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Engineering of enzyme microenvironment can surprisingly boost the apparent activity. However, the underlying
regulation mechanism is not well-studied at a molecular level so far. Here, we present a modulation of two model
enzymes of cytochrome ¢ (Cty C) and ,-amino acid oxidase (DAAO) with opposite pH-activity profiles using ionic
polymers. The operational pH of poly (acrylic acid) modified Cyt C and polyallylamine modified DAAO was
extended to 3-7 and 2-10 where the enzyme activity was larger than that at their optimum pH of 4.5 and 8.5 by
106% and 28%, respectively. The cascade reaction catalyzed by two modified enzymes reveals a 1.37-fold
enhancement in catalytic efficiency compared with their native counterparts. The enzyme activity boosting is
understood by performing the UV-vis/CD spectroscopy and molecular dynamics simulations in the atomistic
level. The increased activity is ascribed to the favorable microenvironment in support of preserving enzyme
native structures nearby cofactor under external perturbations.

1. Introduction

Enzymes possessing superior chemo-, regio-, and stereo-selectivity
have been extensively applied in the production of pharmaceutical
drugs, fine chemicals, biofuels, etc [1-7]. However, the industrialization
of free enzymes in solution is often impeded by their ease of denatur-
ation or deactivation. The directed protein evolution or site-directed
mutagenesis is one of the powerful approaches to create tailor-made
enzymes that meet the application demands [8-14]. Another simple
and effective strategy is immobilization or chemical modification of
enzymes that facilitates increased stability and enables the recovery and
reuse of enzyme catalysts [15-26]. But a reduced activity is often
observed during the immobilization or chemical modification processes
owing to the unfavorable conformational transition or blockage of the
active sites [17,27].

In recent years, notable studies have demonstrated that some well-
designed chemically modified or immobilized enzymes may exhibit
higher apparent activities than their native counterparts [28-36]. In
particular, there have been great interests focusing on the engineering of
enzyme microenvironment [36-41], which emphasizes the modulation
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of local chemical environment of enzymes to achieve the optimal con-
ditions close to natural ones despite of the unfriendly conditions in the
bulk environment. For example, in an interesting study, Zhang et al.
described the microenvironment engineering of cytochrome C (active at
acidic conditions) using a negatively charged polyelectrolyte, which
enabled a 10-times throughput increase in cascade reaction together
with a second enzyme ,-amino acid oxidase (active at basic conditions)
[42]. Other studies also demonstrate that the conjugation of enzymes
with ionic polymers or DNA nanostructures extends the pH-activity
profiles of enzymes by altering the protein surface charge or aggrega-
tion state, and thus enhancing the enzyme activity at different pHs [35,
42-49]. However, the modulation mechanism is complicated and not
well-studied at a molecular level so far.

On the other hand, in practical applications, multienzyme systems
containing two or more enzymes are usually involved to attain the
synergistic biocatalysis [16,50-54]. The maximum catalytic efficiency
can be achieved if the catalytic activity of each enzyme is fully explored.
However, each enzyme has their own inherent characteristics, and the
operational condition for the multienzyme system typically adopts a
compromised parameter that is not the optimal value for any of the
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individual enzyme [17,51]. The mismatch of the optimum reaction
conditions may significantly decrease the catalytic efficiency of the
cascade reaction. Engineering of enzyme microenvironment may
conquer this limitation so that the individual enzyme can work in tan-
dem with each other to achieve good compatibility.

Here in this work, the mechanism underlying the pH-modulation of
microenvironment of two enzymes by attaching ionic polymer chains
has been elucidated on the molecular level by molecular dynamics
simulation. Inspired by Zhang’s work [42], two model enzymes (cyto-
chrome C, Cyt C; ,-amino acid oxidase, DAAO) with opposite pH-activity
profiles were selected. The oxidation of ,-alanine by DAAO/O> produces
pyruvic acid and HyO; intermediate. Cyt C then catalyzes the oxidation
reaction of amplex red with H,0 to resorufin (Scheme 1a). The anionic
and cationic polyelectrolytes were employed to engineer the local pH
microenvironment of two enzymes for cascade reactions. We observed
that the introduction of ionic polymer chains could actually engineer the
protonation/deprotonation in the proximity of enzyme active sites,
thereby boost enzyme activity. The combination of anionic and cationic
polyelectrolytes enhanced the compatibility of multienzymes, and
extended the optimum operational pH range of the cascade reaction.

