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ABSTRACT: Cystathionine β-synthase (CBS) is an enzyme
involved in sulfur metabolism that catalyzes the pyridoxal
phosphate-dependent condensation of homocysteine with serine
or cysteine to form cystathionine and water or hydrogen sulfide
(H2S), respectively. CBS possesses a b-type heme coordinated by
histidine and cysteine. Fe(III)-CBS is inert toward exogenous
ligands, while Fe(II)-CBS is reactive. Both Fe(III)- and Fe(II)-
CBS are sensitive to mercury compounds. In this study, we
describe the kinetics of the reactions with mercuric chloride
(HgCl2) and p-chloromercuribenzoic acid. These reactions were
multiphasic and resulted in five-coordinate CBS lacking thiolate
ligation, with six-coordinate species as intermediates. Computa-
tional QM/MM studies supported the feasibility of formation of
species in which the thiolate is proximal to both the iron ion and the mercury compound. The reactions of Fe(II)-CBS were faster
than those of Fe(III)-CBS. The observed rate constants of the first phase increased hyperbolically with concentration of the mercury
compounds, with limiting values of 0.3−0.4 s−1 for Fe(III)-CBS and 40 ± 4 s−1 for Fe(II)-CBS. The data were interpreted in terms
of alternative models of conformational selection or induced fit. Exposure of Fe(III)-CBS to HgCl2 led to heme release and activity
loss. Our study reveals the complexity of the interactions between mercury compounds and CBS.

■ INTRODUCTION

Cystathionine β-synthase (CBS, UniProtKB P35520) is a key
enzyme in the metabolism of sulfur amino acids in mammals. It
catalyzes the first step of the transsulfuration pathway, the
condensation of serine with homocysteine to form cystathio-
nine and water. Alternatively, CBS condenses cysteine with
homocysteine resulting in cystathionine and hydrogen sulfide
(H2S), a signaling molecule that modulates diverse cellular
processes involving the nervous, cardiovascular, and gastro-
intestinal systems.1,2 CBS also catalyzes the β-substitution of
cysteine with water or a second molecule of cysteine to
produce H2S and serine or lanthionine, respectively. However,
the physiological contribution of these reactions is minimal.3

In addition, CBS catalyzes the formation of cysteine persulfide,
pyruvate, and ammonium from cystine.4,5 An elevated level of
homocysteine in plasma is considered a risk factor for
cardiovascular diseases, neural tube defects, and neuro-
degenerative diseases (i.e., Alzheimer’s disease).6−9 Mutations
in CBS are the most common cause of hereditary
homocystinuria.10

Human CBS exists as a homodimer or as higher order
oligomers.11−14 Each subunit is formed by 551 amino acids
and has a molecular weight of ∼63 kDa.15 It presents a

modular organization that consists of an N-terminal domain
that binds heme (residues 1−70), a catalytic domain that binds
pyridoxal 5′-phosphate (PLP) (residues 71−413), and a C-
terminal regulatory domain (residues 414−551).16−18 The first
40 residues constitute an intrinsically disordered region, which
might be important for heme binding.19 The allosteric
activator S-adenosyl-L-methionine binds to the regulatory
domain, increasing the enzymatic activity.20

CBS is the only known PLP-dependent enzyme that
possesses a heme cofactor. In human CBS, heme is b-type
and iron is low-spin and six-coordinate in both ferric (Fe(III)-
CBS) and ferrous (Fe(II)-CBS) states.17,21 The axial ligands
are the thiolate of Cys52 and the Nε2 atom of His65.22−24 The
thiolate is within hydrogen-bonding distance of the guanidi-
nium group of Arg266 and the amide backbone of Trp54.23

The heme environment is conserved in eukaryotic species, but
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it does not resemble other heme proteins.25 The catalytic role
of heme has been excluded since it is located ∼20 Å from the
PLP.24,26 Furthermore, the CBS of Trypanosoma cruzi and
yeast catalyze the same reaction as those of vertebrates and do
not have heme.27,28 A structural role has been assigned to this
heme.29 In addition, a regulatory role has been proposed since
perturbations in the heme coordination decrease the enzymatic
activity. Heme and PLP are connected via an α-helix that
interacts with the heme ligand Cys52 through Arg266 and with
the phosphate of PLP through two conserved threonine
residues (Thr257 and Thr260). It has been proposed that
alterations in the heme environment affect the PLP tautomeric
equilibrium that modulates the activity.30−33 The function of
heme remains an intriguing issue.
The C-terminal regulatory domain of CBS can be removed

by treatment with trypsin or by protein engineering. The
truncated enzyme is not activated by S-adenosyl-L-methionine
but is more active than full-length CBS and forms homodimers
with 45 kDa subunits.34,35 The UV−visible absorption spectra
of the truncated and full-length CBS are identical and are
dominated by heme.21 The spectrum of Fe(III)-CBS exhibits a
Soret peak at 428 nm and an α/β broad band centered at 550
nm. Upon reduction to Fe(II)-CBS, the Soret peak shifts to
449 nm and the broad band resolves into two peaks at 540 and
571 nm.22,36,37

Fe(III)-CBS is stable and inert toward typical ferric heme
exogenous ligands. However, it is sensitive to the mercuric ion
(Hg2+) and high concentrations of peroxynitrite (ONOO−,
∼150 μM).21,22,38−40 It is also sensitive to nitric oxide (NO·),
although with very slow kinetics.41 In the absence of oxygen,
Fe(III)-CBS can be reduced to Fe(II)-CBS by strong
reductants such as sodium dithionite. It can also be reduced
by methionine synthase reductase (MSR) in the presence of
carbon monoxide (CO) and NADPH as the electron
donor.42,43 The ferrous heme is unstable and labile and can
react with multiple molecules such as O2, CO, NO

·, CN−,
nitrite (NO2

−), and mercury compounds.21,38,40−50 In
addition, Fe(II)-CBS can slowly decay into an inactive six-
coordinate species that absorbs at 424 nm, where the cysteine
is replaced by an unidentified neutral ligand.51,52 The binding
of CO and NO· can lead to activity inhibition,41,46,47,49,53 and it
has been suggested that this inhibition could play pathophysio-
logical roles.54−59 In the case of CO, dissociation of Cys52
appears to be a prerequisite for the binding. The Cys52
dissociation rate constant in Fe(II)-CBS was estimated from
the limiting rate constant for CO binding to be 0.003−0.017
s−1 at 25 °C and pH 7.0−8.6.41,42,45,53 For the Cys52
association rate constant, a value of ∼103 s−1 was determined
based on resonance Raman-flash photolysis experiments with
CO-bound Fe(II)-CBS.45 There are no reports about the
dissociation or the association rate constants of Cys52 in
Fe(III)-CBS. In addition to Cys52, which provides the heme
ligand, truncated CBS has nine other cysteines, of which only
one, Cys15, can be titrated with 5,5′-dithiobis-(2-nitrobenzoic
acid). This residue is not critical for activity.11,39 It has been
suggested that the formation of a disulfide bond between
Cys272 and Cys275 leads to decreased activity.60

