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ABSTRACT: Cystathionineâ-synthase catalyzes the condensation of serine and homocysteine to yield
cystathionine and is the single most common locus of mutations associated with homocystinuria. In this
study, we have examined the kinetic consequences of a pair of linked patient mutations, P78R/K102N,
that are housed in the catalytic core of the protein and compared it to the effects of the corresponding
single mutations. The P78R mutation affords purification of a mixture of higher order oligomers, P78R-I,
which resembles the mixed quaternary state associated with wild-type enzyme. However, unlike wild-
type enzyme, P78R-I converts over time to P78R-II, which exists predominantly as a full-length dimer.
The specific activities of the K102N, P78R-I, and P78R-II mutants in the absence of AdoMet are∼3-, 9-,
and 3-fold lower than of wild-type enzyme and are stimulated 2.9-, 2.5-, and 1.4-fold respectively by
AdoMet. However, when linked, the specific activity of the resulting double mutant is comparable to that
of wild-type enzyme but it is unresponsive to AdoMet, revealing that interactions between the two sites
modulate the phenotype of the enzyme. Steady-state kinetic analysis for the double mutant reveals a
sigmoidal dependence on homocysteine that is not observed with wild-type enzyme, which is ascribed to
the mutation at the K102 locus and indicates changes in subunit interactions. Hydrogen-deuterium mass
spectrometric analysis reveals that, even in the absence of AdoMet, the double mutant is locked in an
activated conformation that is observed for wild-type enzyme in the presence of AdoMet, providing a
structural rationale for loss of this allosteric regulation. To our knowledge, this is the first example of
mutations in the catalytic core of cystathionineâ-synthase that result in failure of AdoMet-dependent
regulation. Furthermore, analysis of individual single mutations has permitted, for the first time, partial
kinetic characterization of a full-length dimeric form of human cystathionineâ-synthase.

Cystathionineâ-synthase is a pyridoxal phosphate (PLP1)-
dependent protein that catalyzes the condensation of serine
and homocysteine to give cystathionine and is activated by
the allosteric effector, AdoMet (1-3). It catalyzes the first
step in the transsulfuration pathway connecting the methion-
ine cycle to cysteine production. Mutations in cystathionine
â-synthase are the single most common cause of hereditary
hyperhomocysteinemia, and over one hundred pathogenic
mutations have been described so far (4). They represent a
roadmap of residues that are important for the structural and/
or functional integrity of the enzyme, and characterization
of these mutants has begun to provide invaluable insights
into the organization and regulation of this unusual enzyme
(5-9). The pathogenic mutations are dispersed over all three
domains of the modular protein: the N-terminal heme
domain, which is found in some but not all eukaryotic
cystathionineâ-synthases; the central active site domain

where PLP is bound; and the C-terminal regulatory domain,
which is required for allosteric activation of the enzyme by
AdoMet.

The purified human enzyme is a homooligomer with a
subunit mass of 63 kDa and exists in multiple higher order
oligomeric states ranging from a dimer to a 16-mer (10),
which have not been purified and characterized separately
to date (Figure 1). A hypersensitive site leads to the facile
proteolytic separation between the catalytic core and the
regulatory domain (11). The resulting truncated enzyme is
a well-behaved dimer that is not prone to aggregation unlike
the full-length enzyme. It has a subunit mass of 45 kDa and
exhibits an∼4-fold higherkcat than the full-length form (9)
but is unresponsive to AdoMet (12). The regulatory domain
thus appears to be autoinhibitory, and its cleavage alleviates
inhibition of cystathionineâ-synthase activity (11-13).
Furthermore, truncation is accompanied by a change in the
oligomerization state of the protein from tetramer to dimer.
These results reveal a complex role for the C-terminal domain
in mediating regulation of cystathionineâ-synthase including
intrasteric and allosteric regulation and in the oligomerization
of the protein beyond the dimeric state.

