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ABSTRACT: Cystathionine β-synthase (CBS) is an essential
pyridoxal 5′-phosphate (PLP)-dependent enzyme of the
transsulfuration pathway that condenses serine with homo-
cysteine to form cystathionine; intriguingly, human CBS also
contains a heme b cofactor of unknown function. Herein we
describe the enzymatic and spectroscopic properties of a
disease-associated R266K hCBS variant, which has an altered
hydrogen-bonding environment. The R266K hCBS contains a
low-spin, six-coordinate Fe(III) heme bearing a His/Cys
ligation motif, like that of WT hCBS; however, there is a
geometric distortion that exists at the R266K heme. Using rR
spectroscopy, we show that the Fe(III)-Cys(thiolate) bond is
longer and weaker in R266K, as evidenced by an 8 cm−1

downshift in the ν(Fe−S) resonance. Presence of this longer and weaker Fe(III)−Cys(thiolate) bond is correlated with alteration
of the fluorescence spectrum of the active PLP ketoenamine tautomer. Activity data demonstrate that, relative to WT, the R266K
variant is more impaired in the alternative cysteine-synthesis reaction than in the canonical cystathionine-synthesis reaction. This
diminished cysteine synthesis activity and a greater sensitivity to exogenous PLP correlate with the change in PLP environment.
Fe−S(Cys) bond weakening causes a nearly 300-fold increase in the rate of ligand switching upon reduction of the R266K heme.
Combined, these data demonstrate cross talk between the heme and PLP active sites, consistent with previous proposals,
revealing that alteration of the Arg266−Cys52 interaction affects PLP-dependent activity and dramatically destabilizes the ferrous
thiolate-ligated heme complex, underscoring the importance of this hydrogen-bonding residue pair.

Homocysteine (Hcy) is a toxic metabolite of the
methionine metabolic cycle. In addition to its role in

proteins, the amino acid methionine is a fundamental building
block for the biological methylating agent, S-adenosylmethio-
nine (AdoMet). Homocysteine is generated from the de-
adenosylation of S-adenosylhomocysteine (AdoHcy), the
byproduct of methylation reactions that use AdoMet.1 It has
been found that Hcy in its cyclic form (Hcy thiolactone) reacts
readily with proteins causing deleterious post-translational
modifications, providing a possible molecular explanation for
Hcy toxicity.2,3 At the cellular level, increased levels of Hcy are
correlated with an elevated risk of atherosclerosis (a primary
cause of both cardiovascular disease and stroke) as well as
thrombosis.4 Elevated levels of Hcy may be caused by
nutritional abnormalities, such as dietary deficiencies in
vitamins B2, B6, and B12, or by genetic abnormalities, most
commonly caused by mutations in the gene that encodes for
the Hcy-metabolizing enzyme cystathionine β-synthase
(CBS).4,5

CBS is an essential pyridoxal-5′-dependent (PLP) enzyme
that catalyzes the β-replacement reaction of serine with
homocysteine to form cystathionine and water (Scheme 1).

Elevated levels of Hcy due to CBS deficiency, chiefly caused by
abnormalities in the CBS gene, result in a medical condition
called classical homocystinuria or CBS-deficient homocystinuria
(CBSDH). Increased plasma Hcy results in a variety of
physiological symptoms including cardiovascular, skeletal, and
cognitive defects. Additionally, patients with CBSDH show
increased risk of developing Alzheimer’s and Parkinson’s
diseases.5−9

CBS from higher organisms is the only known PLP-
dependent enzyme to contain a heme b cofactor.10 In
mammals, CBS is an α4 homotetramer of 63-kDa subunits,
each of which contains an N-terminal heme-binding domain, a
central catalytic PLP-binding domain, and a C-terminal
AdoMet-binding domain.10,11 Binding of AdoMet allosterically
regulates the enzyme by increasing activity 3−5-fold.12
Activation of CBS may also be achieved by removal of the C-
terminal AdoMet-binding domain, which causes a concomitant
change in protein oligomeric status from homotetrameric to
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homodimeric; the 45-kDa truncated form of the enzyme is
known as CBS-45.13 This observation suggests that the
regulatory domain is autoinhibitory, and the inhibition may
be relieved by AdoMet binding, limited proteolysis, or partial
thermal denaturation.12 Crystal structures of human CBS-4514

and the full-length Drosophila melanogaster CBS (DmCBS)15

show that the heme is unusually solvent exposed with its
nearest edge located 14 Å from the anchoring phosphate
moiety of the active site PLP. These structures confirmed
spectroscopic results that showed that the ferric heme in CBS is
ligated by an uncommon Cys/His motif that involves the
thiolate of Cys52 trans to the Nε2 atom of His65 (human enzyme
numbering, Figure 1); both ligands are provided by amino acids

on the N-terminal portion of the polypeptide.16,17 Additionally,
the crystal structures reveal a complex hydrogen-bonding
network that connects the heme macrocycle to the PLP active
site. Of particular interest is the interaction of the positively
charged guanidinium group of Arg266 with that of the negatively
charged thiolate moiety of Cys52; this interaction connects the
heme to the active site via helix 8, which contains Arg266, Thr257,
and Thr260. The hydroxyl side chains of Thr257 and Thr260

hydrogen bond directly to the PLP phosphate; thus, this H-
bond network may provide a direct means of communication
between the heme cofactor and the enzyme active site.14,15

While there is no definitive consensus on the role of heme in
CBS, it is clear that heme is necessary for maximal activity of
CBS from higher organisms.10,18−21

In this study, we examine the effect of the disease-associated
R266K mutation on the spectroscopic and catalytic properties
of full-length hCBS. We show that the R266K variant is
enzymatically competent but displays differences in reaction
specificity, as well as PLP- and AdoMet-responsiveness
compared to WT hCBS. We show that there are subtle
differences in the electronic absorption, EPR and rR
spectroscopic signatures of Fe(III) R266K hCBS, which may
be attributed to geometric distortions at the heme iron atom,
including a lengthening of the Fe(III)−S(Cys) bond due to a
change in hydrogen bonding at Cys52. We use fluorescence
spectroscopy to demonstrate that these spectroscopic changes
at the heme cofactor correlate with spectroscopic and
enzymatic changes at the PLP active site. Additionally, we
show that Fe(II) R266K undergoes a thermally induced ligand
switch that is more facile than that of WT hCBS. Taken
together, these data suggest that the R266K variation
destabilizes the Fe(III)−Cys52(thiolate) interaction, and that
this change at the heme is communicated to the enzyme active
site.

