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ABSTRACT

Enzymes are natural catalysts that orchestrate metabolic processes in live cells. Because
of their high efficiency, selectivity, and biocompatibility, the applications of these catalysts were
extended to many industrial and biomedical technologies. The properties of enzymes can be
described through stability and catalytic activity. This dissertation aims to develop enzyme
complexes with polymer and DNA scaffolds to improve thermal stability and catalytic activity of
protein molecules. Elevated temperatures are widely used for many applications to increase
process rates and decrease bacterial contaminations. However, most mesophilic enzymes
denature at temperatures above 50—60 °C due to the unfolding of protein molecules. A “grafting
through” conjugation strategy was designed to improve lysozyme thermal stability by the
synthesis of a synthetic polymer—enzyme hybrid, and the conjugates have extended lysozyme
half-life up to 9 times at 90°C. The mechanism of thermal stabilization was investigated with the
addition of polyethylene glycol (PEG) crowders. The catalytic activity is another significant
property of enzymes, which describes the efficiency in degrading substrates. Multi-enzyme
complexes usually delivered a synergistic effect with higher catalytic activity compared to single

molecules. Cellulosomes are bacterial protein complexes that bind and efficiently degrade



lignocellulosic substrates with synergy effects of different enzymes. Creation of artificial
cellulosomes based on DNA scaffolds was developed to illustrate the synergy effect of
enzymatic complexes and discover impacts of sequencing and spatial arrangement of enzymes in

the complex.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Enzymes are natural catalysts that orchestrate metabolic processes in live cells. Due to
their high efficiency, selectivity, and biocompatibility, the applications of these catalysts were
extended to many industrial and biomedical technologies for chemical synthesis, biofuel
production, food and cosmetic industries, biosensors, and cloth laundry and decontaminations, to
name a few!”’. However, the high prices and narrow range of temperature tolerance have limited
their practical applications. It is essential to develop enzymes with enhanced catalytic activity

and improved thermal stability to be more compatible with industrial requirements.

Enzyme Thermal Stability

Protein modules are in equilibrium between the folded (N) and unfolded (U) states and
strongly favor the folded state at physiological conditions. However, the molecules could shift to
the unfolded state at low and high temperatures, pHs, and high concentrations of denaturants®,
and all enzymes will eventually lose catalytic activity with elevated temperature incubation. The
overall process can be depicted by the classical scheme of Lumry and Eyring>: N2 U - I,
where the native enzyme, N, reversibly unfolded to a denatured state, U, following by
irreversible transition to an inactive conformation, I.

The first and universal step of enzyme thermal inactivation is unfolding'®*2. Under room
temperature, the enzyme structure is maintained by hydrogen bonds, hydrophobic, ionic, and van

der Waals interactions'®. The elevated temperature interrupts the noncovalent interactions and



disperses the amino acid residues comprising enzyme active sites, leading to a loss in enzyme
activity'® 1°. With prolonged incubation at high temperature, different subsequent deformations
occur in specific types of unfolded enzymes. One is covalent changes, which usually happens
among sulfur-containing amino acids. Upon heating, the broken S-S bonds tend to form new
intermolecular or intramolecular bridges, which may be different from the original formation,
and cause activity loss at alkaline pH*®. The other is the noncovalent transformation. Thermally
unfolded enzymes can undergo polymolecular and monomolecular processes, causing
irreversible inactivation of enzymes. Upon unfolding, the hydrophobic portions of enzymes,
which were folded into the interior of the structure, were exposed. These hydrophobic interfaces
tend to avoid interaction with aqueous solvent and form intermolecular aggregations to reduce
the free energy of the system'’. In dilute solutions, aggregations are limited, however, proteins
may intramolecularly refold to stable inactive structure. The incorrect structure cannot be
recovered after cooling as a result of high kinetic barrier'® %°,

Herein, to maintain lysozyme activity at high temperatures, it is significant to explore
methods in eliminating the unfolding of protein globules and preventing the formation of
incorrect conformations or aggregations. The impact of pH should also be taken into

consideration since the thermal behavior of lysozyme is pH related.

Methods to Improve Enzyme Thermal Stability

A number of approaches have been proposed to address the challenge of enzyme thermal
stability. Among them is the concept of synthetic enzymes or synthetic biology, where the
mutated enzyme structure is modified and tuned using genetic tools?®?2, At the same time, an

alternative field of enzyme-synthetic molecule conjugates is shifting the paradigm of synthetic



enzymes by expanding the modification methods with the approaches that either use synthetic
polypeptides?®, biomimetic synthetic structures®* or combine enzyme with synthetic molecules
and nanoparticles.?® In a complex enzyme structure, only 2-3 amino acid residues form the
catalytic site. All other amino acid residuals are serving for various functions, including
formation and stabilization of the 3D-structure, affinity, and binding to specific substrates,
communications with cells, etc. Any modification of the enzyme structure by conjugation with
synthetic molecules, regardless of the binding site and size of the conjugate, will result in the
synthesis of a new synthetic enzyme with modified properties.

Conjugation of enzymes with polymers has been broadly used to improve shelf-life,
immobilize enzymes on solid substrates for heterogeneous catalysis, or for improved in vivo
delivery of enzymes.?® In many examples, the polymer-conjugated enzymes have been proven to
possess improved stability in a wide range of pH and temperatures?’.

Macromolecular crowding effects on enzyme thermal stability have also been extensively
discussed in literature?®-3L. Generally, crowding effects arise from excluded volume effects and
soft interactions. Because of the ability of macromolecules to occupy positions in solution, it
excludes other molecules from neighborhoods. The addition of macromolecules leads to a less
random distribution of molecules in the solution, which results in the decrease of entropy and,
consequently, an increase of the particle’s free energy®2. The protein prefers the more compact
native state instead of the unfolding denatured due to the limited space®* 3. Another impact of
the crowding effect is the soft interactions between macromolecules and proteins. Soft
interactions can be attractive and repulsive. Repulsive interactions stabilize proteins due to
reinforcement of the excluded-volume effect, but attractive destabilizes®. The overall crowding

effect on enzyme stability is the net effect of excluded volume and chemical interactions.



Cellulosome — Natural Multi-enzyme Complex with Enhanced Catalytic Activity

With the growing demand of energy in modern society, the excessive use of fossil fuels,
which is responsible for global warming and energy crises, has raised the necessity for
innovative and sustainable substitutes for petroleum3: %', Biofuels, such as bioethanol, are proper
alternatives, which can be produced from the fermentation of soluble sugars hydrolyzed from
lignocellulosic biomass. Lignocellulose, consisting of cellulose, hemicellulose, and lignin, is the
most abundant sustainable natural resource of carbohydrate polymer and substrate available for
conversion to fuels. However, the process has been limited by the hydrolysis of cellulosic
biomass because of its recalcitrance to enzyme hydrolysis®-°. The recalcitrance is attributed to
the interconnected units in lignocellulose, where lignin and carbohydrates (cellulose and
hemicellulose) form lignin-carbohydrate complexes*. Besides, the highly crystalline and
microfibril structure of cellulose has also put an obstacle to enzymatic digestion of
polysaccharides into fermentable sugars*?. Current conversion processes mainly rely on thermo-
chemical pretreatment and high enzyme loading, resulting in high manufacturing costs and
expensive final products. Cellulases that possess high catalytic activity can be a potential
solution to overcome the economic barriers on biomass conversion.

Cellulosomes are multienzyme complexes either attached to or secreted from cells. The
cellulosome from the anaerobic thermophilic bacterium Clostridium thermocellum was first
identified in the early 1980s and defined as a “discrete, cellulose-binding, multienzyme complex
that mediates the degradation of cellulosic substrates” ** 4. Cellulosomes contain one
noncatalytic protein, named scaffoldin, decorated with multiple cohesins. Catalytic modules with
dockerins are assembled to the scaffoldin through cohesin-dockerin interactions. Most

scaffoldins also carry one carbohydrate-binding module (CBM) that can anchor the complex to



the cellulose surface®“*® (Figure 1.1). C. thermocellum cellulosome has shown efficient
synergism in solubilizing bacterial and Valonia cellulose with 75% and 100% crystallinity
separately®®, and the activity of cellulosome against crystalline cellulose is 50-fold higher than
the corresponding Tricoderma free cellulase system3 %°. The synergistic interaction can be

attributed to the spatial proximity of enzymes grafted and the substrate targeting of CBM®L,

Enzyme —
Dockerin —

Cohesin —»

Scaffoldin

Figure 1.1 Simplified scheme of a typical cellulosome.

Creation of Artificial Cellulosomes

The high efficiency of natural cellulosomes in degrading cellulosic biomass has inspired
scientists to develop artificial multienzyme complex to reconstruct the natural structure. The
flexibility of building artificial cellulosomes should be more compatible with industrial
applications and could help to investigate the mechanism of the cellulosome synergy effect.

The first artificial cellulosome (also called designer cellulosome) was constructed in
2001, where two cellulases from Clostridium cellulolyticum (family-5 CelA and family-48 CelF)
were anchored onto the chimeric scaffoldin through dockerin-cohesin interaction. The activity of
the complex without CBM was enhanced by 1.5-fold comparing to free enzyme mixtures,

demonstrating the proximity of enzymes is critical to the synergy effect. The introduction of



CBM further enhanced the activity to 3-fold, indicating the advantage of substrate targeting®2.
The full sequence of cellulosome from Clostridium thermocellum was reconstructed in vitro, and
the reconstituted full-size cellulosome was 21% less active than natural cellulosome®3.

Non-cellulosomal scaffolds have also been developed for cellulases immobilization to
improve cellulosome activity and stability. Nanospheres are promising scaffolds according to the
high surface area and low diffusion limitation. Cd-Se nanoparticle based cellulosomes were
designed through biotin—avidin interaction® *°. The immobilized complex showed enhanced
activity in cellulose degradation, and the increase of CBM valency could further enhance enzyme
activity. Endoglucanase from Trichoderma viride was covalently assembled on polystyrene
nanospheres, and the complexes degraded microcrystalline cellulose and cultured wood cells
more efficiently than free cellulases according to a higher affinity®®. To eliminate negative
effects from chemical modifications, an endoglucanase CelA and an exoglucanase CelE were
conjugated onto CdSe-ZnS core-shell quantum dots (QDs) with two sizes (5nm and 10nm
diameter) based on metal affinity coordination without chemical modifications. The complex
demonstrated a 2-fold increase of hydrolysis on phosphoric acid-swollen cellulose (PASC), and
the proximity of enzymes proved to be more crucial than particle size in activity enhancement®’.
The nanoparticle-based cellulosomes have demonstrated a synergy effect against crystalline
cellulose; however, control of the enzyme loading position and the complex composition
analysis seems impossible with the above methods.

Though extensive research tried to mimic cellulosome to deliver advanced activity, the
behavior of artificial cellulosome is still far away from the natural complex®. It is mainly

because the mechanism of cellulosome hydrolysis is not fully discovered, such as the impact of



sequence and spatial arrangement of cellulases and CBM. Further understanding is still needed

before cellulosomes can fulfill industrial applications.

Objectives and Dissertation Outline

The objective of this dissertation are as follows: (1) develop a grafting through method to
implant lysozyme into molecular brushes to improve biocatalytic activity and thermal stability;
(2) explore the mechanism of polyethylene glycol (PEG) crowding effect on lysozyme thermal
stabilization; (3) create artificial cellulosomes with DNA scaffolds and discover the sequencing
and spatial arrangement impact on complex synergism.

The rest of the dissertation is organized into five chapters. Chapter 2 reports a “grafting
through” conjugation strategy to improve lysozyme catalytic activity and thermal stability by the
synthesis of a synthetic polymer—enzyme hybrid. The implantation of a single lysozyme
molecule in the molecular brush polymer chain resulted in significant improvement of the
thermal stability at 90 °C with a 9-time extension in half-life. The improved enzyme
performance is explained by the crowding effect provided by the molecular brush architecture of
the synthetic hybrid. This chapter was published in Macromolecules, 2018, 51, 5039—5047.

