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Cystathionine �-synthase (CBS), a key enzyme in the metab-
olism of homocysteine, has previously been shown to require a
heme co-factor for maximal activity. However, the biochemical
function of theCBSheme is notwell defined.Here, we show that
expression of human CBS in heme-deficient strains of Saccha-
romyces cerevisiae and Escherichia coli results in production of
an enzyme that is misfolded and degraded. Addition of exoge-
nous heme, porphyrins with non-iron metal, or porphyrin lack-
ingmetal entirely produced stable and activeCBS enzyme. Puri-
fication of recombinant CBS enzyme expressed in the presence
of various metalloporphyrins confirmed that Mn(III) and
Co(III) had 30–60% of the specific activity of Fe(III)-CBS, and
still responded to allosteric activation by S-adenosyl-L-methio-
nine. Treatment of S. cerevisiae with the chemical chaperone
trimethylamine-N-oxide resulted in near complete restoration
of function to human CBS produced in a heme-deficient strain.
Taken together, these results suggest that porphyrin moiety of
the heme plays a critical role in proper CBS folding and assem-
bly, but that themetal ion is not essential for this function or for
allosteric regulation by S-adenosyl-L-methionine.

Cystathionine �-synthase (CBS)3 is a pyridoxal phosphate
(PLP)-dependent enzyme that catalyzes the condensation of
serine and homocysteine to cystathionine, the first step of the
trans-sulfuration pathway. Deficiency of CBS is themajor cause
of hyperhomocysteinemia and homocystinuria in humans (1).
Mildly elevated levels of homocysteine in plasma represent an
independent risk factor for cardiovascular diseases, osteoporo-
sis, age-related dementia, and neural tube defects (2–5).
HumanCBS is a uniquemember of the PLP-dependent enzyme

family in that it binds an additional cofactor, heme. CBS forms
homotetramers comprised of identical subunits of 551 amino
acids each with a molecular mass of �63 kDa. The CBS mono-
mer has a modular structure in which the N-terminal, the mid-
dle, and the C-terminal regions serve as heme binding, catalytic
and regulatory domains of the enzyme, respectively (6). The
C-terminal regulatory domain consists of a hydrophobic CBS
domain tandem named CBS1 and CBS2, which were recently
identified as the binding site for the allosteric CBS activator
S-adenosyl-L-methionine (AdoMet) (7, 8). It has been shown
that the C-terminal region also performs an autoinhibitory
function by partial shielding the active site. Binding of AdoMet,
deletion of the C-terminal region, increased temperature or
specificmutations alleviate this inhibitory effect (9, 10). A trun-
cated 45-kDa form of CBS (1–413 residues), devoid of the
C-terminal region forms homodimers, which are constitutively
activated and unresponsive to AdoMet (11). This truncated
CBS was successfully used to generate crystals used to resolve
the CBS tertiary structure (12, 13). Although the functions of
the regulatory C-terminal domain and the central catalytic core
binding the PLP cofactor have been elucidated, the role of the
heme cofactor is still unanswered. The N-terminal heme moi-
ety is coordinated by Cys52 and His65 residues (12). CBS from
Saccharomyces cerevisiae, as well as Trypanosoma cruzi, lack
the heme cofactor of human CBS (14–16). These enzymes are
also not stimulated by AdoMet suggesting that: 1) heme and
AdoMet stimulation are new acquisitions in evolution of higher
eukaryotes, and 2) that AdoMet activation may be dependent
on the presence of heme in CBS. Furthermore, heme-free
N-terminal-truncated human enzyme is catalytically active as
are human CBS crystals from which the heme was removed
(17). The above mentioned facts preclude a direct role of heme
in CBS catalysis as does the �20-Å distance between the heme
moiety and the PLP cofactor (12, 13). Taoka et al. (13, 18) pro-
posed a role for heme as a redox sensor because CBS heme iron
reduction has been correlated with a 50% decrease in the enzy-
matic activity. The potential physiological role for such redox
sensing may be to regulate intracellular homocysteine flow by
switching between the transmethylation and trans-sulfuration
pathways. Our recent results suggest that enzymatic activity of
the reduced CBS is indistinguishable from its oxidized form
(19). The ferrous CBS is unstable under the assay conditions
and undergoes a heme ligand switch inactivating the enzyme
(20–22).
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Here we examine the potential role of the heme moiety in
CBS folding and in its interaction with AdoMet and PLP. We
have developed two different systems that allowed us tomanip-
ulate the heme content of human CBS. For the first system, we
have engineered a yeast strain that is deficient in heme biosyn-
thesis and expresses human but not yeast CBS. In this strain, we
found that CBS expression and activitywere directly dependent
on the availability of exogenous heme. Furthermore, various
heme analogs were examined to test for the iron requirement in
the protoporphyrin. Interestingly, the chemical chaperone tri-
methylamine N-oxide (TMAO) was able to substitute for a
structural function of heme and allowed for the formation of
stable and active enzymes. In the second system, we used Esch-
erichia coli deficient in heme synthesis for expression and puri-
fication of human CBS containing various heme analogs. Our
results suggest that heme plays a key role in proper CBS folding
and assembly.