■ MATERIALS AND METHODS

Materials. Buffers and glycerol were purchased from Sigma-
Aldrich and used as received. High-purity sodium dithionite
was purchased from Fluka and stored under Ar(g) at −20 °C
until used.

Isolation and Purification of WT hCBS and R266K
hCBS. Both the WT and variant proteins were expressed and
purified to homogeneity as described previously.22 Briefly,
Escherichia coli Rosetta2(DE3) cells were transformed with
pET-28-C-hCBS plasmid carrying either WT or the R266K
human CBS sequence with a nonremovable 6xHis tag at its C-
terminal end. The bacterial cells were grown at 30 °C, 275 rpm
in 2.8 L Fernbach flasks containing 1 L of LB medium
supplemented with 0.001% thiamine-HCl, 0.0025% pyridoxine-
HCl, 0.1 mM FeCl3, 0.3 mM δ-aminolevulinic acid, and 30 μg/
mL kanamycin (all final concentrations). The expression of
hCBS was induced by adding in IPTG to a final concentration
of 1 mM once the cell density reached A600 ∼ 0.8; cell growth
was then continued overnight. Cells were harvested and then
resuspended in lysis buffer (50 mM sodium phosphate at pH
7.4, 300 mM NaCl, 0.1 mM PLP and protease inhibitor cocktail
VII [A.G. Scientific]) and treated with 2 mg/mL lysozyme for 1
h at 4 °C prior to sonication. After removal of any nonsoluble
and particulate material, the soluble fraction was loaded on a
TALON column (Contech) equilibrated in 50 mM sodium
phosphate, pH 7.4, 300 mM NaCl. The resin with bound CBS
was extensively washed (50 mM sodium phosphate, pH 7.4,

Scheme 1. CBS-Catalyzed Reactions: (2) Condensation of Serine with Homocysteine To Form Cystathionine and (3)
Condensation of Serine with Hydrogen Sulfide To Form Cysteine

Figure 1. Location of key residues that interact with the heme and
PLP in hCBS. Labeled are the Fe(III) heme ligands Cys52 and His65;
the cysteine(thiolate) hydrogen bonding partners Arg266 and the amide
backbone of Trp54; the PLP phosphate hydrogen bonding partners
Thr257 and Thr260; and the PLP internal aldimine forming Lys119. Data
are taken from PDB file 1JBQ.14 The polypeptide backbone is colored
using a rainbow scheme from N-terminus (blue) to C-terminus (red).
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300 mM NaCl, 10 mM imidazole); bound protein was eluted
by using 200 mM imidazole (final concentration) in the wash
buffer. Eluted protein was immediately desalted on a Sephadex
G-25 resin (GE Healthcare), and the buffer was exchanged with
DEAE loading buffer (15 mM potassium phosphate, pH 7.2, 1
mM EDTA, 1 mM DTT, 10% ethylene glycol). The desalted
sample was bound to a DEAE Sepharose resin (GE
Healthcare), washed, and hCBS protein was eluted with 300
mM potassium phosphate in the DEAE loading/wash buffer.
The hCBS protein was concentrated, buffer exchanged into 20
mM HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, and 0.01%
Tween20, and stored in aliquots at −80 °C. Protein was buffer
exchanged into the appropriate buffer as described in the
activity and spectroscopy sections (vide infra).
Activity Measurements. The cysteine-synthesis activity of

WT and R266K Fe(III) hCBS was determined as previously
described.23 Briefly, the reaction mixture (600 μL) contained
0.5 mg/mL BSA, 10 mM DTT, 0.5 mM PLP, 0.35 mM
AdoMet, 0.020 mg/mL enzyme, 10 mM L-serine, and 10 mM
Na2S in 200 mM Tris buffer at pH 8.6 (the pH at which CBS is
most active). This solution was incubated for 12 min at 37 °C,
and then an aliquot of the reaction mixture (100 μL) was taken
and mixed with 50% (w/v) trichloroacetic acid. Precipitated
protein was removed by centrifugation, and the supernatant
(100 μL) was combined with acetic acid (100 μL) and
ninhydrin (100 μL), and the mixture was heated in a boiling
water bath for 3 min and then immediately cooled on ice. The
absorbance at 560 nm was measured to determine the amount
of cysteine generated, and the value was interpolated from a
standard curve generated by the same method using cysteine
solutions of known concentrations that contained all other
reagents except enzyme.24 Cystathionine-synthesis activity was
determined as reported in 22.
Electronic Absorption Spectroscopy. Electronic absorp-

