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Differences in metabolic pathways between cancer and normal tissue can lead to a 

new generation of protease therapeutics. Heterologous enzymes to deplete specific amino 

acids that are deficient in cancer cells have applications for treating a number of cancers. 

One successful example is acute lymphoblastic leukemia (ALL) treatment with bacterial 

L-asparaginase to systematically deplete L-asparagine (L-Asn). However, the repeated or 

prolonged therapeutic administration of such enzymes is restricted by their 

immunogenicity and secondary specificity. An alternative strategy using a human version 

of asparaginase with higher substrate specificity was not available until the recent 

identification of human asparaginase-like protein 1 (hASRGL1). In order to provide good 

guidance for hASRGL1 therapeutic engineering, in this dissertation study, we use a 

combination of structural biology, kinetics, protein engineering and a novel method of 

differential scanning fluorometry to study the enzyme mechanism of hASRGL1. 
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Autoprocessing is a critical post-translation modification step for hASRGL1 function. It 

is intertwined with substrate catalysis which fetters the study of hASRGL1 enzyme 

mechanism.  To effectively tackle this problem and to gain a good control over activation 

of hASRGL1 for therapeutic application, we circumvented this obstacle by a circularly 

permuted hASRGL1 that uncoupled the autoprocessing reaction, allowing us to 

kinetically and structurally characterize this enzyme and the precursor-like, hASRGL1-

Thr168Ala variant. In doing so, we revealed that a torsional restraint on the Thr168 side-

chain helps drive the intramolecular processing reaction. Cleavage and formation of the 

active site releases the torsional restriction on Thr168, which is facilitated by a small 

conserved Gly-rich loop near the active site that allows the conformational changes 

necessary for activation (Chapter 2). Following that, we further delineated the roles of 

several critical residues in catalyzing autoprocessing and/or substrate catalysis using the 

uncoupled system of WT-hASRGL1 and cp-hSARGL1 (Chapter3). Furthermore, we 

developed a de novo method using differential scanning fluorometry to quantitatively 

analyze the autoprocessing reaction and, for the first time, identified three distinct 

molecular complexes during maturation that confirmed the existing of half processed 

heterotrimer. Finally, we found that the dimer-dimer interface is critical for stabilization 

of the αβ-βα homodimer and the rest of the autoprocessing reaction through a 

mutagenesis study. 

  



	  

	  
	  

xi	  

Table of Contents 
 
List of Tables ................................................................................................................... xiv 
List of Figures .................................................................................................................. xv 
Chapter 1: Introduction  ................................................................................................... 1 
    1.1 Amino acid depletion and protein therapeutics for cancer  ....................................... 1 

1.1.1 Amino acid depletion as potential cancer therapeutics  ...................................... 1 
1.1.2 Protein therapeutics  ............................................................................................ 2 
1.1.3 Structure guided protein engineering  ................................................................. 3 

1.2 Acute lymphoblastic leukemia and L-asparaginase  .................................................. 4 
1.2.1 Acute lymphoblastic leukemia  ........................................................................... 4 
1.2.2 Bacterial L-asparaginase as an effective component in current treatment of 
ALL and its limitation  ................................................................................................. 6 

1.3 Human asparaginase-like protein 1 and its challenge for protein engineering ......... 8 
1.3.1 Human asparaginase-like protein 1 ..................................................................... 9 
1.3.2 The current challenge for human asparaginase-like protein 1 engineering  ..... 11 

1.4 References ............................................................................................................... 14 
Chapter 2: Uncoupling Intramolecular Processing and Substrate Hydrolysis in the 
N-terminal Hydrolase hASRGL1 by Circular Permutation  ...................................... 19 
   2.1 Chapter Summary ..................................................................................................... 19 

2.2 Introduction .............................................................................................................. 20 
2.3 Results and Discussion ............................................................................................ 21 

2.3.1 Construction and characterization of cp-hASRGL1 ......................................... 21 
2.3.2 Structural studies of the precursor-like hASRGL1-Thr168Ala and the fully 
activated cp-hASRGL1 .............................................................................................. 26 
2.3.3 Constraint-driven intramolecular processing  ................................................... 36 

2.4 Materials and Methods  ............................................................................................ 42 
2.4.1 Molecular biology methods  ............................................................................. 43 
2.4.2 Expression and purification  ............................................................................. 43 
2.4.3 Crystallization  .................................................................................................. 45 
2.4.4 Diffraction data collection and structure determination  .................................. 45 
2.4.5 TM measurement using Differential Scanning Fluorometry  ............................ 46 
2.4.6 AHA assay ........................................................................................................ 47 
2.4.7 pH rate dependence ........................................................................................... 47 



	  

	  
	  

xii	  

2.4.8 Intramolecular processing characterization  ..................................................... 48 
2.5 References ............................................................................................................... 49 

Chapter 3: Differential Scanning Fluorimetry and Mutagenesis Characterization of 
hASRGL1 Autoprocessing  ............................................................................................ 52 
   3.1 Chapter Summary ..................................................................................................... 52 
   3.2 Introduction .............................................................................................................. 53 

3.3 Results and Discussion ............................................................................................ 55 
3.3.1 hASRGL1 intramolecular cleavage proceeds by a two-step process ............... 55 
3.3.2 Dimer interface stabilization regulates intramolecular-processing .................. 59 
3.3.3 hASRGL1 activator other than glycine ............................................................ 61 
3.3.4 Glycine to Arg196 salt bridge promotes hASRGL1 intramolecular-processing
 ................................................................................................................................... 64 

3.4 Materials and Methods ............................................................................................. 67 
3.4.1 Cloning, Expression, and Purification of hASRGL1 and mutations  ............... 67 
3.4.2 TM measurement using Differential Scanning Fluorometry  ............................ 68 
3.4.3 Autoprocessing assay ........................................................................................ 68 
3.4.4 Crystallization ................................................................................................... 69 
3.4.5 Diffraction data collection and structure determination  .................................. 70 
3.4.6 Generating Cys202Ala error-prone library and library screening .................... 72 

3.5 References ................................................................................................................ 74 
Chapter 4: Uncouple the Roles of Active Site Residues by the WT-hASRGL1 and 
cp-hASRGL1 Platform  .................................................................................................. 76 
   4.1 Chapter Summary ..................................................................................................... 76 
   4.2 Introduction .............................................................................................................. 77 

4.3 Results and Discussion ............................................................................................ 79 
4.3.1 A hydrogen network formed by Asn62-Thr186-Thr168 is important for both 
autoprocessing and substrate catalysis ....................................................................... 79 
4.3.2 Thr219 is important for catalysis but not required for autoprocessing ............. 83 

4.4 Materials and Methods ............................................................................................. 86 
4.4.1 Cloning, Expression, and Purification of hASRGL1 and mutations ................ 87 
4.4.2 Autoprocessing assay  ....................................................................................... 87 
4.4.3 AHA assay ........................................................................................................ 88 

4.5 References ................................................................................................................ 89 
Chapter 5: Major Findings and Perspectives ............................................................... 90 
References ......................................................................................................................... 95 



	  

	  
	  

xiii	  

Vita .................................................................................................................................. 104 
  



	  

	  
	  

xiv	  

List of Tables 

Table 2-1: ESI-MS analysis of cp-hASRGL1 and variants  ............................................. 24 

Table 2-2: Kinetics of cp-hASRGL1 and variants  ........................................................... 24 

Table 2-3: Experimental and calculated pKa values of cp-hASRGL1 and substrate AHA 

 ........................................................................................................................................... 26 

Table 2-4: Crystallographic data and refinement statistics  .............................................. 28 

Table 2-5: Intramolecular processing and substrate hydrolysis rates ............................... 36 

Table 2-6: Summary of Thr168 side chain interactions modeled into hASRGL1-

Thr168Ala structure  ......................................................................................................... 38 

Table 2-7: Oligonucleotides used in the construction of cp-hASRGL1 and point mutant 

variants  ............................................................................................................................. 42 

Table 3-1: Oligonucleotides point mutant variants of hASRGL1 ..................................... 67 

Table 3-2: Crystallographic data and refinement statistics  .............................................. 71 

Table 4-1: Kinetics of cp-hASRGL1 and variants  ........................................................... 82 

Table 4-2: Oligonucleotides point mutant variants of hASRGL1 ..................................... 87	  
  
  



	  

	  
	  

xv	  

List of Figures 

Figure 1-1: Structure of bacterial asparagine II and human asparaginase-like protein 1 .... 9 

Figure 1-2: The hASRGL1 catalyzes hydrolysis of asparagine and β-aspartyl peptides .. 10 

Figure 1-3: Scheme of autoprocessing and catalysis reaction of hASRGL1 .................... 13 

Figure 2-1: Scheme of circular permutated hASRGL1 ..................................................... 23 

Figure 2-2: The pH dependence of cp-hASRGL1 ............................................................ 26 

Figure 2-3: Structure comparison of precursor-like and fully activated hASRGL1 ......... 29 

Figure 2-4: Density (Fo-Fc) map of sulfate ion bound in active site  ............................... 33 

Figure 2-5: Sequence alignment of plant-type asparaginases over HGG motif  ............... 35 

Figure 2-6: Modeled threonine rotamer conformations  ................................................... 38 

Figure 2-7: Hydrogen bonding around Thr168 ................................................................. 39 

Figure 2-8: Derivative plots of hASRGL1 and variants  .................................................. 41 

Figure 3-1: Schematic model of hASRGL1intramolecular processing ............................ 57 

Figure 3-2: SDS-PAGE Gel of WT-hASRGL1 autoprocessing and glycine promoted 

intramolecular processing ................................................................................................. 58 

Figure 3-3: DSF analysis of WT-hASRGL1 intramolecular processing  ......................... 59 

Figure 3-4: Size-exclusion chromatography of hASRGL1 Cys202 variants  ................... 61 

Figure 3-5: Chemical structures of small molecules resemble glycine. ............................ 63 

Figure 3-6: SDS-PAGE gel of WT-hASRGL1 intramolecular processing  ...................... 64 

Figure 3-7: Overall improved structure of cp-hASRGL1  ................................................ 65 

Figure 3-8: Glycine salt bridge to Arg196 likely promotes hASRGL1 intramolecular 

processing. ......................................................................................................................... 66 



	  

	  
	  

xvi	  

Figure 3-9: Sequence alignments of plant-type asparaginases from diverse phylogenies 

showing conserved Arg196 (red triangle) across different protein sequences.  ................ 67 

Figure 4-1: Conserved active site residues. ........................................................................... 80 

Figure 4-2: Hydrogen network formed by Asn62-Thr186-Thr168 is important for both 

autoprocessing and substrate catalysis. ............................................................................. 83 

Figure 4-3: Thr219 is important for catalysis but not required for autoprocessing. ......... 86 

 



	  

	  
	  

1	  

Chapter 1: Introduction 

 

1.1 Amino acid depletion and protein therapeutics for cancer 

Cancer has remained one of the most difficult diseases to treat and has quickly become a 

significant global health burden (Jemal, Bray et al. 2011). Conventional cancer chemotherapy 

has made noticeable progress with recent advances in cancer research and therapeutics 

development, but treatment usually involves high dosages of chemotherapeutic agents with 

undesired toxicities to normal cells. This can result in poor outcomes for many types of cancer, 

especially in the late stages of the diseases (Pavelic, Sedic et al. 2011). Therefore, novel and 

improved tumor specific therapeutics are in high demand.  

 

1.1.1 Amino acid depletion as potential cancer therapeutics 

It has been known since the late 1920s, as first reported by Otto Warburg, that there is a 

fundamental difference in central metabolic pathways operating in malignant tissue when 

compared with those in healthy tissue (Warburg, Wind et al. 1927). More specifically, the need 

for various macromolecular building blocks to maintain rapid cell growth and proliferation is 

critical for cancerous cells (Cairns, Harris et al. 2011). Relative specific amino acid dependency 

is one of the metabolic abnormalities of melanoma cells (Fu and Meadows 2007). In fact, many 

types of cancers exhibit deficiencies in certain amino acid synthase or salvage pathways forcing 

the tumors to rely on extracellular pools of these amino acids for protein synthesis demands. For 

example, childhood acute lymphoblastic leukemia (ALL) cells, 20% of ovarian carcinomas 

(Lorenzi, Llamas et al. 2008), and certain adult non-Hodgkin lymphomas cannot synthesize L-

asparagine (L-Asn) by themselves and thus depend on uptake of the amino acid from blood for 
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growth (Cooney and Handschu.Re 1970). Furthermore, a sizable fraction of metastatic 

melanomas, hepatocellular carcinomas (HCCs) (Ensor, Holtsberg et al. 2002), a majority of 

pancreatic carcinomas (Bowles, Kim et al. 2008), and certain leukemias (Gong, Zolzer et al. 

2000; Hernandez, Morrow et al. 2010) are auxotrophic for L-arginine (L-Arg); human 

neuroblastomas and other cancers exhibit a high demand for l-methionine (L-Met) (Cellarier, 

Durando et al. 2003); some melanoma and prostate cancer cells exhibit dependence on L-

tyrosine (L-Tyr) and l-phenylalanine (L-Phe) (Fu, Yu et al. 2003; Fu and Meadows 2007); and in 

hepatomas, cellular proliferation has been reported to be dependent on l-glutamine (L-Gln) and 

L-leucine (L-Leu) (Medina, Sanchezjimenez et al. 1992; Wasa, Bode et al. 1996). This 

dependence on certain types of amino acids supplies a potential strategy for cancer therapy, that 

is, by depleting certain exogenous amino acids to starve the cancerous cells for tumor apoptosis 

with minimal side effects to normal cells.  

 

1.1.2 Protein therapeutics 

Protein therapeutics exists as an important option for depleting amino acids from the cells. 

By artificially synthesizing protein on a large scale using genetically modified host cells, protein 

therapeutics has quickly become an essential part of a reliable and efficient cure for different 

types of chronic diseases including cancers. Compared with traditional chemotherapy using 

small molecule drugs, advantages of protein therapeutics include high specificity, low cross-

reactivity and off-target effects, and novel modes of action (Morin, Meiler et al. 2011). With 

these advantages, protein therapeutics can be expected to share a good portion of the $ 962.1 

billion pharmaceutical industries (Strohl and Knight 2009). High specificity and efficacy of 
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natural enzymes could be used as protein therapeutics. However, in most cases alternation of the 

enzymatic properties is required for enhancing or even creating the therapeutic capacity.  

 

1.1.3 Structure guided protein engineering  

 There are a variety of strategies for modulating protein properties, such as efficacy, 

stability, specificity, immunogenicity, and pharmacokinetics. These include manipulation of 

primary sequence, incorporation of chemical and post-translation modifications and utilization of 

fusion partners. One of the most common routes for optimization is through site directed 

mutagenesis, which is often performed in a brute force or trial-and-error manner (Marshall, 

Lazar et al. 2003). Other than site directed mutagenesis, semi-rational approaches cover a 

diversity of methods. For example, phage display has been used to optimize a therapeutic 

candidate (Marshall, Lazar et al. 2003). With recent advances in protein chemistry, the 

availability of high resolution protein structures has paved a way for structure guided rational 

protein design. 

Structure guided protein engineering has become the one of the most important subsets of 

protein engineering. It offers an extraordinary level of control over protein sequence and 

structure. It is a process which explores sequence combinations that extend far beyond natural 

diversity with the ability to couple multiple constraints algorithmically for simultaneous 

optimization of several protein properties. In addition, lessons learned from the rational design 

process can be reapplied to additional protein systems thus saving discovery cost and time. This 

rational approach has been demonstrated to be both successful and efficient, and it can 

potentially impact a wide variety of therapeutically favored features. 
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1.2 Acute lymphoblastic leukemia and L-asparaginase 

As discussed above, protein therapeutics that depletes a certain amino acid are one of the 

potential cures for chronic diseases such as cancer. However, there are still many limitations that 

need to be addressed. Specifically, the lack of endogenous enzymes with effective activity to 

deplete targeted a amino acid and severe immunogenicity caused by foreign protein injection are 

two of the most important ones. In the work presented here one particular enzyme, L-

asparaginase, was studied. It is considered one of the most successful protein therapeutics in 

cancer therapy using targeted enzymatic amino acid depletion. Its efficiency is illustrated by the 

remarkable success in the treatment of childhood acute lymphoblastic leukemia (ALL) (Dinndorf, 

Gootenberg et al. 2007). However, a better treatment is still in high demand due to the 

aforementioned limitations. Through a combination of structural and biochemical analysis, here 

we present the biochemical characterization of a human enzyme with L-asparaginase activity. 

Our aim is to supply an alternative route to address those limitations and at the same time, to 

serve as a stepping stone towards a better treatment. 

