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Abstract 

Glutathione S-transferases (GSTs) are important metabolic enzymes with roles in drug 

detoxification and elimination in humans and other organisms. Here we present the enzymatic 

characterization of bacterially-derived recombinant GST from the human parasite Schistosoma 

japonicum. Kinetic parameters of S. japonicum GST function were determined using an 

established colorimetric assay that was here adapted for high-throughput study. Inhibition of            

S. japonicum GST catalytic activity was shown using p-aminobenzoic acid, a recognized GST 

inhibitor. The colorimetric assay was subsequently applied to demonstrate inhibition of                        

S. japonicum GST by α-fluoromethylhistidine, a novel GST inhibitor that was identified using         

in silico screening methods. On the basis of kinetic studies including inhibitor profiling 

experiments, the bisubstrate mechanism of S. japonicum GST was established. S. japonicum GST 

was found to exhibit a random sequential substrate binding mechanism, consistent with the 

behavior of related µGST isoforms. Last, using the high-throughput GST colorimetric assay,             

a laboratory experiment was developed for the undergraduate biochemistry laboratory.                       

This experiment introduced techniques and models for characterization of kinetic mechanisms of 

bisubstrate enzymes, which are among the most abundant enzymes found in nature.  
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Chapter 1:  Introduction 

Most enzymes interact with more than one substrate. It is therefore important to understand the 

mechanism of multisubstrate enzymes and their kinetic properties. This work presents the kinetic 

and mechanistic characterization of the bisubstrate enzyme glutathione S-transferase (GST). The 

enzyme analyzed here was derived from a gene natively expressed within Schistosoma japonicum, 

a human parasite that is endemic to Japan, China and the Philippines, and which represents a major 

cause of parasitic disease in these areas[1].  S. japonicum GST was expressed in and purified from 

the bacterium Escherichia coli using recombinant DNA technologies. Through modification of an 

assay first described by Habig et al.[2], a real-time high-throughput kinetic assay was developed 

and applied to quickly test kinetic parameters of GST function, and later, to screen and characterize 

inhibitors of S. japonicum GST activity. A novel inhibitor of S. japonicum GST was identified, 

and the method for characterization of GST activity was adapted for use in the undergraduate 

biochemistry laboratory. 

 

1.1 Physiological Roles of Glutathione S-Transferases  

Glutathione S-transferases (GSTs) are found in both prokaryotic and eukaryotic organisms, and 

are responsible for removal of drugs and other compounds upon conjugation with glutathione[3]. 

Metabolic elimination is accomplished through binding of the sulfur atom of the cysteine-like 

residue of glutathione (GSH) during target compound conjugation by the GST enzyme. In humans, 

GST plays a major role in hepatic drug detoxification in phase 2 metabolism. The enzyme 

functions downstream of phase 1 metabolism carried out by cytochromes P450, which introduce 

electrophilic substitutions to drugs and other target compounds that GST later acts upon. In the 
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blood fluke S. japonicum, GST functions to modify chemotherapeutic drugs, targeting their 

metabolic elimination from the parasite and thereby limiting their therapeutic efficacy[4,5].  

 

1.2 Kinetic Mechanisms of Bisubstrate Enzymes  

Like many enzymes, GSTs adopt more than one substrate. GSH is required for GST to function. 

However, several other compounds can be conjugated as cosubstrates. For experimental 

characterization of GST activity, 1-chloro-2,4-dinitrobenzene (CDNB) is often used as a 

conjugation target. Glutathione-conjugated dinitrobenzne (GS-DNB) characteristically absorbs 

light at 340 nm. Enzymatic production of this compound can therefore be readily monitored and 

quantified using ultraviolet/visible light spectrophotometers and plate readers[2]. This property 

makes it easy to determine kinetic parameters of GST function using a colorimetric assay. Kinetic 

mechanisms of bisubstrate enzymes vary. Of note, bisubstrate enzymes can function via a Ping-

Pong mechanism in which a substrate binds and changes an enzyme’s conformation so that a 

second substrate can be bound, or by a sequential mechanism in which both substrates must be 

simultaneously bound to form a ternary complex[6,7]. The bisubstrate sequential mechanism can 

either be ordered, in which one substrate must be bound first for the second to bind, or random in 

which either substrate may bind first. All characterized GST isoforms function by a sequential 

mechanism but differ in whether they are ordered or random[3].  

 

1.3 Enzyme Inhibition as a Model for Mechanistic Determination 

Inhibitors can be used to demonstrate the type of sequential mechanism exhibited by a bisubstrate 

enzyme[6]. For GSTs that are known to function in an ordered sequential manner, the first-binding 

substrate is GSH.  GSH binding in turn licenses conformational changes that permit the binding 
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of a later-binding cosubstrate. Thus, for such GSTs, if an inhibitor may be shown to compete 

directly with GSH binding, it can be deduced that the catalytic mechanism is ordered sequential. 

This is accomplished by varying concentrations of GSH along with varying concentrations of 

inhibitor at each GSH concentration and plotting the results using a double reciprocal plot[6]. If 

direct inhibition with GSH is not demonstrated, the mechanism can be classified as random 

sequential[7,8]. 

 

Using the methodology for measuring substrate formation in the GST bisubstrate assay, inhibition 

of the enzyme can also be studied. By controlling for the addition new compounds in to the assay, 

a simple experiment can be conducted comparing product formation to screen for potentially new 

inhibitors. This was accomplished when an in silico screening identified GST as a potential 

inhibition target for the compound α-fluoromethylhistidine. The known inhibitor p-aminobenzoic 

acid[9] and the putative inhibitor were both prepared in dimethylsulfoxide (DMSO), and a vehicle 

control was also prepared with pure DMSO to control for potential effects of DMSO on the 

enzymatic reaction. α-fluoromethylhistidine was found to be an effective inhibitor of GST at lower 

concentrations than p-aminobenzoic acid, validating in silico models, and demonstrating the 

usefulness of the reported methodology for high-throughput kinetic analysis of GST activity. 
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Chapter 2: Efficient synthesis of α-fluoromethylhistidine di-hydrochloride and 

demonstration of its efficacy as a glutathione S-transferase inhibitor 

The following article was published in Bioorganic & Medicinal Chemistry Letters, in March 2017. 
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2.2 Supplementary Information 

 
Supplementary Table 1.  Fractionation and retrieval of product on ion-exchange column 1.   
Methyl ester 1 was isolated, hydrolyzed with 6 N HCl, concentrated, and placed on a Dowex 50 
W x 400® cation exchange resin that had been washed neutral.  The column was eluted with 
water until the absence of chloride ions was detected.  Fractionation was performed using HCl in 
the range of 0.5 N to 6.0 N.  The fractions collected are shown here. 
 

Normality of aqueous 
HCl 

Repetitions Volume Used (mL) Amount retrieved 

0.5 3 100 No weight – discarded 

1.0 3 100 No weight – discarded 

2.0 3 100 3.3 g of α-FMH 

3.0 3 100 0.7 g of dimer or trimer 

6.0 3 100 Rechromatographed on 
column 2 
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Supplementary Table 2.  Fractionation and retrieval of product on ion-exchange column 2.   
Column 1 was washed with water to be regenerated until it was neutral.  The filtrate collected 
from the 6.0 N HCl elution in column 1 was re-chromatographed using the same progression of 
HCl concentrations seen in column 1, 0.5 N to 6.0 N.  The results of the isolation are shown here. 
 

Normality  of aqueous 
HCl 

Repetitions Volume Used (mL) Amount retrieved 

0.5 3 100 No weight – discarded 
1.0 3 100 No weight – discarded 
2.0 6 100 1.2 g of α-FMH 
3.0 6 100 1.3 g of dimer or trimer 
6.0 3 100 Pauly’s test negative 
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Supplementary Figure 1.  FT-IR of suspected α-FMH. 
The FT-IR of the pure compound, suspected to be α-FMH, isolated with 2 N HCl  Peaks of 
interest include the following: CF – 1038 cm-1, CNH2 – 1138 cm-1, CNHC – 1526 cm-1, C=N-C 
– 1626 cm-1, and COOH – 1734 cm-1.  All functional groups essential to α-FMH are present and 
accounted for.
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Supplementary Figure 2.  Mass spectroscopy results. 
Mass spectra (Agilent LC/MSD TOF, G1969A) of the compound suspected to be α-FMH.  The 
sample was dissolved in acetonitrile, introduced to the mass spectrometer by flow injection, and 
the components were ionized by electrospray positive ionization spectra.  The mobile phase for 
flow injection was 50/50 water/acetonitrile with 0.1% formic acid.  The spectra of the free amino 
acid monomer showed an observed mass was 188.0845, which matches the true molecular 
weight of α-FMH. 
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Chapter 3: Bisubstrate kinetics of glutathione S-transferase: a colorimetric 

experiment for the introductory biochemistry laboratory 

3.1 Manuscript under review by the Journal of Chemical Education 

The following article presents a study of bisubstrate kinetics using commercially available 

reagents, and is now under review for potential publication in the Journal of Chemical Education. 

Understanding the mechanisms of bisubstrate enzymes and their function is a fundamental concept 

in the biochemistry training environment[11].  
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Bisubstrate kinetics of glutathione S-transferase: a colorimetric 
experiment for the introductory biochemistry laboratory  
Lazaros Stefanidis, Krystal V. Scinto, Monica I. Strada, Benjamin J. Alper* 

Sacred Heart University Department of Chemistry, 5151 Park Avenue, Fairfield, CT 06825 

*Corresponding author: alperb@sacredheart.edu 

ABSTRACT 
Most biochemical transformations involve more than one substrate. Bisubstrate enzymes catalyze 

multiple chemical reactions in living systems, and include members of the transferase, 

oxidoreductase, and ligase enzyme classes. Working knowledge of bisubstrate enzyme kinetic 

models is thus of clear importance to the practicing biochemist. Yet, such models are infrequently 

explored in the undergraduate biochemistry laboratory. This deficiency suggests the need for well-

defined, tractable and economical methods for characterization of bisubstrate enzyme activity. 

Here we report the application of an established real-time colorimetric assay to investigate kinetic 

parameters of glutathione transfer by glutathione S-transferase. The reported method relies on 

commercially available materials and uses experimental conditions that are suited to application 

in the introductory biochemistry laboratory. Investigation of bisubstrate kinetic parameters was 

performed as part of a three-week laboratory experiment that emphasized protein extraction, 

purification, and characterization, leading to guided student development of bisubstrate enzyme 

kinetic models.  