tion spectra were recorded on a double-beam Varian Cary 4 Bio
spectrophotometer with a temperature controller, set to a
spectral bandwidth of 0.5 nm. Spectra of protein samples were
recorded in 100 mM CHES buffer, 100 mM NaCl, pH 8.6. In
all spectroscopic studies, noncoordinating CHES buffer was
used in lieu of Tris buffer to prevent adventitious coordination
of the buffer to the heme iron center. Samples were purged of
oxygen by flowing Ar(g) through the headspace of a septum-
sealed cuvette for 20 min. Reduction of Fe(III) protein samples
was accomplished by adding an anaerobically prepared stock
solution of sodium dithionite to achieve a final sample
concentration of 1−5 mM. For spectral measurements,
solutions of dithionite and Fe(III) protein were allowed 20
min to equilibrate at 4 °C before anaerobic addition of stock
dithionite (40 mM, 10 μL) to the Fe(III) protein. For kinetic
measurements, solutions of dithionite and Fe(III) protein were
allowed 20 min to equilibrate at 10, 20, or 30 °C before
anaerobic addition of the dithionite solution (40 mM, 10 μL)
to the Fe(III) protein. The rate at which Fe(II) R266K hCBS
(Soret 447 nm) was converted to Fe(II) R266K hCBS424
(Soret 424 nm) was fitted by a single-wavelength method
utilizing the Solver function in Microsoft Excel 2004; the values
for the rate constants with minimal residuals between
experimental and predicted absorbance measurements are
reported. Loss of the Soret at 447 nm was best fitted using a
biexponential decay, as described in eq 1. The absorbance at
time infinity (Abs∞) was measured experimentally by forcing
full conversion of Fe(II) R266K hCBS to Fe(II) R266K
hCBS424 using thermal treatment.25 Briefly, Fe(III) protein

was equilibrated at 4 °C; a solution of sodium dithionite (40
mM, 10 μL) was added to the Fe(III) protein, and reduction
was monitored spectrophotometrically until no further changes
were observed at 447 nm. The temperature was then ramped to
37 °C, and conversion from the 447 nm Soret to the 424 nm
Soret was monitored spectrophotometrically; thermal con-
version was considered complete when no further changes in
the intensity of the 424 nm Soret were observed. The constants
α and β represent the collection of values that include the
absorbance at time zero and the extinction coefficients of each
species, respectively.

α β= + +∞
− −Abs Abs e et

k t k t1 2 (1)

Fluorescence Spectroscopy. Fluorescence measurements
were taken on an ISS PC1 photon counting fluorometer (ISS
Instruments, Inc., Champaign, IL) at room temperature.
Spectra of protein samples were recorded in 100 mM CHES
buffer, 100 mM NaCl, pH 8.6. Protein samples (7−10 μM, 400
μL) were placed in a quartz cuvette with a 2 mm excitation path
length and a 1 cm emission path length. Emission spectra were
recorded from 425 to 635 nm with an excitation wavelength of
410 nm and excitation and emission slit widths of 4 mm and 2
mm, respectively. Corrections for buffer fluorescence were
made by subtracting the emission spectrum of buffer from
spectra of samples containing buffer and protein.

MCD Spectroscopy. Magnetic circular dichroism (MCD)
spectra were recorded on a Jasco J-715 CD spectropolarimeter
with the sample compartment modified to accommodate an
SM-4000-8T magnetocryostat (Oxford instruments). Spectra of
protein samples were recorded in 100 mM CHES buffer, 100
mM NaCl, pH 8.6. For each protein sample in buffer,
approximately 55% (v/v) glycerol was present. Glycerol was
introduced to the Fe(III) form of the protein and stirred with a
syringe until the solution was homogeneous; the final protein
concentration was 16 μM in a total volume of 150 μL. Glycerol
had no effect on the electronic absorption spectra at room or
liquid-helium temperatures. Samples were transferred via
gastight syringe into cells, flash-frozen, and stored in N2(l).
MCD spectra were taken over a temperature range from 4 to
200 K. The MCD signal at each temperature was recorded at
±7 T. Negative polarity data were subtracted from positive
polarity data to remove CD contributions, and the resulting
spectrum was divided by 2.

EPR Spectroscopy. X-band electron paramagnetic reso-
nance (EPR) spectra were collected on a Bruker ELEXSYS
E500 equipped with an Oxford ESR 900 continuous flow
cryostat connected to an Oxford ITC4 temperature controller.
The microwave frequency was monitored using an EIP model
625A CW microwave frequency counter. Field calibration was
achieved using a Varian ER 035 gaussmeter. Spectra of protein
samples were recorded in 100 mM CHES buffer, 100 mM
NaCl, pH 8.6. The final concentration of protein was 140−240
μM in a total volume of 150 μL. Each sample was transferred
via a gastight syringe into a quartz EPR tube and frozen in N2(l).
For all samples, scans of 0−10000 G revealed no signals other
than those reported.

Resonance Raman Spectroscopy. Resonance Raman
spectra were recorded using an excitation wavelength of 413.1
nm from a Coherent I-302C Kr+ laser in a backscattering 135°
sample geometry with an Acton Research monochromator set
to a grating of 2400 grooves/mm. Incident powers ranged from
10 to 12 mW and were focused with a cylindrical lens onto the
sample. A Princeton Instruments Spex 1877 triple spectrograph
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outfitted with a cooled, intensified diode array detector was
operated under computer control using Spectrasense software.
The solution samples were prepared as described for EPR
spectroscopy (vide supra) and were placed in a quartz dewar
cooled with ice water to reduce local heating. Peak positions
were calibrated relative to a K2SO4 resonance at 981 cm−1.
Assignments of key vibrational modes are noted and are based
on the work of Spiro et al. and Green et al.26−28

■ RESULTS
R266K hCBS Binds Heme Similarly to WT hCBS. The

electronic absorption spectrum of purified R266K hCBS is only
subtly different from that of WT hCBS, indicating that the
R266K variant binds heme in a similar manner. The spectrum
of as-isolated R266K (Figure 2A) exhibits a distinct δ band at

364 nm, a sharp Soret band at 428 nm, and a broad absorption
envelope for the α/β region with maximal intensity at 549 nm.
This electronic absorption spectrum suggests that the heme in
the R266K variant is in its Fe(III) oxidation state and is bound
by Cys52 and His65, like that of the WT protein. Additionally,
there are two ligand-to-metal charge-transfer transitions
(Cys(thiolate) → Fe(III)) evident in the 600−750 nm region
of R266K (Figure 2A, inset) that are red-shifted 4 nm
compared to WT, suggesting the R266K Cys(thiolate)-Fe(III)
heme interaction is slightly different than that of WT hCBS.
MCD spectroscopy, with its unique ability to fingerprint the

spin and coordination states of heme proteins, confirms the
conclusion that the heme is low-spin Fe(III) and ligated by a
Cys/His motif. The MCD spectrum of R266K (Figure 2B) is
dominated by an intense, temperature-dependent C-term in the