 

1.2.1 Acute lymphoblastic leukemia 

Acute lymphoblastic leukemia (ALL) is a hematological malignant disorder. Patients 

with ALL produce excessive immature white blood cells, leukocytes, in their bone marrow 

which crowd out the normal white blood cells. This results in a malfunction of the immune 

system. ALL most commonly occurs in children from age 3 to 5. There are about 6000 people 

every year newly diagnosed with ALL, according to the American Cancer Society. About two 

thirds of those people affected are children. It also represents 25–30% of all childhood 

malignancies (Andrade, Borges et al. 2014). Among those children, about 98-99 percent 
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experience complete remission within six weeks of beginning treatment, and about 90 percent 

are leukemia-free for at least ten years, at which time they are considered to be cured under the 

current treatment scheme. Although ALL occurrence is not as common in adults, its survival rate 

with current treatment is devastatingly low. About 80 percent of adults achieve remission after 

treatments, but many relapse, which lowers the overall cure rate to 30% to 40% (Pui and Evans 

2006; Cantor, Panayiotou et al. 2012). There are approximately 1,400 deaths each year in the 

United States due to ALL. Although more children are diagnosed with ALL, most deaths occur 

in adults. Therefore, a more effective ALL treatment is needed for adults. 

Even with ongoing active studies on ALL, the etiology underlying it remains elusive. 

Previous studies showed that cells with the hematological malignant disorder lack or express 

very low levels of L-asparagine synthetase, and therefore require uptake of L-asparagine from 

serum for rapid cell proliferation and survival (Horowitz, Madras et al. 1968; Haskell and 

Canellos 1969). Normal cells on the other hand, are capable of producing the nonessential amino 

acid L-asparagine. Hence, by simply depleting L-asparagine from serum, disordered cells can be 

starved to death without affecting the normal cells. L-asparaginase, the enzyme catalyzing the 

hydrolysis of L-asparagine to ammonia and L-aspartic acid, becomes an optimal candidate for 

treating ALL. Indeed, it has become the most effective component of current treatments of ALL. 

It can deplete the circulating pool of L-asparagine, and inhibit DNA and protein synthesis to 

induce apoptosis of ALL lymphoblasts and compromise tumor growth (Haskell and Canellos 

1969; Ho, Whitecar et al. 1970; Capizzi, Bertino et al. 1971; Story, Voehringer et al. 1993; Ueno, 

Ohtawa et al. 1997; Avramis and Panosyan 2005). However, there are still several practical 

issues to be addressed. 
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1.2.2 Bacterial L-asparaginase as an effective component in current treatment of ALL and 

its limitation 

The journey of discovery of the anti-tumor properties of L-asparaginase began 60 years 

ago. In 1953, Kidd first reported the remarkable observation that guinea pig serum has the ability 

to control the progression of murine lymphoma (Kidd 1953). Clementi later reported that guinea 

pig serum is also a rich source of L-asparaginase (1922). In the early sixties, Broome provided 

evidence to link the anti-lymphoma activity with L-asparaginase: the guinea pig serum 

susceptible lymphoma cells were unable to populate in L-asparagine deficient culture and the 

surviving cells lost the guinea pig serum susceptibility after transplantation in mice, while the 

original lymphoma cells retained this susceptibility (Broome 1963). Soon after, bacterial L-

asparaginase was identified and isolated and the effect of L-asparaginase as an enzymatic 

treatment was rapidly studied and adapted into clinic trials. The first clinical trial on L-

asparaginase was performed in 1966 by Dolowy (Dolowy, Henson et al. 1966).  

L-asparaginase purified from Escherichia coli (ASP, Elspar), its derivative pegylated 

asparaginase (PEG, Oncaspar) and L-asparaginase from Erwinia carotovora (ERW, Erwinase) 

have been incorporated and remain consistently in use as a major component of chemotherapy in 

the ALL treatment protocol since the 1970s (Dolowy, Henson et al. 1966; Hill, Roberts et al. 

1967; Beard, Crowther et al. 1970; Oettgen, Stephenson et al. 1970). The long-term outcome of 

ALL has improved dramatically over the last few decades through the development of effective 

treatments and well-designed treatment protocols. Using E.coli L-asparaginase alone for a 

complete ALL treatment protocol, a 40-60% rate of complete remission was achieved in patients 

that do not exhibit severe adverse immune reactions. The remission rate increases to 95% with a 

combination of vincristin and prednisone (Richards and Kilberg 2006). Although the effect of L-
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asparaginase in ALL treatment is significant, asparaginase is associated with a unique set of side 

effects. Hypersensitivity reactions, due to anti-asparaginase antibody production, have been 

observed in up to 60% of patients at some time during E. coli asparaginase therapy (Pieters, 

Hunger et al. 2011). Moreover, due to the more severe side effects in adult patients, the results of 

current ALL therapy in adults remains unsatisfactory.  

 Mainly due to high immunogenicity, several types of side effects occur during the current 

asparaginase treatment regimen. First of all, the symptoms of hypersensitivity resulting from the 

treatment include anaphylaxis, pain, edema, Quincke's edema, urticaria, erythema, rash and 

pruritis (Woo, Hak et al. 2000). These symptoms could decrease the quality of life of patients 

and lead to undesired complication through treatment. Secondly, development of anti-

asparaginase antibody during the treatment can result in inhibition of asparaginase function 

known as “silent inactivation” (Wenner, Vieira Pinheiro et al. 2005; Willer, Gerss et al. 2011; 

Tong, Pieters et al. 2014). This has been demonstrated by recent studies showing the tendency of 

poor outcomes in children who developed silent inactivation as a resulted of a delayed switch to 

alternative asparaginase agents (Panosyan, Seibel et al. 2004). Thirdly, there are also side effects 

associated with L-asparaginase treatment arising from a second substrate specificity of 

asparaginase. More specifically, due to the structural similarity, L-asparaginase also can deplete 

glutamine and cause side effects such as pancreatitis, hemostasis abnormalities, thrombotic and 

neurological complications (Narta, Kanwar et al. 2007). Usually, children are more tolerant to L-

asparaginase-induced side effects, whereas adults are more sensitive and often develop 

significant morbidity. For instance, in adult patients, liver toxicity with elevated liver enzymes or 

increased bilirubin is a frequent clinical problem accompanying L-asparaginase treatment 

(Goekbuget, Baumann et al. 2008). This intolerance is one of the major reasons for the 
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devastatingly low survival rate of adult ALL. Thus, alternative treatments with low 

immunogenicity and higher specificity are an urgent need. One way to overcome both drawbacks 

of the current form of asparaginase treatment is through using a human enzyme with efficient 

and precise asparaginase depletion activity.  

 

1.3 Human asparaginase-like protein 1 and its challenge for protein engineering 

 Enzymes with L-asparaginase activity are classified into either the bacterial-type or plant-

type subfamilies on the basis of sequence homology, structural features, and other biochemical 

properties. While bacterial-type asparaginases have been intensively studied and used in ALL 

and other cancer treatments, a human homologue of bacterial-type L-asparaginase would avoid 

the immune response aroused by the bacterial protein.  However, no human homologue of 

bacterial-type asparaginase has been found in human. Recently, the rat asparaginase-like protein 

1 (rASRGL1) was identified with significant asparaginase activity. The primary sequences of 

rASRGL1 proteins are highly conserved with the E. coli plant-type asparaginase (UniProtKB 

P37595) (38% identity) and with the Lupinus luteus plant-type asparaginase (UniProtKB 

Q9ZSD6) (42% identity). This family of protein is evolutionarily and structurally distinct from 

the bacterial-type enzymes (Figure 1-1). The hASRGL1 localizes in the cytosol and is 

abundantly presented in the tissues such as brain, liver, and testes (Bush, Herr et al. 2002; 

Dieterich, Landwehr et al. 2003; Weidle, Evtimova et al. 2009). The presence of rat 

asparaginase-like protein with asparaginase activity pointed out the potential existing of a human 

asparaginase protein that could serve as a better protein therapeutic.  
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Figure 1-1 Structure of bacterial asparagine II and human asparaginase-like protein1  

  

1.3.1 Human asparaginase-like protein 1 

 In 2009, Cantor et al. expressed the recombinant Human asparaginase-like protein 1 

(hASRGL1) in E. coli and purified it for enzymatic characterization (Cantor, Stone et al. 2009). 

The hASRGL1 is characterized as a plant-type asparaginase. In addition to asparaginase activity, 

human asparaginase-like protein 1 (hASRGL1) exhibits isoaspartyl peptidase activities, in which 

it prefers isoaspartyl dipeptides over longer isoaspartyl peptides as substrate (Cantor, Stone et al. 

2009) (Figure 1-2). Because of the isoaspartyl activity, it may play a critical role in the 

degradation of such dipeptides inside the cells since the formation of isoaspartyl peptide bonds is 

a common source of nonenzymatic protein damage under physiological conditions. Such 

abnormal peptide formation introduces a kink in the protein backbone that can disrupt normal 

folding, leading to altered susceptibility to proteolysis or loss of function (Aswad, Paranandi et al. 
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2000). Subsequent accumulation of isoaspartyl dipeptides is speculated to be toxic to the cells 

(Gary and Clarke 1995).  

 

 

Figure 1-2 The hASRGL1 catalyzes hydrolysis of asparagine and β-aspartyl peptides 

 

 Human ASRGL1 has been shown to be up-regulated in certain ovarian, colon, and breast 

carcinomas (Weidle, Evtimova et al. 2009). Interestingly, the level of hASRGL1 mRNA and 

protein correlate with the metastatic propensity of human colon and pancreatic carcinomas 

(Weidle, Evtimova et al. 2009). Furthermore, recently siRNA-mediated knockdown of 

hASRGL1 was shown to result in significant growth inhibition of hASRGL1-overexpressing 

metastatic colon cancer cells (Weidle, Evtimova et al. 2009).  

 Human ASRGL1 shows asparaginase activity with no cross-activity towards glutamine, 

which is an important side-effect reported for bacterial asparaginase used in ALL such as 

pancreatitis or hemostasis abnormality (Ollenschlager, Roth et al. 1988). As a native human 

protein, the immunogenicity of hASRGL1 would be very minimal. Collectively, hASRGL1 

could serve as a protein-engineering target to supplement bacterial-type asparaginase for ALL 

treatment. 
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1.3.2 The current challenge for the bioengineering design of human asparaginase-like 

protein 1  

Even though hASRGL1 is known as a human enzyme with asparaginase activity, 

compared to the bacterial asparaginase used in ALL treatment whose kcat/KM is103 mM-1 s-1 

(Cantor, Yoo et al. 2011), it only has kcat/KM of 2 mM-1 s-1 (Cantor, Stone et al. 2009). Significant 

improvement of catalysis is needed for hASRGL1 to be ready as a good protein therapeutic 

candidate for ALL treatment. To reach this goal, an in-depth understanding over its enzymatic 

mechanism could supply good guidance for the desired improvement. Precise measurement of 

enzyme kinetics parameter is a prerequisite for mechanistic study and engineering of a given 

enzyme.  Furthermore, a crystal structure at different stages of activation and reaction will 

provide the roadmap for the “hot-spots” of residues playing essential role for the function of 

hASRGL1 for bioengineering efforts.  

However, there is a major challenge left of studying this particular enzyme, that is the 

autoprocessing of hASRGL1 is intertwined with catalysis. This greatly hindered the ability of 

measuring and studying the catalysis of this protein. Thus, we sought to first characterize and 

understand the mechanism of autoprocessing and then uncouple it from catalysis to pave a path 

for future study and engineering of this promising target. 

 Autoprocessing is a type of post-translational modification. It is a reaction that leads to 

cleavage rearrangement of the polypeptide backbone. This backbone rearrangement is connected 

with auto-splicing processes in protein maturation. Specifically, an enzyme in plant-type 

asparaginases is translated as an inactive precursor. Before it become fully functional, it 

undergoes an autocatalytic intramolecular activation to splice the precursor protein into a 

heterodimer and to expose the N-terminal nucleophilic residue threonine of the nascent β-subunit 
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(Brannigan, Dodson et al. 1995; Xu, Buckley et al. 1999) (Figure 1-3). Plant-type asparaginase 

is known as one of subfamilies of N- terminal nucleophile hydrolases (Ntn hydrolase 

superfamily) based on available structures. The post-translational intramolecular processing of 

enzymes within the Ntn hydrolase superfamily shares a common first step; namely an acyl shift 

(N → O or N → S) that results in the formation of a (thio)ester intermediate, which is 

subsequently hydrolyzed to expose the N-terminal nucleophilic residue (Brannigan, Dodson et al. 

1995; Xu, Buckley et al. 1999). Even though the tertiary structure of Ntn hydrolases are highly 

conserved, the primary sequence of this family shares very little commonality. There are three 

common nucleophiles shared by Ntn hydrolase (Threonine, Serine, Cysteine). 

 Different nucleophile-activating mechanisms have been proposed for the Ntn hydrolase 

family. A conserved water molecule has been proposed for the cephalosporin acylases and the 

proteasomes to facilitate activating their nucleophile serine and threonine (Ditzel, Huber et al. 

1998; Kim, Kim et al. 2002; Yoon, Oh et al. 2004), while in glycosylasparaginase a residue 

aspartate acid preceding the N-terminal nucleophile resulting in an  torsional restraint is 

proposed as a driving force for acyl shift reaction for activating the nucleophile threonine. 

Moreover, for Isopenicilin N acyltransferase, an Ntn hydrolase with cysteine as the nucleophile 

is evidently strong enough without additional force to facilitate the nucleophilic reaction 

(Bokhove, Yoshida et al. 2010). The hASRGL1 enzyme studied here uses threonine as a 

nucleophile and is not a strong nucleophile. Without additional help from other interactions, the 

threonine of hASRGL1 is unlikely efficient to drive the autoprocessing alone. However, there is 

no suitable candidate for activating the unconventional nucleophile with resembles to any of the 

categories discussed above.  
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 Moreover, recombinant hASRGL1 has consistently been reported to show incomplete 

autoprocessing. The autoprocessing level only reaches 50% in vitro. This greatly hinders the 

kinetic and structural characterization of hASRGL1, and automatically reduce hASRGL1 

efficacy if it had been used in therapeutics. 

 

 

Figure 1-3 Scheme of autoprocessing and catalysis reaction of hASRGL1. 

 

In this study, we identified the key residues and motifs in the autoprocessing, developed a 

new method to kinetically characterize the autoprocessing and employed protein engineering 

strategy to uncouple the autoprocessing and substrate catalysis reaction. After uncoupling, we 

further identified and characterized important residues in catalysis.  
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Chapter 2: Uncoupling Intramolecular Processing and Substrate Hydrolysis 

in the N-terminal Hydrolase hASRGL1 by Circular Permutation 

 

2.1 Chapter Summary 

The human asparaginase-like protein 1 (hASRGL1) catalyzes the hydrolysis of l-

asparagine and isoaspartyl-dipeptides. As an N-terminal nucleophile (Ntn) hydrolase superfamily 

member, the active form of hASRGL1 is generated by an intramolecular cleavage step with 

Thr168 as the catalytic residue. However, in vitro, autoprocessing is incomplete (~50 %), 

fettering the biophysical characterization of hASRGL1. We circumvented this obstacle by 

constructing a circularly permuted hASRGL1 that uncoupled the autoprocessing reaction, 

allowing us to kinetically and structurally characterize this enzyme and the precursor-like, 

hASRGL1-Thr168Ala variant. Crystallographic and biochemical evidence suggest an activation 

mechanism where a torsional restraint on the Thr168 side-chain helps drive the intramolecular 

processing reaction. Cleavage and formation of the active site releases the torsional restriction on 

Thr168, which is facilitated by a small conserved Gly-rich loop near the active site that allows 

the conformational changes necessary for activation. 
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Part of this chapter has been published at ACS Chem Biol. 2012 Nov 16; 7(11): 1840–1847. WL performed all the 
experiments, JC, SY, SY, LC, JL, GA helped with data generation and analysis, WL, GG, ES, YZ wrote the 
manuscript. 
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2.2 Introduction 

 The human asparaginase–like Protein 1 (hASRGL1) is an N-terminal nucleophile (Ntn) 

hydrolase, and a mammalian member of the plant-type asparaginase family catalyzing the 

hydrolysis of L-asparagine and isoaspartyl-dipeptides (Cantor, Stone et al. 2009). Human 

ASRGL1 has been found to be up-regulated in certain ovarian, colon, and breast carcinomas and 

its expression is correlated with enhanced growth rates in metastatic colon cancer cells (Weidle, 

Evtimova et al. 2009). Additionally, there is an interest in engineering hASRGL1 for use as a 

therapeutic agent for the systemic depletion of serum L-asparagine, in the treatment of acute 

lymphoblastic leukemia (Dinndorf, Gootenberg et al. 2007).   

The formation of isoaspartyl peptide bonds is a common source 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 (Aswad, 

Paranandi et al. 2000).  Böhme et al. have shown that isoaspartate containing peptides have a 

huge impact on substrate recognition and turnover across several classes of proteases, and in 

some cases even act as protease inhibitors (Böhme, Bär et al. 2008). Therefore, hASRGL1 likely 

plays an important physiological role in the clearing of isoaspartate containing peptides and the 

return of amino acids back into the metabolic pool. The hASRGL1 protein is first translated as 

an inactive precursor that then undergoes an autocatalytic intramolecular activation step with the 

hydroxyl side-chain of Thr168 acting as the catalytic nucleophile (Michalska and Jaskolski 2006). 

