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Abstract 
Bio-betters are second-generation biopharmaceutical drugs that aim to improve the original 

drug’s pharmacokinetic or pharmacodynamic properties through minor physical modifications. 

Bio-betters require extensive characterization. Here, we investigate: JZP-341, a long-acting 

asparaginase bio-better used to treat leukemia. JZP-341 has a disordered proline-alanine-serine 

(PAS) tail that increases the drug’s size and thereby its serum half-life. A long serum half-life 

decreases the dosage frequency, providing more freedom to the patient. We assess the structural 

heterogeneity, charge heterogeneity, and enzyme kinetics of JZP-341 to better understand the 

effects of the PAS tail on the drug via the methods of capillary electrophoresis (CE), mass 

spectrometry (MS), and chromatography. We observe size heterogeneity and charge heterogeneity. 

We also developed a native capillary gel electrophoresis assay and an automated label-free CE-

MS enzyme activity assay to study JZP-341. A detailed understanding of the role of PAS tail on 

JZP-341 requires further assay development and sophisticated equipment. 
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Chapter 1: Background 

1.1 Improvement of Pharmacokinetic Properties of Biopharmaceutical Drugs  

Biopharmaceutical drugs (BPD) are complex and highly effective therapeutic tools used 

against various diseases, including cancers and infections. BPDs include proteins and nucleic acids 

that are typically administered to patients by injection. BPDs circulate in the body following 

unique pharmacokinetic principles of absorption, distribution, metabolism, and excretion. Drug 

excretion is a natural process of removing a medication or a drug metabolite from the body. Protein 

BPDs are typically catabolized by proteases into smaller peptides and then excreted renally.1 The 

rate of renal elimination is directly proportional to the size of the BPD, therefore size is an 

important pharmacokinetic parameter of BPDs. 

A familiar example is insulin for diabetes treatment. Insulin is a 5.8 kDa peptide hormone that 

promotes the absorption of sugar from the bloodstream. Insulin is one of the earliest and smallest 

BPDs. Due to its small size, the serum half-life of insulin is five minutes, and most patients require 

multiple doses to manage their blood sugar.2 Frequent dosage can be uncomfortable, inconvenient, 

and increase the risk of infection.3 To improve the half-life of insulin, a variety of “long-acting” 

or “second-generation” insulin analogs have been introduced to the market. Second-generation 

drug are also known as “bio-betters” – a modified original drug with superior pharmacokinetic or 

pharmacodynamic properties.4 

1.2 Half-Life Extenders of Biopharmaceutical Drugs 

The serum half-life of drugs can be improved by increasing the size of the BPD. The size of a 

BPD can be chemically  or genetically extended by fusion of a large inert moiety onto the protein 

drug.5 Witteloostuijn et al. summarize the forms of half-life extenders of BPDs to improve the 

pharmacokinetic properties.6 The most common BPD extender is polyethylene glycol (PEG). PEG 

is a disordered polymer that can be chemically fused onto a BPD to extend the size of the 
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therapeutic. This approach was used extensively for the past 20 years; however, due to the high 

cost of production, complicated fusion reaction, and new evidence of PEG bioaccumulation within 

patients, researchers have turned to more natural conjugates.6,7 Natural extenders include lipid 

chains, glycans, albumin, Fc domains of antibodies, and polypeptide chains. Reported polypeptide 

half-life extenders include EKylation (Lys, Glu), XTENlyation (Ala, Gly, Glu, Pro, Ser, Thr), and 

the focus of this report, PASylation (Pro, Ala, Ser).8 

1.3  Proline-Alanine-Serine Tails or PASylation 

In 2013, Skerra et al. proved that randomly stringed PAS polypeptide chains of 200-6,000 

residues form inert random coiled tails that can be synthesized directly on the protein using a 

modified vector, Scheme 1A.9 PASylated proteins demonstrate high solubility and stability, full 

bio-functionality in vitro and in animal models, high bioavailability, and significantly high serum 

half-life.10,11 Since their inception, PASylated proteins have been used to create long-acting growth 

hormones, multiple sclerosis drugs, cancer treatments, and imaging radiotracers, Scheme 1B.10 So 

far, PASylated anti-HER2 cancer imaging radiotracer has been successfully used in clinical 

settings.12 PASylated drugs must be extensively characterized and compared to their original drug 

to gain regulatory approval and enter clinical trials. Biophysical PAS characterization methods 

includes size exclusion chromatography, dynamic light scattering, circular dichroism, and other 

low-resolution structural determination methods. From the biophysical characterizations, 

researchers have concluded that the PAS random coil has similar biophysical properties to PEG 

tails.10 Moreover, PAS tails have a greater hydrophilicity, greater hydrodynamic volume-to-mass 

ratio, and lower viscosity than PEG tails, all of which are favourable characteristics for protein 

drugs.10  
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Scheme 1 A Illustration of a generic PASylated protein DNA vector (adapted from Ref. 11) and B- Illustration of PAS tail on a 
variety of drugs (adapted from Ref 7) 

 

1.4 Challenges associated with analyzing PASylated drugs 

Despite the simplicity of the PAS tail, limited high-resolution analysis has been reported. 

PASylated BPDs are particularly difficult to analyze using common analytical methods due to 

their intrinsic chemical and structural properties. Specifically, (i) PAS amino acids are not UV 

active; (ii) PAS amino acids do not bind sodium dodecyl sulfate (SDS); (iii) PAS tails have a 

below-average density or mass-to-volume ratio; and (iv) PAS tails are large and disordered.13 As 

a result, optical spectroscopy, SDS-based electrophoretic techniques, chromatography, x-ray 

crystallography, and nuclear magnetic resonance spectroscopy (NMR) are difficult to perform and 

analyze.11 With these intrinsic limitations, it can be difficult to raise sufficient analytical evidence 

supporting the clinical approval of PASylated drugs. 

1.5 Acute Lymphoblastic Leukemia (ALL) and Asparaginase 

Analogous to the familiar insulin example mentioned at the beginning, this report focuses on 

a long-acting-asparaginase drug, another established BPD, used to treat acute lymphoblastic 

leukemia (ALL). ALL is a common childhood cancer that affects 1.1 to 2.1 per 100,000 children 



4 

 

worldwide.14 ALL results from the rapid abnormal development of certain white blood cells, called 

lymphoblasts, that eventually crowd-out the healthy white blood cells, causing serious health 

effects.15 In 1953, Kidd et. al discovered that guinea pig serum had anti-leukemic properties, and 

in 1961, J.D. Broome identified that the active anti-leukemic agent in guinea pig serum was 

asparaginase.16,17 Asparaginase is an enzyme that converts asparagine (Asn) to aspartic acid (Asp) 

via a deamidation mechanism. Asparaginases are homo-tetramers that have four active sites that 

bind Asn cooperatively. In principle, healthy cells produce their own asparagine; however, ALL 

cells are deficient in the key enzyme: asparagine synthetase.18 Therefore, ALL cells rely on 

extracellular Asn to proliferate. By administering asparaginase into the blood serum, serum Asn is 

consumed causing the cancer cells to starve, while the healthy cells remain undisturbed.17  

The first clinical use of asparaginase was in 1966; this asparaginase was derived from E. coli. 