EXPERIMENTAL PROCEDURES

Chemicals—Unless stated otherwise, all chemicals were pur-
chased from Sigma or Fisher Scientific. Protoporhyrins were
purchased from Frontier Scientific. L-[U-14C]Serine was
obtained from PerkinElmer Life Sciences.
E. coli and S. cerevisae Strains—All bacterial and yeast strains

used in this study are listed in Table 1. pHCBS was created
as previously described (23). WY254 was derived from
W303�HEM2 (15) by transformation with a cys4::HIS3 knock-
out plasmid as previously described (24).
CBS Expression and Preparation of Crude Extracts in Yeast—

Yeast cells were grown in synthetic complete media supple-
mented with ergosterol (20 �g/ml) and Tween 80 (5 mg/ml) to
anA600 � 1.0 and extracts were prepared bymechanical lysis as
previously described (10). To determine the effect of the chem-
ical chaperone, TMAO, it was dissolved in the growth medium
in a final concentration of 0.2–0.8 M and filter sterilized. The
supernatant was used as a soluble fraction.
CBS Expression and Preparation of Crude Extracts in E. coli—

The expression of human CBS in the presence and absence of
different porphyrins and preparation of crude extracts from
E. coli cells were performed as described previously with some
modifications (19). The previously described expression plas-
mid encoding human CBS as a fusion protein with glutathione
S-transferase was used in all E. coli expression experiments
(19). Strains were grown in 50 ml of LB medium anaerobically
under a layer of sterilemineral oil at 30 °Cwith gentlemixing on
a magnetic stirrer. Bacterial cells used as an inoculum for these
cultures were grown twice anaerobically in the absence of any
protoporphyrin. The growth medium was supplemented with
100 �g/ml ampicillin, 0.001% thiamine-HCl and the desired
protoporphyrin to give a final concentration of 60 �g/ml. The
porhyrinswere kept sterile in the dark at 4 °C as a 2mg/ml stock
solution dissolved in 0.2 M Na2HPO4, pH 12. Expression was
carried overnight (16–20 h) by induction using isopropyl �-D-
1-thiogalactopyranoside at a final concentration of 150 �M.
Harvested cells were washed in 0.9% NaCl and subsequently
lysed in an ice-cold buffer containing 1� TBS, pH 8.6, 1 mM
dithiothreitol, 1%TritonX-100, 2mg/ml lysozyme, 100�MPLP
and Sigma bacterial protease inhibitor mixture. Crude extracts

were obtained after shearing the genomic DNA by sonication
and removing the insoluble fraction by centrifugation at
20,000 � g for 30 min.
Expression and Purification of CBS Substituted with Heme

