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atom transfer radical polymerisations with a hydrophilic monomer, glycerol methacrylate, and
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Chapter 4 investigates the functionality and architecture of the grafted polymer on the surface of

α-Chymotrypsin and the subsequent effects on both activity and stability of the protein-polymer 

conjugate.

Chapter 5 discusses the challenges of employing the chemistries used to synthesise both protein

macro-initiators and protein-polymer conjugates on enzymes specific to laundry applications.
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1.1 Introduction

Nature is able to catalyse many biological reactions through the use of enzymes.1, 2 As catalysts

they are highly specific only catalysing the reaction of defined substrates in a narrow window of

optimum conditions. Enzymes are a subclass of proteins whose activity is dependent upon the

unique structure and folding of the polypeptide.3 The folding creates internal pockets to allow

catalysis to occur, referred to as active sites and it is the morphology of these pockets that

determines the enzymes substrate specificity.4, 5 Significant research has been conducted into

trying to replicate enzymes and create enzyme mimics though many do not achieve the same

catalytic rate or substrate specificity.6, 7

1.2 Protein Structure

As mentioned, the ability of enzymes to catalyse reactions is dependent upon their structure. As

a protein, enzyme structure can be divided into four separate levels of organisation: primary,

secondary, tertiary and quaternary structures ( Figure 1.1).3, 8

Figure 1.1 Schematic representations of primary, secondary, tertiary, and quaternary structures of
proteins.

1.2.1 Primary Structure

The primary structure of a protein is the sequence in which the amino acids are coded within DNA

to produce the protein.8 These are typically reported from the N-terminus to the C-terminus in a
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linear fashion. Amino acids possess a chiral centre and can exist in both an L- or D- isomer,

however most naturally occurring proteins consist of almost entirely of L-amino acids, and

therefore all proteins are chiral species.9 In nature, there exists 22 natural L-α-amino acids, 

however only 20 have found to be coded for within the genetic material. These amino acids can

be combined in an almost infinite number of ways to produce proteins with a vast range of

structures and functions.10 The functionality of an amino acid is controlled by the nature of the

side chain, R (Figure 1.2), which can introduce hydrophobic, hydrophilic, acidic, basic, or polar

properties within the molecule.

Figure 1.2 Chemical structure of an L-amino acid.

In addition to the natural amino-acids that exist, unnatural amino-acids possessing a wide range

of functionalities have been synthesised.11, 12 Many of these structures contain moieties that react

bioorthogonally to the natural amino acids and create functional handles that provide new

synthetic routes to modify enzymes. For example, Deiters et al. successfully expressed

non-natural amino acids containing alkyne and azide functionalities into human superoxide

dismutase.13 This enabled the binding of dyes containing alkyne and azide moieties to the newly

introduced residues without impacting any other residues due to the reactions between azide and

alkyne functionalities being bioorthogonal to reactions that can take place between the natural

amino acid residues.14

1.2.2 Secondary Structure

Secondary structure is used to define regions of localised structure, which usually involves

between 10 and 20 amino acids.3, 8 The structures are controlled by the formation of hydrogen
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bonding between the amide functionalities present in the polypeptide backbone. There are three

main stable secondary structures: α-helices, β-sheets and β-turns.  

1.2.2.1 α-Helices 

An α-helix is a structure formed from a single polypeptide chain, which through intra-chain 

hydrogen bonding form a right handed helix.8 The hydrogen bonding exists between the carbonyl

oxygen of residue n and the amide nitrogen of residue n + 4 (Figure 1.3), creating a turn that

contains approximately 3.6 residues.15

Figure 1.3 Schematic representation of the hydropgen bonding present within an α-helix with the 
location of R-groups represented by dots. Taken from Bugg.3

The amino acid R groups were found to point outwards from the helical axis and can strongly

influence the stability of the α-helix.16 For example, L-alanine residues are abundant in helical

structures as a result of their small uncharged side chain. The presence of residues that possess

sterically bulky side chains, such as L-tyrosine and L-asparagine, can destabilise α-helices and so 

are only typically present in low numbers. Although glycine is a small uncharged amino acid, the

high flexibility of the molecule prevents the formation of α-helices.17 In contrast to the high

flexibility of glycine, L-proline residues have a structure that is too rigid making the residue unable

to conform to the necessary bond angles required to form an α-helix. Along with the rigid structure 

of L-proline, the alkylation of the nitrogen atom prevents hydrogen bond formation and therefore

L-proline residues are the least abundant residue in α-helices.17
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1.2.2.2 β-Sheets 

β-Sheets consist of several β-strands, which are sections of the polypeptide chain, ca. 3-10 amino

acids in length, in an extended conformation. β-Strands are held together by inter-strand hydrogen 

bonding between the carbonyl oxygen and amide nitrogen functionalities within the peptide

backbone to form β-sheets.8 In contrast to the compact structure present in α-helices, the protein 

strands are almost fully extended when present in β-sheets. Two types of β-sheet exist and are 

classified dependent upon the direction in which the chains interact: parallel (same N-to-C

terminal direction) and anti-parallel (opposite N-to-C terminal direction) (Figure 1.4). The

hydrogen bonding within parallel conformations is distorted from the ideal perpendicular

arrangement found in anti-parallel β-sheets, thus making parallel β-sheets less stable than the 

anti-parallel conformers.

Figure 1.4 Schematic representation of the hydrogen bonding present within parallel and anti-parallel
β-Sheets. 

β-Sheets can be referred to as pleated structures because of the α-carbon alternating between lying 

above and below the plane of the β-sheet, which results in the amino acid side chains also 

alternating direction.18 This in turn can create amphiphilic structures with hydrophobic residues

present only on one side of the sheet, which can aid in the formation of higher order structures

due to inter-sheet hydrophobic interactions.19
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Figure 1.5 Schematic representation of the crystal structure of human thioredoxin (IERU) highlighting
the twist in the β-sheet shown in red.20 Blue represents α-helix, pink represents random coil and red 

represents β-sheets. PDB crystal structure references are identified in bold. 

Although depicted as planar structures, many β-sheets are twisted as a result of the chirality 

present in the amino acids.21 This twisting is required in order to balance the conformational

energies of the amino acid side groups and the strength of the hydrogen bonding. The twisting of

β-sheets is present in many proteins such as human thioredoxin, illustrated in Figure 1.5.20

1.2.2.3 β-Turns 

Although many types of loops and turns are present within proteins, β-turns are an important class 

of these structures as they introduce a 180° turn of the peptide chain to facilitate the formation of

anti-parallel β-sheets. In order to create this conformation, it is critical that hydrogen bonding is 

present between the carbonyl oxygen of residue n and the amide nitrogen of residue n + 3

(Figure 1.6).3

Figure 1.6 General structure of β-turns. 
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In contrast to the formation of α-helices, glycine and L-proline are frequently found within

β-turns.22 With only a proton side chain, glycine has a high flexibility, removing some of the steric

hindrance barriers encountered with other, more sterically hindered, amino acids. As a result of

its cyclic structure, L-proline is able to induce a sharp turn allowing a 180° bend over the space of

only four residues.

1.2.3 Tertiary Structure

The tertiary structure of a protein is the three dimensional structure that forms upon successful

folding of a polypeptide chain.8 Although residues that are intrinsic to the catalytic function of

the active site may not be in close proximity when only considering the primary sequence, the

formation of the tertiary structure can bring the residues close in three-dimensional space creating

the active site pocket. In comparison to the secondary structures that are stabilised by the

formation of hydrogen bonding of the peptide backbone, tertiary structures are formed by the

bonding between amino acid side groups. Amino acids contain various functionalities that can

interact to form networks of bonds that contribute to the overall tertiary structure including

hydrogen bonding, hydrophobic interactions, van der Waals forces, electrostatic interactions, and

covalent bonding (Figure 1.7).23

Figure 1.7 Schematic representations of interactions that contribute to the tertiary stucture of protiens.
Reproduced from Janecek et al.24
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The folding of proteins occurs spontaneously and they adopt the most thermodynamically stable

conformation referred to as the native state.25 In the 1960s, Levinthal discussed the implausible

nature of forming the native structure in the short timescale in which protein folding occurs

considering the vast number of possible conformations of a polypeptide chain.26 As a systematic

search for the lowest energy conformation would exceed the timescale for protein folding, it was

suggested that folding occurs via several pathways, including the formation of intra-chain

bonding, which remove many possible conformations from the search process.27

Although the pathways for protein folding are not fully understood, it is widely accepted that the

energy landscape for protein folding resembles that of a funnel (Figure 1.8).28 At the top of the

funnel are conformations of the polypeptide that are typically random coils. As the funnel

decreases in energy more complex protein folding is present including secondary and tertiary

structures. Leopold et al. introduced the concept with the use of computer modelling that the

energy landscape of a protein is dependent upon its primary structure.29 It has been hypothesised

that the formation of bonding that is present in the native structure lowers the energy of the

resulting structure to a greater extent than other possible interactions that could form within the

polypeptide chain. Many studies agree with the conclusion that the interaction between a small

number of residues generates a nucleation point in which the remainder of the protein rapidly

adopts the folding present within the native protein species, which lies at the bottom of the energy

funnel.30-32

The energy landscape observed for some proteins can be very simple and only contain one

minimum (Figure 1.8a), however for many proteins the landscapes are more complex with routes

that can lead to kinetically trapped and misfolded proteins (Figure 1.8b).33 Chaperone proteins are

proteins that assist in the correct folding of macromolecular structures. Chaperone proteins can

alleviate the problem of misfolded proteins in vivo by binding to a newly synthesised polypeptide
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and promoting the formation of the native state.34 Even with the use of chaperones, protein folding

is a spontaneous process and therefore folding involving chaperones is referred to as assisted

self-assembly.

Figure 1.8 Energy landscapes of protein folding. a) Simplified small protein folding showing a single
energy minimum. Taken from Dobson.35 b) Simplified energy funnel indicating presence of a local

energy minima. Taken from Dill and Chan.36

1.2.4 Quaternary Structure

The highest order of protein structure is the quaternary structure, which is the assembly of

multiple pre-folded proteins.37 The final quaternary structure of a protein can be assembled from

many identical sub-units or a combination of different protein sub-units. The interactions that
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stabilise the formation of these structures are the same as those utilised in the formation of tertiary

structures including hydrogen bonding, hydrophobic interactions, van der Waals forces,

electrostatic interactions, and covalent bonding. The combinations of multiple protein subunits

can reveal functionality that was not present as a single subunit. One common example of a

quaternary structure is mammalian haemoglobin, which exists as a tetramer of two unique

subunits.38

1.3 Activity of Enzymes

The activity of enzymes can be assessed using a variety of kinetic models, of which the most

commonly encountered is the Michaelis-Menten model of kinetics, used to assess the activity of

enzymes with a single substrate present.39, 40 The model assumes that all species present are

diffusion-controlled and the catalytic step in product-formation is irreversible (Equation 1.1).

Equation 1.1 Overall reaction for quasi-steady-state enzyme kinetics used in the Michaelis-Menten
model.

The Michaelis-Menten equation (Equation 1.2) was proposed by Michaelis and Menten in 1913

where v is the initial velocity of catalytic reaction, Vmax is the maximum velocity of the enzyme

in a saturated solution of substrate, [S] is the substrate concentration and Km is the Michaelis

constant.39, 40 The equation has been derived from a quasi-steady state approximation of the

system; this assumes that the enzyme substrate, ES, concentration does not change throughout the



Chapter 1 – Introduction

11

reaction.41 The Michaelis constant, Km, is inversely proportional to the affinity of the substrate

and is dependent on environmental factors, such as temperature and pH. Vmax has a concentration

dependency and so to eliminate this, the catalytic constant, kcat, can be determined by simply

dividing through by the enzyme concentration. kcat is the maximum turnover number of product

molecules when the enzyme is in a saturated substrate environment.

Equation 1.2 Michaelis-Menten Equation.

� =
����[S]

�� + [�]

This model assumes that the concentration of enzyme, [E], is much less than [S], to ensure this

criteria is met assays are performed at low [E].42 Another parameter that can be extracted from

Michaelis-Menten parameters is the efficiency of the enzyme, which is calculated by kcat/Km. To

allow for simple extraction of parameters using linear regression, a Lineweaver-Burk plot can be

employed.43 The plot is a double reciprocal plot of substrate concentration against initial velocity

(Figure 1.9). Vmax is equal to the reciprocal of the y- intercept and can be easily converted into kcat

through the division by the enzyme concentration. Km can either be extracted from the gradient

of the plot, as it is equal to Km/Vmax, or the x- intercept, as it is the reciprocal of Km.

Figure 1.9 Lineweaver-Burk Plot.
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1.4 Inhibition of Enzymes

When enzymes are correctly folded, their catalytic abilities are usually higher than comparative

synthetic catalysts.1 Enzymes have been found to catalyse reactions with rate increases of over

one million-fold compared with the uncatalysed reaction. However, despite their ability to lower

the activating energy in many reactions, they can be susceptible to retardation by both reversible

and irreversible routes, known as inhibition.44 Inhibitors are species that are able to interact with

enzymes or the enzyme-substrate complex formed during catalysis and therefore reduce the

efficiency of the enzyme.

1.4.1 Irreversible Inhibition

Irreversible inhibitors form strong interactions with the protein and permanently prevent the

formation of product molecules. The most common method of irreversible inhibition is through

the alkylation or acylation of amino acids present within the active site of the enzyme.45 Many

pharmaceutical drugs are irreversible inhibitors that deactivate a target enzyme species within the

body and therefore reduce unwanted effects. For example, acetylsalicylic acid, more commonly

known as aspirin, is employed to reduce the occurrence of cardiac related incidents.46 Aspirin is

known to act on the cyclooxygenase enzyme. Cyclooxygenase is an enzyme that catalyses the

production of thromboxane A2, a lipid that is known to induce platelet aggregation, leading to

cardiac problems. Aspirin is effective as it can acetylate the L-serine present in the active site of

cyclooxygenase and therefore preventing the formation of the thromboxane A2.47

1.4.2 Reversible Inhibition

Reversible inhibitors are bound to the enzyme by non-covalent interactions and can be removed

by simple purification methods such as dialysis or filtration. Upon removal of the inhibitor the

activity of the enzyme should revert back to the initial activity. Reversible inhibition can be

classified into three distinct categories: competitive, uncompetitive and noncompetitive

(Figure 1.10).8 The categories of inhibition are dependent upon whether the inhibitor (I) interacts

with the enzyme (E), the enzyme-substrate complex (ES) or both.
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Figure 1.10 Schematic representations of the three different types of reversible enzyme inhibition.

Competitive inhibitors prevent formation of the enzyme-substrate complex and they are the most

common type of inhibitor.1 There are many methods of competitive inhibition. The main method

is reversible binding of an inhibitor to the active site, which prevents the substrate from entering

the active site and forming the enzyme-substrate complex. Another major method is through

allosteric binding; this is the binding of an inhibitor to a site that is close proximity to the active

site, which hinders the substrate’s access to the active site.

Uncompetitive and noncompetitive inhibition are more rarely observed in biological systems.48

Uncompetitive inhibition is more commonly observed in multi-substrate reactions where the

inhibitor only interacts with the enzyme-substrate complex.8 Noncompetitive inhibitors tend to

be allosteric, i.e. they bind to sites other than the active site within both the enzyme and the

enzyme-substrate complex.8 The binding of the inhibitor does not affect the ability of the substrate

to bind, but prevents the catalytic process from occurring by inducing a conformational change

within the enzyme.
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The types of inhibition occurring within enzymatic species can be determined by employing

Lineweaver-Burk plots (Figure 1.11).43 Lineweaver-Burk plots, as introduced in Section 1.3, are

double reciprocal plots derived from a linear derivation of the Michaelis-Menten model of

kinetics. As each method of inhibition has characteristic responses to the increase in inhibitor

species on the Km and kcat of the enzyme, these can be clearly identified.49 For example,

competitive inhibition does not affect the catalytic constant, kcat, but causes increases in Km and

this is indicated in the Lineweaver-Burk plot by a change in gradient yet no change in y-intercept

(Figure 1.11a).50 In contrast, noncompetitive inhibition maintains Km but a reduction in kcat can be

observed (Figure 1.11c). Uncompetitive inhibition affects both Km and kcat, however the ratio

between the two parameters remains constant and therefore the gradient of the Lineweaver-Burk

plot remain constant whilst differences are observed in the x- and y- intercepts (Figure 1.11b).

Figure 1.11 Graphical representations of the Lineweaver-Burk plots of the three different types of
reversible enzyme inhibition a) competitive c) uncompetitive c) noncompetitive.49, 50

1.5 Denaturation and Inactivation of Proteins

Enzymes are currently used in many industrial application, as a result of their high specificity and

catalytic ability, however denaturation and inactivation of proteins and enzymes can occur during
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industrial usage. Prevention of inactivation and denaturation of enzymes could improve the

efficiency of many industrial processes. Denaturing is the process of unfolding of the protein into

a polypeptide chain and therefore induces the loss of the catalytic function. Proteins can be

denatured by many external stimuli including heat, solvent, pH and light.51 The loss of activity is

most commonly associated with a disruption of the secondary or tertiary structure of a protein. In

the specific case of protease enzymes, there is the additional problem of autolysis; the process of

self-digestion.52

Zale and Klibanov highlighted that the denaturing process can be reversible if the external stimuli

is removed within a short time frame and no modifications to the polypeptide have occurred.53

However, upon unfolding, the polypeptide chain is more susceptible to undergo alterations to the

chemical structure or form inter-protein hydrophobic interactions resulting in aggregation.54

These modifications are permanent and lead to the irreversible inactivation of the enzyme

(Figure 1.12).

Figure 1.12 Schematic representation of the denaturing process of proteins.

The most common pathway for inactivation of the unfolded protein is aggregation.55 Newly

exposed hydrophobic segments of the protein can self-assemble into aggregates to minimise

unfavourable hydrophobic interactions with the aqueous solvent. The energy required to

overcome these interactions and reform the native species is too high and therefore kinetically
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trapped aggregates are inactive.54 It has also been observed by Parsell and Sauer that unfolded

polypeptide chains are more susceptible to proteolysis than their folded analogues.56

Elevated temperatures can also cause inactivation. Exposure to increased temperatures can cause

L-asparagine and L-glutamine residues to undergo a deamination process resulting in L-aspartic

and L-glutamic acid replacements within the primary protein sequence.57, 58 These changes in the

primary sequence can have significant consequences on the energy landscape and the resulting

folding and function of the protein.

The most effective method at investigating the retention of activity when an enzyme is exposed

to various stimuli is through enzymatic assays.59 With the use of assays, the activity of enzymes

at various time points can be determined through spectroscopic methods. The decay in activity of

many enzymes has been modelled upon a first-order, or exponential, decay.60 This allows simple

extraction of an enzymatic half-life by employing a plot of the natural logarithm of residual

activity against time and identifying the time at which the residual activity is equal to 0.5.

1.6 Enzyme Stabilisation

Although there are issues with denaturation/loss of activity over time, enzymes are still of

significant interest for many industrial applications from fermentation to stain removal to the

production of biofuels as they are highly selective and have high activity in aqueous

environments.61-63 However, many of these applications require the use of high temperature,

organic solvents, and various additives and therefore this limits the use and adaptability of

enzymes in such products.64 To alleviate these problems, extensive research has been conducted

into methods of producing more stable enzymatic species. There are numerous approaches that

have been employed to produce more stable enzymes; these include protein engineering, protein

immobilisation, introduction of various additives, and protein-polymer conjugates.24, 65-67 A brief

overview of each approach is given in the following Sections.



Chapter 1 – Introduction

17

1.6.1 Extremophile Enzymes

Nature has many examples of organisms that have adapted to environments that are not typically

inhabited due to environmental factors such as a high salt content, exposure to radiation, or

extremes of temperature or pH.68 The proteins which are synthesised by these organisms are

referred to as extremophile proteins and are also tolerant to these extreme conditions. These

proteins can therefore be extracted for use as enhanced stability enzymes.69 For example, in

comparison to proteases found in mammalian species such as α-chymotrypsin (α-CT), which has 

optimised activity at 37 °C, the protease thermophilic thermitase from extremophile species

Thermoactinomyces vulgaris, is optimised for catalysis at temperatures up to 70 °C.70, 71

Extremophile enzymes have also been studied in comparison to their mesophilic analogues, which

are species that are optimised for moderate environmental conditions. This aids in the further

understanding of the interactions that provide the enhanced stability in extreme conditions.72, 73

Indeed, Menéndez-Arias and Argos compared the primary sequences and the tertiary structures

of six different families of thermophilic enzymes to develop a series of possible criteria for the

development of more thermostable enzymes.74 Although in later studies suggested that the sample

size employed was found to be too small and noted that many thermophilic proteins did not meet

the initial criteria set out.75 Argos et al. performed further experimentation into the types of

interactions present within the mesophilic and thermophilic proteins.76, 77 They concluded that the

increased number of intra-protein hydrogen bonds and salt bridges in the extremophile enzyme,

compared to the mesophilic enzyme, correlated with its increased stability at high temperatures.

1.6.2 Protein Engineering

The development of protein engineering technologies allows for the replacement of specific

residues within a protein’s primary structure.78 In combination with the previous studies of

extremophilic enzymes, the stability of many enzyme structures have been enhanced through the

incorporation of new residues. It is important to consider that the alteration of just one residue

within a protein can enhance the stability. For example, subtilisin enzymes contain an
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L-methionine residue in close proximity to the active site. This residue readily undergoes an

oxidation reaction to form the sulfoxide derivative,79 which creates steric hindrance to the active

site and lowers the enzyme’s ability to perform proteolytic hydrolysis. Hence enzymatic activity

decreases over time. The modification of the single L-methionine residue to L-alanine, L-serine or

glycine was observed to increase the catalytic ability in oxidative conditions over time.80, 81

Although many alterations to the primary amino acid sequence through protein engineering that

are predicted to enhance stability are successful, significant numbers are found after the

systematic and time consuming process of screening of numerous modifications that were

detrimental to the stability and activity of structures.74 Protein modifications tend to rely upon the

accuracy of computational modelling of protein structures, which are limited by the energy

potential approximations required.82 The field of protein engineering through rational design has

expanded greatly in recent years, but many examples of proteins stabilised through random

mutations cannot be explained by the current models.83

1.6.3 Additives

The use of additives is the most common way to stabilise enzymes due to its simplicity. There are

a variety of additives that can improve the stability of an enzyme; these include ligands, salts,

polymers and sugars.84-86 Additives can be classified into two categories based upon their

characteristics: ionic and osmolytic stabilisers.87

Ionic stabilisers have been found to form interactions with the charged surface of the enzyme.

The presence of ionic species in a solution can reduce the solubility of hydrophobic groups on a

proteins surface and cause the residues to internalise.88 In contrast, the presence of ionic salts can

increase the solubility of ionisable residues. The combination of the two interactions can result in

the protein reducing in size to reduce the unfavourable interactions between hydrophobic residues

and the solvent leading to an increase in stability.89 Additionally, Obón et al. found that a salt’s

ability to stabilise an enzyme followed the Hofmeister lyotropic series, which is a classification
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of an ion’s ability to solubilise proteins (Figure 1.13).89 Ions that reduce protein solubility were

found to aid in enzyme stability greater than those that increase the protein solubility.

(CH3)4N+ > NH4
+ > K+, Na+ > Mg2+ > Ca2+ > Ba2+

SO4
2- > Cl- > Br- > NO3

- > ClO4
- > SCN-

Figure 1.13 Hofmeister lytropic series.89

Osmolytic stabilisers are uncharged species such as sugars and polyols and have also been found

to stabilise enzymes towards changes in external stimuli by altering the solvent viscosity and

surface tension.87 Trehalose, a disaccharide, is an osmolytic stabiliser capable of increasing the

catalytic half-life of many enzymes including horseradish peroxidase (HRP) and tyrosinase.90, 91

Indeed, Gheibi et al. discovered that in addition to an increase in initial activity of mushroom

tyrosinase, the addition of trehalose enabled a 3-fold increase in stability at 40 °C.90 The

limitations of using additives arise due to the high concentrations that are sometimes necessary to

provide adequate stabilisation and can interfere with the application’s reagents or reaction system.

1.6.4 Polymeric Additives

Although numerous small molecules have been shown to increase both the activity and stability

of enzymes, the addition of polymeric species has also been observed to enhance enzymatic

stability. Stabilisation of proteins in the presence of polymers is generally attributed to preferential

exclusion, surface activity, steric hindrance of protein-protein interactions, or restriction of

protein structural movement.92 As with small molecule stabilisers, polymeric additives can also

be classified as ionic or osmolytic stabilisers.

Ionic polymers can interact with the protein to form complexes that protect the protein from other

external interactions such as solvent-protein interactions. An example of an ionic polymer utilised

in the stabilisation of enzymes is poly(di(carboxylatophenoxy)phosphazene) (PCPP)
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(Figure 1.14). The incubation of PCPP with HRP increases the retention of activity after one hour

at 50 °C from 20% to 40% compared with the native species.93

Figure 1.14 Chemical structure of poly(di(carboxylatophenoxy)phosphazene) (PCPP).

The proposed mechanism of PCPP stabilisation includes the formation of a protein-polymer

complex through interactions of hydrophobic groups of the polymer with the hydrophobic surface

of the protein. Through the use of a turbidimetric method, Marin et al. estimated that 440 enzyme

molecules were complexed to one 900 kDa polyelectrolyte chain.93

Poly(ethylene glycol) (PEG) is amongst the most common osmolytic polymeric stabiliser

employed in the stabilisation of enzymatic species. α-CT has been reported to be stabilised with 

a 20 kDa PEG species in solutions containing up to 60% v/v ethanol with no loss of activity

observed.94 The degree of stabilisation provided by PEG was found to be dependent on both

concentration and the length of the polymer, with a positive correlation observed for both

variables.95 However, Yoon and Robyt analysed the stability of ten different enzymes upon

incubation with PEG and poly(vinyl alcohol) (PVA) species and discovered that each enzyme had

a specific combination of concentration and polymer chain length and functionality to provide

maximum stability.96

The combination of synthetic polymers and the small molecules reported in the previously in

Section 1.6.3, by the immobilisation onto a polymer support have been reported to further enhance

stability in comparison to the low molecular species alone. For example, Maynard et al.

investigated the relative stability of HRP in the presence of trehalose and polymer-bound
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trehalose.97 Polymers were synthesised from trehalose modified styrenic monomers containing

various linkers to the trehalose moiety by free radical polymerisation. HRP was incubated at 70

°C for 30 mins and the resulting enzymatic activity examined as a residual activity percentage.

All trehalose based polymers analysed at 80 equivalents polymer to enzyme were found to remain

within error of 100% activity, compared to the species with no additive that was observed to

decrease to 55% of the initial activity. Although the sample with unbound trehalose was observed

to retain a larger percentage of activity than the non-additive sample, with 73% activity, this is a

reduction in comparison to the polymeric species. This study indicates the benefit of polymeric

stabilisers in comparison to low molecular weight equivalents.

1.6.5 Encapsulation

An alternative method of stabilisation, to prevent interactions with additives that are required for

industrial applications but impact the enzyme’s stability, is encapsulation within a polymeric shell

to form polymeric nanoreactors. The polymeric nanoreactors employed for such reactions are

similar in nature to that of cells, with a bilayer membrane that can allow compartmentalisation to

occur to prevent undesired interactions between incompatible proteins. Amphiphilic block

copolymers can spontaneously self-assemble in a selective solvent into different structures based

upon their ratio of hydrophobic-to-hydrophilic segments.98 The morphology these polymers adopt

is determined by the packing parameter, p, which is related to the volume of the hydrophobic

chain, v, the contact area of the hydrophilic segment, a0, and the length of the hydrophobic chain,

lc, by the relationship described in Equation 1.3.99

Equation 1.3 Packing parameter.99

� =
�

����

The formation of spherical micelles is favoured when p < 1/3, cylindrical micelles when

1/3 < p <1/2, and vesicles when 1/2 < p < 1/3.99 The formation of vesicles creates an aqueous

central cavity, the lumen. When assembly occurs in the presence of proteins, species can become
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trapped within the lumen.100 Based upon the polymers employed and the incorporation of

pore-forming species into the wall of the vesicle, control over the molecules that are allowed to

enter the vesicle can be achieved.101, 102 For example, Nardin et al. inserted outer membrane

protein F (OmpF) into polymeric membranes composed of poly(2-methyl-2-oxazoline)

(PMOXA) and poly(dimethylsiloxane) (PDMS).103 OmpF is a non-selective transport channel

that allows small polar molecules, smaller than 700 Da, to pass through via diffusion, whilst not

allowing larger molecules to pass across the membrane wall.104 Nardin et al. synthesised ABA

triblock copolymers, PMOXA-PDMS-PMOXA, and utilised them to encapsulate β-lactamase 

with and without the presence of OmpF.103 Without the presence of OmpF, the activity of the

enzyme was undetectable by spectroscopic methods as the substrate, in the bulk solvent, and the

enzyme, trapped within the lumen, were unable to react. Upon the incorporation of OmpF into

the membrane, activity was observed and highlighted the theory that the substrate was unable to

penetrate the membrane without the presence of pore-like species (Figure 1.15).

Figure 1.15 Schematic representation of enzyme encapsulation and the effects of selectively permeable
membranes.

A combination of these polymeric nanoreactors can create cascade systems that mimic the

structure of cells and their organelles.105 This allows multiple enzymes to exist in solution without

protein-protein interactions occurring due to the compartmentalisation of the enzymes. Although



Chapter 1 – Introduction

23

this method can be highly effective at preventing denaturation occurring from additives or other

enzymatic species, it does not protect against fluctuations in temperature or autolytic digestion.

1.6.6 Post-translational Protein Modification

All of the methods discussed previously involve the introduction of an additive or modification

of the amino acid sequence prior to translation of the protein. As many of the naturally occurring

amino acid side chain groups possess functionalities that can be chemically modified using mild

conditions, vast research has been conducted into the effects of post-translational modification

upon stability.24, 65-67 Post-translational modifications include chemical modifications,

immobilisations and the synthesis of protein-polymer conjugates.

1.6.6.1 Chemical Modification

Originally chemical modifications were employed to gain information about protein structure and

function but the technology has since been utilised to enhance activity and stability of enzymes.106

Chemical modification strategies aim to increase the stability of enzymes by enhancing the

strength of intramolecular bonding.107 To reduce the potential for loss of activity, the location of

the modification needs to be carefully considered as many amino acids are vital for enzymatic

functionality. As environmental conditions can also impact upon an enzyme’s activity, reaction

conditions and reagents also require thoughtful selection. Two methodologies of chemical

modification have been highlighted to be effective at inducing higher stabilities within protein

species: introducing cross-links and altering the surface charge.106

Naturally occurring covalent cross-links such as disulfide bonds are commonly present within

many native enzymes and provide a significant contribution to the stabilisation of enzymes.108

Although the introduction of covalent cross-links is thought to destabilise structures with regards

to their entropy, the significant increase in enthalpy governs the increase in stability observed in

many cases.109 The introduction of permanent cross-links has been observed to increase protein’s

stability in regards to catalytic half-life and denaturation temperature. Ryan et al. introduced new
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permanent cross-linking in HRP by employing bis(N-hydrosuccinimide ester) species with

varying core domain functionality.110 Although the specific placement of the cross-linkers was

not discussed, inter-protein cross-linking was not observed and only one free L-lysine amino

group was found to be present in the final enzymatic species. Catalytic half-life of species

modified with suberic acid bis(N-hydroxysuccinimide ester) (SA-NHS) were enhanced 6-fold

compared with the native species (Figure 1.16). Altering the core domain to an ethylene glycol

derivative (EG-NHS) was observed to further enhance stability with an increase of 23-fold,

without a substantial decrease in initial activity. The main difference between the two species was

the distance the cross-linker could span; SA-NHS only spans 11 Å compared with EG-NHS,

which can span 14 Å. This suggests the length of the cross-linker is a key parameter in designing

stable cross-linked proteins.

Figure 1.16 Residual activity of HRP with bis(N-hydrosuccinimide ester) cross-linkers. Adapted from
Ryan et al.110

It has been shown that chemical modification by cross-linking can be combined with protein

engineering to generate novel sites in close proximity that can be cross-linked post translation.

Indeed, Muheim et al. combined the two techniques to generate crosslinking within cytochrome C

through chelation of ruthenium ions.111 In cytochrome C, the side chains of amino acid residues

of 39 and 58 are in close three dimensional proximity and therefore through protein engineering
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were both expressed as L-histidine residues to generate the mutant enzyme, H39H58 cytochrome

C. The coordination of ruthenium within the mutant species was observed to increase the

denaturation temperature from 56.3 °C, observed in the wild type protein, to 72.8 °C. Without the

presence of ruthenium, a decrease of 6.7 °C in denaturation temperature was reported in

comparison to the wild type enzyme. This supports the theory that the enhancement observed is

directly related to the presence of ruthenium cross-linking.

The second type of chemical modification involves the alteration of the surface charge densities,

which can be implemented by the introduction of either non-polar or polar residues.106 The

introduction of non-polar residues can enhance the stability of the enzyme by strengthening the

hydrophobic interactions found within the tertiary structure of the protein. In contrast, the

conversion of residues to contain more hydrophilic or polar species can allow the formation of

additional hydrogen bonding interactions and thus enhancing the stability. Additionally,

Mozahaev et al. hypothesise that the addition of hydrophilic residues can protect hydrophobic

segments of the native protein from unfavourable interactions with the surrounding water leading

to an increase in stability.112

The successful stabilisation of many proteins has been achieved by modifying the residues upon

the surface of the protein including HRP, trypsin and α-CT.112-114 For example, Melik-Nubarov

et al. modified varying amounts of the L-lysine residues within α-CT by reductive alkylation 

(Figure 1.17).114 The resulting alkylated α-CT species all possessed a higher degree of stability 

than the wild type α-CT. A positive correlation was also observed between the degree of 

modification and the enhancement of stability.



Chapter 1 – Introduction

26

NH2

Glyoxylic acid

HN

OHO

Figure 1.17 Schematic representation of reductive alkylation of L-lysine residues.

1.6.6.2 Immobilisation

The process of immobilisation converts enzymes from a soluble species to an insoluble species

to increase stability and provide easy purification for industrial processing. In addition to the

beneficial properties introduced by chemical modification, immobilisation has the additional

advantage of providing the native enzymes with increased rigidity and therefore can withstand

harsher conditions before the tertiary structure is affected.115 Enzymes have been immobilised on

numerous supports including silica, glycoxyl agarose, poly(hydroxyethyl methacrylate) and

poly(glycidyl methacrylate).116-121

To allow effective immobilisation of the enzymes, the support must not form unfavourable

interactions with the enzyme. The effectiveness of immobilisation on activity and stability can be

quantified by two key parameters; immobilisation yield and stability factor. Immobilisation yield

is used to quantify the number of enzymes that have been successfully immobilised on to a

support; the yield represents the fraction of immobilised enzyme that retains catalytic activity.

Stability factor quantifies an enzyme’s ability to retain activity in comparison to the native

enzyme at various conditions; the factor is calculated by a ratio between the half-life of the native

enzyme and the immobilised enzyme.

Enzymes can be immobilised through non-covalent adsorption or the formation of covalent

bonds. The most common enzymes employed for non-covalent adsorption immobilisation are

lipases as a result of hydrophobic interactions between residues surrounding the active site

facilitating the adsorption.120, 122 The immobilisation of enzymes can fix the conformation of an
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enzyme so it maintains an active conformation.123 Lipases have an inactive conformation in which

the active site is shielded by a “lid”; in the presence of hydrophobic droplets the “lid” moves to

reveal the active site and possible sites for adsorption.124, 125

Yang et al. highlighted that non-covalent attachment methods can enhance stability of lipases to

a greater extent than covalent techniques.121 Indeed, they immobilised Arthrobacter lipase on to

the surface of glutaraldehyde-modified silica particles using non-covalent and covalent

interactions and studied the resulting stability of the lipase (Figure 1.18). Lipase bound by

covalent interactions was observed to reduce in activity to 33% of the initial activity when

exposed to vinyl acetate at 60 °C for 16 hours. However, lipase that was connected to the silica

particles by non-covalent hydrogen bonding was observed to retain 42% of the initial activity. It

was hypothesised that the covalent linkages could disrupt the surface charge distribution or the

tertiary structure of the protein.

Figure 1.18 Schematic representation of the adsorption of lipase onto glutaraldehyde-modified silica
nanoparticles. Reproduced from Jesionowski et al.120

As the bonds involved in non-covalent immobilisations are mainly weak van der Waals

interactions, they are easily disrupted and leaching of enzymes can occur into solution.126 As a

result of the weak attachment, extensive research has been conducted into immobilisation

employing stronger covalent interactions. Although single covalent interactions can provide some

stability, multi-point immobilisation, as represented in Figure 1.19, has been observed to be

significantly more effective at providing additional stability.115 This is hypothesised to be as a
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result of the multi-point attachment causing an increase in rigidity of the enzyme. For example,

Fernandez-Lafuente et al. covalently attached thermophilic esterase to the surface of glyoxyl

agarose gels by both single and multipoint attachment.116 The enzymes were covalently bound to

the support through the amine groups from the L-lysine residues on the surface of the esterase.

The amine residues react with the glyoxyl groups on the support to form stable amide bonds; the

density of glyoxyl groups on the surface was modified to create both single and multi-bound

enzymes. The stabilisation factor for the singly immobilised esterase was 550 at pH 5 compared

with a stabilisation factor of 30,000 for a multi-point immobilised enzyme, which is over a 50-fold

improvement in stability.

Figure 1.19 Schematic representation of the effect of single point and multipoint immobilisation on
enzyme rigidity. Taken from Fernandez-Lafuente et al.116

Immobilisation is a technique that is compatible with other stabilisation methods; the production

of an enhanced stability enzyme via protein engineering or a stable extremophile enzyme can be

further stabilised by the immobilisation of the enzyme by multipoint covalent attachment. Indeed,

Tardioli et al. have successfully immobilised the extremophile enzyme, Thermoanaerobacter

cyclomaltodextrin glucanotransferase, on to glyoxyl agarose gel;118 the immobilised enzyme

exhibits similar activity to that of the free enzyme but has an increase in optimum operating

temperature by 10 °C.
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1.7 Protein-polymer Conjugates

Although polymers are effective as additives in formulations to stabilise enzymes, the efficiency

can be greatly improved when the polymer is covalently conjugated to the enzyme surface. In

contrast to immobilisation, protein-polymer conjugates remain soluble in aqueous solutions. The

Davis group pioneered the conjugation of synthetic polymers to the surface of proteins with the

conjugation of PEG to bovine serum albumin, where they observed the enhanced properties

including increased solubility, longer circulation times in vivo, and decreased immune

response.127 Since the initial discovery of protein-polymer conjugates (PPCs) beneficial

characteristics, PEG has been bio-conjugated to a variety biomolecules and furthermore, has also

been incorporated into many pharmaceuticals that are both FDA-approved and widely

available.128-132

Following the successful synthesis and beneficial properties of PEGylated proteins, the formation

of PPCs has been studied employing numerous polymers and proteins.133, 134 PPCs have been

shown to provide stability against many external factors and stimuli including pH, temperature

and lyophilisation. For example, Depp et al. reported an enhancement of catalytic stability of

α-CT from 0% to 70% after 48 hours at 37 °C following the formation of a PPC with three grafted 

poly(N-2-hydroxylpropylmethylacrylamine) chains.135

The formation of a PPC can provide enhanced stability compared to that of an unbound polymeric

additive, although the effect can be dependent upon concentration. An example is provided by

Mancini et al.;136 they synthesised PPCs from lysozyme and unbound polymers containing

trehalose pendent groups with various molecular weights by reversible addition-fragmentation

chain-transfer polymerisation. Lysozyme was examined for stability towards lyophilisation with

unbound polymer at concentrations equal to, and 100-fold to, that present within the PPC species.

At all molecular weights investigated, PPCs were found to be over 50% more effective at

providing stabilisation than the unbound polymer present at the same concentration to the PPC

species. However, upon increasing the concentration of the unbound polymer to 100-fold that of
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the PPC, both systems were found to be similar in stabilising effect. As a result of the growing

interest in the field of PPCs, the subject has been extensively reviewed, most recently by

Pelegri-O’Day and Maynard.129, 137-141

1.7.1 Polymerisation Techniques

The development of polymerisation techniques has allowed the scope of possible PPCs to expand

greatly with access to a larger number of potential monomers and architectures. The field of PPCs

expansion can be linked to the introduction and advances in reversible-deactivation radical

polymerisation (RDRP) techniques (Figure 1.20).140 Compared with other living polymerisation

techniques, such as living ionic polymerisation, RDRP can afford similar control over the

resulting polymeric species without stringent experimental conditions associated with the other

techniques.142-144 RDRPs have been adapted to a wide range of reaction conditions including

variations in temperature, solvent and monomer species whilst maintaining well-defined

structures and control over the molecular weight and composition of the polymer.

Figure 1.20 Timeline highlighting for advances in protein-polymer conjugates. Reproduced from
Pelegri-O’Day et al.140

The most common RDRP techniques employed for the synthesis of PPCs are atom-transfer radical

polymerisation (ATRP) and reversible-addition fragmentation chain-transfer (RAFT)

polymerisation.137 However, there are reports of other polymerisation techniques including

ring-opening metathesis polymerisation (ROMP) and ring-opening polymerisations (ROP)

achieving successful synthesis of PPC species.145-147
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1.7.1.1 Atom-Transfer Radical Polymerisation

ATRP was first demonstrated by both the Sawamoto group and the Matyjaszewski group

independently in 1995.148, 149 As a result of the potential of the polymerisation technique, ATRP

has been reviewed extensively.150-152 ATRP involves a dormant species with a halide group and a

transition metal catalyst capable of accepting the labile halide. The radical species in ATRP is

controlled by a reversible redox reaction, which is mediated by a transition metal. Although ATRP

is possible with many transition metals including ruthenium,148, 153 iron,154, 155 molybdenum,156, 157

and titanium,158 copper–catalysed ATRP has dominated this field of research.159

Many reports have agreed upon an accepted mechanism for ATRP (Figure 1.21).149, 159-161 The

polymerisation proceeds when the transition metal complex interacts with the dormant species,

the organic halide, to generate a radical chain end capable of propagating with monomeric species

and an oxidised transition metal complex. This mechanism relies on the equilibrium of the

reaction being in favour of the dormant species (kact<<kdeact) to maintain a low concentration of

radicals and therefore minimise termination reactions. Termination reactions can occur through

combination of radicals or the abstraction of a hydrogen causing disproportionation. The low

concentration of radicals also aids in the control of the narrow molecular distribution associated

with RDRP processes.

Figure 1.21 Mechanisn for ATRP. 159, 161
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ATRP polymerisation rates are dependent upon the ATRP equilibrium constant, KATRP, which is

defined as the ratio between kact and kdeact. KATRP can be affected by many factors including

temperature, solvent, initiator structure, and the metal catalyst/ligand combination.162-164

Nitrogen-based ligands have found to be produce successful catalysts for ATRP when combined

with transition metals. The number of nitrogen atoms present within the ligand has found to have

a significant impact on KATRP and ligands that have a higher nitrogen content have been found to

be more active ATRP catalysts. Additionally, Tang et al. have investigated many different

nitrogen-based ligands and calculated their KATRP within a copper catalysed ATRP process (Figure

1.22). This enabled them to draw comparisons based upon not only nitrogen content but also the

introduction of branched and cyclic structures within the ligand species.

Figure 1.22 ATRP equilibrium constants, KATRP, for various nitrogen-based ligands with the initiator
ethyl α-bromoisobutyrate in the presence of Cu(I)Br in MeCN at 22 °C. Colour key:(red) N2; (black) 
N3 and N6; (blue) N4. Symbol key: (solid) amine/imine; (open) pyridine; (left-half-solid) mixed; (■) 

linear; (▲) branched; (●) cyclic. Taken from Tang et al.164

The structure of the initiator also affects KATRP and therefore also needs careful selection. Indeed,

Tang et al. thoroughly investigated the use of alkyl halides as initiator species.164 They found that
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bromine-base initiators were more active than their chlorine-based equivalents and concluded that

the ability of the halogen atom to act as a leaving group was an important factor in controlling the

rate of polymerisation. In addition to the nature of the leaving group, the ability of the initiator to

form a stable radical species was essential component to an active ATRP process. For example,

tertiary alkyl halides were observed to be on average 30-fold larger than their equivalent

secondary halide analogues. The structure of the ATRP initiator can be altered to create different

structures including linear, branched, and polymeric stars. The use of trifunctional and

tetrafunctional initiator species form star-based polymers upon polymerisation accessing these

morphologies without requiring post-polymerisation modification techniques.

Figure 1.23 Examples of ATRP intiator structures employed to form linear, branched, or polymeric
star morphologies.

ATRP has numerous applications due to its simple experimental set up, inexpensive copper

catalysts and commercially available ligands and initiators. The technique is also tolerant of many

functional groups and so can be applied to a wide range of monomers including acrylates,

methacrylates, styrenes, and acrylonitriles.165 However, one of the main concerns that is raised

about the commercialisation of products produced via ATRP is the significant presence of the

copper metal catalyst, which is required to be removed after the polymerisation.166 To alleviate

these problems, research has been conducted into variants of ATRP that contain lower amounts
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of copper including electrochemically mediated ATRP (eATRP),167 supplemental activator and

reducing agent (SARA) ATRP,168 activators regenerated by electron transfer (ARGET) ATRP,169

and single electron transfer living radical polymerisation (SET-LRP).170 Metal-free ATRP was

also reported by Treat et al.;171 they reported an organic-based photoredox catalyst that was found

to catalyse ATRP reactions with activation and deactivation controlled by the presence of light.

