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ABSTRACT 


Multi-site phosphorylation ofprotein targets by specific kinases is a common event 

used to propagate biological messages through signal transduction pathways in the 

context of the cellular environment and is a vital regulatory mechanism for many 

metabolic processes. Recent advances in the study of the protein glycogen synthase 

kinase-3 (GSK-3) have shed some light on the intricate role this enzyme plays within the 

framework of mammalian cellular metabolism. Abnormal behaviour of GSK -3 

profoundly impacts cellular function, and is implicated in Alzheimer's disease and the 

development ofType II Diabetes. A key issue in assaying the activity ofGSK-3 is the 

ability to distinguish between singly and multiply phosphorylated substrates, as this 

enzyme has the ability to selectively phosphorylate a previously phosphorylated (primed) 

substrate. Given the serious nature of the disorders caused by the dysfunction of this 

kinase, high throughput screening of specific inhibitors from compound libraries is 

urgently needed. Unfortunately, many of the currently existing kinase screening 

technologies are geared towards monitoring single phosphorylation events and thus, are 

not be amenable to effective assaying ofmultiply phosphorylated substrates. 

In this thesis, a novel, solution-based assay method based on electrospray ionization­

tandem mass spectrometry (ESI-MS/MS) is developed as a platform for inhibitor 

screening with full consideration being given to the specific nature of GSK-3 substrates 

and products. The semi-automated application of this assay is possible using an in-line 

autosampler, and is shown to be a potentially effective means for screening primed 

binding site inhibitors from compound mixtures, with subsequent deconvolution 

performed to isolate the effective molecule. Optimization of the MS-based assay required 
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significant alterations in buffer conditions compared to those used in the standard GSK-3 

radioassay based on y-32P ATP, owing to the inability of electrospray ionization to 

tolerate high buffer concentrations. Preliminary screening ofmixtures was demonstrated, 

and expansion to screening of large compound libraries consisting ofpreviously untested 

compounds and natural product extracts should be possible. 

To investigate the adaptation of the GSK-3 MS/MS assay to allow mixture 

deconvolution, a preliminary study was performed on the utilization of sol-gel technology 

for entrapment of GSK-3 to develop a solid-phase affinity assay for pull-down of 

bioactive ligands identified in enzyme activity assays. This method requires the 

preservation ofenzyme function within the silica matrix, which has not been previously 

demonstrated for GSK-3. The sol-gel entrapment ofGSK-3, however, proved to be 

problematic. Implementation ofa flow-through assay using immobilized GSK-3 was 

hampered by issues such as non-specific adsorption of the cationic substrate and 

inhibitors, owing to electrostatic interactions with the anionic silica matrix used for 

enzyme entrapment. Future work aimed at further developing and optimizing the sol-gel 

materials and processing methods are proposed. 
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Chapter 1 

Introduction 

1.1 Glycogen Synthase Kinase-3 

Glycogen synthase kinase-3 (GSK-3) plays an intricate role within the framework of 

mammalian cellular metabolism, and is involved in many metabolic regulatory pathways. 

GSK-3 is unusual in that it is normally active in cells and is primarily regulated through 

inhibition of its activity. It is also unusual in that it has a preference for primed substrates 

that have been previously phosphorylated by another kinase. Unregulated GSK-3 activity 

has been implicated as the possible cause of a plethora ofdisorders, including Type II 

diabetes and Alzheimer's disease, making the protein an attractive target for drug 

development. GSK-3 exists as two isoforms, GSK-3a. (55000 Da) and GSK-3~ (51000 

Da), both ofwhich have conserved functionality. Acting specifically on serine or 

threonine residues located 4 amino acids N-terminal to a pre-phosphorylated (primed) 

Ser/Thr (Fig. 1.1), GSK-3 is able to inhibit glycogen and protein synthesis as well as 

effectively regulate many metabolic and growth factor proteins.1
,2 Structural studies of 

GSK-3~ have elucidated that Arg 96, Arg 180 and Lys 205 assist in binding to 

phosphorylated substrates, while Asp 181 and Arg 220 are catalytic amino acids? 

Regulation of GSK-3 ~ activity occurs via phosphorylation of the Ser 9 residue near the 

N-terminus, resulting in the deactivation of the enzyme (Fig. 1.2). Various mechanisms 

exist to modulate enzymatic activity, including insulin induced GSK-3 inhibition via 

protein kinase B (PKB) of the Ptdlns(3,4,5)P3 protein kinase pathway, which inactivates 

GSK-3~/a. through N-terminal S9/S21 phosphorylation. 
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Figure 1.1: GSK-3 substrate phosphorylation is residue specific. GSK-3 phosphorylates target 
enzymes at Ser/Thr residues 4 amino acids N-terminal to the site of priming phosphorylation. 
CK2- casein kinase 2, CKl- casein kinase 1, DYRK- dual tyrosine phosphorylated and 
regulated protein kinase, PKA- protein kinase A, MSK -mitogen and stress-activated protein 
kinase, eiF2B - eukaryotic protein synthesis initiation factor 2B, CREB - cyclic AMP-response 
element-binding protein (Figure originally published in Cohen, P. and Goedert, M., 2004, Nat. 
Rev. Drug Discov. 2). 
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Figure 1.2: GSK-313 phosphorylates primed and unprimed substrates. Phosphorylation ofS9 
results in the blockage of the active site and kinase inhibition (Figure originally published in 
Doble, B.W. and Woodgett, J.R., 2003, J. Cell Sci. 1). 

Regulation of glucose metabolism is one of the chief roles ofGSK-3. As a kinase, the 

enzyme achieves this goal through the inhibition of glycogen synthase (GS) via 

phosphorylation. Thus, during periods of low blood glucose concentration, characterized 

by the absence of insulin (an indirect inhibitor of GSK-3), glucose levels in the 

bloodstream are increased by inactivation of GS. However, once the glucose levels in the 

blood begin to rise, insulin initiates GSK-3 inhibition after binding to a specific cell 

surface receptor. The resulting autophosphorylation of the receptor propagates a signal 

through a chain of interdependent kinase shuttles via phosphate group transfer. 

Eventually, Ser 9 of GSK-3P is phosphorylated via this mechanism, relieving the 

inhibition of glycogen synthase and other proteins such as eiF2B, allowing glycogen and 

5protein synthesis to proceed.4
'
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Although GSK-3 has been proven as an efficient regulator of cellular metabolism, 

responsible for the modulation of several vital processes, deviations in its activity often 

prove catastrophic for the organism. The most frequent GSK-3 dysfunction involves the 

uncontrolled phosphorylation of its targets, resulting in manifestations ofvarious 

diseases. The hyperphosphorylated targets of GSK-3 have been implicated in causing: A) 

Type II diabetes, via constant inhibition of glycogen synthase (sugar storage mechanism), 

resulting in elevated levels ofblood glucose for prolonged periods of time; and B) 

Alzheimer's Disease, via hyperphosphorylation of the filament producing protein Tau, 

leading to aggregation and plaque formation in neurons, causative agents ofcell death.4 

While inhibition of the enzyme appears to be an obvious therapeutic route to 

overcome the negative role ofGSK-313 in the development ofthe diseases noted above, 

the inhibition of the enzyme could presumably lead to enhanced accumulation of 

unphosphorylated 13-catenin, a known oncogene activator.1 Under normal circumstances, 

the phosphorylation of the casein kinase I (CKI)-primed 13-catenin by axin-associated 

GSK-3 leads to its proteasomal degradation post ubiquitylation. However, should the 

active site ofGSK-3 be blocked, 13-catenin will remain unphosphorylated and will then 

translocate to the nucleus, activating T -cell factor/lymphoid enhanced factor (TCF ILEF) 

7 8proteins which stimulate the transcription of oncogenic genes, leading to cancer. 6• •

Therefore, it is of vital importance to discover compounds that will selectively prevent 

excessive glycogen synthase and tau phosphorylation via blockage of the special primed 

substrate binding sites, while simultaneously leaving the 13-catenin pathways unaltered. 

This will require the inhibition ofonly the glycogen synthase/tau binding sites without 

blocking either the ATP binding active site or the axin binding site (Fig 1.3). 
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Although steps have been take to counter the effects ofGSK-3 dysfunction, the 

majority of the available kinase inhibitors that have been identified all suffer from the 

same fundamental drawback - they inhibit A TP binding to the active site. This effect is 

undesirable from the point ofview that it leads to the cessation ofphosphorylation of all 

GSK-3 targets, including 13-catenin. Potential also exists for "off-target" inhibition of 

A TP binding sites of other kinases with active sites constituted of similar amino acid 

sequences. To identify compounds that selectively block the glycogen synthase/tau 

binding sites while retaining the ability to bind A TP, a screening technique with the 

capacity to extract these inhibitors is required. The use ofmass spectrometric assay 

techniques to assess turnover ofprimed substrates may be able to achieve this goal, and 

when utilized with varying ATP or glycogen synthase/tau concentrations, should also be 

able to assess site ofaction. Such an assay could also be adapted to the solid phase via 

GSK-313 immobilization, and used as an affinity-based screening tool to identify and 

isolate bioactive compounds from organic compound libraries or natural product extracts 

that can consequently be applied toward the development of effective treatments for 

GSK-3 related diseases. Development of such assays is a key goal of this thesis project. 
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Giycogen 
synthase 

Active towards 'primed' substrates 
e.g. glycogen synthase 

Ftlosphorylatlonof 'prmed' 
substrates Inhibited 

Figure 1.3: Medically relevant drug development for GSK-3 disorders must be selective in 
deactivating only the priming phosphorylation site - the binding site of glycogen synthase. 
Inhibition of the active site is undesirable, as it can deregulate cellular processes (Figure 
originally published in Cohen, P. and Frame, S., 2001, Nat. Rev. Mol. Cell Bio/.4). 

1.2 Kinase Inhibitor Screening 

Table 1.1 contains a broad sample of typical assays that are currently employed 

academically and industrially in the screening of kinase inhibitors. The methodologies 

behind these systems as well as their effectiveness for high-throughput screening of 

GSK-3 inhibitors are discussed in the following sections. 
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Method Mode of action Procedure/Detection Major disadvantage 

Cell based assays9 Change in cell Utilize specific antibodies to Requires extensive 
phenotype obtain chemiluminescent signal development ofprotein 

via ELISA. specific antibodies. 

Luciferase assay10 ATPtoADP Luciferase signal proportional to High A TP sensitivity of 
conversion A TP concentration. luciferase. 

Coupled reaction 
assay11 

ATPtoADP 
conversion 

ADP oxidizes NADH- 340 nm 
absorbance decreases. 

Secondary proteins could 
be affected by inhibitor. 

LANCE assay12 TyrtopTyr Tyr phosphorylation brings Eu Can't discern between 
conversion to fluorophore - emits light at multiply phosphorylated 

665nm. substrates. 
32P radio assay14 TyrtopTyr pTyr product 32P labeled during Slow- need to count 

conversion incubation- count radioactivity. radioactivity. 

Pro-Q assay15 TyrtopTyr Binds to phosphorylated proteins Can't discern between 
conversion selectively- emits light at 580 multiply phosphorylated 

nm. substrates. 

TruLight technology18 Fluorescence Utilizes a superquenching Can't work with primed 
quenching substrate technology. substrates. 

Iron Quenching19 Fluorescence Iron chelant binds to Needs labeled substrate, 
quenching phosphorylation site, quenches may not work for most 

fluorescent peptide. classes ofkinases. 
~0 Fluorescence Uses nanoparticles for detection. Requires use of FP or 

polarization TR/FRET- potential for 
fluorescence interference 

FP methods21 Fluorescence Displace fluorescent analog of No direct indication of 
polarization an inhibitor, decreasing functional inhibition, 

polarization. need labeled substrate, 
hard to use with 
fluorescent inhibitors. 

ALIS22 Affinity Use SEC to separate bound and No information about 
screening free ligands. Detect displaced where the inhibitor binds 

inhibitors by MS. or if it affects function. 

FAC/MS27 Affinity Target covalently immobilized- No information about 
screening monitor inhibitor retention by where the inhibitor binds 

MS. or if it affects function. 

BioTrove HTS31 Enzyme Incubate inhibitor with protein ­ Expensive to replace 
reactor/MS monitor product with MS. protein for each assay. 

Reaction Loop/MS32 Affinity Inhibitors affmity separated, Expensive to replace 
screening!ER then react with protein - monitor protein for each assay. 

product with MS. 

Silica column!RPLC33 IMER 2D IMERIRPLC with UV-Vis Screen is slow due to 
detection. RPLC step. 

Silica IMER Continuous flow IMER with Must use low ionic 
column/MS/MS36 ESI-MS detection. strength buffers. 

Table 1.1: Current kinase inhibitor screening technologies. 
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1.2.1 In Vzvo Assays 

1.2.1.1 Change in Cell Phenotype 

Among the plethora of cell-based kinase assays currently available, fast activated 

cell-based ELISA (FACE) is one of the methods specially tailored toward high­

throughput screening, relying on a colorimetric or chemiluminescent readout to indicate 

phosphorylation.9 Although this technology allows the inhibitors to interact with their 

substrate in a natural cell environment, it is difficult to discern whether the target kinase 

is inhibited by the compound directly or whether it is acting on another component of the 

pathway. These assays also require the extended and costly development of protein­

specific antibodies, which greatly narrows down the range of kinases that can be assessed 

with this method. 

1.2.2 In Vltro Assays 

Although there is a large selection of in vitro assays available on the market for 

kinase inhibitor screening, the majority of them are based on the principle ofaccurately 

monitoring enzyme functionality through secondary reporter molecules. Some of these 

11methods focus on either the detection of ADP (Luciferase) 10
' or the quantity ofthe 

13singly phosphorylated product formed during a reaction (LANCE, Pro-Q)12
' , but require 

coupled enzyme/antibody reactions to produce signal. Other assays, such as those that 

rely on the measurement of fluorescence polarization, are based on the change in probe 

polarization as a factor of substrate conversion, but require labeled substrate (competitive 

21FP assay)20
' • Conversely, affinity technologies do not measure activity directly, but 

instead can rank potential inhibitors in order of their affinity for the protein. This method 
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does not, however, disclose an inhibitor's site ofbinding or its effect on activity 

7(FAC/MS)22
,2 • Despite their individual versatility, the collective suitability ofthese 

methods for monitoring GSK-3 activity is poor, due to the specific nature of the 

enzyme's mono-phosphorylated substrate and multi-phosphorylated product. As many of 

these kinase assays are geared toward discrimination between a non-phosphorylated 

substrate and a mono-phosphorylated product, they can not discern between the unusual 

substrate/product of GSK-3 P. A brief summary with more in-depth explanations of 

specific representatives of each category is provided below. 