Analogs—The starter cultures were grown as described above.
Overnight expressions were carried out in tightly sealed 2-liter
bottles (Nalgene) degassed for 15min with sterile nitrogen. For
purification of the fusion proteins, the crude extracts were
incubated for 10 min at room temperature with 2 mMATP and
10 mM MgSO4 to prevent nonspecific interaction of E. coli
DNAKprotein with the affinity resin. The fusion proteins were
purified on a glutathione-Sepharose column as described pre-
viously (19). The isolated GST-hCBS fusion proteins were
cleaved with Prescission protease (GEHealthcare) in 1� cleav-
age buffer (50mMTris-HCl pH 7.0, 150mMNaCl, 1mM EDTA,
and 1mM dithiothreitol) at 4 °C for 12 h at a final concentration
of 0.5 units/mg of protein. The cleaved fusion protein was sub-
sequently concentrated on Amicon YM-30 (Millipore) with
three buffer exchanges for 20 mM HEPES, pH 7.4, 1 mM Tris-
(2-carboxyethyl)phosphine, and 0.01% Tween 20.
Spectroscopic Measurements—The UV-visible spectra of

purified CBS proteins were measured at room temperature in a
HP diode array model 8453 UV-visible spectrophotometer in
20 mM HEPES, pH 7.4, 1 mM Tris-(2-carboxyethyl)phosphine,
0.01% Tween 20.
CBS Activity Assay—The CBS activity was determined by a

previously described radioisotope assay using L-[U-14C]serine
as the labeled substrate (25). The reaction was started by the
addition of 150�g of the crude extract or 25�g of concentrated
cleaved fusion protein, respectively. Protein concentrations
were determined by the Lowry procedure using bovine serum
albumin as a standard (26).
Protein Gel Electrophoresis and Western Blot—Denatured

proteins were separated by SDS-PAGE (27) using a 9% separat-
ing gel with a 4% stacking gel. The commercially available appa-
ratus (Criterion, Bio-Rad) was used for separation of either
denatured proteins by SDS-PAGE using 10% Tris-HCl precast
gels or native samples using 4–12% polyacrylamide gradient
Tris-HCl precast gels. For visualization, gels were stained with
Simple Blue (Invitrogen).
Western blot analysis of crude cell lysates under denaturing

conditions was performed as described previously (17). After
electrophoresis, the separated proteins were transferred onto a
polyvinylidene difluoride membrane (Millipore) and probed
with affinity-purified polyclonal or commercial monoclonal
anti-CBS antibody (Abnova), respectively. The Precision Plus
Standard Kaleidoscope (Bio-Rad) was used asmolecular weight
marker for SDS-PAGE gels.

RESULTS

CBS Expression and Activity Is Dependent on Heme
Availability—We developed an expression system for human
CBS in a yeast strain deficient in both heme and yeast CBS
biosynthesis to study the role of heme in human CBS expres-
sion, folding, and activity. Strain WY254 (Table 1) contains a
deletion of the yeast CBS gene (�cys4) and contains a mutation
in theHEM2 enzyme, which catalyzes the conversion of �-ALA
to porphobilinogen, the second step in the heme biosynthetic
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pathway. This strain can grow in media supplemented with
ergosterol and Tween 80 as a source of unsaturated fatty acids
and sterols (15). We transformed WY254 with an expression
vector carrying human WT CBS and created WY254pHCBS
(23). To study the effect of heme availability on CBS we grew
this strain in the minimal medium supplemented with 2%
ergosterol and 0.5% Tween 80, and 30 �g/ml glutathione in the
presence of exogenous hemin in concentrations ranging from 0
to 100�g/ml ofmedium. Fig. 1 shows that expression of CBS as
well as its specific activity increase with increasing hemin con-
centration in the growth medium.Without hemin supplemen-
tation there was no signal for CBS on a Western blot probed
with monoclonal anti-CBS antibody. As the concentration of
hemin gradually increased, the CBS band intensity increased as
well (Fig. 1, top). Similarly, there was no CBS activity without
added hemin and activity gradually grew in response to higher
hemin concentrations (Fig. 1, bottom). The maximum activity
achieved was �25% of the positive control (WY61 WT yeast
strain with deleted endogenous yeast CBS and transformed
with plasmid expressing humanWT CBS). At the highest con-
centration of hemin in the medium (100 �g/ml) we still did not
attain the intensity of the control CBS band on Western blot.
The signal saturation was not achieved even if the concentra-
tion of hemin was increased to 300 �g/ml (data not shown). At
concentrations higher than 100 �g/ml, the yeast growth was
substantially slower and precipitation of hemin in the growth
mediumwas observed.Western blot analysis did not detect any

