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Abstract
We report studies of six individuals with marked elevations of cystathionine in plasma and/or urine.
Studies of CTH, the gene that encodes cystathionine γ-lyase, revealed the presence among these
individuals of either homozygous or compound heterozygous forms of a novel large deletion,
p.Gly57_Gln196del, two novel missense mutations, c.589C>T (p.Arg197Cys) and c.932C>T
(p.Thr311Ile), and one previously reported alteration, c.200C>T (p.Thr67Ile). Another novel
missense mutation, c.185G>T (p.Arg62His), was found in heterozygous form in three mildly
hypercystathioninemic members of a Taiwanese family. In one severely hypercystathioninemic
individual no CTH mutation was found. Brief clinical histories of the cystathioninemic/
cystathioninuric patients are presented. Most of the novel mutations were expressed and the CTH
activities of the mutant proteins determined. The crystal structure of the human enzyme, hCTH, and
the evidence available as to the effects of the mutations in question, as well as those of the previously
reported p.Gln240Glu, on protein structure, enzymatic activity, and responsiveness to vitamin B6
administration are discussed. Among healthy Czech controls, 9.3% were homozygous for CTH c.
1208G>T (p.Ser403Ile), previously found homozygously in 7.5% of Canadians for whom plasma
total homocysteine (tHcy) had been measured. Compared to wild-type homozygotes, among the 55
Czech c.1208G>T (p.Ser403Ile) homozygotes a greater level of plasma cystathionine was found only
after methionine loading. Three of the four individuals homozygous or compound heterozygous for
inactivating CTH mutations had mild plasma tHcy elevations, perhaps indicating a cause-and-effect
relationship. The experience with the present patients provides no evidence that severe loss of CTH
activity is accompanied by adverse clinical effects.
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Introduction
Cystathioninuria or hypercystathioninemia may be due to a variety of causes. Less marked
elevations of urinary excretion and/or plasma concentrations occur with prematurity,
deficiencies of vitamins B6, B12, or folic acid, neural tumors that produce cystathionine, a renal
defect in the transport of this amino acid, or in genetically determined defects in the conversion
of homocysteine to methionine. In the latter situation the excessive accumulation of
homocysteine leads to an abnormally high rate of production of cystathionine by cystathionine
β-synthase. These conditions have been reviewed in more detail elsewhere [1;2]. More marked
cystathioninuria and hypercystathioninemia of genetic origin is caused by mutations that
decrease the activity of cystathionine γ-lyase (CTH; EC 4.4.1.1)1, the enzyme that catalyzes
the conversion of cystathionine to cysteine, ammonia, and 2-oxobutyrate. The initial patient
in whom the metabolic findings strongly suggested a CTH defect was reported in 1959 by
Harris and his colleagues [3], and by 1983 a survey of published cases listed briefly the
metabolic and clinical findings in a total of 47 such cases with gross cystathioninuria thought
to be of genetic origin [4]. However, among these cases the diagnosis had been confirmed in
only ten by assay of CTH activity (using extracts of either liver or long-term lymphoid cell
lines). Pyridoxal 5′-phosphate (PLP) is a cofactor for CTH. The effect of administration of oral
pyridoxine (vitamin B6) on cystathionine excretion had been tested in 37 of the 47 individuals
mentioned above. Most (33/37) showed marked decreases. The CTH activities in tissue extracts
from B6-responsive individuals has been stimulated by the in vitro addition of PLP by between
1.3-fold and as much as 50-fold [4]. It was not until five years ago that the first report of
identification of CTH mutations in cystathioninuric individuals was published. In four
individuals two frame shift mutations, c.940_941delCT (p.Leu262ThrfsX20), and c.1220delC
(p.Thr355IlefsX18) and two missense mutations, c.200C>T (p.Thr67Ile) and c.718C>G
(p.Gln240Glu) were found, occurring in either homozygous or compound heterozygous forms
[5]. The two missense CTH mutations have very recently been expressed in E coli and the
mutant proteins purified and characterized with regard to their kinetic properties, the amounts
of PLP they bind, and the effects of preincubation with PLP upon enzyme activity [6]. In the
present paper we report clinical, metabolic, and molecular genetic studies of several additional
cystathioninuric persons, among whose CTH genes three novel missense mutations, one of the
previously reported alterations, and a novel large deletion have been identified. We have also
further characterized in a large group of Czech individuals the effects of a CTH polymorphism
previously studied in Canadian individuals and found to cause mild elevations of plasma total
homocysteine (tHcy) [7].

Methods
Terminology

DNA and protein sequence variants are described as recommended by the Human Genome
Variation Society (http://www.hgvs.org/mutnomen/recs-DNA.html and
http://www.hgvs.org/mutnomen/recs-prot.html). The accession number for the CTH genomic
sequence is AL354872. The single nucleotide polymorphism in CTH, termed in this paper c.
1208G>T (p.Ser403Ile), was originally described as c.1364G>T (p.Ser403Ile) [7]. The
nucleotide number has been changed here to agree with the current numbering convention.
This polymorphism has also been termed SNP rs1021737 by Li and coauthors [8]

Immortalization of lymphocytes
This step was carried out by Dr William M. Sugden using plasmids derived from the Epstein-
Barr virus (see http://www.warf.org/technologies.jsp?casecode=P93123US).

