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Abstract

We have previously reported that organophosphorus hydrolase (OPH) can be spontaneously
entrapped in functionalized mesoporous silica (FMS) with HOOC-as the functional groups and the
entrapped OPH in HOOC-FMS showed enhanced enzyme specific activity. This work is to study
the mechanisms that why OPH entrapped in FMS displayed the enhanced activity in views of OPH-
FMS interactions using spectroscopic methods. The circular dichroism (CD) spectra show that,
comparing to the secondary structure of OPH free in solution, OPH in HOOC-FMS displayed
increased a-helix/B-strand transition of OPH with increased OPH loading density. The fluorescence
emission spectra of Trp residues were used to assess the tertiary structural changes of the enzyme.
There was a 42% increase in fluorescence. This is in agreement with the fact that the fluorescence
intensity of OPH was increased accompanying with the increased OPH activity when decreasing
urea concentrations in solution. The steady-state anisotropy was increased after OPH entrapping in
HOOC-FMS comparing to the free OPH in solution, indicating that protein mobility was reduced
upon entrapment. The solvent accessibility of Trp residues of OPH was probed by using acrylamide
as a collisional quencher. Trp residues of OPH-FMS had less solvent exposure comparing with free
OPH in solution due to its electrostatical binding to HOOC-FMS thereby displaying the increased
fluorescence intensity. These results suggest the interactions of OPH with HOOC-FMS resulted in
the protein immobilization and a favorable conformational change for OPH in the crowded
confinement space and accordingly the enhanced activity.
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Introduction

One of the key fundamental scientific questions is how isolated enzymes maintain their native
active conformations in solution or in an immobilization matrix. Confinement theory and
modeling efforts have predicted that 1) a protein or a protein-substrate complex inside a
confined space would be stabilized by some folding forces not present for proteins in bulk
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solutions [1-3]; and 2) peptide chain unfolding, which could result in protein denaturation,
would be less likely to occur inside the confined space because of excluded volumes [1-3]. In
particular, when proteins are “confined” inside a biological living cell, they exhibit the highest
activity, stability, and catalytic reaction rate.

Mesoporous silica has been extensively investigated for industrial and environmental processes
because of its open pore structure, well-defined pore size and shape, and large surface area
[4,5]. It can be synthesized with pore sizes from 20-500 A (diameters) [5-7], a size range
suitable for entrapping enzymes. With rigid, open pore structures and controllable pore sizes,
mesoporous silica can facilitate mass transportation of the enzyme substrate and product. Both
unfunctionalized and functionalized mesoporous silica have been tested for enzyme
immobilization [8-16]. Our recent results have showed that the enzymes entrapped in
functionalized mesoporous silica (FMS) with pore sizes as large as tens of nanometers could
exhibit enhanced activity in comparison with the enzymes free in solution [17-21]. Among
those findings, organophosphorus hydrolase (OPH) in HOOC-FMS displayed the specific
activity nearly twice as much as that of OPH in solution, and the higher the loading density
(PLp) of OPH in FMS is, the higher specific activity it could display [17-20]. The preliminary
analysis of the surface net charges of OPH demonstrated that, due to the prominent electrostatic
interaction, the local region of OPH with the largest number of positive charges (+8.0) induces
a favorable orientation of OPH in HOOC-FMS via attachment to negatively charged wall of
HOOC-FMS, leaving the substrate entrance completely open even at a high P| p [17].

In this work, to study the mechanisms of OPH activity enhancement in FMS, CD spectra and
steady-state fluorescence are used to determine conformational change, solvent accessibility,
protein dynamics, and structural stability of OPH in HOOC-FMS. We found that a favorable
conformational change was resulted from the interaction of OPH with HOOC-FMS and thereby
the OPH activity was enhanced.

