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Abstract: Classical homocystinuria (HCU) is the most common loss-of-function
inborn error of sulfur amino acids metabolism. HCU is caused by a deficiency in
enzymatic degradation of homocysteine, a toxic intermediate of methionine trans-
formation to cysteine, chiefly due to missense mutations in the cystathionine beta-
synthase (CBS) gene. As with many other inherited disorders, the pathogenic mu-
tations do not target key catalytic residues, but rather introduce structural perturba-
tions leading to an enhanced tendency of the mutant CBS to misfold and either to
form non-functional aggregates or to undergo proteasome-dependent degradation.
Thus correction of CBS misfolding represents an alternative therapeutic approach *
for HCU. In this review, we summarize the complex nature of CBS, its multi-
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domain architecture, the interplay between the three cofactors required for CBS function (heme, pyri-
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doxal-5’-phosphate (PLP) and S-adenosyl-L-methionine) as well as the intricate allosteric regulatory

4910 mechanism only recently explained thanks to advances in CBS crystallography. While roughly half of
the patients responds to treatment with a PLP precursor pyridoxine, many studies suggested useful-
ness of small chemicals, such as chemical and pharmacological chaperones or proteasome inhibitors,
rescuing mutant CBS activity in cellular and animal models of HCU. Non-specific chemical chaper-
ones and proteasome inhibitors assist in mutant CBS folding process and/or prevent its rapid degrada-
tion, thus resulting in increased steady state levels of the enzyme and CBS activity. Recent increased
interest in the field and available structural information will hopefully yield CBS-specific compounds
by using high-throughput screening and computational modeling of novel ligands improving folding,

stability and activity of CBS.
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1. INTRODUCTION

Classical homocystinuria (HCU; OMIM# 236200) is an
autosomal recessive inborn error of sulfur amino acid me-
tabolism. It is characterized by highly elevated levels of L-
homocysteine (Hecy) in body fluids and tissues [1]. HCU
was first described in 1963 in two mentally retarded sib-
lings in Northern Ireland with a rather characteristic clini-
cal appearance and biochemically greatly elevated concen-
tration of an amino acid reacting like cysteine to the cya-
nide nitroprusside test [2]. This abnormal amino acid has
been identified as Hcy and the authors suggested to name
this defect homocystinuria. HCU is the most common dis-
order of sulfur amino acid metabolism. Its incidence varies
greatly with approximately 1:200,000 to 1:335,000 people
worldwide, while expanded newborn screening suggests that
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this number is greatly underestimating the true rate of occur-
rence [1].

In addition, there are countries in which the disorder ap-
pears more commonly, such as 1:65,000 in Ireland [3],
1:6,400 in Norway [4] or the striking incidence of 1:1,800 in
Qatar [5]. If left untreated, HCU is accompanied by dislo-
cated optic lenses with or without severe myopia, skeletal
and connective tissue abnormalities, osteoporosis, cognitive
impairment up to mental retardation and significantly in-
creased cardiovascular complications, such as atherosclero-
sis, thromboembolism and stroke [1]. Biochemically, the
HCU is characterized by grossly elevated levels of total
plasma Hcy accompanied with significantly diminished
plasma levels of cysteine (Cys) and cystathionine (Cth) and
normal or elevated plasma methionine (Met) levels [1, 6].
The available therapeutic approaches primarily rely on the
reduction of total Hcy accumulation (reviewed in [7]). Since
Met is a precursor of Hcy, a Met-restricted diet is the corner-
stone of the treatment. Though such approach is quite effec-
tive in normalizing the biochemical profile and prevents the
onset, progression or exacerbation of clinical symptoms,
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compliance is generally poor, particularly for teen-aged pa-
tients. In such cases, administration of betaine, which serves
as a methyl donor for remethylation of Hcy back to Met, was
found beneficial to maintain low levels of total plasma Hcy.
In a specific subset of affected individuals, the so called
pyridoxine-responsive patients, supplementation of vitamin
Bg significantly helps to maintain low Hcy plasma levels by
increasing the residual activity of cystathionine beta-
synthase (CBS).

CBS (EC 4.2.1.22) is a pivotal enzyme in the transsul-
furation pathway, which resides at the junction where the
metabolic fate of Hey is decided (Fig. 1). CBS redirects the
metabolic flux of Hey from the competing methionine cycle,
which converts Hcy back to Met, to the transsulfuration
pathway, where Hcy is irreversibly removed from the cycle
and transformed through two catalytic steps into Cys [8-10].
CBS catalyzes the first step by condensing Hcy with L-serine
(Ser) to yield Cth, while the second enzyme of the transsul-
furation pathway cystathionine gamma-lyase (CGL) breaks
down Cth into Cys, alpha-ketobutyrate and ammonia. These
two enzymes require an active form of pyridoxine (vitamin
Bg), pyridoxal-5’-phosphate (PLP), as a cofactor, where ei-
ther beta-replacement reaction catalyzed by CBS or gamma-
elimination performed by CGL occurs. Cys is subsequently
utilized by many processes within the cell, particularly in
protein synthesis and generation of glutathione, the most
important small molecule cellular antioxidant [11]. Recently,
the relaxed substrate specificity of both transsulfuration en-
zymes, resulting in generation of hydrogen sulfide (H,S), has
attracted a lot of attention due to a multitude of effects ex-
erted by this small gaseous molecule on many aspects of
human physiology including cell signaling, vasorelaxation,
angiogenesis, cytoprotection, inflammation, immunity, di-
gestion, reproduction and cancer [12-14].

1.1. CBS Modular Architecture

CBS is a unique PLP-dependent enzyme with a multi-
domain architecture, complex structural and functional prop-
erties and an intricate regulation, which are best illustrated
on the extensively studied human enzyme [9, 10, 15, 16]
(Fig. 2). The human CBS polypeptide consists of 551 amino
acid residues yielding a subunit with a molecular size of
around 63 kDa [17]. The enzyme assembles into native ho-
motetramers, while each polypeptide is comprised of three
functional and structural modules.

The N-terminal module encompassing the first ~70 resi-
dues binds the heme-b cofactor (protoporphyrin 1X), which
is thought to play a role in redox sensing [18] and/or enzyme
folding [19]. The heme is axially coordinated by residues
C52 and H65, relatively surface-exposed and displaying a
low spin and hexacoordinated state in both the ferrous (re-
duced) and ferric (oxidized) states [20-22]. The presence of
the heme gives the CBS its characteristic red color and is
responsible for the unique spectral features of CBS, which
have been extensively studied in an effort to shed light on its
role and function [20, 23-28]. The purified ferric CBS dis-
plays a heme’s Soret peak at 428 nm with a broad aff adsorp-
tion band around 550 nm. In this oxidation status, heme is
unreactive and inert to ligand exchange with exogenous
molecules. Upon reduction to the ferrous state, the Soret
peak is red-shifted to 447 nm with a simultaneous resolution
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of off bands to 539 and 570 nm, while the enzymes retains its
activity. However, the ferrous state is unstable and under-
goes a ligand-switch, where the heme axial ligand C52 (thio-
late) is replaced by a neutral unknown ligand [24, 25]. The
ligand switch is irreversible, inactivates the enzyme and is
spectrally accompanied by a blue-shift of the Soret peak
from 447 nm to 424 nm. Ferrous CBS heme binds various
small molecules, such as CO, NO or cyanide, which results
in inhibition of enzyme activity [29]. Due to the low CBS
heme redox potential (-350 mV) [30], the existence of a fer-
rous form of the enzyme in vivo and the feasibility of CO-
based regulation under physiological conditions has been an
open question. Recently, Kabil et al. [27] have provided the
first evidence of reversible inhibition of CBS by CO in the
presence of a human flavoprotein and NADPH.

The central module spanning the residues 70 to 386
represents the catalytic segment, where the catalytically ac-
tive PLP cofactor binds via Schiff bond to the e-amino group
of the K119 residue [31]. Based on sequential and structural
similarities, CBS catalytic core belongs to a homogeneous 3
(or fold type II) family of PLP-dependent enzymes with O-
acetyl-L-serine sulfhydrylase being the most homologous
with CBS [21, 32]. All members of the  family carry out
a,B-replacement/elimination reactions which in itself war-
rants for a similar catalytic mechanism and to some extent
relaxed substrate specificity. Indeed, CBS ping-pong cata-
lytic mechanism initiates with a formation of external aldi-
mine of PLP with Ser followed by transformation to an ami-
noacrylate intermediate. The subsequent reaction of ami-
noacrylate with a second substrate, Hcy, represents the rate-
limiting step and yields an external aldimine of PLP with
Cth. The reaction is concluded by the release of Cth and res-
toration of the internal aldimine. Due to the spectral overlap
of the heme and PLP in human CBS, the spectral characteris-
tics of the reaction intermediates and the catalytic mecha-
nism were described in a heme-independent CBS from yeast
[33]. Some of these reaction intermediates were later con-
firmed in the crystal of human truncated CBS, from which
the heme cofactor had been removed by CO [34] as well as
in the crystal structure of Drosophila CBS [35]. Alternative
CBS reactions, which result in production of H,S [36], fol-
low the same reaction mechanism even though the kinetic
parameters for the individual alternative substrates are less
favorable compared to the canonical condensation of Ser and
Hcy [37].

The C-terminal module of the enzyme houses a tandem
repeat of CBS domains (also referred to as the Bateman
module), a conserved structural motif named after CBS. This
motif is found in diverse and functionally unrelated proteins,
where it usually fulfills a regulatory role and/or sensing func-
tion upon binding adenosine analogs [38-40]. Indeed, in CBS
the C-terminal domain represents a regulatory domain,
which inhibits catalytic activity of the enzyme. The CBS
allosteric activator S-adenosyl-L-methionine (AdoMet) binds
to the regulatory domain and thus releases an intrasteric
autoinhibitory block and activates the enzyme [41, 42]. The
regulatory domain is connected to the catalytic core via a
relatively long and flexible linker (residues 386-411), which
enables a regulatory domain rearrangement leading to the
activation of the enzyme upon binding of AdoMet [16, 42].
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Fig. 1. Sulfur amino acid metabolism pathways. Methionine (Met), an essential amino acid taken from dietary proteins, is condensed with
ATP by methionine adenosyltransferase (MAT) to form S-adenosylmethionine (AdoMet). AdoMet serves as a methyl donor for multiple
methylation reactions catalyzed by various methyltransferases (MT) yielding a methylated product and S-adenosylhomocysteine (AdoHcy).
AdoHcy is subsequently hydrolyzed by AdoHcy hydrolase (SAHH) into adenosine and homocysteine (Hcy). Hey is then distributed between
two competing pathways. In order to conserve Met, Hey is remethylated back to Met by the action of either betaine homocysteine methyl-
transferase (BHMT) or methionine synthase (MS) using betaine and methyl tetrahydrofolate (methyl-THF), respectively, as the methyl donor.
In order to generate Cys, Hcy is irreversible diverted from the methionine cycle to the transsulfuration pathway by cystathionine beta-
synthase (CBS)-catalyzed condensation with serine (Ser) forming cystathionine (Cth), which is subsequently hydrolyzed by cystathionine
gamma-lyase (CGL) into cysteine (Cys). Importantly, AdoMet regulates the flux of Hcy through the competing pathways by serving as an
allosteric activator of CBS and exerting an opposite effect on MTHFR. Interestingly, all transsulfuration and remethylation enzymes require
assistance of a member of vitamin B family: B, (riboflavin) in MTHFR, B¢ (pyridoxine) in SHMT, CBS and CGL or By, (cobalamin) in MS.