Chapter 3 demonstrates the mechanisms of PEG crowding effects on lysozyme thermal
stability. PEG with different molecular weights and concentrations were added into lysozyme
solutions. The thermal stability of lysozyme samples were demonstrated in terms of activity and
conformations. The stabilization of PEG is a result of the suppression of enzyme aggregation at
an elevated temperature according to the formation of LYZ-PEG associates.

Chapter 4 describes the method in developing DNA conjugated cellulases/CBM in

preparation for artificial cellulosome establishment. Azide-functionalized cellulases and CBM



were first obtained through coupling between lysine amino acid residuals of the proteins and
azido-PEGs-NHS-ester. Protein-N3 were then reacted with dibenzocyclooctyne (DBCO)
functionalized DNA (DNA-DBCO) to tether a single-stranded DNA to the proteins over strain-
promoted alkyne—azide cycloaddition (SPAAC). The conjugated cellulases/CBM were purified
by his-tag purification, and the success of DNA labeling was confirmed by electrophoresis.

Chapter 5 details the design of artificial cellulosomes based on DNA scaffolds to
discover the sequencing and spatial impact on cellulose hydrolysis. One exoglucanase, one
endoglucanase and one CBM were assembled on DNA templates with three binding sites.
Cellulases and CBM were conjugated with different DNA linkers, followed by assembly onto a
complementary template at specific locations. The catalytic activities of different combinations
were compared against filter paper.

Finally, chapter 6 summarizes the projects discussed in the dissertation, and highlights

the future directions of the research.
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GRAFTING THROUGH METHOD FOR IMPLANTING OF LYSOZYME ENZYME IN
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Abstract

We report a “grafting through” conjugation strategy to improve lysozyme catalytic
activity and thermal stability by the synthesis of a synthetic polymer-enzyme hybrid. The
lysozyme was first conjugated with glycidyl methacrylate via ring opening reaction between
epoxy groups and lysine residues of the enzyme to synthesize the enzyme macromonomer. The
conjugation was followed by free radical copolymerization of the macromonomer with
poly(ethylene glycol) methyl ether acrylate (PEGMEA) (Mn=5000g/mol) and poly(ethylene
glycol) methyl ether methacrylate (PEGMEMA) (Mn=500g/mol). We demonstrated that
implanting a single lysozyme molecule in the molecular brush polymer chain resulted in a
significant improvement of the thermal stability up to 90°C and a 9-time extended half-life for
this synthetic enzyme structure. The improved enzyme performance is explained by the
crowding effect provided by the molecular brush architecture of the synthetic hybrid.

Keywords: grafting through, protein conjugate, enzyme catalysis, thermal stability

Introduction

Enzymes are natural catalysts that orchestrate metabolic processes in live cells. Due to
their high efficiency, selectivity, and biocompatibility, the applications of these catalysts were
extended to many industrial and biomedical technologies for chemical synthesis, biofuel
production, in food and cosmetic industries, biosensors, and cloth laundry and decontaminations,
to name a few!”’. For many practical applications, elevated temperatures are used to increase
rates of the processes and decrease bacterial contaminations®. Many such applications will
benefit from the improved thermal stability of enzymes. However, most mesophilic enzymes

denature at temperatures above 50-60°C due to the unfolding of the protein molecules.®*! It is
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quite a challenging and significant task to develop thermally stable enzymes for many
applications? 3,

A number of approaches have been proposed to address the challenge. Among them is
the concept of synthetic enzymes or synthetic biology, when the mutated enzyme structure is
modified and tuned using genetic tools.!*® At the same time, an alternative field of enzyme-
synthetic molecule conjugates is shifting the paradigm of synthetic enzymes by expanding the
modification methods with the approaches that either uses synthetic polypeptides®’, biomimetic
synthetic structures*® or combine enzyme with synthetic molecules and nanoparticles.’® In a
complex enzyme structure, only 2-3 amino acid residues are forming the catalytic site. All other
amino acid residuals are serving for various functions, including formation and stabilization of
the 3D-structure, affinity, and binding to specific substrates, communications with cells, etc. Any
modification of the enzyme structure by conjugation with synthetic molecules regardless of the
binding site and size of the conjugate will result in the synthesis of a new synthetic enzyme with
modified properties.

Conjugation of enzymes with polymers has been broadly used to improve shelf-life,
immobilize enzymes on solid substrates for heterogeneous catalysis, or for improved in vivo
delivery of enzymes.?’ In many examples, the polymer-conjugated enzymes have been proven to
possess improved stability in a wide range of pH and temperatures?..

The polymer-enzymes hybrid structures have been approached by different synthetic
methods as recently summarized by Pelegri-O'Day et al.?? and Yuanyuan Ju et al.2. The major
strategies for polymer-protein conjugations are “grafting to” and “grafting from” methods. This
terminology initially used to classify methods for grafting polymer brushes was adapted for

polymer-protein conjugates. The grafting to is the most common method, where functionalized
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polymers are coupled with complementary functional groups of proteins (commonly, by using
amino- and thiol- functional groups of amino acid residuals) to tether polymer chains to the
protein molecule. In the grafting from method, an initiator of chain polymerization is bound to
the protein. This conjugate is a macroinitiator. In most cases, controlled radical polymerization
initiated by the macroinitiator is used for the polymerization of water-soluble monomers. The
third, a less common grafting method is “grafting through”.?* In this grafting method, monomer
functional groups (in most cases acrylates) are covalently bound to the material, which is
prepared for the modification by the grafting through yielding a macromonomer. The grafting
through is a “copolymerization” of monomers and the macromonomer. In an adapted for
conjugation of proteins grafting through method, a vinyl monomer is covalently bound to the
protein molecule. In the latter case, the protein conjugate is a protein macromonomer and can be
copolymerized with various other vinyl monomers.

Each of the conjugation methods has pros and cons. In the grafting to process, unreacted
proteins and polymers remain in the reactive mixture. Separation and purification of the
conjugate are difficult. In the grating from process, binding of the initiator and adding some
ingredients of controlled radical polymerization (monomers, catalysts, and solvents) may inhibit
protein functions. The grafting through method shares the pros and cons of both methods. It
appears that one of the advantages of the grafting through method is related to flexibility in the
selection of the polymerization reaction since various initiators and polymerization mechanisms
could be compatible with vinyl monomers.

It is noteworthy that in all grafting methods, conjugation of enzymes with polymers,
monomers, linkers, and initiators and using organic solvents additives for conjugation reactions

may result in inhibition of enzyme activity?>. There is no universal method for the synthesis of
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polymer-enzyme hybrids that could guarantee preservation, boosting, or blocking of protein
functional properties. Thus, selection of the conjugation method is based on the experimental
testing and finding of appropriate conjugation mechanism for each enzyme and application.

In this work, we use the grafting through method for the synthesis of polymer-protein
hybrids of an enzyme, lysozyme (LYZ), using radical polymerization mechanism. We consider
the advantage of radical polymerization vs. controlled radical polymerization because
availability in the first case of many options of an initiator selection to find an appropriate
initiation mechanism less damaging for the enzyme. Another advantage is a very fast growth of
polymer chains of the conjugates, which could immediately screen and protect enzyme
molecules from destructive reactions with free radicals.

Hen egg-white LYZ is one of many enzymes studied for conjugation with polymers using
the grafting to 2 and grafting from?” 2 methods. However, only some of the publications
provided analysis of the catalytic activity of the polymer-enzyme hybrids. LYZ catalytic activity
is characterized by two common methods. In both methods, Micrococcus lysodeikticus cells are
used as a substrate. LYZ hydrolyzes the B-(1-4)-glucosidic linkages between the N-
acetylmuramic acid and N-acetyl-D-glucosamine residues in the mucopolysaccharide cell wall.
In the first classical turbidity assay, changes in light adsorption by the suspension of lysed cells
is monitored at 450 nm wavelength. In the alternative method, the substrate is conjugated with a
fluorescent dye. The LYZ catalytic hydrolysis releases unquenched dye, which is detected with a
fluorescence spectrometer. Both assays provide very close results for native LYZ.?°

It was reported that the conjugation of LYZ with polyethylene glycol (PEG) with MM
>12 kg/mol resulted in complete loss of LYZ activity. The original activity was restored after

cleavage of PEG chains.®® The activity was monitored using the classical turbidity assay.
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Recently, lysozyme-PEG-molecular brush conjugates demonstrated a substantial increase of
LYZ activity®. In the latter case, the enzyme activity was monitored by fluorescence assay. A
random copolymer of di(ethylene glycol) methyl ether methacrylate and 2-(2-pyridyldisulfide)
ethyl methacrylate with MM of 50 kg/mol was conjugated with LYZ via thiol-disulfide
exchange reaction between the thiol (on 2-iminothiolane modified LYZ) and pyridyl disulfide
groups as reported by Xiaotian Ji et al.*2. In the latter case, the conjugate maintained original
activity of LYZ as demonstrated with the classical turbidity assay. The same assay test
confirmed the retained native catalytic activity of LYZ for LYZ- poly( N-isopropylacrylamide)
(PNIPAM) conjugates prepared by the grafting from method.3® This brief overview shows that
catalytic activities of conjugates are very sensitive to the structure of the conjugated polymer,
conjugation method and possible side reactions. The results may appear contradictive because
sometimes small alternations may affect catalytic properties.

In this work, we extend our recent finding about the substantial stabilizing effect on
enzyme stability provided by molecular brush structures.®" 3 In the previous publication, the
lysozyme-polymer hybrids were obtained by the grafting to method. It most demonstrated in
many publications that polymer brushes made of hydrophilic polymers or polyelectrolytes create
microenvironment favorable of catalytic functions of many enzymes.>>% Here, we use the
grafting through method for synthesis of lysozyme-polymer molecular brush hybrids and testing

their catalytic activity.

Experimental Section

Materials. Lysozyme from chicken egg white, glycidyl methacrylate (GMA), ammonium

persulfate (APS) and poly(ethylene glycol) methyl ether methacrylate (PEGMEMA, Mn=500
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g/mol) were purchased from Sigma-Aldrich. Poly(ethylene glycol) methyl ether acrylate
(PEGMEA, Mn=5000 g/mol) was purchased from VWR. An EnzChek fluorescence-based
lysozyme assay kit (Catalog No. E22013) was purchased from the Thermo Fischer Scientific.

GMA conjugate with lysozyme. Three GMA to lysozyme molar ratios (500:1, 1000:1,
2000:1) were used to find the optimum condition of GMA-LYZ conjugation. A series of
reactions mixtures with different LYZ:GMA ratios was prepared by mixing 2.5 mg of LYZ and
11.92, 23.84, or 47.68uL of GMA in 2.5ml phosphate-buffered saline (PBS). The conjugation
reaction was conducted overnight at room temperature. The separation of the GMA conjugated
lysozyme (GMA-LYZ) from the free GMA was conducted using desalting columns (GE
Healthcare 17-0851-01). The conjugates were characterized by a liquid chromatography-mass
spectrometry (LC-MS). BioBasic™ 4 LC columns by Thermo Hypersil-Keystone were used
with Imm diameter and 150mm length. The particle size and pore size were Sum and 300A.
Elution of the analysis was a mixture of 0.05% Trifluoroacetic acid (TFA) in water and
actonitrile. Actonitrile concentration was increased from 5% to 100% for the first 25 minutes,
then held at 100% for the rest of the run. The MS instrument was Esquire 3000 Plus ion trap by
Bruker Daltonics. The average number of GMA per LYZ was calculated by integrating all peaks
obtained by LC-MS.

