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Abstract
Cystathionine beta-synthase (CBS), a heme-containing PLP-dependent enzyme, catalyzes the
condensation of serine and homocysteine to yield cystathionine. Missense mutations in CBS, the
most common cause of homocystinuria, often result in misfolded proteins. Arginine 266, where
the pathogenic missense mutation R266K was identified, appears to be involved in the
communication between heme and the PLP-containing catalytic center. Here, we assessed the
effect of a short affinity tag (6xHis) compared to a bulky fusion partner (glutathione S-transferase
- GST) on CBS wild type (WT) and R266K mutant enzyme properties. While WT CBS was
successfully expressed either in conjunction with a GST or with a 6xHis tag, the mutant R266K
CBS had no activity, did not form native tetramers and did not respond to chemical chaperone
treatment when expressed with a GST fusion partner. Interestingly, expression of R266K CBS
constructs with a 6xHis tag at either end yielded active enzymes. The purified, predominantly
tetrameric, R266K CBS with a C-terminal 6xHis tag had ~ 82% of the activity of a corresponding
WT CBS construct. Results from thermal pre-treatment of the enzyme and the denaturation profile
of R266K suggests a lower thermal stability of the mutant enzyme compared to WT, presumably
due to a disturbed heme environment.
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Introduction
Cystathionine β-synthase (CBS) [EC# 4.2.1.22] lies at the critical branchpoint of sulfur
amino acid metabolism, where homocysteine, a toxic metabolite of the methionine cycle, is
diverted to the transsulfuration pathway. In this pathway, CBS condenses homocysteine with
serine to yield cystathionine, which is then converted to cysteine and ultimately to
glutathione. Human CBS has a modular structure and a complex regulatory mechanism
(reviewed in [1, 2]). The enzyme contains four identical 63 kDa subunits each consisting of
an N-terminal heme-binding region, a central pyridoxal-5′-phosphate (PLP)-containing
catalytic core and a C-terminal S-adenosyl-L-methionine (AdoMet)-binding regulatory
region with a CBS domain tandem. The interaction of AdoMet with these CBS domains
results in up to an 8-fold increase in enzyme activity. A similar activation of CBS can be
achieved either by thermal pre-treatment of the enzyme close to its melting temperature, by
the introduction of certain point mutations into CBS domains or by a complete removal of
the C-terminal region [3, 4]. Removal of the C-terminal regulatory domain is accompanied
by a loss of response to AdoMet along with a change in oligomeric status of the full-length
homotetramer into a more active homodimer, whose crystal structure was successfully
solved [5, 6]. The crystal structure revealed that the heme cofactor is relatively surface
exposed and axially coordinated by residues C52 and H65 (Fig. 1). Redox properties of the
heme lead to a proposal for its regulatory role providing a potential feedback between the
glutathione pool and the transsulfuration pathway [7]. However, the complex pH- and
temperature-dependent redox behavior of CBS heme renders this regulatory mechanism
unlikely [8–10].

CBS-deficient homocystinuria (i.e. classical homocystinuria) [OMIM# 263200] is an
inherited autosomal recessive metabolic disorder characterized by elevated plasma
homocysteine and methionine levels and by symptoms such as dislocated optic lenses,
vascular manifestations, skeletal deformities and mental retardation (reviewed in [11–13]).
A deficiency in CBS activity is primarily caused by the presence of missense mutations in
the CBS polypeptide. As most of them do not target key residues involved in catalysis, it
was proposed that missense mutations induce CBS misfolding [14]. Recently, it was shown
that the presence of chemical chaperones or induction of molecular chaperones partially or
fully restored the activity and native conformation of several CBS mutants [15–17]. These
observations further support the notion that, at least in some cases, enzyme misfolding is the
pathogenic mechanism in CBS deficiency. One of the affected residues is R266, where a
couple of pathogenic missense mutations, R266K and R266G, were identified [18, 19]. The
R266K mutation is highly prevalent among Norwegian patients, who are responsive to
therapeutic doses of the PLP precursor, vitamin B6. The R266G mutation was identified in a
Japanese patient, who did not respond to vitamin B6 supplementation and suffered from a
severe homocystinuric phenotype. The R266 residue seems to stabilize heme’s C52 axial
ligand by hydrogen bonding (Fig. 1). Moreover, R266 resides on α-helix 8, whose other end
extends to the PLP-containing active site. Therefore, it has been postulated that the R266
residue is critical for communication between heme and the catalytic center containing PLP
[20]. Indeed, a spectroscopic study involving three R266 mutants (naturally occurring
R266K and R266G and an artificial R266M mutation) showed that the electrostatic
interaction between the C52 axial ligand and R266 is important for stabilizing the ferrous
heme and its disruption by missense mutation leads to a facile formation of an inactive CBS
species missing the C52 heme ligand [20].