Over the past 60 years, advances in biotechnology and recombinant DNA have allowed researchers 

to modify asparaginase to decrease its immunogenicity, improve manufacturing efficiency, and 

increase the half-life. To date, the latest approved asparaginase drug is Jazz Pharmaceutical’s 

Rylaze. Rylaze is a recombinant Erwinia chrysanthemi asparaginase expressed in a highly efficient 

Pseudomonas fluorescens expression system.19 Rylaze has low immunogenicity, compared to the 

E. coli derived enzyme, and can be produced in large quantities. Yet, Rylaze has a short serum 

half-life, furthering the demand for a long-acting asparaginase that will alleviate the frequent 

dosing, long-hospital stays, and high costs burdened on ALL patients.  

1.6  PASylated Asparaginase: JZP-341 

Long-acting PASylated recombinant asparaginase: JZP-341, is a current pre-clinical drug 

candidate produced by Jazz Pharmaceuticals. JZP-341 is a bio-better of Rylaze – the two drugs 

have the exact same core enzyme and differ only by the addition of the PAS tail on JZP-341. JZP-
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341 possesses a PAS tail on each of its four monomers, with a total molecular weight of 204 kDa. 

Theoretically, the addition of the PAS tail should not affect the biophysics or enzymatic activity 

of the core asparaginase. However, during the early production of JZP-341, researchers are unable 

to produce high quality and reproducible batches of the therapeutic. Further, the analysis of JZP-

341 is limited by the challenges outlined in section 1.4. Therefore, unique analytical approaches 

must be taken to characterize the effect of the PAS tail on JZP-341.  

1.7 Foundations of Capillary Electrophoresis 

We implement different modes of capillary electrophoresis (CE). CE is a powerful analytical 

technique used to separate molecules in an electric field (E). Molecules migrate with different 

velocities (𝜈) where 𝜈 = 𝜇𝐸.20 𝜇, the electrophoretic mobility of a molecule, is proportional to a 

molecule’s charge-to-size ratio. Therefore CE separation is based on charge-to-size differences of 

molecules. The separation is driven by electroosmosis.21,22 Electroosmotic flow is generated inside 

the capillary due to the negative charge of the silica wall at pH greater than 3. Cations in the buffer 

are attracted to the negatively charged wall, creating an adsorbed and diffuse double layer. When 

voltage is applied, the diffuse layer travels towards the cathode and moves the bulk solution along 

with it – generating a net flow of solution towards the cathode. A basic CE instrument consists of 

a high-voltage power supply, a sample injection system, a cooling system, a silica capillary, a 

detector and an output device.23 Likewise, at minimum a CE experiment requires an electrolytic 

running buffer and analyte. Different injection parameters, running buffers, and analytes give rise 

to different modes of CE such as capillary gel electrophoresis (CGE), capillary isoelectric focusing 

(cIEF), etc.22 In this project we use CE in a variety of modes to investigate different properties of 

JZP-341. 
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1.8 Foundations of Mass Spectrometry 

Like CE, mass spectrometry (MS)  is another powerful technique used to separate molecules 

in an electric and magnetic field. Mass spectrometers can also be used to measure the weight of 

molecules. A basic MS experiment consists of an ion source, a mass analyzer, and a detector. The 

most common ion source is an electrospray ionization probe (ESI).24 ESI involves injecting a liquid 

sample into a charged thin metal capillary with a narrow tip designed to nebulize the sample into 

fine charged droplets.24,25 The charged droplets repel and divide, and the solvent evaporate with 

the help of dry nitrogen gas until the analyte ions transfer to the gas phase.26,27 The gas phase ions 

enter the mass analyzer where they can be filtered with quadrupoles, fragmented in collision cells, 

or focused by ion optics into a time of flight analyzer. 28 Mass analyzers can be hyphenated to give 

rise to different modes of MS such as triple quadrupole, or quadrupole time-of-flight.28 Mass 

spectrometry can also be used as a detector for liquid chromatography, gas chromatography, and 

capillary electrophoresis experiments to obtain an in depth understanding of an analyte. 

1.9  Research Objective 

This project aims at leveraging a variety of instrumental techniques, such as CE and MS, with 

novel methodologies to better understand the effect of the PAS tail on JZP-341. Herein, we explore 

three avenues of research in attempts to characterize JZP-341. Chapters 2-4 of this thesis describe 

our attempts to characterize the structure of JZP-341, to understand the charge heterogeneity of 

JZP-341, and to identify the enzymatic activity of JZP-341, respectively. We utilize various modes 

of capillary electrophoresis, mass spectrometry, and chromatography to answer our research goals. 
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Chapter Two: Structural Analysis of JZP-341 

2.1 Protein Structure Analysis by Capillary Electrophoresis 

Protein folding and structure is governed by thermodynamics and kinetics. The native-state of 

a protein is its most-stable or lowest-energy conformation. In literature, PAS tails exhibit a natively 

disordered structure, with an absence of any secondary or tertiary folding due to the small size and 

lack of charged functional groups on the Pro, Ala, and Ser residues.9 However, since protein 

structure is closely linked to function, it is important to investigate the PAS tail structure on JZP-

341 to confirm it is truly inert. We hypothesize that the PAS tail may present in more than one 

conformation which may result in irreproducible analysis of JZP-341. We aim to determine if 

thermodynamically stable conformers of the PAS tail exist, and if so, are the conformers 

kinetically trapped, and do the conformers differ based on their enzyme kinetics?  

First, we require a method to identify differences in structure between different JZP-341 

samples. As described in chapter 1, many common structural techniques such as x-ray 

crystallography and NMR are incompatible with PAS tails due to their large and disordered nature. 

Protein structure can also be studied using mass spectrometry techniques such as hydrogen-

deuterium exchange (HDX) or ion mobility spectroscopy (IMS). Our project collaborators 

performed HDX studies and those results are described elsewhere. Here, we probe protein structure 

with capillary electrophoresis (CE). As described in chapter 1, CE is a highly efficient microfluidic 

separation technique that is fast, cost-effective, environmentally friendly, and requires minimal 

sample volumes. Analytes in the capillary migrate through aqueous buffer (capillary zone 

electrophoresis, CZE) or through cross-linked gel (capillary gel electrophoresis, CGE). Both 

techniques offer high resolving power when optimized. CZE is capable of separating analytes that 

differ based on their charge-to-size ratio. Conversely, CGE is capable of separating analytes based 

on molecular weight (SDS-CGE) or based on charge-to-size and structure (native-CGE). As 
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described before, denaturing SDS-based assays are incompatible with PAS tails, and therefore, no 

useful information can be deduced from SDS-based assays. Here, we attempt CZE and native-

CGE to study the native form of the drug candidate. To the best of our knowledge, native-CGE 

with cross-linked stabilized gel buffer has not been performed on modern CE instruments.  

2.2 Materials and Methods: 

Chemicals and Materials: All chemicals were purchased from Sigma-Aldrich (Oakville, ON, 

Canada) unless otherwise stated. Fused-silica capillaries with inner and outer diameters of 75 and 

360 𝜇m, respectively, were purchased from Molex Polymicro (Pheonix, AZ, USA). Amicon Ultra 

0.5 mL Centrifugal filters Molecular weight cutoff 10 kDa were purchased from Millipore 

(Burlington, MA, US) Fluorescein Amidite (FAM) labelled MutS aptamer sequence, as selected 

by Drabovich et al.29 : 5' -FAM CTT CTG CCC GCC TCC TTC CTG GTA AAG TCA TTA ATA 

GGT GTG GGG TGC CGG GCA TTT CGG AGA CGA GAT AGG CGG ACA CT –3' was 

purchased from Integrated DNA Technologies (Coralville, IA, USA). 