Polymerization. The LYZ-polymer conjugates (LPCs) were synthesized using free
radical polymerization. PEGMEMA and PEGMEA were purified using a flash chromatography
column containing inhibitor removers (Sigma #311332). 2.2 mg APS was dissolved in 1ml PBS.
Five different PEGMEMA:PEGMEA molar ratio combinations (PEGMEMA only, 6:1, 3:1, 1:1,
PEGMEA only) were used to synthesize LPCs. 2 ml of a GMA-LYZ mixture, 200 pL of an APS

solution (0.3mM), and one of the PEGMEMA:PEGMEA blends (46.30ul:0g, 39.68ul:0.07g,
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34.72ul:0.13g, 23.15ul:0.25g, and 0ul:0.509) were added to 6.5ml of PBS. The reaction mixture
was deoxygenated by running three freeze-pump-thaw cycles, then heated at 50°C for 20 minutes
under argon atmosphere. The reaction was terminated by opening the flask to ambient
atmosphere and cooling. Molecular mass of the conjugate was measured using gel permeation
chromatography (GPC). Copolymer compositions were analyzed with 500Hz nuclear magnetic
resonance (NMR).

LYZ and LPC activity and thermal stability measurement. LYZ and LPC solutions
were preincubated at 90°C for 1 h and cooled to room temperature. These solutions were then
mixed with the fluorescein dye-labeled M. lysodiekticus cell wall material (EnzChek lysozyme
assay kit) and assayed with a fluorimeter using a 96-well plate reader at 45 °C for 1 h with 2 min
intervals. The preincubation was conducted in citrate buffer (pH=5.2) to avoid disulfide bond
scrambling within the protein molecule at high temperature. The assay’s pH was maintained at
7.4. Fluorescence was measured using a CytoFluor 4000 series fluorescence microplate reader
with built-in standard fluorescein filters. The digestion products of the substrate have an
absorption maximum at ~494 nm and a fluorescence emission maximum at ~518 nm. The
fluorescence was measured using excitation/emission at ~485/530 nm.

Biocatalytic kinetics for LYZ and LPCs. The calibration curve of the fluorescein dye
was used to estimate the conversion of the substrate and thereby the kinetic parameters of the
Michaelis—Menten model for both LYZ and LPCs®. In our study, we have employed a M.
lysodeikticus cell walls substrate concentration ranges from 50 pg/mL to 500 pg/mL, which

corresponds to fluorescein concentrations of 0.01—0.1 uM. The study was conducted at 45°C.
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Results

The schematic presentation of the synthetic steps is shown in Figure 2.1. The LPC
hybrids were synthesized in two steps. Initially, LYZ was conjugated with GMA to forma LYZ-
macromonomer. Then, the macromonomer was copolymerized with two acrylate monomers with
side PEG groups PEGMEMA (Mn 500 g/mol) and PEGMEA (Mn 5000 g/mol). Two acrylates
with different lengths of PEG side groups were used to regulate stiffness of the molecular brush.

The structure of the synthesized LPC is schematically presented in Figure 2.1c.

0
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®  Amino-epoxy bond #%q, PEG side chain of PEGMEA
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Figure 2.1 Schematic of the synthesis of the LPC hybrid in two steps: (a) synthesis of the
macromonomer using lysine residues of LYZ, (b) copolymerization of the macromonomer with

PEGMEA and PEGMEMA, and (c) structure of the molecular brush with implanted LYZ.

GMA conjugated lysozyme. The conjugation of LYZ and GMA benefited from the high

reactivity of 6 amino groups of lysine residues on the surface of LYZ globule in reaction with
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epoxy functional groups of GMA. The LC-MS spectra demonstrated the conjugation
efficiencies for three different GMA to LYZ ratios (Figure. 2.2). At most in average four GMA
monomers were conjugated with the enzyme at GMA: LYZ molar ratio 500:1, while at GMA:
LYZ 1000:1 and 2000:1 ratios, up to 5 to 11 and 7 to 11 GMA molecules respectively were
bound to LYZ. Such a high loading of LYZ with GMA could be explained by the attachment of
the second GMA molecule to the lysine amino groups.®® Thus, at the higher aspect ratios the
majority of lysine functionalities were involved in the conjugation. The LC-MS spectra revealed
no presence of native LYZ after the conjugation reaction (Figure. 2.2c).
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Figure 2.2 LC-MS spectra of GMA-LYZ conjugates at different GMA: LYZ molar ratios in the
reaction mixture: (a) 500:1, the number of GMA residues per LYZ (GMA:LYZ ratio) molecules
varies from 0 to 4; in average (GMA:LYZ average) 2 conjugated GMA per LYZ; (b) 1000:1,
GMA:LYZ ratio from 5 to 11; GMA:LYZ average = 8; (c) 2000:1, GMA:LYZ ratio from 7 to

11; GMA:LYZ average =8.
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In the polymerization experiments, we used GMA-LYZ conjugates prepared at a GMA:
LYZ ratio of 1000:1 with an average number of GMA fragments per LYZ molecule of 8. It is
obvious, that binding of LYZ to GMA will affect the reactivity of the acrylate monomer because
of a steric hindrance. Once one conjugated acrylate monomer is involved in the polymerization,
the probability of involvement of other GMA units drops substantially because of a steric
hindrance caused by the grafted polymer chain. Thus, the probability of anchoring of GMA-LYZ
by more than one GMA residues is very low. However, we selected a macromonomer with 8
GMA units to increase the reactivity (probability free radical-vinyl group collision) of the

macromonomer in free radical copolymerization reaction.
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Figure 2.3 Biocatalytic activity of LYZ and GMA-LYZ after a 1 h incubation time at 45°C

(black bars) and 90°C (red bars).

It is well documented that conjugation of enzymes with low and high molecular mass
molecules or adding various reactive species to enzyme solutions may impact catalytic functions
of the enzyme. In the following experiments, we verified the impact of conjugations and the
reagents used in the polymerization reactions on the biocatalytic activity of GMA-LYZ

conjugates.
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Biocatalytic activity was evaluated with a lysozyme fluorescence assay Kit. The activity
is shown in percentage referred to 100% activity of LYZ. The effect of GMA was examined by
comparing biocatalytic activities of LYZ and GMA-LYZ at 45°C and 90°C following a 1 h
incubation. GMA-LYZ and native LYZ demonstrated similar performance at both temperatures

indicating no impact of the GMA conjugation on lysozyme (Figure 2.3).
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Figure 2.4 Biocatalytic activity of LYZ in the presence of APS initiator of radical
polymerization and acrylate comonomers referred to the activity of native LYZ (Ref) in PBS: (a)
the effect of APS concentration at room temperature; (b) the effect of 0.3mM APS incubated at
50°C with different reaction times; (c) the effect of PEGMEMA and PEGMEA monomers

incubated at 50°C for 20 min.
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Impact of APS and monomers. Effects of the APS initiator and monomers on LYZ
catalytic activity were examined in reference experiments to select proper polymerization
conditions (Figure 2.4). The effect of the APS initiator was studied with no acrylate monomers in
the solution. The tests were conducted at different APS concentrations at room temperature and
different incubation times at 50°C. The presence of APS results in a loss of catalytic activity of
the enzyme at high APS concentrations at room temperature (Figure 2.4a) and a long reaction
time at 50°C (Figure 2.4b), however the effect is minimized at lower APS concentrations and
becomes negligible at 0.3mM APS if the incubation time is less than 60 min. The time-
dependent loss of activity at the elevated temperature provides evidence that free radical affected
degradation in the presence of APS. Our following polymerization experiments were conducted
at 0.3mM APS for less than 20 min to avoid damaging effect of free radicals.

The effect of acrylate monomers on LYZ activity in the absence of the initiator was
tested in another series of reference experiments. Mixing of LYZ with PEGMEMA and
PEGMEA monomers had no obvious effects on LYZ biocatalytic activity as could be concluded

from the data in Figure 2.4c.

Synthesis of LPC. The LPC conjugates were synthesized in a reactive mixture of the
GMA-LYZ conjugate macromonomer, PEGMEMA and PEGMEA monomers, APS initiator and
PBS using free radical copolymerization mechanism. The composition of the reaction mixtures
and synthesized conjugates are shown in Table 2.1 (where, S is the polymerization conversion,
PDI is the polydispersity index). The purification and composition analysis of conjugates are

presented in detail in Figure Al and B1.
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In the copolymerization, we used small concentrations of GMA-LYZ to synthesize
hybrids that contain just one molecule of LYZ per polymer chain. We targeted such a
composition of the hybrid that could avoid multiple enzymes per the conjugate and thus possible
cross-interactions and cross-linking effects. The polymerization was terminated at conversions
below 10%. We did not separate the copolymer with implanted LYZ from that with no enzyme

since the latter copolymer is catalytically inert and did not affect the biocatalytic assay.

Table 2.1 Composition and molecular mass of LPC

Sample Monomer mixture, LPC, LYZ LYZ, S, My, PDI
% mol % mol per % w % kg/mol

GMA- PEG- PEG- | GMA- PEG- PEG LPC,

LYZ MEMA MEA | LYZ MEMA MEA | mol/mol

LPC 0.1 99.9 0 0.1 99.9 0 0.09 146 | 138 43.3 2.71
500
LPC 0.1 85.6 143 | 0.1 90.4 9.5 0.14 8.0 6.9 116.9 | 1.96
6:1
LPC 0.1 49.9 499 | 0.1 47.3 52.6 | 0.047 8.8 9.8 1234 | 1.59
11
LPC 0.1 0 99.9 | 0.2 0 99.8 | 0.031 9.1 4.3 74.3 1.54
5000

Improved thermal stability and half-life of LPCs. Thermal stability of LPCs was
evaluated after incubation in aqueous solution at 90°C. Native LYZ was almost completely
denatured when incubated at 90°C for 1 h, while all LPCs retained more than 50% residual
activity. Among different LPCs, PEGMEMA only (LPC 500) and PEGMEMA:PEGMEA=6:1
(LPC 6:1) demonstrated lower thermal stability than other conjugates LPC 3:1, LPC 1:1 and
LPC 5000 (Figure 2.5). The results of half-life measurements demonstrated the improvement of

thermal stability for LPCs. Notably, LPC 1:1 had extended the half-life of the conjugate up to 9
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times as compared with that for native LYZ (Figure 2.6). Conjugates with higher contents of
PEGMEA showed higher stabilizing effect.
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Figure 2.5 Catalytic activity of LPCs at 45°C (black bars) and incubated for 1 h at 90°C (red

bars).
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Figure 2.6 Half-life of native LYZ and LPCs at 90°C

Michaelis—Menten model was used to analyze biocatalytic kinetics for the native LYZ
and LPCs (Figure 2.7). LPC 6:1 had similar kinetic constants as native LYZ at 45°C, however,
Vmax Was doubled for LPC 1:1 and LPC 5000 (Table 2.2). A greater turnover number (Kcat) and

specificity constant (Kcat/Km) of LPC 1:1 and LPC 5000 indicated a higher biocatalytic activity of
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the conjugates. The Kinetic studies confirmed that after 1 h incubation at 90°C, native LYZ was

denatured, while all LPCs remained active yet.
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Figure 2.7 Michaelis-Menten curves for native LYZ, LPC 6:1, LPC 1:1 and LPC 5000 incubated

for 1 h at (a)45°C and (b) 90°C.

Table 2.2 Kinetic constants for LYZ and LPCs at 45°C and after 1-hour incubation at 90°C

Sample 45°C 1 h incubation at 90°C
Vmax Km kcat kcat/ Kwm Vmax Km kcat kcat/ Km
(nM/min (nM) (x10  (x10° | (nM/min (nM) (100 (x10° M-

) -5 S-l) M-l S-l) ) 5 S-l) 1 S-l)
LYZ 19+£01 212+09 0938 4.6 - - - -
LPC 6:1 15+£00 164+03 8.1 4.9 04+00 112+04 22 1.9
LPC 1:1 45+05 30.1+£09 235 7.8 19+01 270x09 100 3.7
LPC5000 |40+0.3 21.7+0.8 20.9 9.7 18+0.2 187+09 93 5.0

“-” Indicates no activity detected
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Discussion

The catalytic activity tests demonstrate that implanting of a single enzyme molecule per a
polymer chain with bulky side groups using the grafting through polymerization mechanism
results in a quite substantial improvement of both catalytic activity at ambient conditions and
thermal stability of the synthetic hybrids at elevated temperatures. This result is in accord with
those for the grafting to synthesis of LPC hybrids using molecular brush architecture.®! The
possible explanation of the improved enzyme performance is the effect termed ‘“crowding
effect.”