This intramolecular processing of enzymes within the  Ntn hydrolase superfamily is believed to 

share a common first step; namely an acyl shift (N à O or N à S) from nucleophiles Thr, Ser or 

Cys that results in the formation of a (thio)ester intermediate. This intermediate is subsequently 
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hydrolyzed to expose the N-terminal residue of the nascent β-subunit, creating the active form of 

the enzyme (Brannigan, Dodson et al. 1995; Xu, Buckley et al. 1999).     

However, biochemical and structural studies of hASRGL1 have been hampered by 

incomplete intramolecular processing, resulting in all cases with a mixture of active and inactive 

protein (Cantor, Stone et al. 2009). In fact partial processing is frequently reported in the Ntn 

hydrolase family, hindering the precise biochemical characterization of these enzymes. One 

strategy for the generation of fully processed enzyme is co-expression of the α and β subunits to 

circumvent incomplete intramolecular processing (Burtscher and Schumacher 1992; Li, Chen et 

al. 1999; Boanca, Sand et al. 2006).  However, individual subunits need to be expressed 

separately and allowed to associate in vitro which can be a challenge because of low solubility of 

one or both of the subunits.  To uncouple the autoprocessing requirements of hASRGL1, we 

engineered a circularly permuted form of the enzyme (cp-hASRGL1) that is expressed in the 

fully processed form. The crystal structures of cp-hASRGL1 and the processing-inactive 

hASRGL1-Thr168Ala variant were solved at 3.3 and 2.3 Å resolution respectively, and 

constitute the first structures of a mammalian plant-type asparaginase.  Phylogenetic, mutational, 

and kinetic analyses revealed a strictly conserved His-Gly-Gly motif near the active site which is 

critical for both autoprocessing and for substrate turnover. We also observed a dramatic change 

in the thermodynamic stability between unprocessed hASRGL1 and hASRGL1-Thr168Ala 

indicative of a strain-based activation mechanism.  

 

2.3 Results and Discussion 

2.3.1 Construction and characterization of cp-hASRGL1 
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 The hASRGL1 precursor is robustly expressed ( >30 mg/L) as a stable dimer in E. coli 

strain (BL21(DE3)) as confirmed in size exclusion chromatography (Cantor, Stone et al. 2009). 

Within each monomer, intra-molecular processing occurs at the peptide bond between Gly167 

and Thr168 to activate the protein.  In vitro, however, only 40-50 % of the enzyme undergoes 

autoprocessing as judged by SDS-PAGE gel densitometry under any of the conditions tested 

(Cantor, Stone et al. 2009). The resulting heterogeneity of recombinant hASRGL1, which is 

present as a mixture of active and inactive protein, is a complication for both structural and 

kinetic characterization of the enzyme. To solve this problem, we constructed a “circularly 

permuted” form of the enzyme. In circularly permuted proteins, the authentic N- and C- termini 

are joined by a flexible linker and new N- and C- termini are generated at a desired position (Yu 

and Lutz 2011). The circularly permuted version of hASRGL1 (cp-hASRGL1) was constructed 

that physically links the β and α domains between Pro308 and Asn2 with a 12 amino acid linker 

using small and hydrophilic residues (Pro308-GAGSGAGSGAGG-Asn2) (Figure 2-1). The cp-

hASRGL1 is a homodimer with the catalytic Thr168 residue now being the 2nd amino acid 

following the initiator L-Met residue. Intracellular processing in E.coli by the native methionine 

amino peptidase (Frottin, Martinez et al. 2006) results in the formation of homogenous cp-

hASRGL1 having the nucleophilic Thr168 as its first residue (for the sake of clarity, we have 

kept the numbering scheme for the circular permutant the same as the wild-type enzyme). The 

cp-hASRGL1 was expressed and purified in bacteria at a high yield (>50 mg/L) in soluble form 

and was shown to display a kcat/KM of 3.2 ± 0.5 x103 M-1s-1 for L-Asn hydrolysis, a similar value 

to that of the parental hASRGL1 (kcat/KM = 2.0 ± 0.4 x103 M-1s-1 (Cantor, Stone et al. 2009): the 

amount of active hASRGL1 is assessed by correcting for the amount of unprocessed enzyme by 
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gel densitometry which likely introduces an error in estimating concentration). Thus, the linker 

between Pro308 and Asn2 did not adversely affect the catalytic properties of the enzyme.      

 

 

 
Figure 2-1. Scheme of circular permutated hASRGL1. 
(A) The hASRGL1 is expressed as a full-length precursor that forms a homodimer. (B and C) 
Autocatalytic cleavage between Gly167 and Thr168 produces the α and β subunits and results in 
the active heterotetrameric form of the enzyme. Intramolecular processing does not proceed to 
completion in vitro, resulting in a mixture of A, B, and C. (D) Circular permutation of hASRGL1 
was accomplished by addition of a linker between Pro308 of the β subunit and Asn2 of the α 
subunit. The active site nucleophile Thr168 becomes the second amino acid following the N-
terminal Met residue, which is efficiently cleaved during expression in the bacterial cytoplasm 
by methionine amino peptidase. 
 
 
 To assess the effect of the identity of the nucleophile at position 168 on enzyme 

kinetics, we expressed and purified cp-hASRGL1-Thr168Cys and cp-hASRGL1-Thr168Ser. 

Both variants could be expressed at a high yield comparable to that for cp-hASRGL1. ESI-MS 

analysis of the purified proteins showed that cp-hASRGL1, cp-hASRGL1-Thr168Cys and cp-

hASRGL1-Thr168Ser were > 95 % processed, i.e. the initiator Met residue had been cleaved 
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(Table 2-1). cp-hASRGL1 displays a high catalytic activity with the easily detectable L-

asparaginase substrate analog, L-aspartic acid-β-hydroxamate (AHA) (Frohwein, Friedman et al. 

1971) ( kcat/KM of 20 ± 3 mM-1 s-1 at pH 7.4 and 25 ○C),  whereas we could not detect any activity 

with the cp-hASRGL1-Thr168Cys variant. The cp-hASRGL1-Thr168Ser variant was active, 

albeit with more than a thousand fold reduction in kcat/KM (Table 2-2). When these mutations 

were introduced into the WT-hASRGL1 protein neither autoprocessing nor substrate hydrolysis 

could be observed (data not shown) indicating that while Thr168 can be substituted with Ser in 

the hydrolysis of AHA, albeit inefficiently, it is indispensable for autocatalytic processing.  

 
 

Variant 
   

Mass (calc) 
(-Met1) Da. 

Mass (exp) 
Da. 

cp-hASRGL1-Thr168Cys 33535 33525 ± 11 
cp-hASRGL1 33533 33523 ± 11 
cp-hASRGL1-Thr16Ser 33519 33513 ± 11 

 
Table 2-1. ESI-MS analysis of cp-hASRGL1 and variants. 
 
 

Variant kcat (s-1) KM (mM) kcat/KM (mM-1 s-1) 

cp-hASRGL-1 1.80 ± 0.05 0.09 ± 0.01 20 ± 3 

cp-hASRGL-1-Thr168Ser 0.016 ± 0.001 1.1 ± 0.1 0.015 ± 0.003 

cp-hASRGL-1-Thr168Cys Nd nd nd 

All reactions were conducted at 25 ○C and pH 7.4, using AHA as a substrate 
(nd = not within the detection limit) 

Table 2-2. Kinetics of cp-hASRGL1 and variants. 

We then assessed the ionization status of the cp-hASRGL1 active site. The cp-hASRGL1 

kcat dependence upon pH, which reflects ionizations important to the enzyme-substrate complex 

(ES), was well fit to a single ionization model (Figure 2-2 A) with an ascending limb pKa of 6.0 

± 0.1. (It should be noted that there is not much data defining the lower bounds of this curve and 
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is thus more of an estimate.) This is similar to the values reported for Ntn hydrolases glutaryl 7-

aminocephalosporanic acid acylase (Pseudomonas), and glycosylasparaginase (Spodoptera) (Liu, 

Dunn et al. 1996; Lee, Kim et al. 2000) and is most likely dictated by the pKa of the Thr168 

primary amine when substrate is bound.  The fits of the pH dependence of kcat/KM resulted in a 

narrow bell shaped curve (Figure 2-2 B). Because the fitted values are less than 3.5 pH units 

from each other, we applied Segel’s method (Segel 1975) to calculate corrected pKa values for 

each limb of the kcat/KM profiles with an ascending limb pKa1 of 7.3 ± 0.2 and a descending limb 

pKa2 of 8.0 ± 0.2. The pH dependence of kcat/KM, which reflects ionizations important to the free 

enzyme and free substrate (E + S), can be described by the de-protonation of the primary amine 

(pKa1) of Thr168 which is required for activity and is not far from the predicted value of 7.62 for 

an N-terminal Thr residue (MarvinSketch 2011).  Similarly, the descending pKa2 value can be 

ascribed to de-protonation of the primary amine of the substrate AHA molecule, which closely 

matches the predicted pKa value of 8.05 (MarvinSketch 2011), and results in reduced substrate 

binding affinity (Table 2-3).   
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Figure 2-2. The pH dependence of cp-hASRGL1. 
A) The pH dependence of cp-hASRGL1 upon kcat for AHA hydrolysis with an apparent pKa of 
6.0 ± 0.1. B) The pH dependence of cp-hASRGL1 hydrolysis of AHA upon kcat/KM with 
corrected values of pKa1 = 7.3 ± 0.2 (ascending) and pKa2 = 8.0 ± 0.2a (descending) limb. 

 

 pKa1 (exp) pKa2(exp) pKa (calc)* 

cp-hASRGL1 kcat 6.0 ± 0.1   
cp-hASRGL1  kcat/KM 7.3 ± 0.2 8.0 ± 0.2  
AHA-NH3

+àAHA-NH2   8.05 
R-T168-NH3

+à R-T168-NH2   7.62 
* pKa values were calculated using software from ChemAxon 

Table 2-3 Experimental and calculated pKa values of cp-hASRGL1 and substrate AHA. 

 
2.3.2 Structural studies of the precursor-like hASRGL1-Thr168Ala and the fully activated 

cp-hASRGL1  

Crystals obtained from recombinant hASRGL1, which as discussed above is 

incompletely processed and therefore consist of a mixture of the two forms of the enzyme, did 
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not yield high-resolution diffraction patterns. Therefore, we determined the structures of cp-

hASRGL1 and the hASRGL1-Thr168Ala variant (Table 2-4). Both proteins fold as intertwined 

central layers of β-strands surrounded by α-helices, displaying the classic αββα fold conserved 

amongst the Ntn hydrolase family members, and similar to other plant-type asparaginases, we 

observed bound ions that we have modeled as a Na+ ions based on their octahedral geometry and 

coordination spheres with Na+ …O distances ranging from 2.2 to 2.7 Å (Figure 2-3 A) 

(Michalska, Hernandez-Santoyo et al. 2008).   
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Data statistics hASRGL1-Thr168Ala cp-hASRGL1 

 
Source Advanced Light Source 5.0.3 Advanced Light Source 5.0.2 

 
Wavelength (Å) 0.9765 1.00 

 
Temperature of Measurements (K) 100 100 

 
Resolution (Å) 79-2.3 (2.34-2.30)a 50-3.3 (3.36-3.30) 

 Space group C2221 P6522 
 Unit Cell (Å, °) a= 111.7,  b= 111.4, c=  119.5, a= 108.6, b= 108.6, c= 275.1, 
 Molecule per asymmetric unit 2 2 

 
Number of unique reflections 33467 (1462) 15355 (1229) 

 
Redundancy 2.9 (2.3) 3.9 (3.8) 

 
Completeness (%) 95.6 (87.8) 97.6 (95.6) 

 
I/σ(I) 12.0(1.7) 8.9 (1.8) 

 
Rint (%) 9.2 (41.5) 10.5 (26.1) 

Refinement statistics 
  Refinement 
  

 
Resolution limit (Å) 47.62-2.30 47.50-3.30 

 
No. reflections (test) 31963 (1605) 14817 (745) 

 
Rwork/Rfree (%)b 16.8/ 19.3 21.5/24.9 

 
No. atoms 4578 4304 

  
protein 4331 4302 

  
Na+ 2 2 

  
TAMc 22 N/A 

  
SO4 10 N/A 

  
Water 213 N/A 

 
B-factors (Å2) 

  
  

protein 38 127.7 

  
Na+ 33.8 37.4 

  
TAMc 61.1 N/A 

  
SO4 38.6 N/A 

  
Water 42.1 N/A 

 
R.m.s deviations 

  
  

Bond lengths (Å) 0.010 0.010 

  
Bond angles (˚) 1.14 1.24 

 
Ramachandran plot (%) 

  
  

Most favored regions 91.8 92.6 

  

Additional allowed 
regions 7.8 7 

  

Generously allowed 
regions 0 0 

    Disallowed regionsd 0.4 0.4 
 
 
Table 2-4 Crystallographic data and refinement statistics: a Highest resolution shell is shown in 
parentheses. b Rfree is calculated with 5 % of the data randomly omitted from refinement.  c TAM  
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Table 2-4 Cont. 
 
is the abbreviation of Tris(hydroxymethyl)aminomethane which is used as pH buffer in 
crystallization. d Asp119 in both  structures exhibit unusual φ/ ψ angles after iterative 
refinements, though electron density clearly indicates its orientation in the hASRGL1 structure. 
 

 

Figure 2-3. Structure comparison of precursor-like and fully activated hASRGL1.  
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Figure 2-3 Cont. 

 
 (A) The overall structure of hASRGL1 displays a conserved Ntn αββα fold with α-helices 
colored yellow and β-sheets colored orange. The dashed line indicates the interface between the 
dimers. The WT-enzyme autocatalytically cleaves between Thr168 and Gly167 into α (light blue) 
and β (light pink) subunits. A sulfate group (yellow sticks) binds in each substrate binding 
pocket in proximity to the active site nucleophilic residue Thr168 (Thr168Ala) (hot pink sticks). 
A conserved Gly-rich loop (blue) is close to the active site and plays an important role in protein 
activation and catalysis. Plant-type asparaginases coordinate a sodium cation (purple sphere) in 
each monomer. (B) The Fo – Fc omit map of cp-hASRGL1 Gly-rich loop (green mesh). The 
final refined cp-hASRGL1 (green) is well fitted in the cp-hASRGL1 Gly-rich loop omit map 
representing a dramatic orientation difference with the final refined hASRGL1-Thr168Ala Gly-
rich loop model (blue cartoon). (C) The Fo – Fc omit map of hASRGL1-Thr168Ala Gly-rich 
loop (blue mesh). It also shows changed orientation from final refined cp-hASRGL1 model 
(green cartoon). These two omit maps doubly confirm that the Gly-rich loops of cp-hASRGL1 
and hASRGL1-Thr168Ala have different orientations and that this difference is not due to model 
bias. Contour level of omit map is set as 1.8 Å. (D) Superposition of Gly-rich loops of 
hASRGL1-Thr168Ala (light blue) and of cp-hASRGL1 (green). The carbonyl group of Gly10 
points in the opposite direction as shown by sticks. (E) The hASRGL1-Thr168Ala amide group 
of Gly11 forms a hydrogen bond (green dashed line) with the proposed general base residue 
Thr219. (F) The superimposed structure of hASRGL1-Thr168Ala (light blue) and cp-hASRGL1 
(green) indicates that the residues preceding Thr168 (Leu166 and Gly167) of hASRGL1 would 
clash with the Gly-rich loop if the protein were to assume the open conformation observed in cp-
hASRGL1. The red disk represents a significant van der Waals overlay. 
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  A homodimer is modeled in each asymmetric unit in both cases. The hydrophobic dimer 

interface accounts for 30 % of the protein surface (3149 Å2 of dimerization area) in both 

structures calculated by Arealmol (Potterton, Briggs et al. 2003) underscoring its functional 

importance (Figure 2-3 A). The active site cleft is located at a groove adjacent to the dimer 

interface and divides the α and β subunits of the protein, with the nucleophilic Thr168 residue 

positioned within the cleft (Figure 2-3 A). In both hASRGL1 structures of precursor or fully 

processed forms, the active site residues preceding the nucleophilic Thr168 (Lys155-Leu166) are 

disordered due to high flexibility.  Interestingly, the same regions are also lacking electron 

density in the other two plant-type asparaginase as well (PDB codes: 2ZAL, residues Thr162-

Gly178 and 2GEZ, residues Arg157-Gly192) (Michalska, Brzezinski et al. 2005; Michalska, 

Bujacz et al. 2006). The uniformity of the disordered nature of the active site loop in all plant-

type asparaginase structures suggests an intrinsic flexibility in the proximity of the active site. It 

should be noted that cp-hASRGL1 model exhibits a high B-factor (Table 2-4), consistent with 

its low resolution in diffraction and high sensitivity for cryo-soaking and temperature change. 

The overall structure of hASRGL1 is highly homologous to its plant and bacterial 

counterparts. By using PyMOL alignment program, we observed an R.M.S deviation of 0.77 Å 

in Cα compared to the Lupinus luteus isoaspartyl peptidase (UniProtKB Q9ZSD6, PDB code: 

2GEZ) and an R.M.S. deviation of 0.82 Å compared to E. coli isoaspartyl peptidase (UniProtKB 

P37595, PDB code: 2ZAL) (Michalska, Brzezinski et al. 2005; Michalska, Bujacz et al. 2006), 

indicating they share nearly identical core structures. In particular, the active site near the 

catalytic nucleophile Thr168 is invariably located at the center of the sandwich formed by anti-

parallel β-strands (Figure 2-3 A), strongly suggesting a conservation of enzymatic mechanism. 