Instruments: All CE experiments were performed with a P/ACE MDQ apparatus (SCIEX, 

Concord, ON, Canada), equipped with an LIF or UV detection system. Fluorescence of the FAM 

aptamer was excited at 488 nm with a blue line solid-state laser and detected at 520 nm. JZP-341 

was detected using a UV source lamp and a UV/Vis detector with a 280 nm filter. Uncoated 

capillaries of 50 cm were used for all CZE and CGE experiments, with inner diameters of 75 𝜇m 

and 50 𝜇m, respectively. The exterior polyimide coating of the uncoated capillaries was burned 

using a lighter at 10.2 cm from the outlet.  

JZP-341 Preparation: 500 𝜇L of 1 g/L JZP-341 reference standard in formulation buffer and 

formulation buffer blank was filtered using a 10 kDa MWCO column at 14000 rcf for 10 minutes. 

The filtrate was discarded and the volume remaining in the column was diluted with 450 𝜇L of 50 
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mM Tris-HCl pH 7 for buffer exchange. The diluted sample was filtered again at 14000 rcf for 10 

minutes, filtrate was discarded, and the remaining protein sample was collected by inverting the 

filter in a clean vial and centrifuging at 5000 rcf for 5 minutes. The final buffer exchanged 

concentrated protein sample (10 g/L) was used for all CZE and CGE analysis. 

CZE separation: The sample was injected with 0.5 psi for 15 s. Sample Buffer (SB) and 

Running Buffer (RB) used was 50 mM Tris-HCl pH 7. The sample plug was propagated past the 

uncooled region of the capillary with RB using 0.9 psi for 30 seconds. The sample was separated 

at 10 kV for 80 min, unless specified otherwise. 

Native-CGE Gel Buffer Preparation: 10 % (w/v) Dextran (450 kDa-650 kDa avg weight), 

4% (w/v) Boric Acid, 2 mM EDTA, 10 % (v/v) Glycerol, were combined and the pH adjusted to 

8 with Tris Base. The buffer was left to spin gently over 48 hours at room temperature or until 

dextran had dissolved. Before use in the CE, the buffer was centrifuged at 5445 g for 3 minutes. 

Native CGE Separation: Samples were analyzed in a conditioned 50 cm bare silica capillary. 

See Appendix for conditioning and separation protocols.  

2.3 Results and Discussion 

We used CE to determine the extent of structural heterogeneity in JZP-341 samples. The 

presence of structural heterogeneity is indicated by observing multiple peaks or peak broadening 

in the CZE and CGE electropherograms. CZE can be used to resolve JZP-341 structural 

conformers. In a CZE experiment with 50 mM Tris-HCl pH 7 running buffer, we detected native 

JZP-341 directly using UV detection at 280 nm, Figure 1. We observed a broad protein peak from 

23–37 min. The main peak has a distinct shoulder from 30-37 minutes. The shoulder of the main 

peak may indicate structural heterogeneities within the protein sample that produce variations in 

electrophoretic mobility. We attempted to collect this main peak into two 20 𝜇L fractions of 50 
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mM Tris-HCL pH 7 for repeat CZE-UV experiments, Figure 2. We observed an unstable current 

during fraction collection due to rapid buffer depletion at the outlet end during fraction collection. 

Further, we re-injected the collected fraction to investigate the conformer stability, however, no 

peaks were observed due to the significant dilutions during fraction collection and re-injection. 

 

Figure 1 A- CZE-UV 280 separation of 6.6 g/L JZP-341 reference standard in 50 mM Tris-HCl pH 7. 20 kV separation forward 
polarity. 

 

Figure 2 A- Electropherogram of 6.6 g/L JZP-341 reference standard separated at 10 kV (black) Fractions collected from 22-31 
minutes, and 31- 32.5 minutes into 20 uL of 50 mM Tris-HCl pH 7. Current profile is overlayed in dark green. B- Electropherogram 

of fraction 1 (red) compared to original JZP-341 profile (black) 

In CGE, analytes migrate through a cross-linked gel through one of many possible unique 

paths, providing greater separation efficiencies for species with subtle differences in structure. We 

prepared our native-CGE gel polymer in-house based on an SDS-CGE gel buffer protocol.30 To 
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test the separation efficiency of our native CGE gel buffer, we analyzed a fluorescently labelled 

DNA aptamer. We observed a sharp and narrow peak at 30.8 min with a peak width of 0.2 min, 

Figure 3B. This sharp band suggests high separation efficiency, and minimal longitudinal 

diffusion of the sample during separation due to the high viscosity of the buffer. However, when 

we performed native-CGE with UV detection at 280 nm with JZP-341, we did not observe any 

peaks even after 200 minutes of separation, Figure 4. This is likely due to the low sensitivity of 

UV detection, small injection volume, and slow mobility of JZP-341 in the gel matrix. 

 

Figure 3-Native- CGE-LIF separation of 333 nM FAM labelled MutS aptamer in 50 mM Tris-HCl pH 7. 30 kV separation reverse 
polarity 
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Figure 4 Native-CGE-UV 280 electropherogram of 10 g/L JZP-341 reference standard (black) and 10x Formulation buffer (red) 

2.4 Conclusions and Future work 

To conclude, CZE analysis of JZP-341 reveals charge-to-size heterogeneity within a sample. 

These charge-to-size differences are likely a result of structural heterogeneity affecting the 

mobility of the protein through the capillary. Further analysis is limited by the nanoliter nature of 

the assay preventing fraction collection and by the low-sensitivity of UV detection. CZE separation 

coupled to a time-of-flight MS detector with a minimal dilution interface solution can be 

implemented to achieve higher resolution structural information of JZP-341. 

 We also present the foundations of a novel native-CGE assay that can successfully detect 

fluorescently charged DNA aptamer. However, the native-CGE was unsuccessful at separating 

and detecting JZP-341, likely due to the low sensitivity of UV detection, small injection volume, 

and slow mobility of JZP-341 in the gel. The native-CGE assay can be used to identify structural 

conformers of JZP-341 with further optimization of the gel viscosity, injection parameters and 

detection. A native-CGE assay can also be used to confirm the purity of other BPDs. Further, since 
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native-CGE does not use surfactants, we can couple native-CGE with a time-of-flight MS with a 

high dilution interface in order to detect and identify the separated conformers. 