1.2.2.1 ATP 7 ADP Conversion 

The Kinase-Glo Luminescent Kinase Assay is a luciferase based approach which 

measures enzyme activity by oxidizing luciferin using ATP to produce light.10 A major 

obstacle for efficient high-throughput screening inherent to this system is the high 

sensitivity of luciferase to ATP, which limits the concentrations of ATP in the assay (20 

J..LM vs. ~1 mM) and may significantly bias the screen in favour of A TP-competitive 

inhibitors. 

Coupled reaction assays involving colorimetric/fluorimetric compounds, such as the 

phosphotransferase assay' are a commonly used tool in inhibitor screening. Through a 

sequence ofcoupled protein reactions designed to oxidize NADH, this method monitors 

the drop in absorbance ofNADH, which correlates with the production of ADP. 11 While 

this approach is amenable to the screening of inhibitors on an individual basis, a possible 

problem could arise if the inhibitor in question affected a secondary protein instead of the 
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intended target kinase. Specific control experiments for every inhibitor would be 

required, as the results of such assays may be potentially misleading. 

1.2.2.2 Tyr ~ pTyr Conversion 

An example of technology involving fluorescent labeling to detect kinase activity, is 

the homogeneous time-resolved fluorescence energy transfer assay (LANCE), based on 

the detection of a fluorescence signal created by a product-specific anti-pTyr 

antibody. 12
•
13 Although this technique can indicate the successful phosphorylation of an 

unphosphorylated substrate and can detect competitive inhibitors via reduced FRET, a 

primed substrate will inherently elicit a signal prior to its phosphorylation by the kinase. 

Also, as phosphorylation often occurs at both Thr and Ser sites, anti-pTyr antibodies will 

not work with all kinases. 

Conventional radio-labeling assays require 32P isotopes for kinase studies, and are 

able to directly report on the phosphorylation of a substrate by measuring incorporated 

radioactivity counts after washing away free 32P label. While this assay is amenable to 

reactions involving multiply phosphorylated substrates such as those that are targeted by 

GSK-3~, certain aspects of this methodology provide substantial drawbacks for 

successful mhlbitor screening. 14 For example, radio assays require significant periods of 

time to provide a result, require special handling and safety protocols and are not easily 

adapted to screening of mixtures. 

Another pTyr/Ser!Thr assay involves staining of reaction products with the Pro-Q 

Diamond phosphoprotein stain followed by analysis ofemission intensity in the solid­

phase.15.16,17 A key issue with this method is the high background that is inherent with the 
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use of a primed substrate, as the stain was initially developed for assays involving non­

phosphorylated substrates. Thus, an increase in emission intensity caused by 

phosphorylation of a primed substrate may be difficult to quantify. 

1.2.2.3 Fluorescence Quenching 

The TruLight Kinase Assay is an example of screening technology that depends on 

the detection of fluorescence quenching at one wavelength and emission at another, 

proportionally correlated to substrate phosphorylation. Metal ions coordinate 

phosphorylated peptides labeled with quencher to fluorescent polymers, resulting in 

increased emission at 600 nm in the presence ofenzyme activity. 18 As this technique is 

primarily intended for unphosphorylated substrates, application to GSK-3 inhibitor 

screening is not possible due to its inherent inability to distinguish between a single 

phosphate on a product and a single phosphate on a substrate. 

The iron quenching assay is a similar method, where phosphorylation of the substrate 

is detected by a drop in fluorescence intensity that occurs after the reaction ofa metal­

containing compound with the product. 19 Again, the key obstacle is the inability to 

discriminate between a primed substrate and a product with one phosphate. This method 

also requires the labeling of substrates with a fluorophore, which prevents the use of 

natural substrates. 

1.2.2.4 Fluorescence Polarization 

The Immobilized Metal-ion Affinity Partitioning (IMAP) assay monitors the change 

in the fluorescence polarization of a fluorescently labeled peptide/protein, with increased 
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fluorescence polarization observed following its phosphorylation due to the binding ofa 

metal ion. 20 Although this method may be utilized for high-throughput screening, as it is 

resistant to fluorescence interference due to the high concentration of fluorophore used, it 

is not amenable for use with GSK-3, as it would exhibit similar polarization for the 

substrate and product. 

A competitive fluorescence polarization (FP) assay for kinases involves the 

displacement ofa fluorescent phosphorylated peptide from an anti-phospho-serine 

antibody by the kinase reaction product, leading to a drop in the polarization signal.21 Its 

relative simplicity aside, certain aspects of this technique prevent it from being useful in 

high-throughput screening: first, is the inability to process primed substrates; and second, 

is the potential for fluorescence interference if fluorescent inhibitors are used. 

Despite their wide applicability to conventional kinase research, the aforementioned 

screening methods fail to properly address the issue ofphosphorylated substrate/product 

discrimination, as they largely rely on a binary mode of activity detection. To properly 

tackle this issue, another methodology was needed, namely that ofmass spectrometry 

(MS)- a system applicable to GSK-3J3 research due to its intrinsic capacity to discern 

between phosphorylated substrates/products by mass alone. 

1.2.2.5 Affinity Screening 

Affinity based screening methods are often used to identify ligands that bind to target 

proteins. They can be implemented in several formats and used to screen both discrete 

compounds and mixtures. All affinity-based methods have in common the need to 

separate the protein-ligand complex from free ligands present in mixtures. Variants of 
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affinity methods include solution-based assays that utilize size exclusion chromatography 

or pulsed ultrafiltration to separate complexes from free ligands, and solid-phase assays 

where the target protein is immobilized in a column and used to identify compounds on 

the basis of retention on the column. 

An example ofa solution-based affinity screening method is the Automated Ligand 

Identification System (ALIS), which is an affinity-based size exclusion 

chromatography/mass spectrometry (SEC-MS) technique. By increasing the 

concentration ofa known competitor compound, ligand binding affinity to a protein can 

be ranked, thus separating potent and weak inhibitors.22 Other affinity related methods 

24such as size-exclusion chromatography23
• , pulsed ultrafiltration25 and affinity capillary 

electrophoresis26 suffer from the same drawbacks as ALIS in that they do not reveal the 

inhibitor's site ofaction nor its effect on enzyme activity and kinetics, but they can screen 

mixtures, provided a specific inhibitor is available as a marker for competitive 

displacement chromatography. 

An example ofa solid-phase assay is frontal affinity chromatography coupled with 

MS-based detection (FAC/MS), which has been widely applied for screening mixtures.27 

This method usually involves covalent or affinity-based immobilization ofthe target 

protein to a solid support structure (normally silica), followed by pumping of the analytes 

in the mobile phase through the column. Each inhibitor compound establishes an 

equilibrium with the enzyme binding site, resulting in a specific elution gradient, where 

29the weak binding compounds exit the column frrst.28
• ,3° This method does not directly 

assay the protein in the presence of substrate, and thus cannot provide information on the 

extent of activity suppression by a given compound. Also, denaturation and deactivation 
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oftarget protein can occur upon immobilization and non-specific binding of compounds 

to the column support material can lead to false positives which must be controlled for by 

using blank control columns. 

1.2.2.6 MS Analysis ofEnzymatic Reactions (ERIMS) in Solution 

The RapidFire XC-MS System is a method that uses tandem mass spectrometry to 

follow the conversion of a substrate to a product in solution, with the simultaneous direct 

monitoring oftheir concentrations.31 While a typical automated p450 solution inhibitor 

assay in this format is run at 8-10 s/sample, demonstrating the screening speed ofa mass 

spectrometer, the processing of the samples requires a chromatographic purification step 

prior to MS injection, increasing the individual sample processing time. The non­

reusability of the target protein is also a disadvantage, as it is not cost-effective to replace 

protein for every new assay. 

Yet another method for following enzymatic reactions by MS is to use a "continuous 

flow reaction loop" in which the enzymatic reaction occurs interfaced directly to a MS to 

monitor substrate turnover. As in a solution-phase assay, the enzyme is continuously 

infused into the MS along with substrate. 32 While this is a useful method for functional 

mixture screening, the continuous infusion ofprotein into the MS can prove costly for 

some assays. 

Although effective at detecting the presence ofnumerous ligands in real-time, 

Electrospray Ionization-Mass Spectrometry (ESI-MS) technology has a significant 

limitation that should be taken into consideration when dealing with mixture screening. 

The presence of readily ionized compounds, such as metal ion salts and organic 
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molecules like DMSO, poses a problem to the detection sensitivity of the method. As a 

result ofhigh charge absorption, these compounds are rapidly ionized in the MS, 

preventing the further ionization of the desired sample molecules. Consequently, 

optimization to determine the ideal ionic strength for the reaction that is mutually 

compatible with protein activity and MS detection is required. 

1.2.2.7 Immobilized Enzyme Reactor (IMER) Methods 

There are a large number ofiMER-based screening assays in the literature, although 

the exact implementation of the IMER for screening varies. Most groups infuse a plug of 

substrate along with a single inhibitor into an IMER with a second dimension of 

chromatography to separate the product and substrate with absorbance or MS based 

detection to assess the amount ofproduct formed.33 While these IMER methods are 

capable of carrying out typical Michaelis-Menten kinetic studies, two major drawbacks 

prevent it from performing effective high-throughput screening. First, the need for a post­

IMER RPLC separation step to purify the sample prior to MS infusion can significantly 

increase the time required to complete the assay. Furthermore, this prevents effective 

screening of compound mixtures, as it is not easy to deconvolute the mixture to identify 

potent compounds. 34 

An alternative IMER method has been described wherein the IMER (with no RPLC) 

was directly interfaced to a tandem mass spectrometer with the infusion of plugs of 

substrate (with or without an inhibitor present), permitting both Michaelis-Menten and 

inhibition studies to be done. However, mixture screening was not demonstrated in the 

study. A potential drawback of this method is the direct interfacing of the MS system to 
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the column, which restricts the use of buffers with high ionic strength owing to their 

propensity to cause ion suppression.35 

Previous work within the Brennan lab group has laid the foundations for a practical 

screening technology that combines IMERIMS with the continuous flow enzyme reactor 

loop method. Specifically, a substrate is continuously infused through a sol-gel column 

containing an immobilized enzyme and the product/substrate ratio is continuously 

monitored by tandem MS. As the substrate is infused through the column, it is partially 

converted to product. Both substrate and product are detected using an (ESI-MS) 

36system. •
37 Inclusion ofan inhibitor results in alteration of the product/substrate ratio in 

favour of substrate, providing a functional screening method. This approach has the 

demonstrated advantage of being amenable to screening and deconvolution of simple 

mixtures, and can be partially automated by using an autosampler to introduce different 

compound mixtures to the column. As well, the inhibitor has the opportunity to reach 

equilibrium with the bound protein, which is not true for the case ofplug injection. 

Another advantage is the same column used for IMERIMS can be used for follow-up 

FAC/MS studies by removing the substrate from the assay. Finally, the continuous flow 

method inherently leads to bioselective solid-phase microextraction (bioSPME) ofany 

potent inhibitors bound to the protein. This process entails the use of sequential washing 

to remove weak and then strongly bound ligands for direct analysis by MS and has the 

potential for rapid identification of strong inhibitors from complex mixtures following 

functional IMER screening. 38 
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1.3 MS Based Kinase Characterization and Inhibitor Screening 

With the need for improved efficiency in kinase inhibitor screening and hit detection 

becoming more apparent in the constantly expanding field ofdrug development, a 

versatile and robust approach such as electrospray mass spectrometry has the 

demonstrated potential to become an indispensable high-throughput screening technique. 

As with any MS technology, the basic premise ofESI-MS/MS is the detection of 

compounds by mass alone, subsequently rendering obsolete any secondary labels 

commonly required in other kinase screening methods. Upon entering the mass 

spectrometer, the liquid analyte is passed through a fine tipped metallic needle with a 

charge of -4500 V, which results in the nebulization and ionization ofthe mobile phase. 

These compounds (known as parent ions at this stage) will usually form adducts with W 

ions, proportionally to the quantity ofpositive charges present on the molecule. Through 

the application ofRF fields, quadrupole 1 (Ql) is responsible for the mass filtration of the 

molecules, based on the settings defined in the software. A high and a low mass limit is 

therefore created to allow the passage ofonly the desired parent ions. These selected 

compounds then proceed into quadrupole 2 (Q2) where N2 gas particles entering the mass 

spectrometer can be used to break up the molecules into smaller compounds via collision 

induced dissociation. This process is the result of intense kinetic energy tri:illsfers from 

the incoming N2 particles to the parent ions, resulting in molecular bond fractures at the 

points ofleast stability. Newly produced daughter ions are imbued with a positive charge 

and undergo W adduct formation. These parent and daughter ion adducts (MW) will 

enter quadrupole 3 (Q3) where RF fields will again select only the required parent 

ion/daughter ion pairs, allowing them to reach the detector. The ions picked up by the 
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detector will be converted into electrical signals by the electron multiplier and translated 

by the software into interpretable data as a mass to charge ratio.39 Thus, the key 


advantage ofESI-MS/MS is the capacity for the precise selection of specific compounds, 


owing to the unique daughter ions formed in Q2. This allows exclusive monitoring of the 


desired ion pairs without signal interference, or noise, 


originating from other molecules and their fragments. The main disadvantage ofthis 


method is its sensitivity to the presence of salts and other easily ionized compounds, 


which decrease the capacity for ligand ionization, negatively affecting signal intensity 


through the creation of unnecessary adducts. 