2. Experimental
2.1. Synthesis of Cyt C-PAA and DAAO-PAM conjugates

The grafting of Cyt C with poly (acrylic acid) (PAA) was carried out
the N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide

(a)

via
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hydrochloride/N-hydroxysulfosuccinimide (EDC/NHS)  coupling
approach. Before the reaction, a stock solution of 30 pM Cyt C was first
prepared by dissolving 2 mg Cyt C in 5.5 mL phosphate buffer (50 mM,
pH 8.5). In a typical reaction, 20.6 mg EDC was added to 5.5 mL 900 pM
PAA solution. The mixture was stirred for 5 min followed by adding
27.5 mg sulfo-NHS and stirring continuously for another 15 min. Then,
5.5 mL 30 pM Cyt C was mixed with the activated PAA and stirred for 16
h at room temperature. The obtained Cyt C-PAA conjugate was dialyzed
for three days using a dialysis bag (M,, = 7,000) to remove the unreacted
compounds.

The grafting of DAAO with polyallylamine (PAM) was also per-
formed via the EDC/NHS coupling approach. A stock solution of 3 pM
DAAO was first prepared by dissolving 1 mg DAAO in 4.32 mL phos-
phate buffer (50 mM, pH 6). Then, 16.2 mg EDC was added to 4.32 mL
180 pM PAM solution. The mixture was stirred for 5 min followed by
adding 21.6 mg sulfo-NHS and stirring continuously for another 15 min.
Then, 4.32 mL 3 pM DAAO was mixed with the activated PAM and
stirred for 16 h at room temperature. The obtained DAAO-PAM conju-
gate was dialyzed for three days using a dialysis bag (M,, = 20,000) to
remove the unreacted compounds.

2.2. Enzymatic activity assays

The enzyme activity assays were performed using a Multiskan
Spectrum plate reader (Thermo Fisher Scientific, USA) in a clear 96-well
plate. HyO3 and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) were utilized as substrates to study the activity of free Cyt C and

NH,
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Scheme 1. Schematic illustrations for the DAAO/Cyt C cascade reaction (a), the synthesis of Cyt C-PAA (b) and DAAO-PAM (c) conjugates via the EDC/NHS

coupling approach.
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Cyt C-PAA conjugate. The final assay solution comprises 1 pM Cyt C, 20
mM H30,, and 5 mM ABTS in 50 mM phosphate buffer at different pH
values ranging from 2 to 10. The absorbance increase at 415 nm was
recorded for 2 min.

To assess the activity of DAAO in an extended pH range of 2-10, the
oxidation of ,-alanine catalyzed by DAAO was carried out at different pH
values. The assay solution contains 100 nM DAAO and 100 mM ,-
alanine. After the enzymatic reaction for 5 min, the product solution was
adjusted to pH 7. Then 200 nM horseradish peroxidase (HRP) and 100
puM amplex red in 50 mM phosphate buffer were added to the above
solution. The absorbance increase at 572 nm was recorded for 2 min.

2.3. Cascade kinetics study

The study of cascade kinetics of DAAO-PAM/Cyt C-PAA compared to
native DAAO/Cyt C was carried out using ,-alanine and amplex red as
substrates. The concentration of ,-alanine ranged from 5 mmol/L to 400
mmol/L. After 5 min, the reaction was terminated using concentrated
hydrochloric acid followed by adjusting the mixture to neutral. Then,
100 pM amplex red in 50 mM phosphate buffer was added to the
mixture. The absorbance increase at 572 nm was recorded for 2 min.

2.4. Thermal stability study

The stock solutions of free enzymes (0.5 mg DAAO and 0.8 mg Cyt C
dissolved in 1 mL phosphate buffer saline at pH 7.0) and chemically
modified enzymes (0.5 mg DAAO-PAM and 0.8 mg Cyt C-PAA dispersed
in 1 mL phosphate buffer saline at pH 7.0) were first prepared. The ef-
fects of temperature on the residual enzymatic activity were determined
with 20 pL of the stock solution added to 420 pL 50 mmol/L phosphate
buffer saline at pH 7. The enzyme solutions were kept at temperatures of
30, 60, and 90 °C for 3 h, followed by adding the substrate solution
containing 100 pL 100 mmol/L ,-alanine and 30 pL 100 pmol/L amplex
red. The residual enzyme activity was calculated by recording the
absorbance increase at 572 nm for 2 min.