The role of the crowding effect on the enzyme stability has been extensively discussed in
literature®>-42, Generally, the crowding effect leads to improved stability of proteins*® that was
confirmed by changes of both unfolding free energy and unfolding kinetics.** However, there is
no yet clear understanding of specific mechanisms of the stabilization that are likely different for
different polymers and proteins.*>*® PEG is the most studied polymer for the crowding effect
when the conjugation of PEG and proteins could have both positive and negative effects on
enzyme performance.*®->* Specifically, the PEG crowding effect for LYZ was recently discussed
elsewhere.®* It was shown that PEG chains concentrated around the enzyme molecules restrict
water access and promote the structural stability of LYZ. Stiffness of the molecular brush is a

quantitative characteristic that scales with the compression (crowding) of the implanted enzyme

molecule.
Table 2.3 Molecular characteristics of the molecular brush conjugates
Sample Distance between| Number average (Brush thickness| Brush thickness |The free energy per
side PEG chains, degree of in melt%, in 0- solvent®, | chain in the brush
h (nm) polymerization of | Rsc (nm) Rsc (nm) in 0- solvent®®,
side chain, Nsc F(h) /keT

LPC 500 0.25 8.95 1.56 1.7 2.74

LPC 5000 0.25 1115 5.16 9.2 6.36

31



Figure 2.8 Molecular structure of the bottle-brush architecture

The crowding effect originates from the molecular structure of the bottle-brush
architecture (Figure 2.8.). In this work, homopolymer molecular brushes LPC 500 and LPC5000
are made of monomer with the number average degree of polymerization of PEG side groups
8.95 and 111.5, respectively. All other samples are random copolymer of these two monomers.
In the latter case, quantitative evaluation of the molecular characteristic of the brush is
complicated. We made theoretical analysis of the crowding effect just for LPC 500 and LPC
5000 molecular brushes assuming that copolymers’ molecular characteristics and thus the
crowding effect fall in the range between these two polymeric structures.

The estimates of molecular dimensions using the scaling theory of the molecular brush in
0-solvent®® and melt %° for LPC 500 and LPC 5000 are shown in Table 2.3 (see for details, Table
B1 and Table B2). For these two homopolymer molecular brushes, the distance between side
PEG group is much smaller than the Gaussian dimensions of PEG side chains. Thus, the side
PEG chains and the main backbone of the polymer are extended. Water is a good solvent for
PEG. Hence, the extension is much stronger in aqueous solutions than in melt or 6-solvent>® due

to the excluded volume effect. The other studied copolymer molecular brushes made of a
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mixture of PEG-acrylates with different sizes of PEG side chains, however, will have a stratified
structure of the extended side chains as it is shown in Figure 1c. We may neglect the
perturbations induced by the implantation of a single LYZ molecule per one chain in the
molecular brush. However, we should consider the pressure experienced by the enzyme owing to
the extension of both PEGMEA and PEGMEMA side PEG chains because the LYZ dimensions
(about 2 nm) is comparable with the dimensions of short PEG chains in PEGMEMA (Table 2.3).
The stiffness of the molecular brush, which is proportional to the brush thickness Rsc, is indeed
greater for LPC5000 than for LPC 500 as obtained from both the theoretical models (Table 2.3).
Thus, we could consider that the molecular stiffness of the copolymers will increase with the
fraction of PEGMEA.

The crowding effect in the conjugate is directly correlated with brush stiffness and free
energy per chain in the brush. The latter was evaluated using the self-consistent field theory
model for 6- solvent® (Table 2.3). It is obvious from the free energy estimates that the crowding
effect much stronger for LPC 5000 brushes as compared to LPC 500 brushes.

This assumption correlates with LPC half-life at 90°C (Figure 2.6) which increases with
the increase of a PEGMEA fraction in the copolymers and levels off at its highest content. Both
the theoretical models show that the thickness of LPC 5000 brushes is much greater than the
LYZ dimensions. The latter could explain some decrease of catalytic activity of LPC 5000 as
compared with LPC 1:1 (Figure 2.5 and Table 2.2). The LPCs in a dry state where visualized
using scanning probe microscopy (SPM). The single molecule appears in the SPM images as 5-
10 nm particles in accord with the theoretically estimated molecular dimensions (Figure B2).

The kinetic constants (Table 2.2) demonstrate that not only thermal stability but also

catalytic activity of LPCs is improved. This result indicates that the crowding effect is beneficial
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for LYZ performance, specifically for the maintaining of the conformation of the catalytic

cavity.

Conclusion

Here, we reported experimental evidences for substantial improvement of biocatalytic
activity and thermal stability of the LYZ-polymer molecular hybrids. The structure of molecular
brush and its stiffening mechanism provide quite efficient tools for improvement of the enzyme
performance. We consider these hybrid molecules as a type of synthetic enzymes — implanted or
grafted enzyme - because the confinement of the enzyme in the molecular brush results in the
modification of enzyme properties, specifically a 9-fold longer half-life of the implanted vs.
native LYZ at 90°C and higher catalytic activity at ambient conditions. The properties of the
polymer-enzyme hybrids can be tuned by the molecular brush composition. It is obvious, that the
crowding effect is a very general approach to the modification of enzyme properties. However, it
is to discover yet the mechanisms of catalytic site and the entire enzyme globule structural
response to the excluded volume effect in the molecular brush structures. The phenomena seem
to be quite complex if we consider a shift of the balance of intermolecular interactions of PEG in

water with changes of temperature.
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Abstract

We report a mechanism study of the polyethylene glycol (PEG) crowding effect on the
thermal stability of hen egg white lysozyme (LYZ). LYZ was mixed with PEG in different
concentrations (10 to 100 mg/ml) and molecular weights (Mw=3,350 and 10,000 g/mol) to
illustrate the influence on thermal stability. The results demonstrated that with the PEG addition,
LYZ residual activity was improved from 15% to 55% after 1 hour incubation at 80°C. The
improvement resulted from the reduction in lysozyme aggregations at the elevated temperature
according to the formation of PEG-LYZ associates.

Keywords: Polyethylene glycol, crowding effect, enzyme catalysis, thermal stability

Introduction

Industrial and biomedical applications of enzymes continue to expand because of their
catalytic efficiency and selectivity’®. Many mesophilic enzymes have poor thermal stability,
which leads to limitations for the applications when extended performance at elevated
temperatures is beneficial to increase productivity and decrease bacterial contamination of the
industrial processes.” Most enzymes denature at temperatures above 50-60°C8°, Even, at room
temperature, some enzyme undergoes denaturing which affect their shelf life that limits their
applications. Simple and cost-efficient methods to improve enzyme stability is highly demanded.

Hen egg white lysozyme (LYZ) is a monomeric protein consisting of 129 amino acid
residues and crosslinked by four disulfide bridges!!. The mechanism of LYZ thermal
denaturation can be depicted by the classical scheme of Lumry and Eyring'%: N 2 U — I, where
the native enzyme, N, reversibly unfolded to denatured state, U, following by irreversible

transition to an inactive conformation, 1. The denaturing process is pH dependent. LYZ can be
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irreversibly inactivated at 100°C as a result of deamidation of asparagine residues at pH 4% 14,
and a combination of aggregation and intermolecular/intramolecular disulfide exchanges
(disulfide scrambling) at neutral pH (a range of pH from pH 6 to pH 8)*°. The maximum LYZ
thermal stability was measured at pH 5. The secondary structure of lysozyme is dominated by a-
helixes and minor B-sheets and turns. With a progressive rise of temperature, the a-helix
structure unfolds. These conformational changes are followed by aggregation of the enzyme and
irreversible loss of activity.

It was found that at pH 5, LYZ demonstrated minimal changes in the secondary structure
with a minimal aggregation, hence with maximal stability in a temperature range from room
temperature to 70°C*8. The aggregation via the interaction between hydrophobic fragments of the
unfolded enzyme remains irreversible upon cooling or dilution” 8, LYZ molecules begin to
unfold at around 50°C and then aggregate at about 70°C. At the latter stage, protein globules are
denatured and aggregated®®. Disulfide scrambling, which takes place at neutral to alkaline pH*
20 is also accompanied by aggregation?.

The major energy contribution that stabilizes protein globule dissolved in an aqueous
solution comes from the hydrophobic effect??. With temperature increase, the hydrophobic effect
is weakened, and water molecules penetrate the globule, causing degradation of the secondary
structure. Numerous approaches have been proposed to address the problem of proteins’ thermal
stability. All the methods could be broken down into two large groups. The first group is the
development of synthetic proteins through a modification of the genetic code 2%, The second
group is based on the binding of protein molecules with organic molecules (mainly with
polymers)?® or solid particles (often porous structures)?’. Both methods are essential because

neither of the methods can be universally applied for different applications of proteins. In this
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paper, we are interested in the second method, specifically in the mechanism of improvement of
the protein stability via interactions with polymeric additives. Protein-polymers systems are
interesting for two aspects: (i) improvement of protein stability for storage, transportation, and
biotechnological processes at elevated temperatures; (ii) for the understanding of protein
interactions in a complex natural or synthetic environment that include natural or synthetic
biomacromolecules when, for example, proteins are used as drugs or grows factors for cell
culturing

Our previous studies of LY Z-polymer hybrids have illustrated significant improvement of
enzyme thermal stability at pH 5.2 282°, In this work, LYZ was conjugated with polyethylene
oxide (PEO) bottle-brush through covalently bonded to the backbone of the bottle brush in-
between side PEO chains. The half-life of lysozyme polymer conjugate (LPC) at 90°C was
extended 9-fold. The possible explanation of the improved enzyme performance is the so called
“crowding effect” caused by PEG side chains.

The crowding effect is broadly discussed in the literature for different systems; the PEG-
LYZ system is one that among mostly studied. The crowding effect received its name because it
is observed at higher concentrations of the crowder — molecules present in solution along with
the enzyme. In general, many results are contradictive, showing both improvement % 3! or no to
negative effects on the thermal stability®> 3. For example, the addition of dextran-70 was
reported to increase the Tm (the midpoint temperature of denaturation curve) of LYZ3** 3, but
the presence of polyethylene glycol (PEG) resulted in a decrease of the enzyme unfolding
temperature®. The addition of a block copolymer of PEO and propylene oxide (PPO) resulted in

an increase in the refolding yield of denatured LYZ. The increased stability in the latter case was
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explained by hydrophobic interactions between LYZ and PPO blocks, while only PEO didn’t
show any improvement of thermal stability®’.

Generally, crowding effects arise from two-body repulsion at high concentrations of the
crowder that stabilize the compact globular conformation of proteins. *#4° Intermolecular
interactions can either amplify or offset the crowding effect. For example, it was proposed that
stronger interactions of the crowder with the unfolded protein could offset the two-body
repulsion effect*'. However, this general consideration should be adapted to the specific protein-
crowder system. On one side, protein and most crowder molecules are amphiphilic molecules
affecting the level of intermolecular interactions through hydrogen bonds, Coulomb interactions,
and hydrophobic effect. On the other side, proteins undergo different denaturing mechanisms.
Specifically, LYZ undergoes conformation changes at elevated temperatures, which results in
irreversible aggregation due to a combination of hydrophobic interactions and disulfide
scrambling. In this case, two-body repulsion could result in the irreversible loss of the enzyme
activity.