Electrospray mass spectrometry has been utilized by our group previously in 

IMERIMS studies involving the conjunction of monolithic protein-doped sol-gel columns 

with ESI-MS/MS detection. The ubiquitous metabolic enzyme adenosine deaminase 

(ADA) utilized in those experiments, performs the water catalyzed conversion of 

adenosine to inosine via the hydrolysis of the purine amine group to a hydroxyl group.40 

Columns containing entrapped ADA were able to turnover adenosine to inosine, and 

direct interfacing ofthe columns to a tandem MS system was shown to be viable for 

quantitative detection ofproduct formed on-column (Fig. 1.4). The known competitive 

inhibitor erythro-9-(2-hydroxy-3-nonyl) ·ooenine (EHNA) was used as a model inhibitor 

for a miniaturized small molecule screen. Through the addition of an autosampler unit, a 

set of7 mixtures of7 compounds each was introduced into the column sequentially.36 A 

sharp decrease in the inosine signal was recorded upon infusion ofthe mixture containing 

compounds 36-42, while assaying of individual compounds in this mixture confirmed 

that EHNA was indeed responsible for ADA inhibition. While this proof-of-concept test 
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is by no means a high-throughput assay, it points to the potential of this method for high-

throughput compound screening for other enzymes. Experiments performed on sol-gel 

entrapped nicotinic acetylcholine receptor (nAChR) involving F AC-MS, demonstrated 

another useful application of mass spectrometry. Through the addition of200 nM 

fluorescein (void marker) and 25 nM epibatidine (a strong nAChR binder), the difference 

in elution time between the two compounds (~3 min vs. ~27 min) revealed that receptor 

was able to retain its active conformation within the silica column.41 Further exploration 

ofFAC/MS to study concentration dependent changes in the elution of epibatidine 

yielded Bt (amount of protein immobilized) and Kd (dissociation constant) at close to 

literature values ( 1.6 pmol and 3.4 nM), proving that 100% of the initially loaded protein 

remained active in the sol-gel matrix. This demonstrates the potential of the sol-gel/MS­

based method for mixture screening, as it would allow for sol-gel entrapped enzyme 

reusability in IMER/MS and F AC/MS assays. 

A 

B 

Pump 

Figure 1.4: Sol-gel based method for inhibitor screening using IMERIMS technology. All mobile 
phases and samples contain an identical concentration of substrate, while inhibitors are 1) 
introduced by pump B, either through loading directly into reservoir of pump B (top) or 2) 
through an autosampler loop (bottom). The sol-gel column immobilizes the enzyme, allowing for 
interaction with multiple inhibitors. The effect of the inhibitors on substrate/product signal is 
monitored via ESI-MS. The first method is designed for quantitative analysis of identified 
inhibitors, while the second method is utilized for automated screening of multi-compound 
mixtures (Figure originally published in Hodgson, R.J. et al., 2005, Anal. Chern. 36

). 
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Other incarnations ofMS technology, such as matrix-assisted laser-desorption 

ionization time-of-flight mass spectrometry (MALDI-TOF/MS) have also been 

successfully applied toward inhibitor screening for numerous proteins. Unlike ESI-MS, 

MALDI relies on laser induced, instead of charge induced, ionization ofcompounds, 
' 

resulting in [MW] adduct formation.42 Molecules usually acquire only one charge and 

can be found at a mass to charge ratio corresponding to their molar mass. This method 

has fewer restrictions on the concentration of buffer/salts used and possesses a high mass 

detection limit, permitting ionization ofproteins as large as 2 MDa43 For example, the 

particular type ofMALDI performed by the Mrksich group involves self-assembled 

mono layers or SAMs, which are composed ofa gold covered glass plate with substrates/ 

inhibitors/co-factors deposited in an array into grooves on its surface. The enzyme is then 

printed onto these grooves and the reactions are allowed to proceed for a set period of 

time. Once the incubation is completed, the contents of these grooves are ionized by a 

pulsed laser and the signals are analyzed by TOF/MS. This method has been used to 

screen for inhibitors of anthrax lethal factor and monitor activity of arginine 

45 46methyltransferase 1 (RMT1) and c-Src kinase.44
, , 

While the studies outlined above have established the potential ofmass spectrometry 

as a promising and versatile technology for mixture screening, the suitability of this 

method for GSK-3 remains to be demonstrated. However, there are a number of 

advantages inherent toMS technology that make it ideal for GSK-3 studies. 1) ESI­

MS/MS can easily discriminate primed substrates from multiply phosphorylated products 

and thus directly monitor kinase activity. 2) Furthermore, this technique has the ability to 

discriminate between inhibitors that bind the ATP site and those that bind the primed 
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substrate binding site by varying ofATP and primed substrate concentrations during 

IMERJMS analysis. 3) Continuous flow IMERJMS can also potentially be scaled up to 

operate effectively at high-throughput levels due to its capacity to reuse the immobilized 

target protein. 4) The ability to handle either discrete molecules or mixtures is conducive 

to the screening of increasingly complex sets ofdrug-like compounds or of natural 

product extracts. 5) This system should provide an excellent opportunity for the 

evaluation of combined IMERJMS and affinity chromatography screening modes for the 

deconvolution ofcomplex mixtures. While such advantages make the use of IMERJMS 

attractive, a significant number of issues remains to be overcome to make the method 

amenable to GSK-3 screening: 1) Potential problems arising from loss of activity or poor 

accessibility ofentrapped GSK-3~; 2) calibration and detection sensitivity for substrates, 

products and inhibitors affected by poor ESI-MS/MS detection in the presence of salts 

and buffers due to charge stealing; 3) non-specific binding of substrates or inhibitors to 

the column, resulting in the inability to accurately determine the amount of substrate and 

product; 4) problems assessing the site ofaction of inhibitors; 5) absence of optimization 

for operation with complex mixtures, and hit deconvolution. Addressing these issues 

forms the basis of future research and development in the field of continuous flow 

IMERJMS. As the studies outlined above have established the potential ofiMERJMS as.·a 

powerful new method for mixture screening, the application of this approach against 

kinases such as GSK-3 will definitively verify its versatility. Mass spectrometry holds 

much promise for an enzyme like GSK-3, participating as a crucial step toward medically 

relevant drug development. 
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1.4 Sol-gel Bioimmobilization 

Since 1990, when the A vnir group reported the first retention ofa protein in a 

biochemically active, tetramethyl orthosilicate (TMOS) derived sol-gel glass, protein 

entrapment in silica has become a rapidly developing field, merging with existing 

methods in analytical chemistry, biochemistry and chemical genetics.47 Numerous studies 

have been published since then, with most focusing on immobilized protein 

characterization. The Zusman group's work, for example, focused primarily on the 

entrapment of antibodies with gel fiberglass (GFG) membranes used for support, applied 

for screening of tumor-associated antigens (T AA) from the blood ofcancer patients. 48 

Toyo'oka's group performed a series of experiments with sol-gel immobilized proteins 

on chips and in columns separated electrophoretically using capillary 

50 51electrochromatography.49
• ' 

Due to its potential for protein reuse in inhibitor screening, enzyme entrapment in 

cross-linked silica polymers features prominently in our group's research as well. One 

such silicon-based precursor is diglyceryl silane (DGS). Derived from the reaction of 

TMOS and glycerol, it is frequently used in sol-gel synthesis as a structural ingredient. 52 

In the presence ofHzO, DGS is hydrolyzed, releasing glycerol and allowing the 

remaining silica structures to cross~link and solidify. Thls results in a Si02 polymer 

matrix permeated with very small pores (mesopores) with an average diameter of3.6 nm. 

The inclusion ofthe porogen polyethylene glycol (PEG) to the sol-gel reaction produces 

large pores in the matrix at ~0.5 J.Lm in diameter (macropores) as a consequence of 

spinodal decomposition. Phase separation of the silica and PEG from HzO then occurs, 

leaving a hardened silica structure with PEG and glycerol inside. Proteins dissolved in 
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buffer can also be added to the reaction and will become entrapped inside the mesopores, 

with the silica chains molding a shape-specific cavity around them. 53 As a side effect of 

using DGS, the presence of glycerol helps the stabilization ofthe proteins and prevents 

the loss ofactivity that can occur from using other silica-derived precursors. 

The primary purpose of the mesopores is to retain the protein, while the macropores 

regulate the flow of solution through the sol-gel. Correct proportions in a protein-doped 

sol-gel usually include ~50% mesopore volume and ~23% macropore volume. With too 

few macropores, the backpressure in the column would be too high due to flow problems, 

while too many macropores would cause excessive enzyme leaching. Certain factors have 

been demonstrated to affect this ratio and a thorough understanding of the effect the 

reagents have on the sol-gel process is important. One ofthe key aspects affecting both 

the porosity and polymer interaction is the pH of the buffer used in the making of the sol­

gel, which is optimal at 7.0-7.4 when manufacturing from DGS. Increasing the pH 

above this value results in shorter coarsening time, causing faster gelation and a high 

percentage of mesopores to macropores owing to the formation of the gel network before 

most ofthe phase separation occurs. This is not usually desirable, as highly mesoporous 

sol-gels will not easily allow flow through a column and can cause serious pressure 

driven fracturing of the silica. Conversely, dropping the pH below 7 will cause longer 

coarsening time, which will create a high number of macropores, allowing total leaching 

ofenzyme to take place. Another method of manipulating porosity requires changing the 

percentage ofPEG in the solution, as it regulates gelation and phase separation processes 

via its interaction with the silica surface. With 5% PEG being the standard for sol-gel 

synthesis, dropping the amount ofPEG to 2.5% has been shown to decrease the gelation 

23 




time and increase the mesoporosity. This is caused by a higher concentration of silica 

particles relative to the PEG, which leads to faster condensation and polymerization, 

creating smaller pores. At 5% PEG, enough ofthe polymer envelops the silica strands to 

diminish the interaction between them, increasing the gelation time and the amount of 

macropores. Raising the PEG concentration above 5% will cause a small increase in the 

gelation time, but will not affect the overall procedure significantly, highlighting pH as 

the primary means of control over the characteristics ofa sol-gel. 37 

A study performed by our group aimed to examine the effects ofcolumn morphology 

and flow rates on the kinetic parameters of an entrapped enzyme in a sol-gel column. A 

key issue with enzyme assays is the need to work with substrate conversion levels below 

10% so that initial reaction rates remain proportional to product concentrations. While 

previous IMER studies using plugs of substrate have shown that immobilized enzymes 

can provide reliable kinetic parameters, such studies had not been performed under 

conditions ofcontinuous flow. Using columns containing entrapped y-glutamyl peptidase 

(y-GT), the conversion of L-glutamic acid p-nitroanilide (GPN) to p-nitroaniline was 

determined as a function of substrate concentration at different flowrates. Although the 

kinetic data for the y-GT protein was shown to follow the Michaelis-Menten equation, 

indicative of normal protein function, it became clear that the kinetic parameters were 

dependent on the flowrate, which is in fact a manifestation of the effects of increased 

backpressure. As backpressure rose (at high flow rates and low porosity), the substrate 

was able to diffuse more rapidly to the enzyme active site, leading to an increase in kcat 

values with the Km simultaneously dropping, most likely due to more efficient transport 

of substrate to the entrapped enzyme. As well, increased sol-gel porosity with higher 
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macropore volume at lower pH, was demonstrated to cause more leaching and lower 

backpressure, automatically limiting substrate conversion. A low product concentration 

permits to accurate monitoring ofchanges in activity, and validates the applicability of 

sol-gels to the determination ofenzyme kinetics?7 

1.5 Goals of this Thesis 

1.5.1 Solution-based ESI-MS GSK-313 Inhibitor Screening 

Although a multitude ofkinase assays capable ofverifying enzyme activity currently 

exists, none are particularly well suited for detecting GSK-3 substrate conversion. The 

primary cause of this problem is the inherent limitation of these methods that allows them 

to only discriminate between an unphosphorylated substrate and a singly phosphorylated 

product. Since GSK-3 acts on a mono-phosphorylated substrate and creates a multi­

phosphorylated product, the background signal generated by the substrate in these assays 

would be nearly indistinguishable from that of the product, preventing any inhibitor 

screening from taking place. The primary goal of this thesis stemmed from these issues, 

and is as follows: to develop a technique that would discern in a simple and rapid fashion 

a di-phosphorylated product from a mono-phosphorylated substrate in order to both 

effectively monitor GSK-3~ activity and to allow high-throughput screening to take 

place. As MS technology has already proven to be a powerful tool in enzyme studies, 

especially in the area ofproteomics, its benefits to GSK-3 research became apparent. In 

particular, the ability of a mass spectrometer to distinguish between molecules based on 

mass alone, has the great advantage of simultaneously monitoring both the substrate and 

the product. After establishing a solution-based ESI-MS/MS compatible assay format, the 
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procedure was verified by 32P radio assays, the only other currently existing non-MS 

means ofproperly detecting GSK-3~ activity. The method was subsequently validated for 

high-throughput screening with a Z' value acquired by performing a statistical 

reproducibility test, designed to assess the level of consistency of an assay by 

determining the statistical average and standard deviation for the activity induced by (±) 

GSK-3~ controls. The accuracy of this technique in monitoring enzyme inhibition was 

then evaluated by generating ICso curves with known GSK-3~ inhibitors added. Through 

the variation ofA TP and GSM concentrations, these studies also provided information on 

the site ofaction of these inhibitors, confirming the applicability of this method for 

confirmation ofhits in secondary screening. Further development of the solution-based 

ESI-MS/MS assay focused on the primary screening of inhibitors from synthetic 

compound libraries utilizing semi-automated mixture screening via the nanoLC/MS/MS 

system. 

1.5.2 GSK-3P Sol-gel Immobilization 

As demonstrated by numerous examples in the literature, the application of sol-gel 

immobilized enzymes in characterization and inhibition studies is a promising and 

expanding field with great potential for future applications. The specific advantages of 

sol-gel entrapment over traditional immobilization methods include prolonged protein 

stability, reusability for multiple assays and retention ofnative conformation due to the 

absence ofcovalent binding to the solid phase. In particular, the entrapment ofkinases in 

silica derived sol-gel has already been shown to yield useful data such as IC50 curves for 

existing inhibitors, with enzymes including Src kinase, protein kinase A and creatine 
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kinase. With the obvious advantages of this approach evident, we sought to extend this 

methodology to GSK-3~, focusing on the potential for immobilization of this protein 

within sol-gel materials. First, we performed leaching studies by utilizing 32P radio 

assays, with sol-gel monoliths containing GSK-3~, testing for enzyme loss after exposure 

to continuous washes. This was followed by assessment of the utility of sol-gel columns 

for affinity based inhibitor screening and not IMER/MS, as the negatively charged silica 

surface would require surface modification to prevent positively charged 

substrate/product molecules from binding. Since affinity screens rely solely on the 

strength ofcompound interactions with the protein, the system was first tested with 

established ATP-competitive inhibitors. To account for possible unfavourable inhibitor 

interactions, non-specific binding to the silica was first examined before adding GSK-3~. 

An inhibitor was then introduced into the enzyme-doped column to assess kinase-specific 

retention and to determine the possibility of conducting affinity screening assays. 