1The name for the same enzyme has also been abbreviated as “Cse”, “CGL” and “CTT”.
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Cystathionine (Cysta), total cysteine (tCys), and total homocysteine (tHcy)
These compounds were assayed either by amino acid chromatography, high performance liquid
chromatography [9] or by capillary gas chromatography-mass spectrometry [1;10;11]

Identification of genomic DNA variants in hCTH
In order to detect the full range of the mutations found among the present group of patients in
was necessary to utilize several different methods. The reasons for this requirement amd the
methods used are set forth in “Results and Discussion”. Amplification of coding regions and
intron-exon boundaries of the CTH gene was done using primers that have been previously
described [5]. The primer sequences were designed to anneal at a single temperature, however
exon 10 required slight modification. For exons 1–9, 11, and 12, amplification conditions were
94 °C for 5 min, followed by 30 cycles comprised of 30 seconds each of denaturing at 94 °C,
annealing at 57 °C, and extension at 72 °C. A final extension step was performed at 72 °C for
10 min. Genomic DNA (200 ng) was used for a 60 μL PCR containing 1X PCR Reaction Buffer
(Invitrogen, Burlington, ON, Canada), 50 mM MgCl2, 0.2 mM dNTPs, 0.4 μM of each primer,
and 1.0 U Taq polymerase (Invitrogen, Burlington, ON, Canada). For exon 10, the above
reaction was used with the addition of 3% dimethylsulfoxide, and the annealing temperature
was increased to 62 °C. Amplification products were run on 2% agarose gels and purified with
the QIAquick gel extraction kit (QIAGEN, Valencia, CA). Purified PCR fragments were
directly sequenced in both directions on an ABI 3730 Automated DNA Sequencer (Applied
Biosystems, Mississauga, ON, Canada). DNA sequences were aligned with ABI Sequence
Navigator software. Mutations were confirmed by restriction digestion of DNA from 100
Caucasian normal controls. For the c.589C>T (p.Arg197Cys) mutation in exon 6, control
samples were PCR amplified and digested using HaeII (New England Biolabs, Pickering, ON,
Canada) in NEB buffer 4. For the c.932C>T (p.Thr311Ile) mutation in exon 9, control samples
were digested with BsrGI (New England Biolabs, Pickering, ON, Canada) in NEB buffer 2,
and for the c.200C>T (Thr67Ile) mutation in exon 2 samples were PCR amplified and digested
using BfaI (New England Biolabs, Pickering, ON, Canada) in NEB buffer 4. Samples were
incubated overnight at 37°C. Mutations in exons 2 and 6 were analyzed by electrophoresis on
2.5% agarose, while exon 9 was analyzed on 8% polyacrylamide. Resultant bands were
visualized by ethidium bromide staining and UV light exposure.

Detection of CTH intron 1–5 deletion, c.168+1917_589-1848del
This deletion was detected by PCR using primers # 700 and #701 (Supplemental Table 1). The
forward primer is located in intron 1 (18843-19064); the reverse primer, in intron 5
(33671-33691). The annealing temperature is 60°C. 5% DMSO is used in the PCR reaction.
The PCR product size from carriers of the deletion is 401 bp. Only carriers will have this
product amplified (normal subjects have >14,000 bp of genomic DNA between those primers).

Identification of mutations using RT-PCR
Each RNA was made from one patient fibroblast roller bottle pellet using the PureLink Micro-
to-Midi Total RNA Purification System (Invitrogen 12183-018, Carlsbad, CA). Following
RNA purification, cDNA was made using the SuperScript First Strand kit (Invitrogen
12371-019; Carlsbad, CA). PCR was performed using the cDNA with a combination of the
following primers: sense primers, #640 or #644; anti-sense primers, #641 or #645
(Supplemental Table 1). PCR was performed using either PfuTurbo DNA polymerase
(Stratagene 600250, Cedar Creek, TX) or Taq DNA polymerase (New England Biolabs
M0273S, Ipswich, MA). The PCR conditions used were 2 minutes at 94°C 1 cycle; 30 seconds
at 94°C, 30 seconds at 52°C, 2 minutes at 72°C 35 cycles; 7 minutes at 72°C 1 cycle in the
Stratagene Robocycler. After PCR, the product was purified using the Qiagen QIAquick PCR
Purification kit (Qiagen Sciences 28104, MD) and/or by gel purification using the Qiagen
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QIAquick Gel Extraction kit (Qiagen Sciences 28704, MD). 50 ng of the purified PCR product
along with 10 pmols of the primer used for PCR in a total of 17 μl was then sent for sequencing
to the Colorado University Cancer Center DNA Sequencing & Analysis Core (CUCCC). The
Vector NTI software (Invitrogen) was used to perform sequence alignments.

Genotyping of Czech controls
Three groups of individuals were selected from a larger group of healthy control subjects
(described by Janošiková et al [12]), so that each group contained 55 members with genotypes
c.1208 GG, GT, or TT. The DNAs of the 165 individuals so chosen were then screened for
mutations c.168+1917_589-1848del, c.200C>T (p.Thr67Ile), c.589C>T (p.Arg197Cys), and
c.932C>T (p.Thr311Ile) as described above.