GRAPHICAL ABSTRACT   

 

 

KEYWORDS 
Enzymes, Biochemistry, Upper-Division Undergraduate, Kinetics, Proteins/Peptides 
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INTRODUCTION 
Kinetic models of unimolecular enzyme systems, in which one enzyme catalyzes interconversion 

of one substrate and one product, are widely studied in the undergraduate biochemistry laboratory. 

Illustrative experiments1-5 often rely on real-time colorimetric methods such as those applied to 

measure tyrosinase-mediated conversion of L-DOPA to dopachrome, owing to their extensive 

tractability, and the relative affordability of experimental equipment and commercial reagents. 

By contrast, bisubstrate enzyme systems, in which one enzyme interacts with two substrates 

yielding one or more products, are abundant in nature yet comparatively understudied in the 

undergraduate biochemistry laboratory. This deficiency reflects a lack of well-defined, tractable 

and economical methods for kinetic characterization of bisubstrate enzyme systems that have been 

adapted for application in the educational environment.  

Here we report a laboratory experiment for kinetic study of the bisubstrate enzyme glutathione S-

transferase (GST). This experiment adapts an established real-time colorimetric method for 

characterization of GST activity6 to application within the undergraduate biochemistry laboratory. 

The experiment relies on commercial reagents that are available at limited cost and are of general 

utility to the practicing biochemist, and requires little specialized equipment other than an 

ultraviolet/visible light spectrophotometer.  

In humans, GSTs play important functions in drug detoxification and metabolism. GST-mediated 

glutathione transfer neutralizes electrophilic sites in drugs and other toxic compounds, rendering 

targeted compounds water-soluble, thereby facilitating metabolic processing and elimination7. 

GSTs function downstream from cytochromes P450, which introduce electrophilic functional 

groups such as epoxides to xenobiotic compounds, thereby targeting glutathione transfer. GST 

homologs are expressed throughout both prokaryotic and eukaryotic kingdoms8. Whereas in 

humans GSTs play important roles influencing the bioavailability and efficacy of pharmaceutical 

compounds9, in human pathogens such as the parasite Schistosoma japonicum, GSTs may limit 

drug activity through targeted modification and elimination of chemotherapeutic agents10. In the 

modern biotechnology laboratory, GSTs are also commonly used as affinity purification partners, 

aiding engineered protein expression and purification.  
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GSTs are readily expressed in cell culture and can be purified in high yield and at high purity from 

hosts such as the bacterium Escherichia coli. Moreover, because of their widespread use in 

molecular engineering and protein purification applications, many biochemists already have 

working experience and ready access to a source of GST. Accordingly, the enzyme represents an 

attractive and pragmatic choice for study within the undergraduate biochemistry laboratory. 

The reported experiment introduces concepts in bisubstrate enzyme kinetics in the context of a 

first-principles protein extraction, purification and characterization laboratory. In practice, this 

experiment complemented an introduction to theoretical concepts in protein structure and enzyme 

kinetics from the first semester undergraduate biochemistry lecture at Sacred Heart University 

(Fairfield, CT). Broadly used biochemical techniques including protein affinity chromatography, 

SDS-PAGE, Bradford assay, and colorimetric enzyme kinetic assays were emphasized.  

In accordance with the recommended learning outcomes of White et al.11, the experiment 

emphasized pedagogic goals in experimental design, data interpretation, modeling and analysis, 

effective communication of data, and safety and collaboration in the laboratory. Pedagogic goals 

were assessed through a comprehensive report, a series of lab quizzes, and a retrospective student 

survey. Representative results from student-led experiments, instructional materials, assessment 

data, and experimental protocols are provided. 

EXPERIMENTAL  
An overview of the Experimental Schedule is presented in Table 1. The work presented here was 

performed by students of the CH342 Biochemistry I laboratory, offered by the Sacred Heart 

University Department of Chemistry, from September 2013 to December 2016. This laboratory 

typically enrolls between 3 and 5 lab sections each year, with 9 to 12 students in each lab section. 

The laboratory meets for a 3 hour period 11 times in the fall academic term. To date, roughly 150 

students have successfully completed the purification and characterization of GST.  
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Table 1. Experimental Schedule 

Week Experiment 

1 
 • Cell lysis and protein extraction 

 • Purification of GST-6xHis by immobilized metal affinity chromatography 

2 
 • Protein concentration determination by Bradford assay 

 • Characterization of purification products by SDS-PAGE 

3 
 • GST kinetic assays 

 • Data interpretation, presentation and analysis 

 

Starting with a bacterial cell pellet, students extracted and purified GST by metal affinity 

chromatography, exploiting the affinity of a polyhistidine tag appended to the enzyme’s carboxyl 

terminus (i.e., GST-6xHis) for an immobilized metal resin. This construction permitted isolation 

of the functional enzyme in the absence of glutathione, a GST substrate, facilitating kinetic 

analysis and predicating a broader discussion of protein tagging techniques and their application 

(See instructional materials in Supporting Information). 

In the first week of experiments, students were provided a 50 mL bacterial cell culture pellet 

containing a non-pathogenic strain of E. coli expressing GST-6xHis. Protein extraction was 

achieved upon cell lysis by freeze-fracture, following 5 cycles of alternating exposure to liquid 

nitrogen and ambient temperature water. Insoluble cellular materials and unbroken cells were in 

turn separated from soluble components of the cell lysate by centrifugation using a benchtop 

microfuge, and clarified cell lysates were input to a microcolumn containing immobilized nickel-

nitrilotriacetic acid (NTA) or nickel-iminodiacetic acid (IDA) resin. Columns were rinsed of non-

specifically bound proteins using a high-salt buffer, and selective elution of GST-6xHis was 

achieved in the presence of a buffer containing imidazole. Immobilized metal affinity purification 

products were then collected for cold storage at -20 °C, following cryoprotective supplementation 

with 50% glycerol. 

In the second week of experiments, purification products were evaluated using SDS-PAGE, 

providing a measure of their content and purity. Purified fractions were separated by SDS-PAGE 
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using a BioRad any-kDa™ precast gel subjected to 100 V x 100 min. electrophoretic separation, 

and visualized with Coomassie Brilliant Blue staining, performed according to the method of 

Candiano et al.12  Purified GST-6xHis was then evaluated by Bradford assay13, providing a 

measure of total protein yield and concentration, which informed later evaluation of kinetic 

parameters of GST activity. 

In the third week of experiments, students performed a colorimetric assay to assess GST catalytic 

activity. In this method, adapted from Habig et al.6, GST-mediated conjugation of 1-chloro-2,4-

dinitrobenzene (CDNB) with reduced glutathione (GSH) gives rise to S-(2,4-

dinitrobenzyl)glutathione (GS-DNB). This product exhibits increased absorptivity at 340 nm 

relative to either cosubstrate, which was detected in real time using an ultraviolet/visible light 

spectrophotometer equipped with disposable plastic cuvettes. A schematic depiction of the GST 

colorimetric method is presented in Figure 1. 

 

 

 

Figure 1. Principle of colorimetric assay for glutathione S-transferase (GST) activity. GST-catalyzed 
conjugation of reduced glutathione (GSH) and 1-chloro-2,4-dinitrobenzene (CDNB) yields a product that exhibits 
increased molar absorptivity at 340 nm (GS-DNB). 

Kinetic parameters of GST function including initial velocity of product formation and specific 

activity were readily obtained, and a clear bisubstrate requirement for GST catalytic activity was 

demonstrated. Working independently, student-designed experiments were applied to evaluate 

substrate binding affinity and kinetic parameters of enzyme inhibition, providing insight into the 

order of substrate binding within the GST catalytic mechanism.  
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Collectively, these experiments demonstrated the suitability of the reported experiment for 

investigation of bisubstrate kinetic models in the undergraduate educational laboratory, and 

informed the catalytic mechanism of glutathione transfer by GST. Representative course materials 

including experimental protocols and lab preparation guidelines are presented in the Supporting 

Information. 

RESULTS AND DISCUSSION  
Student-led purifications typically yielded microgram quantities GST, which served as input for 

characterization by SDS-PAGE and Bradford assay, and for colorimetric assay of enzyme activity. 

Affinity purified GST-6xHis was highly enriched, and commonly represented the predominant 

purification product (Figure 2A).  

To investigate the bisubstrate requirement of GST, students evaluated enzyme activity in the 

presence of the recognized GST cosubstrates GSH and CDNB.  In a typical enzymatic assay, 2 

µM GST was added to 1 mM GSH and/or 1 mM CDNB in a reaction buffer of 0.1 M potassium 

phosphate, pH 6.5. Reactions were assembled in a disposable plastic cuvette having final volume 

of 2 mL, and were carried out at room temperature. Sample absorbance was measured at 340 nm 

across 15 second intervals. In reaction mixtures where GST, GSH and CDNB were all present, the 

glutathione conjugation reaction proceeded to completion at room temperature within 20 minutes.  

As shown in the representative student data (Figure 2B), GST exhibited specific activity in the rate 

of formation of the GS-DNB conjugate of 9.2 ± 0.1 mM min-1 mg-1, with typical results ranging 

from 5 to 10 mM min-1 mg-1.  Where only one substrate was present, or where GST was omitted 

from the reaction mixture, no detectable glutathione transfer activity was observed.  
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Figure 2. Purification and characterization of GST. A. Isolation of GST from a bacterial cell lysate (student 
data). Schistosoma japonicum GST was expressed in Escherichia coli as a polyhistidine tagged protein and purified 
by immobilized metal affinity chromatography. Preparative fractions were retained throughout the purification 
procedure and analyzed by SDS-PAGE (lanes 2-11). The predicted molecular weight of purified GST is 28.7 kDa 
(lane 12; black arrow). B. Bisubstrate requirement for glutathione transfer by GST. Glutathione transferase activity 
was measured by colorimetric assay in the presence of one or more of the GST cosubstrates reduced glutathione 
(GSH) and/or 1-chloro-2,4-dinitrobenzene (CDNB).  

Bisubstrate enzymes may adopt any of several distinct catalytic mechanisms14. Some bisubstrate 

enzymes bind and transform two substrates concurrently, via formation of a ternary complex. 

Others effect catalysis through ordered interactions in which a single substrate binds, is converted 

to product, and dissociates, licensing binding of a second substrate, which is in turn converted to 

the final reaction product (i.e., a Ping-pong or double-displacement mechanism).  

