation p.Ser96Phe,

observed here in a female (patient 7), should in males cause

complete deficiency because of gross misfolding of the OTC

subunit. Ser96 is at the fringe between helix 2 and helix 11,

one of the helices that interconnect the two domains of the

OTC subunit (Fig. 1A), and the residue corresponding to

human Ser96 is consistently small in all OTCs. Therefore,

the replacement of Ser96 by the large phenylalanine residue

in the p.Ser96Phe mutation may be expected to cause mis-

positioning of helix 11, distorting the OTC subunit domain

architecture. The mutations p.Pro220Thr and p.Glu273del,

found also in females (patients 9 and 23), should, in contrast,

in males cause partial deficiency, because they are expected

to disturb the SMG loop (Fig. 1C), a superficial mobile loop

that caps the bound ornithine in the ternary complex of the

enzyme with its two substrates (Shi et al 2001). Since this

loop does not constitute the core of the ornithine binding site,

its alterations may be expected to hamper but not to abolish

ornithine binding, causing partial deficiency. The mutation

p.Pro220Thr may abolish the anchoring of both ends of the

SMG loop on the enzyme body, since this anchoring is medi-

ated by the interactions of the ring of Pro220 with Trp284 and

Phe281, and of Phe281 with Trp265. A male patient carry-

ing another mutations at this proline, p.Pro220Ala, exhibited

partial deficiency (Oppliger Leibundgut et al 1996). The mu-

tation p.Glu273del shortens the SMG loop and was observed

in a previous male patient exhibiting partial OTCD (Segues

et al 1996).

The application of a previously published (Wang and

Moult 2001) set of quantitative rules for structure-based as-

sessment of the consequences of amino acid substitutions

yields predictions that are coincident, although frequently

less specific, than with our observational analysis for all but

one of these mutations (p.Pro220Thr) (Table 3). Use of the

SIFT prediction server (Ng and Henikoff 2003) (Table 3),

which is based exclusively on the conservation of the amino

acid sequence, or of the PolyPhen server (Ramensky et al

2002), which combines sequence and 3D structure criteria,

resulted in predictions of negative effects by the p.P220T

mutation, supporting our conclusion that the p.Pro220Thr

mutation is disease-causing. It is interesting that the exclu-

sive use of sequence conservation data by the SIFT server is

enough for prediction of a negative effect for all but two mu-

tations (p.Asp41Gly and p.Leu179Phe), although this server

as well as the PolyPhen server fails to provide any infor-

mation on the nature of effect expected. Overall, the results

of these three in silico methods (Table 3) are mostly coinci-

dent with our analysis. Only in the case of the p.Leu179Phe

mutation did two of the methods, those provided by the

SIFT and the PolyPhen servers, fail to predict an effect.

However, the application of the quantitative rules of the

structure-based method (Wang and Moult 2001) also pre-

dicts for this mutation effects on protein stability, as in our

analysis.

The effects of the five novel mutations that do not cause

pure single amino acid replacements are self-evident. Thus,

the mutation p.Gly71X, found in patient 6, and the 10-base

deletion and 7-base duplication in exon 5 found in patients 3

and 8, causing frameshifts and premature termination, trun-

cate large regions of the enzyme and are obviously inactivat-

ing, as illustrated by the complete deficiency observed in pa-

tient 3 (the only male among these three patients). The other

two novel mutations are G>A transitions at the +5 and +1

positions of introns 4 and 9 (male patients 2 and 5; Table 1),

two mutations that are well-represented among the intronic

changes reported in clinical mutation databases (Antonarakis

et al 2001), thus being expected to be disease-causing. Since

the complete abolition of intron 4 splicing causes enzyme

truncation and total OTC inactivation (Garcia-Pérez et al

1995), the delayed (day 8) clinical presentation with ∼1%

intestinal OTC activity in patient 2 (Table 1) indicates that the

G>A transition at base +5 does not completely abolish nor-

mal intron 4 splicing. The dramatic neonatal clinical presen-

tation observed in patient 5 would appear inconsistent with

the relatively high (∼14% of normal) OTC activity found in

the liver of this patient (Table 1), strongly suggesting that the

OTC is in this case active but is kinetically abnormal and is in-

efficient in vivo (Raijman 1976). In fact, lack of normal intron

9 splicing should cause aberrant splicing at the cryptic inter-

nal donor splice site CAA/GTGAGA (Shapiro and Senapathy

1987), resulting in the introduction of an in-frame 28-amino-

acid insertion after Met335 (Met335 is shown as a blue sphere

in the OTC subunit structure, Fig. 1A). Since this insertion

is not localized either in the active centre, at the intersubunit

surface or at the core of the enzyme, the aberrant OTC may

be active but abnormal, as suggested by the observations in

patient 5. Overall, simply the inspection of the mutation or,

for mSNCs, more in-depth structural analysis, supports the

disease-causing nature of all the novel mutations found here,

illustrating the potential of these simple approaches, alone

or combined with the utilization of the formalized in silico
approaches (Ng and Henikoff 2003; Ramensky et al 2002;

Wang and Moult 2001) shown in Table 3. In addition, the

pathogenic nature of the mutations p.Asp41Gly, p.Gly71X

and p.Glu273del is supported by the de novo appearance of

these mutations in the corresponding patient (although, as

indicated above, the rare possibility of germline mosaicism

has not been excluded), who in these three cases was the first

member of the family to manifest clinical OTCD.

