
University of Alberta

Bioanalytical m ethods to  study low activity enzym es and 
low abundance proteins

by

Leon H or Yum  Lau

A thesis submitted to the Faculty o f Graduate Studies and Research 
in partial fulfillment o f the requirements for the degree o f

M aster o f  Science

Department o f Chemistry

Edmonton, Alberta 
Fall 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Library and 
Archives Canada

Bibliotheque et 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 978-0-494-22302-4 
Our file Notre reference 
ISBN: 978-0-494-22302-4

Direction du 
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

NOTICE:
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

i * i

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Low abundance enzymes and proteins were studied in this thesis. Glycosyltransferase A 

in HT29 colon cancer cells were used for single cell analysis in microreaction chambers. 

Single cell reactions were sampled over time using a nanopipettor. While enzyme 

activity was low, it was detectable by capillary electrophoresis-laser induced fluorescence 

(CE-LIF). CE-LIF was also used in this thesis to detect enzyme activity in mutant 

Helicobacter pylori fucosyltransferases. Analyses showed that by changing a critical 

amino acid from phenylalanine to tyrosine, a - 1,4 transfer activity was increased. Low 

abundance proteins from the outer membrane o f Escherichia coli were also studied.

Using different surfactants, a protocol was tested for its ability to remove high abundance 

proteins from the membrane pellet. Other methods were also tested to evaluate the best 

strategy to solubilize membrane proteins.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgement

There are many people I would like to thank for their support during my graduate studies. 

Thank you to my family Ada, Kai, and Bertha for their love and support throughout the 

years. Thank you to Dr. Monica Palcic for guiding me; not only did she mentor me in my 

research in the lab, she made me reflect on the larger perspective o f a research career and 

goals. The former members o f the Palcic group also provided me with plenty of expertise 

and advice. Their friendly faces always cheered me up in times o f need. Similarly, Dr. 

Liang Li and his research group provided many opportunities for discussion, advice and 

reflections. Other friends from within and outside the department have made these years 

fly by quickly.

Thank you to the Department o f Chemistry’s office and support staff for their support. 

They made my life less complex by allowing me to focus on research and not the 

paperwork that accompanies a university o f this size.

Thank you also to Drs. Turner and Larratt for their medical treatments and expertise. 

Without them, I would not have had the opportunities and experiences that I have had in 

the last five years.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dedication

This work is dedicated to my family for which I am very grateful. I also dedicate this 

work to my grandfather, Simon Chan, and friend, Nigel Scott who passed away during 

the writing o f this thesis. You are an inspiration in my life and I will always remember 

you.

Lastly, thank you to God for allowing me this opportunity to complete this thesis. He has 

helped me through many hard times before and during this work. I thank Him for 

allowing me to share my skills with the world.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

Chapter 1: Introduction to low abundance enzymes and proteins........................................1

1.1 Single cell analysis........................................................................................................ 1

1.2 Low abundance proteins...............................................................................................3

1.3 Summary o f thesis......................................................................................................... 5

1.4 References.......................................................................................................................5

Chapter 2: Multiple sampling in a single cell enzyme assay.............................................. 10

2.1 Introduction.................................................................................................................. 10

2.1.1 Human blood groups and glycosyltransferase A......................................11

2.1.2 HT29 human colorectal cancer cell line,......................................................... 13

2.1.3 Capillary electrophoresis and laser induced fluorescence............................14

2.1.4 Nanopipettor.......................................................................................................18

2.2 Experimental conditions.............................................................................................19

2.2.1 Enzyme assay conditions for GTA analysis...................................................19

2.2.2 CE-LIF conditions............................................................................................ 22

2.2.3 Flow cytometry conditions...............................................................................24

2.2.4 Mycoplasma detection procedures..................................................................25

2.3 Results and Discussions............................................................................................. 25

2.3.1 One hundred cell assay,.....................................................................................25

2.3.2 Ten cell assay..................................................................................................... 28

2.3.3 Single cell assay................................................................................................ 31

2.4 Comparison between single cell assay and flow cytometry................................... 38

2.5 Mycoplasma detection................................................................................................42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.6 Conclusions..................................................................................................................43

2.7 References.................................................................................................................... 45

Chapter 3: Sensitive detection of activity in a low activity mutant enzym e................... 49

3.1 Introduction................................................................................................................. 49

3.1.1 Fucosyltransferase in H. pylori........................................................................ 51

3.2 Experimental conditions............................................................................................ 56

3.2.1 Construction and expression of mutant enzymes.......................................... 56

3.2.2 Enzyme assay conditions for FucT.................................................................56

3.2.3 CE-LIF conditions for FucT.............................................................................57

3.3 Results and discussion................................................................................................57

3.3.1 NCTC11639 mutant a - 1,3 FucT..................................................................... 57

3.3.2 UA948 mutant a-1,3/4 FucTs......................................................................... 61

3.3.3 Fucosidase treatment of reaction products..................................................... 63

3.4 Conclusion................................................................................................................... 65

3.5 References.................................................................................................................... 6 6

Chapter 4: Optimal solubilization techniques for E. coli outer membrane pellet........... 6 8

4.1 Introduction................................................................................................................. 6 8

4.1.1 Bacteria outer membrane proteome................................................................ 6 8

4.1.2 High abundance proteins..................................................................................70

4.1.3 Orthogonal separation in proteomics..............................................................72

4.2 Experimental Conditions........................................................................................... 73

4.2.1 E. coli outer membrane preparation................................................................ 73

4.2.2 Solubilization of outer membrane proteins by different surfactants...........75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.3 Solubilization of outer membrane proteins by methanol and SDS........... 77

4.3 Results and Discussions............................................................................................. 81

4.3.1 Solubilization of outer membrane proteins by different surfactants...........81

4.3.2 Solubilization of outer membrane proteins by methanol and SDS............85

4.4 Conclusions.................................................................................................................. 89

4.5 References.................................................................................................................... 90

Chapter 5: Conclusions and Future Work............................................................................. 96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

Table 2.1: kcat values for a few selected enzymes...................................................................13

Table 2.2: Summary o f different 10 cell assays done in different MRC within different

sets o f experiment.................................................................................................... 31

Table 2.3: Summary of different single cell assays done in different MRCs within

different sets o f experiment....................................................................................36

Table 4.1: Conditions used for outer membrane solubilization with methanol and SDS..,77 

Table 4.2: Elution program used during strong cation exchange o f solubilized E.coli outer

membrane peptides.................................................................................................. 79

Table 4.3: Elution program used during reversed-phase separation o f solubilized E.coli

outer membrane peptides,........................................................................................80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

Figure 2.1: Schematic representation o f the reactions catalyzed by GTA and GTB.......... 12

Figure 2.2: Structure o f tetramethylrhodamine........................................................................,17

Figure 2.3: Schematic representation of the GTA reaction under assay.............................. ,20

Figure 2.4: CE-LIF electropherograms o f samples taken from 100 cell assays................. ,26

Figure 2.5: Graph of percentage of A antigen formed over the incubation period in two

MRCs using 100 HT 29 cells................................................................................. 27

Figure 2.6: CE-LIF electropherogram of samples from a representative 10 cell GTA

assay exhibiting GTA activity after incubation....................................................29

Figure 2.7: Graph of percentage of A antigen formed over the incubation period in

individual MRCs containing 10 HT 29 cells,....................................................... 30

Figure 2.8: CE-LIF traces o f samples from individual MRCs containing a single cell after

80 h o f incubation.................................................................................................... 33

Figure 2.9: Individual traces o f one MRC sample taken after 80 h o f incubation, the A

antigen alone, and co-injection o f both A antigen and the sample.................... 34

Figure 2.10: Graph o f percentage of A antigen formed over the incubation period in

MRCs containing single cell showing detectable amounts o f A antigen..........35

Figure 2.11: Scatter plot of the relationship between the percent o f H-type II antigen

converted to A antigen and the standard deviation o f the value........................ 38

Figure 2.12: Fluorescent signal received o f control incubations as analyzed by flow

cytometry...................................................................................................................39

Figure 2.13:Flow cytogram of HT 29 cells stained with fluorescein linked secondary

antibody to determine rate o f A antigen expression...........................................41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.14: Scatterplot of the fluorescent signal (FL1-H) versus the cell size................. .42

Figure 2.15: Mycoplasma detection kit PCR products separated on a 2% agarose gel and

stained in ethidium bromide...................................................................................43

Figure 3.1: Schematic representation o f ALT enzyme assay coupled to LDH to detect the

loss o f NADH,...........................................................................................................50

Figure 3.2: Schematic representation o f the reaction catalyzed by a-1,3 FucTs.................52

Figure 3.3: Schematic representation of the reaction catalyzed by oc-1,4 FucTs,................53

Figure 3.4: Alignment o f the C-terminal hypervariable loop region of thirteen H. pylori

a - 1,3/4 FucT.............................................................................................................55

Figure 3.5: Amount of Lewis A-TMR formed after 2 and 5 h incubations of NCTC11639

wildtype and mutant FucTs.....................................................................................59

Figure 3.6: CE-LIF trace o f the NCTC11639 series of reactions after 5 h o f incubation .60 

Figure 3.7: Amount o f Lewis A-TMR formed after 0.5 and 1 h incubations o f UA948

wildtype and mutant FucTs.....................................................................................61

Figure 3.8: CE-LIF trace of the UA948 series o f reactions after 1 h o f incubation. ,62

Figure 3.9: Amount o f Lewis A-TMR formed after 0.5 and 1 h incubations o f UA948

wildtype and mutant FucTs.....................................................................................64

Figure 3.10: CE-LIF trace o f the fucosidase reactions after 0 and 6  h o f incubation........ .65

Figure 4.1a): Solubilization of protein pellet using SDS in 10% methanol and 100 mM

NH 4 HCO3 ..................................................................................................................82

Figure 4.1b): SDS-PAGE analysis o f the pellet solubilized by SDS-PAGE loading buffer 

and heated to 95 °C ........................................................................................ 82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.2: Solubilization o f protein pellet using different concentrations of Tween-20

and CHAPS in 1% DTT and 50 mM Tris.............................................................83

Figure 4.3: Solubilization of protein pellet using different concentrations of deoxycholic

acid in 1% DTT and 50 mM Tris........................................................................... 84

Figure 4.4: Solubilization o f protein pellet using Triton X-100 in 1% DTT and 50 mM

Tris............................................................................................................................. 85

Figure 4.5: Schematic representation of the number o f proteins identified from each of

the solubilization methods...................................................................................... 8 6

Figure 4.6: Schematic representation o f the number o f proteins identified during triplicate 

analysis o f the hot/hot solubilization method,.......................................................8 8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Abbreviations

2DE Two-dimensional gel electrophoresis

2D-LC Two-dimensional liquid chromatography

ALT Alanine transaminase

BSA Bovine serum albumin

CAI Codon adaptation index

CERB Capillary electrophoresis running buffer

CGE Capillary gel electrophoresis

CHAPS 3 - [(3 -Cholamidopropyl)dimethylammonio] -1 -propanesulfonate

CIEF Capillary isoelectric focusing

CITP Capillary isotachophoresis

CZE Capillary zone electrophoresis

DMEM Dulbecco Modified Eagles’ Media

DTT Dithiothreitol

EOF Electroosmotic flow

EPF Electrophoretic flow

FucT Fucosyltransferase

GalNAc N-acetylgalactosamine

GDP-Fuc Guanosine diphosphate P-L-fucose

GlcNAc N-acetylglucosamine

LacNAc N-acetyl-p-lactosamine

LAP Low abundance protein

LC-MS Liquid chromatography-mass spectrometry

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LDH Lactate dehydrogenase

MBS MOPS buffered saline

MEKC Micellar electrokinetic capillary chromatography

MES 2-(N-Morpholino)ethanesulfonic acid hemisodium

MOPS 4-Morpholinepropanesulfonic acid

MRC Microreaction chamber

MS Mass sepectrometry

MS/MS Tandem mass spectrometry

NAD+ Oxidized nicotinamide adenine dinucleotide

NADH Reduced nicotinamide adenine dinucleotide

NDA Naphthalene-2,3-dicarboxaldehyde

PHEMA Poly(2-hydroxyethyl methacrylate)

RCF Relative centrifugal force

SDS Sodium dodecyl sulfate

SPE Solid phase extraction

TFA Trifluoroacetic acid

UDP-Gal Uridine 5'-diphospho-galactose

UDP-GalNAc Uridine 5'-diphospho-N-acetylgalactosamine

aFuc(l,2)Gal a-L-fucopyranolsyl-( 1,2)-D-galactopyranose

otGal(l,3)[aFuc a-D-galactopyranosyl-(l ,3)-[a-L-fucopyranolsyl-(l ,2)]-D-

(1=2)] Gal galactopyranose

<xGalNAc(l,3) 2-Acetamido-a-D-galactopyranosyl-( 1,3)-[a-L-fucopyrano

[aFuc(l,2)]Gal (1,2)]-D-galactopyranose

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bioanalytical methods to study low activity enzymes and low abundance proteins

Chapter 1: Introduction to low abundance enzymes and proteins

Low activity enzymes and low abundance proteins represent an often overlooked 

class o f biological compounds in part due to the lack o f analytical methods to 

characterize them. Most molecular biology studies deal with techniques that amplify the 

gene or protein o f interest (e.g. polymerase chain reaction, overexpression of proteins, 

etc.) in order to increase the amount of the molecule of interest. However, this requires 

previous extensive knowledge o f the gene or protein and may not be possible for novel 

genes and proteins. Even though they are difficult to study, low activity enzymes and 

low abundance proteins are undoubtedly physiologically important. This thesis explores 

different bioanalytical methods to study these often ignored compounds.

1.1 Single cell analysis

Enzymes are proteins that catalyze biological reactions1. Typically, the gene 

encoding the enzyme o f interest is cloned, overexpressed, and purified for analysis. This 

requires some prior knowledge of the gene and the enzyme and requires weeks, months, 

or even years of work. Also, some proteins are toxic to cells and cannot be 

overexpressed2’3. Single cell analysis offers a faster way to study these proteins and 

enzymes and with smaller amounts. However, the amount of enzyme present within a 

single cell is often quite low. While some enzymes are present in large amounts, others 

may be present in smaller amounts or have slow activity. Unfortunately, one cannot

1
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compensate for the slow activity of low activity enzymes by using more enzyme as it 

runs counter to the objective o f single cell analysis.