As pathogenic missense mutations introduce perturbations in enzyme folding and structure,
often accompanied by a decrease in enzyme activity, many CBS mutants represent a
difficult target for enzyme purification and characterization. Thus, most of the data
supporting the positive effect of chemical chaperones on mutant CBS folding, assembly and
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catalytic activity were obtained by studying the overexpressed CBS in crude extracts [15,
17, 21]. We showed that eight CBS mutants, following expression in the presence of a
chemical chaperone in the growth medium, were amenable to purification to homogeneity
and thus allowed for detailed characterization [16]. We used our established system for
protein expression and purification using glutathione-S-transferase (GST)-tagged CBS
constructs and a two-column purification procedure including the capturing Glutathione
Sepharose affinity and the polishing DEAE Sepharose anion exchange chromatography
steps [16, 22, 23]. The direct purification of CBS from mammalian tissues is complicated by
its tendency to aggregate and its susceptibility to proteolysis [24]. As GST has been reported
to enhance the production and in some cases the solubility of its fusion partners [25, 26], the
selection of a GST-based system for CBS expression represented an ideal choice. The GST-
CBS expression system has many advantages including high purity after a single affinity
step and a final protein sequence with only a single extra glycine residue at the N-terminus
following the removal of the GST partner. The shared disadvantage of the GST-based
constructs is the requirement for protease cleavage of the fusion partner and its subsequent
removal by an additional chromatography step. Moreover, some proteins or their mutant
forms may form insoluble aggregates after they are cleaved from the GST partner. In
addition, GST forms a homodimer where each subunit contains four solvent exposed
cysteines and may also interfere with the folding of its fused partner [26, 27]. These facts
may impact the folding and assembly of CBS polypeptides, particularly the CBS mutants,
and may result in a final conformation induced by GST and not solely by the studied
mutation. Recently, a wild type CBS containing a short affinity (6xHis) tag has been
successfully purified demonstrating the cost-effectiveness and efficiency of various CBS
constructs with an N-terminal 6xHis tag for purification and subsequent kinetic studies of
wild type and possibly mutants of CBS [28].

In this study, we have observed that the GST partner interfered with folding of the R266K
CBS mutant polypeptide. To study this problem in more detail, we prepared three different
CBS constructs carrying a 6xHis tag (Fig. 2). The 6xHis tag is significantly smaller than
GST, thus the effect of the affinity tag on wild type or mutant CBS polypeptide folding and
assembly or biochemical activity is minimal [26, 28]. We compared the 6xHis-tagged CBS
constructs of wild type and the R266K mutant to our established GST-CBS construct in
terms of protein expression, CBS native conformation and activity. We also tested whether
chemical chaperones have any effect on CBS properties. Subsequently, we purified the
R266K CBS to homogeneity and characterized it.

Materials and Methods
Chemicals

Unless stated otherwise, all chemicals were purchased from Sigma or Fisher Scientific. L-
[14C(U)]-serine was obtained from PerkinElmer Life Sciences.

Preparation of CBS constructs
We used our established GST-CBS construct pGEX-6P1-hCBS as a template for PCR
amplification of the human CBS coding sequence and also as a reference for expression
studies and comparison with a variety of CBS constructs carrying the 6xHis tag ([22]; Fig.
2). In order to create the 6xHis-tagged constructs, we inserted CBS into two commercially
available vectors, pET-28a(+) and pET-47b(+) (Novagen) to obtain three differently tagged
CBS constructs: the first one with a permanent C-terminal 6xHis tag (pET28-C-hCBS), a
second one with a permanent N-terminal 6xHis tag (pET28-N-hCBS) and a third one with a
removable N-terminal 6xHis tag followed by the PreScission protease recognition site
(pET47-NP-hCBS). The last construct yields an identical CBS polypeptide, after cleaving

Majtan and Kraus Page 3

Protein Expr Purif. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



off the 6xHis tag, as the pGEX-6P1-hCBS construct after the proteolytic removal of the
GST.

For the preparation of the pET28-C-hCBS construct, CBS coding sequence was PCR-
amplified using a forward primer containing an NcoI site (5′-
ctagCCATGGgttctgagaccccccagg) and a reverse primer with an XhoI site, which did not
include the STOP codon (5′-ctagCTCGAGcttctggtcccgctcctg). After cleavage with NcoI-HF
and XhoI (NEB Biolabs), the CBS fragment was cut out from a 1% agarose gel and cleaned
up using the QIAquick gel extraction kit (Qiagen). Subsequently, the CBS fragment was
ligated with NcoI-XhoI linearized pET-28a(+) vector.

The preparation of pET28-N-hCBS followed the same strategy as mentioned in the previous
paragraph except for the PCR primers. The forward primer contained an NcoI site and an
additional sequence for the 6xHis tag (5′-ctagCCATGGgtcatcatcatcatcaccacccctctgagaccc)
and the reverse primer possessed an XhoI site along with a STOP codon (5′-
ctagCTCGAGtcacttctggtcccgctcctggg).

