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Heterologous enzymes have been investigated for a variety of therapeutic 

applications, including the treatment of a number of cancers that are sensitive to the 

systemic depletion of specific amino acids. One such example is acute lymphoblastic 

leukemia (ALL) for which enzyme-mediated L-Asparagine (L-Asn) depletion by the 

Escherichia coli L-Asparaginase II (EcAII) has been proven critical for treatment. 

However, the repeated or prolonged therapeutic administration of such enzymes is 

restricted by their immunogenicity, which frequently results in the generation of anti-

enzyme antibodies that may in turn mediate a variety of adverse hypersensitivity 

reactions and neutralization of the enzymes themselves. Thus, while the therapeutic 

efficacy of asparaginase is well established, a significant number of patients still develop 

adverse immune responses to the enzyme.  Here, we have developed and explored novel 

strategies towards engineering an asparaginase with reduced immunogenicity for ALL 

therapy.  
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First, we identified and investigated human enzymes that putatively shared 

functional similarity to asparaginase with the long-term aim of engineering such enzymes 

to acquire biochemical and pharmacological properties requisite for eventual therapeutic 

application. In one study, we described the bacterial expression and characterization of 

the human asparaginase-like protein 1 (hASRGL1). We presented evidence that 

hASRGL1 exhibited an activity profile consistent with enzymes previously designated as 

β-aspartyl peptidases, which had only been previously identified in plants and bacteria. 

Similar to non-mammalian β-aspartyl peptidases, hASRGL1 was revealed to be an N-

terminal nucleophile (Ntn) hydrolase whereby Thr168 serves as the essential Ntn for both 

intramolecular processing and catalysis.  In a second study, we described the optimized 

bacterial expression and biochemical characterization of the human N-terminal 

asparagine amidohydrolase 1 (hNTAN1). We demonstrated that hNTAN1 catalysis is 

dependent upon direct involvement of a thiol group, and subsequently identified Cys75 as 

an essential residue that may act as the catalytic nucleophile.  Further, we presented the 

first description of hNTAN1 kinetics, secondary structure composition, and thermal 

stability. 

Second, we devised and validated a novel therapeutic deimmunization approach 

by combinatorial T-cell epitope removal using neutral drift. We showed that 

combinatorial saturation mutagenesis coupled with a robust neutral drift screen enabled 

the isolation of engineered EcAII variants that contained multiple amino acid 

substitutions yet exhibited catalytic efficiencies nearly indistinguishable to that of the 

parent enzyme. Three regions of EcAII were computationally identified as putative T-cell 

epitopes and then subjected to saturation mutagenesis at 4 positions (per region) believed 

to be critical for MHC-II binding. The resulting libraries were then sequentially subjected 
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to a neutral drift FACS screen in order to isolate EcAII mutants that retained wild-type 

function. Pools of neutral drift variants were then computationally evaluated for MHC-II 

binding and those that displayed scores indicative of compromised binding were purified 

and biochemically characterized.  Finally, T-cell activation assays and antibody titers in 

HLA-transgenic mice were used to evaluate T-cell epitope removal and immunogenicity, 

respectively. Ultimately, we revealed that mice immunized with an EcAII neutral variant 

containing 8 amino acid substitutions – 3 of which were non-phylogenetically conserved 

– within computationally predicted T-cell epitopes, displayed a significant 10-fold 

reduction in serum anti-EcAII IgG titer relative to mice similarly immunized with the 

parent enzyme.  
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Chapter 1: Introduction 

 

1.1 THE PROMISE AND CHALLENGES OF PROTEIN THERAPEUTICS 

 

The establishment and progression of recombinant DNA technologies over the 

past several decades have allowed for the development of a variety of protein 

therapeutics, which have already imparted a tremendous impact on both modern medicine 

and the pharmaceutical industry as a whole. As of 2008, the US Food and Drug 

Administration (FDA) had approved more than 130 different proteins for clinical 

administration; over 95 of which were produced via recombinant technologies, while 

many more are currently in development [1].  The emergence and continued increase in 

recombinant protein therapeutics is due in large part to the several advantages they offer 

relative to small-molecule drugs. Primarily, proteins can achieve an assortment of 

complex functions unmatched by simple small-molecules, and further, can do so with 

exquisite specificity in many cases, thus reducing their potential to interfere with normal 

biological processes. As such, proteins may sometimes provide the only viable treatment 

option for a diverse range of pathological states including various cancers, diabetes, and 

microbial infections.  Moreover, recombinant DNA technologies afford the ability to 

modify a target protein towards novel or enhanced function, altered substrate specificity, 

increased expression yield, improved pharmacokinetic parameters, or any number of 

other biochemical and pharmacological properties for which protein variants may be 

interrogated.  
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Recently, Leader et al. [1] categorized this rapidly growing class of 

pharmaceuticals into four majors groups: (I) protein therapeutics with enzymatic or 

regulatory activity (e.g. enzymes, hormones, and cytokines); (II) protein therapeutics with 

special targeting activity (e.g. monoclonal antibodies and soluble receptors); (III) protein 

vaccines; and (IV) protein diagnostics. In total, biopharmaceuticals generated over $80B 

in 2008 sales and that total was expected to approach nearly $100B in 2010 [2]. 

Furthermore, it was recently estimated that by 2014, approximately half of the top 100 

selling ethical drugs would be protein therapeutics.   

Despite the therapeutic value realized for many proteins, potential therapeutics of 

this type have failed far more often than they have succeeded to date due to a number of 

challenges faced during their development and use with respect to both safety and clinical 

efficacy.  To address these issues and better exploit the immense potential that protein 

therapies offer, several factors need to continue to be taken into consideration. 

One concern is the choice of recombinant protein expression host, as the system 

must allow for purification and storage of the protein in a therapeutically active and 

stable form and in sufficient quantities. In some cases, protein stability and physiological 

function are dependent upon specific post-translational modifications such as 

glycosylation, phosphorylation, and proteolytic cleavage. Thus, while cost and time 

considerations ostensibly favor prokaryotic recombinant expression systems such as 

Escherichia coli, these hosts lack the machinery to appropriately modify a number of 

important protein therapeutics, such as full-length monoclonal antibodies. Conversely, 

mammalian cell lines that are capable of carrying out specific human-like post-

translational modifications have several drawbacks including low protein yields, long 

fermentation times, and heterogeneous products. Recently, Hamilton et al. [3] 
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demonstrated a significant breakthrough by reporting the humanization of the 

glycosylation pathway in the yeast Pichia pastoris in order to secrete a human 

glyocoprotein with the appropriately desired N-glycosylation pattern.  

Pharmacokinetic/pharmacodynamic (PK/PD) aspects such as solubility, stability, 

bioavailability, route of administration, and in vivo half-life may all significantly 

influence the successful application of a protein therapy. Proteins are large molecules 

with diverse and typically complex physicochemical properties that may dramatically 

influence their intracellular distribution or entry into systemic circulation. Further, they 

may be susceptible to degradation by proteolytic enzymes distributed throughout the 

body, or may be eliminated via an array of clearance mechanisms (e.g. renal filtration) 

[4]. For example, due to the presence of gastrointestinal proteases, most protein 

therapeutics cannot be orally administered. Instead, intravenous and subcutaneous are the 

two most frequently used routes of administration. In some cases, however, the biological 

efficacy and clinical safety of a protein therapeutic may be dependent upon selecting an 

optimal route of administration [5]. Of the strategies used to increase the in vivo half-life 

of protein therapeutics, chemical attachment of a polyethylene glycol (PEG) moiety 

(PEGylation) is one of the most common [6]. Besides increasing half-life, PEGylation 

sometimes reduces immunogenicity and increases the stability of the therapeutic payload 

by sterically shielding the conjugated protein from proteolysis. However, PEGylation 

may compromise protein function [7], may result in the accumulation of PEG hydrates 

that can interfere with normal glomerular filtration, and may elicit PEG-specific 

antibodies [8, 9] that adversely affect treatment.  Another strategy that has been broadly 

explored for improving protein stability is microencapsulation using erythrocyte carriers.  
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While this approach has also shown promise, it too is encumbered by a number of 

disadvantages that have been summarized elsewhere [10].  

More recently, a novel approach for addressing (and even tuning) protein half-life 

was demonstrated by Schellenberger et al. [11]. These authors used a genetic fusion of a 

long unstructured polypeptide to increase the hydrodynamic radius and thus improve the 

half-life of green fluorescent protein (GFP) in rats from between 3-fold to 12-fold 

(relative to unmodified GFP) depending upon the length of the fusion. Alternatively, 

others have focused on enhancing protein stability through strategies aimed at enhancing 

solubility via targeted mutagenesis of key amino acids implicated in aggregation [12, 13].   

Repeated or prolonged administration of protein therapeutics, especially those of 

non-human origin, often leads to the induction of undesirable host anti-drug antibodies 

that in turn may mediate a variety of adverse effects including: hypersensitivity reactions, 

inactivation and clearance of the protein itself, and in severe cases anaphylactic shock 

[14].  Over the next several sections, the immensely critical challenge of overcoming 

protein therapeutic immunogenicity will be discussed in great detail.  

 

1.2 THE IMMUNOGENICITY OF BIOPHARMACEUTICALS 

 

Nearly all protein therapeutics – whether derived from human or non-human 

sources – elicit some level of host antibody response upon administration. Consequently, 

all exogenous proteins have the potential for immunogenicity [15]. The immune system 

has evolved to not react with self-antigens (autoimmunity) through a process referred to 

as tolerance [16], whereby lymphocytes that recognize self-antigens are depleted before 

they develop into fully immunocompetent cells.  
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The principle of tolerance to self-antigens by definition implicates that human-

derived proteins should not elicit an immune response when administered to a patient.  

Nonetheless, immune responses to autologous proteins have been frequently observed.  

For example, factor VIII [17] and interferon (IFN)-β [18] can elicit antibody responses in 

patients lacking the ability to produce the respective protein (and therefore have not been 

subjected to tolerance) or as a result of the formation of neo-epitopes due to protein 

aggregates produced during formulation. Other human therapeutic proteins that have 

been observed to elicit immune responses include recombinant IFN-β [19], erythropoietin 

(EPO) [20], and fully human or  ‘humanized’ monoclonal antibodies [21]. The 

immunogenicity of self-proteins must result from a breach of the immunological 

tolerance mechanisms, though the molecular details of this process likely vary from 

protein to protein and are not well understood.  

Proteins of non-human origin generally elicit much higher immune responses 

relative to human protein drugs. Non-human proteins, including many enzymes and 

engineered variants of various other human proteins, commonly possess functional and/or 

pharmacological properties for which a human-derived counterpart is either inferior or 

unavailable altogether.  However, the immunogenicity of heterologous proteins has 

limited their development and overall potential for use in a variety of therapeutic settings, 

especially when repeated administration is required.   Therefore, the need for safe and 

effective non-human protein therapeutics is critical to the continued growth of the 

biopharmaceutical industry.   

The need to address the immunogenicity of both native and engineered protein 

therapeutics has been a driving force towards the maturation of more sophisticated 

approaches to predict, detect, and ultimately limit immunogenicity while maintaining 
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requisite therapeutic functions. To better understand how these strategies have 

progressed, it may be useful to first provide an overview of the sequence of events that 

occur in the immune recognition of protein therapeutics.  

 

1.2.1 Immune recognition  

 

Heterologous proteins predictably exhibit considerable immunogenicity (i.e. 

recognized immunologically as non-self) more often than not. To elicit an antibody 

response, a protein therapeutic must typically interact with several types of immune cells, 

including antigen presenting cells (APCs), B-cells, and T-cells [22]. Each cell type 

recognizes different features of the exogenous protein, and therefore preventing or 

modifying these recognition events represents a means to significantly affect 

immunogenicity.  

The sequence of events that lead to B-cell activation and the subsequent 

production of antibodies can be divided into either T-cell independent (Ti) or T-cell 

dependent (Td) scenarios. Briefly, Ti activation of B-cells occurs when structural features 

of an exogenous molecule, such as polymeric repeats, induce the direct activation of a 

subset of B-cells [23]. Antibodies produced by direct B-cell activation are mostly low 

affinity, high avidity IgM and limited low affinity IgG isotypes, as affinity maturation 

and class-switching require T-cell help [24]. However, while Ti activation of B-cells has 

been implicated for some protein therapeutics [25], the focus here will be on Td 

activation because the latter is much more significant for protein therapeutics and is 

associated with more potent antibody responses, antibody isotype switching, and the 

development of B-cell memory [24].   
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In order to induce a Td antibody response to a protein therapeutic, several events 

must be coordinated, usually in specialized regions of secondary lymphoid organs (e.g. 

spleen and lymph nodes) [26]. The first step in this process is antigen uptake by 

specialized APCs (e.g. dendritic cells and macrophages) via pinocytosis, receptor-

mediated endocytosis, or phagocytosis.  The efficiency of uptake varies significantly with 

the route of administration, the aggregation state of the protein, and its receptor-binding 

specificity. Intravenous injection will typically result in the antigen directly entering 

secondary lymphoid tissue via afferent lymphatics. Subcutaneous injection will likely 

activate Langerhans cells in the skin [27]. In both cases, the internalized antigen is 

processed intracellularly by a variety of proteases (e.g. cathepsins and endopeptidases) 

into short linear peptides that bind to major histocompatability complex (MHC)-II 

molecules and are then presented in complex on the surface of the APC. (Briefly, we note 

here that the MHC is referred to as the human leukocyte antigen (HLA) complex in 

humans.) These peptide fragments (13-25 amino acids) bound to MHC-II are recognized 

by CD4+ T-cells through interactions with the T-cell receptor (TCR), and thus these 

peptide fragments are referred to as T-cell epitopes.  In addition to the TCR interaction 

with this MHC-II epitope complex (referred to here as T-cell signal 1, T1), T-cell 

activation further requires co-stimulation through engagement of CD28 via CD80 

(referred to here as T-cell signal 2, T2), which are expressed in large amounts on the 

surface of APCs. Once fully activated, these T-cells proliferate and produce an array of 

cytokines. Specific encounter of the same antigen by naïve B-cells via interaction with 

IgM and IgD receptors on the B-cell surface results in similar processing and presentation 

in the context of MHC-II at the B-cell surface (referred to here as B-cell signal 1, B1). 

Analogous engagement of CD28/CD80 (referred to here as B-cell signal 2, B2) results in 
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the secretion of cytokines by the T-cell and engagement of CD40 with CD40 ligands 

(referred to here as B-cell signal 3, B3). These additional co-stimulatory actions allow the 

B-cell to mature into either an IgG-secreting plasma cell or a memory B-cell (referred to 

here as B-cell signal 4, B4). The affinity-matured, secreted antibodies may then bind to 

conformational regions of the whole antigen, which are thus referred to as B-cell 

epitopes. The sequence of events for Td activation of B-cells is summarized in Figure 

1.1.  
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Figure 1.1 Activation of CD4+ T-cells and Td antibody response. The first step is non-
specific antigen uptake by a professional antigen-presenting cell (APC) such as a 
dendritic cell. The mature APC processes the antigen into peptides, which are then 
presented to naïve CD4+ T-cells (T-helper; TH) in complex with MHC-II on the surface 
of the APC (T1). To fully activate the T-cell, this recognition even must be accompanied 
by the additional co-stimulatory interaction between CD80 and CD28 (T2). An 
interaction between B-cell surface-bound IgM (and/or IgD) receptors and antigen is 
required to initiate activation of the naïve B-cell (B1). The B-cell then internalizes the 
antigen-Ig complex (specific uptake) and presents processed peptides in the context of 
MHC-II (analogous to other APCs) to T-cells. An additional co-stimulatory interaction 
between CD80/CD28 (B2) results in the secretion of cytokines from the T-cells and 
subsequently, the increased expression and engagement of CD40/CD40L (B3). 
Ultimately, the sum of these synergistic signals allow the B-cell to mature and become 
either a dedicated, antibody-producing plasma cell or memory B-cell (B4).   

 

A number of other factors may also influence the immunogenicity of protein 

therapeutics, including: dose, frequency and route of administration, formulation (e.g. the 

propensity to aggregate under specific storage conditions), and contaminants that may 

arise from downstream manufacturing and processing. Furthermore, immunogenicity can 

be affected by a number of patient-specific characteristics, which may include: 

immunocompetence, state of tolerance to a specific antigen, allelic variations (e.g. MHC-

II haplotype), and genetic deficiencies.  Each of these extrinsic factors have been 

reviewed in detail elsewhere [14] and – given the scope of the work described in later 

chapters – will not be discussed further here.  
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1.2.2 Prediction and assessment of immunogenicity  

 

Several approaches can be used to assess the potential immunogenicity of a 

protein therapeutic and thereby attempt to minimize, or ideally eliminate, the risk of 

neutralizing antibodies and the adverse effects that they in turn mediate.  Here, three 

types of prediction and assessment approaches will be briefly described: in silico, in 

vitro, and in vivo.  

 

In silico methods for immunogenic epitope prediction 

 

As described in the previous section, TCRs on CD4+ T-cells recognize antigenic 

peptides presented in complex with MHC-II molecules on the surface of APCs. The 

general architecture of the MHC-II peptide-binding grooves is maintained both within 

and between different isotypes and species [28]. Consequently, the peptide backbone 

conformation of T-cell epitopes is largely sequence-independent and shares essentially no 

relationship to its conformation in the context of the whole protein. The MHC-II binding 

groove contains four well-defined pockets that accommodate the side chains of the P1, 

P4, P6, and P9 residues within a core 9mer region of the T-cell epitope and these key 

residues largely determine binding affinity and specificity [28] (Figure 1.2).  

Accordingly, a number of MHC binding motif-based computational methods have been 

developed and evaluated [29] over the past several years to rapidly screen protein 

sequences for the presence of potential MHC-II binding peptide fragments, in large part 

owing to the establishment of numerous MHC-II-epitope databases.  
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Figure 1.2 Depiction of MHC-II peptide binding groove. The solvent-accessible surface 
of HLA-DQ6.2 is shown with a bound hypocretin peptide, for which the key anchor 
positions (P1, P4, P6, P9) are highlighted. This figure is reproduced from Jones, E.Y., et 
al., MHC class II proteins and disease: a structural perspective. Nat Rev Immunol, 2006. 
6(4): p. 271-82 with permission from the Nature Publishing Group.  

 

Each of these methods can screen large numbers of sequences for putative 

epitopes.  However, the use of in silico methods typically results in overprediction, i.e. a 

number of non-binding peptides are predicted to bind (false positives). Conversely, a 

number of true binders may in fact be predicted as non-binders (false negatives).  Such 

uncertainties in T-cell epitope prediction are likely attributable to the complex 

relationship between antigen processing, MHC-II binding, and TCR recognition and 

signaling [30]. Despite these shortcomings, in silico prediction models have been 

successfully applied both as described in Chapter 4 and elsewhere [31, 32].  Nonetheless, 

computational methodologies should continue to become more sophisticated as the 

collection of additional high quality training data becomes available.  

B-cell epitope mapping in silico is not nearly as developed as the T-cell epitope 

prediction algorithms described above, and further studies will be necessary to determine 

whether computational prediction of epitopes recognized by the antibody repertoire is 
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plausible at all [33].  The complexity in predicting B-cell epitopes is in large part due to 

their predominantly conformational, and thus discontinuous nature. Consequently, such 

algorithms must rely on hydrophilicity or chain flexibility scales for example, which to 

date have performed inadequately.  

 

In vitro methods for immunogenic epitope prediction 

 

Many of the limitations of in silico methods described above can be overcome by 

directly measuring the binding of putative T-cell epitope peptides to MHC-II or by 

detecting antigen-specific activation of T-cells using a variety of in vitro culture systems.  

HLA binding assays using soluble MHC-II molecules, for example, may be used 

to evaluate the affinity of a given peptide sequence for HLA alleles through quantitative 

competition with a fluorescently labeled MHC ligand [34]. However, this technique is 

somewhat low-throughput, is limited by the number of alleles that can be tested, and 

requires the purification of MHC-II molecules via a complex procedure that requires 

culturing large volumes of homozygous B lymphoblastoid cell lines [35].   

In another approach, T-cells may be isolated from human blood (peripheral blood 

mononuclear cells, PBMCs) and subsequently stimulated with either whole protein, or 

using an overlapping library of peptides spanning the length of the same protein, in order 

to evaluate T-cell response and locate T-cell epitopes. This methodology has been 

successfully applied for a number of protein therapeutics including factor VIII [36], EPO 

[37], and IFN-α [38].  

Protein-specific T-cell responses may be monitored via a variety of methods. One 

commonly used approach is monitoring the dilution of the fluorescent dye 
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carboxyfluorescein diacetate succinimidyl ester (CFSE) across successive cell 

generations [39] using fluorescence activated cell sorting (FACS). More commonly, T-

cell proliferation is monitored by quantifying the release of specific cytokines (e.g. IL-2 

or IFN-γ) as measured by standardized ELISPOT [40]. The primary advantage of the 

latter method is that additional information can be gathered about the nature of the T-cell 

response with respect to localization of key immunogenic epitopes. However, these types 

of studies require large sample populations in order to ensure that a diverse range of 

MHC-II haplotypes (representative of human populations) are being investigated. Briefly, 

the loci constituting the MHC are highly polymorphic, meaning that many alternative 

forms of the gene, or alleles, exist at each locus among the population. The genes of the 

MHC loci lie close together and therefore most individuals inherit the alleles encoded by 

these closely linked loci as two sets, one from each parent. Each set of alleles is referred 

to as a haplotype. Each heterozygous individual will thus have two MHC haplotypes, one 

in each chromosome (one of paternal origin and one of maternal origin).  

In general, strictly in vitro approaches for T-cell epitope prediction are faced with 

the limitation that not every peptide capable of binding to MHC-II will be a T-cell 

epitope [37]. Similar to computational prediction methods, in vitro identification 

techniques are again limited by the multifaceted relationship between antigen processing, 

MHC-II binding, and TCR recognition and signaling.  Therefore, direct peptide-MHC-II 

binding (or peptide challenge of isolated T-cells) cannot account for the possibility that 

certain test peptides may not be recognized by the TCR following formation of the MHC-

II-peptide complex, or whether such peptides are generated at all during antigenic 

processing. Further, even overlapping panels of peptides may not overcome the potential 

for artificial truncation of certain T-cell epitopes.  
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In addition to the identification of T-cell epitopes, efforts to develop approaches 

to accurately identify antigenic B-cell epitopes are also in progress. To date, the ability to 

identify B-cell epitopes through in vitro approaches has been challenging due in large 

part to the same inherent limitations described earlier in the context of in silico B-cell 

epitope prediction. Recently however, Nagata and Pastan [41] described and validated a 

novel B-cell epitope identification approach called immune complex capture ELISA 

(ICC-ELISA) which interrogates antigen-antibody complexes in a conformation-

dependent manner.  In this manner, the authors were able to identify putative B-cell 

epitopes of Pseudomonas exotoxin A 38 (PE38) by measuring the antibody binding 

affinity differences between the wild-type PE38 and variants of the protein in which 

mutations were introduced into highly exposed amino acids in the protein crystal 

structure.   