Introduction of the mutations into two different expression plasmids
The construction of the vector pET22b+ (Novagen) expressing CTH in E.coli was described
previously by Steegborn et al [13]. The vector pGEX6-P-1(GE Healthcare), which is used for
expression of glutathione-S-transferase fusion proteins, was employed to prepare the GST-
CTH fusion construct. Two complementary oligonucleotides, #621 and #622, with extensions
coding for the restriction enzymes Apa I and XhoI, respectively, were synthesized
(Supplemental Table 1). The CTH sequence was amplified from the template pET22b-CGL
using these primers. The amplified DNA was digested with the two restriction enzymes and
cloned into pGEX6-P-1. The vector pGEX6-P-1-CTH was then transformed in E.coli XL-1
cells.

Mutagenesis
Point mutations were introduced into the wild-type CTH that had been precloned into either
expression vector pGEX 6-P-1 or pET22b+ by site-directed mutagenesis using the
Quikchange™ kit (Stratagene) and primers containing the desired mutation. The DNA
sequence was confirmed by sequencing at CUCCC.

Mutation primers
Primers for mutation c.200C>T were: #633 and #634; for mutation c.589C>T, #635 and #636;
and for mutation c.932C>T, #637 and #638 (Supplemental Table 1).

Expression of recombinant human mutant CTH proteins in E. coli
The bacteria were cultured in 25 ml at 37°C in LB media supplemented with ampicillin at 100
μg/ml. CTH expression was induced with 1 mM IPTG when OD 600 of ~0.5 was reached and
the expression was carried out for 3 hours.

Crude lysate preparation
The cells were harvested and resuspended in the lysis buffer containing 10 mM Tris-Cl, 150
mM NaCl, pH 8.0, 1 mM EDTA, 0.1 mM DTT, 1 μM PLP, and protease cocktail SIGMA
(P8465) according to manufacturer’s suggestions. They were then sonicated at a 50% duty
cycle, with an output 3–4 for 80 seconds in a 3000 Sonicator (Misonix, Inc.). The extracts were
then spun at 14,000 g for 15 minutes. The pGEX 6-P-1 fusion protein product was cleaved
with PreScission protease (GE Healthcare Life Sciences) overnight. Spin column (6-Tris
Column; Biorad) was used to remove any free cysteine from the crude extract. Protein
concentration was determined by the Lowry procedure [14].
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Enzyme assays
The production of cysteine in crude extracts was assayed by a sensitive colorimetric reaction
described by Gaitonde [15]. In this assay, an acid ninhydrin reagent reacts specifically with
cysteine, which is a product of the CTH reaction, forming red color absorbing with a λmax of
560 nm. The standard assay was performed with 35 μl crude extract samples for 1 hour and
contained 0.5 mg/ml BSA, 50 μM PLP, 1 mM DTT and 200 mM Bis-Tris Propane buffer pH
8.25 in 200 μl volume. The reaction was started by addition of the substrate, cystathionine.
The reaction was terminated by removing a 50 μl aliquot and mixing it with 50 μl glacial acetic
acid and 50 μl of the acidic ninhydrin reagent. After the contents were mixed thoroughly; the
tube was closed and boiled for 10 min in a water bath. After boiling, the sample was cooled
rapidly in an ice water bath and the contents were diluted by adding 850 μl of 95% EtOH. The
A560 of the samples was measured and the time 0 blank was subtracted. One unit of activity is
defined as the amount of CGL that catalyzes the formation of 1 μmol of cysteine in 1 hour at
37°C.

Crystallographic modeling of wild-type and mutant hCTH
Our analysis of hCTH mutations is based chiefly on the experimentally determined structure
of hCTH-PLP presented in the Protein Data Bank (http://www.pdb.org/ (code 2NMP) [16]
which best represents the physiological state of the enzyme. Our working model of the native
CTH was formed from the C, D dimer taken from the 2NMP pdb file, the one better resolved
in the experimental picture of the enzyme. Other important information was obtained from
structures apo-hCTH (code 3ELP) and hCTH-PLP-PAG (code 3COG) [16] also determined
by X-ray diffraction. For details see the relevant section in “Results and Discussion. Missing
residues in terminal areas and hydrogens were added using programs PYMOL [17] and COOT
[18] Minimization in the program AMBER-9 [19] was done under constraints that tethered all
atoms of the main chain in their experimental positions well resolved in the diffraction
experiment.

Patients
Many of the available metabolic and genetic data for the individuals covered in this paper (six
with severe hypercystathioninemia and three members of a family with mild elevations of
plasma cystathionine and only a heterozygous CTH mutation) are presented in Tables 1 and 2,
with the subjects listed in descending order according to their most recent plasma cystathionine
concentrations. The numbers designating these individuals are arbitrary, having been assigned
by the laboratories in which initial genetic studies were performed. Detailed clinical histories
are presented in Supplemental Material.

Results and Discussion
In the following sections we discuss: (a) the identification of novel mutations and deletions in
CTH among the patients reported upon in this paper; (b) the effects each of these novel
mutations, as well as those previously characterized by Wang and Hegele [5] and Zhu et al
[6] on enzyme activity (Fig. 2) and clinical responsiveness of persons carrying these mutations
to dietary B6 supplementation; (c) the crystal structure of hCTH; and (d) the structural changes
due to the mutations under discussion and their effects on the properties of the mutant proteins.