While there are drawbacks in performing single cell analysis, there are advantages 

in studying individual cells. Information unique to individual cells is not lost in the 

background with other cells4,5. This is similar to flying over a forest. At high altitudes, 

one cannot distinguish between the different species of trees as they all appear as a blur 

with different shades o f green. At lower altitudes, one can distinguish individual trees 

and can tell if  they are birch, popular, pine, spruce, etc. with individual colors. Likewise, 

single cell analysis offers the benefits of observing the individual characteristic of each 

cell. Furthermore, low volume single cell assays can be used where sample amount is 

limited, such as, tumor biopsies or developing tissues harboring deleterious gene 

mutations6.

Single cell analyses have been performed using several techniques, namely flow 

cytometry7'9, confocal microscopy10, u , microfluidics1 2 ' 15 and capillary electrophoresis 

(CE)16'18. New techniques for single cell analysis include antibody based assays1 9 and in 

vivo studies using two-photon tissue imaging . Clearly, this field is rapidly developing 

and this thesis deals with single cell analysis by CE.

The first single cell study by CE analyzed the amino acid content from large cells

")0(e.g. oocytes, neurons) . The introduction o f laser induced fluorescence (LIF)

21 22 23techniques allowed smaller cells to be analyzed for their proteins , nucleic acids ’ ,

peptides24, and metabolites25. More recent single cell studies have dealt with subcellular

>"\r y j

particles such as mitochondria and nuclei . An application o f single cell analysis of
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proteins is the use of LIF techniques to study changes in the proteome during the cell 

cycle28.

This thesis only deals with glycosyltransferases in single cells. 

Glycosyltransferases catalyze the addition o f monosaccharides onto proteins and other 

carbohydrates to form various glycoproteins such as antigens and enzymes for proper 

cellular function . As part o f the biosynthetic pathway to form human blood antigens, 

glycosyltransferase A (GTA) was studied in this thesis using HT29 human colorectal 

cancer cells.

1.2 Low abundance proteins

Low abundance proteins (LAPs) are present in small amounts in a cell. Their low 

concentration makes them difficult to detect, whether by conventional proteomic 

methods, such as gel electrophoresis, or by more recent chromatography techniques30. 

Nevertheless, they hold important biological information and their detection and 

characterization are desired.

Several research groups have studied LAPs in several organisms31'34. There are 

several strategies to study LAPs: removal of high abundance proteins (HAP) by 

antibodies , enrichment of LAPs ’ , prefractionation of the protein samples and a 

combination o f several o f the above techniques39. Each of these techniques varies in the 

approach to detect LAPs and they all have their advantages and disadvantages. For 

example, removal o f HAPs can be done with commercial kits but may also remove 

LAPs40. Protein prefractionation minimizes sample loss but increases the analysis time 

exponentially by adding another separation dimension41.
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In human serum, a handful of proteins (e.g. albumin, fibrinogen, transferrin, 

haptoglobin, IgG, IgA, IgM) represent 95% of the proteins present by weight while LAPs 

are present at much lower levels42. Detection and characterization o f the LAPs would be 

much improved if  the HAPs were removed 43,44. This is due to the phenomena o f ion 

suppression or abundance suppression45,46. This effect was first observed in gel 

electrophoresis based experiments but affects liquid chromatography-mass spectrometry 

(LC-MS) based methods equally if not more so. Due to the sheer numbers, HAPs are 

preferentially detected. In gel based systems, their large protein spots cover nearby 

proteins. In LC-MS methods, high abundance peptides and proteins co-elute with other 

proteins. Unless the mass-to-charge ratios of these high abundance peptides are known 

and manually excluded from analysis, the mass spectrometer will preferentially detect 

these peptides while neglecting the low abundance ions.

As mentioned above, protein fractionation has been used to study LAPs.

However, if  HAPs could be selectively left behind during sampling, then protein 

fractionation could be avoided to reduce sample handling and analysis time. While 

selecting proteins to include in a sample is difficult to do in a homogenous mixture, it is 

easier to accomplish in a heterogeneous sample. The carbonate extraction method used 

in this thesis work provides a heterogeneous mixture o f solid membrane pellet and 

soluble proteins. Thus, this thesis work analyzed methods to selectively include LAPs in 

the sample while leaving behind HAPs from the outer membrane o f Escherichi coli.
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1.3 Sum m ary of thesis

This thesis highlights work done in several areas o f biology using sensitive 

analytical chemistry techniques. The first example is the study of the blood group 

enzyme glycosyltransferase A in single HT29 human colon cancer cells. This study was 

done at low volumes and the analytes separated and detected by CE-LIF.

The second example is the analysis o f mutant fucosyltransferases from 

Helicobacter pylori. These enzymes have a very low activity and could not be studied by 

radiochemical assay. Thus, CE-LIF was used to determine its substrate specificities and 

reaction characteristics.

Lastly, different solubilization methods were tested in a study of the E. coli outer 

membrane proteome. Different methods were analyzed for their ability to remove HAPs 

from the membrane pellet. Methods were also tested to maximize the number o f proteins 

solubilized from the outer membrane pellet in order to get a complete characterization of 

the E. coli outer membrane proteome.
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Chapter 2: Multiple sampling in a single cell enzyme assay1

2.1 Introduction

Low volume assays are an extension of the drive to miniaturize in vitro analysis 

o f chemical and biochemical reactions. Low volume assays can be used to detect the 

activity of a single cell or a small group o f cells. This is beneficial over traditional bulk 

cell assays as it avoids the averaging bias inherent in bulk assays1,2. As well, cells can be 

chosen for analysis after initial screening based on visual morphology or staining 

characteristics. Furthermore, low volume single cell assays can be used where sample

amount is limited, such as tumor biopsies or developing tissues harboring deleterious

•>

gene mutations . Single cell assays can also be used to detect changes in the intracellular 

level o f cell cycle dependent enzymes and proteins4,5. Understanding these enzymes and 

proteins may lead to a more complete understanding of cell cycle regulation.

Flow cytometry has been used extensively to study cells individually6. This 

established method uses antibodies to detect the presence of proteins and antigens present 

in a cell or on its surface. While this method is fast and can study many parameters at 

once, it is mainly limited to antigens to which antibodies have been raised and cannot 

readily study parameters that have not been initially characterized. To study the contents 

o f a cell to which antibodies have not or could not be raised, single cell assays have been 

done by capillary electrophoresis (CE). The first single cell study by CE analyzed the 

amino acid content o f a snail neuron cell7. The introduction o f fluorescently labeled 

substrates lowered the detection limit to attomolar levels8 and ushered in new areas of

1 Portions o f  this chapter have been published in Analytical Chemistry 2005, 77, 3132-3137 by Shoemaker 
et al. Other portions are being considered for submission to Analytical and Bioanalytical Chemistry.
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analyses, such as proteins9, nucleic acids10, and peptide hormones11. Fluorescently 

labeled substrates also allowed the study of cells smaller than neurons and oocytes. With 

the introduction of new sample handling techniques, subcellular organelles, such as 

mitochondria1 2  and nuclei13, have been studied. In general, the chemical analysis of 

single cells has been termed chemical cytometry14. Metabolic cytometry is a subset of 

chemical cytometry and refers to the products o f enzymatic pathways within a cell.

2.1.1 H um an blood groups and glycosyltransferase A

Human blood groups are defined as the different surface antigens present on the 

human blood cell surface15. O f the twenty-six identified blood groups, four groups 

(ABO(H), P, Lewis, and Hh) are based on the carbohydrate structure on the cell surface 

and many more are based on the cell surface glycoprotein. Thus, carbohydrate modifying 

enzymes are critical in proper blood antigen formation. Being on the surface o f blood 

cells, they are known to function as membrane transporters, receptor and adhesion 

molecules, regulatory signals, enzymes, and structural proteins, and to form part of the 

glycocalyx. The ABO(H) blood group is the most characterized blood group and is a 

major factor taken into consideration when determining blood donor/recipient 

compatibility. Other blood groups also play an important role in maintaining 

homeostasis, and are reviewed elsewhere16.

Glycosyltransferase A (GTA) is a member o f the human ABO(H) blood group 

enzymes. As such, it is one o f two enzymes responsible for determining an individual’s 

ABO(H) blood type17. Individuals with type A blood express this enzyme in their 

hematopoietic stem cells18. GTA catalyzes the addition o f N-acetylgalactosamine
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(GalNAc) from uridine 5'-diphospho-N-acetylgalactosamine (UDP-GalNAc) to the H- 

antigen, a-L-fucopyranosyl -(l,2)-D-galactopyranose (aFuc(l,2)Gal), to form the A 

antigen, 2-acetamido-a-D-galactopyranosyl-(l,3)-[a-L- fucopyranosyl -(1,2)]-D- 

galactopyranose (aGalNAc(l,3)[aFuc(l,2)]Gal), (Figure 2.1). People with type B blood

D-galactopyranosyl-(l,3)-[a-L- fucopyranosyl -(1,2)]-D-

galactopyranose, (aGal(l,3)[aFuc(l,2)]Gal). People with type AB blood express both 

GTA and GTB while people with type O blood express neither functional GTA nor GTB. 

GTA and GTB are highly homologous and differ in only 4 out o f 268 amino acids20. The 

products o f these enzymes are also similar in that they only differ in the substitution on 

the terminal saccharide o f an acetamido or hydroxyl group. Despite their similarities, 

giving blood transfusion patients the wrong type o f blood can have fatal consequences.

Figure 2.1: Schematic representation of the reactions catalyzed by GTA and GTB.

express the enzyme glycosyltransferase B (GTB ) 1 9  which transfers galactose from uridine 

5'-diphospho-galactose (UDP-Gal) and adds it to the H antigen to form the B antigen, a -

AcNH 0 , ' 0 ' \ \

UDP-GalNAc

AcNH O

Blood type A antigen

HO

H-antigen

HO
UDP-Gal HO OH

Blood type B antigen
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GTA is a relatively slow enzyme when compared to other enzymes (Table 2.1). 

The kcat o f an enzyme measures the number o f reactions that enzyme can perform in one 

second. Because the kcat for GTA is 5 s '1, either more enzymes must be used or the 

reaction must be allowed to proceed for longer time periods in order to achieve the same 

amount o f product as other faster enzymes. For single cell assays o f GTA, using more 

enzymes is not applicable, so increasing incubation time and decreasing the total volume 

(to increase enzyme concentration) must be used to compensate the low activity of the 

enzyme.

Table 2.1: kcat values for a few selected enzymes 21'23b.

Enzyme ^ / ( s '1)

Carbonic anhydrase lxlOb

Urease lxlO5

Fumerase 8 x l 0 2

Chorismate mutase 5X101

Glucoamylase 2 x 1 0 *

P-glucosidase 8

GTA 5

Trypsin 7x1 O' 1

Chicken egg white lysozyme 2 x l 0 _1

2.1.2 HT29 human colorectal cancer cell line

The cell line HT29 was first isolated from a 44 year old female Caucasian24. It 

was isolated from colorectal adenocarcinoma tissue and is generally used as a
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transfection host. These adherent secondary culture cells have been used for single-cell 

enzyme and protein studies2 5 , 2 6  and are relatively easy to maintain and are o f average 

size. These adherent epithelial cells are known to express the blood group A antigen, 

rhesus factor, and several HLA antigens. Since they express the blood group A antigen, 

they must possess GTA and can be used as a model for single cell GTA assays. The 

expression of GTA in HT29 has been found to be correlated to the level of malignancy in 

primary cells27,28. Thus, they serve as a good model to demonstrate the ability of single 

cell assays to detect cell-to-cell heterogeneity.

Flow cytometry can be used to confirm the validity of the single cell GTA 

experiments. Although the flow cytometry protocol used here measures the presence of 

surface antigens and the single cell experiment done here measures intracellular enzyme 

activity, they are linked due to the nature o f the enzymatic pathway18. The A antigens are 

synthesized in the Golgi bodies o f the cell and are eventually transported to the surface of 

the cell. Flow cytometry has the advantage o f high throughput screening but is generally 

limited to proteins or antigens at a single time point; it cannot readily detect enzyme 

activity over time. While the single cell experiment described here cannot be used for 

high throughput applications, it can however detect and monitor enzymatic reaction over 

time.

2.1.3 Capillary electrophoresis and laser induced fluorescence

Capillary electrophoresis (CE) is a powerful separation technique capable o f 

providing excellent resolution29. CE is amenable to low volume assays as it only requires 

a small amount o f analyte to be used in each analysis. The principles and practice o f CE
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can be found elsewhere30,31. In brief, there are two types of movement in CE that when 

combined, provide for the separation of analytes. The first movement is electroosmotic 

flow (EOF). This is caused by the interaction o f the negatively charged silanol groups on 

the wall o f the capillary with the positive ions in the buffer. When a voltage is applied 

across the length of the capillary, the cations in the diffuse part o f the double layer move 

towards the cathode. The momentum of the cations is imparted on the buffer and the 

contents o f the capillary moves in bulk towards the cathode. The second movement is 

electrophoretic flow (EPF). This is the movement o f positively or negatively charged 

analytes towards the cathode or the anode of the capillary, respectively. EPF is the main 

separation force as it separates the analytes based on charge. While EPF can either be 

“forward” (towards the detector) or “backwards” (away from the detector) in terms o f the 

capillary, the EOF is usually greater than the EPF and sweeps all analytes towards the 

detector.

There are five main separation modes o f CE: capillary zone electrophoresis 

(CZE), micellar electrokinetic capillary chromatography (MEKC), capillary isoelectric 

focusing (CIEF), capillary gel electrophoresis (CGE), and capillary isotachophoresis 

(CITP). The high resolution of CE analysis is especially useful in the separation of 

carbohydrates as they are a class o f similar polyhydroxylated compounds with numerous 

isomers32.

O f the different kinds o f CE, MEKC offers the most separation power to mixtures 

o f oligosaccharides. In MEKC, micelles are formed by including surfactant molecules, 

usually sodium dodecyl sulfate (SDS), in the running buffer at a concentration higher 

than its critical micellar concentration. Since the micelles are negatively charged, they
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have an EPF against the EOF and will have a longer migration time than neutral or 

positively charged molecules. As the different neutral analytes partition between the 

aqueous phase and the micellar phase, they are gradually separated from each other based 

on the amount o f time each analyte spends in the two different phases. An analyte that 

spends no time in the micellar phase will move with the EOF while an analyte that spends 

all of its time in a micelle will move at a slower rate. For a more comprehensive review 

of MEKC, the reader is referred to the work of Mazzeo33.