Temperature and concentration of the crowders are important characteristics for the
crowding effect. If the crowder is a flexible polymer, the two-body repulsion will increase
starting at the coil overlap concentration — at the transition point between diluted and semidiluted
polymer solution. Coils size will decrease then until the concentrated solution regime. The
temperature dependent interactions of the polymer with the solvent and enzyme will affect the
balance of intermolecular interactions and, consequently, the phase behavior in the system.

In this work, we combine experiment and molecular simulation to explain the mechanism
behind the crowding effect for LYZ-PEG aqueous solutions. Although this work is specific for

the protein and crowder, it will provide a representative example of a combination of different
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effects on the thermal stability of proteins. We monitor thermal stability using different
approaches, including conformational changes of LYZ, PEG, aggregation, and catalytic activity

of the enzyme to obtain a full picture of the changes.

Experimental Section

Materials. Lysozyme from chicken egg white (LYZ), polyethylene glycol (PEG)
Mw=3,350 g/mol (PEG3K), and PEG Mw=10,000g/mol (PEG10k) were purchased from Sigma-
Aldrich. An EnzChek fluorescence-based lysozyme assay kit (Catalog No. E22013) was
purchased from Thermo Fischer Scientific.

Enzyme solutions. 200pug/ml LYZ solutions with 0 to 100mg/ml of PEG3k and 0 to
50mg/ml of PEG10k were prepared in phosphate-buffered saline (PBS) pH=7.4. Lysozyme
polymer conjugation solutions were prepared as reported with LYZ concentration at 200pg/ml %,

Enzyme activity, thermal stability, and biocatalytic kinetics. 60ul of LYZ and
LYZ+PEG solutions were incubated at room temperature or 80°C for 1 hour. The solutions were
then diluted 25 times with PBS. Activity and biocatalytic kinetics were measured with EnzCheck
lysozyme assay kit in PBS as previously reported?®.

Circular Dichroism (CD) Spectroscopy. CD measurements were carried out with a
Jasco J-710 spectra polarimeter for LYZ, LYZ+PEG samples using a quartz cuvette with a path
length of 0.1cm. Enzyme concentrations were 15uM for all samples. The spectra were collected
in the far-UV regions from 260nm to 190 nm at 1nm bandwidth. The first point was collected at
room temperature, then heated up to 80°C and measured every 10 minutes up to 1 hour. The cell
was then cooled down to 45°C, and measurements were taken every 10 minutes up to 1 hour.

Three scans were averaged for each spectrum. Buffer impact was subtracted properly.
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Lysozyme aggregation percentage. LYZ and LYZ+PEG solutions were heated at 80°C
for lhour separately, followed by filtration with 50kDa cut-off Amicon® ultra-4 centrifugal
filters (Millipore UFC805024) after cooling to room temperature. The enzyme concentrations of
filtrates were measured by UV-Vis at 280nm with extinction coefficient 38,940cm™*Mand
compared with original solutions at room temperature.

LYZ size measurement. Enzymes and polymer sizes were measured with dynamic light
scattering (DLS) Zetasize Nano-ZS. LYZ and LYZ+PEG sizes were first collected at 25°C, then
heated up to 80°C and collected again. Three measurements were averaged for each data point.

Small Angle X-ray Scattering (SAXS). SAXS measurements were performed on a
custom built instrument (Saxslab, MA) equipped with a copper rotating anode and 300K Pilatus
area detector. We used 0.6 m nominal sample to detector distance; the actual distance was
calibrated with Silver Behenate. Data reduction was performed with guisaxs (guisaxs.com)
software. Temperature control was performed with an adapted Linkam HFSX350 stage.

For the measurement, the samples were placed in 1mm diameter capillaries (Charles
Supper Company, MA) and sealed. The exposure time for temperature controlled measurements
was kept at 1 hr (unless otherwise indicated) and we used 0.1 degrees per second for temperature
ramp. The equilibration time at each temperature was set to two minutes; longer equilibration
times were not necessary due to long exposure times. Data fitting are done using Irena SAXS

fitting package*?.

Results

Thermal stability in terms of catalytic activity. Effect of PEG on LYZ stability was

conducted with two PEG crowders, PEG3Kk (critical overlap concentration of 122 mg/ml) and
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PEG10k (critical overlap concentration of 54.4mg/ml) at 0-140 mg/ml and 0-60 mg/ml,
respectively. After incubation at 80°C for 1 hour, native LYZ (control) was dramatically
denatured with only 15% residual activity. The addition of 20mg/ml of PEG3k has enhanced the
residual activity to 25%. The higher concentration of PEG3k has induced higher thermal stability
of LYZ, and the improvement achieved saturation at 80mg/ml of PEG3k, where about 40% of
residual activity was demonstrated, and no further improvement with PEG3k concentration was
observed (Figure 3.1a). The introduction of PEG10k has demonstrated a similar stabilizing
tendency, however, at a high efficiency compared to PEG3k. With only 10 mg/ml of PEG10Kk,
the residual activity was increased to 31%, and the plateau of PEG10k improvement was at
40mg/ml of PEG with 55% of residual activity comparing to 15% of native LYZ (Figure 3.1b).
Thermal stability of LYZ conjugated to PEG-NHS (Mw=10,000g/mol) ester was also compared
with free PEG10Kk, and results showed that with conjugation, the thermal stability of LYZ could

be further enhanced to 80% of the residual activity with only 10mg/ml of PEG ester (Figure

3.1¢).
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Figure 3.1 Residual activity of LYZ and LYZ with different concentrations of (a) PEG3k, (b)

PEG10k, and (c) PEG-NHS after 1hour incubation at 80°C.

The Michaelis—Menten model was used to analyze biocatalytic kinetics for the native
LYZ and LYZ+PEG mixtures (Table 3.1). At room temperature, though both PEG3k and
PEG10k showed higher Knm compared to native LYZ, we cannot conclude that PEG has reduced
the affinity of LYZ to the substrate, as LYZ+PEGs have shown higher Vmax as well. A greater
turnover number (Keat) of LYZ+PEG indicated a higher biocatalytic activity of the LYZ+PEG
mixtures at room temperature. After incubation at 80°C, all samples suggested activity reduction
owing to enzyme denaturation. But the higher kcat and Kea/ Km in LYZ+PEG mixtures, the better

the thermal stabilization compared to LYZ.
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Table 3.1 Kinetic constants for LYZ and LYZ+PEG at RT and after 1-hour Incubation at 80 °C

RT 80°C, 1hr
v T ke | o TR |y T ke | o | Kl
M/min)| (M) |(x10% s1) (xlg_i)'v"l (M/min)| (M) [(x10% s%) (xlg_i)'\"'l
LvZ  |11.7t04[284%03 35 12 |06+01[337+01 02 | o041
LYZ+
PEG3k (14040731405 42 13 |20+02[343+02 06 | 02
LYZ+
PEGIOK |19.0+0.5/447+05 57 13 |39+04[211+03 1.2 | 06

Thermals stability in terms of aggregation. The denaturation of LYZ is a result of
enzyme unfolding and aggregation after high temperature incubation. Dimensions of LYZ and
LYZ+PEG were compared at 25°C and 80°C by DLS. The hydrodynamic diameter (HD) of LYZ
is 3.1nm as estimated with DLS at room temperature. A rapid aggregation was observed when
the LYZ solution was heated up to 80°C, where the HD increased to 212 nm (Table 3.2). HD of
LYZ with PEG3k and PEG10k were measured with DLS using the same protocol. As a
reference, we used DLS plots obtained for only LYZ and only PEG in solutions. The plots for
HD distribution of LYZ and both PEGs overlap in the range of 3-4 nm and cannot be resolved.
After incubation at the elevated temperature, both LYZ-PEG mixtures revealed two peaks in
DLS plots that correspond to 3.5 nm and 200 nm HD.

The samples of LYZ and LYZ+PEG solutions incubated at the elevated temperature were
filtered with 50kDa cut off filters once cooled down to room temperature. The filtrate contained

non-aggregated LYZ. Its concentration was estimated with the UV-vis spectrum to calculate
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fractions of aggregated LYZ upon incubation at 80°C. The results revealed that 84% of native

LYZ, 58% with PEG3k, and 42% with PEG10k was in the form of irreversible aggregates (Table

3.2).

Table 3.2 LYZ dimensions at 25°C and 80°C and aggregation fraction of LYZ vs. LYZ+PEG

after 1-hour incubation at 80°C.

HD (nm) Aggregation %
25°C 80°C
LYZ 31+0.8 211.8 + 33.0 84+6
LYZ+PEG3k 34+0.7 3.2+0.4;163.8+15.3 58+9
LYZ+PEG10k 3.9+£0.7 41+0.4,;208.4 +53.8 42+11
PEG3k 25+0.6 3.3+£0.7 NA
PEG10k 3.8+05 52+03 NA

Thermal stability in terms of LYZ conformational changes. The information about the
conformational state of LYZ and LYZ+PEG was collected using circular dichroism (CD)
spectra. CD spectrum was first collected at 25°C. Then the samples were heated up to 80°C and
measured every 10 min of the 1 hour heating time. The cell was then cooled down to 45°C, and
the spectra were collected every 10 min of the 1 hour cooling step. CD spectra for all three
samples showed unfolding during heating to 80°C and a fractional recovery of the conformation
with cooling down, indicating refolding of LYZ at lower temperatures (Figure 3.2). The
secondary structures of LYZ in these samples were analyzed using the BeStSel online computer
program*® 44 for all samples (Figure 3.3). Native LYZ has shown a decrease of concentrations of
both helix 1 and 2 at the elevated temperature as the result of LYZ unfolding. The helix 2

structure was partially recovered after cooling, but the helix 1 retained the unfolded
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conformation. That implies that the secondary structure is not recovered to the original state and
consequently causes the loss of enzyme activity (Figure 3.3a and 3.3b). With the addition of both
PEG3k and PEG10k, the helix structures were also partially denatured at 80°C but with much
lower margins compared to native LYZ. After cooling down to 45°C, the helix portion recovered
to a much higher fraction than LYZ (Figure 3.3a and 3.3b), which is consistent with the LYZ
catalytic activity results, where the PEG introduction could stabilize LYZ at elevated
temperature. A lower fraction of strands for LYZ+PEG compared to LYZ suggests that the
presence of PEG could reduce LYZ aggregation as the presence of B-sheets is a signature of

possible aggregations®” (Figure 3.3c).
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Figure 3.2 CD spectra of (a)LYZ, (b) LYZ+PEG3k, and (c) LYZ+PEG10k at various

temperatures.
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Figure 3.3 Fraction of secondary structure (a) helix 1, (b) helix 2, and (c) strands for LYZ vs.

LYZ+PEG.

PEG conformational changes and aggregation. Thermal stability of LYZ and
LYZ+PEG mixtures was probed with Small Angle X-ray Scattering (SAXS). Scattering for
native lysozyme was satisfactory fitted with a spherical particle model, R = 1.8nm, with a narrow
size distribution approaching zero (Table 3.3). Upon heating, the scattering showed both increase
in particle size, which could be attributed to partial unfolding, and increase in particle
polydispersity to ~27% (gaussian distribution) at 80°C, which decreased to 12% when sample

was brought back to room temperature. Upturn in scattering intensity at scattering vectors below
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0.03 A was indicative of aggregation (Figure 3.4); however, at the measured scattering vector

range, we could not obtain the quantitative measurement of aggregate sizes or structure. Based

on the scattering intensity change with the temperature and assuming constant scattering contrast

of lysozyme, only ~22% of the enzyme remained in the solution.

Table 3.3 SAXS data fit results for LYZ in PBS

Sample Rg, nm %
Native at 25°C 1.8 100
Heated at 80°C 2.1 35
After heating, cooled to 25°C 2.1 22

Intensity (a.u.)