Soret region with peak-crossover-trough positions of 416 nm−
423 nm−432 nm, similar to WT Fe(III) hCBS,29 as well as
other Fe(III) Cys/His or Cys/neutral donor ligated heme
proteins such as P450CAM + ImH, BxRcoM, hRev-Erbβ, DmE75
and RrCooA.30−33 The magnetic saturation behavior of the
most intense wavelength of this dominating C-term (432 nm)
displays an overlapping nature at different temperatures (Figure
2B, inset), indicative that the R266K heme is in a low-spin,
Fe(III) S = 1/2 state. Taken together, these data suggest that
the heme in R266K is low-spin, Fe(III) and bound by the
native heme ligands Cys52 and His65.

EPR and rR Spectroscopies Suggest a Geometric
Distortion and Lengthening of the Fe(III)-S(Cys) Bond.
EPR spectroscopy suggests a perturbation in the relative
energies of the d-orbitals of Fe(III) R266K hCBS compared to
those of Fe(III) WT hCBS. The EPR spectra, which are
sensitive to the environment of the paramagnetic Fe(III)
center, are shown in Figure 3 for WT (A) and R266K (B)

hCBS and reveal only the presence of a rhombic, low-spin
Fe(III) signal. The Fe(III) WT hCBS spectrum is essentially
identical to previous reports.16,29 However, the positions of the
major g values for the Fe(III) R266K hCBS variant are
different; the g values gz, gy, and gx are 2.45, 2.29, and 1.89,
respectively, with additional minor signals present (a common
feature for rhombic EPR signals of low-spin heme thiolate-
ligated proteins). Analysis of the g values for the Fe(III) R266K
variant, using the method outlined by Palmer,34 yields values
for rhombicity (V/Δ) and tetragonality (Δ/λ) of 0.37 and 5.50,
respectively. These values place Fe(III) R266K hCBS in the “P”
family of the Blumberg-Peisach diagramthe same region in

Figure 2. (a) Electronic absorption spectrum of Fe(III) R266K hCBS.
Fe(III) R266K (7.8 μM) was in 100 mM CHES buffer and 100 mM
NaCl, pH 8.6 at room temperature. Inset: close-up of the ligand-to-
metal charge transfer (LMCT) transitions including the best-fit bands
assuming a Gaussian peak shape (dotted). (b) MCD spectrum of
Fe(III) R266K hCBS. Fe(III) R266K (15.7 μM) was in 100 mM
CHES buffer, 100 mM NaCl and 55% glycerol (v/v) at 4.0 K and 7 T.
Inset: the field dependence of the MCD intensity at 432 nm was
recorded at 2.5, 4.0, 8.0, and 15 K. The curves were normalized to the
most intense data point (2.5 K, 7 T).

Figure 3. X-band EPR spectra of Fe(III) (a) WT hCBS and (b)
R266K hCBS. Proteins (141 μM WT and 235 μM R266K) were in
100 mM CHES buffer and 100 mM NaCl, pH 8.6. Each spectrum
represents an average of 10 scans taken at 10 K, with 9.379 GHz
microwave frequency, 8.000 G modulation amplitude, 100 kHz
modulation frequency, 74 dB receiver gain, 163.84 ms time constant,
and a power of 1.002 mW.
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which WT Fe(III) hCBS and other ferric cysteine(thiolate)-
ligated heme proteins bearing a sixth neutral donor ligand
reside.35 While WT and R266K exhibit virtually the same
rhombicity (0.38 and 0.37, respectively), their tetragonality
values different significantly (5.08 and 5.50, respectively).
These results suggest that both a rhombic distortion (V) and an
axial distortion (Δ) take place in concert in the R266K variant;
these geometric distortions are predicted to change (1) the
effective overlap of the orbitals of the heme axial ligands as well
as (2) the relative d-orbital energies in Fe(III) R266K with
respect to Fe(III) WT hCBS.
Resonance Raman spectroscopy reveals a lowering of the

vibrational energy of the Fe(III)-S(Cys) resonance of R266K
hCBS, suggesting a lengthening of the Fe(III)−Cys(thiolate)
bond in the R266K hCBS variant. Figure 4 depicts the low-

energy region of the rR spectra of Fe(III) WT (A) and R266K
(B) hCBS; this region typically contains low-energy metal−
ligand vibrations that are enhanced due to coupling to
porphyrin vibrations. The ν(Fe−S(Cys)) resonance was
previously identified at 312 cm−1 based on global 34S
substitution of the C-terminal 143 amino acid-truncated version
of hCBS, CBS-45.28 In our hands, using the full-length 63 kDa
WT hCBS bearing a C-term His6 tag, we observe a similar
broad band centered at 315 cm−1 for ν(Fe−S(Cys)). In the
Fe(III) R266K variant, this same resonance is downshifted in
energy to 307 cm−1, indicative of a longer (i.e., weaker)
Fe(III)−S(Cys) bond. While ν(Fe−S(Cys)) is shifted to lower
energy in R266K, the relative energies and intensities of the
oxidation, spin, and coordination-state marker bands ν3, ν4, ν2,
and ν10 remained unchanged (Figure S1), consistent with
electronic absorption, MCD, and EPR spectra that indicated

the same oxidation, spin, and coordination states for the Fe(III)
R266K variant compared to Fe(III) WT hCBS. Additionally,
the rR results confirm the observations made from electronic
absorption and EPR spectroscopies that suggested that the
nature of the Fe(III)−Cys(thiolate) interaction had changed
subtly between WT and the R266K variant (vide supra).