For the preparation of the pET47-NP-hCBS construct, first the original vector was modified
in order to allow for cloning into the ApaI and XhoI sites. The internal ApaI site at position
1405 was abolished and subsequently the SanDI site in the PreScission protease recognition
site was mutated into an ApaI site both using the QuikChange site directed mutagenesis kit
(Agilent). The CBS coding sequence was PCR-amplified using a forward primer with an
ApaI site (5′-ccagGGGCCCtctgag) and reverse primer with an XhoI site (5′-
gccgCTCGAGtcgactc). After cleavage with ApaI and XhoI (NEB Biolabs), the CBS
fragment was cut out from a 1% agarose gel and cleaned up using the QIAquick gel
extraction kit (Qiagen). Subsequently, the CBS fragment was ligated into an ApaI-XhoI
linearized modified pET-47b(+) vector.

All constructs were transformed into E. coli XL1-Blue cells (Agilent) and their authenticity
was confirmed by DNA sequencing. The R266K missense mutation was subsequently
introduced into the wild type CBS constructs by the QuikChange site directed mutagenesis
kit (Agilent) using forward (5′-cacgggcattgccAGGaagctgaaggag) and reverse (5′-
ctccttcagcttCCTggcaatgcccgtg) oligonucleotides. The presence of the desired mutation was
confirmed by DNA sequencing. Verified plasmids for wild type as well as R266K mutant
CBS were finally transformed into E. coli Rosetta2 (DE3) expression host cells (Novagen).

Preparation of crude extracts
Crude extracts for initial screening and for a screening of chemical chaperones were
prepared following the previously published procedure [16]. Briefly, bacterial cells with the
desired construct were grown (30 °C, 275 rpm) in 30 ml of LB medium supplemented with
0.001% thiamine-HCl, 0.0025% pyridoxine-HCl, 0.1 mM ferric chloride, 0.3 mM δ-
aminolevulinic acid, 100 μg/ml ampicillin (for GST-based constructs) or 30 μg/ml
kanamycin (for 6xHis-tagged constructs) and one of the chemical chaperones at the selected
final concentration, if applicable. When the cell density reached A600 ~0.8, CBS expression
was induced by adding IPTG to a final concentration of 1 mM. After induction, the cells
continued to grow overnight and were then harvested by centrifugation at 9000×g for 7 min
at 4°C. The cell pellets were washed with 1x PBS and either processed immediately or kept
at −80°C before processing. The crude extracts (i.e. soluble fractions) were prepared
according to the initial steps of our CBS purification procedure described elsewhere [16,
22].
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Purification of CBS enzymes with the C-terminal 6xHis tag
The cells were grown similarly as for a small scale study described above in six 2.8 l baffled
Fernbach flask containing 1 liter of appropriately supplemented LB medium. The cell pellets
were resuspended in lysis buffer (50 mM sodium phosphate pH 7.4, 300 mM NaCl, 0.1 mM
PLP and Protease inhibitor cocktail VII (A.G. Scientific)) at a 1:5 (w/v) ratio using a
homogenizer. Resuspended cells were treated with 2 mg/ml lysozyme for 1 hour at 4°C prior
to sonication (8 cycles of 2 min at 50% duty cycle; Misonix S-3000, Qsonica). The cell
lysate was centrifuged at 58000×g for 30 min at 4°C. The supernatant was loaded on a 50 ml
TALON column (Clontech) equilibrated in 50 mM sodium phosphate pH 7.4 and 300 mM
NaCl. The column was subsequently washed with at least 5 column volumes of wash buffer
(50 mM sodium phosphate pH 7.4, 300 mM NaCl, 10 mM imidazole) and the bound protein
eluted with 200 mM imidazole in the wash buffer. Subsequently, the fraction was desalted
on a Sephadex G-25 (GE Healthcare) column (3.2 cm I.D. × 22 cm) and the buffer was
exchanged with the DEAE loading buffer (15 mM potassium phosphate pH 7.2, 1 mM
EDTA, 1 mM DTT, 10% ethylene glycol). The desalted sample was loaded onto a DEAE
Sepharose (GE Healthcare) column (2.5 cm I.D. × 8.0 cm) and washed with 2 column
volumes of the DEAE loading buffer followed by 5 column volumes of the DEAE wash
buffer (65 mM potassium phosphate pH 7.2, 1 mM EDTA, 1 mM DTT, 10% ethylene
glycol). The protein was eluted with 300 mM potassium phosphate in the DEAE loading/
wash buffer. The CBS was formulated into a final buffer (20 mM HEPES pH 7.4, 1 mM
TCEP, 0.01% Tween 20) on a Sephadex G-25 column and subsequently concentrated using
an ultrafiltration device (Amicon) equipped with a YM-100 (Millipore) membrane. Finally,
the enzyme was aliquoted, flash-frozen in liquid nitrogen and stored at −80°C.