A class of pathogenic mutations housed in the regulatory
domain has been described that display a common and
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seemingly paradoxical phenotype (6, 9, 14, 15). When
mimicked in vitro, these regulatory domain mutants are
unresponsive to activation by AdoMet but exhibit robust
enzyme activity comparable to or greater than that of wild-
type enzyme (6, 9). Mathematical modeling of methionine
metabolism provides a rationale for the buildup of homocys-
teine by the mere loss of allosteric activation of cystathionine
â-synthase, particularly under conditions of methionine
excess, confirming an important role for AdoMet-dependent
regulation in intracellular homocysteine homeostasis (16).

The crystal structure of the catalytic core of cystathionine
â-synthase has been reported and reveals the relative
juxtaposition of the heme- and PLP-domains (17, 18).
However, the structure of the regulatory domain and its
interaction with the catalytic core are unknown. The C-
terminal domain is composed of a tandem repeat of two CBS
domains, aâ-R-â-â-R secondary structure motif that is found
in diverse proteins in all three kingdoms of life and believed
to function as an energy sensor (19, 20). A homology-
modeled structure of the catalytic core has been generated
based on the crystal structure of a CBS-domain containing
protein fromMethanobacter thermoautotrophicus (21). The
only structural insights that are presently available on the
mechanism of allosteric signal transduction between the
regulatory and the catalytic domain derives from hydrogen
exchange MS studies, which identified a single peptide in
the CBS2 domain extending from residues 511 to 531 that
exhibits a lower propensity for deuterium incorporation in
the presence of AdoMet (21). In combination with other
hydrogen exchange MS data, these studies have been used
to build a docked model of the regulatory and catalytic
domains (Figure 2) (21), which, in the absence of a crystal
structure for the full-length enzyme, provides a useful
framework for interpreting the functional data (22). Although
the regulatory domain is believed to house the binding site

for AdoMet (20), the role of the CBS domains in cystathion-
ine â-synthase, the protein from which this motif derives its
name, is unknown.

In this study, we report on the characterization of a linked
patient nucleotide mutation, C233G/G306C, corresponding
to P78R/K102N in the polypeptide, which are located in the
catalytic core of the protein (Figure 2). These paternally
inherited cis mutations have been described in three siblings
who, like most homocystinurics, are compound heterozy-
gotes, and have a maternally inherited E239K mutation in
the other allele (23). Interestingly, the siblings display a wide
range of clinical phenotypes from severe (in the two sisters)
to benign (in the brother) despite sharing an identical
genotype at this locus, which indicates possible gender-
dependent modulation of the expression of cystathionine
â-synthase-dependent homocystinuria. Previous studies of
the P78R/K102N mutation were limited to cell lysates of
Escherichia coliexpressing recombinant cystathionineâ-syn-
thase (23). We have analyzed, using purified recombinant
human cystathionineâ-synthase, the biochemical penalties
associated with the individual mutations to elucidate the
contribution of each locus to the phenotype of the double
mutant. The P78R mutation allowed, for the first time,
limited kinetic characterization of a full-length dimeric form
of cystathionineâ-synthase. Interestingly, interactions be-
tween the K102N and P78R mutations result in a compound
phenotype that is similar to but also distinct from those of
the single mutants. The double mutant is as active as the
wild-type enzyme but is unresponsive to the allosteric
activator, AdoMet. The loss of allosteric regulation is
explained by hydrogen exchange MS data, which revealed

FIGURE 1: Model of the oligomeric heterogeneity seen with human
cystathionineâ-synthase. It is not known whether the equilibrium
between the different oligomeric states involves dissociation into
monomers, and the model has been shown for simplicity, to involve
either the dimer or the tetramer. The P78R mutation shifts the
equilibrium toward the full-length dimer compared to wild-type
enzyme. Deletion of the regulatory domain leads to a truncated
dimer.

