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‡Instituto de Caĺculo/CONICET, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Ciudad Universitaria, Pab.
II, Buenos Aires C1428EHA, Argentina

*S Supporting Information

ABSTRACT: Hydrogen sulfide (H2S) was recently discovered as a
gasotransmitter, capable of coordinating to the heme iron of hemeproteins.
H2S is unique for its ability to render varying concentrations of the nucleophilic
conjugate bases (HS− or S2−), either as free or bound species with expected
outcomes on its further reactivity. There is no direct evidence about which
species (H2S, HS

−, or S2−) coordinates to the iron. We performed computer
simulations to address the migration and binding processes of H2S species to
the hemoglobin I of Lucina pectinata, which exhibits the highest affinity for the
substrate measured to date. We found that H2S is the most favorable species in
the migration from the bulk to the active site, through an internal pathway of
the protein. After the coordination of H2S, an array of clustered water
molecules modifies the active site environment, and assists in the subsequent
deprotonation of the ligand, forming Fe(III)−SH−. The feasibility of the
second deprotonation of the coordinated ligand is also discussed.

I. INTRODUCTION
The long history of hydrogen sulfide (H2S) as a deleterious
molecule was deconstructed with the discovery that sulfide
species are produced and regulated in mammals1−8 and
plants,9−12 with important biological functions at low
concentrations. At the onset of the XXI century, H2S was
included in the family of gasotrasmitters (along with nitrogen
oxide and carbon monoxide). In most cases, the function of
H2S is related to reactions with small endogenous thiol
compounds,13,14 protein thiols,15−17 metalloproteins,18 and
hemeproteins,19−21 directly impacting the ATP synthesis and
the function of potassium channels, with significant outcomes
in the muscular tone and neuronal activity in mammals.22−25

An outstanding example is the reaction of H2S with the
cytochrome c oxidase, where the reversible binding of H2S
decreases the activity of the enzyme,26,27 inducing hibernation-
like states in mice.28,29 In myoglobin and hemoglobin, diverse
forms of reactivity of sulfide have been described: whereas the
formation of the so-called sulfheme compounds due to the
reaction of sulfide on the heme periphery has been attributed
to either deleterious processes30 or to a detoxification
shortcut,24 the binding of sulfide to the ferric ion of
hemoglobin has been recently reported as the initial step of
an oxidative, catabolic route for sulfide.31

The binding of sulfide to ferric hemeproteins is under
active debate both from the chemical and biological
standpoints. The affinity constant of Fe(III)−(sulfide)20,32,33
complexes described to date ranges from ∼109 (hemoglobin I

of L. pectinata, HbI)32 to ∼104 M−1 (microperoxidase 11)34 at
physiological pH. For hemeproteins, the affinity has been
extensively described in terms of distal stabilization mecha-
nisms, and the reported heme model microperoxidase
permitted the dissection of the role of the proximal histidine
in aqueous or nonpolar environments.35 Remarkably, the
preferred binding of sulfide to ferric hemes is a feature that
distinguishes hydrogen sulfide from siblings carbon monoxide
and nitric oxide (both of which bind more strongly to ferrous
heme), as is the equilibria with the deprotonated, anionic, and
nucleophilic conjugate species, hydrosulfide (HS−) and sulfide
(S2−). It has been speculated that H2S, and not HS−, is the
bound form to the ferrous/ferric porphyrin of a cytochrome c
oxidase model,27 and the same species was claimed to bind
HbI of L. pectinata.33 Conversely, it was assumed that HS− is
the main species that binds to T. fusca hemoglobin.36 The
identification of the coordinated sulfide species (H2S, HS

−, or
S2−) should be under cautious scrutiny because it is crucial for
the resulting affinity and the subsequent reactivity.
As the pKa1 of H2S is ∼7.0, the neutral form coexists with

the hydrosulfide monoanion (HS−) under physiological
conditions. The pKa of the coordinated H2S may differ
from that found in the bulk solvent due to both the electronic
character of the Fe−S bond and the role of the surrounding
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environment (e.g., solvent molecules, distal amino acids, etc.).
Moreover, the coordinated species may indeed be different
from the one that migrates from the bulk to the heme cavity,
as migration and binding may be considered as independent
events.
Computational chemistry on hemeproteins has been widely

used33,37−43 and proved to be a good strategy to describe
molecular details concerning hemic systems and as a
prediction tool of relevant biological processes.
In order to elucidate the molecular details underlying the

binding and reactivity of sulfide species to hemeproteins, we
performed a variety of computer simulations considering the
case of HbI from L. pectinata.