CBS in insoluble fractions (data not shown). This result sug-
gests thatCBS expressed in yeast in the absence of heme is likely
misfolded and degraded.
The enzyme activity was fully responsive to AdoMet (not

shown), as can be expected for human enzyme but not for the
yeast enzyme (15). These results indicate that availability of
heme is a limiting factor for CBS expression, thus one of the
functions of heme may be to nucleate proper folding and/or
assembly of the enzyme.
The Iron in Heme May Be Replaceable by Other Metals—To

further support one of the possible heme roles as a structural
scaffold during CBS synthesis and/or assembly we decided to
express CBS from the heme-deficient yeast strain in the pres-
ence of various porphyrins coordinated to different metals at a
final concentration of 100 �g/ml. The selected porphyrins
share the same structure of the porhyrin ring but they differ in
the metal in the central position. We also included protopor-
phyrin IX, which does not possess any metal within its struc-
ture. We detected CBS in each yeast extract on a Western blot
probed with monoclonal anti-CBS antibody (Fig. 2, top). The
amounts of detected CBS on Western blot roughly correlate
with CBS activities for the same samples (Fig. 2, bottom). Pro-
toporhyrin IX (PPIX), Zn(II)-PPIX, and Co(III)-PPIX gave the
highest activities roughly equivalent to 17% of a positive con-
trol. We also examined human CBS expressed in heme-defi-
cient E. coli. Again, we found that all of the porphyrins tested
resulted in increased CBS protein and activity (Fig. 3).

FIGURE 1. Dependence of CBS expression and activity on heme concen-
tration. Western blot of yeast strain WY254 bearing plasmid expressing
human CBS. Cell lysates (20 �g/lane) were electrophoresed on a 9% SDS-gel.
Following Western transfer, CBS was detected using anti-CBS monoclonal
antibody (upper panel). The cell lysates were assayed for CBS activity and the
results were plotted (bottom panel). The strains WY61 and WY79 served as
positive and negative controls, respectively.

FIGURE 2. Expression and activity of human CBS in the presence of vari-
ous heme analogs in yeast system. Cell lysates (20 �g/lane) were electro-
phoresed on a 9% SDS gel. Following Western transfer, CBS was detected
using anti-CBS monoclonal antibody (upper panel). Graph of corresponding
CBS activities (bottom panel). Strains WY61 and WY79 served as positive and
negative controls, respectively.

TABLE 1
Bacterial and yeast strains used in this study

Strain Genotype Ref.
S. cerevisiaeWY254 � ade2, can1, his3, leu2, trp1, ura3, hem2::LEU2, cys4::HIS3 See “Experimental Procedures”
S. cerevisiaeWY79 � ade2, can1, his3, leu2, trp1, ura3, cys4::LEU2 This study
S. cerevisiaeWY61 � his2, leu2, trp1, ura3, cys4::LEU2 � pHCBS 23 and 24
E. coli HU227 hemA41, relA1, spoT1,metB1, rrnB-2,mcrB1, creC510, Hem-p 45
E. coli RP523 thr-1, leuB6(Am), fhuA21, lacY1, hemB220, glnV44(AS), e14�, rfbC1, glpR200(glpc), thi-1 29
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Taken together, these results demonstrate that the presence
and availability of heme or a porphyrin analog is a limiting fac-
tor in CBS expression. CBS enzymes with different porphyrins
retained their AdoMet responsiveness (results not shown). Our
results further suggest that heme in CBS can be replaced with a
similar structure either possessing nometal or a differentmetal
ion in the central location.
The Function ofHeme inCBS FoldingCanBe Substituted by a

