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Enhancing Stability and Oxidation Activity of Cytochrome c¢ by Immobilization in the
Nanochannels of Mesoporous Aluminosilicates

Introduction

Cytochromec (cyt c) is an intermembrane mitochondrial
heme protein. In vivo, electrons are transported from cyt
reductase to cyt oxidase, followed by reduction of oxygen
molecule to water, which provides the driving force for ATP
synthesis.In vitro, cytcis a good biocatalyst (peroxidase-like)
to decompose hydrogen peroxide and organic hydroperoxides
Cyt ¢ has been reported to catalyze the oxidation of a wide
variety of organic substrates, including polycyclic aromatic
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Hydrothermally stable and structrurally ordered mesoporous and microporous aluminosilicates with different
pore sizes have been synthesized to immobilize cytochm(ogt c): MAS-9 (pore size 90 A), MCM-48-S

(27 A), MCM-41-S (25 A), and Y zeolites (7.4 A). The amount of cyddsorption could be increased by the
introduction of aluminum into the framework of pure silica materials. Among these mesoprous silicas (MPS),
MAS-9 showed the highest loading capacity due to its large pore size. Howevelipuytobilized in MAS-9

could undergo facile unfolding during hydrothermal treatments. MCM-41-S and MCM-48-S have the pore
sizes that match well the size of ay{25 x 25 x 37 A). Hence the adsorbed aytn these two medium pore

size MPS have the highest hydrothermal stability and overall catalytic activity. On the other hand, the pore
size of NaY zeolite is so small that cgtis mostly adsorbed only on the outer surface and loses its enzymatic
activity rapidly. The improved stability and high catalytic activity of cjimmobilized in MPS are attributed

to the electrostatic attraction between the pore surface archeyt the confinement provided by nanochannels.

We further observed that cgtimmobilized in MPS exists in both high and low spin states, as inferred from
the ESR and UWvis studies. This is different from the native aytwhich shows primarily the low spin

state. The high spin state arises from the replacement of Met-80 ligands of heme Fe (lll) by water or silanol
group on silica surface, which could open up the heme groove for easy access of oxidants and substrates to
iron center and facilitate the catalytic activity. In the catalytic study, MAS-%&ytowed the highest specific
activity toward the oxidation of polycyclic aromatic hydrocarbons (PAHSs), which arises from the fast mass
transfer rate of reaction substrate due to its large pore size. For pinacyanol (a hydrophilic substrate), MCM-
41-S-cytc and MCM-48-S-cyt showed higher specific activity than NaY-ayand MAS-9-cytc. The result
indicated that cyt embedded in the channels of MCM-41-S and MCM-48-S was protected against unfolding
and loss of activity. By increasing the concentration of the spin trapping agent, 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) in ESR experiments, we showed that cylatalyzes a homolytic cleavage of the-O

bond of hydroperoxide and generates a protein cation radical 2.00). Possible mechanisms for MPS-cyt

¢ catalytic oxidation of hydroperoxides and PAHs are proposed based on the spectroscopic characterizations
of the systems.

transformation of PAH$,water-miscible organic solvents to
solve the solubility problerf,raising temperature to increase
the solubility and diffusion rate. Most notably, Vazquez-Duhalt
et al. used chemical modification on the heme protein surface
with poly(ethylene glycol¥° The modified cytc has cage-like
polymer protection and shows good activity at high tempera-
tures!! Site-directed mutagenesis showed that catalytic activity
‘was improved by ten-fold in Gly82:Thr102 variant in compari-
son with the wild typé?12A variety of supports have also been
used to immobilize cyt to improve the stability under extreme

hydrocarbons (PAHS).” PAHs have been considered as .qnditions2cd7.1316

potential health hazards due to their possible carcinogenic and
mutagenic activities. The transformation of PAHs to innocuous
compounds has been a subject of extensive reséatotuever,

the transformation of a hydrophobic substrate like PAHs is
usually limited by its low water solubility and diffusion rate.
Many approaches have been reported to overcome these
difficulties: utilization of nontoxic surfactants to enhance the

Mesoporous silica (MPS) has generated vast interest ever
since it was synthesized by Beck et al. in 1993tucky et al.
used triblock copolymer and developed MPS with large pore
size (50-150 A) with ordered hexagonal structdfeBecause
of its large surface area (about 100&/g), highly ordered pore
structure, and adjustable pore size{2®0 A), MPS has been
applied extensively in chemistry and biotechnoldgy? In

addition, MPS also provides confined nanospace that could
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Recently, we reported the application of MPS materials to thermal treatment at 150C for 6—24 h3! Similarly, MCM-
encapsulate a hydroxo-bridged di-nuclear phenanthroline cupric41-S was prepared by mixing zeolitic nanocluster solution with
complex to mimic catechol oxidas&sWe found that MPS CTAB and followed by hydrothermal treatment fo+-8 h, to
materials with large pore diameters and accessible surfacewhich was then added 1.2 M,BO, to adjust pH to 10. The
modification with functional groups and ionic species are good mixture was hydrothermally treated again at 2@0for 2 days.
candidates for biomimetic studies of these systems. For testingAs-synthesized sample was collected by filtration, dried at 100
catalysis of immobilized enzyme or a biomimetic at high °C for 6 h, and calcined at 58@ for 6 h toremove the organic
temperature, we need mesoporous silica materials of exceptionsurfactant. The molar ratio of the reactants used in the
ally high stability. We have developed synthetic strategies to experiment was 1 NaAl® 37 SiQ, 1.5-9 NaOH, 11-22
overcome the long-standing problems of poor hydrothermal TEAOH, 18.3 CTAB, and 30063500 H0.3!