II. THEORETICAL METHODS
Preparation of the Systems and MD Simulation

Parameters. The protein structures of 5c, Fe(III)−SH2, and
Fe(III)−SH− states were constructed from the X-ray structure
file corresponding to PDB id 1b0b (HbI of L. pectinata), to
which the corresponding ligand coordinated to the iron center
(H2S and HS−) was added. The fixed protonation states
amino-acids protonation were assumed to correspond to
physiological pH (i.e., Asp and Glu negatively charged, Lys
and Arg positively charged), all solvent exposed His were
protonated at the N-δ delta atom, as well as the proximal His,
which is coordinated to the iron heme. Crystallographic water
molecules were deleted manually, and the system was solvated
by constructing an octahedral box of 10 Å. Approximately
6840 TIP3P water molecules were placed inside the box
through the standard criteria procedure of the AmberTools
Package.44 Parameters of all residues (except for the heme
group) were taken from the AMBER ff99SB force field.45

To obtain representative AMBER parameters for the MD
simulations, a model system consisting of an imidazole ring
ligand bound through its N-δ to a ferric iron-porphyrin
complex without lateral groups (vynils, methyls, or
propionates) was used to represent the heme group of the
protein. Finally, in the trans position of the imidazole ring,
H2S or HS− ligand was coordinated to the iron.
Full QM geometry optimization was performed for the

three complexes under DFT approximation using the
Gaussian 03 program.46 DFT calculations have been
extensively applied to metalloproteins in general and to
iron-porphyrin systems in particular.47−52 The DFT calcu-
lations reported in this Article employed PBE as both the
correlation and exchange functional developed by Perdew,
Burke, and Ernzerhof in 199653 and 6-31G** as basis sets. In
each optimization procedure, frequency calculations using
normal mode approximation were performed to check that a
local minimum in the potential energy surface was obtained.
In this work, the total charge and electronic spin of 5c, H2S,
and HS− systems have been imposed to set ferric low spin (S
= 1/2) for the 6th coordinated complexes and ferric high spin
(S = 5/2) for the 5c complex (full QM optimized coordinates
of 5c and 6th coordinated structures, including the total
energy, are available in the Supporting Information as .pdb
files).
Bonds, angles, and torsional parameters including Fe atom

and sulfide species were obtained from the full QM-optimized
structures by scanning the potential energy surface around the
minimum of the coordinate of interest. The resulting energy
profiles were fit to the appropriate AMBER potential
functional form. We used the parameters previously obtained

in our group for the rest of the porphyrin system.50,54 Partial
atomic charges were obtained using the restrained electrostatic
potential (RESP) procedure for the optimized systems, from
single-point PBE/6-31G** calculations and the CHELPG55

based method and imposing symmetry on equivalent atom
types.
The procedure described above was validated and widely

used in several studies of hemeproteins from our group.56−58

All MD simulations were performed using periodic
boundary conditions with a 9 Å cutoff and the particle
mesh Ewald (PME) summation method for treating the
electrostatic interactions. The covalent bonds involving
hydrogen atoms were restrained at their equilibrium distance
by using the SHAKE algorithm, while the temperature and
pressure where kept constant with a Berendsen thermostat
and barostat, respectively, as implemented in the AMBER14
package.44

For the three structures (5c, Fe(III)−SH2, and Fe(III)−
SH−), the equilibration protocol consisted of (i) slowly
heating the whole system from 0 to 300 K for 2 ns at
constant volume, with harmonic restraints of 80 kcal/mol·Å2

for all Cα atoms and (ii) slowly heating from 0 to 300 K for
2 ns at constant preasure of the entire system. (iii) After these
two steps, an unconstrained ∼300 ns molecular dynamics
simulation at constant temperature (300 K) and pressure was
performed, in order to obtain systems described by the NPT
ensemble.
For the sake of convergence, we used two strategies: (a) on

each state, starting from the same initial structure described
above, three different equilibration protocols were applied by
varying the equilibration parameters (total simulation time,
restraints, etc.). This procedure leads to three uncorrelated
replicas of each state, obtaining a total simulation time of 600
ns for each state. (b) Taking three different uncorrelated
structures from the first MD trajectory and restarting the
velocities, we extended the MD trajectories for 300 ns for
each state.
All together, we obtained approximately 1.3 μs of MD

trajectories for each state. All structures were found to be
stable during the time scale of simulations, as evidenced by
the root mean square deviation analysis shown in the
Supporting Information (Figure S1).