Chemical Chaperone—Recently, it was shown that chemical
chaperones can facilitate proper folding and increase specific
activity of misfolded or unassembled mutant CBS enzymes
(28). We examined if a chemical chaperone could be beneficial
for folding and/or assembly of wild-type human CBS expressed
in the absence of heme. We tested the effect of different con-
centrations of the osmolyte chemical chaperone TMAO on
expression and activity of CBS using our yeast system in the
absence of exogenous heme (Fig. 4). We observed that 0.2 M
TMAO is capable in rescuing expression as well as activity of
CBS to 82% of WT in the absence of exogenous hemin. How-
ever, higher TMAO concentrations led to a decreased expres-
sion (Fig. 4, top) as well as lower specific activity of CBS (Fig. 4,
bottom). This result further supports the chaperone-like func-
tion of heme in proper folding and/or assembly of CBS.
Expression and Purification of CBS Containing Heme

Analogs—The finding that the heme cofactor in CBS can be
replaced by a different porphyrin or even be completelymissing
led us to purification and characterization of such modified
enzymes. For these experiments we chose to use the heme-
deficientE. coli expression system, as it utilized a fusion tag that
facilitated large scale purification of CBS. Therefore, we
employed the hemA mutant E. coli HU227 and hemB mutant
E. coliRP523 containing an uncharacterized permeability alter-
ation that render the bacteria hemin-permeable (29). These
auxotrophicmutants are able to growwithout exogenous heme
supplementation under anaerobic conditions. Preliminary

experiments suggested that the CBS expression levels were
somewhat better in the RP523 strain than in theHU227, thus all
subsequent expressions were done in the former strain. We
transformed it with a plasmid expressing a glutathione S-trans-
ferase (GST)-CBS fusion protein (19). We used this bacterial
system for expression of humanCBS in the presence of porphy-
rins containing Fe(III), Co(III), and Mn(III) metal ion at a final
concentration of 10 �g/ml as well as in the absence of any por-
phyrin. SDS-PAGE shows that the isolated proteins are highly
purified, whereas some degradation is visible in the last lane
containing the heme-free CBS (Fig. 5).
Characterization of the Purified Enzymes—For spectral anal-

ysis and activity determinations some of the purified GST-CBS
fusion proteins were cleaved with Prescission protease to
remove the GST tag (all the heme analog containing CBS),
whereas others were only concentrated as fusion proteins
(heme-free CBS).
The absence of heme in the heme-free CBS was ascertained

by recording absorption spectra in the visible region. Fig. 6
shows spectra of WT and heme-free CBS. In the ferric CBS
there was the characteristic 428-nm Soret absorption peak for
ferric CBS with a broad �/� adsorption centered at �550 nm.
The A428/A280 ratio was equal to 1. On the other hand, the
heme-free GST-CBS fusion protein spectrum did not have any
significant adsorption peak in the visible spectrum. This result
also means that PLP binding to the heme-free CBS was
impaired consistent with our earlier observation that PLP bind-
ing depends on the presence of hememoiety in CBS (30). Fig. 7
shows the spectra of pyridine hemochrome of the reduced por-
phyrins released from Fe(III)-CBS, Mn(III)-CBS, and Co(III)-
CBS. In each case a pyridine hemochrome spectrum of a pro-
toporphyrin sample with a corresponding metal is shown. The
reduced Fe(II)-PPXI spectrum (Fig. 7A) displays a peak at 416
and peaks at 521 and 554 nm in the � and � region, whereas the
Fe(II)-CBS sample has peaks at 419, 524 and 556 nm. These

FIGURE 3. Expression and activity of human CBS in the presence of vari-
ous heme analogs in E. coli system. Western blot of E. coli RP523 bearing
plasmid expressing human CBS. Cell lysates (40 �g/lane) were electrophore-
sed on a 9% SDS gel. Following Western transfer, CBS was detected using
anti-CBS monoclonal antibody (upper panel). Graph of corresponding CBS
activities (bottom panel).