(a) Identification of mutations and deletions and the genetic abnormalities discovered
PCR amplifications of the individual exons initially identified a previously described mutation,
c.200C>T (p.Thr67Ile) in apparently homozygous form in patients #2927 and #2928 and two
novel mutations: apparent homozygosity for c.589C>T (p.Arg197Cys) in patient #2929, and
heterozygosity for c.932C>T (p.Thr311Ile) in patient #2930 (Table 2 and Supplemental Table
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2). Since assay of the mutant enzyme carrying the p.Thr311Ile mutation yielded near normal
activity (Fig. 2) we thought it unlikely that patient #2930 is in fact homozygous for the c.
932C>T mutation as the genomic DNA sequencing suggested. Therefore, we decided to
examine this patient’s RNA by performing RT-PCR. PCR amplification of this patient’s cDNA
yielded two bands, one of the expected length of 1516 bp and a shorter one of ~1100 bp. DNA
sequencing of the longer band confirmed the presence of the c.832C>T mutation while the
shorter band had a sequence in which exons 2–5 were missing (Fig. 1A), suggesting that this
patient has a large deletion at the genomic level or perhaps an unusual splicing mutation. In
addition, using genomic DNA from patient #3183, repeated attempts to amplify exons 2
through 5 produced no products, strongly suggesting that a portion of the CTH gene was absent
from the genome of this subject. We developed a strategy of walking primers to amplify
genomic DNA regions spanning the breakpoint until we were able to sequence across the
breakpoint. Patient #3183 was found to be homozygous for a 14.5 kb deletion spanning intron
1 to intron 5. The sequence for the deletion breakpoint is shown in Fig. 1B. The deletion
eliminates exons 2 through 5 (see Fig. 1A) and results in a markedly truncated protein. We
note that this deletion was found only because the RNA of patient #2930 had been examined.
In the initial exon-by-exon sequencing heterozygote carriers of this deletion escaped detection
because exons 2 to 5 yielded normal sequence from the other allele. These types of mutations
have occasionally been causing problems in genomic DNA sequencing in other inherited
diseases as well [26] (and unpublished results). In order to obtain accurate genotypes, patient
DNA as well as RNA should be examined. Subsequently, specific primers were employed (see
Materials and Methods) to directly screen for this deletion at a genomic level. All six patients
and the parents of #2930 have been screened. The deletion was found in a homozygous form
in patient #3183, in heterozygous form in patients #2930 and #2928, and in the mother of #2930
(Table 2 and Supplemental Table 2). It is interesting to note that an alignment of introns 1 and
5 of the CTH gene identified a region of ~85% similarity between these two introns (37
differences in 245 bp with no gaps introduced). Whether this extent of similarity accounts for
the mechanism of recombination via unequal crossing over resulting in this deletion remains
to be seen. In summary, coding changes in CTH have been found in five of the six severely
cystathioninuric patients studied (Table 2 and Fig. 1). Human liver has been reported to contain
two splice-variant forms of mRNA for CTH, a longer one with 85% amino acid homology to
rat CTH, and a shorter one lacking 132 bases corresponding to exon 5. Enzyme activity is due
to the longer mRNA, with expression of the shorter form being subject to post-transcriptional
regulation [27;28]. We and others [13] have not observed a PCR product corresponding to the
shorter mRNA. An enzyme missing 44 amino acid residues would result in a severe trimming
of the PLP binding domain including several catalytically indispensable residues and would
not be expected to be functional.

(b) Enzyme Activities of wild-type and mutant CTH enzymes
We have expressed wild-type human CTH and the three missense mutations in E.coli as
recombinant proteins, using the pGEX system (Fig. 2). The expressions and activity
measurements were repeated in the pET system with virtually identical results (data not shown),
indicating that the activities of CTH mutants expressed in the presence or absence of a fusion
partner were similar and thus the potential help of GST in folding of the mutant protein can be
excluded.

(c) Structure of hCTH
Tetrameric structure—The molecular structure of hCTH in atomic resolution has been
determined by X-ray diffraction as the apo-form (apo-hCTH), as a complex with cofactor PLP
(hCTH-PLP) and also as the form inhibited by DL-propargylglycine (hCTH-PLP-PAG) [16].
All structures provide readily interpretable maps of electron density in stable parts of the
protein, and, together, the three structures [16] provide a consensus model of hCTH needed
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for analysis of the effects mutations. In all three cases hCTH forms very similar tetrameric
structures with virtual symmetry 222 (D2

1). Two active sites are formed at the interface between
the A and B subunits, and another two active sites at the interface between the C and D subunits
(Fig. 3). Thus, the tetramer is composed of two virtually stand-alone dimers, (A, B) and (C,
D), mutually related by a pseudo-two-fold axis. The crystal structures of apo-hCTH, hCTH-
PLP and hCTH-PLP-PAG show that the intra-dimer interface is relatively small and that a
substantial part of it is formed by the substrate binding cleft. However, upon unbinding of PLP
the cleft undergoes large conformational changes (see legend of Fig. 4 for details) leading to
instability of stand-alone dimers. This finding emphasizes the importance of the stacking of
the dimer into the more stable tetramer complexes (Fig. 3). The large and robust inter-dimer
interface contains no residues involved in conformational changes during the enzyme reactions,
and thus provides stability to the enzyme. Therefore, it is not surprising that the tetrameric
structure of hCTH is evidently preserved (at least under non-extreme conditions) in all
experimentally observed forms. These conclusions are all in full agreement with the
experimental results of Sun et al who observed only tetramers or non-functional monomers
under a variety of conditions [16].