Protein gel electrophoresis and Western blot analysis
Protein concentrations were determined by the Bradford method (Thermo Pierce) using
bovine serum albumin (BSA) as a standard according to the manufacturer’s
recommendations. Denatured proteins were separated by SDS-PAGE using a 9% separating
gel with a 4% stacking gel. Native samples were separated in 4–15% polyacrylamide
gradient precast gels (Mini-PROTEAN TGX, Bio-Rad). For visualization, the denatured
gels were stained with Simple Blue (Invitrogen). Western blot analysis of crude cell lysates
under denaturing or native conditions was performed as described previously [16].

CBS activity assay
The CBS activity in the classical reaction was determined by a previously described
radioisotope assay using [14C(U)] L-serine as the labeled substrate [29]. CBS enzyme (420
ng) was assayed in a 100 μl reaction mixture for 30 min at 37 °C. The reaction mixture
contained 100 mM Tris–HCl pH 8.6, 10 mM L-serine, 0.3 μCi L-[14C(U)]-serine and 0.5
mg/ml BSA. The extent of saturation of the enzyme with PLP was tested by running the
activity assay in the presence or absence of 0.2 mM PLP. The reaction was performed in the
presence or absence of AdoMet in a final concentration of 0.3 mM. The reaction mixture
with enzyme was incubated at 37°C for 5 min and the reaction was initiated by addition of
L-homocysteine to a final concentration of 10 mM.

The thermal pre-treatment of the enzyme prior the the CBS activity assay was performed as
described before [16]. Briefly, the purified enzyme was diluted to a final concentration of
0.1 mg/ml in Tris-buffered saline pH 8.6, 100 μM PLP. The enzyme solutions (50 μl) were
heated in 200-μl thin-walled PCR tubes in a Mastercycler gradient PCR thermal cycler
(Eppendorf). The temperature was raised from 37°C to 60°C in 0.5°C-increments with a 1
min incubation at each temperature. Aliquots (12 μl) were collected into separate tubes at
designated temperatures and kept on ice until the last aliquot was taken. The CBS activity
was subsequently determined as described above.
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Thermal denaturation
To characterize the thermal stability of the purified enzymes, the protein absorption
spectrum was monitored between 25°C and 90°C every 2.5°C after 2 min of equilibration at
each temperature. A full spectrum was recorded on an Agilent diode array model 8453 UV-
visible spectrophotometer equipped with a Peltier temperature controller. One ml of a
protein sample (0.2 mg/ml) was prepared by diluting the stock protein with the appropriate
amount of buffer (1x TBS) and then placed in a quartz cuvette with a 1-cm path length. A
micro stir bar (100 rpm) was put into the cuvette to reduce the thermal gradient of the
sample.

Results
Construction and initial evaluation of CBS constructs

Three different constructs for CBS, carrying a short affinity (6xHis) tag, were prepared and
tested (Fig. 2). They were compared to each other and to our established GST-based
expression/purification system for CBS in order to test the hypothesis that a bulky fusion
partner (GST) may interfere with the folding of this CBS mutant polypeptide and to
investigate the usefulness of the 6xHis-based expression/purification system for studying the
CBS mutants. The pET28-C-hCBS construct yields an enzyme bearing a permanent 6xHis
tag at the C-terminus, while the pET28-N-hCBS and the pET47-NP-hCBS constructs yield
enzymes with a permanent or a cleavable 6xHis tag at the N-terminus, respectively (Fig. 2).
Moreover, the expressed CBS from the pET47-NP-hCBS construct resulted in an identical
amino acid sequence, after cleaving off the 6xHis tag with HRV3C protease, as the CBS
enzyme from the pGEX-6P1-hCBS construct after proteolytic removal of the GST partner.
This approach allowed for a direct comparison of the effect of a bulky fusion partner (GST)
and a short affinity tag (6xHis).

After the introduction of the R266K mutation by site directed mutagenesis and the
transformation of the verified constructs into expression host cells, we performed initial
expression of the 6xHis-tagged constructs along with our established GST-based one (Fig.
3). We successfully expressed wild type as well as the R266K mutant CBS proteins from all
four constructs based on denaturing SDS-PAGE Western blot analysis of the crude extracts
(Fig. 3A). The expression from the constructs with the C-terminal 6xHis tag resulted in
somewhat higher yields compared to the other constructs for both wild type and R266K
CBS. Interestingly, the native gel-Western blot analysis showed the presence of CBS
tetramers [16, 23, 30] for all constructs except for the GST-based construct of R266K CBS
(Fig. 3B). This construct completely lacked the native tetramers which fully corresponded
with this construct having no detectable CBS activity (Fig. 3C). The relative amounts of
detectable CBS tetramers were substantially higher for the pET28-C-hCBS constructs of
wild type as well as R266K CBS compared to the other ones, which also translated to
significantly higher CBS specific activities of these two constructs (Fig. 3B, 3C). Direct
comparison of similar 6xHis-tagged constructs of wild type and mutant CBS showed that
R266K CBS has approximately 65% of the wild type activity. This result suggests that the
short affinity tag located at the C- or the N-terminus does not interfere with the folding,
assembly and activity of the mutant in sharp contrast to the GST-CBS mutant construct,
which yielded an inactive unassembled enzyme.