A pair of interleaved CBS domains shares an identical fold
despite having only 7% sequence identity: CBS1 spans the
residues 412-471 having an aoffa fold, while CBS2 covers
residues 477-551 showing an afoffa fold [43]. In addition
to its regulatory function, the C-terminal domain is responsi-
ble for CBS tetramerization and its removal leads to the
formation of a highly active truncated dimers having similar
specific activity as the AdoMet-stimulated full-length en-
zyme [44, 45].

Taking into an account the crucial role of CBS in me-
tabolism of sulfur amino acids, it is surprising that architec-
tural, structural and particularly regulatory features are not as
conserved across phyla as one would anticipate. The pres-
ence of the heme-binding domain in CBS enzymes is unique
within the family of PLP-dependent enzymes and, moreover,

heme is present only in a subset of CBS enzymes [16]. More
importantly, the AdoMet-mediated regulatory mechanism is
not universal for CBS enzymes. For example, CBS enzymes
from parasitic protozoans entirely lack both the N-terminal
heme-binding domain as well as the C-terminal regulatory
AdoMet-binding module suggesting that the central catalytic
module represent a self-sustainable and fully catalytically
competent unit [46, 47]. The lack of regulatory domain is
understandably accompanied by insensitivity of the CBS
enzyme to AdoMet-mediated activation. However, despite
possessing the C-terminal CBS domains, CBS enzymes from
insect or yeast are not regulated by AdoMet [35, 48]. Inter-
estingly, while both enzymes are highly active and do not
respond to AdoMet activation, yeast CBS, but not the one
from fruit fly, binds AdoMet [16].
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Fig. 2. Domain organization and structure of human CBS. (A) The CBS polypeptide consists of three functional domains. The N-terminal
domain binds the heme cofactor via C52 and H6S5 as axial ligands. The central catalytic domain binds the PLP cofactor via Shiff bond with
the e-amino group of K119. The C-terminal regulatory domain includes a tandem of CBS domains (CBS1 and CBS2), where the CBS allos-
teric activator AdoMet binds. (B) Crystal structures of a dimeric full-length CBS lacking the flexible loop 516-525 from CBS2 domain in
basal and activated conformations. In the basal conformation, regulatory domain from one subunit (turquoise) interacts with the catalytic core
of the other subunit (pink) and thus exerts its auto-inhibitory effect on the enzyme’s catalytic activity. Binding of AdoMet into the S2 site
leads to formation of a compact, disk-shaped CBS module accompanied by kinetic stabilization of the regulatory domain and activation of the
catalytic core thus yielding the AdoMet-bound activated conformation. The cofactors (heme, PLP, AdoMet) are shown as sticks. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)

1.2. Biochemical and Structural Aspects of CBS Allos-
teric Regulation

As mentioned above CBS lies at a point of significant
metabolic control and regulation. As Cys is a precursor for
the biosynthesis of glutathione, regulation of CBS in re-
sponse to various reactive oxygen species (ROS) has been
extensively explored. In addition to heme-based redox regu-
lation, whose relevance and feasibility still remains unclear,
a subset of CBS enzymes including human CBS contains
another putative redox switch of unclear function, the CXXC
oxidoreductase motif [21, 22]. Tumor necrosis factor TNFa,
which enhances ROS levels, induces a 50-60% increase in
CBS activity by yielding a truncated form of the enzyme
[49]. CBS is a target of SUMOylation on the residue K211,
which inhibits the CBS activity by 28% in the absence or by
70% in the presence of human polycomb protein 2 [50].
While CBS has been long thought to be located solely in the
cytoplasm, SUMOylated CBS has been found in the nucleus
[51]. However, the significance of CBS SUMOylation and
its role in the nuclear compartment remain unknown. CBS
has also been found in mitochondria, where it accumulates
during ischemia/hypoxia and leads to inhibition of ROS pro-
duction and stimulation of cellular bioenergetics most likely
via increased mitochondrial H,S production [52, 53]; how-
ever, the mechanism how CBS gets into mitochondria is un-
clear since it lacks any mitochondrial targeting sequence.
Recently, CBS was found to be activated over 2-fold by S-
glutathionylation at the residue C346, which needs first to be
oxidized in order to be modified by GSH efficiently [54].

Despite the fact that many aspects of CBS physiological
regulation remain unclear, recent advances in CBS crystal-
lography and the utilization of calorimetric techniques have
allowed for understanding the kinetic stabilization and acti-
vation of CBS by AdoMet and to unravel the molecular
mechanism of AdoMet-mediated CBS allosteric regulation
[41-43]. Isothermal titration calorimetric analyses are consis-
tent with the presence of two sets of AdoMet-binding sites in
the C-terminal regulatory domain with different functional
features and total stoichiometry of six sites per CBS
tetramer. A high affinity set of two sites (K4 ~ 10 nM) is
most likely involved in the kinetic stabilization of the regula-
tory domain, while a lower affinity set of four sites (K4 ~ 400
nM) is responsible for the enzyme activation. The number of
available AdoMet binding sites and oligomeric status of CBS
result in a complex situation in which the kinetic stability of
the regulatory domain and activity of the enzyme depends on
AdoMet concentration and the degree of binding (Fig. 3).
Increasing the amount of bound AdoMet ligands first yields
species with a highly kinetically stabilized regulatory do-
mains, i.e. the denaturation rates of such species in vitro is
significantly decreased by AdoMet. With higher concentra-
tions of AdoMet, these species are further stabilized, but
AdoMet also increases the catalytic turnover. Interestingly,
such substantial changes in stability and activity are not ac-
companied by changes in the secondary structural elements
[41, 55] as previously suggested [39, 56]. Clear differences
in thermodynamic properties and functionality of the two
types of AdoMet binding sites hint at the possibility of iden-
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Fig. 3. Model of AdoMet-mediated kinetic stabilization and activation of human CBS. Isothermal titration calorimetric measurements
identified two types of binding sites for AdoMet in the human CBS regulatory domain (RD): two high affinity (K4 ~ 10 nM, circle) and four
low affinity sites (K4 ~ 400 nM; diamond). Differential scanning calorimetry experiment supported the notion that the half-life of RD denatu-
ration at the physiological temperature is ~30 hours yielding a pseudo-activated conformation with denatured RD. Depending on the degree
of AdoMet binding to RD (number of AdoMet ligands per tetramer being ~ 1, ~ 3 or ~ 5), average properties of the ensemble evolves from a
moderately stabilized RD and basal activity of the catalytic domain (CD) with n ~ 1, through a highly stabilized RD and partially activated
CD with n ~ 3 to a highly stabilized RD and highly activated CD with n ~ 5. Open and closed circle or diamond represents vacant and occu-
pied high or low affinity AdoMet binding site, respectively. Open and filled red squares denote kinetically unstable and stabilized RD, re-
spectively, while the open or filled blue squares designate CD having low or high catalytic activity [41]. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this paper.)

tification of pharmacological ligands that would specifically
and independently bind and modulate the properties of one
type, but not the other type of AdoMet binding site [57].

Structural insight into AdoMet-mediated regulation has
been hindered for decades by the inability to obtain diffract-
ing crystals of a full-length CBS. Recently, Ereno-Orbea
et al. identified a flexible loop spanning residues 516-525
within CBS2 domain of the regulatory module, whose dele-
tion yielded an enzyme biochemically indistinguishable from
a native WT CBS in terms of catalytic activity and response
to AdoMet, except for its dimeric oligomeric status [43]. The
construct was successfully crystalized and yielded the crystal
structure of human CBS in the basal, AdoMet-free confor-
mation (Fig. 2) [43]. The structure revealed a unique and
quite unexpected arrangement of regulatory CBS domains as
well as suggested the molecular mechanism of the intrasteric
inhibition exerted by the regulatory domain. The long and
flexible connecting linker allows the CBS domains from one
subunit to interact with the catalytic site of the complemen-
tary subunit. In addition, the structure allowed for proposing
a model of a tetrameric enzyme, where two dimers assembly
together like two complementary pieces of a puzzle via the
main cavity between their Bateman modules. The model also
explains the crucial role of the deleted loop in maintaining
the tetrameric status by functioning as a hook locking the
two dimers together [43].

The crystal structure of CBS in its basal conformation
and the identification of critical residues involved in the
autoinhibition process allowed us to devise an artificial, con-
stitutively activated E201S CBS mutant. This mutant has
been successfully co-crystallized with AdoMet and yielded
the activated conformation of CBS with bound AdoMet (Fig.
2) [42]. The structure of CBS in its basal conformation sug-
gested the presence of two plausible AdoMet binding sites
within the Bateman module of each monomer (designated as
S1 and S2), where S1 was occluded by structural elements
from the catalytic core and several bulky hydrophobic resi-
dues, while S2 was exposed and thus could represent the
primary binding site for AdoMet. Indeed, the structure of the
activated state revealed one AdoMet ligand per monomer
nested only within S2 site, despite the S1 site being solvent-
accessible [42]. The availability of structural information on
CBS resulted in the proposal of a molecular mechanism of
CBS allosteric regulation (Fig. 4). Binding of AdoMet to
solvent-exposed S2 site in the basal conformation triggers
the rotation of CBS1 and CBS2 domains thus disrupting the
interaction between the Bateman module and the catalytic
core of the complementary subunit. Thanks to the flexible
connecting linker, the Bateman module moves away thus
allowing for a free movement of the loops delineating the
entrance to the catalytic center. Comparable conformations
can be achieved by binding of AdoMet, by partial thermal
denaturation of the enzyme or by the presence of an activat-
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Fig. 4. Model of AdoMet-mediated CBS activation. The optimized full-length CBS lacking the flexible loop of residues 516-525 from the
CBS2 domain is biochemically indistinguishable from the native WT except that it assembles into dimers (blue and red subunits). (A) In the
absence of AdoMet, CBS is in the basal conformation with low specific activity (~ 200 U/mg of protein), where the regulatory domain (RD)
of one the subunit interacts with the loops delineating entrance to the catalytic cavity of the other subunit (green oval) and thus inhibits the
activity of the complementary catalytic domain (CD). (B) Binding of AdoMet leads to a displacement of the regulatory domain away from
the catalytic cavity and formation of a disk-shaped CBS module. Thus auto-inhibition is released and the enzyme is activated up to 5-fold.
Activated conformation is stabilized by the presence of AdoMet in the S2 site. (C) Pathogenic mutations, such as D444N, may disrupt inter-
action between the regulatory and the catalytic domain as well as impair AdoMet binding thus yielding partially activated conformation.
Such structural perturbation enables increased flexibility of the loops near the catalytic cavity and leads to an increased catalytic activity of
the mutant enzyme. (D) Other mutations, such as the pathogenic S466L or artificial E201S, completely abolish interaction between the
Bateman module of the regulatory domain and the catalytic core yielding a pseudo-activated conformation. If AdoMet binding is not im-
paired by the mutation, the presence of AdoMet may result in the formation of CBS module and thus “true” activated conformation (B) [42].

pseudo-activated conformation

ing missense mutation, such as the artificial E201S or the
pathogenic S466L [42, 58]. However, such activated con-
formations are relatively unstable in the absence of AdoMet.
The presence of AdoMet in the S2 site of each subunit trig-
gers formation of a head-to-tail antiparallel CBS module, a
disk-shaped structural motif, which represents the most typi-
cal association manner of Bateman modules among various
CBS domain proteins [43]. Such conformation of activated
CBS with bound AdoMet is stable and remarkably resembles
the crystal structure of the AdoMet-insensitive insect CBS
[35, 42]. Identification of the molecular mechanism of CBS
activation by AdoMet allows to propose mechanisms of how
the pathogenic missense mutations impair the regulation and
activation of CBS.