FIGURE 2: Modeled structure of full-length cystathionineâ-synthase
dimer showing locations of the P78 and K102 residues. The
structure was generated by docking the crystal structure of the
catalytic core of cystathionineâ-synthase (in tan) with the homology
modeled structure of the regulatory domain (in scarlet) as described
previously (21). The locations of P78 and K102 (in blue ball and
stick representation) are indicated, as are the locations of the heme
(in red) and PLP (in blue).
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that the linked mutation locks the protein in a conformation
achieved by wild-type enzyme in the presence of AdoMet.
To our knowledge, this is the first example of mutations in
the catalytic core that confer AdoMet insensitivity, exhibit
high basal activity, and thus resemble a subset of regulatory
domain mutations that have been described in homocystinuric
patients.

MATERIALS AND METHODS

Materials. Serine, IPTG, andD,L-homocysteine were
purchased from Sigma. [14C]-Serine (158 mCi/mmol) was
purchased from Amersham. GST Sepharose and Superdex
200 were purchased from Pharmacia. Deuterium oxide
(100.00 atom % D) was purchased from Sigma. AdoMet 1,4-
butanedisulfonate was a generous gift from Knoll Farma-
ceutici Spa (Milano, Italy). Thrombin was purchased from
GenTrac Inc., Middleton, WI. Complete tablets (protease
cocktail inhibitors) were purchased from Roche Diagnostics
(Mannheim, Germany).

Generation of the CBS Mutants and Protein Purification.
The single mutants K102N and P78R and the double mutant
P78R/K102N were generated by site-directed mutagenesis
using the Quick Change Kit from Stratagene. The template
for mutagenesis was pGEX4T1/hCBS containing wild-type
human cystathionineâ-synthase gene fused in-frame with
glutathioneS-transferase (24). The forward and the reverse
primers that were employed were as follows:

The double mutant P78R/K102N was constructed by
introducing the P78R mutation using the single mutant
K102N as template and the appropriate set of primers. The
mutations were confirmed by nucleotide sequencing at the
Genomics Core Facility at the University of Nebraska
Lincoln.

Protein Purification and Enzyme Assays.The mutant
enzymes were expressed inE. coli and purified as glutathione
S-transferase fusion proteins using recombinant expression

systems essentially as described for wild-type enzyme (24).
The cell extract was prepared and sonicated in 50 mM Tris
HCl pH 8, supplemented with protease inhibitor cocktail
tablets (Roche Diagnostics). One tablet was used for the
300 mL cell extract prepared from a 6 L culture.

Following partial proteolysis by thrombin (1 U/mg protein)
to remove the GST tag, the K102N and P78R/K102N
mutants were dialyzed to remove glutathione and purified
by anion exchange chromatography as described previously
(24). The P78R mutant was purified following thrombin
digestion by gel filtration chromatography using a 90×
3 cm Superdex TM 200 column eluted isocratically with
50 mM Tris HCl containing 0.1 M NaCl. Over 50 mg of
∼90% pure protein was obtained from 6 L of culture for
each mutant.

The enzyme activity was assayed under aerobic conditions
using 30 mM [14C]-serine and 30 mMD,L-homocysteine as
described previously (13). One unit of enzyme activity
catalyzes the conversion of 1µmol of cystathionine min-1

at 37 °C. Protein concentration was determined by the
Bradford method using bovine serum albumin as a standard.
The concentration of the stock homocysteine solution was
determined immediately prior to the experiments by titration
with 5,5′-dithiobis 2-nitrobenzoic acid and estimated using
a value ofε412 of 13 600 M-1 cm -1.

Steady-state kinetic analysis was performed in the standard
radiolabeled assay and initiated by addition of homocysteine.
The reaction mixture was incubated for 30 min at 37°C
and terminated by the addition of 200µL of 10% trifluoro-
acetic acid. The radiolabeled product, [14C]-labeled cys-
tathionine, was separated from [14C]-labeled serine as
described previously (13). The kinetic behavior of some
mutants (indicated in Table 1) showed a sigmoidal rather
than a hyperbolic dependence on substrate concentration, and
these data were fitted to the Hill equation to obtain the Hill
coefficient.