Chemical chaperone screening
In our previous work, we have successfully used small chemical chaperones, such as
dimethylsulfoxide (DMSO), trimethylamine-N-oxide (TMAO) or ethanol, to promote
folding and assembly of several mutant CBS enzymes expressed using the GST-based
system [16]. For that reason, we were interested in whether the inclusion of the chemical
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chaperone in the growth medium would enhance the folding and ultimately activity of the
GST-based as well as the 6xHis-tagged mutant CBS constructs. The presence of a chemical
chaperone in the bacterial culture expressing the GST-CBS R266K construct did not
improve the folding or activity of the enzyme (Fig. S1A). Western blot of a native gel
showed the total absence of CBS tetramers in lieu of inactive aggregates. Similarly,
chemical chaperones did not enhance the mutant CBS folding and activity when expressed
with a 6xHis tag (Fig. S1B). Even though there was an apparent abundance of CBS
tetramers, when DMSO was included in growth medium of the C-terminally 6xHis-tagged
construct, compared to a non-chaperoned sample, the specific activity was not affected. The
similar results were obtained when the R266K CBS construct with an N-terminal 6xHis tag
was screened in the presence of the chemical chaperones (data not shown). These results
suggest that the inclusion of a chemical chaperone in the growth medium cannot rescue the
inactive GST-CBS R266K construct and has no significant impact on the 6xHis-tagged
constructs.

Purification of the R266K mutant enzyme
As we were unsuccessful with the expression of an assembled tetrameric R266K CBS
mutant, the presence of an active tetrameric 6xHis-tagged CBS mutant (Fig. 3) encouraged
us to purify this mutant to homogeneity. We selected the CBS construct with a permanent C-
terminal 6xHis tag, whose crude extracts in initial screening and the screening of chemical
chaperones showed the highest amount of CBS protein as well as active tetramer and
specific activity (Fig. 3). The purification of the C-6xHis-tagged R266K CBS resulted in ~
80% purity after a single TALON chromatography step (Fig. 4). After an additional DEAE
chromatography step, the purity of the enzyme increased to ≥ 90% (Fig. 4) and in total a 15-
fold increase in specific activity compared to the crude extract was achieved (data not
shown). The saturation of the enzyme with heme cofactor was expressed as a ratio of
absorbance at 430 nm (Soret peak) to 280 nm (total protein peak). The A430/280 of R266K
CBS, equal to 0.91, was slightly lower compared to the wild-type CBS construct prepared
using the same purification procedure (1.01; Fig. S2); however, within the range of
variability for both wild-type and mutant CBS (0.9–1.2) [16]. Overall yield from the two
column purification of R266K CBS yielded about 5.5 mg per liter of culture, which is
approximately half of the yield for a similar wild type CBS construct (10.2 mg per liter of
culture). These results suggest that the 6xHis tag construct represents an efficient way for
high level expression and purification of wild type and mutant CBS.

Enzymatic activity and effect of increasing temperature on R266K CBS
We compared the purified wild type and the R266K mutant CBS enzymes to each other in
terms of their response to (i) an additional PLP, (ii) a CBS allosteric activator AdoMet and
(iii) an increased temperature pre-treatment of the enzyme prior to the activity assay. Table 1
shows that activity of R266K CBS in the absence of an additional PLP and AdoMet was
essentially equal to that of wild type. However, a mutant enzyme seemed to be less saturated
with the PLP cofactor than a wild type as the addition of the PLP to the assay increased its
activity ~1.5 times. On the other hand, the R266K CBS response to AdoMet stimulation was
significantly lower (2-fold increase) compared to that of wild type (4-fold increase) when
assayed simultaneously (Table 1). Comparison of wild type CBS enzymes purified using
either 6xHis tag or the GST fusion partner showed that they are practically identical in their
specific activity, PLP and AdoMet response (Table 1) suggesting that the presence of the
additional sequence at the C terminus does not affect catalytic properties of the enzyme.

The temperature pre-treatment of R266K CBS showed an interesting feature compared to
the wild type enzyme (Fig. 5). Thermal pre-treatment at 53°C of human CBS, close to its
melting point, is known to stimulate its activity and thus mimic the effect of AdoMet [3, 16].
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The activity of thermally pre-treated R266K CBS never reached the activity of an AdoMet-
stimulated enzyme as the wild type enzyme did. Moreover, after reaching 55°C the mutant
enzyme started to lose activity. Compared to a profile of the wild type CBS, it seemed that
the increased temperature caused a premature destabilization of mutant enzymes resulting in
its decreasing activity.