Catalytic mechanisms of bisubstrate enzymes are determined by kinetic analysis (Figure 3). Where 

reaction velocity is measured as a function of initial concentration of cosubstrates, bisubstrate 

enzymes that proceed by formation of a ternary complex exhibit intercepting double reciprocal 

plots. For enzymes that effect catalysis by formation of a ternary complex, substrate binding may 

be random or ordered. Ordered substrate binding is frequently informed by inhibitor profiling, 

where demonstration of competitive inhibition of the first-binding substrate indicates that 

conformational changes are required for productive interaction with cosubstrate.  
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Figure 3. Mechanisms of bisubstrate catalysis and their corresponding kinetic models. Bisubstrate enzymatic 
reaction models as described by W. W. Cleland14 are presented alongside corresponding Lineweaver-Burk double 
reciprocal plots. Single-displacement reactions proceed via A. ordered or B. random binding of co-substrates, 
distinguished by the position of intercepting lines of best fit within the corresponding double reciprocal plots. C. 
Ping-Pong, or double-displacement reactions, proceed via formation of a substituted enzyme intermediate, and 
distinguished by non-intersecting lines of best fit.   

All characterized GSTs exhibit catalytic mechanisms that proceed via formation of a ternary 

complex8. However, the mode or order of substrate interaction varies by GST isoform. For 

example, while mammalian a-GSTs such as the rat liver GST isoform exhibit preferential binding 

to GSH before its cosubstrate15,16, parasitic µ-GSTs such as the S. japonicum GST isoform used in 

this experiment are generally thought to exhibit random substrate binding order17. 

To investigate the catalytic mechanism of glutathione transfer by S. japonicum GST, students 

evaluated kinetic parameters of GST function. Investigated parameters included the Michaelis 

constant (KM), which provides a measure of substrate binding affinity, and inhibitor profiles, which 

informed the order of substrate binding. As S. japonicum GST is a bisubstrate enzyme, it was 
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necessary to perform a series of experiments holding the initial concentration of one substrate 

constant while varying the concentration of its cosubstrate or inhibitor.  

For KM determination towards GSH, initial GSH concentration was varied from 8 to 0.5 mM in 

the presence 1 mM CDNB. Conversely, for KM determination towards CDNB, initial CDNB 

concentration was varied from 2 to 0.5 mM in the presence of 1 mM GSH. Changes in absorptivity 

were equated with product formation based on the reported product extinction coefficient of 9600 

M–1cm–1 12 and the applicable cell length of 0.25 cm.  

Intersecting double reciprocal plots were observed for kinetic analyses conducted with varying 

concentrations of cosubstrates, providing evidence for formation of a ternary complex during GST-

catalyzed production of the GS-DNB conjugate (Figure 4). S. japonicum GST exhibited a KM 

towards GSH of 0.64 mM ± 0.14 mM, while the observed KM for GST towards CDNB was 3.79 

mM ± 0.43 mM. These values are broadly consistent with those reported for related µ-GST 

homologs17, and suggest that S. japonicum GST exhibits limited preference for binding GSH over 

CDNB, but requires no specific order of substrate association within its single-displacement 

catalytic mechanism. 

 

 

Figure 4. Kinetic analysis of bisubstrate catalytic mechanism of S. japonicum GST. Lineweaver-Burk double 
reciprocal plots were used to determine kinetic parameters of S. japonicum GST activity (student data). Intercepting 
lines of best fit at or near the x-axis indicate that glutathione transfer by GST proceeds via formation of a ternary 
complex, with random order of substrate association.  
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To further investigate the potential requirement for ordered substrate binding in the catalytic 

mechanism of S. japonicum GST, students performed kinetic analysis of GST activity in the 

presence of p-aminobenzoic acid (PABA). PABA is a proximate GSH structural analog and is a 

recognized inhibitor of multiple GST isoforms15. The compound is nontoxic and is commercially 

available at low cost and in large quantity, making it particularly well suited for use in the 

educational laboratory.  

In the catalytic mechanisms of mammalian a-GSTs and other GSTs that adopt ordered sequential 

single-displacement substrate binding mechanisms, GSH binds first, licensing association of the 

second-binding cosubstrate 15,16. As a GSH structural analog, PABA thus functions as a 

competitive inhibitor with respect to GSH within the catalytic mechanisms of the rat liver a-GST  

isozyme15. Subject to kinetic analysis conducted in the presence of various concentrations of 

inhibitor and cosubstrate, competitive inhibitors exhibit intersecting lines of best fit along the y-

axis upon construction of their corresponding double reciprocal plots. Representative models for 

determining reversible mechanisms of enzyme inhibition are presented in Figure 5.17 
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Figure 5. Mechanisms of enzyme inhibition and their corresponding inhibitor profiles. Lineweaver-Burk 
double reciprocal plots illustrating A. competitive B. uncompetitive and C. mixed inhibition profiles17, subject to 
varied concentrations of reversible inhibitor [I]. 

 

µ-GSTs such as the S. japonicum GST isoform evaluated in this study generally exhibit random 

sequential single-displacement mechanisms. For enzymes which adopt random sequential binding 

mechanisms, either cosubstrate may bind to and disassociate from the enzyme or ternary complex 

in any order. Subject to kinetic analysis conducted in the presence of various concentrations of 

inhibitor and cosubstrate, the inhibition mechanism exhibited by an inhibitor of a random order 

bisubstrate enzyme that is a proximate structural analog of one cosubstrate would therefore be 
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expected to appear mixed, as inhibitor binding does not preclude association of the alternative 

cosubstrate. Consistent with this model, in the case of S. japonicum GST, PABA, as a GSH 

structural analog, would be predicted to function as a mixed inhibitor, supporting attribution of a 

random order single-displacement catalytic mechanism. 

To examine mode of PABA-mediated inhibition of S. japonicum GST with respect to GSH, 

students performed kinetic analysis of enzyme activity while varying the concentration of the 

inhibitor and cosubstrate. The assembled 125 µL enzymatic reaction mixture contained 2 mM, 1 

mM, or 0.5 mM GSH, and 1 mM CDNB; GST working concentration was held constant at 0.23 

µM. PABA concentrations of 1.6 mM and 0.8 mM were tested in addition to a vehicle control.  

Sample absorbance was measured at 340 nm across 15 second intervals throughout a 20 minute 

time course experiment.  

PABA acted as a mixed inhibitor of S. japonicum GST with respect to GSH, as indicated by the 

presence of intersecting lines on the corresponding double reciprocal plot (Figure 6). The 

inhibition rate constant, or Ki, of PABA-mediated inhibition of S. japonicum GST was 4.20 ± 0.01 

mM, and a mixed inhibition profile was similarly observed with respect to the CDNB cosubstrate.  

 

 

Figure 6. Investigation of substrate binding order by inhibitor profiling of S. japonicum GST. Kinetic 
parameters of S. japonicum GST inhibition by p-aminobenzoic acid (PABA), an established GST inhibitor and GSH 
structural analog (student data). Among GSTs, sequential single-displacement bisubstrate catalytic mechanisms may 
be identified through demonstration of competitive inhibition of the first-binding substrate (GSH). Thus, for S. 
japonicum GST, the observed mixed inhibition profile supports assignment of a sequential single-displacement 
mechanism with random substrate binding order.   
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Accordingly, the reported experiment successfully demonstrated that S. japonicum GST adopts a 

bisubstrate catalytic mechanism, which proceeds via formation of a ternary complex with random 

substrate binding order. This behavior is consistent with that reported for related µ-GST 

homologs18, supporting the utility of the reported methodology for mechanistic study of bisubstrate 

enzymes in the undergraduate biochemistry laboratory.  

HAZARDS 

Samples containing CDNB or its glutathione conjugate are potentially toxic and were collected for 

disposal as halogenated aqueous waste. Less than 10 mL of this waste were generated per group 

using the typical assay protocol. Bacterial cells used as the expression host for GST were handled 

using appropriate care for genetically modified biologicals and destroyed by autoclaving or by 

treatment with bleach. SDS presents a health hazard by contact, inhalation or ingestion. Dilute 

solutions of SDS should be reused or disposed in accordance with federal, state and local 

environmental guidelines, and were typically suited for sink disposal. The immobilized nickel 

resin used for protein purification was regenerated for reuse or collected for disposal as heavy 

metal waste. 

CONCLUSION 

This experiment was conducted with the aim of developing student skills in experimental design, 

data interpretation, figure generation, and effective communication through scientific writing. The 

culmination of this experiment was a laboratory report in which students were provided an outline 

for their written discussion. The lab report was assessed in accordance with the categories outlined 

in the corresponding rubric (see Supporting Information), with emphasis on experimental methods 

and design, data and figure presentation, and interpretation of results.  

The experiment introduced critical concepts in protein expression, purification characterization 

and kinetic analysis. Pedagogic goals were assessed with two short quizzes administered at the 

beginning of weeks 1 and 2 of the experimental progression and a conclusory laboratory report. 

The average of all student quiz scores was 80% and a median score of 83% correct, providing 

evidence that conceptual learning goals were broadly met within this experiment sequence. In the 

written laboratory report, students demonstrated a high level of proficiency in performing, 

interpreting, and presenting the experiment. The quality of student data and its interpretation varied 

from the work presented here to results that were more difficult to interpret. Most students 
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demonstrated clear isolation of microgram quantities of GST, were able to demonstrate GST 

catalytic activity and bisubstrate requirement, and were able to determine basic kinetic parameters 

of enzyme function including initial velocity of product formation and specific activity.  

Student learning perceptions were evaluated by a retrospective Likert-scale questionnaire. This 

questionnaire asked students about specific learning goals and outcomes, and assessed prior 

exposure to applied experimental techniques. For the majority of participants, this experiment 

offered a first exposure to SDS-PAGE, affinity chromatography, enzyme kinetic models.  

The experiment was generally well received by our students. Out of 32 respondents to a 

retrospective survey conducted during the Fall semester of 2016, 31 reported an increased interest 

and understanding of the biochemical principles investigated in the laboratory. 28 of 32 students 

indicated that they expected experimental techniques introduced here would be useful in their 

future academic efforts, and the laboratory rated highly for proficiency of technical skills and 

concepts in protein purification and characterization. Collectively, the high quality of student-

generated experimental data, substantial evidence for student attainment learning outcomes, and 

favorable student perceptions indicate that the reported experiment is well suited to application 

within the undergraduate biochemistry laboratory, and may therefore be successfully applied to 

study bisubstrate kinetic models in this environment. 

ASSOCIATED CONTENT 

Laboratory handouts, quizzes, preparation and assessment guidelines, and student survey 

responses are presented in the Supporting Information. 
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Week 1: Purification of Glutathione S-Transferase 
 
INTRODUCTION: 
Today immobilized metal affinity chromatography (IMAC) will be used to purify a polyhistidine 
affinity tagged enzyme: glutathione S-transferase (GST-6xHis).  Using the frozen bacterial cell 
pellet, you will be tasked with extracting and purifying GST-6xHis from this sample.   
 
Bacterial cells will be lysed by freeze fracture, and then clear insoluble material from the cell lysate 
isolated through high-speed centrifugation.  The soluble GST-6xHis enzyme will be separated 
from the other proteins in solution by exploiting the high binding affinity of the polyhistidine tag 
for immobilized nickel ions.   
 
