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Abstract

Hydrogen sulfide (H,S) has been related to be toxic and to have a role in hu-
man physiological functions. Therefore, there is a necessity to comprehend
ways to scavenger hydrogen sulfide from different media. Here, we used
recombinant metaquo-Hemoglobin I (metHbI) from Lucina pectinata and
metaquo-myoglobin (metMb) encapsulated in the tetramethyl orthosilicate
gel (TMOS), to facilitate the understanding of H,S transfer toward these
metaquo-hemeproteins. In this sol-gel environment, metHbI binds and re-
leases H,S with rate constants of 0.0597 M™s™' and 6.67 x 107 s7,
respectively. The process generates an H,S affinity constant (k,,/k.4) of 8.9 x
10> M, which is 107 lowers than the analogous constant in solution (6.3 x 10°
M™). Although the H,S kg for the rHbI-H,S complex is almost similar with
both sol-gel and solution. To further understand how the H,S kg from
rHbI-H,S in solution (5 pM) is influenced by the protein concentration
gradient, metHbI and metMb (25 pM) encapsulated in TMOS sol-gel. Under
these circumstances, the H,S transfer from a solution of the rHbI-H,S com-
plex to encapsulated hemeprotein resulted in kg values of 1.90 x 10 s™', and
2.09 x 107 57" leading to the formation of rHbI-H,S and Mb-H,S species, re-
spectively. The results suggest that the: 1) extreme ionic TMOS construct
limits the H,S pathways to reach the hemeprotein active center, 2) possible
interaction with metHbI hydrophilic forces increases the hydrogen bonding
networking and decreases the H,S association constant, 3) hemeproteins
concentration gradients between solution and sol-gels also influence its hy-
drogen sulfide transfer. In the presence of oxygen or hydrogen peroxide
metMb generated a mixture of Mb-H,S and sulfmyoglobin derivative, while
encapsulated metHbI reaction did not produce the sulfheme species. Conse-
quently, the results show that metHbI encapsulated in TMOS is an excellent
trap for H,S from solution or gas media.
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1. Introduction

It is well-known that encapsulation of biomolecule, such as proteins [1] [2], en-
zymes [3], antibodies and cells [1], using sol-gels method is widely considered
for research in the development of biosensor [4] [5] [6], tissue engineering [7],
and drug delivery [8] [9]. This technique involves the inclusion of a biomolecule
in an inorganic matrix where mobility is restricted but allows migration of par-
ticular analytes through the gel lattice [10] [11]. One of the main challenges in
the polymeric matrix immobilization is to prevent denaturalization of biomole-
cules. Silica-based sol-gels are widely used to encapsulate large biomolecules at
room temperature because they retain the protein structural and functional cha-
racteristics [12]. The advantage of tetramethyl orthosilicate (TMOS) is that the
sol-gel cannot swell after immersion into the biomolecule’s solutions, keeping
the protein from leaving the framework and making it ideal for the reaction be-
tween solutions or gases [10].

Recently, snake venom was immobilized by the sol-gel method to prevent de-
naturation of venom content from the environmental conditions [13]. Efficiency
assay, scanning electron microscopy and cytotoxicity analysis, showed that the
process is suitable to encapsulate the venom and is appropriate for drug delivery
systems. Another biomolecule encapsulated in silica sol-gels was cytochrome ¢
[14] [15] [16]. UV-vis spectroscopy reveals insignificant changes in the structur-
al conformation of the molecule encapsulated. In both types of research, biomo-
lecules were immobilized in nanometric spaces. These provide the possibility of
mimicking the environment in which proteins are sterically hindered, diffusion
is reduced, and water molecules do not behave as bulk water [11] [17]. There-
fore, this technique, in combination with the selectivity offers by biomolecules,
could a good alternative of analyzing chemical reactions of biological interest.

Hemoglobin I (HbI) from the mollusk Lucina pectinata is a very effective
heme-protein monomer for scavenging H,S, with extraordinary affinity by fast
binding (k,, = 2.3 x 10° M™"s™"), together with very slow dissociation (k= 0.22
x 107 s7") to form ferric hemoglobin sulfide with absorption bands at 426 nm,
543 nm, and 575 nm [18] [19] [20] [21] [22]. This high affinity is stabilized by
hydrogen bonding with GIn(64)E7, and by aromatic electrostatic interactions
with residues Phe(29)B10, Phe(43)CD1, and Phe(68)E11, known as the Phe-cage
[23] [24]. Our research group has achieved the HbI immobilization and charac-
terization over a conductive surface [25] [26]. Galardon and co-workers have
used HbI for reversible detection and quantification of H,S by fluorescence [27].