Disordered ends of protein chains—A few residues at both the N and C terminals project
into the solution, and thus are not localized in the final maps of electron density, undoubtedly
because their conformations are not stabilized by any stable interactions with the bulk protein.
The result is that the sequence SerMetGlnGluLysAspAlaSerSerGln- (1–10) at the N terminals
of all four subunits is exposed to solvent without any definite conformation and are not present
in the Protein Data Base [PDB] files. Similarly, at the C terminals, parts of the sequences
GlySerHisSer (400–403), are not localized in the Protein Data Base files.

Active sites—The catalytic sites of hCTH-PLP are formed by the Lys212’s of the apo-
enzyme binding PLP. Two loops, Thr211-Met214 and Met110-Asn118, on the surface of each
subunit form a deep cavity with diameter of about 14 containing a reaction site with cofactor
bound at the bottom. The ellipsoidal inlet to this cavity is quite narrow ~ 6×9 Å. A channel
with diameter ~5 Å through which, during PLP binding and enzyme activity, water might pass
runs from the bottom of the cavity to the opposite side of the enzyme, a total length of over 30
Å. The enzymatic reaction involves breaking the Lys212-PLP bond and thus is strongly
influenced by the exact positions and orientations of residues in the cycle Thr60-Thr21-
Lys212-PLP-Thr114.

Cofactor binding—In the ground state PLP is bound to the active site by Lys212, as
confirmed by continuous density in the map of electron density of hCTH-PLP. The phosphate
group of PLP from one subunit forms hydrogen bridges with Ser89, Gly90, and Leu91 of the
same subunit (for clarity, not shown in Fig. 4), as well as with Tyr60 and Arg62 in the adjacent
subunit (Fig. 4). Another important stabilization mechanism for PLP is that Tyr114 stacks
parallel to the aromatic ring of the pyridoxal, forming a lid that locks the PLP in the active site
cavity by π-π interactions between these two aromatic rings.

The crystal structures hCTH-PLP and hCTH-PLP-PAG indicate that the two active sites
formed at the interface between C and D subunits are similar but not equivalent. The catalytic
site with PLP in the C subunit has more stable geometry than the second catalytic site with
PLP in the D subunit. Specifically, the PLP neighborhood in the C subunit has an average
atomic displacement B-factor of ~ 24 Å2, whereas the neighborhood of PLP in the D subunit
shows higher disorder (B-factors close to 64 Å2).

Binding of PLP (or both PLP and PAG) increases the structural stability of hCTH as shown
by the facts that in the structures apo-hCTH, hCTH-PLP and hCTH-PLP-PAG, respectively,
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the mean atomic displacement factors, B, are 51, 25 and 17 Ǻ2, and the numbers of unidentified
residues in tetramers decrease from 280 to 76 and 86 residues.

(d) Specific mutations
In the following sections we discuss, first, each of the CTH mutations identified among the
present patients (doing so in the order in which these mutations are listed in Table 2); then,
p.Gln240Glu, a mutation previously discovered by Wang and Hegele and studied by Zhu et al
[5;6], but not found among our patients. In discussing these mutations it should be noted that
experience has shown that point mutations often rebuild local interactions and local
conformations, but very rarely cause significant shifts of atoms in the main chain. Therefore,
we employed the tethering technique described under “Methods” so that in the structures of
the mutant proteins to be discussed a majority of well resolved atoms from x-ray analyses
stayed in the experimental electron density. Such an approach is expected to reveal trends of
changes, but not definite structures of mutant enzymes.

p.Gly57_Gln196del—The large 14.5 kb deletion in the CTH gene leads to an in frame spliced
RNA missing exons 2–5. Patient #3183, a homozygote for this large deletion, has excellent
mental capability and, with the exception of a thrombotic episode during use of oral
contraceptives, has generally enjoyed good health. This is noteworthy because inspection of
the molecular structure shows that deletion of residues 57–196 should result in complete loss
of hCTH activity due not only to removal of half of the catalytic site (left and bottom parts in
Fig. 4), but also to the fact that the deletion leads to an altered quarternary structure. In
agreement with complete loss of activity, patient #3183 had the highest plasma cystathionine
among the patients studied.