T=25C
T=80°C
T = 25°C (after heating)

T T T
5 6 7 8 9

0.1
Q(A")

Figure 3.4 SAXS scattering data for 3mg/ml LYZ solution at 25°C and 80°C.

Similar to LYZ in PBS, scattering data for native LYZ in PEG3k and PEG10k solutions

were well described by monodisperse 1.8 nm spherical particles (Table 3.4, Table 3.5). Upon

heating, PEG stabilized LYZ in the solution with 66-71% of enzyme retained in the solution in

contrast to only 22% without PEG (Table 3.3). For heated samples, the scattering profile could

no longer be described by simply increasing polydispersity of particles with Gaussian
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distribution, but either required introduction of second population of larger particles (~3nm) in
the model, or change to asymmetrical distribution function, such as Lognormal. Using spheroidal
model particles improved fit compared to the spherical particles with Gaussian size distribution,
but still required introduction of asymmetric size distribution and, in this case, delivered results
similar to spheres (Figure 3.5).

Cooling LYZ to room temperature after heating to 80°C showed a reduction of
polydispersity for LYZ in the presence of PEG3K, close to the initial state before heating but at

the loss of about 30% of the LYZ based on the scattering intensity (Table 3.4).
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Figure 3.5 SAXS data for 3mg/ml LYZ solution in 3mg/ml PEG3k and PEG10k solutions at

25°C and 80°C.
Table 3.4 SAXS data fit results for LYZ in 3mg/ml PEG3k
Sample Rg, nm %
Native at 25°C 1.8 100
Heated at 80°C 1.7and 2.9 66
After heating, cooled to 25°C 1.8 71
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Table 3.5 SAXS data fit results for LYZ in 3mg/ml PEG10k

Sample Rg, nm %
Native at 25°C 1.8 100
Heated at 80°C 1.8 and 3.2 67
After heating, cooled to 25°C 2.0 67

25mg/ml PEG10k stabilized LYZ even after 3 hrs of incubation time at 80°C. After
cooling from 80 to 25°C, the scattering profile was almost identical to the native LYZ at room
temperature (Figure 3.6). However, morphology changes of LYZ were observed at 80°C likely
due to partial unfolding. Preliminary fits suggested that scattering was better described by a
spheroidal particle with an aspect ratio of 3 rather than a sphere. 30mg/ml of PEG3k improved
LYZ thermal stability compared to PBS solution (Figure 3.7). After the heating and cooling
cycle, about 41% of the remaining enzyme (estimated from the relative intensity at low Q) in
contrast to 22% in PBS solution. Surprisingly the LYZ stability in 30mg/ml PEG3k was lower

than that in 3mg/ml PEG3k — which was possibly attributed to the 3 hrs vs. 1 hr incubation time

for 30mg/ml and 3mg/ml solutions, respectively.
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Figure 3.6 SAXS data for 1.5mg/ml LYZ solution in 25mg/ml PEG10k solution at 25°C, 50°C,

and 80°C. Samples were kept for 3hrs at each temperature point.
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Figure 3.7 SAXS data for 1.5mg/ml LYZ solution in 30mg/ml PEG3k solution at 25°C, 50°C,

and 80°C. Samples were kept for 3hrs at each temperature point.
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With small angle x-ray scattering, we could also probe aggregation and change of PEG

conformations with temperature (Figure 3.8). At 80°C, scattering intensity increased at small

scattering vectors indicating the presence of larger particles in the solution, which illustrated a

slight association between PEG molecules (Table 3.6). And the behavior was fully reversible

with the temperature (not shown).
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Figure 3.8 SAXS data of 60mg/ml PEG3k and 50mg/ml PEG10k at 25°C and 80°C.

Table 3.6 PEG Ry extracted from Gunier-Porod fits

Sample Rg, nm
PEG3K, 25°C 1.2
PEG3K, 80°C 1.5
PEG10k, 25°C 1.7
PEG10k, 80°C 2.3

SAXS experiments with PEG solutions demonstrated the tendency of PEG aggregation

with temperature in a temperature range close to LCST (Figure 3.8). The aggregate dimension
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was small yet to cause macroscopic phase separation and precipitation because the experiment
was conducted close but below LCST. This tendency was better pronounced for PEG10k than
for PEG3k in good agreement with DLS, CD-spectra, and activity tests. Analysis of SAXS data
for PEG-LYZ solutions provided the conclusions in good agreement with other methods as well.
We observed a strong irreversible aggregation of LYZ at the elevated temperature, while the
aggregation was partially reversible for LYZ-PEG10k and LYZ-PEG3k solutions when the
stabilizing effect of PEG10k was stronger than PEG3k.

MD simulation of LYZ-PEG-H20 concentration and temperature dependent
interaction. MD simulations of LYZ at 500K in an aqueous environment showed an increase in
root-mean-square deviation of atoms location (RMSD) (Figure 3.9a) and loss in the number of
intra-globular H-bonds (Figure 3.9b), which indicated a strong structural deviation from its initial
structure. With the addition of 50% of short PEG chains, a lower RMSD and a higher number of
intra H-bonds showed evidence for the stabilizing effect of PEG with the increase of
temperature. The greatest stabilizing effect was observed at 90% PEG. The effect of
concentration was shifted in simulations to a higher concentration range as compared with that in
the experiments because of the computational limitations. The simulations also illustrated that
PEG molecules aggregated with the increase of temperature. PEG aqueous solution was
characterized by an LCST over 100°C*. As temperature rises, the association of PEG molecules
increased because it became more hydrophobic. The simulations were conducted for the
temperature above LCST. Consequently, we observed phase separation of PEG at 50%
concentration, while the system was homogeneous at high PEG concentration, and clear

evidence of LYZ-PEG interaction was observed.
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Figure 3.9 MD simulation results. Time evolution of (a) RMSD and (b) number of intra protein

H-bonds at T = 500 K for the native LYZ and LY Z with different amounts of PEG.

Discussion

Native LYZ denatured at 80°C, pH 7.4 with only 15% of residual activity after 1h
incubation, while the addition of PEG had enhanced the activity to up to 55% as concluded from
the study of the biocatalytic kinetics (Figure 3.1, Table 3.1). The globules of the native LYZ
unfolded at the elevated temperature (Figure 3.2, Figure 3.3) and formed aggregates (Table 3.2,
Figure 3.4) due to the hydrophobic effect that resulted in irreversible denaturing and loss of

catalytic activity?’.
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The improvement of enzyme thermal stability was attributed to stronger hydrophobic
interactions of LYZ-PEG, as shown with the MD simulations. The hydrophobic effect resulted in
the engulfing of LYZ molecules with PEG, preventing LYZ irreversible aggregation (Table 3.2,
Figure 3.6) and water penetration into the globule (Figure 3.9). The impact of this interaction
increased with PEG concentration (Figure 3.9) and molecular mass of PEG (Figure 3.7). It
saturated at the critical overlap concentration for PEG polymers (Figure 3.1). It is likely that at
the critical overlap concentrating, a dense PEG shell was formed around the enzyme.

PEG coils are soft crowder when the two-body repulsion is replaced with a “soft
repulsion” affected by the entropy of the PEG coil. However, we observed the domination of the
hydrophobic effect over LYZ-PEG coil repulsion.

Once the temperature cooled down, the LYZ-PEG-water interaction restored the initial
equilibrium state. The partially unfolded LYZ could refold to the native state and retain the
catalytic activity. The conclusion is consistent with the literature reporting that at high
temperature, PEG preferentially interacts with the unfolded lysozyme, but is excluded from the
native state at low temperature °.

Covalent conjugation of LYZ with PEG-NHS demonstrated a higher efficiency of the
thermal stability due to the stronger interaction between LYZ and PEG. The stability of the
conjugated LYZ was increasing with PEG-NHS as well, mainly due to the higher degree of
conjugation. This reference experiment underlined the importance of LYZ-PEG interactions for

preventing LYZ aggregation.
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Conclusion

PEG crowding effects on LYZ thermal stability had been explored in terms of activity
and conformational changes. The PEG addition had enhanced LYZ residual activity from 15% to
55% after 1hour incubation at 80°C. Stabilization effects were related to PEG concentrations
and molecular weights. The improvement was attributed to PEG-LYZ interaction at high
temperature in suppressing the formation of enzyme aggregations. MD simulations demonstrated
strong hydrophobic interactions of LYZ-PEG at the elevated temperature, and CD and SAXS

spectra confirmed the formation of LYZ-PEG associates at 80°C.
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CHAPTER 4

CREATION OF CELLULASES WITH DNA LINKERS

Introduction

Cellulosomes are multienzyme complexes either attached or secreted from the cell.
Cellulosome from anaerobic thermophilic bacterium Clostridium thermocellum was first
identified in the early 1980s and defined as a “discrete, cellulose-binding, multienzyme complex
that mediates the degradation of cellulosic substrates” 12, Cellulosomes contain one noncatalytic
protein scaffoldin locating with multiple cohesins, and catalytic modules with dockerins are
assembled to the scaffoldin through cohesin-dockerin interactions. Most scaffoldins also carry
one carbohydrate-binding module (CBM) that can anchor the complex to the cellulose surface®.
C. thermocellum cellulosome has shown efficient synergism in solubilizing bacterial and Valonia
cellulose with 75% and 100% crystallinity separately’, and the activity of cellulosome against
crystalline cellulose is 50-fold higher than the corresponding Tricoderma free cellulase system®
°. The synergistic interaction can be attributed to the spatial proximity of enzymes grafted and
further augmented by the substrate targeting of CBM™,

The high efficiency of natural cellulosomes in degrading cellulosic biomass has inspired
scientists to develop artificial multienzyme complexes to reconstruct the natural structure. The
flexibility of building artificial cellulosomes should be more compatible with industrial

applications and could help to investigate the mechanisms of the cellulosome synergy effect.
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Cellulosomes mediated by DNA were investigated, leveraging the self-assembling
property of DNA strands and convenience in producing controllable structures. An
endoglucanase Cel5A from Thermobifida fusca was modified onto double-stranded DNA with
microbial transglutaminase (MTG) cross linking. The enzymatic saccharification of the complex
was up to 5-fold higher than free cellulases on microcrystalline cellulose, but had little
improvement on the soluble substrate; however, the positions of enzymes on the scaffold were
random without identified organization!. DNA-binding cellulases were then introduced to
establish position-specific cellulosomes. Two types of zinc-finger proteins (ZFP), Zif268 and
PE1A, were used for DNA-protein connections, each of which had a high affinity to the unique 9
base pair (bp) sequence. Two DNA modified cellulases were then assembled onto a
complementary DNA template with 2 binding sites forming site-specific cellulosome, resulting
in a 1.7-fold enhancement in PASC degradation. The flexibility of DNA design enables more
binding sites introduced, and the addition of one CBM or cellulase could further increase the
sugar production by 12% and 20% compared to the two-component structure?. But the low
binding affinity of ZFPs toward DNA limited the efficiency in cellulosome assembling, resulting
in only 50% cellulosome established'?. Generation of four-component artificial cellulosomes
using HaloTag was reported to obtain 2.8-fold enhancement in glucose production. Further
enhancement of 5.1-fold was attained when the four-component cellulosome assembled on
rolling circle amplification (RCA) templates, where up to 200 repeats of the four-component
binding sites were displayed'®. The method could efficiently generate cellulosome with DNA
scaffolds; however, the process is relatively complex where expertise in creating enzymes with
Halotags and modifying DNA linkers with CH ligand (HaloTag Succinimidyl Ester (O4) Ligand)

is essential.
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Herein, we propose a straightforward and universal method to modify cellulases/CBM
with DNA linkers. Cellulases and CBM were first coupled with azido-PEG3-NHS-ester through
lysine amino acid residuals to achieve azide-functional groups. Protein-Nswas then reacted with
dibenzocyclooctyne (DBCO) functionalized DNA (DNA-DBCO) to tether a single-stranded
DNA over strain-promoted alkyne—azide cycloaddition (SPAAC). The success of DNA labeling

was confirmed by electrophoresis.