 

In vivo methods for immunogenic epitope prediction  

 

In general, animal models are not suitable for the evaluation of protein 

therapeutics because their MHC-II molecules have significantly different peptide binding 

preferences. Consequently, peptide presentation observed in these animal models may be 

significantly different from that which would be expected for humans [42]. For this 

reason, mice – the most common experimental animal model for these purposes – exhibit 

different immune responses to antigenic challenges compared to humans [43]. To address 

this problem, researchers have constructed a number of transgenic mouse strains that 

express common human HLA molecules. T-cell responses in these mice correlate well 

with T-cell responses observed in infected or vaccinated humans [44-47]. Protein-specific 
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T-cell responses in such mice can be identified by isolating lymphocytes and evaluating 

their proliferation to antigen stimulation in vitro using standard methods [48, 49]. 

 

1.2.3 Approaches to reduce immunogenicity 

 

A number of methods have been developed for reducing protein therapeutic 

immunogenicity. The optimization of extrinsic factors such as those described in section 

1.2.1, e.g. more rigorous evaluation of protein handling during downstream storage and 

manufacturing [50-52], can have a significant effect on protein immunogenicity. 

Additionally, strategies for engineering the protein sequence to remove epitopes likely to 

elicit an adverse immune response have been developed and will be discussed here in 

some detail.  

The most intuitively obvious means to overcome the immunogenicity of 

heterologous proteins in particular is to replace them with proteins from human sources 

or at least chimeras containing primarily human sequences. Such proteins would be 

expected to have already undergone tolerance induction (at least partially so in the case of 

protein chimeras) and thus elicit far less drastic, if any, adverse antibody responses. 

Perhaps the best example of this approach is the history of insulin in the treatment of 

diabetes mellitus type I (DM-1) and type II (DM-2). In 1922, insulin was first purified 

from bovine for life-saving daily injection for DM-1 patients [53], but problems 

including the immunological reaction triggered by the non-human protein limited its 

widespread use. However, with the advent of recombinant DNA technology, human 

insulin could be produced recombinantly in E. coli in large quantities. Recombinant 

human insulin was less immunogenic as might be expected, and in fact, human insulin 
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was the first commercial recombinant protein therapeutic, approved by the US FDA in 

1982. [54].  

For therapeutic antibodies, for which both structure and function are well 

understood, immunogenicity reduction has been focused primarily on the strategy of 

humanization whereby key functional residues from a heterologous antibody (e.g. 

murine) are grafted onto a human antibody framework [55] in order to simultaneously 

maintain antigen binding while eliminating a significant fraction of the non-human amino 

acid sequence. The efficacy of this approach is manifested by the plethora of both FDA-

approved chimeric and humanized antibodies [56]. While these approaches have been 

largely successful, ‘humanized’ antibodies may possess residual immunogenicity because 

they still contain segments of non-human antibodies. Thus, methods for the generation of 

fully human antibodies have been developed, for example using mice encoding the 

human antibody repertoire [57], or via the  cloning of antibodies from vaccinated patients 

[58].   

In some cases, in fact, efforts have been made to engineer human proteins with 

functionality similar to that of a heterologous therapeutic. Recently, Stone et al. [59] 

demonstrated that the catalytic efficiency of the human enzyme L-Arginase I could be 

improved 10-fold simply by replacing the two Mn2+ ions normally present in the enzyme 

with Co2+. This modified human arginase was shown to have cytotoxicity identical to that 

of the bacterial arginine deiminase, an enzyme in phase II clinical trials for a number of 

cancers, which however has been shown to potently elicit the generation of neutralizing 

antibodies. Nevertheless, many heterologous proteins do not have an obvious human-

derived counterpart that possesses – or can be engineered to attain – functional and/or 

pharmacological properties necessary for successful therapeutic administration.  
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Another approach for reducing immunogenicity is the masking of potentially 

immunogenic epitopes via covalent conjugation with polyethylene glycol (PEG) [60]. As 

mentioned in section 1.1, PEG also acts to increase the serum half-life of its protein 

payload. PEGylation has been successfully utilized for a number of approved therapeutic 

proteins, including adenosine deaminase, IFN-α, and asparaginase, among others [1]. 

However, as described in section 1.1, PEGylation is still associated with several 

drawbacks including potential compromise of protein function [7] or the induction of 

adverse PEG-specific antibodies [8, 9].  

Alternatively, protein immunogenicity can be ameliorated by mutating sequences 

likely to be recognized as either B-cell epitopes or T-cell epitopes (see section 1.2.1). 

However, as highlighted in section 1.2.2, the identification, and thus elimination, of B-

cell epitopes is exceedingly difficult due to the lack of accurate and robust methods to 

identify these immunogenic regions, in large part because of their conformational and 

often discontinuous nature. The identification of B-cell epitopes is further complicated by 

our incomplete knowledge of naïve antibody repertoires and how these might vary across 

different human populations. Further, because the human antibody response is typically 

polyclonal, identification of antigenic epitopes has an added level of complexity given 

the need to distinguish (and account for) the unique specificities of any number of 

individual antibodies within the polyclonal pool.   

In contrast, the disruption of T-cell epitopes by site-directed mutagenesis, aimed 

at compromising MHC-II binding in order reduce immunogenic responses, has been 

attempted for a number of therapeutic protein candidates including staphylokinase [61], 

IFN-α2b [62], IFN-β [63], EPO [37], factor VIII [36], and β-lactamase [64]. Further, T-

cell epitope removal has shown promise in reducing the immunogenicity of humanized 
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and chimeric antibodies [65-67]. For nearly all of these examples, T-cell epitopes were 

initially identified using T-cells pools isolated from either human blood or from non-

transgenic mice [63]. Typically, alanine scanning was used to guide the incorporation of 

amino acid substitutions at key anchor MHC-II binding positions to reduce binding 

affinity. In more sophisticated approaches, structural models and/or sequence homology 

to protein homologues were used to aid more plausible substitutions aimed at not 

disrupting protein folding and function.  

It is worth noting here that the classification of this strategy as T-cell epitope 

removal (and similarly, the classification of methods described in 1.2.2 as being for T-

cell epitope identification) is not completely accurate despite the generally accepted 

designation. By definition, the residues that are predicted or identified as being critical 

for MHC-II binding in fact comprise what is referred to as the MHC ‘agretope’, which is 

distinct from the set of residues that comprise the TCR binding determinant – the T-cell 

epitope [22] (Figure 1.2).  To date, the capability to identify (or predict) the actual T-cell 

epitopes of protein therapeutic candidates has been lacking despite its potential utility.  

However, for clarity, the general approach described here will continue to be referred to 

as T-cell epitope mutagenesis, so as not to be interpreted discretely relative to the 

literature to date.  
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Figure 1.2 Distinction between T-cell epitope and MHC-II agretope. The mature APC 
processes antigen into peptides, which are then presented to naïve CD4+ T-cells in 
complex with MHC-II on the surface of the APC. The epitope (blue circles) is defined as 
the peptide region recognized by the T-cell receptor (TCR); the agretope (red circles) is 
defined as the peptide region that binds to the MHC-II molecules.  

 

In general, the two primary factors that must be considered in attempting to 

disrupt a protein therapeutic epitope are: (i) the possibility that novel epitopes are 

inadvertently created, and (ii) that modifications made must not disrupt the biological 

function of the protein. The former can be evaluated using HLA-transgenic mice, while 

the latter significantly complicates the engineering of proteins for which extensive 

reengineering may be necessary to compromise MHC-II binding across multiple T-cell 

epitopes.  
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1.3 L-ASPARAGINASE  

 

L-Asparaginase (L-Asparagine amidohydrolase EC 3.5.1.1) has been used 

principally in the treatment of acute lymphoblastic leukemia (ALL) for over 40 years [68-

75]. Its therapeutic mechanism has been attributed to the exploitation of a specific 

metabolic discrepancy between normal human cells and certain leukemic cells [76]. 

Whereas normal cells are capable of producing the nonessential amino acid L-Asn via the 

enzyme L-Asparagine synthetase (AS), leukemic cells lack or express very low levels of 

AS and therefore require uptake of L-Asn from serum for cellular proliferation [77, 78]. 

L-Asparaginase catalyzes the hydrolysis of L-Asn to L-aspartic acid (L-Asp) and 

ammonia, resulting in the systemic depletion of ‘tumor-essential’ L-Asn from the serum 

[79-82], which in turn induces apoptosis of ALL lymphoblasts [83-85].   

The chemotherapeutic potential of the enzyme initially stemmed from key 

observations and discoveries by Kidd [86] and Broome [68] in the 1950s and 1960s, 

which revealed that antilymphoma activity detected in guinea pig sera was due to 

asparaginase. Just a few years later, Campbell, Mashburn, and Wriston demonstrated that 

asparaginase isolated from E. coli exhibited antineoplastic activity similar to that found in 

the guinea pig sera [87, 88]. This key finding provided a practical source for the 

production of large quantities of the enzyme for preclinical and clinical investigations, 

ultimately resulting in the FDA-approval of the native E. coli asparaginase (ELSPAR) in 

1978 as a component of a multi-agent chemotherapeutic regimen for the treatment of 

patients with ALL.  
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Since that time, asparaginase has been isolated and characterized from various 

microorganisms, including many gram-negative bacteria, mycobacteria, yeasts, and even 

plants and the plasma of certain vertebrates [89, 90]. However, not all isolated enzymes 

have been shown to have useful antitumor activity. In fact, asparaginases are generally 

classified as either bacterial-type or plant-type on the basis of sequence homology, 

structural features, and other biochemical properties [91].  

Plant-type asparaginases share a high degree of amino acid sequence similarity 

(60-70%) with the aspartylglucosaminidase (AGA) (EC 3.5.1.26) family [91], with both 

enzyme groups belonging to the N-terminal nucleophile (Ntn) hydrolase protein 

superfamily [92-97].  Plant-type asparaginases from plant [96], cyanobacteria [97], 

bacteria [97], and human [98] (see Chapter 2) display no hydrolytic activity toward N4-

(β-N-acetyl-D-glucosaminyl)-L-asparagine (GlcNAc-L-Asn), despite their high degree of 

sequence similarity to AGAs.  

Bacterial-type asparaginases can be further subdivided into types I and II, as 

defined by characteristics such as cellular localization, KM values, and oligomeric form. 

Descriptions of the distinct isozymes expressed in E. coli can be used to illustrate the 

distinguishing features between the two subtypes. Type I E. coli asparaginase (EcAI) is 

cytoplasmic, is expressed constitutively, functions as a homodimer [99], and has been 

characterized to have a relatively high L-Asn KM value (KM ~ 10-3 M), whereas type II E. 

coli asparaginase (EcAII) is periplasmic, is expressed primarily under anaerobic 

conditions, functions as a heterodimer, and has a much lower KM value with L-Asn (KM ~ 

10-5 M). However, Campbell and Mashburn found that only the high affinity type II 

enzyme has antitumor activity [88]. Recently, Hejazi et al. showed that E. coli also 

harbors a gene that encodes a plant-type asparaginase (EcAIII) [97] though its exact 
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physiological role is unknown. Additional type II asparaginases with antitumor activity 

have been isolated from a number of bacterial sources (e.g. Wolinella succinogens [100] 

and Serratia marcescens [101]), however; clinically available asparaginase is derived 

from only two sources: E. coli and Erwinia caratovora.   

 

1.3.1 Biochemistry of chemotherapeutic asparaginase 

 

L-Asparaginase II from derived from E. coli (EcAII) is the FDA-approved clinical 

benchmark for the treatment of ALL and is available in both native and PEGylated 

formulations [102].  

EcAII (PDB code 3ECA) is a tetramer with molecular weight ~140kDa, 

comprised of four identical 326 residue subunits and four non-cooperative active sites 

(Figure 1.3A). According to the nomenclature introduced for EcAII [103], the four 

subunits are labeled A, B, C, and D. There is a single disulfide bond in each subunit, 

connecting Cys77 to Cys105. Two active sites are formed at the dimerization interface 

between the A and C subunits, while the remaining two are formed at the interface 

between the B and D subunits. While the enzyme should be enzymatically competent as a 

dimer, the formation of the tetramer has been demonstrated as essential for catalytic 

activity. Sanches et al. [104] have suggested that the role of the tetramer formation is to 

guarantee proper folding of the enzyme, as it keeps the hydrophobic portions of the 

protein buried inside its core, away from solvent contact, thus providing stabilization to 

the structure.  
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(A) 

 

(B) 

  

Figure 1.3 (A) Crystal structure of E. coli L-asparaginase II (PDB 3ECA) showing the 
nomenclature of the 4 subunits. (B) One of 4 non-cooperative EcAII active sites. In this 
case, one of the active sites formed at the A/C interface is shown. Residues colored red 
and numbered without prime designation are located in the C subunit, while residues 
colored green and numbered with prime designation are located in the A subunit. Bound 
L-Asp product is shown as spheres. Images were created using PyMol [105]  

!"

#" $"

%"

!"#$%&

'"$(%&

)*"&

+",&

-,$&

.,/&

)$/&
0/1&

2**#&

3*4"&



24 

The location and identification of the EcAII active site residues was elucidated in 

studies that employed the use of binding ligands such as L-Asp [103, 104].  The binding 

pocket involves residues of both subunits of a given intimate dimer (e.g. subunits A and 

C). Residues Thr12, Tyr25, Ser58, Gln59, Thr89, Asp90, Ala114, and Lys162 from one 

subunit, and Asn248 and Glu283 from the other, form the binding pocket (Figure 1.3B). 

The currently accepted mechanism for the hydrolysis of L-Asn into L-Asp and 

ammonia by EcAII is via a covalently bound intermediate involving a β-aspartyl 

intermediate, thus implicating a double displacement (or ‘ping pong’) mechanism [106] 

(Figure 1.4). In the first step, a nucleophilic group of the enzyme attacks the C-γ of L-

Asn leading to a tetrahedral intermediate which is subsequently broken down to form an 

acyl-enzyme intermediate with EcAII covalently bound to the substrate and results in the 

elimination of ammonia. In the subsequent step, the intermediate is attacked by a second 

nucleophile (typically water), leading to the hydrolysis of the intermediate, yielding L-

Asp and free enzyme. Given the identification of residues located at the active site, it has 

been proposed that the hydrolysis carried out by EcAII is mechanistically similar to that 

of serine proteases, whose activity is dependent upon a specific ‘catalytic triad’. It has 

been shown, however, that none of the three histidines in EcAII are required for catalysis 

[107], therefore eliminating the possibility of a classical Ser-His-Asp catalytic triad.  

Studies have revealed that mutation of either Thr12 [108] or Thr89 [109] diminishes 

enzymatic activity to < 0.01% relative to the parent enzyme. A synopsis of the efforts and 

various hypotheses made over the past two decades in attempting to establish the key 

mechanistic residues involved in the hydrolysis carried out by EcAII, as well as a current 

postulation for the presence of two catalytic triads (with either Thr12 or Thr89 acting as 
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the attacking nucleophile) involved uniquely in the initial acylation and deacylation steps, 

respectively, has been described extensively by Sanches et al. [106].  

 

 

 

 

Figure 1.4. Schematic of the reaction catalyzed by L-asparaginases.    

 

EcAII also possess a promiscuous glutaminase activity, in that it is able to 

catalyze the analogous hydrolysis of L-Gln to L-Glu and ammonia. However, the 

maximal rate of L-Gln hydrolysis is ~3% of that for L-Asn (KM (L-Gln) = 3mM) [90]. 

While L-Gln depletion may potentially enhance the therapeutic activity of EcAII [110], it 

has also been suggested to contribute to additional clinical toxicities associated with the 

enzyme [111]. Thus, the optimal level (and role) of L-Gln hydrolysis by EcAII remains 

unclear.  
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1.3.2 Clinical profile and immunogenicity of L-Asparaginase 

 

ALL is a heterogeneous group of disorders that result from the clonal proliferation 

and expansion of malignant lymphoid cells in bone marrow, blood, and other organs 

[112]. Nearly 4000 cases of ALL are diagnosed annually in the US, approximately two-

thirds of which are in children and adolescents, making ALL the most common cancer in 

these age groups [75]. Pui et al. [75] reported that in the 1990s, the overall cure rate for 

childhood ALL was approximately 80% in developed countries, thanks in part to the 

continued optimization in the usage of various antileukemic agents and elucidation of 

various prognostic factors for risk-directed therapy. Unfortunately, treatment of adult 

ALL has been far less successful, though overall cure rates have improved to nearly 40%. 

The poor outcome in adult ALL has been variously attributed to increased drug 

resistance, poorer tolerance of treatment, reluctance to accept certain temporary 

toxicities, and less effective treatment regimens.  

The role of L-Asparaginase as a potent antileukemic agent for the treatment of 

ALL has been well established.  Though initially evaluated for its clinical efficacy as a 

single agent [113], asparaginase has since become a standard component of combination 

chemotherapy treatment of ALL, typically administered along with some combination of 

a glucocorticoid, vincristine, and methotrexate.  Today, asparaginase is clinically 

available in three preparations. The native and PEGylated formulations of EcAII are both 

FDA-approved for first-line treatment of ALL, while the native preparation from Er. 

caratovora (ErA) is typically used in the USA only for patients allergic to the E. coli 

enzyme as it is non-cross-reactive with anti-EcAII [90]. However, besides being 
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immunogenic itself, Duval et al. [114] demonstrated that ErA is also clinically inferior to 

EcAII with respect to both event-free survival and overall survival rates at 6 years.  

The toxicities of asparaginase include those related to the inhibition of protein 

synthesis, such as: (i) liver dysfunction resulting from decreased levels of serum albumin, 

fibrinogen, and lipoprotein levels, and (ii) coagulation abnormalities caused by low levels 

of certain clotting factors [115]. Additional toxicities that may result from asparaginase 

treatment include: (i) acute pancreatitis, (ii) nonspecific gastrointestinal toxicity, and (iii) 

neurotoxicity [90].  

However, the most prominent limitation associated with asparaginase as a protein 

therapeutic is its immunogenicity, as the enzyme has been shown to elicit adverse 

antibody responses in a large fraction of patients. The development of antibodies against 

EcAII (both formulations) can reduce its activity, leading to failure of L-Asn depletion 

upon re-administration of the drug. The reported frequency of anti-EcAII against the 

native enzyme is as high as 60-70% in children and 79% in adults, while the development 

of anti-EcAII against the PEGylated enzyme has been reported in up to 12% of EcAII-

naïve children and in 4-15% of EcAII-naïve adults [116]. Armstrong et al. [9] recently 

revealed that treatment with the PEGylated enzyme could elicit neutralizing anti-PEG 

antibodies as well. The development of adverse antibody responses has also been shown 

to mediate a wide variety of clinical hypersensitivity reactions that range from mild local 

allergic reactions to full blown anaphylaxis [115]. Moreover, Asselin et al. [117] showed 

in a study nearly 20 years ago that the serum half-lives for EcAII preparations in patients 

who had a previous hypersensitivity reaction to EcAII were significantly decreased 

relative to EcAII-naïve patients: (i) 1.82 days versus 5.73 days for PEG-EcAII, and (ii) 

undetectable (enzyme cleared too quickly) versus 1.28 days for native EcAII. Ultimately, 
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though PEGylation has proven to reduce immunogenicity and prolong serum persistence 

relative to native EcAII, the induction of antibodies that contribute to both neutralization 

and clinical hypersensitivity reactions are still elicited towards PEG-EcAII in a 

significant fraction of patients.    

Asparaginase displaying reduced immunogenicity could prove critical in the safer 

and more effective treatment of both newly diagnosed and relapsed ALL patients.  

Interest in this area is evidenced by the continued efforts towards the isolation and 

characterization of alternative bacterial asparaginases [118], as well as ongoing 

investigations into alternative strategies to protect asparaginase from immune 

surveillance [119]. However, attempts to investigate human sequences that putatively 

share functional similarity to asparaginase have been lacking. Such sequences may 

ultimately represent useful enzyme engineering targets for replacement of the bacterial, 

immunogenic benchmark therapeutic, given that they will have likely already undergone 

tolerance induction and consequently have a much lower propensity to elicit adverse 

antibody responses.  In Chapters 2 and 3, we detail the recombinant expression and 

subsequent biochemical characterization of two such human enzymes for which 

experimental evidence of their putative functions had been previously lacking.   
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1.4 ENZYME ENGINEERING BY NEUTRAL DRIFT 

 

Enzyme engineering describes the process of altering the protein structure of an 

existing enzyme, typically by modifying the amino acid sequence, in order to generate 

enzymes with improved or novel properties. Over the past decade, it has become a 

powerful tool for tailoring various enzyme properties in large part due to the enormous 

impact imparted by advancements made in bioinformatics, protein chemistry, molecular 

biology, and recombinant DNA technologies. Examples of the successful application of 

enzyme engineering to date have been extensively reviewed elsewhere [120-122].  

Kazlauskas and Bornscheur [123] recently summarized and highlighted some of the main 

considerations and strategies applied in enzyme engineering today.  One objective of the 

work detailed in this dissertation (Chapter 4) was to reduce immunogenicity of the 

benchmark therapeutic EcAII by T-cell epitope removal through adaptation of a novel 

directed evolution strategy referred to as neutral drift. 

The primary focus of molecular and experimental evolutionary studies to date has 

been adaptive evolution, or specifically, the acquisition of new protein functions [124]. 

However, it has become clear that only a fraction of mutations that accumulate in most 

naturally evolving proteins are driven by selection for an entirely new function [125]. 

Instead, most natural genetic diversity is the outcome of neutral, non-adaptive drifts, i.e., 

the gradual accumulation of sequence changes that occur under selection to maintain the 

function and structure of the parent protein [124]. Here, neutrality refers to the notion that 

numerous genotypes (sequence redundancy) can accommodate the same phenotype, 

resulting in what is referred to as neutral networks. Each sequence in a neutral network 
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has accumulated mutations under the constraint that they do not affect the parent 

protein’s existing function, and thus appear as neutral under these non-adaptive 

conditions. However, these mutations could still facilitate future adaptations under 

different constraints by altering latent promiscuous functions.   