In case of heterozygosity for p.Gly57_Gln196del, we assume that the mutated and differently
folded subunit will not mix with wild-type subunits to form non-functional complexes,
explaining the fact that little or no effect of such heterozygosity on plasma cystathionine was
apparent in either the mother of patient #2930, or in the one p.Gly57_Gln196del heterozygous
Czech identified by screening of healthy control subjects (Table 2); and suggesting that perhaps
50% of normal CTH activity may be sufficient to prevent abnormal elevation of cystathionine.

p.Thr311Ile—The effect of p.Thr311Ile, expressed in E. coli, on CTH activity was negligible
(Fig. 2). p.Thr311Ile was not found among the 165 healthy Czechs genetically screened for
this mutation, indicating it is not a common polymorphism. However, the very high plasma
cystathionine of patient #2930, in whom this mutation is present together with
p.Gly57_Gln196del, suggests that physiologically p.Thr 311Ile does not provide much
catalytic activity. In the hCTH tetramer, Thr311 is situated at the inlet to the binding cavity
and forms two strong hydrogen bonds to Tyr213, the amino acid next to Lys212, the principle
residue in the reaction site (Fig. 4). Furthermore, nearby residues 211–208 are in close contact
with the PLP (for clarity, not shown in Fig. 4). Replacement of Thr311 with Ile disrupts at least
one of the H-bonds and may evoke a change of the Tyr213 side chain to a different conformer,
accompanied by conformational changes in the quartet of residues, Lys212, PLP, Tyr60, and
Thr211, critical for catalytic activity.

p.Thr67Ile—This mutation was first found by Wang and Hegele in both homozygous and
compound heterozygous forms in two of the four cystathioninuric probands they studied, as
well as in one of 120 alleles from normal control Europeans [5]. Three of the ten CTH alleles
in the severely cystathioninemic/uric individuals reported upon here carried this mutation; and
it was present in heterozygous form in 5 of the 165 control individuals genotyped in this regard
in the Czech population (Table 2), thus having a prevalence of 5/(165 × 2) = 0.015 (i.e. 1.5%)
and qualifying as a SNP by exceeding the level of 1%.
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The p.Thr67Ile mutant protein had a catalytic activity of 13% of wild-type when expressed in
E coli (Fig. 2), and Zhu et al reported a similarly decreased activity of 29% [6]. The latter
workers found also that the mutant contained only about 19 % of the amount of PLP contained
by wild-type protein and that preincubation with PLP restored catalytic activity to wild-type
levels [6]. Functional effects of p.Thr67Ile are shown by the facts that plasma cystathionine
was markedly elevated in patient #2927, a homozygote for this mutation, and mildly elevated
in the 5 heterozygotes found in the Czech population (Table 2). During B6 administration there
were marked decreases in both the urine and plasma cystathionine concentrations of patient
#2927 (Supplemental Table 3), and in patient #2928 compound heterozygosity for p.Thr67Ile
and p.Gly57_Gln196del was accompanied by B6 responsiveness. These effects may be due to
the fact that Thr67 is in the chain leading to Arg62, the residue that joins Tyr114 and PLP to
form a stable catalytic site (Figs. 3 & 4). Conformational change in this chain due to the
p.Thr67Ile mutation may extend to Arg62 and reduce the stability of binding of PLP and thus,
also, the stability of the entire catalytic site.

p.Arg197Cys—The data in Fig. 2 show that the loss of catalytic activity with this mutation,
expressed in E. coli, is moderate, down to about 44% of wild-type. However, patient #2929, a
homozygote for this mutation, clearly had a markedly elevated plasma cystathionine that was
B6–responsive (Supplemental Table 3). Arg197 is far from the catalytic site and is not involved
in any subunit-subunit interaction. However it forms a small, positively charged pocket at the
outlet from the long, 5×5 Å wide channel that leads from the catalytic cavity to the opposite
side of protein. Mutation to Cys197 changes the character of the pocket in question, and may
reduce the capacity for water to escape via this channel, thereby influencing the kinetics of
PLP binding and offering an explanation for the positive B6 effect. An alternative interpretation
postulating formation of an S-S bond between Cys197 and Cys 310 (Fig 4) would require large
conformational changes and would be energetically demanding.

p.Arg62His—Heterozygotes for this mutation have elevations of plasma cystathionine far
more marked than were found in heterozygotes for the other CTH mutations studied (Tables
2 and 3). As detailed earlier in the discussion of the structure of hCTH, Arg62 is of central
importance for correct formation of the active site and for cofactor binding because it binds
the phosphate group of PLP and also locks Tyr114 parallel to PLP. Exchange of Arg62 for
His62 shifts the geometry of the active site, decreases the strength of PLP binding, and makes
this bond pH dependent under physiological conditions.

p.Ser403Ile—p.Ser403Ile is a widespread polymorphism, with the TT genotype (producing
p.[Ile403]+[Ile403]) accounting for 7.5% of a Canadian population studied (n = 496) [7], and
9.3 % of the 591 Czech controls for whom results are reported in this paper (Table 2). Fasting
cystathionine levels were not significantly different between the GG, TG, or TT groups of
Czechs. However, six-hours after challenging the transsulfuration pathway by oral
administration of L-methionine, 100 mg/kg body weight, increased plasma cystathionine levels
were observed in individuals with TT and GT genotypes compared to GG homozygotes
(median plasma values 2.07 and 2.02 compared to 1.50 μmol/L, respectively (p<0.05 by Mann-
Whitney test)), suggesting this polymorphism is not completely functionally neutral.