2.5. Molecular dynamics simulation

The crystal structures of Cyt C (PDB code: 2B4Z) with a resolution of
1.50 A and DAAO (PDB code: 3W4J) with a resolution of 2.74 A
extracted from the Protein Data Bank were used as initial configurations
for molecular dynamics (MD) simulations. The protonation states of Cyt
C and DAAO at different pH values (2, 4.5, 7, 8.5, and 10) were deter-
mined by a web server H++ [55]. Poly (acrylic acid) (PAA) and poly-
allylamine (PAM) with a degree of polymerization of 5 were used to link
with Lys residues in Cyt C and Asp/Glu residues in DAAO, respectively.
This mimicked a modification of Cyt C with negatively charged poly-
mers and of DAAO with positively charged polymers. The proteins of Cyt
C and DAAO were modeled with the Amber ff14SB force field [56].
Force field parameters of the cofactor heme in Cyt C and flavin adenine
dinucleotide (FAD) in DAAO were taken from the AMBER parameter
database archived by Prof. Richard Bryce (http://research.bmh.manche
ster.ac.uk/bryce/amber). The modified residues of PAA-Lys (with a net
charge, —4), PAM-Asp (net charge, +4), and PAM-Glu (net charge, +4)
were optimized at HF/6-31G* in gas phase using the Gaussian 09 soft-
ware [57], and restrained electrostatic potential (RESP) charges were
calculated with the help of “antechamber” tool [58].

To find out the available Lys or Asp/Glu residues that can be cova-
lently modified by PAA or PAM, the accessible surface area (ASA) or
solvent accessibility of amino acids in Cyt C or DAAO was calculated
using the online server ASA-View [59]. The spiral diagrams in Fig. Sla
and Fig. S2a showed the spatial distribution of amino acid residues in
Cyt C and DAAO. The exposed residues were located at the outer ring,
and large spherical radius corresponded to high solvent accessibility. Lys
residues with a high solvent accessibility are much easier to be modified
with ionic polymers. Fig. S1b showed the solvent accessibility of
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different Lys residues in Cyt C, and the ones with a solvent accessibility
(SA) higher than 0.5 were modified. Based on different degrees of
modification, we obtained three conjugates denoted as Cyt C-[PAA], (n
= 4, 7, 10), where n signified explicitly the number of the short PAA
chain being grafted. For example, Cyt C-[PAA], represented four Lys
residues in Cyt C (SA>0.7, K86, K22, K73, K25) were modified with
short PAA chains, and this conjugate had the lowest PAA grafting den-
sity. Cyt C-[PAA]; suggested seven Lys residues in Cyt C (SA>0.6, K86,
K22, K73, K25, K8, K88, K5) were modified with short PAA chains. Cyt
C-[PAA]; indicated ten Lys residues in Cyt C (SA>0.5, K86, K22, K73,
K25, K8, K88, K5, K87, K79, K39) were modified with short PAA chains,
and this conjugate had the highest PAA grafting density. Similarly,
Figs. S2(b and c) showed the solvent accessibility of different Asp/Glu
residues in DAAO, and the ones with a SA value higher than 0.5 were
selected. According to different grafting densities, four conjugates were
obtained named as DAAO-[PAM], (n = 4, 8, 12, 17), where n implied
the number of the short PAM chain being grafted. For instance,
DAAO-[PAM]4 represented 4 residues (one Asp and three Glu) in DAAO
(SA>0.9, D109, E220, E85, E100) were grafted with short PAM chains.
DAAO-[PAM]g indicated 8 residues (two Asp and six Glu) in DAAO
(SA>0.7, D109, D58, E220, E85, E100, E154, E165, E249) were grafted
with short PAM chains. DAAO-[PAM];, suggested 12 residues (five Asp
and seven Glu) in DAAO (SA>0.6, D109, D58, D123, D66, D127, E220,
E85, E100, E154, E165, E249, E336) were grafted with short PAM
chains. DAAO-[PAM];7 signified 17 residues (seven Asp and ten Glu) in
DAAO (SA>0.5, D31, D58, D66, D73, D109, D123, D127, E85, E100,
E154, E165, E173, E220, E249, E261, E335, E336) were grafted with
short PAM chains.

All simulations were carried out using GROMACS 2018 package
[60]. The protein-cofactor configuration was solvated in a box of TIP3P
water molecules with a minimum distance of 1.0 nm between protein
and box edge. Sodium and chlorine ions were then inserted into the box
to neutralize the simulated system with a salt concentration of 0.15
mol/L. The simulation system was first optimized by 10,000 steps of
energy minimization. The positions of heavy atoms of solutes were then
constrained, and the water molecules and salt ions were relaxed during a
100 ps NVT equilibration, followed by a 100 ps NPT equilibration using
the Parrinello-Rahman barostat [61,62]. Finally, a 100 ns molecular
dynamic simulation was performed under the NPT with a time step of 2
fs. The temperature was maintained at 300 K using a Nose-Hoover
thermostat, and the coupling time was set to 0.1 ps. The electrostatic
interactions were calculated using the particle mesh Ewald (PME)
method [63,64]. The Visual Molecular Dynamics (VMD) software [65]
was employed to analyze the simulation configurations. The
root-mean-square deviations (RMSD), root-mean-square fluctuation
(RMSF), radial distribution function (RDF), solvent-accessible surface
area (SASA), and number of hydrogen bonds were calculated with the
GROMACS tools.