Consistent with the structural homology to other isoaspartyl peptidases, the oxyanion hole 
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stabilizing the autoprocessing reaction is likely the Asn62 side chain (Asn67 in E.coli isoaspartyl 

peptidase) and the oxyanion hole stabilizing the tetrahedral intermediate during substrate 

hydrolysis would be the amide N-H of Gly220 and the side chain oxygen of Thr221 (Gly230 and 

Thr231 in E.coli isoaspartyl peptidase) (Michalska, Hernandez-Santoyo et al. 2008). A sulfate 

ion (from the purification buffer) is also observed in the hASRGL1-Thr168Ala structure 

coordinated to Arg196 which is the residue responsible for coordinating the α-carboxyl moiety 

of substrates within the superfamily (Michalska, Hernandez-Santoyo et al. 2008). In previous 

literature of plant-type asparaginase structures, a chloride has been found bond to the same place 

(Michalska, Bujacz et al. 2006; Michalska, Hernandez-Santoyo et al. 2008).  The coordination 

distances of four oxygen atom with surrounded residues are within 2.6 Å-3.3 Å. The density of 

sulfate ion shows a clear tetrahedral shape supporting our hypothesis (Figure 2-4). 
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Figure 2-4. Density (Fo-Fc) map of sulfate ion bound in active site.  
The sulfate ion (shown in stick with sulfur in yellow and oxygen atom in red) is stabilized by 
hydrogen bonds formed by β-hydroxyl  group  of  Ser200,  amide  group  of  Ser  200,  γ-
carboxyl  group  of  Asp199  and  a  water molecule  (red  sphere),  and  by  salt  bridges  formed  
by  Arg196.  The  C  atoms  of  hASRGL1  are shown in light blue and the dashed green lines 
indicate polar interactions. All distances are in the units of Å. 

 
The hASRGL1-Thr168Ala structure was superimposed upon that of the fully activated 

cp-hASRGL1. Even though the two proteins crystallize in different space groups (hASRGL1-

Thr168Ala crystallizes in C2221 space group while cp-hASRGL1 in P6522), their domain 

orientation is the same and their Cα chain exhibits an average R.M.S. deviation of only 0.2 Å. 

However, a very significant difference was observed in the conformation of a loop formed by 

residues 8-16 close to the active site (Figure 2-3 D) displaying an average R.M.S. deviation of 

3.5 Å for main chain residues (Cα, amide and carbonyl carbon). It is highly unlikely that this is a 

crystallographic artifact as this loop does not participate in crystal packing contacts, nor is the 

change of conformation caused by the introduction of linker residues since residues 1-9 
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superimpose perfectly with the hASRGL1-Thr168Ala structure. It is neither a structure 

refinement bias. We deleted region His8-Ser16 in each model and generated omit maps for 

hASRGL1-T168A and cp-hASRGL1 respectively. The positive density indicates a clear 

unbiased orientation change of Gly-rich loop (Figure 2-3 B and 2-3 C).  Interestingly, this loop 

contains a His8-Gly9-Gly10 (HGG) motif that is ~100 % conserved amongst plant-type 

asparaginases across all phylogenies, while in contrast the remainder of the loop is not 

stringently conserved (Figure 2-5). In the structure of the inactive hASRGL1-Thr168Ala 

protein, the Gly10 carbonyl group faces away from the Thr168Ala residue, positioning the amide 

group of Gly11 for hydrogen-bonding with the hydroxyl side chain of Thr219 (Figure 2-3 E). 

This Thr219 (residue Thr230 in E. coli isoaspartyl peptidase) is highly conserved through all 

plant-type asparaginases and has been proposed to act as a general base in activating the 

hydroxyl group of the nucleophilic Thr residue (Michalska, Hernandez-Santoyo et al. 2008).  

Hydrogen bonding locks the loop in a closed conformation (Figure 2-3 D) in the inactive form 

of the enzyme. In contrast, in the catalytically active cp-hASRGL1, the enzyme carbonyl group 

of Gly10 flips 180 degrees with the loop changing its direction (Figure 2-3 D). Had the protein 

been unprocessed, steric forces would prevent the loop from adopting an open conformation as 

the carbonyl group of Leu166 would be only 1.6 Å away from the Gly10 residue (Figure 2-3 F). 

However, after processing, the Gly-rich loop at residues 11-16 is able to adopt an open 

conformation which may be important for facilitating substrate binding and hydrolysis (a 

hypothesis we plan to elaborate upon in a future report).     
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Figure 2-5. Sequence alignment of plant-type asparaginases over HGG motif. 
Alignment of plant-type asparaginases from diverse phylogenies reveals a conserved HGG motif 
(rectangle). 
 

In order to understand if the residues within the Gly-rich loop are important for 

autoprocessing and/or catalysis, we introduced individual substitutions of Gly9Ala, Gly10Ala or 

Gly11Ala into both the wild-type and the circularly permuted forms of the enzyme. We then 

assessed intramolecular processing as a function of time by SDS-PAGE gel densitometry as well 

as the steady-state kinetics for the hydrolysis of substrate analog AHA (Table 2-5). Consistent 

with the strict conservation of Gly9-Gly10 (Figure 2-5), Gly9Ala and Gly10Ala substitutions 

decreased the rate of intramolecular processing by 6 and 30-fold respectively compared to the 

wild-type enzyme. In contrast, the Gly11Ala substitution, which is observed in ~90 % of 

available sequences of isoaspartyl-dipeptidases and is in the middle part of the flexible loop, had 

essentially no effect on the autoprocessing rate, nor on substrate turnover. The Gly9Ala and 

Gly10Ala mutations in cp-hASRGL1 greatly impacted AHA hydrolysis resulting in respective 

14- and 50-fold reductions in kcat/KM. The kinetic results are consistent with the structural 
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observation that residue Gly10 is important for gating the conformational freedom of the Gly-

rich loop.  

 

 Subtrate (AHA) hydrolysis1 

 
hASRGL1 Variants  

Int. Mol 
processing 
rate (h-1)  

 
 

Obs. 
kcat (s-1)  

Corrected 
for 

processing 
kcat s-1 

 
 
 

KM (mM)  

 
 

kcat/KM 
(mM-1 s-1)  

WT-hASRGL1  0.034 ± 0.004  6.6 ± 0.2 14 0.23 ±0.02 60 ± 6 
hASRGL1-Gly9Ala*  0.006 ± 0.001  0.0126 ± 0.0001 0.1 0.28 ±0.01 0.4 ± 0.02 

hASRGL1-Gly10Ala*  0.0012 ± 
0.0001 

0.0053 ± 0.0001 0.3 0.19 ± 0.02 2 ± 0.2 

hASRGL1-Gly11Ala  0.024 ± 0.003  4.4 ± 0.1 14 0.39 ± 0.03 35 ± 3 

cp-hASRGL1 N/A 25 ± 0.7 N/A 0.25 ± 0.02 100 ± 11 
cp-hASRGL1-Gly9Ala N/A 1.2 ± 0.1 N/A 0.17 ± 0.06 7 ± 3 
cp-hASRGL1-Gly10Ala N/A 0.6 ± 0.1 N/A 0.3 ± 0.07 2 ± 0.6 
cp-hASRGL1-Gly11Ala N/A 29 ± 0.7 N/A 0.3 ± 0.02 94 ± 8 
*  p < 0.01, N/A = not applicable, 1 37 ºC at pH 7.4. 

Table 2-5. Intramolecular processing and substrate hydrolysis rates. 

 

2.3.3 Constraint-driven intramolecular processing 

The nucleophilic residue Thr168 is located on the center strand of a β-sheet at the base of 

a deep and narrow active site funnel. Prior to backbone hydrolysis between Gly167 and Thr168, 

residues preceding the scissile bond (Leu166–Gly167) are observed to extend the central β-

strand in the hASRGL1-Thr168Ala structure. When the Thr168 side chain is modeled into the 

precursor-like structure, it would appear to be sterically restrained from acting as a nucleophile 

where it is > 4 Å from the Gly167-Thr168 scissile bond. The β-hydroxyl group of the modeled 

Thr168 side chain forms favorable hydrogen bond interactions in all three of the most frequently 

observed rotamers (p, m, or t form) but the γ-methyl group has steric clashes in all conformations 

(Figure 2-6 A, B, C) (See Table 2-6 for a list of interactions). Molecular modeling of torsion 
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angles of the Thr168 side chain shows that the active site Thr168 is restrained within the β-strand 

in any orientation. Therefore, the active site must accommodate some unfavorable interactions 

from the Thr168 γ-methyl group, suggestive of a constrained local conformation in the wild-type 

precursor. Intramolecular cleavage between Gly167 and Thr168 likely relieves the steric 

restraints upon Thr168 which becomes the first residue in the β-subunit. In the active site of cp-

hASRGL1, we observed that the carbonyl group of the activated Thr168 consistently formed a 

hydrogen bond with hydroxyl group of Thr219. The side chain of Thr168 is flipped 180 degrees 

compared with Ala168 (Thr168Ala) in the hASRGL1-Thr168Ala structure. This orientation is 

further stabilized by hydrogen bonds with amide group and carbonyl group of Asn62. Cleavage 

of the peptide bond between Gly167 and Thr168 releases the side chain of Thr168 from a 

constrained space and extends the hydroxyl group of Thr168 into the active site. The nascent 

Thr168 amino group is within 2.7 Å of its side chain hydroxyl group, which is consistent with an 

intramolecular hydrogen bond as found in other plant-type asparaginases. (Figure 2-7) 

(Michalska and Jaskolski 2006).  
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Figure 2-6. Modeled threonine rotamer conformations.  
(A–C) in hASRGL1-Thr168Ala structure. Thr168 is represented by white sticks, and the 
surrounding residues forming a close constrained space are represented by blue sticks. The 
visible disks and their colors indicate pairwise overlap of atomic van der Waals radii (a 
qualitative representation of clash). The green lines or disks are shown when atoms are almost in 
contact or slightly overlap, and the red disks represent significant van der Waals overlays that are 
proportional to disk size. 
 

Thr168 
rotamers 

% obs. χ angle Thr168 β-hydroxyl 
(H-bonds with) 

Thr168 γ-methyl 
(clashes with) 

p form 49 59○ T218 C=O S200 SC 
m form 43 -61○ S200 SC, T186 SC S185 C=O, V169 

C=O 
t form 8 -171○ S185 C=O, S200 SC T218 C=O 

C=O  = carbonyl, SC = side chain, γ-methyl clashes range from 2.67-2.18 Å 
 
Table 2-6. Summary of Thr168 side chain interactions modeled into hASRGL1-Thr168Ala 
structure. 
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Figure 2-7. Hydrogen bonding  around  Thr168.   
The cp-hASRGL1  active  site  nucleophile Thr168 forms hydrogen bonds with β-hydroxyl 
group Thr219, γ-amide and α-carbonyl of Asn62, and an intramolecular hydrogen bond between 
its own α-amino and β-hydroxyl groups. Dashed green lines indicate the hydrogen bond 
distances in Å. 
 

To investigate whether the active sites in hASRGL1 and variants are under strain, we 

determined the apparent melting temperature of hASRGL1-Thr168Ala and hASRGL1-

Thr168Ser proteins, as well as freshly purified unprocessed WT- hASRGL1 using differential 

scanning fluorometry (Niesen, Berglund et al. 2007). The unprocessed WT- hASRGL1 (less than 

1 % processed form present based on densitometric analysis of SDS-PAGE gels) exhibited a TM 

of 61.0 ± 0.1 C○ while the hASRGL1-Thr168Ala variant with a methyl side chain substitution 

exhibited a TM = 71.0 ± 0.1 ○C, a 10 ○C increase. Likewise the hASRGL1-Thr168Ser variant, 

which differs from wild-type by the removal of the γ-methyl group, exhibits a TM = 71.0 ± 0.1○C 

(Figure 2-8). This data strongly suggests that the γ-methyl group of Thr168 imparts a large steric 

strain upon the unprocessed enzyme that drives the Thr168 hydroxyl group into a catalytically 

relevant position suitable for attack on the Gly167-Thr168 scissile bond. The concept of a strain-

propelled mechanism of autoprocessing of Ntn hydrolases has been proposed for E.coli 

isoaspartyl dipeptidase (Michalska, Hernandez-Santoyo et al. 2008), glycosylasparaginase 
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(Wang and Guo 2010), and pantetheine hydrolase (Buller, Freeman et al. 2012). More 

quantitatively, Härd et.al. have exhaustively examined the human Muc1 SEA (sea urchin sperm 

protein, enterokinase, and agrin) domain for the contribution of conformational strain to 

autoproteolysis and reported that torsional strain at the scissile bond lowered the energy barrier 

to cleavage by 7 kcal/mol (Johansson, Macao et al. 2008; Sandberg, Johansson et al. 2008). Our 

data suggests that torsional strain within the active site may be a unifying feature amongst the 

Ntn hydrolase family and that in hASRGL1 the strain is provided by steric clashes of the Thr168 

γ-methyl group. 
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Figure 2-8. Derivative plots of hASRGL1 and variants. 
Thr168Ala, Thr168Ser thermal melting curves with TM values of 61 ± 0.1 C○, 71 ± 0.1○C, and 71 
± 0.1○C respectively. For comparison cp-hASRGL1 was also included and had a TM value of 70 
± 0.1 C○.  The hASRGL1 and variants color codes are marked on the right side of the plot. 
 

Given the evidence for conformational strain in the active site described above, we also 

investigated whether the identity of Gly167 was crucial to the cleavage of the Gly167-Thr168 

scissile bond. The residue preceding the nucleophilic (P-1) Thr residue in isoaspartyl dipeptidases 

is frequently a Gly residue, although other residues such as L-Asp and L-Ser are also present at 

the P-1 position. We constructed two variants, hASRGL1-Gly167Asp and hASRGL1-Gly167Ala, 

and measured their level of autoprocessing and steady-state kinetics for AHA hydrolysis. Both 

hASRGL1-Gly167Ala and hASRGL1-Gly167Asp were capable of intramolecular processing, 

although the Gly167Asp substitution resulted in a reduced level of final autoprocessing relative 

to wild-type enzyme (~5-10 %). After adjusting for the level of processed enzymes, the kinetics 

for AHA hydrolysis were essentially the same as for the wild-type enzyme. This suggests that for 
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hASRGL1 the identity of this residue is not critical; only a small residue is necessary at the P-1 

position and the extra rotational freedom provided by a Gly residue is not required.    

 

2.4 MATERIALS AND METHODS 

All oligonucleotides were from Integrated DNA Technologies. Phusion DNA Polymerase 

and dNTPs were purchased from New England Biolabs. Crystal Screening Kits were from 

Hampton Research. O-phthalaldehyde (OPA) was from Agilent Technologies. All other reagents 

were from Sigma Aldrich unless otherwise noted. (The oligonucleotides used are listed in Table 

2-7). 

New N-
term-Thr-F 

5'-
CCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGACAGTCGGCGCTGTCGC
CCTG 

α-β linker-R 5'-CCCAGCACCGCTACCGGCACCACTGCCAGCGCCCGGCAGATCGGTTATGGTCGTG 

α-β linker-F 5'-GGCGCTGGCAGTGGTGCCGGTAGCGGTGCTGGGgggaatcccatcgttgtggttcatg 

New C-
Term-R 

5'-TATGAATTCTCAATGGTGATGGTGATGGTGCCCAAGGTTCTTCTGGCAATCGG 

New N-
term-Cys-F 

5'-
CCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGtgcGTCGGCGCTGTCGCCC
TG 

New N-
term-Ser-F 

5'-
CCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGtccGTCGGCGCTGTCGCCC
TG 

Gly9Ala-F  5'-ATCGTTGTGGTTCATGCAGGCGGAGC-3'  
Gly9Ala-R 5'-GCTCCGCCTGCATGAACCACAACGAT-3'  
Gly10Ala-F  5'-CGTTGTGGTTCATGGTGCCGGAGCCGGACCG-3'  
Gly10Ala-R 5'-CGGTCCGGCTCCGGCACCATGAACCACAACG-3'  
Gly11Ala-F  5'-GTGGTTCATGGTGGCGCAGCCGGACCGATTAGCAAAGATCGTAAAGAACGTGTG-3'  
Gly11Ala-R 5'-CACACGTTCTTTACGATCTTTGCTAATCGGTCCGGCTGCGCCACCATGAACCAC-3'  
Gly167Ala-
F 5'-GATTGCCAGAAGAACCTTGCCACAGTCGGCGCTGTCGC-3'  
Gly167Ala-
R  5'-GCGACAGCGCCGACTGTGGCAAGGTTCTTCTGGCAATC-3'  
Gly167Asp-
F 5'-GATTGCCAGAAGAACCTTGACACAGTCGGCGCTGTCGC-3'  
Gly167Asp-
R  5'-GCGACAGCGCCGACTGTGTCAAGGTTCTTCTGGCAATC-3'  

Table 2-7. Oligonucleotides used in the construction of cp-hASRGL1 and point mutant variants 
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2.4.1 Molecular biology methods 

The construction of hASRGL1 and hASRGL1-Thr168Ala expression vectors was 

described previously (Cantor, Stone et al. 2009). The hASRGL1-Gly167Ala and hASRGL1-

Gly167Asp variants were constructed by overlap extension PCR using a codon optimized 

hASRGL1 gene (Cantor, Stone et al. 2009) as the template. The additional hASRGL1 point 

mutants Thr168Cys, Thr168Ser, Gly9Ala, Gly10Ala, and Gly11Ala were constructed using the 

QuikChange Site Directed Mutagenesis Kit (Stratagene). Circularly permuted hASRGL1 (cp-

hASRGL1) was constructed by overlap extension PCR with oligonucleotides coding for a 12 

amino acid linker between the β and α domains, the catalytic Thr168 residue as the 2nd amino 

acid following the initiator Met codon and finally a C-terminal 6xHis tag. The linker length 

needed was designed by measuring the distance of  the N- and C- termini (~26 Å) from the 

structure of the E.coli plant-type asparaginase (PDB: 2ZAL). Using an estimated length of 3.5 Å 

per amino acid resulted in 8 amino acids required to span the distance; to which we added four 

extra residues to accommodate omitting the Met1 residue and to allow for extra degrees of 

freedom.  The linker was comprised of Gly, Ala, and Ser residues in an effort to create a flexible 

hydrophilic linker. 