The thiophilic compound mercuric chloride (HgCl2) alters
the UV−visible absorption spectrum of Fe(III)-CBS.22 When
HgCl2 is mixed with truncated Fe(III)-CBS, the Soret peak at
428 nm shifts to a wide peak at ∼395 nm. This shift is
accompanied by loss of enzyme activity and is consistent with
the conversion of the six-coordinate low-spin ferric ion to a

five-coordinate high-spin complex, suggesting the loss of the
thiolate ligand. The subsequent addition of homocysteine and
other thiols to HgCl2-exposed Fe(III)-CBS results in the
formation of a six-coordinate species with a Soret maximum at
424 nm.21,38 The addition of p-chloromercuribenzoic acid (p-
CMB) to Fe(III)-CBS also inhibits the enzyme activity, which
is relieved by the addition of thiols.61 In the case of Fe(II)-
CBS, HgCl2 induces the formation of a species with a
maximum at 425 nm, consistent with the formation of a six-
coordinate species lacking the thiolate ligand. Therefore, it is
suggested that the cysteine is replaced by an unknown ligand.
The species formed do not show enzyme activity.21,38

Moreover, when p-CMB is added to Fe(II)-CBS, the
maximum shifts from 449 to 428 nm with an isosbestic
point at 438 nm.50

In this study, we characterized the kinetics of the reactions
of Fe(III)-CBS and Fe(II)-CBS with mercury compounds with
the aim of investigating the kinetics of the heme-thiolate
interaction and determining the rate constant for thiolate
dissociation from heme, which, in the case of Fe(II)-CBS,
appears relevant for modulation by CO.

■ MATERIALS AND METHODS
Enzyme Purification. Truncated human CBS lacking 143

amino acids at the C-terminus was purified from an Escherichia
coli expression system (pGEX4T1/hCBSΔC143) that produ-
ces a fusion protein with glutathione transferase. The protein
was purified as described previously using affinity chromatog-
raphy with glutathione sepharose,33,37 and the glutathione
transferase tag was removed using thrombin. The concen-
tration of CBS in phosphate buffer (0.2 M, pH 7.4) was
determined from the absorbance at 428 nm using the
extinction coefficient based on heme (ε428 = 92,700 ± 4600
M−1 cm−1).44 The protein was stored in the mentioned buffer
at −80 °C prior to use.

Mercury Compounds. HgCl2, p-CMB, and p-hydroxy-
mercuribenzoic acid (p-HMB) were purchased from Sigma-
Aldrich. Stock solutions of HgCl2 were prepared in distilled
water, p-CMB, and p-HMB in 0.05−0.1 M NaOH followed by
neutralization with HCl. Since the buffer used in the
experiments was Tris−HCl (0.1 M, pH 7.4), the mercury
compounds were coordinated with chlorides in the working
solutions according to the equilibrium constants and
concentrations,62,63 and the use of p-HMB was equivalent to
the use of p-CMB. Moreover, the chlorides are labile and
exchange rapidly with other ligands such as thiolates.63,64

Kinetics of the Reaction of Fe(III)-CBS with Mercury
Compounds. The kinetics of the reactions between Fe(III)-
CBS and mercury compounds were followed in Tris−HCl
buffer (0.1 M, pH 7.4) at 25 °C by UV−visible absorption
spectroscopy (Varian Cary 50 spectrophotometer or Varioskan
Flash plate reader). Rapid kinetics were studied using a
stopped-flow accessory (Applied Photophysics RX2000)
coupled to the spectrophotometer. Data were analyzed with
the OriginPro 8 software.

Kinetics of the Reaction of Fe(II)-CBS with p-CMB.
Fe(II)-CBS was generated by titration of Fe(III)-CBS in Tris−
HCl buffer (0.1 M, pH 7.4) with sodium dithionite in a
tonometer under a nitrogen atmosphere. To avoid an excess of
dithionite, the minimum amount needed for reduction was
used and monitored by the appearance of the characteristic
Fe(II)-CBS peak at 449 nm. The sodium dithionite stock was
diluted in oxygen-free 0.1 M NaOH and quantified by
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ferricyanide reduction (ε420 = 1020 M−1 cm−1) assuming a 2:1
(ferricyanide:dithionite) stoichiometry.48 The desired concen-
tration of p-CMB was achieved by diluting a stock solution of
p-HMB in Tris−HCl buffer (0.1 M, pH 7.4) under anoxic
conditions. In order to avoid oxygen contamination, 40 μM
protocatechuate and 1 μM protocatechuate 3,4-dioxygenase65

were included in the Fe(II)-CBS and p-CMB solutions. Kinetic
studies using Fe(II)-CBS were performed using a Hi-Tech
Scientific SF-61DX stopped-flow spectrophotometer in the

photodiode array mode flushed with buffer containing the
protocatechuate-protocatechuate 3,4-dioxygenase mixture.
Data were analyzed with the Kinetic Studio software.