3. Results and discussion
3.1. Characterizations of Cyt C-PAA and DAAO-PAM conjugates

The multienzyme system containing Cyt C and DAAO was selected
for the proof-of-concept. Cyt C has an optimal pH of 4.5, and DAAO is
intrinsically active at pH 8.5 [42,66]. The anionic PAA and cationic PAM
were respectively employed to engineer the inherent pH dependence of
Cyt C and DAAO by surface grafting via the EDC/NHS coupling
approach (Scheme 1).

The hydrodynamic diameters of Cyt C-PAA and DAAO-PAM conju-
gates were 122 and 123 nm, which were larger than the sizes of native
Cyt C (4.5 nm) and DAAO (8.6 nm) as determined from dynamic light
scattering (DLS) measurements [Figs. S3(a and b) in the supporting in-
formation]. The zeta potential of Cyt C decreased from —2.36 to —12.05
mV after conjugating with the negatively charged PAA. And the grafting
of positively charged PAM increased the zeta potential of DAAO from
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—3.02 to 25.35 mV. The titration curves of Cyt-PAA and DAAO-PAM
conjugates in Figs. S3(c and d) displayed a molar ratio of 1:13.6 for
Cyt C/PAA and 1:66.5 for DAAO/PAM, confirming the high grafting
density of ionic polymers on the protein surface.

Cyt C in its native conformation displays a prominent Soret band
maximum at ~409 nm (n-1* transition), a position representing low
spin state ion, a form arising from the heme’s axial ligand, His'® and
Met® [67-69]. The Cyt C-PAA conjugate reflected identical UV-vis
spectra to its free enzyme in solution [Fig. 1a, b], suggesting that PAA
grafting did not alter the ground state properties of Cyt C [68,70].
However, a blue shift of 7-9 nm or a red shift of 3 nm of the Soret band
was observed for both free Cyt C and Cyt C-PAA conjugate when con-
ditioning at pH 2 or 10, implying the denaturation of Cyt C with His'®
and/or Met®® replaced thereby with iron in its high spin state [67,68,
70].

The variations in the secondary structure (far-UV), tertiary structure
(near-UV), and heme environment (Soret CD) of Cyt C in the absence
and presence of PAA at different pHs were also investigated by circular
dichroism (CD) spectroscopy. Far-UV spectroscopy in the range of
200-250 nm reflects the secondary structure alterations of Cyt C

Synthetic and Systems Biotechnology 6 (2021) 163-172

induced by the backbone orientation [67-69]. Fig. 1¢ showed prominent
negative peaks at 208 nm and 222 nm typical of helical proteins. After
the introduction of PAA or changing the pH to 2, a reduction of the
negative side peak along with a red shift was observed implying the
perturbation of secondary structures (Fig. 1f), which resembled the
phenomenon obtained from the UV-vis spectra. The identical CD spectra
in the near-UV spectrum (265-300 nm) range confirmed the preserva-
tion of the tertiary structure of Cyt C [Fig. 1d, g]. The Soret-CD spectra
provides information related to the native structure of Cyt C in the
proximity of heme. The Soret region in CD spectra features a strong
positive band at 406 nm and a strong negative peak at 417 nm. The
former corresponds to the heme-globin interactions and the heme-Fe
spin state, and the latter represents Met80-Fe and Phe82-heme in-
teractions [67-69]. The Soret region CD in Fig. 1e, h exhibited minor or
no change between native Cyt C and Cyt C-PAA conjugate indicating
PAA grafting did not alter the heme environment. However, the varia-
tion of pH conditions induced a blue shift for the positive peak at 406
nm, suggesting the possible perturbations of heme-globin interactions
and heme-Fe spin state. These results suggested that upon PAA grafting,
only the secondary structure of native Cyt C was varied. But at
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Fig. 1. UV-vis spectra of native Cyt C (a) and Cyt C-PAA conjugate (b) in the range of 300-600 nm at different pH values. Far-UV CD spectra (c and f), near-UV
spectra (d and g), and Soret region UV-CD spectra (e and h) of native Cyt C (c-e) and Cyt C-PAA conjugate (f-h) at different pH values. The concentration of
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unfavorable pHs, both the secondary structure and heme environment
were disturbed causing the denaturation of Cyt C not only in the native
state but also in its conjugate one.