You will determine the concentration, purity and activity of the protein you have isolated during 
subsequent lab sessions.  
 
OBJECTIVES:  

• Understand principles of protein purification by affinity chromatography 

• Purify GST-6xHis using IMAC 

• Store GST-6xHis for later characterization of yield, purity, and activity 

 
AFFINITY CHROMATOGRAPHY - PRINCIPLE 
Affinity chromatography exploits high affinity interactions between biological materials and their 
ligands to separate a given material component (i.e., an affinity tagged enzyme) from a more 
complex mixture (i.e., a crude bacterial cell lysate).  High affinity biological interactions can be 
used to purify proteins with high specificity.  
 
A common means of purifying recombinant, engineered proteins is to append a specific amino 
acid sequence or protein domain to a protein purification target of interest through genetic 
manipulation by molecular cloning.  Several protein “tags” have been adapted for this purpose, as 
described in the table below.  Each affinity tag has distinct advantages and disadvantages. For 
example, larger protein tags such as maltose binding protein may contribute to protein solubility, 
but may be more difficult to clone or purify. Smaller tags such as polyhistidine peptides may 
facilitate rapid purification based on strong interaction with immobilized metal ligands, but can 
preclude the application of chelating agents such as EDTA, which are commonly used to inhibit 
proteolysis during protein purification, and may offer limited enrichment compared with other 
methods. In general choice of the appropriated affinity tag is generally dictated by application and 
availability. 
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Common affinity purification partners or “tags”: 
TAG TARGET COMMENT 

polyhistidine (e.g., 6xHis) 
metal ions such as nickel or 
cobalt widely used 

FLAG-tag peptide 
(DYKDDDDK) 

tag sequence is 
immunoprecipitated first epitope tag  

HA-tag peptide 
(YPYDVPDYA) 

tag sequence is 
immunoprecipitated 

flu hemagglutanin 
(HA) 

glutathione S-transferase reduced glutathione (on agarose) 
26 kDa soluble 
protein 

maltose binding protein 
amylose (immobilized on 
agarose) 

42 kDa soluble 
protein 

 
IMMOBILIZED METAL AFFINITY CHROMATOGRAPHY 
Immobilized metal affinity chromatography (IMAC) takes advantage of the high binding affinity 
of histidine residues for metal ions such as nickel, zinc or cobalt.  At or near physiological pH, 
deprotonated nitrogen groups from the histidine side chain coordinate positively charged metal 
ions that are held stationary within an immobilized structural matrix. 
 
Because IMAC permits protein purification at or near neutral pH, it can be used to isolate active 
proteins in their native conformation, as we will be doing in today’s lab.  However, IMAC can 
also be used for denatured protein purification. Denaturing conditions may be preferable for 
intrinsically unstable proteins, or for proteins that are degraded by proteolytic enzymes.   
 
The typical workflow for native-state IMAC protein purification is presented below.  You will be 
following this general schematic as you work to purify GST-6xHis. 

 
IMAC purification workflow 

 
Obtain cultured cells expressing His-tagged protein 

ß 
Lyse cells by chemical or mechanical disruption 

ß 
Clear insoluble materials from cell lysate by centrifugation 

ß 
Apply clarified cell lysate to IMAC column 

ß 
Rinse nonspecific proteins from IMAC column 

ß 
Elute purified His-tagged protein from IMAC column using imidazole 

ß 
Store and characterize 

 
 
 
 



 

41 
 

GLUTATHIONE S-TRANSFERASE  
Glutathione S-transferase (GST) is a ~30 kDa enzyme that targets drugs and other potentially toxic 
metabolites for detoxification through transfer of a reduced glutathione (GSH) moiety.  The 
enzyme is highly soluble, and its overexpression is well tolerated within the bacterial host.  For 
these and other reasons, GST is frequently used as a fusion partner for affinity purification, most 
commonly by exploiting its affinity for an immobilized glutathione agarose resin.  
 
The GST enzyme that you will be purifying is derived from the eukaryotic parasite Schistosoma 
japonicum, and has been recombinantly expressed in Escherichia  ecoli using a plasmid-based 
expression construct. The protein bears a polyhistidine tag (6xHis) at its C-terminus. We will 
purify GST-6xHis though IMAC. Our choice of purification method is not arbitrary, but rather, 
was dictated by our downstream applications for the purified enzyme. Using IMAC to purify GST-
6xHis allows us to avoid exposing the enzyme to reduced glutathione, as would be necessary 
within the GST-glutathione agarose affinity purification procedure. The presence of reduced 
glutathione (a GST substrate) might otherwise complicate enzyme activity assays that we will be 
performing in later labs. 
 
PRE-LAB QUESTIONS: 
 
1.  What is meant by the term “affinity chromatography?”   Define this term, and describe two 
types of affinity chromatography in limited theoretical detail. 
 
 
 
2.  What is a primary function of GST in human liver cells?     
 
 
 
3. What is the source of the GST-6xHis protein we will be purifying in today’s lab?  From what 
organism was the GST gene isolated, and in what host has this gene been expressed? 
 
 
 
4. What type of affinity purification method will we be using to purify GST-6xHis?   
 
 
 
5. Will we be performing denaturing or non-denaturing protein purification in today’s 
experiment?   
 
 
 
6. Create a chart outlining the steps in the purification procedure outlined in Activity 1, below. 
This will serve as your guide during the experiment. 
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ACTIVITY 1: IMAC PURIFICATION OF GST-6xHis 

 
Materials: 

Ice bucket with ice 

50 mL bacterial culture cell pellet (frozen) 

Nickel-nitrilotriacetic acid (Ni2+-NTA) spin column 

Lysis/wash buffer: 50 mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole; pH 

7.4  

Elution buffer: lysis/wash buffer supplemented with 300 mM imidazole; pH 7.4             

 
Method: 
 
1.  Obtain an ice bucket with ice.  Obtain a 50 mL conical tube with frozen cell pellet. Thaw at 
room    temperature, and then place on ice.  Keep all samples on ice unless instructed to do 
otherwise.  
 
2.  Add 500 µL LYSIS/WASH BUFFER to the cell pellet and re-suspend pellet fully by 
pipetting up and down.  Transfer the thawed cell suspension to a 1.5 mL microfuge tube. Label 
this tube “CRUDE LYSATE”.  
 
3.  Remove residual culture medium from the cell pellet by centrifuging for 1 min. at maximum 
speed using the benchtop microcentrifuge (~14,000 rpm).  Decant supernatant into a liquid waste 
container and re-suspend the rinsed cell pellet in 500 µL LYSIS/WASH BUFFER. 
 
4.  Ask instructor to place the tube labeled “CRUDE LYSATE” in liquid nitrogen.  Flash freeze 
in liquid nitrogen for 20 sec., then place in the 37 °C water bath to thaw for 2 min.  Repeat this 
step 4 times. 
 
5.  Transfer the crude lysate to a separate microcentrifuge tube.  Label this tube “CRUDE 
LYSATE-PELLET”.  Keep ~20 µL of the residual lysate in the tube labeled “CRUDE 
LYSATE”.  Store on ice. 
 
6.   Place the tube labeled CRUDE LYSATE-PELLET in the microcentrifuge.  Counterbalance 
with a tube containing an equal volume of water or with a sample of similar volume from one of 
your colleagues.  Spin at maximum speed for 5 min.   
 
7.  Transfer the soluble fraction to a separate microcentrifuge tube.  Label this tube “CRUDE 
LYSATE-SUPERNATANT”.  Store sedimented material remaining in tube labeled CRUDE 
LYSATE-PELLET on ice. 
 
8.  Obtain a nickel-nitrilotriacetic acid (Ni2+-NTA) IMAC spin column.  Snap off the small 
plastic stopper, and IMAC column in microcentrifuge at ~1000 rpm ´ 2 min, allowing liquid to 
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pass into a 1.5 mL microcentrifuge tube. Keep the column, but discard the plastic stopper and 
liquid flow through. 
 
9.    Apply contents of the tube labeled CRUDE LYSATE-SUPERNATANT to column. Keep 
~20 µL of the residual supernatant in the tube labeled “CRUDE LYSATE-SUPERNATANT”.  
Spin IMAC column in microcentrifuge at ~1000 rpm ´ 2 min.  GST-6xHis should bind to the 
Ni2+-NTA resin. Transfer column flowthrough to a new microcentrifuge tube.  Label this tube 
“UNBOUND IMAC FLOWTHROUGH” and store on ice.  Keep the column also. 
 
10.  Rinse nonspecific proteins from the IMAC column.  Apply 500 µL WASH BUFFER to the 
IMAC column and spin at ~1000 rpm ´ 2 min.  Transfer column flowthrough to a new tube 
labeled “IMAC WASH 1”. 
 
11.  Rinse nonspecific proteins from the IMAC column by applying 500 µL WASH BUFFER to 
the column.  Spin the sample at ~1000 rpm ´ 2 min.  Label the tube “IMAC WASH 2”. 
 
12.  Rinse the nonspecific proteins from the IMAC column for a final time by applying 500 µL 
WASH BUFFER to the column.  Spin the sample at ~1000 rpm ´ 2 min. Label the tube “IMAC 
WASH 3”. 
 
13.  Release proteins selectively bound to the Ni2+-NTA resin by applying 500 µL ELUTION 
BUFFER to the IMAC spin column. The elution buffer contains imidazole, which competes with 
histidine residues of the affinity tag for nickel binding, thereby releasing the GST-6xHis from the 
column.   Spin at ~1000 rpm ´ 2 min.    Write your name on this tube, and label “IMAC 
SPECIFIC ELUENT”. Transfer 250 µL of this sample to new a microcentrifuge tube. Store at -
20 °C.   
 
14.  Dilute retained sample 1:1 with 50% GLYCEROL.  Label tube IMAC SPECIFIC ELUENT 
SUPPLEMENTED WITH GLYCEROL. Write your name on this tube, and store at -20 °C.   
 
 
POST-LAB QUESTIONS: 
 
1.  Why were samples stored on ice throughout the purification procedure?  
 
 
 
 
2. How will we evaluate the relative purity and concentration of your protein sample in next 
week’s lab? 
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Week 2: Glutathione S-Transferase Characterization by 
SDS-PAGE and Bradford Assay 
 
INTRODUCTION: 
Today you will analyze the purity and concentration of polyhistidine tagged glutathione S-
transferase (GST-6xHis), which you isolated during last week’s lab. You will use sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to track the enrichment of GST-6xHis 
throughout the protein purification procedure, and will determine the concentration of protein 
within your purified sample using the colorimetric Bradford assay.   You will use this information 
to guide your study of enzyme activity in the next lab session. 
 