Implicit Ligand Migration (ILS) Calculation. ILS
evaluates the free energy cost of placing a small ligand at
any desired positions in the system of interest taking into
account different orientations. The regions that are accessible
to the ligand are characterized by low free energy values.
Thus, if those regions are connected by sufficient low free
energy regions, an internal pathway (IP) can be defined. It is
important to remark that this technique allows a simultaneous
determination of several different IPs of a protein in a
completely unbiased way.
In order to have representative results using trajectories

performed in the absence of the ligand, this approach assumes
that the ligand interacts weakly with the protein matrix.59,60

ILS has been shown to be a good strategy for prediction of
IPs for small neutral ligands in hemeproteins.61−64

Technically, the method uses MD simulations of the system
without explicitly considering the ligand of interest, and
evaluates the free energy (through the probability) of finding
the ligand at several positions (and orientations) using a grid.
The probability is evaluated in the presence of the “implicit”
ligand, considering it as a small perturbation in the
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Hamiltonian of the original system, described as a term of
interaction between ligand and protein.
In this work, ILS calculations were performed in a regularly

spaced rectangular grid of 0.5 Å resolution that includes the
protein, the probe used was a H2S molecule, and five different
orientations were taken into account.
The interaction was considered as a Lennard-Jones term,

truncated at 9 Å, probe parameters used for the interactions
belong to the AMBER force field, and the geometric
parameters were taken from full-QM geometry optimization
for the probe (at the PBE/6-31G** level).
It is important to remark that, because HS− is a charged

ligand, the ILS methodology is inappropriate. This is due to
computational expense of long-range Coulombic interactions
for several positions and orientation of the ligand. In addition,
the requirement of small interaction between protein and
ligand could not be satisfied, possibly generating conforma-
tional changes that could not be evaluated in the trajectories
used as reference.60

Calculations were performed on 4000 frames taken from
1200 ns of simulation time of the 5c state of the protein.
Finally, an IP was considered as a zone connecting the active
site with the solvent within values of free energy less than 1.5
kcal/mol.
To check the convergence, we divided the total number of

frames into three blocks of 1000 frames, and we analyzed
them separately. Similar results were obtained for the three
blocks, as evidenced in the Supporting Information (Figure
S2). All ILS calculations were performed using the VMD 1.9.1
module program.65

Steered Molecular Dynamics (SMD). SMD is an
efficient way to explore the system along a defined reaction
coordinate,66,67 usually modifying the original description of
the system by adding a harmonic guiding potential over a
selected arbitrary reaction coordinate (ξ). This potential is
characterized by a spring constant, and a center of the spring.
In order to cover the relevant region of the reaction
coordinate, the center of the spring is linearly modified
based on an arbitrary velocity (v).
Employing this modified system and starting from N

different initial microconfigurations well described by a
convenient thermodynamic ensemble (NPT in our case, see
below), it is possible to calculate the accumulated work for
several independent nonequilibrium change processes, wi(ξ,
v), by sampling the reaction coordinate chosen from an initial
to a final value, according to the guiding potential and velocity
v. With these data, it is possible to employ the Jarzynski
equality68 (JE, eq 1) to obtain the free energy profile of the
process along the reaction coordinate sampled

= ⟨ ⟩β ξ β ξ− Δ −e eG W v
N

[ ( )] [ ( , )]i (1)

where β = (kB·T)−1, kB is the Boltzmann constant, and T is
the absolute temperature, and the average is performed over a
set of N pulling trajectories. In principle, this relation holds
for any velocity selected for the sampling and for a sufficient
amount of data evaluated. In this case, ΔG will converge to
the free energy difference associated with the initial and final
reaction coordinate sampled. The error analysis of the free
energy profiles is a crucial issue. A detailed description of the
error analysis is given in the Supporting Information.