1.3. CBS Deficiency As a Conformational Disorder

HCU is primarily caused by the presence of a point muta-
tion within the cbs gene sequence [1]. So far, 164 mutations
in the chs gene have been reported with the overwhelming
majority (85%) being missense mutations (http:// med-
school.ucdenver.edu/krauslab).

Even though the mutations are detected in all functional
domains of the CBS enzyme, the most abundant ones, such
as 1278T, T191M G307S or R336C, affect the catalytic
domain. While the most disease-causing mutations do not
target critical residues involved in catalysis, missense mu-
tation can interfere with proper folding of the enzyme into
its native form, its stability, conformational flexibility or
cause other structural perturbations all leading to a mis-
folded protein [41, 59]. Protein misfolding results in either
gain-of-function phenotype due to toxic aggregation of a
misfolded protein (e.g. Alzheimer’s, Huntington’s or Park-
inson’s diseases) or loss-of-function phenotype due to pro-
tein destabilization or folding defect causing non-toxic pro-
tein aggregation or accelerated degradation. Accelerated
degradation is characteristic for many inherited metabolic
disorders, such as phenylketonuria, Gaucher diseases as
well as HCU. Thus conformational or protein misfolding
disease can be defined as any condition, which is caused by
misfolding of the individual proteins complemented by
proteostasis including altered aggregation, degradation and
trafficking. Indications that CBS deficiency is a conforma-
tional disorder were present almost from the moment of
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HCU discovery; however, this aspect of CBS deficiency
has attracted scientists’ curiosity only relatively recently.
Without any knowledge about CBS structure and/or func-
tion, Drs. Barber and Spaeth in 1967 reported that three
homocystinuric patients normalized their biochemical pa-
rameters after being given very high daily doses of pyri-
doxine (250-500 mg) for a period of 2-4 weeks of continu-
ous therapy [60]. A while later, it was found that not all
patients responded even up to 1000 mg of vitamin B daily
(higher doses are neurotoxic) and thus patients were di-
vided into pyridoxine responders or non-responders [61]. It
was clear from the beginning that pyridoxine responsive-
ness was not due to correction of vitamin Be deficiency and
later studies suggested a correlation between measurable
residual CBS activity (typically 1-9%) and clinical re-
sponse to pyridoxine [62]. Approximately half of the pa-
tients can benefit from vitamin By treatment and there is a
strong link between responsiveness to pyridoxine and
pathogenic mutation(s) carried by a patient [1]. Mutant
CBS enzymes, such as the most frequent one I1278T,
A114V, R266K or R336H, appear to confer vitamin Bg
clinical responsiveness, while other missense mutants, such
the second and third most frequent ones T19IM and
G307S, R125Q, E176K or T262M, seem to be insensitive
to such treatment. The first evidence that HCU is associ-
ated with protein misfolding came from a study on a group
of Slavic CBS-deficient patients from the former Czecho-
slovakia [63]. Western blot analysis of patient fibroblast
extracts showed normally assembled tetrameric CBS only
in WT control fibroblasts and was not detectable for any of
the mutants. In patient samples, the CBS antigen, if any,
was only detected as a high molecular weight aggregate
and correlated with little or no CBS activity. Heterologous
expression of selected CBS mutants in E. coli followed by
Western blot detection and heme determination confirmed
their aggregation tendencies, the lack of CBS activity and
the absence of heme. A recent immunofluorescence mi-
croscopy study in transiently transfected HEK-293 cells
provided an in-situ evidence of CBS mutant aggregation as
well as its correlation with mutant residual activity [64].

2. MOLECULAR AND CHEMICAL CHAPERONES IN
HCU

CBS deficiency due to the presence of a missense muta-
tion can be considered a conformational disorder and as such
could benefit from a type of treatment devised for other mis-
folding diseases. In general, there are three different small
molecule treatment strategies currently available to rescue
misfolded mutant proteins and to restore their homeostasis
[59]. These small molecule therapeutics are often called
chaperones as they help the mutated protein to adopt native
active conformation and thus share this function with cellular
molecular chaperones, the proteins of cellular quality control
and repair machinery responsible for proper folding and as-
sembly of expressed proteins [65]. Chemical chaperones
representing the first group of therapeutics belong to a di-
verse group of small, low molecular weight compounds that
do not directly and/or specifically interact with mutated mis-
folded proteins. Typically, their mode of action relies on
altering solvent conditions to stabilize the native state [66,
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67]. However, as it will be discussed below in more detail,
chemical chaperones sometimes work indirectly via induc-
tion of expression of molecular chaperones or otherwise en-
hancing their activity [58, 68]. A second group includes the
so-called pharmacological chaperones, which often resemble
natural ligands or cofactors of the target protein and thus
bind specifically to mutant native states, stabilize their con-
formation and prevent their early degradation or aggregation
[69-71]. Such effects lead to an increase of steady state lev-
els of the mutant active protein. The last third group of small
molecule chaperones consists of proteostasis modulators,
which regulate the pathways leading to improved folding of
mutant proteins, enhanced degradation of misfolded non-
functional species or amended trafficking [72]. Essentially,
proteostasis regulators specifically impact the function and
steady-state levels of molecular chaperones and other com-
ponents of cellular protein quality control apparatus.

2.1. CBS Cofactors and Their Precursors As Pharmacol-
ogical Chaperones

2.1.1. PLP and its Precursor Pyridoxine

As detailed above, CBS fulfills its role in sulfur amino
acid metabolism with the assistance of three cofactors: heme,
PLP and AdoMet. Even though only PLP is catalytically
active, heme has been shown to be important for proper fold-
ing and optimal activity, while AdoMet activates and kineti-
cally stabilizes the enzyme. The idea of supplementation of
pyridoxine hydrochloride as a precursor of PLP in inborn
errors affecting PLP-dependent enzymes can be traced back
to 1963 [73]. However, pyridoxine responsiveness varies
greatly among inherited metabolic diseases involving PLP-
dependent enzymes [74].

The biochemical and molecular basis for pyridoxine re-
sponsiveness in HCU remains unknown, particularly due to
the weak correlation among data obtained from in vitro, bac-
terial and eukaryotic systems, animal models of HCU and
homocystinuric patients. The most obvious hypothesis to
explain pyridoxine responsiveness in HCU is an effect of
mutations on PLP binding. A study on cultured fibroblasts
from several Bg-responsive and Bg-nonresponsive patients
showed that the concentration of PLP needed to achieve
maximal saturation of CBS apoenzymes is directly propor-
tional to the observed phenotype [75]. This study concluded
that the B4 non-responsiveness is due to either lack of any
residual CBS activity or highly reduced affinity of mutant
CBS for PLP, which cannot be rescued by therapeutically
safe doses of pyridoxine. Even though there is a quite consis-
tent correlation between pyridoxine response in vivo and at
least some measurable residual CBS enzyme activity, some
of the largest improvement of CBS activity by supplementa-
tion of PLP in vitro have been detected with mutants from
clinically nonresponsive patients [1]. This discrepancy origi-
nates from supra-physiological concentrations of pyridoxine
used in in vitro studies, which can never be reached in vivo
[75]. In addition, contrasting behavior of two CBS mutants
associated with the pyridoxine response in patients suggests
inter-individual differences in the response to vitamin Bg
supplementation [76].
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2.1.2. Heme

Human CBS binds, in addition to PLP and AdoMet, the
heme cofactor [77]. Although the heme in CBS is not
directly involved in catalysis [34], its importance for the
proper function and folding of human CBS has been very
well documented. The role of heme in CBS folding came
from expression studies in heme biosynthesis-deficient
strains of E. coli and S. cerevisiae that demonstrated substan-
tial CBS misfolding and aggregation in the absence of heme
or protoporphyrin supplementation [19, 78]. In combination
with other studies showing a correlation between the heme
content and aggregation propensity of CBS mutants [63],
these data suggest that heme incorporation is crucial for
proper CBS folding, and support the use of heme, heme pre-
cursors or heme analogs to treat HCU.

One interesting possibility is that the pathogenic muta-
tions in CBS may affect heme binding, thus leading to de-
fects in PLP binding. Supplementation with o-
aminolevulinate (500 pM) affects the folding, assembly and
activity of CBS mutants heterologously expressed in E. coli
[79]. About half of the mutants showed improvement in for-
mation of native tetramers, and often promoted the rescue of
CBS activity. Mutations responsive to treatment with the
heme precursor were located across the whole CBS polypep-
tide. Interestingly, d-aminolevulinate had substantially dif-
ferent effect on two mutations in the heme-binding pocket.
Whereas tetramerization and activity of the R266K CBS
mutant was significantly improved, the H65R mutation
failed to show any changes in response to the treatment. To
test whether these results may be reproduced in a mammal-
ian proteostasis environment, the catalytic and conforma-
tional properties of the same set mutants has been recently
revisited after expression in a mammalian cell system [80].
Five pathogenic CBS mutants, which in the bacterial expres-
sion system showed residual CBS specific activity of at least
10% of the WT and were responsive to treatment with -
aminolevulinate [79] together with the 1278T and H65R mu-
tations were expressed in CHO-K1 cells in the presence of
77 uM heme arginate in order to directly supply the CBS
cofactor [80]. The results essentially verified the findings
from the E. coli expression system, suggesting that there
might be a limited set of CBS mutants, which could benefit
from d-aminolevulinate or heme arginate supplementation.