stability of MCM-41 and difficulties in introducing heteroatom (b) Synthesis of MAS-9 (Si/Al 25). Large-pore zeolite seed
(Al) onto SBA-15. We employegs-zeolitic nanoclusters as  stabilized MAS-9 was synthesized by the method as reported
precursors and various surfactants as templates to make mesohy Xiao et al®2 The zeolite precursor solution was prepared by
porous silica MCM-41-S (S denotes zeolite se8dfICM-48- mixing 6 mL of TPAOH (26-25%), 0.12 g of NaAIQ@, 5.6
S3 and MAS-9% The zeolitic nanoclusters yield crystal-like mL of TEOS with 12 mL of HO under stirring. The mixture
structures in the wall of mesopores that are different from the \as hydrothermally treated at 100 for 2—3 h until it became
amorphous mesoporous materials prepared by the traditionaly clear nanoprecursor solution. 0.8 g of Pluronic P123 was
method. This improves not only the pore quality of the material dissolved in 20 mL of HO with 5 mL of 10 M HCI solution,
but also the hydrothermal stability. Its structure remains intact followed by an addition of 7 mL of aforementioned nanopre-
even after 10 days of hydrothermal treatment in boiling water. cursors. The mixture was stirred at 4G for 20 h and then
We have synthesized aluminum substituted MPS with different hydrothermally treated at 100C for 36 h. The product was
pore size (2590 A) and structure (MCM-41-S, MAS-9: 1D collected by filtration, dried in air, and calcined at 530 for
hexagonal; MCM-48-S: 3D cubic) to incorporate aytith 5 h to remove the organic template. The molar ratio of the
optimal activity and stability. Furthermore, we shall demonstrate reactants used in the experiment was 03] 50 SiQ, 1 N&O,
that alumi.num supstituteq MI?S and .cyt have .stronger 7 (TPA)O, and 1800 HD.

_electrostatlc attraction, which yleld_s a h|gher loading of cyt (c) Immobilization of cyt ¢ in MPSFirst, 20uM cyt ¢ stock

in the nanochannels of MPS and inhibits cyfrom leaching solution was prepared by dissolving 0.067 g of cyin 270
during the catalytic process. We employed MPStd study mL of 0.05 M KH,PO;—NaOH buffer solution (pH= 7.5) under
their catalytic activities and reaction mechanisms in the Cleavagesﬂrring. Then, 0.15 g of MPS was added into 30 mL of stock
of organic hydroperoxides and the oxidation of PAHs under an ¢qtion under stirring at &C for 3 h. The MPS-cyt solids
extreme condition at_lOEI:, where the native cytwould have \yere collected by filtration and dried in vacuum. @yjbading
lost most of its activity: was determined by monitoring the change in the strong
absorption band at 407 nra£ 100 000 Mlcm™1, Soret band).

3. Characterizations. The surface area, pore size, and pore
1. Chemicals.Horse heart cytochrome, 5,5-dimethyl-1- volume were determined by,Mdsorption-desorption isotherms
pyrroline N-oxide (DMPO), diethylenetriaminepentaacetic acid Obtained at 77 K on a Micrometric ASAP 2010 apparatus. The

(DTPA), tert-butyl hydroperoxide (TBHP, 70%), cumene hy- Sample was outgassed at 20rorr and 200°C for about 3 h
droperoxide (CHP, 80%), Chelex 100, and fumed silica were prior to the adsorption experiment. The pore size distribution
all obtained from Sigma Chemical Co. Orange I, hydrogen curves were obtained from the analysis of the adsorption portion
peroxide (35%), pinacyanol chloride, tetraethylammonium of the isotherms using the BJH (Barreftoyner-Halenda)
hydroxide (TEAOH, 20% aqueous solution), cetyltrimethylam- method. The diffuse reflectance UWis spectra were measured
monium bromide (CTAB), and tetraethyl orthosilicate (TEQS) With a Hitachi U-3010 spectrophotometer. When dealing with
were all obtained from Acros. Tetrapropylammonium hydroxide solid samples, samples were loaded in a quartz cell and an
(TPAOH, 20% aqueous solution), pyrene, and anthracene wereintegrating sphere was included to collect the reflected light.

Experimental Section

obtained from Fluka. Pluronic P123 (E0,0EQx) was The spectra were collected in 26800 nm wavelength range
obtained from Aldrich. NaAl@was obtained from Riedel-de- ~ against a standard. The powder X-ray diffraction spectra of these
Haen. samples are given in the Supporting Information.

2. Preparation of Catalysts.Cyt ¢ (isoelectric point, pl= ESR spectra were recorded on an X-band ESR spectrometer

9.8) carries positive charges under neutral conditions §pH  (Bruker EMX). A flat rectangular quartz sample cell was used
7.5). By introducing aluminum to the silica framework, we to measure the ESR spectra of liquid mixtures. A quartz tubing
created negative charges on the pore surface, which then attractsf 4 mm OD was used to measure the ESR spectra of solids.
the positively charged cytto enter the nanochannels of MPS. The spectrometer was equipped with a variable-temperature
There are two positively charged regions in cygurface that setup, which allowed us to perform low-temperature experiments
can bind to the negatively charged aluminum sites. One area is(10 K to room temperature) of solids. Typical spectrometer
the lysine-rich surface (Lys-54;55, —72, —73, and His-39), settings were: (a) For liquid sample: microwave frequency,
and the other has surface residues of histidine and lysine (His-9.775 GHz; microwave power, 2 mW; center field, 3480 G;
33, —36, Lys-22, and-27)26 sweep width, 100 G; time constant, 655.36 ms; modulation
(a) Preparation of MCM-41-S and MCM-48-S (SikAI37). amplitude, 1 G. (b) For solid sample: microwave frequency,
The S-zeolite nanocluster was prepared by mixing NaplO ~ 9.526 GHz; microwave power, 2 mW; center field, 2600 G;
NaOH, fumed silica, TEAOH aqueous solution (20%) witscH ~ sweep width, 5000 G; time constant, 40.96 ms; modulation
under stirring. The mixture was then hydrothermally treated at amplitude, 5 G.
100°C for 18 h. The final product was a clear nanoprecursor 4. Enzyme Stability and Activity. (a) Hydrothermal Stabil-
solution. MCM-48-S was prepared by mixing zeolitic nano- ity. Hydrothermal stability was determined by heating 0.05 g
cluster solution with CTAB solution and followed by hydro- MPS-cyt ¢ solids in boiling water for 12 and 24 h, then



Downloaded by NATIONAL TAIWAN UNIV on August 11, 2009
Published on June 2, 2005 on http://pubs.acs.org | doi: 10.1021/jp050535k

Stability and Oxidation of Cyt in Nanochannels J. Phys. Chem. B, Vol. 109, No. 25, 20082279