Separation of Heme from the Protein after Exposure
to Mercury Compounds. Fe(III)-CBS (11 μM) was exposed
to 100 μM HgCl2 or p-CMB for 48 h in Tris−HCl buffer (0.1
M, pH 7.4) at 4 °C. Samples were then filtered using Corning
Spin-X UF 500 concentrators (MWCO 10 kDa) in two 15 min
cycles at 10,000 g and 4 °C. The UV−visible spectra of the

Figure 1. Reaction of Fe(III)-CBS with p-CMB. (A) UV−visible absorption spectra of Fe(III)-CBS (4 μM) mixed with p-CMB (1 mM) in Tris−
HCl buffer (0.1 M, pH 7.4) at 25 °C. Spectra correspond to CBS before addition of p-CMB (black) and to the products of the first phase, recorded
immediately after mixing (red), of the second phase, recorded after 35 min (blue), and of the third phase, recorded after 12 h (green). (B) Spectral
changes during the first phase of the reaction between CBS (2 μM) and p-CMB (100 μM), registered every 23 s over the first 210 s of the reaction.
The arrows indicate the direction of the absorbance changes over time. The maximum remained at 428 nm, and there was an isosbestic point at
410 nm. Inset: time courses at 410 and 428 nm. (C) Kinetics of the first phase. Exponential plus straight line functions were fitted to stopped-flow
kinetic traces at 430 nm of Fe(III)-CBS (4 μM) and p-CMB (72−1017 μM) over 10 half-lives. The obtained observed rate constants (kobs1)
showed a hyperbolic dependence on p-CMB concentration with values of 0.301 ± 0.008 s−1 for the horizontal asymptote and (7.8 ± 0.4) × 10−4 M
for the concentration of p-CMB at which kobs1 was half-maximal (parameters ± errors of the fit, R2 = 0.987). Inset: dependence of the observed rate
constants on relatively low p-CMB concentrations (0 to 300 μM). The y-intercept had a value of (9 ± 2) × 10−3 s−1 (parameter ± error of the fit,
R2 = 0.816). (D) Spectral changes associated with the second phase of the reaction between CBS (4 μM) and p-CMB (1 mM). Spectra were
recorded every 21.5 s over the first 4 min and every 1 min until 35 min. The product had an absorption maximum at 391 nm, and there was an
isosbestic point at 404 nm. Inset: time courses at 404 and 428 nm. (E) Kinetics of the second phase. Exponential plus straight line functions were
fitted to the observed traces at 430 nm for the reaction between Fe(III)-CBS (2 μM) and p-CMB over 4−10 half-lives. kobs2 showed a linear
dependence on p-CMB concentration with a slope of 0.74 ± 0.06 M−1 s−1 (parameter ± error of the fit, R2 = 0.935).
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retentate and filtrate fractions were recorded with a Varian
Cary 50 spectrophotometer.
Activity Measurements. Mixtures of 5.7 μM Fe(III)-CBS

and 100 μM HgCl2 or p-CMB in Tris−HCl buffer (0.1 M, pH
7.4) were incubated at 4 °C. After 0.5 or 72 h, the mixtures
were filtered and washed using Corning Spin-X UF 500
concentrators (MWCO 10 kDa) to remove the free mercury
compounds. The UV−visible absorption spectrum of the
protein was recorded, and its activity was measured by the

ninhydrin method.61 The concentration of CBS was calculated
from the absorbance at 280 nm using the extinction coefficient
for untreated protein (ε280 = 92,200 M−1 cm−1). The specific
activity of cystathionine formation was expressed as μmol
min−1 mg−1 (37 °C).

Quantum Mechanics (QM) Energy Minimization. In
order to investigate the effect of the mercury compounds on
the Fe−SCys bond, QM energy minimization in vacuum was
performed with Gaussian03.66 These calculations were done

Figure 2. Reaction of Fe(III)-CBS with HgCl2. (A) UV−visible absorption spectra of Fe(III)-CBS (5 μM) mixed with HgCl2 (100 μM) in Tris−
HCl buffer (0.1 M, pH 7.4) at 25 °C. The shown spectra were recorded immediately after mixing (black) and after 58 s (red), 11.6 min (blue), and
1.3 h (green) of the reaction, corresponding to the products of the first, second, and third phases, respectively. (B) Spectral changes during the first
phase of the reaction between CBS (2 μM) and HgCl2 (20 μM), recorded every 28 s over the first 5.8 min of the reaction. The arrows indicate the
direction of the absorbance changes over time. The absorption maximum changed from 428 to 424 nm with an isosbestic point at 414 nm. Inset:
time courses at 414 and 428 nm. (C) Kinetic analysis of the first phase. Double exponential plus straight line functions were fitted to stopped-flow
kinetic traces at 430 nm of the first phase of the reaction between Fe(III)-CBS (4 μM) and HgCl2 (≤256 μM). In the traces with [HgCl2] < 90
μM, a rapid decrease at 428 nm was observed, and so, the first 10 s were excluded from the fit. The observed rate constants showed a hyperbolic
dependence on HgCl2 concentration with a value of 0.4 ± 0.1 s−1 for the horizontal asymptote and (4 ± 1) × 10−4 M for the concentration of
HgCl2 at which kobs1 is half-maximal (parameters ± errors of the fit, R2 = 0.728). The extrapolation of the initial straight line yielded a y-intercept of
(6.7 ± 0.3) × 10−3 s−1. (D) Spectral variations during the second phase of the reaction between CBS (2 μM) and HgCl2 (20 μM), recorded every
28 s between 5.9 and 12.6 min of the reaction. The absorption maximum shifted from 424 to 418 nm with an isosbestic point at 408 nm. Inset:
time courses at 408 and 428 nm. (E) Kinetic analysis of the second phase. Double exponential or double exponential plus straight line functions
were fitted to kinetic traces at 430 nm of the reaction between Fe(III)-CBS (2, 4, or 5 μM) and HgCl2 (20−256 μM). kobs2 showed a linear
dependence on HgCl2 concentration with a slope of 99 ± 2 M−1 s−1 (parameter ± error of the fit, R2 = 0.979). (F) Spectral changes of the third
phase of the reaction between CBS (5 μM) and HgCl2 (120 μM). Spectra recorded every 116 s between 6.8 and 42 min of the reaction. The
absorption maximum at 418 shifted to 390 nm with an isosbestic point at 398 nm. Inset: time courses at 398 and 428 nm registered every 58 s. (G)
Kinetic analysis of the third phase. Double exponential or double exponential plus straight line functions were fitted to kinetic traces at 430 nm of
the reaction between Fe(III)-CBS (3 or 5 μM) and HgCl2 (30−150 μM). The smaller kobss of the fits were independent of HgCl2 concentration
yielding a constant of (5.9 ± 0.6) × 10−4 s−1 (mean ± S.D.).
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using the generalized gradient approximation functional
proposed by Perdew, Burke, and Ernzerhof (PBE),67 using 6-
31G(d,p) basis sets for all non-mercury atoms and SBKJC-
VDZ (VDZ Valence Double Zeta with ECP) basis set for the
mercury atom. The structural model of the heme binding site
consisted of a heme group (excluding side chains), an
imidazole (representing His65), a methylthiolate (representing
Cys52), and the mercury compound. In total, four models
were constructed, in which the mercury compound varied
between p-CMB, p-mercuribenzoic acid (p-MB, without
chloride or hydroxyl ligands), and HgCl2. For this last
compound, models with one or two HgCl2 molecules were
calculated. Mercury compounds were located in proximity to
the thiolate and allowed to freely optimize their position.
Hybrid Quantum Mechanics/Molecular Mechanics