Materials and methods

Materials

Organophosphorus hydrolase (OPH, dimer) was prepared as previously described [20], and
the purified OPH was determined by SDS-polyacrylamide gel electrophoresis with Coomassie
Blue staining corresponding to the expected monomer about 36 kDa. A stock solution of OPH
(1.0 mg/mL) was prepared in 20-100 mM HEPES buffer (pH 7.2-7.5) and then stored at —80°
C. The mesoporous silica (SBA-15) with 533 m2/g surface area and 30 nm pore size, and the
corresponding HOOC-FMS were prepared in a similar procedure as for the previous work
[5,7,22]. A controlled hydration and condensation reaction was used to introduce functional
groups into unfunctionalized mesoporous silica (UMS) [5,22]. The 2% HOOC-FMS is used
throughout this work based on our previous results [17,19,20], where 2% of the total available
surface area of UMS was silanized with trimethoxy silane with the functional group HOOC-.
N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES), N-cyclohexyl-2-
aminoethanesulfonic acid (CHES), and diethyl p-nitrophenyl phosphate, and paraoxon-ethyl
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO).

Assay of Enzyme Activity

OPH activity was measured in 1 mM of paraoxon in pH 9.0, 0.15 M CHES buffer at 25°C, in
which one OPH unit is the active amount allowing 1.0 micromole paraoxon to be hydrolyzed
per minute (Unit/mg OPH). OPH stock solution and OPH-FMS suspension were diluted 20—
50 times by 20 mM HEPES (pH 7.5) for activity measurements. Multiple OPH stock solutions
in different buffers were prepared with different initial specific activities. In this work, the
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specific activities of OPH in solution were 900-1800 Units/mg in 20 mM HEPES (pH 7.5)
and 500700 Units/mg in 10 mM potassium phosphate (pH 7.5).

Preparation of Enzyme-FMS Composites

Typically, 0.2 mg OPH was used for incubation per mg of 2% HOOC-FMS, in which the
enzyme was in excess. The incubation tubes were shaken at 1400 min~1 on an Eppendorf
Thermomixer 5436 at room temperature (21 £ 1°C) for 2-3 h except the time-dependent
experiments. Then OPH-FMS composite was centrifuged and washed in the working buffer.
Finally, the washed deposit was resuspended in 100-300 pL of the working buffer per mg of
original FMS for measurement. For the studies on the correlation of the enzyme specific activity
with the protein loading density in FMS, limiting amounts of enzyme were incubated in aliquots
of FMS to produce different protein loading densities (P, p, g OPH/mg of FMS). The protein
concentration was measured using Bradford method (Bio-Rad) using bovine serum albumin
as the protein standard.

Circular Dicroism (CD) Measurement of OPH and OPH Entrapped in FMS

CD were determined with Model 410 Circular Dichroism Spectrophotometer (Aviv
Biomedical, Inc., Lakewood, NJ) with a path length of 1.0 cm. Measurements were carried out
in 40 ug/mL of OPH in 10 mM potassium phosphate (pH 7.5). Two scans were accumulated
and averaged for each spectrum after the background of blank buffers or HOOC-FMS was
subtracted.

Steady-State Fluorescence Measurement

Fluorescence and anisotropy were measured with a Fluoro Max-2 fluorometer (SPEX, Edison,
NJ), using excitation and emission slits of 5 nm. In all cases, control samples (blank buffers
and HOOC-FMS in the absence of OPH) were used to determine the contribution of
background fluorescence or scattered light to the observed spectra. Control samples
demonstrated that these contribution were minimal (i.e., <5%). The solvent accessibility of
fluorephores, tyrosinyl (Tyr) and tryptophanyl (Trp) residues of OPH was assessed through
collisional quenching, where variable amounts of acrylamide were added to OPH solution (10
1g/mL). Data were analyzed as Fg/F as a function of the titrated acrylamide concentration
according to the Stern-Volmer equation

Fo/F=1+K[ 0] ()

where Fq and F are the respective fluorescence intensities in the absence and presence of
acrylamide [Q], and Ky is the Stern-VVolmer quenching constant (38, 39).