TABLE 1: Amount of Cytochrome c Adsorbed, Surface Area, and Pore Volume of the MPS Samples before and after
Cytochrome c Adsorption

surface area surface area pore volume pore volume

cytc (m?/g) (m?/g) (cm®g) (cm®g) max. loading

adsorbed before cytc after cytc pore size before cytc after cytc of cytc

sample (umol/g) adsorption adsorption A adsorption adsorption (umol/g)
NaY 0.68 810 715 7.4 0.340 0.335 0.97
MCM-41-S 3.18 845 600 25 0.422 0.392 6.35
MCM-48-S 4.35 1012 787 27 0.892 0.604 4.96
MAS-9 4.28 843 554 90 1.057 0.910 30.52

measuring its Soret band absorption at 407 nm to find out its prepared with deionized water and treated with Chelex 100. 1
change before and after the hydrothermal treatment. The SoretmM of DTPA was also added to the reaction mixture to prevent
band of cytc decreased irreversibly after hydrothermal treatment interference from free metal ions. We varied DMPO concentra-
at 100°C, indicating the destruction of active sites. tion to acquire different ESR spectra. The reaction mixture was
(b) PAH Oxidationlt was reported that the cgtH,O, system vigorously shaken for 1 min, and the liquid was withdrawn with
could catalyze the oxidation of pyrene and anthracene to form syringe filters. The ESR spectra of the liquid were taken 5 min
1,8-pyrenodione and 9,10-anthraquinone, respectifelie after the mixing. The reaction conditions were as follows. (i)
performed a PAH assay to determine the enzymatic activity of Low DMPO concentration. The composition of a typical mixture
immobilized cytc. Typically, 5 mg of MPS-cyt solids were of reagents used in the experiment was 15 mg of MPSccyt
added to 5 mL of 2Q«M PAHSs solution (CHCN: 20% and solids, 40QuL of 0.05 M buffer, 10QuL of 10 mM DTPA, 100
0.05 M of KH,PO,—NaOH buffer: 80%) at pH= 6.1. After uL of 400mM DMPO, and 40@L of 32 mM TBHP. (ii) High
shaking the mixture for 1 min, 26L of 200 mM HO, was DMPO concentration. The composition of a typical mixture of
added. The mixture was shaken again at 250 rpm an8iC35  reagents in this experiment was the same as above except we
for 5 min. After the reaction was finished, the solids were used 10QuL of 0.05 M buffer and 40Q:L of 400mM DMPO.
separated from the reaction mixture by centrifuge. The reaction Note that we kept the total volume of the mixture the same as
extent was determined by the intensity decrease of the absorptiorbefore, therefore the concentration of DMPO was increased
peaks at 335 nm (pyrene) and 252 nm (anthracene) in solution4-fold here. (iii) KCN effect. To examine the role of heme Fe
phase. Specific activity was determined by measuring the (lll) center in the catalytic reaction, we added 5 mM KCN in
number of moles of substrate oxidized by one mole ofcdiyt the reaction mixture. Details: mix 15 mg of MPS-@ysolids,
1 min and expressed as min The substrate adsorption on the 100xL of 50 mM KCN, 100uL of 10 mM DTPA, 400uL of
mesoporous support was measured in a control blank experi-400 mM DMPO, and 40@L of 32 mM TBHP.
ment: MPS-cyftt solids with reaction substrate in the absence
of H,O,. The decrease in the substrate concentration due toResults and Discussion

substrate adsorption was compensated. The percentages of 1 adsorption Studies.Table 1 summarizes the surface area,
physical adsorption of pyrene in substrate conversion are aSpore size, pore volume, and the maximum cyvading in the
follows: NaY-cytc: 11%, MCM-41-S-cytc: 15%, MCM-48- giuminum-substituted MPS used in the experiments. The dif-
cytc: 18%, MAS-9-cytc: 17%. ference of pore size stems from the difference of organic
The reaction mixtures were analyzed by a Gilson 306 liquid template used. TEAOH was used as the template in the synthesis
chromatograph using an RP-18 (46250 mm) column. The  of NaY zeolite (7.4 A); while both TEAOH and CTAB were
mobile phase was an acetonitrile/water mixture §CN/H,O used in the syntheses of MCM-41-S and MCM-48-S samples.
= 70:30) with a flow rate of 1 mL/min, and a UWis detector ~ MAS-9 was synthesized by using both TPAOH and Pluronic
was set at 214 or 240 nm wavelength. The retention times of p123 as templates. In MCM-41-S and MCM-48-S samples,
pyrene and anthracene under these conditions were 17.58 andEAOH was used as template to form zeolitic nanocluster
12.87 min, while the retention times of the oxidized prOdUCtS bu||d|ng blOCkS, while CTAB was used as temp]ate to form
of pyrene and anthracene were 6.64 and 6.08 min, respectively hexagonal nanochannels in the self-assembly of the aforemen-
The retention times and mass spectra were comparable to thos@oned zeolitic nanoclusters. The synthetic method of MCM-
of pure anthraquinone (from Fluka). 41-S (25 A) is similar to MCM-48-S (27 A). The only difference
(c) Transformation of Organic DyeCyt ¢/H2O, can also is that we changed the hydrothermal duration and pH to control
generate highly reactive radicals to bleach organic dyes. Thethe phase transition. These MPS materials have not only large
reaction procedure was as follows: 5 mg of MPS-cywolids surface areas (about 86Q000 n?/g) but also proper pore size
was added to 5 mL of 68M organic dye solution at pk 6.1 that could accommodate cyt
(0.05 M KH,PO,—NaOH buffer). After shaking the mixture for The amounts of adsorbed cgtwere 0.68, 3.18, 4.35, and
1 min, 25uL of 200 mM HO, was added. The mixture was  4.28umol/g for NaY, MCM-41-S, MCM-48-S, and MAS-9 in
shaken again at 250 rpm and 36 for 1 min. The reaction 20 uM cyt ¢ aqueous solution (pkk 7.5), respectively. As we
extent is determined by the decrease of absorption peak at 60J%increased the concentration of the cygolution, the amount of
nm (pinacyanol chloride) and 484 nm (Orange II). adsorption increases. The maximum adsorptions were 0.97, 6.35,
(d) ESR Spin Trapping Experimenté/e usedtert-butyl 4.96, and 30.52mol/g for NaY, MCM-41-S, MCM-48-S, and
hydroperoxide tBuOOH, TBHP) and cumene hydroperoxide MAS-9, respectively. Although NaY zeolite contains more
(CumOOH, CHP) to study the reaction pathways of cyh aluminum (Si/Al= 2.65), it has the smallest adsorption capacity
the presence of hydroperoxides. Since the decomposition offor cyt c. This may be explained by the fact that its pore size is
organic hydroperoxides by cgtwould produce several radical  too small to accommodate the @ynolecule. On the other hand,
species, we could gain some insight on the reaction mechanismthe pore sizes of MCM-41-S and MCM-48-S (Si/Al 37) are
through spin trapping experiments. All spin trapping experiments just slightly larger than the molecular diameter of cyThus
reported here were carried out at room temperature. Buffer wasmore cytc molecules can be attracted to enter their nanochannels
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Figure 1. Diffuse reflectance UV-vis spectra of the following solid
mixtures: (a) NaY-cyt, (b) MCM-41-S-cytc, (¢) MCM-48-S-cytc,
and (d) MAS-9-cytc.