This work presents the immobilization of HbI from L. pectinata using a sili-
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ca-based sol-gel to evaluate the binding with hydrogen sulfide and stability in
the polymeric matrix. Kinetic studies by UV spectroscopy generate into the
transfer of H,S from the rHbI-H,S complex in solution toward HbI encapsu-
lated, and Mb encapsulated in the presence of O, or H,O,. The results show the
capacity of these proteins to trap H,S with a relatively small association rate con-
stant comparative to the same protein in solution. Also, attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR) analysis confirms the
structural conservation of protein after the encapsulation. In general, these re-
sults suggest that HbI can scavenge H,S with good stability even when it is in a

crowded surrounding such a silica cage environment.

2. Materials and Methods
2.1. Sample Preparation

The expression of the recombinant HbI His-tagged and purification used in the
experiment has been described in detail previously [28]. The metaquo-HbI
(metHbI) and metaquo-Mb (metMb) from the equine skeletal muscle (Sigma
Aldrich) were prepared by heme oxidation, adding 10% molar excess of potas-
sium ferricyanide solution and after the reaction, the oxidant was removed with
an Amicon® device. The protein was in a 100 mM phosphate buffer at pH 6.5.
The experiments were performed with H,S present in solution and gas phase.
The H,S stock solution of 0.4 mM was prepared by dissolving Na,S-9H,0 salt
(Alfa Aesar) in the buffer. The buffer for the H,S stock solution contained 100
mM succinic acid (Sigma Aldrich), 100 mM potassium dihydrogen phosphate
(Sigma Aldrich) and 1 mM EDTA (Sigma Aldrich) adjusted to pH 6.5. The stock
solution was purged and degassed to prevent oxygen contamination. Different
aliquots (10 - 20 pL) of the H,S stock solution were added to encapsulate metHbI
to form rHbI-H,S complex, where H,S had a 5 to 2000-fold molar excess com-
pared to the protein’s concentration. The H,S gas was prepared by the reaction
of Na,S with concentrated HCl in a vial. The H,S gas produced was transferred
carefully to the sample through the tube by creating a small difference in pres-
sure between the vials, using a syringe in the sample container. The hemeprotein
hydrogen sulfide complex was formed by bubbling small amounts of H,S gas di-
rectly into the hemoglobin sample from another container. The 32 mM hydro-
gen peroxide (Sigma Aldrich) stock solution) was prepared by measuring the
aliquot in a vial and dissolving it with buffer. An Agilent 8453 UV-Vis spectro-
photometer was used to confirm the presence of the metHbI and rHbI-H,S.
Beer-Lambert law was used to determine the concentration of metHbI and
metMb in solutions, using 178 and 188 cm™-M™" as the heme molar absorptivity,

respectively [29].

2.2. Protein Immobilization by Sol-Gel Method

Immobilization was accomplished as reported in the literature [15] [30]. Briefly,

2 mL of TMOS (99%, Acros Organics) as the silicon-containing precursor fol-
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lowed by the addition of 1 mL of 2 mM HCI (Sigma Aldrich) as a catalytic acid
were mixed at room temperature. The mixture was sonicated at 4°C for 15 mi-
nutes and purged by bubbling an N, flow for 15 minutes. The equal volumetric ra-
tio of resulting sol and protein stock solutions were used to create two gels at each
end of the plastic cuvette as described in Scheme 1. The bottom gel was prepared
by simultaneously mixing TMOS and 50 uM protein solution in a plastic cuvette.
Several minutes after it was mixed, gelation occurred, obtaining 25 uM of protein
concentration. Then, the cuvette was covered with a septum and flipped up-
side-down to add the mixture with a syringe, creating a second sol-gel at the top of
the cuvette only. This free space between both ends was represented by the area of
the dot in the scheme. In that space, the plastic cuvette was perforated with a tin
welder to add rHbI-H,S solution through a septum without disturbing the gel.
This rHbI-H,S solution donated the H,S toward encapsulated metHbI and metMb
to generate the complex rHbI-H,S or sulfmyoglobin (in the presence of peroxide),
respectively. Scheme 1(d) shows how the protein is entrapment in the sol-gel me-
thod. The gel encloser the protein, and it interacts with water and hydrogen bond
of the hydrophilic nanopores [31]. In the experiment, the H,S heme complex and
immobilized heme protein were monitored by absorption spectra. Similarly, H,S
was also applied in a gas state to monitor the binding of the gas to the hemeprotein
encapsulated in the sol-gel. The polymers were stored in the refrigerator at 4°C.