The resulting polymers had well controlled molecular weights, narrow dispersity and high

polymeric chain end fidelity.

1.7.1.2 Reversible-Addition Fragmentation Chain-Transfer Polymerisation

RAFT polymerisation was first developed by Moad, Rizzardo and Thang in 1998.172 However, a

few months earlier Zard et al. introduced the technique of macromolecular design via interchange

of xanthates (MADIX),173, 174 which has since been classified as a sub-type of RAFT

polymerisation, which employs xanthates as chain transfer agents (CTAs). RAFT polymerisation

techniques are employed as a result of their excellent control over the polymeric architecture and

molecular weight distributions. RAFT polymerisation also displays good versatility for a range

of solvents and functional monomers.175 Additionally, RAFT does not use metal complexes, as

required for typical ATRP processes, instead requiring the use of a chain transfer agents (CTAs)

to mediate the reaction between active (propagating) and stable radical species.

The RAFT mechanism is shown in Figure 1.24.176 The initiation of the RAFT polymerisation is

typically the decomposition of a radical initiator, such as azobisisobutryonitrile (AIBN). The

initiator can either be susceptible to thermal decomposition, where temperature is used to initiate

the polymerisation, redox reactions, or to photolysis, where a specific wavelength of light is

used.177 The initiator radical reacts with monomer present to form a propagating radical species,

which then rapidly adds to the RAFT CTA to stabilise the radical species. The fragmentation of

this intermediate can occur reversibly to release either the propagating polymer chain or the

reinitiating group (R). Upon fragmentation, the R group is able to initiate polymerisation and form

a new propagating polymer chain. Once the reaction contains no free R groups, the system enters
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equilibrium between the two propagating polymers. A rapid exchange of dormant and active

chains enables all polymer chains to grow at similar rates ensuring a low molecular weight

dispersity. Termination reactions can occur through combination and disproportionation, as seen

previously with ATRP, though the low concentration of radical species minimises these

processes.

Figure 1.24 Proposed general mechanism of RAFT/MADIX polymerisation. I = initiator,
M = monomer, P = polymer, R and Z = RAFT group functionalities. Reproduced from Moad et al.176

There are a wide variety of RAFT CTA agents available and the selection can significantly affect

the ability to synthesise well-defined and well-controlled polymers.176, 178 The R and Z groups of

the CTA determine the success of the polymerisation. The R group is required to be a good leaving

group compared with the propagating polymer chain and is also responsible for the reinitiation
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process and so careful selection is required. The nature of the Z group is also important to consider

as the group strongly influences the stability of the RAFT CTA. The electron withdrawing or

donating properties of the Z group dictate the ability of the CTA to stabilise the propagating

radical. Four different groups of RAFT CTA have been reported, identified by the nature of the

Z group (Figure 1.25).178

Figure 1.25 The generic structure of a RAFT CTA. Taken from Willcock and O’Reilly.179

Monomers can be classified into two different types, more activated monomers (MAMs) and less

activated monomers (LAMS). MAMs, including monomers such as styrenes, acrylates, and

methacrylates, require RAFT CTAs with a higher chain transfer constant, i.e. a high rate of chain

transfer with respect to the propagating radical, as these monomers form more stable propagating

radicals.180, 181 In contrast, LAMs, including vinyl acetate and N-vinylpyrolidone, form unstable

radical species and therefore it is necessary to employ RAFT CTAs with lower chain transfer

constants, such as dithiocarbamates.182 The selection of both the R and Z group is highly

dependent upon the monomer species and extensive research has been conducted to identify

compatible pairings of monomers and R and Z groups. Indeed, Moad et al. highlighted the

preferred R and Z groups for different types of monomer (Figure 1.26).182
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Figure 1.26 Guidelines for appropriate RAFT CTA selection for controlled polymerisations.
S = styrenes, MA = methacrylates, AA = acrylic acid, AM = acrylamide, AN = acrylonitriles,

MMA = methyl methacrylate, and VAc = vinyl acetate. Dotted lines indicate that there is only partial
control over the polymerisation. Taken from Moad et al.182

1.7.2 Synthetic Approaches

Many synthetic pathways exist to the production of protein-polymer conjugate species. There has

already been extensive research conducted into the synthesis of PPCs and the different synthetic

approaches have been separated into three main strategies: “grafting to”, “grafting from”, and

“grafting through” (Figure 1.27).139, 183, 184 Polymers can be covalently bonded to the surface of

proteins via any available modifiable residues including L-lysine, L-cysteine and L-tyrosine

residues.185, 186 It is also possible to create single-site PPCs by targeting the N-termini,187 amino

acids that are singly abundant,188, 189 or newly introduced non-natural amino acids.190, 191
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Figure 1.27 Schematic representation of the three main strageties for formation of PPCs:
a) “grafting to” b) “grafting from” and c) “grafting through”.

1.7.2.1 “Grafting to”

The “grafting to” approach requires a pre-synthesised polymer chain with a reactive end group,

such as an active ester or a disulfide; this allows for reaction with amino acids on the surface in

order to form the PPC.183, 192-194 The “grafting to” approach is the most commonly used technique

as it is possible to make well-defined polymers prior to conjugation, allowing for greater control

of the polymeric species.195 As the polymer is synthesised separately, harsh conditions that may

be required during polymerisation do not affect the enzyme, avoiding denaturation during the

synthesis.196

Although the “grafting to” approach is simpler experimentally than “grafting from” or “grafting

through” approaches, the products have a large dispersity due to the formation of mono, di, tri

and non-conjugated enzymes. Lele et al. synthesised PPCs from α-CT and PEG via “grafting to”

the L-lysine residues on the surface of the α-CT;197 the MALDI-ToF analysis of the PPCs

produced is displayed in Figure 1.28. The spectrum shows the large dispersity and the production

of mono, di, and tri-conjugated CTs. In addition, the PPCs synthesised via the “grafting to”

method often have a lower grafting density than those produced using any other approach owing

to the steric hindrance of the polymer chains.138 The purification of these “grafting to” reactions
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can also be somewhat problematic, as it requires separating out unreacted polymer from the

protein-polymer conjugate.

Figure 1.28 MALDI-TOF mass spectrum of α-CT-PEG PPCs synthesised via a “grafting to” method.
Reproduced from Lele et al.197

1.7.2.2 In Situ Formation of Protein-Polymer Conjugates

“Grafting from” and “grafting through” approaches to synthesise PPCs both require an in situ

polymerisation from the surface of the enzyme. The main feature that distinguishes the two

techniques is the functionality that is attached to the surface of the protein. The “grafting from”

approach requires an initiator or chain transfer agent to be bound, compared with the

“grafting through” approach in which a polymerisable group, for example a vinyl group, is

attached to the surface of the protein.198, 199 For both of these methodologies, due to the sensitivity

of the protein, mild polymerisations conditions need to be utilised to prevent denaturation during

polymer synthesis.200 In contrast to the “grafting to” approach that has a major limitation in

purification owing to the separation of large polymeric species from the final product, purification

of the final PPCs synthesised using “grafting from” and “grafting through” is very simple as it
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merely requires the separation of low molecular weight monomeric species or catalysts from the

much larger protein-polymer conjugate.

1.7.2.2.1 “Grafting from”

Bontempo et al. were among the first to create a protein macro-initiator for use in the synthesis

of PPCs via a “grafting from” approach.201 They exploited the high binding affinity between biotin

and streptavidin and successfully attached four biotin-modified ATRP initiators to streptavidin

(Figure 1.29). The resulting macro-initiator was employed to grow poly(N-isopropylacrylamide)

from the surface of the protein.

Figure 1.29 Synthesis of a protein macro-intiator for the production of PPCs via a “grafting from”
approach. Taken from Bontempo et al.201

Polymers grown from the surface of proteins are difficult to analyse and therefore the use of

sacrificial initiators is a common practice when performing ATRP from a surface to enable

characterisation of the polymeric species.202, 203 Sacrificial initiators are free initiator species

incorporated into the reaction to study the polymer species. However, this technique requires the

assumption that polymerisations from the surface are occurring at the same rate as the free

polymerisation in solution. To alleviate the problems from the use of sacrificial initiators,

cleavable linkages have been investigated. Cleavable linkages can be incorporated into the

initiator species and can facilitate the removal of the polymers from the protein for

post-polymerisation analysis to determine the molecular weight and characteristics of polymers.
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For example, Averick et al. have successfully attached an ATRP initiator with a cleavable ester

linkage (Figure 1.30) to the surface of bovine serum albumin (BSA).200 The BSA macro-initiator

was subsequently used to polymerise oligo(ethylene glycol) monomethylether methacrylate

(OEGMA) using ATRP. The polymer was then cleaved from the BSA using 5% KOH (w/v)

solution through hydrolysis of the ester. In this case, the poly(OEGMA) chains were not affected

by the cleavage conditions, but careful consideration is required when selecting reagents for

cleavage reactions as to not induce hydrolysis or cause other modifications within the polymer

chain.200

Figure 1.30 Cleavable ATRP initiator employed by Averick et al.200

Despite the advantages of the “grafting from” approach, one significant limitation of the technique

is the typical initiators and chain transfer agents required for radical polymerisations are insoluble

in aqueous conditions. To alleviate this problem, many literature reports indicate the addition of

organic solvents to facilitate the conjugation reaction.135, 190, 200, 204 However, organic solvents can

disrupt the network of bonds that control the tertiary structure of the protein. Indeed, Vinogradov

et al. found that 20% of the active sites in α-CT were denatured during conjugation to both 

hydrophobic and hydrophilic substrates when using both DMF-water and ethanol-water

mixtures.205

Developments in the synthesis of PPCs has provided two possible solutions to avoid the addition

of non-aqueous solvents. The first approach is the development of water soluble initiators, which

has been demonstrated by Murata et al. and Li et al., synthesising an ATRP initiator and a RAFT

CTA, respectively, that can react with primary amine groups present in proteins, through an

activated ester, in fully aqueous systems.193, 206 The second approach to alleviate this problem can

be considered to be a combination of “grafting to” and grafting from”. Falatach et al. proposed
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an approach to increase the hydrophilicity of the existing initiator species and RAFT CTAs by

initially producing short chain oligomers of hydrophilic monomers before conjugation to the

protein.207 These oligomers have an increased hydrophilicity and can then be attached to the

protein in aqueous environments. The oligomers synthesised are smaller than the polymers

typically used in “grafting to” and so steric hindrance is reduced in comparison, resulting in higher

grafting densities than those observed in conventional “grafting to” techniques. As block

copolymers have successfully been produced from ATRP and RAFT techniques,208, 209 this can

then be employed to extend the oligomers in a “grafting from” approach.

1.7.2.2.2 “Grafting through”

Similar in nature to “grafting from”, “grafting through” employs an in situ polymerisation to form

PPC species. The main difference is the moiety attached to the protein is a polymerisable group

as opposed to an initiator or CTA. Yan et al. employed this approach to synthesise single enzyme

nanogels (Figure 1.31).198 In a two-step process, initially the surface of HRP was chemically

modified by acryloylation to provide vinyl groups. The second step was the free-radical

polymerisation of acrylamide in the presence of the protein macro-monomer and a crosslinking

species. The density of the polymer shell could be increased by performing subsequent

polymerisations in the presence of the initial nanogel. The stability of the resulting HRP-nanogels

to temperature, methanol, tetrahydrofuran and dioxane was significantly increased compared with

free HRP to temperature, methanol, tetrahydrofuran and dioxane. For example, the residual

activity of HRP-nanogels after 60 minutes at 65 °C was 90% in comparison to less than 5% for

the free enzyme. Additionally, Beloqui et al. have stabilised HRP and glucose oxidase using

single enzyme nanogels and successfully printed the enzymes to create a two dimensional cascade

system.199
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Figure 1.31 Synthesis of single enzyme nanogels via the “grafting through” approach. Taken from
Yan et al.198

1.7.3 Site-Selectivity

Site-specificity can be an important factor to consider when designing a PPC, as incorrect

placement of polymers can block access to an active site or induce unfavourable interactions

resulting in aggregation or misfolding of the protein.33, 35 Single site conjugation can be achieved

via control over molar ratios but this technique lacks control of the modification location.

Site-selectivity can be achieved by the introduction of non-natural groups into the sequence of

proteins;210 the mutated residues can either provide an initiation point for selective modification

or replace a highly reactive residue to allow modification at less reactive sites.211 For example,

Rosendahl et al. modified α-interferon (IFN-α) to include a free L-cysteine residue on the protein’s

surface; it was confirmed by gel electrophoresis that IFN-α was able to undergo mono-site 

PEGylation without the production of di- or tri- PEGylated products.212 In comparison,

Yamamoto et al. replaced the L-lysine residues in tumor necrosis factor-α with amino acids 

glycine, L-alanine, L-threonine, and, L-cysteine, so that it retained bioactivity; the replacement

allowed the N-terminus to be the target of single site PEGylation as the newly introduced amino

acids did not contain amine functionalities.213
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1.8 Concluding Remarks

In this Chapter, the structures and folding of proteins and enzymes have been discussed,

highlighting the interactions present and the spontaneous nature of protein folding. The possible

pathways for protein inhibition, denaturation and inactivation have also been introduced to

emphasise the unstable nature of protein species and the requirement for enzyme stabilisation

technologies. An introduction to the various methodologies for the stabilisation of enzymes has

been given with particular attention given to the synthesis of protein-polymer conjugates. From

the initial origins and successes of protein-polymer conjugates synthesised via PEGylation, the

field of protein-polymer conjugates has greatly expanded. The growth of the field has been greatly

enhanced by the development of reversible-deactivation radical polymerisations. A review of the

potential strategies for the synthesis of protein-polymer conjugates highlighted the effect the

synthetic route can have upon the morphology, activity and stability of the resulting conjugate

species.
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2.1 Abstract

The work in this Chapter discusses the effect of pH and concentration on the potential site-specific

conjugation of an atom transfer radical polymerisation initiator to a model protease enzyme,

α-chymotrypsin. The activity and stability of the resulting macro-initiator species was also 

investigated; a positive correlation was observed between the initiator grafting density and the

thermal stability of the enzyme. In all cases, attachment of the initiating molecule onto the

α-chymotrypsin was found to not hinder the enzymatic activity of the latter. Both 

N-hydroxysuccinimide esters and aldehyde conjugation–based chemistries were explored as it

was found that residual N-hydroxysuccinimide can cause inhibition of the α-chymotrypsin 

activity while aldehydes lack chemical stability in aqueous media and can cause precipitation of

the resulting macro-initiator.

2.2 Introduction

2.2.1 Chemical Modification of Proteins

The modification of proteins is a useful tool to alter their natural behaviour and increase their

stability, activity, or cellular uptake.1-3 Proteins consist of amino acids that have various

functionalities, many of which can be utilised to introduce non-native groups within a protein.4

Examples of such chemical modifications include phosphorylation of alcohol-containing amino

acids and reaction of active esters with residues containing nucleophilic moieties.5, 6 Conjugation

of small molecules can also occur via L-cysteine residues, either in their free thiol form or by

breaking their disulfide bonds and reacting them with a small molecule.7, 8 In a recent example,

Robin et al. modified the protein salmon calcitonin by bridging the disulfide bond present in the

native protein with a dibromomaleimide functionality, creating a dithiomaleimide fluorescent

protein conjugate.7

As multiple potential conjugation sites are available on every protein, selective chemistries can

be employed to direct the modifications to certain types of residues or specific locations within
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the primary sequence. Modification reactions must also be conducted in mild conditions, such as

aqueous environments and low temperatures, to prevent denaturation of the protein during these

synthetic procedures. One way of directing modification sites is to utilise non-natural amino acids

that can undergo reactions that are orthogonal to the natural residues.9 Deiters et al. successfully

incorporated non-natural amino acids via protein-engineering containing alkyne and azide

functionalities into human superoxide dismutase at five different locations within the protein.10

They were then able to conjugate dyes to the newly introduced residues without modifying any

other residues due to the reaction between azide and alkyne functionalities being bioorthogonal

to reactions that can take place between the natural residues.11

Figure 2.1 Schematic representation of examples of non-natural amino acids utilised by Deiters et al.
that can be reacted using biorthogonal chemistries to natural residues.10

2.2.2 Post-Translational Modification of Proteins

As the introduction of a non-natural amino acid can be time-consuming and low yielding, many

post-translational methods exist to modify proteins in a site-selective manner.12 Proteins that

naturally contain a single residue of interest, for example bovine serum albumin (BSA) contains

only one free L-cysteine residue that is not participating in disulfide bonds,13 can be utilised to

create single-site protein modifications. Bontempo et al. successfully modified BSA using a

disulfide functionalised poly(hydroxyethylmethacrylate) to synthesise a protein-polymer

conjugate with a single site graft.14

When multiple sites of the same residue or functional group are present on the surface of a protein,

other chemistries must be employed to target the required site. Schoffelen et al. were able to

introduce an azide functionality using a diazotransfer reagent, imidazole-1-sulfonyl azide, to a

single site within Candida antarctica lipase B (CalB). This was achieved by reducing the pH
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during the conjugation to 7.0, allowing only the α-amine at the N-terminus to react leaving the

other amines present in L-lysine residues unreacted.15

2.2.3 Synthesis of Polymer-Functionalised Proteins

The attachment of polymers to the surface of proteins to form protein-polymer conjugates (PPCs)

was first reported by Abuchowski et al., who modified BSA with poly(ethylene glycol) (PEG),

where they observed the enhanced properties including increased solubility, longer circulation

times in vivo, and decreased immune response.16 Since the initial discovery of PPCs beneficial

characteristics, PEG has been bioconjugated to a variety biomolecules and furthermore, has also

been incorporated into many pharmaceuticals that are both FDA-approved and widely

available.17-21 The field of polymer-functionalised proteins has expanded rapidly with not only the

attachment of PEG but many other functional monomers.22-24

Additionally, various routes to generate PPCs have been explored as they can be synthesised not

only by covalently attaching a pre-formed polymer but by performing an in-situ polymerisation

from the surface of a protein. The conjugation of functionalities required for polymerisations from

the surface of a protein has been shown in the literature with a variety of species that can facilitate

different types of reversible-deactivation radical polymerisation (RDRP) including atom transfer

radical polymerisation (ATRP), reversible addition-fragmentation chain transfer (RAFT) and

ring-opening metathesis polymerisation (ROMP).24-29 The synthesis of ATRP initiator-containing

protein macro-initiators is of high interest as the subsequent polymerisation can be performed in

an aqueous environment at low temperatures.30-32
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Figure 2.2 Schematic representation of examples of protein macro-initiators utilised in RDRP to form
PPCs in literature reports.24-26

ATRP initiators with a functional handle that can be used to conjugate them to a protein typically

have low water solubility. Many systems require a mixture of water and organic solvents,

including dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), and dichloromethane, to

facilitate a reaction between the initiator and the protein.33-35 The addition of organic solvents can

cause denaturation of some enzymatic species as they can disrupt the non-covalent interactions

required to form the secondary structure; if the concentration is increased past a certain threshold,

it can cause the protein to precipitate.36 Indeed, Wiggers et al. found that the addition of only

5% v/v DMSO caused a decrease in the activity of glyceraldehyde-3-phosphate dehydrogenase

by 50% thus highlighting the sensitive nature of the exposure of proteins to organic solvents.37 To

circumvent solubility and protein denaturing issues, Murata et al. developed a novel ATRP

initiator that is both water-soluble and can be successfully conjugated to the surface of a
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chymotrypsin without the addition of an organic solvent and achieved polymerisations of several

monomers including N,N-dimethylaminoethyl methacrylate and N-isopropylacrylamide.38, 39

2.2.4 Structure and Activation of α-Chymotrypsin 

α-Chymotrypsin (α-CT) is a model protease enzyme, which is made up of three separate 

polypeptide chains that are held together by multiple disulfide bridges, whose stability has been

studied in many different conditions including aqueous buffer, human intestinal fluid, and

encapsulated in both particles and reverse micelles.38, 40-42 α-CT is activated from a zymogen, an 

inactive enzymatic precursor, chymotrypsinogen.43 As α-CT is secreted by the pancreas in order 

to aid digestion,44 the zymogen allows transport of the enzyme in an inactive form to prevent

damage to organs before delivery to the digestive tract. The activation process proceeds via two

active intermediate species: π-chymotrypsin and δ-chymotrypsin (Figure 2.3). The activation of 

chymotrypsinogen requires the addition of a second proteolytic enzyme, trypsin.45 Trypsin

cleaves the peptide bond between Arg15 and Ile16; the cleavage of this bond allows the newly

produced N-terminus amine group to interact with Glu194 to produce the oxyanion hole required

for catalysis to occur.46, 47

Figure 2.3 Schematic representation of the formation of active α-CT from the inactive zymogen, 
chymotrypsinogen.
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The remaining steps that occur within the activation of α-CT are self-catalysed, or more 

commonly referred to as auto-activation. π-Chymotrypsin cleaves the bond between Leu13 and 

Ser14 to release the dipeptide of Ser-Arg and form δ-chymotrypsin. The final process in the 

activation of chymotrypsinogen is the removal of the dipeptide Thr147-Asn148 to produce

species α-CT, which is more stable than either π- or δ-chymotrypsin species.48

α-CT is a serine protease, which is a class of enzymes that utilise L-serine as the nucleophilic

amino acid within the active site to catalyse the hydrolysis of peptide bonds. α-CT has an active 

site that consists of three residues, referred to as a catalytic triad, consisting of Ser195, His57, and

Asp102 (Figure 2.4).49 Enzymes are selective catalysts and certain proteases will only cleave

bonds at specific locations within a primary sequence, the selectivity of serine proteases is based

on the composition of the S1 pocket., α-CT selectively cleaves peptide bonds next to aromatic 

residues such as L-phenylalanine, L-tyrosine, and L-tryptophan due to the hydrophobic S1

pocket.50, 51
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Figure 2.4 Schematic representation of a) the catalytic triad (Ser195, His57 and Asp102) present in
α-CT’s active site and b) charge relay system occurring within α-CT’s catalytic triad. 

Although much research has already been conducted in the area of post-translational protein

modification and synthesis of PPCs, there is still scope for further investigation. Site-specific

chemistries tend to only be applicable to certain residues within particular proteins, however this

work aims to investigate attachment behaviour and initiator grafting densities and their effect on

enzymatic properties with more general chemistries that can direct conjugation by altering

environmental factors including concentration and pH.
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2.3 Results and Discussion

2.3.1 Conjugation of Initiator to Chymotrypsin

As α-CT has many sites that could be modified to create a protein macro-initiator, this work 

focuses on the reaction of primary amines, which are located within both the L-lysine residues

and the N-termini of α-CT. α-CT contains 14 L-lysine residues and 3 N-termini; Figure 2.5

highlights the locations of these residues. It is therefore concluded that the potential sites for

modification are spread evenly across the surface of the enzyme.

10 20 30 40 50
CGVPAIQPVL SGLIVNGEEA VPGSWPWQVS LQDKTGFHFC GGSLINENWV

60 70 80 90 100
VTAAHCGVTT SDVVVAGEFD QGSSSEKIQK LKIAKVFKNS KYNSLTINND

110 120 130 140 150
ITLLKLSTAA SFSQTVSAVC LPSASDDFAA GTTCVTTGWG LTRYANCKKN

160 170 180 190 200
TPDRLQQASL PLLSNTNCKK YWGTKIKDAM ICAGASGVSS CMGDSGGPLV

210 220 230 240
GAWTLVGIVS WGSSTCSTST PGVYARVTAL VNWVQQTLAAN

Figure 2.5 a) Primary structure and b) crystal structure (4CHA)49 of α-CT. L-Lysine residues have
been highlighted in pink and the three N-termini highlighted in yellow. PDB crystal structure

references are identified in bold.

The aim of this study was to investigate effects of grafting density upon both macro-initiators and

PPCs and although there are different techniques to synthesise PPCs, to achieve the higher

a)

b)
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grafting densities required for this study a “grafting from” approach, which involves an in situ

polymerisation from the surface of a protein, has been investigated. To allow the production of

PPCs via a “grafting from” approach, an initiator or chain transfer agent is required to be

conjugated to the surface of the protein. To facilitate the reaction between an ATRP initiator

species and the α-CT amine residues, active ester chemistry was initially utilised. Murata et al.

have developed an ATRP initiator (I-NHS 2.1, Scheme 2.1) that is fully water-soluble and has an

active ester functionality, based upon N-hydroxysuccinimide (NHS), that is able to couple with

the available amine residues on the surface of α-CT.38, 52 In order to establish the conjugation

efficiency between initiator and α-CT, I-NHS 2.1 was dissolved in Britton-Robinson buffer at

pH  8.0 using an excess of initiator per amine (3.3 equivalents) and allowed to react with α-CT at 

4 °C.53

Scheme 2.1 Schematic representation of primary amines on the α-CT reacting with an NHS active 
ester, I-NHS 2.1, to form CT-MI 2.1.

Confirmation of the successful conjugation was achieved by 1H nuclear magnetic resonance

(NMR) spectroscopy and matrix-assisted laser desorption/ionisation time-of-flight

(MALDI-ToF) mass spectrometry (Figure 2.6 and Figure 2.7, respectively). In the 1H NMR
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spectrum, the appearance of an additional peak at 1.5 ppm was attributed to the methyl groups the

initiator species present in the purified product, however due to the accuracy of the integration of

the protein backbone, 1H NMR spectroscopy cannot quantify the attachment. Furthermore, the

native enzyme was found to contain an impurity, a singlet shown highlighted in yellow at 3.0 ppm,

which is removed by the conjugation of the initiator process, most likely during the dialysis and

ultrafiltration of the newly formed CT-MI 2.1 product.

Figure 2.6 1H NMR spectra of a) native α-CT and b) α-CT macro-initiator species (CT-MI 2.1)
synthesised using 3.3 eq. of initiator per amine at pH 8.0, in D2O at 400 MHz. The yellow region

highlights the disappearance of an impurity at 3.0 ppm and the blue region highlights the appearance of
I-NHS 2.1 peaks at 1.5 ppm.

MALDI-ToF MS analysis was used to quantify the number of initiators that were bound to α-CT 

based on the difference in the molar mass of the detected species before and after the conjugation

reaction. When using 3.3 equivalents of I-NHS 2.1 per amine (i.e. 56.1 equivalents per α-CT) and 

conducting the conjugation reaction at pH 8.0, there was a molar mass difference of 2.9 kDa

between native and macro-initiator species. This difference corresponds to an average of

13 ± 3 units covalently bound to the surface of α-CT.  
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Figure 2.7. MALDI-ToF mass spectra for α-CT and CT-MI 2.1 recorded using a positive linear mode.

To obtain macro-initiators of varying initiator grafting density, it was hypothesised that it would

be possible to sample a one-pot reaction to obtain a gradient of grafting density over time. In order

to establish the reaction kinetics, the conjugation between I-NHS 2.1 and α-CT was studied over 

time by extracting samples from the reaction and analysing them by MALDI-ToF MS

(Figure 2.8). Although MALDI-ToF mass spectrometry is not typically employed as quantitative

analytical technique,54, 55 when samples are similar in nature, a degree of quantitative analysis can

be performed.56 This assumption is utilised when fitting the spectra to a Gaussian distribution and

extracting the average number of initiators attached to the protein species and the respective error.
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Figure 2.8. a) MALDI-ToF mass spectra and b) Average number of functionalised sites as determined
by MALDI-ToF of α-CT at various time intervals after the addition of I-NHS 2.1. Error bars are

displayed as the standard deviation of the distribution based on the assumption of a Gaussian fit of the
MALDI-ToF mass spectra.

The reaction was found to proceed rapidly with 12 sites out of the 17 sites available being

modified within 10 minutes. Due to the speed of the reaction, it is not possible to create α-CT 

with different initiator grafting densities by sampling the reaction with the current conditions.

2.3.2 pH and Concentration Profile of CT-MI 2.1 Conjugation

It has been previously shown by Liu et al. that it is possible to control the number of conjugated

sites on α-CT by altering the concentration of the initiator species, who further reported that the 

modifications on α-CT occurred randomly with no site specificity.57 In contrast, Schoffelen et al.
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were able to synthesise azide-containing proteins using a diazotransfer reagent and control the

number and location of the species introduced with the pH of the reaction.15 Considering these

two studies and as a consequence of the nucleophilicity of the reaction between the active ester

and the targeted amines, it is postulated that altering the pH at which conjugation occurs will

afford control to the α-CT modifications. 

To ascertain whether the conjugation to α-CT was dependent upon the pH of the system,

CT-MI 2.1s were synthesised using a moderate excess (3.3 equivalents) of I-NHS 2.1 per amine

at varying pH values, using Britton-Robinson buffer. The efficiency of the conjugation reaction

was assessed after 3 hours using MALDI-ToF mass spectrometry (Figure 2.9 and Table 2.1).

Figure 2.9 a) MALDI-ToF mass spectra of CT-MI 2.1 species synthesised using 3.3 equivalents of
I-NHS 2.1 per amine at varying pH values b) Average number of functionalised sites as determined by
MALDI-ToF of α-CT at various pH values after the addition of I-NHS 2.1. Error bars are displayed as
the standard deviation of the distribution based on the assumption of a Gaussian fit of the MALDI-ToF

mass spectra.
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Table 2.1 Average degree of attachment of I-NHS 2.1 initiator for CT-MI 2.1 species synthesised at
varying pH values of initiator as determined by MALDI-ToF analysis. Errors are reported as the

standard deviation of the distribution based on the assumption of a Gaussian fit of the MALDI-ToF
mass spectra.

pH at which conjugation occurred

4.0 5.0 6.0 7.0 8.0 9.0

Average number of

sites functionalised
1 ± 1 3 ± 1 7 ± 2 9 ± 2 13 ± 3 14 ± 2

When conjugating at a pH value of 4.0 only one site was found to be functionalised compared to

fourteen sites that were reacted with the active ester at pH 9.0. This observation can be explained

by the relative pKa values of the L-lysine residues within α-CT confirming the stipulation that the 

nucleophilic reaction between I-NHS 2.1 and α-CT is pH-dependent.58 When the L-lysine residues

are above their pKa and therefore deprotonated, the reaction with the active ester is promoted. The

ε-amino groups on L-lysine residues have been found to have a higher average pKa than observed

in α-amino groups present at the N-termini,59 as highlighted by Magni et al., who utilised the

lower pKa of the α-amino group to selectively modify biotin-tumor necrosis factor at pH 5.8. This

indicates that conducting conjugations at pH 4.0 has allowed site specific modification of one of

the N-termini.60

In addition to the single site modification at pH 4.0, it was also observed that the number of

functionalised sites increased as the pH of the reaction was increased, generating CT-MI 2.1

species with an average of 1, 3, 7, 9, 13, and 14 initiators attached. Furthermore, as the pH of the

conjugation is increased, the degree of functionalisation increases with a relatively linear

progression. This introduces the potential of estimating, or possibly targeting, the degree of

modification of α-CT by controlling the pH of the conjugation reaction. 

Another variable that was hypothesised to have an impact upon the number of sites conjugated

was the concentration of initiator species present. In addition to altering the pH that the

conjugation occurs, the concentration of the active ester species I-NHS 2.1 was also varied (Table
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2.2 and Figure 2.10), from 0.5 to 6.6 equivalents per amine at pH values 4.0, 6.0, and 8.0.

Characterization by MALDI-ToF MS analysis confirmed that attachment occurred in all samples.

Figure 2.10 MALDI-TOF mass spectra of CT-MI 2.1 species formed at varying concentrations of
I-NHS 2.1 when the conjugation reaction was carried out at a) pH 4.0, b) pH 6.0, and c) pH 8.0.
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When conjugation was conducted at pH 4.0, the resulting CT-MI 2.1 species all were found to

have a molar mass of 25.7 kDa, an increase of 0.2 kDa compared with native α-CT. This increase 

indicates that only a single modification site was achieved in this species. Therefore this result

indicates that the modification at pH 4.0 is concentration-independent and only one site is

nucleophilic enough under these conditions to undergo successful conjugation. In addition to the

single addition, the distribution in the MALDI-ToF spectra was found to be narrow compared to

samples where the conjugation reaction was carried out at pH 6 or 8, signifying the low dispersity

of the number of initiator molecules attached.

Contrary to the observed single-site conjugation obtained at pH 4.0, CT-MI 2.1s synthesised at

pH 6.0 show an increase in the number of attachments of the initiator upon increasing its

concentration. Similarly, conducting the conjugation reaction at pH 8.0 resulted in a similar

concentration dependence as at pH 6.0. Moreover, in comparison to reactions occurring at pH 6.0,

pH 8.0 conjugations were found to reach much higher degrees of modification (up to 14 initiator

units). The overall trend with the observed data is that an increase in pH leads to an increase in

sites conjugates, however, when conjugating using 0.5 equivalents of initiator per amine, the

obtained average degree of attachment at pH 8.0 was lower than pH 6.0. This was possibly due

to changes in the overall tertiary structure of α-CT that take place within the protein once it reaches 

its point of ionisation (pI). Furthermore, it is also observed that the distribution of the CT-MI 2.1s

produced at a higher pH have an increased dispersity in comparison to their counterparts

synthesised at lower pH values.
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Table 2.2. Average degree of attachment of I-NHS 2.1 initiator for CT-MI 2.1 species synthesised at
varying pH values and concentrations of initiator as determined by MALDI-ToF analysis. Errors are
reported as the standard deviation of the distribution based on the assumption of a Gaussian fit of the

MALDI-ToF mass spectra.

Equivalents of Initiator Added per Amine

0.5 1 3.3 6.6

pH 4.0 1 ± 1 1 ± 1 1 ± 1 1 ± 1

pH 6.0 4 ± 2 5 ± 2 7 ± 2 9 ± 2

pH 8.0 <1 ± 2 6 ± 3 13 ± 3 14 ± 2

By utilising activated ester chemistry, the synthesis of α-CT with a tuneable initiator grafting 

density has been achieved. The initiator grafting density has been shown to be altered not only

through variations in concentration but also the pH at which the reaction is conducted effectively

affects the reactivity of the primary amines.

2.3.3 Continuous Formation of Intermediates

The samples analysed in the previous Section 2.3.2 were all prepared separately and so the aim

of the subsequent work was to be able to design a system in which all the macro-initiators with

varying initiator grafting densities were synthesised in a single continuous fashion. The conditions

used were identical to those previously described but with the samples being exposed to

conjugation conditions for one hour and then the pH increased by 2 units. Samples were taken for

MALDI-ToF MS analysis before each pH change and the results are summarised in Figure 2.11

and Table 2.3.
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Figure 2.11 MALDI-TOF mass spectra of CT-MI 2.1 species formed at in a continuous manner using
a) 1 equivalent and b) 3.3 equivalents of initiator of I-NHS 2.1 per amine.
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Table 2.3 Average degree of attachment of the initiator species onto  α-CT forming CT-MI 2.1 in a
single continuous manner with varying concentrations of initiator and solution pH, as determined by

MALDI-ToF MS analysis. Errors are reported as the standard deviation of the distribution based on the
assumption of a Gaussian fit of the MALDI-ToF mass spectra.

Equivalents of Initiator Added per

Amine

0.5 1 3.3 6.6

pH 4.0 1 ± 1 1 ± 1 1 ± 1 1 ± 1

pH 6.0 2 ± 2 5 ± 2 7 ± 2 9 ± 3

pH 8.0 3 ± 2 5 ± 3 12 ± 3 13 ± 3
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At pH 4.0, the conjugation reaction results in a macro-initiator species with one modification,

confirming that at this pH, only one amine group is nucleophilic enough to promote the reaction

with the active ester. When the pH of the reaction is increased to pH 6.0, the number of initiator

molecules attached to the α-CT species increases. It is noteworthy that a concentration 

dependence can be observed with the higher active ester concentrations producing CT-MI 2.1s

with a higher initiator grafting density.

When the reaction pH was further increased to pH 8.0, the reactions that contained 3.3 and 6.6

equivalents of initiator per amine resulted in a higher degree of modification. The reaction that

employed 1 equivalent of initiator per amine remained at 5 initiator units conjugated to the MI

species. This observation was also seen in the separate systems reported previously. This result

indicates that the maximum conjugation that can be reached using 1 equivalent of initiator per

amine is achieved at pH 6.0. This can be compared with the conditions using 3.3 equivalents of

initiator per amine that required a higher pH to achieve maximum conjugation. Although the

control of number of modified sites can be controlled, it was also observed that, just as in the prior

system, as the pH increases, the dispersity of conjugation sites modified increases.

The results from the continuous system correlate strongly with the results observed in the separate

systems. The ability to increase conjugation by altering the pH can facilitate a simple one-pot

system to synthesise multiple modified α-CT with varying conjugation sites on their surface. 

2.3.4 Locating Modified Sites in CT-MI 2.1 Species

The previous Section described the ability to produce macro-initiator species with a variety of

initiator grafting densities but the location of these sites is still an unknown. The distribution of

these modified residues could be either in a site-selective or random fashion and investigating the

possible locations could provide an insight as to whether the reaction could be targeted at certain

locations. There are many factors that can affect the microenvironment of L-lysine residues. Two
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of the main environmental factors are the hydrophobicity and acidity of the neighbouring residues,

as highlighted in Figure 2.12 and Figure 2.13, respectively.

Figure 2.12 Crystal structure of α-CT(4CHA)49 highlighting the positions of L-lysine residues with respect
to hydrophobic and hydrophilic residues. L-Lysine residues have been highlighted in pink, N-termini in
yellow, hydrophobic residues (Ala, Gly, Val, Leu, Ile, Met, and Phe) are shown in red and hydrophilic

residues (Arg, His, Glu, Asp, Asn, Gln, Thr, Ser and Cys) in blue.

Figure 2.13 Crystal structure of α-CT (4CHA)49 highlighting position of L-lysine residues with respect to
acidic and basic residues. L-Lysine residues have been highlighted in pink, N-termini in yellow, acidic

residues (Asp and Glu) are shown in green and basic residues (Arg and His) in cyan.

The pKa of the L-lysine residues of chymotrypsin is dependent on neighbouring residues both in

the sequence and in the three-dimensional structure. To this end, the DEPTH server was utilised
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to predict the pKa values of the ionisable groups of the enzyme based on the microenvironment in

which the residue is found.61 The parameters used to describe the environment include:

• Depth of main-chain atoms

• Depth of polar side-chain atoms

• Number of hydrogen bonds involving the ionisable groups

• The electrostatic energy of the interaction between the ionisable groups and their

environments

• Percentage of the side-chain surface area that is solvent-accessible

α-CT was submitted to the DEPTH server in the monomeric form of the crystal structure of 4CHA 

(Figure 2.14).49 The predicted values for the pKa of α-CT indicate that residues 84, 90, 107 and 

169 are most probable to react during conjugation, as they will become deprotonated at a lower

pH than the other amine functionalities and facilitate the nucleophilic reaction. Despite being a

powerful tool for the calculation of the pKa of L-lysine residues, DEPTH is limited by its inability

to compute the estimated pKa values of the three N-termini. Previous work from Grimsley et al.

surveyed over 75 proteins with a wide variety of functionality, including lysozyme, RNase, and

insulin, and observed that the pKa of the N-termini is lower than that of the L-lysine residues, with

average values of 7.7 ± 0.5 and 10.5 ± 1.1, respectively, suggesting that the N-termini will be the

groups most likely to react.62
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Figure 2.14 Predicted pKa values of amine groups in L-lysine residues within α-CT compared with the 
average pKa of L-lysine at 10.5. All values have been calculated by the DEPTH server.61

To gain experimental data on the location of these sites, the previously discussed reactions were

repeated replacing the initiator molecule with fluorescent and UV active tags. Upon tryptic

digestion, fragments that contain these residues were anticipated to be highlighted by fluorescence

or UV-Vis spectroscopy. In order to establish good representation of the reaction occurring with

the I-NHS 2.1 system, an NHS activated ester-functional dye was chosen. Fluorescein is highly

fluorescent in water and has been used as a fluorescent tag in many biological applications,63

while its carboxyl derivative can be easily converted into an NHS activated ester

(5(6)-carboxyfluorescein N-hydroxysuccinimide ester, FAM-NHS) for the aforementioned

conjugation purposes (Figure 2.15).

Figure 2.15 Chemical Structure of FAM-NHS used in the experiments conducted aiming to locate
modification sites within α-CT. 
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Using the same conjugation conditions, FAM-NHS was reacted with α-CT to form CT-FAM.

Similarly to the characterization carried out for the CT-MI 2.1 species, MALDI-ToF mass

spectroscopy was employed to determine the average amount of conjugated dye moieties per

α-CT. Figure 2.16 shows that the number of attached species is much lower than what was 

observed with I-NHS 2.1 under similar reaction conditions. It is possible that a high degree of

modification was prevented as a result of fluorescein being more sterically bulky than the initiator

species. Furthermore, as fluorescein is a highly conjugated molecule and can experience π-π 

stacking, the location of the conjugation sites may be influenced by this interaction that is not

present in the previous system containing I-NHS 2.1.

Equivalents

of

FAM-NHS

Added per

Amine

Average No.

of

FAM-NHS

Attached

0.5 1 ± 2

1 1 ± 2

3.3 2 ± 3

Figure 2.16 MALDI-ToF mass spectra of CT-FAM species synthesised at pH 8.0 at varying
concentrations of FAM-NHS. Errors are reported as the standard deviation of the distribution based on

the assumption of a Gaussian fit of the MALDI-ToF mass spectra.

To avoid steric constraints preventing conjugation, attachment of chain transfer agents (CTAs),

which can be used to synthesise polymers using RAFT polymerization were investigated. There

are four main classes of RAFT CTAs: dithiobenzoates, trithiocarbonates, dithiocarbamates, and

xanthates.64-66 Due to the conjugation reaction occurring in aqueous solution, a trithiocarbonate

species was chosen to prevent its degradation or hydrolysis in water 67 As previously attempted

with FAM-NHS, the same conditions and conjugation chemistries will be used to attach

2-(ethylthioylthio)-2-methyl propionic acid NHS ester (CTA-NHS 2.1, Figure 2.17), to the
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surface of α-CT to order to aid in locating of modification sites in CT-MI 2.1. In addition to

containing a useful functionality for the synthesis of PPCs by RAFT polymerisation,

CTA-NHS 2.1 gratifyingly provides a UV handle that, upon tryptic digestion, can aid in

identification of peptides that contain the modified residues.68 Li et al. have used a similar species

and were successful in conjugating two initiator units to the surface of lysozyme.34

Figure 2.17 Chemical structure of CTA-NHS 2.1 used in the attempt to locate the conjugation sites
within α-CT. 

Conjugation reactions of α-CT and CTA-NHS 2.1 were performed using the same conditions as

previously used for I-NHS 2.1 and the resulting CT-CTA products were analysed using

MALDI-ToF mass spectroscopy to determine if a similar conjugation profile was observed for

the two species.

Eq. of

CTA

Added per

Amine

Average No.

of CTA

Attached

0.5 1 ± 1

1 1 ± 1

3.3 2 ± 2

6.6 2 ± 1

Figure 2.18 MALDI-ToF mass spectra of CT-CTA species synthesised at pH 8.0 at varying
concentrations of CTA-NHS 2.1. Errors are reported as the standard deviation of the distribution based

on the assumption of a Gaussian fit of the MALDI-ToF mass spectra.

MALDI-ToF MS analysis showed that conjugations performed at pH 8.0 resulted in minimal

attachment of CTA-NHS 2.1 onto the α-CT. Considering the solubility of the CTA, it was 
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postulated that the lower degree of modification seen in this experiment is a result of the RAFT

CTA being water soluble at basic pH but more hydrophobic than I-NHS 2.1.

Although the same synthetic procedure was followed, the observed conjugation efficiency

profiles exhibited by I-NHS 2.1, carboxyfluorescein and CTA-NHS 2.1 do not show comparable

ratios of attachment and therefore studying these species does not help in locating the modified

residues of CT-MI 2.1. Due to the limitations from the dye species, the assumption was made

that the small molecule that is conjugated must be similar in nature to I-NHS 2.1. The new route

devised utilises the secondary bromide analogue of I-NHS 2.1 (Scheme 2.2, I-NHS 2.2) and relies

on conversion of the initiator to an azide prior to performing a copper-catalysed Huisgen

cycloaddition “click” reaction with an alkyne aminobromomalemide (ABM).69 An alkyne ABM

was chosen as the clickable fluorescent group as it is much smaller than most fluorescent groups

and exhibits high fluorescence quantum yields.70 Azidation and “click” reactions are useful tools

in biochemistry as proteins do not naturally contain azides or alkynes in their structures and so

any labelling occurring is not from natural residues but from modified groups.11, 71

Scheme 2.2 Schematic representation of the attachment of I-NHS 2.2 to α-CT and intended subsequent 
modification to azide and “click” of fluorescent ABM tag. TCEP = (tris(2-carboxyethyl)phosphine),

TBTA = tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine.