Neutral drifts of two different enzymes, paraoxonase 1 (PON1) [126] and 

cytochrome P450 [125],  were performed by applying iterative rounds of mutagenesis 

and selecting for each enzyme’s native (or primary) activity.  These studies demonstrated 

how the potential for adaptation, and thus new functions, dramatically increases when the 

neutral network of a protein expands.  Almost half of the 311 neutral PON1 variants 

characterized exhibited significant changes in promiscuous activities, specificities, or 

inhibition, and further, a number of such variants with just one to two mutations could 

mediate a new phenotype. Similar variations in promiscuous activities were observed in 

the P450 drift as well.  

Bershstein et al. [124] later performed a neutral drift of TEM-1 β-lactamase to 

evaluate how the fitness (activity, stability, etc.) of a protein changes as mutations 

gradually accumulate. Sequence analysis of the drifting libraries indicated that mutations 

that act as ‘global suppressors’ were enriched during the drift. In other words, such 

mutations suppressed the effect of a broad range of destabilizing mutations, and thereby 

dramatically enhanced TEM-1 evolvability, i.e. afforded a higher number of mutations to 

accumulate without deleterious consequences, and increased the probability of a new 

function emerging [127]. The experimental proof that neutral drifts can prompt the 

emergence of mutational robustness, predicted previously by van Nimwegen et al. [128], 

yields the interesting notion that the incorporation of stabilizing residues via application 

of a neutral drift may allow for the generation of protein variants that comprise highly 



31 

evolvable starting points in other directed evolution studies. Thus, rather than starting 

from the random mutagenesis of a parent gene and selecting immediately for an adaptive 

function, neutral drift can first be performed in order to create a library with increased 

stability with large, non-deleterious variation, which possesses a considerably increased 

potential for evolving new functions [127].  

For our purposes, as described in greater detail in Chapter 4, neutral drift of EcAII 

was performed not to evolve new or promiscuous functions, but instead exploited in a 

novel approach to establish an EcAII neutral network via iterative screening for variants 

with equivalent asparaginase activity, in order to isolate neutral mutants with reduced 

propensity to bind MHC-II.   
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Chapter 2: The human asparaginase-like protein 1 hASRGL1 is an Ntn 
hydrolase with β-aspartyl peptidase activity 

 

2.1 INTRODUCTION 

L-Asparaginases (L-asparagine amidohydrolases, EC 3.5.1.1) catalyze the 

hydrolysis of L-Asn to L-Asp and ammonia.  Enzymes with L-Asparaginase activity are 

classified into either the bacterial-type or plant-type subfamilies based on sequence 

homology, structural features, and other biochemical properties.  Considerable interest 

has been devoted to bacterial-type asparaginases for over 40 years, in part because of 

their antineoplastic properties [68, 100, 101, 129]. In contrast, plant-type asparaginases 

have not been studied as extensively and less is known about their structural and kinetic 

properties. Plant-type asparaginases share a high degree of amino acid sequence 

similarity (60-70%) with the aspartylglucosaminidase  (AGA) family (EC 3.5.1.26) [91],  

with both enzyme groups belonging to the N-terminal nucleophile (Ntn) hydrolase 

protein superfamily [92-95, 97, 130].  Enzymes in this superfamily [131] are translated as 

inactive precursors which undergo an autocatalytic intramolecular activation step that 

exposes a nucleophilic residue (Thr, Ser, or Cys) at the N-terminus of the newly 

generated β subunit. The N-terminal nucleophile also acts as the catalytic residue during 

the activation step. The core folding pattern shared by Ntn-hydrolases consists of a 

conserved αββα structure consisting of two antiparallel β-sheets between flanking α-

helical layers [132, 133].  

Plant-type asparaginases from plant (Lupinus luteus [130] and Arabidopsis 

thaliana [97]), cyanobacteria [97] (Synechocystis sp. PCC 6803 and Anabaena sp. PCC 
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7120), and bacteria [97, 130] (E. coli) display no hydrolytic activity towards N4-(β-N-

acetyl-D-glucosaminyl)-L-asparagine (GlcNAc-L-Asn), despite their high sequence 

similarity to AGAs. In addition to the hydrolysis of L-Asn, they also display significant 

and often higher activity towards β-aspartyl peptides, which has led to the suggestion that 

these enzymes be more accurately classified as β-aspartyl peptidases (EC 3.4.19.5) [97, 

130, 134].  Formation of isoaspartyl peptide bonds is one of the most common sources of 

non-enzymatic protein damage under physiological conditions, as it introduces a kink in 

the protein backbone that can disrupt normal folding, leading to altered susceptibility to 

proteolysis or loss of function [135]. The β-aspartyl peptidases speculatively function to 

degrade these detrimental isoaspartyl peptides in the cell, as they would otherwise go 

unnoticed by α-peptide bond specific peptidases.  So far, 13 enzymes have been verified 

or putatively designated as β-aspartyl peptidases, but none have been identified from 

mammals.  

A putative L-asparaginase alternatively designated asparaginase-like protein 1 

(ASRGL1), Glial asparaginase (GLIAP), or CRASH [136-139], was previously cloned 

from rat and human cDNA libraries [136, 138, 139]. Owing to its high sequence 

homology to a variety of asparaginases and AGAs, ASRGL1 was classified as an 

asparaginase though direct experimental evidence of its ability catalytically hydrolyze L-

Asn has been lacking. Herein, we describe the bacterial expression and characterization 

of the human ASRGL1 (hASRGL1) and demonstrate that this enzyme is an Ntn 

hydrolase that displays an activity profile consistent with other previously studied β-

aspartyl peptidases, thus revealing hASRGL1 as the first mammalian enzyme of the β-

aspartyl peptidase family.   
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2.2 MATERIALS AND METHODS 

 

Materials 

Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA).  

Restriction enzymes, Vent DNA polymerase, T4 DNA ligase, and dNTPs were from New 

England Biolabs (Ipswich, MA). o-phthalaldehyde (OPA) reagent was from Agilent 

Technologies (Santa Clara, CA). Difco 2xYT growth medium was from Becton 

Dickinson. (Franklin Lakes, NJ) The β-aspartyl peptides, β-L-Asp-L-Phe, β-L-Asp-L-Ala, 

β-L-Asp-L-Leu, and β-L-Asp-L-Lys, as well as L-aspartic acid β-(7-amido-4-

methylcoumarin), L-Asp β-methyl ester, and GlcNAc-L-Asn were purchased from 

Bachem (Torrance, CA). The β-aspartyl peptide β-L-Asp-L-Phe methyl ester was from 

Sigma-Aldrich (St. Louis, MO). All other reagents were from Sigma-Aldrich (St. Louis, 

MO) unless otherwise noted.  

 

Molecular Biology Methods  

A gene encoding the human asparaginase-like protein 1 (hASRGL1) (927 bp) with an N-

terminal His6 affinity tag was assembled synthetically using a set of 36 codon-optimized 

overlapping oligonucleotides designed by the program DNAWorks [140]. NcoI and 

EcoRI restriction sites were incorporated into the outermost 5’ and 3’ oligonucleotides 

respectively. The gene assembly PCR reaction consisted of the oligonucleotide mix, 

ThermoPol buffer, dNTPs, and Vent DNA polymerase and was carried out at an initial 

95oC for 2 min, followed by 30 cycles at 95oC for 1 min, 60oC for 1 min, and 72oC for 2 

min, followed by a 72oC polishing step for 10 min.  After a subsequent amplification 

reaction with the outermost oligonucleotides, the resulting DNA product was gel purified 
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(Qiagen), digested with NcoI/EcoRI and ligated into pET28-a (Novagen) The gene insert 

in the resulting plasmid, pASRGL1, was sequenced and then ultimately transformed into 

E. coli BL21 (DE3) for subsequent expression.  In addition, a hASRGL1-Thr168Ala 

variant was constructed by overlap-extension PCR using the pASRGL1 plasmid as 

template and the primer pairs shown in Table 2.1. The point-mutant gene was cloned 

analogously to hASRGL1, resulting in the plasmid pASRGL1-T168A. 

 

 

Table 2.1 Primer pairs used for the construction of hASRGL1-T168A via overlap-
extension PCR.  

Expression and purification  

E. coli BL21 (DE3) cells containing pASRGL1 plasmid was cultured overnight at 37oC 

in 2xYT medium supplemented with 30 µg/mL kanamycin and used to inoculate fresh 

medium (1:100 dilution). When the absorbance at 600nm (A600) reached 0.5-0.7, the cells 

were transferred to a 25oC and allowed to equilibrate for 20 min, at which point the 

culture was supplemented with IPTG to a final concentration of 1mM to induce protein 

expression.  After 16 hr of incubation at 25oC, the cells were harvested by centrifugation 

at 10,000xg for 10 min. The cell pellet was resuspended in binding buffer (50mM Tris-

HCl, 100mM NaCl, 10mM imidazole, pH 8) and placed on ice. The cells were then lysed 

by three passes through a French pressure cell and subsequently pelleted at 40,000xg for 

Primer Sequence 
T7 promoter 5'-TAATACGACTCACTATAGGG-3' 

ASRGL1-T168A-R 5’-CAGGGCGACAGCGCCGACTGCCCCAAGGTTCTTCTGGCA - 3'  

ASRGL1-T168A-F 
5’- TGCCAGAAGAACCTTGGGGCAGTCGGCGCTGTCGCCCTG - 3' 

T7 terminator 5'-GCTAGTTATTGCTCAGCGG-3'   
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45 min. The resulting supernatant (soluble fraction) was decanted, diluted 1:1 in binding 

buffer and mixed with 1mL of pre-equilibrated nickel-nitrilotriacetic acid (Ni2+-NTA) 

resin. After incubation for 90 min at 4oC with gentle rotation, the solution was applied to 

a 5mL polypropylene column (Pierce).  The resin was washed with 25 bed volumes 

binding buffer and 25 bed volumes wash buffer (50mM Tris-HCl, 100mM NaCl, 25mM 

imidazole, pH 8) before the resin was incubated with 4mL elution buffer (50mM Tris-

HCl, 100mM NaCl, 250mM imidazole, pH 8) for 10 min and collected drop-wise. All 

purification steps were performed at 4oC. The elution fraction was applied to an Amicon 

Ultra 10K MWCO filter, buffer exchanged against activity buffer (50mM HEPES, 

100mM NaCl, pH 7.4), mixed with glycerol (final 10% v/v), and finally snap-frozen with 

liquid nitrogen and stored at -80oC.  An identical protocol was followed for expression of 

hASRGL1-T168A. Protein concentrations were determined using a calculated extinction 

coefficient of 22,190 M-1cm-1 [141]. The expression of hASRGL1 and hASRGL1-T168A 

were confirmed by Western Blotting as described previously [142] using mouse 

monoclonal anti-polyhistidine peroxidase.  

 

In vitro Processing  

To evaluate the autocatalytic processing of hASRGL1, aliquots of both the purified wild-

type and Thr168Ala enzyme variants were incubated at 37oC [143-146] and at various 

times, aliquots were withdrawn and analyzed by SDS/PAGE on a 4-20% precast Tris-

Glycine gel (NuSep Ltd) run under reducing conditions and stained with GelCode Blue 

(Thermo Scientific). To quantitatively assess the effect of 37oC incubation on 

intramolecular processing, gel band intensities were measured using a densitometry 

imaging program (Quantity 1, Bio-Rad).                 
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Activity Assays   

Catalytic activity was qualitatively determined using the fluorometric substrate L-

aspartic-acid-β-7-amido-4-methylcoumarin (AspAMC). Briefly, aliquots of soluble crude 

cell lysate fractions were normalized to equal pre-lysis A600 and then diluted ten-fold to 

100µL in 50mM HEPES, 100mM NaCl, pH 7.4. 1µL of 10mM AspAMC in DMSO was 

added and mixed by pipetting in a 96 well plate (Nunc). The increase in fluorescence was 

monitored using a 360/40nm excitation filter and 460/40 emission filter (Synergy HT 

Fluorescent Platereader, BioTek) for 10 min at 25oC.  

The kinetics of hASRGL1 hydrolysis were determined with freshly purified 

enzyme that was first incubated at 37oC for 48 hr and then stored at 4oC until needed.  

The formation of L-Asp was determined following o-phthalaldehyde (OPA)- 

derivatization and HPLC analysis essentially as described by Agilent Technologies [147]. 

Reactions of hASRGL1 (2-4 µM total enzyme) with substrate (concentrations from 0-5x 

KM) were carried out at 37oC in 50mM HEPES, 100mM NaCl, pH 7.4, to a total volume 

of 100µL, and were subsequently quenched with 5µL 12% (w/v) trichloroacetic acid.  An 

aliquot of the quenched reaction was then mixed with a molar excess (relative to 

substrate) of OPA reagent and brought to a final volume of 100µL with borate buffer. 

The resulting solutions were analyzed by HPLC using an Agilent ZORBAX Eclipse 

AAA Column (C18 reverse phase, 5µm, 4.6 x 150 mm). All reactions were done at least 

in triplicate and the observed rates were fit to the Michaelis-Menten equation using the 

program Kaleidagraph (Synergy).   
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2.3 RESULTS 

 

Construction and expression of a synthetic hASRGL1 gene  

The human ASRGL1 gene (GenBank accession no: BC093070) contains a number of 

rare E. coli codons such as the L-arginine codons AGA and AGG, whose presence has 

been shown to be detrimental to the expression of several recombinant proteins [148]. To 

circumvent expression problems due to rare codons, a synthetic hASRGL1 fused to a 5’ 

sequence encoding a His6 affinity tag was constructed by PCR gene assembly using 

codon-optimized oligonucleotides. The optimized hASRGL1 gene was expressed in E. 

coli BL21 (DE3) and protein synthesis was confirmed by Western blot analysis with an 

anti-His tag antibody (Figure 2.1). A protein band of the expected M.W. for the full-

length protein (~33 kDa) was detected in both the soluble and insoluble fractions. In 

addition, a lower M.W. band (~18 kDa) was observed in the soluble fraction of the wild-

type enzyme only.  Activity assays using the fluorometric substrate AspAMC indicated 

the presence of L-Asn hydrolytic activity in cells expressing hASRGL1, but not in cells 

expressing hASRGL1-T168A (data not shown).  

 

 

WT! T168A!

S! I! S! I!

precursor!

α!

MW (kDa)!

37!

25!
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Figure 2.1 Western blot analysis of BL21 (DE3) cells expressing human ASRGL1 
(hASRGL1) or hASRGL1-T168A. Samples corresponding to an equal number of cells 
were loaded in each lane. S denotes the soluble whole cell lysate fraction; I denotes the 
insoluble whole cell lysate fraction. 

 

In Vitro Processing  

hASRGL1 purification by immobilized metal ion affinity chromatography (IMAC) 

yielded 30mg/L of protein with a purity > 90% as determined by SDS/PAGE. Incubation 

of purified wild-type enzyme at 37oC over time resulted in a gradual decrease of intensity 

in the band observed at ~33 kDa concomitant with an increase of intensity in the bands 

observed at ~18 kDa and ~15 kDa suggesting either specific proteolysis or intramolecular 

processing (Figure 2.2).  Amino acid sequence alignment with other characterized β-

aspartyl peptidases (Figure 2.3) identified Thr168 as the putative hASRGL1 N-terminal 

nucleophile requisite for the intramolecular processing characteristic of Ntn hydrolases. 

Consistent with this hypothesis, the hASRGL1-T168A variant was not processed to the 

lower M.W. bands as seen in both crude cell lysate and purified enzyme samples 

(Figures 2.1, 2.2). Approximately equivalent intensities of precursor and processed 

subunit gel bands were observed following incubation of hASRGL1 at 37oC for 48 hr, 

however; longer incubation times did not further enhance processing. Similarly, the rate 

of AspAMC hydrolysis by hASRGL1 increased over time following incubation of the 

enzyme at 37oC up to 48 hr, but the rate did not increase appreciably at later times 

(Figure 2.4).  
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Figure 2.2 SDS-PAGE of human ASRGL1 (hASRGL1) and its Thr168Ala point mutant 
(hASRGL1-T168A) following in vitro incubation at 37 _C over time. Samples 
corresponding to an equiva- lent mass of total enzyme were loaded in each lane. 

 

 

 

Figure 2.3 Sequence alignment of human asparaginase-like protein 1 (hASRGL1) with 
plant-type asparaginases. The asterisk indicates the conserved autoproteolytic cleavage 
site and corresponds to residue Thr168 for the hASRGL1 sequence. Residue conservation 
across the alignment is denoted by the degree of shading. The sequences of the plant-type 
asparaginases correspond to the following UniProtKB numbers: E. coli (P37595), L. 
luteus (Q9ZSD6), Ana.7120 (Q8YQB1), and Syn.6803 (P74383). 
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37oC (hr)! 0! 2! 6! 24! 48! 0! 48!
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α !
β  !
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Figure 2.4 Progression of intramolecular processing of human ASRGL1 (hASRGL1) 
following in vitro incubation at 37C as determined by relative AspAMC hydrolysis rate 
over time. At various time points, equivalent aliquots of enzyme were withdrawn and 
analyzed using the fluorometric AspAMC activity assay as described in Experimental 
Procedures with the final time point serving as the maximum rate observed. The 
intramolecular proces- sing reaction as evaluated using this approach exhibited a t1/2 of 20 
+ 3 h to the maximum level of observed in vitro processing. 

 

The mass spectrum of the protein incubated at 37oC for 48 hr contained three prominent 

peaks of molecular masses 33,023 ± 11, 14547 ± 5, and 18495 ± 6 Da corresponding to 

the predicted M.W.s of the precursor enzyme minus the N-terminal methionine residue 

(33,023 Da) and the α (expected mass 18,499 Da) and β (expected mass 14,551Da) 

subunits likely to be generated following intramolecular processing of the precursor at the 

putative Thr168 cleavage site.   
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Kinetic Analysis   

We determined the kinetic parameters of hydrolysis against a variety of potential 

hASRGL1 substrates including L-Asn; the β-aspartyl dipeptides: β-L-Asp-L-Phe, β-L-Asp-

L-Phe-methyl ester, β-L-Asp-L-Ala, β-L-Asp-L-Leu, and β-L-Asp-L-Lys; L-Asp-β-methyl 

ester, and GlcNAc-L-Asn (Table 2.2). The calculation of kcat was based on the 

observation that 50% of the total enzyme used in a given reaction was in the processed 

active form based on gel densitometry analysis.  

 

 

Table 2.2 Summary of kinetic parameters for hASRGL1-catalyzed hydrolysis of various 
substrates. Reactions were all conducted at 37C and pH 7.4. n.d., Not within the detection 
limit. 

The activity profile of hASRGL1 was observed to be very similar to that of enzymes 

designated as isoaspartyl aminopeptidases with secondary L-asparaginase activity [97, 

130] – classified as the β-aspartyl peptidase family (EC 3.4.19.5). The set of 

characterized enzymes in this family display a millimolar KM for L-Asn, but a lower KM 

Substrate kcat (s-1) KM (mM) kcat/KM (mM-1s-1) 
L-Asp !-methyl ester  7.7 ± 0.3 0.4 ± 0.004 21 ± 1.0 

!-L-Asp-L-Phe  3.0 ± 0.1 0.4 ± 0.04 8 ± 1.3 

!-L-Asp-L-Ala 6.0 ± 0.2 1.0 ± 0.1 6 ± 0.8 

!-L-Asp-L-Leu 5.0 ± 0.2 1.2 ± 0.1 4 ± 0.5 

L-Asn 6.9 ± 0.2 3.4 ± 0.3 2 ± 0.3  

!-L-Asp-L-Phe methyl ester 3.5 ± 0.1 1.6 ± 0.2 2 ± 0.3 

!-L-Asp-L-Lys 5.3 ± 0.4 5.2 ± 1.2 1 ± 0.3 

GlcNAc-L-Asn - n.d. - 

L-Gln - n.d. - 
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for a variety of isoaspartyl dipeptides. Moreover, these enzymes are unable to hydrolyze 

GlcNAc-L-Asn and L-Gln, consistent with the results seen for hASRGL1. In contrast, 

bacterial type II L-asparaginases such as the well-studied enzymes from E. coli and Er. 

chrysanthemi, possess a micromolar KM value for L-Asn and relatively little to no activity 

towards β-aspartyl peptides [97, 149]. In addition, hASRGL1 was able to hydrolyze L-

Asp β-methyl ester with a specificity constant greater than those for all other substrates 

tested.   

 

2.4 DISCUSSION 

 

The biochemical and structural features of plant-type asparaginases have only 

begun to be elucidated over the last decade. Many of these enzymes have been shown, or 

strongly suggested, to belong to the N-terminal nucleophile (Ntn) hydrolase superfamily 

[97, 130]. ASRGL1 has been cloned from both rat and human cDNA libraries [136, 138, 

139], and on account of its high sequence homology to a variety of asparaginases and 

AGAs, it was classified as an L-asparaginase, though direct experimental evidence of its 

ability to hydrolyze L-Asn had not been demonstrated.  Previously, ASRGL1 was shown 

to be concentrated in the cytosol and abundantly expressed in the brain, testis, and liver 

[138, 139].  

Western blot, mass spectrometry and mutagenesis analyses revealed that, as its 

sequence homology to plant-type asparaginases implicated, hASRGL1 belongs to the Ntn 

hydrolase family for which Thr168 serves as the critical residue for intramolecular 

processing and catalytic activity.  Kinetic analysis revealed that the enzyme displays both 

L-asparaginase and β-aspartyl peptidase activities, however, fails to hydrolyze either L-
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Gln or GlcNAc-L-Asn, consistent with other characterized plant-type asparaginases [97, 

130].  The kcat/KM values for β-aspartyl peptides containing a hydrophobic amino acid 

were to 2-4-fold higher relative to L-Asn, whereas substitution of a basic amino acid into 

the β-aspartyl position resulted in a 2-fold reduction in kcat/KM, again relative to L-Asn. 

We also found that an L-Asp β-methyl ester is hydrolyzed by this enzyme with a kcat/KM 

that is an order of magnitude higher than that for L-Asn, possibly because methanol is a 

superior leaving group relative to ammonia (L-Asn). Further, we found that the KM value 

for β-L-Asp-L-Phe methyl ester (aspartame) was 4-fold higher relative to that for β-L-Asp-

L-Phe, suggesting the enzyme prefers β-aspartyl dipeptides relative to longer β-aspartyl 

peptides, which may be related to the fact that such dipeptides are released following 

digestion of peptides containing a β-aspartyl linkage by certain carboxypeptidases [150]. 