With respect to DAAO, the native DAAO and DAAO-PAM conjugate
revealed identical UV-vis and CD spectra (Fig. S4) implying that PAM
grafting did not alter the conformational structures of DAAO (secondary
structure, tertiary structure, and cofactor FAD environment).

3.2. PAA and PAM polyelectrolytes boost the activity and stability of Cyt
C and DAAO

The activity assays were carried out to evaluate the catalytic per-
formances of Cyt C and DAAO in the presence of ionic polymers.

The peroxidase-like activity of Cyt C and Cyt C-PAA conjugate was
measured by a colorimetric approach using HpO5 and ABTS as sub-
strates. Both native Cyt C and the Cyt C-PAA conjugate exhibited the
highest activity at pH 4.5 (Fig. 2a), suggesting that its optimum pH was
4.5 and the protonated PAA did not affect the inherent biological ac-
tivity of Cyt C. Compared with native Cyt C, the Cyt C-PAA conjugate
exhibited boosted activity with 205.6% and 183.3% improvements of its
maximum activity at pH 4.5 and 7, and maintained 99.9% of its
maximum activity at pH 3. The optimum pH of Cyt C was extended from
4.5 to 3 ~7. Similar finding was also reported by Zhang et al. in which
the conjugation of Cyt C with polymethacrylic acid (PMAA) exhibited
the pH range of Cyt C to 4.5 ~ 7 [42]. However, with increasing pH to 10
or decreasing pH to 2, the activity of native Cyt C or Cyt C-PAA conju-
gate was reduced dramatically due to the perturbation of secondary
structures as suggested from the UV-vis and CD spectra in Fig. 1.

The activity of DAAO was determined by catalyzing the oxidation of
y-alanine with oxygen accompanied by the generation of hydrogen
peroxide (H205). Horseradish peroxidase (HRP) was then employed to
catalyze the reaction between Hy0, and neutral N-acetyl-3,7-
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dihydroxyphenoxazine (amplex red) with a stoichiometry of 1:1 pro-
ducing resorufin which was a pink-colored fluorescent product [42]. As
seen in Fig. 2b, native DAAO and DAAO-PAM conjugate showed the
highest activity of 449.2 U/mg at the optimum pH 8.5. The activity of
native DAAO was also greatly influenced by the pH conditions. Only
68.1% and 48.5% of its maximum activity were retained at pH 10 and 2.
By contrast, the DAAO-PAM conjugate displayed significantly enhanced
activity in a wide pH range of 2-10. And 106.1%, 128.2% and 103.7% of
its maximum activity were retained at pH 10, 8.5, and 2, suggesting that
PAA grafting extended the optimum pH range of DAAO toward more
acidic conditions by 6.5 pH units and toward more alkaline conditions
by 1.5 pH units. This excellent catalytic performance exceeds the
properties reported in previously published studies. For example, the use
of highly charged polyanionic insoluble carriers for enzyme immobili-
zation extended the optimal pH of several proteolytic enzymes by 1-3
units [38-40]. The optimum pH of trypsin was shifted from 7.8 to 8.0
when it was covalently linked with carboxyl-terminated poly
[3-dimethyl (methacryloyloxyethyl) ammonium propane sulfonate]
[41]. The optimal pH of chymotrypsin altered from 10 to 8 when
conjugating with a cationic polymer [44]. In our case, PAM provided an
alkaline microenvironment in the vicinity of DAAO active sites, which
not only stabilized the secondary and tertiary structures but also pre-
served the FAD crevice as suggested from the UV-vis and CD spectra in
Fig. S4, thereby facilitating an enhanced enzyme activity at a wide pH
range. It is worthy of note that DAAO is a dimeric enzyme [70]. The
monomer-monomer interactions play an important role to maintain the
stability of DAAO. The chemical modification of DAAO with PAM could
also prevent the dissociation of its dimeric state and increase the enzyme
stability.
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Fig. 2. pH-Activity profiles of native Cyt C and Cyt C-PAA conjugate (a), and native DAAO and DAAO-PAM conjugate (b). Kinetic plots (c) and the corresponding
Lineweaver-Burk plots (d) depicting cascade reactions catalyzed by DAAO-PAM/Cyt C-PAA conjugates in comparison to free DAAO/Cyt C in solution. The enzyme
activities of free enzyme and enzyme-polymer conjugate were shown as U per mg enzyme.
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3.3. Cascade reactions catalyzed by DAAO-PAM/Cyt C-PAA