2.1.3. S-adenosylmethionine

As Figure 1 illustrates, the methyl group of Met becomes
activated by ATP with the addition of adenosine to the sulfur
of methionine thus forming AdoMet. This stereospecific
reaction is catalyzed by methionine adenosyltransferase and
generates only the S-diastereoisomer [81]. AdoMet is an
important biological sulfonium compound and the second
most often used substrate in enzymatic reactions after ATP
[82]. A majority of methylation reactions occurring in the
cell are catalyzed by methyltransferases, which utilize
AdoMet as the methyl donor forming methylated product
and S-adenosylhomocysteine (AdoHcy). AdoHcy is subse-
quently hydrolyzed by AdoHcy hydrolase to generate Hcy.
AdoHcy is a potent inhibitor of methylation reactions cata-
lyzed by methyltransferases [83]. In addition, AdoHcy hy-
drolase catalyze the formation of AdoHcy in the excess of
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Hcy. Therefore, AdoMet activation of CBS represents a
critical mechanism for maintaining the balanced methylation
as well as redox potential. This fine balance is disturbed by
the lack of CBS activity and leads to an increase formation
of Hcy, AdoHcy, inhibition of methylation reactions and
normal or increased AdoMet plasma concentrations in HCU
patients [84].

Kozich et al. have explored the possibility of AdoMet or
AdoHcy stimulating the residual CBS activity in a large set
of missense mutants using E. coli expression system [85].
Mutant proteins were distributed into three groups based on
the observed effect of the tested ligand: clear activation simi-
lar to the WT, clear inhibition or absence of activation. In
many instances, inhibition by AdoHcy was observed [85].
The study suggested that AdoHcy hydrolase inhibitors could
decrease AdoHcy concentration and thus alleviate the inhibi-
tory effect on some CBS mutants. However, such treatment
would automatically lead to an increase of Hcy concentra-
tion. Another possibility suggested by the authors was an
administration of AdoMet to stimulate residual activity of
several mutants. However, reactive properties, intrinsic in-
stability and charged character of AdoMet makes such an
approach likely unsuccessful.

2.2. Chemical Chaperones

Chemical chaperones represent a group of small organic
molecules that are not specific for any particular protein.
Many of the chemical chaperones are osmolytes or sugars
often being accumulated intracellularly in response to envi-
ronmental stress [86, 87]. The most accepted mechanism for
their positive effect on protein stability is destabilization of
unfolded states leading to a thermodynamic stabilization of
their native state [66, 67]. Moreover, they were found to pro-
vide an additional stabilization to improperly folded proteins,
to reduce protein aggregation, to prevent non-specific and/or
undesired interactions with other proteins and to alter the
expression and activity of cellular molecular chaperones
[87]. Some of the most widely used chemical chaperones are
for example glycerol, dimethylsulfoxide (DMSO), trimethy-
lamine-N-oxide (TMAO), 4-phenylbutyric acid (PBA), sor-
bitol or betaine.

First report on the use of chemical chaperones for rescu-
ing activity of several CBS mutants came from group of Dr.
Warren Kruger [88]. Earlier he developed a yeast comple-
mentation assay, where yeast lacking endogenous CBS gene
(cys4) regained its ability to grow on a cysteine-free medium
only when functional mutant CBS was expressed from a
plasmid, thus linking residual activity and growth [89, 90].
By using five chemical chaperones (DMSO, glycerol,
proline, TMAO and sorbitol), these authors classified eight
pathogenic missense CBS mutants into three groups based
on their rescued CBS activity [88]. Surprisingly, prediction
of solvent accessible surface area suggested that the res-
cuable CBS mutants are the ones that are predicted to cause a
decrease in the solvent exposed area. Interestingly, the mix-
ture of several chemical compounds was found to be more
effective than the individual chaperones in rescuing an [1278T
CBS mutant. Chemical chaperones were found to enhance a
formation of native tetramers as well as CBS specific activ-
ity. This effect seemed to be associated with an improvement
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of the folding efficiency or stability of the folded CBS pro-
teins. The 1278 T CBS mutant was also found in a follow-up
work rescuable by an increasing concentration of ethanol up
to 6% in a concentration dependent manner, while 10%
ethanol resulted in a total yeast growth inhibition [68]. These
studies therefore concluded that chemical chaperones present
during CBS mutant expression could rescue folding and en-
zymatic activity and thus could represent a possible pathway
towards treatment of HCU.

A remarkably different effect of chemical chaperones and
co-solvents was described by Majtan ef al. [58]. By system-
atic screening of different concentrations of three chemical
chaperones using E. coli expression system, they identified
conditions that remarkably increased the recovery of
tetrameric and fully active CBS mutants, while their re-
sponse to AdoMet and thermal activation varied signifi-
cantly. The lack of response to both activating stimuli of
R125Q and E176K indicated that their improved folding and
newly adopted conformation was unable to reach the acti-
vated state. Increased levels of molecular chaperones, par-
ticularly Dnal, in E. coli soluble extracts suggested a rather
indirect effect of the chemical chaperones on folding of CBS
mutants.

To assess the number of patients that may benefit from
chemical chaperone therapy, Kopecka et al. studied the ef-
fect of three osmolytes (glycerol, betaine and taurine) on
assembly and activity of a large set of CBS mutants ex-
pressed in E. coli representing about 70% of known CBS
alleles [79]. Betaine was able to improve tetramer formation
and CBS activity in a third of the mutants, while glycerol
was found to be even more effective rescuing about half of
the studied mutants. Taurine did not show any effect at all.
The study also indicated that the topology of the mutation
may determine the ability of the chemical chaperone to im-
prove folding as 11 out of 14 solvent-exposed mutations
were substantially more responsive to the chaperone treat-
ment compared to 3 out of 13 buried missense mutations.
The authors estimated that, considering the frequency of
examined patient-derived mutations amenable to chemical
chaperone treatment, approximately one tenth of HCU pa-
tients might benefit from such a therapeutic approach.

More recently, the effect of PBA was examined on a set
of 27 CBS mutants under folding-permissive conditions of
mammalian cells [80]. PBA is an FDA-approved drug for
treatment of urea cycle disorders; however, many studies
reported its positive effect on other diseases as well [91].
While in urea cycle disorders PBA conjugates with glu-
tamine and thus serves as an ammonia detoxifying agent, the
mode of action of PBA in misfolding diseases remains elu-
sive. Most evidence suggests that PBA downregulates the
endoplasmatic reticulum stress as well as acts as a chemical
chaperone [91]. However, PBA only mildly increased the
specific activity in a small set of CBS mutants [80]. This
result suggests that a generic effect of PBA does not have
any noticeable impact on CBS mutants unlike on other mis-
folded proteins.

2.2. Molecular Chaperones & Proteasome Inhibitors

As reviewed above, many chemical chaperones were also
found to function indirectly by inducing expression and to
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promote the function of endogenous molecular chaperones.
Molecular chaperones belong to the proteostasis network,
which encompasses pathways that control protein synthesis,
folding, trafficking, aggregation, disaggregation and degra-
dation [92]. A mutated protein may represent a challenge to
the proteostasis network and thus additional assistance from
molecular chaperones is needed to cope with the stress in-
duced from misfolded and aggregated protein. In general,
such assistance to increase steady-state levels of mutated
protein can be achieved by either upregulation of mecha-
nisms leading to refolding of misfolded polypeptide or
downregulation of degradation pathways increasing the
probability for the protein to adopt its proper conformation.
While the first approach relies on induction of molecular
chaperones such as HSP70, HSP60 or HSP40, the latter
seeks inhibition of proteasome function.

The role of molecular chaperones in the rescue of CBS
mutants was first explored using the most common 1278T
CBS mutant [68]. Manipulation of the cellular chaperone
environment resulted in a dramatically restored enzyme sta-
bility and activity. Involvement of molecular chaperones was
suggested by the initial studies, where either ethanol or a
mild heat shock resulted in better growth of yeast expressing
1278T CBS mutant accompanied by an increased steady-state
levels of CBS protein. Ethanol treatment upregulated the
HSP70, while levels of HSP104 remained largely un-
changed. Interestingly, levels of the small co-chaperone
HSP26 were significantly decreased for the mutant, but not
for the WT. The ability of ethanol to restore function was
found to be linked to the function of a cytosolic HSP70 in
1278T CBS mutant folding. On the contrary, HSP26 seemed
to allow misfolded 1278T to be presented and rapidly de-
graded via the ubiquitin/proteasome pathway. In agreement
with this notion, the use of bortezomib, a proteasome inhibi-
tor, resulted in the rescue of this CBS mutant. These ap-
proaches were later successfully extended to a larger set of
CBS mutants [93]. Remarkably, its efficacy was confirmed
in a patient-derived fibroblasts and homocystinuric mice
expressing the 1278T mutant CBS. Taken together, the work
suggested that manipulation of the molecular chaperone lev-
els, particularly an induction of HSP70 by proteasome in-
hibitor or other agents, might represent a useful novel ap-
proach for treatment of HCU.

The efficacy of proteasome inhibitors to correct homo-
cystinuric phenotype was subsequently explored in two HCU
mouse models [94]. Mice lacking endogenous CBS, but ex-
pressing either 1278T or S466L human CBS mutant were
treated with ONX-0912, an oral proteasome inhibitor cur-
rently in clinical trials as an anticancer drug [95], and/or
bortezomib, a parenteral proteasome inhibitor studied previ-
ously and approved by FDA in 2003 for treatment of multi-
ple myeloma. While either treatment induced expression of
multiple molecular chaperones in liver, such as HSP70,
HSP40 and HSP27, increased steady-state levels and activity
of the mutant CBS enzyme and resulted in lowering Hcy
levels to within a normal range, the response rates varied
between the studied mouse models. Mice carrying the S466L
CBS mutant responded positively much more frequently and
consistently than the mice expressing the 1278T CBS. Inter-
estingly, microarray analysis on livers harvested from the
1278T mice responsive or unresponsive to these treatments
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revealed significant downregulation of several genes in ster-
oid hormone metabolism in responders versus non-
responding animals. These data provide strong preclinical
evidence that proteasome inhibitors should be considered as
potentially useful in treatment of misfolding diseases caused
by a missense mutation, such as HCU.

3. RATIONAL APPROACH IN A SEARCH FOR
PHARMACOLOGICAL CHAPERONES FOR HCU

Except for the use of high doses of vitamin B¢ in pyri-
doxine-responsive homocystinurics, therapeutic applicability
of the studied chemical or pharmacological chaperones and
proteostasis modulators so far is low mainly due to their non-
specificity and a risk of significant off-site effects and a re-
quirement of high doses, which are often toxic. Clearly,
much more focused and targeted approach is needed in order
to develop a small molecule treatment for HCU. In addition
to an obvious unmet need of HCU patients, two main factors
can contribute to such efforts. First, CBS has been recently
recognized as an enzyme responsible for H,S biosynthesis.
While the physiological relevance of CBS alternative reac-
tivity leading to an in vivo generation of H,S remains to be
answered, a multitude of pathological and physiological ef-
fects of H,S has attracted a lot of attention in recent years
and lead to a development of many H,S probes and CBS
activity assays employing alternative substrates suitable for
high-throughput screening and a search for CBS-specific
activity modulators [96-98]. Second, high-resolution crystal
structures of human full-length CBS has recently been
solved in both the basal and activated AdoMet-bound con-
formations [42, 43, 99]. Structural information about the
PLP-containing catalytic center as well as the AdoMet-
binding allosteric site in the C-terminal regulatory domain of
CBS are crucial for structure-guided, computer-aided drug
design. Therefore, these two factors can propel new avenues
of research in the field towards rational design of small
molecules targeting CBS folding, stability or activity.