OBJECTIVES:  

• Use SDS-PAGE to separate denatured proteins by size 

• Track the enrichment of GST-6xHis throughout the IMAC purification procedure  

• Determine the concentration of your purified GST-6xHis sample using the Bradford assay 

 

SIZE-BASED SEPARATION OF DENATURED PROTEINS BY SDS-PAGE 
Sodium dodecyl sulfate is an anionic detergent that denatures and imparts a negative charge on 
bound proteins in proportion to their size.  In the presence of a strong electric field, proteins bound 
by SDS will migrate in the direction an applied of electric field towards the positively charged 
anode of the gel electrophoresis cell.   
 
In a typical SDS-PAGE experiment, polyacrylamide is used to form an extensively cross-linked 
sieving matrix that slows the migration of SDS-bound proteins as they migrate towards the anode 
(i.e., the gel).  Larger SDS-bound proteins make more contact with the acrylamide sieving matrix 
than do smaller SDS-bound proteins, but have similar negative charge in proportion to their size.  
Thus, subject to a constant electric force, larger proteins migrate a shorter distance than smaller 
ones on the acrylamide gel.   
 
A polyacrylamide gel: 
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Gel, sample and buffer components other than SDS and polyacrylamide are important for protein 
separation by SDS-PAGE, as well. For example, Tris ensures consistent pH within the 
polyacrylamide gel and running buffer.  Sodium and chloride ions within the gel and running buffer 
ensure efficient electric current transfer.  b-mercaptoethanol or dithiothreitol within the sample 
loading buffer reduces disulfide bonds in proteins with cross-linked cysteine residues, ensuring 
that all proteins migrate through the gel in their linear conformation and are thus separated on the 
basis of their molecular weight.  Glycerol and bromophenol blue within the sample loading buffer 
ensure effective gel loading.   
 
After separating proteins by SDS-PAGE, the polyacrylamide gel is stained to reveal the position 
of separated proteins within the sieving matrix.  This is most commonly accomplished using 
Coomassie brilliant blue, a dye that binds to proteins nonspecifically, as shown at right.  
More sensitive methods for protein detection, including application of fluorescent dies and silver 
staining, are also available.  Western blotting, Edman degradation, or mass spectrometry can also 
be used to provide positive identification of SDS-PAGE resolved protein samples.  
 
 
BRADFORD ASSAY FOR PROTEIN CONCENTRATION 
The Bradford assay is a commonly used colorimetric method for determining the concentration 
of proteins in solution.  The assay exploits a red to blue absorbance shift observed upon protein 
binding to Coomassie Brilliant Blue G-250 in acidic solution.  Coomassie Brilliant Blue G-250 
appears red or brown in acidic solution.  However, protein binding causes the dye to adopt its 
blue anionic form, with maximum absorbance at or around 595 nm.  Due to its ease of use, the 
Bradford assay is among the most commonly used methods of determining the concentration of 
proteins in solution.  However, the assay is sensitive to detergents, is useful only within a limited 
range of protein concentrations, and cannot be used to distinguish relative protein concentrations 
in a mixture. 
 
 
PRE-LAB QUESTIONS:  
 
1. What information is gained from a typical SDS-PAGE experiment? 
 
 
 
2.  What is the function of b-mercaptoethanol or dithiothreitol within the SDS-PAGE sample  
buffer? 
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ACTIVITY 1: SDS-PAGE ANALYSIS OF GST-6xHis IMAC PURIFICATION SAMPLES 
 
1.  Obtain an ice bucket with ice.  Remove your IMAC purification samples not supplemented 
with glycerol from Week 1 from the lab freezer and thaw in ice bucket.  Obtain UNINDUCED 
and INDUCED bacterial cell culture pellets and the PRESTAINED PROTEIN SIZE 
STANDARD from instructor and thaw in ice bucket.  Obtain 2X SDS-PAGE SAMPLE 
BUFFER. Place on your bench at room temperature.  
 
2.  Add 20 µL of 2X SDS-PAGE SAMPLE BUFFER to ~20 µL of each liquid sample from your 
IMAC purification protocol. For samples greater than 20 µL take ONLY 20 µL of sample and 
dilute with 20 µL of 2X SAMPLE BUFFER.  
 
3.  To the UNINDUCED and INDUCED bacterial culture pellets, add 100 µL 2X SAMPLE      
BUFFER. To the CRUDE LYSATE-PELLET fraction, add 500 µL 2X SDS-PAGE SAMPLE 
BUFFER. Mix samples well by pipetting up and down, then place in the hot water bath or heat 
block for 3 min.  
 
4.  Counterbalance and spin your samples in benchtop microcentrifuge at maximum speed for 5 
min.  This removes insoluble material from solution. DO NOT load the precipitated solid onto 
the gel. 
 
5.  Obtain a pre-cast polyacrylamide gel from your instructor.  Remove the tape strip at the 
bottom of the gel (opposite the combing) and place the gel in the vertical electrophoresis cell so 
that the gel combing is up and faces the interior.  
 
6.  Once the gel is seated in the electrophoresis cell, tighten the thumbscrews on both sides of the 
apparatus.  Pour 1 L 1X SDS-PAGE RUNNING BUFFER into the interior chamber.  Fill to top, 
submerging your gel completely (the teeth of the gel combing must be submerged). 
 
7. Carefully remove the combing from the wells of the precast gel.  Pull the combing straight up 
using the green shoehorn-style lever.  Ensure there are no air bubbles left in the wells. Rinse with 
1xSDS-PAGE RUNNING BUFFER using a P100 if necessary.  DO NOT poke the acrylamide 
gel with your pipette tip. 
 
8.  Add 10 µL of each sample to your gel from left to right, as follows: 
LANE 1 (Left): PRESTAINED PROTEIN SIZE STANDARD 
LANE 2:  UNINDUCED CELL CULTURE  
LANE 3:  INDUCED CELL CULTURE  
LANE 4:  CRUDE LYSATE 
LANE 5:  CRUDE LYSATE-SUPERNATANT 
LANE 6:  CRUDE LYSATE-PELLET 
LANE 7:  UNBOUND IMAC FLOWTHROUGH 
LANE 8:  IMAC WASH (may add additional washes to separate lanes, or pool all washes    
together) 
LANE 9:  IMAC SPECIFIC ELUENT (YOUR PURIFIED GST-6xHis) 
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9.   Place the lid on your gel electrophoresis cell. Connect the electrodes from the gel 
electrophoresis cell to the power source (red to red, black to black).  Turn on the power source. 
Run at 200 V for 45 min.  While gel is running, proceed to ACTIVITY 2. 
 
Note: if the gel is running correctly, you should observe hydrogen and oxygen bubbles   evolving 
from the cathode and anode, respectively and a blue dye front will move downwards in the gel.  
DO NOT TOUCH THE ELECTROPHORETIC CELL WHILE POWER IS ON! 
 
10. Turn off the gel electrophoresis power source and disassemble the gel running apparatus.  
Remove your gel from the electrophoresis cell. Carefully crack open the gel cassette using a 
butter knife.  Remove your gel with wetted gloves.  The polyacrylamide gel is thin, brittle and 
very fragile.  Be careful not to tear the gel. Transfer your gel to a small plastic container (pipette 
tip box) containing 100 mL COOMASSIE BLUE STAINING SOLUTION. 
 
11. Stain your gel using COOMASSIE BLUE STAINING SOLUTION. (For contents, see 
reference S1, below.) Leave in staining solution, cover with plastic wrap, and shake overnight on 
the orbital platform shaker.   
 
12. Next week: take a picture using your smartphone. Include this data in your lab report. 
______________________________________________________________________________ 
S1 Candiano, G.; Bruschi, M.; Musante, L.; Santucci, L.; Ghiggeri, G.M.; Carnemolla, B.; Orecchia, P.; 
Zardi, L.; Righetti, P.G.   
Blue silver: a very sensitive colloidal Coomassie G-250 staining for proteome analysis. Electrophoresis. 
2004, 25 (9), 1327-1333. 
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ACTIVITY 2: DETERMINATION OF GST-6xHis CONCENTRATION BY BRADFORD 
ASSAY 
 
1.  Prepare 1 mL each of 2.0, 1.0, 0.5, 0.25 and 0 mg/mL BSA (bovine serum albumin) from the 
20 mg/mL lab stock.  Prepare your dilutions using water or lysis buffer. You will also be 
analyzing your IMAC purified GST-6xHis sample in this activity. 
 
2.  Obtain diluted Bradford reagent from your instructor. For contents, see reference S2, below.  
Keep on ice. 
 
3.  Pipette 20 µL of your 2.0, 1.0, 0.5, 0.25 and 0 mg/mL BSA standards into 5 disposable plastic 
cuvettes.  Pipette 20 µL of your protein sample into 2 separate disposable cuvettes. 
 
4.  Add 2 mL diluted Bradford reagent to your standards and GST-6xHis samples.  Mix well by  
     pipetting up and down. 
 
5.  Insert your 0 mg/mL BSA sample to the spectrophotometer and blank the instrument.  Then 
measure and record the absorbance of each solution at a wavelength of 595 nm.   
 
6.  Using Microsoft Excel, construct a standard curve with the absorbance values you obtained 
from your BSA standards. Generate a linear regression to fit the linear part of the curve.   
 
7.  Determine the average absorbance value for your protein sample, and the concentration of 
GST-6xHis. Include this data in your lab report 
 
 
POST-LAB QUESTIONS: 
 
1. In what fractions did you observe the presence of GST-6xHis?  What evidence supports your 
conclusion? 
 
 
2.  In view of the data from your SDS-PAGE experiment, were you successful in isolating and 
enriching GST-6xHis?  Explain. 
 
 
3.  What are some potential limitations of the Bradford assay?  For example, can this technique 
be used to determine the concentration of GST-6xHis relative to all other proteins in today’s 
experiment? 
______________________________________________________________________________ 
S2 Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein 
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 5 (72), 248-254 
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Week 3: Evaluating Glutathione S-Transferase Activity 
 
INTRODUCTION: 
Today you will evaluate the activity of GST-6xHis that you purified during prior lab sessions.  You 
will use a colorimetric assay to determine whether your purified GST-6xHis sample is 
enzymatically active, and to determine the initial velocity (V0) of glutathione transfer by GST-
6xHis.   
 