Steady-state fluorescence anisotropy measurements were performed as described previously
[23]. Single-point fluorescence anisotropy measurements were made at the maximum emission
wavelength, using excitation at 295 nm for Trp residues of OPH. Steady-state fluorescence
anisotropies (A) were calculated from the ratio of the fluorescence intensity (1) with the
polarizers in vertical (v) or horizontal (h) position:

A= I\'\' - glvh
I,+2g1,, @)

where g = I/Iph.
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Results and Discussion

X-ray structure shows OPH consists of a distorted o/f barrel structure which is comprised of
2 parallel B-strands, 8 antiparallel B-strands and 14 a-helix [24-26]. CD is one of the most
sensitive physical techniques for determining the secondary structure of polypeptides and
proteins. We therefore first compare the CD spectra of OPH in HOOC-FMS with that of OPH
free in solution. At pH 7.5, the overall positively-charged OPH (the isoelectric point of OPH
is 8.3) could be spontaneously entrapped in HOOC-FMS due to electrostatic interaction [17,
19,20]. When OPH was incubated with HOOC-FMS, there was a rapid increase in protein
loading density (P_p, ng OPH/mg of FMS) within the first 2 hours, then reaching toward a
stabilized loading density plateau. By controlling the amount of OPH incubated with HOOC-
FMS, two OPH-FMS samples were prepared at P p of 30 and 49 pug/mg of FMS respectively.
Fig. 1A shows that OPH specific activity was increased with increasing P| p in HOOC-FMS
in 10 mM potassium phosphate (pH 7.5) as expected [17]. Far-UV CD spectra were measured
from 190 to 260 nm at 0.5 nm intervals for OPH and OPH-FMS in 10 mM potassium phosphate
(pH 7.5), which are corresponding to electronic transitions of the backbone chromophore of
the enzyme [27]. Fig. 1B shows the CD spectrum of OPH has strong double minima peaks at
222 nm and 209 nm, which are typical of a-helical content in the secondary structure of protein
[27,28]. OPH-FMS displays a less negative peak at 222 nm and 209 nm, indicating that there
was a secondary structural change when OPH was entrapped in HOOC-FMS. Table 1 shows
the secondary structural fractions estimated from CD data using Aviv software. Upon
entrapment of OPH in HOOC-FMS (P, p = 30), the percentage of a-helix was decreased from
36.5 to 22.6%, while B-strand increased from 15.3 to 24.3%. There were also decreased o-
helix, increased B-strand and disordered structure with increased loading density of OPH in
HOOC-FMS (Table 1). The results demonstrate that HOOC-FMS induced a-helix/B-strand
transition of OPH due to the electrostatic interaction of OPH with HOOC-FMS, and the
favorable conformation of OPH therein contained more B-strand structure.

Fluorescence emission spectra were used to assess the microenvironmental changes of
tyrosinyl (Tyr) and tryptophanyl (Trp) residues in OPH. Each subunit of OPH presents 8
significant emissive residues, four tyrosine (Tyr) and four tryptophany! (Trp) residues [25,
29,30]. Trp 302, Trp 131 and Tyr 239 are located near the active site, and Trp 69 is located at
the subunit interface [25,29,30]. The 278 nm was selected as the excitation wavelength for
fluorescence spectroscopy, allowing excitation of both tyrosinyl and tryptophanyl residues in
protein. Fig. 2A and 2B show that, in the absence of urea, the fluorescence emission spectrum
of OPH in solution has an emission maximum near 334 nm after excitation at 278 nm at 25°
C, indicating that fluorescence emission of OPH is predominantly contributed from Trp
residues. There was a 42% increase in fluorescence intensity. Grimsley et al. reported that the
fluorescence emission intensity of OPH decreased rapidly when the protein underwent from a
folded state to an unfolded state with the increasing urea concentrations [28]. The earlier report
has shown that OPH entrapped in HOOC-FMS displayed an increased Kyt (8.50 x 103 s71) in
comparison with that of OPH free in solution (K¢ = 5.35 x 103 s71) [17,19,20]. The increased
fluorescence intensity of OPH demonstrate that there was a favorable conformational change
upon OPH entrapment in HOOC-FMS because the OPH activity was significantly enhanced.