3.1. CBS Inhibitors and High-Throughput Screening

At first, the idea of using specific inhibitors for restoring
mutant enzyme activity may sound counterintuitive. How-
ever, there is a precedent for it from the lysosomal storage
disorders. Miglustat (N-butyl-1-deoxynojirimycin; NB-DNJ)
is a substrate reduction therapy for Gaucher disease type 1
patients, who showed anaphylactic reactions to the available
enzyme replacement therapies [100]. In addition, miglustat
acts as an active site inhibitor and chaperone-like compound
preventing misfolding and rapid degradation [101]. The term
active site-specific chaperones was coined for a group of
small molecule inhibitors of enzymes, which shift the fold-
ing equilibrium of a mutated enzyme in favor of a proper,
native-like folding, thus preventing rapid degradation and
improving subsequent processing and trafficking of the mu-
tants [102]. Once the mutant enzyme folding has been res-
cued by the action of a specific competitive inhibitor, the
inhibitor can be displaced by a highly concentrated substrate
to allow the function of the enzyme. Thus, the ideal proper-
ties of such chaperoning inhibitors are (i) high affinity to the
active site of the enzyme, where the inhibitor can serve as a
scaffold for folding and/or stabilizer of the domain, (ii) high
cellular permeability and subcellular distribution, which is
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particularly relevant for post-translationally modified en-
zymes, such as those responsible for lysosomal storage dis-
orders, and (iii) smooth dissociation of the inhibitor from the
enzyme’s catalytic center, so it can be replaced by a natural
substrate [102]. Screening for identification of such inhibi-
tors generally includes three stages. First, an in vitro activity
assay, preferably suitable for high-throughput screening of
chemical libraries, is employed to estimate the binding affin-
ity between a compound and an enzyme and to determine the
ICs¢ values for best hits. Second, cell-based chaperone en-
hancement assay is used for evaluation of hits (typically with
ICs¢ lower than 10 pM). Third, successful leads from cell-
based evaluation are assessed for in vivo efficacy in an ani-
mal model expressing the misfolded mutant enzyme and
showing clear clinical symptoms of enzyme deficiency.

CBS currently represents one of many therapeutically at-
tractive PLP-dependent enzymes, which have not yet been
successfully targeted. Currently, there are only two widely
used CBS inhibitors, aminooxyacetic acid (AOAA) and hy-
droxylamine (HA) [103]. However, in addition to their poor
potency, both compounds are insufficiently selective due to
their targeting of the PLP cofactor in other PLP-dependent
enzymes. AOAA has been recently tested for its chaperoning
effect on seven human CBS mutants expressed in mammal-
ian cells [80]. The inhibitor only marginally affected the re-
sidual activity of the studied CBS mutants suggesting that
AOAA does not induce proper folding, rescue activity or
stabilize the native conformation of CBS mutants. Selectivity
of the commonly used pharmacological inhibitors of CBS
and CGL have been recently evaluated showing that while
there are several CGL-selective inhibitors available, there
are none that are CBS-specific [97]. Moreover, both AOAA
and HA were significantly more potent inhibiting CGL over
CBS.

To identify novel, specific and potent new inhibitors for
CBS, a CBS activity assay compatible with high-throughput
screening (HTS) is necessary. This type of high sensitive
HTS assay for CBS has been described using label-free mass
spectrometry to quantify the unlabeled product of the ca-
nonical CBS reaction [96]. Screening of a proprietary chemi-
cal library of over 25,000 compounds using this assay identi-
fied 22 compounds as activators. Unfortunately, the authors
did not reveal the identity of the CBS activators. However, a
follow-up study explored the effect of a close analog of
AdoMet, S-adenosylethionine, on Hcy levels and H,S pro-
duction in mice [104], thus one could assume that the struc-
tures of the identified CBS activators were closely related to
AdoMet.

The growing interest in H,S metabolism and its contribu-
tion to human health and disease has resulted in the devel-
opment of reaction-based fluorescent probes offering a ver-
satile and sensitive set of screening tools for H,S detection
[98].  An  HTS-capable assay using 7-azido-4-
methylcoumarine as a novel H,S probe producing robust
fluorescent signal has been recently developed [105] and
used to identify a set of 12 substances, mostly related to fla-
vonoids, as good inhibitors, and in some cases, with a re-
markable selectivity for CBS over CGL. More recently, a
similar approach applied to a library of marine natural prod-
ucts and their synthetic derivatives has allowed to identify
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polyandrocarpamine derivatives as scaffolds to develop new
CBS inhibitors [106]. Taken together, flavonoid and polyan-
drocarpamine scaffolds may serve as useful starting points
for the development of potent and selective CBS inhibitors
capable to correct CBS mutant misfolding and thus to rescue
residual CBS activity.

3.2. Towards Structure-Guided Rational Design of CBS
Ligands

Alternatively, structure-guided rational design can be
used to identify novel CBS activity modulators, and to im-
prove those found by HTS approaches. However, structure-
guided methods depend on the availability of the high resolu-
tion 3D (X-ray or NMR) structures of a given drug target,
e.g. enzyme or receptor, bound to its natural substrate(s)
and/or allosteric ligand(s) thus allowing for virtual in-silico
screening of large collections of chemical compounds.

3.2.1. CBS Catalytic Center and its Inhibition

The currently available structural information on the hu-
man CBS makes it feasible for one to embark on a path to-
wards CBS drug discovery and development via rational
design. Although the crystal structure of the human CBS
catalytic core has been solved more than a decade ago [21,
22], it did not reveal the PLP-bound reaction intermediates
and thus did not provide an insight into residues that may be
important for substrate binding and catalysis. However, both
crystal structures of the truncated human CBS (PDB IDs
1JBQ and 1M54) showed an overall fold of the catalytic core
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of the enzyme, binding site for the heme cofactor and cata-
lytic center with bound PLP. Insight into reaction intermedi-
ates came from the crystal structures of Drosophila mela-
nogaster CBS as apoenzyme (PDB ID 3PC2), in aminoacry-
late intermediate (PDB ID 3PC3) and in complex with serine
(PDB ID 3PC4) [35]. Substrate binding to the active center
PLP induced a general collapse of the active site pocket,
particularly of a loop containing residue S116. This residue
corresponds to an S147 in human CBS located on loop
L145-148. While the conformational flexibility in this loop
was later found relevant for accessibility of the catalytic cen-
ter in human enzyme as well, other three loops, namely
L171-174, L191-202 and L296-316 (Fig. 5), have been
found crucial for the formation of an entrance to the catalytic
cavity in the full-length human CBS (PDB IDs 4L0D, 4L3V
and 4COO for the wild-type CBS and 4L.27 and 4L.28 for the
pathogenic D444N mutant enzyme) [43, 99]. These loops
were found collapsed only in the case of the substrate present
in the catalytic cavity. In addition, the conformation and
flexibility of these loops was found to be substantially im-
pacted by the presence of a regulatory domain thus explain-
ing its auto-inhibitory function. Particularly the loop L191-
202 was found compressed into the catalytic cavity and rigid
by the presence of the regulatory domain from the comple-
mentary subunit [43]. The point mutation E201S disrupts the
blocking effect of this interaction between the regulatory and
the catalytic domain and activates the enzyme. The crystal
structure of the activated E201S CBS mutant bound to
AdoMet (PDB ID 4PCU) suggested that the activation of the
enzyme is caused by a significant rearrangement of the regu-

regulatory domain
(site S1)

truncated form (PDB# 1JBQ)
basal conformation (PDB# 4COO)

Fig. 5. Entrance to the CBS catalytic cavity. The PLP-containing catalytic center of CBS is delineated by several loops whose conforma-
tion was found affected by their interaction with the regulatory domain as well as by the absence or presence of a substrate in the catalytic
cavity. Superimposition of the truncated CBS lacking the regulatory domain (pink; PDB ID 1JBQ), the basal conformation (blue; PDB ID
4COO) and the AdoMet-bound activated conformation of the full-length enzyme (green; PDB ID 4PCU) shows the variable conformation of
loops forming the entrance to the catalytic center: L145-148, L171-174, L191-202 and L295-316. Particularly, the loops L171-174 and
L191-202 are compressed towards the catalytic core by the presence of a regulatory domain in the basal conformation of CBS thus limiting
the flow of substrate(s) and product(s) in and out. At the same time, structural elements from the catalytic domain block the S1 AdoMet-
binding site in the basal conformation. However, the site S1 was found empty in the activated conformation, AdoMet was found only in the
S2 site. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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latory domain accompanied by the release of a compression
and concomitant increase in a flexibility of the loops deline-
ating entrance to the catalytic cavity, such as L191-202, thus
allowing for unrestricted flow of substrate(s) and product(s)
[42]. Taken together, available structural information al-
lowed us (i) to understand the formation and binding of CBS
reaction intermediates, (ii) to identify important residues and
overall structure of the catalytic cavity and (iii) to recognize
the importance of conformational flexibility of the loops
defining the entrance to the catalytic site.

As described above, currently there is no specific inhibi-
tor for CBS. It is our belief that increased interest in H,S
biogenesis and its modulation with the availability of the
structural determinants will propel the advances in pursuit of
a CBS inhibitor. In addition to the search for a CBS-specific
compound disrupting the reaction mechanism, importance of
flexibility versus rigidity of the loops delineating the en-
trance to the catalytic cavity could be exploited as a new
potential site for ligand binding. Such ligand would pre-
sumably stabilize the region enough to allow a CBS mis-
sense mutant to refold and/or to fold into a native-like con-
formation.