by electrostatic force. In the low cytconcentration (2@M),
MCM-48-S (2D channel) has more cgloading capacity than
MCM-41-S (1D channel). But when we increased the concen-
tration of cytc, MCM-41-S showed higher loading capacity
than MCM-48-S. The high concentration of @/$eems to help

it enter 1D channels. Finally, the pores of MAS-9 (SifA25)

are so much larger than cgtmolecules that cyt could enter

in copious amount. Hence, MAS-9 has the largest cyt
adsorption capacity.

Lee et al.
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Figure 2. UV—vis spectra of the following solution mixtures: (a)
solution of 40uM cyt cin pH = 7.5 KH.PO:—NaOH buffer, (b) 5 mL
of solution (a) with 0.01 g MAS-9 added, (c) solids filtered from b
then mixed in 20% CECN and stirred for 1 day, (d) solids filtered
from b then mixed in pH= 10 buffer and stirred for 5 min, and (e)

solids filtered from b then mixed in saturated buffer (gH7.5) and
stirred for 3 h.

transfer band (CT1) between the porphyrin and heme iron of
the high spin heme species. The wavelength of the CT1 for cyt
c is mainly correlated to the axial ligand field strength. CT1
absorption with relatively low wavelength indicates the sixth
ligand of heme is no longer the Met-80 residue but is replaced
by a water moleculé?

The MAS-9 spectrum shows a broadened and blue-shifted

Furthermore, the surface area of MPS samples is reduced bySoret band absorption (Figure 1d). It has been reported that the
cyt c adsorption, mainly because the channels are occupied bySoret band blue shift is caused by unfolding and denaturation
cyt ¢, which leaves less room available for nitrogen adsorption. of cyt c.33 Hence, the observed MAS-9 Soret band broadening

By comparing the differences of pore volume before and after
cyt ¢ adsorption, we found that the pore volume of NaY
decreased by only 0.005 éfg after the adsorption; while that

and blue shift indicate part of cyt denature inside MAS-9
channels. This may be caused by either the conformational
change due to lack of confinement inside the large pore of

of others decreased by much larger amounts: MCM-41-S, 0.030;MAS-9 or its strong electrostatic force on aytThe latter could

MCM-48-S, 0.288; MAS-9, 0.147 cffy. The results indicate

lead to a loss/gain of an electron and form a protein radical,

that cytc molecules have entered the nanochannels of MPS in which is very reactive and that could rapidly cause the enzyme

large quantity. However, cyt could only be adsorbed on the

to unfold and lose its activity. The presence of such a protein

external surface of microporous NaY zeolite, whose pore size radical is confirmed by the ESR studies (see below in ESR

is too small for cytc to enter, and thus the pore volume does
not decrease much.

2. Spectroscopic Characterizations(a) UV—vis Spectra
The heme group of native cytis centered by a low-spin Fe-
(1) ion coordinated with six ligands, among which four ligands

section).

Figure 2 displays the U¥vis spectra of solution mixtures
of cyt c and MAS-9 under different conditions. Figure 2a shows
the spectrum of 4&M cyt ¢ in pH = 7.5 of buffer solution.
However, the strong Soret band at 407 nm ofcgtsappeared

are nitrogen atoms of the heme group. The axial ligands are shortly after the addition of 0.01 g MAS-9 (Figure 2b), which

methionine 80 (Met-80) and histidine 18 (His-18). The strong
field of Met ligand leads native cyt Fe(lll) ion in the low
spin configuration. Figure 1 displays the YVis spectra of
cyt c-loaded NaY zeolite, MCM-41-S, MCM-48-S, and MAS-

would indicate MAS-9 can absorb a large quantity of cyt
within 10 min. The amount of cyt leaching from MAS-9-cyt
c is almost undetectable in 20% GQEN aqueous mixture
(Figure 2c), even after vigorous stirring for one full day. Note

9. The Soret band absorptions at 407 and 529 nm are due tathat cytc carries sufficient positive charge in pH 7.5 buffer
the absorptions of the porphyrin chromophore. Broader Q-band solution, while MAS-9 pores have negative surface charge.
absorptions at 502 and 555 nm are from high spin and low spin Hence, there is strong electrostatic attraction between agtl

heme, respectively. The band at 615 nm in MPSecyamples
(absent in the native cy) is assigned to the in-plane charge

MAS-9. Thus, MPS could immobilize cyt very effectively,
even in the presence of water-miscible organic solvent. Fur-
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thermore, when we adjusted the pH to 10, cgurface charge g=43 g=23
became negative and cgtmolecules were driven out of the g=36'°- s ;2'93 : 911'99
channels due to strong electrostatic repulsion (Figure 2d). In
another experimental condition, we added saturated buffeg{KH
PO,—NaOH) at pH= 7.5 to the MAS-9-cytc solids and
observed that cyt molecules were partially released due to
the increase of ionic strength (Figure 2e). The released cyt
solutions still have strong Soret band absorptions at 407 nm. It
indicates that most of the cgtmolecules retain their original
conformation during the adsorption/desorption cycle. Thus, cyt
¢ immobilized in the channels of MPS can be recycled and

reused.