Two other circularly permuted variants were also constructed replacing the catalytic Thr 

residue with Cys or Ser. All genes were cloned into pET28a vector and sequenced to ensure no 

undesired mutations were introduced. 

 

2.4.2 Expression and purification  

E. coli BL21(DE3) cells expressing hASRGL1 or variants as described, were cultured 

overnight at 37 oC in 2xYT medium supplemented with 30 µg/mL kanamycin and used to 
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inoculate fresh medium (1:100 dilution). When the absorbance at 600 nm (A600) reached 0.5–0.7, 

the cells were cooled to 16 oC and allowed to equilibrate for 20 min, at which point the culture 

was supplemented with IPTG to a final concentration of 500 µM to induce protein expression. 

After incubation for ~16 h at 16 ○C, the cells were harvested by centrifugation at 5000 g for 15 

min. The cell pellet was resuspended lysis buffer [50 mM tris-HCl, 100 mM NaCl, 10 mM β-

mercaptoethanol, 10 mM imidazole, pH 8], and lysed by sonication on ice (Misonix sonicator 

4000, amplitude 90 %) for 5 cycles (30 s each cycle with 1 s on/off pulses; 30 s pause between 

cycles).  Following sonication, cell debris was removed by centrifugation at 15,000 g for 30 min. 

The resulting supernatant was loaded onto a pre-equilibrated Ni2+-NTA affinity column, and 

washed with 25 mM imidazole lysis buffer. The protein was finally eluted with 250 mM 

imidazole elution buffer and  dialyzed at 4 ○C for 16 h either in buffer A [50 mM HEPES, 100 

mM NaCl, 10 mM β-mercaptoethanol, pH 7.5] for kinetic analyses, or in buffer B [20 mM 

HEPES, 50 mM NaCl, 10 mM β-mercaptoethanol, 200 mM ammonium sulfate, pH 7.5] for 

hASRGL1 Thr168Ala, or in buffer C [50 mM Tris-HCl, 50 mM NaCl, 10 mM β-

mercaptoethanol, pH 8.5] for cp-hASRGL1. The cp-hASRGL1 variant was then loaded onto a 

monoQ ion exchange chromatography column using 10 mL sepharose (GE Healthcare).  For 

crystallization setup, both of the proteins had a final polishing step by size exclusion 

chromatography with a GE HiLoadTM 16/60 SuperdexTM 200 column in buffer B for hASRGL1-

Thr168Ala or in Buffer D [20 mM HEPES, 50 mM NaCl, 10 mM β-mercaptoethanol pH 7.5] for 

cp-hASRGL1.  Expression and purification of site-directed mutants of hASRGL1 was conducted 

using a similar protocol as described above. Fresh protein samples were always used for all 

experiments. 
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2.4.3 Crystallization  

Following purification, hASRGL1 variants were concentrated to ~10 mg/mL with 

Vivaspin concentrator (GE Healthcare) and setup for sparse-matrix screening using a Crystal 

Phoenix liquid handling system (Art Robbins Instruments). Diffracting crystals were obtained by 

mixing 1 µL hASRGL1-Thr168Ala (10 mg/mL) with 1 µL crystallization solution (19-30 % 

PEG4000 (w/v), 0.1 M sodium acetate, pH 4.6), followed by incubation at 25oC. Within 3-4 

days, thin needle-shape crystals were formed through vapor diffusion in sitting drops. The cp-

hASRGL1 variant was first pre-incubated on ice with 20 mM glycine (in buffer D) for three 

hours before crystallization setup. Crystals were found after 3–4 days in sitting drops. The 

crystals used for structural determination were from 17 % PEG3350 (w/v), 0.15 M potassium 

citrate at 4 oC. Hexahedron cone shaped crystals were observed. Crystals were then transferred 

into stabilization solution (the respective crystallization condition with 25 % glycerol (v/v) for 

hASRGL1-Thr168Ala, or 20 % glycerol (v/v) for cp-hASRGL1). Following a brief equilibration 

period, the crystal was captured in a nylon loop and vitrified in liquid nitrogen for data 

collection.  

 

2.4.4 Diffraction data collection and structure determination 

X-Ray diffraction data were collected from the synchrotron radiation at beamlines 5.0.2 

and 5.0.3 of the Advanced Light Source (Berkeley, CA) with 3 x 3 CCD array detectors (ADSC 

Q315R). Data were processed and scaled using the HKL2000 software suite (Otwinowski Z. 

1997). Data collection statistics are summarized in Table 2-4. 

The structure of hASRGL1-Thr168Ala was determined using molecular replacement 

with the E. coli isoaspartyl peptidase (PDB code: 2ZAL) as the search model by the program 
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Phaser from  the CCP4 package suite (1994). Structures were refined with autoBUSTER 

(Bricogne G. 2011) along with iterative model building in COOT (Emsley and Cowtan 2004; 

Emsley, Lohkamp et al. 2010). Non-crystallographic symmetry (autoNCS) restraints and 

translation, libration, and screw-motion (TLS) parameters were applied in autoBUSTER 

refinements. The finalized coordinates of hASRGL1 Thr168Ala were used as the model for cp-

hASRGL1 molecular replacement by Phaser, and its geometry was applied as target restraint in 

addition to autoNCS restraints for cp-hASRGL1 refinement (Painter and Merritt 2006; Smart, 

Womack et al. 2012). In autoBUSTER refinement 5 % test set (reflections) was excluded for 

Rfree cross-validation (Brunger 1992). The final structures were evaluated by PROCHECK 

(Laskowski, Macarthur et al. 1993) and MolProbity (Chen, Arendall et al. 2009). The 

MolProbity scores of our structures have good stereochemistry. The cp-hASRGL1, as indicated 

by MolProbity score of 1.3, ranks 100th percentile among structures with comparable resolution, 

and an all atom clash score of 8.47 corresponding to 97th percentile among similar resolution 

structure. The evaluated hASRGL1-Thr168Ala structure gave a MolProbity score of 1.52 (99th 

percentile), and an all atom clash score of 5.87 (99th percentile). Refinement statistics are 

summarized in Table 2-4. Molecular figures were generated using PyMOL (Schrodinger 2010). 

 

2.4.5 TM measurement using Differential Scanning Fluorometry 

Purified hASRGL1 variants in buffer A were diluted to ~40 µM in 96-well low-profile 

PCR plates (ABgene, Thermo Scientific) and pre-incubated on ice for 30 minutes. 10X SYPRO® 

Orange (Molecular Probes) was added into each well and mixed prior to centrifuging the plates 

at 500 rpm for one minute and placing them in an RT-PCR machine (LightCycler 480, Roche). 

The plates were sealed with adhesive and heat seals (ABgene, Thermo Scientific) to prevent 
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evaporation. The protein melting experiments were carried out with a continuous temperature 

acquisition mode using 10 acquisitions per 1 ºC in each cycle from 20 ○C to 95 ○C. The melting 

curves of the hASRGL1 variants were monophasic and TM values were derived using Boltzmann 

equation (Niesen, Berglund et al. 2007).  

 

2.4.6 AHA assay 

Reactions of hASRGL1 or variants (0.5-1 µM total enzyme) with AHA (concentrations 

from 0–10X KM) were carried out at 37 ○C in 50 mM HEPES, 100 mM NaCl, pH 7.4, in a total 

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

Subsequently, 50 µL color reagent (2 % 8-hydroxyquinoline in ethanol/1 M Na2CO3, 1:3 by 

volume) was added to each reaction well and the plate was covered, heated at 100 ○C for 4 min, 

and allowed to cool at 4 ○C for 10 min. The formation of hydroxylamine product was determined 

by measuring the absorbance at 705 nm (Synergy HT Fluorescent Plate reader, BioTek) and 

product concentrations were evaluated using a hydroxylamine standard curve generated under 

the same conditions. All reactions were repeated three times and the observed rates were fitted to 

the Michaelis-Menten equation using the program Kaleidagraph (Synergy).   

 

2.4.7 pH rate dependence 

The steady-state kinetics of cp-hASRGL1 catalyzed hydrolysis of AHA was assessed 

across a broad range of pH values, in triplicate at 25 °C. The following buffers were used: MES 

(pH 5.9-6.5), HEPES (pH 7-7.4), Tris (pH 8-8.5), and Capso (pH 9-9.5), all at a 100 mM 

concentration. After calculating the steady state parameters at each condition, kcat and kcat/KM 

were plotted against pH and fit to the Henderson-Hasselbalch equation reflecting either one or 
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two ionization events. Using software from ChemAxon (MarvinSketch 2011), the pKa values for 

the primary amines of substrate AHA and peptidyl Thr168 residue were calculated to assess their 

ionization values. 

 

2.4.8 Intramolecular processing characterization 

The hASRGL1 Gly9Ala, Gly10Ala, or Gly11Ala variants at 1 mg/mL in buffer A were 

incubated at 37 ˚C. At t = 0, 2, 4, 6, 8, 12, 24, and 48 hr, an aliquot of each enzyme was 

collected, and loaded onto an SDS-PAGE gel. Following Coomassie staining (Pierce), bands 

corresponding to the precursor and processed enzyme were quantified by densitometry (Odyssey, 

Li-core, NE). The rates of intramolecular processing for each variant were determined by non-

linear fitting of fraction of processed enzyme versus time using KaleidaGraph (Synergy).   

Accession Codes: hASRGL1-Thr168Ala and cp-hASRGL1 have been deposited in Protein Data 

Bank as 3tkj and 4et0, respectively. 
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Chapter 3: Differential Scanning Fluorimetry Characterization of hASRGL1 

Autoprocessing 

 

3.1 Chapter Summary 

The human asparaginase-like protein 1 has been thought to be a good engineering target 

for an alternative acute lymphoblastic leukemia treatment. As an N-terminal nucleophile (Ntn) 

hydrolase, hASRGL1 need to go through autoprocessing, an intramolecular cleavage, to be 

activated for catalyzing asparagine hydrolysis reaction. In vitro, recombinant expression of 

hASRGL1 results in a consistent 50% autoprocessing which immediately reduces the 

asparaginase activity in half and fetters the biochemical and biophysical characterization of 

hASRGL1. Furthermore, the current method SDS-PAGE gel for quantitatively study 

autoprocessing mechanism cannot distinguish different species along this process. This greatly 

prevents the advance of hASRGL1 and other Ntn hydrolases autoprocessing study. In order to 

understand the autoprocessing mechanism with more sensitive detection and more accurate 

quantification, we developed a new method using differential scanning fluorimetry to trace 

individual species during autoprocessing with better quantification. We demonstrated there is a 

two-step process for autoprocessing. It is the first physical evidence that the 50% cleaved 

hASRGL1 is a heterotrimer with one cleaved monomer and one uncleaved monomer. The 

subsequent mutagenesis experiments showed that the dimer-dimer interface is critical for 

stabilization of the αβ-βα homodimer and subsequent intramolecular-processing.  
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3.2 Introduction 

Bacterial asparaginase has been well studied and used in acute lymphoblastic leukemia. 

However two major limitations prevent its efficient usage. First, it is a non-human enzyme which 

will cause severe immune reactions and silence inactivation. Second, it has a secondary 

specificity to glutamine which elicits side effects like pancreatitis (Narta, Kanwar et al. 2007). 

The human asparaginase-like protein 1 (hASRGL1) catalyzes the hydrolysis of L-asparagine and 

isoaspartyl-dipeptides (Cantor, Stone et al. 2009). It is thought to be a good engineering target to 

complement bacterial asparaginase in ALL treatment. As a member of the N-terminal 

nucleophile (Ntn) hydrolase family hASRGL1 is translated as a polypeptide precursor that forms 

an αβ-βα sandwich fold homodimer that subsequently undergoes intramolecular cleavage 

between the α and β domains creating a fully active heterotetramer (α/β-β/α). The side chain of 

an active site β-subunit threonine (Thr168) is believed to act as a nucleophile through an acyl 

shift reaction by attacking the carbonyl group of the preceding amino acid and forming an ester 

intermediate that is subsequently hydrolyzed to expose the N-terminal residue of the nascent β-

subunit (Brannigan, Dodson et al. 1995).  

Intramolecular-processing of purified recombinant hASRGL1 is slow and typically only 

reaches about 50% completion, resulting in a mixture of active and inactive protein which 

greatly hinders biophysical studies of the enzyme. One major obstacle for the study of 

intramolecular-processing of hASRGL1 as well as other self-splicing enzymes is the detection 

and quantification of the different species during autoprocessing. The traditional method for 

autoprocessing rate measurement is using SDS-PAGE gel densitometry to determine the ratio of 

uncleaved protein over cleaved protein at each time point. SDS-PAGE gel densitometry has been 

widely used in autoprocessing studies. However, this method has several limitations. First, since 
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gel analysis is an end point measurement, it detects the total amount of cleaved and uncleaved 

species, but cannot distinguish intermediate species along the processing reaction. Therefore, the 

mixture of 50% processed protein cannot be distinguished from other species and has been a 

major controversial topic. Second, the traditional SDS-PAGE method does not differentiate 

unfolded protein from soluble functional protein. Therefore, gel densitometry introduces 

inaccuracy in quantification. Third, gel densitometry of each time point is a time and material 

consuming process and not suitable for high throughput format. Therefore, we sought to develop 

alternative methods to better detect all species, and to track hASRGL1 intramolecular-processing 

with higher accuracy, that was easily quantifiable and adaptable to high throughput format. 

Previously, we identified a torsion strain that facilitates the initiation of hASRGL1.and 

autoprocessing results in a more thermostable species upon relieving the torsion strain detected 

by differential scanning fluorometry (DSF). In this work, we developed this unique method to 

trace the individual species during autoprocessing with quantification. This advancement 

allowed the observation for the first time of three distinct molecular complexes during 

maturation, namely the unprocessed αβ-βα homodimer, a half-processed α/β-βα heterotrimer, 

and the fully processed α/β-β/α heterotetramer. Each processing event significantly increases the 

thermal stability of the hASRGL1 complex which can be observed using differential scanning 

fluorimetry. Intriguingly this method revealed that the cleavage rate of the first αβ subunit is 

significantly faster than cleavage of the second subunit suggesting that the first α/β cleavage 

distally causes a change in the properties of the 2nd αβ subunit. This analysis explained the 50% 

processed species usually observed in recombinant protein production. The subsequent 

mutagenesis experiments showed that the dimer-dimer interface is critical for stabilization of the 

αβ-βα homodimer and subsequent intramolecular-processing. Further biochemical studies 



	  

	  
	  

55	  

identified additional small molecules that can promote the autoprocessing of the hASRGL1, 

pinpointing the importance of a salt bridge formation in the active site between activator and 

protein.  