Figure 1 shows the hemeprotein encapsulated within TMOS.
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Scheme 1. Protein immobilization method. (a) TMOS and 50 pM protein solutions
(metHbI or metMb) were mixed in an equal volumetric ratio to create two sol-gels at
each end of the plastic cuvette. The dots area is a free space where rHbI-H,S is added to
donate H,S toward protein encapsulated, generating rHbI-H,S complex (b) and
sulfmyoglobin, in the presence of O, or H,0, (c). In (d), the protein is enclosed by the gel,
and it interacts with water and hydrogen bond of the hydrophilic nanopores.
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side front

Figure 1. Encapsulation of hemeprotein inside silica-based
sol-gel. The side view shows where the cuvette was performed
to facilitate the solution addition without disturbing the gel.

2.3. Protein Release Studies

The release of encapsulated metHbI and metMb was determined by immersing
the polymer in a glass vial with 400 pL of phosphate buffer in pH 6.5. The buffer
was removed and concentrated by centrifuging (5000 rpm, 25°C) in a 3K Ep-
pendorf micro tube until 100 uL was obtained. The amount of protein in the
buffer solution was measured by adding 10 uL in DMV bio cell (Starna Scientif-
ic) and was analyzed employing a Shimadzu UV 2700 spectrophotometer. Then,
the analyzed buffer was returned to the sol-gel, and the process was repeated for

four days.

2.4. Kinetic Measurements

The H,S association rate constant (k,,) in encapsulated metHbI under anaerobic
conditions was determined using UV-Vis spectrophotometry. The reactions
were done using 25 uM of metHbI encapsulated in silica gel and different H,S
solution to obtain the desired final concentrations (0.625 - 0.05 M). Excess H,S
was used to make the reaction pseudo-first order ([H,S] > [HbI]) as reported
by Roche and Pietri [15] [21]. Spectra were collected at 426 nm, every 30 seconds
over 6 hours, to evaluate the formation of the H,S complex. Using Origin 9, rate
constant values (k,,,) were obtained by plotting -In(A-A_,) versus time (s) for
each H,S concentration. The H,S k,, for rHbI-H,S in wet silica gel was obtained
from the slope of k,, versus H,S concentrations graph. The H,S dissociation rate
constant (k) in both solution and encapsulated HbI was evaluated under equi-
librium conditions interacting with H,S solution to obtain 5- or 18-fold H,S mo-
lar excess, respectively, the minimum H,S concentration required to form the
rHbI-H,S complex. Spectra were collected at 426 nm over 6 hours. A plot of —In
(A-A,,) versus time gave a slope representative of kg This value was compared

with the presence of 3-fold of H,0O, molar excess.

2.5. ATR-FTIR Spectroscopy

IR spectra were measured following the protocol described by Yang [32]. A Per-
kin Elmer Frontier FTIR spectrometer equipped with a diamond ATR crystal
and TGS detector was used to obtain spectra of metHbI and rHbI-H,S solutions
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and encapsulated rHbI-H,S. Spectra were collected at 25°C using a resolution of
4 cm™ and an averaging of 120 scans. All solutions and sol-gels were prepared in
H,O solution. FTIR spectra of buffer solution and sol-gel without protein were
subtracted from the spectra of hemoglobin HbI solutions and encapsulated Hb],
respectively. A straight baseline between 2000 and 1750 cm™ is evidence of cor-

rect water subtraction.