(QM/MM) Calculation. Hybrid QM/MM geometry opti-
mizations were performed with a conjugate gradient algorithm
at the density functional theory (DFT) level with the SIESTA
code and QM/MM implementation.68,69 The QM subsystems
were treated at the DFT level as described above, whereas the
classical subsystems were treated using the Amber99SB force
field parametrization.70 Only the residues located within 10 Å
from the iron center were allowed to move freely. The frontier
between the QM and MM portions of the system was treated
with the scaled position link atom method.71 The initial
structure used corresponded to the crystal structure of full-
length human CBS (PDB id: 4PCU).72 The QM subsystems
consisted of the heme group (without side chains), the axial
ligands (the thiolate of Cys52 and the imidazole ring of
His65), and the mercury compound. The rest of the protein
and the water molecules were treated classically. A similar
approach has been applied previously to several heme
proteins.73−76 To construct the initial structures for the
QM/MM calculations that include the protein and the
mercury compounds, we aligned the heme group and the
axial ligands, located the mercury compounds according to the
result of the isolated systems, and allowed them to freely
optimize their position. Using this strategy, we found two
possible initial poses for p-CMB and p-MB, which were called
“in” and “out”, one with the mercury compound partially inside
the protein matrix (“in” conformation) and the other where
the mercury compound was located in the solvent (“out”
conformation).

■ RESULTS AND DISCUSSION
Kinetics of the Reaction of Fe(III)-CBS with p-CMB.

Exposure of Fe(III)-CBS to an excess of p-CMB under pseudo-
first-order conditions led to the disappearance of the peak at
428 nm and to the formation of a species with absorbance at
395 nm over a 12 h time course. No single isosbestic point was
identified, suggesting that the overall process was multiphasic
(Figure 1A). The reaction occurred in three kinetic phases,
which are described below.
In the first phase, the absorption spectrum changes were

small. On a timescale of 10−100 s, depending on the
concentration of p-CMB, the absorbance at 428 nm decreased
while that at 390 nm increased, with an isosbestic point at 410
nm (Figure 1B). Although the intensity of the 428 nm peak
decreased, the λmax was unchanged, indicating that heme
remained six-coordinate. Exponential plus straight line
functions were fitted to the reaction time courses over 10
half-lives. Both the exponential rate constant for the first phase
(kobs1) (Figure 1C) and the amplitude (not shown) showed a

hyperbolic dependence on p-CMB concentration. From the
plot of kobs1 versus p-CMB concentration, a limiting value at
infinite p-CMB concentration of 0.301 ± 0.008 s−1 was
obtained, while the concentration of p-CMB at which kobs1 was
half-maximal was (7.8 ± 0.4) × 10−4 M (Figure 1C). To more
accurately assess the y-axis intercept, the experiment was
repeated at lower p-CMB concentrations and a value of (9 ±
2) × 10−3 s−1 was obtained for the intercept (Figure 1C inset),
suggesting that the first phase of the interaction between
Fe(III)-CBS and p-CMB was reversible.
The second phase of the reaction between Fe(III)-CBS and

p-CMB occurred on a timescale of minutes to hours,
depending on the concentration of p-CMB. This phase was
associated with the largest spectral change; the peak at 428 nm
shifted to 391 nm with an isosbestic point at 404 nm (Figure
1D). The shift to 391 nm is indicative of the formation of a
five-coordinate species.21,77−79 Exponential plus straight line
functions were fitted to the time courses, and values of kobs2
were obtained at different p-CMB concentrations. The plot of
kobs2 versus p-CMB concentration was linear, suggesting that p-
CMB participated directly in the reaction with a second-order
rate constant of 0.74 ± 0.06 M−1 s−1 (Figure 1E).
In the third phase, the maximum at 391 nm shifted to 395

nm (Figure 1A), consistent with the continued presence of a
five-coordinate species on an even longer timescale. The
kinetics of this slow third phase was not studied further.

Kinetics of the Reaction of Fe(III)-CBS with HgCl2.
When Fe(III)-CBS was mixed with excess HgCl2, the
absorption spectrum peak shifted from 428 to 390 nm in a
multiphasic process without a single isosbestic point (Figure
2A). This reaction occurred in three main phases that are
described below.
The first phase occurred on a timescale of 10−100 s. The

peak at 428 shifted to 424 nm and the absorbance around 390
nm increased, with an isosbestic point at 414 nm (Figure 2B).
The maximum at 424 nm suggested that heme remained six-
coordinate.77,80,81 Stopped-flow spectroscopic analysis of the
kinetics of this phase showed a hyperbolic dependence on the
observed rate constant on HgCl2 concentration, with values of
0.4 ± 0.1 s−1 for the horizontal asymptote and (4 ± 1) × 10−4

M for the concentration of HgCl2 at which kobs1 is half-maximal
(Figure 2C). The y-intercept was obtained using the data
points below 60 μM HgCl2 and had a value of (6.7 ± 0.3) ×
10−3 s−1. The amplitude for the first phase also showed a
hyperbolic dependence on HgCl2 concentration (not shown).
It is worth noting that in experiments with low HgCl2
concentration (<90 μM), an initial rapid decrease in
absorbance at 428 nm was observed (kobs of ∼0.2 s−1), with
no other spectral changes. The low amplitude of this change
(∼0.01) made its characterization difficult.
In the second phase of the reaction between HgCl2 and