Further observations on previously reported single

nucleotide changes (Fig. 1A)

In 2 of the 13 patients presenting mSNCs, the mutation af-

fects the last base of either exon 1 (patient 10) or exon
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Table 3 Comparison of the results of the present assessment of the effects of mutations causing single amino acid changes with the predictions
of three published in silico methods

Wang and Moult methoda SIFT serverb

Present structure-

Amino acid change based analysis Structural effect Molecular function effect Score Effect PolyPhen serverc

Asp41Gly Decreased stability of

CP domain

Loss of hydrogen

bonds

Protein stability 0.46 Tolerated Possibly damaging

Glu122Gly Decreased stability of

OTC trimer resulting

from loss of

intersubunit salt

bridge

Loss of salt bridge

Destabilization of

protein multimer

Protein stability 0.00 Affected Probably damaging

Leu179Phe Steric distortion in the

densely packed and

hydrophobic core of

the ornithine domain

Overpacking Protein stability 0.08 Tolerated Benign

Pro305Arg Abolished ornithine

binding

Backbone strain Protein stability 0.00 Affected Probably damaging
Ligand binding

Ser96Phe Mispositioning of helix

11 and gross

misfolding

Loss of hydrogen

bonds

Overpacking

Protein stability 0.00 Affected Probably damaging

Pro220Thr Defective SMG loop

function, hampering

ornithine binding

No prediction of

effect

No prediction of effect 0.00 Affected Probably damaging

Glu273deld Defective SMG loop

function, hampering

ornithine binding

Loss of hydrogen

bonds Loss of salt

bridge

Protein stability 0.01 Affected Probably damaging

aStructure-based method. A fixed quantitative set of rules is used (Wang and Moult 1991)
bServer-supported (http://blocks.fhcrc.org/sift/SIFT.html) sequence conservation-based method (Ng and Henikoff 2003). Scores >0.05 are
considered to correspond to tolerated changes, whereas scores <0.05 are predicted to affect protein function
cServer-supported (http://www. bork.embl-heidelberg.de/PolyPhen) method. It makes use of both the 3D structure and sequence conservation
data (Ramensky et al 2002) to yield the following possible effect categories: benign, possibly damaging, probably damaging, unknown. This
server has also been used to estimate, from 100 randomly chosen mutations among the 2064 possible mSNCs for the OTC gene, what fraction of
these mutations is expected to cause disease. Only 26% of the mutations were found to be probably damaging, 9% were categorized as possibly
damaging, 40% were considered benign, and in 26% the effect was unknown (no prediction)
dSince the three published methods are devised for missense changes rather than for deletions, when using these methods we have equated the
Glu273del mutation to a Glu273Gly mutation. Therefore, the predictions correspond to the deletion of the side-chain of Glu273

4 (patient 21) (Table 2) and also causes abnormal splic-

ing (Garcia-Pérez et al 1995; Grompe et al 1989). Two

characteristic OTC-inactivating mutations, p.Asn161Ser and

p.His302Arg, are represented among our patients (patients 15

and 18, respectively). These mutations affect active-centre

invariant residues (Shi et al 1998) including the ornithine

binding signature (HCLP) residue His302 which belongs to

the catalytic charge relay system (Jin et al 1997). The very

characteristic mild mutations p.Arg40His and p.Ala208Thr

are also represented in our sample, in patients 11 and 17,

respectively. These mutations have been reported in paternal

transmission and were found to cause overt disease only in

some males (Matsuda et al 1996; Van Diggelen et al 1996).

The latter is also observed here in patient 11, who has a

healthy 4-year-old brother carrying the p.Arg40His mutation.

The only mutation recurring within this series, p.Lys88Asn,

found in two unrelated male patients (patients 13 and 14)

exhibiting similar late-onset presentations, yielded a rela-

tively high OTC activity (∼15% of normal; assayed in pa-

tient 13), suggesting the presence of a kinetically abnor-

mal enzyme, according to the proposal (Shi et al 1998) that

p.Lys88Asn impairs but does not abolish ornithine bind-

ing. In agreement with a previous report (Tuchman et al

1997), the mutation p.His202Tyr caused partial deficiency

in patient 16. Two mutations found here in female patients,

p.Glu52Lys (patient 20) and p.Thr178Met (patient 22), when

reported in males caused, respectively, complete and partial

OTCD (McCullough et al 2000; Oppliger Leibundgut et al

1995). Overall, the clinical presentations in our male patients

replicate those in previous reports of the same mutations,

supporting the constancy of the gross presentation for a given

OTC mutation.
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Enfermedades Moleculares, CBM-UAM) and P. Jara (Hospital La Paz),
all from Madrid; M. A. Vilaseca (Hospital Sant Joan de Deu), A. Ribes
(Institut de Bioquı́mica Clı́nica), G. Pintos (Hospital Germans Trias i
Pujol), M. Torrent (Hospital de la Santa Creu i Sant Pau) and M. del
Toro (Hospital Vall d’Hebron), all from Barcelona; J. Dalmau and A. M.
Garcı́a (Hospital La Fe) and A. Molina (Hospital Clı́nico Universitario),
from Valencia; C. Sierra (Hospital Carlos Haya, Málaga); M. A. Ramos
(Hospital Virgen del Camino, Pamplona); A. Trujillo (Hospital Josep
Trueta, Girona); L. Peña (Hospital de Las Palmas, Gran Canaria). We
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