 

3.3 Results and Discussion 

3.3.1 hASRGL1 intramolecular cleavage proceeds by a two-step process 

 WT-hASRGL1 undergoes intramolecular-processing at a rate of ~ 0.034 h-1 (Li, Cantor et 

al. 2012) and as assessed by gel densitometry, never proceeds past ~50% cleavage. The identity 

of protein species in this 50% processed concoction was not known: it might be a mixture of 

even amount of unprocessed dimer and cleaved α/β-β/α heterotetramer or it might be an 

accumulation of half-processed α/β-βα heterotrimer (Figure 3-1). We had previously observed 

that the unprocessed WT-hASRGL1 exhibited a TM of 61 °C while the hASRGL-T168A variant 

or the fully activated cp-hASRGL1 were much more stable with a TM of ~70 °C suggestive of a 

conformational strain within the active site (Li, Cantor et al. 2012). We followed up on these 

findings by incubating WT-hASRGL1 at 37 °C to allow for intramolecular-processing followed 

by measuring the thermostability by DSF as a function of time. We observed again at 0 h a TM of 

~61 °C which by 48 h of incubation had shifted to a TM of ~65 °C commensurate with near 50 % 

cleavage as assessed by SDS-PAGE (Figure 3-2 A). We noted that the shape of the dF/dT 

curves from this experiment were asymmetrical in appearance, thus to gain further insight we fit 

the area under the dF/dT curve by summation of multiple Gaussian equations. As can be seen in 

Figure 3-3 A, at time 0 h, the dF/dT area is well fitted to 3 Gaussian curves with the main peak 

at 61 °C and two shoulders at 56 °C and 65 °C. At time point 8 h (Figure 3-3 B), the 65 °C peak 

is now the major species, and by 48 h the 61 ° C peak is gone with the appearance of a small new 
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shoulder at ~ 71 °C (Figure 3-3 C). Speculating that the shoulder at ~ 71 °C might represent a 

small fraction of fully cleaved α/β-β/α heterotetramer, we then repeated the experiment in the 

presence of 1 M glycine in order to drive the self cleavage reaction to completion. As expected, 

we saw that glycine not only accelerated intramolecular-processing but also acted as a stabilizing 

ligand allowing clear observation over time of a distinct peak of TM = 71 °C that decayed into the 

transient buildup of an intermediate peak of TM = 79 °C that in turn decayed into a single peak of 

TM = 86 °C (Figure 3-3 D) (confirmed by SDS-PAGE to be the fully cleaved protein in Figure 

3-2 B). We again fit the dF/dT curves to Gaussian equations to obtain peak areas as a function of 

time. We fit the resulting data to a simple two-step cleavage model of MMàMDàDD wherein 

MM represents the unprocessed αβ-βα homodimer, MD is the half processed α/β-βα heterotrimer 

and DD is the fully processed α/β-β/α heterotetramer (Figure 3-1). Using Kintek software the 

data was well fit to this model and revealed that the first intramolecular cleavage (MMàMD) 

occurs at a rate of k1 = 1.28 ± 0.18 h-1 followed by a slower 2nd cleavage (MDàDD) of k2 = 0.39 

± 0.03 h-1. Taken all together this suggests that a large difference in rates between the 1st and 2nd 

cleavage is the reason intramolecular-processing of the WT-hASRGL1 (without Gly) only 

proceeds to 50 % and that the accumulated species is the half-processed α/β-βα heterotrimer.  
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Figure 3-1 Schematic model of hASRGL1intramolecular processing. 
MM represents homodimer of two unprocessed monomers (yellow); MD represents the 
intermediate species of a heterotrimer with one processed monomer with α subunit (light pink) 
and β subunit (light blue) split from a monomer; DD represents fully processed hASRGL1 of a 
heteratetramer with a dimer of heterodimer. k1 is the rate of first step hASRGL1 processing and 
k2  is the second rate of processing.  
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A                                                              B 

 
 
Figure 3-2 SDS-PAGE Gel of WT-hASRGL1 autoprocessing and glycine promoted 
intramolecular processing. 
The top band represents full length uncleaved hASRGL1. The two smaller bands represent α and 
β domains after intramolecular processing. (A) After 48 h incubation in 37 °C, WT-hASRGL1 is 
revealed with 50 % of processed protein. (B) After 12 h incubation in 37 °C in presence of 1 M 
glycine, WT-hASRGL1 is completely cleaved.  
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Figure 3-3 DSF analysis of WT-hASRGL1 intramolecular processing. 
(A-C) Protein melting profile of WT-hASRGL1 autoprocessing. The first derivative of DSF 
signal is plotted in dot lines as protein melting curve. The asymmetrical melting curve is fitted 
with summation of several Gaussian equations as a peak profile of different hASRGL1 species at 
different time of autoprocessing. Dashed red line is sum of Gaussian fittings.  (D) Protein 
melting profile of WT-hASRGL1 processing with 1M of glycine. Each colored line represents 
one protein melting profile at one time point of hASRGL1 activation. While hASRGL1 is 
activated by 1M glycine, protein melting profile shows with distinctive temperature 
characteristic peaks. Unprocessed hASRGL1 with 1 M of glycine has a single peak in melting 
profile with a TM of 74 °C. During the activation, the intensity of the first peak reduces with a 
new peak appearing with a characteristic TM at 82 °C. Finally, both the first and second peak 
disappears and all protein signals shift to a peak at 89 °C.  
 

3.3.2 Dimer interface stabilization regulates intramolecular-processing 

This difference in the 1st and 2nd subunit cleavage rates demonstrates that the cleavage of 

one monomer apparently elicits a change to the other monomer such that the processing is now 

impaired. Torsional strain is a known driver for hASRGL1 intramolecular-processing, which in 
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light of the data here, indicates that the 1st cleavage not only thermally stabilizes the heterotrimer 

complex but may partially relieve the strain in the adjacent uncleaved monomer. It had been 

observed in other Ntn family members that dimer stabilization/formation was critical for self 

cleavage (Wang and Guo 2003). We hypothesized that the 1st cleavage results in a subtle 

allosteric rearrangement across the dimer-dimer interface, which either reduces torsional strain or 

shifts the conformational equilibrium of the unprocessed active site away from a cleavable state. 

To test the idea that the dimer interface regulates intramolecular-processing we 

constructed two interface variants, Cys202Ala and Cys202Ser, based upon the location of 

Cys202 residue of one monomer being symmetrically adjacent to the Cys202 residue of the other 

monomer. The Cys202Ala and Cys202Ser variants were both found to express well and formed 

dimers as assessed by size exclusion chromatography (Figure 3-4), however their 

intramolecular-processing was greatly impaired without the aid of glycine and they exhibited 

lower TM values of approximately 49 °C each. We assessed the glycine-promoted cleavage 

kinetics of these variants and found that Cys202Ala had a k1 of 0.41 ± 0.04 h-1 and a k2 of 0.27 ± 

0.03 h-1 and that Cys202Ser was more impaired with a k1 of 0.34 ± 0.05 h-1 and a k2 of 0.19 ± 

0.04 h-1 demonstrating that the dimer-dimer interface does indeed play a role in both stability and 

self-cleavage capacity. In a further effort to see if compensatory mutations could be found, we 

used the Cys202Ala variant as template and constructed an error prone library that was 

transformed into an E.coli strain devoid of native asparaginases. Cells expressing this library 

were spread on minimal media plates containing L-Asn as the sole nitrogen source such that only 

hASRGL1-Cys202Ala variants that could undergo intramolecular-processing would be able to 

convert L-Asn to ammonia and allow colony growth. This work led to the isolation of a 

Cys202Alaà Ala202Val variant that rescued partial intramolecular-processing without glycine 
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and in the presence of glycine displayed similar rates to WT-hASRGL1 with a 1st subunit 

cleavage kinetics of k1 = 0.96 ± 0.18 h-1 and a 2nd subunit cleavage of k2 = 0.37 ± 0.03 h-1. The 

Cys202Val variant also restored unliganded thermostability (TM = 59 °C) suggesting that precise 

dimerization plays a significant role in processing. 

 
 
Figure 3-4. Size-exclusion chromatography of hASRGL1 Cys202 variants. 
Size exclusion chromatography profile of WT-hASRGL1 (blue), hASRGL1C202V (purple), 
C202S (brown), C202A (orange) indicate there is a same oligomerization state of WT-hASRGL1 
and all the hASRGL1 Cys202 variants. 

 

3.3.3 hASRGL1 activator other than glycine 

Previously, glycine has been reported as a unique activator for hASRGL1 (Su, 

Karamitros et al. 2013). Using DSF, we learned that glycine is actually accelerating the 

intramolecular-processing. In order to shed light on the possible physiological activator for 

hASRGL1, we explored other small molecules drivers to promote hASRGL1 intramolecular-

processing. We dissected glycine into two groups: carboxyl group and amine group. To test if the 

carboxyl group is the key element for processing activity, we used molecules with a free 

carboxyl group as well as molecules with similar size as glycine with modified carboxyl group to 
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activate hASRGL1. Ammonium carbamate and sarcosine are two molecules having free 

carboxyl group and indeed they can be activators. On the other hand, glycine methyl ester and 

glycinamide have modified carboxyl group with no negative charges, and they no longer activate 

hASRGL1 (Figure 3-5 and Figure 3-6). We next ask if any molecules with negative charge that 

mimic the geometry of the carboxyl group can be activators. We used inorganic molecules 

ammonium phosphate, as it is small in size and have negative charge to easily bind to the active 

site pocket. Indeed, we found that after 48 hours of incubation at 37 °C, hASRGL1 are nearly 

fully cleaved at 1 M concentration. To test if amine group of glycine plays any role in processing 

activity, we tested 0.25 – 1 M concentration of o-phosphorylethanol amine, β-alanine, taurine, 

and betaine which all failed to promote hASRGL1 processing, even though, all of these contain a 

free carboxyl group or a carboxyl mimicking group. This is suggestive that amine group of 

glycine is also indispensible for its activator roles. We then compared the pool of molecules that 

work as activator with molecules that are not, and noticed a pair of molecules that is very 

interesting. Comparing the activator sarcosine and non-activator β-alanine, they have the exactly 

same size and same charge, and the only difference is the position of the amine group. Overall, it 

is suggestive the negatively charge carboxyl group and precise amine group position are 

important for glycine as a hASRGL1 activator (Figure 3-5 and Figure 3-6).  
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Figure 3-5 Chemical structures of small molecules resemble glycine.  
Glycine, ammonium phosphate, ammonium carbamate, sarcosine highlighted in green can 
promote hASRGL1 intramolecular processing. The rest of molecules highlighted cannot promote 
hASRGL1 intramolecular processing. 
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Figure 3-6 SDS-PAGE gel of WT-hASRGL1 intramolecular processing 
WT-hASRGL1 was incubated with different small molecules at different concentration. Samples 
were taken at time 0 h and time 48 h for examination of hASRGL1 processing. Addition of 
ammonium carbamate, ammonium phosphate, sarcosine clearly improved processing rate. 
 

3.3.4 Glycine to Arg196 salt bridge promotes hASRGL1 intramolecular-processing 

 To understand the mechanism of glycine-promoted hASRGL1 processing, we identified a 

new crystallization condition for cp-hASRGL1 that leads to an improved structure at 2.5 Å. The 

new crystal form exhibits a space group of P212121. The overall structural folding has not 

changed from the previous model at 3.3 Å with the RMS derivation of their Cα chains only 0.2 

Å. There are two homodimers modeled in an asymmetric unit. The cp-hASRGL1 protein 

structure presents a general α/β-β/α sandwich fold which is preserved through all the N-terminal 

nucleophile hydrolase family. For the clarity of the analysis and discussion of mechanism, the 

numbering of the residues remains the same as the wild-type protein starting with nucleophile 

Thr168 as the N-terminus. The cp-hASRGL1 structure covers from Thr168 to residue Pro308. A 

linker is engineered to connect the two domains but is disordered in the structure. The model 
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continues from residue Gly1 to residue Glu154 but is disordered from residue Lys155 to residue 

Gly167 (Figure 3-7).  

 

 
 
Figure 3-7 Overall improved structure of cp-hASRGL1.  
The overall structure of cp-hASRGL1 shows a conserved αβ-βα sandwich fold. The structure is 
disordered from residue Lys155 to residue Gly167  
 

In our crystal structure of cp-hASRGL1, one glycine molecule shows distinctive density 

at the active site. It locates in a positively charged pocket 4.3 Å away from nucleophile Thr168 

(Figure 3-8 A). A close inspection at the glycine binding site reveals that the glycine molecule 

forms a salt bridge with Arg196 by its carboxyl group (Figure 3-8 A). In order to evaluate if this 

bound glycine reflects the glycine-promoted activation of protein or just crystallographic artifact 

due to the high concentration of glycine used in the crystallization condition (50mM), we 

mutated Arg196 to glutamine in order to disrupt the salt bridge and to test its effect for 

autoprocessing and glycine-promoted processing (Figure 3-8 B). In autoprocessing, only less 

than 4 % of protein is cleaved after 48 hours of 37 °C incubation in comparison with 50% 
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activation of WT-hASRGL1. Even upon using 1 M of glycine for 48 hours the cleaved ratio is 

still less than 33% comparing to 100% activation of WT-hASRGL1 (Figure 3-8 B). To our best 

knowledge, this is the first known mutation affecting glycine-promoted hASRGL1 processing 

activity at such a significant level. This residue is absolutely conserved through all species in 

plant-type asparaginase (Figure 3-9). In all the published structures of hASRGL1, this Arg 

always forms electrostatic interaction with small molecule ligands such as glycine, substrate 

asparate or phosphate group in the buffer (Li, Cantor et al. 2012; Nomme, Su et al. 2012; Su, 

Karamitros et al. 2013). Collectively with previous small molecule study and mutagenesis study, 

our results highlight that small molecules with negative charges forming salt bridges can 

potentially be hASRGL1 activators for the hASRGL1 intramolecular-processing.  

 

 
 
Figure 3-8 Glycine salt bridge to Arg196 likely promotes hASRGL1 intramolecular processing. 
(A) Structure view of the glycine in an active site pocket that is 4.3 Å away from nucleophile 
Thr168. Glycine is stabilized by salt bridge from Arg196 and by hydrogen bond interactions 
(green dashed line) from Asp199 Gly220 Gly222 and two water molecules. (B) SDS-PAGE gel 
for hASRGL1-Arg196Gln processing study.  
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Figure 3-9 Sequence alignments of plant-type asparaginases from diverse phylogenies showing 
conserved Arg196 (red triangle) across different protein sequences.  
 
 
3.4 Materials and Methods 

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

DNA Polymerase and dNTPs were from New England Biolabs (Ipswich, MA). Crystal 

Screening Kits were from Hampton Research (Aliso Viejo, CA). All other reagents were from 

Sigma Aldrich unless otherwise mentioned. 

 

3.4.1 Cloning, Expression, and Purification of hASRGL1 and mutations 

The construction of hASRGL1 and circularly permutated hASRGL1 (cp-hASRGL1) was 

described previously (Cantor, Stone et al. 2009; Li, Cantor et al. 2012). The hASRGL1/cp-

hASRGL1 point mutations were constructed using QuikChange Site Directed Mutagenesis Kit 

(Stratagene). All genes were cloned into pET28a vector and sequenced to eliminate undesired 

mutations. The oligonucleotides used are listed in Table 3-1. 

Arg196Gln Fw 5'-AAGATGGTAGGACAAGTGGGCGAT-3' 
Arg196GlnQ Rv 5'-GCCCACTTGTCCTACCATCTTATT-3' 

 

Table 3-1. Oligonucleotides point mutant variants of hASRGL1. 
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The expression and purification were done as previously described (Li, Cantor et al. 

2012). The protein was in buffer [50 mM HEPES, 100 mM NaCl, pH 7.5] for β-aspartyl 

hydroxamic acid assay, in buffer [50 mM HEPES, 100 mM NaCl, 10 mM β-mercaptoethanol, 

pH 7.5] for autoprocessing assay and differential scanning fluorometry assay, in buffer [20 mM 

HEPES, 50 mM NaCl, 10 mM β-mercaptoethanol, pH 7.5] for crystallization. Purified proteins 

were flash frozen by liquid nitrogen and stored in -80 °C.  

 

3.4.2 TM Measurement using Differential Scanning Fluorometry  

Purified hASRGL1 variants were diluted to ~ 1 mg/mL in 96-well low-profile PCR 

plated (ABgene, Thermo Scientific). 10X SYPRO® Orange (Molecular Probes) was added in 

each well and mixed prior to centrifugation. Melting temperature was detected by RT-PCR 

(LightCycler 480, Roche). Plates were sealed with adhesive and heat seals (ABgene, Thermo 

Scientific) to prevent evaporation. The experiment was carried out with a continuous temperature 

acquisition mode using 10 acquisitions per 1 °C in each cycle from 20 °C to 95 °C. TM values 

were derived using Boltzmann equation (Niesen, Berglund et al. 2007). 

 

3.4.3 Autoprocessing assay 

For autoprocessing rate study 

The WT-hASRGL1 at ~ 1 mg/mL was incubated with 1 M of glycine at 37 °C for 48 

hours. Aliquots were taken at various time points for differential scanning fluorometry and SDS-

PAGE gel density analysis. Differential scanning fluorometry data was analyzed by taking the 

derivative of melting curve and fit in Gaussian equation to determine TM for the peak and area of 

each peak for calculation of fraction of each species along autoprocessing (MagicPlot). Derived 
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areas were then fitted to model scheme (Figure 3-1) using KinTek for intramolecular processing 

rate analysis. 

For small molecule activator study 

The WT-hASRGL1 was diluted to 1 mg/mL final concentration for processing reaction. 

Small molecules were added to final concentration of 1 M, 0.5 M, and 0.25 M with the exception 

of o-phosporylethanol amine with final concentrations at 0.9 M, 0.5 M and 0.25 M and Taurine 

with final concentrations at 0.225 M, 0.1 M and 0.05 M. The mixtures were incubated at 37 °C 

for 48 hours. Aliquots were taken at 0 hour time point and 48 hour time point for SDS-PAGE gel 

analysis.  