Given that the kcat/KM values for all the β-aspartyl dipeptides assayed were within 8-fold 

of each other, it appears reasonable to suggest that hASRGL1 is a general β-aspartyl 

dipeptidase, though it is possible that the optimal substrate for this enzyme has not yet 

been identified.   

The human lysosomal AGA is the only other known mammalian enzyme for 

which β-aspartyl peptidase activity had been previously observed [151]. However; the 

reported kcat/KM values of AGA for a variety of such substrates are much lower relative to 

those for hASRGL1.  

In contrast, AGA displays activity towards GlcNAc-L-Asn unlike hASRGL1 and 

other β-aspartyl peptidases.  This difference in catalytic specificity is likely a result of the 

divergence within the active site residues located near the L-Asn side chain moiety [97, 

139] A model of the hASRGL1 structure based on E. coli isoaspartyl aminopeptidase/L-

asparaginase was created from Phyre [152] and aligned to human AGA (PDB: 1APZ; 
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with bound L-Asp) using PyMol [105]. (Figure 2.5).  Thus, while a near exact 

superimposition is observed in residues that bind the common L-aspartyl terminus of the 

substrate, differences are apparent in residues near the product side chain. In this region, 

whereas hASRGL1 predominantly contains Gly residues, human AGA contains Trp34 

and Phe301, which are crucial for the binding of a sugar moiety.  

 

 

Figure 2.5 Predicted human ASRGL1 (hASRGL1) active site overlaid against the human 
aspartylglucosaminidase (AGA) active site. A model of hASRGL1 structure based on E. 
coli isoaspartyl amino- peptidase/L-asparaginase (EcAIII) was obtained from Phyre [152] 
(Job code 45ae21e95bf1f71f, SCOP code c2zakA, E-value of 7.5 x 10-41, identity of 35%, 
estimated precision of 100%) and aligned with human AGA (Protein Data Bank entry 
1APZ, with bound L-aspartate) using PyMol (34). Bound L-Asp is shown as spheres. 
Amino acids conserved between the two structures are colored by CPK and are numbered 
by hASRGL1 sequence (the asterisk indicates the nucleophilic Thr). Amino acids shaded 
green are specific to human AGA, and those shaded orange are specific to hASRGL1.  

 

!"#$%&

"#%$&

'#($&

)*++&

,#%%&
-#((&

,#(%&

.#%(&

,**+&

.**/&

0*$1&

,*$#&

0*$*&

,*$1&

21+#&

,#+&

,##&

314&



46 

The physiological function of β-aspartyl peptidases from plant, cyanobacteria, and 

bacteria has been proposed to be related to the hydrolysis of isoaspartyl peptides [97, 

130]. Formation of isoaspartyl peptide bonds is one of the most common sources of non-

enzymatic protein damage under physiological conditions, as it introduces a kink in the 

protein backbone that can disrupt normal folding, leading to altered susceptibility to 

proteolysis, loss of function, or the potential to elicit autoimmunity [135].  Interestingly, 

the enzyme Protein L-Isoaspartyl Methyltransferase (PIMT, EC 2.1.1.77) was found to 

have a high degree of specificity for L-isoaspartyl residues [153, 154].  PIMT catalyzes 

the S-adenosyl-L-methionine (AdoMet)-dependent methylation of the α-carboxyl of an L-

isoaspartyl site.  Enzymatic methylation is followed by spontaneous ester hydrolysis 

ultimately resulting in a mixture of isoaspartyl (~70%) and aspartyl (~30%) linkages. 

This isoaspartyl product can then re-enter the methylation/demethylation cycle so that 

eventually there is a predominant shift towards the aspartyl linkage product [135]. The 

action of PIMT has fostered the idea that the enzyme serves an important intracellular 

repair function to keep isoaspartyl levels low. However, the methyltransferase activity is 

highly influenced by both the local sequence and solution environment around the 

isoaspartyl modification [155, 156] and thus in some cases, a PIMT-catalyzed isoaspartyl 

repair cannot take place. Presumably, in these situations, the isoaspartyl-containing 

proteins must be degraded, though the proteolytic quality control machinery is comprised 

of α-peptide bond proteases.  Therefore, elimination of the remaining β-aspartyl peptides 

may be carried out by specialized isoaspartyl peptidases – the previously postulated role 

for plant-type asparaginases [130].    

Though PIMT is present in all mammalian tissues examined to date, levels of the 

enzyme are notably higher in the brain and testis similar to the distribution of hASRGL1 
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[138, 139, 157]. While PIMT has been proposed to be important for the repair of 

damaged proteins within mature spermatozoa in the testes, its activity in the brain has 

proven to be crucial through the investigation of PIMT-deficient mice, which 

demonstrated the link between isoaspartate accumulation and neurological abnormalities 

[158-160]. Mammalian β-aspartyl peptidases may play a synergistic role with PIMT in 

these particular tissues, which perhaps possess a critical need for the repair and/or 

degradation of isoaspartyl-damaged proteins. Furthermore, evidence for the existence of 

mammalian β-aspartyl peptidases may corroborate a proposed mechanism through which 

such enzymes could account for the steady state level of isoaspartyl-damaged proteins 

observed in PIMT-deficient mice despite the continuous and spontaneous generation of 

such proteins [161].    
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Chapter 3: Expression, characterization, and identification of cysteines 
critical to the activity of human protein N-terminal asparagine 

amidohydrolase (hNTAN1) 

 

3.1 INTRODUCTION 

Targeted proteolytic degradation is essential for the regulation of a variety of 

cellular processes by achieving the correct balance between protein folding and the 

degradation of misfolded or damaged proteins [162].  In eukaryotes, the ubiquitin (Ub)-

proteasome system (UPS) is the primary pathway for the temporally-controlled 

elimination of targeted proteins and the N-end rule pathway is a subset of this system that 

relates the in vivo half-life of a protein to the identity of its N-terminal residue [163, 164].   

Degradation signals (degrons) that can be targeted by the N-end rule pathway are of two 

discrete subsets: N-terminal degrons (N-degrons) and internal degrons [163, 165]. The 

pathway has been observed in all organisms examined from prokaryotes to eukaryotes, 

though the former exists in a Ub-independent manner [166]. In eukaryotes, an N-degron 

consists of three determinants: a destabilizing N-terminal residue (Figure 3.1), one (or 

more) internal L-Lys residues (the site of poly-Ub chain formation), and a 

conformationally flexible region in the vicinity of this internal L-Lys [167, 168]. An N-

degron can be generated from a precursor, called a pre-N-degron, through specific 

protease-mediated post-translational modifications [169].  

The N-end rule has a hierarchic structure (Figure 3.1). In eukaryotes, N-terminal 

L-Asn and L-Gln function as tertiary destabilizing residues through their deamidation by 

N-terminal amidohydrolases (Nt-amidases) into the secondary destabilizing N-terminal 

residues L-Asp and L-Glu, respectively [170-172]. The secondary destabilizing activity of 
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N-terminal L-Asp and L-Glu requires their conjugation to L-Arg by the ATE1-encoded 

Arg-tRNA protein transferase (R-transferase) [173-175]. In mammals and other 

eukaryotes that produce nitric oxide (NO), N-terminal L-Cys can also function as a 

tertiary destabilizing residue through its oxidation to Cys-sulfinate or Cys-sulfonate in an 

O2- or NO-dependent manner, whereby the oxidized L-Cys can be arginylated by ATE1 

[169, 174]. Together with other primary destabilizing residues, the N-terminal L-Arg 

allows for protein substrate recognition by specific E3 Ub ligases and subsequent 

degradation [176].  
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Figure 3.1 The Mammalian N-end rule pathway.  N-terminal residues are indicated by 
single-letter abbreviations. Green boxes denote the remainder of the protein substrate. C* 
denotes oxidized N-terminal L-Cys (either Cys-sulfinate or Cys-sulfonate). The Cys 
oxidation requires nitric oxide (NO) and oxygen or its derivatives. “Tertiary”, 
“secondary”, and “primary” denote mechanistically distinct subsets of destabilizing N-
terminal residues (See “Introduction”). The enlarged and blue-colored “NTAN1” denotes 
the N-terminal asparagine amidohydrolase characterized in this chapter.  

A number of genetic studies with knock-out mice have implicated involvement of the N-

end rule pathway in cardiac development and signaling, angiogenesis [173, 177], meiosis 

[178], DNA repair [179], neurogenesis [177], pancreatic functions [180], learning and 

memory [171, 181], female development [178], muscle atrophy [182], and olfaction 

[183]. Other functions of the pathway include: (i) selective degradation of misfolded 

proteins [184], (ii) sensing of nitric oxide, oxygen, and heme [173-175, 185], (iii) 

regulation of short peptide import [186, 187], (iv) fidelity of chromosome segregation 

[188], (v) regulation of apoptosis [189], and (vi) regulation of leaf senescence in plants 

[190].  

In contrast to Saccharomyces cerevisiae which possesses a single enzyme (Nta1) 

that can deamidate either L-Asn or L-Gln at the N-terminus of a protein substrate [170], 

vertebrates possess one distinct enzyme for the specific deamidation of N-terminal L-Asn 

(NTAN1) and one for the specific deamidation of N-terminal L-Gln (NTAQ1) [172]. 

Previously, NTAN1-deficient mice were reported to be impaired in spontaneous activity, 

spatial memory, and a socially conditioned exploratory behavior [171]. However, the 

underlying molecular mechanisms explaining these behavioral profiles have not yet been 

determined.   

NTAN1 has been previously purified from porcine liver through an 8-step 

purification [191] and the Ntan1 gene has been cloned from a mouse cDNA library and 

then evaluated for activity complementation in S. cerevisiae Δnta1 [192]. Herein, we 
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describe the optimization of bacterial expression and subsequent biochemical 

characterization of the human NTAN1 (hNTAN1), which to the best of our knowledge 

represents the first example of bacterial recombinant expression of a mammalian N-end 

rule enzyme. The sequence of hNTAN1 is highly conserved among vertebrates, but is 

dissimilar to other amidases, including both Nta1 and NTAQ1, and shows no significant 

sequence similarity to any entries in the protein data bank. Similar to Nta1 and NTAQ1, 

we demonstrate that hNTAN1 catalysis is dependent upon involvement of a thiol group 

and we identify an essential Cys residue that is implicated to act as a nucleophile in 

catalysis. Further, we describe the first analysis of hNTAN1 kinetics, secondary structure 

composition, thermal stability, and reveal that hNTAN1 activity appears to be dependent 

upon exposure of a strictly conserved Pro2 following methionine aminopeptidase (MAP) 

cleavage of the initiation L-Met.  

 

3.2 MATERIALS AND METHODS 

 

Materials 

Synthetic oligonucleotides were purchased from Integrated DNA Technologies 

(Coralvillle, IA). Restriction enodnucleases, Vent DNA polymerase, T4 DNA ligase, and 

dNTPs were from New England Biolabs (Ipswich, MA). Nickel-nitrilotriacetic acid 

(Ni2+-NTA) resin was from QIAGEN (Valencia, CA).  Strep-Tactin Superflow high 

capacity suspension and D-Desthiobiotin were obtained from IBA GmbH (St. Louis, 

MO). Anti-FLAG M2 magnetic beads, FLAG peptide, Val5-angiotensin II (AII), and 

Asn1Val5-angiotensin II (N1-AII) were purchased from Sigma-Aldrich (St. Louis, MO).  

Gln1Val5-angiotensin II (Q1-AII) and Ac-Asn1Val5-angiontensin-II (Ac-N1-AII) were 
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purchased from Abgent Inc. (San Diego, CA). Difco 2xYT growth medium was from 

Becton Dickinson (Franklin Lakes, NJ). All other reagents were obtained from Sigma-

Aldrich (St. Louis, MO) unless otherwise noted. 

 

Construction of hNTAN1 Expression Plasmids 

A gene encoding the human protein N-terminal asparagine amidohydrolase (hNTAN1) 

(933bp) with a fused N-terminal His6 affinity tag was synthetically assembled using a set 

of codon-optimized overlapping oligonucleotides designed by the program DNAWorks 

as described previously [98]. NcoI and EcoRI restriction sites were incorporated into the 

outermost sense and antisense oligonucleotides respectively.  Additional sense primers 

(Table 3.1) were designed to: (i) introduce the hNTAN1 initiation codon within an NcoI 

site thereby eliminating the N-terminal His6 affinity tag (NTAN-N-NoHis) and (ii) 

modify the ribosome binding site (RBS) and incorporate an upstream XbaI site in order to 

improve the translation initiation rate of hNTAN1 in E. coli (NTAN-RBS2). Additional 

antisense primers were designed to append a C-terminal His6 affinity tag (NTAN-C-H), a 

C-terminal strepII affinity tag (NTAN-C-SII), and a C-terminal FLAG-strepII tandem 

affinity tag (NTAN-C-FSII), all followed by a NotI site. Lastly, a sense primer (NTAN-

MP-RBS2) was designed to eliminate the GGA codon immediately following the 

initiation ATG (within an NcoI site) that was incorporated to maintain a correct open 

reading frame in the cassettes described above.  Individual PCR products for each 

cassette were digested accordingly and ligated into pET28-a (Novagen). The RBS and the 

N- and C-terminal amino acid sequences of each hNTAN1 construct created are listed in 

Table 3.2. Plasmids were sequenced and ultimately transformed into E. coli BL21 (DE3) 

for expression analysis. The cassettes for six additional single hNTAN1 point mutant 
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variants, Cys75Ala, Cys75Ser, Cys75Thr, Cys89Ala, Cys93Ala, and Cys160Ala, were 

constructed by overlap-extension PCR using pNTAN2FLAGSII plasmid as template and 

the primer pairs shown in Table 3.1.  

 

 

Table 3.1 Summary of primers used for construction hNTAN1 plasmids. 

 

 

 

Primer Name! Nucleotide Sequence (5ʼ ! 3ʼ)!

NTAN-N-NoHis! CATGCATGCCATGGGACCTCTTTTAGTGGAAGGCCGTCGTGTGCGTCTGCCGCGTAGCGC!

NTAN-RBS2! CCCCTCTAGAAATAATTTTGTTTAACTTTAAGAACAATAATAAGGAGATAA!
GAAATGGGACCTCTTTTAGTGGAAGGCCGTCGTGTG!

NTAN-C-H! TTTTCCTTTTGCGGCCGCTTATTAATGATGATGGTGGTGATGGCTGGAG!
CCTCCGCTACCCGGGCTGCTAATTTTTTCCCACAGACC!

NTAN-C-SII! TTTTCCTTTTGCGGCCGCTTATTATTTTTCAAACTGCGGATGGCTCCAC!
GCGCTGCTACCCGGGCTGCTAATTTTTTCCCACAGACC!

NTAN-C-FSII! TTTTCCTTTTGCGGCCGCTTATTATTTTTCAAACTGCGGATGGCTCCACGCGCTCTTGTC!
GTCATCGTCTTTGTAATCGCTACCGCCACCGCTACCCGGGCTGCTAATTTTTTCCCACAGACC!

NTAN-MP-RBS2! CCCCTCTAGAAATAATTTTGTTTAACTTTAAGAACAATAATAAGGAGATAAGAAA!
TGCCTCTTTTAGTGGAAGGCCGTCGTGTG!

NTAN-75AFor! AGCATCCTGGGCAGCGATGATGCCACCACCGCGCATATTGTGGTCTTACGGCACACCGGC!

NTAN-75ARev! GCCGGTGTGCCGTAAGACCACAATATGCGCGGTGGTGGCATCATCGCTGCCCAGGATGCT!

NTAN-75SFor! AGCATCCTGGGCAGCGATGATGCCACCACCAGCCATATTGTGGTCTTACGGCACACCGGC!

NTAN-75SRev! GCCGGTGTGCCGTAAGACCACAATATGGCTGGTGGTGGCATCATCGCTGCCCAGGATGCT!

NTAN-75TFor! AGCATCCTGGGCAGCGATGATGCCACCACCACCCATATTGTGGTCTTACGGCACACCGGC!

NTAN-75TRev! GCCGGTGTGCCGTAAGACCACAATATGGGTGGTGGTGGCATCATCGCTGCCCAGGATGCT!

NTAN-89AFor! GTCTTACGGCACACCGGCAACGGCGCGACCGCGTTAACCCATTGCGATGGGACCGATACC!

NTAN-89ARev! GGTATCGGTCCCATCGCAATGGGTTAACGCGGTCGCGCCGTTGCCGGTGTGCCGTAAGAC!

NTAN-C93AFor! GGCAACGGCGCGACCTGCTTAACCCATGCGGATGGGACCGATACCAAAGCGGAAGTCCCG!

NTAN-C93ARev! CGGGACTTCCGCTTTGGTATCGGTCCCATCCGCATGGGTTAAGCAGGTCGCGCCGTTGCC!

NTAN-C160AFor! GAAGACGATATTCACCTGGTGACCCTGGCGGTGACCGAACTGAACGACCGCGAAGAAAAC!

NTAN-C160Arev! GTTTTCTTCGCGGTCGTTCAGTTCGGTCACCGCCAGGGTCACCAGGTGAATATCGTCTTC!
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Table 3.2 hNTAN1 constructs and their relevant expression characteristics in E. coli 
BL21 (DE3). The sequences of the sense and antisense primers used for the modified 
termini and RBS are found in Table 3.1. The resultant amino acid sequences are shown 
where residues following the ellipsis are indicative of the C-terminus of the sequence. 
The purity of hNTAN1 was estimated by SDS-PAGE, where band intensity was 
estimated by densitometry imaging (Quantity 1, BioRad). a Trace activity could be 
detected for His6-hNTAN1 through the addition of final purified product (~10µg total 
protein) to 1mM N1-AII for 90 min at 37oC in 50mM Tris-HCl, 150mM NaCl, pH 7.5. 
Reactions were quenched with 12% TCA (w/v) and then evaluated by HPLC for the 
presence of a peak corresponding to the expected product AII. For all other constructs, 
the presence of hNTAN1 activity could be detected through the addition of final purified 
product (10-100ng total protein) to 100µM N1-AII for 1 min at 37oC in the same buffer 
and evaluated similarly. b Binding capacity of strep-tactin superflow high capacity resin is 
reported  by manufacturer as 3-15mg per 2mL 50% resin suspension. .c Binding capacity 
of anti-FLAG M2 magnetic beads is reported by manufacturer as ~60µg/100µL packed 
gel volume.  

Expression and purification of recombinant hNTAN1 

E. coli BL21(DE3) cells were cultured overnight at 37oC in 2xYT medium supplemented 

with 30µg/mL kanamycin and used to inoculate 500mL fresh medium (1:100 dilution). 

When the absorbance at 600nm (A600) reached 0.5-0.7, the cells were transferred to 25oC 

and allowed to equilibrate for 20 min, at which point the culture was supplemented with 

IPTG to a final concentration of 1mM to induce protein expression. After 16 hr 

Plasmid! RBS! Amino Acid Sequence!
Yield !

(mg/L)!
hNTAN1 
Purity!

pHisNTAN a! AAGGAGA! MGGSSHHHHHHSSGPLLV…SGPS! 2! 30 %!

pNTANHis! AAGGAGA! MGPLLV…SGPSGGSSHHHHHH! 2! 30 %!

pR1NTANSII! AAGGAGA! MGPLLV…SPGSSAWSHPQFEK! 1 b! 30 %!

pR2NTANSII! AACAATAATAAGGAGAT
AAGAA ! MGPLLV…SPGSSAWSHPQFEK! 1! 70 %!

pNTANFLAGSII! AACAATAATAAGGAGAT
AAGAA!

MGPLLV…
SPGSGGGSDYKDDDDKSAWSHPQ

FEK!
0.2 c! >  98%!

pNTAN2FLAGSII! AACAATAATAAGGAGAT
AAGAA!

MPLLV…
SPGSGGGSDYKDDDDKSAWSHPQ

FEK!
0.2! >  98 %!
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incubation at 25oC, the cells were harvested by centrifugation at 10,000xg for 10 min. 

Subsequent purification steps were dependent upon the affinity tag used for a particular 

protein preparation and are described as follows.  

 

 

 

 

(i) His6 affinity tag purification 

 

The cell pellet was resuspended in binding buffer (50mM Tris-HCl, 150mM NaCl, 

10mM imidazole, pH 8) and placed on ice. The cells were then lysed by three passes 

through a French pressure cell and subsequently pelleted at 40,000xg for 45 min. The 

resulting supernatant (soluble fraction) was decanted, diluted 1:1 in binding buffer and 

mixed with 1mL of pre-equilibrated Ni2+-NTA resin. Following incubation for 90 min at 

4oC with gentle rotation, the solution was applied to a 5mL polypropylene column 

(Pierce). The resin was washed with 25 bed volumes binding buffer and 25 bed volumes 

wash buffer (binding buffer with 25mM imidazole) before the resin was incubated with 

4mL elution buffer (binding buffer with 250mM imidazole) 10 min and collected drop-

wise. All purification steps were performed at 4oC. The elution fraction was applied to an 

Amicon Ultra 10K MWCO filter, buffer exchanged against storage buffer (50mM Tris-

HCl, 150mM NaCl, 1mM EDTA, 0.5mM dTT pH 7.5) and stored at 4oC.  

 

(ii) Strep-II affinity tag purification 
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The cell pellet was resuspended in 15mL buffer W (100mM Tris-HCl, 150mM NaCl, 

1mM EDTA, pH 8) and placed on ice. The cells were then lysed by three passes through 

a French pressure cell and subsequently pelleted at 40,000xg for 45 min. The resulting 

supernatant (soluble fraction) was decanted and applied to a 5mL polypropylene column 

(Pierce) that had been prepared as described elsewhere [193] with 300µL strep-tactin 

superflow high capacity resin. The column flow through was collected and re-applied to 

the column for 3 total passes.  The resin was then washed with 30 bed volumes buffer W 

and 10 bed volumes buffer W2 (buffer W containing 100µM D-Desthiobiotin) before the 

resin was incubated with 10 bed volumes buffer E (buffer W containing 2.5mM D-

Desthiobiotin) and collected drop-wise. All purification steps were performed at 4oC. The 

elution fraction was applied to an Amicon Ultra 10K MWCO filter, buffer exchanged 

against storage buffer and stored at 4oC.  