Hydrogen-Deuterium Exchange Mass Spectrometry.These
experiments were performed with wild-type and the P78R/
K102N forms of cystathionineâ-synthase exactly as de-
scribed previously (21). To correct for loss of deuterium
incurred under the experimental conditions, the peptide mass
was determined using eq 1,

whereD is the adjusted deuterium incorporation,m is the
experimentally observed mass at a given time,m0% is the

Table 1: Comparison of Kinetic Parameters of the Single and Double Mutants with Wild-Type Cystathionineâ-Synthase

enzyme wild-type P78R-I P78R-II K102N
K102N/
P78R

S.A.a (+AdoMet) 378( 17 47( 4 84( 2 185( 4 169( 9
kcat

b (+AdoMet) 6.6 s-1 0.8 s-1 1.4 s-1 3.0 s-1 3.0 s-1

S.A. (-AdoMet) 178( 5 19( 2 62( 0.5 65( 9 169( 9
kcat (-AdoMet) 3.0 s-1 0.3 s-1 1.0 s-1 1.0 s-1 3.0 s-1

KMSer(mM) 2.0( 0.3 1.9( 0.2 8( 3 3.8( 0.8 5.1( 0.8
Hill coefficientc - 2.4( 0.7 - - -
KMHcy (mM) 5.0( 0.9 5( 2 2.4( 0.5 10( 1 4.4( 0.3
Hill coefficient - - - 3 ( 1 3.0( 0.2

a Specific activity is in units ofµmol of cystathionine formed h-1 mg-1 of protein.b kcat is calculated based on the molecular mass of the monomer.
Hill coefficients are reported only when a sigmoidal dependence on substrate concentration was observed. In all other instances, theKM values were
obtained by Michaelis-Menten analysis of the data set.

P78R

sense: 5′: CCAAAATCTTGCGAGATATTCT

antisense: 5′: AGAATATCTCGCAAGATTTTTGG

K102N

sense: 5′: AAGTTCGGCCTGAACTGTG-
AGCTCTTGGC

antisense: 5′: GCCAAGAGCTCACAGTTCAGG-
CCGAACTT

D )
(m - m0%)

(m100%- m0%)
XN (1)
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0% or undeuterated control,m100% is the fully deuterated
control, andN is the total number of exchangeable amide
protons (and excludes the N-terminal proton and any proline
residues). To obtain them0% value, 20µg of protein was
diluted 20-fold in the quench buffer followed rapidly by the
addition of an equal amount of exchange buffer in D2O and
digested with pepsin as described above. Thus, the final
composition of deuterium in the quench and dilution solu-
tions was identical for the samples and the corresponding
m0% control.

To obtain them100% value, a fully deuterated sample was
prepared by incubating 20µg of the protein overnight at room
temperature in an 8 M guanidinium hydrochloride solution
prepared in D2O. The protein sample was subsequently
diluted 10-fold with 100 mM ammonium phosphate, pH 2.2
(at which concentration the denaturant does not interfere with
proteolytic digestion), prior to pepsin treatment.

HPLC-ESI Mass Spectrometry.LC/ESI-MS was employed
to determine the extent of deuterium incorporation into
individual peptides as described previously (21). The masses
of individual peptides in hydrogen exchange experiments
were determined by ESI-MS on a quadrupole time-of-flight
mass spectrometer (Applied Biosystems). The peak for each
peptide was integrated to obtain a centroid value using the
Magtran computer program (25). The deuterium incorpora-
tion for each peptide was quantified by calculating the
difference between the centroid values before and after
deuterium exchange at a given time point using eq 1.

NatiVe Gel Electrophoresis for Determining Oligomeric
state. Protein samples (30µg each) were separated on a
4-20% gradient gel under nondenaturing conditions. The
gels were run at 4°C at 120 V and 15 mA current.