Fe(III)-CBS, the peak shifted from 424 to 418 nm character-
istic of a six-coordinate heme with two neutral ligands,78,82−84

on a timescale of minutes. The absorbance at 390 nm
continued to increase, with an isosbestic point at 408 nm
(Figure 2D). kobs2 showed a linear dependence on HgCl2
concentration and yielded a second-order rate constant of 99 ±
2 M−1 s−1 (Figure 2E).
The third phase of the reaction resulted in a species with a

maximum absorbance at 390 nm, indicative of a five-
coordinate species21,77−79 and an isosbestic point at 398 nm
(Figure 2F). The observed rate constants, (5.9 ± 0.6) × 10−4

s−1, were independent of HgCl2 concentration (Figure 2G).
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Kinetics of the Reaction of Fe(II)-CBS with p-CMB.
Exposure of Fe(II)-CBS to p-CMB under anoxic conditions
resulted in rapid changes in the heme absorbance spectrum.
The maximum shifted from 448 to 395 nm in a multiphasic
process consisting of four phases (Figure 3A).
During the first 1−10 s of the reaction, depending on the

concentration of p-CMB, a fast decay in the absorbance at 448
nm was observed while a species with a peak at 426 nm was
formed, with no clear isosbestic point (Figure 3B). The
intermediate at 426 nm has been observed previously21,38 and
cannot be mistaken with the oxidized form of CBS since the
spectral change of the heme-thiolate Soret peak coincides with

decreases at 572 and 539 nm to produce new blue-shifted
peaks at 559 and 530 nm, absent in the ferric form of the
enzyme. A 426 nm intermediate was reported51 during heat
treatment of Fe(II)-CBS at pH 9.0 and hypothesized to result
from the exchange of the thiolate ligand with a neutral ligand.
The initial rapid absorbance changes at 448 and 426 nm were
biphasic. The observed rate constants obtained from double
exponential function fits showed a hyperbolic (kobs1) and a
linear (kobs2) dependence on the concentration of p-CMB
(Figure 3C,D) for the first and second phases of the reaction,
respectively. From the plots of the observed rate constants as a
function of p-CMB concentration, a maximal kobs1 of (40 ± 4)

Figure 3. Reaction of Fe(II)-CBS with p-CMB. (A) UV−visible absorption spectra of Fe(II)-CBS (4 μM) mixed with p-CMB (4.3 mM) in Tris−
HCl buffer (0.1 M, pH 7.4) under anoxic conditions at 25 °C, registered at 0.05 (black), 0.65 (red), 3.05 (blue), and 95 s (green). (B) Time
courses for absorbance changes at 448, 426, and 395 nm obtained from a shorter register. (C) Kinetic analysis of the first phase. The kobs1 obtained
from the double exponential function fit to the increase in absorption at 426 nm showed a hyperbolic dependence on the concentration of p-CMB
and yielded a value of 40 ± 4 s−1 for the horizontal asymptote and (2.5 ± 0.5) × 10−3 M for the concentration of p-CMB at which kobs1 is half-
maximal (parameters ± errors of the fit, R2 = 0.853). (D) Kinetic analysis of the second phase. The kobs2 obtained from the double exponential fit to
the increase in absorption at 426 nm showed a linear dependence on p-CMB concentration with a slope of (6.7 ± 0.1) × 102 M−1 s−1 (parameter ±
error of the fit, R2 = 0.981). (E) Longer time courses obtained under the same conditions used in the experiment shown in panel (A). (F) Kinetic
analysis of the third phase. A linear function was fitted to the kobs3 obtained from time courses at 395 nm (single exponential fits after the end of the
second phase). The slope was 3.4 ± 0.5 M−1 s−1, and the y-intercept was (9 ± 1) × 10−3 s−1 (parameters ± errors of the fit, R2 = 0.819).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05475
ACS Omega 2021, 6, 2192−2205

2197

https://pubs.acs.org/doi/10.1021/acsomega.0c05475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05475?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05475?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05475?ref=pdf


s−1 and a p-CMB concentration at half-maximal kobs of (2.5 ±
0.5) × 10−3 M were determined for the first phase; a second-
order rate constant of (6.7 ± 0.1) × 102 M−1 s−1 was
determined for the second phase.
In the third phase, the 426 nm intermediate shifted to a 395

nm broad band typical of a five-coordinate heme lacking
thiolate ligation, on a timescale of minutes (Figure 3E), with a
kobs3 in the order of 0.01−0.02 s−1 and a weak dependence on
p-CMB concentration (Figure 3F). This third phase was
followed by a slower phase with a half-life of ∼10 min that was
not studied further.
Analysis of the Kinetics of the Reactions between

Fe(III)-CBS and Fe(II)-CBS with Mercury Compounds.
The results of our kinetic studies are summarized in Table 1.
The reactions of Fe(III)-CBS with p-CMB or HgCl2 were
multiphasic. In the first phase of both reactions, the observed
rate constants increased hyperbolically with concentration of
the mercury compound. Hence, the first phase involves at least
two steps and can be analyzed in terms of the two possible
models for the binding of an enzyme to a ligand, the
conformational selection and the induced fit models.85,86 In the
conformational selection model, the enzyme exists minimally
in two conformations of which only one binds the ligand (i.e.,
the mercury compound). In the induced fit model, the ligand
binds to the enzyme and the initial complex undergoes a
conformational change. The species formed with p-CMB and
HgCl2 in the first phase have different absorbance peaks (428
and 424 nm, respectively); however, we assign both as six-
coordinate heme species.
Using the conformational selection model as a framework

(eq 1), we postulate for the initial reaction that six-coordinate
Fe(III)-CBS (A) can transform reversibly into a species with a
weaker cysteine ligand (B) with forward and reverse rate
constants kr and k−r. Either p-CMB or HgCl2 (denoted as L)
binds only to B with an apparent forward rate constant kon[L]
and a reverse rate constant koff, yielding a six-coordinate heme
species (C) with His65 and Cys52 ligands, in which the
cysteine is also coordinated to mercury. The proposed
difference between the A and B conformers is the strength of
the Fe−SCys52 bond or, alternatively, disruption of the
interaction between the thiolate of Cys52 and Arg266 or
Trp54.
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Considering steady state for B, we obtain eq 2.
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Assuming that koff ≪ k−r and koff ≪ kr (i.e., the dissociation
of the mercury compound is slow, slower than the conversion
of B to A and of A to B) and that kr ≪ k−r (i.e., the conversion
of A to B is slower than that of B to A), the rate constants can
be estimated from plots of kobs1 versus the concentration of the
mercury compound. The values for kr obtained from the
limiting value for kobs at infinite concentrations of p-CMB and
HgCl2 are similar, 0.301 ± 0.008 and 0.4 ± 0.1 s−1,
respectively, consistent with the independence of this rate
constant on [L], the concentration of the mercury compound.
The rate constants for the dissociation of the mercury
compound (koff) were also similar for p-CMB ((9 ± 2) ×
10−3 s−1) and HgCl2 ((6.7 ± 0.3) × 10−3 s−1). Values of k−r/
kon were (7.8 ± 0.4) × 10−4 and (4 ± 1) × 10−4 M for p-CMB
and HgCl2, respectively, suggesting that the rate constant for
binding to B (kon) is ∼2-fold higher for the smaller HgCl2 than
for the larger p-CMB mercury compound.
Alternatively, using the induced fit model as a framework (eq