We evaluated the free energy profile of H2S and HS− along
the internal pathway of L. pectinata choosing the Fe−S
distance as the reaction coordinate.
JE requires that the modified system must be well

equilibrated under the desired ensemble to work (we select
the NPT ensemble), with the restraint fixed at the initial value
of the reaction coordinate. Therefore, we selected a snapshot
from the MD simulation of the 5c state of the protein and we
placed H2S (or HS−) at ∼9 Å for the distance between Fe
and S atoms, the chosen position was that we regard as the
entrance of the IP found by ILS calculation.
Initial restrained MD (5 × 100 ns with H2S and HS−,

respectively) simulations were performed with position fixed
at that initial value of the reaction coordinate (∼9 Å) using a
value of 200 kcal/(mol·Å) for the spring constant, and using
the same parameters for the MD described in the MD
section. Saving different snapshots every 1 ns of the run, we
obtained 500 uncorrelated initial snapshots with fixed reaction
coordinate to ∼9 Å. Snapshots in which the ligand is far from
the entrance of the IP were discarded; the rest of them were
used to perform the change process varying the reaction
coordinate from 9 to 4 Å using a spring constant of 200 kcal/
(mol·Å2) and using a pulling velocity of 0.0025 Å/ps. The
spring constant and pulling velocity for the SMD simulations
were chosen following the computational scheme reported in
previous studies.64,69,70 In this case, the pulling velocities were
chosen to be 10 times slower than in previous works, in order
to improve the convergence.
Finally, perturbations in which the ligands migrated beneath

the heme ring were also discarded, as they do not represent
the process of interest.
At the end of the procedure described above, a set of 378

work profiles for H2S and 193 for HS− were obtained for the
analysis. The JE was then evaluated at each value of the
reaction coordinates, and the free energy profiles were
constructed.

Characterization of Water Sites (WS). Water sites
correspond to specific regions inside the protein that can host
a water molecule with a probability value higher than a water
molecule surrounded by the bulk environment. In our
previous works, we show that these regions can be identified
by computing the probability of finding a water molecule
inside a defined region during MD simulation performed with
explicit solvent water molecules.71−73

The region volume used to identify WS was arbitrarily set
to 1 Å3, and the WS center coordinates correspond to the
average position of all the water oxygen atoms that visit the
WS along the simulation. A water molecule is considered as
occupying that WS when the distance between the position of
its oxygen atom and the WS center value is less than 0.6 Å.
Once identified, for all potential WS, we computed the

water finding probability (WFP), corresponding to the
probability of finding a water molecule in the region defined
by the WS and normalized with respect to the bulk solvent
probability to harboring a water molecule in a sphere of the
same volume at the corresponding temperature and pressure
values; thus, the WFP is actually used as a cutoff value to
decide which potential WS are relevant. In this work, only WS
with WFP values greater than 2 are retained.
All WS calculations were performed using the VMD

module named WATCLUST program,74 with default
parameters and considering that a WS is formed when the
water molecules were hosted more than 10% of the time scale
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of the MD simulation analyzed. We used ∼3000 frames of the
whole MD simulations on each state to determine WS (same
amount of frames for the 50 ns MD simulation “switching”
procedure described in the Results section). Convergence was
also checked using different segments of all the MD
simulations used to define WS, ensuring that the WS
definition was robust (data not shown).
Sulfide QM/MM Energy. QM/MM calculations were

performed for H2S or HS− coordinated to the Fe(III) atom of
HbI of L. pectinata. The initial structures for the QM/MM
calculations were obtained from the corresponding previously
described MD simulations. Selected snapshots based on the
structure and dynamics analysis of the hydrogen bond pattern
for each case were selected and cooled down slowly to 0 K.
Starting from these frozen structures full hybrid QM/MM
geometry optimizations were performed using a conjugate
gradient algorithm, at the DFT level with the numerical basis
set SIESTA code using our own QM/MM implementation
called Hybrid.75 For all QM atoms, basis sets of double beta
plus polarization quality were employed. All calculations were
performed using the generalized gradient approximation
functional proposed by Perdew et. al54 (named PBE) for
both exchange and correlation functional. This correlation-
exchange functional has been used in several works in order
to describe the reactivity of small molecules in hemepro-
teins.57,76 In addition, it also has been proved to be reliable
for describing reactions that include proton transfer
processes.77−79