For characterizing the variants 

Purified hASRGL1 variants were diluted to ~ 1 mg/mL and incubated in 37 °C. Aliquots 

were taken at 0 hours and 48 hours and analyzed by SDS-PAGE gel. The SDS-PAGE gels band 

intensity were quantified by Image Lab™ (Bio-Rad). Percentage are calculated based on 

uncleaved band intensity relative to the sum of all forms (uncleaved +cleaved) 

 

3.4.4 Crystallization 

The cp-hASRGL1 and variants were concentrated to around 10 mg/mL with a Vivaspin 

concentrator (GE Healthcare) and set up for sparse-matrix screening using Crystal Phoenix liquid 

handling system (Art Robbins Instruments). Protein solution for crystallization was pre-treated 

with 50 mM glycine for 3 hours on ice. The crystals were obtained by mixing 1µL pre-treated 

cp-hASRGL1 or variants with 1 µL crystallization solution [24 % PEG4000, 4 mM DTT, 0.15 

mM Sodium citrate, pH4.6]. Microseeding was done for generating bigger crystals. Needle-like 

crystals were observed within 3 days. Cryoprotectant solution [30 % glycerol (v/v) in 
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crystallization solution] was applied before crystals were vitrified in liquid nitrogen for data 

collection. 

 

3.4.5 Diffraction data collection and structure determination 

X-ray diffraction data were collected from synchrotron radiation at beamline 5.0.3 of the 

Advanced Light Source (Berkeley, CA). Data were then processed and scaled using the 

HKL2000 software suite (Otwinowski Z. 1997). Data collection statistics are summarized in 

Table 3-2.  

The structures of cp-hASRGL1 and variants were determined using molecular 

replacement by Phaser-MR from the Phenix suite (Adams, Grosse-Kunstleve et al. 2002) with 

our previously published hASRGL1 T168A structure (PDB Code: 3TKJ) as search model (Li, 

Cantor et al. 2012). Structures were refined with phenix.refine (Adams, Grosse-Kunstleve et al. 

2002) along with iterative model building in COOT (Emsley and Cowtan 2004). Non-

crystallographic symmetry (NCS restraints) and TLS parameters were applied in the refinements. 

In the refinement, 5% of the test set was excluded for Rfree cross-validation (Brunger 1992). The 

final structures were evaluated by PROCHECK (Laskowski, Macarthur et al. 1993) and 

MolProbity (Chen, Arendall et al. 2010). Refinement statistics are summarized in Table 3-2. 

.  
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Data statistics cp-hASRGL1     
  Source ALS 5.0.3     
  Wavelength (Å) 0.98Å     
  Resolution (Å) 50-2.35 (2.35-2.39)a     
  Space group p212121     
  Unit Cell (Å) a, b, c 104.33, 111.10, 122.50   
  Data cutoff F > 0     
  Assymetric unit (asu) 2     
  Number of unique reflections 59729     
  Redundancy 5.1 (5.1)     
  Completeness (%) 99.6 (99.9)     
  I/σ(I) 10.38 (2.05)     
  Rsym (%) 15.1 (62.0)     
Refinement statistics       
Refinement       
  Resolution limit (Å) 41.15-2.35     
  No. reflections (test) 59145 (2992)     
  Data cutoff 0     
  Rwork/Rfree (%)b 19.7/25.1     
  No. atoms 9124     
    protein 8641     
    Water 360     
    Na 5     
    DTTc 16     
    glycine 20     
    citrate  26     

  
BMEd 32 

  
  

Glycerol 24 
    B-factors (Å2) 35.15     

    protein 34.71     
    Water 39.75     
    Na 31.25     
    DTTc 59.88     
    glycine 28.36     
    citrate  63.28     

  
BMEd 59.40 

  
  

Glycerol 51.52 
    R.m.s deviations       

    Bond lengths (Å) 0.009     
    Bond angles (˚) 1.248     
  

 
MolProbity score^ 1.56 99th percentile*   

  
 

Poor Rotamer  0.67%     
  

 
Clashscore 5.31 99th percentile*   

  
 

Ramachandran outliers 0.00%     
  

 
Ramachandran favored 96.01%     

Table 3-2. Crystallographic data and refinement statistics. 
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Table 3-2 cont. 
 
a Highest resolution shell is shown in parentheses. b Rfree is calculated with 5 % of the data 
randomly omitted from refinement.  c DTT is the abbreviation of Dithiothreitol which is used as 
reducing reagent in crystallization. dBME is the abbreviation of beta Mercaptoethanol. * 100th 
percentile is the best among structures of comparable resolution; 0th percentile is the worst. For 
clashscore the comparative set of structures was selected in 2004, for MolProbity score in 2006. 
^ MolProbity score combines the clashscore, rotamer, and Ramachandran evaluations into a 
single score, normalized to be on the same scale as X-ray resolution. 
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The library on Cys202Ala was generated by error-prone PCR with 0.4 ng/µL template 

and 0.5 µM of primers (forward primer: ATAACAATTCCCCTCTAGAAATAATTTT and 

reverse primer TTGTCTACGGAGCTCGAATTCTC). The concentration of dNTP is each at 

0.23 mM for dATP, 0.2 mM for dCTP, 0.57 mM for dGTP and 4 mM for dTTP. The PCR 

reaction was done with Taq DNA polymerase (NEB MA).  

E. coli strain BL21(DE3) ΔansAΔansBΔiaaA with deletion of three native asparaginases 

was used for library screening. The cells harboring the library plasmids were prepared by a 

electrocompetent method (Construction and flow cytometric screening of targeted enzyme 

libraries.). Isopropyl-β-D-thiogalactopyranoside (IPTG) was used to induce the expression vector 

pET28a with a kanamycin marker parental hASRGL1 and libraries genes. Cells were grown in 

non-selective LB media overnight. Around 109 cells were transferred to 25 mL of fresh LB 

culture to grow to OD of 2. 1 mL of culture was harvested and resuspended in 1 mL of selective 

media (1× M9 media supplemented with 0.4% glucose, 0.1 µg/ mL thiamine, 1 mM MgSO4, 0.1 

mM CaCl2, 0.01 mM FeSO4, 5 mM Asn, 50 µg/mL kanamycin and IPTG) and plated on 

selective media plate. Colonies started appearing at 3 days of incubation at 37 °C and colonies 

with significant size were selected for sequencing.  
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Chapter 4 Uncouple the Roles of Active Site Residues by the WT-hASRGL1 
and cp-hASRGL1 Platform 

 
 
4.1 Chapter Summary 

In order to study the asparagine catalysis of human asparaginase-like protein 1 

(hASRGL1) and to provide platform over for hASRGL1 engineering as an alternative acute 

lymphoblastic leukemia treatment, the critical obstacle to overcome is that recombinant 

expression of hASRGL1 only results in a consistent 50% autoprocessing is critical. This 

phenomenon of 50% autoprocessing immediately reduces the asparaginase activity in half and 

fetters the biochemical and biophysical characterization of hASRGL1. As we discussed in the 

previous chapters, to overcome this issue, we created a constitutively activated version of 

hASRGL1 by means of a circular permutation (cp-hASRGL1).  The cp-hASRGL1 physically 

links the original N- and C- termini leaving the cleavage site as new N- and C- termini. This 

design does not only solve the 50% autoprocessing matter, but also uncouples the autoprocessing 

and substrate catalysis supplying an ideal platform to study the two reactions separately. In this 

work, we use this platform with cp-hASRGL1 and WT-hASRGL1 to explore and differentiate 

the pivotal roles of active site residues in autoprocessing and substrate catalysis in order to gain 

more understanding of the biochemical mechanism of hASRGL1. 
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4.2 Introduction 

The human asparaginase-like protein 1 catalyzes the hydrolysis of L-asparagine and 

isoaspartyl-dipeptides (Cantor, Stone et al. 2009). Many studies have been devoted into the 

mechanistic study of hASRGL1 in order to develop it as an alternative acute lymphobastic 

leukemia treatment. As a member of N terminal nucleophile hydrolase family, the hASRGL1 is 

translated as a single polypeptide precursor that then undergoes two intramolecular cleavage 

steps (Chapter 3) to have both of the monomers cleaved and obtain the catalytic activity. The 

side chain of the active site nucleophile Thr168 in the uncleaved peptide is strained by the small 

active site pocket. This force is a driver for initiation of an acyl shift reaction to cleave the 

internal peptide bond between Thr168 and its preceding residue Gly167 and to expose the N-

terminal residue of the nascent β-subunit (Brannigan, Dodson et al. 1995) 

However, intramolecular-processing of purified recombinant hASRGL1 is slow and 

typically only reaches about 50% completion, resulting in a mixture of active and inactive 

protein. This phenomenon is not rate in Ntn hydrolase family and greatly hinders biophysical 

studies of the enzyme. For example, a similar incomplete autoprocessing has been observed in 

Taspase1 (Khan, Dunn et al. 2005). In addition, this incomplete autoprocessing lowers the 

activity of recombinant hASRGL1 which is a challenge for its therapeutic potentials. Moreover, 

the intertwined the autoaprocessing and catalysis present a barrier for catalysis mechanism 

studies in such that genetic variants can exhibit loss of apparent catalysis activity due to impaired 

in autoprocessing. A good method to uncouple autoprocessing and substrate catalysis reaction 

can be a universal solution for the study of many Ntn hydrolases with incomplete autoprocessing. 

There are three recently reported methods for obtaining completely processed hASRGL1 

recently reported that greatly facilitate characterization. One method generating the fully active 
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enzyme involves the bi-cistronic co-expression of the separate α and β subunits. However, it 

only results in a very low yield of properly assembled protein which becomes a major 

disadvantage for enzymatic characterization (Karamitros and Konrad 2014). A finding that free 

glycine accelerates and facilitates full intramolecular cleavage of WT-hASRGL1 was another 

significant advance (Su, Karamitros et al. 2013). However, glycine-promoted processing is 

absent or hampered by certain active site mutations, such as hASRGL1-Thr168Ser which are 

incapable of glycine-promoted intramolecular-processing (Nomme, Su et al. 2014). This leaves 

the barrier for studying the catalysis mechanism unsolved. In the study presented in Chapter 2, 

we solved this issue by creating a fully activated version of hASRGL1 by means of a circular 

permutation (cp-hASRGL1) that physically links the original N- and C- termini wherein the 

protein is expressed such that the active site nucleophile Thr168 is now the 2nd amino acid 

immediately following the initiator Met residue which is removed during translation (Li, Cantor 

et al. 2012). The cp-hASRGL1 construct therefore uncouples the intramolecular-processing 

event needed for substrate hydrolysis. The utility of this approach is evidenced by high 

expression yields, and the fact that active site variants such as hASRGL1-Thr168Ser can still be 

catalytically assessed when expressed within the circularly permuted format (Li, Cantor et al. 

2012).  

 In hASRGL1 as well as its homologues, the two consecutive reactions occur at the same 

active site: the autoprocessing in which the peptidyl bond between Gly167-Thr168 is cleaved 

and the catalysis in which the substrate asparagine or β-aspartyl peptides are hydrolyzed to 

aspartate and side products. It has been established that Thr168 plays the central role of 

nucleophile in both steps (Cantor, Stone et al. 2009), yet it is not known if the same set of active 

site residues are utilized to carry out these two reactions. Moreover, this unclear intertwined 
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reaction mechanism hinders the utilization of hASRGL1 for therapeutic purpose and the 

understanding of biochemical mechanism of Ntn hydrolase family in general. Armed with the 

crystal structure and engineered circular permutant (cp-hASRGL1), we are aiming to uncouple 

the intertwined autoprocessing and catalysis reactions using cp-hASRGL1 and WT-hASRGL1 

platforms in order to differentiate the residues in the active site playing pivotal roles in 

processing or catalysis or both. 

Thus in this chapter, we introduced selected mutations based on structure and sequence 

alignment analysis into both the WT-hASRGL1 and cp-hASRGL1 scaffolds creating a versatile 

platform for delineating the roles of critical residues in catalyzing intramolecular-processing 

and/or substrate hydrolysis. We successfully identified that a hydrogen network formed by 

Asn62-Thr186 to Thr168 is important for the Thr168 nucleophilic reaction in both 

autoprocessing and catalysis. In addition, we also uncoupled the important residue Thr219 

catalysis from autoprocessing and demonstrated its importance in substrate catalysis 

 

4.3 Results and Discussion 

4.3.1 A hydrogen network formed by Asn62-Thr186-Thr168 is important for both 

autoprocessing and substrate catalysis 

The active site residue Thr168 needs to be deprotonated in order to function as a 

nucleophile. Therefore, we used our previously solved structure to search for residues less than 5 

Å around Thr168 (Figure 4-1 Aand compared the sequences amongst plant-type asparaginases 

across all phylogenies (Figure 4-1 B) to identify conserved residues that are potentially 

biologically relevant to Thr168 nucleophilic reaction. The three residues Thr186, Asn62 and 

Thr219 are identified in addition to glycine-rich loop (whose function we have studied in 

Chapter 2) (Figure 4-1 A). 
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Figure 4-1 Conserved active site residues. 
(A) Within 5 Å radius from the nucleophile Thr168, several residues (shown in sticks) are highly 
conserved in primary sequence across all phylogenies. Some of the residues have roles specific 
to one of the two intertwined reactions (autoprocessing: yellow, catalysis: pink). Some of the 
residues can impact both autoprocessing and catalysis reactions (blue), however, are at different 
scale. (B) Sequence alignment of plant-type asparaginase amongst all phylogenies at Asn62, 
Thr186 and Thr219 (Red triangles).  
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 Based on the crystal structure, a hydrogen network formed by Asn62-Thr186 and Thr168 

can potentially promote the nucleophile deprotonation (Figure 4-1 A). This hydrogen network is 

formed from the amine group of Asn62 via the hydroxyl group of Thr186 to the hydroxyl group 

of Thr168. It is likely to facilitate the nucleophilic reaction for Thr168 (Figure 4-2 A).  

We started with studying the role of Asn62 in autoprocessing and catalysis. We generated 

Ala or Asp mutation on this site. There is no detectable autoprocessing in the Asn62Ala variant. 

The Asp substitution which removes the amine group to break the hydrogen network has less 

than 3 % of autoprocessed as examined by gel densitometry (Figure 4-2 B). With 50 mM 

glycine, WT-hASRGL1 can be fully cleaved by 48 hours, but only 23% of Asn62Ala protein is 

activated by the same condition. Similarly, the Asn62Asp mutant results in only ~ 50 % of 

cleaved protein with the presence of glycine (Figure 4-2 B). These results show that even 

glycine cannot rescue the hASRGL1 processing. The genetic variants such as these with 

extremely low processing ratio have been a great obstacle for accurate assessment of substrate 

catalysis study. The cp-hASRGL1 provides a platform to uncouple the catalysis from the 

impaired autoprocessing activity. We created Asn62 variants on the cp-hASRGL1 construct and 

found that in substrate catalysis, Asn62 mutants also result in significant reduction in catalytic 

activity by 5 fold for Asn62Ala and 4 fold by Asn62Asp variants, respectively (Table 4-1). 

Collectively, these results suggest that the Asn62 indeed plays a general role in both 

autoprocessing and catalysis reactions and that the amine group of Asn62 is the key connection. 

To further demonstrate the importance of the hydrogen network, we also performed functional 

studies on the Thr186 variants to break the connection of hydrogen bond from Asn62 to Thr168. 

The Thr186Ala mutation resulted in with a completely inhibition of the autoprocessing. When 

we used Serine mutation to bridge the hydrogen network, the hASRGL1 autoprocessing activity 
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was restored with a level of activated protein comparable to WT-hASRGL1 at 48 hours of 

reaction. The glycine-promoted intramolecular-processing in Thr186Ala variant is greatly 

reduced to only 30 % of WT-hASRGL1 activation (Figure 4-2 B), but this is almost completely 

restored in Thr186Ser. A similar effect has been observed in substrate catalysis. Thr186Ala 

almost eliminates all the catalytic activity with kcat = 0.016 ± 0.001 s-1, but the Serine mutation 

salvages the activity loss by restoring it to kcat = 5.87 ± 0.77 s-1 close to WT-hASRGL1 activity 

kcat = 6.43 ± 0.51 s-1 (Table 4-1). Collectively, we applied the WT-hASRGL1 and cp-hASRGL1 

platform to study the catalysis of variants with greatly impaired activation and our results 

illustrated that the hydrogen network formed by Asn62-Thr186-Thr168 is critical for hASRGL1 

nucleophilic reaction in both autoprocessing and catalysis.  