OBJECTIVES:  

• Determine whether your IMAC purified GST-6xHis is catalytically active 

• Determine the initial velocity of glutathione transfer by GST-6xHis 

 

GLUTATHIONE TRANSFER BY GLUTATHIONE S-TRANSFERASES 
Glutathione S-transferases are multifunctional enzymes that detoxify xenobiotic compounds 
through conjugation with reduced glutathione.  GST-mediated glutathione transfer neutralizes 
electrophilic sites within these toxic compounds, rendering them more water-soluble and 
facilitating subsequent metabolic processing and excretion.  In living cells, GST functions 
downstream of cytochrome P450.  Cytochrome P450 introduces electrophilic functional groups 
such as epoxides to xenobiotic compounds, thereby targeting them for glutathione transfer, 
detoxification and elimination. 
 

 
CDNB COLORIMETRIC ASSAY FOR GST ACTIVITY 
GST targets a wide variety of substrates for glutathione transfer.  This property has been exploited 
to develop a colorimetric assay for detection of GST activity. 1-chloro-2,4-dinitrobenzene (CDNB) 
is a compound targeted by GST for conjugation with reduced glutathione. CDNB-glutathione 
conjugation corresponds with increased sample absorbance at 340 nm, which can be detected using 
a visible light spectrometer.  In reaction mixtures containing GST, CDNB, and reduced 
glutathione, changes in sample absorbance at 340 nm are quantified to provide a measure of GST 
activity.  Note that the molar extinction coefficient of CDNB glutathione at 340 nm is 0.0096 µM-

1 cm-1.  
Principle of the CDNB colorimetric assay for GST activity 

 



 

50 
 

PRE-LAB ASSIGNMENT 

Read and annotate the following articles regarding the experimental determination of kinetic 
parameters using spectrophotometric techniques.  Note best practices and any pertinent 
challenges.  This will help inform your experimental design. 

• Habig, W. H.; Pabst, M. J.; Jakoby W. B. Glutathione S-Transferases; The First 
Enzymatic Step in Mercapturic Acid Formation.  Journal of Biological 
Chemistry 1974, 249, 7130-7139. 

• Lorsch, JR. Practical steady-state enzyme kinetics. Methods Enzymol 2014, 536:3-15.   
• Seibert, E.; Tracy, T.S Different enzyme kinetic models. Methods Mol Biol 2014; 1113: 

23-25. 
 
 
 
EXPERIMENTAL DESIGN 
Given the following materials and equipment, design an experiment to determine: 

1) the kinetic activity of your purified GST  
2) initial velocity (V0) of glutathione transfer by GST-6xHis determined using the Beer-

Lambert Law (expressed in µmoles glutathione transferred per minute per milligram 
GST-6xHis: µmole min-1 mg-1) 

 
Materials and equipment: 

• Spectrophotometer, conical cubes 
• Purified GST-6xHis (purified and characterized during weeks 1 and 2) 
• (+) and (-) controls 
• GST assay buffer 
• Reduced glutathione (GSH) (50 mM in GST assay buffer) 
• 1-chloro-2,4-dinitrobenzene (CDNB) in ethanol (50 mM in GST assay buffer) 
• Digital timer 

 
Note: 
Consult your instructor for approval on experimental design prior to initiating the kinetic assay. 
 
All data should be recorded in appropriately labeled tables and included in the formal lab report. 
 
 
 
INDEPENDENT PROJECT - INHIBITOR PROFILING AND ANALYSIS OF GST 
KINETIC MECHANISM 
Provided with the materials above and para-aminobenzoic acid (PABA), an established GST 
inhibitor, design an experiment to investigate the effect of PABA on the kinetics of glutathione 
transfer using GST.Consult your instructor for guidance and approval on experimental design 
prior to initiating the kinetic assay. 
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Sample Week Three Protocol 

1.  Set spectrophotometer to measure absorbance at wavelength of 340 nm.   
 
2.  Collect 5 x 1.5 mL conical tubes labeled A, B, and “(+) CONTROL”, (-) CONTROL “and” 
“GST” and bring to room temperature.  Contents of GST ASSAY BUFFER and tubes labeled 
A, B, (+) CONTROL, (-) CONTROL and GST are as follows: 
GST ASSAY BUFFER: 100 mM potassium phosphate, pH 6.5, 0.1% Triton X-100. 
A: GST ASSAY BUFFER also containing 50mM reduced glutathione (GSH) 
B: 50 mM 1-chloro-2,4-dinitrobenzene (CDNB) in ethanol 
(+) CONTROL: Catalytically active GST in GST ASSAY BUFFER  
(-) CONTROL: GST SAMPLE BUFFER, not supplemented with enzyme 
GST: PURIFIED 6xHIS-GST  SAMPLE, typically ~0.1 mg/mL in GST ASSAY BUFFER 
 
3. Retrieve three standard 1 cm cuvettes for use in the spectrophotometer.  Label “1”, “2” and 
“3” at top. Fill each cuvette with 1.8 mL of GST assay buffer.  

4.  To initiate the colormetric assay in cuvette 1: 
• Add 100 µL of “A” to 1.8 mL GST assay buffer pipetting up and down to mix well.  
• Add 100 µL of “B” to cuvette, again mixing well.  
• Place the cuvette in the spectrophotometer and quickly proceed to step 5. 

 
5.  Blank the spectrophotometer.   

6.  Initiate the assay by adding 10 µL of (+) CONTROL.  Mix quickly with a p1000.  Start a 
timer, and measure A340 at 15 second intervals.  Record data up to 10 minutes. 
 
7.  Repeat steps 5-7 substituting (-) CONTROL in cuvette 2 and GST in cuvette 3. 

8. Determine the initial change in absorbance (DA340) for the (+) CONTROL, (-) CONTROL and 
GST samples, plotting the absorbance values as a function of time to obtain the slope of the 
linear portion of each reaction progress curve.  
 
9. Subtract DA340 for the non-enzymatic (-) CONTROL from the GST sample, informing DA340 
attributable to GST activity in absorbance units per minute. 
 
10.  Determine V0, the initial rate of glutathione transfer, in terms of the concentration of CDNB 
conjugated with glutathione per minute within your GST sample using the Beer-Lambert law and 
the molar extinction coefficient for CDNB found in literature. 
 
11. Relate the value from step 3 to the overall volume of the enzymatic reaction (2 mL) and the  
concentration of GST present within the assembled reaction mixture (0.5 µg/mL). 
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Sample Independent Project Protocol 
1.  Set spectrophotometer to measure absorbance at wavelength of 340 nm.   

2.  Prepare 50 mM, ,25 mM and 12.5 mM stocks of GSH in 0.1 M potassium phosphate, pH 6.5. 

3.  Prepare a stock solution of 25mM CDNB in anhydrous ethanol and dilute to 1 mM.  Dilute 
para-aminobenzoic acid to working concentrations of 1.6 mM and 0.8 mM in ultrapure water. 

4.  Dispense the following into separate wells of a 96 well plate to a total enzymatic reaction 
mixture of 125 µL: 

• 5 µL of 1 mM CDNB 
• 5 µL 0.5 mM GSH 
• 5 µL of ultrapure water instead of PABA (control)  
• 5 µL of 0.23 µM of GST 
• GST assay buffer to a total volume of 125 µL 

5.  Repeat step for using 5 µL of 0.8 mM PABA and 5 µL of 1.6 mM PABA in place of the 
control. 

6.  Record data and generate a Lineweaver-Burk plot to assess the nature of the inhibitor.  
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Written Laboratory Report Guidelines  
The following categories should be clearly delineated in the lab report: title, abstract, 
introduction, materials and methods, results, discussion and references sections. 

• The title should be brief and accurate, listing all authors who contributed to the study 
 

• The abstract should provide a brief description of the study including statement of purpose 
and major conclusions  
 

• The introduction should describe the scope of the study with reference to relevant literature, 
and should provide necessary background for understanding the experiment and its motivation 
 

• The materials and methods section should describe materials and methods used in sufficient 
experimental detail to repeat the experiment using only this section as a guide 
 

• All data, including tables and figures, should be presented within the results section. Figures 
and figure legends should be clear and concise, and capable of being interpreted in a stand-
alone manner.  Refrain from interpreting results within this section, but present experimental 
data completely and accurately 

 
• The discussion should present your interpretation of data shown and described within the 

results section, and use it to draw meaningful conclusions from your experiment 
 

• The author contributions section should clearly detail the efforts of each contributing 
coauthor as agreed by all coauthors prior to submission 

 
• In-text references to primary literature or relevant texts should be provided where applicable.  
 

References should be collected at the end of the document, presented in accordance with 
conventions of the Journal of Biological Chemistry. 

 

 

 

  

Examples (adapted from JBC author guidelines): 
1. MacDonald, G. M., Steenhuis, J. J., and Barry, B. A. (1995) A difference Fourier transform infrared spectroscopic 
    study of chlorophyll oxidation in hydroxylamine-treated photosystem II. J. Biol. Chem.270, 8420–8428 
2. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A Laboratory Manual, 2nd Ed.                            
    Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 
3. References appearing as e-pubs should be in the following style: Aphasizheva, I., Aphasizheva, R., and Simpson, 
L.     (April 1, 2004) RNA editing terminal uridylyl transferase 1: identification of functional domains by mutational   
    analysis.  J. Biol. Chem. 10.1074/jbc.M401234200 
4. Farrell, C. (1992) The Role of SecB during Protein Export in Escherichia coli. Ph.D. thesis, The Johns Hopkins 
University 
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Laboratory Report Rubric 

 

  

EXCELLENT 

 
 
PROFICIENT 

 
 
FAIR 

 
 
UNSATISFACTORY 
 

 
 
 
PreLab 

Article(s) are fully 
annotated and 
commentary is thoughtful 
and pertinent to the 
experimental design. 

Some relevant parts of 
the article(s) are not 
annotated and/or 
commentary is not 
thorough. 

Annotations and 
commentary are 
incomplete and not 
relevant to the 
experimental design. 

Minimal annotation and 
commentary on the 
article(s). 

 
 
 
Introduction 

Presents a clear and 
thorough summary of the 
aims of the experiment. 
Includes appropriate 
APA citations for 
supporting sources. 

Introduction lacks one 
of the primary goals of 
the experiment and/or 
citations are incorrect. 

Introduction is 
inaccurate and 
unclear.  There are 
no citations to 
supporting sources. 

Introduction is not 
present. 

 
 
 
Methods and 
Design 

Experimental design 
and/or methods are 
thorough and logical.  
Methods used are 
appropriate for the 
problem at hand.  

Methods and/or design 
is not well suited to 
the problem.  Methods 
are incomplete or 
contain errors.   

Methods and/or 
design are 
incomplete or vague. 

Methods and/or design 
are absent. 

 
 
 
Data and Figures 

Data is complete and 
clearly presented in 
appropriate tables with a 
logical sequence.  
Figures include titles and 
legends.  Collected data 
clearly follows 
experimental design. 