RESULTS

Purification and Oligomeric States of the K102N, P78R,
and P78R/K102N Mutants.The recombinant single and
double mutants were obtained in at least 90% purity as
determined by electrophoresis under denaturing conditions
and by the ratio of the 280 nm to 428 nm absorption peak
(which is ∼1 for pure wild-type enzyme (24)). The PLP
content of both the single and the double mutants was
identical to that of wild-type enzyme, i.e., one PLP per
subunit (data not shown). The P78R single mutant exhibited
a shift in the equilibrium distribution of oligomeric states
that was detected by analysis of freshly purified enzyme.
Gel filtration chromatography resulted in elution of P78R
as a broad peak and partial resolution of two species
designated hereafter as P78R-I and P78R-II, respectively,
as revealed by native gel electrophoresis (Figure 3). P78R-I
migrated as a mixture of higher-order oligomers, which is
also observed with wild-type enzyme, whereas P78R-II is
predominantly in the dimeric state. Storage of P78R-I at 4
°C for 24-48 h resulted in its conversion to the P78R-II
state. In contrast, the K102N and the double mutant behaved
like wild-type enzyme by native gel chromatography and
exist as a mixture of higher-order quaternary states.

Kinetic Properties of the K102N, P78R, and P78R/K102N
Mutants.The steady-state kinetic parameters for the variants
were compared with those of wild-type enzyme (Table 1).
Each of the single mutants diminished the specific activity
with the K102N showing a 3-fold lower activity (65µmol

mg-1 h-1) and the P78R-I and P78R-II forms exhibiting 9-
(19 µmol mg-1 h-1) and 3-fold (62µmol mg-1 h-1) lower
activity than wild-type enzyme (178µmol mg-1 h-1).
Overnight storage of P78R-I at 4°C resulted in its conversion
to P78R-II and was accompanied by a 3-fold increase in
specific activity to 58( 5 µmol mg-1 h-1. Interestingly, the
deficits in activity associated with each of the single
mutations were negated in the double mutant (169µmol mg-1

h-1), which was as active as wild-type enzyme in the absence
of AdoMet.

Some changes were observed in the kinetic parameters
for the substrates. TheKM for serine is∼2-fold higher for
the K102N and P78R/K102N mutants and∼4-fold higher
for the P78R-II mutant compared to wild-type enzyme. A
sigmoidal dependence of activity on serine concentration was
seen with P78R-I with a Hill coefficient of 2.4. Sigmoidal
kinetics are observed with the K102N single and the P78R/
K102N double mutants when homocysteine is the variable
substrate with a Hill coefficient of 3, indicating positive
cooperativity. TheKM for L-homocysteine is 2-fold higher
for the K102N mutant, lower for the P78R-II mutant, and
comparable to wild-type enzyme for the double mutant
(Table 1).

The P78R/K102N Mutant Is InsensitiVe to Allosteric
Regulation.In the presence of AdoMet, the specific activity
of wild-type cystathionineâ-synthase increases∼2-fold from
178µmol mg-1 h-1 to 378µmol mg-1 h-1 (24). The K102N
and P78R-I variants exhibit sensitivity to AdoMet and were
activated 2.9- and 2.5-fold, respectively. In contrast, P78R-
II, which exists predominantly in the dimeric state, shows
diminished activation (1.4-fold) by AdoMet. Based on the
densitometric analysis of the native gel, we estimate that
∼30% of P78R-II is present in the higher oligomeric state.
Thus, the AdoMet responsiveness of P78R-II indicates that
the full-length dimer is also sensitive to allosteric regulation.
In contrast, the P78R/K102N double mutant is unresponsive
to AdoMet. Thus, interaction between the P78 and K102
positions in the double mutant results in loss of allosteric
regulation.

Hydrogen Exchange MS ReVeals Conformational Lock in
the P78R/K102N Mutant.Hydrogen exchange MS was
employed to determine if the insensitivity of the double