3), we postulate that CBS is initially six-coordinate (A) and
that the binding of either p-CMB or HgCl2 (L) triggers the
formation of an initial enzyme−ligand complex (B) with an
apparent forward rate constant kon[L] and a reverse rate
constant koff. Intermediate B undergoes a conformational
change to C with forward and reverse rate constants kr and k−r,
respectively. The species C is proposed to remain six-
coordinate and to have His65 and Cys52, also bound to
mercury, as ligands.
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Considering a rapid equilibrium for ligand binding followed
by a slow conformational change step, we obtain eq 4.
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Assuming k−r ≪ kr, from the plots of kobs1 versus the
concentration of the mercury compound, we can estimate the
values for k−r ((9 ± 2) × 10−3 s−1 for p-CMB and (6.7 ± 0.3)
× 10−3 s−1 for HgCl2) and for kr (0.301 ± 0.008 s−1 for p-CMB
and 0.4 ± 0.1 s−1 for HgCl2). In this model, we assign kr as the
rate constant for the weakening of the Fe−SCys52 bond.

Table 1. Reactions between CBS and Mercury Compoundsa

reaction phase kobs versus mercury compound
λmax of the

product (nm)
isosbestic
point (nm)

Fe(III)-CBS (428 nm)
and p-CMB

1 hyperbolic: kobs max = 0.301 ± 0.008 s−1; [p-CMB] at (1/2)kobs max = (7.8 ± 0.4) × 10−4
M; y-intercept = (9 ± 2) × 10−3 s−1

428 410

2 linear: slope = 0.74 ± 0.06 M−1 s−1 391 404
3 N.D. 395 N.D.

Fe(III)-CBS (428 nm)
and HgCl2

1 hyperbolic: kobs max = 0.4 ± 0.1 s−1; [HgCl2] at (1/2)kobs max = (4 ± 1) × 10−4 M; y-
intercept = (6.7 ± 0.3) × 10−3 s−1

424 414

2 linear: slope = 99 ± 2 M−1 s−1 418 408
3 constant: k = (5.9 ± 0.6) × 10−4 s−1 390 398

Fe(II)-CBS (448 nm)
and p-CMB

1 hyperbolic: kobs max = 40 ± 4 s−1; [p-CMB] at (1/2) kobs max = (2.5 ± 0.5) × 10−3 M N.D. N.D.
2 linear: slope = (6.7 ± 0.1) × 102 M−1 s−1 426 N.D.
3 linear: slope = 3.4 ± 0.5 M−1 s−1; y-intercept (9 ± 1) × 10−3 s−1 395 N.D.
4 kobs ∼1 × 10−3 s−1 N.D. N.D.

aExperiments were performed at 25 °C in Tris−HCl buffer (0.1 M, pH 7.4). N.D., not determined.
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To sum up, either model can explain the experimental data,
i.e., the hyperbolic first phase for the reaction between Fe(III)-
CBS and p-CMB or HgCl2. In both models, the product of the
first phase of the reaction is a six-coordinate heme, which, we
propose, retains its histidine and cysteine ligands, with the
latter additionally coordinating to mercury. While the species
formed with p-CMB and HgCl2 show differences in the
absorption spectra (428 and 424 nm maxima, respectively),
these differences could be due to differences in the size and/or
charge of p-CMB and HgCl2.
In the second phase of the reaction between Fe(III)-CBS

and the mercury compounds, kobs2 increased linearly with
concentration. This is interpreted as evidence that a second
mole of the mercury compound bound to the thiolate of the
cysteine in a single step. The second-order rate constant was
∼130-fold faster for HgCl2 than for p-CMB, 99 ± 2 versus 0.74
± 0.06 M−1 s−1, respectively. The species with an absorption
maximum at 391 nm that is formed in the reaction with p-
CMB is assigned as a five-coordinate species.21,77−79 Since p-
CMB is bulky, it is likely to constrain coordination of Cys52 to
the heme iron and to two molecules of p-CMB. Instead,
binding of a second molecule of p-CMB could trigger
dissociation of the thiolate ligand resulting in a five-coordinate
heme. In the reaction with HgCl2, the resulting species has a
peak at 418 nm, consistent with a six-coordinate species. The
steric constraints with HgCl2 are lower than with p-CMB, and
we propose that the thiolate ligand coordinates two mercury
ions and the heme iron, explaining the presence of a six-
coordinate heme. In this regard, there is precedent for the
binding of thiolates to more than one mercury compound.
Two-to-one complexes of methylmercury and glutathione or
N-acetylcysteine have been reported, as well as complexes of
cysteine and Hg(II) with bridging sulfurs.87−89

In the third phase of the reaction of Fe(III)-CBS with
HgCl2, a species with an absorption maximum at 390 nm is
formed, consistent with a five-coordinate heme lacking the
thiolate ligand, with an apparent rate constant of 6 × 10−4 s−1.
Interestingly, addition of thiols to CBS treated with HgCl2
resulted in a red shift in the spectrum to 424 nm rather than
the starting 428 nm Soret peak.38 Exogenous thiols would react
with some mercury compounds reversing the second and third
phases, but not the first. Thus, the cysteine probably remained
coordinated to 1 equiv. of mercury under the reported
conditions; otherwise, a peak at 428 nm would have been
observed.
In the case of the reaction of Fe(II)-CBS toward p-CMB, the

hyperbolic behavior of the kobs1 obtained in the first phase can
also be explained by either the conformational selection or the
induced fit models. The ferrous heme coordination is labile as
compared to the ferric form and is consistent with the ∼100-
fold higher kobs1 for Fe(II)-CBS (40 ± 4 s−1) than for Fe(III)-
CBS (0.3−0.4 ± 0.1 s−1). In addition, the second phase
exhibited a second-order rate constant of (6.7 ± 0.1) × 102

M−1 s−1, which is significantly higher than the values for
Fe(III)-CBS of 0.74 ± 0.06 M−1 s−1 with p-CMB and 99 ± 2
M−1 s−1 with HgCl2. These phases led to the formation of a six-
coordinate species that then decayed to a five-coordinate one
in the third phase. The rate constant for the third phase was
0.01−0.02 s−1, which is comparable in value to the limiting rate
constant for binding of CO to Fe(II)-CBS, i.e., 0.003−0.017
s−141,42,45,53 and is assumed to represent the dissociation of the
thiolate ligand in Fe(II)-CBS. However, in our experiments,
the dissociated thiolate would be coordinated to mercury.