Gratifyingly, when conjugation reactions were performed at pH 4.0 and pH 8.0 with I-NHS 2.2,

the MALDI-ToF spectra showed the same degree of modification as when the tertiary bromide
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analogue I-NHS 2.1 was used (Table 2.4). Based on the great resemblance of the two molecules

and the identical experimental conditions employed in both cases, it is hypothesised that the sites

of modification within α-CT are the same for both macro-initiators species.  

Figure 2.19 MALDI-ToF mass spectra of α-CT-MI 2.2 species synthesised at varying pH values using
3.3 equivalents of I-NHS 2.2 per amine.

Table 2.4. Comparison of average degree of attachment of 3.3 equivalents of I-NHS 2.1/2.2 initiator at
varying pH values as determined by MALDI-ToF analysis. Errors are reported as the standard

deviation of the distribution based on the assumption of a Gaussian fit of the MALDI-ToF mass
spectra.

Initiator Added

I-NHS 2.1 I-NHS 2.2

pH 4.0 1 ± 1 1 ± 1

pH 8.0 13 ± 3 13 ± 3

Following the successful attachment of I-NHS 2.2 to α-CT, the modification of the bromide 

groups via reaction with sodium azide was carried out in order to obtain an azide-functional α-CT, 

CT-MI 2.3. The azidation was initially trialled in DMF but α-CT, and subsequently the α-CT 

macro-initiator modified at 13 sites with I-NHS 2.2 (CT-MI 2.2.13), was found to be insoluble
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in the pure solvent. To increase the solubility of the enzyme, water was added to the reaction; the

final solvent was 50% v/v water and 50% v/v DMF.

Scheme 2.3 Schematic representation of the post-conjugation modification reaction of the secondary
bromide to azide.

The macro-initiator, CT-MI 2.3, was purified by ultrafiltration to ensure removal excess sodium

azide and the purified CT-MI 2.3 species was analysed by MALDI-ToF mass spectroscopy

(Figure 2.18) and Fourier transform infrared spectroscopy (FTIR) spectroscopy (Figure 2.21).

The FTIR spectra shows the appearance of a small peak at 2160-2120 cm-1, the region of the azide

stretch, which attributed to the successful conversion of the bromide to an azide. The low intensity

of the observed signal was attributed to the fact that as the enzyme is a large molecule (over

25 kDa), signals from other bonds saturate the spectrum.

Figure 2.20 FTIR spectra of CT-MI before (2.2.13) and after azidation (2.3). Inset shows an
enlargement of the region from 2300 to 2000 cm-1.
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Figure 2.21 MALDI-ToF mass spectra of CT-MI 2.2 species before and after azidation.

MALDI-ToF mass spectroscopy of the azidation product revealed a decrease of the molar mass

by 0.1 kDa. This decrease was attributed to the successful azidation of only three bromide units.

Despite the moderate success of the proposed method, the incomplete azidation of the bromines

renders it ineffective as further steps are highly dependent on the presence of an azide on every

functionalized residue. While optimization of the reaction would likely achieve complete

azidation, the following pathway (vide infra) was being simultaneously pursued and owing to its

obtained results, no further optimization of the azidation reaction was carried out.

As methods that further modify the enzyme have been unsuccessful, the macro-initiator species

conjugated with I-NHS 2.1 were subjected to a tryptic digestion followed by liquid

chromatography–mass spectrometry (LC-MS) analysis (Figure 2.22). To investigate if

CT-MI 2.1 species formed at varying pH were observed to have different conjugation tendencies,

the three species underwent this process were native α-CT and α-CT with 1 and 10 modification 

sites (CT-MI 2.1.1 and CT-MI 2.1.10, respectively). Trypsin is known to cleave at L-arginine

and L-lysine residues; however, as the L-lysine residues have been modified it is anticipated that

an increase in missed cleavage sites with an increase in conjugation would be observed.72, 73
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Figure 2.22 LC-MS chromatograms obtained from the tryptic digestion of α-CT and the CT-MI
species CT-MI 2.1.1 and CT-MI 2.1.10, recorded at λ = 280 nm.

The three samples show different LC profiles, for example an increase in intensity of the peaks at

15 minutes in the CT-MI 2.1 samples compared to the native one is observed. Although the LC

results show that there are differences between the three protein species, the MS analysis was

unable to locate any fragments from the native sample that correspond to α-CT. It is hypothesised 

that as α-CT is a protease itself, fragments from multiple digestions, namely α-CT to α-CT, trypsin 

to α-CT, and α-CT to trypsin are observed instead. Trypsin to trypsin digestion is not expected as 

MSgrade trypsin was used, which has been chemically modified to prevent autolysis.74 As the

fragments cannot be identified in the native enzyme, the assignment of modification sites cannot

be carried out.

Although the initial aim was to be able to control the grafting behaviours of ATRP-initiating

groups onto the surface of α-CT, it is apparent that many factors affect the efficiency of the 

grafting reaction and identification of the modifications sites is challenging due to the autolytic

tendency of α-CT. To this extent, a further study would be required to evaluate these factors 
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utilizing proteins with less complex function to determine a connection between pKa of the

L-lysines, pH of conjugation and the location of the modification site.

2.3.5 Activity of α-CT Macro-Initiator Species 

Any modifications to enzymes have the potential to affect their catalytic activity.4, 75, 76 A common

method to examine the activity of protease enzymes is an assay that cleaves a short peptide

(Suc-AAPF) from p-nitroaniline (pNA), which can be detected spectroscopically via an increase

of absorption at λ = 405 nm (Scheme 2.4).77
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Scheme 2.4 Schematic representation of the pNA assay for proteases.

The retention of the catalytic activity of α-CT and CT-MI 2.1.10, was examined by the pNA

assay (Figure 2.23).
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Figure 2.23 Initial velocity of α-CT-catalysed hydrolysis upon exposure to varying conditions. 
A - purified by dialysis, B - exposed to reaction conditions, C - exposed to NHS and dialysis,

D - purified by ultrafiltration. Each data point is based on the average of four repeats of pNA assay
with standard deviation displayed as error.

The activity of CT-MI 2.1.10 was found to be significantly reduced in comparison to the native

species. Further experiments were conducted to examine whether this decrease was a consequence

of the reaction conditions employed, the formation of small molecule by-products, or the

conjugation of the initiator molecules. Initially, α-CT was exposed to reaction conditions identical 

to those employed during the conjugation reaction, however without the addition of the initiator,

while in a second experiment α-CT was incubated with the by-product of the conjugation reaction, 

NHS. α-CT that had been exposed to reaction conditions was found to maintain the initial activity 

shown by the native enzyme; however, α-CT that had been incubated with NHS showed a 

significant decrease in initial velocity suggesting that the small molecule NHS inhibits the α-CT 

activity. Indeed, after purification of the mixture by ultrafiltration to remove the NHS, the activity

of the final CT-MI 2.1.10 species was found to be within error of the native enzyme. This suggests

that the inhibition caused by NHS is most likely a reversible process.
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As introduced in Chapter 1, Section 1.3, the Michaelis-Menten model of enzyme kinetics is the

most common model for the analysis of enzyme activity in the presence of a single substrate. The

catalytic activities of α-CT, CT-MI 2.1.1, and CT-MI 2.1.10 were analysed using the pNA assay

with Michaelis-Menten parameters extracted from the hydrolysis data by employing

Lineweaver-Burk plots (Table 2.5).

Table 2.5 Michaelis-Menten Parameters of α-CT, CT-MI 2.1.1, and CT-MI 2.1.10 based on the pNA
assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native α-CT 105 ± 6 14.6 ± 0.7 0.14 ± 0.01

CT-MI 2.1.1 107 ± 10 14.5 ± 1.0 0.14 ± 0.02

CT-MI 2.1.10 105 ± 3 15.5 ± 0.4 0.15 ± 0.01

By comparing the three samples tested, all parameters are within error of each other suggesting

that the catalytic ability of α-CT was not compromised by attaching small molecules or as a result 

of the reaction conditions that they have been exposed to.

2.3.6 Stability of α-CT Macro-Initiator Species 

As the results from the activity studies show that there has been no significant impact on the

activity of the CT-MI 2.1 species, the stability of these enzymes was also investigated. There are

many different factors that can be studied with regards to stability, however this Section will focus

on thermal, autolytic, and protective stability.

2.3.6.1 Thermal Stability

The catalytic activity of α-CT and CT-MI with 1, 5 and 10 initiator units covalently bonded to

the surface of α-CT (CT-MI 2.1.1, 2.1.5 and 2.1.10 respectively) was monitored over time at

40 °C (Figure 2.24) using the pNA assay. The residual activity was calculated as a ratio of initial

rates of hydrolysis at given incubation time over the initial activity.
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Figure 2.24 Thermal stability profiles of α-CT and CT-MI 2.1 species at pH 8.0, 40 °C. Each data
point is based on the average of four repeats of pNA assay with standard deviation displayed as error.
Initial catalytic velocity at t = x is divided by their relative initial catalytic velocity at t = 0 to calculate

residual activity.

The decays of the activity of the native α-CT and CT-MI 2.1.1 are very similar and appear to

have the same degradation profile. The samples with higher initiator densities, however, showed

a clear increase in stability compared to the native α-CT.  

To allow these stability profiles to be quantitatively compared, their half-lives were extracted

from a linear plot of the natural logarithm of residual activity against time (Figure 2.25); all

stability profiles were assumed to be based on an exponential decay. Although no difference can

be observed between α-CT and CT-MI 2.1.1, the half-life of the CT-MI 2.1.10 species is a factor

of six larger than that of the native species. The addition of 5 initiator units also shows a significant

increase in half-life in comparison to the native enzyme.
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Figure 2.25 Activity half-life at 40 °C for α-CT and CT-MI 2.1 species extracted from the linear
regression of ln(residual activity) against time.

One factor that is hypothesised to have an impact on the stability of these enzymes is the surface

charge.59 As the modification is reducing the number of potential ionisable groups from the

system, it could lead to a different overall or localised charge. The zeta potential of all α-CT 

samples was investigated in water (Figure 2.26).

Figure 2.26 Zeta potential values of α-CT and CT-MI 2.1 species in water.
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The zeta potential of the native α-CT shows a positive overall surface charge while as more 

modifications are introduced (CT-MI 2.1.1-CT-MI 2.1.10) the zeta potential decreases, showing

a neutral species upon conjugation of one initiator and then negatively charged species for five

and ten initiator additions. The zeta potential results show a negative correlation to the stability

results obtained, as the negatively charged species exhibited a significantly increased activity

half-life at 40 °C.

Another method of determining thermal stability is to investigate the melting temperature (Tm) of

the protein. This is achieved by performing a thermal shift assay (Figure 2.27) where the protein

is heated in the presence of a dye that becomes fluorescent upon binding.78, 79 When unbound the

chosen dye, SYPRO orange, is quenched by the aqueous environment however upon melting the

hydrophobic surfaces of the protein are exposed, allowing SYPRO orange to bind, excluding

water, creating an increase in observed fluorescence.80

Figure 2.27 Schematic representation of dye-protein binding during thermal shift assays.

To ensure the accuracy of the thermal shift assay, α-CT was analysed by both thermal shift assay 

and differential scanning calorimetry (DSC) (Figure 2.28).



Chapter 2 – Synthesis and Characterisation of Site-Selective Protein Macro-Initiators

92

Figure 2.28 Tm of native α-CT by a) DSC, 50 mg/mL in water, 1 °C/min ramp rate and b) thermal shift 
assay, 5 mg/mL in water with SYPRO orange, excitation λ = 492 nm, emission λ = 610 nm.

The values obtained from both techniques show the same Tm for the primary melt at 52 °C, which

is in agreement with literature findings.81 Furthermore, it was found that α-CT has both a primary 

and secondary melt which can be explained by the existence of different regions or substructures

of the protein undergoing melting at different temperatures. As there is variation in Tm for the

secondary melt from 58 to 63 °C, the primary melt will be used as the point of comparison for all

α-CT species. 

The thermal shift assay has been chosen as the primary method of analysis over DSC due to the

less sample volume required for each test; DSC requires >10 mg per test and the response

observed is small compared to the thermal shift assay which uses 1 mg per test and exhibits a

much larger response. Tm measurements were conducted for all CT-MI 2.1 species (Figure 2.29).
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Figure 2.29 a) Thermal shift assay profile of native α-CT and initiator-functionalized α-CT, 5 mg/mL 
in water with SYPRO orange, excitation λ = 492 nm, emission λ = 610 nm and b) graph displaying Tm

of α-CT and CT-MI 2.1 species. Values are obtained from triplicate repeats and error is displayed as
standard deviation.

The Tm was shown to increase with the addition of initiator units whereby an increase of 8 °C was

seen with the addition of 10 initiator units. This result correlates with the earlier stability study at

40 °C for the CT-MI 2.1.10 species however the CT-MI 2.1.1 species exhibited an increase in

Tm but no improvement in catalytic stability. It is also observed that CT-MI 2.1.10 only has one

melt peak as opposed to the primary and secondary melts seen by both native α-CT and 

CT-MI 2.1.1. These changes could be attributed to changes in the electrostatic interaction

between positively charged L-lysine residues and the remaining protein structure.82

From the observed changes in both catalytic stability and Tm, it is concluded that altering the

surface chemistry of α-CT by attaching I-NHS 2.1 increases the thermal stability of the enzyme.

It is hypothesised that altering the charge of the surface of α-CT is one of the causes of the 

observed effects.

2.3.6.2 Autolytic Stability

As the enzyme α-CT is a protease, there is a possibility of the newly formed peptide bond between 

I-NHS 2.1 and α-CT being cleaved from the protein in an autolytic process. CT-MI 2.1.10 was

studied both in aqueous solution and solid form at 4 °C and 25 °C for signs of cleavage of the

initiator residue (Figure 2.30).
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Figure 2.30 a) MALDI-ToF mass spectra of CT-MI 2.1.10 stored in solution at RT at various time
points b) Average molar masses as determined by MALDI-ToF spectroscopy of CT-MI 2.1.10 at

various time intervals in various storage conditions. Errors bars are displayed as the standard deviation
of the distribution based on the assumption of a Gaussian fit of the MALDI-ToF mass spectra.

No reduction in mass by MALDI-ToF mass spectroscopy was observed in any samples within 25

days suggesting the sample is stable to autolysis. The lack of autolytic activity shown by

CT-MI 2.1.10 allows stable storage of these compounds and it is hypothesised that cleavage of a

polymeric species synthesised from CT-MI 2.1.10 would be unlikely.

2.3.6.3 Secondary Enzyme Stability

The final form of stability that was explored for these macro-initiators was secondary enzyme

stability. This form of stability examines the ability of the protease enzyme to digest a secondary

enzyme species in solution and the impact upon the catalytic activity of the secondary enzyme.

Glucose oxidase (GOx) was utilised as the secondary enzyme as the stability of this enzyme is

relatively high for over 24 hours, allowing discrete stability curves with and without the presence

of protease species.83

GOx activity is assessed using the o-dianisidine that proceeds by the production of hydrogen

peroxide and with the aid of horseradish peroxidase (HRP) via a two-step reaction with glucose

as the initial substrate (Figure 2.31). α-CT and CT-MI 2.1 species were incubated with GOx at

30 °C for 24 hours with aliquots tested for GOx activity (Figure 2.32).
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Figure 2.31 Schematic representation of the o-dianisidine assay for glucose oxidase.

Figure 2.32 Stability profiles of GOx incubated with α-CT and CT-MI species at various time intervals
at pH 5.0, 30 °C. Each data point is based on the average of four repeats of o-dianisidine assay with

standard deviation displayed as error.

α-CT alone was shown to have no catalytic effect on the o-dianisidine assay used to assess GOx

activity. Native GOx showed a 20% decrease in activity over 24 hours without addition of any

protease species. Upon the addition of α-CT or CT-MI 2.1 species, the activity of GOx decreased

to 30% within 4 hours. This suggests that the conjugation of any number of initiators does not

have an impact on the ability of the protease to digest other proteins in solution.
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2.3.7 Other Methods of Conjugation to α-CT 

As described previously, NHS can have a detrimental effect on the enzymatic activity of α-CT 

(Section 2.3.5). Due to the presence of the inhibiting small molecule by-product that is formed in

the production of the NHS active ester macro-initiator, other methods of conjugation were

investigated.

Based on its water stability and ability to react with an amine without producing any by-products,

I-BA 2.1 was synthesised. I-BA 2.1 was based on a similar molecule, originally synthesised by

Hoshi et al., which was utilised to synthesise poly(sulfobetaine methacrylate) from the surface of

silicon oxide surfaces.84 Although Hoshi et al. did not perform the conjugation reaction in aqueous

systems, it was hypothesised that the short ethylene glycol linker present in I-BA 2.1 would aid

in water solubility.

As imine formation in aqueous environments is unstable due to hydrolysis, to ensure that the

benzaldehyde initiator would undergo reaction with an amine, benzylamine was combined with

I-BA 2.1 in dichloromethane. 1H NMR spectroscopy was used to analyse the formation of the

imine product (Figure 2.34).
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Figure 2.33. 1H NMR spectra of a) I-BA 2.1 and b) Imine formation reaction between benzylamine
and I-BA 2.1 in dichloromethane. 1H NMR solvent: CDCl3, 400 MHz. Green highlights aldehyde peak

disappearance and red highlights the appearance of imine peak.

The formation was confirmed based on the shifting of the phenyl proton peaks from 7.1 and

7.9 ppm 6.9 to 7.7 ppm respectively, the disappearance of the aldehyde proton peak at 9.8 ppm,

and the appearance of the imine proton peak at 8.3 ppm. Although the imine is shown to form in

dichloromethane, imines are prone to hydrolysis in water and do not form under aqueous

conditions with more appropriate analogues of the model system.

For preliminary reactions, a small molecule analogue (Boc- L-Lysine) was used to represent the

protein L-lysine residues to help to ascertain reaction conditions for conjugation. As the reaction

between an aldehyde and primary amines forms an imine that is unstable in the presence of water,

a reducing agent is required to irreversibly form the secondary amine product (Scheme 2.5).
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Scheme 2.5 Schematic for the formation of secondary amine, from I-BA 2.1, sodium
cyanoborohydride and L-lysine residues.

The product was characterised by 1H NMR spectroscopy whereby the appearance of peaks

attributed to the phenyl protons of the secondary amine product at 6.75 and 7.30 ppm suggests

the successful formation of the product, with the reaction proceeding to 25% conversion over 18

hours (Figure 2.34). A second addition of sodium cyanoborohydride was introduced to attempt to

increase the conversion to product; this was found not to force the reaction to proceed further but

to stay constant at 25% conversion.

Figure 2.34. 1H NMR spectra of a) I-BA 2.1 and b) secondary amine formation reaction between
Boc-Lys and I-BA 2.1 with single addition of sodium cyanoborohydride (10 eq.) MeOD, 400 MHz.

Blue highlights formation of product species at 7.65 and 6.75 ppm.
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For the reaction to occur, the addition of a reducing agent is required. As such, it was important

to confirm that addition of sodium cyanoborohydride does not affect the activity of α-CT. The 

samples were incubated at 3 °C with either 18.2 MΩ.cm water, 10 equivalents of sodium

cyanoborohydride or 3.3 equivalents of NHS per amine for 18 hours before dialysis to remove

impurities. The samples were the analysed using a pNA assay (Figure 2.35).

Figure 2.35. Initial hydrolysis rate of α-CT after with incubation at 3 °C, (CT) in water, 
(CT-NaCNBH3) with sodium cyanoborohydride (10 eq.), (CT-NHS) with NHS (6.6 eq.). Each data

point is based on the average of four repeats of pNA assay with standard deviation displayed as error.

Sodium cyanoborohydride appears to have no impact on the enzymatic activity of α-CT, with the 

results within error of the sample of α-CT that was only exposed to 18.2 MΩ.cm water. This

compares to the sample that was exposed to NHS that shows a decrease of 75% activity after

purification by dialysis.

Due to the successful attachment of I-BA 2.1 to a small molecule analogue and the compatibility

of the enzyme with sodium cyanoborohydride, studies were conducted to analyse the conjugation

between I-BA 2.1 and α-CT. In an attempt to control the degree of modification, the concentration 

of sodium cyanoborohydride was varied and conjugation was quantified using MALDI-ToF MS

(Figure 2.36).
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Eq. of

NaCNBH3

per amine

Average No.

of Initiators

Attached

1 1 ± 2

5 1 ± 2

10 2 ± 2

20 2 ± 3

30 2 ± 4

Figure 2.36. MALDI-ToF mass spectra of CT-MI-BA species synthesised at pH 8.0, 10 eq. of
I-BA 2.1 and varying concentrations of NaCNBH3. Errors are reported as the standard deviation of the

distribution based on the assumption of a Gaussian fit of the MALDI-ToF mass spectra.

Successful conjugation was observed in all samples with an average of between 1 and 2 units

becoming covalently bound dependent upon concentration of NaCNBH3. When the concentration

of NaCNBH3 was increased to 30 equivalents there was a small population of α-CT found to 

contain 5 initiator units on average leading to a broadening of the spectrum and suggesting that

higher functionalisation is possible under optimised conditions. Although successful conjugation

was achieved in all cases, during the reaction the macro-initiators that conjugated greater than one

initiator precipitated out of solution which was also hypothesised to be the cause of the low degree

of functionalisation. Due to the insolubility of the macro-initiators formed using in I-BA 2.1, a

new, more hydrophilic aldehyde initiator would have to be synthesised for this route to be utilised

to form macro-initiators with higher initiator densities.

2.4 Conclusions

To conclude, the conjugation of a small molecule ATRP initiator to L-lysine residues on the

surface on a protein was able to be tuned with pH of the reaction and concentration of initiator.

This system can be adapted to a continuous process to allow the production of initiators with

varying grafting density from a one-pot experiment. Although various methods were attempted,

the location of the modification sites could not pinpointed. It was also not possible to conclude
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whether the initiators that were synthesised were site-specific at varying pH or underwent random

conjugation due to the autolytic behaviour exhibited by α-CT.  

As the macro-initiators formed, NHS was found to be produced as a by-product of the conjugation

reaction. The small molecule NHS was found to inhibit the catalytic ability of α-CT, however the 

impurity could be removed by purification using ultrafiltration. All CT-MI 2.1 species were

found to have the same kinetic parameters as the native protein after purification. Although the

activity was not altered by the introduction of initiator molecules, the thermal stability of macro-

initiators with greater than five initiators covalently bound showed a significant increase in

activity half-life. The half-life of CT-MI 2.1 has a negative correlation with the surface charge as

species that were negatively charged showed increased stability in comparison to neutral and

positively charged enzymes. Even though CT-MI 2.1s show a higher degree of thermal stability,

the modifications do not provide protection for a secondary enzyme in solution.

Other conjugation methods were investigated to prevent inhibiting by-products being formed

during synthesis. Benzaldehyde-based initiators produced no side products when reacting with

L-lysine residues on the surface of the protein but they require the use of a coupling agent to

reduce the imine formed in water and prevent reversible coupling occurring. The reducing agent,

sodium cyanoborohydride, did not appear to have a negative effect on the enzymatic activity of

α-CT and could be utilised to control the degree of conjugation by simply altering the 

concentration. Nonetheless, due to the hydrophobic nature of benzaldehyde, the macro-initiator

species formed were no longer soluble in water and formed a precipitate. As a consequence of the

precipitation of CT-MI-BA in aqueous solution, this chemistry was deemed unsuitable for the

project because of the need to synthesise PPCs in a fully aqueous systems.
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2.5 Experimental

2.5.1 Materials

All chemicals were obtained from Sigma-Aldrich and used without further purification unless

stated otherwise. Ultrafiltration membranes with a 5 kDa MWCO were supplied by Amicon.

SYPRO orange was supplied as a 5,000× concentrate in DMSO from Thermo Fisher.

CTA-NHS 2.1 (2-(ethylthioylthio)-2-methyl propionic acid NHS ester) was synthesised by a

previous group member, Sean Flynn.

2.5.2 Instrumentation

2.5.2.1 1H Nuclear Magnetic Resonance (NMR) and 13C NMR Spectroscopy

1H NMR spectra were recorded on a Bruker DPX-300 or DPX-400 spectrometer at 300 MHz and

400 MHz, respectively with MeOD, D2O, or CDCl3 as the solvent. The chemical shifts of protons

were quoted relative to tetramethylsilane (TMS) at δ = 0 ppm when using CDCl3, or relative to

residual solvent protons when using MeOD (1H: δ = 3.31 ppm) and D2O (1H: δ = 4.79 ppm).

13C NMR spectra were recorded on a Bruker DPX-300 or DPX-400 spectrometer at 75 MHz and

100 MHz, respectively with MeOD, D2O, or CDCl3 as the solvent. The chemical shifts of carbons

were quoted relative to solvent carbons when using MeOD (13C: δ = 49.3 ppm) and CDCl3

(13C: δ = 77.0 ppm).

2.5.2.2 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-ToF)

Mass Spectrometry

MALDI-ToF mass spectrometry was conducted on a Bruker Autoflex MALDI ToF/ToF

spectrometer. The acceleration voltage was 20 kV in a positive linear mode. Protein solution

(1.0-2.0 mg/mL) was mixed with an equal volume of matrix (0.5 mL of water, 0.5 mL of

acetonitrile, 2 μL of trifluoroacetic acid, and 8 mg of 4-hydroxy-3,5-dimethoxycinnamicacid), 

and 2 μL of the resulting mixture was spotted on the target plate. Samples were calibrated against 
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native α-CT. Number of sites conjugated and associated errors were extracted from a Gaussian fit 

of the MALDI-ToF mass spectra.

2.5.2.3 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was carried out using a Perkin Elmer Spectrum 100 FTIR spectrometer. 16

scans from 600 to 4000 cm-1 were taken, and the spectra were corrected for background

absorbance.

2.5.2.4 Liquid Chromatography–Mass Spectrometry (LC-MS)

20 μL of digest solutions were injected through a reverse phase column (Zorbax C18, size 46 x 

150 mm, particle size 5 μm) connected to an Agilent 1100 HPLC. The outflow was routed to a 

Bruker High Capacity Trap (HCT) + ion trap mass spectrometer with an electrospray source,

operating in positive ion mode. A 5 min isocratic elution (95:5 solvent A/solvent B) was followed

by gradient elution to 0:100 solvent A/solvent B over 25 min. Solvents A and B were water (0.1%

v/v HCOOH) and methanol (0.1% HCOOH), respectively.

2.5.2.5 Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy was conducted on a FLUOstar OPTIMA multi-well microplate reader.

96-well polystyrene plates were used with an excitation filter of λ = 405 nm, unless otherwise

stated. Data was analysed using MARS v3.01 software.

2.5.2.6 Zeta Potential

Zeta potential measurements were carried out using a Malvern Zetasizer Nano. The zeta potential

values of enzymes in water were obtained by measuring the electrophoretic movement of the

enzymes under an applied electric field at 25 °C. All determinations were repeated 5 times. Zeta

potentials were all carried out by Miss Maria Inam.

2.5.2.7 Thermal Shift Assay

Thermal shift assay measurements were conducted on an Agilent MX3005P rtPCR with an

excitation filter of λ = 492 nm and an emission filter of λ = 610 nm used unless otherwise stated.
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10 μL of enzyme (50 mg/mL) was added to 90 μL of SYPRO orange solution (12.5 x conc.). 

Heating ramps were performed at a rate of 1 °C min-1.

2.5.2.8 Differential Scanning Calorimetry (DSC)

DSC was carried out on each sample (2 -10 mg) in an aluminium sample holder where an empty

holder was used as the reference. Changes in heat flow were recorded between 0 °C and 100 °C

with a scan rate of 5 °C min-1, under a nitrogen stream (50 mL min-1). The instrument was

calibrated using indium metal standards supplied by Mettler Toledo and the data was analysed

using STARe software package (version 9.30). DSC analysis was carried out by Mr Jon Husband.

2.5.3 Software

All protein crystal structure images were produced using The PyMOL Graphics System, Version

1.3, Schrödinger LLC.

2.5.4 Enzyme Kinetic Studies

2.5.4.1 pNA Protease Assay

To assess initial hydrolysis rate, 20 μL of enzyme (2 μg/mL protein concentration) was added to 

160 μL of 50 mM Tris-HCl buffer (pH 8). 20 μL of N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide

in methanol at 1 mM was added to the enzyme solution. The initial rate of hydrolysis of the

peptide substrate was monitored by recording the increase in absorption at λ = 405 nm at 25 °C.

Background hydrolysis was subtracted to give initial rates of hydrolysis.

2.5.4.2 α-CT Stability Assays 

Native α-CT and α-CT-conjugates (2 μg/mL) were incubated in 50 mM of Tris buffer at pH 8.0

at 40 °C. The assay was performed immediately after the aliquot had been taken to prevent

samples degrading over time. The residual activity was calculated as a ratio of initial rates of

hydrolysis, calculated as described above, for a given incubation time over the initial activity.

Activity half-lives were extracted from a linear plot of the natural logarithm of residual activity

against time; all stability profiles were assumed to be based on an exponential decay.
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2.5.4.3 Michaelis-Menten Kinetics and Parameters

Michaelis-Menten parameters were established by performing the pNA protease assay (see

Section 2.5.4.1) with varying N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide substrate

concentrations. A range of N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide solutions were prepared by

diluting with methanol to 10, 5, 2, 1, 0.5, 0.2 mM solutions; the initial hydrolysis rate was

recorded as before. MARS data analysis software was used to extract values of Km, kcat and kcat/Km

from a plot of substrate concentration against initial hydrolysis rate.85, 86

2.5.4.4 Glucose Oxidase Stability Assays

Native α-CT and α-CT-conjugates (5 mg/mL) were incubated with glucose oxidase (GOx)

(0.5 units/mL) in 50 mM sodium acetate buffer at pH 5.0 at 30 °C. Aliquots (50 μL) were collected 

and the activity assay was performed immediately. The residual activity of GOx was calculated

as a ratio of initial rates of activity at given incubation time over the initial activity. To assess

initial activity rate a 10 μL of GOx (0.5 units/mL) was added to 190 μL of a solution of glucose 

(1.72% w/v), o-dianisidine (0.17 mM) and horseradish peroxidase (POx) (3 Purpogallin

units/mL). The initial rate of oxidation of o-dianisidine was monitored by recording the increase

in absorption at λ = 492 nm at 25 °C. Background hydrolysis was subtracted to give initial rates

of hydrolysis. POx was used in a large excess and stored in aliquots at -20 °C to ensure that this

is not the limiting factor in enzyme kinetics.

2.5.5 Synthesis of I-NHS 2.1

2.5.5.1 Synthesis of 3-(2-Bromo-2-methylpropionylamino)propionic acid

Synthesis previously reported by Murata et al.38 A mixture of 2-bromo-2-methylpropionyl

bromide (3.1 mL, 25 mmol) and dichloromethane (12 mL) was slowly added to a solution of β-

alanine (2.23 g, 25 mmol) and sodium hydrogen carbonate (5.25 g, 62 mmol) in deionised water
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(50 mL) at 0 °C, and then the mixture was stirred at room temperature for 2 h. The aqueous phase

was washed with dichloromethane (25 mL × 3) and adjusted to pH 2 with 1.0 M HCl. The product

was extracted with ethyl acetate (20 mL × 6) and the organic phase was dried with MgSO4,

filtered, and evaporated under vacuum. 3-(2-Bromo-2-methylpropionylamino)propionic acid was

isolated by recrystallisation from a mixture of diethyl ether and n-hexane (1/9 volume ratio). The

product was isolated in a 65% yield. 1H NMR (300 MHz, CDCl3): δ (ppm) 7.23 (broad s, 1H,

CH2NHC=O), 3.56 (td, 2H, 3JH-H = 6.1 Hz, CH2CH2NHC=O), 2.65 (t, 2H, 3JH-H = 6.0 Hz,

HOOCCH2CH2NH), 1.95 (s, 6H, NHC=OC(CH3)2Br). 13C NMR (100 MHz, CDCl3): δ (ppm)

177.6, 172.5, 62.3, 35.6, 32.4, 30.5. ESI-MS (m/z): [M+Na]+ calcd. for C7H12BrNO3: 259.9892;

found: 259.9894.

2.5.5.2 Synthesis of 2,5-Dioxo-1-pyrrolidinyl 3-(2-bromo-2-methylpropionylamino)

propionate (I-NHS 2.1)

Synthesis previously reported by Murata et al.38 N,N’-Diisopropylcarbodiimide (0.86 mL,

6 mmol) was slowly added to a solution of 3-(2-bromo-2-methylpropionylamino)propionic acid

(1.2 g, 5 mmol), and N-hydroxysuccinimide (0.625 g, 6 mmol) in dichloromethane (50 mL) at

0 °C. The mixture was stirred at room temperature for 4 h. After filtering out the precipitated urea,

the solution was evaporated to remove the solvent. The product was purified by recrystallisation

from 2-propanol. Product isolation was achieved with an 83% yield. 1H NMR (300 MHz, CDCl3):

δ (ppm) 7.18 (broad s, 1H, CH2NHC=O), 3.68 (td, 2H, 3JH-H = 5.8 Hz, CH2CH2NHC=O),

2.91-2.84 (m, 6H, O=CCH2CH2NH and ONC=OCH2CH2C=O), 1.95 (s, 6H,

NHC=OC(CH3)2Br). 13C NMR (100 MHz, CDCl3): δ (ppm) 179.3, 177.6, 172.5, 62.3, 35.9, 32.2,

31.3, 25.6. ESI-MS (m/z): [M+Na]+ calcd. for C11H15BrN2O5: 357.0092; found: 357.0055.
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2.5.6 Typical Synthesis of a α-CT Macro-Initiator (CT-MI)

α-CT (1.0 g, 0.56 mmol of amine groups) was dissolved in Britton-Robinson buffer (250 mL) at 

0 °C. After the addition I-NHS 2.1 (619 mg, 1.85 mmol), the solution was stirred at 3 °C for 3 h.

The α-CT macro-initiator was purified by ultrafiltration using a Millipore stirred filtration cell 

and a 5 kDa MWCO membrane against deionised water, and isolated by lyophilisation.

2.5.7 Synthesis of I-NHS 2.2

2.5.7.1 Synthesis of 3-(2-Bromo-propionylamino)propionic acid

Synthesis adapted from Murata et al.38 A mixture of 2-bromo-2-propionyl bromide (2.6 mL, 25

mmol) and dichloromethane (12 mL) was slowly added to a solution of β-alanine (2.23 g, 25 

mmol) and sodium hydrogen carbonate (5.25 g, 62 mmol) in deionised water (50 mL) at 0 °C.

The mixture was stirred at room temperature for 2 h before the aqueous phase was washed with

dichloromethane (25 mL × 3) and adjusted to pH 2 with 1.0 M HCl. The product was extracted

with ethyl acetate (20 mL × 6), and the organic phase was dried with MgSO4, filtered, and

evaporated under vacuum. 3-(2-Bromo-propionylamino)propionic acid was isolated by

recrystallisation from a mixture of diethyl ether and n-hexane (1/9 volume ratio). The product

was isolated with a 76% yield. 1H NMR (300 MHz, CDCl3): δ (ppm) 6.93 (broad s, 1H,

CH2NHC=O), 4.31 (quart, 1H, 3JH-H = 6.9 Hz, C=OCHBrCH3), 3.50 (td, 2H, 3JH-H = 5.7 Hz,

CH2CH2NHC=O), 2.58 (t, 2H, 3JH-H = 5.6 Hz, HOOCCH2CH2NH), 1.79 (d, 3H, 3JH-H = 7.0 Hz,

NHC=OCCH3Br). 13C NMR (75 MHz, CDCl3): δ (ppm) 177.5, 175.1, 44.8, 35.3, 33.4, 23.1. ESI-

MS (m/z): [M+Na]+ calcd. for C6H10BrNO3: 245.9692; found: 245.9687.
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2.5.7.2 Synthesis of 2,5-Dioxo-1-pyrrolidinyl 3-(2-bromo-propionylamino)propionate

(I-NHS 2.2)

Synthesis adapted from Murata et al.38 N,N’-Diisopropylcarbodiimide (0.86 mL, 6 mmol) was

slowly added to a solution of 3-(2-bromo-propionylamino)propionic acid (1.2 g, 5 mmol), and N-

hydroxysuccinimide (0.625 g, 6 mmol) in dichloromethane (50 mL) at 0 °C. The mixture was

stirred at room temperature for 4 h. After filtering out the precipitated urea, the solution was

evaporated to remove the solvent. The product was purified by recrystallisation from 2-propanol.

Product isolation was achieved with a 69% yield. 1H NMR (300 MHz, CDCl3): δ (ppm) 6.93

(broad s, 1H, CH2NHC=O), 4.34 (quart, 1H, 3JH-H = 7.1 Hz, C=OCHBrCH3), 3.63 (td, 2H,

3JH-H 5.8 Hz, CH2CH2NHC=O), 2.84-2.79 (m, 6H, O=CCH2CH2NH and ONC=OCH2CH2C=O),

1.79 (d, 3H, 3JH-H= 7.0 Hz, NHC=OCCH3Br). 13C NMR (75 MHz, CDCl3): δ (ppm) 177.5, 169.5,

167.3, 44.2, 35.6, 33.4, 25.4, 22.7. ESI-MS (m/z): [M+Na]+ calcd. for C10H13BrN2O5: 342.9892;

found: 342.9899.

2.5.8 Azidation of CT-MI-NHS 2.2.13 (CT-MI 2.3)

CT-MI-NHS 2.2.13 (10 mg, 0.0036 mmol of bromide groups) was dissolved in a DMF/water

(50:50 v/v) solution (2 mL). NaN3 (5 mg, 0.07 mmol) was added to the mixture before being

stirred at room temperature for 48 hours. Excess NaN3 and DMF were removed by dialysis and

ultrafiltration using a Millipore stirred filtration cell and a 5 kDa MWCO membrane against

deionised water, before isolation of the product CT-MI 2.3 by lyophilisation. The production of

the enzyme-azide conjugate was confirmed by FTIR and MALDI-ToF analysis.

2.5.9 Typical Tryptic Digestion of Proteins

A solution of 100 mM DL-1,4-Dithiothreitol (5 μL, 0.5 μmol) was added to a solution of α-CT 

(0.1 mg, 0.004 μmol) in 100 mM ammonium bicarbonate solution (50 μL) and heated at 60 °C
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for 15 minutes. The mixture was cooled and a solution of 200 mM iodoacetamide (5 μL, 1.0 μmol)

was added and allowed to react in the dark for 30 minutes. A solution of Trypsin (10 μL,

0.5 μg/μL, 0.0002 μmol) was added to the solution and heated at 37 °C for 8 h. The sample was

spin-filtered with a 10 kDa MWCO filter to remove any undigested protein fragments and then

submitted directly to LC-MS for analysis without any further purification.

2.5.10 Synthesis of I-BA 2.1

2.5.10.1 Synthesis of 4-(2-Hydroxyethoxy)-benzaldehyde

Synthesis adapted from Liu et al.87 p-Hydroxybenzaldehyde (3.05 g, 20 mmol), 2-bromoethanol

(2.22 mL, 30 mmol), and NaOH (1.2 g, 30 mmol) were stirred in deionised water (20 mL) under

reflux for 18 h. The solution was cooled to room temperature and extracted with dichloromethane

(10 mL x 6). The organic phase was washed with 10% w/v NaOH solution (10 mL x 3), dried

with MgSO4, and filtered. The solvent was removed under vacuum to leave a viscous yellow

liquid. Product isolation was achieved with an 87% yield. 1H NMR (400 MHz, CDCl3): δ (ppm)

9.85 (s, 1H, HC=O), 7.79-7.83 (m, 2H, ArH), 6.98-7.02 (m, 2H, ArH), 4.17 (t, 2H, 3JH-H = 4.9 Hz,

ArOCH2CH2OH), 4.01 (t, 2H, 3JH-H = 4.9 Hz, ArOCH2CH2OH) and 3.04 (s, 1H,

ArOCH2CH2OH). 13C NMR (100 MHz, CDCl3): δ (ppm) 191.2, 163.8, 130.4, 129.9, 114.8, 67.7,

60.9. ESI-MS (m/z): [2M+Na]+ calcd. for C9H10O3: 355.1092; found: 355.0716.

2.5.10.2 Synthesis of 2-(4-Formyl-phenoxy)ethyl 2-bromo-2-methylpropanoate

Synthesis adapted from Hoshi et al.84 A solution of 4-(2-hydroxyethoxy)-benzaldehyde (0.5 g,

3 mmol) and triethylamine (0.5 mL, 3.6 mmol) in anhydrous dichloromethane (5 mL) was slowly
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added to 2-bromo-2-methylpropionyl bromide (0.37 mL, 3 mmol) whilst stirring at 0 °C. After

10 minutes the solution was allowed to warm to room temperature, and stirred for a further 16 h.

The resultant solution was washed with water (5 mL x 2), 1N HCl (5 mL x 2), NaHCO3 solution

(5 mL x 2) and brine (5 mL x 2). The organic phase was dried over MgSO4 and the solvent

removed in vacuo to yield a pale yellow oil. Product isolation of I-BA 2.1 was achieved with a

69% yield. 1H NMR (400 MHz, CDCl3): δ (ppm) 9.90 (s, 1H, HC=O), 7.84-7.86 (m, 2H, ArH),

7.02-7.04 (m, 2H, ArH), 4.56 (t, 2H, 3JH-H = 4.9 Hz, ArOCH2CH2O), 4.32 (t, 2H, 3JH-H = 4.9 Hz,

ArOCH2CH2O) and 1.94 (s, 6H, C=OC(CH3)2Br). 13C NMR (100 MHz, CDCl3): δ (ppm) 190.8,

171.6, 163.4, 132.0, 128.3, 114.8, 65.8, 63.8, 55.4, 30.7. ESI-MS (m/z): [M+15]+ calcd. for

C13H15BrO4: 329.0273; found: 329.0445. [M+15]+ observed due to reaction occurring with

methanol in ESI-MS.88

2.5.11 Typical Synthesis of CT-MI-BA

α-CT (5 mg, 0.0028 mmol of amine groups) was dissolved in deionised water at 0 °C. After

addition of I-BA 2.1 (20 mg, 0.084 mmol) and sodium cyanoborohydride (1.5 mg, 0.0028 mmol),

the mixture was stirred at 3 °C for 3 h and the α-CT-initiator conjugate was purified by dialysis 

using a 3.5 kDa molecular weight cut-off dialysis tube in deionised water at 3 °C for 24 h, and

then isolated by lyophilisation. The production of the enzyme-initiator conjugate was confirmed

MALDI-ToF analysis.



Chapter 2 – Synthesis and Characterisation of Site-Selective Protein Macro-Initiators

111

2.6 References

1. R. Fernandez-Lafuente, D. A. Cowan and A. N. P. Wood, Enzyme Microb.

Technol., 1995, 17, 366-372.

2. L. L. Chen, A. D. Frankel, J. L. Harder, S. Fawell, J. Barsoum and B. Pepinsky,

Anal. Biochem., 1995, 227, 168-175.

3. C. Mateo, J. M. Palomo, G. Fernandez-Lorente, J. M. Guisan and R. Fernandez-

Lafuente, Enzyme Microb. Technol., 2007, 40, 1451-1463.

4. C. T. Walsh, S. Garneau-Tsodikova and G. J. Gatto, Angew. Chem. Int. Ed., 2005,

44, 7342-7372.

5. A. J. King, H. Sun, B. Diaz, D. Barnard, W. Miao, S. Bagrodia and M. S. Marshall,

Nature, 1998, 396, 180-183.

6. S. Kalkhof and A. Sinz, Anal. Bioanal. Chem., 2008, 392, 305-312.

7. M. P. Robin, P. Wilson, A. B. Mabire, J. K. Kiviaho, J. E. Raymond, D. M.

Haddleton and R. K. O’Reilly, J. Am. Chem. Soc., 2013, 135, 2875-2878.

8. J. M. Chalker, G. J. L. Bernardes, Y. A. Lin and B. G. Davis, Chem. Asian J.,

2009, 4, 630-640.

9. J. Xie and P. G. Schultz, Nat. Rev. Mol. Cell Biol., 2006, 7, 775-782.

10. A. Deiters, T. A. Cropp, M. Mukherji, J. W. Chin, J. C. Anderson and P. G.

Schultz, J. Am. Chem. Soc., 2003, 125, 11782-11783.

11. E. M. Sletten and C. R. Bertozzi, Angew. Chem. Int. Ed., 2009, 48, 6974-6998.

12. N. Krall, F. P. da Cruz, O. Boutureira and G. J. L. Bernardes, Nature Chem., 2016,

8, 103-113.

13. I. Rombouts, B. Lagrain, K. A. Scherf, M. A. Lambrecht, P. Koehler and J. A.

Delcour, Sci. Rep., 2015, 5, 12210.

14. D. Bontempo, K. L. Heredia, B. A. Fish and H. D. Maynard, J. Am. Chem. Soc.,

2004, 126, 15372-15373.

15. S. Schoffelen, M. B. van Eldijk, B. Rooijakkers, R. Raijmakers, A. J. R. Heck and

J. C. M. van Hest, Chem. Sci., 2011, 2, 701-705.

16. A. Abuchowski, T. van Es, N. C. Palczuk and F. F. Davis, J. Biol. Chem., 1977,

252, 3578-3581.