The capillary electrophoresis running buffer (CERB) used in this work contained 

SDS for the formation of micelles, borate and phenylborate for complexation with the 

oligosaccharides, and phosphate for pH control. For most neutral oligosaccharides to be 

separated by CE, they must be first complexed with borate ions to form charged 

species34. In basic solutions, borate exists as tetrahydroxyborate, B(OH)4 _, and reacts 

with vicinal diols in carbohydrates to form negatively charged complexes. Phenylboric 

acid also forms these complexes and has been found to improve the resolution of 

oligosaccharide isomers3 5  and was used here. It is postulated that the phenyl group 

increases the complexes’ hydrophobicity and introduces steric constraints within the 

complex. By using both borate and phenylborate, the differences in the oligosaccharides’ 

partition coefficients in the micellar phase are enhanced and resolution is improved.

To detect small amount o f analytes inherent in low volume assays, a sensitive 

detection method must be used. Furthermore, oligosaccharides have very low UV 

absorption and are not amenable to UV-visible spectrometry. There are several detection 

methods available for CE, such as UV absorption, electrochemical detection, and mass 

spectrometry. However, derivatization with fluorophores is usually used for
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oligosaccharide analysis. Laser induced fluorescence (LIF) o f the attached fluorophore is 

the most sensitive method36,37. The limit o f detection is usually in the range o f tens to 

hundreds o f molecules3 8  but the detection o f two molecules has been reported39.

In the present system, fluorescence o f the analyte is obtained by attaching the 

succinimidyl esters o f carboxy-tetramethylrhodamine (TMR) to the oligosaccharide.

This fluorophore is commonly used to label proteins and nucleic acid (Figure 2.2). The 

excitation wavelength maxima o f TMR at 555 nm closely matches the 543 nm line o f He- 

Ne lasers and is used in many bioanalytical applications31. The power o f LIF as a 

detection system is also enhanced by the construction and geometry of the detector. 

Background noise in the fluorescent emission at 580 nm is reduced by collecting the 

emitted light at a right angle to the incident light and using a bandpass filter.

Furthermore, the use o f a sheath flow cuvette allows for post-column detection and 

minimizes scattering due to the capillary wall and changes in the refractive, index of the 

buffer.

HO

\
N

Figure 2.2: Structure o f tetramethyrhodamine.
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2.1.4 Nanopipettor

As the name implies, low volume assays deal with very small volumes, usually in 

the nanoliter range. Most micropipets can deliver 0.2 to 0.5 pL with good precision and 

accuracy and common molecular biology polypropylene tubes can also accommodate this 

volume. However, this volume is too large for single cell reactions where the enzyme 

being studied has low activity, such as GTA with a kcat o f 5 s '1. Thus, many single cell 

reactions have taken place within the CE capillary40,41. While this approach minimizes 

the dilution of enzymes and analytes, the entire reaction is analyzed at once and cannot be 

repeated. Thus, replicate analysis and time course studies cannot be done. To sample a 

low volume assay multiple times, the enzyme reaction must occur independently from the 

analysis. This requires a way to manipulate liquids at the nanoliter level in order to setup 

the enzyme reaction and sample a low volume assay.

To transfer minute amounts o f liquids, a previously described nanopipettor was 

used42. Briefly, this locally designed tool is built using a 1 mL Hamilton syringe fitted 

with a fused silica capillary via a PEEK zero-dead-volume union. It can reproducibly 

deliver a small volume of liquid by changing the pressure within the Hamilton syringe for 

a given amount o f time. In summary, the volume aspirated into the capillary is described 

by the equation

r ' - vt Y ‘
^ ^   Equation 2.1

Po

aspirated

where V aSp ir a te d  is the volume aspirated into the capillary, Po is the initial pressure inside 

the syringe (101.3 kPa), Vo is the initial volume of the syringe, V/\s the final volume of 

the syringe, d  is the inner diameter o f the capillary, t is the amount o f time that the
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capillary is immersed in the solution o f interest, tj is the solution’s viscosity (0 . 0 0 1  kg m'

1 s' 1 for aqueous solutions), and L is the length of the capillary.

To aspirate a liquid, the capillary is first immersed in the solution o f interest. The 

plunger is then quickly withdrawn to a previously determined volume. After the desired 

amount o f time has elapsed, the liquid is immediately removed and the capillary is 

transferred to the receiving vessel. The plunger is then depressed beyond its original 

position to expel the liquid. To avoid changing the temperature o f the syringe cylinder, 

and hence its pressure, the apparatus is mounted on a ring stand with clamps and only the 

plunger is in contact with the experimentalist. Several factors can be easily altered by the 

experimentalist to change the volume delivered: the size and length o f the capillary, the 

time that the capillary is immersed in the liquid, and the initial and final volume of the 

syringe. While the parameters in the original work showed that the device can 

reproducibly deliver aliquots o f liquids at the single nanoliter range, it can be changed so 

that hundreds o f nanoliters can be delivered by using a 1 2  cm long capillary o f 1 0  pm 

inner diameter.

2.2 Experimental conditions

2.2.1 Enzyme assay conditions for GTA analysis

While the H antigen constitutes the minimal acceptor for GTA, the enzyme can 

also transfer to other oligosaccharide acceptors as long as the terminal saccharides 

resemble the H antigen. In this experiment, H-type II antigen was used as the acceptor. 

H-type II antigen differs from H antigen in that the former has an additional N-acetyl-
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glucosamine (GlcNAc) moiety attached to the galactose in a 1,4 manner (Figure 2.3). FI- 

type II antigens were labeled with TMR to allow for fluorescent detection and were 

available from previous work in the group36,43.

Figure 2.3 Schematic representation o f the GTA reaction under assay in this 

experiment.

HT29 cells were obtained from American Type Culture Collection (Manassas 

VA). They were grown in 25 cm2  cell culture flasks with Dulbecco Modified Eagles’ 

Media (DMEM) with 4 mM L-glutamine and supplemented with 10% fetal calf serum 

and 1 mM sodium pyruvate (Invitrogen, Burlington ON). The flasks were incubated at 

37 °C with 5% atmospheric CO2  and grown to ca. 75% confluence. The cells were then 

passaged by trypsinizing the cells, diluted with fresh media and used to reseed the flask. 

Cells for low volume assays were collected at this time by centrifugation at 1500 RPM 

and resuspended in MOPS buffered saline (MBS). After the thirtieth passage, the cells 

were frozen at '80 °C and another vial of stock HT29 cells were thawed and maintained 

as above.

O V 0  +  H 05v^ O  NHAc

*©  v — ^  h , c
HO OH

>(CH2)8CONH(CH2)2NHCO-TMR

HO

UDP-GalNAc H-type II antigen

.0(CH2)8C0NH(CH2)2NHC0-TMR
AcNH

NHAc

Blood type A antigen
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For GTA assays, the cell suspension was diluted with MBS instead o f media and 

then spotted onto a glass microscope slide. Cells were then selected for single cell and 

ten cell analysis by using a locally constructed micromanipulator described previously44. 

This micromanipulator uses a series o f stepping motors attached to translational stages to 

adjust the three-dimensional position o f a capillary. A 50 pm (i.d.) fused silica capillary 

(Polymicro Technologies, Phoenix AZ) is attached to a 50 pL Hamilton syringe. The 

plunger o f the syringe is controlled by another stepping motor to control the rate of 

withdrawal and expulsion. The capillary and microscope slide are coated before use with 

poly(2-hydroxyethyl methacrylate), (PHEMA) (Sigma Aldrich, St. Louis MO) to reduce 

the adhesion of HT29 cells to bare silica45.

The capillary filled with buffer was placed adjacent to a single cell with normal 

morphology. Suction was then applied via the Hamilton syringe at a rate o f 5 nL s' 1 for 

10-15 s (50-75 nL). The cell suspension on the microscope slide was monitored visually 

to confirm entry of the cell into the capillary. The capillary was then moved to a fresh 

spot of MBS for 2 minutes to allow the pressure inside the capillary to equilibrate. The 

capillary was then placed into a microreaction chamber (MRC) containing 100 nL of the 

reaction buffer. The contents o f the capillary were then expelled by moving the Hamilton 

syringe at 15 nL s' 1 for 5-7 s (75-105 nL) and allowed to equilibrate for 2 minutes. After 

expelling the cell, the capillary was returned to the microscope stage and the remaining 

buffer was expelled to visually confirm the absence o f any remaining cells. Blank 

reactions were done as negative controls. In the blank reactions, MBS surrounding the 

cells were drawn into the micromanipulator at the same rate, allowed to equilibrate, and
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expelled into MRCs containing 100 nL of the reaction buffer at the same rate and allowed 

to equilibrate and incubated.

The MRC was made by heat-sealing the end of a gel-loading tip to form a narrow, 

water-tight tube. After all manipulations were done, the MRC was then spun briefly in a 

microcentrifuge to collect the cell and reaction buffer at the bottom. The MRC was then 

sealed with a silicone-plugged 10 pL micropipette tip, wrapped with paraffin wax and 

incubated at 37 °C and 100% relative humidity.

Low volume GTA assay conditions were based on bulk enzyme assays 

conditions46. The reaction buffer consisted o f 100 pM H-type II-TMR, 200 pM UDP- 

GalNAc, 0.5% Triton X-100, 6 X complete EDTA-free protease inhibitor, 10 mU mL" 1 

alkaline phosphatase, 1 mg mL ' 1 BSA, 50 mM MOPS, 20 mM MnCL and buffered at pH 

7.2. The protease inhibitor and alkaline phosphatase were obtained from Roche 

Diagnostics (Laval QC)) and the other reagents were obtained from Sigma Aldrich (St. 

Louis MO).

After the appropriate incubation time, 26 nL aliquots were withdrawn for analysis 

using the nanopipettor. This was accomplished by using a 15 cm by 20 pm capillary and 

changing the syringe volume from 300 pL to 600 pL while the capillary was immersed in 

the MRC for 20 s. The samples were then expelled into a vessel containing 3 pL of 

CERB for CE-LIF analysis by changing the syringe volume to 100 pL until air was seen 

bubbling out o f the capillary.

2.2.2 CE-LIF conditions

The CE-LIF instrument has been previously described38. In brief, one end o f a 40 

cm by 10 pm fused silica capillary (Polymicro Technologies, Phoenix AZ) was placed in
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CERB and in contact with the anode of a CZEI000R high voltage power supply 

(Spellman, Plainview, NY, USA). The other end of the capillary was placed into a sheath 

flow cuvette and grounded electronically. A 1.0 mW helium-neon laser beam, A.=543 nm 

(Melles Griot, Carlsbad CA), was focused at the end o f the capillary. Post column 

fluorescence was collected at a right angle with a high numerical aperture microscope 

objective (0.7 NA, 60x), spectrally filtered by a 580DF40 band-pass filter (Omega 

Optical, Vermont NE), and detected with a Hamamatsu R1477 photomultiplier tube 

(Bridgewater, NJ). The data were then digitized by a National Instruments NB-MIO-16X 

data acquisition board (Austin TX) and processed on a Macintosh computer.

Samples were electrokinetically injected into the anode end of the separation 

capillary by applying a 4000 V potential for 4 s. An electric field o f 450 V cm ' 1 was then 

applied across the capillary to effect separation at room temperature.

The CERB consisted of 50 mM SDS, 2.5 mM sodium borate, 10 mM 

phenylboronic acid, and 10 mM sodium dihydrogen phosphate, pH 9.3. The solution was 

filtered through a 0.22 pm filter before use. The same buffer was also used as sheath 

fluid in the sheath flow cuvette.

Peak identities were confirmed by co-injecting small amounts of A-TMR along 

with the reaction mixture. Co-migration o f the product and the standard showed that the 

reaction mixture contained the standard compound.

Data analysis was performed using Igor Pro (WaveMetrics, Lake Oswego OR). 

The CE traces were overlaid and shifted for visual comparison to show the increase in the 

A-TMR peak over time. Peak integration was performed and the peak area was used to
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determine the ratio o f A-TMR to H-type II-TMR. This ratio is given the term “percent 

conversion.”

2.2.3 Flow cytometry conditions

Procedures for flow cytometry were adapted from Jackson and Warner4 7  and

77Hakomori et al . In brief, 0.5 pg o f the primary antibody (anti-A antigen or anti-B 

antigen raised in mice [DakoCytomation, Mississauga ON]) were added to cells 

suspended in fresh DMEM with 0.1% sodium azide. The mixture was incubated on ice 

for 30 minutes and then the cells were gently spun down, washed in PBS containing 0.1% 

azide and resuspended. Then, 1 pg o f anti-mouse fluorescein-linked secondary antibody 

(Jackson ImmunoResearch Laboratories, West Grove PA) was added and incubated for 

30 minutes on ice. The cells were centrifuged, washed, and resuspended with PBS 

containing 0.1% azide (w/v) and 1% paraformaldehyde (w/v). Control incubations with 

no primary antibody and anti-B-antigen antibodies were also done to account for non

specific adsorption o f the secondary antibody. The cells were then analyzed by a BD 

Bioscience FACScan™ cytometer (San Jose CA). Cells were initially plotted according 

to their forward and side light scatter, which measured their size and granularity, 

respectively. Cells o f the appropriate size and granularity were then selected, or “gated,” 

for analysis o f their fluorescence signal. Higher fluorescence signal indicated a greater 

concentration o f the antigen on the cell’s surface.
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2.2.4 Mycoplasma detection procedures

The frozen cells were subsequently tested for mycoplasma contamination using a 

MycoSensor™ PCR Assay Kit (Stratagene, La Jolla CA) and the accompanying 

instructions. HotMaster™ Taq DNA polymerase from Eppendorf (Hamburg, Germany) 

was used for the mycoplasma assay. The PCR products were separated on a 2% agarose 

gel and stained with ethidium bromide.

2.3 Results and Discussions

2.3.1 One hundred cell assay

GTA assays o f HT29 cells were first done at the 100 cell level to determine if the 

reaction conditions were appropriate and to measure an approximate rate o f reaction. A 

0.2 pL drop o f 5><105 cells mL ' 1 cell suspension was added to 0.8 pL of the reaction 

buffer. Aliquots o f 0.5 pL were then placed into two MRCs for incubation so that each 

MRC had 1 cell per 10 nL. Samples were taken after 90,136,185, 235, and 281 h and 

analyzed by CE-LIF as described above.

Figure 2.4 is a trace o f the TMR labeled oligosaccharide peaks observed during 

the CE run. The peak at 10.2 minutes is the A-TMR product peak and the peak at 10.5 

minutes is the H-type II-TMR substrate peak. Samples from each timepoint were 

analyzed by CE-LIF and the peak areas integrated as described above. Visual estimation 

suggests that only a small amount o f A-TMR is formed after several days o f incubation. 