Finally, it is important to consider that some of the changes
observed, particularly those at long time points, could be
affected by interactions of the mercury compounds with other
residues on CBS, which could potentially lead to alterations in
the heme environment.

QM and QM/MM Calculations of the Intermediate
States for the Reactions between CBS and Mercury
Compounds. To further characterize the reaction between
mercury compounds and Fe(II)- or Fe(III)-CBS, we
performed calculations in model systems and in the complete
protein. The main goal was to detect possible intermediate
complexes that could explain the kinetic behavior observed.
We also intended to examine how the presence of the mercury
compounds affected the Fe−S bond. For this purpose, we first
generated different model systems and then added the mercury
compounds inside the protein heme cavity.
Model systems included a heme group, two axial ligands

(methylthiolate representing the bound cysteine and imidazole
for the bound histidine), and the different mercury compounds
(HgCl2, p-CMB, and p-MB, described in the Materials and
Methods section). As expected, the Fe−S distance was shorter
for the ferric state than for the ferrous state, and low-spin states
showed shorter Fe−S distances than high-spin states both in
the ferric and ferrous oxidation states (Table 2). The presence

of mercury compounds increased the Fe−S distance in all
cases. In the low-spin states, for both oxidation states of iron,
the increment in the Fe−S bond distance was very small, while
in the high-spin states, we observed larger variations. In the
case of HgCl2, the results indicated that the thiolate could
interact with two molecules of HgCl2 at the same time, with a
slightly larger Hg−S distance than in the case with only one
molecule, but producing in most cases a larger elongation of
the Fe−S bond. Comparing the p-CMB and the p-MB
complexes, the Hg−S distance was shorter in the model with
p-MB, while the Fe−S bond distance was larger, indicating that
p-MB, without a coordinated chloride, was more effective at
pulling away the thiolate ligand from the heme iron. Of note,
the chloride ions are labile and likely to be exchanged by other
ligands including sulfur ligands.

Table 2. Relevant Distances in the Isolated Model Systems
with the Different Mercury Compoundsa

Fe(II) Fe(III)

low spin high spin low spin high spin

Fe−S distance
without the Hg compound 2.32 2.37 2.20 2.34
1 HgCl2 2.34 2.62 2.25 2.47
2 HgCl2 2.33 3.07 2.29 2.56
p-CMB 2.36 2.60 2.24 2.61
p-MB 2.34 2.81 2.32 2.73
Hg−S distance
1 HgCl2 2.52 2.50 2.71 2.64
2 HgCl2

b 2.64 2.589 2.85 2.77
p-CMB 2.56 2.52 3.11 2.87
p-MB 2.48 2.46 2.47 2.44

aResults are shown for the Fe(II) and Fe(III) states in low- and high-
spin states. The Fe(II) states correspond to singlet and triplet spin
states, while the Fe(III) states correspond to doublet and sextuplet
spin states. Distances are given in Å. bMean distance to both Hg
atoms.
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Apart from the QM calculations in isolated model systems,
QM/MM calculations were performed in order to determine
plausible structures for the complexes between CBS and the
different mercury compounds. We were able to obtain stable
structures of CBS with the mercury compounds (Figure 4).
Although the Hg−SCys52 distances were larger than in the
isolated model systems, we still observed an elongation of the
Fe−SCys52 bond (Table 3). Of note, the Fe−SCys52 distance
computed for low-spin Fe(III)-CBS in the absence of mercury
compounds was consistent with previous experimental and
theoretical determinations.90 For p-CMB and p-MB, two
conformations were studied, one with the mercury compound
partially inside the protein (“in”) and the other one with the
mercury compound in the solvent (“out”). The “in”
conformation was more effective in weakening the Fe−SCys52
bond, as evidenced in the larger Fe−SCys52 distances and the
smaller Hg−SCys52 distances observed in the optimized
structure, compared to the “out” conformation. In contrast
to what was observed in the isolated models, in the complex
with p-CMB, the increase in the Fe−SCys52 distance was larger
than with p-MB (in both conformations), where the cysteine
remained close to the iron. This is possibly due to the larger
steric hindrance of p-CMB than of p-MB.
Altogether, the results from the calculations indicate that it is

possible to obtain stable complexes with CBS and the different
mercury compounds considered in this work. Coordination by
mercury pulls the Cys52 ligand away from the iron ion, but the
cysteine can remain within coordination distance, providing
evidence for the proposed intermediate states with the cysteine
still close to the iron but also bound to the mercury
compounds. The computational results also provide evidence

for the possibility of interaction of two mercury compounds
with the heme-thiolate, as suggested from the kinetic results
with HgCl2.

Separation of Heme from the Protein. To determine if
heme is released from the protein after exposure to mercury

Figure 4. Structures of Fe(III)-CBS with the mercury compounds. (A) Two HgCl2 molecules, (B) p-CMB “in” conformation, (C) p-MB “in”
conformation, (D) p-CMB “out” conformation, and (E) p-MB “out” conformation. All the structures correspond to the high-spin ferric state.

Table 3. Relevant Distances in CBS with the Different
Mercury Compoundsa

Fe(II) Fe(III)

low spin high spin low spin high spin

Fe−SCys52 distance
without the Hg compound 2.32 2.37 2.20 2.34
2 HgCl2 4.11 3.87 3.76 4.16
“in” p-CMB 3.54 3.51 2.49 3.69
“in” p-MB 3.83 3.69 3.87 3.47
“out” p-CMB 2.53 2.83 2.38 2.70
“out” p-MB 2.42 2.59 2.39 2.58
Hg−SCys52 distance
2 HgCl2

b 2.87 3.26 2.89 2.80
“in” p-CMB 4.01 4.00 4.83 3.93
“in” p-MB 3.01 3.84 2.94 4.17
“out” p-CMB 4.74 4.18 5.20 4.70
“out” p-MB 4.37 4.14 4.47 4.25

aResults are shown for Fe(II)- and Fe(III)-CBS in low- and high-spin
states. The Fe(II) states correspond to singlet and triplet spin states,
while the Fe(III) states correspond to doublet and sextuplet spin
states. The term “in” corresponds to the conformation where the
mercury compound is partially inside the protein matrix, while “out”
corresponds to the conformation where the mercury compound is
located in the solvent. Distances are given in Å. bMean distance to
both Hg atoms.
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compounds, we incubated 11 μM Fe(III)-CBS with 100 μM
HgCl2 or p-CMB for 48 h at 4 °C. After incubation, the
samples were filtered (10 kDa cutoff). In Figure 5A, the
absorption spectra of the protein fractions are compared. The
sample treated with p-CMB still showed a peak at 428 nm after
48 h, albeit decreased in comparison to the control, suggesting
that the reaction was not yet driven to completion or that
washout of p-CMB led to recovery of the heme-thiolate
coordination. In the sample treated with HgCl2, the maximum
at 280 nm indicated the presence of protein, but a peak
attributable to heme (428 or 390 nm) was not seen. This result
suggests that heme was lost from the protein. In contrast, the
spectrum of the filtrate had a wide peak with an absorption
maximum at ∼406 nm, compatible with the spectra reported
for free hemin.91−93 This originated from CBS samples
exposed to HgCl2 (Figure 5B), confirming heme release.
Effect of the Mercury Compounds on CBS Activity.