3.2.2. Role of CBS Allosteric Site in Enzyme Activation and
Stabilization

In addition to the catalytic center as binding site for sub-
strates and possible inhibitors, crystal structures of the full-
length CBS enzymes unveiled the conformation of the regu-
latory domain and its interaction with the catalytic core. Al-
though Drosophila CBS does not bind AdoMet and thus its
activity is not regulated by it [16, 28], its structure revealed
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potential binding sites for the CBS allosteric ligand [35]. The
CBS domains of the two subunits in a dimer arranged in a
head-to-tail fashion form a disk-like CBS module showing
up to 4 potential canonical binding sites for AdoMet. Lower
sequence homology between the AdoMet-independent insect
CBS and AdoMet-regulated human enzyme and the proxim-
ity of the locus corresponding to the D444N pathogenic mu-
tation impairing AdoMet binding and partially activating
human CBS to site A suggested that only the site A can bind
AdoMet in human CBS [35]. Indeed, we found that site B
(corresponding to site S1 in human CBS) is spatially blocked
by structural elements from the catalytic core of a comple-
mentary monomer and occupied by bulky hydrophobic resi-
dues, which all preclude the binding of AdoMet to this site in
a basal conformation [43]. On the other hand, site S2 (corre-
sponding to site A in insect CBS) was found solvent exposed
and suitable to accommodate AdoMet (Fig. 6). Crystal struc-
ture of the E201S CBS mutant with bound AdoMet con-
firmed such prediction. Insight into AdoMet binding into S2
site was further improved by higher resolution 3D crystal
structure of CBS regulatory domain with bound AdoMet
(PDB ID 4UUU) [99].

The potential relevance of the CBS regulatory domain as
a drug target has been recently highlighted thanks to its po-
tential connection with intracellular CBS turnover. While
activation of CBS by AdoMet has been known for a long
time [107] and its molecular mechanism has been recently
uncovered [42, 99], the role of the regulatory domain in ki-
netic stabilization of the enzyme has been just recently dis-
covered [41]. Differential scanning calorimetry analyses of
WT and several pathogenic CBS mutants have shown that

Fig. 6. Structural insight into AdoMet binding site in CBS. In the crystal structures of AdoMet-bound full-length CBS (PDB ID 4PCU) or
just the regulatory domain itself (PDB ID 4UUU; shown), a ligand was found only in the proposed site S2 in the CBS regulatory domain.
Here, AdoMet (thick sticks) is accommodated in a hydrophobic pocket via a number of key residues (thin sticks). Residues F443, L423 and
V533 stabilize the adenine ring via stacking hydrophobic interactions deeper in the binding pocket. Residue D538 forms hydrogen bonds with
the hydroxyl groups of the ribose moiety. The residue 1537 stabilizes the alkyl chain of the methionine, while the residues T535, D444 and
Q445 interact with carboxyl and amino group of the methionine through hydrogen bonds. In addition, negatively charged residue D444 com-

pensates positive charge of sulfonium of AdoMet ligand.
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denaturation of the regulatory and the catalytic domains are
independent and kinetically controlled processes. Therefore,
their stabilities must be considered from their in vitro denatu-
ration half-lives at 37°C (i.e. their kinetic stabilities). The
stability of the regulatory domain is significantly decreased
among pathogenic mutants compared to the WT. Surpris-
ingly, pathogenic mutations located in the catalytic domain
impaired the stability of the regulatory domain as well, sup-
porting the notion of communication between the regulatory
and the catalytic domains in the native structure and thus
underline the importance of stabilization of the regulatory
domain in CBS-deficient homocystinuria [41].

More importantly, current knowledge implies that spe-
cific ligands targeting CBS allosteric sites could be found or
designed in order to independently modulate CBS activity
and kinetic stability. Ligand-induced kinetic stabilization of
the regulatory domain of a missense CBS mutant would re-
sult in increased intracellular levels of the protein. For ex-
ample, Pey et al. found out that the half-life for irreversible
denaturation of the regulatory domain in CBS mutants is as
much as 200-fold lower compared to the WT, thus making it
extremely kinetically unstable [41]. We hypothesize that
ligand-induced stabilization of its regulatory domain would
remedy its abnormal susceptibility towards denaturation thus
rescuing the CBS activity in vivo. On the other hand, ligand-
induced activation similar to a natural CBS ligand AdoMet
would increase the residual activity or ameliorate the im-
paired regulation in certain mutants. The majority of CBS
pathogenic mutations do not prevent AdoMet binding but
rather interfere with the molecular mechanism of the regula-
tory domain rearrangement and formation of the CBS mod-
ule [41, 42]. As an example, binding affinity of AdoMet to
D444N CBS mutant is significantly lower, thus increasing
the K, for AdoMet ~100 times [108] and, at the same time,
partially increasing the enzyme’s activity 2-fold [43]. Fur-
thermore, the D444 residue was found to be an important
residue involved in AdoMet binding and its accommodation
within the allosteric binding site [42, 99]. We hypothesize
that there may be identified and/or designed a ligand with
higher affinity for the D444N mutant than AdoMet thus res-
cuing the physiological regulation and activation of the en-
zyme [57].

OUTLOOK

Misfolding due to the presence of missense mutations
represents an increasingly better understood pathogenic
mechanism in HCU. CBS mutants often display difficulties
to fold to the native/active state and show low kinetic stabil-
ity of this active state. Therefore, we can envision several
ways to at least, partially correct the effect of a missense
mutation on CBS folding and stability. While treatment with
pyridoxine as a precursor of catalytically active cofactor PLP
works in roughly half of the HCU patients, novel treatments
need to be devised to address an unmet need of the remain-
ing affected individuals. Studies using various CBS cofactors
or their analogs, chemical chaperones or proteostasis regula-
tors suggest that development of a small molecule treatment
for HCU is possible but very challenging task. The presence
of multiple missense mutations among HCU patients and
their different impact on CBS properties represent a major
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challenge. It is likely that the individualized patient-tailored
therapeutic approach would need to be developed in order to
address impact of each mutation or a very small subset of
mutations independently. In order to effectively screen for a
promising chaperone or ligand, development of assays com-
patible with HTS reporting not just an effect on activity of a
purified mutant enzyme is needed. Such screening tools
should detect the effect of a tested compound on folding of
CBS mutant in its natural environment thus pointing to an
approach to the development of cell-based assays. With a
recent progress in CBS structure determination, alternative
strategy through virtual computer-aided structure-guided
screening is equally viable. Targeting catalytic site cavity in
search for inhibitor or AdoMet binding site in search of ki-
netic stability regulator and/or catalytic activator bears a lot
of potential to yield novel scaffolds for detailed biochemical
characterization and further optimization.

LIST OF ABBREVIATIONS

AdoHcy = S-adenosylhomocysteine
AdoMet = S-adenosylmethionine
AOAA = Aminooxyacetic acid

CBS = Cystathionine beta-synthase
CGL = Cystathionine gamma-lyase
Cth = Cystathionine

Cys = Cysteine

DMSO = Dimethylsulfoxide

HA = Hydroxylamine

HCU = Classical homocystinuria
Hcy = Homocysteine

HTS = High-throughput screening
Met = Methionine

PBA = 4-phenylbutyric acid

PLP = Pyridoxal-5’-phosphate

Ser = Serine

T™MAO = Trimethylamine-N-oxide

CONFLICT OF INTEREST

The authors confirm that this article content has no con-
flict of interest.

ACKNOWLEDGEMENTS

We acknowledge support from Dr. Jose Manuel Sanchez-
Ruiz (JMSR), from the University of Granada (Granada,
Spain). This study was supported by the Scientist Develop-
ment Grant 16SDG30040000 from the American Heart As-
sociation (to TM), research grants from Orphan Technolo-
gies, Ltd. (ORTE AWD-111186 and ORTE AWD-140850 to
JPK), The Spanish Ministry of Economy and Competitive-
ness (CSD2009-00088 and BIO2012-34937 to JMSR), Junta
de Andalucia (CTS11-07187 to ALP), and a Ramoén y Cajal
research contract from The Spanish Ministry of Economy
and Competitivity and University of Granada (RYC2009-



1468 Current Drug Targets, 2016, Vol. 17, No. 13

04147 to ALP) and by grants from the Spanish Ministry of
Economy and Innovation (BFU2010-17857 and BFU2013-
47531-R to LAMC).

REFERENCES

(1]

[15]

[16]

[17]

[20]

[21]

Mudd SH, Levy HL, Kraus JP. Disorders of transsulfuration, In:
The Metabolic and Molecular Bases of Inherited Disease, 8" Ed.
Scriver CR, Beaudet AL, Sly WS, Valle D, Childs B, Vogelstein B.
Ed. 2001, McGraw-Hill: New York. p. 2007-56.

Carson NAJ, Cusworth DC, Dent CE, Field CMB, Neill DW,
Westall RG. Homocystinuria: A new inborn error of metabolism
associated with mental deficiency. Arch Dis Child 1963; 38: 425-
36.

Naughten ER, Yap S, Mayne PD. Newborn screening for
homocystinuria: Irish and world experience. Eur J Pediatr 1998;
157 (Suppl 2): S84-S87.

Refsum H, Fredriksen A, Meyer K, Ueland PM, Kase BF. Birth
prevalence of homocystinuria. J Pediatr 2004; 144(6): 830-2.
Zschocke J, Kebbewar M, Gan-Schreier H, et al. Molecular
neonatal screening for homocystinuria in the Qatari population.
Hum Mutat 2009; 30(6): 1021-2.

Stabler SP, Lindenbaum J, Savage DG, Allen RH. Elevation of
serum cystathionine levels in patients with cobalamin and folate
deficiency. Blood 1993; 81: 3404-13.

Schiff M, Blom HJ. Treatment of inherited homocystinurias.
Neuropediatrics 2012; 43(6): 295-304.

Stipanuk MH. Sulfur amino acid metabolism: pathways for
production and removal of homocysteine and cysteine. Annu Rev
Nutr 2004; 24: 539-77.

Miles EW, Kraus JP. Cystathionine beta-synthase: structure,
function, regulation, and location of homocystinuria-causing
mutations. J Biol Chem 2004; 279(29): 29871-4.

Banerjee R, Zou CG. Redox regulation and reaction mechanism of
human cystathionine-beta-synthase: a PLP-dependent hemesensor
protein. Arch Biochem Biophys 2005; 433(1): 144-56.

Dickinson DA, Forman HJ. Glutathione in defense and signaling:
lessons from a small thiol. Ann N'Y Acad Sci 2002; 973: 488-504.
Szabo C. Hydrogen sulphide and its therapeutic potential. Nature
reviews. Drug Discov 2007; 6(11): 917-35.

Predmore BL, Lefer DJ, Gojon G. Hydrogen sulfide in
biochemistry and medicine. Antioxid Redox Signal 2012; 17(1):
119-40.

Hellmich MR, Coletta C, Chao C, Szabo C. The therapeutic
potential of cystathionine beta-synthetase/hydrogen sulfide
inhibition in cancer. Antioxid Redox Signal 2015; 22(5): 424-48.
Aitken SM, Lodha PH, Morneau DJ. The enzymes of the
transsulfuration pathways: active-site characterizations. Biochim
Biophys Acta 2011; 1814(11): 1511-7.

Majtan T, Pey AL, Fernandez R, Fernandez JA, Martinez-Cruz LA,
Kraus JP. Domain organization, catalysis and regulation of
eukaryotic cystathionine beta-synthases. PLoS One 2014; 9(8):
¢105290.

Kraus JP, Williamson CL, Firgaira FA, et al. Cloning and screening
with nanogram amounts of immunopurified mRNAs: cDNA
cloning and chromosomal mapping of cystathionine B-synthase and
the B subunit of propionyl-CoA carboxylase. Proc Natl Acad Sci
USA 1986; 83: 2047-51.