 

(iii) FLAG-Strep-II tandem affinity tag purification 

 

Steps were followed as for (ii) through the collection of eluant with buffer E, at which 

point the elution fraction was applied to an Amicon Ultra 10K MWCO filter, 

concentrated to a final volume of 1mL in buffer W, and then incubated with 200µL anti-

FLAG M2 magnetic beads (prepared according to the manufacturer’s instructions) for 1 

hr at room temperature with gentle rotation. The magnetic beads were then collected 

using a magnetic separator to remove the supernatant, and washed with 30 bed volumes 

buffer W before the purified protein was collected by competitive elution with 5 bed 

volumes of buffer W containing 100µg/mL FLAG peptide by gentle rotation for 10 min 

at room temperature. The final eluant was applied to an Amicon Ultra 10K MWCO filter, 
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concentrated to a final volume of 100µL in storage buffer and stored at 4oC. The 

expression and purity of hNTAN1 was evaluated by SDS-PAGE. Protein concentrations 

were determined using a calculated extinction coefficient of 32,430 M-1cm-1 [141].  

 

Activity assay 

For kinetic analyses, reactions of hNTAN1 (40-50nM purified enzyme) with substrate 

(concentrations from 0-5 x KM) were carried out at 37oC in activity buffer (50mM Tris-

HCl, 150mM NaCl, pH 7.5) to a total volume of 100µL, and were subsequently quenched 

with 5µL 12% (w/v) trichloroacetic acid (TCA). For reactions with the substrate 

Asn1Val5-angiotensin II (N1-AII), an aliquot of the quenched reaction was brought to a 

final volume of 100µL with activity buffer and then analyzed by HPLC on a Phenomenex 

C18 reverse-phase column using the following gradient: 5% ACN, 95% H2O for 2 min, 

increasing to 21% ACN, 79% H2O over 5 min, then increasing to 24.7% ACN, 75.3% 

H2O over 8 min, and finally increasing to 95% ACN, 5% H2O over 10 min before 

returning to 5% ACN, 95% H2O over 3 min. Both solvents contained 0.1% trifluoroacetic 

acid (TFA). The product concentration was determined using the integration area at 

280nm and a standard curve generated under the same conditions with Val5-angiotensin 

II (AII).  For the substrates L-Asn and L-Gln, quenched reactions were evaluated by o-

phthalaldehyde (OPA)-derivitization and HPLC analysis as described previously [98]. All 

reactions were done at least in triplicate and the observed rates were fit to the Michaelis-

Menten equation using the program Kaleidagraph (Synergy).  

 

Effect of pH on catalysis 
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The effect of pH on hNTAN1 activity was determined using 50mM Bis-Tris, pH 6.0-6.5, 

50mM Tris-HCl, pH 7.0-8.5, and 50mM CAPSO, pH 10. All buffers contained 150mM 

NaCl. Enzyme was incubated at 25oC for 1.5 min in a buffer of interest and reactions 

were then initiated by the addition of preincubated enzyme (1nM) to 25µM N1-AII at 

37oC in the same buffer. Reactions were carried out for 1.5 min and then quenched and 

analyzed by HPLC as described earlier. 

 

Effect of metals, EDTA, D-desthiobiotin and iodoacetamide on hNTAN1 

The effects of various divalent salts, EDTA, D-desthiobiotin and the alkylating agent 

iodoacetamide on hNTAN1 activity were determined in activity buffer. Enzyme (20nM) 

was incubated at 4oC for 3 hr with either iodoacetamide (0-50mM), EDTA (1mM), D-

desthiobiotin (3mM), or a divalent salt (1mM) and reactions were then initiated by the 

addition of the preincubated enzyme (1nM) to 100µM N1-AII in 50mM Tris-HCl, 

150mM NaCl, pH 7.5 at 37oC. Reactions were carried out for 4 min and then quenched 

and analyzed by HPLC as described earlier.  

 

Circular Dichroism (CD) Spectra and TM measurements 

CD spectra were measured at 200-260nm using a Jasco J-815 CD spectrometer equipped 

with a temperature-controlled cell holder set to room temperature. Results were generated 

using equimolar amounts (15µM) of each enzyme in 50mM Tris-HCl, 150mM NaCl, 

1mM EDTA, 0.5mM dTT, pH 7.5 of purified hNTAN1-FLAG-strepII variants and the 

CD spectra obtained were representative of 3 accumulations at each wavelength at a 

scanning speed of 100nm/min. For determination of thermal stability, CD signal (in 

mdeg) was monitored at 200-260nm as temperature was increased from 20oC to 80oC at a 
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rate of 1oC/min. Points were collected at 5oC intervals and reflect three accumulations at 

each temperature. The data were then fit to sigmoidal curves using Kaliedagraph and the 

melting temperature (TM) was designated as the temperature corresponding to the 

inflection point of the fitted curve.  

 

3.3 RESULTS 

 

Construction of a synthetic hNTAN1 gene  

The human NTAN1 gene (GenBank accession no: NM_173474) contains a number of 

rare E. coli codons, including 13 such L-Arg codons (AGA, AGG, and CGA), whose 

presence has been shown to be detrimental to the expression of several recombinant 

proteins [194]. To avoid expression problems owing to rare codons, PCR gene assembly 

using codon-optimized oligonucleotides was employed to construct a synthetic hNTAN1 

fused to a 5’ sequence encoding a His6 affinity tag. The optimized hNTAN1 gene was 

expressed in E. coli BL21 (DE3) and protein synthesis was confirmed by Western blot 

analysis with an anti-His tag antibody as described previously [142]. A protein band of 

the expected M.W. for the full-length protein (~35kDa) was detected in both the soluble 

and insoluble fractions (Figure 3.2). However, purified His6-hNTAN1 was found to be 

minimally active towards the substrate N1-AII (Table 3.2).  
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Figure 3.2 Western blot analysis of purified hNTAN1 expressed with N-terminal His6 
affinity tag. Samples corresponding to an equal number of cells were loaded in each lane. 
Western blotting was done using mouse monoclonal anti-polyhistidine peroxidase. S, 
soluble whole cell lysate fraction; I, insoluble whole cell lysate fraction 

Optimization of expression plasmid 

The plasmid pNTANHis was constructed to determine whether His6-hNTAN1 inactivity 

resulted from the deleterious encoding of additional amino acids upstream of the native 

N-terminus of the enzyme. Despite both low expression yield and purity (Figure 3.3), 

recombinant hNTAN1-His6 displayed much greater activity towards the substrate N1-AII. 

Further characterization of hNTAN1-His6 showed that a number of divalent metals, 

including Ni2+ and Co2+, at least partially inhibited enzymatic activity.  Thus, to afford a 

means of protein purification that was not dependent on immobilized metal ion affinity 

chromatography (IMAC), we replaced the His6 affinity tag with a C-terminal strep-II 

affinity tag (pR1NTANSII) whereby EDTA was present throughout purification and 

gentle elution of recombinant hNTAN1-strepII was accomplished using low 

concentrations of D-Desthiobiotin at physiological pH. Although hNTAN1-strepII 

retained the previously observed activity, its expression yield and purity remained 

comparable to those observed for the IMAC-purified versions of the enzyme (Table 3.2).  

 

37!

25!

MW (kDa)!S! I!
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Figure 3.3 SDS-PAGE analysis of purified hNTAN1 expressed with C-terminal His6 
affinity tag. 1: Final product following recombinant expression and purification from 
construct pNTANHis. Arrow denotes NTAN1 band which was equivalent to ~30% of 
total protein in the lane as determined by band densitometry. 2: M.W. marker.  

To improve expression yield, we utilized an RBS calculator [195] to engineer an 

optimized RBS designed to improve the translation initiation rate of the synthetic 

hNTAN1 coding sequence in E. coli. Upon expression of hNTAN1-strepII using the 

engineered RBS (pR2NTANSII) shown in Table 3.2, we saw a 2-3-fold increase in 

hNTAN1 yield and concomitantly improved hNTAN1 purity equivalent to 70% of total 

purified protein (Figure 3.4), representing over a 2-fold increase in purity relative to the 

previous constructs. To further improve purity, we constructed a C-terminal FLAG-

strepII tandem affinity tag (pNTANFLAGSII) for which gentle elution of FLAG-bound 

enzyme was achieved by competitive FLAG peptide binding at physiological pH.  The 

tandem affinity tag increased purity of recombinant hNTAN1 to near homogeneity, as 

determined by SDS-PAGE (Figure 3.5), without significantly sacrificing the yield 

obtained from the single tag purification strategies.    

 

1! 2!
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50!
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Figure 3.4 SDS-PAGE analysis of purified hNTAN1 expressed with engineered RBS and 
C-terminal strep-II affinity tag. 1: Final product following recombinant expression and 
purification from construct pR2NTANSII. Arrow denotes NTAN1 band which was 
equivalent to ~70% of total protein in the lane as determined by band densitometry. 2: 
M.W. marker.  

 

 

Figure 3.5 SDS-PAGE analysis of purified hNTAN1 expressed with engineered RBS and 
tandem C-terminal FLAG-strepII affinity tag. 1: Final product following recombinant 
expression and purification from construct pNTANFLAGSII. Equivalent homogeneity 
was observed from the modified construct pNTAN2FLAGSII. 2: M.W. marker.  

 

 

 

1! 2! MW (k
Da)!

75!

50!

37!

25!
20!



63 

ESI-MS analysis of hNTAN1  

The mass spectrum of purified hNTAN1-FLAG-strepII contained two prominent peaks of 

molecular masses 37208 + 12 and 37020 + 12 (Figure 3.6A), corresponding to the 

predicted molecular weights of the encoded enzyme (37,214 Da) and the enzyme minus 

the N-terminal Met and Gly residues (37,026 Da) respectively. Though E. coli 

methionine aminopeptidase (MAP) is highly efficient when Gly occupies P1’ of a protein 

substrate, its catalytic efficiency is severely compromised when Pro occupies P2’ of that 

same substrate [196]. Therefore, incorporation of the non-native encoded Gly2 during 

assembly of the synthetic hNTAN1 gene appeared to hinder MAP processing, resulting in 

a ~3:1 ratio of unprocessed to processed enzyme despite overnight protein induction. As 

described in the next section, failure to expose the native NTAN1 Pro2 upon MAP 

processing may compromise hNTAN1 activity, further implicating the sensitivity of the 

hNTAN1 N-terminus initially seen in analysis of His6-hNTAN1. To obtain pure MAP-

processed hNTAN1, a modified construct was created (pNTAN2FLAGSII) in which the 

artificial Gly2 was eliminated. It is worth noting that E. coli MAP is highly efficient 

against substrates in which Pro occupies P1’ and Leu occupies P2’ [196] given that the 

native NTAN1 contains Pro2 and Leu3. The mass spectrum of the modified enzyme 

ultimately contained the 1 expected prominent peak of molecular mass 37022 + 12 

(Figure 3.6B). Therefore, the construct pNTAN2FLAGSII was used for all extensive 

biochemical characterization of hNTAN1 described.  
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(A) 

 

  

 

(B)  

 

 

Figure 3.6 Deconvoluted ESI-MS spectra of hNTAN1. (A) Wild-type hNTAN1 with C-
terminal FLAG-strepII tandem affinity tag and containing non-native Gly2. (B) Wild-
type hNTAN1 with C-terminal FLAG-strepII tandem affinity tag without non-native 
Gly2. The peak at mass 37208 corresponds to newly synthesized full-length protein 
following removal of the formyl group from the initiation Met. The peaks at masses 
37020 (and 37022) correspond to the MAP-processed protein with Pro2 of the native 
NTAN1 sequence at the N-terminus.  
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Characterization of hNTAN1 activity  

We obtained the hNTAN1 kinetic parameters of hydrolysis against the substrate N1-AII 

using purified hNTAN1-FLAG-strepII preparations from both pNTANFLAGSII and 

pNTAN2FLAGSII (Table 3.3).  Although the KM was essentially equivalent between the 

two enzymes, the hNTAN1 lacking the artificial Gly2 exhibited a nearly 3-fold higher kcat 

When taken with the mass spectra of each preparation described in the previous section, 

it appeared that the action of MAP to expose the strictly conserved NTAN1 Pro2 (Figure 

3.7) at the N-terminus may be important for activity.  Moreover, hNTAN1 was unable to 

hydrolyze Q1-AII, Ac-N1-AII, L-Asn, and L-Gln, consistent with results previously 

described for NTAN1 purified from porcine liver [191].   

 

 

Table 3.3 Kinetic parameters of hNTAN1 against the substrate N1-AII. Kinetic 
parameters were derived from nonlinear fit of the Michaelis-Menten equation to initial 
rate measurements. Reactions were carried out at 37oC in 50mM Tris-HCl, 150mM NaCl, 
pH 7.5. The parenthetical in the enzyme column depicts whether the enzyme contained a 
non-native encoded Gly2. 

 

Enzyme! KM (μM)! kcat (s-1)! kcat/KM (M-1s-1)!

hNTAN1 (+Gly2)! 31 ± 4.4! 2.3 ± 0.07! 7.4 ± 1.1 x 104!

hNTAN1 (-Gly 2)! 35 ± 3! 6.6 ± 0.13! 1.9 ± 0.17 x 105!
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Figure 3.7 Sequence alignment of NTAN1 from various vertebrates. A multiple sequence 
alignment identified a strictly conserved Pro residue at position 2 among NTAN1 
homologues, which is shown as boxed. Deduced amino acid sequences of the 7 NTAN1 
homologues were aligned with the Geneious software. Residue numbering corresponds to 
the H. sapien NTAN1. The abbreviations are for the following organisms and 
corresponding UniProtKB numbers: Homo sapien – Q96AB6, Rattus norvegicus – 
Q5BK79, Mus musculus – Q64311, Sus scrofa – Q28955 Xenopus laevis – Q5BJ36, 
Salmo salar – B5X7Q7, Oncorhynchus mykiss – C1BHX6. 

Effect of pH on hNTAN1 activity 

The effect of pH on hNTAN1 activity against the substrate N1-AII at a single 

concentration (approximately equivalent to the calculated KM at pH 7.5) is shown in 

Figure 3.8. The pH-dependence of porcine NTAN1 activity performed under similar 

buffer conditions previously had revealed a general lack of effect of pH on catalytic 

activity over the range 6-8 using the same N1-AII substrate [191]. Here, we observe a 

similar broad activity optimum over pH 6.0-7.5, followed by a sharp decline in activity at 

alkaline pH. This approximation of the pH dependence on hNTAN1 activity suggests that 

the ionization state of a single group within the enzyme is crucial for catalysis, resulting 

in a pH-dependence curve with a single descending limb pKa of 8.2 ± 0.06.  

 

H. sapien!
R. norvegicus!
M. musculus!
S. scrofa!
X. laevis!
S. salar!
O. mykiss!

1!
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Figure 3.7 Effect of pH on hNTAN1 activity. Enzyme (20nM) was incubated at 25oC for 
1.5 min in the buffer of interest and reactions were initiated by the addition of the 
preincubated enzyme to 25µM N1-AII at 37oC in the identical buffer. Reactions were 
carried out for 1.5 min and then quenched and analyzed by HPLC. Activity was evaluated 
as the initial velocity of the reaction (as calculated using the area of the AII product peak) 
normalized by the enzyme concentration for each pH condition. All reactions were done 
in triplicate. Buffers used were 50mM Bis-Tris, pH 6.0-6.5, 50mM Tris, pH 7.0-8.5, and 
50mM CAPSO, pH 10. All buffers contained 150mM NaCl.  

 

Effect of metals, EDTA, D-desthiobiotin and iodoacetamide on hNTAN1activity 

As summarized in Table 3.4, Zn2+ and Cu2+ were able to completely inhibit hNTAN1 

activity, while Ni2+, Co2+, and Mn2+, present at a final concentration of 50µM, only 

partially inhibited the enzyme. Conversely, Mg2+, Ca2+, EDTA, and D-desthiobiotin did 

not impart any noticeable effects on activity. Further, hNTAN1 activity gradually 

decreased to the point of complete abolishment upon incubation with increasing 

concentrations of the alkylating agent iodoacetamide (Figure 3.8).  
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Table 3.4 Effects of divalent metals, EDTA, and D-desthiobiotin on hNTAN1 activity. 
Enzyme (20nM) was incubated at 4oC for 3 hr with either EDTA (1mM), D-desthiobiotin 
(3mM), or a divalent salt (1mM) and reactions were then initiated by the addition of the 
preincubated enzyme (1nM) to 100µM N1-AII at 37oC in 50mM Tris-HCl, 150mM NaCl, 
pH 7.5. Reactions were carried out for 4 min and then quenched and analyzed by HPLC. 
Activity reported is relative to the AII peak area generated from enzyme preincubated in 
buffer only. aArea of the AII peak was less than or equal to that observed in an HPLC 
trace of N1-AII only at the equivalent reaction concentration.  

 

 

 

Effector! % Activity Remaining!

MgCl2! 100!

CaCl2! 100!

CoCl2! 58 ± 2.8!

MnSO4! 40 ±14!

NiSO4! 39 ± 4.2!

CuCl2!   0 a!

ZnSO4! 0!

EDTA! 100!

D-desthiobiotin! 100!
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Figure 3.8 Effect of iodoacetamide on hNTAN1 activity. Enzyme (20nM) was incubated 
at 4oC for 3 hr with varying concentrations (0-50mM) of iodoacetamide and reactions 
were then initiated by the addition of the preincubated enzyme to 100µM N1-AII at 37oC 
in 50mM Tris-HCl, 150mM NaCl, pH 7.5. Reactions were carried out for 4 min and then 
quenched and analyzed by HPLC. Activity reported is relative to the AII peak area 
generated from enzyme preincubated in buffer only. Data was fit to follow an exponential 
decay. 

Identification of critical Cys residues for hNTAN1 activity 

The elimination of hNTAN1 activity upon incubation with high concentrations of 

iodoacetamide led to the presumption that the enzyme utilizes a nucleophilic Cys, which 

to date had not been suggested or identified in any mammalian NTAN1. Homology 

modeling with six additional vertebrate NTAN1 sequences revealed 4 strictly conserved 

Cys residues, which we then targeted for individual Cys to Ala hNTAN1 point mutations 

(Figure 3.9).  While the variants Cys89Ala and Cys160Ala displayed activity equivalent 

to wild-type, the Cys93Ala variant exhibited ~40% loss in activity relative to wild-type, 

and the Cys75Ala variant was completely inactive (Table 3.5). This result implicates 

Cys75 as an essential residue, and further, as a potential catalytic nucleophile, which 

would be consistent with results demonstrated previously for both Nta1 [192] and 

NTAQ1 [172]. Moreover, enzymatic activity could not be reconstituted in either 

Cys75Ser or Cys75Thr variants, suggesting strict residue inflexibility at the position with 

respect to catalysis.  
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Figure 3.9 Sequence alignment of NTAN1 from various vertebrates. A multiple sequence 
alignment identified 4 conserved Cys residues among NTAN1 homologues, which are 
shown as boxed. Residue numbers shown correspond to the human sequence. Deduced 
amino acid sequences of the 7 NTAN1 homologues were aligned with the Geneious 
software. Residue numbering corresponds to the H. sapien NTAN1. The abbreviations 
are for the following organisms and corresponding UniProtKB numbers: Homo sapien – 
Q96AB6, Rattus norvegicus – Q5BK79, Mus musculus – Q64311, Sus scrofa – Q28955 
Xenopus laevis – Q5BJ36, Salmo salar – B5X7Q7, Oncorhynchus mykiss – C1BHX6. 

 

 

 

Table 3.5 Relative activity of hNTAN1 variants. Reactions of enzyme (40-50nM) with 
100µM N1-AII were carried out at 37oC for 1 min in 50mM Tris-HCl, 150mM NaCl, pH 
7.5. Reactions were quenched and analyzed by HPLC. Activity reported is relative to the 
AII peak area generated by the wild-type (WT) enzyme. aArea of AII peak was less than 
or equal to that observed in an HPLC trace of N1-AII only at the equivalent reaction 
concentration.  
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Circular Dichroism (CD) of select hNTAN1 variants 

CD spectra were used to detect whether amino acid point mutations that had either 

compromised (Cys93Ala) or abolished (Cys75Ala) hNTAN1 activity caused changes in 

either protein secondary structure and/or thermal stability relative to the wild-type 

enzyme.  Secondary structure evaluation was done using the Jasco software. Analysis of 

the wild-type hNTAN1 CD spectra revealed a secondary structure composition that was 

28.5% helical, 22.7% sheet, 19.1% turn, and 29.8% random. This result is the first 

describing any exploration into the higher order structure of eukaryotic NTAN1. The 

mutation Cys75Ala resulted in no obvious change in CD spectra (Figure 3.10A), further 

supporting that the inactivity of this variant was strictly due to the removal of the 

potentially nucleophilic thiol group and not to changes in folding. In contrast, the 

Cys93Ala variant resulted in a large decrease in helical structure (from 28.5% to 16.2%) 

(Figure 3.10B) denoting that this conserved Cys is likely involved in proper folding, and 

also providing a rationale for the reduced activity of this variant.  

 

 

 

 

 

 

 

 

 

 



72 

(A) 

 

(B) 

 

 

Figure 3.10 Circular dichroism analysis of wild-type, Cys75Ala, and Cys93Ala hNTAN1. 
CD spectra were collected at 25oC using a Jasco-J815 CD spectrometer, and the spectra 
shown reflect 3 accumulations each. (A) Spectra of wild-type hNTAN1 (black dots), 
hNTAN1-C75A (blue dots), and hNTAN1-C93A (red dots). mdeg, millidegrees. (B) 
Summary of secondary structure analysis data for each variant as determined by the Jasco 
software.   

The thermal stability of wild-type hNTAN1 and the point mutants Cys75Ala and 

Cys93Ala were determined by measuring the temperature dependence of their CD spectra 

in the far-UV region over a range of 20-80oC (Table 3.6). All variants precipitated with 

increasing temperature indicative of irreversible thermal denaturation. Sigmoidal curves 



73 

fit to the CD signal at 210nm over this temperature range (Figure 3.11) indicated that 

both the wild-type and Cys75Ala variants exhibited a TM of ~60oC. However, in line with 

its distinguishing CD spectra and likely improper folding, corresponding analysis of the 

Cys93Ala data revealed a nearly 10oC decrease in TM (~52oC) relative to the other two 

variants. Taken with the evaluation of its activity relative to wild-type, the data suggests 

that the Cys93Ala mutation likely imparts a destabilizing effect on protein folding.   

 

 

Table 3.6 TM values of wild-type, Cys75Ala, and Cys93Ala hNTAN1. Equimolar 
amounts (15µM) of each enzyme in 50mM Tris-HCl, 150mM NaCl, 1mM EDTA, 
0.5mM dTT, pH 7.5 were evaluated for thermal unfolding by observing CD signal at 
200-260nm from 20 to 80oC. The melting temperature (TM) was determined as the 
inflection point of a sigmoidal curve fit to the data at 210nm (Figure 3.11).   