For all systems studied, the spin unrestricted approximation
was used, and we use the term “low spin” as a doublet state
and “high spin” as a sextet state. Only residues located less
than 10 Å apart from the heme reactive center were allowed
to move freely in the QM/MM procedures. The QM
subsystem included the heme group (without the peripheral
groups), the H2S or HS− ligands, as the case Gln (or Ala),
and the imidazole ring of the proximal side. The rest of the
protein unit, together with water molecules, was treated
classically. The interface between the QM and MM portions
of the system was treated by the scaled position link atom
method. This strategy has been widely and successfully used
in our group mainly in biomolecules.57,80−86

Since obtaining accurate free energy profiles requires
extensive sampling, which is computationally very expensive
and difficult to achieve at the DFT QM/MM level, we
resorted to computing potential energy profiles using
restrained energy minimizations along the reaction coordinate
that describe the deprotonation process. For this approach, an
additional term, V(ξ) = k[ξ − ξ0]

2, is added to the potential
energy, where k is an adjustable force constant (set to be 200
kcal/mol·Å2) and ξ0 is a reference value, which is varied
stepwise along the reaction coordinate with an interval of 0.5
Å along the reaction coordinate. By varying ξ0, the system is
forced to follow the energy minimum reaction path along the
given reaction coordinate ξ.
Sulfide QM/MM-MD Simulations. QM/MM-MD simu-

lations were carried out using the Gaussian basis set DFT Lio
module implemented in the Amber package.87,88 Force field
parameters and the protocol for the thermalization step can
be found elsewhere.89 In the present work, the QM and MM
partioning of the system was similar to that used for the QM/
MM optimizations described in the previous section. The
difference in the QM portion (as we obtain similar results
using several or one water molecule) is that we decided to

include only one water molecule. We employed the scaled
position link atom to describe the QM/MM boundaries.75 For
the QM region, computations were performed at the
generalized gradient approximation (GGA) level, using the
PBE combination of exchange and correlation functionals,
with a dzvp basis set for the expansion of the one electron
orbitals in a spin unrestricted approximation using charge and
spin state to obtain the Fe(III)−SH2 complex at low spin
state; in this case, we assume spin multiplicity of 2 units. The
electronic densities were also expanded in an auxiliary basis
set, and the coefficients for the fitting were computed by
minimizing the error in the Coulomb repulsion energy.
Initial configurations were generated from the MD classical

simulations of the Fe(III)−SH2 state in which the solute was
treated classically as a rigid moiety, followed by a 100 ps MM
simulated annealing from 300 to 0 K, and QM/MM energy
optimization procedure. Finally, a thermalization procedure
was performed from 0 to 300 K using the Langevin dynamic
scheme. We employed the Verlet algorithm to integrate
Newton’s equations with a time step of 1 fs. Temperature was
held constant at 300 K using the Langevin thermostat. All

Figure 1. (A) Free energy isosurface (1.5 kcal/mol isovalue)
computed with implicit ligand sampling of H2S in hemoglobin I of L.
pectinata, in the 5c ferric state. (B) Detail of the E7 gate IP, where
solvated heme propionates and polar Gln residue are depicted.
Atoms in red and blue are representing charged groups, and water
molecules are depicted in yellow.
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dynamics and statics calculations were visualized with VMD
1.9.1.65

III. RESULTS
Characterization of Internal Pathways. An internal

pathway (IP) is the area drilled inside the protein matrix that
connects zones of low free energy (known as “transient
cavities”) that can be formed by thermal fluctuations of a
protein structure. It is well-known that some proteins of the
globin family present various IPs connecting, ultimately, the
active site with the solvent. The IP and the water molecules in
the active site have been proposed to play a key role in
determining ligand migration through the protein matrix and
binding to the metal center.90−93

We performed implicit ligand sampling (ILS) calculations
of the protein in the ferric penta coordinated (5c) state of the
iron. We used H2S as the probe molecule. We note that the
ILS method cannot be used to evaluate differences between
H2S and HS−, as the probe only provides qualitative evidence
about potential pathways for small ligands.
We found one IP that connects the solvent with the active

site (Figure 1A). This pathway corresponds to the so-called
“E7 gate” found in both myoglobin and hemoglobin.94,95

Figure 1B zooms in on the vicinity of the IP, depicting the
solvated propionate side chains and a distal Gln residue.
Free Energy Profile of Migration of the Sulfide