To address the chemical stability of OPH in HOOC-FMS, the conformational changes of OPH
was further studied by measuring fluorescence spectra of its Trp residues in the presence of
urea (Fig. 2). The denaturant-induced unfolding was observed for both OPH and OPH-FMS
samples. OPH is a homodimer and the overall unfolding reaction would start with the folded
homodimer and end with two unfolded monomers [28]. Fig. 2A and 2B show that, with
increased concentrations of urea, the fluorescence intensity of OPH and OPH-FMS was
significant decreased and the spectra were red-shifted. This was in agreement with the
previously reported results, that is, the fluorescence intensity of OPH was decreased with
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increasing urea concentrations accompanying the decreased OPH activity [28], vice versa. It
was urea who induced OPH unfolding with more exposure of Trp residues to the solvent,
accordingly the decreased fluorescence intensity. The urea-dependent structural transitions of
OPH and OPH-FMS were compared with the changes in the fluorescence emission maximum
(Amax) (Fig. 3A). All data are fit using the Hill equation resolving the half-saturation urea
concentrations (Ky/») (Fig. 3A). The unfolding of OPH in solution induced by urea occurs at
lower urea concentrations (K12 = 3.7 M) in consistent with previously reported values, e.g.,
K12 = 3.77 M [28]. In contrast, the half-saturation urea concentrations for OPH in HOOC-
FMS was shifted to the higher urea concentrations (K12 = 5.4 M). The increase of K1/, value
indicates OPH entrapped in HOOC-FMS had a more stable conformational structure against
urea-induced unfolding as compared to OPH free in solution.

Thermal denaturation experiments were performed by monitoring the steady-state fluorescence
anisotropy for OPH as function of temperature. Fig. 3B shows, there is a decrease in the
anisotropy for OPH in solution from 0.15 to 0.12 when incubating OPH solution between 20
and 65°C, indicating unfolding of the protein occurs. In contrast, entrapment of OPH in HOOC-
FMS resulted in an increase in anisotropy from 0.15 to 0.18, that is, reduction of OPH domain
motion (Fig. 3B). In addition, above 65°C, the anisotropy of Trp residues of OPH free in
solution was increased rapidly, implying that OPH can be aggregated at the temperature over
65°C. However, there was a slower increase in the anisotropy for OPH-FMS at the temperature
over 65°C, indicating that HOOC-FMS can maintain the thermal stability of the enzyme against
the unfolding temperature comparing to that of the enzyme free in solution.

Possible causes underlying the observed differences in the intrinsic fluorescence intensity of
OPH free in solution and entrapped in HOOC-FMS may be resulted from global changes in
the tertiary structure of the enzyme that altered the microenvironment around the fluorophores.
Therefore, the solvent accessibility of Trp residues was measured using acrylamide as a
collisional quencher. The Stern-Volmer plot for OPH in solution is linear (Fig. 4), indicating
a pure dynamic quenching of OPH by acrylamide. In the case of OPH entrapped in HOOC-
FMS, there is a lower quenching constant (Kg, = 18.2 + 0.8 M~1) compared to that of OPH
free in solution (Kgy = 20.5 + 0.7 M™1). This result indicates that there was a decrease in the
solvent exposure of Trp residues upon OPH entrapment in HOOC-FMS. This has resulted in
the increase of the fluorescence intensity of OPH upon entrapment in HOOC-FMS (Fig. 2),
where the most positively-charged protein surface of OPH were electrostatically attached to
HOOC-FMS [17], thereby the disassociation of protein domains was limited and the solvent
accessibility of Trp residues of OPH could be restricted [17].