Experimental Section

Materials. Endo-1,4-B-D-glucanase from Thermotoga maritima (EC 3.2.1.4) (TM) and
B-Glucosidase from Agrobacterium sp. (EC 3.2.1.21) were purchased from Megazyme. Exo-1,4-
B-glucanse from Thermobifida fusca (EC 3.2.1.91) (6B) and CBM from Clostridium
thermocellum were purchased from NZYTech. Dibenzocyclooctyl (DBCO) modified DNA
linkers, and DNA templates were ordered from Integrated DNA Technologies. Zeba™ spin
desalting columns 7k MWCO (89890, 89892), Pierce™ BCA Protein Assay Kit (23225), and 4-
20% Invitrogen™ Novex™ TBE Gels (EC6225BOX) were bought from Fisher Scientific.
Vivaspin™ ultrafiltration spin columns and Ni Sepharose High Performance resin (17526801)
were ordered from GE Healthcare Life Sciences. Materials used for azido-PEG3-NHS ester
preparation were commercially purchased from Sigma Aldrich, Alfa, Fisher, VWR and
Oakwood Chemical companies and directly used without purification

Synthesis of azido-PEG3-NHS ester. The azido-PEG3-NHS was synthesized through
general methods with minor modifications**® (Figure 4.1). The oxa-Michael addition of
triethylene glycol and t-butyl acrylate in THF using Na chips as base gave tert-butyl 3-(2-(2-(2-

hydroxyethoxy) ethoxy) ethoxy) propanoate 1 in 87% yield. The alcohol group in link 1 was
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tosylated in TEA/DCM to produce compound 2 in 77% yield, and then quantitatively converted
into azido compound 3 by heating with NaNs in DMF. The tert-butyl ester in compound 3 was
removed using TFA/DCM to produce carboxylic acid 4, which was then treated with EDC*HCI

and NHS to form desired link 5 in 60% yield.
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Figure 4.1 Reaction scheme of Azido-PEG3-NHS synthesis

Azide modified cellulasessfCBM (cellulase/CBM-Ns). 200ug/ml cellulases and CBM
solutions were prepared in 100mM sodium phosphate buffer with 200mM NaCl (pH=7). Azido-
PEG3-NHS ester was dissolved in dimethyl sulfoxide (DMSO) at 100mg/ml and added into
cellulases/CBM solutions at 1000:1 molar ratio to proteins and incubated overnight. The excess
ester was removed by Zeba™ spin desalting columns as the manufacturer instructed. Protein
concentrations were confirmed with BCA assay.

Cellulase/CBM conjugated to DNA linkers (cellulase/CBM-DNA). DNA linkers were
dissolved in 100mM sodium phosphate buffer with 100mM NaCl (pH=7) and mixed with
cellulase/CBM-N3 solutions at 5:1 molar ratio. The sequences of DNA-DBCO are shown in

Table 4.1. The connection of DNA linkers was confirmed by 4-20% TBE gel electrophoresis.

71



Table 4.1 List of DNA sequences

DNA Sequence

Linker 1 5'- TTT /3DBCON/-3'
Linker 2 5-TAG CAT CCT ACC TGT CCG TTT /3DBCON/-3'
Linker 3 5-TAA GCT TGC GAG ACG TCT TTT /3DBCON/-3'

Purification of unconjugated DNA-DBCO. Two methods were processed to remove
unconjugated DNA linkers. (1) Spin filtration. Vivaspin™ ultrafiltration spin columns with
polyethersulfone (PES) membrane (5k, 10k, and 30k cutoff) were used. The amount of DNA was
measured with UV-vis at 260nm, and protein concentrations were obtained by BCA assay. (2)
The second method was his-tag purification. All the cellulases and CBM were recombinant
enzymes with his-tags, and Ni Sepharose High Performance resin (17526801) was applied as
manufacturer instructed in the removal of excess DNA linkers.

Enzyme activity and CBM binding capability. Activity assayed with carboxymethyl
cellulose (CMC) was processed through incubation of 30ul of 1uM enzyme solution with 30ul
of 2% CMC in phosphate buffer at 50°C for 1 hour. The reaction was terminated by immersing
the sample tubes in ice water.

Activity against Avicel was measured by incubating 1uM of enzyme solution with 2%
Avicel suspension at 50°C for 24hr. The reaction was terminated by immersing in cold water and
centrifuge at 10,000xg for 5minutes. Enzyme activity assayed by filter paper was processed as
reported 7.

To evaluate reducing sugar concentration, 90ul dinitrosalicylic acid (DNS) solution was
added to 60ul of supernatant and boiled for 10 minutes. Optical density was measured at 540

nm, and activity was determined from a glucose standard curve.
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Results and Discussion

The schematic presentation of the synthetic steps for DNA linker conjugation is shown in
Figure 4.2. Azide-functional group modified cellulases and CBM were first obtained through
coupling between lysine amino acid residuals of the proteins and azido-PEGs-NHS-ester,
followed by reaction with dibenzocyclooctyne (DBCO) functionalized DNA to tether a single-

stranded DNA to the proteins over strain-promoted alkyne—azide cycloaddition (SPAAC).
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Cellulase/CBM O Azido-PEG;-NHS ester Cellulase/CBM-N,

DNA
Click
D— N
H
NV"LF
Cellulase/CBM-DNA OM

Dibenzocyclooctyne-DNA
(DBCO-DNA)

Figure 4.2 Schematic presentation of synthesis of the cellulosome complex

CellulasessfCBM conjugated with DNA linkers. The conjugation of DNA linkers to
proteins was confirmed by TBE electrophoresis (Figure 4.3). Free DNA-DBCO and conjugated
CBM, TM, and 6B were processed. Comparing to free DNA linkers, all conjugates have shown

band shift indicating the successful connection of DNA onto proteins.
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Figure 4.3 4-20% TBE electrophoresis for free DNA linkers and cellulase/CBM-DNA
conjugates.

Purification of unconjugated DNA-DBCO. Spin filtration was initially processed to
remove unconjugated DNA-DBCOs. Filters with 5k, 10k, and 30k cutoff were applied at
14000xg for 3-15 minutes with four rounds of washes. DNA concentrations in the filtrate were
measured by UV-vis at 260nm (Table 4.2), and only10k and 30k filters could efficiently remove
DNA linkers after 4" filtration, but the enzyme concentrations in left-over solutions illustrated
low recoveries of proteins (Table 4.3). Centrifugation at 5000xg was processed similarly,
demonstrating 10Kk filter was not efficient in DNA removal, and 30k couldn’t avoid protein loss.

The results indicated filtration is not a proper method in the purification of excess DNA-DBCOs.
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Table 4.2 Amount of DNA after spin filtration

30k filter 10k filter 5k filter
Speed and
14000%g, 3min 5000%g, 5min 14000%g, 3min 5000%g, 5min 14000%g, 15min
time
DNA |% DNA| DNA (% DNA| DNA |% DNA| DNA |% DNA| DNA [% DNA
amount amount amount amount amount
(nmol) (nmol) (nmol) (nmol) (nmol)
Initial 8.79 Ref 8.73 Ref 8.21 Ref 2.81 Ref 5.09 Ref
1st filtrate 4.23 48% 1.68 19% 3.00 37% 0.25 9% |7.84x107 2%
2nd filtrate 2.28 26% 2.29 26% 2.60 32% 0.28 10% [7.52x107 1%
3rd filtrate 1.18 13% 2.41 28% 1.20 15% 0.21 7% [8.85x107 2%
4th filtrate 0.60 7% 1.28 15% 0.60 7% 0.18 6% N.A. N.A.
Retained DNA| 0.29 3% 0.92 11% 0.81 10% 1.92 68% 4.96 97%
Table 4.3 Protein concentration after spin filtration

Filter size 30k filter 10k filter

Speed and time 14000xg, 3min 5000x%g, 5min 14000xg, 3min

DNA% in filtrate ™ 6B CBM | TM 6B |CBM| TM 6B CBM

Original protein conc (ug/ml) 65.9 | 54.7 65.9 26.7 | 22.0 | 21.8 | 24.6 19.2 | 23.0

Retained protein conc (ug/ml) | 10.7 7.0 6.8 0.1 145 | 4.0 1.3 175 2.3

Retained protein % 16% | 13% | 10% | 0.4% | 66% | 19% | 6% 91% | 10%
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The second purification method was his-tag purifications since all proteins were coded
with his-tags. The purified proteins were confirmed by electrophoresis (Figure 4.4). The

elimination of lower bands indicated the successful removal of free DNA-DBCO.

Figure 4.4 4-20% TBE electrophoresis for protein-DNA before and after his-tag purification.
Activity of cellulases and binding capability of CBM after modifications. Multiple
conjugation and purification steps were processed for DNA linker attachment. Since each
modification may cause protein property alterations, the activity of cellulases and binding
capability of CBM after conjugations were measured to monitor the behavior of enzymes (Figure
4.5). The results demonstrated both TM and 6B could maintain activity similar to initial
enzymes; however, the conjugation of DNA has significantly reduced the binding capability of

CBM.
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Figure 4.5 Activity of cellulases and binding capability of CBM after modifications.

Conclusion

Conjugation of cellulases /CBM with DNA linkers was successfully processed. The
conjugation was proven by electrophoresis and indicated more than one DNA linker was
assembled on all proteins. The activity and binding capability after modification was compared
with native proteins and illustrated no significant changes in cellulase catalytic activity, but the

binding capability was displayed according to DNA conjugation.
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CHAPTER 5

ESTABLISHING ARTIFICIAL CELLULOSOMES WITH DNA SCAFFOLDS

Introduction

With the growing demand for energy in modern society, the extensive use of fossil fuels
has raised the necessity for innovative and sustainable substitutes for petroleum® 2. Biofuels,
such as bioethanol, are proper alternatives, which can be produced from the fermentation of
soluble sugars hydrolyzed from lignocellulosic biomass. Lignocellulose, consisting of cellulose,
hemicellulose, and lignin, is the most abundant sustainable natural resource of carbohydrate
polymers available for conversion to fuels. However, biofuel production has been limited by the
hydrolysis of cellulosic biomass because of its recalcitrance to enzyme hydrolysis®>. The
recalcitrance is attributed to the interconnected units in lignocellulose, where lignin and
carbohydrates (cellulose and hemicellulose) form lignin-carbohydrate complexes®. Besides, the
high crystallinity and microfibrillar structure of cellulose is a barrier for enzymatic digestion of
polysaccharides into fermentable sugars’. Current conversion processes mainly rely on thermo-
chemical pretreatment and high enzyme loading, resulting in high manufacturing costs. Boosting
catalytic activity of cellulases can be a potential solution to overcome the economic barriers to
biomass conversion.

Cellulosomes are multienzyme complexes either attached to or secreted from cells. The
high efficiency of cellulosomes in degrading has inspired scientists to develop artificial

multienzyme complexes to reconstruct the natural structure. The flexibility of building artificial
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cellulosomes should be more compatible with industrial applications and could help to
investigate the mechanism of the cellulosome synergy effect.

Full sequencing of cellulosome from Clostridium thermocellum was reconstructed in
vitro, and the reconstituted full-size cellulosome was 21% less active than natural cellulosome®.
It is mainly because the mechanism of cellulosome hydrolysis is not fully discovered, such as the
impact of sequence and spatial arrangement of cellulases and CBM.

Cellulosomes mediated by DNA were investigated leveraging the self-assemble property
of DNA strands and convenience in producing controllable structures. Herein, we report a
cellulosome design strategy for a various arrangement of enzymes and correlate the
arrangements with cellulosome efficiency. Cellulases and CBM were first conjugated with
single-stranded DNA linkers through “click” chemistry, followed by assembling onto pre-
programmed DNA templates. Adjustment of DNA linkers attached will alter the position of each

component in the complex.