3. Results and Discussions
3.1. Structure of HblI after Sol-Gel Encapsulation

The work presented here examine the immobilization, release, and secondary
structure of the protein encapsulate by the sol-gel method. Figure 2(a) shows
the UV-Vis spectra of metHbI in solution and after encapsulation in sol-gels. In
the encapsulated metHbI (black line) spectra a sharp transition at 407 nm and
small bands at 501 and 633 nm can be observed. This spectrum was identical to
the protein solution (blue line), demonstrating that the encapsulated protein
preserves the heme configuration. The UV absorption spectra in hemoproteins
are attributed to m->m* electronic transitions of the heme porphyrin. In conse-
quence, there is an intense band near to the ultraviolet region known as the Soret
band, and weak electronic transitions between 500 - 600 nm called Q bands.
These spectral bands are sensitive to the changes exerted by the coordination
state in the iron and surrounding of the heme protein [33]. Thus, according to
Gamero-Quijano, A. et al. (2014), the evidence points out that the silica frame-
work retains its optical characteristic of the protein upon encapsulation [14]
[15], suggesting that the heme porphyrin remain stable. The UV-Vis spectrum
for the buffer after having contact with metHbI sol-gel (dash line) by four days
showed the absence of protein bands, indicating that pore size in the silica
framework kept the protein immobilized in the lattice [34]. The data present
that HbI encapsulated in TMOS is stable, and it is not released to the solution.
MetHbI immobilized in silica gel and exposed to H,S in both solution and gas
phase, showed a red shift of the Soret band at 426 nm and Q bands at 544 and

0.2 -
. 407 metHbl . 424 HolH,s %2
545
575
501
3 {04 8 {0.1
] ]
7 [
Ko -3
< <
o : : : .
400 450 500 550 600
Wavelength (nm) Wavelength (nm)

(@) (b)

Figure 2. UV-Vis spectra for (a) metHbI and (b) rHbI-H,S in solution (blue line) and
post-encapsulation (black line). The dashed line represents protein release after the buffer
had contact with the encapsulated metHbI for four days.
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575 nm seen in Figure 2(b) [21] [27]. This supports previous findings establish-
ing that pore size in the polymeric matrix permits diffusion of small ligands [15]
[30]. Moreover, it also indicates that HbI should be considered to scavenge and
quantify H,S.

Furthermore, ATR-FTIR technique detected secondary structure changes
upon encapsulation of HbI and rHbI-H,S. Figure 3 exhibits IR spectra of metH-
bl solution (green line), encapsulated metHbI (blue line), rHbI-H,S solution (red
line), and encapsulated rHbI-H,S (black line). All spectra coincide in bands at
1650 cm™ and 1548 cm™ corresponding to amide I and amide II, the most
prominent vibrational normal modes of the protein backbone to determine sec-
ondary structures [32] [35] [36] [37]. However, the peak intensity can change
due to scattering from the gel’s rough surface. This result indicates that a-helix is
the predominant secondary structure [38] [39], consistent with the values re-
ported in the literature for the crystallographic structure of the native HbI [23].
This finding supports that the encapsulation using sol-gel method did not sig-
nificantly alter the secondary structure in both metHbI and rHbI-H,S [14] [40]
[41]. The stability of the HbI monomeric protein was not affected by its encap-
sulation, presence of H,S, nor by pore reduction in the microenvironment [34]
[41] [42] [43]. However, these results did not coincide with the changes seen in
the secondary structure of S-Galactosidase upon encapsulated in silica gel [17].
This protein’s structural behavior may be related to the different structural pro-
tein sizes between HbI and S-Galactosidase as well as changes in the non-covalent
interaction inside the particular sol-gel cages [1].

This result indicates that a-helix is the predominant secondary structure [38]
[39], consistent with the values reported in the literature for the crystallographic
structure of the native HbI [23]. This finding supports that the encapsulation
using sol-gel method did not significantly alter the secondary structure in both
metHbI and rHbI-H,S [14] [40] [41]. The stability of the HbI monomeric protein

% T

metHbl in solution

metHbl encapsulated
—— Hbl-H,S in solution 1548
— Hbl-H,S encapsulated

2000 1900 1800 1700 1600 1500 1400 1300
Wavenumber (cm™)
Figure 3. ATR FTIR spectra are illustrating the amide I and amide II band of complexes:

metHbI in solution (green) and immobilized in sol-gel (blue), and rHbI-H,S in solution
(red) and encapsulated (black).
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was not affected by its encapsulation, presence of H,S, nor by pore reduction in
the microenvironment [34] [41] [42] [43]. However, these results did not coin-
cide with the changes seen in the secondary structure of f-Galactosidase upon
encapsulated in silica gel [17]. This protein’s structural behavior may be related
to the different structural protein sizes between HbI and S-Galactosidase as well

as changes in the non-covalent interaction inside the particular sol-gel cages [1].