1.6 Thesis Outline 

This thesis consists of two chapters with data, one ofwhich is to be submitted for 

publication. Chapter 2 explains the optimization of the solution-based ESI-MS/MS GSK­

3~ assay, as well as its application towards inhibitor screening. Suitable salt/ buffer 

concentrations and parameters for ESI-MS work are determined fust, followed by the 

statistical validation ofthe method and concluding with the description ofkinase activity 

inhibition detection in a semi-automated inhibitor screen using synthetic compound 

libraries. Chapter 3 discusses the solid-phase assays performed with sol-gel immobilized 

GSK-3~. Enzyme leaching experiments performed with the protein entrapped in sol-gel 
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monoliths are demonstrated. The non-specific binding characteristics of selected GSK-3J3 

inhibitors are discussed along with a basic test of kinase activity in a sol-gel column. 

Chapter 5 lists the conclusions and offers an outlook of future work. 
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Chapter2 


Evaluation of the ESI-MS/MS Method for Screening of GSK-3Ji 

Inhibitors 


This chapter was based on work that was solely performed by me with input and 

direction from Dr. Brennan. Dr. Werstuck assisted me in the proper training required for 

performing radioisotope-based assays. I wrote the first draft ofthe manuscript and Dr. 

Brennan provided editorial input to generate the fmal draft ofthe paper. This chapter is 

targeted for submission to Biochemistry. 
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Abstract 

Glycogen synthase kinase-3f3 (GSK-3f3) is involved in the hyperphosphorylation of 

previously phosphorylated (primed) substrates, and is currently assayed using an 

approach based on the incorporation ofy-32P radio labelled isotopes into substrate 

peptides. The requirement to detect hyperphosphorylation ofa primed substrate poses a 

particular challenge for development ofa high throughput screening assay, as many 

current kinase assays are designed to produce a signal in the presence ofany 

phosphorylation site, and thus are only suitable for unphosphorylated substrates. Herein, 

we have developed an electrospray ionization- tandem mass spectrometry (ESI-MS/MS) 

assay to allow for direct detection ofa hyperphosphorylated product which is formed in 

a solution reaction involving a primed peptide substrate (GSM peptide) and GSK-3f3. 

Optimum reaction conditions (level ofMg2
+, buffer type, ionic strength, pH, enzyme 

concentration and reaction time) were established to both maintain the activity of GSK­

3f3 and allow for substrate and product quantification using the ESI\-MS/MS. We show 

that the MS-based assay allows for rapid determination ofGSK-3f3 activity from reaction 

volumes of~40 J.!L, can be used to assess ICso values and the site ofaction ofknown 

inhibitors, and can be used for automated screening of small molecules mixtures to 

identify inhibitors ofGSK-3f3. 

2.1 Introduction 

Phosphorylation is a key protein post-translational modification that controls a variety 

of regulatory processes in mammalian cells. 1 Indeed, kinases have been implicated in a 

wide range ofdisease states, and as such are highly touted as potential targets for drug 
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development.2
,3 A particularly important member ofthis family is the serine/threonine 

kinase, Glycogen Synthase Kinase 3 (GSK-3), which plays an intricate role within the 

framework ofmammalian cellular metabolism, and is involved in many metabolic 

regulatory pathways. In addition to its role in the regulation ofglycogen metabolism,4 it 

is now known that GSK-3 is involved in cytoskeletal regulation,5 cell cycle 

progression,6
•
7 apoptosis,8 cell fate and speciation,9 and transcriptional/ translational 

initiation.10
•
11 Altered GSK-3 activity, normally involving hyperphosphorylation of its 

targets, can contribute to a number ofpathological processes including bipolar mood 

disorder,12
-
14 schizophrenia,15 heart disease,16

•
17 neurodegeneration18 Alzheimer's 

disease19
,2o and diabetes mellitus19

,2
1 Its involvement in Alzheimer's disease is thought to 

stem from its role (in conjunction with CDK6 and MARK) in the hyperphosphorylation 

oftau. The role of GSK-3 pas the key isoform responsible for hyperphosphorylation of 

tau has been unequivocally established by Takashima et. al. via GSK-3(3 anti-sense 

treatment and Ptdlns(3,4,5)P3 inhibition studies.22 As a consequence, there is a clear need 

for the development ofpotent and selective inhibitors of GSK-3 p. 

A complication in screening for inhibitors ofGSK-3 is that the enzyme has an 

unusual preference for target proteins that have undergone a previous phospho-priming 

event; the enzyme generally recognizes substrates with a Ser-Xaa-Xaa-Xaa-Ser(P) 

motif.23
.2

4 A further complication is the need to target the primed substrate binding site 

rather than the ATP binding site so as to avoid dysregulation of other pathways regulated 

by GSK-3(3, such as the Wnt signaling pathway24 This indicates that a suitable assay 

must be able to follow the formation of hyperphosphorylated products and assess the site 

ofaction ofpotential inhibitors. 
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At present, there are a wide range ofdifferent kinase assays that are available based 

on following loss of reactants (ATP), production ofproducts (ADP or phosphorylated 

substrates), or displacement assays involving competition between test compounds and a 

suitably labelled ligand that can bind to the active site of the kinase?5 These include: 1) 

cell based assays;26 2) ATP dependent assays (colorimetric, fluorescent and 

bioluminescent readouts);25 3) LANCE™ antibody based systems (time-resolved 

fluorescence resonance energy transfer (FRET) readout);27 4) radioassay methods; 5) 

29ligand displacement assays (fluorescence polarization or FRET28
• ) and; 6) phospho­

specific staining methods (AlphaScreen™,30 iron quenching,31 IMAP,32 Pro-Q™ 

Diamond stain33
). 

However, most of these assays are either unable to discriminate primed substrates 

from hyperphosphorylated product (i.e., LANCE™ or phosphostaining methods), require 

secondary assays to reduce false positives (i.e., coupled enzyme assays for ATP), or 

require significant manipulation of the intracellular machinery (i.e., knock-out or knock­

in experiments) to be able to provide specific information regarding the inhibition of 

GSK-3p. Radioassay methods can be used to assess hyperphosphorylation ofprimed 

substrates by GSK-3p,34 but such assays are not scaleable to high-throughput screening 

of large compound collections and have significant issues related to the use and disposal 

ofradioactive materials. Hence, there is a need for new screening technologies to allow 

rapid discovery ofnew inhibitors ofGSK-3p. 

In recent years, there have been several reports on the use ofmass spectrometry-based 

assays for both evaluation ofenzyme activity and screening of enzyme inhibitors. 35 

Several groups have described studies where enzyme reactions were carried out in wells 
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or other vessels containing the free enzyme, followed by off-line MS analysis of 

substrates, products and/or inhibitors to evaluate enzyme activity and ligand binding.3640 

Other approaches have used immobilized ligands to screen enzymatic activity, with 

MALDIIMS providing the ability to detect conversion of the ligands.41 Still other 

methods have utilized flow-through reactors wherein both the enzyme and 

substrate/inhibitor flow through a reaction loop followed by infusion ofall components 

into an ESIIMS system to monitor enzyme activity,42 or immobilized enzyme reactors 

interfaced off-line to MALDI!MS43 or on-line to ESI-MS/MS44 for evaluation ofenzyme 

activity and inhibition. Several affinity screening formats have also been coupled with 

MS detection,45 using methods such as gel permeation chromatography46
, size-exclusion 

chromatography,47 pulsed ultrafiltration,48 affinity capillary electrophoresis49 or frontal 

affinity chromatography50 (F AC-MS). However, such methods do not provide functional 

information on enzyme activity and require appropriate competitive ligands to assess site 

of action. 

Two recent papers have highlighted the potential ofMS for following the reactions of 

kinases. Irth and co-workers reported on an ESI-MS assay for protein kinase A, and 

showed that appropriate conditions could be obtained to allow infusion ofthe kinase 

reaction components into the MS for quantitative determination ofenzyme activity and 

inhibition.5
1 O'Gonnan and co-workers reported on the use ofSELDI (Surface Enhanced 

Laser Desorption Ionization) MS for assessment of GSK-3 activity from celllysates, and 

showed the potential ofthe MS method to discriminate primed substrates and 

hyperphosphorylated products. 52 However, neither of these studies explored the use of 
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MS for assessing the site ofaction of inhibitors or for semi-automated screening of 

compound mixtures. 

This study focuses on the development ofan ESI-MS/MS method for screening GSK­

3f3 activity and inhibition. This kinase assay utilizes a peptide substrate derived from 

glycogen synthase (GSM peptide) that has a serine residue at a position equivalent to the 

GSK-3 phosphorylation site on GS (position n), and phosphoserine at the n+4 position. 

The assay involves performing the kinase reaction in an optimized MS compatible buffer 

which is simply quenched with an acidic methanol solution and immediately subjected to 

ESIIMS/MS analysis with no further sample treatment. The assay allows for rapid, 

quantitative assessment ofGSK-3f3activity, determination ofinhibition constants (IC5oor 

K1), and can be used to determine the site ofaction of inhibitors. We also show that 

interfacing to an autosampler provides a platform for semi-automated screening of small 

molecule mixtures to identify inhibitors ofGSK-3J3. 

2.2 Experimental Section 

2.2.1 Materials 

Histidine-tagged recombinant rabbit glycogen synthase kinase 3J3 (GSK-3J3) (15 

units!J.Lg protein where 1 unit will transfer one pmol ofphosphate from ATP to 

phosphatase inhibitor 2 per min at pH 7.5 at 3 0°C), SB-415286 and 1 0 kDa poly( ethylene 

glycol) (PEG) were purchased from Sigma-Aldrich (Oakville, Ontario, Canada). GSK-3J3 

Inhibitor I and GSK-3J3 Inhibitor II were purchased at Calbiochem (San Diego, 

California, USA). HPLC grade water was purchased from Caledon Laboratory Chemicals 

(Georgetown, Ontario, Canada). Synthetic muscle glycogen synthase 1 peptide (GSM) 
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(structure: Arg-Arg-Arg-Pro-Ala-Ser-Val-Pro-Pro-Ser-Pro-Ser-Leu-Ser-Arg-His-Ser­

pSer-His-Gln-Arg-Arg (2673 Da, pSer = phosphoserine)) was purchased from Upstate 

USA (Charlottesville, VA, USA). y-32P ATP and ACS aqueous scintillation cocktail were 

obtained from GE Healthcare Bio-Sciences (Baie d'Urfe, Quebec, Canada). C96 

microwell plates were purchased from VWR International (Mississauga, Ontario, 

Canada). All reagents were used as received. Other compounds listed in Supplementary 

Table 2.3 were from commercial and synthetic sources. 

2.2.2 GSK-3fi Reaction Optimization 

Kinase activity was measured by including 62.5 J.LM GSM substrate and 0.5 J.LCiiJ.tl 

[y_32P] ATP with 52.5 nM ofrecombinant GSK-3fi in a reaction mixture containing 

~OAc (1-21 mM), MgOAc (0-2.5 mM) and 125 J.LM ATP in a total volume of40 J.tl. 

After 60 minutes, the samples were spotted onto Whatman P81 phosphocellulose paper 

and washed three times with 0.75% o-phosphoric acid and once with acetone. 32P 

incorporation onto the substrate was then determined by scintillation counting. 

2.2.3 LC/MS Settings 

Mobile phase delivery for substrate/product signal optimization studies was 

performed with a 1.0 m.L, 4.6 mm i.d. Hamilton syringe using an AB/Sciex Q-Trap Mass 

Spectrometer controlled by Analyst v.l.4 software. Parent/daughter ion signals were 

followed using Q1 & MS2 modes of analysis in positive ion mode under the following 

conditions: Curtain Gas= 45.0, Collision gas= low, Ion Spray Voltage= 5000 V, 

Temperature= 175 °C, Ion Source Gas 1 = 40.0, Ion Source Gas 2 = 40.0. Specific 
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MS/MS parameters for each ion pair are provided in the supplementary data section 

(Table 2.1). The total scan time was 5 seconds per point 

Species Ql (mlz) Q3 (mlz) DP(V) EP(V) CE(V) CXP(V) 

GSM 535 515 30 7 15 6 

pGSM 551 535 30 7 15 6 

Table 2.1: Specific MS/MS parameters for each ion pair analyzed via ESI-MS. The total scan 
time was 5 seconds per point. 

2.2.4 ESI-MS Signal Optimization 

62.5 J..I.M GSM was added to 0, 0.8, 1.6, 4 and 8 mM MgOAc in 6 mM NJ40Ac, pH 

7.4 in a total volume of40 IlL The GSM Q1 MS signal was detected through direct 

injection at 5 )..I.Limin after diluting the samples to 120 uL with MeOH. The ratio of the 

GSM signal over the average of the noise was then calculated for all samples and 

normalized to the control value obtained using 0 mM MgOAc. 

2.2.5 GSK-3(3 Solution-Based ESI-MS Reproducibility Assays 

Kinase activity was measured by including 52.5 nM ofrecombinant GSK-3(3 in a 

reaction mixture containing 62.5 J..I.M GSM substrate, 6 mM Nf40Ac/0.8 or 1.6 mM 

MgOAc, pH 7.4 and 125 11M ATP in a total volume of40 IlL After a set incubation time 

of 1 hour, the samples were diluted to 120 IlL (syringe) or 240 IlL (autosampler) with 

MeOH and injected directly or delivered via a LC pump/autosampler into the ESI-MS at 

5 !lLimin, where the substrate and product signals were monitored in MS2 and multiple 
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reaction monitoring (MRM) modes, respectively. 10 samples for low control (-GSK-3~) 

and high control (+GSK-3~) were included in both the manual and semi-automated Z' 

assays. The Z' factor was calculated for each assay using the formula: 

Z' =1 - (3uc +3us) (1)
IPs- Pel 

where crc is the standard deviation of the low control, cr8 is the standard deviation of the 

high control, J.ls is the average signal ofthe high control and J.lc is the average signal of 

the low control. 

2.2.6 GSK-3~ IC50 Assays 

Kinase activity was measured using the reaction mixture above with 1.6 mM MgOAc 

and either variable A TP concentrations (25 or 125 !J.M ATP with 62.5 !J.M GSM) or 

variable GSM concentrations (62.5 or 125 !J.M GSM with 125 !J.M ATP) and 0.001-100 

!J.M SB-415286 or GSK-3f3 Inhibitor II or 0.1-200 !J.M GSK-3f3 Inhibitor I in a total 

volume of40 !J.l. After a 1 h incubation time, the samples were diluted to 120 J.lL with 

MeOH and injected directly into the ESI-MS via the syringe pump at 5 J.1Limin, where 

substrate and product signals were detected in MS2 mode. The ratio ofP/S signals for 

each concentration was then obtained by utilizing the daughter ion peak intensities for 

GSM and pGSM. In all cases the binding isotherms were fit to the Hill equation:53 

(2) 


where B is PIS signal ratio at a given concentration of inhibitor [1], Bo and Bmax are the 

minimum and maximum P/S ratios, respectively, ICso is the inflection point of the 
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isotherm and n is the Hill number which influences the pitch of the inflection and can be 

used to determine the number ofbinding sites per enzyme (assumed to be 1). 