FIGURE 3: The P78R-II mutant behaves like a dimer. Native gel
electrophoresis of wild-type cystathionineâ-synthase and various
single and double mutants shows heterogeneous oligomeric states.
P78R-I* refers to the form obtained by overnight incubation of
P78R-I at 4°C. Lane 1 shows migration of molecular weight
markers and lane 8, the truncated dimeric form of cystathionine
â-synthase (T-R2) which has a molecular mass of∼90 kDa.
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mutant results from a conformational lock in the kinetically
distinguishable “basal” and “activated” states (Figure 4A).
Of the ∼50 peptides that were identified for the double
mutant, a significant difference in the extent of deuterium
incorporation was observed in only one peptide, extending
from residues 511 to 531 (Figure 4B) with a mass of
2502.704. The same peptide in wild-type enzyme had
previously been shown to exhibit a downshift in the centroid
mass from 2503.36 in the absence to 2498.24 in the presence
of AdoMet (21). This corresponds to a decrease in maximal
deuterium incorporation from 85% in the wild-type enzyme
to 51% in the double mutant. The P78R/K102N double
mutant thus appears to be conformationally locked in the
“activated” state, explaining its insensitivity to AdoMet. The
decrease in deuterium concentration upon exposure to
AdoMet in wild-type enzyme and in the double mutant as
isolated indicates decreased solvent exposure and/or hydro-
gen bonding interaction in this conformation.

DISCUSSION

Pathogenic mutations represent Nature’s map of residues
that are important for the structural and/or functional integrity
of proteins. In the case of cystathionineâ-synthase, over 100
patient mutations have been described that are dispersed
across all three domains of the modular protein (4). Bio-
chemical characterizations of a limited number of missense
mutations that are remote from the active site have been
described (5-9) and have provided novel insights into
clinically important phenotypes associated with specific
mutations, viz., pyridoxine responsiveness. A subset of
pathogenic mutations, clustered in the CBS1 domain of the
regulatory module, are associated with an interesting phe-
notype, i.e., they show robust basal activity but are unre-

sponsive to allosteric activation by AdoMet (6, 9, 14).
Biophysical characterization of one such mutant, D444N,
revealed that it is conformationally locked in an activated
state that is observed with wild-type enzyme only in the
presence of AdoMet (21). These studies reveal that AdoMet
binding to the regulatory domain shifts the conformation of
cystathionineâ-synthase from a kinetically distinguishable
“basal” state to an “activated” state, which in turn, increases
the activity of the enzyme. In this study, we have examined
the penalties associated with a pair of linked mutations P78R/
K102N, described in homocystinuric patients, and compared
them to the deficits associated with the single mutations.

Wild-type human cystathionineâ-synthase exists as a
mixture of oligomeric states with higher-order oligomers
being the predominant species. Analysis of wild-type cys-
tathionine â-synthase by blue native gel electrophoresis
reveals the presence of oligomers ranging from a dimer to
∼16-mers (10). However, the kinetic properties associated
with the full-length dimer have not been reported because
of the difficulty in separating the various oligomeric states
in pure form. P78 is located at the periphery of the dimer
interface in the crystal structure of truncated cystathionine
â-synthase (22, 26) (Figure 2). Unlike wild-type enzyme,
chromatography of P78R results in partial separation of two
oligomeric states monitored by native gel chromatography,
which correspond to a predominantly full-length dimeric
form (P78R-II) and a mixture of higher oligomeric forms
(P78R-I). The P78R-I form is unstable and is converted to
the P78R-II state over 24 h at 4°C, permitting limited kinetic
characterization of the full-length dimeric form of cys-
tathionineâ-synthase (Table 1). The principal findings for
P78R-II, which is enriched in the full-length dimer, are that
it is active, albeit∼3-fold less so than wild-type enzyme,
and it is responsive to allosteric activation by AdoMet. The
KM values for both serine and homocysteine for P78R-II are
similar to those for wild-type enzyme. The P78R-I form,
which is a heterogeneous mixture of oligomeric states, is
3-fold less active than P78R-II and exhibitsKM values for
the two substrates that are similar to wild-type enzyme.
Extrapolating from these results to wild-type enzyme sug-
gests that a dimeric form of cystathionineâ-synthase would
be active and AdoMet responsive. The physiological rel-
evance of the oligomeric heterogeneity associated with
purified human cystathionineâ-synthase is not known, nor
what ligands or metabolic state might favor one versus other
structures. Since the full-length dimer of P78R is associated
with higher activity compared to the mixed higher-order
oligomeric state, P78R-I, it raises the possibility that
stabilization of the full-length dimer may be used as a
mechanism for upregulation of wild-type cystathionine
â-synthase under certain conditions.