  



14 

 

Chapter Three: Charge Heterogeneity Analysis of JZP-341 

3.1 Charge Heterogeneity Theory  

Next, we investigate the presence of charge variants. The central dogma of biological systems 

dictates that DNA is transcribed to RNA and RNA is translated to proteins. The central dogma 

seemingly describes a 1:1 ratio of gene to protein. In actuality, over 1 million proteoforms, from a 

mere 25,000 genes, have been discovered owing to processes such as alternative splicing and post 

translational modifications (PTM).31 PTMs can alter enzyme structure, bonding, function, and 

charge. PTMs on enzyme drugs can affect pharmacokinetics properties and stability, or cause toxic 

adverse effects. PTMs can differ between batches, host-cells, or expression events, leading to 

charge heterogeneity within samples or between batches. Charge heterogeneity is an indicator of 

drug purity and identity, and regulatory agencies expect charge variants to be thoroughly 

characterized to elucidate the underlying biochemical root cause of their formation.32 Namely, 

deamidation, oxidation, and N-terminal pyroglutamate formation PTMs are commonly found in 

charge variants.33 

3.2 Capillary Isoelectric Focusing 

We assess charge heterogeneity using another variation of capillary electrophoresis technique: 

capillary isoelectric focusing (cIEF). In cIEF, analytes are introduced to a pH gradient in a capillary 

and voltage is applied, Scheme 2. Proteins migrate to form focused bands at their isoelectric point 

(pI) or point of zero net charge within the capillary. Then, the focused bands are chemically or 

hydrodynamically mobilized to the detection window to visualize the charge heterogeneity of the 

protein sample.34 

CIEF can be conducted under native or denaturing conditions. Urea is typically used to 

denature proteins by disrupting hydrogen bonds and promoting unfolding. Denaturing proteins 

unmasks buried charged groups that would otherwise remain neutralized through hydrogen-bonds 
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or salt-bridges. Therefore, the same protein can present with a different pI value depending on if 

it is analyzed under native or denaturing conditions. Interestingly, asparaginases are difficult to 

denature, and typically require very high concentrations of denaturing agents.34 However, we begin 

by completing the preliminary studies under the recommended denaturing conditions, 3.75M Urea, 

for JZP-341 production analysis using in-process and reference standard JZP-341 samples. Our 

attempts at increasing the urea concentration resulted in the destruction of the capillary neutral 

coating, which prevented further experimentation and native-cIEF experiments. 

 

Scheme 2 The pH gradient inside a capillary isoelectric focusing experiment. 1-Anolyte, pH 1.4. 2-Anode. 3- Anodic Stabilizer. 4- 
Cathodic Stabilizer. 5-Cathode. 6-Detection Window. 7- Catholyte, pH 13. 

3.3 Materials and Methods 

Chemicals and materials: All chemicals were purchased from Sigma-Aldrich (Oakville, ON, 

Canada) unless otherwise stated. 3-10 Pharmalyte was purchased from Cytiva. Bare fused-silica 

capillaries with inner and outer diameters of 75 and 360 𝜇m, respectively, were purchased from 

Molex Polymicro (Pheonix, AZ, USA).  Neutral silica capillaries with inner and outer diameters 

of 50 and 360 𝜇m, respectively, and cIEF kit (A80976) were acquired from SCIEX (Concord, ON, 

Canada).  

Instruments: All CE experiments were performed with a P/ACE MDQ apparatus (SCIEX, 

Concord, ON, Canada), equipped with a UV detection system. 
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cIEF: 500 𝜇L of 1 g/L JZP-341, DSP1 and DSP2 were filtered using a 10 kDa MWCO column 

at 14000 rcf for 10 minutes. The filtrate was discarded and the volume remaining in the column 

was diluted with 450 𝜇L of 50 mM Tris-HCl pH 8 for buffer exchange. The diluted sample was 

filtered again at 14000 rcf for 10 minutes, filtrate was discarded, and the remaining protein sample 

was collected by inverting the filter in a clean vial and centrifuging at 5000 rcf for 5 minutes. The 

final buffer exchanged concentrated protein sample (10 g/L) was used for all cIEF analysis. 50 ug 

of sample up to 10 uL was combined with cIEF Master Mix: 200 𝜇L 3.75 M Urea-cIEF gel, 12 𝜇L 

pharmalyte pH 3-10 carrier ampholyte, 20 𝜇L cathodic stabilizer (500 mM arginine), 2 𝜇L anodic 

stabilizer (200 mM iminodiacetic acid), and 2 𝜇L of each pI marker. See Appendix for 

conditioning, separation, and shutdown protocol. The separation was performed on a 30 cm neutral 

capillary with a detection window 20 cm from the outlet end. UV absorbance was collected at 280 

nm. Sample storage was set to 10°C, capillary coolant temperature was set to 20°C. 

3.4 Results and Discussion 

We performed cIEF analysis of JZP-341 reference standard, in-process column eluant (DSP2), 

and in-process column strip/discard (DSP1), Figure 5. This analysis is performed under denaturing 

conditions (3.75 M Urea) which exposes buried charged peptides. We quantified the pI of the 

observed peaks by interpolating from a calibration curve of the protein markers of known pI vs 

time, Figure 5A. JZP-341 reference standard presents with a main peak at a pH of 7.19 and a 

relatively small acidic and basic shoulder, indicating that the sample has some heterogeneity, 

Figure 5B. The reference standard profile is our positive control.  

Throughout the protein production, process samples are purified. Here, we see the results of 

column purification. The column eluant has one main peak at pH 7.3 and a sharp acidic shoulder 

at 7.13, Figure 5C. The column strip has multiple basic peaks and a main peak at 7.67, Figure 
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5D. Based on qualitative comparison, the column eluant is more similar to the reference standard 

than the column strip, suggesting that the column purification was effective at removing most of 

the basic charge variants, leaving behind the desired product with a pI of 7.2-7.3. 

 

 

Figure 5 cIEF of JZP-341 reference standard and in-process samples, detection=280 nm. A- Negative control pI markers 4, 5.5, 7, 
10, 10.5, from right to left. Calibration curve inset y=-0.4395x+18.875 R2=0.9935. B- JZP-341 reference standard drug substance. 
C-DSP2-Gigacap column eluant. D-DSP1-Gigacap column strip. Insets of B-C show zoom in of sample profile. 

3.5 Conclusion and Future Work 

We used a commercial cIEF kit to deduce differences between different production samples 

of JZP-341. We observe minimal heterogeneity for the reference standard and column eluant 

samples, while the column strip contained basic variants. Our analysis confirms that in-process 

column purification of JZP-341 was successful. Negative controls with a known pure protein 

should be performed to validate the protocol. Native cIEF analysis should be performed to 

determine the effect of 3.75 M urea on JZP-341, and high concentrations of urea should be avoided 
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to maintain the integrity of the capillary coating. Overall, cIEF was a fast and simple methodology 

to implement for determination of JZP-341 charge heterogeneity.  
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Chapter Four: Kinetic Analysis of JZP-341 

4.1 Enzyme Drugs 

Enzymes, like JZP-341, catalyze essential reactions involved in metabolism, immune 

response, and reproduction of living systems.35 Moreover, enzymes can be synthesized and used 

in a variety of industries such as food, fuel, and therapeutics.36 Enzyme replacement therapies have 

shown efficacy in the treatment of human diseases that result in inactive, dysfunctional, or absent 

enzymes.35 Additionally, enzymes can be implemented strategically in the treatment of cancers, 

infections, and wounds.35 Like any other drug, enzyme therapies must be rigorously tested for 

critical quality attributes such as identity, quantity, potency, efficacy, and purity.37 However, 

contrary to its small molecule drug counterparts, enzyme analysis is tedious as structure, charge, 

and enzyme activity must be maintained throughout the manufacturing process. 