R266K Is Active but Exhibits Differential Behavior
Toward Cofactors. The R266K variant, expressed as a soluble
and tetrameric protein, was previously tested for cystathionine-
synthesis activity (Scheme 1).22 The results demonstrated that
Fe(III) R266K hCBS displays maximal AdoMet- and PLP-
responsive specific activity approximately 76% that of Fe(III)
WT hCBS (Table 1). Interestingly, while the presence of

exogenous PLP had no effect on WT cystathionine-synthesis
activity, exogenous PLP increased basal R266K activity
approximately 1.7-fold. Additionally, activation of the R266K
variant by the hCBS allosteric activator AdoMet was
significantly decreased compared to that of WT hCBS. Upon
addition of AdoMet, R266K was activated approximately 2.3-
fold without exogenous PLP and approximately 2.0-fold with
exogenous PLP. Comparatively, upon addition of AdoMet, WT
was activated approximately 3.5-fold without exogenous PLP
and approximately 3.7-fold with exogenous PLP22 (Table 1).
The effect of PLP on R266K was consistent and greater than
the error in the measurement.
We tested R266K activity in an alternative cysteine-synthesis

reaction (Scheme 1). In contrast with the cystathionine-
synthesis results, Fe(III) R266K is significantly less active in
cysteine synthesis and has maximal AdoMet- and PLP-
responsive cysteine-synthesis activity approximately 34% that
of Fe(III) WT (Table 1). In a manner similar to the
cystathionine-synthesis results, the addition of PLP increases
basal R266K cysteine-synthesis activity approximately 1.5-fold,
whereas PLP has no effect on the cysteine-synthesis activity of
WT Fe(III) hCBS. The presence of AdoMet increases cysteine-
synthesis activity of R266K approximately 2.0-fold without
exogenous PLP and approximately 2.3-fold with exogenous
PLP (Table 1). Similar to the cystathionine-synthesis results,

Figure 4. Low frequency resonance Raman spectra of Fe(III) (a) WT
hCBS and (b) R266K hCBS. Proteins (141 μM WT and 235 μM
R266K) were in 100 mM CHES buffer and 100 mM NaCl, pH 8.6.
Spectra were acquired using solution samples by excitation with a
413.1 nm line of a Kr+ laser with 10.5 mW power at the sample. All
measurements were carried out with the sample immersed in a bath of
ice water to reduce local heating. Peak positions were calibrated
against a K2SO4 standard.

Table 1. Specific Activity of Fe(III) WT and R266K hCBSa

hCBS Cysteine-Synthesis Activity (U)b

PLP AdoMet WT R266K

− − 27.3 ± 0.1 10 ± 1
− + 69 ± 2 20 ± 3
+ − 28 ± 1 15 ± 1
+ + 70 ± 4 23.4 ± 0.8

hCBS Cystathionine-Synthesis Activity (U)b,c

PLP AdoMet WT R266K

− − 128 ± 6 130 ± 10
− + 444 ± 22 299 ± 35
+ − 137 ± 5 191 ± 17
+ + 507 ± 34 386 ± 26

aData are reported with and without the addition of exogenous PLP
and AdoMet. Cystathionine-synthesis data are from ref 22 and are
reported here for comparison. Error values represent the standard
deviation from the mean value taken from three experimental
repetitions on the same enzyme batch. WT and R266K were each
assayed for cysteine-synthesis activity (i.e. condensation of serine with
H2S to form cysteine) and cystathionine-synthesis activity (i.e.,
condensation of serine with homocysteine to form cystathionine).
b1 unit (U) = μmol of product·(mg enzyme)−1 h−1. cData from ref 22.
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the effect of PLP on R266K in the cysteine-synthesis reaction
was consistent and greater than the error in the measurement.
When taken together, these results suggest that the R266K
enzyme is functionally competent in the canonical and
alternative reactions, but its differential behavior toward PLP
and AdoMet suggests that (1) the PLP environment is
disturbed by the R266K mutation; (2) the R266K enzyme
may not be PLP replete; or (3) the conformation rearrange-
ment of the R266K variant upon binding of AdoMet yields only
partially activated enzyme.
Differences in the Fe(III) R266K Heme Are Trans-

mitted to the PLP. It appears that changes in the hydrogen-
bonding stabilization of the Cys(thiolate) ligand in hCBS are
transmitted to the PLP active site, as evidenced by a change in
the PLP emission spectrum. The electronic absorption
spectrum of the PLP active site is obscured by that of the
heme; however, the presence and nature of the PLP may be
interrogated using fluorescence spectroscopy. Figure 5 presents

the fluorescence emission spectra (λexc = 410 nm) of full-length
Fe(III) WT (solid) and R266K (dotted) hCBS at room
temperature and pH 8.6. The PLP emission spectrum of
Fe(III) WT hCBS is relatively weak and displays a broad
emission envelope with maximal intensity at 492 nm as well as a
smaller emission band at 614 nm; this emission spectrum is
similar to, albeit slightly red-shifted from, that described
previously for the ketoenamine tautomer of the PLP-Lys119

internal aldimine of hCBS-45.36 Interestingly, the fluorescence
spectrum of Fe(III) R266K hCBS is red-shifted by comparison
to Fe(III) WT hCBS and displays a new peak maximum at 496
nm as well as loss of the minor peak at 614 nm. Comparison of
the WT and R266K emission spectra suggests that the internal
aldimine ketoenamine tautomer is still present in R266K,
consistent with the high canonical activity observed, but its
environment is different. This observation implies that changes
in the hydrogen-bonding network at the heme and/or the
Cys(thiolate) axial ligand to the heme are transmitted to the