FIGURE 4. Impact of chemical chaperone TMAO on human CBS expression
and activity in the absence of heme. Western blot of yeast bearing plasmid
expressing human CBS. Crude extracts (35 �g/lane) were electrophoresed on
a 9% SDS gel. Following Western transfer, CBS was detected using anti-CBS
monoclonal antibody (upper panel). Graph of corresponding CBS activities
(bottom panel). Strains WY61 and WY79 served as positive and negative con-
trols, respectively.
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peaks are within 1 nm of the pig liver CBS (H-450) hemo-
chrome spectrum of Kim and Deal (31). The � and � peaks also
agree with the hemochrome spectrum of heme b frommyoglo-
bin (32). The Mn(II)-PPXI Soret peak is red-shifted to 436 nm
with the� and� peaks at 559 and 593 nm (Fig. 7B).Mn(II)-CBS
absorbs at 434, 556, and 593 nm. In contrast, the Co(II)-PPXI
shows a shift of the Soret peak to 423 nm and 534 and 567 nm,
whereas Co(II)-CBS has very similar maxima at 423, 535, and
566 nm (Fig. 7C). These spectra demonstrate that the resulting
purified proteins indeed contained the various metals and that
the Mn(III)- and Co(III)-CBS did not contain any appreciable
amount of iron.
Activity assay on purified CBS enzymes showed interesting

results (Table 2). Using our established procedure for expres-
sion and purification of wild type CBS we reproducibly get a
fusion protein with specific activity of around 30 units/mg of
protein. The CBS is expressed under aerobic conditions in a
medium supplemented with the heme precursor, �-ALA. The
enzyme is fully responsive to AdoMet stimulation (2–4-fold) as
well as fully saturated with PLP. However, the specific activity
of CBS expressed under anaerobic conditions utilizing exoge-
nous hemin was only 10.5 units/mg. The enzymes expressed in
the presence of PPIX containing Co(III) and Mn(III) instead of
iron showed similar properties except for somewhat lower spe-
cific activity: 6 and 3 units/mg, respectively. The heme-free
GST-CBS fusion protein had a very low activity of about 1 unit/
mg. All of the enzymes fully responded to AdoMet. With the
exception of the heme-free enzyme the enzymes appear not to
respond significantly to exogenous PLP suggesting that they
exist predominantly as holoenzymes. These results suggest that

the lack of a porphyrin-based cofactor has some effect on PLP
binding as well as catalytic activity with no impact on AdoMet
responsiveness. Thus, it appears that AdoMet responsiveness is
independent of the presence of heme in CBS.

DISCUSSION

The heme is an essential molecule in living organisms from
bacteria to humans, where it plays many critical roles ranging
from redox sensing, a catalytic role as a prosthetic group of
many hemeproteins to regulation of many molecular and cel-
lular processes (33). Unlike other PLP-dependent enzymes cat-
alyzing the production of cystathionine (i.e. cystathionine-�-
synthases, O-succinylhomoserine (thiol)-lyase, or yeast CBS),
the human CBS contains in addition to PLP a second cofactor
heme. The function of heme in humanCBS enzyme is still, after
many years of extensive research, a mystery. The crystal struc-
ture of truncated CBS revealed that the axial ligands of the
heme are Cys52 and His65 (12). Thus the heme is located in the
N-terminal region of CBS in a region that does not have any
apparent structure. The heme of CBS is non-covalently cradled
in a hydrophobic pocket �20 Å from the active site of the
enzyme. As is typical for 6-coordinate heme proteins, CBS
heme does not react readily with exogenous small molecule
ligands. Oxidized Fe(III)-CBS does not react with any common
heme-binding molecules (34). Heme-free enzyme is catalyti-