4.2 Enzyme activity 

Enzyme activity is an indicator of drug efficacy and potency. Therefore, it is important to have 

an enzyme activity assay for the assessment of JZP-341. Enzyme activity is commonly studied 

under the steady-state approximation. We consider a bimolecular reaction between enzyme (E) 

and substrate (S) leading to the reversible formation of the enzyme substrate (ES) complex. Next, 

the ES complex can irreversibly react to form the product (P) and the free enzyme (E):  

𝐸 + 𝑆 ⇌ 𝐸𝑆 → 𝐸 + 𝑃 

Where [E]total =[E]+[ES]. At high [S], we assume that all [E]total = [ES], d[ES]/dt =0, and the 

reaction speed is proceeding at maximum velocity (Vmax) – this is the steady-state. With 

mathematical transformations we can deduce the Michaelis Menten equation:  

𝑉𝑜 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
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Where 𝑉𝑜 is the initial reaction rate (velocity) and Km is equal to [S] where 𝑉𝑜 =
𝑉𝑚𝑎𝑥

2
. A Michaelis-

Menten plot will show the hyperbolic relationship between [S] and Vo. 

 

Scheme 3 Plot of concentration of substrate (A), product (P), enzyme substrate complex (EA) and free enzyme (E) over time. The 
three phases of a reaction are the pre-steady state, the steady-state, and the substrate-depletion state. Adapted  from ref 38 

A plot of substrate and product concentration vs. time demonstrates different reaction-order 

regimes at different phases in the reaction, Scheme 3. At the steady state, we observe a linear 

relationship (zero-order kinetics) with a slope of Vo, until the [S] approaches Km.38 Hereupon, we 

define an activity assay as the measurement of Vo during the steady-state. Experimentally, activity 

assays should test initial [S] ranging from 0.1Km – 10Km, in replicate, to improve accuracy of the 

Michaelis-Menten plot.39 When initial [S] approaches Km, the time spent in the linear portion of 

the reaction will decrease significantly, making analysis difficult. To circumvent this difficulty, 

we must (1) ensure the [E] is significantly low which will decrease Vo and increase the linear 

portion of the reaction, and (2) ensure that the detection method is sensitive enough to observe the 

turnover at such low concentrations. Unpublished reports of JZP-341 activity suggest a Km of ~20 
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𝜇M. Therefore Asn concentrations from 2-200 𝜇M is a suitable range to determine Km of JZP-

341.40  

In addition to high sensitivity, activity assays must also be highly reproducible and fast, with 

limited hands-on steps to increase the accuracy of the measurements. Traditional activity assays 

rely on colorimetric reactions in microtiter plates that require numerous hands-on steps causing 

significant error, resulting in inaccurate Km values.41 Instead, we sought a method that was 

automated and label-free to obtain fast, reproducible, and accurate results. Lastly, the ideal method 

will be highly sensitive and not susceptible to matrix effects so that the whole range of enzyme 

drug production samples can be analyzed. 

4.3 Types of activity assays 

Enzyme activity assays are highly specific to the catalysis reaction resulting in a variety of 

enzyme-specific methods. Current attempts at confirming and maintaining enzyme functional 

activity include plate-based and separation-based techniques using optical or mass detection. 

These methods are limited by sensitivity, matrix interference, and lack of automation.41 Plate-

based methods usually involve coupled-reactions or non-native chromogenic substrates that can 

be detected using a plate-reader and quantitated against a calibration curve. Plate-based methods 

require highly pure samples, involve numerous pipetting steps, and have low sensitivity. These 

methods are not compatible with enzyme samples from early production steps with complex 

matrices. Chromatographic techniques involve manual preparation of the enzyme reaction, on-

capillary or off-capillary labelling, followed by chromatographic separation and optical 

detection.42 Mass spectrometric methods are also limited by manual preparation of the enzyme 

reaction, and low resolution of some substrate and product pairs.42 



22 

 

4.4 Inject-Mix-React-Separate-Quantitate Capillary Electrophoresis Activity Assay 

CE can also determine enzyme activity. An established CE-based activity assay developed by 

the Krylov group called Inject, Mix, React, Separate and Quantitate (IMReSQ).43 IMReSQ begins 

with short consecutive injections of enzyme (E), substrate (S), and enzyme buffer (EB) as separate 

plugs into a capillary prefilled with running buffer (RB). The plugs are mixed inside the capillary 

by transverse diffusion of laminar flow profiles and catalysis begins. After a prescribed reaction 

time, the enzyme reaction is terminated by applying voltage across the capillary and then the 

substrate and product are separated and quantitated, Scheme 4. By changing the incubation time, 

we can monitor the speed of catalysis, and by testing different initial [S] we can extrapolate Km. 

IMReSQ is completely automated, speedy, and requires only nanoliter volumes of reactants. 

Another major advantage of IMReSQ is its compatibility with EB and RB mismatch. To elaborate, 

most enzymes require physiological conditions (pH, salt) to function at their maximum activity. 

However, physiological buffers often result in very high current in CE which can be detrimental. 

In an IMReSQ experiment the enzyme reaction can proceed at the capillary inlet in a physiological 

EB, while the remainder of the capillary is filled with a CE-compatible RB.  

Furthermore, IMReSQ has been coupled with different optical and mass detectors for substrate 

discovery, inhibitor discovery, cofactor analysis and enzyme activity applications.43–45 We 

investigate native and fluorescently labelled Asn and Asp with UV and LIF detection, respectively, 

for IMReSQ analysis. Parameters such as RB, injection order, choice of internal standard, buffer 

mismatch, and substrate concentration for analysis of JZP-341 are optimized, some of these efforts 

are described here. However, due to inefficiencies of fluorescent labelling and low sensitivity of 

UV absorbance restricting us to mM initial substrate concentrations, we shift to mass spectrometry 

(MS) detection.  
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Scheme 4 :  5 steps of IMReSQ 1. Inject: nanoliters of enzyme, substrate + internal standard, and enzyme buffer are injected in 
the order shown above. 2. Mix: reagents to mix by transverse diffusion. 3. React: enzyme begins on-capillary catalysis for a 
prescribed amount of time. 4. Separate: the reaction is stopped by applying voltage and separating the substrate, product, 
internal standard, and enzyme based on electrophoretic mobility 5. Quantitate: Peak areas are used for quantitation. 

4.5 Capillary Electrophoresis-Mass Spectrometry IMReSQ 

CE-MS is a powerful hyphenated technique as it combines high-efficiency separation with 

mass detection and identification.46 However, since both CE and MS are electrically driven fluidic 

techniques with different voltage, flow rate and buffer requirements, much attention must be given 

to the interface.47 For example, CE separations work best with aqueous electrolytic buffers while 

MS requires volatile buffers with no salt to avoid ion suppression. IMReSQ-MS has been 

previously reported for other enzymes using a sheath-flow interface (SFI).44,45 SFI is a co-axial 

strategy where the sheath fluid (SF) is contained around the capillary and allowed to mix with the 

capillary flow right before nebulization, Scheme 5. In general, co-axial SFIs provide minimal 

dilution which restricts the CE experiment to volatile RBs.48 However, similar to what was 

described earlier, it is not ideal to perform IMReSQ-MS with volatile RB or EB as it hinders the 

catalytic activity of certain enzymes and can affect separation efficiency.  
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Scheme 5 Common sheath-flow CE-MS interface for electrospray ionization. Top tapered electrode, bottom non-tapered 
electrode. 

To overcome the limitations of the SFI, we turn towards a novel open-port interface (OPI). 

OPI was first reported in 2015 and has since been adapted to use in different liquid-MS 

applications.49 OPI separates the electrical circuit of the CE from the MS and significantly dilutes 

the capillary flow 100-times with a volatile SF, Scheme 6.  
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Scheme 6: Open-port CE-MS Interface. Capillary outlet is placed a few millimeters away from the interface where it meets the 
sheath-liquid vortex. The sheath-liquid vortex is supplied by an HPLC pump. Capillary flow is drawn into the vortex by venturi 
force (assuming constant mechanical energy, venturi force describes the increase in fluid velocity as it passes through a 
constricted area. 