 

 

Figure 3.11 Thermal stabilities of wild-type, Cys75Ala, and Cys93Ala hNTAN1. Melting 
curves were determined using CD and measuring the signal (in mdeg) at 210nm in 5oC 
intervals. Data were then fit to a sigmoidal curve and TM was determined as the inflection 
point of each curve.  
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3.4 DISCUSSION 

 

A number of biochemical and genetic studies over the past twenty years have 

begun to elucidate the implicated involvement of the N-end rule pathway in a number of 

physiological processes and have revealed many of the critical components involved in 

this subset of UPS-dependent proteolytic quality control. Proteolysis by the N-end rule 

pathway is dependent upon distinct types of degradation signals (degrons), including a set 

called N-degrons whose primary determinant is a destabilizing N-terminal residue. In 

vertebrates, N-terminal L-Asnand L-Gln can function as tertiary destabilizing residues of 

the N-end rule pathway through enzymatic deamidation by either NTAN1 (L-Asn-

specific) or NTAQ1 (L-Gln-specific) to yield the secondary destabilizing N-terminal L-

Asp and L-Glu, respectively.  

NTAN1 has been purified from porcine liver [191] and was revealed to be a 

monomeric enzyme found predominantly in cytosolic fractions. In addition, the Ntan1 

gene has been cloned from a mouse cDNA library was then evaluated for 

complementation in S. cerevisiase Δnta1 [192]. Both studies demonstrated that NTAN1 

was an L-Asn-specific Nt-amidase, though its sequence is dissimilar to those of other 

amidases, including the recently described NTAQ1 [172] and the S. cerevisiase Nta1 

[170]. However, direct experimental evidence for the molecular mechanism of NTAN1 

activity and its structural characteristics had not yet been demonstrated.  

Though Western Blot and SDS-PAGE suggested soluble bacterial expression of 

human NTAN1 (hNTAN1) with an N-terminal affinity tag, the enzyme itself was 

minimally active. However, L-Asn-specific Nt-amidase activity was observed upon 
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expression of hNTAN1 with a C-terminal affinity tag, appearing to indicate that an 

unmodified hNTAN1 N-terminus is essential for catalysis. This point was further 

illustrated upon observing that post-translational exposure of hNTAN1 Pro2 upon MAP 

removal of the initiation Met was critical to activity. Optimization of the expression RBS 

and the nature of the C-terminal affinity tag for downstream purification ultimately 

allowed for the purification of ~0.2mg/L homogeneous hNTAN1 from E. coli.  

Kinetic analysis revealed that the enzyme displays activity for the substrate N1-

AII, however, fails to deamidate L-Asn, L-Gln, Q1-AII, or Ac-N1-AII, corroborating the 

substrate selectivity described for NTAN1 purified from porcine liver [191]. However, 

relative to the kinetic parameters described for porcine NTAN1, we observed an 

approximately 10-fold lower KM and 100-fold lower kcat for the N1-AII peptide, perhaps 

resulting from discrepancies in the quantitation of enzyme concentration or unknown 

enzyme cofactors not present in E. coli. Further, we observed a broad activity pH 

optimum in the range 6.0-7.5, with a sharp decline in activity upon shifting to more 

alkaline pH – indicative of a requirement for the correct ionization state of a single group 

within hNTAN1 for catalysis. Interestingly, while the pH optimum reported for porcine 

NTAN1 was similar to the one reported here, the broad relationship of pH v. activity was 

slightly different outside of this range and further; the authors of that study suggested a 

lack of direct thiol group involvement in activity based on the sum of their observed pH 

optimum and the pKa values of residues in that range. However, we demonstrated that the 

alkylating agent iodoacetamide was able to completely inhibit hNTAN1 activity 

according to an exponential decay across increasing concentrations of iodoacetamide.  

This finding suggested the existence of an hNTAN1 nucleophilic Cys, which was 

strongly implicated to be Cys75 upon activity analysis of a panel of Cys to Ala hNTAN1 
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point mutants which were constructed based on strict Cys conservation at 4 positions 

across seven vertebrate NTAN1 sequences. This finding was further supported by the 

observation that the Cys75Ala point mutant variant displayed no obvious change in its 

CD spectra or thermal stability relative to wild-type hNTAN1, suggesting that 

abolishment of activity in the point mutant was strictly due to the removal of a thiol 

group directly involved in activity and not to modifications in protein folding. Therefore, 

similar to both Nta1 and NTAQ1, NTAN1 appears to possess a critical nucleophilic Cys. 

The identification of this residue represents a key step towards understanding the 

molecular mechanism by which NTAN1 functions.   

Though the activity and implicated involvement of NTAN1 and other components 

of the N-end rule pathway have been described for a variety of cellular processes, very 

little is known about: (i) the identity of actual physiological substrates targeted by the 

pathway, (ii) the exact molecular mechanisms or interactive processes underlying the 

observed N-end rule-targeted phenotypes in various genetic studies (including those of 

Ntan1-/- mice [171]), and (iii) the catalytic mechanism and nature of the active site 

structure of enzymes such as NTAN1 and NTAQ1 which share little sequence similarity 

to other amidases.  

While it is conceivable to scan the proteome for amino-terminal sequences of the 

type Met-Asn (or Met-Gln), the prediction of physiological substrates targeted by 

NTAN1 (or NTAQ1) is inherently complicated due to the potentially vast contribution of 

endoproteolysis in generating N-terminal degrons of these types. This point was 

undoubtedly illustrated by the discovery of NTAN1-mediated degradation of Drosophila 

inhibitor of apoptosis 1 (DIAP1) in the regulation of apoptosis [189]. DIAP1 is cleaved 

by a caspase to generate a C-terminal fragment with N-terminal L-Asn, which is then 
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targeted through the NTAN1-ATE1 pathway in ultimately generating a primary 

destabilizing N-terminal Arg for subsequent substrate protein degradation.  To date, 

DIAP1 remains the only known substrate of N-terminal Asn deamidation.  

Recombinant expression and purification of N-end rule pathway components such 

as hNTAN1 should afford discovery of their individual molecular mechanisms through 

both rapid isolation and characterization, and more broadly, allow for the in vitro 

reconstruction of the pathway for the elucidation of potential physiological substrates. 

Ultimately, this sort of modeling may provide a means towards the biochemical and 

genetic dissection of the phenotypic results observed in Ntan1-/- and other N-end rule-

targeted knockout mice. Further, recombinant expression of the human homologues of 

these components could present an opportunity to specifically investigate mechanisms 

and features of human pathological states associated with protein misfolding and 

aggregation, some of which may be associated with the N-end rule pathway.  

Lastly, expression of N-end rule components either individually or in circuitous 

fashion in E. coli may afford the creation of novel in vivo screening and selection 

methods towards the identification of physiological substrates, with little genetic 

manipulation necessary given the near orthogonal hierarchial structure of the prokaryotic 

N-end rule pathway relative to eukaryotes [163].  
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Chapter 4: Therapeutic Enzyme Deimmunization by Combinatorial T-
cell Epitope Removal Using Neutral Drift 

 

4.1 INTRODUCTION 

A variety of genetic and acquired human diseases can be treated by the systemic 

administration of enzymes catalyzing the depletion of metabolites that contribute to 

pathological states.  Recombinant human enzymes are used extensively as replacement 

therapy for lysosomal storage disorders such as Gaucher’s, Fabry’s, and Pompe 

disease[1].  However, there are many diseases for which a human enzyme displaying the 

requisite catalytic and pharmacological properties for clinical use is unavailable.  

Therefore, heterologous enzymes, primarily of bacterial origin, have been evaluated for 

the treatment of a variety of disorders including phenylketonuria (PKU) [197], gout 

[198], and a number of cancers that are sensitive to enzyme-mediated, systemic depletion 

of amino acids.  Examples of the latter include a large fraction of hepatocellular 

carcinomas and metastatic melanomas that become apoptotic under conditions where the 

non-essential amino acid L-Arg in serum is depleted[199], central nervous system cancers 

that respond to L-Met deprivation[200], and acute lymphoblastic leukemia (ALL) for 

which enzyme- mediated L-Asn depletion is a critical step in the current clinical 

treatment approach [76, 77, 79, 201].  

A major impediment in the therapeutic application of heterologous enzymes is 

their immunogenicity, which results in the generation of anti-enzyme antibodies that in 

turn mediate a variety of adverse effects including hypersensitivity reactions, 

anaphylactic shock, and the inactivation and clearance of the enzyme itself[202]. 

Masking of immunogenic epitopes via covalent modification with polyethylene glycol 
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(PEG) can reduce protein immunogenicity [203], but eventually, antigen-specific and 

even PEG-specific, antibodies that contribute to therapeutic  neutralization may be 

elicited towards PEGylated proteins [204, 205].  

Protein immunogenicity can be ameliorated by mutating sequences likely to be 

recognized by the naïve antibody repertoire (B-cell epitopes) or sequences that are bound 

by the major histocompatability complex (MHC)-II and thus can elicit T cell-dependent 

(Td) immune responses. However, the identification and removal of B-cell epitopes is 

exceedingly difficult given their conformational nature, and is further complicated by our 

incomplete knowledge of the naïve antibody repertoire, and how they vary across 

different human populations.  In contrast, there is extensive evidence from animal 

models, in vitro experiments, and early stage clinical studies, that the disruption of T-cell 

epitopes can reduce antibody responses in some therapeutic proteins[63, 64]. T-cell 

receptors on CD4+ T-cells recognize antigenic peptides (typically 13-25mers) presented 

in complex with MHC-II molecules on the surface of antigen presenting cells (APCs). 

The MHC-II binding groove contains four well-defined pockets that accommodate the 

side chains of the P1, P4, P6, and P9 residues within a core 9mer region of the T-cell 

epitope and these key residues largely determine binding affinity and specificity[206].  

Although the MHC-II locus is highly polymorphic, assays using APCs from volunteers 

representative of the major MHC-II haplotypes in human populations have been deployed 

successfully to identify T-cell epitopes that contribute to protein immunogenicity in a 

large fraction of patients.  Alternatively, a plethora of in silico methods[207] have been 

developed over the past several years for the prediction of sequences that bind to various 

MHC-II alleles.  
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The removal of T-cell epitopes by mutagenesis has been used with some success 

in reducing the immunogenicity of humanized and chimeric antibodies[65-67]. However, 

whereas these proteins contain, at most, a few relatively short potentially immunogenic 

sequences, heterologous enzymes that have not undergone immunological tolerance 

induction typically contain multiple T-cell epitopes, the removal of which thus 

necessitates extensive alteration of the polypeptide sequence in a manner that does not 

affect protein function.  Further, enzyme catalysis is dictated not only by the active site 

residues, but also on a network of amino acids distributed throughout the protein[208].   

For this reason, the introduction of multiple amino acid substitutions that disrupt MHC-II 

binding but do not affect catalytic activity represents a significant challenge.  This is 

particularly problematic when deimmunization requires the replacement of amino acids 

that are phylogenetically conserved and consequently, substitutions at these positions 

could impact protein stability or catalytic efficiency.  

In this chapter we take advantage of the evolutionary biology concept of neutral 

drift [209, 210] for the combinatorial deimmunization of a therapeutic enzyme without 

loss of function. Neutral drift refers to the accumulation of mutations under selective 

conditions that do not ultimately impact protein function. For deimmunization, putative 

T-cell epitopes are first identified computationally (or experimentally), key residues 

important for MHC-II binding are subjected to combinatorial randomization, and the 

resulting libraries are subjected to a neutral drift screen to isolate variants that retain wild-

type (WT) function.  The pools of neutral drift variants are evaluated for MHC-II binding 

and those that display scores indicative of compromised binding are purified and 

characterized biochemically.  Finally, T-cell activation assays and antibody titers in 

transgenic mice homozygous for disease associated HLA alleles are used to evaluate T-
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cell epitope removal and immunogenicity, respectively (Figure 4.1A).  Although in this 

work we employed computational prediction of T-cell epitopes, the neutral drift 

screening methodology can be coupled to the experimental detection of sequences likely 

to bind MHC-II, using either haplotyped human peripheral blood mononuclear cell 

(PBMC) pools or relevant HLA-transgenic animals.   
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(B) 

 

 

Figure 4.1 Deimmunization by combinatorial T-cell epitope removal using neutral drift. 
(A) Methodology for combinatorial T-cell epitope removal by neutral drift and 
subsequent evaluation of isolated variants using HLA-transgenic mice. (B) High-
throughput neutral drift FACS screen for L-Asparaginase. μ: geometric mean 
fluorescence.  

The implementation of the strategy described above is critically dependent upon a 

high-throughput technology for the rapid isolation of mutations that have minimal or no 

effect on function. Unfortunately, neutral drift screens for most enzymes – let alone those 

of therapeutic significance – have not been developed, necessitating the use of surrogate 

screening methods that interrogate proteins for stability and expression rather than 

catalytic function [210]. Manual assays, e.g. using a 96-well microtiter plate format, do 

not afford sufficient throughput for most purposes, while genetic selections based on 

complementation of auxotrophic strains to growth on selective media lacks a necessary 

degree of quantitation. Thus, in many instances, the expression of clones displaying 

significant differences in catalytic activity does not result in noticeable differences in 

colony formation [211]. Further, the extreme adaptability of biological systems can lead 
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to growth via mechanisms that bypass the action of the expressed heterologous protein 

[212-214].  

We have developed a simple and robust neutral drift screen readily applicable to a 

variety of important therapeutic enzymes that catalyze the depletion of amino acids or 

other metabolites important for disease states. Figure 4.1B presents a schematic of the 

neutral drift screen as applied to the chemotherapetic enzyme L-Asparaginase II (EcAII, 

EC 3.5.1.1).   EcAII has been a cornerstone component of chemotherapeutic protocols for 

the treatment of ALL for over 40 years [69-74, 215, 216].  In ALL, lymphoblasts lack or 

express low levels of L-asparagine synthetase (AS) and therefore require the uptake of L-

Asn from serum for cell proliferation [76].  EcAII catalyzes the hydrolysis of L-Asn to L-

Asp and ammonia with kcat/KM = 3.3 x 106 M-1s-1 (as calculated in this study) resulting in 

the systemic depletion of serum L-Asn [78, 79, 81, 82], which in turn induces apoptosis 

of ALL lymphoblasts [83-85].   However, antibody responses to EcAII have been 

reported in up to 60% of patients [116]. The primary strategy for managing the disease in 

patients with adverse immune responses to EcAII is treatment with the Er. caratovora L-

Asparaginase II, which although is non-cross-reactive with anti-EcAII antibodies[217], is 

also highly immunogenic and clinically inferior to EcAII with respect to both event-free 

survival and overall survival rates at 6 years [218].   
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4.2 MATERIALS AND METHODS 

 

Strains and Plasmids   

Chromosomal gene deletions were performed using the λ-red recombinase system [219]. 

The asparaginase genes ansA, ansB, iaaA, the aspartate aminotransferase gene aspC, and 

the tyrosine aminotransferase gene tyrB were deleted from the chromosome of E. coli 

MC1061 (F- Δ(ara-leu)7697 [araD139]B/r Δ(codB-lacI)3 galK16 galE15 λ- e14- mcrA0 

relA1 rpsL150(strR) spoT1 mcrB1 hsdR2(r-m+)) resulting in E. coli JC1. Primers used for 

the deletion of each gene are found in Table 4.1.  Briefly, each primer pair was used to 

amplify a PCR fragment containing the kanamycin resistance cassette of pKD13. 

Subsequently, the linear PCR product was used to replace the entire ORF of the targeted 

gene on the MC1061 chromosome. Colonies containing the correct gene deletions were 

transformed with the FLP recombinase plasmid pCP20 to remove the kanamycin 

resistance marker, and the pCP20 was then cured from the resulting strain as described 

previously[219].  The genes ansA, ansB, and iaaA were also deleted from the E. coli 

strain BL21 (DE3) (F– ompT gal dcm lon hsdSB(rB
- mB

-) λ(DE3 [lacI lacUV5-T7 gene 1 

ind1 sam7 nin5]) chromosome, resulting in E. coli JC2, used to express the EcAII 

variants. Where necessary, gene deletions were transferred to recipient strains via P1 

transduction.   

 

 

 

 



85 

 

 

 

 

 

 

Table 4.1 List of primers used for EcAII deimmunization.  
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Table 4.2 List of plasmids used for EcAII deimmunization. pASK75 [220] pQE80L-GFP 
(11.3.3) [221] 

 

All primers and plasmids used in this study are described in Tables 4.1 and 4.2, 

respectively. PCR reactions were carried out using Vent DNA polymerase (New England 

Biolabs) and oligonucleotides were synthesized by Integrated DNA Technologies. The 

ansB gene (mature sequence only) was amplified from the genomic DNA of E. coli K12 

Plasmids! Relevant Characteristics! Reference or 
Source!

pET-28a! KanR , T7 promoter! Novagen!

pHisEcAII! KanR , T7 promoter, !
encodes His6x-EcAII! This study!

pET-26b! KanR , T7 promoter! Novagen!

pPelbHisEcAII! KanR , T7 promoter, !
encodes sspelb-His6x-EcAII! This study!

pPelbHisT12A! KanR , T7 promoter, !
encodes sspelb-His6x-EcAII(T12A)! This study!

pCTK! KanR , tet promoter, CloDF ori! This study!

pASK75! AmpR, tet promoter! 220!

pCDF-1b! SpR, T7 promoter, CloDF ori! Novagen!

pCTK-EcAII! encodes sspelb-His6x-EcAII in pCTK! This study!

pCTK-T12A! encodes sspelb-His6x-EcAII(T12A) in 
pCTK! This study!

pCTK-G57A! encodes sspelb-His6x-EcAII(G57A) in 
pCTK!

This study!

pCTK-G57V! encodes sspelb-His6x-EcAII(G57V) in 
pCTK!

This study!

pCTK-G57L! encodes sspelb-His6x-EcAII(G57L) in 
pCTK!

This study!

p28pelHisEcAII! encodes sspelb-His6x-EcAII in 
pET-28a! This study!

p28pelHis1.1.C4! encodes sspelb-His6x-1.1.C4 in 
pET-28a! This study!

p28pelHis2.2.G10! encodes sspelb-His6x-2.2.G10 in 
pET-28a! This study!

p28pelHis3.1.E2! encodes sspelb-His6x-3.1.E2 in 
pET-28a! This study!

pQE80L-GFP(11.3.3) ! AmpR, lac promoter, encodes GFP
(11.3.3)! 221!
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using the primers ansBFor/ansBRrev, digested with NdeI-BamHI, and cloned into pET-

28a to generate plasmid pHisEcAII. Subsequently, plasmid pPelBHisEcAII was 

generated through subcloning the NcoI-BamHI digested fragment from pHisEcAII into 

pET-26b.  In addition, a plasmid coding EcAII-T12A was generated by PCR using the 

pPelBHisEcAII plasmid as template and the primer pair T12AFor/T7 term, resulting in 

plasmid pPelBHisT12A.   

To construct vector pCTK, firstly, the tet promoter region from vector pASK75 

was amplified using the primers tetFor/tetRev, digested with XbaI-NcoI, and ligated into 

pCDF-1b. Next, the kanamycin resistance cassette from vector pET-28a was amplified 

using the primers KanFor/KanRev, digested with BglI-BmtI, and then cloned into pCDF-

1b as well, ultimately generating the final pCTK vector.   

Plasmids pCTK-EcAII and pCTK-T12A were generated by subcloning the NcoI-

NotI digested fragments of pPelBHisEcAII and pPelBHisT12A respectively, into vector 

pCTK. Plasmids pCTK-G57A, pCTK-G57V, and pCTK-G57L were constructed using a 

2-step protocol based on the QuickChange methodology. In the first step, megaprimers 

for each G57 mutant were amplified by PCR from the plasmid pCTK-EcAII using the 

primer pair 5’-G57X (X = A, V, L)/3’-G57mp. In the second step, the megaprimer was 

used in place of outside primers in a PCR reaction again using plasmid pCTK-EcAII as 

the template with the following cycling parameters: 95oC-2 min, 16 cycles of 95oC-30 

sec, 55oC-1 min, 72oC-10 min, and a final polishing step at 72oC-15 min. Each product 

was then digested with DpnI for 1 hr at 37oC to eliminate the initial template plasmid.   
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In silico identification and characterization of EcAII T-cell epitopes 

The primary sequence corresponding to the mature region of EcAII was screened for 

putative T-cell epitopes using the IEDB consensus prediction method. The 326 amino 

acid sequence was parsed into overlapping 15-mer peptide fragments and within each 

fragment, a 9-mer core region was identified and scored for predicted binding by a 

consensus percentile rank (CPR) in which a lower score (in arbitrary units) was indicative 

of a higher predicted binding affinity. Because the consensus method scoring is based on 

the outputs of individual MHC-II binding prediction methods, multiple 9mer cores were 

identified in some 15mer fragments. In these instances, the 9mer core selected was the 

one predicted by TEPITOPE (Sturniolo) [222], which served as the basis for ProPred 

[223] – the most accurate algorithm for epitope core identification among those evaluated 

by the developers of the IEDB consensus method [207]. Binding was further evaluated 

for 7 additional HLA-DR alleles which when taken with DRB1*0401 cover nearly 95% 

of human populations worldwide [224].  Three 9mer core regions that were scored with a 

consensus percentile rank (CPR) falling within the lowest 10% of the parsed peptide 

fragments as determined for binding to DRB1*0401 (CPR < 2) and that further received 

equivalently low scores for at least one other DRB1 allele were selected for neutral drift 

combinatorial mutagenesis.  

 

Library construction 

Oligonucleotides encoding degenerate NNS (N is A, T, G, C; S is G, C) codons at the 

sites corresponding to residues in positions P1, P4, P6, and P9 of each of the three 9mer 

core sequences chosen for mutagenesis were used for library construction and can be 

found in Table 4.1. For the first library, PCR with Vent DNA polymerase and pCTK-
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EcAII as template was carried out to generate two fragments from the primer pairs 

pCTKFor/3’ MSSA-NNS and 5’ MSSA-NNS/T7term respectively. The DNA fragments 

obtained from these PCRs were electrophoresed and purified using a QIAGEN gel 

purification kit.  Equimolar quantities of the two fragments were then mixed and 

subjected to overlap-extension PCR using the primers pCTKFor/T7term. The resulting 

1.5-kb PCR product was digested with NcoI-NotI and ligated into pCTK-T12A digested 

with the same enzymes. The ligation mixture was then transformed into electrocompetent 

E. coli JC1 encoding plasmid pQE80L-GFP (11.3.3) [221], yielding ~ 107 individual 

transformants. The clones were pooled and stored in 15% glycerol at -80oC in aliquots. 