FIGURE 5. SDS-PAGE analysis of purified recombinant GST human CBS
fusion proteins. 10 �g of each protein was separated on 9% SDS-PAGE gel
and stained with SimplyBlue SafeStain (Invitrogen). Lanes: M, broad range
SDS-PAGE marker (Bio-Rad); 1, Fe(III)-PPIX hCBS; 2, Mn(III)-PPIX hCBS; 3, Co(III)-
PPIX hCBS; 4, GST-hemeless hCBS fusion proteins. The small bands visible in
lane 4 when examined on a Western blot are not detectable with anti-CBS or
anti-GST antibody.

FIGURE 6. Absorption spectra of WT human CBS and GST-hemeless hCBS
fusion protein. The proteins were diluted to final concentration 0.8 �g/ml in
20 mM HEPES, pH 7.4, 1 mM Tris-(2-carboxyethyl)phosphine, 0.01% Tween 20.
Spectra were recorded on HP8453 UV-visible spectrophotometer.
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cally competent but the specific activity is far lower than that of
the holo-enzyme (17, 35, 36). Two proposals have been made
for the role of the CBS heme: 1) heme acts as a redox sensor (13,
18); and 2) heme functions as a structural support during pro-
tein folding (37, 38). Our previous data (20, 21) are inconsistent
with the proposal that CBS activity is regulated by the redox
state of the heme.
Our findings described here support the notion that heme in

human CBS plays a structural role in subunit folding and/or
native tetramer assembly rather than redox sensing or a regu-
latory role. In addition, we demonstrated that the iron proto-
porphyrin IX (heme) can be substitutedwith other analogs pos-
sessing different metal ions in their structure. Such substituted
CBS enzymes retain the ability to form tetramers and are enzy-
matically active.
It was shown previously that the level of saturation of human

CBS with heme substantially affects the yield and activity of the
purified enzyme. The supplementation of cultures with �-ALA,
the heme biosynthesis precursor, had a dramatic impact on the
yield, heme saturation as well as specific activity of human CBS
expressed in E. coli (38). Moreover, the presence of heme moi-
ety in CBS is necessary for PLP binding (30). PLP can be revers-

ibly removed from CBS in the presence of heme. On the other
hand, removal of heme is irreversible and leads to a substantial
decrease in activity. Addition of heme to heme-deficient CBS
could not restore either the activity or an absorption spectrum
of the enzyme (30). Therefore, the presence of heme during
CBS expression and folding is essential for preparation of highly
active human CBS. The in vivo supplementation with hemin
instead of its precursor is less effective. This could be due to a
combination of several factors. First of all, heme is a substan-
tially larger molecule than �-ALA and its uptake may be signif-
icantly slower than that of �-ALA. Second, the solubility of
hemin as well as other porphyrins used in this study at neutral
pH was very low. It increased after transformation of the pro-
toporhyrin acids to salts by dissolving them in a strong base;
however, this process is somewhat reversible depending on the
final pH of the medium. Third, is it well known that hemin as
the natural porphyrin possesses a significant antimicrobial
activity that is augmented by the presence of hydrogenperoxide
or a reducing agent (39).
Heme replacement with similar porphyrins is a powerful

approach toward understanding its function in hemeproteins.
Reconstitution of holoenzyme with non-iron metalloporphy-
rins has long been used in studies ranging from hemoglobin
(40) to prostaglandin H2 synthase-1 (41). Recently, a novel way
of introduction of heme cofactor analogs into proteins at the
level of protein expression was presented (42). Substitution of
iron protoporphyrin usually led to a decrease in enzymatic
activity or even its loss (41, 43). Both the heme and the other
metallo-PPIX-substituted enzymes have significantly lower
activity and lower yield than the aerobically expressedWTCBS.
This change may be due to the use of an E. coli strain with a
mutation in amajor pathway leading to heme biosynthesis. The
enzymes with Co(III)-PPIX and Mn(III)-PPIX had somewhat
lower activity than the Fe(III)-PPIX CBS (Table 2). Although