The instability of the P78R-I form together with the
absence of the homogeneous dimeric form in the P78R-II
pool limited our ability to further characterize their oligo-
meric states by biophysical methods, viz., analytical ultra-
centrifugation, which yielded variable results. It also raises
questions about whether the kinetic properties of the P78R-
II species that we have determined truly reflect those for
the full-length dimer. In fact, we estimate that∼30% of the
P78R-II pool represents higher-order oligomers. Unfortu-
nately, we have been unable to purify the dimeric form any

FIGURE 4: Conformational change induced by AdoMet binding to
cystathionineâ-synthase. (A) Model of an AdoMet-induced con-
formational change in cystathionineâ-synthase. The model cor-
relates differences in kinetic properties associated with the basal
and activated states of cystathionineâ-synthase with the structural
changes revealed by hydrogen-deuterium mass spectrometry. The
P78R/K102 patient mutation is locked in the activated conformation
even in the absence of AdoMet. (B) Mass spectrometric analysis
of wild-type and the P78R/K102N mutants of cystathionine
â-synthase. Hydrogen-deuterium exchange mass spectrometric
analysis of cystathionineâ-synthase identified a single peptide
extending from residues 511 to 531 that revealed a difference in
the centroid mass after 30 s of hydrogen exchange in the presence
(m/z ) 624.803) versus absence (m/z ) 625.676) of AdoMet. The
same peptide in the double mutant in theabsenceof AdoMet
exhibited a centroid mass corresponding to that observed with wild-
type enzyme in thepresenceof AdoMet.
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further using various chromatographic columns.2 Nonethe-
less, the observed differences in the kinetic properties
between P78R-I and -II, particularly with respect to specific
activity, lend confidence at least to the qualitative differences
between the dimer and the mixed higher oligomeric states
that are reported in this study.

The principal in vitro biochemical phenotypes associated
with the linked patient mutation P78R/K102N are high basal
activity comparable to wild-type enzyme and AdoMet
unresponsiveness. The high basal activity exhibited by the
P78R/K102N enzyme indicates that the mutant retains a full
complement of PLP. This is curious in light of the B6-
responsive phenotype associated with patients carrying this
mutation (23). It is possible that the B6-responsiveness is
associated with the second mutation in these patients, E239K.
We also note the seeming paradox between pyridoxine
responsiveness in patients carrying the I278T mutation in
cystathionineâ-synthase, which is not reflected in an altered
affinity for PLP in the expressed protein (27). This observa-
tion led the authors of the study to suggest that the clinical
response to pyridoxine may involve multiple mechanisms
(27).

Since neither single mutant exhibits this property, we
conclude that their interaction in the double mutant is
responsible for this phenotype. The insensitivity of the double
mutant to AdoMet could arise in principle from its inability
to bind the allosteric activator and therefore be locked in
the “basal” conformation or to its being locked in the
“activated” conformation that is seen with wild-type enzyme
in the presence of AdoMet (Figure 4A). The AdoMet
responsive peptide identified by hydrogen exchange MS
reveals that in the catalytic domain mutations, P78R/K102N,
as in the regulatory mutation, D444N, the exchange kinetics
for this peptide in theabsenceof AdoMet mimic that for
wild-type enzyme, in thepresenceof AdoMet (Figure 4B).
Thus, the double mutant exhibits an identical conformational
signature in a regulatory domain peptide that is seen with
wild-type enzyme in the presence of AdoMet or the regula-
tory domain mutant, D444N (Figure 4). To our knowledge,
this is the first demonstration of mutations in the catalytic
core that mimic the AdoMet insensitivity of a subclass of
CBS1-domain mutations (6, 9).