3.2. Myoglobin Encapsulation and Reactivity

Figure 4 shows the UV-V is spectra of metMb solution (blue line) and metMb
encapsulate (black line). The data present that both has a Soret band at 409 nm,
and Q bands at 504 nm and 633 nm, revealing that the encapsulation of the he-
meprotein preserved the chromophore structure. Also. Mb protein release stu-
dies (dash line) showed that the immobilized heme-protein was retained in the
polymer. These results coincide with findings previously detailed for HbI. The
literature establishes that both proteins are similar in size with 142 and 152 resi-
dues for HbI and equine Mb, respectively [23] [44]. Therefore, the method is
very useful for trapping for both monomeric hemeproteins.

Structural studies with Mb active site have shown that this hemeprotein has a
histidine (His) residue at the distal E7 position and Val, Phe, and Leu in the E11,
CD1, and BI10, respectively [20] [22]. Data suggest that this residue allow that
metMb in the presence of H,S and hydrogen peroxide produces the incorpora-
tion of a sulfur atom in the pyrrole B of the heme-porphyrin generating a species
known as sulfMb. This compound has a green color and a characteristic elec-
tronic transition at 620 nm [20] [22] [45]. To confirm that encapsulates metMb
is active toward H,S, a similar experiment was performed, where this heme pro-
tein was exposed to a 1:5 ratio of H,O, and H,S solutions, respectively. Figure 4

inset shows the presence of a band at 617 nm, which can be attributed to the

10.2
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Figure 4. UV-Vis spectra for metMb in solution (blue line) and encapsulated in sol-gel
(black line). The dashed line represents the spectrum of the buffer after contact with Mb
sol-gel by four days. The inset shows evidence of sultheme derivative produced by the
reaction of encapsulated Mb in the presence of oxidative agent (Ze., H,0,) and H,S.

DOI: 10.4236/jeas.2019.92006

116 Journal of Encapsulation and Adsorption Sciences


https://doi.org/10.4236/jeas.2019.92006

J. Vargas-Santiago, J. Lopez-Garriga

formation of sulfmyoglobin in the polymer. Similarly, oxy-Mb upon reaction
with H,S also produces sulfMb [20] [22] [45]. However, HbI and rHbI in react-
ing with H,O, or Oxy-HbI and oxy-rHbI in the presence of H,S does not form
the sulfheme product [20] [46]. Therefore, caution must be present in the quan-
tification of H,S using the MbSH, complex, since secondary product, ie., sulfMb
formation, could prevent a precise quantification of H,S by Mb. On the other
hand, the data suggest that the sol-gel method represents a viable alternative to
use immobilized Mb to analyze reactions where the proteins have steric hin-
drance, instead of making comparisons with reactions in a solution where the

protein has free motion.

3.3. Monitoring H:S in Encapsulated Hbl in Sol-Gel by Kinetic
Analysis

UV-Vis spectroscopy was used to evaluate the binding properties of encapsu-
lated metHbI with H,S in solution and the gas phase. For this purpose, Figure
5(a) shows the displacement of the Soret band from metHbI to rHbI-H,S com-
plex. The shift of the 407 nm band as a function of time (Figure 5(b)) to 426 nm
is confirmed the H,S ligation. The difference in bands intensity between these
two species is affected by a reduction of molar absorptivity coefficient from 178
to 102 cm ™M™ for metHbl and rHbI-H,S, respectively [29]. The hemeprotein
retained the chromophore group functionality inside the polymeric matrix. As-
sociation kinetic studies between encapsulated metHbI and H,S solution (Figure
5(c)), shows a significantly slow association rate constant (k,,) of 0.0579 M".s™".
Thus, the reaction is 10° times slower than the H,S k,, for the (His)s-HbI re-
ported in solution (1.90 x 10> M~".s™"). The fast association is affected by amino

acids in the active site and its periphery [47]. When the protein is immobilized,

metHb + HpS ™ Hbl-HpS

24 406 nm
metHbl

Absorbance, 426 nm

360 720 1080 1440 1800
Time (s)