We then evaluated the enhanced performances in cascade reactions
catalyzed by DAAO-PAM/Cyt C-PAA via modulating the enzyme
microenvironment using ionic polymers. DAAO can oxidize ,-alanine
with oxygen into pyruvic acid producing HoO5 which functions as sub-
strate of Cyt C. The kinetic parameters k¢ot and Ky; of DAAO-PAM/Cyt C-
PAA compared with native DAAO/Cyt C were calculated from the ki-
netics curves and Lineweaker-Burk linearization plots [Fig. 2c, d]. As
shown in Table 1, the apparent Ky was equal implying that the poly-
electrolytes modified enzymes had similar affinity toward the substrate
compared to native DAAO/Cyt C. The DAAO-PAM/Cyt C-PAA system
displayed an increased k., suggesting the enhanced enzyme activity
after grafting, which was in good agreement with the results shown in
Fig. 2b. An increased k¢,t/Ky value of 18.34 mM s~! was obtained, that
was 1.37-fold higher than the native enzymes. These results clearly
demonstrated that engineering of local pH microenvironment of en-
zymes using ionic polymers could not only boost enzyme activity of
single enzyme but also improve the catalytic efficiency of cascade re-
actions by promoting the compatibility and synergistic effect of
multienzymes.

3.4. A molecular understanding of the activity boosting mechanism
studied by MD simulation

The activity boosting mechanism at the molecular level underlying
the pH-engineering of enzyme microenvironment by attaching ionic
polymers was studied by MD simulations. We first studied the charac-
teristics of Cyt C and DAAO at different pH values using MD simulation.
According to the optimum pH of 4.5 for Cyt C and 8.5 for DAAO [42,71],
five pHs (2, 4.5, 7, 8.5, and 10) in line with experiments were selected.
Root-mean-square deviation (RMSD), radius of gyration (Ry),
solvent-accessible surface area (SASA), and secondary structures were
analyzed to characterize the grafted enzymes. The RMSD value is an
indicator of conformational changes along the trajectory compared to
the crystal structure [72]. Low RMSD value suggests that the confor-
mational structure of enzyme is closer to its native state, and thus the
enzyme may well maintain its original activity. As presented in Fig. S5 in
the supporting information, the RMSD for all the simulation systems
leveled off after 100 ns, confirming the equilibration of the system as
well as the validity of force field and parameters used.

The Cyt C simulation systems displayed lower RMSD values at pHs of
4.5, 7, and 8.5 suggesting stable conformational structures at these pH
values (Fig. S6a). The higher RMSD values at pH 2 or 10 indicated larger
conformational changes compared with its crystal structure, which
might be one of the reasons for the low enzyme activity of Cyt C at these
pH values. The R value can be used to describe the compactness of
protein structures [73], and SASA reveals the thermodynamic stability
of an enzyme [72]. Compared with pH 2 and 10, the lower Rg and SASA
at pH 4.5-8.5 suggested the more compact structures [Figs. S6(b and ¢)].
The secondary structures of Cyt C at different pH values were evaluated
as well, and partially destroyed structures were observed at unfavorable
PH conditions especially at pH 10 (Fig. S6d), consistent with the far-UV
CD spectra in Fig. 1c. Similarly, Fig. S7 showed the simulation results for
DAAO at a pH range of 2-10. Evaluation of RMSD, Rg, SASA, and sec-
ondary structures confirmed that DAAO had more native and compact
structures at pH 7 and 8.5, which could explain the high enzyme activity
of DAAO at these pH values.

Table 1
Kinetic parameters of cascade reaction catalyzed by native DAAO/Cyt C and
DAAO-PAM/Cyt C-PAA conjugates.

Catalyst K, (mM) kear 59 keqr/Km (mM s 1)
Native DAAO/Cyt C 28.01 0.37 13.3
DAAO-PAM/Cyt C-PAA 28.35 0.52 18.3
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3.4.1. Anionic PAA enhances the activity and stability of Cyt C identified by
MD simulation

The optimum catalytic pH of Cyt C is 4.5, and thus we chose anionic
poly (acrylic acid) (PAA) to create a local acidic microenvironment in
the vicinity of Cyt C. Fig. S1c depicted the electrostatic surface potentials
of Cyt C and its conjugates with PAA as a function of pH values. As
expected, higher grafting density of negatively charged PAA on the
protein surface corresponded to lower electrostatic surface potential,
which agreed well with the zeta potential result. The electrostatic map of
Cyt C revealed the distribution of charged patches on the protein surface
(Fig. 3a). The grafting of PAA increased the SASA value of Cyt C
(Fig. S8a). The number of hydrogen bonds between Cyt C and water also
raised with the increase of PAA grafting density due to the introduction
of carboxylic acids (Fig. S8b).