 

Variant kcat (s−1) KM (mM) 
cp-hASRGL1 6.43 ± 0.51 0.28 ± 0.07 
cp-hASRGL1-

Thr219Ala 0.08 ± 0.024 1.34 ± 0.70 

cp-hASRGL1-
Thr219Ser 0.44 ± 0.006 0.31 ± 0.01 

cp-hASRGL1-
Asn62Ala 1.30 ± 0.19 0.29 ± 0.12 

cp-hASRGL1-
Asn62Asp 1.77 ± 0.14 0.24 ± 0.06 

cp-hASRGL1-
Thr186Ala 0.016 ± 0.001 0.59 ± 0.05 

cp-hASRGL1-
Thr186Ser 5.87 ± 0.77 1.79 ± 0.40 

 
Table 4-1 Kinetics of cp-hASRGL1 and variants. 
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Figure 4-2 Hydrogen network formed by Asn62-Thr186-Thr168 is important for both 
autoprocessing and substrate catalysis. 
(A) Schematic of the hydrogen bond network by Asn62-Thr186-Thr168. The hydrogen bound 
network likely weakens the hydrogen from Thr168 hydroxyl group and readies it to be 
deprotonated by a base. (B) SDS-PAGE gel for hASRGL1-Asn62 or Thr186 mutants processing. 
Lane 1, 2, 5, 6, 9, 10, 13, 14, 17, 18 are autoprocessing reactions and Lane 3, 4, 7, 8, 11, 12, 15, 
16, 19, 20 are in processing reactions with 50 mM glycine of WT-hASRGL1, Asn62 and Thr186 
variants.  
 

4.3.2 Thr219 is important for catalysis but not required for autoprocessing 

Another residue that is highly conserved in the active site is Thr219 (Figure 4-1). 

Mutagenesis of analogous Thr219 has been reported for human aspartylglucosaminidase (AGA) 

(Tikkanen, Riikonen et al. 1996). However, there are two known fundamental differences in the 
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autoprocessing mechanism between AGA and hASRGL1. First, the residues involve in driving 

the autoprocessing initiation are different. Some bacterial AGA precursor structures contain a 

high-energy distorted trans peptide bond between the nucleophile Thr152 and its proceeding 

residue Asp151 (Xu, Buckley et al. 1999). This residue preceding the nucleophile threonine 

aspartate is further tested with a mutagenesis study which shows that it induces a torsional strain 

as a driving force for AGA autoprocessing (Saarela, Oinonen et al. 2004). However, in 

hASRGL1, the residue before the nucleophile Thr168 is a small amino acid glycine. It is unlikely 

for such small residue to introduce any strain to initiate autoprocessing. From our previous work 

in chapter 2, we identified that a small active site pocket surrounding the nucleophile Thr168 

rather than the single residue glycine in hASRGL1 is providing such strain for autoprocessing 

initiation (Li, Cantor et al. 2012). Secondly, a conserved glycine-rich motif which is important in 

both autoprocessing and catalysis is missing from AGA. The AGA is functioning to hydrolyze 

aspartyl glucosamine. The two aromatic residues Trp11 and Phe13 near active site contribute to 

the binding of sugar moiety in AGA. They are replaced by a stretch of small molecules 

especially rich in glycine (glycine-rich loop) (Michalska and Jaskolski 2006). In chapter 2, not 

only have we shown the differences in structure at this position, but also demonstrated that this 

glycine-rich loop (Figure 4-1) is important for both autoprocessing and catalysis of hASRGL1. 

We found it is not particularly important for substrate binding through structure analysis and 

functional study (Li, Cantor et al. 2012). Hence, the active site of AGA and hASRGL1 cannot be 

directly compared and the role of this Thr219 could be different than the conserved one in AGA. 

 To solve the unclear role that of Thr219 plays in each autoprocessing and catalysis 

reactions, we continue the uncoupling study and first mutated Thr219 to Ala/Ser in the WT-

hASRGL1 construct to test protein processing. Consistently, the Thr219 variants showed no 
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effect on the autoprocessing of hASRGL1. Furthermore, glycine-promoted intramolecular-

processing of hASRGL1 variants is not altered upon Thr219 mutations (Figure 4-3 A). However, 

when we made same mutation in the cp-hASRGL1 construct and tested the protein activity in 

catalysis towards the substrate AHA, we found that the mutation of Thr219Ala greatly attenuates 

the catalysis by close to 400 fold (Table 4-1). Even serine substitution of Thr219, which still 

keeps the hydroxyl group on the side-chain to maintain the hydrogen bond, reduces the activity 

by 15 fold. This result confirms the conclusion of AGA is analogous to hASRGLL1 Thr219 and 

highlights that Thr219 is critical for substrate catalysis but not required for autoprocessing. 

Collectively, during nucleophilic reactions of catalysis, an oxyanion hole formed by Thr219 

hydroxyl group and Gly220 amine group stabilizes the covalent intermediate (Figure 4-3 B). As 

far as we know, this is the first residue identified in hASRGL1 that is only required for catalysis 

but not for processing activity. This again suggests two different reaction mechanisms in which 

different residues are utilized for the autoprocessing and catalysis of hASRGL1.  
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Figure 4-3 Thr219 is important for catalysis but not required for autoprocessing. 
(A) SDS-PAGE gel showing hASRGL1-Thr219 mutants autoprocessing (Lane 1, 2, 4, 5, 9 and 
10) and processing with 50 mM glycine (Lane 3, 4, 7, 8, 11 and 12). (B) Schematic of the 
proposed oxyanion hole by hydroxyl group of Thr219 and amino group of Gly220 to stabilize 
the negative charged oxyanion substrate intermediate.  
 

4.4 Materials and Methods 

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

DNA Polymerase and dNTPs were from New England Biolabs (Ipswich, MA). Crystal 

Screening Kits were from Hampton Research (Aliso Viejo, CA). All other reagents were from 

Sigma Aldrich unless otherwise mentioned. The oligonucleotides used are listed in Table 4-2 
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Asn62Ala	  FW	   5'-‐CCAGAGTTTGCTGCCGGC-‐3'	  
Asn62Ala	  RV	   5'-‐GCAGCCGGCAGCAAACTC-‐3'	  
Asn62Asp	  FW	   5'-‐CCAGAGTTTAGTGCCGGC-‐3'	  
Asn62Asp	  RV	   5'-‐GCAGCCGGCATCAAACTC-‐3'	  
Thr186Ala	  FW	   5'-‐GCGACCAGTGCaGGCGGG-‐3'	  
Thr186Ala	  RV	   5'-‐AATCCCGCCTGCACTGGT-‐3'	  
Thr186Ser	  Fw	   5'-‐TATGCGACCAGCAGTGGCGGGATT-‐3'	  	  
Thr186Ser	  Rv	   5'-‐CACAATCCCGCCACTGCTGGTCGC-‐3'	  
Thr219Ala	  FW	   5’-‐GTGAGCACCGCCGGCCAT-‐3’	  
Thr219Ala	  RV	   5’-‐TCCATGGCCGGCGGTGCT-‐3’	  
Thr219Ser	  FW	   5’-‐GTGAGCACCAGCGGCCAC-‐3’	  
Thr219Ser	  RV	   5’-‐TCCGTGGCCGCTGGTGCT-‐3’	  

Table 4-2. Oligonucleotides point mutant variants of hASRGL1. 

 

4.4.1 Cloning, Expression, and Purification of hASRGL1 and mutations 

The construction of hASRGL1 and circularly permutated hASRGL1 (cp-hASRGL1) was 

described previously (Cantor, Stone et al. 2009; Li, Cantor et al. 2012). The hASRGL1/cp-

hASRGL1 point mutations were constructed using QuikChange Site Directed Mutagenesis Kit 

(Stratagene). All genes were cloned into pET28a vector and sequenced to eliminate undesired 

mutations.  

The expression and purification were done as previously described (Li, Cantor et al. 

2012). The protein was in buffer [50 mM HEPES, 100 mM NaCl, pH 7.5] for β-aspartyl 

hydroxamic acid assay, in buffer [50 mM HEPES, 100 mM NaCl, 10 mM β-mercaptoethanol, 

pH 7.5] for autoprocessing assay. Purified proteins were flash frozen by liquid nitrogen and 

stored in -80 °C.  

 

4.4.2 Autoprocessing assay 
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Purified hASRGL1 variants were diluted to ~ 1 mg/mL and incubated in 37 °C. Aliquots 

were taken at 0 hours and 48 hours and analyzed by SDS-PAGE gel. The SDS-PAGE gels band 

intensity were quantified by Image Lab™ (Bio-Rad).	   Percentage are calculated based on 

uncleaved band intensity relative to the sum of all forms (uncleaved + cleaved). 

 

4.4.3 AHA assay 

Reactions of hASRGL1 variants with aspartic acid-β-hydroxamate (AHA) were at 37 ⁰C 

in 50 mM HEPES, 100 mM NaCl, pH 7.5. The total reaction volume is 100 µL. The reactions 

were quenched with 10 µL of 12 % (w/v) tricholoracetic acid (TCA). Subsequently, 50 µL of 

color reagent (1:3 ratio of 2 % 8-hydroxylquinoline in ethanol/ 1 M Na2CO3) were mixed with 

reaction solution and heated at 100 ⁰C for 4 min and 4 ⁰C for 10 min for color development. The 

formation of hydroxylamine product was determined by measuring the absorbance at 705nm 

(Tecan infinite 200 microplate reader). Product concentrations were assessed by hydroxylamine 

standard curve under same conditions as the reaction. All reactions were repeated three times and 

the observed rates were fitted to the Michaelis-Menten equation using Kaleidagraph (Snergy). 
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Chapter 5: Major Findings and Perspective 

 

Acute lymphoblastic leukemia (ALL) is a dangerous blood and bone marrow cancer. The 

major differences between ALL cells and normal tissue cells are found in their capability of 

producing the nonessential amino acid L-asparagine. Using this significant metabolic pathway 

difference, E. coli L-asparaginase II (EcAII) has been effectively used as an antileukemic agent 

However, it is limited by (1) the adverse antibody responses including hypersensitivity reactions 

and/or “silence inactivation”; (2) side effects such as pancretitis due to the secondary specificity 

of bacterial asparaginase towards glutamine. Human asparaginase-like protein1 (hASRGL1) with 

L-asparaginase activity is thought to be a good engineering target to complement bacterial 

asparaginase. The work detailed in this dissertation is focused on understanding the enzymatic 

mechanism of hASRGL1 to provide guidance for its future engineering. In this work, we provide 

not only answers to several key questions regarding autoprocessing and catalysis mechanism, but 

also a number of novel and powerful tools for the further study of this protein and other proteins 

within the same super-family.  

 First, we designed a circular permutation engineering scheme to uncouple hASRGL1 (cp-

hASRGL1) autoprocessing from substrate hydrolysis. In the cp-hASRGL1, the original N- and 

C- termini are physically linked from Pro308 to Asn2 by small and hydrophilic residues (Pro308-

GAGSGAGSGAGG-Asn2) and the cleavage site Thr168 and Gly167are used as new N- and C- 

termini. This engineering scheme allows the nucleophile Thr168 in the β subunit exposed as a  

free N-  terminal residues to be constitutively active, yet still builds a connection between α	  and	  

β subunits which results a well expressed and properly folded variant. The circular permutation 

lead to the formation of a homogenous fully activated hASRGL1 homodimer. It successfully 
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solved the 50 % incomplete autoprocessing problem and improved hASRGL1 apparent 

asparaginase activity. It also uncouples the catalysis from autoprocessing to provide a method 

whereby genetic variants of hASRGL1 with impaired intramolecular processing can still be 

catalytically assessed when expressed within the circularly permuted format. Combination of the 

WT-hASRGL1 and cp-hASRGL1 provides a platform to study the autoprocessing and substrate 

catalysis (asparaginase activity) respectively.  

  With this platform, we were able to observe the kinetic effect of mutations in or around 

the active site that were previously unable to measure, such as Thr168 substitutions with Ser 

(Chapter 1). We also are able to differentiate roles of critical active site residues in 

autoprocessing or substrate catalysis. For example, we identified a critical hydrogen network 

formed by Asn62-Thr186 to the active site nucleophile Thr168. This network facilitaties the 

Thr168 nucleophilic attacking reaction and is both important for autoprocessing and substrate 

catalysis. A highly conserved Thr219 forms an oxyanion hole and is responsible for stabilizing 

the reactant oxyanion intermediate. It has shown to be indispensible for substrate catalysis but is 

not required for the autoprocessing reaction (Chapter 4). Overall, we reveal the roles of residues 

around active site that are different in the autoprocessing and substrate catalysis reaction. This 

information provides an initial understanding of how hASRGL1 uses the same active site 

nucleophile to achieve two different reactions.  

 Second, in this work, we solved the structures of hASRGL1-Thr168 and cp-hASRGL1. 

These structures provide a direct visualization of in the active site for studying of the important 

conformations or motifs involved in autoprocessing or catalysis. These two structures can also be 

used for comparison of hASRGL1 at different states. Thr168 is the active site nucleophile of 

hASRGL1, substitution of which to Ala will prohibit autoprocessing reaction. Therefore, it can 
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be used as pre-activated hASRGL1 in the structure study. The cp-hASRGL1 rearranges the 

hASRGL1 with the nucleophile Thr168 as the new N- terminal, therefore it is constitutively 

active and can be used as post-activated hASRGL1 for structure comparison.  

 We employed the genetic variant hASRGL1-Thr168Ala as pre-activated state of 

hASRGL1 and the engineered cp-hASRGL1 as post-activated state of hASRGL1. From the 

detailed structural analysis, we learned that hASRGL1 enzyme is critically dependent on the 

Thr168 γ-methyl group for orientation of the active site nucleophile. Thr168 γ-methyl is also 

required to produce a strained local conformation in the active site that drives the proper 

positioning and orientation of the Thr168 β-hydroxyl group for attacking the Gly167-Thr168 

scissile bond for cleavage. Moreover, from the structure comparison between the pre-activated 

and post-activated states of hASRGL1, the strictly conserved Gly9-Gly10 residues are revealed 

to have  importance. They allow a small loop near the active site (residues 8-16) sufficient 

flexibility to accommodate the C-terminal peptide from the α subunit and permit proper 

orientation of the Thr168 side chain relative to the Gly167-Thr168 scissile bond (Chapter 2). 

This provides an important piece of information filling the gap in understanding the overall 

autoprocessing reaction in Ntn hydrolase: how different enzymes achieve initialization of the 

autoprocessing reaction with different residues. 

 Thirdly, we developed a de novo method using differential scanning fluorometry (DSF) 

to study the rate of hASRGL1 autoprocessing. DSF is used to detect the stability of proteins. 

Upon autoprocessing, the nucleophile Thr168 is release as a nascent N-terminal of the β subunit 

and the torsional strain from the γ-methyl is released and the hASRGL1 is stabilized. This 

method developed from this work detects a change of the stability of hASRGL1 at different 

states of autoprocessing. It provides a way to detect all the species formed during autoprocessing. 
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Better quantification and easier adaptation to high throughput format makes DSF superior to the 

traditional SDS-PAGE gel based method.  This method can be used widely in understanding the 

mechanism of protein splicing and control of autoprocessing in proteins with similar properties, 

especially in the Ntn hydrolase family which includes many important enzymes such as 

Taspase1, AGA, and 20S proteasome. 

 With this method, we observed for the first time three distinct molecular complexes 

during maturation, namely the unprocessed αβ-βα homodimer, a half-processed α/β-βα 

heterotrimer, and the fully processed α/β-β/α heterotetramer. Furthermore, this method also 

reveals that the cleavage rate of the first monomer is significantly faster than cleavage of the 

second monomer. This solves a mysterious and controversial question in hASRGL1: why does 

hASRGL1 autoprocessing only go to 50 % in vitro. The results also suggest that the first α/β 

cleavage distally causes a change in the properties of the second αβ subunit. So using 

mutagenesis experiments, we showed that the dimer-dimer interface is critical for stabilization of 

the αβ-βα homodimer and subsequent intramolecular processing. (Chapter 3)  

Lastly, combining small molecule analogous screening and structure study,  we studied 

the mechanism of the small activator glycine in accelerating hASRGL1 intramolecular 

processing. We screened with small molecule analogues containing a carboxyl group or an amine 

group and confirmed that the carboxyl is a key functional group for glycine to promote 

hASRGL1 processing. The precise charge and positive of amine group is also indispensible for 

glycine to accelerate hASRGL1 processing. In addition, we use structure captured hASRGL1 

bound with glycine in the active site through an Arg196 salt bridge. Using mutagenesis study, we 

confirmed that this Arg196 uses salt bridge for binding a negatively charged small molecule is 
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one of the important residues with respect to Glycine in promoting hASRGL1 intramolecular 

processing. (Chapter3) 

Collectively, in this work, we engineered hASRGL1 using a circular permutation scheme 

to generate a fully activated form of hASRGL1. It uncoupled the catalysis reaction from 

autoprocessing. We also developed a new method to quantify and analyze the hASRGL1 

autoprocessing reaction. With structure biology, and the DSF method we developed, we are 

armed with an advanced tool set to characterize the hASRGL1 reaction mechanism. Using the 

platform of WT-hASRGL1 and cp-hASRGL1, we can uncouple the intertwined autoprocessing 

reaction and substrate catalysis reaction, and continue to characterize and delineate the roles of 

residues involved in hASRGL1 function in full spectrum. The information yielded from this 

study can be further used as guide for hASRGL1 engineering. For example, 1) we can iteratively 

combine the structure and function information with saturation mutagenesis to improve 

hASRGL1 asparaginase activity and specificity. 2) Use the genetic variant indentified in this 

study as a template. With the Cys202Ala which electively inhibits autoprocessing, we can 

explore the protein sequence landscape using directed evolution to search for improved 

asparaginase activity to compensate for the decreased autoprocessing. 
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