Banerjee R, Evande R, Kabil O, Ojha S, Taoka S. Reaction
mechanism and regulation of cystathionine beta-synthase. Biochim
Biophys Acta 2003; 1647(1-2): 30-5.

Majtan T, Singh LR, Wang L, Kruger WD, Kraus JP. Active
cystathionine beta-synthase can be expressed in heme-free systems
in the presence of metal-substituted porphyrins or a chemical
chaperone. J Biol Chem 2008; 283(50): 34588-95.

Green EL, Taoka S, Banerjee R, Loehr TM. Resonance Raman
characterization of the heme cofactor in cystathionine beta-
synthase. Identification of the Fe-S(Cys) vibration in the six-
coordinate low-spin heme. Biochemistry 2001; 40(2): 459-63.
Meier M, Janosik M, Kery V, Kraus JP, Burkhard P. Structure of
human cystathionine beta-synthase: a unique pyridoxal 5'-
phosphate-dependent heme protein. Embo J 2001; 20(15): 3910-6.

[22]

[23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Majtan et al.

Taoka S, Lepore BW, Kabil O, Ojha S, Ringe D, Banerjee R.
Human cystathionine beta-synthase is a heme sensor protein.
Evidence that the redox sensor is heme and not the vicinal cysteines
in the CXXC motif seen in the crystal structure of the truncated
enzyme. Biochemistry 2002; 41(33): 10454-61.

Taoka S, Ojha S, Shan X, Kruger WD, Banerjee R. Evidence for
heme-mediated redox regulation of human cystathionine -synthase
activity. J Biol Chem 1998; 273: 25179-84.

Pazicni S, Cherney MM, Lukat-Rodgers GS, et al. The heme of
cystathionine beta-synthase likely undergoes a thermally induced
redox-mediated ligand switch. Biochemistry 2005; 44(51): 16785-
95.

Cherney MM, Pazicni S, Frank N, Marvin KA, Kraus JP, Burstyn
JN. Ferrous human cystathionine beta-synthase loses activity during
enzyme assay due to a ligand switch process. Biochemistry 2007;
46(45): 13199-210.

Carballal S, Madzelan P, Zinola CF, et al. Dioxygen reactivity and
heme redox potential of truncated human cystathionine beta-
synthase. Biochemistry 2008; 47(10): 3194-201.

Kabil O, Weeks CL, Carballal S, ef al. Reversible Heme-Dependent
Regulation of Human Cystathionine beta-Synthase by a
Flavoprotein Oxidoreductase. Biochemistry 2011.

Su Y, Majtan T, Freeman KM, et al. Comparative study of enzyme
activity and heme reactivity in drosophila melanogaster and homo
sapiens cystathionine beta-synthases. Biochemistry 2013; 52(4):
741-51.

Taoka S, Banerjee R. Characterization of NO binding to human
cystathionine beta-synthase: possible implications of the effects of
CO and NO binding to the human enzyme. J Inorg Biochem 2001;
87(4): 245-51.

Singh S, Madzelan P, Stasser J, et al. Modulation of the heme
electronic structure and cystathionine beta-synthase activity by
second coordination sphere ligands: The role of heme ligand
switching in redox regulation. J Inorg Biochem 2009; 103(5): 689-
97.

Kery V, Poneleit L, Meyer JD, Manning MC, Kraus JP. Binding of
pyridoxal 5'-phosphate to the heme protein human cystathionine
beta-synthase. Biochemistry 1999; 38(9): 2716-24.

Christen P, Mehta PK. From cofactor to enzymes. The molecular
evolution of pyridoxal-5'-phosphate-dependent enzymes. Chem Rec
2001; 1(6): 436-47.

Jhee KH, McPhie P, Miles EW. Yeast cystathionine beta-synthase
is a pyridoxal phosphate enzyme but, unlike the human enzyme, is
not a heme protein. J Biol Chem 2000; 275(16): 11541-4.

Bruno S, Schiaretti F, Burkhard P, Kraus JP, Janosik M, Mozzarelli
A. Functional properties of the active core of human cystathionine
beta-synthase crystals. J Biol Chem 2001; 276(1): 16-9.

Koutmos M, Kabil O, Smith JL, Banerjee R. Structural basis for
substrate activation and regulation by cystathionine beta-synthase
(CBS) domains in cystathionine {beta}-synthase. Proc Natl Acad
Sci USA 2010; 107(49): 20958-63.

Chen X, Jhee KH, Kruger WD. Production of the neuromodulator
H2S by cystathionine beta-synthase via the condensation of
cysteine and homocysteine. J Biol Chem 2004; 279: 52082-6.

Singh S, Padovani D, Leslie RA, Chiku T, Banerjee R. Relative
contributions of cystathionine beta-synthase and gamma-
cystathionase to H2S biogenesis via alternative trans-sulfuration
reactions. J Biol Chem 2009; 284(33): 22457-66.

Bateman A. The structure of a domain common to archaebacteria
and the homocystinuria protein. Trends Biochem Sci 1997; 22: 12-
13.

Shan X, Dunbrack Jr RL, Christopher SA, Kruger WD. Mutations
in the regulatory domain of cystathionine beta-synthase can
functionally suppress patient-derived mutations in cis. Hum Mol
Genet 2001; 10(6): 635-43.

Scott JW, Hawley SA, Green KA, ef al. CBS domains form energy-
sensing modules whose binding of adenosine ligands is disrupted
by disease mutations. J Clin Invest 2004; 113(2): 274-84.

Pey AL, Majtan T, Sanchez-Ruiz JM, Kraus JP. Human
cystathionine beta-synthase (CBS) contains two classes of binding
sites for S-adenosylmethionine (SAM): complex regulation of CBS
activity and stability by SAM. Biochem J 2013; 449(1): 109-21.
Ereno-Orbea J, Majtan T, Oyenarte I, Kraus JP, Martinez-Cruz LA.
Structural insight into the molecular mechanism of allosteric



Targeting Cystathionine Beta-Synthase Misfolding in Homocystinuria

[43]

[45]

[46]

[47]

(48]

[56]

[57]

[59]

[62]

activation of human cystathionine beta-synthase by S-
adenosylmethionine. Proc Natl Acad Sci USA 2014; 111(37):
E3845-52.

Ereno-Orbea J, Majtan T, Oyenarte I, Kraus JP, Martinez-Cruz LA.
Structural basis of regulation and oligomerization of human
cystathionine beta-synthase, the central enzyme of transsulfuration.
Proc Natl Acad Sci USA 2013; 110(40): E3790-9.

Kery V, Poneleit L, Kraus JP. Trypsin cleavage of human
cystathionine beta-synthase into an evolutionarily conserved active
core: structural and functional consequences. Arch Biochem
Biophys 1998; 355(2): 222-32.

Shan X, Kruger WD. Correction of disease-causing CBS mutations
in yeast. Nature Genet 1998; 19: 91-93.

Nozaki T, Shigeta Y, Saito-Nakano Y, Imada M, Kruger WD.
Characterization of transsulfuration and cysteine biosynthetic
pathways in the protozoan hemoflagellate, Trypanosoma cruzi.
Isolation and molecular characterization of cystathionine beta-
synthase and serine acetyltransferase from Trypanosoma. J Biol
Chem 2001; 276(9): 6516-23.

Williams RA, Westrop GD, Coombs GH. Two pathways for
cysteine biosynthesis in Leishmania major. Biochem J 2009;
420(3): 451-62.

Maclean KN, Janosik M, Oliveriusova J, Kery V, Kraus JP.
Transsulfuration in Saccharomyces cerevisiae is not dependent on
heme: purification and characterization of recombinant yeast
cystathionine beta-synthase. J Inorg Biochem 2000; 81(3): 161-71.
Zou CG, Banerjee R. Tumor necrosis factor-alpha-induced targeted
proteolysis of cystathionine beta-synthase modulates redox
homeostasis. J Biol Chem 2003; 278(19): 16802-8.

Agrawal N, Banerjee R. Human polycomb 2 protein is a SUMO E3
ligase and alleviates substrate-induced inhibition of cystathionine
beta-synthase sumoylation. PLoS One 2008; 3(12): e4032.

Kabil O, Zhou Y, Banerjee R. Human cystathionine beta-synthase
is a target for sumoylation. Biochemistry 2006; 45(45): 13528-36.
Teng H, Wu B, Zhao K, Yang G, Wu L, Wang R. Oxygen-sensitive
mitochondrial accumulation of cystathionine beta-synthase
mediated by Lon protease. Proc Natl Acad Sci USA 2013; 110(31):
12679-84.

Szabo C, Coletta C, Chao C, ef al. Tumor-derived hydrogen sulfide,
produced by cystathionine-beta-synthase, stimulates bioenergetics,
cell proliferation, and angiogenesis in colon cancer. Proc Natl Acad
Sci USA 2013; 110(30): 12474-9.

Niu WN, Yadav PK, Adamec J, Banerjee R. S-glutathionylation
enhances human cystathionine beta-synthase activity under
oxidative stress conditions. Antioxid Redox Signal 2015; 22(5):
350-61.

Hnizda A, Majtan T, Liu L, ef al. Conformational properties of nine
purified cystathionine beta-synthase mutants. Biochemistry 2012;
51(23): 4755-63.

Taoka S, Widjaja L, Banerjee R. Assignment of enzymatic
functions to specific regions of the PLP- dependent heme protein
cystathionine beta-synthase. Biochemistry 1999; 38(40): 13155-61.
Majtan T, Pey AL, Kraus JP. Kinetic stability of cystathionine beta-
synthase can be modulated by structural analogs of S-
adenosylmethionine: Potential approach to pharmacological
chaperone therapy for homocystinuria. Biochimie 2016; 126: 6-13.
Majtan T, Liu L, Carpenter JF, Kraus JP. Rescue of cystathionine
beta-synthase (CBS) mutants with chemical chaperones:
purification and characterization of eight CBS mutant enzymes. J
Biol Chem 2010; 285(21): 15866-73.

Muntau AC, Leandro J, Staudigl M, Mayer F, Gersting SW.
Innovative strategies to treat protein misfolding in inborn errors of
metabolism:  pharmacological chaperones and proteostasis
regulators. J Inherit Metab Dis 2014; 37(4): 505-23.

Barber GW, Spaeth GL. Pyridoxine therapy in homocystinuria.
Lancet 1967; 1: 337.

Brenton DP, Cusworth DC. The response of patients with
cystathionine synthase deficiency to pyridoxine, in Inherited
Disorders of Sulphur Metabolism, Carson NAJ and Raine DN,
Editors. 1971, Churchill Livingstone, Ltd.: London. p. 264-74.
Fowler B, Kraus J, Packman S, Rosenberg LE. Homocystinuria:
Evidence for three distinct classes of cystathionine B-synthase
mutants in cultured fibroblasts. J Clin Invest 1978; 61: 645-53.