We then investigated the enhancement of Cyt C activity in the
presence of PAA. As indicated from the significantly reduced RMSD for
Cyt C-[PAA]4 conjugate (Fig. 3b), appropriate PAA grafting facilitated
the enhancement of enzyme stability. Notably, excessive PAA grafting
might produce steric hindrance and result in reduced enzyme activity.
For example, Cyt C-[PAA]io featuring higher PAA grafting density
showed larger RMSD values, suggesting its inferior enzyme activity. To
further elucidate the deactivation mechanism of Cyt C when conjugating
with a plethora of PAA, we studied the radial distribution functions
(RDF) between the active catalytic site heme and Lys residues that were
modified with PAA. As seen in Fig. 3¢, while the Cyt C-[PAA]; and Cyt C-
[PAA]4 conjugates only showed one prominent peak at 1.25-2.25 nm,
the Cyt C-[PAA]jo conjugate displayed two characterisitic peaks
centered at 0.25-0.75 and 1.25-2.25 nm. This demonstrated that the
chemical modification of Lys residues in Cyt C-[PAA];o conjugate
occurred at the position where the heme-Lys distance was in the range of
0.25-0.75 nm and 1.25-2.25 nm. The first modification position was
very close to heme, and as a result the excessive chemical modification
might generate steric hindrance and cause the decrease of Cyt C activity.
Although the CD spectra in Fig. 1c-h revealed changes in the secondary
structures of Cyt C before and after grafting with PAA, no significant
variation was observed from the simulation result (Fig. S9).

The twenty key amino acids that interacted noncovalently with heme
in the crystal structure of Cyt C were analyzed (Fig. S10). The root-mean-
square fluctuation (RMSF) of the twenty key amino acid residues was
calculated to evaluate their local dynamic variations. The residues that
undergo high structural changes and fluctuations during the simulation
were accordingly identified. The RMSF of native Cyt C was intensified at
its non-optimal pHs, indicating the structural changes and conceivable
enzyme denaturation mentioned above (Fig. S11a). After the appro-
priate modification with PAA, the fluctuations of residue side chains in
Cyt C-[PAA]4 conjugate were diminished at a pH range of 4.5-8.5,
implying its increased pH tolerance [Fig. S11(c-e)]. It is worthy of note
that, the RMSF of Cyt C-[PAA]4 was strengthened at pH 2 or 10
compared to native Cyt C in spite of the smaller RMSD values [(Figs. S11
(b and )], suggesting a big fluctuation of the residue side chains
regardless of the small structural changes of backbone orientation. This
phenomenon was in coincidence with the UV-vis and CD spectra in
Fig. 1, and could explain the result in Fig. 2a why the activity of Cyt C-
PAA conjugate was not enhanced at pH 2 or 10.

3.4.2. Cationic PAM enhances the activity and stability of DAAO identified
by md simulation

After demonstrating that the anionic PAA can boost the activity of
Cyt C, we further investigated if cationic PAM enhances the catalytic
performances of DAAO. The electrostatic surface potentials of DAAO
magnified significantly with the increase of PAM grafting density
(Fig. S2d) in good agreement with the zeta potential result. The elec-
trostatic map of DAAO showed the distribution of charged patches on
the surface of DAAO (Fig. 4a). Similarly, the introduction of PAM
enhanced the hydrophilicity of DAAO as suggested from its larger SASA
values (Fig. S12a). The number of hydrogen bonds between DAAO and
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Fig. 3. The electrostatic potential map of Cyt C before and after chemical grafting with PAA (a), root-mean-square deviation (RMSD) of native Cyt C and Cyt C-
[PAA], (n =4, 7, 10) conjugate as a function of pHs (e), and radial distribution functions (RDF) between co-enzyme heme and Lys residues in native Cyt C and Cyt C-

[PAA], (n = 4, 7, 10) conjugate as a function of pHs (f).
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Fig. 4. The electrostatic potential map of DAAO before and after chemical grafting with PAM (a), root-mean-square deviation (RMSD) of native DAAO and DAAO-
[PAM], (n = 4, 8, 12, 17) conjugate as a function of pHs (b), and radial distribution functions (RDF) between co-enzyme FAD and Asp/Glu residues in native DAAO
and DAAO-[PAM],, (n = 4, 8, 12, 17) conjugates as a function of pHs (c).
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water augmented with the raise of PAM grafting density owing to the
addition of amine groups (Fig. S12b). In accordance with the CD spectra
in Fig. S4, the secondary structures of DAAO were not influenced after
chemical modification with PAM as indicated from the simulation re-
sults (Fig. S13).