As shown in Figure 2.5, the percent converted is approximately 5% after approximately 4 

days and continues to slowly increase. This shows that both the GTA enzyme and the A- 

antigen are stable over long periods in the reaction conditions used.
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Figure 2.4: CE-LIF electropherograms o f samples taken from 100 cell assays. 

Samples from one of the MRCs discussed in the text was taken after the indicated 

time and analyzed by CE-LIF. The peaks are normalized so that the intensity of 

the H-type II-TMR peak has an intensity o f 1,0V.
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Figure 2.5: Graph o f percentage of A antigen formed over the incubation period in 

two MRCs using 100 HT 29 cells.

Using approximately 100 cells in 1 pL (1 cell per 10 nL), a 5% conversion after 4 

days (96 h) is relatively slow compared to a-glucosidase II from Spodoptera frugiperda 

which is also studied in our research group. The latter has approximately 1700 times 

more activity than GTA and 20% conversion to product could be achieved in 4.5 h using 

a single cell in 200 nL o f reaction buffer. To increase the rate of the GTA reaction, it is 

imperative that the reaction volumes be kept low as low as possible to increase the 

enzyme concentration. Unfortunately, this is restricted by the limits o f the MRC. The 

minimum volume in a MRC assay is approximately 100 nL. Volumes less than 100 nL 

are difficult to confirm visually and are prone to evaporation. To achieve volumes less 

than 100 nL, microfluidic applications may be required.
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2.3.2 Ten cell assay

After the 100 cell assays, ten cell assays were attempted. The reaction buffer was 

the same as above with the exception that the HT29 cells were added using the 

micromanipulator. Ten cells were counted visually to have entered the capillary. The 

total volume of buffer aspirated was kept to a minimum (100 nL) to avoid excessive 

dilution. The cells were expelled into an MRC containing 200 nL o f the reaction buffer 

and incubation was done as described above. Due to the limits o f the MRC and 

micromanipulator, the volume of reaction buffer per cell had increased from 1 cell per 1 0  

nL in the 100 cell assay to 1 cell per 30 nL in the 10 cell assay. Together, four sets of 

experiments totaling fifteen MRCs were done over the course of several weeks. For the 

purpose o f discussion, only the fourth set is shown. For this set, duplicate samples were 

removed at 6 6 , 138, and 210 h for CE-LIF analysis.

Figure 2.6 shows the electropherogram of the TMR labeled oligosaccharide peaks 

in samples taken from a representative MRC within the fourth set. The A-TMR peak can 

be clearly seen at 9.4 minutes along with the H-type II-TMR peak at 9.7 minutes. Other 

peaks from impurities and degradative products can be seen as well. The degradative 

product at 1 0 . 0  minutes is most likely due to the actions of endogenous glycosidases to 

form N-acetyl-P-lactosamine (LacNAc)-TMR, GlcNAc-TMR and/or 

octamethylethylenediamine-TMR. These peaks are not considered during calculations of 

A-TMR formation as the substrate H-type II antigen is present in large excess. Small 

changes in the level o f H-type II antigen over the course of the incubation are unlikely to 

affect the rate o f GTA activity.
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Figure 2.6: CE-LIF electropherogram of samples from a representative 10 cell 

GTA assay exhibiting GTA activity after incubation. Samples in this series were 

drawn and analyzed in duplicate. The peaks are normalized so that the intensity 

o f the H-type II-TMR peak has an intensity of 1 .OV.

Figure 2.7 shows the percent o f H-type II antigen converted to A antigen over the 

course o f incubation for the six MRCs within the fourth set. Similar to the 100 cell assay, 

there is an increasing amount o f A antigen formed over time. After 210 h, 0.6%; 1.1%;

1.6 %; 2.3%; 2.4%; and 2.9% of the H-type II antigen had been converted to A antigen in 

each of the six MRCs. Table 2.2 summarizes the percent conversion seen in other MRCs 

at the 10 cell level. After 334 h o f incubation, an average of 0.5% was converted in the 

first set. The second set showed 1.1% conversion after 406 h and the third and fourth sets
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showed 1.6 % and 1.8 % after 238 h and 210 h, respectively. Within each set, there is a 

large degree o f variation in the amount converted. The relative standard deviation is 

between 23 and 49%. The variability may represent the heterogeneous nature o f GTA 

expression in HT29 cells. Human error and/or adhesion of HT29 cells to the capillary 

wall may also be a factor. Allowing for the lower number of cells as well as the lower 

total volume, the rate o f A antigen formation in the 10 cell assays was approximately the 

same as the 100 cell assays. Section 2.3.1 showed that using 1 cell per 10 nL, 5% 

conversion could be achieved in about 100 h. Thus, by extrapolation, an assay using 1 

cell per 30 nL (the assay condition for 10 cell assays) should achieve 3.3% conversion 

after 200 h. The best 10 cell assay experiment (MRC 15) showed that a 2.9% conversion 

was achieved after 210 h. This is consistent with the results from 100 cell assays.
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Figure 2.7: Graph o f percentage of A antigen formed over the incubation period in 

individual MRC containing 10 HT 29 cells (1 cell 30 nL). Samples were taken 

and analyzed in duplicate.
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Table 2.2: Summary of different 10 cell assays done in different MRC within 

different sets o f experiment.

Set Incubation 

Time (h)

MRC Percent

Converted

(%)

Average

(%)

Standard 

Deviation (%)

Relative 

Standard 

Deviation (%)

1 334 1 0.7 0.5 0 . 2 49

2 0 . 2

3 0.7

4 0.4

2 406 5 0.7 1 . 1 0.5 44

6 0.9

7 1 . 6

3 238 8 1.3 1 . 6 0.4 23

9 1 . 8

4 2 1 0 1 0 0 . 6 1 . 8 0.9 48

1 1 1 . 1

1 2 1 . 6

13 2.3

14 2.4

15 2.9

2.3.3 Single cell assay

Lastly, single cell assays were done. The reaction buffer and protocols were the 

same as the ten cell reaction except that only 100 nL of the reaction buffer was added to
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each MRC using the nanopipettor and only one cell was added to each MRC. The 

volume o f cell suspension added was approximately 75 nL. Unfortunately, the volume 

per cell had increased yet again to 1 cell per 175 nL. Thus, the reaction rate was expected 

to further decrease. The incubation was carried out as above and sampled at various 

times. A total o f forty-two single cell studies were done in five sets of experiments over 

several weeks. For the purpose of discussion, only the fourth set is shown. Samples of 

26 nL were withdrawn after 22,48, and 80 h o f incubation.

Figure 2.8 shows the trace o f the TMR labeled oligosaccharide peaks in samples 

taken from the fourth set o f single cell studies. This set contained nine reaction MRCs 

and one blank nm. The A-TMR peak is found at 9.6 minutes and the H-type II-TMR 

peak at 9.9 minutes. It can be seen in this figure that only five o f the nine MRCs assayed 

contained GTA activity. This is representative o f the overall results discussed below. 

Figure 2.9 shows the overlaid traces of the seventh reaction o f this set (trace g in Figure 

2.8), A-TMR standard, and the co-injection o f the seventh reaction with the A-TMR 

standard. The co-migration o f the standard compound with the product in the reaction 

sample shows that the two are identical.
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Figure 2.8: CE-LIF traces o f samples from individual MRCs containing a single 

cell after 80 h o f incubation. The peaks are normalized so that the intensity o f the 

H-type II-TMR peak has an intensity of 1.0V.
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Figure 2.9: Individual traces of one MRC sample taken after 80 h of incubation,

the A antigen alone, and co-injection o f both A antigen and the sample. Co

migration of the A antigen with the peak in the sample shows that the two 

compounds are identical. With the exception o f the A antigen trace, the peaks are 

normalized so that the intensity of the H-type II-TMR peak has an intensity of 

1.0V.

Figure 2.10 shows the percent of H-type II antigen converted to A antigen over 

the course of incubation for those MRCs from the fourth set of single cell studies that 

contain a detectable amount o f A antigen. Similar to the reaction profiles shown for 100 

and 10 cell assays, the amount o f H-type II antigen converted to A antigen increases over 

time. However, the amount converted is smaller, ranging in this set from 0.3% to 1.1%. 

O f all the sets o f MRCs done, this set has the highest average amount of conversion. 

Using the average value o f 0.6% conversion after 80 h by a single cell in 175 nL for
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comparison against 100 cell assays, it can be seen that the single cell reactions have 2.5 

times more activity than the 100 cell assays. Such discrepancy may be attributable to 

biases introduced during selection for single cells during single cell assay. Ichikawa et 

al. noted that the rate o f GTA expression increased as HT29 cells become more 

malignant27. Since malignant cells are less adherent, it is possible that these cells are 

favorably sampled by the micromanipulator as they are less likely to stick to the 

microscope slide.
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Figure 2.10: Graph o f percentage of A antigen formed over the incubation period 

in MRCs containing a single cell showing detectable amounts o f A antigen.

The low amounts of A antigen formed over the incubation period are most likely 

attributable to the low activity o f GTA. In addition, GTA is most likely to be o f low 

abundance in HT29 cells. In order to determine the amount o f GTA present within HT29 

cells, ELISA assays may be done if anti-GTA antibodies are available. Furthermore,
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different types o f human epithelial cells can be screened to determine which tissue 

contains the most GTA. With this information, those cells could be used to perform 

single cell GTA analysis in a shorter time period and/or higher reaction volumes.

Table 2.3 shows the percent converted in other single cell MRCs analyzed in all 

of the experiments. O f the forty-two MRCs tested, only twenty-four showed detectable 

GTA activity. This represents 57% of all of the single cells tested. The power of single 

cell analysis is shown here as the cells were individually tested for GTA activity. Had 

this been a bulk cell assay, the cells that did not express GTA would be mixed with GTA 

expressing cells and one would not have been able to distinguish the difference. In this 

experiment, the cells were chosen at random. With additional detailed observations and 

inference, it may be possible to determine a correlation between cell morphology and 

GTA expression.

Table 2.3: Summary o f different single cell assays done in different MRCs within

different sets of experiment.

Set Incubation 

Time (h)

MRC Percent

Converted

(%)

Average

(%)

Standard 

Deviation (%)

Relative 

Standard 

Deviation (%)

1 52 1 0 . 1 0.4 0.3 89

2 0.3

3 0 . 8

4 0 . 2

2 46 5 0 . 1 0.3 0 . 2 85

6 0.4
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3 50 7 0 . 1 0 . 1 0.05 40

8 0 . 1

9 0 . 2

1 0 0 . 1

4 80 1 1 0.3 0 . 6 0.4 59

1 2 0.3

13 0.9

14 1 . 1

15 0 . 6

5 1 2 0 16 0 . 1 0 . 2 0 . 1 55

17 0.3

18 0 . 1

19 0 . 2

6 75 2 0 0 . 1 0 . 2 0 . 1 58

2 1 0 . 2

2 2 0.3

23 0.5

24 0 . 1

To investigate the precision o f the percent conversion data, samples taken from 

the first set o f MRCs after 52 h o f incubation were analyzed in triplicate by CE and

integrated separately. As shown in Figure 2.11, there is a negative correlation between 

the percent converted and the relative standard deviation. This is most likely explained 

by the poor signal to noise ratio. Despite manual input o f the peak limits, integration of
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very low peaks is inaccurate and not reproducible, hence leading to the high relative 

standard deviation. To improve the precision of the results, assay conditions must be 

changed or modified so that a greater percent conversion is obtained.
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Figure 2.11: Scatter plot o f the relationship between the percent o f H-type II 

antigen converted to A antigen and the standard deviation of the value.

2.4 Comparison between single cell assay and flow cytometry

In section 2.5.3, it was determined that 56% of the cells tested showed detectable 

GTA activity. This is comparable to flow cytometry studies carried out by Hakamori et 

a P . They reported that approximately 50% of HT29 cells expressed the A antigen. To 

confirm their findings, flow cytometry was also performed here. The experiment done 

here only measured the level o f A antigens and not GTA activity. Because the antigen 

will persist on the surface of the cell after synthesis by GTA, the level o f antigen on the 

surface is not a direct measure o f GTA activity. No correlation between antigen
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abundance and enzyme activity can be determined using the protocol used here. It can 

only be used to determine the presence or absence of GTA within the cells.

Control incubations were done without secondary and primary antibodies to 

determine the background fluorescent signal (Figure 2.12). Figure 2.12.a shows the 

fluorescent signal from cells incubated without the fluorescent secondary antibody and 

shows the signal due to scattering. Figure 2.12.b shows the signal from cells incubated 

without the primary anti-A-antigen antibody and represents the non-specific adherence of 

the antibody to the cells in addition to scattering. Thresholds were set (M l and M2) so 

that only signals above that intensity were analyzed in subsequent analysis.

050405.001

FL1-H

050405.003

FL1-H

Figure 2.12: Fluorescence signal received of control incubations as analyzed by 

flow cytometry. Incubation in (a) was done without the fluorescent secondary 

antibody while incubation in (b) was done without the primary anti-A-antigen 

antibody.
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As shown in Figure 2.13, 84% of the cells within the normally gated region (as 

specified in the protocol used) have a fluorescence signal above the background signal.

In other words, 84% of the cells express the A antigen on their surface. However, if  the 

gates are adjusted so that only cells smaller than the median cell size are analyzed, only 

74% of the cells express the A antigen on the cell surface. Furthermore, if  only the 

smallest 15% of the cells are analyzed, only 60% of the cells express the A antigen. This 

finding is significant because the bigger cells tend to sink faster on the microscope slide 

while on the micromanipulator. Even with a PHEMA coating on the slides, these cells 

are strongly adhered to the slide and are very difficult to retrieve for single cell analysis. 

Thus, smaller cells are more likely selected for single cell analysis. Thus, it is not 

surprising that only 56% of the cells tested in section 2.5.3 show any GTA activity.
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Figure 2.13: Flow cytogram of HT 29 cells stained with fluorescein linked 

secondary antibody to determine rate o f A antigen expression. (I) scatter plots of 

side light scatter (SSC-H) and forward light scatter (FSC-H). Cells within the 

boxed region were selected for further analysis. Cells were selected based on: (a) 

established protocols, (b) smallest 50% of the cells, and (c) smallest 15% of the 

cells. (II) The cells selected from (I) were analyzed for their fluorescence 

intensity (FL1-H). The percentage o f cells analyzed with fluorescence intensity 

above the threshold is shown.