2.2.7 Mixture Screen 

Reaction solutions contained 6 mM NH..OAc/1.6 mM MgOAc, pH 7.4, 125 J.LM ATP, 

62.5 J!M GSM, 52.5 nM GSK-3f3, 1 J.LM each of 10 compounds in a mixture (1 0 

mixtures) (except in low control (LC) solutions which contained no enzyme, no inhibitors 

and in high control (HC) solutions which contained 52.5 nM GSK-3f3 and no inhibitors) 

in a total volume of40 J.LL. 10 J.LM SB-415286 was added to Mixture 2 as a control to 

demonstrate GSK-3f3 inhibition. After a 1 h incubation time, the samples were diluted to 

240 J.LL with pure MeOH (ACIDIC??) and placed into 1 mL sample vials sealed with 

septum caps. Samples were injected into the ESI-MS using a Eksigent nanoLC system 

interfaced to an AS-1 Autosampler. Channels A and B of the NanoLC pump (each 5 mL 

internal volume) were filled with 6 mM NH..OAc/1.6 mM MgOAc, pH 7.4 buffer and 

used as the mobile phase for all assays with a flowrate of 5 J.LLimin. In a typical assay the 

sample in the vial was aspirated into a 250 Jlffi id PEEK sample loop with an uptake 

volume of 120 J.LL and the mobile phase was then passed through the sample loop to 

introduce the sample to the MS/MS system. The GSM, pGSM and SB-415286 signals 

were then monitored in MRM mode. 75 J.Lm id PEEK tubing was used elsewhere in the 

LC system to minimize non-specific binding ofcompounds, which was observed in some 

cases when fused silica tubing was used. Blank solutions containing only mobile phase 

were injected by the autosampler in between every sample vial in order to rinse the 

system between assays. 
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2.3 Results and Discussion 

2.3.1 Optimization of Buffer Conditions forMS-Based Analysis of GSK-3Ji Activity 

An important issue with MS based enzyme assays is the need to fmd suitable solution 

conditions that allow high enzyme activity and a high MS signal. However, these two 

requirements are often at odds with each other, since enzyme activity frequently needs a 

high concentration of co-factors, which tend to suppress ionization ofother compounds 

and consequently decrease MS signal. A particular problem for GSK-3J3 assays is the 

requirement for Mg2+ as a co-factor. 

An ideal GSK-3J3 buffer, suitable for ESI-MS experiments, should contain a 

relatively low Mg2
+ concentration, as this salt ion readily steals charge in the ESI source 

mass spectrometer, leading to significantly less substrate/product ionization. The 

presence ofhigh concentrations ofMg2+ also generates significant salt adducts by 

complexing with the compounds present in the ESI-MS, substantially reducing the ~ 

signal and lowering the signal to noise level in Q1 scans. An analysis of the effect of 

Mg2+ in the reaction buffer was carried out in order to determine the extent of GSM 

signal suppression resulting from this solution component. As seen in Fig. 2.1 (top), 0 

mM MgOAc demonstrated an approximately 54:1 signal to noise ratio, while the 8 mM 

MgOAc only had a 5:1 SIN ratio. The presence of such high levels ofMgOAc decreased 

the GSM signal by 90% compared to the control values (Fig. 2.1 (bottom)). Low 

concentrations ofMg2
+, such as 0.8 and 1.6 mM, should therefore be more amenable for 

good ESI-MS detection. However, these values must also be conducive to efficient 

enzyme activity, since a complete Mg2+ deprivation ofGSK-3J3 would effectively 

inactivate the kinase. 
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Figure 2.1: The effect ofMg2
+ ions on GSM Ql signal. 62.5 J.LM GSM in 6 mM ~OAc with 0, 

0.8, 1.6, 4 and 8 mM MgOAc were infused into the ESI-MS at 5 !JL/min via the syringe pump. 
GSM signal to noise ratio (top); SIN normalized to 0 mM MgOAc control (bottom). 

To determine the effect ofMg2+ concentration on the activity ofGSK-3~, a 32P ATP 

radio assay was performed, with 62.5 J.1M GSM, 125 j..tM ATP and 52.5 nM enzyme 

incubated in 2 mM MOPS with 0-2.5 mM MgOAc. The data (Fig. 2.2 (top)) showed 

that the minimal concentration ofMg2+ needed for robust enzymatic function was 0.8 

mM, as indicated by a sharp drop in GSK-3~ activity below this value ofMgOAc. This 

concentration ofMg2 
+ provided both a good SIN ratio for MS based assays and an easily 

detectable quantity ofpGSM. 
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Figure 2.2: 32P ATP radio assay ofGSK-3f3 activity in solution as a function ofMg2 
+ and buffer 

concentrations. 0-2.5 mM MgOAc concentration assay (in 2 mM MOPS) (top) and 1-21 mM 
~OAc concentration assay (with 0.8 mM MgOAc) (bottom). 

The next step in the buffer optimization involved the assessment of the reaction 

buffer concentration for good enzyme activity and MS compatibility. In order to improve 

MS substrate and product signals in our GSK-3P assays, the previously utilized MOPS 

buffer was exchanged for the more volatile and MS-compatible ~OAc buffer. The 

reaction mixtures containing radio labeled ATP were then incubated with 1 - 21 mM 

~OAc in 0.8 mM MgOAc for 1 h. [N~OAc] had a strong effect on enzyme activity 

early on, with the product signal reaching a plateau around 6 mM ~OAc and 
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remaining constant beyond this point (Fig. 2.2 (bottom)). 6 mM NILtOAc was therefore 

chosen as the optimal reaction buffer concentration to use in GSK-313 assays, as any 

lower concentrations would result in less kinase activity, while higher concentrations 

could potentially contribute to ion suppression, decreasing GSM/pGSM signal intensity. 

Once suitable buffer conditions were determined, GSK-313 activity in solution was 

assessed as a function of time using 32P ATP radio assays in order to quantify enzyme 

activity. 62.5 J.1M GSM, 52.5 nM GSK-313 and 125 J.tM ATP were incubated with the 6 

mM NfLtOAc/0.8 mM MgOAc, pH 7.4 buffer. The results ofthe assay, measured in 

product concentration, revealed a linear relationship between enzyme activity and time 

for the +GSK-313 reaction and essentially no signal for the negative control (-GSK-313) 

reaction (Fig. 2.3). For the positive control, the quantity ofpGSM reached 7 J.tM (~11% 

conversion from 62.5 J.tM substrate) after 2 h, indicative ofa relatively slow turnover rate 

for GSK-313. This is in fact favourable for monitoring enzymatic activity, as the 

substrate/product conversion should ideally remain at 10% or less in order to retain the 

initial reaction rate proportional to product concentration. 
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Figure 2.3: Time based 32P ATP GSK-3f3 activity assay with 6 mM NI-LtOAc/0.8 mM MgOAc, 
pH 7.4 and 52.5 nM GSK-3f3 as positive control (red) and assay with 6 mM NI-LtOAc/0.8 mM 
MgOAc, pH 7.4 and no enzyme as negative control (blue). 

2.3.2 Detection of Substrate and Product & Calibration of MS System for ESI-MS 

Since GSK-3f3 ESI-MS based screening assays are dependent on monitoring 

product/substrate ratios by MS/MS, obtaining distinct and unambiguous GSM and pGSM 

MS precursor and product ion signals was one ofthe key goals in the early stages of this 

study. The analysis of GSM was carried out first with 62.5 J!M GSM dissolved in 6 mM 

NJ-40Ac/0.8 mM MgOAc, pH 7.4, injected into the ESI-MS at 5 J.tLimin. The resulting 

GSM Ql spectrum (Fig. 2.4 (top)), shows a promin~nt peak at 535 m/z,__~orresponding to 

the expected m/z ofthe substrate peptide in the +5 charge state. Analysis of the parent ion 

in MS2 mode (Fig. 2.4 (bottom)) revealed a prominent daughter ion peak at 515 m/z, 

providing a useful MRM transition to monitor the presence ofthe GSM peptide with ESI­

MS/MS. 
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Figure 2.4: GSM Ql (top) and MS2 (bottom) signal analysis (P = Parent/D =Daughter ion). 62.5 
J!M GSM in 6 mM NfltOAc/0.8 mM MgOAc, pH 7.4 infused at 5 ~min via the syringe pump. 

To obtain a sufficient pGSM concentration forMS analysis, reaction mixtures 

containing 0, 52.5 nM and 525 nM GS_~-313 were incubated for 80 min. MS scans of 

these mixtures are shown in Figure 2.5. A Ql scan of the reaction containing 52.5 nM 

GSK-313 revealed the presence of a product signal with 80 mass unit shift at +5 charge 

state at 551 m/z (~6 x 106 cps) (Fig. 2.5 (middle)), indicating substrate/product 

conversion. As expected, a dependence on GSK-313 concentration was observed with 

almost no pGSM in the control solution (Fig. 2.5 (top)) and significantly more pGSM 

present in the reaction mixture with lOX GSK-313 concentration (Fig. 2.5 (bottom)). 
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Figure 2.5: GSM & pGSM Ql signal analysis as a function ofGSK-313 concentration. Reaction 
enzyme concentration: 0 nM GSK-313 (top), 52.5 nM GSK-313 (middle) and 525 nM GSK-313 
(bottom). 62.5 J.LM GSM, 125 J..LM ATP and 6 mM ~OAc/0.8 mM MgOAc, pH 7.4 buffer were 
used. All reactions were infused directly at 5 J..LL/min via the syringe pump. 
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Although the signal intensity ofpGSM in both GSK-3~ containing solutions is much 

higher than the control solution with no enzyme, a distinct peak at 551 m/z is still present 

in the control despite the absence ofenzyme to generate pGSM. In each case, the parent 

ion at 551 rnlz (Fig. 2.6 (top)) was examined in MS2 mode to acquire daughter ions. As 

seen in Fig. 2.6 (bottom), at 551 rnlz is the pGSM parent ion, followed closely by two 

daughter ions at 535 m/z and 515 m/z. 
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Figure 2.6: pGSM Ql (top) and MS2 (bottom) signal analysis (P =Parent ion, D =Daughter 
ion). A quenched reaction solution initially containing 62.5 flM GSM, 125 J.LM ATP and 52.5 nM 
GSK-313 in 6 mM NR!OAc/0.8 mM MgOAc, pH 7.4 was infused at 5 J.LL/min via the syringe 
pump. 
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The 535 m/z ion corresponds to the reversion ofthe peptide back to GSM, which then 

fragments again on its own to form the 515 m/z peak. This provides strong support for 

the presence of the pGSM signal at 535 m/z, as no other species would be capable of 

generating daughter ions that precisely overlap with the substrate signal. The presence of 

535 m/z and 515 m/z daughter ions in the MS2 analysis ofpGSM in the control solution 

thus suggests that the substrate solution contains small amounts ofpGSM prior to the 

introduction ofGSK-3~ and for accurate measurement, should be subtracted as a baseline 

value for all pGSM data obtained in subsequent experiments. Although the origin of this 

pGSM is unknown, it is possible that it is a byproduct ofthe substrate synthesis that is not 

removed by purification, as the GSM substrate is only 2: 90% pure (Upstate Millipore 

official product documentation). 

2.3.3 Validation of GSK-3~ Activity Using a Solution-based ESI-MS Method 

The application ofthe solution-based ESI-MS technology for monitoring GSK-3~ 

activity possesses many potential benefits, such as the capacity for the rapid detection of 

previously unknown inhibitors. To validate that the MS-based assay was accurately 

measuring GSK-3B activity, an enzyme concentration assay was performed. The reaction 

mixture containing 62.5 J..LM GSM, 125 J..LM ATP in 6 mM N~OAc/0.8 mM MgOAc, pH 

7.4 was incubated with varying levels of GSK-3 ~ for 10 min and then assessed for pGSM 

concentration. The results demonstrated a linear increase ofpGSM signal with kinase 

concentration, as expected (Fig. 2.7). 
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Figure 2. 7: GSK-313 solution-based MS 10 min concentration-dependent activity assay. Control 
(red, square) and 1 f.JM SB-415286 (blue, circle). Data collected in MS2 mode. 

In order to ensure the reliability and reproducibility of the results in GSK-3~ inhibitor 

screening experiments, statistical validation of the solution-based MS assay was required. 

Application of the Z' test allowed for the determination ofthe statistical average and 

standard deviation in enzyme/no enzyme controls. Although the Z' factor can range 

between 0 and 1, the closer the value is to 1, the higher the level ofconsistency in the 

screen and the greater the statistical confidence in the outcome of the assay. Control 

reactions with and without GSK-3~ were used to gather the statistical data. At this point, 

the concentration ofMg2+ in all reactions was now doubled to 1.6 mM MgOAc, as this 

concentration was previously demonstrated to be co~patible with ESI-MS, with other 

experimental assays (data not shown) simultaneously recording a significant increase in 

kinase activity due to this change. The assays were run sequentially with both direct 

injection and semi-automated delivery of the methanol-quenched reaction solutions and 

the resulting PIS signal ratio was recorded for each reaction. The average/standard 

deviation for direct injection were 0.78 ±0.06 for the GSK-3~ high control and 0.14 ± 
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0.01 for the low control (Fig. 2.8 (top)). For semi-automated delivery, the GSK-313 high 

control was 0.99 ±0.06 and low control was 0.27 ±0.03 (Fig. 2.8 (bottom)). The 

corresponding Z'-factors were calculated to be 0.68 for direct injection and 0.60 for the 

autosampler assays - each resulting in "an excellent assay" ranking as interpreted by 

Zhang et al54
• The successful statistical validation ofthe assay method thus allowed high 

confidence that the enzyme performs reproducibly over a multiple number of reactions. 