Therefore, OPI can liberate CE-MS from the use of volatile buffers, making the OPI beneficial 

for IMReSQ experiments that involve physiological EB and CE-friendly RB.  

4.6 Materials and Methods 

Chemicals and Materials: All chemicals were purchased from Sigma-Aldrich (Oakville, ON, 

Canada) unless otherwise stated. Fused-silica capillaries with inner and outer diameters of 75 and 

360 𝜇m, respectively, were purchased from Molex Polymicro (Pheonix, AZ, USA). Chromeo P503 

pyrylium dye was purchased from ActiveMotif (Burlington, ON, Canada). Alexa Fluor 488 5-TFP 

was purchased from Invitrogen (Waltham, MA, US). Amicon Ultra 0.5 mL Centrifugal filters 

Molecular weight cutoff 10 kDa were purchased from Millipore (Burlington, MA, US) 

Instruments: All CE experiments were performed with a P/ACE MDQ apparatus (SCIEX, 

Concord, ON, Canada), equipped with an LIF or UV detection system. Fluorescence of the 
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ALEXA labelled amino acids was excited at 488 nm with a blue line solid-state laser and detected 

at 520 nm. Fluorescence of the Chromeo-labelled amino acids were excited at the same length and 

detected at 630 nm. Native Asn and Asp were detected using a UV source lamp and a UV/Vis 

detector with a 200 nm filter. Uncoated capillaries of 50 cm were used for experiments. The 

exterior polyimide coating of the uncoated capillaries was burned using a lighter at 10.2 cm from 

the outlet. All stand-alone MS experiments were performed with an API 5000 apparatus equipped 

with a Turbo V Ion Source and ESI probe (SCIEX, Concord, ON, Canada). CE-MS experiments 

at SCIEX were performed on a TripleTOF 6600+.All HPLC experiments were performed on an 

Agilent InifinityLab LC/MSD 1260 system equipped with a 1260 Infinity II Diode Array Detector 

HS (Santa Clara, CA, US). 

ALEXA-488 Labelling: 10 mg of Asn and 10 mg of Asp were each dissolved in 1 mL 0.1 M 

sodium bicarbonate buffer to prepare a 75 𝜇M solution. 3 𝜇L of 2 mM ALEXA-488 was combined 

in 497 𝜇L DMSO to prepare an 11 𝜇M solution. 100 𝜇L of 11 𝜇M ALEXA was combined with 

each of the 1 mL 75 𝜇M amino acid solutions and the samples were vortexed in the dark for 1 hour 

at RT. 

Chromeo Labelling: Chromeo P503 stock solution (1 mg/ 100 𝜇L Dimethylformamide) was 

diluted 25x in 0.1M NaHCO3 pH 8.3 to obtain a 1 mM working solution 18 𝜇L of 20 mM amino 

acid solutions were combined with 2 𝜇L 1 mM Chromeo p503. The labelled amino acids were 

incubated overnight at 4C. 

O-Phthalaldehyde (OPA)/ 𝜷-Mercaptoethanol (BME) Labelling: 13 mg OPA was 

dissolved in 1.3 mL methanol, 2 mL 25 mM sodium tetraborate and 16 µL BME. 500 uL of OPA 
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solution was combined with 500 uL of 18 mM Asp or Asn in 0.1 M HCl, vortexed, and analyzed 

within 15 minutes. 

RPLC: 50 𝜇L of OPA/BME amino acid solution was injected using an autosampler and 

separated on an Agilent AdvanceBio Peptide mapping column 2.1x150 mm, 2.7 µm. Eluant A= 

100 mM NaCH2COO, Mobile Phase B= 45:45:10 ACN: MeOH: H2O. Column temperature is set 

to 40°C and flowrate was set to 0.25 mL/min. Gradient program: Time = 0, %B =2; T = 13.4, 

%B = 57 ; T = 13.5, B = 100; T = 15.8, %B = 2% ; T = 18 = end. 

Mass Spectrometry: Samples were introduced using a syringe pump at a flow rate of 5 

μL/min. The MS multiple reaction monitoring (MRM) conditions in positive ion mode were as 

follows: CAD = 5, CUR = 20, GS1 = 20, GS2 = 5, IS = 5500, TEM = 200, DP = 30, EP=10, 

CE=20, CXP=15. Asn fragments: 133.4 → 46, 133.4 → 74, and 133.4 → 88. Asp fragments: 134.4 

→ 70, 134.4 → 74, 134.4 → 88, 134.4 → 116. 

IMReSQ-UV Separation: Asn, Asp, and internal standards (Lys and Gly) were detected 

using a UV source lamp and a UV/Vis detector with a 200 nm filter. Samples were analyzed in a 

conditioned 50 cm bare silica capillary using the following protocol: 20 psi 2 min rinse with 0.1 

M HCl, 20 psi 2 min rinse with 0.1M NaOH, 20 psi 2 min rinse with running buffer (RB), and 20 

kV 20 minutes separation with RB. Sample storage was set to 4°C, capillary coolant temperature 

was set to 37°C. See Appendix for separation protocols. The capillary running buffer was 25 mM 

Sodium-borate pH 9.2 (borax) for all experiments. The EB was either borax or phosphate buffered 

silane pH 7 (PBS). JZP-341 was diluted 10,000x with EB to a final concentration of 0.0001 

mg/mL. Asparagine was tested at 6.25 mM and 1 mM and the internal standard was analyzed at 

25 mM. Electropherograms were analyzed with 32 Karat Software migration times are corrected 
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for changes in electroosmotic flow by a 2-point correction method described by the Dovichi lab, 

Appendix.50 

IMReSQ-MS Separation: Samples were analyzed in a conditioned 49 cm bfs capillary, 50 

um i.d. 10.5 cm UV window. Detection = 214 nm. Sample storage was set to 4C, and no 

temperature control was used for the capillary. The capillary was rinsed with 1% TFA and 5% 

NH4OH, and borax buffer, respectively. sequential hydrodynamic injections proceeded in the 

following order: 0.1 psi for 11 sec enzyme, 0.1 psi for 11 sec substrate and internal standard, 0.1 

psi for 11 sec enzyme, and 0.1 psi for 33 sec buffer. After each injection the capillary and electrode 

were dipped into a vial of water to prevent carry-over to the next vial. Incubation times of 0, 5, 10, 

15, and 20 minutes were investigated. Separation was driven by an electric field of 500 V/cm with 

positive polarity at the capillary inlet. TOF 6600+ conditions in positive ion mode were as follows: 

SF= 50 H2O, 50 MeOH, 1% Acetic Acid. 100 uL/min GS1=60, GS2=2-, CUR=20, TEM=400, 

ISVF=5000, CP=1000, DP=80, ITC=0, CE=10, Q0L:34 

4.7 Results and Discussion 

4.7.1 Investigating fluorescent labelling of substrate and product 

CE-MS systems are not always available, therefore we first attempted to develop a CE or 

HPLC based activity assay with fluorescence detection. Our goal was to find a fast and robust 

fluorescent labelling method that can be used to develop a high sensitivity IMReSQ experiment. 