The size o f the cell and its fluorescence intensity was examined to ensure that the 

increased fluorescence was not caused by a larger cell with more A antigen on the 

surface. Figure 2.14 shows that there is a minimal positive correlation between the 

forward light scatter and the fluorescent intensity. However, the correlation is not strong
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enough to explain the relationship between cell size and the proportion of cells with GTA 

expression.

o

o o
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Figure 2.14: Scatterplot o f the fluorescence signal (FL1-H) versus the cell size 

(measure in terms o f forward light scatter, FSC-H).

2.S Mycoplasma detection

According to the instructions provided with the mycoplasma detection kit, the 

presence o f a 315 bp band in the PCR product indicates the presence o f mycoplasma 

DNA and by inference, mycoplasma contamination. This band is clearly seen in the 

positive control lane o f the agarose gel and not in the other lanes (Figure 2.15). The 500 

bp band in each lane serves as an internal control to ensure that the PCR reaction 

occurred without error in each sample. These assays show that the cell cultures used 

were not contaminated with mycoplasma and the results from the GTA assays were not 

affected by mycoplasma.

050405.005
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Figure 2.15: Products o f the mycoplasma detection kit PCR products separated on 

a 2% agarose gel and stained in ethidium bromide. The lack o f a 315 bp band in 

the samples indicate that the cell culture was not contaminated with mycoplasma. 

Lane 1 to 4 are from HT29 cell lines used in GTA assays; Lanes 5 and 6  are 

positive and negative controls, respectively.

2.6 Conclusions

In this chapter, the effective use o f a micromanipulator and nanopipette to 

perform single cell assays is described. The power o f single cell assays in analyzing 

GTA activity within single HT29 cells has been demonstrated. The nanopipette allows 

multiple samples to be taken from a single low-volume enzyme assay, which cannot be 

done using traditional single cell assays methods. The techniques may be refined further
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to study enzyme kinetics. It is of note that these methods can be extended to any enzyme 

reaction that involves a fluorogenic substance.

The results obtained from the single cell assays agree with the results from flow 

cytometry. Approximately 50-60% of the smaller HT29 cells express GTA. To study 

larger cells, the microscope slide may need to have a coating different from PHEMA to 

reduce cell adhesion. Another alternative may be to modify the viscosity o f the cell 

suspension so that the larger cells do not sink as quickly.

A drawback o f this experimental protocol is the inability to confirm if  a cell has 

been deposited into the MRC. While one can visually confirm the entry o f a cell into the 

capillary and the absence o f any cells in the capillary after deposition into the MRC, there 

are no direct methods to confirm the entry o f a cell into the MRC. Attempts have been 

made by our research group to label amino acids from the cell with the fluorogenic tag 

naphthalene-2,3-dicarboxaldehyde (NDA) but they have been unsuccessful. Another 

alternative is to perform polymerase chain reaction on the genome o f the cell but a 

suitable protocol to amplify a target present in high copy number has yet to be identified.

Lastly, modem flow cytometers are capable of sorting single cells into 384 and/or 

1536 well plates. Thus, future experiments could use the flow cytometer to determine the 

amount o f blood group A antigen on the surface o f a cell. If  the cell possesses an 

extraordinary amount o f antigen, it could be selected for single cell analysis. In this 

fashion, the time-consuming task o f selecting for single cells by the micromanipulator 

would be avoided. However, other concerns such as evaporation and sampling with the 

nanopipettor must be addressed.
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Chapter 3: Sensitive detection of activity in a low activity mutant enzyme2

3.1 Introduction

Traditional enzyme assays methods have usually employed detection methods 

such as absorbance spectroscopy, scintillation counting, or changes in pH or dissolved 

oxygen1. These techniques rely on the enzyme to modify the substituents of the reaction 

buffer so that a change in absorbance, attachment o f the radioisotope, or the detection of 

a byproduct can be monitored.

In general, enzyme assays can be classified by their detection methods: direct or 

• •  2  •indirect . One type o f direct detection is spectroscopy. This is a fast, continuous, and 

simple method that monitors the presence or absence o f a compound that absorbs UV or 

visible light. The change in the concentration of reduced nicotinamide adenine 

dinucleotide (NADH) during an enzyme assay is often monitored by spectroscopy since it 

has a strong absorbance at 340 nm. An example where this detection method is used is 

the assay for alcohol dehydrogenase. This enzyme is assayed by the detection of NADH 

as the enzyme oxidizes methanol to formaldehyde with the concomitant reduction of 

NAD+ to NADH.

Indirect detection methods are methods in which the product o f the enzyme of 

interest is used as substrate for another enzyme3. This is required as the product o f the 

first enzyme is difficult to detect. However, the introduction o f a second enzyme adds to 

the complexity o f the assay conditions. The conditions must be adjusted so that there is 

minimal lag time in the response o f the second enzyme and must be optimal for both

2 This chapter has been published as sections within The Journal o f  Biological Chemistry 2005 ,280, 
36848-36856 by Ma et al.
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NADH

enzyme reactions. An example o f this enzyme detection method is the assay for alanine 

transaminase (ALT) (Figure 3.1). ALT catalyzes the formation of pyruvate from alanine. 

Pyruvate is then used by lactate dehydrogenase (LDH) to form lactate with the 

concomitant oxidation of NADH to NAD+. The decrease in NADH concentration is then 

monitored by UV-visible spectroscopy.

2 -oxoglutarate v  s  alanine lactate

A " 7

glutamate p y ruva te ................. ► pyruvate

Figure 3.1: Schematic representation o f ALT enzyme assay coupled to LDH to 

detect the loss o f NADH.

A common indirect detection method used in the assay o f glycosyltransferases is 

the use o f radioisotopes and scintillation counting4,5. A radioisotope, usually 3 H, is 

incorporated into one o f the enzyme substrates, the monosaccharide o f the nucleotide 

donor. During the incubation period, the monosaccharide containing 3H is transferred 

from the donor to the acceptor molecule. The unreacted donor and acceptor are then 

separated on reversed-phase cartridges and the amount of 3H incorporated into the 

acceptor is determined by scintillation counting. This assay method can provide accurate 

enzyme kinetic values but may give ambiguous results for low activity enzymes if less 

than 1 picomole ( 1 0 ' 1 2 moles) o f the product is formed6.

In contrast to the relatively high detection limit of scintillation counting, CE-LIF 

can provide sensitive detection at tens of zeptomole (10'2°) levels7. This is done by 

attaching fluorophores to the substrate so that changes in the reaction mixtures can be

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



monitored by fluorescence spectroscopy. Fluorescence detection has been used to assay 

enzymes such as kinases8, phosphatases9, glycosidases7, and glycosyltransferases10.

In the previous chapter, the use o f the separation power o f CE and the sensitivity 

of LIF to assay for enzyme activity in a single cell were demonstrated. In this chapter, 

the use of CE-LIF to determine the activity of a low activity mutant Helicobacter 

pylori a - 1,4 fucosyltransferase is described.

3.1.1 Fucosyltransferase in H. pylori

Fucosyltransferase (FucT) are enzymes that catalyze the addition of fucose from 

guanosine diphosphate P-L-fucose (GDP-Fuc) to the OH-3 and/or OH-4 of N- 

acetylglucosamine (GlcNAc) in N-acetyllactosamine (LacNAc). a - 1,3 FucT transfers the 

fucose moiety onto the OH-3 of GlcNAc in Type II (LacNAc) acceptors while a - 1,4 

FucT transfers the fucose onto the OH-4 of GlcNAc in Type I acceptors (Figures 3.2 and 

3.3). In H. pylori, they are involved in the biosynthesis o f Lewis antigens11. These

Lewis antigens are thought to play a role in the adhesion of the bacteria to the gastric

1 1  ̂  lining , internalization by the gastric cells , and evasion of the host immune system by

molecular mimicry14. If left to persist in the gastrointestinal tract, H. pylori can lead to

peptic ulcers or gastritis. A more thorough understanding of the Lewis antigen

biosynthetic pathway is sought in order to develop new therapies against H. pylori

adhesion and internalization.
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Figure 3.2: Schematic representation o f the reaction catalyzed by a - 1,3 

FucTs. While not necessary for the enzyme to work, the TMR tag allows for LIF 

detection o f the oligosaccharide.
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Figure 3.3: Schematic representation o f the reaction catalyzed by a - 1,4 

FucTs. While not necessary for the enzyme to work, the TMR tag allows for LIF 

detection of the oligosaccharide.

Lewis X antigens are formed by a - 1,3 FucTs while Lewis A antigens are formed 

by a - 1,4 FucTs. O f the two strains o f H. pylori studied in this work, NCTC11639 and 

UA948, the FucT expressed in 11639 is known to be a strict a-1,3 FucT while the 

enzyme expressed in UA948 is an a - 1,3/4 FucT. This means that UA948FucT has both 

a-1,3 and a - 1,4 activity and can form both Lewis X and Lewis A antigens. In both of 

these strains, the FucT is encoded by the futA  gene and they are similar in amino acid 

sequence. Previous studies have shown that the a - 1,4 activity in UA948FucT is 

conferred by a short hypervariable sequence in the C-terminal region of the enzyme’s 

amino acid sequence15. While the sequence o f most H. pylori FucTs is highly conserved, 

this hypervariable sequence is different between each enzyme (Figure 3.4). Replacement
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o f this sequence with the corresponding sequence from 11639FucT abolishes a - 1,4 

activity in the hybrid UA948 FucT. To understand better which amino acids within this 

sequence are responsible for a - 1,4 activity, point mutations were made in this sequence 

for both 11639 and UA948 FucTs, and the mutant enzymes were assayed for a -1 ,4 

activity. The hypothesis was that the tyrosine residue at position 350 in UA948 is critical 

for a - 1,4 activity. Thus, this residue was mutated to phenylalanine, tryptophan, alanine, 

and glycine. A corollary was that by changing the phenylalanine in 11639FucT to 

tyrosine, a - 1,4 activity can be conferred to this enzyme. Since there are two 

phenylalanine residues in the hypervariable region o f 11639, both were mutated 

independently. The two phenylalanines were also changed to alanine to determine the 

effect o f a non-aromatic amino acid at that position. Radioisotopes and scintillation 

counting were used to determine its specificity and activity but the results were 

ambiguous as the level of activity was too low.
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H. pylori FucT FucT activity

11639FucTa affii i ! !B!--iTfaa-piaQcojfijis ayiiii M al,3  & low a l,4
UA948FucTa = S  | i  Scndah I s a l h SS R al,3  and a l,4
11637 FucTb s ii ii ' !  Ti- i ^ B al,3
26695FucTa sffl i 1 ? KPSTSH-^KeV i JHK R Predicted al,3
26695FucTb a i ! !  5 - "S i jHis R Predicted a l,3
J99FucTa s ii ! !  S- -S i K  s ^ a[ R Predicted a l ,3
J99FutTb a ffi ii ! ? S- -S 3  13 amAi R Predicted a l ,3
A ustra244 a ii m ! ? «- Bg-TLpEE R Unknown
UA1182 a ii ii I ? « - -ff 3  a R Predicted a l,3
SydneySSl a 1 i1 ’ ? 3 - -S 3  a 3toAi R Predicted a l ,3
U A llllF u cT a a m  ii ! ? B- -5  ^ 3 ssgB B low al,3  & al,4
U A llllF u cT b a M  ii ' s KSSTSf5-!ffiECfipf3s R low al,3  & al,4
UA802FucTa R Predicted a  1,3

Figure 3.4: Alignment o f the C-terminal hypervariable loop region of 

thirteen H. pylori a - 1,3/4 FucT. The dark boxes represent highly conserved 

residues and grey boxes represent partially conserved residues. The boxed region 

highlights the residues identified as being responsible for determining a-1,3 or a - 

1,4 activity in 11639 FucT and UA948FucT. The arrow denotes the position of 

amino acid 350 in the sequence o f UA948FucT. Modified with permission from 

Ma et a /16.

Identification of peaks in CE-LIF is based on comparing the migration time with a 

known standard. However, if  another species has the same migration characteristic as the 

analyte o f interest, then another method must be used for confirmation. To confirm that 

the putative Lewis antigen is a product of a FucT, fucosidase can be added to the final 

reaction mixture. Whereas FucTs add a fucose moiety to the carbohydrate acceptor 

molecule, fucosidases remove it. By monitoring the decreasing amount o f the Lewis 

antigen present in a fucosidase reaction, one can confirm that the original FucT product is 

formed by the addition of a fucose molecule and that the detection o f the CE-LIF peak is
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not due to a co-migrating compound. Thus, fucosidase was used here to confirm the 

formation of Lewis A by the a - 1,4 FucTs assayed.

3.2 Experimental conditions

3.2.1 Construction and expression of mutant enzymes

This part o f the experiment was performed by Dr. Bing Ma and is documented in 

detail within her Ph.D. thesis17.

3.2.2 Enzyme assay conditions for FucT

The FucT enzyme conditions were modified from the standard FucT assay

1 8conditions described previously . The incubation mixture included 6  pL o f the crude E. 

coli extract, 10 mM Type I-TMR, 200 mM GDP-Fuc in a final volume o f 10 pL. The 

solution was buffered with 20 mM HEPES (pH 7.0), 100 mM NaCl, 35 mM MgCL, 1 

mM adenosine triphosphate, 20 mM MnCl2 , and 5 mg mL ' 1 bovine albumin serum. The 

reaction was carried out in 0.6 mL PCR tubes and incubated at 37 °C. Samples were 

taken at 0, 0.5, 1, 2, and 5 h and diluted twenty-five fold with CERB to quench the 

reaction. Negative control reactions consisted of time zero samples as well as a reaction 

where the E. coli vector pGEM was expressed without the futA  gene.

Fucosidase treatment was done by heating 4 pL of the 5 h reaction mixture to 90 

°C for 10 minutes. Then, 20 mU of a - 1,3/4 fucosidase was added along with 50 mM 

sodium phosphate (pH 5.0) to a final volume o f 40 pL. Incubation was then carried out 

at 37 °C for 6  h. Samples were taken and quenched with CERB as above.
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3.2.3 CE-LIF conditions for FucT

The CE-LIF conditions were similar to those described in Chapter 2 with the 

exception of the CERB. Based on the work of Chan et al. 1 9 on the separation of Lewis 

antigens by CE, the CERB was modified to contain 10 mM SDS, 10 mM sodium borate, 

10 mM phenylboronic acid, and 10 mM sodium dihydrogen phosphate, pH 9.3. The 

solution was filtered through a 0.22 pm filter before use. Sample injection, 

electrophoresis, detection, and integration remained the same as in Chapter 2.