The K102N mutation exhibits only mild deficits being∼2-
to 3-fold less active than wild-type enzyme in the absence
or presence of AdoMet (Table 1). The distinguishing kinetic
feature of this mutant is that it exhibits non-Michaelis-
Menten kinetics when homocysteine is the variable substrate
and the sigmoidal dependence is associated with a Hill
coefficient of 3. This feature is also observed in the double
mutant, which exhibits aKM for homocysteine that is
comparable in value to that of wild-type enzyme but exhibits
positive cooperativity with a Hill coefficient of 3. Thus, the
change in interaction between subunits in the double mutant
with respect to homocysteine binding can be ascribed to the
missense mutation at the K102 locus. Interestingly, the
individual single mutants are each less active than the double
mutant, indicating favorable compensatory changes in the
linked pair that restores basal activity to wild-type levels.

An earlier study had reported preliminary characterization
of the single and double mutants inE. coli cell extracts (23).
Both the P78R and K102N single mutants exhibited fairly
variable activity that was 2- to 10-fold lower than that of
wild-type enzyme, depending on the clone. The authors
reported seeing no activity with the double mutant. These
results are inconsistent with those reported in this study for
the P78R/K102N mutant and also with the absence of a
classical homocystinuric clinical phenotype in one of the
siblings in whom this mutation has been described, especially
since the other mutation in this patient, E239K, has also been
reported by the same group to be associated with no activity
in cell extracts (23). The basis of the discrepancy between
the two studies is not known. However, it is interesting to
note that other patients with nonclassical homocystinuria
have been described who also have mutations that map to
the regulatory domain of cystathionineâ-synthase and result
in AdoMet-unresponsiveness (15). These patients exhibit
high plasma homocysteine levels in the absence of the
neurological or connective tissue defects classically associ-
ated with homocystinuria due to cystathionineâ-synthase
deficiency. This clinical presentation is reminiscent of the
male patient with the AdoMet-unresponsive P78R/K102N
double mutation, associated with nonclassical homocysti-
nuria (23).

Computational studies have revealed that insensitivity to
allosteric activation by AdoMet can result in hyperhomocys-
teinemia particularly under conditions of high methionine
intake when the transsulfuration pathway becomes especially
important in disposing of excess methionine and homocys-
teine (16). While the AdoMet-unresponsiveness of the P78R/
K102N mutation could similarly predispose patients to
hyperhomocysteinemia, the interaction with subunits contain-
ing the second mutation found in these patients, E239K, may
significantly alter the phenotype of the encoded protein.
Alternatively, the nucleotide changes associated with the
double mutation could alter gene expression.

Finally, although known for some time in laboratories that
work on this protein, the oligomeric heterogeneity associated
with wild-type cystathionineâ-synthase has not been char-
acterized primarily due to the difficulty in stably resolving
the different enzyme forms. The P78R mutation appears to
afford some stabilization of the dimer, which has permitted
the limited characterization reported in this study. It is not
known if some or all of the multiple oligomeric states of
cystathionineâ-synthase are constructed from monomers (or
dimers) that have slightly different conformations, and
therefore qualify as “morpheeins”, a model for allostery in
which the monomer conformation dictates the resulting
oligomeric state (28). The analysis of an uncommon allele
of human porphobilinogen synthase allowed isolation and
crystallization of a hexameric form, distinct from the octamer
seen with wild-type enzyme, and led to the morpheein
concept (29). Elegant studies have since shown that it is the
quaternary structure change rather than the amino acid
change that underlies the differences in the kinetic properties
of the two variants of porphobilinogen synthase (29, 30).
We currently have insufficient data to evaluate whether or
not a dynamic morpheein equilibrium is responsible for the
multiple quaternary states of cystathionineâ-synthase but
note that some of the kinetic attributes of morpheeins, viz.,
dependence of activity on order of substrate addition and

2 A gel filtration column, Superdex-200 (Amerhsam), was used in
addition to the anion exchange and GST-columns described under
Materials and Methods to further purify dimeric P78R-II from the higher
oligomeric forms.

Linked Pathogenic Mutations in CBS Biochemistry, Vol. 46, No. 13, 20074115



hysteresis, have been observed with cystathionineâ-synthase
(13).
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