PLP active site, a conclusion consistent with previous
reports.21,23,25,36−40

Fe(II) R266K hCBS Is Less Thermally Stable Than Fe(II)
WT hCBS and Undergoes a More Facile Ligand-Switch.
Low-temperature reduction of Fe(III) R266K hCBS is
accompanied by retention of the native Cys(thiolate)/His
ligation motif. Addition of a solution of the reducing agent
sodium dithionite to the Fe(III) R266K variant, each
equilibrated at 4 °C, induces changes in the electronic
absorption spectrum; the Soret band sharpens and is shifted
to 447 nm with transformation of the broad α/β absorption
envelope into two discrete bands at 539 and 570 nm (α and β,
respectively, Figure 6), indicative of a six-coordinate, low-spin

Fe(II) heme. This process is isosbestic and appears to follow
first-order kinetics (Figure 6, inset); additionally, the positions
of the highly red-shifted Soret (∼450 nm) and α and β bands
are almost identical to that of WT Fe(II) hCBS when it is
initially reduced,16,18 suggesting that Fe(II) R266K hCBS
retains the Cys(thiolate)/His ligation motif (like that of WT)
when reduced at low temperature.17

Similar to that of WT Fe(II) hCBS, the Cys(thiolate)-ligated
Fe(II) R266K species is not stable to heat treatment; in
contrast, the Cys(thiolate)-ligated Fe(II) R266K variant is
significantly less thermally stable. We reported previously that
WT Cys(thiolate)-ligated Fe(II) hCBS undergoes an irrever-
sible ligand-switch process at 37 °C and pH 8.6 that is
accompanied by a loss of the WT Fe(II) Soret at 449 nm and
growth of a new Soret at 424 nm (CBS424); however, this
process took nearly 48 h to reach completion at physiological
temperature.25,39 The Soret shift from 449 to 424 nm results
from loss of the Cys(thiolate) as an Fe(II) axial ligand.25 While
the identity of the new ligand is unknown, EXAFS data have
confirmed that Cys52 is replaced by a neutral heme ligand that
is either a nitrogenous or oxygen-containing Lewis base.41

Figure 5. Emission spectra of Fe(III) WT (solid line) and R266K
(dotted line) hCBS. Proteins (7.4 μM WT and 10.4 μM R266K) were
in 100 mM CHES buffer and 100 mM NaCl, pH 8.6 at room
temperature. Emission spectra were recorded as follows: excitation at
410 nm with a 4 mm excitation slit width; output recorded from 425
to 635 nm with a 2 mm emission slit width. Total emission counts
were normalized to protein concentration for each sample.

Figure 6. Reduction process of Fe(III) to Fe(II) R266K hCBS at 4 °C.
Protein (7.8 μM) was in 100 mM CHES buffer, 100 mM NaCl, pH
8.6; the reduction process was initiated by addition of a stock solution
of sodium dithionite to a final concentration of 1.5 mM. Solid lines
indicate the initial (428 nm Soret) and final (447 nm Soret) spectra;
dotted spectra were taken at 1 min intervals after addition of reductant.
Inset: time course plots showing the loss of the Fe(III) Soret (428 nm,
dashed) and the growth of the Fe(II) Soret (447 nm, dashed-dot)
upon introduction of sodium dithionite at 4 °C.
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Upon elevation of temperature, Cys(thiolate)-ligated Fe(II)
R266K hCBS undergoes a thermally induced ligand switch with
a more rapid apparent rate than Cys(thiolate)-ligated WT
Fe(II) hCBS. Thermally treated Cys(thiolate)-ligated Fe(II)
R266K loses its Soret at 447 nm with concomitant formation of
new Soret, β and α positions at 424, 530 and 558 nm,
respectively (Figure 7A). Ligand switching begins sponta-

neously in the R266K variant at 4 °C, and although this process
is slow at 4 °C (apparent rate not measured), the rate is more
rapid near physiological temperatures (Figure 7B, Table 2). In

stark contrast with Cys(thiolate)-ligated Fe(II) WT hCBS, the
R266K variant converts to CBS424 almost instantaneously
upon reduction at 37 °C (i.e., upon equilibration of reducing
agent and protein), prohibiting the direct comparison of ligand
switching rates between WT and R266K at physiological
temperature.39 Rate constants for the R266K ligand-switching
processes were measured at 10, 20, and 30 °C (Table 2), and
using an Arrhenius plot, rate constants were extrapolated to 37
°C (Figure S2; Table 2). Unlike the WT enzyme, in which the
loss of 449 nm appears to follow a three-state triexponential
decay, the R266K variant exhibits different kinetics. Loss of 447
nm peak is best modeled as a biexponential decay, suggesting
that the ligand-switch process may be different in the R266K
compared to WT. Alternatively, the first step of the ligand-
switch process may be so facile in the R266K variant that it is
not measured, and thus the apparent rate of ligand-switching is
biexponential. At 37 °C there is a nearly 300-fold increase in
the slowest observed rate constant of the ligand-switch process
for Fe(II) R266K hCBS (k = 9 ± 1.1 × 10−2 min−1) compared
to that of Fe(II) WT hCBS (k = 3.0 × 10−4 min−1).39 These
data suggest that the weaker Fe−S bond in R266K significantly
destabilizes Cys(thiolate) ligation in the Fe(II) form, leading to
more facile ligand switching.

■ DISCUSSION

The influence and importance of the hydrogen-bonding
network associated with the heme iron-Cys(thiolate) inter-
action has been extensively explored for cytochrome P450 (Cyt
P450) and nitric oxide synthase (NOS). Both enzymes possess
a heme cofactor ligated by a strongly donating mercaptide
Lewis base in the axial position.42 A hydrogen-bonding network
to the Cys(thiolate) heme ligand is found in a number of Cyt
P450 active sites consisting of Leu (backbone amide), Gly
(backbone amide), and Gln (side chain amide).43−46 Similarly,
a number of NOS enzymes have a highly conserved Trp residue
that hydrogen bonds to the Cys(thiolate) via the indole
nitrogen.47−51 While a definitive consensus on the role of this
hydrogen-bonding network has yet to be achieved, studies
(both in vitro and in silico) of hydrogen-bonding variants at the
Cys(thiolate) heme ligand of Cyt P450CAM