The percent conversion o f mutant Type I-TMR to Lewis A-TMR was normalized 

against the wildtype enzyme using total protein expression and FucT expression.

Methods used for protein and FucT assays were carried out by Dr. Bing Ma and are 

described in the published manuscript16.

3.3 Results and discussion

3.3.1 NCTC11639 mutant a-1,3 FucT

Initial experiments were done with GDP-[3 H]Fuc. In this assay method, the 

[3H]Fuc was transferred to the type II acceptor molecule. The acceptor molecule was 

then separated from the unreacted [3 H]Fuc by reversed-phase separation and the amount 

o f [3 H]Lewis X antigen was detected by scintillation counting.. This assay showed that 

the wildtype 11639FucT had only trace levels o f a - 1,4 activity. Upon concentrating the 

crude cell extract, its activity was determined to be 0.05 mU mg ' 1 {i.e. 0.05 nmol of 

product was generated per minute per mg of protein as one enzyme unit (U) is equivalent
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to the formation o f 1 pmol o f product per minute). This translates to less than 1 pmol of 

product formed during the course o f the incubation. This is close to the detection limit of 

a radiochemical assay with scintillation counting so CE-LIF was used to determine the 

activity more accurately. In addition to the wildtype enzyme, four mutants were also 

tested: F350Y, F352Y, F350A, and F352A.

CE-LIF analysis showed that after an incubation o f 2 h, 6 % of the Type I-TMR 

substrate had been converted to Lewis A-TMR by the wildtype enzyme (Figure 3.5).

This is in contrast to radiochemical assays that suggested that the enzyme was minimally 

active. As well, the two tyrosine mutants had ca. 50% more conversion than the 

wildtype, while the two alanine mutants had an activity that was the same as or less than 

the wildtype. These results show that the hydroxyl group in tyrosine had conferred 

increased a - 1,4 activity to 11639FucT. Also, the aromatic nature of the residues at 350 

and 352 are required for a - 1,4 activity. Curiously, another aromatic amino acid, 

tryptophan, has been implicated in conferring a - 1,4 activity in a human FucT . After 5 

h o f incubation, the total amount o f Lewis A made by each of the enzymes increased but 

the relative amounts remained approximately the same.
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□  2 h incubation 
■  5 h incubation

c m
wildtype F350Y F352Y F350A F352A

11639FucT and its mutants

pGEM

Figure 3.5: Amount o f Lewis A-TMR formed after 2 and 5 h incubations 

o f NCTC11639 wildtype and mutant FucTs. The pGEM reaction is a negative 

control consisting o f the expression vector only.

Figure 3.6 shows the CE traces o f all the mutants along with the wildtype enzyme. 

The traces have been offset for clarification. It is o f note that the pGEM negative control 

also contained a small peak co-migrating with the Lewis A-TMR peak. The area o f this 

peak was subtracted from all other results before analysis. While the amount o f Lewis A- 

TMR formed is small, it is detectable by LIF.
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Figure 3.6: CE-LIF trace o f the NCTC11639 series of reactions after 5 h 

o f incubation. The standards run consisted of Lewis B-TMR (peak a), Lewis A- 

TMR (peak b), Type I -TMR (peak c), GlcNAc-TMR (peak d), and octamethyl- 

ethyldiamine-TMR (peak e). The identical migration pattern between the samples 

and standards suggests that the product peak is Lewis A-TMR. The peaks are 

normalized so that the intensity of the Type I-TMR peak has an intensity o f 1 .OV. 

An injection o f a mixture o f oligosaccharide-TMR standards was also made. This 

standard included Lewis B-, Lewis A-, Type I-, GlcNAc-, and octamethyl-ethyldiamine - 

TMR. The migration characteristic of the Lewis A-TMR standard is identical to the 

peaks in the reaction samples so the reaction product peak can be identified as Lewis A- 

TMR. Also, the degradative product seen in the reaction traces suggests that endogenous 

E. coli P-galactosidases had converted some Type I-TMR to GlcNAc-TMR. However,
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Type I-TMR is present in large excess and the minute decrease in its concentration 

should not affect the reaction kinetics o f the FucT being assayed.

3.3.2 UA948 mutant a-1,3 /4 FucTs

Radiochemical assays o f the UA948 alanine mutants had showed that the alanine 

mutants contained no detectable activity. CE-LIF was used to confirm these findings. 

After 1 h of incubation, approximately 6% of the Type I-TMR was converted to Lewis A- 

TMR by the two alanine mutant enzymes (Figure 3.7). Compared to the wildtype 

enzyme, this is a 1 2 -fold decrease in activity but the alanine mutants are not totally 

inactive as determined by radioisotopes and scintillation counting.

100
?
a 90 s
< 80 «

 ̂ 70

■g 60t:
c 500 u
1 40

t  30 i 
>*
% 20

2 10 
£

o
wildtype

□ 0.5 h incubation 
■ 1 h incubation

Y350F Y350W Y350A

UA948FucT and its mutants

Y350G

Figure 3.7: Amount o f Lewis A-TMR formed after 0.5 and 1 h incubations 

o f UA948 wildtype and mutant FucTs.
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Figure 3.8 shows the electropherogram o f the UA948 wildtype enzyme along with 

the mutants created. The Lewis A-TMR peak in the wildtype, Y350F, and Y350W traces 

towers over the Lewis A-TMR peak in the Y350A and Y350G traces. This shows that 

CE-LIF is good for high activity enzymes in addition to low activity enzymes analyzed in 

the previous section. As long as the percent of substrate converted is between 0 and 

1 0 0 %, then accurate integration o f the substrate and product peaks can be done.

1 .5 -

-wildtype

.0 -> Y350F
<D
cu>
v>

Y350W

0 .5 -

Y350A

Y350G
0.0 -

11.0 11.5 12.0 12.5
M igration t im e  (mln)

Figure 3.8: CE-LIF trace of the UA948 series o f reactions after 1 h o f 

incubation. The peaks for Lewis A-TMR (a), Type I-TMR (b), and GlcNAc- 

TMR (c) can be clearly seen. The peaks in this electropherogram were not 

normalized as the Type I-TMR peaks are small in the traces for the wildtype, 

Y350F, and Y350W enzymes.

The phenylalanine and tryptophan mutants had similar levels o f activity to that of 

the wildtype. This suggests that the aromatic nature o f the residue is responsible for a -
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1,4 activity. While the hydroxyl group in tyrosine contributes to optimal a - 1,4 activity, it 

is not essential. The CE-LIF provides complementary data to the radioassay findings. At 

the present level o f data analysis, CE-LIF offers a qualitative measure o f FucT activity in 

that it can accurately distinguish between enzymes with no activity or enzymes with low 

activity. It is also a quantitative method as it allows the researcher to determine the 

percentage o f substrate that has converted to product. Radioassay is another quantitative 

method but it has the advantage o f being able to determine enzyme kinetic values. While 

it would be a time consuming assay method, CE-LIF assay conditions can be adjusted so 

that it can also provide kinetic values. This would then be useful in determining the 

reaction kinetics o f very low activity enzymes.

3.3.3 Fucosidase treatment of reaction products

As noted previously, the pGEM negative control incubation also produced a peak 

with migration characteristics similar to Lewis A-TMR. To ensure that this peak is not a 

true Lewis A-TMR peak, fucosidase was added to the original enzyme incubations. 

Fucosidases remove fucose moieties from their substrates. If  the peak in question is a 

true product o f FucT, incubation with fucosidase should reduce the amount of Lewis A- 

TMR over time.

After 6  h o f incubation with fucosidase, the ratio of Lewis A-TMR to Type I- 

TMR decreased in all o f the FucT enzyme incubations but not the pGEM control 

incubation (Figures 3.9 and 3.10). Furthermore, the control reaction did not show a 

decrease in the ratio measured and shows that the decrease in Lewis A-TMR is due to 

fucosidase and not a non-specific degradation. Taken together, this confirms that the
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product peak in the FucT incubations is mostly due to the formation o f Lewis A-TMR. 

The minor peak formed in the pGEM samples is most likely due to another 

glycosyltransferase other than FucT present in the E. coli crude extract.
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11639 11639F350Y U639F352Y U639F350A 11639F352A pGEM UA948Y350A UA948Y350F

wildtype and m utant reactions
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Figure 3.9: Amount o f Lewis A-TMR formed after 0.5 and 1 h incubations 

o f UA948 wildtype and mutant FucTs.
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Figure 3.10: CE-LIF trace o f the fucosidase reactions after 0 and 6  h of 

incubation. The decrease in the relative peak area of Lewis A-TMR compared to 

Type I-TMR shows that the peak was indeed Lewis A-TMR. The peaks are 

normalized so that the intensity o f the Type I-TMR peak has an intensity o f 1 .OV.

3.4 Conclusion

This chapter has shown that in addition to low volume single cell assays, CE-LIF 

can be used to give qualitative and quantitative data in the assays o f very low activity 

enzymes. Using CE-LIF, it has been shown that the a FucT in H. pylori NCTC11639 

previously know to be a strict a - 1,3 FucT does in fact have a low level o f a - 1,4 activity. 

These experiments also show that an aromatic amino acid in the hypervariable region of
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FucT is required for a - 1,4 activity. The presence o f a hydroxyl group in tyrosine further 

increases the rate o f reaction. This conclusion is similar to conclusions drawn from 

human FucT studies. Taken together, the results here add to the knowledge of H. pylori 

FucTs in understanding its evolutionary history and potential targets for antibiotic 

therapy.
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Chapter 4: Optimal solubilization techniques for E. coli outer membrane pellet3 

4.1 Introduction

This chapter deals with the field of proteomics using mass spectrometry. This is a

1 9large field and several general reviews have been published ’ . The scope of this thesis is 

limited to the analysis of the E. coli outer membrane proteome.

4.1.1 Bacteria outer membrane proteome

In general, bacteria grow quickly and are adaptable to many different types of 

environments. As such, they require a large repertoire of proteins to deal with their 

changing environments, such as nutrient availability, presence o f toxic compounds, other 

bacteria o f the same species, and other friendly or unfriendly microorganisms. As its 

environment changes, the bacterium will respond with changes in its proteome3 and 

metabolome4. To understand these changes and to develop new anti-bacterial drugs and 

treatments, mass spectrometry and proteomics offers a way to link the fully characterized 

genome with the partially described proteome5.

As the outermost barrier between a bacterium and its environment, the outer 

membrane serves as a gatekeeper for molecules entering and leaving the cell6,7. The 

movement o f these molecules is mostly controlled by various porin proteins and they 

constitute the majority o f the outer membrane proteome. Just as the proteome of the 

bacterium changes with its environment, the subproteome of the outer membrane will 

change as well. The role o f efflux pumps in the outer membrane is especially interesting

ft Qas they have been implicated in antibiotic resistance ’ . Thus, it would be useful to

3 The author is editing a version o f this chapter for submission to a yet-to-be determined journal.
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identify which efflux pumps are being induced or repressed as antibiotics are added to the 

culture. Because these efflux pumps are usually present in low numbers, mass 

spectrometry offers a sensitive method to detect these changes.

Membrane proteins in general are notoriously difficult to work with1 0 , 1 ’. As they 

are either partially or completely embedded in the lipid bilayer o f the membrane, the 

exterior o f the protein is usually hydrophobic. Thus, it is often difficult to solubilize 

them in aqueous buffers commonly used for molecular biology applications. To 

overcome this problem, several methods such as differential centrifugation12, free-flow 

electrophoresis13, surfactants and inorganic salts14, amphipathic polymers15 and carbonate 

extraction1 6  have been developed. However, all o f these methods have their own 

disadvantages, such as contamination with cellular debris, limited application range, or 

incompatibility with downstream analytical methods. For example, solubilization with 

surfactants requires dilution or dialysis to remove them before trypsin digestion. Some 

possible solutions are to solubilize the protein in organic solvents, which has the bonus 

effect of facilitating trypsin digestion17,18, or to perform the process at a higher 

temperature or with agitation. The research taken for this thesis used a combination of 

these approaches to determine the best way to solubilize E. coli outer membrane proteins.

The membrane proteome of some Gram negative and positive bacteria, such as 

Pseudomonas19, Pasteurella20, Mycobacteria11, and Staphylococcus2 2  have been 

investigated by several groups. These studies have used a variety o f methods to isolate 

the membrane proteins, such as carbonate extraction o f Molloy et al. , sacrosine 

precipitation o f Trigo et al.24, and the ProteoPrep® Membrane Extraction Kit from 

Sigma-Aldrich (St. Louis MO). The proteins are then solubilized using a variety of
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methods, usually involving denaturing agents, such as SDS and urea. The proteins are 

then analyzed by a variety of two-dimensional separation methods, both gel-based and 

gel-free methods, before final analysis by mass spectrometry. In addition to the above 

bacteria, the outer membrane proteomes of enteric bacteria have also received some 

attention25,26. In this thesis work, outer membrane from E. coli was isolated, its proteins 

solubilized and digested with trypsin, and subjected to two-dimensional separation before 

analysis by mass spectrometry.

4.1.2 High and low abundance proteins

As the name suggests, high abundance proteins (HAPs) are proteins that are 

present in high amounts compared to other proteins. In a manner analogous to single cell 

assays described in Chapter 2, HAPs hamper the search for more interesting, lower 

abundance proteins. Due to their high concentration, HAPs are preferentially detected 

and obscure the detection o f proteins o f lower abundance.

In contrast to HAPs, low abundance proteins (LAPs) are present at low to very 

low numbers per cell. In Saccharomyces cerevisiae, the definition o f a low abundance 

protein is less than 10,000 copies per cell27. The number of proteins per cell was 

determined by the codon adaptation index (CAI) o f the corresponding gene. The CAI is a 

value that predicts the frequency of gene expression by comparing its DNA sequence 

with the organism’s codon usage28. It has been used to determine the number of low 

abundance proteins found in S. cerevisiae29,30. Using two dimension-liquid 

chromatography techniques, Washburn et al. found that the ratio o f LAPs to HAPs 

identified was less than the predicted ratio, suggesting many LAPs were not detected.
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However, the results in bacteria are less conclusive. In E. coli, Goetz and 

Fuglsang found that there was a positive correlation between the CAI and the number of 

mRNA transcripts3 1  while dos Reis et al. found that there was a negative correlation 

between the CAI and the level o f protein expression32. In Steptomyces coelicolor and 

Streptomyces avermitilis, Wu et a l  found a positive correlation between the CAI and the 

level o f protein expression33. In light o f these conflicting results in the use of CAI in 

prokaryotes, the definition o f a low abundance protein has not been determined in 

bacteria.