(b)

0.003 e

= e
'y 0.002 2.5

Absorbance

:go.om .”/9/"/’6
000050 061 062 0.63 0.04 0.05
[H,S1 (M)
(c)
5(34 54¢5 5(5 6333
0 8 T T : - T — T T 5 1
400 500 600 700

Wavelength (nm)
(a)
Figure 5. (a) Sequence of absorption spectra upon the reaction of encapsulated metHbI
with H,S until converting into rHbI-H,S complex; (b) Absorbance traces at 426 nm of the

response of HbI at different concentrations of H,S (from 0.625 to 5 x 107> M). (c) The
plot of the k_, . as a function of H,S concentration.
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the sol-gel matrix limits the diffusion, movements, accessibility of the H,S to the
heme cavity, decreasing its binding rate. The k,, value when H,S gas was used to
form the heme-H,S complex differed by a factor of 2, obtaining 0.167 M".s"
(Figure S1, Supplementary Information). As a function of the pH, the Na,S salt
dissolution is accompanied by the formation of the H,S, HS", and $* species
[48]. For example, at pH 6.5°C and 25°C, the solution consists of mainly 62%
H,S and 38% HS™ Therefore, when Na,S is dissolved in concentrated hydrochlo-
ride acid, it generates NaCl,, and H,S, without the contributions of other sul-
fides species. The process does not dismiss that while H,S gas passes through the
polymer, it can dissociate with the water produced by condensation of polymer
synthesis. Hence, this established that hydrogen sulfide generated either in solu-
tion or in the polymer did not significantly alter the reaction in the sol-gel be-
tween metHbI and H,S.

The dissociation kinetics of H,S in the encapsulated HbI was evaluated in
first-order equilibrium conditions, with 450 uM or 18-fold H,S molar excess, the
minimum H,S concentration required to form the rHbI-H,S complex. Figure 6
shows that the ligand exhibits very slow dissociation rate constant (k) of 6.67 x
107 s7', alike to counterpart, (His),-HbI solution (3.00 x 107° s™'). The data sug-
gest that the equilibrium in the framework occur similar than the solution. Ac-
cording to Pietri, et al, (2009) [21] the hydrogen sulfide ligand dissociation from
a heme group is dictated by two competing reactions involving simple dissocia-
tion of H,S. The heme ferric adduct leads to the metHbI derivative is dominated
by low concentration of H,S, while the deoxy HbI species is present upon reduc-
tion of the heme iron by H,S itself at high concentrations (200-2000-fold H,S
molar excess) [1]. Our results indicate that the heme-H,S dissociation into
metHbI and H,S was promoted because there is no evidence about the heme re-
duction or absence of the 430 nm transition. Hence, the dissociation rate con-

stant was not affected, 8.47 x 107 s”', when the heme-H,S was formed using
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g
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8 < 0 10000 20000 30000
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Figure 6. A plot of pseudo-first order dissociation kinetic for H,S in encapsulated HbI,
with a positive slope of k ;= 6.67 X 107°s™". Inset shows a Soret band at 426 nm decreas-
ing in intensity as a function of time for a 1:18 ratio [HbIL: H,S].
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H,S gas (Figure S2, Supplementary Information). The outcomes suggest that the
HbI can scavenge H,S in both solution and gas state.

Table 1 summarizes the H,S binding and dissociation rate constants in Mb
and recombinants His-tag rHbI and Lys-tag rHbI. Structural studies have shown
that Mb has slower H,S association and faster dissociation rate constant due to
the presence of His in the distal site [20]. Hence, the rapid association together
slow dissociation in the HbI is generated by glutamine and phenylalanines near
the heme. Recent kinetics studies and SAXS/WAXS data have demonstrated that
both recombinants Lys and His-tagged, conserve the structural and functional
characteristics of the wild type hemeprotein [49]. When (His),-rHbI is encapsu-
lated, the H,S association constant was slower than hemeprotein in solution by
the limited accessibility to the heme cavity; however, the (His),-rHbI-H,S dis-

sociation was almost not affected by the gel.