Thermal denaturation
Fig. 6 shows the thermal denaturation profiles of R266K and wild type CBS. We compared
the thermal profiles of the enzymes recorded at two different wavelengths: absorbance at
320 nm is mainly due to the light scattering of the thermally unfolded and aggregated
protein and absorbance at 430 nm corresponds to an absorption maximum of CBS (Soret
peak). The R266K CBS mutant started to form aggregates at a lower temperature than the
wild type (Tonset = 52°C, Tm = 66°C at 320 nm for the mutant compared to Tonset = 58°C,
Tm = 68°C at 320 nm for the wild type enzyme). Monitoring the intensity of the CBS Soret
peak also revealed a significant difference between R266K CBS compared to that of wild
type. For wild type CBS, an increase in heme absorbance at 430 nm is preceded by an initial
decrease, whereas for R266K only an increase in heme absorbance with temperature was
detected (Fig. 6). The presented data suggest that the R266K mutant is thermally less stable
than wild type, presumably due to changes in the heme environment.

Discussion
The successful purification of proteins of interest to homogeneity is the first critical step in
their detailed characterization. The purification of mutant forms of proteins has its own
challenges due to the effect of the mutation on their native properties. Recently, we have
reported a successful purification and characterization of wild type and eight mutant CBS
enzymes [16, 22]. The CBS enzymes were expressed as fusion proteins with a GST partner
at the N-terminus, which after cleavage with the HRV3C (also known as PreScission)
protease and subsequent chromatographic separation of the GST yielded a ≥90% pure CBS
polypeptide with only a single extra amino acid residue, glycine, at the N-terminus of CBS
compared to the native sequence. We have used the same expression/purification system to
prepare CBS enzyme containing cobalt protoporphyrin instead of heme in order to unravel
the role of the heme cofactor in CBS enzymes from higher eukaryotes [23]. However,
several mutant forms of CBS including R266K eluded our efforts of purification and
characterization using this procedure. Our data presented here shows the GST-tagged
R266K CBS mutant forms inactive aggregates, which precluded its purification. To our
surprise, Singh et al. [20] reported a successful purification and spectroscopic
characterization of an R266K CBS mutant using a GST-based system. However, compared
to our GST-CBS construct the spacer between the GST fusion partner and CBS was
substantially longer and after cleavage with thrombin protease, the final CBS carried an
extra 11 amino acid residues. These opposing results, using similar expression systems,
suggested that although our construct yields a CBS polypeptide as similar to the native CBS
sequence as possible, which works for wild type as well as many CBS mutants, the presence
of GST likely interferes with the folding and/or proper assembly of the CBS polypeptide for
some mutants, such as R266K. The extra 11 residues in the construct of Singh et al. [20]
most likely prevented undesired interactions between GST and CBS. The potential
disadvantage of an extended spacer between GST and CBS is an alteration of some of the
enzymes properties. Janosik et al. [3] reported a significantly lowered (~9-fold) Km of CBS,
with 23 extra residues at the N-terminus, for homocysteine. Altogether, the data suggests
that there was a need for a new construct, which would allow for efficient expression and
purification of both wild type and mutant CBS. Such construct(s) should avoid the use of a
bulky fusion partner such as GST, which may interfere with the structural properties of CBS
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polypeptides, and at the same time should yield the CBS sequence as close to its native
sequence as possible to avoid alterations in the biochemical properties of the purified CBS
enzymes.

We prepared three CBS constructs carrying a short affinity (6xHis) tag and evaluated their
efficacy for the production of pure wild-type and mutant CBS enzymes. Generally, the small
size of the 6xHis tag does not interfere with the folding, assembly or biochemical properties
of the partner protein [26]. Recently, a new cost-effective and efficient expression/
purification system for CBS based on a short affinity (6xHis) tag has been reported [28].
The authors reported that the CBS construct bearing the C-terminal 6xHis tag was insoluble
probably due to a destabilization of the CBS oligomeric structure, which resulted in
aggregation and precipitation. In our hands, the C-terminally 6xHis-tagged CBS construct
yielded a soluble CBS polypeptide. Moreover and in stark contrast to the previously
reported study [28], our construct yielded more active tetrameric CBS enzyme in crude
extract than any other 6xHis-tagged or GST-based constructs tested herein. The plausible
explanation of such different results may possibly involve a failure to verify the DNA
sequence or a problem with expression and/or purification of Belew’s et al. construct [28].