17. J. A. Rodríguez-Martínez, I. Rivera-Rivera, R. J. Solá and K. Griebenow,

Biotechnol. Lett., 2009, 31, 883-887.



Chapter 2 – Synthesis and Characterisation of Site-Selective Protein Macro-Initiators

112

18. F. M. Veronese, Biomaterials, 2001, 22, 405-417.

19. J. M. Harris and R. B. Chess, Nat Rev Drug Discov, 2003, 2, 214-221.

20. M. L. Nucci, R. Shorr and A. Abuchowski, Adv. Drug Delivery Rev., 1991, 6,

133-151.

21. F. Fuertges and A. Abuchowski, J. Controlled Release, 1990, 11, 139-148.

22. R. J. Mancini, J. Lee and H. D. Maynard, J. Am. Chem. Soc., 2012, 134, 8474-

8479.

23. T. Shimoboji, Z. Ding, P. S. Stayton and A. S. Hoffman, Bioconjugate Chem.,

2001, 12, 314-319.

24. H. M. Li, A. P. Bapat, M. Li and B. S. Sumerlin, Polym. Chem., 2011, 2, 323-327.

25. V. Depp, A. Alikhani, V. Grammer and B. S. Lele, Acta Biomater., 2009, 5, 560-

569.

26. S. A. Isarov and J. K. Pokorski, ACS Macro Lett., 2015, 4, 969-973.

27. B. S. Sumerlin, ACS Macro Lett., 2012, 1, 141-145.

28. N. Vanparijs, R. De Coen, D. Laplace, B. Louage, S. Maji, L. Lybaert, R.

Hoogenboom and B. G. De Geest, Chem. Commun., 2015, 51, 13972-13975.

29. B. B. Zhu, D. N. Lu, J. Ge and Z. Liu, Acta Biomater., 2011, 7, 2131-2138.

30. S. Averick, A. Simakova, S. Park, D. Konkolewicz, A. J. D. Magenau, R. A. Mehl

and K. Matyjaszewski, ACS Macro Lett., 2012, 1, 6-10.

31. W. A. Braunecker, N. V. Tsarevsky, A. Gennaro and K. Matyjaszewski,

Macromolecules, 2009, 42, 6348-6360.

32. M. Fantin, A. A. Isse, A. Gennaro and K. Matyjaszewski, Macromolecules, 2015,

48, 6862-6875.

33. B. S. Lele, H. Murata, K. Matyjaszewski and A. J. Russell, Biomacromolecules,

2005, 6, 3380-3387.

34. H. Li, M. Li, X. Yu, A. P. Bapat and B. S. Sumerlin, Polym. Chem., 2011, 2, 1531-

1535.

35. J. Liu, V. Bulmus, D. L. Herlambang, C. Barner-Kowollik, M. H. Stenzel and T.

P. Davis, Angew. Chem. Int. Ed., 2007, 46, 3099-3103.

36. J. T. Chin, S. L. Wheeler and A. M. Klibanov, Biotechnol. Bioeng., 1994, 44, 140-

145.



Chapter 2 – Synthesis and Characterisation of Site-Selective Protein Macro-Initiators

113

37. H. J. Wiggers, J. Cheleski, A. Zottis, G. Oliva, A. D. Andricopulo and C. A.

Montanari, Anal. Biochem., 2007, 370, 107-114.

38. H. Murata, C. S. Cummings, R. R. Koepsel and A. J. Russell, Biomacromolecules,

2013, 14, 1919-1926.

39. C. Cummings, H. Murata, R. Koepsel and A. J. Russell, Biomacromolecules,

2014, 15, 763-771.

40. M. L. M. Serralheiro and J. M. S. Cabral, Biocatal. Biotransform., 1999, 17, 3-19.

41. I. J. Castellanos, G. Flores and K. Griebenow, J. Pharm. Sci., 2006, 95, 849-858.

42. A. Wohlman, B. L. Kabacoff and S. Avakian, Exp. Biol. Med., 1962, 109, 26-28.

43. W. J. Dreyer and H. Neurath, J. Biol. Chem., 1955, 217, 527-540.

44. P. E. Wilcox, in Methods Enzymol., Academic Press, 1970, vol. 19, pp. 64-108.

45. M. Kunitz and J. H. Northrop, J. Gen. Physiol, 1935, 18, 433-458.

46. J. H. Wang, Proc. Natl. Acad. Sci. U. S. A., 1970, 66, 874-881.

47. J. J. Birktoft, J. Kraut and S. T. Freer, Biochemistry, 1976, 15, 4481-4485.

48. J. Kraut, H. T. Wright, M. Kellerman and S. T. Freer, Proc. Natl. Acad. Sci. U. S.

A., 1967, 58, 304-311.

49. H. Tsukada and D. M. Blow, J. Mol. Biol., 1985, 184, 703-711.

50. L. Hedstrom, L. Szilagyi and W. Rutter, Science, 1992, 255, 1249-1253.

51. G. H. Cohen, E. W. Silverton and D. R. Davies, J. Mol. Biol., 1981, 148, 449-479.

52. C. Cummings, H. Murata, R. Koepsel and A. J. Russell, Biomaterials, 2013, 34,

7437-7443.

53. H. T. S. Britton and R. A. Robinson, J. Chem. Soc., 1931, 1456-1462.

54. E. Szájli, T. Fehér and K. F. Medzihradszky, Mol. Cell. Proteomics, 2008, 7,

2410-2418.

55. M. W. Duncan, H. Roder and S. W. Hunsucker, Briefings in Functional

Genomics, 2008, 7, 355-370.

56. M. Bucknall, K. Y. C. Fung and M. W. Duncan, J. Am. Soc. Mass Spectrom.,

2002, 13, 1015-1027.

57. M. Liu, P. Tirino, M. Radivojevic, D. J. Phillips, M. I. Gibson, J.-C. Leroux and

M. A. Gauthier, Adv. Funct. Mater., 2013, 23, 2007-2015.

58. F. H. Westheimer and D. E. Schmidt, Biochemistry, 1971, 10, 1249-1253.



Chapter 2 – Synthesis and Characterisation of Site-Selective Protein Macro-Initiators

114

59. C. N. Pace, G. R. Grimsley and J. M. Scholtz, J. Biol. Chem., 2009, 284, 13285-

13289.

60. F. Magni, F. Curnis, L. Marazzini, R. Colombo, A. Sacchi, A. Corti and M. G.

Kienle, Anal. Biochem., 2001, 298, 181-188.

61. K. P. Tan, T. B. Nguyen, S. Patel, R. Varadarajan and M. S. Madhusudhan,

Nucleic Acids Res., 2013, 41, W314-W321.

62. G. R. Grimsley, J. M. Scholtz and C. N. Pace, Protein Sci., 2009, 18, 247-251.

63. M. Brinkley, Bioconjugate Chem., 1992, 3, 2-13.

64. G. Moad, E. Rizzardo and S. H. Thang, Polymer, 2008, 49, 1079-1131.

65. G. Moad, E. Rizzardo and S. H. Thang, Chem. Asian J., 2013, 8, 1634-1644.

66. M. Benaglia, J. Chiefari, Y. K. Chong, G. Moad, E. Rizzardo and S. H. Thang, J.

Am. Chem. Soc., 2009, 131, 6914-6915.

67. D. B. Thomas, A. J. Convertine, R. D. Hester, A. B. Lowe and C. L. McCormick,

Macromolecules, 2004, 37, 1735-1741.

68. H. Willcock and R. K. O'Reilly, Polym. Chem., 2010, 1, 149-157.

69. H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem. Int. Ed., 2001, 40,

2004-2021.

70. A. B. Mabire, M. P. Robin, W.-D. Quan, H. Willcock, V. G. Stavros and R. K.

O'Reilly, Chem. Commun., 2015, 51, 9733-9736.

71. J. C. Jewett and C. R. Bertozzi, Chem. Soc. Rev., 2010, 39, 1272-1279.

72. J. V. Olsen, S.-E. Ong and M. Mann, Mol. Cell. Proteomics, 2004, 3, 608-614.

73. C. M. Smith, P. R. Gafken, Z. Zhang, D. E. Gottschling, J. B. Smith and D. L.

Smith, Anal. Biochem., 2003, 316, 23-33.

74. E. J. Finehout, J. R. Cantor and K. H. Lee, Proteomics, 2005, 5, 2319-2321.

75. P. Tae Gwan and A. S. Hoffman, J. Biomater. Sci., Polym. Ed., 1993, 4, 493-504.

76. K. Velonia, A. E. Rowan and R. J. M. Nolte, J. Am. Chem. Soc., 2002, 124, 4224-

4225.

77. E. G. DelMar, C. Largman, J. W. Brodrick and M. C. Geokas, Anal. Biochem.,

1979, 99, 316-320.

78. G. V. Semisotnov, N. A. Rodionova, O. I. Razgulyaev, V. N. Uversky, A. F.

Gripas and R. I. Gilmanshin, Biopolymers, 1991, 31, 119-128.



Chapter 2 – Synthesis and Characterisation of Site-Selective Protein Macro-Initiators

115

79. M. W. Pantoliano, E. C. Petrella, J. D. Kwasnoski, V. S. Lobanov, J. Myslik, E.

Graf, T. Carver, E. Asel, B. A. Springer, P. Lane and F. R. Salemme, J. Biomol.

Screen., 2001, 6, 429-440.

80. M.-C. Lo, A. Aulabaugh, G. Jin, R. Cowling, J. Bard, M. Malamas and G.

Ellestad, Anal. Biochem., 2004, 332, 153-159.

81. T. Tretyakova, M. Shushanyan, T. Partskhaladze, M. Makharadze, R. van Eldik

and D. E. Khoshtariya, Biophys. Chem., 2013, 175–176, 17-27.

82. S. S. Strickler, A. V. Gribenko, A. V. Gribenko, T. R. Keiffer, J. Tomlinson, T.

Reihle, V. V. Loladze and G. I. Makhatadze, Biochemistry, 2006, 45, 2761-2766.

83. G. Ozyilmaz, S. S. Tukel and O. Alptekin, J. Mol. Catal. B: Enzym., 2005, 35,

154-160.

84. Y. Hoshi, Y. Xu and C. K. Ober, Polymer, 2013, 54, 1762-1767.

85. H. Lineweaver and D. Burk, J. Am. Chem. Soc., 1934, 56, 658-666.

86. L. Michaelis and M. M. L. Menten, FEBS Lett., 2013, 587, 2712-2720.

87. J. Liu, P.-Y. Gu, N.-J. Li, L.-H. Wang, C.-Y. Zhang, Q.-F. Xu and J.-M. Lu, J.

Appl. Polym. Sci., 2013, 129, 2913-2921.

88. L. Wang, Y. Chai, P. Tu, C. Sun and Y. Pan, J. Mass Spectrom., 2011, 46, 1203-

1210.



116

3 Effects of Polymeric Grafting Density on the

Stabilisation of α-Chymotrypsin 



Chapter 3 –  Effects of Polymeric Grafting Density on the Stabilisation of α-Chymotrypsin 

117

3.1 Abstract

In this Chapter, the synthesis and characterisation of protein-polymer conjugates using a “grafting

from” approach was demonstrated. α-chymotrypsin macro-initiators were synthesised as 

described in Chapter 2 to allow, via atom-transfer radical polymerisation of hydrophilic

monomers, the production of protein-polymer conjugates with varying polymeric grafting

densities and molecular weights. The protein-polymer conjugates were characterised with the aid

of poly(acrylamide) gel electrophoresis and ultraviolet-visible spectroscopy to confirm successful

synthesis. With the aim of providing enhancement to stability without hindering the initial

activity, the resulting protein-polymer conjugates were studied for differences in their initial

activity and thermal stability. Aiming towards creating a one-pot system that contains multiple

enzymes that are catalytically stable, the conjugates were also assessed for their ability to be

incubated with a secondary enzyme.

3.2 Introduction

Enzymes are biological catalysts that can promote a wide variety of reactions in nature. Although

enzymes are typically stable in their natural environments, when exposed to many external stimuli

enzymes can rapidly lose catalytic ability. As discussed in Chapter 1, there are numerous different

approaches that are able to increase the stability of enzymes including immobilisation, addition

of various additives, and introduction of non-natural modifications. Although polymers are

effective as additives to stabilise enzymes, the efficiency can be greatly improved when the

polymer is covalently conjugated to the enzyme surface.1-3 Protein-polymer conjugates (PPCs)

have been shown to exhibit better stability against many external stimuli including pH,

temperature and lyophilisation compared to the corresponding native enzyme.4-6

Synthesis of PPCs can cause alterations to the secondary and tertiary structure of the enzyme; this

can lead to alterations to both the activity and stability of the enzyme. There are examples of the

conjugation of polymers providing enhancement in stability yet causing a detrimental reduction
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in the initial catalytic activity.7 Indeed, Velonia et al. synthesised PPCs from lipase B;8 the specific

attachment of poly(polyethylene glycol acrylate) (PPEGA) to the enzyme was achieved by

functionalising the single disulfide bridge (Cys293-Cys311). This conjugation resulted in a 60%

reduction in initial enzymatic activity.

The positive or negative impact of the attachment of polymers to initial activity does not have a

direct correlation to the effect on the enzyme’s stability.9-12 The attachment of polymers to the

globular protein surface can cause a decrease in initial activity but an increase in overall stability;

Luo et al. found that Glucose oxidase (GOx) modified with PPEGA had a reduced initial activity

of 60% compared to the native GOx.12 Figure 3.1 shows that although the initial enzymatic

activity is reduced, the activity of the PPC after three hours is enhanced by a factor of four

compared to native GOx.

Figure 3.1 Thermal stability of native and modified Glucose oxidase (GOx) with PPEGA incubated
at 70 °C. Reproduced from Luo et al.12

As introduced in Chapter 1, Section 1.7.2, there are three different synthetic routes for the

synthesis of PPCs: “Grafting to”, “grafting from”, and “grafting through”. The limitations of

polymeric grafting density experienced by Lele et al. highlighted the requirement to employ a
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“grafting from” technique to allow the study of polymeric grafting density within PPC species.11

The research into the “grafting from” approach has grown greatly in recent years due to the

development of reversible deactivation radical polymerisations (RDRP) including atom-transfer

radical polymerisation (ATRP),13-15 nitroxide-mediated radical polymerisation (NMP), 16, 17 and

reversible addition-fragmentation chain-transfer (RAFT).18-20 Some of these polymerisations have

been adapted to enable the synthesis of polymers in mild conditions allowing for the retention of

protein activity.21 Further research into ring opening metathesis polymerisation (ROMP) has led

to the production of PPCs via this polymerisation process,22 which leads to the possibility of using

chemistries exploited by Moatsou et al. to generate PPCs with defined sequence control and single

monomer additions.23, 24

As the attachment of polymers to the surface of α-CT can greatly improve the thermal stability 

and using the activated ester chemistry that was explored in the previous Chapter to create α-CT 

with varying initiator grafting densities, it is aimed to investigate the effect of polymeric grafting

density on the stability of α-CT. 
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3.3 Results and Discussion

3.3.1 Synthesis and Characterisation of CT-PGMA PPCs

To evaluate the effects of polymeric grafting density upon the stability and activity of α-CT, five 

different PPCs were designed (Table 3.1 and Figure 3.2). α-CT PPCs with grafted 

poly(glycerol methacrylate) (PGMA), CT-PGMAs, were designed with the aim to assess

whether the polymeric grafting density or overall molecular weight had a more substantial impact

upon enzymatic stabilisation. Glycerol methacrylate (GMA) was chosen as the appropriate

monomer for this study as it is hydrophilic and has been found to have no response towards pH

or temperature changes in the conditions planned to be used that could affect stabilisation.25, 26 It

has also been reported by Lee et al. that trehalose, an alcohol-rich disaccharide, has been found

to significantly increase enzymatic stability, therefore in addition to the primary aim, the

investigation of such an effect will be explored in a non-saccharide monomer containing multiple

alcohol units. 5, 27

Table 3.1. Targeted molecular weights and grafting densities of CT-PGMA PPCs.

PPC

Target

Polymer Mw

/kDa

Average

number of

polymers

attached

Target

overall PPC

Mw /kDa

CT-PGMA 3.1.5 5 1 30

CT-PGMA 3.1.25 25 1 50

CT-PGMA 3.1.50 50 1 75

CT-PGMA 3.5.5 5 5 50

CT-PGMA 3.10.5 5 10 75



Chapter 3 –  Effects of Polymeric Grafting Density on the Stabilisation of α-Chymotrypsin 

121

Figure 3.2 Schematic representation of targeted CT-PGMA structures.

To generate these CT-PGMAs with varying polymeric grafting densities, α-CT macro-initiators 

synthesised in Chapter 2 with 1, 5, and 10 initiators, CT-MI 2.1.1, CT-MI 2.1.5, CT-MI 2.1.10

were utilised. The CT-PGMA species were synthesised by polymerising GMA from the surface

of CT-MI 2.1 in aqueous conditions at low temperature using ATRP reagents, copper(I) bromide

and 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA).
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Scheme 3.1 Schematic representation of ATRP of GMA from the surface of CT-MI 2.1 to form
CT-PGMA.

As the polymerisations were conducted with low concentrations of enzyme, monomer and

catalyst to promote the retention of activity within α-CT, it was difficult to follow the conversion 

of this reaction by 1H Nuclear Magnetic Resonance (NMR) spectroscopy. Gas chromatography

(GC) was also briefly investigated to monitor monomer consumption during the polymerisation,

however, this was unsuccessful as no successful method was found to effectively separate the

reaction components. As such, various methods were utilised to investigate the composition of

the final PPC including size exclusion chromatography (SEC), UV-vis spectroscopy, and sodium

dodecyl sulfate poly(acrylamide) gel electrophoresis (SDS-PAGE).

3.3.1.1 Size Exclusion Chromatography (SEC) Characterisation

The first method employed to characterise CT-PGMAs was SEC in N,N-dimethylformamide

(DMF). When conducting analysis of polymers synthesised from a surface, it is common practice
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to incorporate sacrificial initiator to allow the formation of free polymer and facilitate simple

analysis of the grafted species.28, 29 This analysis assumes the formation of free polymers is

equivalent to that of the polymer attached to the surface. To confirm the synthesis of the polymer

is occurring from the surface of the enzyme, the addition of 2 equivalents of sacrificial initiator

per CT-MI 2.1, I-NHS 2.1, was utilised to investigate the formation of free polymer alongside

the formation of CT-PGMA 3.10.5.

Figure 3.3 Molecular weight distributions of CT-PGMA 3.10.5 with and without the presence of
2 equivalents of I-NHS 2.1 obtained by SEC in DMF.

The PPC that was synthesised in the presence of sacrificial initiator produces a bimodal SEC trace

with the smaller peak having a molecular weight of approximately ten times smaller than the

primary peak. As CT-PGMA 3.10.5 has been designed to have ten polymers grafted to the

surface, this suggests that the free and grafted polymers are similar in nature. Noteworthy, is the

presence of a low molecular weight shoulder in the CT-PGMA 3.10.5 species synthesised

without the addition of sacrificial initiator. This suggests there was a small percentage of free

initiator present within CT-MI 2.1.10, which was not removed during the purification via

ultrafiltration of the protein macro-initiator, described in Chapter 2.
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Although this technique was useful for the analysis of the formation of PPCs, it could only be

used with PPCs of high polymeric grafting densities due to a lack of solubility in DMF of native

α-CT and PPCs with only a single-site polymeric graft. To enable the analysis of PPCs with low 

solubility in DMF and allow analysis of the polymeric species alone, the PPCs were subjected to

conditions in an attempt to cleave the polymer from the surface of the protein using an acidic

hydrolysis (Scheme 3.2).

6M HCl

110 °C, 16 h,
0.1 mbar

O

N
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H

x
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OO

OH
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n
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Scheme 3.2 Schematic representation of acidic hydrolysis of a PPC

Although this technique has been used to analyse other polymers such as

poly(dimethylaminoethyl methacrylate) (PDMAEMA),30, 31 it was required to establish if PGMA

would be stable to the harsh acidic hydrolysis conditions necessary for successful cleavage. A

polymer of GMA, PGMA 3.1, was synthesised using identical synthetic conditions to

CT-PGMAs from I-NHS 2.1 and then subjected to the acid hydrolysis and subsequently analysed

by SEC (Figure 3.4 and Table 3.2). Acidic hydrolysis conditions, which are typically used to

analyse amino acid composition of proteins, have been utilised to ensure full hydrolysis of the

protein species.32
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Figure 3.4 Molecular weight distributions of PGMA 3.1 before and after (PGMA 3.1H) obtained by
SEC in DMF.

Table 3.2 Molecular weights and dispersities for PGMA 3.1 before and after hydrolysis (determined
by SEC in DMF against poly(methyl methacrylate) standards).

Polymer Mn /kDa Mw /kDa ĐM

PGMA 3.1 38.4 116.9 3.04

PGMA 3.1H 23.7 53.5 2.26

PGMA 3.1 under goes a reduction in Mn from 38.4 to 23.7 kDa during hydrolysis and it is

hypothesised that this is a consequence of the hydrolysis of the ester bond connecting the glycerol

functionality to the polymeric backbone. As the hydrolysis was found to cause changes in the

observed molecular weight, acid hydrolysis followed by SEC analysis is not an appropriate

technique for the analysis of CT-PGMAs.

Due to the issues of solubility and instability to cleavage conditions, SEC of both intact and

hydrolysed PPCs is not a viable method for successful characterisations of CT-PGMA species

and as such, other methods of characterisation were investigated.
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3.3.1.2 Ultraviolet-Visible (UV-Vis) Characterisation

As most native proteins have a well-established molar extinction coefficient,33 this can utilised to

calculate a weight percentage of protein within the PPC and subsequently extrapolate a PPC

molecular weight. The extinction coefficient of a protein is most commonly defined at

λ = 280 nm, where the intensity of absorption is based upon the aromatic residues, L-tryptophan,

L-tyrosine, and L-phenylalanine, and as these residues are unchanged during the formation of

CT-PGMA, this should allow for the percentage protein in the conjugate to be calculated based

upon this absorption. Therefore, by employing UV-Vis spectroscopy and utilising the

Beer-Lambert law (Equation 3.1), the percentage protein can be calculated using Equation 3.2

and further molecular weights of PPCs can be extracted by using Equation 3.3. All synthesised

CT-PGMA PPCs were characterised using this method (Table 3.3).

Equation 3.1 Beer-Lambert law.

� = ���

A = absorbance, ε = molar absorption coefficient, L mol-1 cm-1,
c = concentration, mol, l = path length, cm

Equation 3.2 Calculation for percentage protein from UV-Vis spectroscopy at λ = 280 nm.

���� �� ������� �� ���������� �� 280 ��

���� �� ���
× 100 = % �������

Equation 3.3 Calculation for molecular weight of PPCs from percentage protein.

����� ���� �� ������ ������

% �������
× 100 = ��������� ����ℎ� �� ���
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Table 3.3 Percentage protein and molecular weights of CT-PGMA PPCs extracted from the intensity
of absorbance at λ = 280 nm.

PPCs

Blank-

Corrected

Absorbance

at

λ = 280 nm

Concentration

of PPC

/mg/mL

Percentage

Protein /%

PPC

Mw /kDa

Target PPC

Mw /kDa

CT-PGMA 3.1.5 0.569 0.48 96 26.5 30

CT-PGMA 3.1.25 0.394 0.30 81 31.2 50

CT-PGMA 3.1.50 0.054 0.18 20 124.6 75

CT-PGMA 3.5.5 0.151 0.25 41 62.4 50

CT-PGMA 3.10.5 0.496 1.10 36 70.8 75

From the UV-Vis analysis, it confirms that all species underwent polymerisation and formed

CT-PGMA protein-polymer conjugates. It is apparent that CT-PGMA 3.1.5 and 3.1.25 have a

lower molecular weight than initially targeted, it is hypothesised that this may be due to low

efficiencies of amide-based initiators that have been reported to cause poor control over the

synthesis of polymers using an ATRP approach.34-36 It was also postulated that the copper has the

potential to bind to the diol within the monomer species, further reducing polymerisation

efficiency. CT-PGMA 3.1.50 was found to have a greater Mw than the targeted 75 kDa by 50

kDa, resulting in a conjugate species of 125 kDa. Overall this characterisation technique has

proven that successful polymerisation has occurred and a range of PPCs have been synthesised to

be further investigated for enhanced catalytic properties.

3.3.1.3 Poly(acrylamide) Gel Electrophoresis (PAGE) Characterisation

The final technique employed to characterise the CT-PGMA species, which is the method most

commonly used to analyse PPCs in literature, was SDS-PAGE. Gel electrophoresis separates

proteins based on their electrophoretic mobility, and as SDS is incorporated to ensure the protein

is in both a non-folded and negatively charged form, this electrophoretic mobility is directly
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related to the molecular weight of the protein. Although SDS is able to disrupt ionic and hydrogen

bonding interactions within proteins, disulfide bridges tend to be unaffected by exposure to SDS.

Native α-CT was initially investigated using a 15% poly(acrylamide) gel and visualised with 

Coomassie Brilliant blue dye (Figure 3.5).

Figure 3.5 SDS-PAGE gel of Native α-CT visualised by Coomassie Brilliant Blue.
Lane 1: Protein ladder, lane 2: Native α-CT.

Upon analysis of native α-CT using SDS-PAGE analysis, three distinct bands were observed in 

the SDS-PAGE gel. This is not unexpected as native α-CT is comprised of three separate 

polypeptide chains connected by disulfide bridges. The sample preparation for SDS-PAGE

involved heating samples to 80 °C, which provided enough energy to cause some of these bridges

to break. However, the molecular weights of these bands, approximated from the calibration

protein ladder, have allowed the assignment of bands at 15 and 10 kDa to the chains B and C

respectively. Chain A is noticeably absent from the SDS-PAGE analysis; this is due to the chain

A consisting of only 13 residues and having a molecular weight of approximately 1 kDa, which

is outside the molecular weight range of the gel. As a consequence of the band splitting observed

from native α-CT, only the band that corresponds to the entire protein at 25 kDa will be employed 

to assess the alterations in molecular weight of the final PPCs.
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To allow the separation of a larger range of molecular weights with both PPC species and native

proteins able to be separated within one gel, 4-20% gradient poly(acrylamide) gels were employed

for further SDS-PAGE analysis of all CT-PGMA species (Figure 3.6). Densitometric analysis

was performed on the subsequent gels to determine both molecular weights and dispersities

(Table 3.4).

Figure 3.6 SDS-PAGE gel of CT-PGMAs visualised by Coomassie Brilliant Blue. Lane 1: Protein
ladder, lane 2: PGMA 3.1, lane 3: Native α-CT, lane 4: CT-PGMA 3.1.5, lane 5: CT-PGMA 3.1.25,
lane 6: CT-PGMA 3.1.50, lane 7: CT-PGMA 3.5.5, lane 8: CT-PGMA 3.10.5. Samples were run on

various PAGE gels.

Table 3.4. Extracted molecular weights and dispersities of native α-CT and CT-PGMAs from
densitometric analysis of SDS-PAGE gel using ImageJ.

Polymer Mn/kDa Mw/kDa ĐM

Native α-CT 22.2 24.8 1.12

CT-PGMA 3.1.5 27.3 27.4 1.00

CT-PGMA 3.1.25 28.8 40.6 1.41

CT-PGMA 3.1.50 108.9 157.0 1.44

CT-PGMA 3.5.5 47.7 60.5 1.27

CT-PGMA 3.10.5 173.4 195.7 1.13
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Firstly, the control polymer PGMA 3.1 was found to not be stained by the dye utilised to visual

the proteins and conjugates Thus it is assumed that any changes seen in molecular weight can be

attributed to the formation of PPC species. It is also important to note that the starting molecular

weight of native α-CT from this technique is slightly reduced compared to the value obtained 

from matrix-assisted laser desorption/ionisation time-of-flight (MALDI-ToF) mass spectrometry

and literature mass values.37

However, upon analysis of the five PPCs, all species were found to have an increased molecular

weight in comparison to native α-CT. As a result of the dispersity of the initiator species grafted 

on to the surface, as discussed in Chapter 2, and the dispersity introduced by the ATRP process,

all PPC species are observed as a broad band in the PAGE gel. As such, Mn and Mw values can be

extracted from the densitometric analysis to aid in the quantification of molecular weight and

dispersity.

Although the extracted values correlate with the targeted results, it is apparent that PPCs with a

targeted high molecular weight appear larger than expected using the SDS-PAGE analysis. For

example, CT-PGMA 3.10.5 was targeted to have a molecular weight of 75 kDa and was found

to have a molecular weight of 70.8 kDa using UV-Vis spectroscopy yet SDS-PAGE analysis

observed a conjugate of 195.7 kDa. As the final calibration point on the protein ladder is 170 kDa,

sizes above this are out of the calibration and it is hypothesised that due to the large size of the

PPCs and the gradient gel chosen, the PPCs do not show enough separation at the higher

molecular weights to calculate molecular weight of the PPCs to a high level of accuracy.

Another consideration when utilising SDS-PAGE is whether the grafted polymer affects the

electrophoretic mobility and therefore if the proteins used to calibrate the PPCs are an appropriate

representation. SDS-PAGE analysis relies upon the sample preparation imparting a negative

charge onto the protein backbone allowing the species to be attracted to the positive anode. This

ionic effect induces a movement of the species through the poly(acrylamide) gel and allows
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separation to occur based on molecular weight. Alterations to size-to-charge ratios, such as the

introduction of polymeric species, can cause variations in the distance travelled within the gel

compared with to the protein standards used for calibration.

The SDS-PAGE technique has confirmed the results observed from UV-Vis spectroscopy that

successful polymerisation has occurred and a range of PPCs have been synthesised. However the

absolute values obtained, particularly for conjugate species with a large polymer-to-protein ratio,

may not be as accurate as other techniques as polymer attachment is most likely to have altered

the surface charge ratio and affected how the PPCs interact within the SDS-PAGE gel.

3.3.1.4 Summary of Characterisation of CT-PGMA PPCs

The most successful techniques that were used to characterise the CT-PGMA PPCs were UV-Vis

spectroscopy and SDS-PAGE analysis. A summary of the five PPCs synthesised, CT-PGMAs,

with characterisation data is shown in Table 3.5.
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Table 3.5. Summary CT-PGMAs with UV-Vis spectroscopy and SDS-PAGE characterisation.

PPCs
Target PPC

Mw/kDa

PPC M
w
/kDa

(UV-Vis)

PPC M
w

/kDa

(SDS-PAGE)

CT-PGMA 3.1.5 30 26.5 27.3

CT-PGMA 3.1.25 50 31.2 40.6

CT-PGMA 3.1.50 75 124.6 157.0

CT-PGMA 3.5.5 50 62.4 60.6

CT-PGMA 3.10.5 75 70.8 195.7

Despite all of the protein-polymer conjugates that were synthesised not being in their desired

target molecular weight range, it is apparent that PPCs have been synthesised with a range of

molecular weights and grafting densities to help identify correlations between these variables.

Following the successful synthesis and characterisation of these CT-PGMA species, all PPCs

were then examined for any variations in stability and activity compared to the native enzyme.
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3.3.2 Activity of CT-PGMA PPCs

3.3.2.1 Batch-to-Batch α-CT Variation 

As the main aim of this study is to investigate the effects of polymeric species on the stability of

enzymes, it is important to establish if the batches of native enzymes possess the same initial

activity and stability prior to modifications. Before analysing any variations between CT-PGMA

and the native species, it was important to ascertain if any discrepancies exist between different

batches of α-CT purchased on different occasions. To this end, Michaelis-Menten parameters 

were extracted using the same method and protocol as in the previous Chapter from the

p-nitroaniline (pNA) peptide hydrolysis assay for both batches of α-CT which were used in this 

Chapter (Table 3.6).

Table 3.6 Michaelis-Menten Parameters of batches of α-CT based on the pNA assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

α-CT Batch 1 105 ± 6 14.6 ± 0.7 0.14 ± 0.01

α-CT Batch 2 64 ± 4 12.8 ± 2.0 0.20 ± 0.03

Is it evident from the Michaelis-Menten parameters that the two batches vary significantly in all

extracted variables. Thus, it is apparent that parameters of CT-PGMAs are required to be

compared with the corresponding batch of α-CT as opposed to directly with each other. To 

establish if there are also variations in the catalytic half-lives between batches of α-CT, both 

batches of α-CT utilised within this Chapter were dissolved in Britton-Robinson buffer at pH 8.0 

and incubated at 40 °C with the pNA assay performed on aliquots;38 residual activities were

plotted against time and half-lives extracted by assuming an exponential decay (Figure 3.7).
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Figure 3.7 Activity half-lives of native α-CT batches at 40 °C based on pNA assay extracted from the
linear regression of ln(residual activity) against time.

The half-life for batch one is a factor of four larger than that of batch two. Due to the differences

observed, a normalisation factor will be applied to any further half-life results and as such will be

reported as a factor of half-life increase to negate any influence of the initial native α-CT batch 

half-life on the comparison of data points.

The two batches of native α-CT were analysed by multiple methods to determine the origin of the 

differences in activity and stability. Firstly, to ensure that there was no alteration to the overall

mass of α-CT, both batches of native α-CT were analysed using matrix-assisted laser 

desorption/ionisation time-of-flight (MALDI-ToF) mass spectrometry (Figure 3.8).
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Figure 3.8 MALDI-ToF mass spectra for α-CT batch one and two recorded using a positive linear
mode.

The two spectra from MALDI-ToF MS superimpose with a high degree of accuracy and suggest

that there is no alteration in overall mass between the two batches. It is hypothesised that any

variations in properties are either due to a change in secondary or tertiary structure or as a

consequence of additives to the system.

To assess the tertiary structure of α-CT, dynamic light scattering (DLS) was employed to 

investigate how the batches of α-CT behave in solution (Figure 3.9). DLS allows the 

determination of the hydrodynamic radius of the α-CT species and can be used to confirm 

uniformity and size of the two batches of α-CT.  
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Figure 3.9 Size distributions averaged by intensity for α-CT batch one and two in water at 25 °C. 

DLS analysis shows that the same overall average size for both batches of α-CT, however it is 

evident that the size distribution of batch two is larger than that of batch one. Although there are

differences in the size distribution, there is no significant differences in the observed size.

To assess if there are any changes in the secondary structure of the α-CT batches, the circular 

dichroism (CD) spectra of the two batches were collected. CD is a technique that utilises circularly

polarised light to analyse the folding of proteins and more specifically secondary structures within

protein species including α-helices, β-sheets, β-turns, and random coils.39 Far-UV CD spectra

were recorded for the two batches of native α-CT (Figure 3.10). 
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Figure 3.10 Far-UV CD spectra of native α-CT batch 1 and 2 run at 20 °C. 

The spectra for the two batches of native α-CT maintain a very similar spectral profiles between 

220 and 260 nm indicating similar protein folding for both batches. Below 220 nm there is a slight

deviation, which potentially suggests a reduction in number of alpha helices present in batch two

of α-CT.40 However, although this reduction in response can be observed, due to the increase in

signal-to-noise ratio as the wavelength decreases, it is not possible to draw reliable conclusions

from this region of the spectra.

As no significant differences have been observed from the previous techniques discussed, the

investigation was focused on additives that may be present in the batches of α-CT. α-CT is 

supplied as a greater than 85% lyophilised powder, and therefore it is clear that there are other

compounds present within the composition of the native α-CT. Conductivity can be strongly 

affected by alterations in composition owing to an increase or decrease of salts or charges species

that could be included in the α-CT composition. Therefore samples of the two batches of α-CT 

batch were dissolved in water at 1 mg/mL and the conductivity of the resulting solution was

recorded (Table 3.7).
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Table 3.7 Conductivity of batches of α-CT dissolved in water at 1 mg/mL and 20 °C. 

Polymer
Conductivity (ρ) 

/mS cm-1

α-CT Batch 1 31

α-CT Batch 2 5

The conductivity of the second batch is a factor of six smaller than the conductivity shown by the

first batch. The conductivity is most likely affected by the salt content of the supplied batches and

it has been reported in the literature that the concentration of additives such as salt can have a

significant effect on both catalytic activity and stability of enzymes.41, 42 It is hypothesised that

the presence of varying levels of urea could also affect the conductivity in this manner, and can

be added to proteins to add stability during lyophilisation.

Although it may be possible to purify the α-CT upon arrival, due to the lack of information about 

the species that could be included in the composition of the supplied α-CT, it is concluded from 

the analysis of the two batches of α-CT that normalisation of both activity and stability will have 

to be performed on the PPCs in accordance with their corresponding batch of native α-CT to allow 

comparisons between batches of PPCs synthesised.

3.3.2.2 Michaelis-Menten of CT-PGMA PPCs

As discussed in Chapter 2, a Michaelis-Menten model of kinetics is one of the most commonly

used models to assess the activity of enzymes in presence of a single substrate.43, 44 This model

was used to assess the effect of polymeric attachment on the catalytic ability of CT-PGMA PPCs

by analysing a series of pNA assays with Michaelis-Menten parameters being extracted from the

hydrolysis data by employing Lineweaver-Burk plots (Table 3.8).
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Table 3.8 Michaelis-Menten Parameters of CT-PGMA PPCs based on the pNA assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native α-CT Batch 1 105 ± 6 14.6 ± 0.7 0.14 ± 0.01

CT-PGMA 3.1.5 130 ± 18 14.8 ± 1.6 0.11 ± 0.02

CT-PGMA 3.1.25 164 ± 28 19.5 ± 2.8 0.12 ± 0.03

CT-PGMA 3.10.5 178 ± 27 18.6 ± 2.5 0.10 ± 0.02

Native α-CT Batch 2 64 ± 4 12.8 ± 2.0 0.20 ± 0.03

CT-PGMA 3.1.50 102 ± 18 15.3 ± 1.4 0.13 ± 0.01

CT-PGMA 3.5.5 99 ± 9 13.0 ± 0.8 0.13 ± 0.01

Given the discussion in the previous Section, PPCs have been separated by the batch of α-CT 

from which they were synthesised. All CT-PGMA species show an increase in Km in comparison

to their respective native α-CT, this suggests competitive inhibition is occurring.45-47 Competitive

inhibition takes place when another molecule is binding to the enzyme, which prevents the

substrate from binding to the enzyme at the same time; in this particular system it is hypothesised

that the polymeric chains are preventing the substrate molecule from entering the active site.

Figure 3.11 was plotted to explore the relationship between overall PPC molecular weight and

the increase in Km.
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Figure 3.11 Relationship between Km and the molecular weight of PPC as determined by UV-Vis
spectroscopy.

The PPC with a single 1 kDa polymer attached, CT-PGMA 3.1.5, has the smallest increase in Km

in comparison to the other PPCs, but nevertheless an increase in Km is observed, which suggests

that the singly modified polymer location is close in proximity to the active site. As the single site

modification is predicted to found at one of the three N-termini, the location of these residues

were examined with respect to the active site (Figure 3.12). Based on the increase in Km, it is

hypothesised that the N-terminus located at residue 144 is the most likely location of the

polymeric species owing to its close proximity to the active site. The factor of increase of Km for

the PPCs with molecular weights above 30 kDa are all within error of each other, showing no

further increase is observed with higher grafting density or increased molecular weight of the

polymer.
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Figure 3.12 Crystal structure of α-CT (4CHA)37 highlighting the location of the active site and the
relative position of the N-terminus. Residues within the active site have been highlighted in red,

N-terminus in yellow.

Although an increase in Km is observed when at least one polymer is conjugated, the catalytic

constant, kcat, was found to either remain constant or increase slightly in comparison to the native

species. There is no obvious trend between either molecular weight or grafting density that

accounts for the variations observed in kcat. Furthermore, despite the variations in kcat and Km, the

overall efficiency remains above 65% for all PPC in comparison to the native protein values.

Despite observing competitive inhibition occurring with the attachment of the polymeric species,

there is minimal effect on the overall catalytic ability, kcat, of the enzyme suggesting the activity

of α-CT is stable to the polymerisation conditions. As most systems require a balance of stability 

and activity, the decrease in catalytic efficiency of α-CT in the CT-PGMA species is not

detrimental if this leads to an increase in stability.

3.3.3 Stability of CT-PGMA PPCs

3.3.3.1 Thermal Stability of α-CT and PGMA  

Numerous polymers have been reported in the literature to provide stabilisation to enzymes as

non-covalently bound additives rather than of attached to the surface of an enzyme.5, 48

Furthermore, the stabilisation of enzyme species has been found to be tuneable with both a
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dependence on molecular weight and concentration of the polymeric species.49 Indeed Marin et al.

found that by increasing the concentration of poly[di(carboxylatophenoxy)phosphazene]

disodium salt from 0.2 to 1.0 mg/mL, the enzymatic stability of horseradish peroxidase was

increased by 10%.49 In order to confirm whether unbound PGMA has any effect on the

stabilisation of α-CT, four PGMA polymers were synthesised, aiming at different molecular 

weights, using identical ATRP conditions as the ones utilised to produce the CT-PGMA PPCs.

The resulting polymers, PGMA 3.2-3.5, were subsequently analysed by SEC (Figure 3.13 and

Table 3.9).

Figure 3.13 Molecular weight distributions of PGMA 3.1-3.5 obtained by SEC in DMF.

Table 3.9 Molecular weights and dispersities for PGMA 3.2-3.5 (determined by SEC in DMF against
poly(methyl methacrylate) standards).

Polymer Mn/kDa Mw/kDa ĐM

PGMA 3.2 2.8 4.7 1.69

PGMA 3.3 6.2 14.1 2.28

PGMA 3.4 10.6 21.0 1.98

PGMA 3.5 24.6 81.2 3.29
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Overall four polymers were synthesised with a range of molecular weights varying from 3 to

25 kDa. In all cases, the molecular weight distributions observed are relatively large for an RDRP

process where dispersity is typically less than 1.2.50 It is hypothesised that, due to the

polymerisation conditions having been optimised for the synthesis of PPCs, the differences could

be attributed to the variations in localised concentration of the initiator species. Indeed, the

initiator used to synthesise PGMA species is unbound and therefore relies on Brownian motion

and diffusion to maintain an even dispersion of initiators throughout the reaction solution. In

contrast to the PPC synthesis, where the macro-initiator restricts the free movement of the

initiators, producing microenvironments rich in initiating sites. Consequently, this has the ability

to alter the ratios of catalyst, monomer, and initiator present in the microenvironment compared

to that of the free solution creating discrepancies in the reaction kinetics and therefore leading to

an increase of dispersities.

Aiming towards identifying whether a relationship exists between the thermal stability of α-CT 

and the concentration or molecular weight of PGMA, solutions of α-CT and PGMA 3.2-3.5 in

Britton-Robinson buffer at pH 8.0 were incubated at 40 °C with the pNA assay performed on

solution aliquots and recorded as a ratio of the initial activity (Figure 3.14). Concentrations are

reported as equivalents per enzyme to allow comparison to the corresponding CT-PGMA

species, i.e. 17 equivalents per enzyme corresponds a PPC with 17 polymers conjugated to its

surface. The stability tests for PGMA 3.2-3.5 were conducted using 85 equivalents per α-CT, 

which is significantly larger than the number of polymer chains grafted to the surface of α-CT for 

the synthesis of the PPCs to ensure any stabilisation effect could be detected.
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Figure 3.14 Thermal stability profiles of α-CT incubated with PGMA 3.2-3.5 at pH 8.0, 40 °C.
a) α-CT and PGMA 3.2-3.5 at 85 equivalents per α-CT b) α-CT and PGMA 3.3 at varying

concentrations. Each data point is based on the average of four repeats of pNA assay with standard
deviation displayed as error.

All experiments were performed with the same batch of α-CT, hence the results were not 

normalised to account for discrepancies in batch-to-batch variations. When altering the molecular

weight of PGMA from 2 kDa to 10 kDa, PGMA 3.2-3.4, no change in stability is observed in

comparison to the native enzyme, even though a large excess of PGMA had been employed.

Although a small increase in stability is observed for α-CT that was incubated with PGMA 3.5,
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which has a Mn of 25 kDa, the half-life of α-CT was shown to increase from 7.2 to 10.1 minutes, 

which is only a small effect.

Although minimal enhancement in stability was observed from PGMA 3.2-3.5, the stability of

α-CT was further examined under varying concentrations of PGMA 3.3, which has a Mn of 5 kDa

and is comparable in molecular weight to the polymers attached to conjugates CT-PGMA 3.1.5,

3.5.5, and 3.10.5. In all cases of α-CT incubation with PGMA 3.3, no increase in stability was

observed.

In conclusion, there was no increase in stability of α-CT when incubated with PGMA of a 

molecular weight less than or equal to 10 kDa. These results will be compared to any

enhancements observed upon synthesising the corresponding protein-polymer conjugate species.

3.3.3.2 Thermal Stability of CT-PGMA PPCs

As the incubation of free polymer and α-CT showed no substantial increase in stability, 

CT-PGMA PPCs were used to explore if the covalent attachment of polymers could impart a

higher degree of stability to α-CT. The PPCs were also examined to investigate whether a 

correlation was present between the stability of α-CT and the polymeric grafting density or overall 

PPC molecular weight. To facilitate this assessment, solutions of CT-PGMA PPCs in

Britton-Robinson buffer at pH 8.0 were incubated at 40 °C and activity assessed with the pNA

assay at frequent time intervals; residual activities were plotted against time and half-lives

extracted by assuming an exponential decay and subsequently normalised by the half-life of the

corresponding batch of α-CT (Figure 3.15).  
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Figure 3.15 Factor of half-life increase for CT-MI 2.1.X and CT-PGMA PPC species at 40 °C and pH
8.0 extracted from the linear regression of ln(residual activity) against time and normalised to the

corresponding batch of α-CT. 