3.4. Hydrogen Sulfide Transfer from rHbI-H:S Solution to
Encapsulated rHbl and Mb

The work examined if 25 uM of encapsulated metHbI enhances the dissociation
of H,S from the 5 uM rHbI-H,S complex in solution. Although rHbI-H,S in so-
lution generates the 100% metHbI, suggesting that H,S is transferred to the en-
capsulate metHbI, Figure 7 shows an H,S k. for the rHbI-H,S derivatives of
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Figure 7. A plot of pseudo-first order dissociation kinetic of rHbI-H,S complex in solu-
tion when it interacted with 25 uM of encapsulated metHbI.

Table 1. Comparison of association and dissociation rate constants of H,S complex in

different environments.

Protein ko, (M™Ls™h) kg (s71) Ref.
Whale Mb (solution) 15.9 x 10° 1.6 [50] [51]
wt-HblI (solution) 2.30 x 10° 2.20 x 107 [21]
(His),-rHbI (solution) 1.90 x 10° 3.00 x 10~° [21]
(Lys)e-rHbI (solution) 1.40 x 10° 1.00 x 107* [21]
(His)e-rHbI (encapsulated) + interacting with H,S (gas) 0.167 8.47 x 10~ This work

(His)e-rHbI (encapsulated) + interacting with H,S (solution) 0.0579 6.67 x 107 This work
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1.90 x 107 s7*, which is comparable to the solution dissociation rate reported for
rHbI, 3.00 x 107 s7". Therefore, a concentration gradient of 20 uM between the
rHbI-H,S complex and encapsulated rHbI induces a small increase (a factor of
10) in the unbinding rate of H,S from the rHbI-H,S from the solution although
the polymeric trapped species had a higher concentration than it’s analogous in
solution. The same experiment was executed with encapsulated metMb, obtain-
ing a similar H,S kg4 2.09 x 107™* s™". Also, H,S k.4 was evaluated with H,0,, an
oxidant of biological interest. In the presence of 25 uM or 5-fold H,S, and 15 uM
or 3-fold of H,O, molar excess concerning rHbI concentration in solution, the
H,S k.;was 1.19 x 107* 57", also indicating that the oxidative capacity of H,0, did
not affect the H,S rate constant unbinding significantly. Therefore, this suggests
the use of HbI to trap H,S in biological samples since the amounts of H,O,
present in these will not have a significant effect in the slow dissociation rate

constant.

4. Conclusion

Recombinant Hemoglobin I from the mollusk Lucina pectinata was successfully
immobilized in silica-based sol-gels. The technique provided an optically trans-
parent matrix capable of being analyzed in ATR-IR and UV-Vis. Monitoring the
kinetics of H,S in encapsulated Hbl, it was shown that the association was slower
than the reaction in solution. However, the dissociation rate constant was almost
not affected by the polymer and neither in the presence of a relatively small
concentration of H,0O,. The results suggest that the recombinant HbI can be used
for H,S scavenge both solution and gas state without inducing changes in the
protein. One possible application of this work is the use of HbI and sol-gel tech-
nique to quantify H,S based in optical studies. As future work, small spots
printed on a surface will allow building a high throughput to quantify H,S with
the rHbI upon the formation of the rHbI-H,S complex followed by UV-vis spec-

troscopy.
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Figure S1. (a) A sequence of UV-Vis spectra of metHbI in sol-gel reacting with H,S in

gas until converting into HbI-H,S complex. The transition of met-aquoHbI appears at
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Figure S2. A plot of pseudo-first order dissociation kinetic for H,S in the encapsulated
HbI-H,S complex created with H,S gas. The positive slope is kg, 8.47 x 107 s7'. The inset
displays that the absorbance trace at 426 nm decreases in intensity as a function of time.
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Figure S3. A plot of pseudo-first order dissociation kinetic for H,S in HbI-H,S complex
solution in the presence of 15 uM or 3-fold of H,O, when it interacts with encapsulated
Mb. The positive slope is kg 0.119 x 107 s7'. The inset displays the kinetic traces at 426
nm for the unbinding of HbI-H,S complex as a function of time.
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