The presence of chemical chaperones such as ethanol, TMAO or DMSO during CBS
expression was recently shown to facilitate proper folding and to rescue the activity of
several CBS mutants [15–17]. We have also shown that the effect of chemical chaperones
may be indirect by increasing the steady-state levels of molecular chaperones, such as DnaJ,
a microbial analog of HSP40 [16]. The lowering of the temperature from 37°C to 18°C
during CBS expression had a similar effect as the presence of chemical chaperones on
recovery of native tetramers and activity of several CBS mutants [21]. This data suggests
that the deficiency in CBS activity may be in some instances caused by misfolding that may
be alleviated by folding under permissive conditions. The R266K CBS mutant was found to
be responsive to a chaperone treatment by inclusion of betaine or glycerol in the growth
medium or to the lowering of the temperature during bacterial growth and CBS expression
[17, 21]. In this study we demonstrated that the presence of ethanol, TMAO or DMSO as
chemical chaperones did not promote a significant increase in R266K CBS activity when
expressed from a GST-based or 6xHis-based construct. However, we detected an increased
amount of native tetramer for the C-terminally 6xHis-tagged R266K CBS, which indicates
that chemical chaperones promoted proper folding and/or tetramer assembly of this protein.
The lack of correlation between the increased amount of native tetramer and no significant
changes in the specific activity of R266K may be explained by a topology of this particular
mutation. According to the crystal structure of the truncated form of human CBS, the R266
is a residue buried in the structure of the CBS globule [5, 6]. Kozich et al. [21] showed that
several buried mutations, particularly G307S, lacked the correlation between the amount of
native tetramers and specific activity of the CBS mutant. On the other hand, increased
activity of several CBS mutants containing a solvent-exposed mutation mirrored the
increased amount of tetramers suggesting that solvent-exposed mutations are more likely to
respond to interventions aimed at correcting their impact on CBS polypeptide folding.

The R266 is not just a buried residue within the CBS structure, but also an important residue
in the second coordination sphere of the axial heme ligand C52. Singh et al. [20] showed
that the electrostatic interaction between R266 and C52 is critical for the stabilization of the
ferrous heme and its disruption leads to the irreversible formation of an inactive ligand-
switched species. The relevance of their finding is somewhat questionable since it is not
known whether CBS heme undergoes redox changes in vivo and thus whether there is any
heme-based allosteric redox regulation of CBS activity. Here we showed that the R266K
mutation affects (i) the enzyme saturation with a PLP cofactor, (ii) the response to the CBS
allosteric activator AdoMet and (iii) the thermal stability compared to wild type. The modest
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increase in CBS mutant activity after addition of exogenous PLP correlates well with the
results reported by Singh et al. [20]. The extent of CBS response to AdoMet varies greatly
and partially correlates with the folding, assembly of tetramers and particularly with the
relative position of the catalytic core to its C-terminal regulatory region. In addition, the
thermal pre-treatment of CBS prior to an activity assay mimics the enzyme activation with
AdoMet [3, 16]. Our data showed that the response of the R266K CBS mutant to AdoMet is
significantly lower compared to wild type. Moreover, thermal pre-treatment resulted in only
a modest increase in activity and then began to decrease in activity after 55°C possibly due
to premature aggregation.

Indeed, the R266K mutant formed aggregates at a lower temperature than wild type
suggesting its decreased thermal stability. The differences at 430 nm, monitoring the Soret
peak of the CBS heme, between the wild type and mutant spectra may be plausibly
explained by a premature aggregation of the mutant enzyme. The decrease of Soret peak
intensity for wild type enzyme with increasing temperature is most likely due to the loss of
the heme ligand, which converts the heme from a low-spin into a high-spin species [31, 32].
The subsequent increase in 430 nm absorbance with increasing temperature is most likely
due to protein aggregation, which increases the baseline absorbance. In R266K, the loss of
the heme ligand was either not present or masked by a more facile aggregation. We assume
that the R266K heme environment, where the pathogenic mutation already affects the
stability of the heme thiolate ligand, is more sensitive to heme ligand loss with increasing
temperature than wild type, which in turn immediately triggers protein aggregation.

Our previous studies showed that heme is essential for the expression of an active human
CBS and that the saturation of enzyme with heme cofactor directly correlates with an
amount of bound PLP and thus with CBS catalytic activity [33–35]. Destabilization of CBS
heme’s second coordination sphere by the R266K missense mutation may be communicated
to the PLP-containing active site of CBS via α-helix 8 and possibly resulting in premature
irreversible loss of PLP cofactor in the partially unfolded enzyme by the thermal pre-
treatment. Such a link would further confirm the importance of an intact connection between
heme and PLP in human CBS. Detailed spectroscopic characterization of the R266K heme
environment will be a subject of another study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

δ-ALA δ-aminolevulinic acid

AdoMet S-adenosyl-L-methionine

BSA bovine serum albumin

CBS cystathionine β-synthase

GST glutathione S-transferase
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IPTG isopropyl-β-D-1-thiogalactopyranoside