Compared to the unconjugated polymer and enzyme samples examined in the previous

Section 3.3.3.1, all PPCs showed an increase in the overall catalytic half-life. For example,

CT-PGMA 3.10.5, which exhibits an increase in half-life with a factor of 6.8 compared to native

α-CT, can be directly compared to PGMA 3.3, as the molecular weight of the polymer species is

similar. PGMA 3.3 was found to have no increase in half-life at concentrations more than ten-fold

higher than the one that would be present in the PPCs.

As reported in the previous Chapter, the α-CT macro-initiator with one initiator bound, 

CT-MI 2.1.1, was found to not have an increase in stability compared to with the native enzyme.

However, in the case of the singly grafted PPCs, there is an observed trend between the increase

in the molecular weight of polymer from 2 kDa to 100 kDa, CT-PGMA 3.1.X, and the resulting

increase in stability, with the factor of half-life increase being enhanced from 2.7 to 4.4. Previous

theories suggest a singly grafted polymer has the ability to wrap around the protein enhancing the

stability,51-53 it is hypothesised that the increase in stability with increasing polymer length is

related to polymers ability to encapsulate the enzyme and provide an effective shell to shield the

protein from possible interactions with the surrounding solvent.
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Similar to the increase in half-life observed between CT-MI 2.1 species, CT-PGMA PPCs with

multiple polymers conjugated to their surface, CT-PGMA 3.5.5 and 3.10.5, exhibit improved

stability compared with their singly grafted analogues. This suggests that grafting density of the

α-CT PPCs has a more significant impact upon the stability of α-CT in comparison to the overall 

molecular weight of the PPCs. It is hypothesised that a plausible explanation of this phenomenon

is the ability of the polymer to form a barrier preventing the solvent interaction with the protein

(Figure 3.16). Due to the increased surface coverage, PPCs with a higher grafting density can

provide a higher degree of protection. However, it is important to note that CT-PGMA 3.10.5

was found to have a similar stability to that of the corresponding CT-MI 2.1 species, which

suggests that the stability may be also induced by a protection of the charged residues on the

proteins surface from the surrounding environment.

Figure 3.16 Schematic representation of the ability of polymers to prevent solvent-protein interactions
based on the effect of increasing grafting density.

Although the catalytic half-life was found to be unchanged between the macro-initiator and PPC

with 10 grafting sites, CT-MI 2.1.10 and CT-PGMA 3.10.5 respectively, further investigation

was undertaken to evaluate if any other properties had been affected by the introduction of the

polymer. To this end, thermal shift assays using SYPRO orange were conducted for α-CT, 

CT-MI 2.1.10 and the corresponding PPC CT-PGMA 3.10.5 to establish their melting

temperature (Tm) (Figure 3.17). As explained in Chapter 2, as the protein melts and exposes
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hydrophobic regions, the SYPRO orange dye can bind allowing an increase in the observed

fluorescence indicating the Tm of the protein.

Figure 3.17 a) Thermal shift assay profile of native α-CT, CT-MI 2.1.10, and CT-PGMA 3.10.5, 5
mg/mL in water with SYPRO orange, excitation λ = 492 nm, emission λ = 610 nm and b) graph

displaying half-lives of α-CT CT-MI 2.1.10, and CT-PGMA 3.10.5 species. Values are obtained from
triplicate repeats and error is displayed as standard deviation.

The thermal shift assay found that there was a significant reduction in the Tm of the

CT-PGMA 3.10.5 species, not only in comparison to CT-MI 2.1.10 but also in relation to the

native enzyme. Noteworthy is the fact that the stability studies previously discussed were

conducted at 40 °C, which was found to be 3 °C higher than the melting temperature of

CT-PGMA 3.10.5. This implies that during the stability studies, both native and

CT-PGMA 3.10.5 were in a conformation that exposes the hydrophobic regions of the enzyme,

which may compromise some of the results.

Although the melting temperature of CT-PGMA 3.10.5 was lower than native α-CT, this induced 

a higher catalytic stability within the protein and therefore, the influence of temperature on the

tertiary structure and the folding of PPCs was studied. CD is typically a useful tool in analysing

the tertiary structure of proteins, however the CD spectra of native α-CT was found not to contain 

many characteristic features that could be tracked through temperature variations. As such the

structural differences of α-CT and CT-PGMA were investigated by employing small-angle X-ray

scattering (SAXS) techniques (Figure 3.17).
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Figure 3.18 Scattering profiles of a) α-CT and b) CT-PGMA 3.10.5 of I(q) plotted against q at varying
temperatures.

The scattering profiles were observed to contain variations as the temperature is increased for

both α-CT and CT-PGMA 3.10.5. For examples, the decrease in scattering intensity when q tends

towards zero indicates a decrease in concentration with an increase of temperature. Furthermore,

a great change of profile is observed for the 55 °C sample, which strongly indicated a change in

morphology in solution at this temperature, such as aggregation or denaturation. The changes

found are more pronounced in α-CT compared to that of CT-PGMA 3.10.5, which is most likely

due to the higher protein content of the samples, 100 wt.% and 35 wt.% respectively. It is therefore

hypothesised the PGMA polymeric species dominates the scattering profile and hence little

information can be extracted from the PPC SAXS data.

To allow a comparison between protein species, Kratky plots (q2I(q) vs q) for α-CT and 

CT-PGMA 3.10.5 at varying temperatures were derived, from the SAXS raw data, in order to

further analyse the PPC morphology. Such plots are often used to emphasise the differences

between compact objects such as globular, structured proteins and that of a random chain, such

as an unfolded protein.54, 55 Bell-shaped curves are obtained in the case of compact structures

whereas a plateau is found for the random chain phase, and depending on the local rigidity of the

chain, an increase in slope as q increases may also be observed.
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However, Kratky plots cannot be used to compare scattering profiles of objects of different sizes

such as native α-CT and CT-PGMA 3.10.5. Hence, a dimensionless Kratky plot was employed

to avoid this limitation. The intensity, I(q), is normalized to the forward scattering intensity I(0),

which allows comparison of samples of different molecular weights as I(0) is proportional to the

molecular weight. Additionally, q is normalized to the radius of gyration of the protein, which

makes the angular scale independent of the protein size.56 However, due to the aggregation

observed in the scattering profile of α-CT, the Rg could only be successfully calculated for regions

of the protein that were still folded causing the data to be skewed in favour of the folded protein.

As a result of this, a standard Kratky plot was employed to analyse native α-CT whilst a 

dimensionless Kratky plot was utilised for CT-PGMA 3.10.5 (Figure 3.19);

Figure 3.19 of a) Kratky plots of α-CT of q2I(q) plotted against q and b) dimensionless Kratky plots of
CT-PGMA 3.10.5 of (Rgq)2I(q)/I(0) plotted against Rgq at varying temperatures.

Native α-CT at 25 °C plots show a symmetrical bell-shaped curve as well as a horizontal 

asymptote at high q values, characteristic of a folded protein. Additionally, the analysis of the

dimensionless Kratky plot of CT-PGMA 3.10.5 indicated that the structured domains of α-CT 

are unaltered as the bell-shape is still present.

Although a folded structure was observed for both species at 25 °C as the temperature was

elevated from 25-55 °C, the disappearance of the bell-shape was observed in all cases.

Furthermore, it was evident at temperatures as low as 35 °C that the loss of the folded structure
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had started to occur. From the SAXS analysis, there is evidence that the PPC gradually loses its

shape upon heating. Whilst it is expected that the polymer would allow longer retention of the

folded structure owing to the improved catalytic stability in comparison to native α-CT, both 

species undergo shape changes in similar temperature ranges.

Despite observing a decrease in the Tm and no improvement upon tertiary structure retention from

SAXS analysis of CT-PGMA 3.10.5, the catalytic half-life of all PPCs synthesised,

CT-PGMA PPCs, is increased in comparison to that of native α-CT. Additionally it was found 

that PPCs with a high polymeric grafting density exhibit longer half-lives, although the enhanced

half-lives appear to correlate with the stability of the corresponding macro-initiator. This has led

to the hypothesis that the stability is proportional to the ability of the polymer or initiator to

exclude interactions between charged residues and the surrounding environment.

3.3.3.3 Secondary Enzyme Stability of CT-MI and CT-PGMA PPCs

As the ultimate aim of this study is to be able to store multiple enzymes for long periods of time

in one solution, the ability of a protease enzyme, such as α-CT, to digest a secondary enzyme 

species in solution is an important factor to investigate. It is also imperative to consider if the

conjugation of only the protease enzyme within a solution of multiple enzymes, as opposed to

modifying each individual enzyme, can provide the additional stability desired to all enzymes in

solution. This is particularly important if protease PPCs are carried forward for use in an industrial

application, as a reduction in the number of synthetic processes required would overall generate

a more cost-effective product.

As in the previous Chapter glucose oxidase (GOx) was utilised as the secondary enzyme because

of its reported high stability over 24 hours.57 To be able to assess the ability of the protease to

digest proteins, α-CT, CT-MI 2.1.10, and CT-PGMA 3.10.5 species were incubated with GOx

at 30 °C for 24 hours with aliquots removed and tested for GOx activity using the o-dianisidine

assay (Figure 3.20). CT-PGMA 3.10.5 was chosen for this study because of its high catalytic
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stability and owing to its high degree of polymeric grafting density is most likely to protect the

secondary enzyme, GOx, against digestion.

Figure 3.20 Stability profiles of GOx incubated with α-CT, CT-MI 2.1.10, and CT-PGMA 3.10.5 at
various time intervals at pH 5.0, 30 °C. Each data point is based on the average of four repeats of

o-dianisidine assay with standard deviation displayed as error.

Although α-CT has a short half-life, the CT species were all incubated at a high protein 

concentration of 5 mg/mL to ensure that even as proteolytic activity is depleted, the solution

would contain an active protease species. Undiluted samples of the stability tests were examined

after 24 hours for protease activity using the pNA assay and were found to have an initial velocity

that was too high to be recorded confirming proteolytic activity was still viable over the time scale

of the experiment.

Upon the addition of any CT species, the activity of GOx was observed to have a sharp initial

decrease, which is most likely explained by the activity of the protease species being at its highest

during the first hour of the experiment. However, this reasoning would suggest, due to the

CT-MI 2.1.10 and CT-PGMA 3.10.5 PPC having a longer catalytic half-lives than that of

native α-CT, GOx activity should continue to decrease rapidly over the subsequent time points.
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Despite this expectation, this was not observed and therefore the exponential decay behaviour is

not directly linked to the relative activity of the protease.

It was found that after 24 hours of incubation, the activity of GOx with native α-CT had reduced 

to 30% of the initial activity and no improvement was found by the addition of 10 initiators to

α-CT, CT-MI 2.1.10. However, CT-PGMA 3.10.5, which has 10 PGMA polymers conjugated

to the surface of α-CT, is only observed to decrease the GOx activity to 56% of the initial activity.

As there is some reduction in activity observed in the case of native GOx to 80%,

CT-PGMA 3.10.5, in comparison to native α-CT and CT-MI 2.1.10, was found to have a 72%

increase in stabilisation of the secondary enzyme.

Though no increase was observed in GOx stability upon the addition of initiators to α-CT, 

CT-MI 2.1.10, the growth of polymers from this macro-initiator to synthesise a PPC,

CT-PGMA 3.10.5, shows a substantial increase in secondary enzyme activity which was inferred

to relate to its improved stability. This suggests that the PGMA polymers can allow small

molecules, such as the substrate for the pNA assay, to access the active site of α-CT but prevent 

larger peptides and proteins, including GOx, entering the active site and losing activity due to

digestion.

3.4 Conclusions

To conclude, PPCs of PGMA were successfully synthesised by ATRP from the surface of α-CT. 

Although the synthesis was successful, not all of the conjugates possessed the desired

architectures, most likely due to poor initiation of the amide initiator in aqueous environments.

As the conversion of the polymerisations could not be monitored by 1H NMR spectroscopy or

GC, the characterisation methods that were observed to be best suited to analyse to composition

of the final PPCs were densitometric analysis of SDS-PAGE and extraction of percentage protein

from UV-Vis spectroscopy at λ = 280 nm. Despite the problems that were experienced in
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batch-to-batch variations of both activity and stability, these limitations were overcome by the

normalisation of data to the corresponding batch of native α-CT. 

The subsequent analysis of the CT-PGMA PPCs revealed that, despite the competitive inhibition

observed in the initial activity, all PPCs showed an improvement in catalytic stability at 40 °C. It

was also observed that the grafting density of CT-PGMA PPCs was more influential on the

catalytic stability than the overall molecular weight of the conjugate. It was postulated that the

observed increase was related to the polymers ability to shield the protein residues from

experiencing interactions with the surrounding environment. This suggests the most effective

conjugate for enhanced thermal stability possesses a high polymeric grafting density. Although

an increase was observed in catalytic stability, no enhancement was observed in either the Tm or

retention of tertiary structure from SAXS analysis of CT-PGMA 3.10.5.

Despite only observing a retention of catalytic stability in comparison to the corresponding

macro-initiator, CT-PGMA 3.10.5 was found to allow the stability of a secondary enzyme to

remain higher that both the native enzyme or the respective macro-initiator. It is hypothesised that

the polymers perform molecular sieving to prevent larger substrates such as proteins reaching the

active site but allows smaller molecules such as peptides through. This allows for a high

enzymatic activity to be maintained for both enzymes in solution.
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3.5 Experimental

3.5.1 Materials

All chemicals were obtained from Sigma-Aldrich and used without further purification unless

stated otherwise. Ultrafiltration membranes were supplied by Amicon at 5 kDa MWCO. SYPRO

orange was supplied as a 5,000x concentrate in DMSO from Thermo Fisher. SDS-PAGE gradient

gels were purchased from Biorad.

3.5.2 Instrumentation

3.5.2.1 1H Nuclear Magnetic Resonance (NMR) and 13C NMR Spectroscopy

1H NMR spectra were recorded on a Bruker DPX-300 or DPX-400 spectrometer at 300 MHz and

400 MHz, respectively with MeOD, D2O, or CDCl3 as the solvent. The chemical shifts of protons

were quoted relative to tetramethylsilane (TMS) at δ = 0 ppm when using CDCl3, or relative to

residual solvent protons when using MeOD (1H: δ = 3.31 ppm) and D2O (1H: δ = 4.79 ppm).

13C NMR spectra were recorded on a Bruker DPX-300 or DPX-400 spectrometer at 75 MHz and

100 MHz, respectively with MeOD, D2O, or CDCl3 as the solvent. The chemical shifts of carbons

were quoted relative to solvent carbons when using MeOD (13C: δ = 49.3 ppm) and CDCl3

(13C: δ = 77.0 ppm).

3.5.2.2 Size Exclusion Chromatography (SEC)

SEC was carried out using an Agilent390-MDS Multi detector suite fitted with an RI and a UV

detector, and viscometer, and equipped with a guard column (VarianPLGel) and two PLGel

mixed D columns. The mobile phase was DMF with 5mM NH4BF4 with a flow rate of 1.0 mL

min-1. Data was analysed using Cirrus v3.3 with calibration curves produced using Varian

Polymer laboratories linear poly(methyl methacrylate) (PMMA) standards.

3.5.2.3 Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy for the determination of protein concentrations were conducted on a Perkin

Elmer Lambda 35 UV/Vis spectrometer recording absorbance at λ = 280 nm. Utilising the
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Beer-Lambert law and the molar extinction coefficient for α-CT of 50,585 L mol-1 cm-1,

percentage protein and the theoretical molecular weights were extracted. UV-Vis spectroscopy

for kinetic measurements was conducted on a FLUOstar OPTIMA multi-well microplate reader.

96-well polystyrene plates were used with an excitation filter of λ = 405 nm, unless otherwise

stated. Data was analysed using MARS v3.01 software.

3.5.2.4 Sodium Dodecyl Sulfate Poly(acrylamide) Gel Electrophoresis (SDS-PAGE)

SDS-PAGE gel analysis was carried out using 4-12 % BioRad SDS-PAGE gels. Gels were run at

a constant voltage, 150 V, for 60 minutes and subsequently stained with Coomassie Brilliant Blue.

Samples were prepared by heating protein solutions combined with loading buffer in a 1:1 ratio

for 5 minutes at 80 °C. Densitometric analysis was performed on the resulting gels using ImageJ

software and determining the grayscale profile of the lane length.

3.5.2.5 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-ToF)

Mass Spectrometry

MALDI-ToF mass spectrometry was conducted on a Bruker Autoflex MALDI ToF/ToF

spectrometer. The acceleration voltage was 20 kV in a positive linear mode. Protein solution

(1.0-2.0 mg/mL) was mixed with an equal volume of matrix (0.5 mL of water, 0.5 mL of

acetonitrile, 2 μL of trifluoroacetic acid, and 8 mg of 4-hydroxy-3,5-dimethoxycinnamicacid), 

and 2 μL of the resulting mixture was spotted on the target plate. Samples were calibrated against 

native α-CT. Number of sites conjugated and associated errors were extracted from a Gaussian fit 

of the MALDI-ToF mass spectra.

3.5.2.6 Dynamic Light Scattering (DLS)

DLS measurements were conducted on a Malvern Zetasizer Nano ZS instrument equipped with

a 4 mW He-Ne 633 nm laser module and a detector at 173°. Samples were prepared at 1 mg/mL

in water and filtered using a 0.22 μm nylon filter prior to analysis. All experiments were run in

triplicate with twelve acquisitions per repeat.
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3.5.2.7 Circular Dichroism (CD)

All CD Spectra were recorded on a J-720 CD spectrometer in 1 mM pH 8.0 Tris-HCl using a

quartz cuvette with a path length of 0.1 cm. All experiments were run in triplicate with three

acquisitions per repeat and recorded at 20 nm min-1.

3.5.2.8 Conductivity

Conductivity was assessed by measuring the resistance of the system and subsequently calculating

by utilising Pouillet’s law. Conductivity measurements were all carried out by Dr Wen Dong

Quan.

3.5.2.9 Thermal Shift Assay

Thermal shift assay measurements were conducted on an Agilent MX3005P rtPCR with an

excitation filter of λ = 492 nm and an emission filter of λ = 610 nm used unless otherwise stated.

10 μL of enzyme (50 mg/mL) was added to 90 μL of SYPRO orange solution (12.5x conc.). 

Heating ramps were performed at a rate of 1 °C min-1.

3.5.2.10 Small Angle X-Ray Scattering (SAXS)

SAXS measurements were conducted using the beamline at the Australian Synchrotron facility.

The samples were prepared in Tris-HCl pH 8.0 buffer and were run using 1.5 mm diameter quartz

capillaries, which could be temperature regulated via a water bath to provide variable temperature

measurements. The measurements were collected at an energy of 11 keV and at a sample to

detector distance of 3.414 m to give a q range of 0.005 to 0.3 Å-1, where q is the scattering vector

and is related to the scattering angle (2θ) and the photon wavelength (λ) by Equation 3.4.

Equation 3.4 Relation of scattering angle, θ, to scattering vector, q.

� =
4�sin(�)

�

All patterns were normalised to fixed transmitted flux using a quantitative beam stop detector.

The scattering from a blank was measured in the same location as sample collection and was
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subtracted for each measurement. The two-dimensional SAXS images were converted in

one-dimensional SAXS profile (I(q) versus q) by circular averaging, where I(q) is the scattering

intensity. ScatterBrain and Igor software were used to plot and analyse data.58, 59 Rg and I(0) values

were determined using the Guinier-Porod fit from the NIST SANS analysis package.60-63 All

SAXS measurements and subsequent data fitting was performed by Dr Anaïs Pitto-Barry.

3.5.3 Enzyme Kinetic Studies

3.5.3.1 pNA Protease Assay

To assess initial hydrolysis rate, 20 μL of enzyme (2 μg/mL protein concentration) was added to 

160 μL 50 mM Tris-HCl buffer (pH 8). 20 μL of N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide in

methanol, at 1 mM, was added to the enzyme solution. The initial rate of hydrolysis of the peptide

substrate was monitored by recording the increase in absorption at λ = 405 nm at 25 °C.

Background hydrolysis was subtracted to give initial rates of hydrolysis.

3.5.3.2 α-CT Stability Assays 

Enzyme species (2 μg/mL protein concentration) were incubated in 50 mM Tris-HCl buffer at

pH 8.0. For samples incubated at 40 °C, the assay was performed immediately after the aliquot

had been taken to prevent samples degrading over time. For samples incubated at 4 °C or 20 °C,

the samples were stored at -20 °C until the 28th day study was completed. The residual activity

was calculated as a ratio of initial rates of hydrolysis, calculated as described above, at given

incubation time over the initial activity. Activity half-lives were extracted from a linear plot of

the natural logarithm of residual activity against time; all stability profiles were assumed to be

based on an exponential decay. Half-life values were subsequently normalised to factor of

half-life increase by dividing by the half-life of the corresponding batch of α-CT to alleviate issues 

of batch-to-batch variations.
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3.5.3.3 Michaelis-Menten Kinetics and Parameters

Michaelis-Menten parameters were established by performing the pNA protease assay (see

Section 3.5.3.1) with varying N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide substrate

concentrations. A range of N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide solutions were prepared by

diluting with methanol to 10, 5, 2, 1, 0.5, 0.2 mM solutions; the initial hydrolysis rate was

recorded as before. MARS data analysis software was used to extract values of Km, kcat and kcat/Km

from a plot of the reciprocal of substrate concentration against the reciprocal of initial hydrolysis

rate.

3.5.3.4 Glucose Oxidase Stability Assays

Native α-CT and α-CT-PPCs (5 mg/mL protein concentration) were incubated with glucose 

oxidase (GOx) (0.5 units/mL) in 50 mM sodium acetate buffer at pH 5.0 at 30 °C. Aliquots (50

μL) were collected and the activity assay was performed immediately. The residual activity of 

GOx was calculated as a ratio of initial rates of activity at given incubation time over the initial

activity. To assess initial activity rate a 10 μL of GOx (0.5 units/mL) was added to 190 μL of a 

solution of glucose (1.72% w/v), o-dianisidine (0.17 mM) and horseradish peroxidase (POx) (3

Purpogallin units/mL). The initial rate of oxidation of o-dianisidine was monitored by recording

the increase in absorption at λ = 492 nm at 25 °C. Background hydrolysis was subtracted to give

initial rates of hydrolysis. POx was used in a large excess and stored in aliquots at -20 °C to ensure

that this is not the limiting factor in enzyme kinetics.

3.5.4 Synthesis of Glycerol Methacrylate (GMA)

Synthesis previously reported by Ratcliffe et al.64 Glycidyl methacrylate was passed over basic

alumina before use. A solution of glycidyl methacrylate (3 mL) in deionised water (27 mL) was
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refluxed at 80 °C for 9 hrs. The monomer was synthesised with a 99% yield; the product was not

isolated from the reaction solution but used for polymerisations with no further processing or

purification. 1H NMR: (300 MHz, MeOD): δ (ppm) 6.01 (s, 1H, CH3C=CHH), 5.59 (s, 1H,

CH3C=CHH), 4.00-4.15 (m, 2H, OCOCH2), 3.87 (quin, 3JH-H = 5.3 Hz, 1H, OCOCH2CHOH),

3.46-3.58 (m, 2H, CH2OH) and 1.78 (s, 3H, CH3C=CH2). 13C NMR (75 MHz, MeOD): δ (ppm)

169.5, 135.7, 127.0, 75.7, 69.5, 62.3, 17.4. ESI-MS (m/z): [M+Na]+ calcd. for C7H12O4: 183.0592;

found: 183.0964.

3.5.5 Typical Polymerisation of GMA to Synthesise α-CT-PPCs 

A solution of GMA (10% v/v) (1040 μL, 0.8 mmol), and CT-MI 2.1.10 (20 mg, 0.0092 mmol of

initiator groups) in deionised water (7 mL) was sealed and bubbled with nitrogen in an ice bath

for 20 min. A deoxygenated catalyst solutions of HMTETA (10 μL, 0.04 mmol) and Cu(I)Br 

(5 mg, 0.04 mmol) in deionised water (3 mL) was then added to the conjugation reactor under

nitrogen bubbling. The mixture was sealed and stirred for 18 h at 4 °C. CT-PGMA conjugate was

isolated by ultrafiltration using a Millipore stirred filtration cell and a 5 kDa MWCO membrane

against deionised water and then lyophilised. The production of the PPC, CT-PGMA, was

confirmed by UV-Vis spectroscopy and SDS-PAGE analysis.

3.5.6 Typical Polymerisation of GMA to Synthesise PGMA

A solution of GMA (10% v/v) (5.2 mL, 4 mmol), and I-NHS 2.1 (11 mg, 0.046 mmol of initiator

groups) in deionised water (7 mL) was sealed and bubbled with nitrogen in an ice bath for 20 min.

Deoxygenated catalyst solutions of HMTETA (55 μL, 0.04 mmol) and Cu(I)Br (29 mg, 

0.04 mmol) in deionised water (3 mL) was then added to the conjugation reactor under nitrogen

bubbling. The mixture was sealed and stirred for 18 h at 4 °C. PGMA was isolated by dialysis

with a 3.5 kDa molecular weight cut off dialysis tube in deionised water and then lyophilised.

PGMA species were analysed by SEC in DMF.
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3.5.7 Typical Hydrolysis of CT-PGMA/PGMA

PGMA (10 mg) was dissolved in 6 M HCl aq. (2 mL) in a hydrolysis tube. After three

freeze−pump−thaw cycles, the hydrolysis was performed at 110 °C for 24 h at 0.1 mbar. The

resulting polymer was isolated by dialysis using a 3.5 kDa molecular weight cut off dialysis tube

in deionised water and subsequently lyophilised. The polymer was characterised using SEC in

DMF.
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4.1 Abstract

In this Chapter, the synthesis of protein-polymer conjugates utilising various polymeric

functionalities and architectures was demonstrated. Polymers of hydroxypropyl methacrylate and

oligo(ethylene glycol) methacrylate of varying pendant chain lengths were synthesised from the

surface of a model protease enzyme, α-chymotrypsin, utilising the atom-transfer radical 

polymerisation technique discussed in Chapter 3. The initial activity and thermal stability were

studied of the resulting protein-polymer conjugates and compared with the glycerol methacrylate

analogues previously examined in Chapter 3, Section 3.3.3.

4.2 Introduction

Synthetic polymers can possess numerous functionalities that influence their properties e.g.

charge density, presence of reactive groups, and responsive transitions.1-3 Furthermore, these

functionalities can be imparted either by polymerisation of the corresponding monomer or by

synthesising a scaffold polymer and subsequently employing post-polymerisation modification

chemistries.4, 5 Post-polymerisation techniques allow for direct comparison between polymeric

species as they originate from the same scaffold. However, altering the functionality of

protein-polymer conjugates (PPCs) via this methodology is challenging as a result of the

conditions required to modify the scaffold tending to require reagents, solvents, or temperatures

that have the potential to denature enzymatic species.6, 7

Various research efforts focus on the effect that polymer functional groups have on enzymes. In

a prominent such example, the Maynard group has conducted research on the incorporation of

trehalose into polymers and their subsequent effect on proteins.8, 9 To enable this, they synthesised

a new monomer by modifying a styrenic derivative with a trehalose substituent (Figure 4.1).
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Figure 4.1 Chemical structures of trehalose and a trehalose-modified styrenic monomer utilised by
Mancini et al.9

Although trehalose, a disaccharide, has previously been reported to stabilise proteins against heat

and lyophilisation, the polymer-bound trehalose further improved the stability of a protein under

these conditions.8 Moreover, when the trehalose polymeric species was conjugated to lysozyme,

the resulting PPC was shown to be more resistant than the non-conjugated polymeric form against

lyophilisation.9

As well as being employed to enhance stability, polymeric functionality has also been utilised to

induce selectivity, which can depend on the characteristics of the substrate such as electrostatic

charge, or environmental factors such as pH or temperature. Indeed, Murata et al. utilised the

positively charged polymeric species poly(2-(dimethylethylammonium)ethyl methacrylate),

which was conjugated to α-chymotrypsin (α-CT) to selectively catalyse negatively charged 

substrates (Figure 4.2).10 The electrostatic repulsions between the grafted polymers and the

substrate species prevented the positively charged substrate from entering the active site and form

the enzyme-substrate complex.
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Figure 4.2 Schematic representation of the effect of charged grafted polymers on the substrate affinity
and selectivity observed by Murata et al.10

Another method for synthesising selective PPCs is by employing responsive polymers, which can

prevent access to the active site under environmental conditions in which the reaction is not

desired to occur.11 Polymers have been observed to have a response to many external stimuli

including temperature, pH and light.12-14 One important class of such polymers is

thermoresponsive polymers that undergo globule-to-random coil morphology change upon

changing the solution temperature.15 Thermoresponsive polymers can be separated into two

different types: Polymers with a lower critical solution temperature (LCST) and polymers with

an upper critical solution temperature (UCST). LCST polymers are soluble below their transition

temperature and as the temperature increases to a critical point, their hydrophilicity rapidly

decreases and the chains become insoluble and collapse. In contrast, UCST polymers show the

reverse behaviour; they are insoluble at low temperatures and become soluble above a critical

temperature. However, this transition is typically reported as a “cloud” point, as the transition

depends on concentration, amongst other things. As such, a phase diagram can be employed to

extract the LCST/UCST as the curve minimum or maximum respectively (Figure 4.3).15
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Figure 4.3 Schematic representation of the phase diagrams associated with the LCST and UCST
transitions observed within thermoresponsive polymer solutions. Reproduced from Phillips et al.15

Numerous polymers have been found to exhibit thermoresponsive properties including

poly(oligo(ethylene glycol)methacrylate) (POEGMA),16 poly(N-isopropylacrylamide)

(PNIPAm),17, 18 poly(N-vinylpiperidone) (PNVP),19 poly(N,N-diethylacrylamide) (PDEAAm),20

and poly(sulfobetaines).21 Amongst them, PNIPAm has been studied in great detail as a

consequence of its sharp LCST transition occurring at approximately 32 °C, which is close to

physiological temperatures leading to possible in vivo applications.22, 23 Since protein stability is

largely influenced by temperature, the low temperature transition exhibited by PNIPAm is a

beneficial property. Extensive research has been conducted by the Hoffman group into the

conjugation of PNIPAm to the surface of various proteins and its subsequent implications to

enzymatic properties.11, 24-29 They reported that the binding of biotin to a protein, streptavidin, was

only viable when the grafted PNIPAm was in the hydrated non-collapsed form while upon

collapsing the binding could not occur as the polymer hindered access to the binding site

(Figure 4.4).28
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Figure 4.4 Schematic representation of responsive polymer species preventing access to the active site
by undergoing a transition from Stayton et al.28

As reversible deactivation radical polymerisation (RDRP) techniques allow the synthesis of block

copolymers with varying functionalities,30, 31 further research has been conducted to explore the

combination of UCST and LCST functionalities within a protein-conjugated polymer.32-34 Indeed,

Cummings et al. synthesised block copolymers of sulfobetaine methacrylamide (SBAm), which

exhibits a UCST in water, and NIPAm from the surface of α-CT.35 Moreover, they observed three

different enzymatic catalysis kinetics profiles that were hypothesised to be related to the

morphologies adopted by the grafted polymers as a result of the corresponding LCST and UCST

transitions (Figure 4.5).

Figure 4.5 Schematic representation of the effect of combining UCST and LCST monomers to
generate diblock polymers grafted to a protein from Cummings et al.35

It was postulated that at temperatures below the UCST of PSBAm, the core block collapsed and

prevented all substrate from accessing the active site. In contrast, when the PPC is exposed to

temperatures above the LCST of PNIPAm, the corona block collapsed and was only able to
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prevent a percentage of substrate molecules from accessing the active site. Nevertheless, the effect

was not as prominent as in the case of the collapsed core polymer as a result of the collapsed

corona forming a less dense layer. However, in the window between the two transitions, the

substrate had unhindered access to the active site and therefore the highest rate of catalysis was

observed. As such, this gives the potential for tuneable catalytic systems to be synthesised and

thus to be activated at certain environmental conditions such as pH, temperature, or light intensity.

Although many polymer functionalities have been employed in the synthesis of protein-polymer

conjugates, very few are directly compared based upon their functionality. Many literature studies

report the effect of grafted polymers upon their activity, but many do not explore the effect on the

resulting enzymatic stability over time. As such, this work aims to identify whether the polymer

functionality has a direct impact upon the observed enhancement of stability of the

protein-polymer conjugate species.
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4.3 Results and Discussion

4.3.1 Comparison of Hydrophilic Polymers

Following from the enhanced stability of CT-PGMA species in Chapter 3, Section 3.3.3, further

investigation was conducted into the role of the monomer on enzyme stability. Aiming towards

identifying whether the structure, functionality, or hydrophilicity of GMA enables the enhanced

properties that were observed, another monomer was selected to allow the comparison of

properties exhibited by the resulting PPCs. PGMA did not exhibit thermal, light, or pH-responsive

properties during the test conditions used in Section 3.3.3 and to allow a direct comparison,

polymers that are reported as stimuli-responsive were omitted from the selection. Hence, the

monomer N-(2-hydroxylpropyl)methacrylamide (HPMA) was chosen as it is hydrophilic, and

non-stimuli-responsive, but also has the additional benefit of being biocompatible and

non-immunogenic. Indeed, PHPMA has been used in many biological applications including

micellar drug delivery,36 polymer-drug conjugates,37, 38 and as a blood plasma expander.39

Figure 4.6 Chemical structures of GMA and HPMA.

4.3.1.1 Synthesis and Characterisation of CT-PHPMA PPCs

In an attempt to make α-CT-PPCs from HPMA, which would be comparable to the 

CT-PGMA PPCs synthesised in the previous Chapter, the same PHPMA molecular weights were

targeted as those of PGMA in conjugates CT-PGMA 3.1.5, 3.1.25, and 3.10.5 (Table 4.1).

Although only three PPCs were targeted in this study in comparison to the five conjugates of

PGMA analysed in Chapter 3, the three designed PPCs include species of varying polymer
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molecular weights and polymeric grafting densities to explore the effects of these variables upon

the stability of α-CT. 

Table 4.1. Targeted molecular weights and grafting densities of CT-PHPMA PPCs.

PPC

Target

Polymer

Mw/kDa

Average

number of

polymers

attached

Target PPC

Mw/kDa

CT-PHPMA 4.1.5 5 1 30

CT-PHPMA 4.1.25 25 1 50

CT-PHPMA 4.10.5 5 10 75

To generate CT-PHPMAs with the targeted polymeric grafting densities and molecular weights

listed above, α-CT macro-initiators synthesised in Chapter 2 with 1 and 10 initiators conjugated 

to the surface of α-CT, CT-MI 2.1.1 and CT-MI 2.1.10 respectively, were utilised.

CT-PHPMA PPCs were synthesised by polymerising HPMA from the surface of CT-MI 2.1

using the copper catalysed ATRP conditions stated previously for the synthesis of CT-PGMA

PPCs. Utilising the most effective methods found previously in Section 3.3.1, analysis of the

resulting CT-PHPMA PPCs was performed by UV-Vis spectroscopy and sodium dodecyl sulfate

poly(acrylamide) gel electrophoresis (SDS-PAGE) analysis (Figure 4.7).
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Figure 4.7 a) Weight percentage protein and molecular weights of CT-PHPMA PPCs extracted from
absorbance at λ = 280 nm b) SDS-PAGE gel of CT-PHPMA PPCs visualised by Coomassie Brilliant

Blue. Lane 1: Ladder, lane 2: PHPMA, lane 3: Native α-CT, lane 4: CT-PHPMA 4.1.5,
lane 5: CT-PHPMA 4.1.25, lane 6: CT-HPMA 4.10.5.

Both methods, UV-Vis and SDS-PAGE, confirmed an increase in molecular weight and therefore

successful synthesis of CT-PHPMA in all three samples. As seen previously with

CT-PGMA PPCs, CT-PHPMA PPCs were all smaller than targeted as a consequence of reduced

initiator efficiencies. Along with the previously concluded reduced efficiencies as a result of an

amide initiator, there are literature reports discussing the lack of control of the polymerization in

the ATRP of acrylamides and methacrylamides.40 Indeed, Teodorescu et al. reported that lower

ATRP equilibrium constants were observed for HPMA and N,N-dimethylacrylamide (DMA)

using ligands commonly employed in ATRP than those observed for styrenic or methacrylate

monomers.41, 42 Rademacher et al. were able to confirm the loss of the halogen chain-end during

polymerisation of DMA via mass spectrometry.43 It was hypothesised that the copper ions have

the ability to complex with the amide functionality, and therefore the deactivation process is

slowed, making the polymerisation uncontrolled.40

To analyse differences between the PGMA and PHPMA conjugates, the three CT-PHPMA PPCs

synthesised were compared to the corresponding CT-PGMA PPCs, as shown in Table 4.2.
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Table 4.2. Summary CT-PGMA PPC and CT-PHPMA PPC characterisation with
UV-Vis spectroscopy and SDS-PAGE analysis.

PPC
Target PPC

Mw/kDa

PPC M
w
/kDa

(UV-Vis)

PPC M
w

/kDa

(SDS-PAGE)

CT-PGMA 3.1.5 30 26.5 27.3

CT-PHPMA 4.1.5 30 27.3 26.5

CT-PGMA 3.1.25 50 31.2 40.6

CT-PHPMA 4.1.25 50 31.0 37.9

CT-PGMA 3.10.5 75 70.8 195.7

CT-PHPMA 4.10.5 75 45.9 109.4

Despite CT-HPMA PPCs having a lower molecular weight than initially targeted when analysed

by UV-Vis spectroscopy and SDS-PAGE analysis, CT-PHPMA 4.1.5 and 4.1.25 are of

comparable molecular weights to those of CT-PGMA 3.1.5 and 3.1.25. Although

CT-PGMA 3.10.5 and CT-PHPMA 4.10.5 showed larger variations in molecular weight,

CT-PHPMA 4.10.5 had 10 conjugates polymers of approximately 2 kDa which was a good

analogue to compare with CT-PHPMA 4.1.5, which had 1 covalently attached polymer of ca.

2 kDa. As there is strong correlation in the characterisation results between the PPCs synthesised

from α-CT and both HPMA and GMA, CT-PHPMA PPCs were carried forward and analysed

for variations in activity and stability.

4.3.1.2 Activity of CT-PHPMA PPCs

To assess the effect of polymeric attachment on the catalytic ability, the Michaelis-Menten

parameters were extracted for CT-PHPMA PPCs by carrying out the p-nitroaniline (pNA) assay

and employing Lineweaver-Burk plots (Table 4.3) as described in Section 2.3.5. All CT-PHPMA

species were synthesised from the same batch of α-CT and therefore only one set of α-CT 

parameters is listed.
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Table 4.3 Michaelis-Menten Parameters of α-CT and CT-PHPMA PPCs based on the pNA assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native α-CT Batch 2 64 ± 4 12.8 ± 2.0 0.20 ± 0.03

CT-PHPMA 4.1.5 98 ± 4 10.0 ± 0.4 0.10 ± 0.01

CT-PHPMA 4.1.25 69 ± 8 10.0 ± 1.0 0.14 ± 0.02

CT-PHPMA 4.10.5 85 ± 8 10.8 ± 1.0 0.13 ± 0.02

As was previously observed with CT-PGMA species, in all cases for CT-PHPMA the Km was

found to increase from that of the native α-CT. However, unlike with PPCs composed of PGMA, 

there appears to be no obvious trend in the increase of Km based on either the grafting density or

overall molecular weight of the CT-PHPMA species. Although an increase in Km is observed,

the catalytic constant, kcat, was found to decrease slightly for all CT-PHPMA samples in

comparison to the native α-CT. An average reduction of 20% in kcat is observed, but as the PPCs

require a balance between stability and activity, the decrease was not deemed detrimental to the

viability of the CT-PHPMA PPCs.

Overall in comparison to the CT-PGMA analogues, PPCs composed of PHPMA showed a

similar increase in Km suggesting competitive inhibition is occurring between polymers and

substrate. However, CT-PHPMAs were observed to have a slight reduction in catalytic ability in

comparison to their corresponding CT-PGMA species which exhibited no decrease in kcat. It is

postulated that as α-CT is a protease enzyme, which possesses an active site designed to interact 

and form weak bonding with peptide substrates, the presence of the amide bond within HPMA

could interact with the active site and therefore lower the catalytic efficiency of the enzyme.

4.3.1.3 Stability of CT-PHPMA PPCs

4.3.1.3.1 Thermal Storage Stability of CT-PHPMA PPCs

To ascertain whether the stability trends that were observed for α-CT PPCs synthesised with GMA 

are mirrored by the CT-PHPMA PPCs, solutions of CT-PHPMA 4.1.5, 4.1.25, and 4.10.5 were
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incubated at 40 °C, pH 8.0 and analysed using the pNA assay at frequent time intervals.

Subsequently, residual activities were plotted against time and half-lives extracted by assuming

an exponential decay and due to batch-to-batch variations within α-CT, normalised by the half-life 

of the corresponding batch of α-CT (Figure 4.8) as described in Section 3.3.2.1. 

Figure 4.8 Factor of activity half-life increase compared to α-CT for CT-PGMA PPCs and
CT-PHPMA PPCs at 40 °C and pH 8.0 extracted from the linear regression of ln(residual activity)

against time.

As a result of increasing the grafting density from 1 to 10 polymers, CT-PHPMA is shown to

increase in stability over time by a factor of four and therefore it is clear from the analysis that

the same overall trend with respect to grafting density is present in PPCs synthesised with either

HPMA or GMA. Likewise, for both sets of PPCs, when examining the stability of singly grafted

species, as the molecular weight of the polymer increases, the stability was also found to increase.

Additionally, these results support the previous hypothesis that the role of the polymers in

stabilising the enzyme is to prevent solvent-protein interactions from occurring.

Although there are similarities between the two sets of PPCs, it is apparent there are some

variations. While the overall molecular weights of CT-PHPMA 4.1.5 and 4.1.25 are comparable

to those of CT-PGMA 3.1.5 and 3.1.25, the stability increase from the native α-CT of the HPMA 

PPCs is reduced in comparison to the GMA PPCs. For example, although they are observed to

have very similar overall molecular weights, CT-PGMA 3.1.5 and CT-PHPMA 4.1.5 were
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found to have slightly different enhancements to stability, by a factor of 2.7 and 1.5, respectively,

which were confirmed to be statistical significant results with 95% confidence based upon a t-test.

In contrast to the singly grafted species, CT-PHPMA 4.10.5 is smaller in size in comparison to

CT-PGMA 3.10.5, with 10 polymers of 2 kDa grafted compared to 4.5 kDa respectively, yet the

stability of the two species is comparable. Furthermore, it has been postulated that once the

polymer molecular weight reaches a certain size threshold to prevent solvent-protein interactions

from occurring enhanced stability will be observed. Further increase in molecular weight past this

threshold will not provide any additional stability.

Aiming towards storage of enzymes in solution at ambient or low temperatures, stability

experiments were performed on α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5 at 4 °C and

20 °C and compared to the results obtained at 40 °C. These two PPCs were chosen as they

displayed a substantial increase in half-life in the accelerated studies.

In order to be able to compare the samples with a high degree of accuracy, all time points analysed

were required to be tested with the same substrate solution to prevent variations in substrate

concentration and therefore activity levels. One limitation of this requirement is that the substrate

hydrolyses naturally overtime in methanol, and so to alleviate this problem aliquots were taken at

various time points and stored at -20 °C for the entire stability study of 28 days. Subsequently all

samples were defrosted and analysed at the same time using the pNA assay. As a consequence of

the methodology employed, it was imperative to determine if there were variations in initial

velocity of hydrolysis of α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5 in solution before

and after storage at -20 °C.

Figure 4.9 reveals that all samples have undergone some reduction in activity from the prolonged

storage at -20 °C. The most noticeable change in activity is the significant reduction for the native

α-CT, as the initial velocity decreases from 642 to 31 x 10-6 OD sec-1. It is apparent that the

stability of both PPCs examined, CT-PGMA 3.10.5 and CT-PHPMA 4.10.5, at -20 °C is
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improved in comparison to the native enzyme. Moreover, the stability of CT-PGMA 3.10.5 is

substantially increased compared to that of CT-PHPMA 4.10.5, as the reduction of initial

velocity is 20% compared to 60% respectively.

Figure 4.9 Initial velocity of α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5 species at t = 0, before
and after storage at -20 °C, at pH 8.0. Each data point is based on the average of four repeats of pNA

assay with standard deviation displayed as error.

There are several factors to consider in an attempt to explain the reasoning behind these

differences. Firstly, it is important to consider CT-PHPMA 4.10.5 is of a lower molecular weight

than CT-PGMA 3.10.5, with the grafted polymers being approximately half the molecular

weight. Although the differences in molecular weight were not observed to impact the catalytic

stability at 40 °C, it is hypothesised that as the solution freezes, the effectiveness of the polymer

to shield interactions between the protein and the solvent are reduced, therefore reducing the

overall stability.