The TT genotype was found to cause a slight, but statistically significant, increase in the plasma
tHcy of the Canadian group (13.3 ± 8.6 in the TT genotype compared to 11.4 ± 6.3 in GG+GT
genotypes combined; p = 0.019) [7]. There was a similar trend among the Czech groups studied
that fell just short of statistical significance (p = 0.051) (Table 2). However, a mechanism
whereby this polymorphism might affect plasma tHcy remains to be defined.

The lack of a major effect of the p.Ser403Ile polymorphism on plasma cystathionine is
understandable because it lies at the C terminus of the hCTH chains, distal to Ser401, the last
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residue localized in the electron density maps of the hCTH subunits, in the area exposed to
solvent and without definite 3D structure (Fig 3). The amino acid in this position is likely to
influence neither the tetramer structure, nor the conformation of the hCTH tetramer. In case
of heterozygosity, one might expect the native and mutated subunits to form randomly mixed
tetramers, and that the full activity of these heterotetramers will be preserved.

p.Gln240Glu—Zhu et al found that the catalytic activity of the p.Gln240Glu mutant protein
was down about 70-fold, and that its PLP content was about 80-fold lower than that of the
wild-type protein. Preincubation with PLP led to only partial restoration of catalytic activity
to 10–13 % of wild-type [6]. As yet no human homozygous for p.Gln240Glu has been
identified, and the effect of B6 administration on such a patient remains to be determined. The
change of Gln240 to Glu influences conformational flexibility near the active site and may thus
influence catalytic efficacy and the binding affinity for PLP. Fig. 4 shows that the Asn241 next
to Gln240 has direct interaction with the side-chain of Arg62 responsible for PLP binding
(compare with the p.Arg62His mutation described above). p.Gln240Glu can also influence the
Tyr60 side-chain that helps form a suitable environment in the reaction site (Tyr60-Thr211-
Lys212-PLP-Tyr114). Furthermore, Gln240 influences the binding tunnel via the chain
Asn241…Arg119 -Tyr114, and may thus also affect the Tyr114 that locks the PLP in the correct
position. The side-chain of Gln240 is bound to Arg237, Glu72 and Ala86 (not shown in Figure
4). Exchange of Gln240 for Glu makes this part of the structure more flexible and potentially
allows release of stress in the areas just described. Thus the p.Gln240Glu mutation has the
potential for three effects: change the substrate selectivity; modulate PLP binding; and change
the local pK at the reaction site via Tyr60.

What are the clinical consequences of inactivating mutations in CTH?
Four of the patients discussed in this paper were found to have severe cystathioninuria during
investigations prompted by medical problems; one, during studies of children born out of
incest. Only patient #2930 and the three members of family S who are heterozygous for p.R62H
were identified without what could be considered to be ascertainment bias. These latter four
subjects are each free of adverse clinical effects at ages of as much as 36 and 44 years. Most
strikingly, as stated earlier in her case report, patient #3183, a homozygote for the large CTH
deletion, has excellent mental capability and, except for a thrombotic episode while on oral
contraceptives, has generally had good health. No further siblings of the present patients are
available who were found by family screening to have cystathioninuria. Such siblings would
be helpful in determining whether or not cystathioninuria is associated with clinical effects. A
previous literature review found that a wide assortment of clinical aberrations had been present
in individuals with presumptive CTH deficiency. However, among the 26 CTH-deficient
persons for whom ascertainment bias was expected to be minimal, only five had clinical
difficulties that could have been related to the metabolic disorder, and for four of these either
additional cystathioninuric sibs were normal, or sibs without severe cystathioninuria were
similarly affected clinically [2].

The transsulfuration pathway by which the sulfur atom originating in methionine is transferred,
via homocysteine and cystathionine, to cysteine is the major means by which mammals form
cysteine. Thus, it is of interest that the patients reported upon in this paper who have
impairments in their CTH activities all have normal plasma levels of tCys, including patient
#3183 in whom even a small residual CTH activity is thought not to be present. It must be that
intake of cyst(e)ine on normal diets provides a sufficient amount of this amino acid, thus
presumably helping, also, to maintain glutathione, a compound for which cysteine is a
metabolic precursor [29] or that cysteine is synthesized from serine and H2S by the serine
sulfhydrase activity of CBS [2].
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Two additional possible health risks for patients with CTH deficiency merit mention:

a. Three of the four homozygotes or compound heterozygotes for inactivating CTH
mutations described here (patients #3183, #2930, and #2928) in whom plasma tHcy
was assayed had elevations of plasma tHcy, suggesting a possible cause-and-effect
relationship. It would be of interest to determine in a subject with B6-responsive
hypercystathioninemia and mild hyperhomocysteinemia whether the elevated tHcy
is mitigated by B6 administration. A causative relationship is supported by the recent
report that mice homozygous for a deletion in CTH, have plasma tHcy values about
18 times those in age-matched wild-type mice [30]. However, the tHcy elevations
observed in our patients were far milder, and may well not be severe enough to bring
about any adverse effects.