PLP pyridoxal-5′-phosphate

SEM standard error of the mean

WT wild type
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Highlights

1. Nature and position of affinity tag is critical for mutant CBS folding and
assembly

2. C-terminal His-tagged WT and R266K CBS has the highest activity among all
constructs

3. The heme in R266K mutant is more susceptible to ligand switch than WT

4. The R266K mutation most likely destabilizes the thiolate ligand of the heme
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Figure 1. Relationship between heme and active site PLP in human CBS
Heme cofactor is axially coordinated by residues C52 and H65. Thiolate of C52 is stabilized
by hydrogen bonding with R266 residing on the α-helix 8. Disturbances in heme’s
coordination, due to e.g. the presence of a pathogenic mutation such as R266K, may be
projected by the other end of α-helix 8 into the PLP-containing active site.
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Figure 2. Protein sequence alignment of the CBS constructs
Bold sequence marked by asterisks designates CBS sequence that is conserved among the
constructs. The pGEX-6P1-hCBS yields fusion protein with the GST (semibold italic) and
the HRV3C protease recognition site (italic) at the N-terminus of CBS. The pET28-C-hCBS
and pET28-N-hCBS constructs carry permanent 6xHis tag (underlined) at the C-terminus
and the N-terminus of CBS, respectively. The pET47-NP-hCBS construct yields CBS
enzyme with 6xHis tag and HRV3C protease recognition site at the N-terminus of CBS. The
GST partner or 6xHis tag can be removed after cleavage with HRV3C protease (designated
by an arrow) yielding native CBS sequence with only one extra amino acid (glycine) at the
N-terminus from the pGEX-6P1-hCBS and the pET47-NP-hCBS constructs. Dashes
represent gaps in protein alignment, while dots stand for the remaining sequence of either
GST or CBS.
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Figure 3. Expression, native conformation and activity of various CBS constructs of wild type
and the R266K mutant
The SDS-PAGE-Western blot (A), native-PAGE-Western blot (B) and CBS activity (C) of
the CBS constructs of wild type and the R266K mutant. The crude extracts (soluble fraction,
30 μg) were separated either in a 10% Tris-HCl gel using reducing denaturing conditions
(A) or in a 4–15% Tris-HCl gel under native conditions (B), transferred to a polyvinylidene
difluoride membrane and probed with monoclonal anti-CBS antibody (Abnova). Arrows
designate the GST-CBS fusion protein, 6xHis-tagged CBS protein and native tetramers,
respectively.

Majtan and Kraus Page 17

Protein Expr Purif. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Two-step purification of R266K CBS with C-terminal 6xHis tag
Each protein purification fraction was separated on a 9% SDS–PAGE gel and stained using
Simply Blue Safe stain (Invitrogen). Lanes: M, Molecular weight marker (Biorad); 1, crude
extract (10 μg); 2, Cobalt TALON column elution (10 μg); 3, DEAE Sepharose elution (4.5
μg); 4–6, purified R266K CBS (10 μg, 5 μg and 1 μg, respectively). The arrow designates
the CBS subunit.
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Figure 5. The effect of thermal pre-treatment of wild type and R266K CBS on their specific
activity in the absence and presence of AdoMet
Filled and open squares designate wild type CBS in the absence and presence of AdoMet,
respectively. Filled and open triangles represent R266K CBS in the absence and presence of
AdoMet, respectively. CBS activities are expressed in percent relative to the activity of wild
type CBS at 37°C in the absence of AdoMet representing 100% (128 ± 0.4 U/mg of protein).
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Figure 6. Thermal denaturation profiles of wild type and the R266K CBS enzymes
Absorbance was recorded as a function of temperature at two different wavelengths. The
absorbance at 320 nm (squares) is mainly due to light scattering of the thermally unfolded
and aggregated protein. The absorbance at 430 nm (circles) corresponds to an absorption
maximum of CBS (Soret peak). Filled symbols designate wild type CBS, while open
symbols correspond to the R266K CBS mutant.
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Table 1
Activity, PLP and AdoMet response of purified R266K CBS mutant compared to wild
type

The purified enzymes were assayed for CBS catalytic activity in the classical reaction. The saturation of the
purified enzyme with PLP cofactor was tested by running the activity assay in the presence or absence of 200
μM PLP. The AdoMet response was determined by assaying the enzyme in the presence or absence of 300 μM
AdoMet. The − and + signs denote the absence and presence, respectively, of PLP or AdoMet in the reactions.
Values represent average values with S.E.M. from at least three independent assays.

PLP (200 μM) AdoMet (300 μM) CBS Specific Activity (U/mg of protein)

R266K CBS WT CBS WT CBS (pGEX)*

− − 130 ± 10 128 ± 6 128 ± 15

− + 299 ± 35 444 ± 22 470 ± 34

+ − 191 ± 17 137 ± 5 148 ± 21

+ + 386 ± 26 507 ± 34 530 ± 45

*
For comparative purposes the specific activities for CBS expressed from pGEX-6P1-hCBS were taken from Majtan et al. [16].
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