Another factor that is important to consider is the presence of multiple alcohol groups within the

polymer structures. Lee et al. have previously found that trehalose, a disaccharide with multiple

alcohol groups, stabilises proteins from conditions such as lyophilisation and heat.8, 9 From this
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study, it is hypothesised that as a consequence of the diol present in GMA, it enables the formation

of more stabilising interactions with CT-PGMA 3.10.5 and therefore leads to have higher degree

of activity retention compared to the HPMA analogue.

Despite the reduction in activity observed from the storage of the t = 0 samples, the stability

profiles for α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5 were investigated at 4 °C and

20 °C (Figure 4.10) using the previously described methodology. The data has not been

normalised to residual activity to highlight the variations in activity observed by the three PPC

species.



Chapter 4 – The Effect of Grafted Polymer Functionality upon the Stability of α-Chymotrypsin 

182

Figure 4.10 Stability profiles of α-CT, CT-PGMA 3.10.5 and CT-PHPMA 4.10.5 species at pH 8.0
incubated at a) 4 °C and b) 20 °C. Each data point is based on the average of four repeats of pNA assay

with standard deviation displayed as error.

As a consequence of the detrimental reduction in α-CT activity upon storage at -20 °C, an accurate 

half-life could not be extracted from the data. Despite the inability to calculate a half-life, the data

does confirm that both PPCs, CT-PGMA 3.10.5 and CT-PHPMA 4.10.5, were more stable to

the testing conditions than native enzyme. From the stability profiles, it appears that there is not

a significant change between the stability of the PPCs at 4 °C and 20 °C but to allow for a direct

comparison of PPCs at varying storage temperatures, half-lives were extracted by assuming an

exponential decay (Figure 4.11).
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Figure 4.11 Factor of activity half-life increase for CT-PGMA 3.10.5 and CT-PHPMA 4.10.5 species
at 4 °C and 20 °C, pH 8.0 extracted from the linear regression of ln(residual activity) against time.

In spite of the varying storage temperatures, the observed half-lives for the both PPCs appears to

be independent of temperature. These results suggest that CT-PGMA 3.10.5 has a half-life that

is a factor of three larger than CT-PHPMA 4.10.5 Although these results appear to be positive in

favour of CT-PGMA 3.10.5 species, the differences observed between the two species could be

triggered either from the initial test storage conditions or from the requirement that samples were

stored at -20 °C for up to 28 days prior to analysis. The half-lives of α-CT, CT-PGMA 3.10.5,

and CT-PHPMA 4.10.5 at varying storage temperatures have been summarised to allow

comparison between the species (Table 4.4).

Table 4.4 Summary of catalytic half-lives for α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5 at
4 °C, 20 °C, and 40 °C. Half-lives at 40 °C have been normalised to a native α-CT half-life of 13.2 

minutes.

4 °C/days 20 °C/days 40 °C /mins

Native α-CT - - 13.2 ± 3.4

CT-PGMA 3.10.5 19.3 ± 1.1 18.1 ± 4.5 89.9 ± 9.1

CT-HPMA 4.10.5 6.3 ± 3.0 6.3 ± 0.5 95.8 ± 12.4
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From the observed half-lives, it is concluded that CT-PGMA 3.10.5 is the most stable over the

three temperature studies. Although comparable half-lives were observed for CT-PGMA 3.10.5

and CT-PHPMA 4.10.5 at 40 °C, CT-PGMA 3.10.5 was found to exhibit higher stability in

comparison the PHPMA analogue when stored at ambient and low temperatures. However, it is

potentially a result of the freezing process required during the testing protocol as opposed to the

initial storage temperature.

4.3.1.3.2 Tm of CT-PHPMA PPCs

In addition to comparing the catalytic stability of PGMA and PHPMA PPCs, the melting

temperature, Tm, of the conjugates was investigated in order to establish if different polymers

could influence the overall melting temperature. Tm of the protein species can be extracted by

conducting thermal shift assays, which analyse the fluorescence at increasing temperature.44-46

Upon protein melting, the hydrophobic regions of the protein become exposed and allow the

binding of a dye species. The typically employed dye is SYPRO orange, which upon binding

excludes water and increases in fluorescence enabling the melt to be identified. To this end,

thermal shift assays using SYPRO orange, as described previously in Section 2.3.6.1, were

performed on α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5 to determine Tm values

(Figure 4.12).
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Figure 4.12 a) Thermal shift assay profile of native α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5,
at 5 mg/mL in water with SYPRO orange, excitation λ = 492 nm, emission λ = 610 nm and b) graph
displaying the half-lives of α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5 species. Values are

obtained from triplicate repeats and error is displayed as standard deviation.

Despite observing differences in the catalytic stability, no significant variation in Tm was observed

between CT-PGMA 3.10.5 and CT-PHPMA 4.10.5. Both PPCs were found to have a reduction

of 5 °C from the native α-CT. It should also be noted that the Tm for both of the PPCs examined

using the thermal shift assay is below 40 °C, which is the temperature that the raised temperature

stability tests are conducted. The reduction in Tm suggests a disruption of the intra-protein bonding

yet a higher catalytic half-life was observed.

4.3.1.3.3 Secondary Enzyme Stability of CT-PHPMA and CT-GMA PPCs

Following the successful results, reported in Section 3.3.3.3, for the protection of GOx in the

presence of CT-PGMA 3.10.5 in comparison to native α-CT, it was desired to compare these 

results to the PHPMA analogue, CT-PHPMA 4.10.5. To be able to assess any variations in

protective ability, α-CT, CT-PGMA 3.10.5, and CT-PHPMA 4.10.5 species were incubated

with GOx at 30 °C for 32 hours with aliquots tested for GOx activity using the o-dianisidine assay

(Figure 4.13).
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Figure 4.13 Stability profiles of GOx incubated with α-CT, CT-PGMA 3.10.5, and
CT-PHPMA 4.10.5 at various time intervals at pH 5.0, 30 °C. Each data point is based on the average

of four repeats of o-dianisidine assay with standard deviation displayed as error.

As observed previously in Chapter 2, the addition of any α-CT species caused the activity of GOx

to undergo a sharp initial decrease, however the decrease observed in samples containing PPCs is

reduced in comparison to that of native α-CT. Despite the initial decrease in GOx activity,

CT-PHPMA 4.10.5 is able to maintain 65% of the activity of GOx in comparison to 56% when

GOx was incubated with CT-PGMA 3.10.5. Although this could be a consequence of the slight

reduction in catalytic ability observed from the initial conjugate, due to the high concentrations

(5 mg/mL) of protease enzyme, it is assumed that the variations observed are a result of the

difference in polymer functionality. It is hypothesised that as a consequence of its amide

functionality, PHPMA has the possibility of interacting with the active site of α-CT and therefore 

providing a secondary substrate for α-CT. This would therefore generate a system with 

competitive inhibition between GOx and PHPMA digestion, allowing a higher retention in GOx

activity.
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From these results, although CT-PGMA 3.10.5 can retain proteolytic activity for a longer time,

CT-PHPMA 4.10.5 was found to allow high retention of activity for a secondary enzyme in

solution, possibly by providing an alternative substrate for the active site of α-CT.  

4.3.2 Comparison of Linear and Comb-Like Polymers

Furthering the investigation of the role of the polymer in stabilising α-CT, the architecture of the 

monomer species was deemed an important property to explore. Both PGMA and PHPMA are

polymers with short pendant groups and so polymers that possess a comb-like structure were

chosen to investigate in a comparative study. As a consequence of polyethylene glycol (PEG)

being the most commonly utilised polymer in the synthesis of PPC species, the methacrylate

analogue of PEG was identified as viable option due to the comb-like architecture of the resulting

polymer and its high degree of biocompatibility.47 As such, oligo(ethylene glycol) methacrylate

(OEGMA) was chosen as a suitable monomer as a result of its hydrophilic nature, primary alcohol

end group, and potential for variable pendant chain length. Additionally, POEGMA can be

synthesised directly, without the need for post-polymerisation modifications.48

Figure 4.14 Chemical structure comparison of GMA to OEGMA.

Lui et al. have previously found that POEGMA attached to the surface of α-CT exhibited a range 

of architectures dependent upon various factors including comb-length and grafting density of the

polymer.49 The architectures of the polymer species were found to influence the access to the

active site and the level of molecular sieving that was observed. From this report, OEGMA with

a Mn of 360 g mol-1 (OEGMA360) was chosen as the initial monomer to investigate; OEGMA360
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has a pendant group size that was predicted to not completely prevent access to the active site but

to provide a degree of molecular sieving.

4.3.2.1 Synthesis and Characterisation of CT-POEGMA PPCs

Aiming towards the synthesis of PPCs comparable to those of PGMA, CT-POEGMA PPCs were

synthesised by polymerising OEGMA360 from the surface of the corresponding CT-MI 2.1 using

the conditions stated previously for the synthesis of CT-PGMA and CT-PHPMA PPCs

(Section 3.3.1 and 4.3.1.1). Analysis of the resulting CT-POEGMA PPCs was conducted by

UV-Vis spectroscopy and SDS-PAGE analysis and summarised in Table 4.5 with the

corresponding CT-PGMA PPC for comparison.

Table 4.5. Summary of CT-PGMA PPCs and CT-POEGMA PPCs with characterisation data from
UV-Vis spectroscopy and SDS-PAGE analysis.

PPC
Target PPC

Mw/kDa

PPC M
w
/kDa

(UV-Vis)

PPC M
w

/kDa

(SDS-PAGE)

CT-PGMA 3.1.5 30 26.5 27.3

CT-POEGMA 4.1.5 30 26.5 29.1

CT-PGMA 3.1.25 50 31.2 40.6

CT-POEGMA 4.1.25 50 56.6 54.3

CT-PGMA 3.10.5 75 70.8 195.7

CT-POEGMA 4.10.5 75 81.0 144.5

In all cases, both analytical methods, UV-Vis and SDS-PAGE, confirm the successful synthesis

of CT-POEGMA conjugates. Furthermore, good correlation was observed between CT-PGMA
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and CT-POEGMA PPCs and therefore all conjugates were utilised in the assessment of

variations in activity and stability between linear and comb-like polymer morphologies.

4.3.2.2 Activity of CT-POEGMA PPCs

To establish if any variations in initial activity were present between PPC species,

Michaelis-Menten parameters were extracted for CT-POEGMA conjugates by employing

Lineweaver-Burk plots from the analysis of the pNA assay (Table 4.3). Only one set of α-CT 

parameters are listed as CT-POEGMA 4.1.5, 4.1.25, and 4.10.5 were synthesised from the same

batch of α-CT. 

Table 4.6 Michaelis-Menten Parameters of α-CT and CT-POEGMA PPCs based on the pNA assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native α-CT Batch 1 105 ± 6 14.6 ± 0.7 0.14 ± 0.01

CT-POEGMA 4.1.5 174 ± 16 8.0 ± 0.6 0.05 ± 0.01

CT-POEGMA 4.1.25 121 ± 7 9.4 ± 0.4 0.08 ± 0.01

CT-POEGMA 4.10.5 108 ± 4 8.3 ± 0.2 0.08 ± 0.01

Although the CT-PGMA species were observed in Section 3.3.2.2 to undergo a competitive

inhibition process, as Km was observed to increase whilst maintaining kcat, CT-POEGMA PPCs

were observed to undergo different inhibition processes. In all cases for CT-POEGMA, the kcat

was found to decrease. CT-POEGMA 4.1.25 and 4.10.5 were observed to either maintain or

undergo a minimal increase in Km but exhibit a significant decrease in kcat, it is suggested that they

are inhibited by a non-competitive mechanism. This type of inhibition does not affect the binding

of substrate but prevents the catalytic process occurring. However, it is hypothesised that the

reduction in catalytic constant observed could be due to the polymeric species preventing the

assay product leaving the active site and therefore leading to a slower detection of the product.

CT-POEGMA 4.1.5 was found to have both an increase in Km and also a decrease in kcat. It is

hypothesised that the short polymeric species is of an appropriate length to hinder access to the
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active site by potentially binding itself but also to prevent substrate that has been hydrolysed from

leaving the active site into free solution. Overall in comparison to the CT-PGMA analogues,

CT-POEGMA PPCs showed a reduction catalytic ability and the total catalytic efficiency.

4.3.2.3 Stability of CT-POEGMA PPCs

Despite the observed decrease in catalytic ability, the stability of CT-POEGMA PPCs was

assessed to ascertain whether a correlation exists between activity and overall catalytic stability.

Additionally, the comparison of stability between PPCs synthesised with GMA and OEGMA was

explored. To this end, half-lives were extracted from the pNA assay conducted on aliquots of

CT-POEGMA conjugate solutions incubated at 40 °C, pH 8.0 by assuming an exponential decay

and subsequently normalised to the half-life of the corresponding batch of α-CT (Figure 4.15). 

Figure 4.15 Factor of activity half-life increase for CT-PGMA and CT-POEGMA PPC species
compared with native α-CT at 40 °C and pH 8.0 extracted from the linear regression of 

ln(residual activity) against time.

It is evident that the same trends in stability are observed for both GMA and OEGMA conjugates;

the increase in polymeric grafting density or molecular weight of a singly grafted polymer were

observed to enhance the stability further. However, CT-POEGMA PPCs with a single grafted

polymer, 4.1.5 and 4.1.25, were found to have lower stability than the corresponding

CT-PGMA analogue. As the variable that was kept constant between GMA and OEGMA

analogues was molecular weight of the overall PPC, the OEGMA conjugates have a lower degree

of polymerisation and therefore a shorter grafted polymer. It is hypothesised that the degree of
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polymerisation has a greater impact upon the stability and the potential to prevent interactions

between protein and solvent when a low grafting density is employed.

Although a decrease in stability was found with CT-POEGMA PPCs with a singly grafted

polymer, there is the significant increase in stability observed by CT-POEGMA 4.10.5. In

comparison to native α-CT, CT-POEGMA 4.10.5 was found to have an increased stability by a

factor of 27, which is 4-fold enhancement from the CT-PGMA 3.10.5 species. Despite the degree

of polymerisation being smaller than CT-PGMA 3.10.5, it is postulated that the high degree of

grafting density along with the comb-like structure can cover the surface of the protein more

effectively and form a network to prevent interactions with the solvent (Figure 4.16).

Figure 4.16 Schematic representation of possible morphologies of CT-PGMA 3.10.5 and
CT-POEGMA 4.10.5.

Despite the reduction in stability observed in singly grafted species, it is apparent that the

comb-like structure of OEGMA enables more effective stabilisation of α-CT at higher grafting 

densities than linear hydrophilic monomers. As such, PPCs with grafted POEGMA were further

investigated to examine the effect on stability of parameters including molecular weight and

comb-length.
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4.3.3 Comparison of Molecular Weight of Comb-Like Hydrophilic Polymers

As discussed in Section 4.3.2.3, the molecular weight of singly grafted polymers had a positive

effect on the observed catalytic stability. Additionally, the large increase in stability observed

from the POEGMA ten site grafted PPCs, CT-POEGMA 4.10.5, has aimed an investigation

towards investigated the effect on molecular weight of the ten-site grafted species using the

monomer OEGMA360. Aiming towards PPCs of varying molecular weight polymers whilst

maintaining grafting density, CT-MI 2.1.10 was utilised to synthesise

CT-POEGMA 4.10.2-4.10.20 and the resulting conjugates were characterised using SDS-PAGE

and UV-Vis spectroscopy (Table 4.7).

Table 4.7. Summary CT-POEGMA 4.10.2-4.10.20 characterisation with UV-Vis spectroscopy and
SDS-PAGE analysis.

PPC

Target

Polymer

Mw/kDa

Target PPC

Mw/kDa

PPC M
w
/kDa

(UV-Vis)

PPC M
w

/kDa

(SDS-PAGE)

CT-POEGMA 4.10.2 2 45 44.5 68.8

CT-POEGMA 4.10.5 5 75 81.0 144.5

CT-POEGMA 4.10.10 10 125 140.4 163.8

CT-POEGMA 4.10.20 20 225 194.3 188.8

Successful polymerisations were observed in all cases and PPCs with a constant grafting density

and a range of molecular weights were synthesised, which were carried forward to be examined

for changes in activity and stability.

Prior to analysis of the stability of these species, the initial activities of

CT-POEGMA 4.10.2-4.10.20 were assessed by calculating the Michaelis-Menten parameters

from the pNA hydrolysis assay at varying substrate concentrations by employing

Lineweaver-Burk plots (Table 4.8). As PPCs were synthesised from two different batches of
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α-CT, conjugates have been grouped for comparison purposes with their corresponding batch of 

native α-CT. 

Table 4.8 Michaelis-Menten Parameters of α-CT and CT-POEGMA 4.10.2-4.10.20 based on the pNA
assay.

Sample
M

w
/kDa

(UV-Vis)
Km /µM kcat /sec-1 kcat/Km

/sec-1 µM-1

Native α-CT 

Batch 1
25.5 105 ± 6 14.6 ± 0.7 0.14 ± 0.01

CT-POEGMA

4.10.5
81.0 108 ± 4 8.3 ± 0.2 0.08 ± 0.01

Native α-CT 

Batch 2
25.5 64 ± 4 12.8 ± 2.0 0.20 ± 0.03

CT-POEGMA

4.10.2
44.5 142 ± 21 11.0 ± 1.7 0.08 ± 0.02

CT-POEGMA

4.10.10

140.4
71 ± 17 5.3 ± 1.1 0.08 ± 0.02

CT-POEGMA

4.10.20

194.3
31 ± 2 2.5 ± 0.1 0.08 ± 0.01

From Table 4.8, it is evident that as the molecular weight of the polymeric species increased, the

catalytic constant was found to decrease. This correlates with the previous observation that the

catalytic ability of the enzyme is not affected but the ability of the product of the assay to diffuse

out of the active site through the polymer layer. Furthermore, the ability of the polymer to prevent

the substrate from leaving the active site also has an impact upon the Km of the system. The assay

detects that the system has a greater affinity to exist in the enzyme-substrate conformation and

lowers the Km, which leads to the suggestion of uncompetitive inhibition.50, 51 Overall due to the

changes in both Km and kcat, the catalytic efficiency of the systems remains independent of

molecular weight of the polymeric species.
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Despite the reduction in kcat with increasing molecular weight of POEGMA360, the stability of

CT-POEGMA 4.10.2-4.10.20 were examined at 40 °C, pH 8.0. Aiming towards analysing the

dependency between molecular weight and stability, half-lives were extracted from the pNA assay

conducted on aliquots of CT-POEGMA 4.10.2-4.10.20 solutions by assuming an exponential

decay and subsequently normalised to the half-life of the corresponding batch of α-CT 

(Figure 4.17).

Figure 4.17 Factor of activity half-life increase for CT-POEGMA 4.10.2-4.10.20 species compared to
native α-CT at 40 °C and pH 8.0 extracted from the linear regression of ln(residual activity) against 

time.

Although a decrease was observed in the catalytic constant when the molecular weight was

increased, the stability was observed to have the opposite trend: as the molecular weight increases

the stability also increases. This trend fits well with the theory proposed earlier in which the

stability has a dependence upon the ability of the polymer to prevent solvent-protein interactions

whereby as the polymer molecular weight increases the polymeric shell becomes thicker and

therefore exhibits a higher degree of shielding for the protein.

Following the significantly enhanced stability under accelerated conditions at 40 °C, samples

were carried forward to investigate if they exhibit a higher stability at both low and ambient

temperature storage. Aiming towards identifying if the molecular weight has an impact on

stability at varying temperatures, CT-POEGMA 4.10.5 and CT-POEGMA 4.10.20 were chosen
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as the appropriate conjugates to study as they showed different stabilities with varying molecular

weights under the accelerated testing. As described previously in Section 4.3.1.3.1, in order to be

able to compare the samples with a high degree of accuracy, aliquots were taken at various time

points and stored at -20 °C until the stability study was concluded at 28 days prior to analysis with

the pNA assay. As a consequence of the previous reduction in activity during storage at -20 °C,

it was important to investigate if the same storage effects were observed for CT-POEGMA PPCs

(Figure 4.18).

Figure 4.18 Initial velocity of α-CT, CT-POEGMA 4.10.5, and CT-POEGMA 4.10.20 species at t=0
before and after storage at -20 °C, pH 8.0. Each data point is based on the average of four repeats of

pNA assay with standard deviation displayed as error.

The initial activity of native α-CT was found to decrease by 95% with prolonged storage at -20 °C, 

whilst CT-POEGMA 4.10.5 was shown to have a 50% stability retention, which is lower than

the value observed for CT-PGMA 3.10.5. In contrast, CT-POEGMA 4.10.20 was observed to

have a significantly higher retention of activity, with only a 7% reduction in stability over 28 days

storage at -20 °C. To allow the stability of the two species to be more effectively compared at

various storage temperatures, residual activity plots were extracted for

CT-POEGMA 4.10.5 and 4.10.20 at 4 and 20 °C (Figure 4.19).
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Figure 4.19 Residual activity stability profiles of a) CT-POEGMA 4.10.5 and b) CT-POEGMA
4.10.20. All samples were incubated at pH 8.0 at both 4 and 20 °C. Each data point is based on the

average of four repeats of pNA assay with standard deviation displayed as error.

As reported previously in the accelerated studies, CT-POEGMA 4.10.20 was found to exhibit a

higher degree of stability than CT-POEGMA 4.10.5 at both temperatures suggesting that the

molecular weight of the grafted polymers is a strong influencing factor independent of storage

temperature. Although it was expected that as the storage temperature was decreased, the stability

of the PPCs would increase as a lower thermal energy should induce less structural changes within

α-CT, the opposite effect was nevertheless observed. At 4 °C, the stability profiles for both 

CT-POEGMA 4.10.5 and 4.10.20 show a general decrease in activity over time, yet when stored
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at ambient temperature, both samples appear to have a slower decrease but also a plateau of

residual activity formed. Although POEGMA species has been observed to have an LCST

transition in water,16 POEGMAs have been also been found in the literature to undergo

UCST-type behaviours in solvents including ethanol and propanol,33, 52 therefore it was

hypothesised that the grafted polymers could undergo a change of morphology at low

temperatures. However, the literature has also reported the addition of water can affect the

UCST-type behaviour with the incorporation of 1% of water to isopropanol causing a reduction

in the observed transition by 12.5 °C.52 Therefore, it has been postulated that the grafted polymers

would not undergo full aggregation but have the potential to retract or alter their morphology to

reduce the solvent shielding ability at low temperatures.

Aiming towards identifying whether the grafted OEGMA polymers undergo a transition at low

temperatures, dynamic light scattering (DLS) was employed to investigate the hydrodynamic

diameter at varying temperatures. As it was expected to observe a larger difference in the

hydrodynamic diameter with an increase in molecular weight, DLS analysis was performed on

CT-POEGMA 4.10.20 at pH 8.0 at both 5 and 25 °C (Figure 4.20).

Figure 4.20 Number average size distributions of CT-POEGMA 4.10.20 at 5 and 25 °C.
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It was found from DLS analysis that the hydrodynamic diameter reduces from 11 nm to 8 nm

when the temperature was decreased from 25 to 5 °C. This supports the theory of a potential

UCST-type transitions occurring within CT-POEGMA PPCs. Despite the promising results

observed, due to the dispersity of the samples and the error associated with the measurements,

these samples would be deemed as within error. Further research would have to be conducted to

identify whether UCST-type transitions exist within the grafted POEGMAs.

Furthermore, to allow the comparison of CT-POEGMA PPCs of different polymeric molecular

weights at varying temperatures, half-lives exhibited by CT-POEGMA 4.10.5 and 4.10.7 species

have been extracted and compared to those observed for CT-PGMA 3.10.5 (Table 4.9).

Table 4.9 Summary of catalytic half-lives for α-CT, CT-PGMA 3.10.5, CT-POEGMA 4.10.5, and
4.10.20 at 4 °C, 20 °C, and 40 °C. Half-lives at 40 °C have been normalised to a native α-CT half-life 

of 13.2 minutes.

4 °C/days 20 °C/days 40 °C /mins

Native α-CT - - 13.2 ± 3.4

CT-PGMA 3.10.5 19.3 ± 1.1 18.1 ± 4.5 89.9 ± 9.1

CT-POEGMA 4.10.5 13.0 ± 2.8 >28 367.0 ± 19.8

CT-POEGMA 4.10.20 24.4 ± 1.9 >28 830.3 ± 233.6

In spite of the decrease in stability observed during low temperature storage,

CT-POEGMA PPCs exhibit a higher stability in solution when exposed to ambient temperatures

or 40 °C in contrast to the CT-PGMA 3.10.5 species. Additionally, the stability is found to be

dependent on the grafted polymer molecular weight at all temperatures examined, with a positive

correlation observed between the length of the polymer and the catalytic stability.

4.3.4 Comparison of Comb-Length of Hydrophilic Monomers

As the molecular weight of the grafted polymer was found to have a significant impact upon the

enzymatic stability, the comb-length of OEGMA was a factor that was deemed an imperative

variable to be investigated. To this end, three monomer species were identified as appropriate for
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this study, (triethylene glycol) methacrylate (TEGMA) and OEGMA with an average molecular

weight of 450 and 900 Da (OEGMA450 and OEGMA900 respectively) (Figure 4.21). As a

consequence of their commercial availability, ease of synthesis and the wide coverage of their

properties in the literature, it is important to note that the end group utilised is a methyl ether as

opposed to a free hydroxyl group that has been employed in the previous OEGMA studies.

Figure 4.21 Chemical structures of TEGMA, OEGMA450, and OEGMA900.

Aiming towards PPCs of the same molecular weight and grafting density, CT-MI 2.1.10 was

utilised to synthesise CT-PTEGMA 4.10.5, CT-POEGMA450 4.10.5, and

CT-POEGMA900 4.10.5 from the corresponding monomers using the ATRP methodology

previously described in Chapter 2. Subsequently, the resulting conjugates were characterised

using SDS-PAGE and UV-Vis spectroscopy (Table 4.10)

Table 4.10. Summary of CT-PTEGMA 4.10.5, CT-POEGMA450 4.10.5¸ and CT-POEGMA900 4.10.5
characterisation with UV-Vis spectroscopy and SDS-PAGE analysis.

PPC
Target PPC

Mw/kDa

PPC M
w
/kDa

(UV-Vis)

PPC M
w

/kDa

(SDS-PAGE)

CT-PTEGMA 4.10.5 75 63.9 149.3

CT-POEGMA450 4.10.5 75 62.9 178.4

CT-POEGMA900 4.10.5 75 87.7 175.0

Indeed, successful polymerisations were observed in all cases and PPCs with similar molecular

weights and a constant polymeric grafting density were obtained. However, it is apparent that
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CT-POEGMA900 4.10.5 was found to have a slightly larger molecular weight than initially

targeted, with grafted polymers of 6 kDa in comparison to 4 kDa found in CT-PTEGMA 4.10.5

and CT-POEGMA450 4.10.5.

As it is well reported in the literature that polymers based on OEGMA tend to exhibit LCST-type

behaviours,16 with a temperature dependence upon their comb-length, it was essential to examine

the polymer morphology within the PPCs at varying temperatures. To this end, DLS analysis was

performed upon CT-PTEGMA 4.10.5, CT-POEGMA450 4.10.5, and CT-POEGMA900 4.10.5 at

varying temperatures to ascertain any size changes within the temperature conditions utilised for

stability testing.
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Figure 4.22 Dependence of hydrodynamic diameter of CT-PTEGMA 4.10.5, CT-POEGMA450 4.10.5,
and CT-POEGMA900 4.10.5 on temperature measured in pH 8.0 buffer. a) full range of observed Dh

and b) displays an enlargement of the region from 0 to 50 nm.

As predicted from the literature,16 the PPC with the shortest comb-length, CT-PTEGMA 4.10.5,

was observed to undergo a size transition with an onset of approximately 30 °C and form

aggregates. In contrast, the two other conjugate species, CT-POEGMA450 4.10.5 and

CT-POEGMA900 4.10.5, were not found to undergo any significant size changes in the

temperature range examined.

To investigate any variations in the initial activity of CT-PTEGMA 4.10.5,

CT-POEGMA450 4.10.5, and CT-POEGMA900 4.10.5, the pNA hydrolysis assay was utilised
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and subsequent extraction of Michaelis-Menten parameters by employing a Lineweaver-Burk

plots (Table 4.11). As the pNA assay was performed at 25 °C, all polymers should therefore be

in a non-aggregated hydrated state.

Table 4.11 Michaelis-Menten parameters of α-CT and CT-PTEGMA 4.10.5,
CT-POEGMA450 4.10.5¸ and CT-POEGMA900 4.10.5 based on the pNA assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native α-CT Batch 2 64 ± 4 12.8 ± 2.0 0.200 ± 0.030

CT-PTEGMA 4.10.5 182 ± 15 2.8 ± 0.2 0.020 ± 0.010

CT-POEGMA450 4.10.5 305 ± 93 2.8 ± 0.9 0.010 ± 0.004

CT-POEGMA900 4.10.5 322 ± 22 2.5 ± 0.2 0.007 ± 0001

In all cases, the PPCs were found to have a significant decrease in catalytic constant, kcat, and an

increase in the Michaelis parameter, Km. The reduction observed in kcat for all conjugates is much

larger than the decrease observed in CT-POEGMA 4.10.5, which is the OEGMA360 analogue of

these PPCs. It is hypothesised that this reduction could be as a result of the modification of the

OEGMA end group from a free hydroxyl to a methyl ether by altering the hydrophilicity or

interaction with the pNA assay substrate of the PPC. However, the increase in Km is dependent

upon the comb-length and moreover, as the comb-length increases the affinity for the substrate

decreases. It is postulated that as the comb-length increases, the substrate has greater difficulty

accessing the active site to form the enzyme-substrate complex due to the increase in density of

the surrounding polymeric shell.

Aiming towards identifying variations in the catalytic stability, both above and below the size

transition temperature exhibited by CT-PTEGMA 4.10.5, the stability of CT-PTEGMA 4.10.5,

CT-POEGMA450 4.10.5, and CT-POEGMA900 4.10.5 were investigated at 30 and 40 °C at

pH 8.0. To this end, catalytic half-lives were extracted from the pNA assay by assuming an

exponential decay (Figure 4.23).
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Figure 4.23 Catalytic half-lives for CT-PTEGMA 4.10.5, CT-POEGMA450 4.10.5, and
CT-POEGMA900 4.10.5 at pH 8.0 at a) 30 °C and b) 40 °C extracted from the linear regression of

ln(residual activity) against time. Accurate half-life values cannot be extracted for α-CT at 30 °C due to 
methodology described in Section 4.3.1.3.1.

It is evident that although at 30 °C, when all PPCs are in their extended hydrated state, the

half-lives of all three PPCs examined are observed to have similar levels of enhancement yet upon

increasing the temperature to 40 °C, CT-PTEGMA 4.10.5 is noted to significantly decrease in

stability in comparison to the other two conjugates. This is hypothesised to be a result of the

change in hydrophilicity of the polymer causing the PPC to aggregate, which subsequently

allowed an increase in protein-solvent interactions. Indeed, Murata et al. observed a similar

behaviour with poly((N,N-dimethylamino ethyl) methacrylate) (PDMAEMA); when

PDMAEMA was conjugated with α-CT was at low pH and therefore in the extended 

conformation, an increase in stability was observed. However upon altering the pH to above the

pKa of the polymer causing the polymer to collapse on to the enzymes surface, no enhancement

of α-CT stability was observed.53
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Although it was observed that the stability at 30 °C was within error for all conjugates, despite

the molecular weights of CT-PTEGMA 4.10.5, CT-POEGMA450 4.10.5, and

CT-POEGMA900 4.10.5 being comparable, as a consequence of the differences in side-chain

length, the degree of polymerisation varies greatly between the three samples. This results in a

thicker and less dense polymeric shell for CT-PTEGMA 4.10.5 while a smaller but denser shell

for CT-POEGMA900 4.10.5 (Figure 4.24).

Figure 4.24 Schematic representation of the proposed effective structures of CT-PTEGMA 4.10.5,
CT-POEGMA450 4.10.5, and CT-POEGMA900 4.10.5.

Although the conjugates vary in size and shell density, the stability of all samples was similar and

therefore it was hypothesised that stability can be induced by either high density of the polymeric

shell or high degrees of polymerisations forming thicker shells. These structures are postulated to

be more difficult to penetrate and prevent interactions between solvent and protein.

4.4 Conclusions

To conclude, PPCs were successfully synthesised using both HPMA and OEGMA. Similarly to

the CT-PGMA conjugates synthesised in the previous Chapter, a lack of control is observed due

to the nature of ATRP conducted in aqueous systems. Despite the comparable stability of
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CT-PHPMA PPC species to that of CT-PGMA at 40 °C, the observed stability at ambient and

low temperature storage is considerably reduced. However, it is apparent that this may be due to

the methodology of the testing, which required storage at -20 °C prior to analysis. Although the

storage stabilities were either comparable or reduced in comparison to PGMA conjugates,

CT-PHPMA PPCs provided better protection for a secondary enzyme in solution. This is

hypothesised to be due to the amide functionality present providing competitive inhibition to the

second enzyme in solution.

When analysing conjugates synthesised from OEGMA360, single grafted polymers were found to

provide a lower stability to 40 °C storage compared with the GMA conjugates. This property was

potentially impacted by the length of the polymer, as although the molecular weights of the PPCs

were comparable, the degree of polymerisation of the CT-POEGMA PPCs was smaller than that

of CT-PGMA species. However upon synthesising CT-POEGMA 4.10.5, which had ten grafted

OEGMA360 polymers, the stability was found to be 4-fold higher than that seen by the GMA

analogue, which was an increase by a factor of 27 compared with native α-CT.  

Additionally, the stability can be enhanced further by increasing the molecular weight of the

grafted polymers, as a positive correlation was observed between the two properties. However

upon increasing the molecular weight, the catalytic constant was found to decrease and so the

molecular weight of the grafted polymer must allow a compromise between the stability and

activity dependent upon the desired application. Despite the enhanced stability observed in

CT-POEGMA PPCs under accelerated and ambient testing conditions, storage at low

temperatures, they were found to be reduced in comparison to CT-PGMA species but still an

increase compared with native α-CT. This was hypothesised to be a result of UCST-type 

behaviour of the grafted POEGMA.

Furthermore, the alteration of the comb-length was shown to have no effect upon the stability

when stored at ambient temperatures and additionally, it was hypothesised that this is a result of
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the varying thicknesses and density of the polymeric shell formed. However, it is postulated that

the stability has a dependence upon the length of the polymer as opposed to the molecular weight

and so further investigation would have to be performed to explore the stability of PPCs with the

same degree of polymerisation.
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4.5 Experimental

4.5.1 Materials

All chemicals were obtained from Sigma-Aldrich and used without further purification unless

stated otherwise. Ultrafiltration membranes with a 5 kDa MWCO were supplied by Amicon.

SYPRO orange was supplied as a 5,000× concentrate in DMSO from Thermo Fisher. SDS-PAGE

gradient gels were purchased from Biorad.

4.5.2 Instrumentation

4.5.2.1 1H Nuclear Magnetic Resonance (NMR) and 13C NMR Spectroscopy

1H NMR spectra were recorded on a Bruker DPX-300 or DPX-400 spectrometer at 300 MHz and

400 MHz, respectively with MeOD, D2O, or CDCl3 as the solvent. The chemical shifts of protons

were quoted relative to tetramethylsilane (TMS) at δ = 0 ppm when using CDCl3, or relative to

residual solvent protons when using MeOD (1H: δ = 3.31 ppm) and D2O (1H: δ = 4.79 ppm). 13C

NMR spectra were recorded on a Bruker DPX-300 or DPX-400 spectrometer at 75 MHz and

100 MHz, respectively with MeOD, D2O, or CDCl3 as the solvent. The chemical shifts of carbons

were quoted relative to solvent carbons when using MeOD (13C: δ = 49.3 ppm) and CDCl3 (13C:

δ = 77.0 ppm).

4.5.2.2 Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy for the determination of protein concentrations were conducted on a Perkin

Elmer Lambda 35 UV/Vis spectrometer recording absorbance at λ = 280 nm. Utilising the

Beer-Lambert law and the molar extinction coefficient for α-CT of 50,585 L mol-1 cm-1,

percentage protein and the theoretical molecular weights were extracted. UV-Vis spectroscopy

for kinetic measurements was conducted on a FLUOstar OPTIMA multi-well microplate reader.

96-well polystyrene plates were used with an excitation filter of λ = 405 nm, unless otherwise

stated. Data was analysed using MARS v3.01 software.
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4.5.2.3 Sodium Dodecyl Sulfate Poly(acrylamide) Gel Electrophoresis (SDS-PAGE)

SDS-PAGE gel analysis was carried out using 4-12 % BioRad SDS-PAGE gels. Gels were run at

a constant voltage, 150 V, for 60 minutes and subsequently stained with Coomassie Brilliant Blue.

Samples were prepared by heating protein solutions combined with loading buffer in a 1:1 ratio

for 5 minutes at 80 °C. Densitometric analysis was performed on the resulting gels using ImageJ

software and determining the grayscale profile of the lane length.

4.5.2.4 Dynamic Light scattering (DLS)

DLS measurements were conducted on a Malvern Zetasizer Nano ZS instrument equipped with

a 4 mW He-Ne 633 nm laser module and a detector at 173°. Samples were prepared at 1 mg/mL

in water and filtered using a 0.22 μm nylon filter prior to analysis. All experiments were run in

triplicate with twelve acquisitions per repeat.

4.5.2.5 Thermal Shift Assay

Thermal shift assay measurements were conducted on an Agilent MX3005P rtPCR with an

excitation filter of λ = 492 nm and an emission filter of λ = 610 nm used unless otherwise stated.

10 μL of enzyme (50 mg/mL) was added to 90 μL SYPRO orange solution (12.5x conc.). Heating 

ramps were performed at a rate of 1 °C min-1.

4.5.3 Enzyme Kinetic Studies

4.5.3.1 pNA Protease Assay

To assess initial hydrolysis rate, 20 μL of enzyme (2 μg/mL protein concentration) was added to 

160 μL of 50 mM Tris-HCl buffer (pH 8). 20 μL of N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide

in methanol, at 1 mM, was added to the enzyme solution. The initial rate of hydrolysis of the

peptide substrate was monitored by recording the increase in absorption at λ = 405 nm at 25 °C.

Background hydrolysis was subtracted to give initial rates of hydrolysis.
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4.5.3.2 CT Stability Assays

Enzyme species (2 μg/mL protein concentration) were incubated in 50 mM of Tris-HCl buffer at

pH 8.0. For samples incubated at 40 °C, the assay was performed immediately after the aliquot

had been taken to prevent samples degrading over time. For samples incubated at 4 °C or 20 °C,

the samples were stored at -20 °C until the 28th day study was completed. The residual activity

was calculated as a ratio of initial rates of hydrolysis, calculated as described above, at given

incubation time over the initial activity. Activity half-lives were extracted from a linear plot of

the natural logarithm of residual activity against time; all stability profiles were assumed to be

based on an exponential decay. Half-life values were subsequently normalised to factor of

half-life increase by dividing by the half-life of the corresponding batch of α-CT to alleviate issues 

of batch-to-batch variations.

4.5.3.3 Michaelis-Menten Kinetics and Parameters

Michaelis-Menten parameters were established by performing the pNA protease assay (see

Section 4.5.3.1) with varying N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide substrate

concentrations. A range of N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide solutions were prepared by

diluting with methanol to 10, 5, 2, 1, 0.5, 0.2 mM solutions; the initial hydrolysis rate was

recorded as before. MARS data analysis software was used to extract values of Km, kcat and kcat/Km

from a plot of the reciprocal of substrate concentration against the reciprocal of initial hydrolysis

rate.

4.5.3.4 Glucose Oxidase Stability Assays

Native α-CT and α-CT-PPCs (5 mg/mL protein concentration) were incubated with glucose 

oxidase (GOx) (0.5 units/mL) in 50 mM sodium acetate buffer at pH 5.0 at 30 °C. Aliquots (50 μL) 

were collected and the activity assay was performed immediately. The residual activity of GOx

was calculated as a ratio of initial rates of activity at given incubation time over the initial activity.

To assess initial activity rate a 10 μL of GOx (0.5 units/mL) was added to 190 μL of a solution of 

glucose (1.72% w/v), o-dianisidine (0.17 mM) and horseradish peroxidase (POx)
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(3 Purpogallin units/mL). The initial rate of oxidation of o-dianisidine was monitored by

recording the increase in absorption at λ = 492 nm at 25 °C. Background hydrolysis was subtracted

to give initial rates of hydrolysis. POx was used in a large excess and stored in aliquots at -20 °C

to ensure that this is not the limiting factor in enzyme kinetics.

4.5.4 Synthesis of N-(2-Hydroxyproyl)methacrylamide (HPMA)

Synthesis previously reported by Vaisocherová-Lísalová et al.54 A mixture of methacryloyl

chloride (8.0 g, 76 mmol) and dichloromethane (10 mL) was slowly added to a solution of 2-

hydroxypropyl amine (6.0 g, 80 mmol) and sodium hydrogen carbonate (7.2 g, 88 mmol) in

dichloromethane (150 mL) at 0 °C, and then the mixture was stirred at room temperature for 3 h.

After filtering out the precipitated salt, the solution was evaporated to remove the solvent. HPMA

was isolated by recrystallisation from acetone. 1H NMR: (300 MHz, D2O): δ (ppm) 5.64 (s, 1H,

CH3C=CHH), 5.39 (s, 1H, CH3C=CHH), 4.00-3.79 (m, 1H, O=CNHCH2CHOHCH3), 3.34-3.10

(m, 2H, O=CNHCH2CHOHCH3), 1.87 (s, 3H, CH3C=CH2) and 1.11 (d, 3H, 3JH-H = 6.3 Hz,

O=CNCH2CHOHCH3). 13C NMR (75 MHz, D2O): δ (ppm) 172.1, 139.1, 121.0, 66.2, 46.2, 19.4,

17.7 ESI-MS (m/z): [2M+Na]+ calcd. for C7H13NO2: 309.1584; found: 309.1407.

4.5.5 Typical Polymerisation of HPMA/OEGMA to Synthesise α-CT-PPCs 

In a typical polymerisation reaction, a solution of HPMA (115 mg, 0.8 mmol), and CT-MI 2.1.10

(20 mg, 0.0092 mmol of initiator groups) in deionised water (7 mL) was sealed and bubbled with

nitrogen in an ice bath for 20 min. Deoxygenated catalyst solutions of HMTETA (10 μL, 

0.04 mmol) and Cu(I)Br (5 mg, 0.04 mmol) in deionised water (3 mL) was then added to the

conjugation reactor under nitrogen bubbling. The mixture was sealed and stirred for 18 h at 4 °C.

CT-PHPMA conjugates were isolated by ultrafiltration using a Millipore stirred filtration cell and
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a 5 kDa MWCO membrane against deionised water and then lyophilised. The successful

production of the PPCs was confirmed by UV-Vis spectroscopy and SDS-PAGE analysis.

4.5.6 Synthesis of Triethylene Glycol Methyl Ether Methacrylate (TEGMA)

Synthesis previously reported by Jones et al.55 A mixture of methacryloyl chloride (6.48 g, 70

mmol) and tetrahydrofuran (10 mL) was slowly added to a solution of triethylene glycol (10.0 g,

60 mmol) and triethylamine (9.34 mL, 70 mmol) in tetrahydrofuran (100 mL) at 0 °C, and then

the mixture was stirred at room temperature for 16 h. After filtering out the precipitated salt, the

solution was evaporated to remove the solvent. The resulting compound was redissolved in

dichloromethane and washed with water (100 mL), sodium hydrogen carbonate solution (2 x

100 mL) and finally again with water (2 x 100 mL). The organic layer was dried with magnesium

sulfate before isolating the crude product by evaporating solvent. Flash column chromatography

(6:1 petroleum ether:ethyl acetate) was utilised to obtain purified TEGMA as a clear liquid. 1H

NMR: (300 MHz, CDCl3): δ (ppm) 6.13 (s, 1H, CH3C=CHH), 5.58 (s, 1H, CH3C=CHH), 4.30 (t,

2H, 3JH-H = 3.4 Hz, O=COCH2CH2O), 3.77 (t, 2H 3JH-H = 3.4 Hz, O=COCH2CH2O), 3.71-3.59 (m,

8H, CH2O(CH2CH2O)2CH3), 3.38 (s, 3H, O(CH2CH2O)3CH3) and 1.95 (s, 3H, CH3C=CH2). 13C

NMR (75 MHz, D2O): δ (ppm) 167.1, 136.0, 125.5, 71.8, 70.5, 70.4, 69.0, 63.7, 58.8, 25.3 18.4.