[63]

[64]

[65]

[66]

[67]

[70]

[71]

[72]

(73]

[74]

[75]

[77]

(78]

Current Drug Targets, 2016, Vol. 17, No. 13 1469

Janosik M, Oliveriusova J, Janosikova B, et al. Impaired heme
binding and aggregation of mutant cystathionine beta-synthase
subunits in homocystinuria. Am J Hum Genet 2001; 68(6): 1506-
13.

Casique L, Kabil O, Banerjee R, Martinez JC, De Lucca M.
Characterization of two pathogenic mutations in cystathionine beta-
synthase: different intracellular locations for wild-type and mutant
proteins. Gene 2013; 531(1): 117-24.

Hartl FU, Hayer-Hartl M. Converging concepts of protein folding
in vitro and in vivo. Nat Struct Mol Biol 2009; 16(6): 574-81.

Street TO, Bolen DW, Rose GD. A molecular mechanism for
osmolyte-induced protein stability. Proc Natl Acad Sci USA 2006;
103(38): 13997-4002.

Bolen DW, Rose GD. Structure and energetics of the hydrogen-
bonded backbone in protein folding. Annu Rev Biochem 2008; 77:
339-62.

Singh LR, Kruger WD. Functional rescue of mutant human
cystathionine beta-synthase by manipulation of Hsp26 and Hsp70
levels in Saccharomyces cerevisiae. J Biol Chem 2009; 284(7):
4238-45.

Bernier V, Lagace M, Bichet DG, Bouvier M. Pharmacological
chaperones: potential treatment for conformational diseases. Trends
in endocrinology and metabolism: TEM 2004; 15(5): 222-8.

Pey AL, Ying M, Cremades N, et al. Identification of
pharmacological chaperones as potential therapeutic agents to treat
phenylketonuria. J Clin Invest 2008; 118(8): 2858-67.

Parenti G, Moracci M, Fecarotta S, Andria G. Pharmacological
chaperone therapy for lysosomal storage diseases. Future Med
Chem 2014; 6(9): 1031-45.

Balch WE, Morimoto RI, Dillin A, Kelly JW. Adapting proteostasis
for disease intervention. Science 2008; 319(5865): 916-9.
Greengard O, Gordon M. The cofactor-mediated regulation of
apoenzyme levels in animal tissues. I. The pyridoxine-induced rise
of rat liver tyrosine transaminase level in vivo. J Biol Chem 1963;
238:3708-10.

Clayton PT. Bo6-responsive disorders: a model of vitamin
dependency. J Inherit Metab Dis 2006; 29(2-3): 317-26.

Lipson MH, Kraus J, Rosenberg LE. Affinity of cystathionine [3-
synthase for pyridoxal 5'-phosphate in cultured cells. A mechanism
for pyridoxine-responsive homocystinuria. J Clin Invest 1980; 66:
188-93.

Chen X, Wang L, Fazlieva R, Kruger WD. Contrasting behaviors of
mutant cystathionine beta-synthase enzymes associated with
pyridoxine response. Hum Mutat 2006; 27(5): 474-82.

Kery V, Bukovska G, Kraus JP. Transsulfuration depends on heme
in addition to pyridoxal 5'-phosphate. Cystathionine beta-synthase
is a heme protein. J Biol Chem 1994; 269(41): 25283-8.

Majtan T, Freeman KM, Smith AT, Burstyn JN, Kraus JP.
Purification and characterization of cystathionine beta-synthase
bearing a cobalt protoporphyrin. Arch Biochem Biophys 2011;
508(1): 25-30.

Kopecka J, Krijt J, Rakova K, Kozich V. Restoring assembly and
activity of cystathionine beta-synthase mutants by ligands and
chemical chaperones. J Inherit Metab Dis 2011; 34(1): 39-48.
Melenovska P, Kopecka J, Krijt J, et al. Chaperone therapy for
homocystinuria: the rescue of CBS mutations by heme arginate. J
Inherit Metab Dis 2014; 38(2): 287-94.

Fontecave M, Atta M, Mulliez E. S-adenosylmethionine: nothing
goes to waste. Trends Biochem Sci 2004; 29(5): 243-9.

Cantoni L, Maggi G, Mononi G, Preti G. [Relations between
protidopoiesis and biological transmethylations: action of S-
adenosylmethionine on protein crasis in chronic hepatopathies].
Minerva Med 1975; 66(33): 1581-9.

Glick JM, Ross S, Leboy PS. S-adenosylhomocysteine inhibition of
three purified tRNA methyltransferases from rat liver. Nucleic
Acids Res 1975; 2(10): 1639-51.

Orendac M, Zeman J, Stabler SP, ef a/. Homocystinuria due to
cystathionine B-synthase deficiency: Novel biochemical findings
and treatment efficacy. J Inherit Metab Dis 2003; 26: 761-73.
Kozich V, Sokolova J, Klatovska V, et al. Cystathionine beta-
synthase mutations: effect of mutation topology on folding and
activity. Hum Mutat 2010; 31(7): 809-19.



1470 Current Drug Targets, 2016, Vol. 17, No. 13

[86]

(87]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

Leandro P, Gomes CM. Protein misfolding in conformational
disorders: rescue of folding defects and chemical chaperoning. Mini
Rev Med Chem 2008; 8(9): 901-11.

Nascimento C, Leandro J, Tavares de Almeida I, Leandro P.
Modulation of the activity of newly synthesized human
phenylalanine hydroxylase mutant proteins by low-molecular-
weight compounds. Protein J 2008; 27(6): 392-400.

Singh LR, Chen X, Kozich V, Kruger WD. Chemical chaperone
rescue of mutant human cystathionine beta-synthase. Mol Genet
Metab 2007; 91(4): 335-42.

Kruger WD, Cox DR. A yeast system for expression of human
cystathionine B-synthase: Structural and functional conservation of
the human and yeast genes. Proc Natl Acad Sci USA 1994; 91:
6614-18.

Kruger WD, Wang L, Jhee KH, Singh RH, Elsas LJ, 2nd.
Cystathionine beta-synthase deficiency in Georgia (USA):
correlation of clinical and biochemical phenotype with genotype.
Hum Mutat 2003; 22(6): 434-41.

Kolb PS, Ayaub EA, Zhou W, Yum V, Dickhout JG, Ask K. The
therapeutic effects of 4-phenylbutyric acid in maintaining
proteostasis. Int J Biochem Cell Biol 2015; 61: 45-52.

Powers ET, Morimoto RI, Dillin A, Kelly JW, Balch WE.
Biological and chemical approaches to diseases of proteostasis
deficiency. Annu Rev Biochem 2009; 78: 959-91.

Singh LR, Gupta S, Honig NH, Kraus JP, Kruger WD. Activation
of mutant enzyme function in vivo by proteasome inhibitors and
treatments that induce Hsp70. PLoS Genet 2010; 6(1): ¢1000807.
Gupta S, Wang L, Anderl J, Sliftker MJ, Kirk C, Kruger WD.
Correction of cystathionine beta-synthase deficiency in mice by
treatment with proteasome inhibitors. Hum Mutat 2013; 34(8):
1085-93.

Zhou HJ, Aujay MA, Bennett MK, ef al. Design and synthesis of an
orally bioavailable and selective peptide epoxyketone proteasome
inhibitor (PR-047). J] Med Chem 2009; 52(9): 3028-38.

Holt TG, Choi BK, Geoghagen NS, et al Label-free high-
throughput screening via mass spectrometry: a single cystathionine
quantitative method for multiple applications. Assay Drug Dev
Technol 2009; 7(5): 495-506.

Asimakopoulou A, Panopoulos P, Chasapis CT, et al. Selectivity of
commonly used pharmacological inhibitors for cystathionine beta

PMID: 26931358

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Majtan et al.

synthase (CBS) and cystathionine gamma lyase (CSE). Br J
Pharmacol 2013; 169(4): 922-32.

Lin VS, Chen W, Xian M, Chang CJ. Chemical probes for
molecular imaging and detection of hydrogen sulfide and reactive
sulfur species in biological systems. Chem Soc Rev 2014; 44(14):
4594-618.

McCorvie TJ, Kopec J, Hyung SJ, ef al Inter-domain
communication of human cystathionine beta synthase: Structural
basis of S-adenosyl-L-methionine activation. J Biol Chem 2014;
289(2): 36018-30.

Bennett LL, Mohan D. Gaucher disease and its treatment options.
Annals Pharmacother 2013; 47(9): 1182-93.

Alfonso P, Pampin S, Estrada J, et al. Miglustat (NB-DNJ) works
as a chaperone for mutated acid beta-glucosidase in cells transfected
with several Gaucher disease mutations. Blood Cells Mol Dis 2005;
35(2): 268-76.

Fan JQ. A counterintuitive approach to treat enzyme deficiencies:
use of enzyme inhibitors for restoring mutant enzyme activity. Biol
Chem 2008; 389(1): 1-11.

Whiteman M, Le Trionnaire S, Chopra M, Fox B, Whatmore J.
Emerging role of hydrogen sulfide in health and disease: critical
appraisal of biomarkers and pharmacological tools. Clin Sci (Lond)
2011; 121(11): 459-88.

Jensen KK, Geoghagen NS, Jin L, et al. Pharmacological activation
and genetic manipulation of cystathionine beta-synthase alter
circulating levels of homocysteine and hydrogen sulfide in mice.
Eur J Pharmacol 2011; 650(1): 86-93.

Thorson MK, Majtan T, Kraus JP, Barrios AM. Identification of
cystathionine beta-synthase inhibitors using a hydrogen sulfide
selective probe. Angew Chem Int Ed Engl 2013; 52(17): 4641-4.
Thorson MK, Van Wagoner RM, Harper MK, et a/. Marine natural
products as inhibitors of cystathionine beta-synthase activity.
Bioorg Med Chem Lett 2015; 25(5): 1064-6.

Finkelstein JD, Kyle WE, Martin JJ, Pick A-M. Activation of
cystathionine synthase by adenosylmethionine and adenosylethionine.
Biochem Biophys Res Commun 1975; 66: 81-87.

Evande R, Blom H, Boers GH, Banerjee R. Alleviation of
intrasteric inhibition by the pathogenic activation domain mutation,
D444N, in human cystathionine beta-synthase. Biochemistry 2002;
41(39): 11832-7.



	Targeting Cystathionine Beta-Synthase Misfolding inHomocystinuria by Small Ligands: State of the Art andFuture Directions
	Abstract:
	1. INTRODUCTION
	1.1. CBS Modular Architecture
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	2. MOLECULAR AND CHEMICAL CHAPERONES INHCU
	2.1.2. Heme
	3. RATIONAL APPROACH IN A SEARCH FORPHARMACOLOGICAL CHAPERONES FOR HCU
	Fig. 5.
	Fig. 6.
	CONFLICT OF INTEREST
	REFERENCES