This approach can consequently now be applied to other GSK-313 solution based semi­

automated MS experiments, such as those involving compound library mixture screening. 
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Figure 2.8: Z' analysis ofthe GSK-3(3 solution-based MS assay with direct injection (top) or 
autosampler (bottom). +GSK-3(3 control reactions (circle), -GSK-3(3 control reactions (square), 
averages (blue) and 3 standard deviations (red). 
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Acquisition of the ICso value for the ATP-competitive inhibitor SB-415286 was 

performed next to demonstrate the capacity ofESI-MS to monitor the effect of inhibitor 

concentration on kinase activity. The experiment was conducted with 6 mM Nli40Ac/ 

1.6 mM MgOAc, pH 7.4 buffer, 62.5 j.lM GSM, 125 j.lM ATP and 52.5 nM GSK-3f3 with 

0.001-100 j.lM SB-415286 added to the reaction mixtures. Following a 1 h incubation 

period to allow a sufficient concentration ofpGSM to be produced (see Fig. 2.3), the 

solutions were analyzed via ESI-MS and a subsequent drop in the PIS signal ratio was 

detected with a resulting IC5o of0.81 j.lM (Fig. 2.9 (top)). Dropping the ATP level five­

fold reduced the ICso to 0.18 j.l.M, confirming the ATP binding site to be the site ofaction 

and competitive inhibition to be the mode of action. Analysis of GSK-3f3 Inhibitor I, a 

known allosteric inhibitor, over a concentration range of 0.1 - 200 j.lM, demonstrated an 

IC50 value of45 j.lM for the higher ATP concentration and 35 j.lM for the lower ATP 

concentration (Fig. 2.9 (middle)), as would be expected for a non-ATP competitive 

compound (typical errors in IC50 values are on the order of 10%). As a further application 

of this method, the evaluation ofa compound with an uncharacterized mode ofaction, 

GSK-3f3 Inhibitor II, was performed. The inhibitor was tested with high and low ATP 

concentrations producing ICso values of2 j.lM and 1 j.l.M, respectively. These results 

strongly suggest that this inhibitor is not A TP competitive, and is consistent with either 

allosteric or possibly mixed inhibition. 
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Figure 2.9: IC50 curves for GSK-3~ kinase activity collected over a 1 x 10-3 to 100 !J.M 
concentration range ofSB-415286 (top) and GSK-3~ Inhibitor II (bottom) and over a 0.1 to 200 
!J.M concentration range ofGSK-3~ Inhibitor I (middle). 62.5 !J.M GSM, 125 or 25 !J.M ATP and 
52.5 nM GSK-3~ were incubated in 6 mM NlLJOAc/1.6 mM MgOAc, pH 7.4 buffer for 1 h. 
Control (125 !J.M) ATP concentration- blue, (e), decreased (25 !J.M) ATP concentration- red, 
(•). Data is plotted after P/S values were applied to the Hill equation on a log scale and 
normalized to the control values of the uninhibited reactions. 
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Further evaluation of the 3 inhibitors was done using high and low levels of the GSM 

substrate (2-fold concentration difference). These studies yielded no substantial change in 

the IC50 values for any of the compounds tested (Table 2.2). This finding confirms not 

only that SB-415286 is an ATP-competitive inhibitor and that GSK-313 Inhibitor I is an 

allosteric inhibitor, but also suggests that the previously uncharacterized GSK-313 

Inhibitor II is likely an allosteric inhibitor as well, as its mode ofaction was demonstrated 

to be largely non-competitive with respect to both ATP and GSM. These results 

highlight the potential ofthe ESI-MS/MS method to provide detailed information not 

only on inhibition constants but also on site of action. 

Inhibitor 
Mode of action 

(literature) 
ICso: Low [ATP] 

High [ATP] 
IC50: Low [GSM] 

High [GSM] 
Mode of action 
(experimental) 

SB-415286 
ATP-

competitive 
0.18 ~M 
0.81 ~M 

0.81 ~M 
0.74 ~M 

A TP-competitive 

GSK-313 
Inhibitor I 

Allosteric 35~M 

45~M 

45~M 

31 ~M 
Allosteric 

GSK-313 
Inhibitor II 

Unknown 1~M 
2~M 

2~M 

3~ 
Allosteric 

Table 2.2: Summary of1C50 experiments performed with inhibitors SB-415286, GSK-313 
Inhibitor I and GSK-313 Inhibitor II. Low [ATP] --25 f.!M ATP, High [ATP] -125 f.!M ATP, Low 
[GSM]- 62.5 f.1M GSM and High [GSM]- 125 f.1M GSM. 

3.4 Semi-automated ESI-MS Compound Mixture Screening 

Following the establishment ofiCso values for GSK-313 inhibitors, the application of 

the solution-based ESI-MS approach towards mixture screening was the next goal. The 

introduction ofan autosampler unit operating in tandem with the MS greatly increased 
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the efficiency of the assays and allowed for the automated injection of samples for 

screening of multiple compounds against the enzyme. However, in the absence of 

conventional liquid handling technology, the reactions themselves were all prepared and 

quenched manually, subsequently resulting in the "semi-automated" state of the assay. 

This step of the assay could also be readily automated using a conventional liquid 

handler, however this was not done for this study. 

As a proof-of-concept for the autosampler-based assay, we performed a small screen 

of 10 mixtures containing 10 compounds each. This study was designed to demonstrate 

the potential of the MS-based assay for mixture screening. The 100 compounds selected 

for this screen were all drug-like (according to Lipinski's rules) and were either from 

commercial sources or were synthesized and purified to high purity (Table 2.3). Each 

compound was dissolved from an initial 1 J.!M stock in DMSO to a concentration of 1 ~M 

in assay buffer to minimize the amount ofDMSO present- this compound has previously 

been shown to have a deleterious effect on the electrospray process and must be 

minimized in ESIIMS-based assays. Final DMSO concentrations in test mixtures was 

typically -0.1% (v/v). A concentration of 1 ~M was chosen for screening as higher 

concentrations could lead to ion suppression, while lower concentrations may lead to 

some of the ~eaker inhibitors be-~g missed in the assay. 
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# Compound # Compound # Compound 
1 Galanthamine 41 TB-726-1 81 JL2-57-Al 
2 R-_{-)-Deprenyl hydrochloride 42 TB-806-2 82 EME-231-2 
3 Phenelzine sulfate salt 43 TB-814 83 EME-303-1 
4 Sparteine sulfate 44 TB-846 84 EME-297-4 

Pargyline hydrochloride 45 TB-314-2 85 JL2-63 
6 Caffeine 46 TB-831-1 86 EME-231 
7 Acetopromazine 47 TB-786-1 87 EME-299 
8 Pyrimethamine 48 TB-748-2 88 EME-270-2 
9 Sodium va!proate 49 TB-784 89 EME-267 

7326653 50 TB-853 90 JL2-16 
11 Coumarin 51 FC-394 91 TB-646-1 
12 Turbocuranine hydrochloride 52 FC-364 92 TB-637-5 
13 Serotonin 53 FC-275 93 TB-630-1 
14 (-)-Nicotine 54 FC-272 94 TB-646-3 

Warfarin 55 FC-373 95 TB-646-4 
16 Fluphenazine dihydrochloride 56 FC-268 96 TB-637-4 
17 Trimethoprim 57 FC-393 97 TB-646-2 
18 EHNA 58 FC-331 98 TB-642 
19 Adenine 59 FC-214 99 TB-663-3 

SB-415286 60 FC-314 100 TB-614 
21 Acivicin 61 JL2-57-A4 
22 Benzamidine hydrochloride 62 JL2-57-D2 
23 Haloperidol 63 RV-1-147 
24 (-)-Sulpiride 64 JL2-57-D4 

Spiperone 65 JL2-57-A2 
26 Atropine 66 JL2-66B 
27 7325261 67 JL2-57-B4 
28 Tamoxifen 68 JL2-12 
29 Acetominaphen 69 RV-1-157 

Dextromethoq>_hin 70 JL2-57-C5 
31 H-89 71 FC-245 
32 310618 72 FC-219 
33 Mecamylamine 73 FC-311 
34 Kynuramine dihydrobromide 74 DG-l-145B 

(-)-Quinpirole hydrochloride 75 S0-1-8 
36 EME-274-4 76 DG-1-14 
37 EME-285-2 77 G0-0105 
38 EME-109 78 S0-1-14 
39 EME-281-3 79 GU-252 

EME-297-3 80 GA-2-43 
Table 2.3: Drug-like compounds selected for the 100 compound semi-automated mixture screen. 
Compounds 36 to 100 are proprietary compounds taken from the Capretta small molecule 
collection and represent a random selection ofdrug-like heterocycles including maleimides, 
isoquinolines, benzodiazapines and pyrazines. 
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The results of the automated mixture screening assay are shown in Fig. 2.10. Panel A 

shows the raw data (P/S signal ratio) obtained during the assay, while Panel B shows a 

bar graph (on the same time axis) that provides the average P/S signal ratio from Panel A. 

Also shown on both panels is the signal obtained by monitoring the MS/MS signal from 

SB-415286, which was spiked into Mixture 2. Also shown are signals obtained for high 

controls (a sample containing no potential inhibitors) and a low control (no enzyme). The 

results show that both the low control and Mixture 2 resulted in a significant drop in the 

PIS ratio to similar levels, indicating the presence of an inhibitor, while all other samples 

remained at high P/S ratios. Panels C and D show the raw and processed data obtained 

for automated injection of each individual compound in Mixture 2, and demonstrate that 

it is SB-415286 (compound 20) that is responsible for the inhibitory action observed in 

Mixture 2. This clearly demonstrates the ability of the MS-based assay to detect 

inhibitors within compound mixtures as a means for primary screening, and to 

subsequently deconvolute these mixtures to identify the active compound. Although the 

example provided involved only 1 00 compounds in 10 mixtures, it is possible to screen 

and deconvolute a considerably larger quantity ofcompounds per sample to increase 

throughput. Indeed, even in the present study it was possible to screen 1 00 compounds 

using only 20 assays (not including controls); an even better ratio ofassays per 

compound is possible with more complex mixtures. 
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Figure 2.10: Preliminary solution-based ESI-MS analysis of a 100 compound inhibitor mixture 
in a screen for GSK-3f3 inhibitors. Black- pGSM/GSM ratio, pink- SB-415286 MRM signal 
trace (panels A & C). All signals averaged over their respective 6 min injection periods (panels B 
& D). Low control, high control, Mixture 1 -10 (panels A & B). Low control, high control, 
Compound 11, 12, 13, 14, 20, 15, 16, 17, 18, 19 (panels C & D)(See Table 2.3 for compound 
data). 

One issue with the current assay is the relatively show speed ( ca 20 min per sample). 

The long assay time is a result ofa relatively show ;flowrate (which is typical of 

nanoflow LC pumps) and the large i:rUection volume. The larger volumes were used to 

provide sufficient time to allow for a stable MS signal. Based on the data in Figure 2.1 0, 

a shorter time ofperhaps 3-4 min per point would be possible using a lower injection 

volume. Use ofa higher flow rate pump could also provide significant improvements in 

assay time, but this was not possible with our eKisting equipment. We note that it should 

be possible to increase assay speed to the range of~10 sec per sample, based on results 

provided by Biotrove Inc. 55 Thus, with further optimization in terms of both mixture 

complexity (ca. 100 compounds per mixture) and assay speed (1 mixture every 10 sec) it 

should be possible to screen up to 600 compounds per min, or >850,000 compounds per 

day per instrument (not including time for deconvolution of hits). Progress toward this 

goal is ongoing in our lab and the results ofthese studies will be presented in due course. 
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2.4 Conclusions 

Through the optimization ofGSK-313-specific reaction parameters, such as 

buffer/Mg2
+ concentrations, and GSK-313 substrate/product MS signal configuration, the 

development ofa new, robust solution-based ESI-MS screening technology capable of 

monitoring changes in GSK-313 activity was possible. Unlike the majority ofcommonly 

used kinase assays, this method presents a distinct advantage in the field of chemical 

biology and drug screening, as it can readily distinguish between the 

monophosphorylated substrate and the diphosphosporylated product of GSK-3f3. Its 

automated mode of operation also allows for more efficient drug screening as compared 

to the traditional 32P radio-assay technique currently used to assess GSK-313 activity. ICso 

values for specific GSK-313 inhibitors as well as a statistical validation of the assay prove 

the applicability of this method to other potential avenues of research such as complex 

mixture screening using compound libraries and natural extracts. Vast protein 

consumption and the lack of reusable enzyme, however, remain as practical limitations to 

the scaling up of the screening process. Pending further developments in sol-gel 

entrapment ofGSK-313, future research will emphasize kinase immobilization in solid­

phase MS assays. This approach can potentially eliminate the existing obstacles 

mentioned above. As an alternative to the solid-state method, the application of 

automated liquid handling can further improve the solution-based assay. However, 

further optimization would be required to increase the throughput of this method prior to 

complete automation. The main targets of improvement include increasing mixture 

complexity for more effective coverage of compound libraries and reduction of injection 

times for the reactions as well as for the washing steps in between them. Thousands of 
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compounds originating from synthetic libraries and natural product extracts could then be 

rapidly screened, compensating for the high protein consumption. The speed and 

accuracy ofthis system should prove to be an invaluable tool in the future developments 

ofGSK-313 research. 
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Chapter3 


Preliminary Characterization of Sol-gel Entrapped GSK-3J3 


This chapter was based on work that was solely performed by me with input and 

direction from Dr. Brennan. Dr. Werstuck assisted me in the proper training required for 

performing radioisotope-based assays. I wrote the first draft of the manuscript and Dr. 

Brennan provided editorial input to generate the fmal draft of the paper. 
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Abstract 

Herein we describe preliminary studies on the entrapment ofGSK-313 within DGS­

derived sol-gel materials. Solid-state assays involving sol-gel derived materials have 

previously been shown to generate reproducible and accurate enzymatic activity data. 

The incorporation ofGSK-313 into sol-gel derived materials has not been demonstrated, 

and was the key objective of this work. Entrapment of this enzyme was done first in sol­

gel derived bulk glasses in 96-well plates. A radioassay was then used to evaluate the 

extent ofprotein leaching from the macroporous silica matrix, revealing a minimal extent 

of leaching. However, the non-specific binding (NSB) problem that is innate to the 

interaction between negatively charged silica and positively charged substrate/product 

species was noted as an obstacle to efficient substrate/product diffusion, thus rendering 

activity tests difficult. Preliminary steps to overcome the NSB problem are discussed. 

NSB was evaluated using blank sol-gel columns with known ATP-competitive inhibitors 

of GSK-3. Compounds tested demonstrated at least some degree ofNSB. Assessment of 

GSK-313 activity using affinity methods in silica did not show proper interaction between 

the inhibitor and enzyme, suggesting potential denaturation/ inactivation of the kinase in 

sol-gel. 