Species (H2S vs HS−). In order to evaluate the differences

between H2S and HS− ligands, we calculated the ligand
migration free energy profile along the E7 pathway, by
performing steered molecular dynamics (SMD) simulations
combined with the Jarzynski equality (Figure 2). The Fe−S
distance was chosen as the reaction coordinate. The
combination of SMD and the Jarzynski equality has been
successfully applied to several studies in proteins.64,70,96−98

Our results show that H2S is the most favorable species to
migrate to the active site (Figure 2, upper panel), with a low
barrier (∼2 kcal/mol) and a low free energy difference
between the bulk solvent and the active site of ∼1 kcal/mol.
On the other hand, HS− displays a very high barrier and a
free energy difference between the bulk solvent and the active
site of approximately 16 kcal/mol, with no apparent free
energy minimum as the ligand reaches the active site (at
approximately 4 Å). The profiles are ended at 4 Å from the
iron atom, as the classical force field used is not able to
describe the electronic interaction during Fe−S bond
formation.
Details about the convergence criteria used in our SMD

calculations are included in the Supporting Information
(Figure S3).
The difference between the two free energy profiles can be

rationalized by inspecting the individual SMD trajectories for
both ligands. When H2S migrates from the bulk to the active
site, its solvation structure changes dramatically, expelling
water molecules from its surroundings as it reaches the active
site (Figure 2, lower panels). On the contrary, HS− migrates

Figure 2. Upper panel: Free energy profile of H2S (red) and HS− (blue) migration through the E7 gate internal pathway of HbI. RMSE values
are depicted as error bars on each profile. Lower panels: Representative snapshots taken from the SMD trajectories for H2S and HS− at different
Fe−S distances (from left to right 4, 6, and 9 Å, respectively). In all cases, water molecules located at less than 5 Å of the sulfur atom are
depicted.
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to the active site still solvated, most likely due to its net
charge.
Formation of Water Sites in the Active Site. It was

observed that water molecules, strongly stabilized in the active
site, can slow down the ligand binding process, mainly
because a water displacement process must occur in
advance.90−92 A water site (WS) is defined as a spatial region
in a system with a high probability of finding water molecules,
as compared with the probability of finding water molecules
in the bulk solvent. Each WS is characterized by a water
finding probability (WFP). The position of each WS is
defined by the coordinates of the maximum probability point
within a selected region. We performed WS calculations using
MD trajectories for the 5c, Fe(III)−SH2, and Fe(III)−SH−

states, considering a WS as the zone where water molecules
are present in at least 10% of the time scale of the trajectory
analyzed.
Distal WS were not observed prior to the addition of

sulfide, as depicted in Figure 3A. We found, however, two
distal WS in the Fe(III)−SH2 state (Figure 3B). In this case,
the carbonyl group of Gln65 interacts with the S atom of the
coordinated H2S via a bridging water molecule. In the case of
HS−, no distal WS was observed (Figure 3C). We note that in
all three cases a WS was identified in the proximal side of the
heme group. Although this particular WS is conserved, it does
not participate in the Fe−S bond formation.
We provide further evidence about the convergence of WS

calculation in the Supporting Information (Figure S4).

The absence of a WS in the Fe(III)−SH− state evidences a
decrease in the polarity of the active site, as compared to the
Fe(III)−SH2 state (Figure 3C). We note that the con-
formations of distal site residues Phe30, Phe44, and Phe69 do
not undergo significant changes in going from the 5c to the
Fe(III)−SH2 and Fe(III)−SH− states.
A close inspection of the distal site reveals that the amino

N atom of Gln65 is able to form a hydrogen bond with the S
atom in the Fe(III)−SH− complex, avoiding WS formation
(Figure 4B). In the Fe(III)−SH2 complex, however, Gln65
assists the formation of two WS in the vicinity of the active
site, which interact with the coordinated H2S (Figure 4A).

First Deprotonation Step: from Fe(III)−SH2 to Fe(III)−
SH−. In the previous section, we showed that H2S and not
HS− is the species that preferentially migrates through the
polar E7 gate IP of Hb I of L. pectinata. In this section, we
show the results of QM/MM calculations for the eventual
deprotonation of the coordinated H2S.
We found that the deprotonation process of the bound H2S

is thermodynamically favorable (negative ΔE values for the
global process) and that the process occurs with no barrier
(Figure 5A). We also observed that the proton is transferred
from the Fe(III)−SH2 to one of the water molecules in the
observed WS, and subsequently to the carbonyl group of the
Gln65 (Figure 5B and C). No significant differences were
found for the high and low spin states (Figure 5A).
As a control experiment, we performed QM/MM

calculations with Fe(III)−OH2 instead of Fe(III)−SH2. In

Figure 3. WS observed in the 5c (A), 6c H2S (B), and 6c HS− (C) ferric states HbI of L. pectinata. Red and blue regions represent the low and
high probability of finding a water molecule with respect to the solvent, respectively. The three cases present WS in the proximal site of the heme
group (below the heme in the figure), which is not involved in sulfide binding. The proximal histidine ligand has been omitted for clarity.