Some data is missing, 
figures and tables may 
be brief, vague or 
inaccurate. 

Data presentation is 
illogical.  There is a 
lack of connection 
between the 
experimental design 
and the data 
collected. 

Data is incomplete or 
missing.  Figures lack 
titles, legends and units.   

 
 
 
Interpretation of 
Results 

Results are thoroughly 
analyzed and related to 
experimental methods 
and design.  Statements 
are supported by data.  
Explanations for 
inconsistencies are given.  

There is lack of clarity 
in the analysis of the 
data.  Methods used 
were not well 
understood and 
supported in the 
analysis. There is 
incomplete analysis of 
unexpected results. 

There is minimal 
analysis of the 
results. Statements 
are vague and not 
reinforced by the 
data. Inconsistencies 
are explained by 
human error. 

There is no analysis of 
the results, data is merely 
restated.  There is a lack 
of understanding of the 
controls and sources of 
error. 

 
 
Cohesiveness, 
spelling and 
grammar 

 
The purpose and goals of 
the experiment are 
clearly presented and 
discussed. There are no 
grammatical or spelling 
errors.  

 
There is some lack of 
clarity in the goals of 
the experiment.  There 
is an occasional 
spelling or 
grammatical error. 

Transitions between 
paragraphs is abrupt.  
Experimental goals 
are not clearly 
presented and 
document has not 
been proofread for 
errors.  

Report is disjointed. 
There are frequent 
spelling and grammatical 
errors, and a lack of flow 
to the document. 
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Safety 
Genetically modified cell cultures  
Bacterial cell cultures contain a nonpathogenic form of E. coli (strain BL21 DE3) with resistance 
to the antibiotic kanamycin.   
 

• Cell cultures and derivative materials should be handled only while wearing gloves 
and/or other personal protective materials 
 

• Materials that come in direct contact with bacterial cells (pipette tips, centrifuge tubes, 
etc.) should be discarded in labeled BIOLOGICAL WASTE containers, and will be 
autoclaved 

 
• Sufficient care should be taken to avoid direct exposure to biological materials 

 

Chemical reagents 
• Bradford assay reagent contains a methanol and phosphoric acid.  The reagent should be 

handled with care while wearing gloves and/or other personal protective materials 
 
• Bradford assay wastes are collected in a labeled container 
 
• b-mercaptoethanol should be handled in the hood to minimize exposure to vapors and 

disposed of in the appropriate working waste container 
 

• CNDB Waste should be collected in a labeled halogenated aqueous waste container 
 

• Dilute SDS (<10% w/v) may be disposed in sink. 
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Materials 
List of Chemicals and CAS Identification Numbers 
The following chemicals were used in this study: 

• Sodium chloride, CAS Number: 7647-14-5 
• Monobasic sodium phosphate, CAS Number: 7558-80-7 
• Dibasic sodium phosphate, CAS Number: 7558-79-4 
• Imidazole, CAS Number: 288-32-4 
• Glycerol, CAS Number: 56-81-5 
• Sodium dodecyl sulfate, CAS Number: 151-21-3 
• Tris base, CAS Number: 77-86-1 
• Bromophenol blue, CAS Number: 115-39-9 
• Coomassie Brilliant Blue G250, CAS Number: 6104-58-2 
• Bovine serum albumin, CAS Number: 9048-46-8 
• Glycine, CAS Number: 56-40-6 
• Phosphoric acid, CAS Number: 7664-38-2 
• Methanol, CAS Number: 67-56-1 
• Ammonium sulfate, CAS Number: 7783-20-2 

 

Week 1 
Prepare  

• 12 x 50 mL bacterial cell culture expressing GST-6xHis; stored at -80 °C or -20 °C prior 
to use 

• 12 x 1 mL cell culture not expressing GST-6xHis; stored at -80 °C or -20 °C prior to use 
• 12 x 200 µL packed NI-NTA or NI-IDA resin in capped screw cap columns 
• Lysis/wash buffer: 1 L of 300 mM NaCl, 50 mM sodium phosphate pH 7.4, 10 mM 

imidazole 
• IMAC Elution buffer:  100 mL of 300 mM NaCl, 50 mM sodium phosphate pH 7.4, 300 

mM imidazole 
• Nickel-NTA spin column   
• Glycerol 

Note: The materials above are sufficient for 12 purifications.  Purified proteins are supplemented 
with 50% glycerol andstored at -20 °C prior to analysis by SDS-PAGE and Bradford assay in 
Week 2. 
 

Week 2  
Prepare  

• 12 x 25 mL diluted Bradford assay reagent (BioRad, Inc.) 
• 10 mL 2X SDS PAGE sample buffer (from doi:10.1101/pdb.rec407 Cold Spring Harb. 

Protoc. 2006), with the following components:  
o 1 mL Tris (from 1 M stock, pH 6.8) 
o 2 mL glycerol  
o 0.4 mL SDS (from 10% stock) 
o 0.4 mL bromophenol blue (from 5% w/v stock) 
o 0.14 mL β-mercaptoethanol 
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Week 2 (ctd.) 
Prepare 

• 12 x 500 µL bovine serum albumin 20 mg/mL in water (freeze at -20 °C) 
• 2 x 500 mL ultrapure water  
• 1L 10 x SDS-PAGE running buffer (from doi:10.1101/pdb.rec10475 Cold Spring Harb. 

Protoc. 2006), with the following components: 
o 30.0 g of Tris base 
o 144.0 g of glycine 
o 10.0 g of SDS  
o The pH of the buffer should be 8.3 and no pH adjustment is required.  

• 4 L colloidal Coomassie Brilliant Blue G250 stain (adapted from Candiano et al. 
Electrophoresis, 2004), with the following components: 

o 400 mL phosphoric acid (to 10% final) 
o 800 mL methanol (to 20% final) 
o 400 g ammonium sulfate (to 10 % final)   
o 4.8 g Coomassie Brilliant Blue G250 dye (to 0.12 % final) 
o Mix well and dilute to 4 L in Ultrapure H2O -- do not filter colloidal suspension 

Week 3 
Prepare 

• 0.5 L of 0.1 M sodium phosphate assay buffer at pH 6.5 (from Method of G. Gomori as 
described within doi:10.1101/pdb.rec8543 Cold Spring Harb. Protoc. 2006), prepared as 
follows: 

o 50 mL of 1 M dibasic sodium phosphate (7.1 g) MW=142.0 g/mol 
o 50 mL of 1 M monobasic sodium phosphate (6.0 g) MW=120.0 g/mol 
o Mix 19.1 mL of dibasic sodium phosphate with 31.0 mL of monobasic sodium 

phosphate, and dilute to 500 mL with ultrapure water 
o Check pH (GST activity retained up to at least pH 7.0) 
o Autoclave to sterilize 

 
• Prepare fresh and store on ice before using: 

o 10 mL of 50 mM GSH in the assay buffer (153.7 mg) MW=307.3 g/mol 
o 10 mL of 50 mM CDNB in 100% non-denatured ethanol (101.3 mg) MW=202.6 

g/mol. A stock of catalytically active GST with known concentration stored in 
50% glycerol 

o Bovine serum albumin, 1 mg/mL in IMAC elution buffer supplemented with 50% 
glycerol  
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Pedagogy 
Laboratory Learning Outcomes 

Week 1: Isolation of GST 

Learning Outcomes 

• Use appropriate safe-handling skills for genetically modified, antibiotic-resistant 
organisms 

• Understand and apply principles of protein purification  
• Isolate a target protein through affinity chromatography 
• Systematically organize and store materials for further characterization and analysis 

 

Week 2:  Characterization of Glutathione S-transferase by SDS-PAGE and Bradford Assay 

Learning Outcomes 

• Use SDS-PAGE to confirm the isolation of GST from the previous week’s purification 
• Qualitatively assess the purity of the isolated protein sample and confirm the elution of 

the desired protein from the IMAC column 
• Track the enrichment of GST-6xHis throughout the IMAC purification procedure 
• Determine the concentration of the purified protein via Bradford assay 

 

Week 3:  Evaluating Glutathione S-Transferase Activity 

Learning Outcomes 

• Inform experimental design using primary literature  
• Design an experiment to confirm the kinetic activity of isolated and purified GST 
• Determine initial rate of glutathione transfer using absorbance data collected from a UV-

Vis spectrophotometer 
• Create appropriate and accurate figures for the data collected  
• Communicate the results of the three week lab module in a formal lab write-up with 

appropriate citation   
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Pre-Lab Quiz #1 

Questions 1-10, 10 points each 

1. Name the protein that was purified during last week’s lab.  From what organism is the gene for 
this protein derived? In what organism will this protein be expressed?  

The protein that will be purified during today’s lab is C-terminal polyhistidine tagged glutathione 
S-transferase.  The gene for this protein has been derived from the human parasite Schistosoma 
japonicum, and expressed in Escherichia coli. 

 
2. What type of protein purification was performed during last week’s lab?  

A. Denaturing immobilized metal affinity chromatography  
B. Native state immobilized metal affinity chromatography 
C. Denaturing immobilized glutathione-agarose affinity chromatography 
D. Native state immobilized glutathione-agarose affinity chromatography 
E. Ion exchange chromatography 
 

3. What was the function of imidazole? 

A. It is used to detect protein elution by quantitative visualization 
B. It is used to condition the glutathione agarose resin 
C. It is used to selectively elute histidine tagged proteins from the IMAC resin 
D. It is a cofactor that is required for glutathione S transferase (GST) activity  
E. It is a buffering agent 
 

4.  What is the function of glutathione S transferase (GST) within the cell? 

A. GST limits ionization damage due to UV irradiation 
B. GST is involved in glutathione biosynthesis 
C. GST is a cofactor required for polyhistidine tagged enzyme activity 
D. GST targets xenobiotic substances for detoxification 
E. None of the above 
 

5. In a typical SDS-PAGE separation, proteins are resolved on the basis of: 
 
A. Molecular size 
B. Ionic charge of amino acid side chains 
C. Hydrophobicity 
D. Native mass-to-charge ratio 
E.  Denatured mass-to-charge ratio 



 

60 
 

Pre-Lab Quiz #1 (continued) 

6. Why was it important to keep your protein samples as cold as possible during the protein 
purification procedure employed in Lab 3? 
 