We labelled the amino acids with 3 different dyes: chromeo P503, alexa-488, and O-

phthaldehyde/𝛽-mercaptoethanol (OPA-BME).  
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Chromeo-p503 is a fluorogenic and neutral dye that reacts with primary amines and requires 

overnight incubation. We analyzed chromeo-Asn, chromeo-Asp with CZE in a 25 mM sodium 

tetraborate pH 9.2 (borax) buffer, Figure 6A. We also analyzed chromeo incubated with water as 

a negative control to confirm that the dye is fluorogenic, and bodipy, a neutral marker, to determine 

the migration time of neutrally charged analytes under these conditions. Each amino acid presented 

with two peaks, the first peak at 6.5 minutes corresponded to a neutral entity, and a second peak 

at 8.8 minutes corresponded to a negatively charged entity. These peaks overlapped and therefore 

this labelling method could not be used to resolve Asn and Asp. It is unusual to observe two peaks 

as there should only be one fluorescent product from a chromeo labelling reaction, and unlabelled 

chromeo is not fluorogenic, as demonstrated in the negative control: chromeo-H2O (black trace). 

One hypothesis for this observation is the formation of dimers. The CZE results, along with the 

long incubation time rendered chromeo unsuitable to label Asn and Asp.  

Next, we attempted to label Asn and Asp with alexa-488 (alexa). Alexa is a large molecule 

that binds primary amine groups of proteins within 2 hours Alexa is also not fluorogenic, so once 

labelled, the mixture of alexa-Asn, alexa-Asp, and free alexa must be separated from one another. 

Figure 6 A- CZE separation of 0.1 𝜇M Chromeo-H2O (black), 2 𝜇M Chromeo-Asn (blue), 2 𝜇M Chromeo-Asp (green), and 125 nM neutral EOF marker 
bodipy (red). Separation was performed in 25 mM sodium tetraborate pH 9.2 at 5 kV normal polarity. B- CZE separation of 200 nM neutral EOF marker 
with 2 𝜇M ALEXA-Asn (black), 2 𝜇M ALEXA-Asp (red), and 2 𝜇M ALEXA-Asn and 2 𝜇M ALEXA-Asp (blue). Separation was performed in 25 mM sodium 
tetraborate pH 9.2 at 10 kV normal polarity. C- RP-HPLC separation of OPA/BME working solution (black), 9 mM OPA-Asp (red), 9 mM OPA-Asn (blue), 
4.5 mM OPA-Asn and 4.5 mM OPA-Asp (green), and 3.6 mM OPA-Asn and 3.6 mM OPA-Asp with formulation buffer containing other amino acids 
(purple). 
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Again, we used CZE in 25 mM sodium tetraborate pH 9.2 to observe the labelled amino acids, 

Figure 6B. Unreacted alexa elutes at 15.5 minutes while alexa-Asn and alexa-Asp elute at 13 and 

18 minutes, respectively. We obtained complete resolution of the three species with high signal-

to-noise ratio, and separated a mixture of the two amino acids (blue trace). This demonstrates that 

alexa-488 is a good option for future detection and quantitation of Asn and Asp. However, since 

JZP-341 is formulated in a complex buffer with other amino acids, we hypothesized that matrix 

peaks or other primary amines in the matrix may interfere with future analysis.  

Lastly, we used a highly reactive label: O-phthalaldehyde (OPA) and 𝛽-mercaptoethanol 

(BME). OPA and BME react to form a fluorescent indole with amino acids, within minutes. The 

fluorescent products are excited at 350 nm and emit at 450 nm, both of which are not compatible 

with our current CE setups. Instead, we use an HPLC equipped with a lamp and diode array 

detector to separate and detect OPA/BME labelled Asn and Asp, Figure 6C. We obtained 

resolution of Asn and Asp at 9 and 12 minutes, respectively. We also analyzed Asn and Asp with 

JZP-341 formulation buffer and we observed additional peaks that approach the Asp peak. It is 

likely that the resolution of the Asn peak will be affected at high concentrations of protein in its 

native buffer.  

4.7.2 Investigating MS detection of substrate and product 

Labelling amino acids introduces long sample preparation time, experimental complexity, 

potential error, and potential signal overlap. Ultimately, a label-free method is required for fast, 

accurate, and sensitive enzyme activity determination. Therefore, we analyzed Asn and Asp 

directly with mass spectrometry (MS). Using multiple reaction monitoring, we can monitor 

multiple fragments of Asn (132 amu) and Asp (133 amu). We demonstrated high method linearity 

across 4 orders of magnitude for Asn and 5 orders of magnitude for Asp, Figure 7A-B. We cannot 
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accurately analyze a mixture of Asn and Asp directly because Asn and Asp form the isobaric 

fragments, and the 1% 13C contribution of Asn (133 amu) overlaps with the main Asp signal (133 

amu).51 Therefore, it is imperative to obtain high resolution between Asn and Asp in IMReSQ 

prior to MS/MS experiments. 

4.7.3 Investigating IMReSQ-UV 

We monitored the reaction rate of JZP-341 with its native substrate, Asn, via IMReSQ. To do 

so, we had to find (1) a suitable RB that results in sharp resolved peaks and (2) an internal standard 

to normalize for differences in injection volume and to quantitate the substrate. We found that 

borax buffer with UV detection at 200 nm provides excellent resolution and sharp peaks, Figure 

8. We also determined that lysine (Lys) is a suitable internal standard as it has a similar size and 

chemical structure to the analyte, Asn, and is well resolved from the Asn peaks. 

Figure 7 Double log standard curve of Asparagine (A) and Aspartic Acid (B) MRM fragments 
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Figure 8 IMReSQ Negative controls. Buffer = 25 mM Sodium tetraborate pH 9.2. 25 mM Lys (Black), 6.25 mM Asn (Red), 1 mM 
Asp (Blue), 25 mM Lys, 6.25 mM Asn, 1 mM Asp (Green). UV 200 nm detection. 

We monitored the reaction over time by performing a series of experiments from 0-, 5-, 10-, 

15-, and 20-minute reaction times and observed the consumption of Asn and the production of 

Asp. However, due to the higher extinction coefficient of Asn, and thus better sensitivity, we only 

quantified the change in Asn peak area. We used a corrected migration time to correct for changes 

in the surface chemistry and injection volumes, Appendix. 

We compared two different initial [Asn]: 6.25 mM and 1 mM, Figure 9A-B. In both 

experiments, RB and EB are borax. We plotted concentration vs. time and fit the data to a linear 

regression, as we are assuming steady-state kinetics, Figure 9D. We observed a decrease in the 

reaction rate with a lower initial substrate concentration. These findings are in line with Michaelis-

Menten enzyme kinetic theory.  
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Figure 9: IMReSQ electropherograms of ASNase reaction at 0, 5, 10, 15, 20 minutes reaction times. (A) 6.25 mM Asn, 25 mM Lys 
IS, 0.0001 mg/mL ASNase in EB and RB= Borax pH 9.3. (B) 1 mM Asn 25 mM Lys IS, 0.0001 mg/mL ASNase in EB and RB= Borax 
pH 9.3. (C) 6.25 mM Asn 25 mM Gly IS, 0.0001 mg/mL ASNase in EB=PBS pH 7.4 and RB= Borax pH 9.3. (D) Quantitative 
assessment of [Asn] at different incubation times. [Asn] was determined via internal calibration. Linear regressions and R2 
values: ◼ - (A) y=-0.1321x + 7.7576 R2=0.95159, ⚫ - (B) y = -0.0606x + 6.0505, R² = 0.8647  - (C) y = -0.0312x + 1.1928, R² = 
0.9974  