Fig. 4b exhibited a dramatically decreased RMSD value for DAAO-
[PAM], (n = 4, 8, 12, 17) conjugates than native DAAO particularly in
the case of DAAO-[PAM]g, indicating the possible enhancement of
DAAO activity after grafting with the positively charged PAM. Radial
distribution functions (RDF) between co-enzyme flavin adenine dinu-
cleotide (FAD) and Asp/Glu residues in DAAO were given in Fig. 4c. A
prominent peak starting from 4.5 nm was observed for DAAO-[PAM],
(n = 4, 8, 12, 17) conjugates, implying PAM modification occurred at
Asp/Glu residues that were 4.5 nm away from FAD. The DAAO-[PAM]sg,
DAAO-[PAM];3, and DAAO-[PAM];; conjugates showed another
notable peak beginning at 2.0 nm indicating part of the modified Asp
and Glu residues were at a distance of 2.0 nm from FAD, and hence a
larger PAM grafting density. The RMSF of 28 key amino acids in DAAO
that interacted with the FAD binding sites were illustrated in Fig. S14.
However, no explicit correlation can be discovered between the RMSF
perturbations and enzyme activity, presumably due to the relatively
large fluctuation of FAD (Fig. S15).

3.5. Exploration of protection effect of polyelectrolytes

The thermal stability of polyelectrolytes modified enzymes was also
studied by evaluating their residual activities in comparison to native
enzymes after conditioning at different temperatures (30, 60, and 90 °C)
for 3 h. The native Cyt C retained 74.8 and 45.7% of its maximum ac-
tivity at temperatures of 60 and 90 °C (Fig. 5a). By contrast, 142.4 and
121.6% of its maximum activity were still preserved at 60 and 90 °C for
the Cyt C-PAA conjugate. With respect to DAAO, only 40.4% of its
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maximum activity was maintained at a temperature of 60 °C for native
DAAO as opposed to 54% for DAAO-PAM conjugate (Fig. 5b).

The thermodynamic stability of native and immobilized enzymes
was further assessed using MD simulations by conditioning the simula-
tion systems at 298, 313, 333, and 363 K, respectively. The RMSD was
employed to investigate the conformational changes of enzymes.
Decreased RMSD values were observed for Cyt C-[PAA]4 and DAAO-
[PAM]g conjugates in contrast with their native counterparts [Fig. 5c,
d], indicating that the chemical modification of enzymes using anionic
and cationic polyelectrolytes better maintained the native conforma-
tional structure of enzymes and thus showed higher thermal stability.

4. Conclusions

We have successfully matched the operational pH range for an
enzyme cascade in which two enzymes have opposite pH-activity pro-
files by engineering the enzyme microenvironment using ionic poly-
mers. The grafting of Cyt C with negatively charged polymer chains
displays a 205.6% improvement of its maximum activity and extends the
optimum pH from 4.5 to 3 ~7, while the conjugation of DAAO with
positively charged polymer chains exhibits 128.2% improvement and
the optimal pH was from 8.5 to 2~ 10. The catalytic efficiency of the
cascade reaction is enhanced by 1.37-fold. More importantly, an in-
depth mechanism study at a molecular level carried out by UV-vis/CD
spectroscopy and MD simulations revealed that engineering of the local
pH microenvironment of enzymes may alter the protein surface charge
and aggregation state, facilitate an optimal range of interaction
strengths, and thus promotes enzyme activity/stability and enhance
synergistic biocatalysis of cascade reactions. This suggests that enzyme
microenvironment modulation can serve as a platform for preserving the
conformational structures of proteins.
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Fig. 5. Operational stabilities of native Cyt C and Cyt C-PAA conjugate (a), and native DAAO and DAAO-PAM conjugate (b) at different temperatures (30, 65, and
95 °C). Root-mean-square deviation (RMSD) of native Cyt C and Cyt C-[PAA],4 conjugate (c), and native DAAO and DAAO-[PAM]g conjugate (d) at different

temperatures (298, 313, 333, and 363 K).
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Abbreviations
CytC cytochrome C
DAAO  ,-amino acid oxidase
PAA poly (acrylic acid)
PAM polyallylamine
CD circular dichroism
HRP horseradish peroxidase
ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
EDC N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride
NHS N-hydroxysulfosuccinimide
RESP restrained electrostatic potential
RMSD  root-mean-square deviations
RMSF root-mean-square fluctuation
RDF radial distribution function
SA solvent accessibility
SASA solvent-accessible surface area
MD molecular dynamics
FAD flavin adenine dinucleotide.
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