Figure 4. Stabilization of the coordinated H2S and HS− during MD simulations. (A) Representative snapshot of the hydrogen bond interaction
between Gln and H2S in the Fe(III)−SH2 complex; water molecules around Gln65 are also depicted showing the interaction between
coordinated H2S and Gln residue. (B) Representative snapshot of the hydrogen bond interaction between the N(Gln) and S atom in the
Fe(III)−SH− complex.
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this case, the global ΔE value was positive, meaning that a
water molecule is less prone to release a proton (Figure S5).
Similar results were obtained using either only one water
molecule (belonging to the “bridge-like” WS) or two (one in
each WS) water molecules in the QM subsystem for both
Fe(III)−SH2 and Fe(III)−OH2 (data not shown). To evaluate
the relevance of Gln65 in the deprotonation process, we
performed the same calculations for the Gln65Ala mutant
(Figure 6).

In both low and high spin states, the deprotonation occurs
during the optimization step of the calculation. This result
evidences that Gln65 is not required for the deprotonation
but that it may assist in making the process more favorable.
In order to add more evidence about the deprotonation of

the coordinated H2S and the role of the Gln65 in the process,
we performed QM/MM-MD simulations. This methodology
allows us to sample more configurational space than
traditional QM/MM optimizations (see Methods for details).
In the thermalization step of the calculation, the proton is
spontaneously transferred from the Fe(III)−SH2 to the water
molecule in the WS and then toward the Gln65 (Figure 7),

evidencing that the deprotonation process is thermodynami-
cally favorable at room temperature, consistent with the
results from the QM/MM optimizations. A video of the
trajectory of the QM portion of the system for the
thermalization step is provided in the Supporting Information.

Second Deprotonation Step: from Fe(III)−SH− to
Fe(III)−S2−. We evaluated the feasibility of the second
deprotonation of H2S (to S2−) by performing QM/MM
calculations for the Fe(III)−SH− adduct. Considering that the
kinetic barrier for the deprotonation would be very high
because of the absence of water molecules in the MD
simulation of the Fe(III)−SH− state (Figure 3C), we instead
decided to evaluate the posibility of a fast second
deprotonation before the WS exhibited in the Fe(III)−SH2
adduct are dissassembled. For this purpose, we started the
simulation with the same structure used for Fe(III)−SH2. As
for the Fe(III)−SH2 system, deprotonation of Fe(III)−SH−

was favorable under the described conditions (Figure 8). In
the onset of the restrained optimization, one proton was

Figure 5. Fe(III)−SH2 deprotonation energy profile HbI of L.
pectinata (A); red and blue profiles correspond to low and high spin
states, respectively. (B and C) Initial and final snapshots of the
energy profile are also shown. The reaction coordinate was the S−H
distance.

Figure 6. QM/MM optimized structure for the Fe(III)−SH2
complex in HbI of L. pectinata, mutating Gln to Ala in a ferric
low spin state. Several MM water molecules belonging to the bulk
are depicted in blue (the QM imidazole ring of histidine was omitted
for clarity). Similar results were obtained for the high spin state.

Figure 7. Subsequent snapshots for the Fe(III)−SH2 deprotonation
process in the thermalization step of the QM/MM-MD for the QM
portion of HbI of L. pectinata in HbI of L. pectinata. The QM
imidazole ring of histidine was omitted for clarity.