ESI-MS (m/z): [M+Na]+ calcd. for C11H20O5: 255.3692; found: 255.3688.
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5.1 Abstract

The work in this Chapter highlights the effectiveness of protein-polymer conjugates within liquid

laundry detergent for a stain-removal application. α-chymotrypsin and α-chymotrypsin 

protein-polymer conjugates, introduced in previous chapters, were not observed to enhance stain

removal when examined via application testing. Therefore, Unilever Protease 1 and Lipex,

enzymes that have been optimised for stain removal applications within high surfactant

environments, were investigated. The conjugation reagent required for the synthesis of

protein-polymer conjugates was found to inhibit both Unilever Protease 1 and Lipex and therefore

purification was needed to remove the excess reagent. Enhancement of catalytic half-life was

observed upon the synthesis of macro-initiators from Unilever Protease 1, however upon the

transformation to protein-polymer conjugates using poly(glycerol methacrylate), enzyme stability

was found to revert back to that of native Unilever Protease 1. In contrast, the synthesis of

macro-initiators from Lipex was observed to cause a decrease in stability. Further destabilisation

was found upon the synthesis of poly(glycerol methacrylate) polymer-protein conjugates, with

the conjugate species becoming insoluble in aqueous solution. It is hypothesised that the grafted

polymer disrupts the hydrophobic interactions within the Lipex resulting in a reduction in

solubility, activity, and stability.

5.2 Introduction

5.2.1 Laundry Formulations

Laundry formulations are made up of many different components including surfactants, bleaches,

water softeners, fragrances, fabric softeners, and anti-redeposition agents.1 Surfactants are a key

component to all laundry formulations and have been utilised by civilisations as far back as

2800 BC for laundry and cleaning applications.2 Surfactants are amphiphiles with a hydrophilic

head group and a hydrophobic alkyl chain, thus allowing surfactants to interact with hydrophobic

stains and increase the solubility of the material allowing for the removal of water immiscible
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compounds (Figure 5.1). Anti-redeposition agents were incorporated into laundry detergents to

prevent the reattachment of stains during the washing cycle.

Figure 5.1 Schematic representation of the interaction of surfactants with hydrophobic stains

The effectiveness of surfactants can be hindered by the presence of calcium and magnesium ions

as they react to form insoluble complexes that can precipitate out of aqueous solution.3 As such,

locations with high water hardness can require increased surfactant concentrations to obtain the

same level of cleaning. To alleviate this problem, many laundry detergents contain water

softeners. Original water softeners removed calcium and magnesium ions by the precipitation of

their respective salts. Although this method was effective, iron salts were also observed to

precipitate causing clothing to become yellow in colour.1 Water softeners were rapidly changed

to compounds that complexed the ions such as sodium triphosphate,4 however, as a result of

phosphate regulations that were introduced because of eutrophication issues,4 current laundry

formulations tend to employ zeolites for this role.1

Despite the ability of surfactants to provide high degrees of stain removal, the low

biodegradability of synthetic surfactants has been found to be problematic. Legislation was

implemented in Germany in 1961 stating that all detergents must be 80% biodegradable and in

the following years many other countries followed suit and adopted this legislation.1 In recent

years, industry has been encouraged to produce more sustainable products and so the use of sugar
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based surfactants has increased. This has also led to the development of more concentrated

formulations pioneered by the Unilever scheme in 2006 of “Small and Mighty”.5, 6

Due to the changes in washing practices including the progression from hand to machine washing

and new environmental legislations, laundry formulations constantly have to adapt to suit their

purpose. Enzymes were introduced into laundry formulation in 1959,1 the first enzymes to be

introduced were proteases. Amylases, cellulases and lipases were added over the next decade to

formulations to improve stain removal capacity. Enzymes are biological catalysts that have very

high specificity and activity rates and so allow laundry to be washed at lower temperatures than

non-enzymatic washing powder. The addition of enzymes to laundry formulations has been

shown to increase stain removal by over 25%.7

The major limitation with the application of enzymes into liquid laundry formulations is the

narrow range of conditions at which the enzyme remains active. Native enzymes are intolerant to

small changes in their external environment; alterations in the environment can cause changes in

the tertiary structure of the protein causing their activity to rapidly decrease. Factors that affect

the stability of enzymes include pH, temperature and concentration of salts. Proteases, which are

common enzymes used in laundry formulations, also pose a problem as autolytic digestion can

occur. Due to these problems, the development of more stable enzymes is required to withstand

the storage conditions within laundry detergents.

5.2.2 Laundry-Specific Protease Enzymes

Since enzymes were introduced into laundry formulations in 1959,1 many protease enzymes have

been utilised to enhance industrial stain removal.7-9 Much research has been conducted to modify

the protein’s primary structure to induce higher stability within surfactant containing

environments.10-13 Proteases that are ideal for a laundry-based application have a low specificity

and can digest peptide bonds at numerous locations within protein or peptide compounds. The

work in this Chapter focuses on subtilisins, a range of serine proteases that are non-specific
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endoproteases. Subtilisins have been found to possess the same catalytic triad as present within

the active site of α-chymotrypsin (α-CT). 

The current subtilisin enzyme of interest is Unilever Protease 1 (UL1). Whilst the structure of

UL1 is relatively unknown, the enzyme is derived from modifying the expression of savinase. As

such, savinase will be utilised as a model for UL1 to help determine the number of possible

modification sites and other characteristics including absorption coefficients and

microenvironments of residues. savinase has been found to have optimum activity at pH 10.0 and

a wide range of thermal activity between 20 and 60 °C.14, 15 However, it has been found that

savinase can be inhibited by compounds that are naturally present in some food sources including

eggs and potatoes.16

5.2.3 Laundry-Specific Lipase Enzymes

As many different stains exist, different types of enzyme are required to target stains made up of

both proteins and fats. Lipases are a subclass of esterases that can catalyse the hydrolysis of ester

bonds. Lipases are specific to the hydrolysis of triglycerides into glycerol and their substituent

fatty acids (Figure 5.2). Lipase enzymes have many industrial applications including food

manufacture, the production of biodiesel and enhancement of stain removal in laundry

formulations.17-20
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Figure 5.2 Schematic representation of the hydrolysis of triglycerides to form glycerol and fatty acid
chains.

Enzymes, including lipases, which originate from thermophilic organisms tend to have an

increased optimum temperature in comparison to other species. As such the Lipase from

Thermomyces Lanuginosa (TLL) was identified as an enzyme of high industrial interest due to its

activity at high operating temperatures. It was also noted that TLL contains the same catalytic

triad present in both α-CT and UL1 with hydrolysis of substrates being controlled by the 

nucleophilicity of the L-serine residue and by employing the use of an oxyanion hole.20-22

Although the catalytic site has many similarities to α-CT and UL1, the access to lipase is hindered 

by the presence of a helical loop referred to as the “lid”.23 In a solely aqueous environment, the

“lid” remains closed and access to the active site is low. The introduction of a hydrophobic

substrate induces a morphology change to the open conformation. Figure 5.3 highlights the

exposure of the active site upon the protein adopting the open “lid” conformation.
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Figure 5.3 Crystal structure of TLL in the a) closed (1DU4), and b) open (1EIN) positions with the
active site shown in blue.21 The structure is represented as i) the secondary structure ii) the surface

structure. PDB crystal structure references are identified in bold. With thanks to Dr. Katherine
Farrance.

The mobility of the “lid” has been studied through the analysis of the structure at varying

surfactant concentrations.10, 21, 24 Brzozowski et al. identified Arg84, Cys22, and Cys268 as the

key residues involved in the “lid” mechanics.21 The two L-cysteine residues are present in the

closed morphology as a left handed disulfide bond and upon exposure to surfactants can isomerise

to form a right handed bond. This in turn allows Arg84, which is located within the hinge of the

“lid”, to form hydrogen bonds with the Cys268 residue. The newly formed hydrogen bonds induce

a morphological change and cause the “lid” to move into the open conformation. When employing

TLL in laundry applications, the presence of high levels of surfactant in the detergent ensure the

“lid” remains in the open morphology.

With an aim to develop enzymatic species that are stable to the conditions within laundry

detergent and retain their high stain removal capabilities, α-CT macro-initiators and 

protein-polymer conjugates (PPCs) synthesised in the preceding chapters were compared to



Chapter 5 – Synthesis of Protein-Polymer Conjugates from Laundry-Specific Enzymes

222

corresponding analogues synthesised from laundry-specific protease and lipase enzymes, UL1

and Lipex. With the additional aim of creating a one-pot formulation with multiple enzymes

present, the stability of Lipex and UL1 polymer conjugate species were investigated in the

presence of each other to further examine the protection provided by the addition of grafted

polymeric species.
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5.3 Results and Discussion

5.3.1 Effectiveness of α-Chymotrypsin and α-Chymotrypsin PPCs in Laundry Applications 

Although α-CT has been utilised as a model enzyme throughout the previous chapters, α-CT has 

not been selectively modified for exposure to environments that contain high levels of surfactants

typically found in laundry formulations. To explore the tolerance of α-CT when exposed to these 

environments, the activity of α-CT was investigated in solutions containing varying 

concentrations of Ecoboost™ formulation in both pH 8.0 buffer and distilled water (Figure 5.4).

Ecoboost™ formulation is a trademarked liquid formulation from Unilever containing 15 wt.%

surfactant, which is a combination of anionic and non-ionic surfactants, with calcium binders.

The retention of the catalytic activity of α-CT was examined by the p-nitroaniline (pNA) assay

(introduced in Section 2.3.5) and subsequently normalised to residual activity with respect to

α-CT in pH 8.0 Britton-Robinson buffer. 

Figure 5.4 The effect of Ecoboost™ formulation upon activity of α-CT. Each data point is based on the 
average of four repeats of pNA assay with standard deviation displayed as error.

The activity of α-CT was found to decrease as the percentage of Ecoboost™ formulation was 
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compared with α-CT in 100% pH 8.0 buffer (0% Ecoboost™). It is noteworthy that α-CT prepared 

in deionised water, without any additives, only has 10% of the activity of α-CT in pH 8.0 buffer. 

However, upon addition of Ecoboost™ formulation, which has a pH of 7.8, the activities appear

to be independent of the solvent used to prepare samples, either water or buffer. It is hypothesised

that as deionised water has a pH of approximately 6.8 compared with the pH 8.0 buffer, the active

site of α-CT exists in a different conformation at these different pH values owing to the presence 

of charged residues within the protein’s structure. Upon the addition of Ecoboost™ formulation,

it is proposed that the increase in pH allows an increase in activity compared to samples prepared

in 100% water, yet the presence of surfactants leads to an overall decrease in activity.

Despite the observed decrease in activity upon addition of formulation, it was still important to

analyse the stain removal capabilities of α-CT and α-CT PPCs synthesised in previous chapters 

to determine if these species are suitable for the intended application. The most common industrial

method for determining stain removal efficiency of enzymes is to perform stain tests. These tests

incubate stained fabric with laundry formulation, buffer and enzymes at elevated temperatures to

represent the conditions present in a washing machine (Figure 5.5). The treated fabric is then

rinsed and allowed to dry prior to analysis. As enzymes can exhibit substrate specificity a range

of stains are employed to investigate variations in degree of cleaning observed. Common stains

that are utilised to analyse the efficiency of protease enzymes are based on blood, milk and ink.
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Figure 5.5 Experimental procedure for industrial stain testing.

The stained fabric was then analysed to determine the degree of stain removal by comparing the

colour profile in relation to an unstained cotton fabric calibrant. The colour profiles of the fabric

was analysed by employing Hunter’s LAB analysis, which is most commonly used to analyse

variations in colour within the food industry.25 Change in colour, ΔE, is calculated based upon the

relationship described in Equation 5.1 (a) where L, a, and b represent the brightness, redness to

greenness, and yellowness to blueness respectively.26 The stain removal index (SRI) based upon

colourimetry was introduced by Neiditch et al. as a superior method for reporting stain removal

compared to previous methods, which were largely based upon reflectance, as the colourimetry

method allowed greater accuracy in the analysis of coloured stains.27 The change in SRI (ΔSRI) 

can be used to analyse increases or decreases in stain removal ability based upon additives, such

as enzymes, to the formulation.

Equation 5.1 (a-c) Hunter’s LAB analysis, SRI and ΔSRI equations. 

(�) ∆� = �(�� − �)� + (�� − �)� + (�� − �)�

(�)	��� = 100 −	∆�	

(�) ∆��� = ������������ ��� − ������� ���
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To investigate their suitability for a stain removal application, α-CT PPCs synthesised in previous 

Chapters were explored. The conjugates were chosen to cover a range of polymer functionalities

and based upon their high retention of initial activity and significant enhancements in thermal

stability, reported in previous Chapters, CT-PGMA 3.10.5, CT-PHPMA 4.10.5,

CT-POEGMA 4.10.5 and CT-POEGMA 4.10.20 were selected. As the activity of α-CT was 

significantly reduced in the presence of the laundry formulation, the stain tests were conducted in

buffer to ascertain stain removal capabilities at high α-CT enzymatic activity. The stain removal 

efficiency of native α-CT and CT-PGMA 3.10.5, CT-PHPMA 4.10.5, CT-POEGMA 4.10.5

and CT-POEGMA 4.10.20, were examined with stain tests using fabric stained with blood and

blood, milk, and ink (Figure 5.6). Control experiments were performed without the presence of

enzymatic species to allow the observation of enhanced stain removal.

Figure 5.6 a) Layout of samples in stain plates and resulting stain test plates after exposure to α-CT, 
CT-PGMA 3.10.5, CT-PHPMA 4.10.5, CT-POEGMA 4.10.5 and CT-POEGMA 4.10.20 with

b) blood and c) blood, milk and ink.
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Although the observation of enhanced stain removal was expected in samples containing α-CT 

and α-CT PPCs, ΔSRI was found to be zero in all cases suggesting that the enzymes could not 

hydrolyse the stain from the surface of the fabric. It is hypothesised that the selectivity of α-CT 

prevents stain removal in these tests, as α-CT can only cleave peptide bonds next to aromatic 

residues. It is also postulated that the active site of α-CT cannot access a substrate that is bound 

to a surface preventing stain removal.

Therefore, as a result of the low activity exhibited by α-CT in laundry formulation and the lack 

of stain removal observed with both α-CT and α-CT PPCs, it was concluded that α-CT is not an 

appropriate enzyme for a stain removal application. As such, the chemistries that have been

applied to α-CT to synthesise PPC species with enhanced stability will also be employed to 

synthesise PPCs from enzymes that are currently utilised for stain removal and laundry

applications. The overall aim is to generate enzymes that are both stable to storage with

themselves and other enzymes yet also exhibit high stain removal efficiency.

5.3.2 Laundry-Specific Protease Enzymes

5.3.2.1 Structure and Properties of Laundry-Specific Protease Enzymes

As mentioned in Section 5.2.2, the current proteolytic enzyme of interest is UL1, which is derived

from savinase. As the structure of UL1 is unknown, the structure of savinase will be employed to

aid in the analysis of UL1. In contrast to α-CT, which contains 17 potential amine modification 

sites, savinase only contains 5 L-lysine residues and 1 N-terminus and therefore 6 possible

conjugation sites. Figure 5.7 identifies the locations of these residues, in pink and yellow, and

highlights that the residues are not evenly spread across the enzyme but concentrated into a

specific area. It is possible that this could lead to areas of the enzyme remaining unprotected by

the grafted polymeric species.
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Figure 5.7 Crystal structure of savinase (1SVN).14 L-Lysine residues have been highlighted in pink and
the N-terminus highlighted in yellow.

Previous theories from Section 2.3.4 indicate that the conjugation of initiator species using an

active ester is dependent upon the pKa of the amine group. To this end, the DEPTH server was

utilised to predict the pKa values of the ionisable groups within savinase, based on the

microenvironment in which the residue is found.28 savinase was submitted to the DEPTH server

in the monomeric form of the crystal structure of 1SVN (Figure 5.8).14

Figure 5.8 Predicted pKa values of amine groups in L-lysine residues within savinase compared with
the average pKa of L-lysine at 10.5. All values have been calculated by the DEPTH server.28
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Although not computed by the DEPTH server, the N-terminus is predicted to have the lowest pKa

from previous literature reports.29 In addition to the N-terminus, the predicted pKa values of

savinase indicate that residue 94 is the next most probable residue to undergo conjugation. It is

noteworthy that the pKa values are in a similar range to that observed by α-CT and therefore it is 

predicted that a similar conjugation profile will be observed for UL1.

5.3.2.2 Synthesis of Macro-Initiators from Laundry Specific Protease Enzymes

To ascertain whether the conjugation to UL1 is comparable to that observed previously with α-CT 

in Section 2.3.2, UL1 macro-initiators (UL1-MI 2.1s) were synthesised with varying

concentrations of the active ester species I-NHS 2.1, as used in Chapter 2, per amine at different

pH values (pH 8.0, 10.0 and 12.0) (Scheme 5.1). The efficiency of the conjugation reaction was

assessed after 3 hours using matrix-assisted laser desorption/ionisation time-of-flight

(MALDI-ToF) mass spectrometry without any further purification (Figure 5.9 and Table 5.1).

Scheme 5.1 Reaction of primary amines on UL1 with I-NHS 2.1 to form UL1-MI 2.1.
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Figure 5.9 MALDI-ToF mass spectra of UL1-MI 2.1 species formed at varying concentrations of
I-NHS 2.1 when the conjugation reaction was carried out at a) pH 8.0, b) pH 10.0, and c) pH 12.0.
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Table 5.1. Average degree of attachment of I-NHS 2.1 initiator for UL1-MI 2.1 species synthesised at
varying pH values and concentrations of initiator as determined by MALDI-ToF analysis. Errors are
reported as the standard deviation of the distribution based on the assumption of a Gaussian fit of the

MALDI-ToF mass spectra.

Equivalents of Initiator Added per Amine

3.3 10 25

pH 8.0 0 0 0

pH 10.0 0 1 ± 1 1 ± 1

pH 12.0 0 1 ± 1 2 ± 1

When conjugation was conducted at pH 8.0, the resulting UL1-MI 2.1 species were all observed

to have an unaltered molar mass of 26.8 kDa, the mass of UL1. In contrast to α-CT, which was 

able to undergo high levels of modification at pH 8.0, this indicates that no modification of UL1

was achieved at pH 8.0. Upon increasing the pH to 10.0, single-site conjugation was observed

when employing over 10 equivalents of initiator per amine. A further increase in pH to 12.0

resulted in modification of an additional site, generating a UL1-MI with 2 initiator sites. It is

evident from MALDI-ToF analysis that the conjugation profile at varying pH and concentration

does not mimic that observed with α-CT. It is hypothesised that the reduction in modified sites 

may be due to the location of the amine groups that are inaccessible and unfavourable for reaction.

As discussed in Chapter 3, a high polymeric grafting density appears to be the most effective

method of producing stable protein species, as such further synthetic methods were investigated

to prepare UL1-MI with an increased number of initiators conjugated to the surface. To this end,

a range of typical amide coupling reagents were explored in an attempt to promote higher degrees

of initiator incorporation on the surface of UL1. I-COOH 5.1, the carboxylic acid analogue of

initiator I-NHS 2.1, was employed so that the resulting macro-initiator species would have the

same chemical structure independent of the synthetic route. Benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP),30 2-(1H-benzotriazol-1-yl)

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU),30 1-[bis(dimethylamino)methylene]
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1H-1,2,3-triazolo[4,5]pyridinium 3-oxid hexafluorophosphate (HATU),31 2-(1H benzotriazole-

1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU),32 4-dimethylaminopyridine

(DMAP),33 and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl)

were selected as appropriate reagents to trial to assess a broad range of potential amide coupling

catalysts.34 A large excess of the amide coupling reagents (1000 equivalents per amine) and

initiator species, I-COOH 5.1, (10 equivalents per amine) were utilised to synthesise

macro-initiators from UL1 (Scheme 5.2). Although the conjugations were all performed at

pH 8.0, the addition of triethylamine (TEA) was also explored with select reagents to investigate

if this could further promote attachment of initiators. It was thought that the introduction of a

basic species, such as TEA, could promote the deprotonation of the basic L-lysine residues and

therefore enhance the amide coupling reaction. It should also be noted that the addition of 10

equivalents of N-hydroxysuccinimide (NHS) is required for the conjugation with EDC.HCl. The

resulting UL1-MI 5.1s were analysed using MALDI-ToF mass spectrometry without any further

purification to quantify the number of initiators successfully conjugated to UL1 (Figure 5.10).

Scheme 5.2 Reaction of primary amines on UL1 with I-COOH 5.1 to form UL1-MI 5.1.
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Figure 5.10 Average number of initiator functionalised sites of UL1 as determined by MALDI-ToF
with I-COOH 5.1 and various conjugation reagents. Error bars are displayed as the standard deviation
of the distribution of sites functionalised based on the assumption of a Gaussian fit of the MALDI-ToF

mass spectra.

All reagents were observed to form UL-MI 5.1 species with a minimum of one initiator unit

conjugated to the enzyme. The addition of TEA enabled modification of a further site in all cases.

It is hypothesised that due to most of these reagents having been designed for use in solid-phase

amide synthesis, which is conducted in N,N-dimethylformamide (DMF), the reagents are not

optimised for use within an aqueous system. It is evident that EDC.HCl was the most successful

coupling reagent, enabling the conjugation of initiator groups in 5 out of the 6 possible

modification sites.

Following effective conjugation employing EDC.HCl, the ability to tune the system to synthesise

macro-initiators with a range of initiator grafting densities, through variation of the concentration

of EDC.HCl, was assessed. The resulting macro-initiators were analysed using MALDI-ToF mass

spectrometry (Figure 5.11 and Table 5.2).
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Figure 5.11 MALDI-ToF mass spectra of UL1-MI 5.1 species formed at pH 8.0 using 10 equivalents
of I-COOH 5.1 and varying concentrations of EDC.HCl.

Table 5.2. Average degree of attachment of I-COOH 5.1 initiator for UL1-MI 5.1 species synthesised
at varying pH values and concentrations of EDC.HCl as determined by MALDI-ToF analysis. Errors
are reported as the standard deviation of the distribution based on the assumption of a Gaussian fit of

the MALDI-ToF mass spectra.

Equivalents of EDC.HCl Added per Amine

20 100 1000

pH 8.0 1 ± 1 5 ± 2 5 ± 2

Upon varying the concentration of EDC.HCl, the synthesised macro-initiators were observed to

have varying initiator grafting densities. Using 20 equivalents of EDC.HCl generated a

UL1-MI 5.1 species with a molar mass of 27.0 kDa, which corresponds to a single initiator

attachment. It is evident that the addition of 100 and 1000 equivalents of EDC.HCl result in the

same initiator species with an average of 5 initiator sites attached. Whilst both reactions led to the

same product, upon increasing the scale of the reaction from 5 mL to 500 mL, aggregation was

observed when using 1000 equivalents of EDC.HCl. It is hypothesised that as a consequence of

the exothermic reaction between EDC.HCl and amine moieties, the resultant heat generated was
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not adequately dissipated upon increase of reaction scale, causing aggregation. However, it was

found that using 100 equivalents of EDC.HCl at the larger 500 mL scale did not result in

aggregation.

5.3.2.3 Activity of Macro-Initiators from Laundry Specific Protease Enzymes

Following the successful synthesis of UL1-MI 5.1s, it was important to establish if the synthesis

caused any alterations to the enzyme’s activity and stability profiles. As previously discussed in

Section 2.3.5, NHS was found to inhibit the catalytic ability of α-CT and therefore it was essential 

to examine whether the UL1-MI 5.1 species were subject to inhibition from the conjugation

conditions. The retention of the catalytic activity of UL1 and UL1-MI species with 1 and

5 conjugated initiators, UL1-MI 5.1.1 and UL1-MI 5.1.5 respectively, were examined using the

pNA assay. The residual activity was calculated as a percentage of the initial activity of native

UL1 (Figure 5.12).

Figure 5.12 Residual activity of UL1-MI 5.1 species after purification by dialysis for 48 hours against
deionised water. Each data point is based on the average of four repeats of the pNA assay with

standard deviation displayed as error bars.
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The activity of UL1-MI 5.1.1 and 5.1.5 was observed to decrease to 62% and 51% of the initial

value respectively after exposure to the reaction conditions followed by dialysis against deionised

water. It is evident from these observations that inhibition occurs upon exposure of UL1 to the

conjugation conditions, which is not unexpected based on previous results of α-CT and NHS in 

Section 2.3.5.

Following the decrease in activity observed for UL1-MI 5.1 species, it was deemed important to

investigate whether the observed decrease was due to the presence of an inhibitor or alterations

to the proteins tertiary structure. To this end, all components of the conjugation reaction were

examined for inhibitory response with UL1. In addition to EDC.HCl and NHS that are actively

introduced to the system, 1-(dimethylamino)-3-(3-ethylureido)propane (EDC urea) is formed

over the course of the reaction as a side product that may also impact the protein’s activity

(Scheme 5.3).

Scheme 5.3 Reaction of primary amines on UL1 with I-COOH 5.1 to form UL1-MI 5.1 with the
production of EDC urea from EDC.

To establish which reaction components can act as an inhibitor to UL1, the activity of UL1 was

investigated at varying concentrations of additives. To this end, the pNA assay was conducted on

native UL1 in the presence of increasing concentrations of NHS, EDC.HCl and EDC urea

(Figure 5.13).
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Figure 5.13 Initial velocity of native UL1 upon exposure to varying concentrations of NHS, EDC.HCl,
and EDC urea. Equivalents of the additive were calculated as equivalents per amine. Each data point is
based on the average of four repeats of the pNA assay with standard deviation displayed as error bars.

Figure 5.13 reveals that the addition of NHS has a similar effect upon UL1’s activity compared

to α-CT. Although up to 50 equivalents of NHS had no significant impact on the activity of UL1, 

the addition of 100 and 1000 equivalents caused a reduction in activity of 33% and 40%

respectively. In comparison, the addition of EDC.HCl was observed to not have a significant

effect upon the activity of UL1 when exposed to concentrations up to 100 equivalents of

EDC.HCl. When the concentration was increased further to 1000 equivalents of EDC.HCl, the

activity of UL1 was observed to decrease from 407 to 327 OD sec-1 x 10-6, which is a 20%

reduction in activity.

Despite the small reduction observed with the incorporation of EDC.HCl, EDC urea was observed

to cause a significant reduction in activity of 63% upon the addition of only 50 equivalents of

EDC urea. However, this is not unexpected as the presence of urea has been found to cause protein

denaturation.35, 36 Indeed, Zou et al. discovered that urea binds to amide units within peptides and

subsequently displaces water in the protein’s solvation shell.36 This leads to the disruption of
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hydrophobic interactions within the protein and eventual denaturation. It is hypothesised that as

EDC urea contains a urea functionality, it can undergo similar interactions with proteins, which

lead to unfolding of the protein.

To establish whether the observed reductions in UL1 activity were reversible, various purification

methods were investigated. To this end, UL1-MI 5.1 was subjected to dialysis, precipitation in

methanol, spin filtering, desalting columns and ultrafiltration. All samples were subsequently

lyophilised and activity analysed using the pNA assay. The residual activity was calculated as a

percentage of activity in comparison to native UL1 (Figure 5.14).

Figure 5.14 Residual activity of UL1-MI 5.1.5 upon exposure to varying purification conditions
relative to native UL1. A - purified by 96 hours of dialysis against deionised water, B – purified by

precipitation into methanol, C – purified by spin filtering with a MWCO of 10 kDa, D – purified with a
desalting column, E – purified by ultrafiltration with a MWCO of 5 kDa. Each data point is based on

the average of four repeats of the pNA assay with standard deviation displayed as error bars.

Although most of the attempted methods were unsuccessful in the restoration of UL1 activity,

similarly to the purification of CT-MI 2.1 in Section 2.3.5, the most effective method to regain

activity was ultrafiltration. This purification technique was able to restore the activity from 51%

to 95% in comparison to native UL1. This suggests that the reduction in activity was caused by a

reversible process, hypothesised to be linked to the removal of residual EDC urea and NHS from

UL1-MI 5.1.5.
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To allow comparison of the activity profiles between native UL1 and the purified UL-MI 5.1

species with 1 and 5 conjugated initiators, UL-MI 5.1.1 and UL-MI 5.1.5 respectively, the

Michealis-Menten model of kinetics was employed. As discussed in Chapter 2, a

Michaelis-Menten model of kinetics is one of the most commonly used models to assess the

activity of enzymes.37, 38 A series of pNA assays was conducted with varying substrate

concentrations and Michaelis-Menten parameters were extracted from the subsequent hydrolysis

data by employing Lineweaver-Burk plots (Table 5.3).

Table 5.3 Michaelis-Menten Parameters of UL1 and UL1-MI 5.1 species based on the pNA assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native UL1 261 ± 40 1.9 ± 0.6 0.0078 ± 0.0008

UL1 5.1.1 335 ± 108 1.4 ± 0.5 0.0040 ± 0.0011

UL1 5.1.5 986 ± 177 1.5 ± 0.3 0.0015 ± 0.0004

The Michaelis constant, Km, is an inverse measure of the affinity between enzyme and substrate.

The Km of the UL1 species was observed to increase relative to the number of initiators attached

to the enzyme’s surface. UL-MI 5.1.5 has a Km that is a 3-fold increase in comparison to native

UL1. This suggests that a competitive inhibition process occurs and prevents the formation of an

enzyme-substrate complex. Furthermore, this observation is hypothesised to result from changes

to the surface charge distribution of the enzyme owing to the reduction in potentially ionisable

groups on UL1 as observed for α-CT macro-initiators in Section 2.3.6.1. 

In addition to the increase in Km, a decrease in kcat was also observed for both macro-initiator

species. It is postulated that the decrease in kcat may be an indication of a small percentage of

denaturation as a result of exposure to the urea species generated during synthesis. As a

consequence of the variations in Km and kcat, the overall efficiency, kcat/Km, was found to decrease

by a factor of 5 compared with the native UL1 enzyme.
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5.3.2.4 Stability of Macro-Initiators from Laundry Specific Protease Enzymes

Despite the decrease in activity observed in Section 5.3.2.3 for UL1-MI 5.1s, it was proposed

that, if a significant increase was observed in the stability of UL1-MI 5.1 species, the enzymes

would still have a beneficial effect within an application that requires prolonged storage periods

such as laundry detergents. As such, the stability of UL1 and UL1-MI with 1 and 5 initiator units

covalently bonded to the surface of UL1 (UL1-MI 5.1.1 and 5.1.5 respectively) was assessed

under accelerated conditions in Ecoboost™ formulation at 40 °C. To this end, the catalytic

activity of UL1, UL1-MI 5.1.1, and UL1-MI 5.1.5 was monitored over time using the pNA assay

(Figure 5.15). The residual activity was calculated as a ratio of initial rates of hydrolysis for a

given incubation time over the initial activity. Half-life values were subsequently extracted by

assuming an exponential decay.

Figure 5.15 a) Thermal stability profiles of UL1 and UL1-MI 5.1 species in Ecoboost™ formulation at
40 °C. Each data point is based on the average of four repeats of pNA assay with standard deviation

displayed as error bars. b) Activity half-life at 40 °C for UL1 and UL1-MI 5.1 species extracted from
the linear regression of ln(residual activity) against time.

Figure 5.15 reveals the stability enhancement of UL1 upon the addition of initiator species. The

addition of 1 initiator unit shows an increase in stability by a factor of 2. The further addition of

initiator units, to 5 initiators conjugated to the surface of UL1, led to a 3-fold increase of half-life

increase from 0.75 to 2.5 days. This trend is the same as was observed for macro-initiators

synthesised from α-CT-MI in Section 2.3.6. The resulting UL1-MI species have a reduced number 
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of potential ionisable groups and therefore it is hypothesised that the increase in stability also

occurs as a consequence of altering the surface charge of UL1.

In an attempt to further analyse the thermal stability of UL1-MIs, the melting temperature, Tm,

was investigated. Despite attempting to conduct thermal shift assays in Ecoboost™ formulation,

due to the prescence of surfactant, SYPRO orange was observed to fluoresce at all temperatures

due to the formation of the detergent micelles within the formulation.39, 40 The high level of initial

fluorescence dominated the spectra and masked the protein melt transition and so Tm could not be

extracted. To alleviate the issue of surfactant, thermal shift assays were performed in aqueous

solution using SYPRO orange, with methodology previously described in Section 2.3.6.1. Tm

measurements were conducted for all UL1 and UL1-MI 5.1 species (Figure 5.16).

Figure 5.16 Graph displaying Tm of UL1 and UL1-MI 5.1 species. Tm values were extracted from
thermal shift assays at 5 mg/mL in water with SYPRO orange, excitation λ = 492 nm, emission

λ = 610 nm. Values are obtained from triplicate repeats and error is displayed as standard deviation.

The Tm was shown to increase with the addition of initiator units whereby an increase of 13 °C

and 12 °C was seen with the addition of 1 and 5 initiator units, respectively. Previously in

Section 2.3.6.1, the Tm of α-CT macro-initiators was shown to increase with respect to the number 

of initiators bound to the surface. However, UL1-MI 5.1 species exhibit similar Tm values

independent of the number of initiators attached. This suggests that the location of the single-site

modification has a significant role in the degree of stability achieved. It is also hypothesised that
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the decrease of surface charge in microenvironments can form stronger intra-protein interactions

and therefore increase Tm.

From the observed changes in both catalytic stability and Tm, it is concluded that altering the

surface chemistry of UL1 exhibits similar behaviours to that observed by CT-MI species

described previously in Chapter 2. However, it is noted that the stability of the UL1-MI appears

to have a dependency upon the location of the modifications.

5.3.2.5 Synthesis and characterisation of Protein-Polymer Conjugates from

Laundry-Specific Protease Enzymes

With an aim towards identifying whether different protease enzymes have comparable stability

enhancements upon PPC synthesis, similar conjugates to those synthesised from α-CT and 

poly(glycerolmethacrylate) (PGMA) in Chapter 3 were targeted. To evaluate the effect of polymer

conjugation upon the stability and activity of UL1, three different protein-polymer conjugates

(PPCs) were designed and synthesised by employing the copper catalysed

atom-transfer radical polymerisation (ATRP) methodology used in Section 3.3.1.

UL1-PGMA PPCs were targeted to allow comparison between molecular weight and grafting

density of the polymeric species. As the targeted UL1-PGMA PPCs are similar in morphology

and molecular weights to that of the α-CT PPCs (Chapter 3), this will allow comparisons to be 

drawn between the α-CT and UL1 species. Analysis of the resulting UL1-PGMA PPCs was

conducted by UV-Vis spectroscopy and summarised in Table 5.4. Sodium dodecyl sulfate

poly(acrylamide) gel electrophoresis (SDS-PAGE) analysis was not utilised to analyse these

conjugates as a result of difficulties encountered when visualising the protein using various

staining techniques.
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Table 5.4. Summary UL1-PGMA PPC characterisation from UV-Vis spectroscopy and
SDS-PAGE analysis.

PPC

Target

Polymer Mw

/kDa

Average

number of

polymers

attached

Target PPC

Mw/kDa

PPC M
w
/kDa

(UV-Vis)

UL1-PGMA 5.1.10 10 1 37.5 32.7

UL1-PGMA 5.1.50 50 1 87.5 63.2

UL1-PGMA 5.5.10 10 5 87.5 99.5

In all cases the percentage protein extracted from UV-Vis spectroscopy at λ = 280 nm confirms

the successful synthesis of UL1-PGMA conjugates. Although both conjugates with one

conjugated polymer, UL1-PGMA 5.1.10 and 5.1.50, were observed to be slightly smaller by

UV-Vis spectroscopy than initially targeted, this was not viewed to be problematic as a range of

conjugate molecular weights was still achieved. Therefore all conjugates were utilised in the

assessment of variations in activity and stability between UL1 and α-CT. 

Following the successful synthesis of UL1-PGMA PPCs, the conjugates species were analysed

to explore differences in their initial activity. To this end, pNA assays were conducted with

varying substrate concentrations and Michealis-Menten parameters extracted from the subsequent

hydrolysis data by employing Lineweaver-Burk plots (Table 5.5).

Table 5.5 Michaelis-Menten Parameters of UL1 and UL1-PGMA PPCs based on the pNA assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native UL1 261 ± 40 1.9 ± 0.6 0.0078 ± 0.0008

UL1-PGMA 5.1.10 989 ± 176 1.3 ± 0.2 0.0013 ± 0.0003

UL1-PGMA 5.1.50 1782 ± 315 0.7 ± 0.2 0.0004 ± 0.0001

UL1-PGMA 5.5.10 2265 ± 408 0.6 ± 0.1 0.0002 ± 0.0001
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All UL1-PGMA species show an increase in Km in comparison to native UL1. This suggests the

polymer is preventing the formation of the enzyme-substrate complex by hindering access to the

active site. For PPCs with a singly grafted polymeric species, the increase in Km was dependent

upon the molecular weight of the polymer. For example, the increase in polymeric molecular

weight from UL1-PGMA 5.1.10 to 5.1.50 is 30 kDa, which leads to a 2-fold increase in Km. A

decrease in kcat was also observed for all species, which also led to a decrease in overall catalytic

efficiency with increasing molecular weight of the PPC.

It is worth noting the presence of calcium binding sites within the precursor to UL1, savinase. It

is hypothesised that the calcium binding sites may interact with the copper ions employed in

ATRP as both copper and calcium are divalent. This could potentially lead to inhibition by

altering the tertiary structure of UL1, leading to a decrease in hydrolytic activity for the conjugate

species.

Following the observed reduction in activity, it was important to establish whether the stability of

the UL1-PGMA PPCs correlated to the observed decrease in catalytic efficiency. To assess

alterations in the stability of the conjugates in comparison to the native UL1, the catalytic activity

of UL1 and UL1-PGMA PPCs in Ecoboost™ formulation at 40 °C was monitored over time

using the pNA assay (Figure 5.17). The residual activity was calculated as a ratio of initial rates

of hydrolysis for a given incubation time over the initial activity. The half-life data was

subsequently extracted by assuming an exponential decay.
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Figure 5.17 a) Thermal stability profiles of UL1 and UL1-PGMA PPC species in Ecoboost™
formulation at 40 °C. Each data point is based on the average of four repeats of pNA assay with

standard deviation displayed as error bars. b) Activity half-life at 40 °C for UL1 and UL1-PGMA PPC
species extracted from the linear regression of ln(residual activity) against time.

A similar stability was observed for native UL1 and UL1 PPCs, UL1-PGMA 5.1.10 and 5.5.10.

However, a small increase in half-life was observed for UL1-PGMA 5.1.50 with an increase of

a factor of 1.6. Despite the observed increase in stability, this increase is not very substantial when

compared to the half-life of the corresponding α-CT analogue, CT-PGMA 3.1.50, which

enhanced the stability of α-CT by a factor of 3.

To investigate whether the addition of grafted polymeric species had an impact upon the

intra-protein interactions within the protein-polymer conjugates, variations in the melting

temperatures, Tm, were explored. To extract Tm values, thermal shift assays were performed with

SYPRO orange in aqueous solution with methodology previously described in Section 2.3.6.1,

for all UL1-PGMA species (Figure 5.18).
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Figure 5.18 Graph displaying Tm of UL1 and UL1-PGMA PPC species. Tm values were extracted from
thermal shift assays at 5 mg/mL in water with SYPRO orange, excitation λ = 492 nm, emission λ = 610

nm. Values are obtained from triplicate repeats and error is displayed as standard deviation.

An increase in Tm was observed for all conjugate species compared with native UL1. Despite this

increase, no difference in Tm was observed between corresponding macro-initiator and PPC

species. This suggests that the addition of grafted polymeric species does not affect the

enhancement of Tm provided by macro-initiator formation but also does not provide any additional

improvement.

Although an increase in Tm was observed for all UL1-PGMA species, as a result of the lack of

increase in stability within Ecoboost™ formulation and a significant reduction in initial activity,

UL1-PGMA PPCs were deemed not to be a viable option for use in an industrial laundry

application.

5.3.3 Laundry-Specific Lipase Enzymes

5.3.3.1 Structure of Laundry Specific Lipase Enzymes

As a consequence of the observed reduction in activity without an improvement of the stability

of UL1 in Section 5.3.2, other enzymes were investigated to establish if enhancements to stability
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could be imparted onto other laundry-specific enzymes. As such, lipase enzymes were

investigated as they are of high interest for incorporation into laundry formulations but have the

major limitation of a low degree of stability.

As lipases can originate from numerous sources, lipase enzymes were selected from both bacterial

and fungal origins to investigate if this factor influences the enzyme’s ability to form successful

PPC species. Lipases were selected based on stain removal capabilities within laundry detergent.

As such, Lipase from Pseudomonas fluorescens (PFL) and Lipex were chosen as the key enzymes

to be investigated.

Although Lipex is a key industrial enzyme, the primary and secondary structure of the enzyme is

relatively unknown and therefore, Lipase from Thermomyces Lanuginosa (TLL), which is the

precursor to the modified Lipex, will be analysed in tandem to Lipex to aid in analysis. Upon

initial modification of TLL, an intermediate species, Lipolase, is formed with eight modified

residues compared to the native TLL. Subsequently, the introduction of two L-arginine residues

with the modifications T231R and N233R to Lipolase results in the formation of the Lipex

species.

As some of the modifications from TLL to Lipex are unknown, it was important to establish

variations between the two lipase species. Kyte-Doolittle plots are used to compare the

hydrophobicity of proteins based upon the amino acid sequence.41 The hydrophobicity of the

amino acids within a protein’s sequence is dependent on surrounding residues. Therefore, the

hydropathic value of each amino acid is averaged with the immediate neighbouring residues to

produce a map of the hydrophobicity along the protein’s sequence.41 Positive hydropathic scores

indicate a hydrophobic segment within the protein, with the magnitude denoting the degree of

hydrophobicity. Kyte-Doolittle plots for TLL and the modified lipases, Lipolase and Lipex, are

shown in Figure 5.19.
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Figure 5.19 Kyte-Doolittle plot of (A) TLL, (B) Lipolase, and (C) Lipex. The highlighted boxes
emphasise locations in which a change in the hydrophobicity is observed, with thanks to Dr Katherine

Farrance and Dr Dietmar Lang.
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Figure 5.19 reveals the locations of modification within the enzymes that cause a change to their

hydrophobicity. There are two areas, which have been highlighted, that indicate an alteration to

hydrophobicity from TLL to Lipex. The plots suggest an introduction of hydrophilic residues at

position ca. 55 upon the formation of Lipolase. However, the transformation to Lipex reverts this

segment back to a more hydrophobic region. The second highlighted region at approximately

residue 230 indicates the addition of more hydrophilic residues for both Lipolase and Lipex. This

observed change corresponds to the addition of two L-arginine residues within this region upon

the transformations T231R and N233R from Lipolase to Lipex.

5.3.3.2 Synthesis of Macro-Initiators from Laundry Specific Lipase Enzymes

To assess the formation of macro-initiators from PFL, TLL and Lipex, the primary structures

were examined to identify possible modification sites within the lipase species. It was found that

PFL contains 15 L-lysine residues and 1 N-terminus compared with TLL, which contains only 7

L-lysine residues and 1 N-terminus. This results in 16 potential modification sites for PFL in

comparison to only 8 for TLL. Although the full sequence for Lipex is unknown, it has been

assumed that any modifications have not affected the number of primary amine groups present

within Lipex compared to TLL.

The tertiary structures were subsequently analysed to locate the residues within the crystal

structure of the lipases. Figure 5.20 highlights the locations of these residues within both PFL and

TLL. Based on these structures it is therefore concluded that the potential sites for modification

are spread evenly across the surface of both enzymes.
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Figure 5.20 Crystal structure of a) PFL (1VA4),42 and b) TLL (1DU4).21 L-Lysine residues have been
highlighted in pink and the N-termini highlighted in yellow. PDB crystal structure references are

identified in bold.

PFL contains a similar distribution and number of potential modification sites to α-CT and so was 

selected as the initial enzyme to analyse. To ascertain whether the conjugation to PFL would

proceed with an active ester initiator or require the addition of a conjugation reagent, such as

EDC.HCl employed in Section 5.3.2.2, the conjugation of PFL was attempted with 3.3 equivalents

of I-NHS 2.1 at varying pH. The efficiency of the conjugation reaction was assessed after 3 hours

using MALDI-ToF mass spectrometry (Figure 5.21 and Table 5.6).
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Figure 5.21 MALDI-ToF mass spectra of a) native PFL and b) PFL species formed using
3.3 equivalents of I-NHS 2.1 per amine when the conjugation reaction was carried out at a range of pH

values.

Table 5.6. Average degree of attachment of I-NHS 2.1 initiator for PFL-MI 5.1 species synthesised at
varying pH values as determined by MALDI-ToF analysis. Errors are reported as the standard

deviation of the distribution based on the assumption of a Gaussian fit of the MALDI-ToF mass
spectra.

Equivalents of

Initiator Added per

Amine

pH

4.0 6.0 8.0

3.3 Eq. 1 ± 1 3 ± 1 5 ± 0

As discussed previously in Section 2.3.1, MALDI-ToF mass spectrometry has been employed to

quantitatively assess the number of initiator sites bound to the protein.43-45 The mass spectra were

fitted to a Gaussian distribution to facilitate the extraction of the average number of conjugate

initiators species and the respective error. The mass spectrum of the previously analysed native

enzymes of α-CT and UL1 displayed sharp peaks with minimal errors. In contrast, native PFL 

was observed as a broader peak and therefore the error within native PFL has been incorporated

into the calculations for number of initiators conjugated.

Successful conjugation was observed at all pH values attempted. The same trend based upon pH

dependency was observed for PFL as with α-CT, described in Section 2.3.2, with single-site 

modification occurring at pH 4.0 and conjugation of 5 sites at pH 8.0. An increase in dispersity
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of the MALDI-ToF mass spectra was observed for samples modified at pH 4.0 and pH 6.0. The

dispersity was observed to decrease for conjugations at pH 8.0, similar to the dispersity found for

native PFL. This suggests that all potential sites have been modified and there is a single species

present with 5 sites modified.