(b) Low-Temperature ESR Studies: Spin State of Heme Fe-

(M. As pointed out in the discussion of UWis spectra, cyt (d)

¢ loaded in mesoporous materials exist as both low-spin and
high-spin Fe(lll). Low-spin Fe(lll) mostly exists in native cyt

¢ and its heme axial ligands are Met-80 and His-18. High-spin
Fe(lll) is formed when Met-80 is replaced by® or a silanol
group on the silica surface during the ion-exchange process of
loading cytc. Vazquez-Duhalt et al. chemically modified ayt
with poly(ethylene glycol) and obtain the high-spin heme Fe-
(1l1). %211 They also reported that such high spin species could (b)
improve both the activity and stability. Hirobe et al. immobilized :
cyt ¢ with poly-y-methyl+-glutamate and found cytwith high- :

spin Fe(lll) possessing high stability in organic solvértigh- @) AN
spin cytc has been shown to have high catalytic activity in " T T
oxidizing benzene to phenol. Its activity is improved because 0 1000 2000 3000 4000 5000

the heme groove is fully open and the active center is easily Gauss

accessible to the substrate. Magner et al. immobilized oyto Figure 3. ESR spectra at 10 K of cytimmobilized on (a) NaY, (b)
Si—-MCM-41 and detected both low-spin and high-spin Fe(lll) MCM-41-S, (c) MCM-48-S, (d) MAS-9, and (e) MCM-48-S-cyt
in Raman studies. It was also reported that high-spin Fe(lll) treated with HO..

increased the activity of peroxida&®.Similarly, high-spin Fe- SCHEME 1. Proposed Mechanism of PAH-H.0,

(Ill) was observed when mesoporous carbon molecular sievesoyidation Catalyzed by Cytochromec Immobilized in the
(CMK-3)?” and magnesium silicate smectite clays were used Nanochannels of MPS

as cytc carrierst® These reports showed that heme Fe(lll) oH on

groove might change to a more stable and more active  oH, H\o/
H0, H0

H+
configuration with the departure of Met-80. @ ‘ ’ 2 ’a
H+

To establish the spin state of heme Fe(lll), we performed

ESR experiments at 10 K. The ESR spectra are displayed in s 18 His 18 His 18
Figure 3. In NaY-cytc samples, we observed strong peaky at E-H,0,

= 4.3, which may arise from high-spin non-heme Fe(lll) (Figure : Compound 0
3a). Here cytc attached to microporous outer surface could 2| -
easily denature, break down the heme structure, and ultimatelys* % g
free up Fe(lll) ion. In MCM-41-S- and MCM-48-S-cyt E| &
samples, we observed signalsgat 6.0 andg = 1.99 that is g o
assigned to high-spin Fe(lll), while signals@t= 2.93 andg o=

= 2.30 are assigned to low-spin Fe(lll) (Figures 3b and®3c).
In the ESR spectrum of cyt embedded in MAS-9, we also 0 o, o o .OH
observed a sharp peak@t 2.0 (see Figure 3d) assigned to a s +o
protein radical which may arise from strong electrostatic force <¥s - w
on cytc, lead to electron transfer, and cause parts of the enzyme  His 18 His 18 (I'e transfer) L o
to unfold and lose its activity. This is consistent with the  compoundant
broadened and blue-shifted Soret band absorption observed in
MAS-9-cyt c samples and is an indication that cyis partially o
denatured. & ~ *

We further studied the spin state of heme Fe(lll) of MCM- $= 50 OQQ Oe
48-S-cytc sample treated with a solution of 1 mM®; (Figure
3e). In comparison with the spectrum obtained before th@H protein radical compound |, which is formed from compound
treatment (Figure 3c), we found that the ESR signal intensity Il by transferring one electron to hydroxyl radi@aThe details
at g = 6.0 of high-spin Fe(lll) decreased, which is probably of these pathways are given in Scheme 1.
due to the oxidation of heme Fe(lll) to heme Fe(IV) during the 3. Cleavage of Organic HydroperoxidesWe performed two
reaction. The appearance of strong signagjat 4.3 due to sets of experiments to examine the stability and reaction
free Fe(lll) ions may result from the damage by reactive pathways in the cleavage of organic hydroperoxides by MPS-
hydroxyl radicals. The sharp signal gt= 2.0 is ascribed to cyt c samples.

Compoundl CompoundIl
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(d)

(e)
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Gauss Gauss
Figure 4. ESR spectra of DMPO radical adducts from (a) incubations Figyre 5. ESR spectra of DMPO radical adducts from incubations of
of 15 mg of MCM-48-S-cyt, 12.8 mM t-BuOOH and 40 mM DMPO, 128 mM t-BuOOH, 160 mM DMPO and 15 mg of the following
(b) control— no cytc solid added, and (c) computer simulated spectrum  ggids: (a) NaY-cyt, (b) MCM-41-S-cytc, (c) MCM-48-S-cytc, (d)

consists of 38% DMPODC(CH)s, 2% DMPO/CHs, 56% DMPOf MAS-9-cytc and (e) same as d except 5 mM of KCN was added before
OOR, and 4% DMPO oxide. (¢ff) Simulated spectra of the individual  yeaction, and (f) controt- no cytc solid added.

spin adducts: (d) DMPGDC(CHs)s, () DMPO/CHjs, and (f) DMPO/

"OOR. accommodate cyt. Furthermore, they provide proper confined

(a) ESR Spin Trapping Experimenthe ESR spin trapping  spaces and adequate surface charge to stabilize the immobilized
spectrum recorded for the reaction of 15 mg of MCM-48-S-cyt cytc molecules. However, MCM-48-S has 3D channel structure,
cand 12.8 mM-BuOOH in 40 mM DMPO is shown in Figure  which provides better diffusion and mobility than MCM-41-S
4a. The spectrum could arise from a mixture of four DMPO 1D channel structure. Thus, alkoxyl radicals formed inside

adducts, and a simulated spectfmith the following contri- MCM-48-S pores can diffuse into solution rapidly and give rise
bution is displayed in Figure 4c: (a) 38% teft-butyloxyl, aV to a stronger signak Finally, MAS-9 has extra large pores that

= 14.9 G,a"¥ = 16.2 G (Figure 4d), (b) 2% of methydN = would allow alkoxyl radicals to exit freely and give the strongest
16.4 G,a" = 23.4 G (Figure 4e), (c) 56% of peroxyl (methyl signal.

peroxyl),aN = 14.45 G,a" = 10.75 G,a"" = 1.35 G (Figure To study the function of the heme Fe(lll) center in the