FIGURE 7. Reduced pyridine hemochromogen spectra of metalloporphyrins extracted from various heme-substituted CBS enzymes. Protoporphyrins
were released from the respective CBS proteins (200 �g) in 30 mM NaOH and subsequently stabilized by adding 1 volume of pyridine to 3 volumes of the alkali
mixture. Samples were reduced with a trace of solid Na2S2O4 and immediately measured. Solid line represents protoporphyrin released from GST-CBS fusion
proteins. Dashed line corresponds to relevant protoporhyrin substance used as a standard. Stock solutions of metalloporhyrins were prepared at 2 mg/ml in 0.2
M sodium phosphate, pH 12. The standards were subsequently prepared the same way as the CBS proteins. A, iron; B, manganese; C, cobalt.

TABLE 2
Characteristics of the various purified CBS enzymes

Sample Specific
activity

AdoMet
response

PLP
response

units/mg protein
Aerobic WT hCBS fusion 36 YES (2.0x) NO (1.1x)
Aerobic WT hCBS cleaved fusion 30 YES (1.7x) NO (1.1x)
Anaerobic hemeless hCBS
fusion

1 YES (2.1x) YES (1.5x)

Anaerobic Fe(III) hCBS cleaved
fusion

10.5 YES (2.3x) NO (1.2x)

Anaerobic Mn(III) hCBS cleaved
fusion

3.0 YES (3.5x) NO (1.2x)

Anaerobic Co(III) hCBS cleaved
fusion

6.0 YES (2.6x) NO (1.1x)
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the only difference between the heme and the studied porphy-
rins is in the centrally coordinated metal ion, the most likely
reason of the diminished activity is altered coordination and
subsequently induced perturbations in tertiary structure result-
ing in inefficient folding. This possibility may explain the pres-
ence of lower oligomers along with the active tetramers on
native PAGE gels (result not shown).
On the other hand, CBS enzymes bearing various heme ana-

logs retained their full responsiveness to AdoMet and ability to
bind PLP. Even though responsiveness to AdoMet and heme
binding occurred in CBS late in evolution they do not seem to
be interdependent.
Improper protein folding resulting in its rapid degrada-

tion, aggregation, or altered trafficking usually due to point
mutations can be in some cases restored by employing
molecular, chemical, or pharmacological chaperones (44).
Recently, the chemical chaperones such as TMAO, glycerol,
or proline successfully partially rescued the enzymatic activ-
ity of three CBS mutants: I278T, T262M, and T353M (28).
Moreover, as we documented here, the chaperone-like effect
of TMAO ameliorated the CBS activity in the absence of
heme. Heme-deficient CBS expressed in the presence of
TMAO was fully responsive to AdoMet stimulation.
Whether the effect of TMAO is direct by promoting better
folding of heme-free CBS or indirect via alteration of activity
of endogenous molecular chaperones, such as heat shock
proteins, is unclear. However, in our previous work we dem-
onstrated that addition of TMAO to an in vitro transcrip-
tion/translation system could increase the specific activity of
missense mutant CBS enzymes suggesting that it may work
directly (28). The fact that Co(III)-PPIX or Mn(III)-PPIX
substituted CBS remains active suggested that the protopor-
phyrin scaffold is required for proper folding of the enzyme
and the nature of the central metal is not critical. The result
obtained with TMAO suggests that the porphyrin itself is
not essential for proper folding of the enzyme and that the
chaperone-like function of the heme can be replaced by an
unrelated chaperone. Moreover, rescue of CBS activity by a
chemical chaperone in the absence of heme could have direct
implications for some CBS-deficient homocystinuria
patients having CBS, which are unable to bind or retain
heme. Taken together, the presented results strongly sup-
port a structural role for heme in CBS.
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