A. To limit the reduction of disulfide bonds mediated by Glutathione S-transferase 
B. To promote the reduction of disulfide bonds by mediated Glutatione S-transferase 
C. To increase the solubility of Glutathione S-transferase 
D. To avoid denaturing the Ni2+-NTA immobilized metal affinity column 
E. To limit proteolytic degradation and misfolding 
 

7. What is the purpose of b-mercaptoethanol during protein separation using SDS-PAGE? 
 
A. It maintains a constant pH 
B. It provides sufficient ion concentration to maintain an electrical current throughout the 
apparatus 
C. It ensures effective gel loading  
D. It reduces disulfide bonds in proteins to ensure protein migration in linear conformation  
E.  It provides qualitative visualization of proteins present on the gel 
 

8. Define the term affinity tag in the context of recombinant protein expression and biotechnology.   
Identify 2 types of affinity tag or modes of affinity chromatography. 

An affinity tag is an engineered polypeptide or protein that permits isolation of a covalently linked 
target based on highly specific interaction for an immobilized ligand.  Two common affinity tags 
include multiply-iterated histidine sequences, or polyhistidine tags, which exhibit high affinity for 
immobilized metal ions such as Ni2+, and glutathione S-transferase, which exhibits high affinity 
for immobilized glutathione. 

 
9. What is the purpose of the polyhistidine tag on glutathione S-transferase? 
 
It allows preferential separation of the GST enzyme from the bacterial cell.  
 
10.  What information is typically gained through application of the Bradford assay? Briefly 
describe the principle of this assay. 

The Bradford assay is a colorimetric method providing a measure of total protein concentration 
in solution, relative to appropriate standards.  When proteins bind to Coomassie Brilliant Blue in 
an acidic environment, the structural change in the dye results in color change from red/brown to 
blue, with a maximum absorbance around 595 nm.  An absorbance vs. concentration standard 
curve can be constructed using bovine serum albumin or an alternative protein of known 
concentration, which is in used to infer protein concentration of the unknown.  
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Pre-Lab Quiz #2 
Please write your name in the upper right hand corner of each page.  The quiz will conclude no 
later than  
15 minutes into today’s lab period.  A total of 100 points are available. 
 
Questions 1-10, 10 points each 
 
1. Why would one choose to evaluate the non-enzymatic buffer only sample (sample A) in this 
week’s experiment? 
 
A. It is a negative control 
B. It is a positive control 
C. To test for any errant enzyme activity 
D. To establish the purity of the buffer sample 
E.  Both C and D. 
 
2. Which of the following represent common limitations to application of the Bradford assay? 
 
A. Sensitivity to detergent or other common additives within protein purification 
B. Variable responsivity based on amino acid content 
C. Does not directly inform relative protein concentrations within a heterogeneous sample 
D. All of the above 
E. A and B only 
 
3. Equine liver GST is provided in this week’s exeperiment.  Why should the activity of this 
enzyme be evaluated?  
 
A. It is a negative control 
B. It is a positive control 
C. To determine the concentration of equine GST relative to that of the purified bacterial GST 
D. To establish the bisubstrate nature of equine GST relative to that of the purified bacterial GST 
E. To ensure that the UV-Vis spectrometer is functioning correctly 
 
 
5. Why is it necessary to subtract the rate of change in absorbance at 340 nm(DA340) for the non-
enzymatic sample (sample A) from your 6xHis-GST sample (sample C) to determine 6xHis-GST 
activity? 
 
A. It is critical to determining the extinction coefficient of glutathione conjugated CDNB 
B. It allows one to determine true DA340 due to 6xHis-GST activity  
C. It is not actually necessary, so long as DA340  for sample A >> 0. 
D. It is critical for creating the double reciprocal plot that will be used for determining Km  
E.  Both A and D 
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Pre-Lab Quiz #2 (continued) 

6.  Which of the following is NOT a typical component of SDS-PAGE sample loading buffer: 
 
A. Tris base 
B. Glycerol 
C. Bromophenol blue 
D. b-mercaptoethanol 
E. Acrylamide 
 

7. Briefly describe the principle of the colorimetric assay for glutathione transferase activity as 
applied in Experiment 3. 

Conjugation of CDNB with reduced glutathione results in formation of chromogenic product that 
exhibits increased molar absorptivity at 340 nm.  Thus, changes in sample absorbance may be 
measured to inform product formation, and by extension, glutathione S-transferase activity. 

 

8.  What is the expected outcome of the of the kinetic activity of GST if the concentration of CDNB 
is varied?  

Since both CDNB and GSH are required for enzyme activity, varying the concentration of one 
substrate would have an impact on the observed activity of the enzyme.  In general, lower 
concentrations of CDNB would result in lower kinetic activity while higher concentations would 
yield a greater enzyme activity. 

 

9.  Consider the following Lineweaver-Burk Plot for the questions below. 

 

(a) Estimate the Km and Vmax of this 
system.  Concentrations are 
expressed in µM and the time in 
seconds.    

 
KM = 25 µM               Vmax = 52.6 µM/sec 
 
(b) Sketch the following on this curve: 

• Competitive inhibition 
(labelled “X”) 

• Uncompetitive inhibition 
(labelled “Y”) 

• Noncompetitive inhibition 
(labelled “Z”) 
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Laboratory Handout Answer Key 

Week 1  
 
PRE-LAB QUESTIONS: 
 
1.  What is “affinity chromatography?”   Define this term, and describe two types of affinity 
chromatography in limited theoretical detail. 
 
Affinity chromatography uses high affinity interactions between biological materials and their 
ligands to isolate a specific substance from a mixture.  For example, the IMAC method uses the 
affinity of histidine for the nickel ion immobilized in a stationary matrix.  Proteins tagged with 
multiple histidine groups will preferentially adhere to the IMAC column allowing for separation 
from a mixture.  Other techniques described will vary. 
 
2.  What is a primary function of GST in human hepatocytes?   
   
The primary function of GST in human hepatocytes is to catalyze the transfer of glutathione to 
xenobiotic substrates, enhancing their solubility and metabolism during detoxification. 
 
3. What is the source of the GST-6xHis protein we will be purifying in today’s lab?  From what 
organism was the GST gene isolated, and in what host has this gene been expressed? 
 
The source of the GST-6xHis gene is the eukaryotic parasite Schistosoma japonicum.  The 
derivative protein has been recombinantly expressed E. coli using a plasmid-based expression 
construct, and is purified from the bacterial cell lysate. 
 
4. What type of affinity purification method will we be using to purify GST-6xHis?   
 
GST-6xHis will be purified using immobilized metal affinity chromatography (IMAC). 
 
5. Will we be performing denaturing or non-denaturing protein purification in today’s 
experiment?   
 
We will perform a non-denaturing protein purification as the functional protein is required for 
further characterization in subsequent lab experiments. 
 
6. Create a chart outlining the steps in the purification procedure outlined in Activity 1, below. 
This will serve as your guide during the experiment. 
 

Answers will vary. 
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POST-LAB QUESTIONS: 
 
1.  Why were samples stored on ice throughout the purification procedure?  
 
The samples were stored on ice to prevent protein denaturation throughout the purification 
process. 
 
2. How will we evaluate the relative purity and concentration of your protein sample in next 
week’s lab? 
 
The purity of the protein sample will be evaluated by SDS-PAGE, while the concentration of 
total protein in the sample will be quantified using the Bradford Assay.
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Week 2 
PRE-LAB QUESTIONS:  
 
1. What information is gained from a typical SDS-PAGE experiment? 
 
SDS-PAGE is a technique used to assess the purity of a sample by separating proteins bound to 
the detergent sodium dodecyl sulfate by size.  Protein samples are compared to a size standard 
ladder to determine the molecular weight of the unknown.  If the protein sample is pure, one 
would expect a single band on the polyacrylamide gel which corresponds to the expected 
molecular weight on the size standard. 
 
2.  What is the function of b-mercaptoethanol or dithiothreitol within the SDS-PAGE sample 
buffer? 
 
The purpose of b-mercaptoethanol or dithiothreitol is to reduce the disulfide bonds in proteins to 
yield a linear molecular conformation, ensuring the proteins are separated on the basis of 
molecular size. 
 
POST-LAB QUESTIONS: 
 
1. In what fractions did you observe the presence of GST-6xHis?  How do you know? 
 
Answers will vary. Typically, GST-6xHis is present within all but the first purification fraction 
analyzed by SDS-PAGE, and is most clearly enriched upon elution with a high concentration of 
imidazole. 
 
2.  In view of the data from your SDS-PAGE experiment, were you successful in isolating and 
enriching GST-6xHis?  Provide evidence in support of your conclusion. 
 
Answers will vary.  Typically, students obtain about 0.5 mL of  0.05-0.1 mg/mL GST-6xHIS 
within the specific elution fraction. 
 
3.  What are some of the limitations of the Bradford assay?  For example, can this technique be 
used to determine the concentration of GST-6xHis relative to all other proteins in today’s 
experiment? 
 
Some of the limitations of the Bradford assay are that it cannot be used to distinguish relative 
protein concentrations in a mixture, it is sensitive to detergents and it is only useful within a 
limited range of protein concentration.  In today’s experiment, the SDS-PAGE results indicated 
that the sample contained only one protein, and thus the Bradford assay is appropriate for 
determining the concentration of this sample.  
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Sample Kinetic Data 

             
Supplementary Figure 1: Kinetic parameters of GST activity with respect to GSH, determined 
by colorimetric assay with 0.5 mM, 1.0 mM and 2.0 mM CDNB, and GSH concentrations varied 
as shown. KM(GSH) was 0.64 mM ± 0.14 mM. Nonlinear regressions were fit to the data for n=3 
experimental replicates using GraphPad PRISM™ software. 

 

                
Supplementary Figure 2.  Kinetic parameters of GST activity with respect to CDNB, determined by 
colorimetric assay with 0.5 mM, 1.0 mM and 2.0 mM GSH and CDNB concentration varied as shown.  
KM(CDNB) was 3.79 mM ± 0.43 mM.  Nonlinear regressions were fit to the data for n=3 experimental 
replicates using GraphPad PRISM™ software. 
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Student Evaluations 
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Chapter 4:  Conclusion 

A real-time high-throughput colorimetric assay was developed and successfully applied to 

characterize the properties of S. japonicum GST. Kinetic parameters including the Michaelis 

constant, maximal reaction velocity and specific activity were established. Consistent with the 

behavior of related GST homologs, S. japonicum GST was found to exhibit a bisubstrate 

mechanism that proceeds via formation of a ternary complex, with random substrate binding order.  

GST inhibitors were characterized using the colorimetric glutathione transfer assay.                             

ɑ-fluoromethylhistidine was identified as a novel and potent inhibitor of S. japonicum GST, with 

potential implications for the development of chemotherapeutic agents of value in medicine or 

molecular life science research. The current work thus demonstrates the broad applicability of the 

reported high-throughput colorimetric glutathione transfer assay for both research and educational 

applications. Importantly, the methods and techniques for kinetic analysis presented here may also 

be applied to characterize the activity of other medically relevant enzymes in the future. 
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