Next, we performed IMReSQ with a buffer mismatch between the RB and EB, and compare 

the differences in enzyme reaction. We performed an experiment where the enzyme reaction buffer 

is PBS pH 7 and the running buffer is borax buffer, Figure 9C. At pH 7, Lys is an unsuitable 

internal standard as it co-migrated with Asn. Instead, we found that glycine (Gly) is a well resolved 

alternative internal standard. Furthermore, PBS pH 7 is closer to physiological conditions than 

borax buffer. In general, we expect Vo will be higher in PBS pH 7. However, we observed a slower 

reaction rate in PBS, Figure 9D. Overall, the sensitivity of UV is insufficient for enzyme activity 

analysis, therefore we used these experimental conditions as the foundation for IMReSQ-MS 

experiments. 
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4.7.4 Investigating IMReSQ-MS 

We attempted to use the tapered sheath-flow interface for IMReSQ-MS. Unfortunately, borax 

crystal formation at the electrode led to the destruction of the interface, Appendix. Proving once 

more, that a more robust interface with a higher dilution factor is required for IMReSQ-MS. To 

continue experimentation with a sheath-flow interface, a volatile RB must be used.  

 

Figure 10: Consumption of Asn by JZP-341 from 0-20 minutes using IMReSQ-MS-(Time-of-Flight). Ion chromatogram peak areas 
were normalized to internal standard peak area. A= 6.25 mM Asn, B= 0.625 mM Asn, C=0.1 mM Asn D: Michaelis-Menten curve 
for JZP-341.  

Instead, we linked a CE instrument to a TripleTOF mass spectrometer with a prototype OPI. 

We demonstrated that OPI is compatible with borax as there is significant dilution of the RB with 

a volatile SL. We tested IMReSQ-MS for JZP-341 at three concentrations of substrate: 6.25 mM 

Asn, 1 mM Asn, and 0.1 mM Asn, Figure 10A, B, and C, respectively. We used borax as our RB 

and EB, and 25 mM Lys as our internal standard. We observed consumption of Asn in all three 
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cases with Vo of -0.657 mM Asn/min, -0.0078 mM Asn/min, and -0.0003 mM Asn/min, 

respectively. Figure 10D depicts the dependence of [Asn] on Vo. We observed a hyperbolic 

relationship that should be further improved with replication and acquiring more data points 

between 6.25 mM and 20 𝜇M. To test concentrations below 0.1 mM, we should implement a 

modern triple quadrupole MS/MS which provides better sensitivity for small molecules such as 

Asn and Asp. 

4.8 Conclusions and Future Work 

We have demonstrated the preliminary work required for developing a robust enzyme activity 

for the assessment of JZP-341. We investigated the applicability of fluorescent labelling of the 

substrate and product. We conclude that fluorescent tags are inefficient and provide weak 

sensitivity for development of a robust enzyme assay. Instead, we deem mass spectrometry suitable 

for high sensitivity detection of Asn and Asp. We then optimized IMReSQ-UV parameters so that 

we can observe and resolve Asn, Asp, and two internal standards with buffer match and buffer 

mismatch systems. IMReSQ is successful in both buffer-match and buffer-mismatch systems. 

However, we conclude that UV is not sensitive enough to test for enzyme activity accurately. Also, 

IMReSQ-MS with SFI is incompatible with the buffer system optimized in IMReSQ-UV 

experiments, due to the formation of borax crystals. Yet, IMReSQ-MS with OPI is successful at 

analyzing JZP-341 activity. The OPI significantly dilutes capillary flow which means many 

different CE buffer systems can be tolerated. The accuracy of detection can be improved by using 

a modern triple quadrupole detector, which is better suited at analyzing small molecules, instead 

of a time-of flight mass spectrometer. Ultimately, IMReSQ-MS with OPI has the potential to be a 

practical and universal enzyme activity assay, where EB, RB, and sheath liquid are all optimized 

to suit the particular substrate enzyme of interest.  
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Limitations 
Many CE techniques were used in this project with conventional optical detection. Although, 

optical detection is sufficient for other applications such as studying binding parameters and 

separating molecules, it is insufficient at providing the high-resolution data required for drug 

approval. As a result CE with MS detection is required to better understand the effect of the PAS 

tail on JZP-341. However, as described above, combining CE with MS is not an easy feat. Special 

consideration must be taken for the type of interface and the buffer systems implemented. 

CE is also inherently limited by the injection volume as a typical capillary can only hold just 

under 1 𝜇L. As a result, CE cannot be used to collect fractions of non-amplifiable molecules, such 

as proteins. Again, we can circumvent this by directly connecting the CE to an MS with minimal 

dilution at the interface so that the analytes can be analyzed directly. 
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Conclusions and Future Work 
In this report, we describe the use of CZE and CGE to study structural heterogeneity, cIEF to 

study charge heterogeneity; and HPLC, CZE, and CE-MS to study enzyme activity. We learned 

that JZP-341 has some structural and charge heterogeneity, but could not determine exactly what 

is the cause of the heterogeneity. If we combine CZE and CGE with MS we have the potential to 

identify the different structural conformers. In particular, a successful native-CGE-MS assay can 

be used to validate many pre-clinical protein drugs and fast-track the approval of bio-betters. More 

sophisticated HDX-MS, IMR, and 2D-NMR fingerprinting should be implemented orthogonally 

to corroborate the results. cIEF-MS with an OPI can aid in identifying the charge variants and 

elucidating the associated PTMs. The OPI can significantly dilute the ampholytes used in cIEF 

making it compatible with MS.  

We conclude that enzyme activity is best studied with a label-free, automated, and sensitive 

IMReSQ-MS. We confirmed that JZP-341 is active and we can monitor its activity using IMReSQ-

MS. Future work should include establishing IMReSQ-MS as a universal enzymatic assay, as the 

OPI grants the freedom to use almost any buffer to optimize the enzymatic reaction, separation, 

and ionization. Other universal enzymatic assays suffer from large reagent volume requirements, 

inaccuracy, require pure samples, and lack of automation.52,53 An IMReSQ-MS universal 

enzymatic assay would overcome the aforementioned limitations, and can be used to compare the 

efficacy and potency of different enzyme drugs at any stage in production. Once established, CZE-

MS, native-CGE-MS, cIEF-MS, and IMReSQ-MS experiments should be used to test other lots 

of JZP-341 and Rylaze for comparability testing. 
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Appendix  
CGE Conditioning Protocol: 

 

CGE Separation Protocol: 

  

CIEF Conditioning Protocol: 

 

CIEF Separation Protocol: 

 

CIEF Shutdown Protocol: 
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IMReSQ Separation Protocol: 

 

Two-Point Migration Time Correction: 

We correct for small changes in the surface chemistry of the capillary and differences in 

injection volume which affect electroosmotic flow and effective capillary length, respectively, by 

using a 2-point correction method described by the Dovichi lab, 50  
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Where, 𝛾 is the fractional change in electrophoretic mobility. 𝑡 and 𝑡̂ denotes migration 

time at standard and non-standard conditions, respectively. Subscripts m1 and m2 denote the two 

markers, internal standard and Asn, respectively. The subscript x denotes the analyte.50 
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Comparison of relative standard deviation of raw migration time vs. 2-point corrected 

migration time. 

 

Borax Crystal Formation: 
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