3.1 Introduction 

Solid-phase assays offer a number of advantages in the field of drug screening, such 

as access to various assays formats (FAC/MS, bioSPME) that are not possible in solution, 

reusability of costly protein and dependable assay automation. 1 Hence, the development 

of a solid-phase assay utilizing GSK-313 was explored. For this purpose, GSK-313 was 
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entrapped in sol-gel derived materials and assessed for assay development. Previous 

examples of successful enzyme entrapment in sol-gel derived materials provided a good 

starting point for this process. For example, the determination ofKm values for the 

substrates ofdihydrofolate reductase (DHFR), Factor Xa, COX-II and y-GT as well as of 

K1 values for their inhibitors was achieved using mesoporous protein-doped sol-gel 

monoliths in 96-well plates.2 In all experiments, the results were comparable with data 

obtained in solution assays, differing by no more than a factor of3. Protein-doped 

columns containing nicotinic acetylcholine receptor (nACHRl and a fluorescein 

antibody4 were used to generate the ~ values for epibatidine and fluorescein, 

respectively. Also, a small scale mixture screen using entrapped adenosine deaminase 

(ADA) in a DGS-derived sol-gel column was able to discern a specific inhibitor of the 

enzyme out of a mixture of49 compounds using the continuous flow IMERIMS assay 

method1
• The versatility of the proteins amenable to sol-gel entrapment as well as the 

accuracy ofsol-gel-based assays suggest that this emerging technology will play an 

important role not only in enzyme characterization, but also in enzyme inhibitor 

screening in the future. 

In order to acquire binding affinity data for GSK-3f3, an inhibitor-based frontal 

affinity chromatography (FAC/MS) binding site assay5
•
6 can be applied, through the use 

ofthe strong ATP-competitive inhibitor SB-415286 (ligand) and the anionic indicator 

molecule, fluorescein (void marker). F AC/MS relies on retention time to characterize 

binding, with strong inhibitors binding quickly to the protein and saturating the column, 

resulting in signal delay. Once a strong inhibitor equilibrates in the column, the signal 
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slowly plateaus. In contrast, weak inhibitors, at the same concentration, will not have 

many binding sites accessible and will elute quickly (Fig. 3.1 ). 

~ "'• ••wer•• 
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• Weak Binder 
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~·· 

~ ··
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Figure 3.1: Diagram of a FAC/MS assay. Following the void marker, weak binders elute quickly. 
Retention is greater for strong binders, resulting in longer elution time (Figure originally 
published in Slon-Usakiewicz, J.J. et al., 2005, Drug Discov. Today\ 

Therefore, by plotting the inhibitor concentration versus its corresponding elution volume 

for a range of SB-415286 concentrations and using the formula 

V-Vo= Bt (3) 
(Kci + [L]) 

where V is the elution time of ligand, V0 is the elution time of void marker and [L] is the 

inhibitor concentration, the amount ofprotein immobilized (Bt) and the dissociation 

constant (Kct) can be determined. 
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The goals of this study were: I) the characterization ofGSK-3f3leaching in 

macroporous sol-gel monoliths; 2) the assessment ofnon-specific binding (NSB) to 

silica; and 3) GSK-3f3-specific retention for the purpose ofdeveloping an affinity based 

solid-phase assay for this protein. The leaching and activity of sol-gel entrapped GSK-3f3 

from DGS-derived sol-gel monoliths is investigated through the use ofa radiolabeled 

product peptide, the quantity ofwhich is measured continuously over a number of washes 

of the monoliths. The presence ofNSB between substrate/product/inhibitors and the silica 

matrix is discussed. Kinase-doped sol-gel columns are then utilized in F AC/MS 

experiments designed to evaluate the interaction ofknown inhibitors with the entrapped 

protein and to gauge the applicability ofthis approach to drug screening. 

3.2 Experimental Section 

3.2.1 Materials 

Magnesium acetate, adenosine 5'-triphosphate (ATP), histidine-tagged recombinant 

rabbit glycogen synthase kinase 3f3 (GSK-3f3) (15 units/j..lg protein where I unit will 

transfer one pmol ofphosphate from A TP to phosphatase inhibitor 2 per min at pH 7.5 at 

30°C), fluorescein, SB-4I5286 and I 0 kDa poly( ethylene glycol) (PEG) were purchased 

from Sigma-Aldrich (Oakville, Ontario, Canada). I-Azakenpaullone and GSK-3f3 

Inhibitor VIII were purchased from Calbiochem (San Diego, California, USA). 

Ammonium acetate, 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 

HPLC grade water and acetone were purchased from Caledon Laboratory Chemicals 

(Georgetown, Ontario, Canada). Synthetic muscle glycogen synthase I peptide (GSM) 

(structure: Arg-Arg-Arg-Pro-Ala-Ser-Val-Pro-Pro-Ser-Pro-Ser-Leu-Ser-Arg-His-Ser­

pSer-His-Gln-Arg-Arg (2673 Da, pSer = phosphoserine)) was purchased from Upstate 
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USA (Charlottesville, VA, USA). [y_32P]-ATP and ACS aqueous scintillation cocktail 

were obtained from GE Healthcare Bio-Sciences (Baie d'Urfe, Quebec, Canada). 85% a­

phosphoric acid was obtained from Fisher Scientific (Nepean, Ontario, Canada). 

Diglycerylsilane (DGS) was prepared by methods described elsewhere8 using 

tetramethylorthosilicate (Sigma-Aldrich) and anhydrous glycerol (Fisher Scientific). 

Fused silica tubing was purchased from Polymicro Technologies (Phoenix, AZ, USA). 

C96 microwell plates were purchased from VWR International (Mississauga, Ontario, 

Canada). All reagents were used as received. 

3.2.2 Fabrication of GSK-3(3 Sol-gel Monoliths in 96-well Plates 

8 p.L of2.1 p.M GSK-3(3 in 20 mM Tris buffer, pH 7.5 was mixed with 4 p.L ofa 

solution containing 400 mM HEPES, pH 7.0. DGS based sols were prepared by 

sonicating DGS with water (1 g + 1 mL) at 0 °C for 15 min to hydrolyze the monomer, 

followed by filtration through a 0.2 p.m filter. 20 p.L of the resulting sol was rapidly 

mixed with the 12 p.L GSK-3(3 solution prepared above, followed by the rapid addition of 

8 p.L of25% (w/v) PEG in water. The sol solution was then placed into wells of 

polystyrene 96 well plates (well volume: 350 p.L/well). After gelation, 96 well plates 

were stored at 4 °C and aged for a minimum of4 days to achieve a relatively stable 

internal structure within the monoliths. 

3.2.3 GSK-3(3 Radioassays ofLeaching 

GSK-3(3 at a final concentration of420 nM, was entrapped in sol-gel monoliths in 96­

well plates, followed by washes with 6 mM ~OAc/0.8 mM MgOAc buffer for 20 min 
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intervals (0 -120 min). GSM (62.5 ~and 125 J.1M 0.5 J.!Ci/Jll [y_32P]-ATP were then 

added to the washes and were incubated for 1 h in a total volume of40 JlL. The monolith 

was treated with 62.5 JlM GSM, 125 JlM 0.5 J.!CiiJll [y}2P]-ATP and 6 mM Nl40Ac/0.8 

mM MgOAc buffer and allowed to incubate for 1 h in a total volume of40 JlL. After 1 h, 

the samples were spotted onto Whatman P81 phosphocellulose papers and washed three 

times with 0.75% a-phosphoric acid and once with acetone. The unbound [y-32P]-ATP 

was washed away in the process, leaving only the radio labeled pGSM produced during 

the enzyme incubation bound to the paper, allowing quantification of the product by 

scintillation counting. 

3.2.4 Fabrication of GSK-3J3 Columns 

12.5 JlL of2.1 JlM GSK-3J3 in 20 mM Tris buffer, pH 7.5 was mixed with 12.5 JlL of 

a solution containing 400 mM HEPES, pH 7.0. DGS based sols were prepared by 

sonicating DGS with water (1 g + 1 mL) at 0 °C for 15 min to hydrolyze the monomer, 

followed by filtration through a 0.2 Jlm filter. 50 JlL ofthe resulting sol was rapidly 

mixed with the 25 JlL of the GSK-3J3 solution prepared above (in the case ofblank 

columns, 25 J.1L 400 mM HEPES, pH 7.0 was used instead), followed by the rapid 

addition of25 JlL of20% (w/v) PEG in water. The sol solution was then injected into a 

40 em length of250 Jlffi ID, 360 Jlffi OD, polyimide coated fused silica tubing. The liquid 

sol must be completely mixed, injected and stationary within the capillary by the time 

phase separation occurs, ~2 minutes after mixing. After gelation ( ~ 3 min), capillaries 

were looped such that both ends could be submerged in 50 mM HEPES, pH 7.0, and 
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secured for storage. Columns were aged for a minimum of 3 days to achieve a relatively 

stable internal structure. 

3.2.5 Column Handling 

Prior to experiments, a fresh 40 em long column (~20 J.lL internal volume) was 

equilibrated off-line, with mobile phase from a syringe pump (Harvard Instruments 

model22), to remove aqueous poly( ethylene glycol) and glycerol. New columns were 

connected to the pump using 75 J.liD ID fused silica tubing and another 75 J.lm ID tubing 

segment was attached to the bottom ofthe column using Upchurch Microtight unions 

(Oak Harbor, W A, USA). Several bed volumes of mobile phase were passed through the 

column at 0.5 J.!Limin before slowly increasing the flow rate to 10 J.!Limin. Columns were 

attached directly to the Turbospray ion source ofan AB/Sciex Q-Trap mass spectrometer 

with 75 J.lm ID fused silica tubing. 

3.2.6 LC/MS Settings 

Mobile phase delivery for substrate/product signal optimization studies was 

performed with a 1.0 mL, 4.6 mm ID Hamilton syringe, using an AB/Sciex Q-Trap Mass 

Spectrometer syringe pump controlled by Analyst v.1.4 software. Mass spectrometer 

control and data acquisition were performed with Analyst v.l.4 software. Precursor­

product ion pairs were followed using the multiple reaction monitoring (MRM) mode in 

positive ion mode under the following conditions: Curtain Gas= 45.0, Collision gas= 

high, Ion Spray Voltage= 5000 V, Temperature= 175 °C, Ion Source Gas 1 = 40.0, Ion 
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Source Gas 2 = 40.0. Specific MS/MS parameters for each ion pair are provided in Table 

3.1. The total scan time was 5 seconds per point. 

3.2.7 Sol-gel Non-specific Binding Assay 

Blank sol-gel columns of 10-cm length were prepared following the procedure 

outlined above. Non-specific binding of the inhibitors was then assessed through the 

injection ofa mixture of 10 J.1M SB-415286, GSK-313 Inhibitor VIII and 1­

Azakenpaullone with 1 f.!M fluorescein through the columns at 5 f.!L/min. Inhibitor 

interaction with the enzyme was measured using 50 nM and 10 nM SB-415286 inhibitor 

with 500 nM fluorescein void marker, injected through the 10-cm 262.5 nM GSK-313­

doped columns at a rate of5 mL/min using the Eksigent NanoLC pump. In all cases, the 

makeup flow (used to assist in the generation ofa stable electrospray) consisted of 

methanol and was delivered at 5 f.!L/min with the syringe pump, resulting in a total flow 

rate of 10 f.!L/min entering the ESI-MS. The mass spectrometer was operated in multiple 

reaction monitoring mode with simultaneous detection ofmlz 309 7 120 (GSK-313 

Inhibitor VIII); 360 7 154 (SB-415286); 328 7 220 (1-Azakenpaullone) and 333 7 287 

(fluorescein). For specific compound MS settings, refer to Table 3.1. 
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Species Ql (m/z) Q3 (m/z) DP(V) EP(V) CE(V) CXP(V) 

Fluorescein 333 287 80 8 44 3 

1­
Azakenpaullone 

328 220 75 10 52 2.5 

GSK-313 
Inhibitor VIII 

309 120 40 6 15 4 

SB-415286 360 154 50 10 25 5 

Table 3.1: Specific MS/MS parameters for each compound ion pair. The total scan time was 5 
seconds per point. 

3.3 Results and Discussion 

3.3.1 Optimization of Sol-gel Entrapped GSK-313 Performance 

An important goal of the GSK-313 studies was to determine the entrapped enzyme's 

interaction with its sol-gel environment through the assessment ofvarious criteria such as 

the quantity ofGSK-313leached from sol-gel monoliths as well as its activity in sol-gel. 

These studies were of particular interest due to their relevance in revealing the 

applicability of sol-gel column entrapped GSK-313 to on-line inhibitor screening. Using 

macroporous GSK-313-doped sol-gel monoliths as a model system, enzyme leaching was 

examined first to determine its contribution to potential activity loss in sol-gel. 

Fig. 3.2 (top panel) demonstrates a decline in the quantity ofleaching over a 2 h 

period, as represented by the decrease in turnover from 1.5% (first wash) to 0.4% (last 

wash), indicating a low quantity ofactive GSK-313 present in the wash solutions. The 
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turnover of2.7% produced within the monolith (initially loaded with 1.40 1-Lg ofprotein) 

during the 1 h incubation period following the washes was also low, given the solution 

assay value of 5.1% produced with a protein content of 0.18 1-Lg (Fig 2.3). Assessing the 

cumulative enzyme activity in the washes (Fig. 3.2, bottom panel) revealed a low value 

of2.1 1-LM pGSM/1-Lg GSK-3P or 11.3% as normalized to the activity obtained in the 

solution radio assay in Fig. 2.3 (18.4 1-LMI!-Lg). The activity in the post-wash monolith was 

measured at 1.2 1-LMI!-Lg or 6.6%, implying possible deactivation ofGSK-3P during the 

sol-gel synthesis as the reason behind low activity in the washes and monolith. Another 

possible cause of this problem may have been NSB that occurred between the negatively 

charged silica matrix and the highly positively charged substrate and product peptides, 

due to the relatively low ionic strength of the buffer. NSB could thus act as a deterrent to 

GSM diffusion in, and pGSM diffusion out, of the monolith, restricting the detectable 

pGSM to extremely small concentrations. To accommodate for NSB and to eliminate this 

effect, neutralization of the charge on the silica surface within the monolith was required. 
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Figure 3.2: GSK-3~ sol-gel leaching analysis with 32P-ATP radioassay.% substrate turnover 
(pGSM (J.IM)/total GSM in reaction (J.!M)) obtained from 20 min washes with 6 mM ~OAc/0.8 
mM MgOAc, pH 7.4 buffer (top) and cumulative enzyme activity over the 2 h wash period (J.!M 
pGSM/fJ.g GSK-3~ normalized to enzyme activity in solution) (bottom). 