Despite the promising conjugation results observed for PFL, the native PFL species was observed

to have a molar mass of 13.9 kDa. The expected molecular weight of PFL was 30.1 kDa, and

therefore it was hypothesised that the observed peak is the doubly charged species. However, the

peak distance between the species of PFL with n and n+1 conjugated initiators is 0.2 kDa, which

is an accurate mass for the addition of a single initiator species. Although other analytical

techniques including aqueous SEC, electrospray mass spectrometry, and SDS-PAGE analysis

were employed, none were successful in correctly identifying the expected molecular weight of

PFL. All techniques used to analyse the molecular weight of PFL were in agreement and identified

a molecular weight of 13.9 kDa. Therefore, PFL was deemed unsuitable for further analysis and

investigations were concentrated upon the fungal lipases, TLL and Lipex.

Investigations were focused upon the analysis of the native TLL as an analogue for Lipex. To

establish the conjugation profile of TLL with an active ester initiator, TLL was reacted with 3.3

equivalents of I-NHS 2.1 at varying pH values. The effectiveness of the conjugation reaction was

quantified after 3 hours using MALDI-ToF mass spectrometry (Figure 5.22).
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Figure 5.22 MALDI-ToF mass spectra of a) native TLL and b) TLL species formed using
3.3 equivalents of I-NHS 2.1 per amine when the conjugation reaction was carried out at a range of pH

values.

It was noted that the spectrum of the native TLL species contained a primary peak at the expected

molar mass of 29.8 kDa, however a high molecular weight shoulder was also observed at 32 kDa.

To investigate the possibility that the secondary peak occurs as a result of N-glycosylation of the

protein, deglycosylation was performed. Deglycosylation was attempted using endoglycosidases,

however, no differences were observed in the spectra prior and after deglycosylation. Therefore,

it was assumed that the secondary peak was a result of the expression process of a fungal protein

from a bacterial source. This could potentially lead to peptides utilised during synthesis remaining

attached to the TLL species in the final product.

Upon conjugation, the molar mass of the primary peak was observed to increase dependent upon

the pH at which the reaction was conducted. However, it was apparent that the intensity of the

secondary peak with respect to the primary peak was dependent upon the pH of the reaction. As

a result of the bimodal distribution and the variation in relative intensities, the number of initiators

bound to the surface could not be extracted without implementing further assumptions. As such,

TLL was determined to be unviable for continued analysis in the study.

In spite of the problems faced with the previous two lipase enzymes, Lipex, a modified version

of TLL for use in high surfactant environments was examined. The conjugation profile of Lipex
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with an active ester initiator was investigated at varying concentrations of I-NHS 2.1 and at

varying pH. The conjugation reaction was quantified after 3 hours using MALDI-ToF mass

spectrometry (Figure 5.23 and Table 5.7).

Figure 5.23 MALDI-ToF mass spectra of Lipex species formed a) native Lipex b) using 10 equivalents
of I-NHS 2.1 per amine at varying pH and c) at pH 8.0 using varying concentrations of I-NHS 2.1.

Table 5.7. Average degree of attachment of I-NHS 2.1 initiator for Lx-MI 2.1 species synthesised at
pH 8.0 and varying concentrations of initiator as determined by MALDI-ToF analysis. Errors are

reported as the standard deviation of the distribution based on the assumption of a Gaussian fit of the
MALDI-ToF mass spectra.

Equivalents of Initiator Added per Amine

1 3.3 6.6 10

pH 4.0 0 ± 0

pH 6.0 1 ± 0

pH 8.0 1 ± 0 1 ± 0 1 ± 0 2 ± 0
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Native Lipex was observed to have a mono-modal peak at the expected molar mass of 31.9 kDa.

However, the Gaussian fit of the mass distribution of the native Lipex was reasonably large with

a peak width at half height of 1.4 kDa. Therefore, as with native PFL, the error within native

Lipex has been incorporated into the calculations for number of initiators conjugated. Despite the

dispersity within the native species, the dispersity is consistent throughout all macro-initiators.

The initiator conjugation to Lipex appears to be dependent upon both initiator concentration and

pH as observed previously with the α-CT system in Section 2.3.2. The greatest degree of 

modification was observed at pH 8.0 with 10 equivalents of I-NHS 2.1 per amine resulting in an

increase of 0.4 kDa, which corresponds to 2 conjugated initiator units. Despite observing the

successful attachment, the efficiency of the conjugation is relatively low with only 2 sites out of

the possible 8 sites modified.

To investigate if higher initiator grafting densities could be achieved, EDC.HCl was employed to

promote the conjugation reaction (Scheme 5.4). EDC.HCl was chosen as a suitable reagent as it

was observed to be the most successful additive in the conjugation of initiator to UL1

(Section 5.3.2.2). To design an optimum system for the synthesis of Lipex macro-initiators,

Lx-MI, the concentrations of the carboxylic acid initiator, I-COOH 5.1, and EDC.HCl were

varied. MALDI-ToF mass spectrometry was employed to analyse the resulting Lx-MI 5.1 species

(Figure 5.24 and Table 5.8).

Scheme 5.4 Reaction of primary amines on Lipex with I-COOH 5.1 to form Lx-MI 5.1.
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Figure 5.24 MALDI-ToF mass spectra of Lx-MI 5.1 species formed at pH 8.0 using a) 20 equivalents
of EDC.HCl and varying concentrations of I-COOH 5.1 and b) 10 equivalents of I-COOH 5.1 and

varying concentrations of EDC.HCl.

Table 5.8. Average degree of attachment of I-COOH 5.1 initiator for Lx-MI 5.1 species synthesised at
pH 8.0 and varying concentrations of initiator and EDC.HCl as determined by MALDI-ToF analysis.
Errors are reported as the standard deviation of the distribution based on the assumption of a Gaussian

fit of the MALDI-ToF mass spectra.

Equivalents of

EDC.HCl per

Amine

Equivalents of Initiator Added per Amine

1 3.3 6.6 10

10 1 ± 0

20 2 ± 0 2 ± 0 2 ± 0 2 ± 0

100 5 ± 1

Upon changing the concentration of I-COOH 5.1, there was no change in the number of

modification sites observed. The reaction was determined to be independent of the concentration

of I-COOH 5.1. In contrast, altering the concentration of EDC.HCl resulted in the synthesis of

macro-initiators with a range of initiator grafting densities from 1 to 5 site modifications. This

was an enhancement in conjugation efficiencies compared with conjugation to I-NHS 2.1, from

25% to 63% for conjugation of initiators to 5 sites.

Following successful synthesis of Lx-MI 5.1 species, it was important to investigate alterations

to the enzyme’s ability to catalyse reactions as any modifications to enzymes have the potential
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to affect their catalytic activity.46-48 A common method to examine the activity of lipase enzymes

is an assay in which the enzyme cleaves a hydrocarbon chain from p-nitrophenol (pNP) and the

resulting hydrolysed pNP can be detected spectroscopically via an increase of absorption at

λ = 405 nm (Scheme 5.5).49 The length of the hydrocarbon chain can be varied to match the

application, short chain substrates tend to be employed for investigating the activity of esterases

instead of lipases due to the increased water solubility of esterases.50, 51 Longer chain substrates

are employed for lipases as they have a preference to work at a water-oil interface.18 To this end,

the substrate employed throughout the pNP assays in this study is 4-nitrophenyl dodecanoate.

Scheme 5.5 Hydrolysis of 4-nitrophenyl dodecanoate employed in the pNP assay for the detection of
lipase activity.

Following the observed previous inhibition of both α-CT and UL1 caused by reagents employed 

in the conjugation reactions (Section 2.3.5 and 5.3.2.3), an inhibition test was performed to

establish if the activity of Lipex is affected by the incorporation of additives and by-products

present within the conjugation reaction. To this end, the activity of native Lipex was analysed by

employing the pNP assay in the presence of varying concentrations of NHS, EDC.HCl, and EDC

urea (Figure 5.25).
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Figure 5.25 Initial velocity of native Lipex upon exposure to varying concentrations of NHS,
EDC.HCl, and EDC urea. Equivalents of the additive (NHS, EDC.HCl or EDC Urea) were calculated
as equivalents per amine. Each data point is based on the average of four repeats of pNP assay with

standard deviation displayed as error bars.

Figure 5.25 reveals that the addition of NHS has no effect upon Lipex’s activity and is able to

maintain activity at all concentrations of NHS examined. In contrast to UL1, where EDC.HCl

was observed to cause minimal changes to the activity, EDC.HCl is observed to decrease the

activity of Lipex from 2400 to 1100 OD sec-1 x 10-6 upon the addition of 50 equivalents of

EDC.HCl, which is an 55% reduction. A further increase to 500 equivalents of EDC.HCl resulted

in a decrease to 18% of the initial activity.

Despite the significant decrease in activity upon the addition of EDC.HCl, the addition of

EDC urea was observed to have a positive impact on activity within Lipex. It is hypothesised that

due to the alterations in hydrophobic interactions caused by the urea functionality,36 the lid of the

Lipex, which protects the active site, transitions to a permanently “open” position in the presence

of EDC urea. Therefore, accessibility to the active site has been increased and results in an

increase in observed activity.
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As a result of the observed effects of additives on Lipex activity, it was deemed imperative to

purify the resulting Lx-MI 5.1 species before analysing for variation in activity resulting from

initiator conjugation. Lipex macro-initiators with 1 and 5 initiators conjugated to the surface of

the enzyme, Lx-MI 5.1.1 and Lx-MI 5.1.5 respectively, were subjected to purification by

ultrafiltration prior to analysis. Subsequently, a series of pNP assays was conducted with varying

substrate concentrations and Michaelis-Menten parameters were extracted from the subsequent

hydrolysis data by employing Lineweaver-Burk plots (Table 5.9).

Table 5.9 Michaelis-Menten Parameters of Lipex and Lx-MI 5.1 species based on the pNP assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native Lipex 77 ± 6 1122 ± 81 14.5 ± 1.6

Lx-MI 5.1.1 83 ± 7 1017 ± 173 12.3 ± 2.2

Lx-MI 5.1.5 69 ± 13 1175 ± 190 17.0 ± 4.2

By comparing the three enzymes tested, parameters Km and kcat are within error of each other

suggesting that the catalytic ability of Lipex was not compromised when attaching initiator

molecules or as a result of the reaction conditions that the enzymes were exposed to. Although

variations are observed within the efficiency parameter, kcat/Km, the magnitude of the errors is

relatively large and so could be a contributing factor to the observed differences.

Following the successful synthesis of Lipex macro-initiators with unaltered activity profiles, the

stability of these enzymatic species was also investigated. The catalytic activity of Lipex and

Lx-MI with 1 and 5 initiator units covalently bonded to the surface of Lipex (Lx-MI 5.1.1 and

5.1.5 respectively) was monitored over time in Ecoboost™ formulation at 40 °C using the pNP

assay. The residual activity was calculated as a ratio of initial rates of hydrolysis for a given

incubation time over the initial activity. To allow a quantitative comparison of these stability

profiles, their half-lives were extracted from a linear plot of the natural logarithm of residual
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activity against time (Figure 5.26); all stability profiles were assumed to follow an exponential

decay.

Figure 5.26 Activity half-life at 40 °C in Ecoboost™ formulation for Lipex and Lx-MI 5.1 species
extracted from the linear regression of ln(residual activity) against time from aliquots analysed with the

pNP assay. Each data point is based on the average of four repeats of pNP assay with standard
deviation displayed as error bars.

In contrast to the previous results observed for both α-CT and UL1 (Section 2.3.6.1 and 5.3.2.4), 

a decrease in stability was observed for Lipex macro-initiator species in comparison to the native

enzyme. Furthermore, the stability decrease was observed to have a dependency upon the number

of initiators attached. For example, the conjugation of 1 initiator unit was observed to cause a

43% decrease in half-life in comparison to native Lipex, whereas the addition of 5 initiator units

led to a half-life decrease of 74%. This suggests that the initiator species destabilise the Lipex

enzyme and therefore reduce the catalytic half-life.

To establish the impact of the conjugation of initiator species to Lipex on the stability of the

intra-protein interactions, Tm values of the Lx-MI 5.1 species were explored. To extract the Tm

values for the Lx-MI 5.1 species, thermal shift assays were performed employing the dye SYPRO

orange. Tm measurements were conducted for all Lx-MI 5.1 species (Figure 5.27).
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Figure 5.27 Graph displaying Tm of Lipex and Lx-MI 5.1 species. Tm values were extracted from
thermal shift assays at 5 mg/mL in water with SYPRO orange, excitation λ = 492 nm, emission

λ = 610 nm. Values are obtained from triplicate repeats and error is displayed as standard deviation.

The Tm was shown to increase slightly with the addition of 1 initiator, but the addition of 5

initiators causes a decrease in Tm from the native Lipex from 71 °C to 67.5 °C. It is hypothesised

that the addition of these initiator species could change the hydrophobic/hydrophilic interactions

within the protein and result in a reduction in Tm.

Despite maintaining the initial catalytic activity, Lx-MI 5.1 species were observed to have a

decreased stability. It is hypothesised that the changes in stability are potentially caused by a

change in intra-protein interactions. To confirm this theory, the tertiary structure of Lx-MI 5.1

could be analysed by circular dichroism or small-angle X-ray scattering.

5.3.3.3 Synthesis and Characterisation of Protein-Polymer Conjugates from

Laundry-Specific Lipase Enzymes

Aiming towards restoring and further enhancing the stability of Lipex in laundry detergent storage

conditions, the synthesis of protein-polymer conjugates from Lipex was investigated. To evaluate

the effect of conjugated polymeric species upon the stability and activity of Lipex, three different
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PPC species were designed (Table 5.10). Analysis of the resulting Lx-PGMA PPCs was

conducted by UV-Vis spectroscopy and densitometric analysis of SDS-PAGE gels (Table 5.10).

Table 5.10. Summary of Lx-PGMA PPC characterisation from UV-Vis spectroscopy and
SDS-PAGE analysis.

PPC

Target

Polymer

Mw /kDa

Average

number of

polymers

attached

Target PPC

Mw /kDa

PPC M
w

/kDa

(UV-Vis)

PPC M
w

/kDa

(SDS-PAGE)

Lx-PGMA 5.1.10 10 1 37.5 37.5 52.1

Lx-PGMA 5.1.50 50 1 87.5 - 112.7

Lx-PGMA 5.5.10 10 5 87.5 - 123.2

Both analytical techniques confirm the successful synthesis of the Lx-PGMA 5.1.10 conjugate,

however slightly larger polymers than targeted were observed by SDS-PAGE. Lx-PGMA 5.1.50

and Lx-PGMA 5.5.10 could not be analysed using UV-Vis spectroscopy as they were both found

to be insoluble in aqueous systems. It is hypothesised that the conjugated hydrophilic polymers

caused alteration to the enzyme tertiary structure and exposed a higher percentage of hydrophobic

segments of the protein, resulting in aggregation and subsequently precipitation. In spite of their

lack of solubility in aqueous environments, SDS-PAGE analysis was able to confirm the

successful synthesis of the two PPCs.

Following the synthesis Lx-PGMA PPCs, the conjugate species were analysed to explore

differences in their initial activity in relation to their observed solubility. To this end, pNA assays

were conducted with varying substrate concentrations and Michealis-Menten parameters

extracted from the subsequent hydrolysis data by employing Lineweaver-Burk plots for

Lx-PGMA PPCs (Table 5.11).



Chapter 5 – Synthesis of Protein-Polymer Conjugates from Laundry-Specific Enzymes

263

Table 5.11 Michaelis-Menten Parameters of Lipex and Lx-PGMA PPCs based on the pNP assay.

Sample Km/µM kcat/sec-1 kcat/Km/sec-1 µM-1

Native Lipex 77 ± 6 1122 ± 81 14.5 ± 1.6

Lx-PGMA 5.1.10 168 ± 57 767 ± 157 4.6 ± 1.7

Lx-PGMA 5.1.50 162 ± 43 134 ± 35 0.8 ± 0.3

Lx-PGMA 5.5.10 271 ± 43 137 ± 21 0.5 ± 0.1

An increase in Km was observed for all Lipex conjugates and furthermore appears to be related to

the polymeric grafting density. For example, the two PPCs that contain a singly conjugated

polymer, Lx-PGMA 5.1.10 and 5.1.50, have similar Km values in comparison to the Lx-PGMA

5.5 species, which has a Km value approximately 2-fold larger. Significant differences are also

observed in kcat, with a decrease being observed for all PPC species compared to native Lipex.

Noteworthy is the large decrease observed for the Lipex conjugates that are insoluble in aqueous

systems, with a decrease of 88% observed for both Lx-PGMA 5.1.50 and 5.5.10.

It was hypothesised that the addition of an organic solvent, to aid in solubility, could restore the

activity of Lx-PGMA 5.1.50 and 5.5.10. To test this theory, the activity of both species was

explored in relation to the concentration of added dimethyl sulfoxide (DMSO) by employing the

pNP assay (Figure 5.28).
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Figure 5.28 Initial velocity of a) Lx-PGMA 5.1.50 and b) Lx-PGMA 5.5.10 upon exposure to varying
concentrations of DMSO. Each data point is based on the average of four repeats of pNP assay with

standard deviation displayed as error bars.

Lx-PGMA 5.1.50 was observed to decrease in activity from 100% to 12% upon the increase of

DMSO from 0% to 25%. It is hypothesised that this result is caused by DMSO interrupting the

hydrogen bonding within Lipex leading to a reduction in activity. The further increase of DMSO

from 25% to 50% led to an increase in activity from 12% to 51% in relation to the PPC’s activity

at 0% DMSO incorporation. It is postulated that between 25% and 50% DMSO is the threshold

to solubilise Lx-PGMA 5.1.50 and this increase in solubility leads to an increase in observed

activity. Upon increasing the concentration of DMSO to 100%, the activity of the conjugate

decreases again, which suggests that the increase in solubility is negated by the interactions

between DMSO and the network of hydrogen bonding within Lipex.

The results observed for Lx-PGMA 5.5.10 exhibit similar trends to that of Lx-PGMA 5.1.50.

The introduction of 10% DMSO leads to a decrease in activity, however a further increase of up

to 50% incorporation of DMSO was observed to have an increase in activity. At a concentration

of 50% DMSO, Lx-PGMA 5.5.10 activity was 2-fold larger than Lx-PGMA 5.5.10 in 100%

buffer. However, although an increase in activity was observed, in comparison to the native Lipex,

the improved activity was still a reduction of approximately 80%.
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Despite the increase in activity observed within Lx-PGMA 5.1.50 and 5.5.10 upon solubilisation

with DMSO, the reduction in activity was too significant for the PPCs to be viable options for use

in industrial applications. As such, the only conjugate that was examined for changes in stability

was Lx-PGMA 5.1.10. To this end, the catalytic activity of Lipex and Lx-PGMA 5.1.10 in

Ecoboost™ formulation at 40 °C was monitored over time using the pNP assay (Figure 5.29).

The residual activity was calculated as a ratio of initial rates of hydrolysis for a given incubation

time over the initial activity.

Figure 5.29 Thermal stability profiles of Lipex and Lx-PGMA 5.1.10 species in Ecoboost™
formulation at 40 °C. Each data point is based on the average of four repeats of pNP assay with

standard deviation displayed as error bars.

Figure 5.29 reveals that Lx-PGMA 5.1.10 is less stable than native Lipex. Lx-PGMA 5.1.10 was

found to have a half-life of 1.8 days compared to that of Lipex of 14.3 days, which is an 87%

reduction. It is evident that the conjugation of a polymeric species destabilises the Lipex enzyme,

resulting in a reduction in catalytic half-life.

Following the unsuccessful enhancement of Lipex stability, the melting temperatures of the Lipex

PPCs were explored to investigate the effects of polymer conjugation upon protein interactions.

To this end, thermal shift assays were performed on Lipex and Lx-PGMA PPCs by employing
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SYPRO orange dye and the previously described methodology (Section 2.3.6.1). Tm values were

subsequently extracted from the thermal assay profiles (Figure 5.30).

Figure 5.30 Graph displaying Tm of Lipex and Lx-PGMA PPC species. Tm values were extracted from
thermal shift assays at 5 mg/mL in water with SYPRO orange, excitation λ = 492 nm, emission λ = 610

nm. Values are obtained from triplicate repeats and error is displayed as standard deviation.

In all cases, Lx-PGMA PPCs were observed to exhibit a decrease in Tm in comparison to native

Lipex. For example, the Tm of Lx-PGMA 5.1.10 was observed to decrease by 30 °C. This

suggests that the addition of the polymeric species has weakened the intra-protein bonds causing

Tm to dramatically decrease. Although Lx-PGMA 5.1.50 and 5.5.10 were observed to have an

increased Tm in comparison to that of Lx-PGMA 5.1.10, large associated errors were also

observed. It is hypothesised that these errors result from the insolubility of the PPCs in aqueous

solution and that the observed melt to corresponds to the solubilisation temperature. It is upon

solubilisation that the hydrophobic regions of the protein were exposed and therefore the protein

was then able to bind to the dye indicating a protein melt.

In contrast to α-CT, the addition of polymeric species to Lipex appears to reduce the stability and 

produce conjugates with lower catalytic half-lives and Tm values. It is concluded that the synthesis
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of Lipex conjugates using poly(glycerol methacrylate) is not a viable route for the stabilisation of

this enzyme.

5.3.4 Towards One-Pot Storage of Protease and Lipase Enzymes

Following the unsuccessful stabilisation of lipase enzymes through the formation of

protein-polymer conjugates, the aim was to create a system in which lipase is able to maintain its

stability in the presence of other enzymes. Aiming towards the generation of a laundry

formulation that contains multiple enzymes that are stable to storage in the presence of each other,

the stability of Lipex was analysed in the presence of UL1 and UL1-PGMA PPCs synthesised in

Section 5.3.2.5. To this end, UL1 and UL1-PGMA PPC species were incubated with Lipex at 40

°C for 8 days with aliquots tested for Lipex activity with the pNP assay (Figure 5.31).

Figure 5.31 Stability profiles of Lipex incubated with UL1 and UL1-PGMA PPC species at various
time intervals in Ecoboost™ formulation at 40 °C. Each data point is based on the average of four

repeats of pNP assay with standard deviation displayed as error bars.

Although some serine protease enzymes such as α-CT can catalyse the pNP assay, UL1 alone was

shown to have no catalytic effect on the assay used to assess Lipex activity. Lipex without the

presence of protease was relatively stable in formulation at 40 °C and only reduced in activity to

80% after 7 days. However, Lipex incubated in the presence of native UL1 was observed to reduce

in activity by 90% after only 24 hours. Exposing Lipex to PPC species containing one grafted
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polymer, UL1-PGMA 5.1.10 and 5.1.50, provided no protection for Lipex with a 90% reduction

also observed after 24 hours. In contrast, the addition of UL1-PGMA 5.5.10, which has 5

polymers grafted to the surface, shows a small increase in the half-life of Lipex by about 1.7-fold

compared to incubation with native UL1.

Although an improvement is observed when employing UL1-PGMA 5.5.10, when compared to

the Lipex without protease the reduction in activity is still significant and therefore would not be

suitable for use within an application that requires long-term storage such as laundry detergents.

5.4 Conclusions

To conclude, although α-CT exhibited improved stability upon conjugate synthesis, lack of 

stabilisation in high surfactant systems such as Ecoboost™ formulation lead to a low activity. It

was also observed that α-CT and subsequent conjugates were not optimised for laundry 

applications and no additional stain removal was found compared with negative controls.

By employing the same chemistries utilised in the formation of α-CT PPCs, protein-polymer 

conjugates were synthesised from several enzymes designed for using in laundry detergents. UL1,

which is a protease enzyme based upon savinase, was found to require the addition of a

conjugation reagent to allow the successful reaction to form macro-initiators. The resulting

macro-initiators have reduced catalytic efficiencies but an increase in observed stability. Upon

formation of UL1-PGMA PPCs, the stability reverted back to that of the native enzyme. As a

consequence of the lack of stability enhancement it was hypothesised that the location of the

polymeric graft was an important factor in controlling the stability of the enzymatic species.

The application of the chemistries to Lipex was also unsuccessful in achieving the desired

increase in enzymatic stability. The formation of the initiator species was observed to maintain

the enzyme’s catalytic efficiency but resulted in a reduction of catalytic half-life. The formation

of PPCs further reduced the activity and stability and also induced the precipitation of the PPCs.

The decrease in solubility was postulated to be as a result of undesired interactions between
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hydrophobic segments of the protein and the grafted hydrophilic polymer altering the tertiary

structure of the protein and causing aggregation. The addition of organic solvent aided in

solubility but was also detrimental to the enzymatic activity. As such it was concluded that the

stabilisation of Lipex utilising grafted PGMA polymers was not a viable approach.

Whilst aiming towards a one-pot system with multiple enzymes, Lipex was incubated with

protease PPCs. Protease conjugates with a single grafted polymer were ineffective at protecting

the Lipex species from digestion by the protease species. In contrast, a slight increase in protective

stability was observed from the incubation of protease with 5 grafted polymers in comparison to

exposure of Lipex to the native protease. However, introduction of any protease species caused a

detrimental effect on the stability of the Lipex enzyme. It is concluded that the synthesis of

protein-polymer conjugates from UL1 and PGMA was not an effective method for protecting

secondary enzyme species in solution. As a consequence of the lack of increase in stability within

laundry detergent, the PPCs synthesised throughout this Chapter were deemed unsuitable for use

in laundry applications.
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5.5 Experimental

5.5.1 Materials

All chemicals were obtained from Sigma-Aldrich and used without further purification unless

stated otherwise. Ultrafiltration membranes with a 5 kDa MWCO were supplied by Amicon.

SYPRO orange was supplied as a 5,000× concentrate in DMSO from Thermo Fisher. SDS-PAGE

gradient gels were purchased from Biorad. Unilever Protease 1 (UL1), Lipase from Pseudomonas

fluorescens (PFL), Lipase from Thermomyces lanuginosus (TLL), and Lipex were all supplied by

Unilever from their supplier Novozyme. Ecoboost™ formulation was provided by Unilever.

Desalting columns (PD MidiTrap G-10) were supplied from GE Healthcare Life Sciences.

5.5.2 Instrumentation

5.5.2.1 1H Nuclear Magnetic Resonance (NMR) and 13C NMR Spectroscopy

1H NMR spectra were recorded on a Bruker DPX-300 or DPX-400 spectrometer at 300 MHz and

400 MHz, respectively with MeOD, D2O, or CDCl3 as the solvent. The chemical shifts of protons

were quoted relative to tetramethylsilane (TMS) at δ = 0 ppm when using CDCl3, or relative to

residual solvent protons when using MeOD (1H: δ = 3.31 ppm) and D2O (1H: δ = 4.79 ppm). 13C

NMR spectra were recorded on a Bruker DPX-300 or DPX-400 spectrometer at 75 MHz and

100 MHz, respectively with MeOD, D2O, or CDCl3 as the solvent. The chemical shifts of carbons

were quoted relative to solvent carbons when using MeOD (13C: δ = 49.3 ppm) and CDCl3 (13C:

δ = 77.0 ppm).

5.5.2.2 Industrial Stain testing

The following procedure is a general protocol for stain testing. To a plate preloaded with the

stained fabric, 20 μL of 10 mg/mL α-CT solution (PPCs quantities were calculated based on their 

molecular weight) and 75 μL of 50 mM Tris-HCl buffer solution was added. The total volume 

was made up with 12 French Hard (FH) (2:1 Ca:Mg) water to 150 μL. A control test was carried 

out omitting α-CT. The plates were shaken at 250 rpm for 30 minutes at 30 ºC. The wells were 
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then rinsed three times with deionised water with a 30 second shake between each wash. The

stained fabric was left to dry overnight in a dark environment and scanned using a flatbed scanner.

5.5.2.3 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-ToF)

Mass Spectrometry

MALDI-ToF mass spectrometry was conducted on a Bruker Autoflex MALDI ToF/ToF

spectrometer. The acceleration voltage was 20 kV in a positive linear mode. Protein solution

(1.0-2.0 mg/mL) was mixed with an equal volume of matrix (0.5 mL of water, 0.5 mL of

acetonitrile, 2 μL of trifluoroacetic acid, and 8 mg of 4-hydroxy-3,5-dimethoxycinnamicacid), 

and 2 μL of the resulting mixture was spotted on the target plate. Samples were calibrated against 

native α-CT. Number of sites conjugated and associated errors were extracted from a Gaussian fit 

of the MALDI-ToF mass spectra.

5.5.2.4 Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy for the determination of protein concentrations was conducted on a Perkin

Elmer Lambda 35 UV/Vis spectrometer with absorbances recorded at λ = 280 nm. Utilising the

Beer-Lambert law and the molar extinction coefficient for savinase (used as an approximation for

UL1) and TLL (used as an approximation for Lipex) of 26,930 and 37,275 L mol-1 cm-1

respectively, percentage protein and the theoretical molecular weights were extracted. UV-Vis

spectroscopy for kinetic measurements was conducted on a FLUOstar OPTIMA multi-well

microplate reader. 96-well polystyrene plates were used with an excitation filter of λ = 405 nm,

unless otherwise stated. Data was analysed using MARS v3.01 software.

5.5.2.5 Sodium Dodecyl Sulfate Poly(acrylamide) Gel Electrophoresis (SDS-PAGE)

SDS-PAGE gel analysis was carried out using 4-12 % BioRad SDS-PAGE gels. Gels were run at

a constant voltage, 150 V, for 60 minutes and subsequently stained with Coomassie Brilliant Blue.

Samples were prepared by heating 1mg/mL protein solutions combined with loading buffer in a
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1:1 ratio for 5 minutes at 80 °C. Densitometric analysis was performed on the resulting gels using

ImageJ software and determining the grayscale profile of the lane length.

5.5.2.6 Thermal Shift Assay

Thermal shift assay measurements were conducted on an Agilent MX3005P rtPCR with an

excitation filter of λ = 492 nm and an emission filter of λ = 610 nm used unless otherwise stated.

10 μL of enzyme (50 mg/mL) was added to 90 μL of SYPRO orange solution (12.5x conc.). 

Heating ramps were performed at a rate of 1 °C min-1.

5.5.3 Software

All protein crystal structure images were produced using The PyMOL Graphics System, Version

1.3, Schrodinger LLC.

5.5.4 Enzyme Kinetic Studies

5.5.4.1 pNA Protease Assay

To assess initial hydrolysis rate, 20 μL of enzyme (2 μg/mL protein concentration) was added to 

160 μL of 50 mM Tris-HCl buffer (pH 8). 20 μL of N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide

in methanol at 1 mM was added to the enzyme solution. The initial rate of hydrolysis of the

peptide substrate was monitored by recording the increase in absorption at λ = 405 nm at 25 °C.

Background hydrolysis was subtracted to give initial rates of hydrolysis.

5.5.4.2 pNP Lipase Assay

To assess initial hydrolysis rate, 20 μL of enzyme (100 ng/mL protein concentration) was added 

to 160 μL of 50 mM Tris-HCl buffer (pH 8). 20 μL of p-nitrophenol laurate in methanol at 1 mM

was added to the enzyme solution. The initial rate of hydrolysis of the ester substrate was

monitored by recording the increase in absorption at λ = 405 nm at 25 °C. Background hydrolysis

was subtracted to give initial rates of hydrolysis.
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5.5.4.3 Stability Assays

Enzyme species (2 μg/mL for proteases and 100ng/mL for lipases) were incubated in Ecoboost™

formulation. Samples were incubated at 40 °C with aliquots taken at frequent time intervals and

stored at -20 °C until the study was concluded. These samples were subsequently defrosted and

analysed with either the pNA or pNP assay. The residual activity was calculated as a ratio of

initial rates of hydrolysis, calculated as described above, for a given incubation time over the

initial activity. Activity half-lives were extracted from a linear plot of the natural logarithm of

residual activity against time; all stability profiles were assumed to be based on an exponential

decay.

5.5.4.4 Michaelis-Menten Kinetics and Parameters

Michaelis-Menten parameters were established by performing the pNA protease assay (see

Section 5.5.4.1) or pNP (see Section 5.5.4.2) at varying substrate concentrations. A range of

substrate solutions were prepared by diluting with methanol to 10, 5, 2, 1, 0.5, 0.2 mM solutions;

the initial hydrolysis rate was recorded as before. MARS data analysis software was used to

extract values of Km, kcat and kcat/Km from a plot of the reciprocal of substrate concentration against

the reciprocal of initial hydrolysis rate.37, 52

5.5.5 Synthesis of ATRP Initiators

5.5.5.1 Synthesis of Carboxylic Acid Initiator 3-(2-Bromo-2-methylpropionylamino)

propionic acid (I-COOH 5.1)

Synthesis previously reported by Murata et al.53 A mixture of 2-bromo-2-methylpropionyl

bromide (3.1 mL, 25 mmol) and dichloromethane (12 mL) was slowly added to a solution of β-

alanine (2.23 g, 25 mmol) and sodium hydrogen carbonate (5.25 g, 62 mmol) in deionised water

(50 mL) at 0 °C, and then the mixture was stirred at room temperature for 2 h. The aqueous phase
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was washed with dichloromethane (25 mL × 3) and adjusted to pH 2 with 1.0 M HCl. The product

was extracted with ethyl acetate (20 mL × 6) and the organic phase was dried with MgSO4,

filtered, and evaporated under vacuum. 3-(2-Bromo-2-methylpropionylamino)propionic acid was

isolated by recrystallisation from a mixture of diethyl ether and n-hexane (1/9 volume ratio). The

product was isolated in a 65% yield. 1H NMR (300 MHz, CDCl3): δ (ppm) 7.23 (broad s, 1H,

CH2NHC=O), 3.56 (td, 2H, 3JH-H = 6.0 Hz, CH2CH2NHC=O), 2.65 (t, 2H, 3JH-H = 6.0 Hz,

HOOCCH2CH2NH), 1.95 (s, 6H, NHC=OC(CH3)2Br). 13C NMR (100 MHz, CDCl3): δ (ppm)

177.6, 172.5, 62.3, 35.6, 32.4, 30.5. ESI-MS (m/z): [M+Na]+ calcd. for C7H12BrNO3: 259.9892;

found: 259.9894.

5.5.5.2 Synthesis of N-Hydroxysuccinimide Initiator 2,5-Dioxo-1-pyrrolidinyl

3-(2-bromo-2-methylpropionylamino) propionate (I-NHS 2.1)

Synthesis previously reported by Murata et al.53 N,N’-Diisopropylcarbodiimide (0.86 mL,

6 mmol) was slowly added to a solution of I-COOH 5.1 (1.2 g, 5 mmol), and

N-hydroxysuccinimide (0.625 g, 6 mmol) in dichloromethane (50 mL) at 0 °C. The mixture was

stirred at room temperature for 4 h. After filtering out the precipitated urea, the solution was

evaporated to remove the solvent. The product was purified by recrystallisation from 2-propanol.

Product isolation was achieved with an 83% yield. 1H NMR (300 MHz, CDCl3): δ (ppm) 7.18

(broad s, 1H, CH2NHC=O), 3.68 (td, 2H, 3JH-H = 5.8 Hz, CH2CH2NHC=O), 2.91-2.84 (m, 6H,

O=CCH2CH2NH and ONC=OCH2CH2C=O), 1.95 (s, 6H, NHC=OC(CH3)2Br). 13C NMR

(100 MHz, CDCl3): δ (ppm) 179.3, 177.6, 172.5, 62.3, 35.9, 32.2, 31.3, 25.6. ESI-MS (m/z):

[M+Na]+ calcd. for C11H15BrN2O5: 357.0092; found: 357.0055.
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5.5.6 Typical Synthesis of Protein Macro-Initiators

The protocols listed are general procedures for the synthesis of protein macro-initiators and have

been used to synthesise macro-initiators from UL1, PFL, TLL, and Lipex.

5.5.6.1 Utilising I-NHS 2.1

Lipex (1.0 g, 0.21 mmol of amine groups) was dissolved in Britton-Robinson buffer (100 mL) at

0 °C. After the addition of I-NHS 2.1 (231 mg, 0.69 mmol), the solution was stirred at 3 °C for 3

h. The Lipex macro-initiator was purified by ultrafiltration using a Millipore stirred filtration cell

and a 5 kDa MWCO membrane against deionised water, and isolated by lyophilisation and

characterisaed by MALDI-ToF mass spectrometry.

5.5.6.2 Utilising I-COOH 5.1

Lipex (240 mg, 0.05 mmol of amine groups) was dissolved in Britton-Robinson buffer (30 mL)

at 0 °C. N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl) (950 mg,

5.0 mmol), N-hydroxysuccinimide (NHS) (480 mg, 4.2 mmol), and I-COOH 5.1 (118 mg,

0.3 mmol) were added to the Lipex solution. The resulting solution was stirred at 3 °C for 3 h.

The Lipex macro-initiator was purified by ultrafiltration using a Millipore stirred filtration cell

and a 5 kDa MWCO membrane against deionised water, and isolated by lyophilisation.

5.5.7 Synthesis of Glycerol Methacrylate (GMA)

Glycidyl methacrylate was passed over basic alumina before use. A solution of glycidyl

methacrylate (3 mL) in deionised water (27 mL) was refluxed at 80 °C for 9 hrs. The monomer

was synthesised with a 99% yield; the product was not isolated from the reaction solution but

used for polymerisations with no further processing or purification. 1H NMR: (300 MHz, MeOD):

δ (ppm) 6.01 (s, 1H, CH3C=CHH), 5.59 (s, 1H, CH3C=CHH), 4.00-4.15 (m, 2H, O2CCH2), 3.87

(quin, 3JH-H = 5.3 Hz, 1H, O2CCH2CHOH), 3.46-3.58 (m, 2H, CH2OH) and 1.78 (s, 3H,

CH3C=CH2). 13C NMR (75 MHz, MeOD): δ (ppm) 169.5, 135.7, 127.0, 75.7, 69.5, 62.3, 17.4.

ESI-MS (m/z): [M+Na]+ calcd. for C7H12O4: 183.0592; found: 183.0964.
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5.5.8 Typical Polymerisation of GMA to Synthesise Protein-Polymer Conjugates

(UL1-PGMA and Lx-PGMA)

This protocol is general procedures for the synthesis of protein-polymer conjugates and has been

used to synthesise conjugates from UL1 and Lipex. A solution of GMA (10% v/v) (1200 μL, 0.75 

mmol), and Lx-MI 5.1.5 (100 mg, 0.015 mmol of initiator groups) in deionised water (10 mL)

was sealed and bubbled with nitrogen in an ice bath for 20 min. A deoxygenated catalyst solution

of HMTETA (16 μL, 0.06 mmol) and Cu(I)Br (9 mg, 0.06 mmol) in deionised water (5 mL) was 

then added to the conjugation reactor under nitrogen bubbling. The mixture was sealed and stirred

for 18 h at 4 °C. Lx-PGMA conjugate was isolated by ultrafiltration using a Millipore stirred

filtration cell and a 5 kDa MWCO membrane against deionised water and then lyophilised. The

production of the PPC, Lx-PGMA 5.5, was confirmed by UV-Vis spectroscopy and SDS-PAGE

analysis.
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6.1 Conclusions

To conclude, the synthesis of protein-polymer conjugates of α-chymotrypsin (α-CT) with varying 

monomer functionality and grafting densities was successful. The resulting activity and stability

profiles were also studied for each protein-polymer conjugate. To facilitate high polymeric

grafting densities, a “grafting from” approach was employed via the synthesis of protein

macro-initiators. The conjugation of an active ester species to the L-lysine residues on the surface

of α-CT was able to be tuned by varying the pH of the reaction and the concentration of active 

ester species. The methodology allowed for simple production of protein macro-initiators with

varying densities of surface-grafted initiator. Although various methods were attempted, the

location of the modification sites were not able to be elucidated and therefore it was not possible

to conclude whether the initiators that were synthesised were site-specific at varying pH or

underwent random conjugation caused by autolytic behaviour.  α-CT macro-initiator species were 

found to retain the catalytic activity profile of the native enzyme and also enhance the thermal

stability. Indeed, the thermal stability was found to correlate to the surface charge of the protein

with an increase in melting temperature, which indicated stronger intra-protein interaction with a

reduction in surface charge.

Three monomers, glycerol methacrylate (GMA), N-(2-hydroxypropyl) methacrylamide (HPMA),

and oligo(ethylene glycol) methacrylate (OEGMA), were successfully polymerised by

atom-radical transfer polymerisation (ATRP) from the surface of α-CT. The subsequent analysis 

of the protein-polymer conjugates revealed that the grafting density was more influential on the

catalytic stability than the overall molecular weight of the conjugates produced from all three

monomers. Conjugates possessing high polymeric grafting densities were the most effective

conjugate at providing enhanced stability. It was postulated that the observed increase in stability

was related to the polymers’ ability to shield the protein residues interacting with the surrounding

environment.
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Investigation of the monomeric functionality revealed that protein-polymer conjugates

synthesised from GMA and HPMA impart similar stability to the protein. In contrast, conjugates

with grafted poly(OEGMA) were found to have a 4-fold increase in catalytic stability in

comparison to the more linear species of GMA and HPMA. Additionally, increasing the

molecular weight of the grafted polymeric species can further enhance stability, however this

introduces limitations upon the catalytic ability of the conjugate species. In turn, this creates the

need to establish a compromise between the desired stability and activity based upon the

application of the resulting protein-polymer conjugate.

Whilst synthesising conjugates at the same overall molecular weight, the length of the pendent

chain of the OEGMA monomer was found to have no effect upon the stability when stored below

the lower critical solution temperature. As it was hypothesised that this is a result of the varying

thicknesses and density of the polymeric shell formed, the stability was determined to have a

dependence upon the length of the polymer as opposed to the molecular weight. This introduces

the possibility of future investigations into the dependency of stability on the polymer length and

the potential synthesis of species with tuneable stability suited to the final usage.

The grafted polymers of PGMA and PHPMA on the surface of α-CT provide protection to a 

secondary enzyme in solution from proteolytic digestion. It is hypothesised that the polymers

perform molecular sieving to prevent larger substrates such as proteins reaching the active site

but allows smaller molecules such as peptides through. The additional stability imparted from the

grafted polymers allows advances towards the production of a one-pot formulation containing

multiple stable enzymes.

Finally, the same chemistries employed to produce protein-polymer conjugates from α-CT were 

utilised in the synthesis of conjugated species from enzymes designed for a stain removal

application. Although protein-polymer conjugates were successfully synthesised from both

Unilever Protease 1 (UL1) and Lipex, the resulting conjugates did not exhibit the enhanced
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stability previously observed with α-CT analogues. The lack of enhancement was hypothesised 

to be connected to the location of the polymeric graft and possible interactions with the existing

intra-protein bonding. Therefore, it was concluded that the stabilisation of UL1 and Lipex by

introducing grafted PGMA polymers was not a viable route and further research would have to

be conducted to examine the other possible methods of stabilisation.

6.2 Future Work

Having established procedures for the successful synthesis of protein-polymer conjugates from

the surface of several enzymes, there are many opportunities for further investigation. It would

be desirable to locate the modification sites within α-CT when forming macro-initiators as to 

investigate the effect of the modification site upon degree of stability. This could be achieved by

modifying proteins that do not undergo autolytic processes and performing tryptic digestions

followed by high performance liquid chromatography mass spectrometry analysis.

The surface charge was found to be a key variable in the stability of α-CT and the introduction of 

charged polymeric species could be explored to determine the relationship between the protein’s

stability and the density of anionic or cationic substituents. The existing polymers could also be

developed to include hydrophobic segments, which could be used to investigate the effect on

enzymes that are optimised to a more hydrophobic environment such as lipase enzymes. This

could be achieved by the synthesis of a scaffold protein-polymer conjugate with varying degrees

of a modifiable monomer and performing subsequent post-polymerisation modification to

incorporate a variety of functionalities

Despite the significant increase in stability observed for α-CT protein-polymer conjugates, 

activity was found to decrease as a result of restricted access to the active site. The development

of a cleavable group connecting the polymer to the protein upon an external stimuli could create

enzymatic species that are stable to storage and can be activated upon exposure to light, pH,

temperature or light.
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 The successful protection of a second enzyme in the presence on α-CT protein-polymer 

conjugates, showed the selectivity to digest exclusively small peptides over macromolecular

proteins. Many enzymes have been found to irritate skin and cause allergic reactions and therefore

the protected enzymatic species have the potential to provide protection for the skin from the

enzymatic activity. Further investigations should be performed into the skin sensitivity of the

protein-polymer conjugates for possible use in other cleaning products that could benefit from the

addition of enzymatic cleaning such as multi-purpose surface cleaners.

Although successful results were observed with the synthesis of protein-polymer conjugates from

α-CT, applying these chemistries to various industrially relevant enzymes was not successful. As 

such, further research should be conducted into the effects on the tertiary structure of Lipex and

UL1 upon synthesis of the conjugate species and to this end, circular dichroism and

small-angle X-ray scattering analysis may provide some insight. This could uncover and highlight

the differences between α-CT, UL1, and Lipex, and aid in selection of proteins that are suitable 

to be used as the catalytic core of protein-polymer conjugate species.