The second and third libraries were constructed analogously, using the internal primers 5’ 

INAS-NNS/3’ INAS-NNS or 5’ VQAQ-NNS/3’ VQAQ-NNS in place of 5’ MSSA-

NNS/3’ MSSA-NNS respectively.  
	  

FACS screening 

M9 medium supplemented with 0.4% glucose, 3.5µg/mL thiamine, 1mM MgSO4, 0.1mM 

CaCl2, 160µg/mL of the amino acids L-Asp and L-Tyr, 80µg/mL of the 18 remaining 

amino acids, 30µg/mL kanamycin, and 200µg/mL ampicillin was inoculated with a 

frozen aliquot of E. coli JC1 transformed with pQE80L-GFP (11.3.3) [225] and either a 

library or a single mutant. Cultures were grown at 37°C to an A600 = 0.9-1.1, harvested by 

centrifugation (6000xg, 4oC, 6 min), and washed twice with cold 0.9% NaCl. The cell 

pellets were resuspended in supplemented M9 medium containing 19 amino acids (no L-

Asp, L-Tyr at 160µg/mL, remaining amino acids at 80µg/mL). GFP expression was 

induced following the media shift by addition of isopropyl-1-thio-β-D-galactopyranoside 

(IPTG) to a final concentration of 1mM. After 1 hr induction at 37°C, the cells were 
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harvested by centrifugation (6000xg, 4°C, 6 min), washed twice with PBS, and 

resuspended in PBS to a final A600 ~ 0.05-0.1 for flow cytometric analysis and cell 

sorting.  

Flow cytometric analyses were performed with a FACSAria (BD Biosciences) 

using a 488nm solid-state laser for excitation and a 530/30 band pass filter for detection.  

The throughput rate of cells was adjusted to 4,000-5,000 events per second and ~107 cells 

were sorted each round in single cell mode except for the initial sort of each library which 

was done in purity mode. A gate in the fluorescence channel was set to recover the 4-5% 

most highly fluorescent cells, while additional gates were set based on both the forward- 

and side- scatter channels to exclude sorting non-single cell events. The sorted cells were 

collected in 0.5mL of 2xYT medium and then plated onto 2xYT medium supplemented 

with 30µg/mL kanamycin and 200µg/mL ampicillin. Following overnight growth at 

30oC, the clones were pooled and stored in 15% glycerol at -80°C in aliquots.  

 

Colorimetric asparaginase activity assay  

A colorimetric asparaginase assay using L-Aspartic Acid β-hydroxomate (AHA) was 

used to isolate active asparaginase clones from the final FACS-sorted population of each 

library. Following the final round of sorting, the polyclonal gene cassette of the collected 

population was amplified using primers pCTKFor/T7term, digested with NcoI-NotI, and 

subcloned into pET-28a digested with the same restriction enzymes. The ligation mixture 

was transformed into electrocompetent E. coli JC2 and single colonies were used to 

inoculate 90µL 2xYT supplemented with 30µg/mL kanamycin over two 96-well plates.  

Following 2 hr incubation with shaking at 350rpm at 37oC, protein expression was 

induced by adding an additional 90µL 2xYT (30µg/mL kanamycin, 1mM IPTG) to each 
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well.  After 3 hr induction at 37oC, 120µL from each well was transferred to a fresh 96-

well plate and cells were harvested by centrifugation (3500xg, 4oC, 10 min). The cell 

pellets were then resuspended in 120µL B-PER Bacterial Protein Extraction Reagent 

(Thermo Scientific), incubated at 25oC for 20 min with shaking at 350rpm, and 

subsequently pelleted (3500xg, 4oC, 15 min). The resulting supernatants were transferred 

to a Ni2+-NTA HisSorb Plate (QIAGEN) and stored at 4oC overnight. After decanting the 

supernatant and rinsing twice with wash buffer (50mM Tris-HCl, 100mM NaCl, 25mM 

imidazole, pH 8), 50µL of 10mM AHA in activity buffer (50mM Tris-HCl, 100mM 

NaCl, pH 7.4) was added to each well. Following incubation with substrate at 25oC for 20 

min, 50µL color reagent (2% 8-hydroxyquinoline in ethanol/1M Na2CO3, 1:3 by volume) 

was added to each well and the plate was covered, heated in a 100oC oven for 90 sec, and 

allowed to cool at 4oC for 15 min. Activity within each well was quantitated by 

measuring the absorbance at 705nm (Synergy HT Fluorescent Platereader, BioTek). 

 

Expression and purification of EcAII variants 

E. coli JC2 harboring pET-28a encoding either WT EcAII or an isolated mutant EcAII 

(p28pelHisEcAII, p28pelHis1.1.C4, p28pelHis2.2.G10, and p28pelHis3.1.E2) were 

cultured overnight at 37oC in 2xYT medium supplemented with 30µg/mL kanamycin and 

used to inoculate 250mL fresh medium (1:100).  When the A600 reached 0.5-0.7, the cells 

were transferred to 25oC and allowed to equilibrate for 20 min, at which point the culture 

was supplemented with IPTG to a final concentration of 1mM to induce protein 

expression.  After 16 hr of incubation at 25oC, the cells were harvested by centrifugation 

at 10,000xg for 10 min. The cell pellet was resuspended in binding buffer (50mM Tris-

HCl, 100mM NaCl, 10mM imidazole, pH 8), lysed by three passes through a French 
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pressure cell, and subsequently pelleted at 40,000xg for 45 min. The resulting supernatant 

(soluble fraction) was decanted, diluted 1:1 in binding buffer and mixed with 0.5mL of 

pre-equilibrated nickel-nitrilotriacetic acid (Ni2+-NTA) resin. After incubation for 90 min 

at 4oC with gentle rotation, the solution was applied to a 5mL polypropylene column. The 

resin was then washed with 25 bed volumes binding buffer and 25 bed volumes wash 

buffer (50mM Tris-HCl, 100mM NaCl, 25mM imidazole, pH8) before the resin was 

incubated with 4mL elution buffer (50mM Tris-HCl, 100mM NaCl, 250mM imidazole, 

pH 8) for 10 min and collected drop-wise. The eluted fractions were concentrated using 

an Amicon Ultra 10K MWCO filter and purified into PBS by gel filtration on a Superdex 

200 column (Amersham Pharmacia).  

 

Determination of kinetic parameters  

The kinetics of L-Asn hydrolysis were determined with freshly purified enzyme as 

described previously [98]. Briefly, reactions of each asparaginase variant (10-20nM 

enzyme) with L-Asn (0 to 5 x KM) were carried out at 37oC in 50mM Tris-HCl, 100mM 

NaCl (pH 7.4) in a total volume of 100µL, and were subsequently quenched with 5µL of 

12% (w/v) trichloroacetic acid. An aliquot of the quenched reaction mixture was then 

mixed with a molar excess (relative to substrate) of o-phtalaldehyde (OPA) reagent and 

brought to a final volume of 100µL with borate buffer. The resulting solutions were 

analyzed by HPLC using an Agilent ZORBAX Eclipse AAA Column (C18 reverse 

phase, 5µm, 4.6mm x 150mm). All reactions were conducted at least in triplicate and the 

observed rates were fit to the Michaelis-Menten equation using Kaliedagraph (Synergy).  
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Asparaginase serum stability 

Approximately 250µg of WT EcAII or variant 3.1.E2 was mixed with 1mL pooled 

human serum (Innovative Research) and incubated at 37oC.  At various time points, a 

15µL aliquot from each sample was removed and used to set up triplicate reactions in 

which 5µL per aliquot was added to 50µL 10mM AHA in activity buffer in a microtiter 

plate. After allowing the reaction to proceed for 5min at room temperature, 50µL color 

reagent was added to each well, the plate was covered, heated in a 100oC oven for 90 sec, 

and then allowed to cool at 4oC for 15 min. Activity within each well was quantitated by 

measuring the absorbance at 705nm (Synergy HT Fluorescent Platereader, BioTek) and 

the average values for each enzyme-containing sample were then normalized by 

subtracting the average value measured for the control sample at the same time point.  

 

Antigen preparation and EcAII peptide library 

Endotoxin contamination of purified enzymes was reduced by a previously described 

phase separation technique using the detergent Triton X-114 [226]. Following 6-8 phase 

separation cycles, protein was buffer exchanged against sterile, commercially purchased 

1x PBS (Gibco) using an Amicon Ultra 10K MWCO filter to remove any detergent that 

may have persisted within the solution. Enzyme preparations treated by this procedure 

retained normal activity. The endotoxin levels of the enzyme were determined by 

Limulus Amebocyte Lysate (LAL) assay and observed to be  < 7 endotoxin units/100µg 

protein.  A collection of 32 overlapping 20mer EcAII peptides  (Table 4.3), staggered by 

10 amino acids and spanning the entire primary sequence, were synthesized by 

GenScript.  An additional set of peptides corresponding to sequences containing the 

engineered mutations in 3.1.E2 were also synthesized (Abgent).    
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Table 4.3 Overlapping synthetic peptides of WT EcAII for T-cell activation assays.  

Transgenic mice 

HLA-DR4 (DRB1*0401) transgenic mice were generated as described previously [227] 

and bred under specific pathogen-free conditions at the University of Texas at San 

Antonio. Transgenic mice were injected at 6-10 weeks of age with the antigen in 

Complete Freund’s Adjuvant (CFA). WT EcAII and variant 3.1.E2 were purified and 
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treated for endotoxin reduction (See Supplementary Methods). CFA was prepared by 

mixing Mycobacterium tuberculosis H37RA (Difco Laboratories, Detroit, MI) at 

5mg/mL into IFA.  Antigens were mixed with the adjuvant to yield a 2mg protein/mL 

emulsion, of which 50µL was injected subcutaneously as specified. Ten days later, 

popliteal and inguinal lymph nodes (LN) were removed and single cell suspensions were 

adjusted to 5 x 106 cells/mL in HL-1 media (BioWhittaker, Gaithersburg, MD.).  Serum 

was obtained by terminal cardiac puncture.  All animal care and experimental procedures 

were conducted according to guidelines of the Institutional Care and Use Committee 

(IACUC) at the University of Texas at San Antonio.  

 

Cytokine measurements by ELISPOT and computer-assisted ELISPOT image 

analysis 

Cytokine ELISPOT assays were performed as described previously [49]. Briefly, 

ELISPOT plates (Multiscreen IP, Millipore, Billerica, MA) were coated overnight with 

2µg/mL IFN-γ-specific capture antibody (AN-18; eBioscience, San Diego, CA) diluted 

in PBS. The plates were blocked with 1% BSA in PBS for 1 hr at room temperature and 

then washed four times with PBS. LN cell suspensions were plated at 5 x 105 cells/well 

with either whole antigen or with EcAII overlapping peptides and incubated at 37oC for 

24 hr. Note that cells were plated with the whole antigen or overlapping peptides 

corresponding to the EcAII variant used to immunize the mouse from which they were 

isolated. Subsequently, the cells were removed by washing three times with PBS and four 

times with PBS/Tween, and IFN-γ-specific biotinylated detection Ab (R4-6A2; 

0.5µg/mL, eBioscience) was added and incubated overnight. The plate-bound secondary 

antibody was then incubated with streptavidin-alkaline phosphatase (Dako, Carpinteria, 
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CA), and cytokine spots were visualized by 5-bromo-4-chloro-3-indolyl phosphate/NBT 

phosphatase substrate (KPL, Gaithersburg, MD). Image analysis of ELISPOT assays was 

performed on a Series 2 Immunospot analyzer and software (Cellular Technology, 

Cleveland, OH) as described previously. In brief, digitized images of individual wells of 

the ELISPOT plates were analyzed for cytokine spots based on the comparison of 

experimental (containing T-cells and APC with Ag or peptide) and control wells (T-cells 

and APC without Ag or peptide). Following the separation of spots that were touched or 

partially overdeveloped, nonspecific noise was gated out by applying spot size and 

circularity analysis as additional criteria. Spots that fell within the accepted criteria were 

highlighted and counted.  

 

Detection of antigen-specific antibody titer by ELISA 

Serum was obtained from mice immunized with either WT EcAII or 3.1.E2 by terminal 

cardiac puncture. Microtiter plates (eBioscience 44-2504-21) were coated overnight at 

4oC with 1µg of antigen (WT EcAII or 3.1.E2) in PBS and blocked for an additional 1 hr 

at room temperature with 1x assay diluent (eBioscience # 00-4202-56). Serial dilutions of 

sera were added to wells coated with the corresponding immunizing antigen and 

incubated for 2 hr at room temperature. The plates were washed and incubated with 

ImmunoPure goat anti-mouse IgG conjugated with horseradish peroxidase for 1 hr at 

room temperature.  The plates were subsequently washed, incubated with 

tetramethylbenzidine (TMB) substrate for 15 min at room temperature before the 

reactions were stopped by addition of 2M H2SO4. The absorbance was read (450nm) 

using an ELISA microplate reader (µQuant; Biotek Instruments, Winooski, VT). End-
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point titers were calculated by using an absorbance corresponding to a control well (PBS 

substituted for sera) as the cutoff value.   
	  

4.3 RESULTS 

 

Development and validation of neutral drift screen 

To develop a neutral drift screen for EcAII, we first constructed E. coli JC1 [MC1061 

ΔaspCΔtyrBΔansAΔansBΔiaaA] in which the genes required for L-Asp biosynthesis 

(aspC, tyrB) and the three genes required for endogenous L-asparaginase enzymes (ansA, 

ansB, iaaA) were deleted.  JC1 cells expressing a low level of recombinant EcAII formed 

normal size colonies when plated on minimal media plates with 19 amino acids (no L-

Asp).  In contrast, cells without plasmid or expressing the recombinant, inactive, EcAII-

T12A point mutant formed pinpoint colonies, presumably because spontaneous 

hydrolysis of L-Asn provides a basal level of L-Asp for growth.   The formation of 

pinpoint colonies by null mutants and the cross-feeding of L-Asp generated by low 

activity clones frustrated efforts to select neutral mutants on plates with selective media; 

in multiple attempts, similar size colonies formed by plating mutagenized enzyme were 

later found to encode enzymes with dramatically different L-Asn hydrolysis kinetics. 

To enable an additional level of quantitation, cells were transformed with a 

plasmid expressing green fluorescent protein (GFP) under an isopropyl β-D-1-

thiogalactopyranoside (IPTG) inducible promoter, grown to late exponential phase in 

media containing all 20 amino acids, washed and transferred for a short time period to 

media with 19 amino acids (no L-Asp) and IPTG to induce GFP synthesis.   Following 

the addition of IPTG, GFP synthesis – and hence intracellular fluorescence – was 
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dependent on the availability of L-Asp, which in turn was proportional to EcAII 

enzymatic activity. Utilizing this assay, we found that intracellular GFP fluorescence 

correlated well with the activity of a panel of recombinantly expressed EcAII variants 

displaying up to two orders of magnitude differences in catalytic efficiency.   For 

example, cells expressing EcAII-G57V exhibited a nearly 10-fold lower GFP 

fluorescence relative to cells expressing EcAII-G57A, which has approximately 15-fold 

higher catalytic efficiency [111] (Figure 4.2A). While the assay was able to easily 

eliminate low activity clones, EcAII-G57A (kcat/KM (L-aspartic acid β-hydroxomate 

(AHA)) = 2.4 x 106 M-1S-1) exhibited identical GFP fluorescence relative to WT EcAII 

(kcat/KM (AHA) = 8.2 x106 M-1S-1) indicating that the signal saturates for enzymes with 

kcat/KM within 3 to 4-fold of the WT enzyme catalytic efficiency.  Nonetheless, enzymes 

with kcat/KM (L-Asn) > 106 M-1 s-1 would ideally be more than sufficient for therapeutic 

purposes.  To validate the enrichment capabilities of the assay, three rounds of cell 

sorting produced a 6,000-fold enrichment of JC1 cells expressing WT EcAII from an 

initial mixture containing a 10,000-fold excess of E.coli JC1 expressing EcAII-T12A 

(Figure 4.2B). 
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(A) 

 

(B) 

 

Figure 4.2 Validation of the neutral drift screen for cells expressing EcAII variants with 
high catalytic activity. (A) Relative GFP signal of a panel of E.coli JC1 cells expressing 
EcAII variants with different catalytic efficiencies for the hydrolysis of the L-Asn analog 
AHA [111] (B) Fluorescence histograms showing 3 round enrichment of JC1 cells 
expressing EcAII from a mixture containing a 1:10,000 excess of JC1 cells expressing 
EcAII-T12A. After 3 rounds of sorting, DNA sequencing revealed that 5 of 8 clones 
selected at random encoded EcAII.	  μ: geometric mean fluorescence.  
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Computational identification of putative EcAII T-cell epitopes 

Putative EcAII T-cell epitopes were identified using the Immune Epitope Database 

(IEDB) consensus method [207].  The protein sequence was parsed into overlapping 

15mer peptide fragments (staggered by one residue) and within each fragment, 9-mer 

core regions were scored for predicted binding first to HLA-DRB1*0401, which shows 

strong association with childhood ALL in males[228] ,  and then to an additional seven 

HLA-DR alleles that collectively cover nearly 95% of the human population [224].  

Three 9-mer core regions scored with a consensus percentile rank (CPR) within the 

lowest 10% of the parsed peptide fragments for binding to DRB1*0401 (CPR < 2); the 

regions that further showed equivalently low scores for at least one other DRB1 allele 

were selected for T-cell epitope removal: M115RPSTSMSA, I216VYNYANAS, and 

V304LLQLALTQ (designated M115, I216, and V304 where these three residues correspond to 

the respective P1 positions).  

 

Neutral drift screening of EcAII libraries  

The P1, P4, P6, and P9 positions, which are most critical for the binding of peptides to 

the MHC-II binding groove [206], were subjected to saturation mutagenesis using the 

NNS (N = A, T, G, C; S = G, C) randomization scheme. Randomization and neutral drift 

screening were carried out sequentially, starting with M115 and continuing with I216 and 

finally V304 to: (i) ensure complete library coverage for each individual epitope; (ii) 

evaluate the relative plasticity of different regions of the protein to amino acid 

substitutions, and (iii) simplify the structural interpretation of any observed changes in 

the activity of isolated mutants.  
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107 transformants of the M115 library (predicted theoretical diversity ≈ 10.56) were 

subjected to 3 rounds of FACS screening until the mean cell fluorescence of the sorted 

population was comparable to that of cells expressing the WT enzyme (Figure 4.3A). In 

this instance, the high initial fluorescence of the library (µ = 90; Figure 4.3A) suggested 

that amino acid substitutions at the targeted sites were generally tolerated.  Following the 

final round of sorting, 120 individual clones selected at random were assayed in 

microtiter well plates using the colorimetric asparaginase substrate AHA [229]. This 

secondary screen eliminated inactive clones that might have been inadvertently recovered 

during FACS enrichment. Active clones were found to display minor variations in AHA 

hydrolysis rate consistent with the notion that the FACS screen enriches variants with 

near WT activity.  Figure 4.4 shows the frequency of amino acid occupancy at M115, 

S118, S120, and A123. Interestingly, M115, which is absolutely conserved among the 

nearly 500 bacterial type II L-asparaginases in the database, could tolerate a variety of 

non-conservative substitutions.   Analogous promiscuity was observed at both S120 and 

A123, which are also highly conserved phylogenetically. Evaluation of the isolated 

sequences using the IEDB consensus model revealed that the alteration of 

M115RPSTSMSA to V115RPPTRMSP results in over a 20-fold increase in CPR score for 

the DRB1*0401 allele as well as increases in the CPR scores for 5 other HLA-DR alleles 

(Table 4.4). The resulting enzyme variant, EcAII M115V/S118P/S120R/A123P 

(designated as clone 1.1.C4), having 4 amino acid substitutions, 3 of which were non-

conservative, displayed catalytic properties (kcat = 28 s-1, KM = 17µM, kcat/KM = 1.6 x 106 

M-1s-1) nearly identical to those of the parental enzyme with only a 2-fold increase in KM.  
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(A) 

  

(B) 

 

(C) 

     

 

Figure 4.3 FACS histograms of 4 residue saturation libraries at the anchor positions in the 
predicted T cell epitope 9-mer peptides M115, I216, V304 by the neutral drift assay. Each 
library comprised of >107 transformants generated by randomizing the P1, P4, P6 and P9 
positions of the respective T cell epitopes using the NNS scheme. (A) M115 library (B) I216 
library (C) V304 library. μ: geometric mean fluorescence.  
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Figure 4.4 Residue plasticity of known bacterial type II asparaginases (IPR004550; n = 
478) and of EcAII variants exhibiting WT activity isolated by neutral drift (n = 20 per 
library) at the 12 amino acids targeted for mutagenesis. Residue numbers correspond to 
positions in EcAII.  
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Table 4.4 Computational prediction of T-cell epitopes in WT EcAII and the 3.1.E2 
mutant by IEDB consensus method. Minimum consensus percentile rank score (CPR) for 
the 3 targeted EcAII T-cell epitope core regions across 8 common HLA-DR alleles. The 
ALL-associated DRB1*0401 allele is shown in bold. Lower scores are indicative of 
higher predicted binding affinity. Sequences and scores in parentheses are for the 3.1.E2 
mutant. n/a: not predicted to bind.  

 

The 1.1.C4 variant was then used as a template to diversify the P1, P4, P6, and P9 

positions in I216VYNYANAS.  The near background mean fluorescence of the initial 

library cell population (107 transformants) revealed that the overwhelming majority of 

amino acid substitutions at these residues are deleterious. Nonetheless, a population with 

near WT fluorescence was established after 4 rounds of FACS sorting (Figure 4.3B).  In 

contrast to the high degree of plasticity observed in the M115 core region, mutagenesis of 

the MHC anchor positions in the I216 core yielded mostly conservative amino acid 

substitutions (Figure 4.4). One variant of 1.1.C4 containing two mutations, a 

conservative change at I216V and a non-conservative one a N219G, displayed a 7-fold 
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increase in CPR score of the modified I216 core region for DRB1*0401, and increases in 

the CPR scores for 7 other common MHC-II alleles (Table 4.4).  Once again, these 

mutations did not affect the catalytic properties of the enzyme (kcat = 21   s- 1, KM = 19µM, 

kcat/KM = 1.1 x 106 M-1s-1). This variant, designated 2.2.G10, was then used as a template 

for mutagenesis of the V304LLQLALTQ T-cell epitope core region (107 transformants). 