In human serum, the 22 most abundant proteins represent 99% of the proteins 

present by weight34. The remaining proteins are present in amounts ten orders of 

magnitude or more less than the highest 22 proteins. If  these HAPs are removed, then the

o r  “1 7

detection o f low abundance proteins can be greatly improved ' . Commercially

i o

available antibodies have been commonly used to achieve this goal and are commonly

i n

bound to chromatographic resin to facilitate sample processing .

However, such antibodies are not yet commercially available for bacterial HAPs. 

An obvious solution would be to raise antibodies against the HAPs found in the bacteria 

o f interest and then affix them to chromatography resins. However, this is time- and 

labor- intensive and is not within the scope of feasibility in most laboratories. Thus, a 

way was sought to remove these HAPs in the outer membrane o f E. coli through 

sequential solubilization with increasing concentrations o f surfactants. It was hoped that 

the high abundance, loosely associated membrane proteins could be removed with low 

concentrations o f surfactants. The low abundance, integral membrane proteins could 

then be solubilized with a higher concentration of surfactants.
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4.1.3 Orthogonal separation in proteomics

Traditional proteomics studies have been done by two-dimensional gel 

electrophoresis (2DE)40. O f these two dimensions, the first is separation by the protein’s 

isoelectric point and the second is by the size o f the protein. These two methods of 

separation can be considered orthogonal as the separation mechanisms are different. 

Orthogonal separations are desired in order to reduce the complexity of the protein or 

peptide sample41. Ideally, the total separation process would be able to isolate all species 

within a mixture so that they can be detected and identified with ease. Multidimensional 

orthogonal separations also provide a way to combat the dynamic range challenge 

inherent in many proteomic samples42.

In modern-day proteomics, 2DE has been replaced by the gel-free technique of 

two-dimension liquid chromatography (2D-LC). Chromatographic techniques are 

preferred so that sample handling can be automated and has minimal sample loss 

compared to 2DE43. Currently, there are many chromatographic techniques used in 

proteomics, such as reversed-phase, ion-exchange, size exclusion, affinity, and 

hydrophilic interaction chromatography, just to name a few. In order to determine a 

suitable pair o f separation methods, one must consider the peak capacity in each 

dimension as well as the separation orthogonality.

One o f the first orthogonal separations o f peptides was the MuDPIT 

(/wwltiifimensional protein identification technology) technique developed by Yates et 

al? 9,44. This technique combines strong cation exchange in the first dimension with 

reversed-phase chromatography in the second dimension. This combination has become
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popular among different research groups4 5  and other good combinations include size- 

exclusion chromatography with reversed-phase chromatography, hydrophilic interaction 

chromatography with reversed-phase chromatography, and alkaline reversed-phase 

chromatography with acidic reversed-phase chromatography46.

Various systems have been designed to couple the two chromatographic steps. 

They can generally be classified as “online” 4 7  or “offline”48. Online methods allow for 

automation and less sample handling while offline methods allow for operator 

intervention in between the two steps. Furthermore, offline methods allow fractions to be 

collected from the first dimension separation to be stored or analyzed repeatedly. Given 

the benefits of offline coupling, this method was used in this thesis work.

4.2 Experimental Conditions

4.2.1 E. coli outer membrane preparation

E. coli K12 (ATCC Strain 470760) was grown to mid-stationary phase in 1 liter 

o f MES minimal media. MES minimal media is a defined minimal media commonly 

used for bacteria growth. Per liter, it contained 9.7 g 2-(N-Morpholino)ethanesulfonic 

acid hemisodium (MES), 1.1 g KOH, 6  g glycerol, 1.2 g NH4 CI, 0.35 g K2 HPO4 . This 

solution was adjusted to pH 6 . 6  and autoclaved. After cooling, sterile stock supplements 

were added so that the final concentration o f essential supplements were 0.5 mM MgCh, 

0.5 mM CaCh, 7 pM Fe(NH4 )2 (S0 4 )2 , 5 pg mL ' 1 thiamine, and 1 x trace element 

solution. One liter o f the 1000* trace element solution contained 2.86 g H3 BO3 , 1.81 g 

MnCl2 «4H 2 0 , 0.22 g ZnS0 4 «7H 2 0 , 0.39 g Na2 M o0 4 «2H 2 0 , 0.079 g C uS0 4 *5H 2 0 , and
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0.0494 g Co(N0 3)2*6H20  and was sterilized by passing the solution through a sterile 

0.22 pm filter. All chemicals used were obtained from Sigma Aldrich (St. Louis MO).

The E. coli culture was started from an isolated colony streaked from a frozen 

working stock. An isolated colony was incubated in 1 mL of MES minimal media at 37 

°C with shaking at 250 RPM. After 6 h, the solution was transferred to 50 mL of the 

same media in a 250 mL baffled Erlenmeyer flask and incubated at the same conditions. 

After 24 h o f incubation, the culture was used to inoculate 1 L of pre-warmed MES 

minimal media so that the initial ODeoo was 0.02. The culture was allowed to incubate at 

the above conditions in a 4 L baffled Erlenmeyer flask.

After 20 h o f incubation, the OD6 0 0  o f the culture had reached 3.5 and the culture 

was harvested and all subsequent manipulations were done at 4 °C. The cells were 

centrifuged for 10 minutes at 2800 RCF, washed with 500 mL of 50 mM MOPS (pH 7.3) 

and centrifuged again. The cells were finally suspended in 50 mL of 50 mM MOPS and 

divided equally into 5 tubes. The tubes were centrifuged for 10 minutes at 3 000 RCF. 

The supernatant was discarded and the cell pellets (ca. 1.5 g wet cells) were frozen at ‘80 

°C until needed.

To isolate the outer membrane of E. coli, the modified methods o f Molloy et a lP  

were used. One aliquot of E. coli was thawed and diluted with 15 mL of 50 mM MOPS 

(pH 7.3) and DNase I (Invitrogen) was added to a final concentration o f 1 mg mL The 

solution was passed through a French pressure cell twice at a pressure o f 14 000 psi. The 

lysate was centrifuged for 10 minutes at 2 300 RCF and the pellet was discarded. 2 mL 

o f the lysate (ca. 60 mg total protein) was diluted to 10 mL with 50 mM MOPS. To this 

solution, 110 mL o f 0.1 M Na2C 0 3 (pH 11.0) was added slowly and stirred for 1 h at 0
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°C. The solution was then ultracentrifuged for 65 minutes at 115 000 RCF. The 

supernatant was discarded while the pellet was resusupended in 50 mM MOPS and 

divided into three tubes. The tubes were ultracentrifuged for 25 minutes at 115 000 RCF. 

The supernatant was discarded while the pellet was kept at -80 °C until needed for 

solubilization as described below.

4.2.2 Solubilization of outer membrane proteins by different surfactants

Solubilization o f the outer membrane pellet was attempted using several different 

surfactants: SDS, Tween 20, 3-[(3-cholamidopropyl)dimethylammonio]-l- 

propanesulfonate (CHAPS), deoxycholic acid, and Triton X-100 (All chemicals were 

obtained from Sigma Aldrich St. Louis MO). In SDS solubilization, an increasing 

concentration o f SDS (0, 0.1%, 0.15%, 0.5%, 1.0%, 2.5%, and 5.0% [w/v]) in a 10%

(v/v) methanol solution buffered with 100 mM NH4 HCO3  was used. 250 pL of the 

appropriate solution was added to a 1.6 mL Eppendorf tube containing the outer 

membrane pellet. The tube was vortexed to disperse the pellet and then incubated at 37 

°C with shaking at 250 RPM to facilitate solubilization. After 4 h, the tube was 

centrifuged for 10 minutes at 16 000 RCF and the supernatant was saved for analysis by 

SDS-PAGE. To the pellet, 250 pL o f the next higher concentration of SDS was added. 

The pellet was then dispersed and incubated with shaking. This process was repeated 

until the SDS concentration reached 5%. It was noticed that even after 5% SDS, a pellet 

remained in the tube. To achieve complete solubilization, 100 pL o f stock SDS-PAGE 

loading buffer (Bio-Rad Laboratories, Hercules CA) was added and heated to 95 °C for 

30 minutes. After this step, the pellet was completely solubilized.
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In solubilization with Tween 20, CHAPS, and deoxycholic acid, 0.05%, 0.10%, 

and 0.25% (w/v) o f the surfactant was dissolved in an aqueous solution with 1% 

dithiothreitol (DTT) and 50 mM Tris (pH 6 .8 ). For Triton X-100, the same 

concentrations were used in addition to 0.50% and 1.0% (w/v). For each different 

concentration and type o f surfactant, solubilization was carried out by adding 200 pL of 

the solution to a 1. 6  mL Eppendorf tube containing the outer membrane pellet. After 

dispersing the pellet and 20 minutes o f incubation at 50 °C, the tube was centrifuged for 

10 minutes at 16 000 RCF and the supernatant was saved for analysis by SDS-PAGE. To 

the pellet, 200 pL o f the same concentration o f surfactant was added. Dispersion, 

incubation, and centrifugation was carried out one more time. After the supernatant was 

removed, the next higher concentration o f surfactant was used as above to solubilize the 

pellet.

All o f the supernatants were analyzed by SDS-PAGE to evaluate how well the 

proteins were solubilized in each step. 10 pL o f the supernatant was added to a stock 

solution of SDS-PAGE loading buffer so that the final concentration was 62.5 mM Tris 

(pH 6 .8 ), 2% SDS (w/v), 5% p-mercaptoethanol (v/v), 25% glycerol (v/v), and 0.01% 

Bromophenol Blue (Bio-Rad Laboratories, Hercules CA). The solution was heated for 

10 minutes at 95 °C and loaded onto a 12% (w/v) bis-acrylamide gel with a 4% stacking 

gel using Laemmli’s methods49. Once the dye front had reached the bottom of the gel, 

the gel was fixed with 50% methanol and 10% acetic acid and stained with Biosafe 

Coomassie Blue (Bio-Rad Laboratories, Hercules CA) and recorded into computer 

memory by a flatbed scanner.
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4.2.3 Solubilization of outer membrane proteins by methanol and SDS

Three aliquots of outer membrane preparation were solubilized by sequentially 

using 60% (v/v) methanol and SDS under the conditions stated in Table 4.1. For 

methanol solubilization, 150 pL o f 60% methanol was added to the tubes. The pellet was 

dispersed by vortexing and incubated at the appropriate temperature for 1 0  minutes.

After 10 minutes of centrifugation at 16 000 RCF, the supernatant was collected and the 

procedure repeated two more times. After methanol treatment, the pellets were 

solubilized with SDS at the corresponding concentration and temperature. 125 pL of 

SDS solution was added to the tube. After vortexing and incubating the tubes for 10 

minutes, the tubes were centrifuged for 10 minutes at 16 000 RCF and the supernatant 

collected and the procedure repeated two more times.

Table 4.1: Conditions used for outer membrane solubilization with methanol and

SDS.

Method name Methanol SDS

Cold/cold 25 °C 25 °C 2.0%

Cold/hot 25 °C 60 °C 0.2%

Hot/hot 60 °C 60 °C 0.2%

Protein concentration in the supernatants was estimated using a Bradford Protein 

Assay Kit (Bio-Rad Laboratories, Hercules CA). The proteins’ disulfide bonds were 

reduced with 3 mM DTT for 30 minutes at 37 °C and the resulting cysteine residues 

alkylated with 5 mM iodoacetamide for 15 minutes at 25 °C in the dark. The solutions 

containing SDS were diluted with 100 mM NH4 HCO3 so that the final concentration of 

SDS was 0.1%. The alkylated proteins were digested with trypsin at a ratio of 1:50 (w/w)
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in a buffered solution o f 100 mM NH4 HCO3  and incubated overnight at 37 °C. The 

peptides in the separate supernatants were pooled according to Table 4.1 and 

concentrated by centrifugation under vacuum.

A solid phase extraction (SPE) procedure was used to remove excess inorganic 

salts that might interfere in subsequent analysis. SPE cartridges were obtained from 

Waters (Milford MA) and prepared for use according to the manufacturer’s directions. 

Samples were washed with an aqueous solution o f 0.1% (v/v) trifluoroacetic acid (TFA) 

before elution with 50% (v/v) acetonitrile and 0.1% TFA and concentration by 

centrifugation under vacuum.

Strong cation exchange separation o f the peptides from each method listed in 

Table 4.1 was done on a SP1500 (150x4.6) mm column from Biochrom Labs (Terre 

Haute, IN). The peptides were eluted using an increasing gradient o f sodium chloride as 

specified in Table 4.2. Elution o f the peptides was monitored using UV absorption at 210 

nm. The eluate was collected in ten one-minute fractions starting at 18 minutes and 

covered the entire elution profile o f the peptides. Shoulder fractions were pooled to save 

subsequent analysis time.
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Table 4.2: Elution program used during strong cation exchange o f solubilized 

E.coli outer membrane peptides. The A solvent is 20% (v/v) acetonitrile and 

0.1% TFA aqueous solution and the B solvent is 20% acetonitrile (v/v), 0.1% 

TFA, 1 M NaCl aqueous solution.

Time

(minutes)

15

22

24

30

% A

100

100

70

50

50

% B

30

50

50

lase chromatography, the inorganicFor optimal performance during reversed-pt 

salts were removed from the strong cation exchange eluates50. This was done by using 

Cig ZipTip™ from Millipore (Billerica MA). The manufacturer’s directions were 

followed and the eluted peptides were once again concentrated by centrifugation under 

vacuum to ca. 3 pL.

Reversed-phase separation was done just prior to analysis by mass spectrometry. 

1 pL of salt-free cation exchange eluate was injected onto a monolithic polystyrene- 

divinylbenzene (PS-DVB) column (200 mm><5 cm; Dionex, Sunnyvale CA) and eluted 

using a gradient o f acetonitrile as specified in Table 4.3. A monolithic PS-DVB column 

was chosen instead of the more common Cig packed columns due to its superior
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chromatographic properties in the separation o f peptides51’53. The eluate was then 

directed into a LCQ-Deca mass spectrometer (ThermoFinnigan, Waltham MA) using 

electrospray ionization in the positive mode. For each survey MS scan, the two most 

intense ions were selected for MS/MS analysis with fragmentation by collision induced 

dissociation. Each strong cation exchange eluate fraction was analyzed three times by 

reversed-phase chromatography MS and MS/MS.