44,52−54 and
NOS55−58 have demonstrated changes in the redox potential,
stability, and reactivity of these proteins relative to the WT
proteins.
CBS exhibits similarities to and differences from Cyt P450

and NOS. Whereas Cyt P450 and NOS are monooxygenases
and use heme as their active site,42 CBS is a PLP-dependent
enzyme in which the PLP cofactor is spatially removed from the
heme macrocycle, which is proposed to be a regulatory
site.14,15,59,60 The heme cofactors of Cyt P450 and NOS are
each ligated by a single Cys(thiolate) ligand with labile sixth
coordination site (occupied sometimes by H2O),

42,61 whereas

Figure 7. Ligand switch process of Fe(II) R266K hCBS at 30 °C.
Protein (3.8 μM) was in 100 mM CHES buffer, 100 mM NaCl, pH
8.6; sodium dithionite was added to a final concentration of 1.5 mM.
(a) Solid lines indicate the initial (447 nm Soret) and final (424 nm
Soret) spectra; dotted spectra were taken at 1 min intervals after
addition of reductant. (b) Time course plots showing the loss of the
Fe(II) WT hCBS Cys(thiolate)-ligated heme Soret at 449 nm (⧫) and
the loss of the Fe(II) R266K hCBS Cys(thiolate)-ligated heme Soret
at 447 nm (◊).

Table 2. Experimentally Fitted Rate Constants (min−1) for Loss of the Cys(thiolate)-Ligated Heme Soret of Fe(II) R266K
hCBSa

Rate of Cys52 Ligand Loss (min−1)

37 °Cb 30 °C 20 °C 10 °C

k1 (9 ± 1.1) × 10−2 (5 ± 1.4) × 10−2 (1.4 ± 0.1) × 10−2 (9.1 ± 0.5) × 10−3

k2 (1.2 ± 0.5) × 100 (6.6 ± 0.8) × 10−1 (2.5 ± 0.3) × 10−1 (1.0 ± 0.3) × 10−1

aThe loss of the Cys(thiolate)-ligated heme Soret was monitored at at 447 nm for Fe(II) R266K hCBS and was fit to a biexponential decay. bUpon
equilibration at physiological temperature (37 °C), Fe(II) R266K hCBS exists almost exclusively as the ligand-switched form (424 nm Soret), which
prevented the measurement of k1 and k2 at this temperature; reported values were extrapolated from Arrhenius plots of k1 and k2 (Figure S3).
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the CBS heme is coordinatively saturated and is ligated by both
a Cys(thiolate) and His residue.14,15 Similar to Cyt P450 and
NOS, the hCBS and DmCBS crystal structures reveal residues
within hydrogen-bonding distance of the Cys(thiolate) ligand
(Figure 1): the amide backbone of a Trp residue (3.59 Å
distance) and the guanidinium group of an Arg side chain (3.54
Å distance).14,15 Additionally, sequence alignments of CBS
enzymes from a number of different organisms illustrate strong
conservation of both the Arg and Trp residues (Figure 8),
similar to the strong conservation of hydrogen-bonding
residues in the Cyt P450 and NOS enzymes (vide supra). In
CBS enzymes that do not possess heme, such as those from
Trypanosoma cruzi and Saccharomyces cerevisiae, a Lys residue is
found in a position analogous to Arg266, maintaining a locus of
positive charge in this area. Unlike the NOS enzymes, which
use the Trp indole N−H moiety to hydrogen bond directly to
the Cys(thiolate), CBS enzymes use the Trp backbone amide;
however, the strong conservation of this residue (Figure 8)
suggests that the side chain bulk and aromaticity may play an
important role in the heme binding pocket. Interestingly, the
Arg residue that hydrogen bonds to the Cys(thiolate) heme
ligand is a relatively frequent site for human mutation, and the
loss or alteration of this hydrogen-bonding residue is correlated
with increased levels of Hcy in human patients.62−64

CBS missense mutations represent the most common cause
of CBS deficiency and hyperhomocysteinemia,5,62,65 and Arg266

is the location of two missense mutations, R266G and R266K,
which were originally identified in Japanese and Norwegian
patients, respectively.63,64 Interestingly, while the patient with
the R266G pathogenic mutation was unresponsive to vitamin
B6 (a PLP precursor) supplementation,63 the patients carrying
the R266K mutation were B6-responsive.

64 Previous studies on
the variants R266G, R266A, and R266E have clearly
demonstrated that these proteins are either unstable and do
not accumulate (R266G) or create soluble but heme- and PLP-
deplete protein (R266A/E).41,66 These results showed that
mutation of Arg266 to either a hydrophobic or anionic residue
dramatically affected the overall stability of the polypeptide.
Analysis of R266M (an isosteric but not pathogenic variation)
demonstrated that retention of the salt bridge between Cys52

and Arg266 appears to be necessary for maximal AdoMet- and
PLP-responsive activity. Furthermore, electronic absorption
spectroscopy of the R266M variant demonstrated complete
conversion to the catalytically inactive CBS-424 species upon
heme reduction;41 fluorescence and rR data correlated the loss

of the Arg−Cys salt bridge in the R266M variant with a shift to
the inactive enolimine PLP tautomer.36 These results
demonstrated that complete loss of one of the hydrogen-
bonding partners to the Cys(thiolate) heme ligand disrupts
CBS function.
Recently, we have shown that the position and nature of the

affinity tag for expression and purification of R266K hCBS play
an important role in enabling isolation of this variant.22