Figure 8. Deprotonation of Fe(III)−SH− in HbI of L. pectinata in a
ferric low spin state. Panel A shows the initial structure used for the
optimization. Panel B shows the final structure obtained after the
QM/MM optimization. Several classical water molecules belonging
to the bulk are depicted in blue (the QM imidazole ring of histidine
is not depicted). Similar results were obtained for the high spin state.
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delocalized in the chain of water molecules. This process has a
slightly negative global ΔE value with almost no barrier for
the proton transfer from the coordinated HS− to the last
water molecule (−4 and 0.1 kcal/mol for low and high spin
states, respectively). Under these conditions, the deprotona-
tion process occurs without intervention of Gln65, leaving a
delocalized proton among the water molecules connected to
the solvent. Considering the small value of ΔE, we cannot
provide conclusive evidence about the second deprotonation
step, since this result may be dependent on the details of the
model.

IV. DISCUSSION
From the results of the ILS, SMD, and QM/MM calculations
obtained in this work, we provide new information about the
impact of the ionic equilibria of H2S on its migration and
binding to the Fe(III) of HbI of L. pectinata.
An internal pathway, which corresponds to the well studied

E7 gate of hemoglobin, was found in HbI of L. pectinata. Free
energy profiles for ligand migration through this IP show that
the overall difference in Gibbs free energy (ΔG) along the
sampled selected coordinate is larger for HS− than for H2S.
This difference can be attributed to the higher polarity of
HS−, as the active site is largely hydrophobic. There is a
balance between the desolvation of HS− and the cost of HS−

entering still solvated by many water molecules. Both
scenarios generate high free energy barriers for HS−

migration.
The small barrier obtained for H2S corresponds to the

desolvation process that takes places up until approximately 6
Å. Beyond that coordinate value, the free energy profile goes
downhill due to the stabilization of the ligand in the
hydrophobic environment.
It is interesting to note that, although H2S migrates mainly

devoid of surrounding water molecules, WS are formed after
coordination, and on the other hand, HS− migrates
surrounded by water molecules and WS are not formed
after coordination. The only way to reconcile this apparent

discrepancy in solvation is to conclude that the migrating
species is indeed H2S, and the formation of the Fe(III)−SH−

adduct is the result of the subsequent deprotonation of the
coordinated H2S ligand.
The different behavior between coordinated ligands may be

explained from the charge distribution of the sulfide ligands
after coordination. H2S charge becomes more positive when it
coordinates, which attracts water molecules and the carbonyl
group of Gln. However, for HS−, when it coordinates, its
negative charge density keeps a significant negative charge
that attracts the amino moiety of the Gln that hampers the
WS formation.
We can enrich the analysis by considering the pKa1 values

of H2O and H2S, ∼14 and ∼7, respectively. It has been
demonstrated that, upon coordination to a Fe(III), the pKa1
value for coordinated H2O in hemeproteins decreases at least
4 and as much as 7 pKa units.

32,99−103 Thus, if we assume that
the behavior in the pKa values is similar for H2S, the
equilibrium that should be taken into account for sulfide
species in biorelevant neutral environments should be
Fe(III)−SH−/Fe(III)−S2−. Our QM/MM results show that
the first deprotonation step of the Fe(III)−SH2 complex is
thermodynamically favorable. A negative global ΔE (about
−10 kcal/mol) and spontaneous proton transfer process in
our QM/MM-MD was observed for the Fe(III)−SH2
complex. Due to the presence of water molecules in the
active site, no appreciable kinetic barrier for the proton
transfer exists. The results for Fe(III)−SH− deprotonation
show, however, a less negative global ΔE (approximately −2
kcal/mol). Considering the small magnitude of this value, we
cannot conclude if the deprotonation of Fe(III)−SH− occurs
spontaneously or not.
On the basis of our classical and QM-MM simulations, we

propose the following mechanism (Scheme 1) for the global
binding process of sulfide species in HbI of L. pectinata: H2S
migrates from the solvent to the active site and coordinates
the iron. Immediately afterward, two water sites are formed in
the active site bridging the coordinated ligand with Gln65.
One of the WS accepts a proton from the coordinated H2S

Scheme 1. Proposed Mechanism for Sulfide Speciation in HbI of L. pectinata
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and transfers it either to Gln65 or to another water molecule
oriented toward the bulk. This process leads to the formation
of the Fe(III)−SH− complex, which subsequently either
quickly releases the second proton to a water molecule
resulting in the Fe(III)−S2− state or remains in the Fe(III)−
SH− stabilized by Gln65.
Our results show clearly that Fe(III)−SH2 is not the

thermodynamically nor the kinetically stable species. Instead,
Fe(III)−SH− emerges as the bound species, although we
cannot conclusively disregard the formation of Fe(III)−S2−.
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