Experimental Section

Materials. Same materials were used as described in chapter 4.

Synthesis of cellulosomes with DNA scaffolds. Synthesis of DNA labeled cellulases and
CBM were described in chapter 4. One endo-cellulase, one exo-cellulase, and one CBM with
different DNA linkers were annealed with DNA template A or B (Table 5.1) with a 1:1.5 molar
ratio. The mixtures were heated at 65°C for 15min, followed by incubation in the water bath
gradually cooled down to room temperature.

Aggregation of cellulosomes. Two cellulases and one CBM labeled with DNA linkers

were first annealed to template C (Table 5.1) with a 1:1.5 molar ratio, as mentioned above. The
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3-component cellulosome generated had a single-stranded DNA end, which was complementary
to the aggregation DNAs. The aggregation DNA 2, 3, 4, 5 were then added into the mixtures
with 1:2, 1:3, 1:4, and 1:5 molar ratio to the cellulosomes obtained and incubated overnight at
room temperature to form complexes with 2, 3, 4, 5 of the 3-component cellulosomes
respectively.

Table 5.1 List of DNA sequences

DNA Sequence

Linker 1 5-CCA ACCCAGTCATGT GTGTTT /3DBCON/-3'

Linker 2 5-TAG CAT CCT ACC TGT CCG TTT /3DBCON/-3'

Linker 3 5-TAA GCT TGC GAG ACG TCT TTT /3DBCON/-3'

Template A 5-CAC ACA TGA CTG GGT TGG T CGG ACA GGT AGG ATG
CTATAGACGT CTC GCA AGC TTA-3

Template B 5’-CAC ACA TGA CTG GGT TGG TTTTTTTTTT CGG ACA GGT
AGG ATGCTATTTTTTTTTT AGACGT CTC GCA AGC TTA-3’

Template C 5’-CAC ACATGACTG GGT TGG T CGG ACA GGT AGG ATG
CTATAGACGT CTC GCAAGC TTAT GGT AAT GAA GGG
CGG AGT-3°

Aggregation 2 5’-ACT CCGCCC TTCATT ACCTACTCCGCCCTTC ATT ACC-
33

Aggregation 3 5’-ACT CCG CCC TTC ATT ACC T ACT CCGCCCTTC ATT ACC
TACT CCG CCCTTC ATT ACC-3’

Aggregation 4 5’-ACT CCG CCC TTCATT ACCTACT CCG CCCTTC ATT ACC
TACTCCGCCCTTC ATT ACCTACT CCGCCCTTC ATT ACC-
33

Aggregation 5 5’-ACT CCG CCC TTC ATT ACC T ACT CCGCCCTTC ATT ACC

T ACT CCG CCC TTC ATT ACC T ACT CCG CCCTTC ATT ACC
TACT CCGCCCTTCATT ACC-3

Measurement of catalytic activity. Activity of cellulosome and free enzyme mixtures

were assayed with filter paper as described in chapter 4.
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Results and Discussion

Activity of cellulosome complexes with different sequence and spatial arrangement.
Cellulosomes were first assembled with CBM, CelTM, and CBHII (CBHII-cellulosome).
Complexes with 1 base spacing delivered similar but a slightly improved activity compared to
the free enzyme mixture. The complex structures with different sequence arrangements
demonstrated similar biocatalytic efficiencies (Figure 5.1). However, when proteins were
assembled to template B with 10 base spacing, the structure with CBHII in the middle
demonstrated about 1.5-fold enhancement in catalytic activity, while the complex with CelTM in
the middle showed even a lower activity compared to the free enzyme mixture. Apparently, the
distance between enzymes is important when more flexible structures with longer distances
could result in the higher catalytic activity of the complex. The synergy effect of the
cellulosomes was impacted by relative positions of the proteins where the placement of the exo-
cellulase in the middle was the optimal organization for this enzyme combination.
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Figure 5.1 Catalytic activity of CBHII-cellulosomes vs. free enzyme mixtures against filter

paper.
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Variations of the complex size. The first discovered natural cellulosome contains 9
catalytic domains, which demonstrated significant activity improvement attributed to the synergy
effect among the enzymes % °. To illustrate the impact of cellulosome size, the assembled CBM-
TM-CBHII complexes were aggregated to form structures with different amounts of enzymes.
The activity tests demonstrated similar catalytic efficiency among different sizes of the
aggregates, indicating the size of the complex did not affect the activity of CBM-TM-CBHII

combinations (Figure 5.2).
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Figure 5.2 Catalytic activity of CBM-TM-CBHII cellulosome aggregations. No agr represents
the 3-component complex of CBM-TM-CBM. Agr 2, Agr 3, Agr 4, and Agr 5 are the

aggregation of 2, 3, 4 and 5 CBM-TM-CBHII complexes separately.

Variations of exo-cellulases. Cellulosomes with Cel6B (Cel6B-cellulosomes) were
designed to explore the synergy effect using an alternative exo-cellulase enzyme. A series of
cellulosomes with different relative positions of Cel6B, CBM and TM proteins were generated
using template A. All the assembled complexes demonstrated about 2-fold enhancement in

catalytic activity compared to the free enzyme mixture (Figure 5.3). These cellulosomes showed
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a significantly improved biocatalytic activity compared to CBHII-cellulosomes. The structures
with different sequence arrangements of the proteins demonstrated similar biocatalytic activity,

indicating the relative positions of proteins were not as significant as the synergy effect among

enzymes.

Reducing sugar (mM)

Free enzyme CBM-TM-6B CBM-6B-TM TM-CBM-6B
mixture

Figure 5.3 Catalytic activity of Cel6B-cellulosomes vs. free enzyme mixtures.

Conclusion

Cellulosomes based on DNA scaffolds had been generated to study the effect of the
sequence and spatial arrangement of enzymes on catalytic activity of the multienzyme
complexes. Cellulosomes with CBM, CelTM, and CBHII demonstrated similar activity to free
enzyme mixtures when assembled with only 1 base spacer between proteins. When the distance
between the proteins was increased to 10 bases, the effect of the protein specific locations was
clearly observed. Placement of CBHII in the middle of the complex provided a 1.5-fold
improvement of the biocatalytic activity, however, placing CelTM in the middle of the complex

had slightly lowered catalytic activity compared to the free enzyme mixture. Aggregations of
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CBM-TM-CBHII cellulosome to generate larger structured revealed no effect on the catalytic
activity of the complexes. Cellulosomes designed with CBM, CelTM, and Cel6B demonstrated
up to 2.2-fold activity improvement, confirming the synergy effect among the enzymes in the
complex. In this complex, variations in protein sequence arrangements had little impact on

catalytic efficiency of the complexes.
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CHAPTER 6
CONCLUSIONS AND FUTURE OUTLOOK
Conclusions

In this dissertation, we have presented the establishment of enzyme complexes with
polymer and DNA scaffolds to improve enzyme thermal stability and catalytic activity, which
could make enzymes more compatible with industrial applications. In Chapter 1, a literature
review of enzyme thermal stability mechanism and methods to improve stability was presented.
Cellulosome enzyme complexes with synergy effect were introduced along with the various
aspects of artificial cellulosomes’ design.

Chapter 2 described the implantation of lysozyme in molecular brushes with grafting
through method. Enzyme conjugates had demonstrated up to 9 times extension of lysozyme half-
life at 90°C, and the thermal stability improvement was explained as a result of crowding effect
from PEG side chains. The higher the molecular weight of PEG, the stiffer the molecular brush,
and the better in stabilizing enzyme structures at high temperature.

In chapter 3, the mechanism of PEG crowding effects on lysozyme thermal stability was
investigated under different PEG concentrations with different molecular weights. The results
showed the stability effect depends on PEG concentration and molecular weight. The higher
molecular weight PEG revealed a greater improvement of thermal stability when the effect
increased with the PEG concentration reaching the saturation at the critical overlap
concentrations of PEG. The observed thermal stabilization was confirmed with CD spectra by

monitoring conformational changes of LYZ with temperature and with MD simulations. SAXS
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and DLS experiments evidenced the role of PEG in preventing LYZ aggregation due to LYZ-
PEG hydrophobic interactions at elevated temperatures.

Chapter 4 described methods to generate cellulases and CBM conjugates with DNA
linkers, which can be used to establish artificial cellulosomes with specific sequence
arrangement of proteins in the complex. Proteins were first modified with azido-PEGs-NHS ester
through lysine coupling, followed by SPAAC with DNA-DBCO to achieve the conjugation. The
success of conjugation and purification was confirmed by.

Chapter 5 demonstrated the generation of artificial cellulosomes based on DNA scaffolds.
DNA labeled cellulases/CBM were assembled onto preprogrammed DNA scaffolds to explore
the potential of special arrangements of proteins in the complexes. The generated cellulosomes
demonstrated up to 2.2-fold activity enhancement compared to the free enzyme mixture. It was
revealed that the effect of flexibility and enzyme sequences on the complex biocatalytic activity

is strongly dependent on activity of the individual enzymes used in the complex.

Future work

The dissertation outlines formation of polymer/DNA-enzyme complexes to improve
enzyme thermal stability and catalytic activity, which can make enzyme combinations more
compatible with industrial applications. The studied effects were revealed to be very specific
for each studied enzyme. Investigation of the role of the enzyme structure and catalytic activity
on properties of the complexes would be the next step toward an improved understanding of the

complex design rules.
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Another avenue for further progress is the development of computer models to accelerate
the design of protein-polymer complexes. Our lab is in collaboration with a computer simulation

lab to study the effects of enzyme sequence and spacing on cellulosome catalytic activity.

Final Remarks

Enzymes are highly valuable natural catalysts for industrial applications because of their
high activity and specificity. However, a relatively narrow range of temperature tolerance and
high costs are barriers in many applications. Design of enzyme-polymer complexes and
conjugates with specific enzyme sequences and spatial arrangement demonstrated a potential for
improvement of the catalytic performance and thermal stability of enzymes for efficient

applications.
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APPENDIX A

ENZYME CATALYTIC ACTIVITY AND THERMAL STABILITY

I Original
1 I 50k Dialyzed
100% -

80%

60%

40% —

Residual activity

20%

0% -
LPC 500 LPC 6:1 LPC 1:1 LPC 5000

Figure Al. Lysozyme activity of LPC 500, LPC 6:1 and LPC 5000 for original solution (black

bars) and in filtrate after 50k dialysis (red bars) of the polymerization mixture.
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Figure A2. Effect of pH change on LYZ (black) and LPC (red) catalytic activity
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Figure A2. Thermal stability of LYZ added with only POEGMA. Comparison of the activity

kinetic of LYZ-POEGMA (e) and native LYZ (m) preincubated at a) room temperature and b) at

85°C for 1h.
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APPENDIX B

CHARACTERIZATION OF MOLECULAR BRUSHES
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Figure B1. NMR spectra for (a) copolymer 1:1 and (b) copolymer 6:1.
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Table B1. Molecular characteristics of the molecular brushes in 0-solvent

Sample Nsc h, nm Nscl, nm Rsc, Nm F(h)/ksT
LPC 500 8.95 0.25 1.04 1.7 2.74
LPC 5000 111.5 0.25 3.68 9.2 6.36

Table B2. Molecular characteristics of the molecular brushes in melt
Sample Nbb Nsc z* z** | R,nm Rsc, b,nm | I,nm | v, nm?
LPC 500 87 8.95 0.6 1.4 12 1.56
0.63 | 0.38 | 0.065
LPC 5000 15 | 1115 0.17 1.4 9.4 5.16
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Figure B2. Representative SPM topography image (a) and cross-sectional profiles (b) of LPC
1:1 molecules (as labeled 1,2 and 3 on the SPM image), and height distribution (c). The average

diameter is 4.85+0.89 nm.
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