Moreover, biochemical characterization of purified R266K
suggested that this pathogenic mutation negatively impacts the
enzyme’s saturation with PLP, its response to AdoMet, and its
thermal stability, despite having similar heme saturation as
compared to that of WT hCBS.22 However, none of the
previous studies addressed the mode in which the structurally
modest and charge invariant R266K substitution elicits changes
at the heme and the PLP cofactors that are associated with
diminished enzyme activity.
In this work, we have used spectroscopic methods to

demonstrate that R266K hCBS bears a geometric distortion at
the heme iron center, resulting in a weakening and a
lengthening of the Fe(III)−Cys(thiolate) bond. The longer
Fe(III)−S(Cys) bond present in the R266K variant is likely due
to the closer match between the free amino acid pKa values of
Cys (8.2) and Lys (10.5) versus Arg (12.5).67 This closer pKa
match between Cys and Lys would be expected to form a
stronger hydrogen bond and a more fully protonated thiolate
residue, thus destabilizing the Coulombic attraction between
the ferric and mercaptide ions and leading to a longer Fe−
S(Cys) bond. Destabilization of the Fe−Cys(thiolate) inter-
action results in rapid displacement of Cys52 upon reduction of
the heme iron, as evidenced by the increased rate of ligand
switching in Fe(II) R266K. A similar facile ligand switch was
seen in the Fe(II) R266M variant.41 These in vitro findings
suggest that the R266K hCBS heme would be unstable if
reduced in vivo. Surprisingly, spectroelectrochemical titration
showed that the redox potential of the hCBS heme
(approximately −350 mV) remained virtually unchanged in
the R266K variant;41 however, the facile ligand switching that
we observed for this variant may call into question the accuracy
of the prior measurement. A weaker Fe-thiolate interaction,
with a more fully compensated charge neutralization through
stronger hydrogen bonding to Lys, would be expected to make
the reduction potential of the heme iron in R266K more
thermodynamically favorable. Whether redox chemistry is
relevant to CBS function is unclear; the unfavorable reduction

Figure 8. Partial sequence alignment of CBS enzymes from selected species (species, UniProt accession number) with human enzyme numbering.
Heme ligands Cys52 and His65, PLP-internal-aldimine forming Lys119, Cys52(thiolate)-contacts Trp54 and Arg266, and PLP-contacts Thr257 and Thr260

are all labeled with an inverted arrow (▼). Human (H. sapiens, P35520), rat (R. norvegicus, P32232), frog (X. tropicalis, Q640V0), zebrafish (D. rerio,
B7ZV69), fruit fly (D. melanogaster, Q9VRD9), mosquito (A. gambiae, Q7QEV0), and slime mold (D. discoideum, P46794) sequences all contain the
necessary ligands for heme binding and have Arg266 completely conserved. Trypanosoma (T. cruzi, Q9BH24) and yeast (S. cerevisiae, P32582) CBS,
which do not contain heme or its associated ligands, have a Lys residue at the position that is analogous to human Arg266. Sequence alignments were
visualized using the MEGA5 program.70
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potential may imply that ferric is the only relevant oxidation
state of the CBS heme in vivo.
The spectral and activity data suggest that changes at the

PLP active site induced by alteration of the hydrogen-bonding
partner to the Cys(thiolate) heme ligand may be the source of
diminished enzymatic activity in R266K hCBS. The shift in the
PLP emission spectrum suggests an alteration of the PLP
environment in R266K. Interestingly, this variant is more
impaired in cysteine synthesis than in cystathionine synthesis.
While the first substrate (Ser) is identical in each enzymatic
reaction, the second substrate differs (Scheme 1). Sulfide (Km =
3.1 mM, T. cruzi CBS; 16.8 mM S. cerevisiae CBS) has been
shown to be a poorer second substrate than Hcy (Km 0.9 mM,
T. cruzi CBS; 2.25 mM S. cerevisiae CBS).68,69 We speculate
that a looser PLP environment in R266K, coupled with the
inefficiency of sulfide as a substrate, may facilitate loss of the
PLP-Ser external aldimine from the enzyme during the
cysteine-synthesis reaction. This speculation is supported by
the observation that saturation of the enzyme’s active site with
Ser, followed by extensive dialysis, has been used as an effective
method to generate PLP-free, and thus inactive, hCBS.36

Furthermore, the greater sensitivity of R266K toward partial
rescue of activity by exogenous PLP in both the cystathionine-
and cysteine-synthesis reactions is consistent with a more facile
loss of the PLP-Ser external aldimine.
This study directly demonstrates that even modest changes

at the heme Cys(thiolate) ligand may be communicated to the
PLP active site, suggesting that the heme environment
modulates CBS activity. Indeed, numerous examples exist in
which CBS activity is abrogated upon loss of the metal−thiolate
bond,21,23,25,37−39,60 strongly implying that communication
exists between the heme and PLP active site, consistent with
recent proposals.23,36,39,41,60 While a consensus on the function
of heme in CBS has yet to be achieved, these data, in
combination with previous results, demonstrate a clear
necessity for the presence of a metal−thiolate bond and an
intact hydrogen-bonding network for optimal activity in heme-
containing CBS.

■ CONCLUSION

In this study, we have demonstrated that the charge invariant
R266K mutation generates a CBS protein that exhibits subtle
spectroscopic and enzymatic changes consistent with alteration
of the environment of the ligating cysteine residue. We have
used electronic absorption and EPR spectroscopies to show
that a change in a hydrogen bonding residue (R → K) elicits
minor geometric perturbations at the Fe(III)−Cys(thiolate)
bond, as evidenced by red shifts in LMCT transitions of the
visible spectrum, as well as alterations of the rhombic (V) and
axial distortions (Δ) of the EPR spectrum. Using rR
spectroscopy, we have demonstrated that the R266K variant
exhibits a longer and weaker Fe−S(Cys) bond; upon heme
reduction, this weaker interaction causes a more facile rate of
ligand-switching compared to WT. Finally, we have used
fluorescence spectroscopy to demonstrate that even minor
changes in hydrogen bonding at the heme site may be
transmitted to the PLP active site; the alteration of the PLP
environment is correlated with diminished canonical and
alternative activities in CBS. Taken together, these data
illustrate that the heme and PLP active sites are able to
communicate to one another via hydrogen bonding at the heme
Cys(thiolate) axial ligand.
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