4f), and (d) 4% of a DMPO oxidized produa) = 14.9 G. catalytic reaction, we added 5 mM KCN to the substrate. We
These hyperfine values are the same as previously reprted. observed that the intensity of the alkoxyl radical signal reduced
We further observed similar results with cumene hydroper- drastically (Figure 5e). Cyanide coordinates with the heme Fe-
oxide (data not shown). When MPS-cgtis absent in the (N of cyt c at the sixth axial position and thereby inhibits
reaction mixture (control), we observed only very weak signal hydroperoxide to approach heme Fe(lll). Thus, we may conclude
as shown in Figure 4b (also in Figure 5f). The ESR experiments that peroxide needs to coordinate with heme Fe(lll) for the
indicate that the generation of radical adducts takes place onlycatalytic reaction to take place.
in the presence of cyt and hydroperoxides. Thus, cgiplays (b) Cleavage MechanisnSeveral mechanisms for the cleav-
an important role in the decomposition of hydroperoxides. age of hydroperoxide catalyzed by heme protein have been
Because we could trap the initial radical intermediate and proposed®3’ The most commonly contended mechanisms are
form stable DMPO adducts by using high concentrations of given below which critically depend on the formation pathway
DMPO, we could then determine which radical is the primary of the primary initial radicaf®3” Based on the ESR spectra
initial radical among multiple speci€&3” We therefore in- measured with high DMPO concentration (Figure 5), we could
creased DMPO concentration four-fold to 160 mM in the therefore establish the cleavage mechanism as follows.
subsequent ESR spin trapping experiments. Figure 5 shows the (i) Heterolytic Mechanism. The reaction is taking place in
ESR spectra of DMPO radical adducts generated by different the following steps: (1)-BuOOH undergoes 2-electron reduc-
MPS carriers that adsorbed the same amount ot ¢2tumol tion to t-BuOH while cytc is oxidized to a compound | type
cyt c per gram of MPS except Ogimol cytc per gram of NaY) species (see equations given below). (2) Compound | abstracts
in the presence of 12.8 mMBUOOH and 160 mM DMPO. hydrogen atom from-BuOOH, which subsequently becomes
The signal strength follows the order NaY (Figure 5a) peroxyl radical (the initial radical). (3) Tertiary peroxyl radicals
MCM-41-S (Figure 5b)< MCM-48-S (Figure 5c)< MAS-9 react with each other and form two alkoxyl radicals and O
(Figure 5d). We note that NaY-cgthas the least signal strength, (4) Alkoxyl radicals form methyl radicals througscission.
which indicates cyt has low loading of cyt. On the other The first radical formed through the heterolytic mechanism is
hand, MCM-41-S and MCM-48-S have similar pore size to a tertiary peroxyl radical. Hence, if heterolytic mechanism is
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correct we should be able to capture tertiary peroxyl radicals
and inhibit the formation of alkoxyl and methyl radicals by

increasing DMPO concentration. The reaction steps are sum- 100+
marized in the following equations:

|I:l12 hours @24 hours |

0o 80

Cyt.c-Fe(lll) + t-BuOOH —> Cyt.cf-ﬂe(lv) + t-BuOH o
(0] (0]

Cyt.cf-#e(IV) + t-BuOOH —> Cyt.c-llle(III) + t-BuOO- 40

t-BuOO- + t-BuOO. — 2t-BuO. + O, 2

Residual absorption % at 407 nm

t-BuQe — - CH3 + Acetone cyt.c NaY-cyt.c MCM-41-S- MCM-48-S- MAS-9-cyt.c
solution cyt.c cyt.c

(i) Homolytic Mechanism. Here the ©0 bond oft-BUuOOH Figure 6. Percentile residual absorption intensity at 407 nm (Soret
could go through homolytic scission and form tertiary alkoxyl Pand) after 12-h and 24-h hydrothermal treatment at“M®Residual
radicals, which go through-scission and form methyl radicals ~ aPsorption % at 407 nre= {(AH)/(BH)} x 100; (BH) = UV —vis
and acetone. Methvl radicals could react with oxvaen and absorption at 407 nm before hydrothermal; (AH)absorption after

: y . . yg hydrothermal.

become methyl peroxyl radicals. Thus, the tertiary alkoxyl
radical is the first radical formed in the homolytic mechanism. 1001
Experimentally, the tertiary alkoxyl radical signal should 00 -
increase when we increase the concentration of DMPO. The
reaction steps are summarized in the following equations:

Pyrene Anthracene Pinacyanol Qrange Il

] 78
& 74

TO—-
0

60
Cyt.c-Fe(Ill) + t-BuOOH —> Cyt.c—lﬂe(IV) + t-BuO-

50

404

Residual Activity (%)

304

t-BuO. — -« CH; + Acetone

.CH; + O, —> + OOCH;

Ma¥ 415 4B-5 MAS-D NaY 415 485 MASS Ma¥ 413 435 MASE Na¥ 415 485 MASS

(i) Haber-Weiss-type Mechanism. HetdBuOOH is first Figure 7. Residual catalytic activity of MPS-cgtsamples with PAHs
oxidized by one electron to peroxyl radical, with the concomitant and organic dyes by 4D, after 24-h hydrothermal treatment at 100

reduction of cytc Fe(lll) to Fe(ll), which cou!d further reduce o~ The results for 12-h treatment are given in the Supporting
anothert-BuOOH molecule to alkoxyl radical (Fenton-type |nformation S2.

reaction). Then, peroxyl radical is the radical formed initially,

followed by alkoxyl radical. Th h i DMPO
orowed By alkoxy' racica us, When vie 1nerease breaks down irreversibly during hydrothermal heating at 100

concentration we should see both peroxyl radical and alkoxyl
radical signals increase if this mechanism is correct. The reaction
steps are summarized in the following equations:

°C and frees up Fe(lll) ions, which is evidenced by the

irreversible decrease of Soret band absorptidfigure 6 shows

the percentile residual Soret band absorption intensity of various
MPS-cyt ¢ samples after 12 h and 24 h of hydrothermal
treatments at 100C. We observed that MCM-41-S-cgtand
MCM-48-S-cytc maintained strong Soret band absorption after
heating: 79% and 98% retained, respectively, after 24-h
hydrothermal treatment. On the other hand, NaY-cyand