In summary, the conformation, solvent accessibility, protein dynamics of OPH entrapped in
FMS were characterized by CD and fluorescence spectra. The molecular packing of OPH in
HOOC-FMS via electrostatical interaction resulted in enhanced chemical and thermal stability
of OPH comparing to OPH in solution. The CD and fluorescence spectra confirmed that there
were some secondary and tertiary structural changes upon OPH entrapment in HOOC-FMS.
Taking the enhanced activity and K¢ into account, we believe that FMS as a confined space
provided an interactive nanoenvironment promoting a favorable protein conformational
change, thereby enhancing enzyme activity and stability.
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Fig. 1.

(A) Increased OPH specific activity with increasing P, p of OPH in HOOC-FMS. The specific
activity of OPH stock solution prior to the entrapping was 634 units/mg; (B) Circular dichroism
spectra of OPH in solution and in HOOC-FMS. The measurements were carried out in 40 pg/
mL of OPH. Working buffer: 10 mM potassium phosphate (pH 7.5) at 25°C.
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Fig. 2.

Changes in fluorescence spectra of Tyr and Trp residues of OPH in solution (A) and OPH in
HOOC-FMS (B) (P p = 53) during chemical denaturation using urea at different
concentrations. The samples contained 10 pg/mL of OPH in 20 mM HEPES (pH 7.5). The
specific activity of OPH in solution was 1690 units/mg, while the specific activity of the
resulted OPH-FMS was 2569 units/mg. The fluorescence emission was measured with
excitation at 278 nm at 25°C.
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Fig. 3.

Fig. 3A. Shift in fluorescence emission maximum for OPH in solution (o)and OPH in HOOC-
FMS (P_p = 53) (m) during chemical unfolding using urea. The samples contained 10 pg/mL
of OPH in 20 mM HEPES (pH 7.5). The specific activity of OPH in solution was 1690 units/
mg, while the specific activity of the resulted OPH-FMS was 2569 units/mg. Line represents
a nonlinear least squares fit to changes in fluorescence wavelength Anax) to the Hill equation

Y=[Urea]"/(K},+[ Urea]"), where n is the Hill coefficient (~2) and Ky, is the half-saturation
urea concentration. The obtained Ky is 3.7 M for OPH in solution, 5.4 M for OPH in HOOC-
FMS.

Fig. 3B. Temperature-dependent changes in fluorescence anisotropy of Trp for OPH in solution
(o) and OPH in HOOC-FMS (P p = 62 ng/mg) (m). The samples contained 50 pg/mL of OPH
in 10 mM potassium phosphate (pH 7.5) at 25°C. The specific activity of OPH in solution was
915 units/mg, while the specific activity of the resulted OPH-FMS was 1598 units/mg. Steady-
state fluorescence anisotropy was measured at 334 nm with excitation at 295 nm at 25°C.
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Fig. 4.

The Stern-Volmer plots of OPH (o) and OPH-FMS (e). F and F are the respective
fluorescence intensities in the absence and presence of acrylamide (see Materials and
Methods) The emission fluorescence intensity of Trp residues at 334 nm was measured using
acrylamide as a collisional quencher with excitation at 278 nm at 25°C. The slopes of the lines
were defined as the Stern-Volmer quenching constant, K. The samples contained 10 pg/mL
of OPH in 20 mM HEPES (pH 7.5). The specific activity of OPH in solution was 1690 units/
mg, while the specific activity of the resulted OPH-FMS was 2569 units/mg.
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Table 1
Secondary Structure Fraction of OPH in Solution and in HOOC-FMS

*

Percentage of Secondary Structure

a-Helix  B-Sheet p-Turn Random Coil

OPH 36.5 15.3 16.1 31.2
OPH-FMS (P p. ng/mg)
30 22.6 24.3 18.7 43.0
50 19.3 27.2 19.4 46.2

*
Secondary Structure Fractions were estimated using Aviv CD Software.
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