b. It has been known since 1950 that CTH can catalyze the formation of H2S from
cysteine [31]. Recent evidence suggests that H2S may function as both a
neuromodulator or transmitter in brain [32] and a vasorelaxant [33], raising the
question of whether in CTH deficiency a lack of H2S may have adverse effects on
brain function or contribute to hypertension. Because H2S may be produced also by
cystathionine β-synthase (CBS) [2;34], and normal brain has CBS activity but is very
poor in CTH activity [35], and because 3-mercaptopyruvate sulfurtransferase also
produces H2S in the brain [36], CTH deficiency is unlikely to cause an abnormal lack
of H2S in brain. In contrast, in portal vein, thoracic aorta, and other arteries H2S
production is strongly or completely suppressed by DL-propargylglycine, an inhibitor
of CTH, indicating that CTH may be responsible for generation of H2S in vascular
tissues [33;37]. With regard to hypertension, Yang et al found the mice mentioned
above with homozygous deletions in their CTH genes not only have markedly reduced
levels of H2S in serum, heart, aorta, and other tissues, but also develop mildly elevated
blood pressures [30]. Li et al carried out a study of Northern Han Chinese to assess
if there was a relationship between the p.Ser403Ile polymorphism and essential
hypertension. No significant differences in the risks of hypertension were found
among the p.Ser403Ile genotypes [8]. Most of the patients reported in this paper have
more severe loss of CTH activity than that due to the Ser403Ile polymorphism. Blood
pressures were 107/83 and 100/74 in the two hypercystathioninemic members of the
S family (#4 and #15, respectively) in whom it was measured. Patient #2930 had
normal blood pressure up to her last check-up at age 36 1/2 years. Hypertension has
not been noted in any of the other patients described in this paper. However, because
this parameter has not been checked systematically, a possible effect of CTH
deficiency on human blood pressure remains to be more thoroughly investigated.

In summary, the present findings, taken together with those from the previous review [2], do
not provide convincing evidence that CTH deficiency is a cause of adverse clinical
consequences.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CTH deletion. Panel A shows part of the cDNA sequence spanning the junction of exon 1 and
6 from patient #2930. The DNA was isolated from the shorter (approximately 1,100 bp) PCR
band. Panel B shows details of the homozygous 14.5 kb deletion in patient #2930. The normal
genomic structure of CTH is shown at the top of the panel with numbered horizontal bars
corresponding to the exons. The electropherogram shows intron 1 genomic sequence directly
adjacent to intron 5 genomic sequence, as indicated, with the transition break point indicated
by the arrow. The predicted gene structure with exons 2–5 deleted is shown directly above the
electropherogram. The precise number of deleted nucleotide base pairs (bp) is 14,448; the
mutation name has been shortened to 14.5 kb deletion spanning CTH intron 1 to intron 5.
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Figure 2.
Enzyme activities of wt and mutant human CTH expressed in E.coli. The enzymes were
expressed and assayed as described in Methods.
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Figure 3.
Front (a) and top (b) view of the hCTH-PLP tetramer (Protein Data Base code 2NMP). Two
catalytic sites (red colored sticks) are shown on the interface between D and C subunits (green
and cyan). The other two active sites lie at the interface between the A and B subunits (brown
and blue), but, as detailed below, that of subunit B was not localized in electron density maps
and is not shown. Mutated residues are indicated by yellow sticks. The interface between (A,B)
and (D,C) dimers (vertical plane in both projections) serves to keep proper conformation of
each dimer, stabilizing the face to face conformation of monomers in each dimer. The active
sites in the refined models of subunits A and C are described with better accuracy than in the
B and D subunits. In subunit D (green) 29 residues near the active site have several times higher
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displacement factors compared to those in subunits A and C. A substantial part of subunit B
could not be localized in electron density maps, including the active site. Therefore no active
site is shown for subunit B. In this paper, only the best resolved dimer CD and the active site
with PLP in subunit C are discussed in detail. Drawn using the program PYMOL.
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Figure 4.
Detailed view of the catalytic site formed between C and D subunits explaining the impact of
mutated residues on stability of the active site of hCTH. The reaction site is formed upon PLP
binding to Lys212 of the apo-form of hCTH. Loop Thr211-Met214 from subunit C (top right)
moves from above, placing the phosphate group of PLP at its top, in contact with Tyr60 and
Arg62 of subunit D. This is followed by flipping a second loop, Met110-Asn118, of subunit
C (right-bottom) from below, placing Tyr114 parallel to PLP with its hydroxyl in contact with
Arg62 of subunit D. This large reorganization leads to six strong, charge supported, hydrogen
bonds. The figure shows also pathways from mutated residues to the catalytic site between
cofactor PLP and Lys212 (top of the picture) and the importance of mutations p.T67I (top-
left), p.R62H (center), and p.Q240E (left). Notice also that the active site is formed at the
interface of two subunits, C (right side) and D (left side). Eight hydrogen bonds formed between
these subunits fix the exact geometry of this site. Important stabilizing factors are the stacking
of aromatic moieties (Tyr114 || PLP), the network of hydrogen bonds from the phosphate group,
and the circle PLP-Lys212-Thr211-Arg60-PLP. The top-right corner of the figure shows a
direct path from point mutation p.Thr311Ile to the reaction site between Lys212 and PLP. The
nearby Cys310 might be the entry point for the effect of the p.Arg197Cys mutation if a putative
S–S bond is formed between Cys197 and Cys310. For simplicity, water molecules present in
the area are not shown in the figure. The lengths of important hydrogen bonds are given in
angstrom units. Drawn using the program PYMOL [17].
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