As careful examination of Figures 4 and 5 shows, we note MAS-9-cytc showed substantial losses of Soret band absorption
that several species of radical adducts (peroxyl, alkoxyl, methyl that are even more than the native cygolution. We attribute
radicals) are detected at low DMPO concentration, while alkoxyl the extraordinary stability of cyt in MCM-41-S and MCM-
radical adduct is the primary product observed at high DMPO 48-S to the protection provided by proper confinement space.
concentration. We therefore conclude that the cleavage of (i) Residue in Catalytic Activity. Figure 7 shows the residual
hydroperoxides follows the homolytic cleavage mechanism percentile catalytic activity of various MPS-oysamples after
where cytc immobilized in MPS first breaks down-©0 bond 24-h hydrothermal treatment at 100. The results for the 12-h
to form alkoxyl radicals and cyt-Fe(IV)=0 (often referred to treatment are given in the Supporting Information S2. The heat-
as compound II). Both methyl and methyl peroxide radicals are treated MCM-41-S and MCM-48-S samples retain 61% and
the subsequent secondary radicals formed by alkoxyl radicals.52%, respectively, of the initial activity in the oxidation of
The same reaction pathways were also reported in the decompyrene, while MAS-9 and NaY only have 24% and 21%,
position of hydroperoxides by native ay{low spin statef® A respectively, of the initial activity. The same order of residual
detailed catalytic mechanism including the oxidation of PAH activity holds for the oxidation of other substrates: anthracene,
is proposed in Scheme 1. pinacyanol and orange Il.

(c) Hydrothermal Stability.(i) Changes in Soret Band Previously, Takahashi et al. reported horseradish peroxidase
Intensity. It has been hypothesized that the heme Fe(lll) centerimmobilized in S-MCM-41 of different pore size (27924)

Cyt.c-Fe(IlT) + t-BuOOH —> Cyt.c-Fe(Il) + t-BuOO-

Cyt.c-Fe(Il) + t-BuOOH —> Cyt.c-Fe(Ill) + t-BuO.
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TABLE 2: Specific Catalytic Activity of MPS-cyt ¢ Samples

(@) to Different Substrate with H,0,
specific activity (mirrt) of biocatalytic oxidation

W sample pyrene anthracene pinacyanol orange ll
NaY-cytc 0.16 0.49 3.93 0.87

(b) MCM-41-S-cytc  0.18 0.56 12.30 0.60
MCM-48-S-cytc  0.17 0.64 10.93 0.56
MAS-9-cytc 0.19 1.08 2.61 0.99

, its activity rapidly. MAS-9 pore size is so large that, when

(b) heated, cyt can easily change conformation and lose enzymatic

activity.

Consequently, the Soret band absorption intensity ofccyt
decreases irreversibly, which leads to partial loss ot@agtivity
in the oxidation of substrate and decrease the decomposition of

(c) t-BuOOH that forms alkoxyl radicals. Thus, the measured Soret
band intensity is positively correlated to the remaining catalytic
activity.

4. Oxidation of Polycyclic Aromatic Hydrocarbons. (a)

(c) Activity MeasurementdNe study the oxidation activity of MPS-

cytc samples in the presence 0§®} toward two types of PAHs
(pyrene and anthracene) and two types of organic dyes (pina-
cyanol and orange Il). MPS surface is highly hydrophilic

T T T T T T 1
3420 3440 3460 3480 3500 3520 3540 because of the presence of many silanol groups. Hydrophilic
Gauss pores attract a large quantity of cgtto enter. Pyrene and
Figure 8. ESR spectra of DMPGDC(CH;); radical observed in the ~ anthracene are both hydrophobic molecules, thus, they enter
cleavage of hydroperoxides, before (a, b, c) and aftér {a c) MPS pores slowly by diffusion process. Hence, the reaction
hydrothermal treatment at 10@ for 24 h, with (a) NaY-cytc, (b) rate is limited by their transfer rate. On the other hand,
MCM-48-S-cytc, and (c) MAS-9-cytc samples. pinacyanol, a hydrophilic organic dye, can enter and exit MPS

] o L pores freely and rapidly. Therefore, its reaction rate is not limited
and measured catalytic activity in the oxidation of 1,2- p the mass transfer rate. The results are summarized in Table
diaminobenzen&?=>They inferred that enzymes embedded in 5" he specific activity is defined as moles of substrate oxidized
a material, whose pore size just matches enzyme molecular SiZ€per mole of cytc in 1 min and expressed as min
would have the highest activity and stability, while enzymes  \ye note that M AS-9-cyt shows the largest specific activity
embedded in large-pore materials would have lower activity and tq\yard pyrene and anthracene oxidation (pyreme0.19,
stability. The least stability and activity were ascribed t0 gnthracene= 1.08 mirrY). Such a high activity is due to the
enzymes in materials with relatively small pores. The results 5t that MAS-9 pores are the largest. Pyrene and anthracene
of our work are consistent with Takahash'’s conclusions. MCM-  glecules can rapidly diffuse into MAS-9 pores. Hence, the
41-S and MCM-48-S have pore sizes in the range ef ZBA, oxidation takes place easily. NaY-ayshows the least activity
which are the best match to the aytolecule (25x 25 x 37 for both pyrene and anthracene oxidation (pyrene0.16,
A),* and they showed undoubtedly the best hydrothermal anthracene= 0.49 mirr?), because cyt could only attach to
stability. Their matching size further provides confined spaces Nay microporous outer surface and loses activity easily in 20%
that prevent cyt from unfolding and heme from decomposing  of CH,CN solution.
during the heating process. MCM-41-S-cyt ¢ and MCM-48-S-cytc show the highest