The final enzyme variant following three rounds of sorting (Figure 4.3C), designated 

3.1.E2, further containing a non-conservative change at Q307T and a conservative 

Q312N substitution, showed a 3-fold increase in the CPR score for binding to 

DRB1*0401 and increased CPR scores for 4 other alleles (Table 4.4). 3.1.E2 contained a 

total of 8 amino acid substitutions (Figure 4.5), but retained a kcat identical to the parent 

enzyme with just a 3-fold increase in KM (kcat = 24s-1, KM = 23µM, kcat/KM = 1.0 x 106 M-1s-

1).  3.1.E2 further displayed slightly reduced  (33%) specific activity towards L-Gln 

hydrolysis that may be of therapeutic benefit [111], was stable in serum for over 10 days 

(Figure 4.6); essentially identical to the WT EcAII [230], and could be expressed at a 

high yield ( > 30mg/L shake flask culture) (Figure 4.7). Finally, we note that because 

recombinant EcAII folds and expresses well, no mutants with low activity but 

compensatory expression levels were isolated in screening each library.  
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Figure 4.5 Location of the 8 amino acid mutations differentiating WT EcAII and 3.1.E2. 
Images generated by PyMol [105].  

 

 

Figure 4.6 In serum stability of WT EcAII and 3.1.E2 measured quantitatively by percent 
remaining activity over time. Error bars shown are for S.D. 
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Figure 4.7 Reducing SDS-PAGE showing the purity of purified WT EcAII and 
engineered EcAII variants. Lane 1: WT EcAII; Lane 2: 1.1.C4; Lane 3: 2.2.G10; Lane 4: 
3.1.E2; Lane 5: M.W. standards.    

 

Evaluation of EcAII T-cell responses and immunogenicity using HLA-transgenic 

mice 

The immunogenicity of purified, low endotoxin preparations of WT EcAII and 3.1.E2 

were evaluated in transgenic mice expressing human HLA-DRB1*0401 under the mouse 

MHC-II promoter and deficient in the endogenous murine MHC-II locus. As a stringent 

test of the potential for immunogenicity, mice were immunized with a strong adjuvant 

(Complete Freund’s Adjuvant) to induce robust CD4+ T-cell responses.  The HLA 

transgenic mice were immunized with either WT EcAII or 3.1.E2 and T-cell responses 

were measured in draining lymph node cells by cytokine ELISPOT assays for IFN-γ 

levels following recall with either the initial enzyme itself or with overlapping 20-mer 

synthetic peptides corresponding to the sequence of the enzyme used in the initial 

immunization (Figure 4.8A). For WT EcAII, the highest level of T-cell activation was 

observed in response to 20-mer WTp211-230, which contained the predicted core region 

I216VYNYANAS.  Deimmunization resulted in a significant decrease in T-cell activation 
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by peptides containing the mutated sequences relative to I216VYNYANAS and 

V304LLQLALTYQ in the parental enzyme. In contrast, although mutagenesis of the 

M115RPSTSMSA region resulted in a sequence with improved CPR score with for 

DRB1*0401, no statistical difference in cytokine stimulation could be observed for the 

mutant peptide.  This was probably a consequence of the complex relationship between 

antigen processing, MHC-II binding, and TCR recognition and signaling [231]. 

Interestingly, while the cytokine responses induced by the 17 N-terminal overlapping 

peptides were essentially indistinguishable (p = 0.182) regardless of whether the mice 

had been immunized with WT or mutant enzyme, a significantly reduced response (p < 

0.0001) was observed for the 3.1.E2-immunized population across the 15 C-terminal 

overlapping peptides. One possible explanation for this result is that the mutations in 

3.1.E2 may have affected antigen processing, thus altering MHC-II loading[232]. 

Importantly, mice immunized with 3.1.E2 also displayed a statistically significant (p = 

0.02) 10-fold reduction in anti-EcAII IgG titer relative to mice receiving the WT enzyme 

(Figure 4.8B). Given that the activation of CD4+ T-cells is in most cases required for the 

longevity and proliferation of B-cells and for antibody isotype-switching[24], this result 

strongly implicated that the removal of EcAII T-cell epitopes in 3.1.E2 resulted in 

reduced T-cell help and thus led to lower antibody titers relative to the WT enzyme.   
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Figure 4.8 T-cell activation and antibody responses in HLA-DRB1*0401 transgenic 
mice: (A) IFN-γ production by lymph node T-cells from HLA-DRB1*0401 transgenic 
mice immunized with either EcAII (n = 10 mice) or 3.1.E2 (n = 8 mice) and challenged 
with overlapping 20-mer peptides as shown. For each mouse, cytokine signals to each 
peptide were normalized using the cytokine signal generated to whole antigen in order to 
account for response variability across each sample population. Error bars shown are 
S.E.M. *:p = 0.182; **: p < 0.0001: paired Student’s t-test, 2-tailed, comparing recall 
responses. (B) Relative anti-EcAII serum IgG titers induced by EcAII (n = 6 mice) and 
3.1.E2 (n = 6 mice) in HLA-DRB1*0401 transgenic mice. Error bars shown are S.E.M. 
*:p = 0.02: unpaired Student’s t-test, 2-tailed, comparing antibody titers.  

 

4.3 DISCUSSION 

 

Human or humanized protein deimmunization has so far relied on the introduction 

of one or at most, a very limited number of conservative amino acid substitutions that 

attempt to remove immunogenic epitopes without perturbing therapeutic function.    

However, more drastic re-engineering of the polypeptide sequence is often required for 

the deimmunization of heterologous enzymes that have not undergone tolerance 

induction.  Introducing substantial changes in the primary sequence of enzymes without 

affecting stability of function poses a significant challenge. We showed that the use of 

combinatorial mutagenesis and neutral drift screens that directly interrogate protein 

function can be exploited to take large leaps in sequence space and thus generate variant 

polypeptides with reduced propensity to bind to MHC-II and elicit T-dependent antibody 

responses.  The EcAII 3.1.E2 mutant contained 8 amino acid substitutions, 3 of which are 

not observed in any of the nearly 500 bacterial type II asparaginases in the database, yet 

retained near WT catalytic efficiency and stability.  EcAII 3.1.E2 exhibited substantially 

reduced immunogenicity in HLA-transgenic mice and thus constitutes a very promising 

candidate for alleviating adverse responses in the treatment of childhood ALL.   Further, 
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the development of an asparaginase displaying reduced immunogenicity could prove 

critical for longer term treatment in adult ALL or for relapsing patients.    

The neutral drift screen we developed may be readily applied for the 

combinatorial deimmunization of a number of other heterologous therapeutic enzymes 

used in cancer treatment that function by systemic amino acid depletion, such as L-

methioninase or arginine deiminase.  Likewise, different neutral drift screens may be 

readily designed for the deimmunization of heterologous binding proteins, e.g. enzyme 

inhibitors[233], using established methods such as phage or microbial display.  While in 

this work we employed a computational approach for monitoring immunogenicity, 

experimental methods for identifying T-cell epitopes can also be applied to monitor the 

immunogenicity propensity of mutant proteins.    
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Chapter 5: Conclusions and Future Perspectives 

 

The role of E. coli L-Asparaginase II (EcAII) as an effective antileukemic agent 

for the treatment of ALL has been well established for over 40 years. Despite its proven 

clinical efficacy however, the use of EcAII has been limited by some toxicities, and 

critically, by the development of adverse antibody responses which in turn may mediate 

hypersensitivity reactions and/or neutralize the enzyme itself in a large fraction of 

patients. To date, the primary strategy for managing patients with adverse responses to 

EcAII (either native or PEGylated formulations) is treatment with Er. caratovora L-

Asparaginase II (ErA), which while non-cross reactive with anti-EcAII antibodies [118], 

is also highly immunogenic and clinically inferior to EcAII with respect to both event-

free survival and overall survival rates at 6 years [114]. The work detailed in this 

dissertation has focused on the investigation and development of novel strategies towards 

the engineering of a second-generation therapeutic asparaginase with reduced 

immunogenicity for the safer and more effective treatment of ALL. The results of 

Chapter 4 highlight the power of exploiting the evolutionary biology concept of neutral 

drift to modify immunogenic determinants of EcAII in order to generate a less 

immunogenic variant of the benchmark therapeutic. Additionally, as part of this work we 

explored of the biochemical properties and enzymology of human enzymes that possess 

some degree of functional similarity to asparaginase.  

First, we provided experimental proof that the human asparaginase-like protein 1 

(hASRGL1) belongs to the N-terminal nucleophile (Ntn) hydrolase family, and that 

Thr168 serves as its critical residue for both intramolecular processing and catalytic 

activity. Accordingly, kinetic analysis revealed that hASRGL1 displays both L-
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Asparaginase (kcat/KM ~ 103 M-1s-1) and β-aspartyl peptidase activities, however fails to 

hydrolyze either L-Gln or GlcNAc-L-Asn, consistent with other characterized plant-type 

asparaginases [96, 97]. Moreover, the kcat/KM values exhibited for β-aspartyl peptides 

containing a hydrophobic amino acid were 2-4-fold higher relative to L-Asn, whereas 

substitution of a basic amino acid into the β-aspartyl position resulted in a 2-fold 

reduction in kcat/KM, again relative to L-Asn. Our results constituted the first described 

recombinant expression and characterization of this enzyme.  Given the elucidated 

hASRGL1 activity profile described, we further proposed a potential physiological 

synergism with the enzyme Protein L-isoaspartyl Methyltransferase (PIMT, 2.1.1.77) for 

the repair and/or degradation of isoaspartyl-damaged proteins, whose accumulation is 

otherwise detrimental. Interestingly, Evtimova et al. [136] demonstrated that hASRGL1 

is significantly upregulated in certain cancers (e.g. ovarian). Therefore, one future 

direction in the study of hASRGL1 should be in trying to uncover an explanation for its 

upregulation in malignancies, and further, how this implication may be therapeutically 

targeted or exploited. Of course, the other future direction would be to utilize the 

recombinant expression system (Chapter 2) and some adaptation of the high-throughput 

asparaginase screen (Chapter 4) described in this dissertation in order to engineer 

hASRGL1 for improved asparaginase activity given that the wild-type enzyme exhibits 

an approximately 1000-fold lower kcat/KM (L-Asn) relative to EcAII and would thus be 

unlikely to be immediately therapeutically relevant.  

The optimization of bacterial expression and subsequent biochemical 

characterization of human protein N-terminal asparagine amidohydrolase (hNTAN1) 

represented the first example of bacterial recombinant expression of a mammalian N-end 

rule enzyme. Following optimization of the (i) expression RBS, (ii) N-terminus (i.e. 
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deletion of a nonnative encoded Gly2 residue), and (iii) fusion of an appropriate C-

terminal affinity tag, we were able to obtain essentially homogeneous hNTAN1. Kinetic 

analysis revealed that the enzyme exhibited activity against the angiotensin peptide 

NRVYVHPF (kcat/KM ~ 105 M-1s-1), however failed to deamidate L-Asn, L-Gln, an 

analogous peptide with an acetylated N-terminal asparagine, or an analogous peptide with 

an N-terminal glutamine (QRVYVHPF). These results indicate that the recombinant 

human enzyme has substrate specificity similar to that   of NTAN1 purified from porcine 

liver [191]. Additionally, we demonstrated that the alkylating agent iodoacetamide was 

able to completely abolish hNTAN1 activity, suggesting the existence of a nucleophilic 

Cys. Site-‐specific	  mutagenesis	  suggested	  that Cys75 may be strongly implicated as the 

nucleophilic residue. Much like with hASRGL1, the future directions for hNTAN1 

should be two-fold. In one aspect, our results have the laid the groundwork for potentially 

investigating the N-end rule in vitro in order to both identify substrates targeted by the 

pathway, and as importantly, to begin to gain an understanding of the biochemical and 

genetic implications of the phenotypic results observed in Ntan1-/- and other N-end rule-

targeted knockout mice. The other future direction for hNTAN1 related studies would be 

to engineer the substrate specificity of the enzyme such that it acquires asparaginase 

activity with therapeutically relevant kcat/KM. 

Importantly, the work in this dissertation resulted in the isolation of an EcAII 

variant containing 8 amino acid substitutions within computationally predicted T-cell 

epitopes – of which 4 were non-conservative – while still exhibiting kcat/KM ~ 106 M-1s-1 

for L-Asn hydrolysis. Immunization of HLA transgenic mice expressing the ALL-

associated DRB1*0401 allele with this engineered variant resulted in significantly 

reduced T-cell responses and a 10-fold reduction in anti-EcAII IgG titers relative to the 
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existing therapeutic. The significant reduction in the immunogenicity of EcAII described 

here may be clinically relevant for ALL treatment immediately. Further rounds of EcAII 

epitope removal to generate a ‘third generation’ EcAII with potentially even less 

immunogenic potential, may turn out to be the most optimal strategy in developing a 

safer and effective asparaginase.  This study also illustrated the power of employing 

neutral drift screens to achieve large jumps in sequence space as may be required for the 

deimmunization of heterologous proteins. Thus, another future perspective stemming 

from this work should be the adaptation of the neutral drift screen described here towards 

the deimmunization of other heterologous enzymes used in cancer treatment that are of 

interest in our lab, specifically L-methioninase and arginine deiminase. Similarly, neutral 

drift screens may be designed for the deimmunizaiton of a number of other heterologous 

proteins (e.g. enzyme inhibitors) using already well-established screening methods such 

as phage or microbial display.  
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Appendix I – Cyclotide Scaffold for Protein Engineering 

To date, monoclonoal antibodies (mAbs) have served as the primary biomolecular 

scaffold in various therapeutic and diagnostic applications, owing to their high affinity, 

target specificity, and therapeutic efficacy [234]. However, it has become clear that mAbs 

suffer from a number of fundamental disadvantages [234, 235], which has in turn 

stimulated the exploration into engineering alternative protein scaffolds with improved 

features. The 10th type III domain of human fibronectin (Fn3) has been shown to be one 

such effective scaffold alternative. Hackel et al. [236] have designed Fn3 libraries with 

variable loop lengths and used an affinity maturation scheme to isolate a fibronectin with 

picomolar affinity to lysozyme.  Designed ankyrin repeat domains (DARPins) are yet 

another novel class of binding molecules that can be selected to recognize a wide variety 

of ligands. For example, Zahnd et al. [237] used ribosome display to affinity mature a 

DARPin with picomolar affinity to human epidermal growth factor receptor 2 (Her2).  

Cyclotides are naturally occurring, plant-derived mini proteins (~ 30 amino acids) 

that have both a cyclic backbone and a knotted arrangement of three conserved disulfide 

bonds, referred to as a cystine knot (Figure A.1). The combination of the cyclic 

backbone and cystine knot motif is referred to as a cyclic cystine knot (CCK) and it 

confers cyclotides with remarkable stability and high resistance to a range of chemical, 

enzymatic, and thermal treatments [238], making them ideal molecular scaffolds for the 

generation of stable therapeutic affinity reagents. Cyclotides have already been shown to 

display a diverse range of therapeutically useful intrinsic activities, including 

antimicrobial and anti-HIV activities [239], however, a number of studies have 

additionally demonstrated the plasticity of cystine-knotted peptide framework regions 

and their tolerance to residue substitutions [240, 241], suggesting the notion that the 
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cyclotide scaffold can potentially be engineered across such regions to acquire 

therapeutically relevant, non-native binding functions while maintaining their stable 

characteristic CCK motif. Kimura et al. [242] recently demonstrated the potential of 

employing knottin peptides as protein engineering scaffolds. In their work, libraries of the 

knottin peptide Ecballium elaterium trypsin inhibitor (EETI-II) were constructed in 

which the 6-amino acid trypsin-binding loop was substituted with 11-amino acid loops 

containing the Arg-Gly-Asp integrin binding motif and randomized flanking residues, 

and subsequently screened using yeast surface display to isolate high affinity binders to 

specific integrin subtypes.  

 

 

Figure A.1 Structure and sequence of the prototypic cyclotide kalataB1. This image was 
reproduced with permission from http://en.wikipedia.org/wiki/File:Cyclotide_structure.jpg  
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MCoTI-II (Figure A.2) is a powerful trypsin inhibitory cyclotide isolated from a 

plant of the squash family (Momordica cochinchinensis) that shares extensive structural 

features to the open-chain EETI-II described above. Avrutina et al. [243] revealed that 

the cyclic feature of MCoTI-II appears to impart the cyclotide with a nearly 3-fold greater 

trypsin-binding affinity (Ki = 0.03nM) relative to the open-chain EETI-II (Ki = 0.08nM), 

perhaps resulting from additional binding energy provided by the cyclization loop. 

Camarero et al. [244] have described the recombinant expression of a correctly folded 

and fully functional MCoTI-II in E. coli using intein-mediated native chemical ligation. 

However, this strategy constrains the localization of biosynthetically produced cyclotides 

to the bacterial cytoplasm. Nonetheless, an acyclic permutant of MCoTI-II, in which the 

proposed cyclization loop was removed, was synthesized and observed to retain 

picomolar affinity for trypsin (Ki = 0.3nM) [243]. Thus, using the open-chain MCoTI-II 

as a template, we anticipated the potential to construct libraries that could be screened for 

non-native binding activities with no constraint on bacterial localization, and 

subsequently, the cyclization loop could conceivably be re-introduced to isolated acyclic 

variants afterwards in order to generate novel binding cyclotides.  

 

 

 

 

Figure A.2 Sequence and disulfide linkages of MCoTI-II. Disfulfide bonds are shown as 
yellow lines, while the black line connecting the terminal residues as shown represents 
the cyclization. 
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The two primary screening strategies pursued for this project to date were: (i) 

anchored periplasmic expression (APEx) [245] and (ii) phage display [246]. As such, it 

was first necessary to determine whether the circular permutation of open-chain MCoTI-

II (oMCoTI-II), GVCPKILKKCRRDSDCPGACICRGNGYCG, could be (i) secreted to 

the bacterial periplasm (using a pelb leader sequence) with either an (ii) N- or C-terminal 

affinity tag, as both of these conditions would need to be met in carrying out either of the 

two screening strategies above. Using this particular permutation of oMCoTI-II, the 

recombinant protein displayed trypsin inhibitory activity when expressed with a C-

terminal His6 tag; however, no detectable activity was observed for oMCoTI-II with an 

N-terminal His6 tag.  

Thus, two approaches were ultimately developed for screening oMCoTI-II 

libraries:  

I. In the anchored periplasmic expression (APEx) system, an oMCoTI-II-Fos 

fusion – where Fos was fused to the C-terminus of oMCoTI-II – was expressed and 

subsequently captured by an inner transmembrane NlpA-Jun fusion through the protein-

protein interaction between Jun and Fos, thereby anchoring oMCoTI-II to the E. coli 

inner membrane. Following co-expression of the two fusion proteins, outer membrane 

permeabilization was used to create spheroplasts in which oMCoTI-II was accessible to 

exogenously added ligand. In this manner, controls were set up in which this system was 

evaluated by incubating spheroplasts with a biotin-trypsin conjugation and then labeling 

with streptavidin-phycoerythrin (PE) for subsequent FACS analysis. Theoretically, PE 

signal far above background levels could only be achieved when the following series of 

successive binding events occurred for a given spheroplast population (binding partners 
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in each event underlined): (i) oMCoTI-II-Fos bound to NlpA-Jun, (ii) oMCoTI-II-Fos 

bound to biotin-trypsin, and (iii) biotin-trypsin bound to streptavidin-PE (Figure A.3).  

 

 

 

Figure A.3 Schematic of APEx approach for screening oMCoTI-II libraries. Enrichment 
of phycoerythrin (PE) signal is dependent upon 3 successive binding events as described 
in the text.  

 

II. In the phage display system, oMCoTI-II was tethered to M13 phage via C-

terminal fusion to the minor coat protein pIII. Multiple rounds of phage panning with 

varying concentrations of the ligand of interest (without need for conjugation to biotin) 

would thus allow for the isolation of high affinity acyclic cyclotide binders with novel 

binding activity.  

To evaluate these screening approaches, a large collection of oMCoTI-II libraries 

were ultimately constructed in which the trypsin inhibitory loop, PKILKK [243], was 

replaced with completely randomized loops with length X, where X = 5, 6, 7, 8, 9, 10, or 
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11. Either of two randomization schemes were employed in order to generate minimalist 

libraries based on the success of this approach in the affinity maturation of other scaffold 

proteins [247, 248]. In one scheme, the degenerate codon NNC (where N = A, T, G, C) 

was encoded at each position within the loop, while in the other, a binary diversity of all 

Tyr and Ser residues was achieved using the degenerate codon TMT (where M = A or C). 

The substrate for which we hoped to generate affinity-matured binders against was the 

complement serine protease C1s.  

Application of the APEx approach to isolate binders against biotin-C1s proved to 

be unsuccessful, as multiple attempts at optimization of the system failed to result in the 

enrichment of PE signal across iterative rounds of sorting, despite the modest validation 

of this system using controls whereby the PE signal for spheroplasts expressing the 

Jun/Fos capture machinery was > 4-fold greater relative to spheroplasts that did not 

express either fusion protein.  

Application of the phage display approach also proved to be unsuccessful 

following multiple attempts at optimization. Despite very modest positive results 

obtained through polyclonal phage ELISAs comparing the binding affinity of initial 

phage library populations to those that had undergone multiple rounds of panning, 

monoclonal high binding variants against C1s were never isolated.  

With fellow graduate student Mark Pogson, a new genetic selection strategy is 

currently in development to isolate oMCoTI-II variants evolved to bind various human 

proteases whose recombinant expression in E. coli would otherwise result in cell death. 

Thus, co-expression of oMCoTI-II could provide an effective means to link inhibitory 

activity to cell viability.  Controls in which wild-type oMCoTI-II was co-expressed with 

human trypsin have provided promising early results, in which viability is dramatically 
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enhanced in cells that co-express oMCoTI-II relative to cells that express trypsin only. 

(Figure A.4).    

     
 

Figure A.4 Serial dilutions E. coli expressing recombinant human trypsin. (1) Cells co-
expressing oMCoTI-II. (2) Cells expressing trypsin only. Cell viability in lane 1 is much 
greater as a result of the co-expression of trypsin inhibitory oMCoTI-II, whereby cell 
growth is observed over at least 4 additional log dilutions relative to cells expressing 
trypsin only (lane 2).  
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