Specific activities of Fe(III)-CBS exposed to p-CMB or HgCl2
for 0.5 or 72 h at 4 °C were compared (Figure 6). As expected,
the specific activity of the control sample was unaltered with
time. After 0.5 h, CBS exposed to p-CMB was completely
active, whereas after 72 h, the activity diminished to 63%. After
only 0.5 h, CBS incubated with HgCl2 had an activity of 38%,
and after 72 h, the enzyme was almost completely inactive, in
agreement with a previous report.38

The decrease in enzymatic activity by exposure to the
mercury compounds is consistent with previous observations
that perturbations in the heme coordination (e.g., by site-
directed mutagenesis) affect the activity. The effect has been
proposed to be transduced by an α-helix that connects Cys52
with the phosphate of PLP.30−33 In addition, the activity
decreases could also be related to reactions of the mercury
compounds with other protein residues.
In this work, the mercury compounds were used for

mechanistic studies aimed at better understanding of the
properties of the heme-thiolate in CBS. The physiological
relevance of the interactions between mercury compounds and
CBS is probably low. Considering that the mercury
compounds lead to relatively slow decreases in enzymatic
activity, their reactions with CBS are unlikely to trigger the
main toxic effects. The toxicity of mercury has been related to
its high affinity but relatively nonspecific binding to protein
thiols, which leads to the inactivation of other key enzymes and

ion channels.94−96 In fact, CBS was actually proposed to
diminish the toxicity of methylmercury in cells through the
formation of H2S and the scavenging of methylmercury, which
would thus become unavailable to react with cellular
proteins.97

■ CONCLUSIONS
The reaction of Fe(III)-CBS with p-CMB and HgCl2 is
multiphasic, resulting in five-coordinate CBS lacking the
thiolate coordination. In the first phase, a six-coordinate
intermediate is formed, in which the original histidine and
cysteine heme ligands are retained, while the cysteine is also
coordinated to the mercury compound. The kobs1 of this phase
increases hyperbolically with concentration of the mercury
compound. Using either the conformational selection or
induced fit model, the limiting rate constant value kobs1 =
0.3−0.4 s−1 is tentatively assigned as the weakening of the Fe−
SCys52 bond. The second phase is a second-order reaction with
a rate constant of 0.74 ± 0.06 M−1 s−1 for p-CMB and 99 ± 2

Figure 5. Treatment of CBS with mercury compounds releasing heme. Fe(III)-CBS (11 μM) was mixed with p-CMB (blue) or HgCl2 (red) (100
μM) in Tris−HCl buffer (0.1 M, pH 7.4) at 4 °C for 48 h. (A) Absorption spectra of the protein fractions after filtration. The spectra of CBS
incubated with p-CMB and the control without the mercury compound exhibited maxima at 280 and 428 nm. The spectrum of CBS incubated with
HgCl2 only showed an absorption peak at 280 nm. (B) Absorption spectra of the filtrates reveal loss of heme from HgCl2-treated CBS.

Figure 6. Specific activity of Fe(III)-CBS incubated with mercury
compounds. The specific activity of Fe(III)-CBS (5.7 μM) exposed to
an excess of p-CMB (100 μM, blue) or HgCl2 (100 μM, green) for
0.5 or 72 h at 4 °C was compared with untreated controls (red). The
results are reported as mean ± S.E. of duplicates of a representative
experiment performed two independent times.
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M−1 s−1 for HgCl2. This phase is assigned to disruption of the
heme-thiolate ligand in the reaction with p-CMB, where a five-
coordinate heme is formed, whereas with HgCl2, a new six-
coordinate species is formed in which the cysteine ligand now
interacts with two mercury ions in addition to heme iron. In
the third phase of the reaction with HgCl2, the heme-thiolate
bond is disrupted in a process that is independent of the
concentration of HgCl2 with an apparent rate constant of (5.9
± 0.6) × 10−4 s−1, forming a five-coordinate heme. Prolonged
exposure of Fe(III)-CBS to HgCl2 leads to heme loss from the
protein and loss of enzymatic activity. In contrast, partial heme
and CBS activity loss are observed upon p-CMB treatment.
The reaction of Fe(II)-CBS with p-CMB is faster than that

of Fe(III)-CBS with rate constants of 40 ± 4 s−1 and (6.7 ±
0.1) × 102 M−1 s−1 for the first and second phases, respectively.
The faster kinetics are consistent with the weaker Fe−SCys52
bond in Fe(II)-CBS. A six-coordinate intermediate is formed
initially, which evolves to a five-coordinate product.
Computational simulations provided support for the

feasibility of formation of complexes between CBS and the
different mercury compounds, in which the cysteine remained
proximal to the iron and interacted with one or two mercury
compounds.
The complexity of the interactions between the mercury

compounds and CBS and the formation of six-coordinate
heme intermediates impeded direct determination of the rate
constant for cysteine dissociation from heme. Overall, our
results contribute to the understanding of the intricate effects
of thiophilic mercury compounds on heme in CBS and, in
general terms, to the understanding of their possible
interactions with heme-thiolate proteins.
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(77) Brewitz, H. H.; Kühl, T.; Goradia, N.; Galler, K.; Popp, J.;
Neugebauer, U.; Ohlenschlag̈er, O.; Imhof, D. Role of the chemical
environment beyond the coordination site: structural insight into
Fe(III) protoporphyrin binding to cysteine-based heme-regulatory
protein motifs. Chembiochem 2015, 16, 2216−2224.
(78) Brewitz, H. H.; Goradia, N.; Schubert, E.; Galler, K.; Kühl, T.;
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