(iii) Activity toward the Decomposition of t-BuOOH. Figure  activity (12.30 min! and 10.93 min?, respectively) for
8 displays the ESR spectra obtained in spin trapping experi- pinacyanol oxidation. As we pointed out earlier, pinacyanol is
ments. It shows the effect of hydrothermal treatment on MPS- hydrophilic and its reaction rate is not affected by transfer rate.
cyt ¢ catalytic activity on the cleavage of the-@ bond of Moreover, MCM-41-S and MCM-48-S provide confined spaces
peroxides. The MPS-cyt samples were heated in buffer to protect the embedded cgtmolecules from conformation
solution at 100°C for 24 h prior to spin trapping measurements. change. On the other hand, ayidoes not have confinement
The heat-treated MPS-cyt samples were added into the and very strong interaction between cyand MAS-9. The Soret
t-BuOOH-DMPO mixture to react for one min before the ESR band broadening and blue shift in UWis spectra have shown
spectra were taken (Figure'880 and 8¢). We also performed  the unfolding and denaturation of aytn MAS-9. It was further
the same ESR measurements with unheated-MPS samples evidenced by the presence of a protein radical observed in the
for comparison (Figure 8a, 8b and 8c). MCM-48-S-cyetained ESR studies. These findings indicate that someceyblecules
its catalytic activity as evidenced by the fact that intensity of lost enzymatic activity inside MAS-9 channels. This explains
alkoxyl radical remained almost the same after 24-h of hydro- why MAS-9-cytc activity (2.61 mirrl) is smaller than MCM-
thermal treatment (Figure 8b and'BlHowever, both NaY-cyt 41-S and MCM-48-S.
c (Figure 8a, 83 and MAS-9-cytc (Figure 8c, 8§ lost most To further examine the effect of substrate diffusion rate on
of their catalytic activity after hydrothermal treatment. We catalytic activity, we studied various MPS-ayfs catalysts in
believe that MCM-48-S offers adequate surface charge andthe oxidation of negatively charged organic dye (orange Il) by
properly confined spaces so that embeddedcadan maintain H»0,. Since negatively charged pores exert strong electrostatic
its folding conformation at high temperature and retain its repulsion to orange Il molecules, the mass transfer is governed
enzymatic activity. On the other hand, @ytan only attach to by slow diffusion process. Not surprisingly, the results are
zeolite pore outer surface of NaY zeolite; therefore cidses similar to the cases for pyrene and anthracene. MAS-9 has the
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highest activity (0.99 min') for its highest diffusion rate due  size and pore volume. However, MAS-9-gyoses its catalytic
to its large pores. Microporous NaY-cgtalso has relatively activities due to protein unfolding after prolonged heating.
high activity (0.87 min) because cyt molecules are attached MCM-41-S-cyt ¢ and MCM-48-S-cytc retain the highest
to the outer surface and easily accessible. In another experimentgcatalytic activity after extended hydrothermal heating, because
the reaction in a buffer solution (Ki#O;—NaOH) only did not they offer a cytc constricting environment that inhibits cgt
cause the NaY-cyt sample to unfold and denature. However, from unfolding and from irreversible decomposition. Since the
MCM-41-S-cytc and MCM-48-S-cyt activities are relatively pore size of Y zeolite is relatively small that cytmolecules
small, 0.60 and 0.56 mid, respectively. can only attach to its external surface, cyholecules supported

(b) Catalytic MechanisnBased on our spectroscopic studies, on Y zeolite are the least stable.
we propose a catalytic oxidation mechanism of PAHs, as UV-—vis and ESR studies showed that cyimmobilized in
illustrated in Scheme 1. From UWis and low-temperature ~ MPS adopts a high-spin Fe(lll) state and yields new catalytic
ESR studies of cyt embedded in MPS, we assigned the heme activities. Furthermore, ESR spin trapping experiments showed
Fe(lll) center to high spin state, where Met-80 is replaced by that hydroperoxides have to coordinate with heme Fe(lll) for
H,O or silanol group on silica surface (E state in Scheme 1). the catalytic reaction to proceed. By increasing the concentration
From ESR spin trapping experiments, we learned that 5 mM of DMPO in ESR experiments, we also determined the key step
KCN could deactivate cytc almost completely, and we of the catalytic decomposition of hydroperoxides in MPSyt
concluded that hydroperoxide must coordinate with heme Fe- to be the homolytic cleavage of the-@ bond, whose products
(1) to form the E-H,O, intermediate. The EH,0, state are compound Il and hydroxyl radical. Compound Il further
subsequently loses a proton and becomes compound 0. Fromoses one electron and becomes compound |, a protein radical
the ESR experiments with high DMPO concentration, we found intermediate. Meanwhile electron donor substrate S transfers
that alkoxyl radical is the first radical generated in the reaction one electron to compound Il or | and becomes a cation radical
and it comes from the homolytic cleavage of O bond. Hence, S+, which is further oxidized to the corresponding oxide, SO,
through homolytic scission of ©0 bond, compound 0 forms  although the mechanism for*Soxidation is still not clear.
compound Il by releasing a hydroxyl radical, and produces a  The immobilization of enzyme in mesoporous aluminosilicate
protein radical cation (P) intermediate, compound I, by one  offers one great opportunity in further controlling the microen-
electron transfer. The oxidized enzyme™(Pis the origin of  vironment of enzyme, which enables us to explore catalytic
the low-temperature ESR signal gt~ 2.0. The radicals  actions in “unnatural conditions”, such as extreme temperature
generated in a protein may migrate in an intramolecular pathway or solvent conditions. Further complex organization of the
through the protein backbone following a redox gradient. We enzyme-coenzymes inside the nanopore could be explored to
have yet been able to determine which amino acid residue carriesdesign very interesting catalytic assembly. An exciting recent
the unpaired electron. Thus, we just show compound | as aexample is a reported nanoscale organization of chlorophyll a
simple radical cation intermediate in Scheme 1. However, it in mesoporous silica for solar energy conversibihis work
has been reported that four radical sites are formed in the shows through confinement of enzymes that one can control
reaction of cytc with H,O,, and at least one of them is a tyrosyl  the electronic state of metal center in addition to the stabilization
radical at the C-1 positioff. Compound | is further reduced  of protein folding. With further incorporation of other molecules
back to compound Il by an electron donor substrate (S). A and complex organizations of enzyme and co-enzymes, one can
second substrate can reduce Fe(IV) of compound Il back to Fe-develop more interesting nanoscale organization of proteins in
(1) (E state). Substrate (S) becomes cation radicat)(8y mesoporous environments.
losing one electron to the enzyme:*Ss further oxidized to

the final product S O. The mechanism for this second oxidation Acknowledgment. This work was supported by a grant from
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Conclusions ESR spectra.

Our study shows that the enzyme immobilization can improve
not only the enzymatic activities but also the enzyme stability
by protecting it against high temperature and organic solvent. A . :

V\)//epfound tr?at a%ood Mgs carr[i)er for cgt and gnzyme in material is available free of charge via the Internet at http://
general, should meet the following two stabilization factors: (a) pubs.acs.org.
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