In an attempt to resolve the problem ofNSB, the experiment was repeated with a 

post-wash treatment of the monolith with 1 M KCI. The high concentration of salt 

applied for 1 h following the washes would dissociate any silica bound pGSM owing to 

the high ionic strength ofKCl. The extent of turnover in this assay was again low, going 

from 3.1% to 0.3% (Fig. 3.3, top panel), with the turnover produced in the monolith after 

the washes at 2.1 %, despite the high salt treatment. The cumulative enzyme activity for 

the washes was similar to the previous assay with 2.4 J..LMIJ..Lg or 13.0% and the post-wash 
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monolith activity was recorded to be 0.93 J.!M!J.Lg or 5.1% (Fig. 3.3, bottom panel). 

Utilization ofKCl, was thus inadequate to resolve the NSB issue, possibly because this 

approach involved only post-wash application. Although any bound pGSM was removed, 

it was not possible to improve the access of the substrate to the enzyme during the 

reaction. Treatment of the monolith after the reaction may be insufficient, as the substrate 

may be unable to enter the enzyme's active site for conversion, resulting in low product 

quantity. 
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Figure 3.3: Radio assay GSK-3~ sol-gel leaching analysis with 1M KCl high salt wash.% 
substrate turnover (pGSM (!JM)/total GSM in reaction (!JM)) obtained from 20 min washes with 
6 mM NRtOAc/0.8 mM MgOAc, pH 7.4 buffer (top) and cumulative enzyme activity over the 2 
h wash period (J.LM pGSMIJ.Lg GSK-3~ normalized to enzyme activity in solution) (bottom). 
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3.3.2 GSK-3P Inhibitor Retention Assay 

Due to the difficulties stemming from the strong non-specific interactions of substrate 

and product with silica, an alternative means ofkinase activity quantification was devised 

in order to successfully characterize sol-gel entrapped GSK-3J3. The first step in this 

procedure required the acquisition ofESI-MS signals for known potent ATP-competitive 

inhibitors that would bind reliably to the enzyme- 1-Azakenpaullone, GSK-3J3 Inhibitor 

VIII and SB-415286. The specific MRM transitions for these compounds were 

determined and parameters optimized for their effective monitoring (Table 3.1 ). During 

preliminary scans, SB-415286 demonstrated the highest ionization and signal, indicating 

good detectability ofthe compound and exhibiting potential for subsequent FAC/MS 

assays. 

After establishing optimal MRM transitions for the A TP-competitive inhibitors, they 

were tested for NSB to the negatively charged silica matrix of sol-gel columns. This was 

required since NSB can result in the retention ofthese compounds by the silica within the 

column, altering elution times and leading to false assessments of inhibitor-protein 

interactions. A mixture of 10 f.lM 1-Azakenpaullone, GSK-3J3 Inhibitor VIII, SB-415286 

and 1 f.lM fluorescein (void marker as it will not interact with the silica due to its negative 

charge) were run through a blank sol-gel column at 5 f.lL/min for 20 min. The resulting 

data traces in Fig. 3.4 show little retention for GSK-3J3 Inhibitor VIII and SB-415286 

with the simultaneous and rapid breakthrough time of the compounds closely matching 

that of the void marker, fluorescein (~3 min). Non-specific binding, however, was 

demonstrated by the inhibitor 1-Azakenpaullone, which exhibited a longer retention time 

compared to the other compounds. Subsequently, due to its high MRM mode signal and 
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the absence of substantial NSB to the silica, SB-415286 was selected as the indicator 

compound ofchoice for use with GSK-3J3-doped sol-gel columns. 
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Figure 3.4: Normalized assessment ofGSK-3 f3 inhibitor non-specific retention within blank sol­
gel columns. 10 J..LM 1-Azak:enpaullone (red, 1), GSK-3(3 Inhibitor VIII (blue, 2), SB-415286 
(pink, 3) and 1 J..LM fluorescein (green, 4), all dissolved in 6 mM ~OAc/0.8 mM MgOAc, pH 
7.4 buffer were injected at 5 J.LL!min for 20 min. 

Following the characterization of the inhibitory compounds, the interaction of sol-gel 

entrapped GSK-3(3 with SB-415286 was examined. The first breakthrough curve was 

acquired for 50 nM SB-415286 in an assay run with 500 nM fluorescein (void marker) in 

buffer for 16 min in a 15 em column with an initial loading of26.3 pmol ofGSK-3J3 (Fig. 

3.5, top panel). The breakthrough time obtained for fluorescein was approximately 10 

min, while SB-415286 did not appear to fully break through until12 min. Although this 

discrepancy was initially attributed to the binding of the compound to GSK-3(3, a follow-

up assay with 10 nM SB-415286 demonstrated the same breakthrough time for both 

compounds (Fig. 3.5, bottom panel). This was not expected, as the decrease in ligand 

concentration should have resulted in a longer breakthrough time for SB-415286. 

Relative to the 50 nM concentration, 10 nM SB-415286 contains fewer molecules 

available for binding site saturation and was expected to demonstrate a time dependent 
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shift in its breakthrough time. Since the elution time did not increase with the 

concentration drop, the absence of specific inhibitor retention of SB-415286 with GSK­

313 became evident. As this lack of inhibitor interaction with the A TP binding site may 

have been caused by the denaturation ofGSK-313 upon its entrapment in sol-gel, 

F AC/MS assays and affinity inhibitor screens would not be amenable to this system. 

Further modification of this method to increase enzyme stability is necessary to continue 

GSK-313 sol-gel studies. 
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Figure 3.5: Inhibitor binding assay with 500 nM fluorescein (blue, 1 )/50 nM SB-415286 (red, 2) 
(top) and 500 nM fluorescein (blue, 1)/10 nM SB-415286 (red, 2) (bottom). 
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3.4 Conclusions 

The GSK-3f3 sol-gel studies yielded substantial information on the behaviour ofthis 

enzyme within the confines of a silica matrix. While entrapment of this kinase in 

monoliths did not demonstrate significant leaching of active enzyme over a series of 

washes, as determined by the near-absence of activity in the samples, NSB proved to be a 

substantial obstacle to overcome. Treating the sol-gel with KCl after the washes did not 

increase detectable enzyme activity, as it could only affect the diffusion ofpGSM out of 

the monolith and could not increase GSM diffusion into the monolith prior to the washes. 

Selection of the optimal compound for affinity based activity assays revealed SB-415286, 

an ATP-competitive inhibitor, to possess the highest signal in MRM mode with minimal 

NSB to silica. Application of this inhibitor in a F AC/MS assay revealed no binding to the 

GSK-3P trapped inside the sol-gel column, suggesting denaturation of the enzyme. 

However, work done by J. Lebert using mesoporous silica materials with entrapped GSK­

3f3, revealed a fully functional enzyme within the sol-gel monoliths (unpublished data). 

Although these results can in part be attributed to the co-entrapment of substrate with the 

kinase in the sol-gel material, it does raise the possibility of eliciting enzyme activity 

within more macroporous silica monoliths and columns. Other kinases shown to function 

within sol-gel include Src kinase9
, protein kinase A10 and creatine kinaseu, suggesting 

that GSK-3f3 may be retained as an active enzyme in sol-gel materials. Further studies in 

this field will require the evaluation of the interaction between surface modifying agents, 

such as APTES, and GSK-3f3 in a sol-gel environment as well as the comparison of 

enzyme leaching and activity in mesoporous and macroporous sol-gel materials. 
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Chapter4 


Conclusions and Future Outlook 


4.1 Conclusions 

Through the application of the ESI-MS/MS detection technology to solution-based 

GSK-3p assays, an improved method for monitoring multiply phosphorylated peptides 

was developed, optimized and applied towards kinase inhibitor screening. As a unique 

system, the MS kinase assay first required optimization of operational parameters in both 

the solution reaction conditions and instrument detection settings, as discussed in Chapter 

2. Since ionized magnesium salt contributes to signal suppression in electrospray mass 

spectrometers, a calibration experiment was done in order to determine the tolerance of 

the GSK-3P substrate signal to a gradient ofMg2
+ concentrations. As expected, the extent 

of the charge stealing increased proportionally to the amount of salt present, leaving a 

window between 0.8 and 1.6 mM MgOAc for acceptable signal detection, with 37- 19% 

of the control signal intensity remaining. Prior to commencing with MS work however, 

an extensive analysis with 32P radioassays was performed to obtain the minimal 

functional concentrations ofMg2
+ and buffer. The data yielded values of0.8 mM MgOAc 

and 6 mM ~OAc, which corresponded well with the established threshold ofESI-MS 

tolerance for ion suppression. The newly acquired protocol was then tested in a standard 

32P radio assay, where it showed good protein activity, converting ~11% ofthe substrate 

in2h. 

The assay was then tested with ESI-MS/MS detection in order to obtain ICso values 

for a few known GSK-3p inhibitors, with the intent to characterize their respective modes 
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ofaction. By varying ATP and GSM levels that induced shifts in the ICsos, the expected 

modes of inhibition were confirmed as being ATP-competitive (SB-415286) and 

allosteric (GSK-3J3 Inhibitor I & GSK-3J3 Inhibitor II), demonstrating the utility of this 

method for secondary screen hit confirmation. When examining assay reproducibility, a 

statistical validation of the solution-based ESI-MS/MS approach was conducted, 

providing a Z' value of0.68. With the semi-automated ESI-MS/MS mixture screening 

method, a Z' value of 0.60 was obtained. These Z' values indicate substantial statistical 

relevance of the hits generated by this approach. Although applying this technology to 

screening a 100 compound library against GSK-3J3 did not yield any new hits, this 

method nevertheless proved its capacity for hit detection by responding to the presence of 

a spiked inhibitor in one ofthe mixtures, followed by its successful deconvolution from 

the mixture. Taking this early proof-of-concept data into consideration, it is apparent that 

MS based inhibitor screening has a significant potential for future development and 

implementation of this technique into fully automated systems that can screen vast 

chemical compound libraries and natural product extracts. 

In Chapter 3, the focus of the thesis shifted to the development ofESI-MS/MS in 

conjunction with sol-gel immobilized GSK-3J3 as a viable alternative to solution-based 

assays, with the key goal ofacquiring enzyme reusability through the use of sol-gel 

materials. The initial step in this direction involved the examination ofprotein leaching 

from sol-gel monoliths and was assessed with the 32P radioassay method. The quantity of 

active leached enzyme was low as cumulative activity from the washes was only 11.3% 

of solution control. The amount of substrate conversion fell from 1.5% in the first wash 

to 0.4% in the last wash with the activity of the remaining enzyme in the monolith at 
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2.7% (6.6% activity). Although absence of activity in the monolith assay may have been 

due to the inactivity of enzyme in silica, it was also possible that such low product yield 

from the monolith was the result ofelectrostatic interactions between the positively 

charged GSM/pGSM and the negatively charged silica. Introduction ofKCl to disrupt 

these interactions did not improve the results, as cumulative substrate activity was 13.0% 

and monolith activity was 5.1 %. Due to this restriction, performing IMER/MS assays 

with the aim ofmonitoring enzyme activity in real-time would be problematic without 

prior surface modification of the silica. 

Due to the problems with non-specific binding, we decided to pursue an affinity 

based screening route using small organic molecules instead, as they were considerably 

less likely to exhibit non-specific binding to sol-gel. After performing the necessary MS 

calibration for three ATP-competitive inhibitors to improve their signal, they were 

subjected to an NSB test, where along with fluorescein as the void marker, they were 

flushed through a blank sol-gel column. While SB-415286 and GSK-3J31nhibitor VIII 

showed no interaction with the solid phase, 1-Azakenpaullone did have substantial NSB, 

and was dropped from the list ofusable compounds for this assay. Owing to its higher 

signal and better ionization, SB-415286 was selected as the inhibitor that would be 

applied in the affinity based assay. However, when flushed through at 50 and 10 nM 

concentrations through a sol-gel column with trapped GSK-3J3, no enzyme-specific 

retention of this molecule was observed. 

A potential cause of this may have been high leaching in the column, caused by the 

strong backpressure created within a continuous flow system, which has been shown to 

cause a substantial loss ofbinding capacity and retention. Equally possible, the silica 
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entrapment process may have denatured or concealed GSK-3p from the inhibitor, 

resulting in problems with the assay. Future studies in this field will be required to 

resolve a number of issues, namely the extent ofleaching ofGSK-3p in sol-gel columns, 

the effect of silica gelation on enzyme stability and the reduction ofnon-specific binding. 

Further inquisition into the material properties of sol-gel should uncover the means to 

both reduce leaching and effectively eliminate unwanted interactions with the silica. 

Protein activity can potentially be improved through the utilization of sugar-modified 

silanes during the casting ofthe sol-gel columns. 

4.2 Future Outlook 

The research presented in this thesis demonstrates the applicability of an electrospray 

mass spectrometry detection method for solution-based GSK-3P activity assays to allow 

mixture screening. Although substantial progress has been made in this area, many 

hurdles remain to be overcome prior to the implementation ofthis procedure to a full 

scale high-throughput screen. A primary issue that requires resolution is the optimization 

of the solvent constitution to allow both good compound solubility and high MS signal of 

the substrate/product. An important aspect to consider for this task would be the extent of 

the hydrophobicity of solvents containing the compounds from a library/natural product 

extract. A useful solvent would be both, hydrophilic to avoid phase separation from the 

aqueous buffer used in the enzyme reactions, and non-toxic to the enzyme in order to 

avoid unwanted inhibition which would create a large number of false positives. The 

amount of compounds present in a mixture would also need to be optimized as to arrive 

at the lowest possible individual concentration with the highest possible number of 

ligands per sample. Time per assay is another aspect that requires improvement, as 
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increasing throughput of this method requires the shortening of sample processing 

periods. Once the ESI-MS limit of sensitivity is established, numerous compounds 

synthesized around functional scaffolds as well as organic molecule extracts from plants 

could be analyzed in a rapid and effective fashion. 

Sol-gel immobilization ofGSK-3~ was not as straightforward as anticipated, but the 

continued development of this system should certainly be pursued, since an entrapped 

protein would be considerably more cost effective in the long run. The challenges 

remaining to be solved include: 1) The elimination of non-specific charge interactions 

between substrate/product and silica through surface modification; 2) Decreasing the 

extent ofkinase leaching from columns under continuous flow by controlling sol-gel 

porosity; and 3) Attempting to raise enzyme stability in sol-gel with the addition of 

stabilizing compounds such as sugar-modified silanes. Following the utilization ofthe 

aforementioned improvements, solid phase immobilized GSK-3~ would then become 

amenable to both affinity assays and IMER screening. 
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