Table 4.3: Elution program used during reversed phase separation of solubilized 

E.coli outer membrane peptides. The A solvent was 5% (v/v) acetonitrile and 

0.1% TFA aqueous solution and the B solvent was 0.1% TFA in acetonitrile.

Time

(minutes)

%A %  B

0 95 5

40 75 25

45 5 95

48 5 95

54 95 5

60 95 5

The data produced from the mass spectrometer were searched against Swissprot’s

E. coli sequence database using the search program Mascot54. Only peptides that were 

confidently identified to an E. coli protein (P<0.05, where P is the probability o f a 

random match) were kept. The number o f proteins identified in each of the triplicate 

analyses was combined and compared to determine the reproducibility o f the reversed-
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phase separation and MS detection. Similarly, the data obtained from each method 

(cold/cold, cold/hot, and hot/hot) were compared to determine the best solubilization 

method.

4.3 Results and Discussions

4.3.1 Solubilization of outer membrane proteins by different surfactants

SDS-PAGE was used as a quick way to evaluate the effectiveness of protein 

solubilization using different surfactants. The amount and type (high or low abundance) 

o f protein solubilized by each method can be quickly visualized instead of running a full 

proteomic protocol involving digestion, two-dimensional separation, and mass analysis.

It was hoped that the majority o f the membrane associated HAPs could be solubilized 

with low concentrations o f surfactants while leaving behind the low abundance integral 

membrane proteins. The outer membrane pellet was first solubilized by SDS at various 

concentrations. Figure 4.1a shows an image o f the gel containing the different 

supernatants. It could be seen that even without SDS, HAPs could be found (Lane 2). 

While two proteins (35 kDa and 33 kDa) could be found in significant amounts in the 

supernatant with 0.1% SDS, they were also found ubiquitously throughout the 

supernatants o f higher SDS concentration. This suggests that these proteins are present in 

very high amounts and that they cannot be easily solubilized at a low concentration of 

SDS. Medium to low abundance membrane proteins were solubilized with 0.1% to 1.0% 

SDS. However, these fractions all contain HAPs and did not achieve the initial objective 

of selectively removing HAPs.
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a l 1 2 3 4 5 6 7 8 b l

kDa 
250

100 
75

50

37

25 

20

Figure 4.1a): Solubilization of protein pellet using SDS in 10% methanol and 100 

mM NH4 HCO3 . Molecular weight markers, Lane 1; 0% SDS, Lane 2; 0.1% SDS, 

Lane 3; 0.15% SDS, Lane 4, 0.5% SDS, Lane 5,1.0%  SDS, Lane 6 ; 2.5% SDS, 

Lane 7; and 5.0% SDS, Lane 8 . lb): SDS-PAGE analysis o f the pellet solubilized 

by SDS-PAGE loading buffer and heated to 95°C.

It is o f note that the 35 kDa HAP could still be found in the supernatant of 5% 

SDS. It is also interesting that even after an overnight solubilization with 5% SDS, a 

small pellet remained in the tube. This pellet was eventually solubilized with the stock 

solution o f SDS-PAGE loading buffer and heated at 95 °C for 30 minutes. SDS-PAGE 

analysis o f this solution showed that the 35 kDa protein was still found within the pellet. 

(Figure 4.1b)

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Observing that the hot SDS-PAGE loading buffer was able to completely 

solubilize the pellet, it was hypothesized that the higher temperature and the presence of 

reducing agents may help dissolve a pellet. As well, since SDS is a strong surfactant and 

affects downstream processing, different surfactants were sought to replace SDS. Thus, 

Tween-20, CHAPS, deoxycholic acid, and Triton X-100 were used in an attempt to 

dissolve the pellet at a higher temperature. Solubilization at each concentration of 

surfactant was done twice in order to remove traces o f proteins solubilized during the first 

addition.

Figures 4.2a and 4.2b show the SDS-PAGE analysis of the supernatants from 

Tween-20 and CHAPS solubilization, respectively. As in the SDS solubilization 

experiment, the 35 kDa protein predominates throughout the gel. Other HAPs could be 

seen in supernatants o f higher surfactant concentration as well.

a) 1

kDa
100
75

50

37

25

20

2 6  7 b) 2

Figure 4.2: Solubilization o f protein pellet using different concentrations of 

Tween-20 (a) and CHAPS (b) in 1% DTT and 50 mM Tris. Aqueous supernatant, 

Lane 1; 0.05%, Lanes 2 and 3; 0.10%, Lanes 4 and 5; 0.25%, Lanes 6  and 7.
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Deoxycholic acid is a bile salt used by the human body to emulsify lipids for 

absorption in the digestive tract. In vitro, it can be used to solubilize membranes and 

membrane proteins. It was used in increasing concentrations here to solubilize E. coli 

outer membrane proteins. While the 35 kDa HAP was effectively removed by 0.05% and 

0.10% deoxycholic acid, the 33 kDa HAP remained at 0.25% (Figure 4.3).

1 2 3 4 5 6
\

ii

Figure 4.3: Solubilization o f protein pellet using different concentrations of 

deoxycholic acid in 1% DTT and 50 mM Tris. 0.05%, Lanes 1 and 2; 0.10%, 

Lanes 3 and 4; 0.25%, Lanes 5 and 6 .

Lastly, Triton X-100 was used to solubilize the outer membrane pellet. Once 

again, different HAPs could be found at different concentrations (Figure 4.4). Membrane 

associated HAPs were solubilized at low concentrations of Triton X-100 while integral 

membrane HAPs were solubilized at higher concentrations. No one concentration could 

effectively remove all HAPs while leaving behind medium to low abundance proteins.

kDa
250

100
75

50

37

25

20
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kD a  1 2 3 4 5 6 7  8 9
250

100
75

Figure 4.4: Solubilization of protein pellet using Triton X-100 in 1% DTT and 50 

mM Tris. 0.05%, Lanes 1 and 2; 0.10%, Lanes 3 and 4; 0.25%, Lanes 5 and 6; 

0.50%, Lanes 7 and 8; 1.0%, Lane 9.

Unfortunately, the different surfactants were unable to achieve the desired effect 

of removing HAPs. While some HAPs were removed at lower concentration of 

surfactants, others remained and were solubilized only with higher concentrations.

Overall, this work did not find one concentration of any one surfactant that could 

effectively remove all HAPs.

4.3.2 Solubilization of outer membrane proteins by methanol and SDS

The number o f proteins positively identified as an E. coli protein from each 

solubilization method was totaled after triplicate analysis (Figure 4.5). While the 

majority o f the proteins identified could be found in all three methods, the hot 

methanol/hot SDS method was able to solubilize the most proteins. This is most likely
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attributed to the increase in the incubation temperature. The higher kinetic energy o f the 

molecules in both the outer membrane pellet and solvent may have allowed the solvent 

molecules to better remove the membrane lipids and solubilize the proteins. As well, 

solubility generally increases as temperature increase. In addition to solubilizing a 

greater number o f proteins, the hot SDS method used a lower concentration of SDS. This 

is advantageous as less extensive dilution and/or dialysis is required before trypsin 

digestion.

Figure 4.5: Schematic representation o f the number o f proteins identified from 

each o f the solubilization method. The terms “cold/cold, cold/hot, and hot/hot” 

are defined in Table 4.1.

The difference in protein numbers shown in Figure 4.5 may also be due to the 

degree o f reproducibility associated with LC-MS/MS experiments. To examine this

Cold/cold:
114

Cold/hot: 
130

Hot/hot: 157
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issue, triplicate analysis o f the hot/hot solubilization method was carried out in a separate 

experiment and the results are shown in Figure 4.6. One can see that the majority o f the 

proteins could be found in two or more analysis (Figure 4.6). Seventy-two percent o f the 

proteins identified were found in two or more analyses while 61% were found in all three 

analyses. While the proteins identified from one run to another may be somewhat 

different, the total number of proteins identified was almost the same (128, 127 and 126). 

This reproducibility behavior o f LC-MS/MS experiments is in agreement with previous 

studies by Toll et al.53. Thus, the difference in the number of proteins observed in Figure 

4.5 is mainly due to the different sample composition as a result o f the three different 

methods used.
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3rd: 126

Figure 4.6: Schematic representation o f the number o f proteins identified during 

triplicate analysis o f the hot/hot solubilization method. Three LC-MS and 

MS/MS runs were independently processed and the number of proteins found in 

one, two, or all three analyses is represented.

Lastly, the subcellular locations o f the identified proteins were determined 

according to Swissprot classification. O f the 127 proteins identified using the hot/hot 

solubilization method in the second analysis (Figure 4.6), ninety-six proteins (76%) were 

classified as belonging to the peripheral membrane (i.e. outer membrane, periplasm, and 

inner membrane). O f the ninety-six, twelve proteins were identified as being from the 

outer membrane. Nine proteins (7%) were classified as belonging to the cytoplasm and 

twenty-two (17%) were not classified. Proteins identified as part o f the ribosome were 

grouped with membrane proteins as they were most likely isolated while they were 

attached to the membrane during co-translational insertion o f membrane proteins. Many

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of the unclassified proteins were theoretical proteins that have not been previously 

identified experimentally. Other researchers have used the E. coli genome and 

computational software to predict that there are 1084 proteins present in the peripheral 

membrane55,56. O f these, 91 are localized to the outer membrane. Compared to the 

results obtained here, we have only identified ca. 10% of the E. coli membrane proteome. 

Future work will be focus on the use o f these digestion methods, in combination with 

improved mass spectrometric instruments (e.g. quadrupole time-of-flight mass 

spectrometer), to generate a comprehensive profile o f the outer membrane proteome.

4.4 Conclusions

This chapter documents attempts to obtain a better view of the low abundance 

proteins in the membrane o f E. coli. Different surfactants and incubation conditions were 

used in an attempt to remove HAPs so that low abundance proteins could be more easily 

identified. However, surfactants alone cannot remove all HAPs as the HAPs vary in their 

degree o f hydrophobicity and they cannot all be removed at one critical or “magic” 

concentration of surfactant.

However, it was found that solubilization with a lower concentration o f SDS at an 

elevated temperature could solubilize more proteins than using a higher concentration of 

SDS at room temperature incubation. The reproducibility o f reversed-phase 

chromatography and MS and MS/MS analysis was demonstrated to be comparable to that 

obtained by other authors.

In order to fully understand the function o f low abundance proteins in the 

membrane o f E. coli, it may be necessary to completely solubilize the pellet in SDS at an
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elevated temperature and then perform protein level fractionation to remove HAPs.

These fractionation methods may include hydrophilic interaction chromatography , free

flow electrophoresis13, and/or isoelectric focusing58. By separating the HAPs from the

LAPs, LAP can be carefully analyzed without the overwhelming background signal from

HAPs.
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C hapter 5: Conclusions and Future W ork

This thesis has shown several applications o f bioanalytical chemistry. Chapter 2 

demonstrated the power o f CE-LIF in the analysis of a low-activity enzyme in a single 

cell reaction. The sensitivity o f CE-LIF was once again demonstrated in Chapter 3 in the 

analysis o f a low-activity mutant enzyme. While not related to CE-LIF, Chapter 4 also 

dealt with low-abundance biological information in the area o f proteomics.

In Chapter 2, a micromanipulator was used to isolate and transport single cells 

into a small reaction vessel to assay for GTA activity. A nanopipettor was used to 

withdraw samples from the vessel at different times. CE-LIF was used to separate and 

detect the product blood group A antigen and the substrate H-Type II antigen. 

Quantitation by integration determined the amount of substrate converted to product. 

While the amount converted was small (at times less than 1% conversion), it was 

detectable by CE-LIF. O f the many single cell reactions analyzed, about 60% contained 

signs o f GTA activity. Flow cytometry confirmed that a similar proportion of small 

HT29 cells contained GTA activity.

To further develop this single cell assay method, further reduction in volume is 

necessary. However, it is difficult to physically manipulate volumes less than 100 nL. 

Thus, it may be necessary to use microfluidic technologies. One must keep in mind that a 

method that allows for multiple sampling is preferable as it can perform replicate analysis 

or time-course studies. While the micromanipulator used here can be used for visual 

screening before selecting cells for analysis, it is a bottleneck as it is time and labor 

intensive. Furthermore, it is difficult to ascertain if  one has expelled a cell from the 

capillary into the receiving vessel.
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Chapter 3 showed another application o f CE-LIF in a crude enzyme assay. A 

mutant enzyme previously thought to be inactive was shown to contain a low level of 

activity. By showing that the mutant enzyme had a low level of activity, CE-LIF was 

able to make a contribution to the elucidation o f FucT enzymatic mechanism. Further 

improvements for this application could include adjustments to the CE-LIF parameters to 

achieve a lower detection limit and better separation.

In contrast to the low activity enzymes studied in Chapters 2 and 3, Chapter 4 

dealt with low abundance proteins in the field o f proteomics. A method was sought to 

detect low abundance proteins in the outer membrane of E. coli. The first approach tried 

was solubilization with increasing concentrations o f various surfactants. The hypothesis 

was that high abundance peripheral membrane proteins could be solubilized at low 

concentrations and less abundant integral membrane proteins solubilized at high 

concentrations. However, the HAPs were distributed ubiquitously among the different 

concentration o f surfactants. During this procedure, a higher temperature was found to 

better solubilize the membrane pellet. Thus, the use of a higher temperature was 

incorporated into the method tested for complete solubilization o f the outer membrane 

pellet. It was found that solubilization in 60% methanol followed by 0.2% SDS at 60 °C 

was able to solubilize more proteins than other methods at lower temperatures and higher 

concentration of SDS. Triplicate analysis was also performed to determine the 

reproducibility of LC-ESI-MS and MS/MS analysis. The results were comparable to 

other studies.

During one o f several analyses, 127 proteins were confidently identified, with 

more than three-quarters o f them known to be localized to the peripheral membrane of E.
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coli. Of these proteins, nine were localized to the outer membrane. In all, this 

represented ca. 10% of the proteins that are theoretically localized to the peripheral and 

outer membrane. To increase the number of proteins identified, more sensitive 

instruments can be used in conjunction with protein level fractionation to remove the 

HAPs from lower abundance proteins.

This thesis has dealt two different areas o f bioanalytical chemistry. In both of 

these areas, the goal was to characterize enzymes or proteins that were present in low 

activity or amounts. While it is easy to detect the high activity or abundance species, it is 

more difficult to observe the less active or abundant ones. However, with new advances 

in various fields of bioanalytical chemistry such as microfluidics and protein level 

fractionation, it may become easier to study these low activity or abundant proteins.
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