
CHARACTERIZATION OF THREE PREPARATIVE
ELECTROPHORETIC INSTRUMENTS: BRAIN
PROTEIN FRACTIONATION (PURIFICATION,

SYNAPTOPHYSIN, BIOTECHNOLOGY)

Item Type text; Thesis-Reproduction (electronic)

Authors Couasnon, Pascal, 1961-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:21:57

Link to Item http://hdl.handle.net/10150/276344

http://hdl.handle.net/10150/276344


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Micitinlms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





1329780 

Couasnon, Pascal 

CHARACTERIZATION OF THREE PREPARATIVE ELECTROPHORETIC 
INSTRUMENTS: BRAIN PROTEIN FRACTIONATION 

The University of Arizona M.S. 1986 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, Ml 48106 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V . 

1. Glossy photographs or pages ^ 

2. Colored illustrations, paper or print 

3. Photographs with dark background. 

4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is text on both sides of page 

7. Indistinct, broken or small print on several pages LX 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages 

15. Dissertation contains pages with print at a slant, filmed as received 

16. Other 

University 
Microfilms 

International 





CHARACTERIZATION OF THREE PREPARATIVE ELECTROPHORETIC INSTRUMENTS 

BRAIN PROTEIN FRACTIONATION 

by 

Pascal Couasnon 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF CHEMICAL ENGINEERING 

In partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  6  



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of 
requirements for an advanced degree at the University of Arizona 
and is deposited in the University Library to be made available to 
borrowers under rules of the Library. 

Brief quotations from this thesis are allowable without 
special permission, provided that accurate acknowledgement of 
source is made. Requests for permission for extended quotation 
from or reproduction of this manuscript in whole or in part may 
be granted by the head of the major department or the Dean of the 
Graduate College when in his or her judgement the proposed use of 
the material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the author. 

SIGNED : 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

i i -  21.  im 
Milan Bier 

Professor of Engineering 
Date 



ACKNOWLEDGEMENT 

The acknowledgement section is like a speech after the 

reception of an award: you express how great you feel after the 

achievement of the masterpiece and thank everybody for their help 

and collaboration. The only problem, in the case of a thesis, is 

that you have not yet received the award and are not even quite 

sure that you are among the nominees. 

Despite this uncertainty, I would like to express my 

gratitude to a number of persons who gave me the opportunity to 

enjoy a very intellectually and culturally enriching visit and 

experience many delightful moments in Tucson. First I want to 

thank all the members of the Center for Separation Science (CSS): 

Dr. Milan Bier for taking the risk of welcoming me to his 

laboratory, Drs. Wolfgang Thormann, Richard Mosher and our 

wonderful secretary Carol Strong for their assistance in the 

revision of a "French English thesis" into an "American English 

thesis", Dr. Ned Egen for giving me space in his laboratory, Dr. 

David Sammons for stimulating discussions, Terry Long for his much 

appreciated engineering assistance, Robin Humphreys for his two 

dimensional answers and Jeffrey Sloan who shared the graduate' 

student experience with me. 

iii 



iv 

I do not want to ignore Garland Twitty, Lou Zawadski, Douglas 

Dewey, Arjan Ala and Jan McFarlane who provided me constant 

support. I also wish to thank Dr. Farhang Shadman for his academic 

advice. 

I acknowledge the authorities of the French Government and 

the French Embassy in the United States for their authorization to 

spend this period at the University of Arizona and I want to thank 

Mr Jean-Pierre Raynaud and the company Roussel-Uclaf for their 

sponsorship. This work was supported in part by NASA Grant NAGW-

693. 



TABLE OF CONTENTS 

Page 

LIST OF FIGURES ix 

LIST OF TABLES xii 

ABSTRACT xiii 

INTRODUCTION 1 

GOALS OF THE PROJECT 3 

ELECTROPHORESIS: GENERAL PRINCIPLE AND DIFFERENT MODES 5 

1. General principle 5 

2. Electrophoretic Modes 6 

2.1. Moving Boundary Electrophoresis 8 

2.2. Zone Electrophoresis 8 

2.3. Isotachophoresis 9 

2.4. Isoelectric Focusing 10 

ANALYTICAL APPLICATIONS 12 

1. Introduction 12 

2. Electrophoresis in Gels 12 

2.1. PAGE 12 

2.2 . SDS PAGE 13 

2.3 . PAGIF 13 

2.4. 2-D Electrophoresis 14 

3. Capillary Electrophoresis 14. 

v 



vi 

TABLE OF CONTENTS--CONTINUED 

4. Conclusion 15 

SCALE UP OF ELECTROPHORESIS 16 

1. Introduction 16 

2. Difficulties Related to the Scale Up 17 

of Electrophoresis 

2.1. Joule Heat Dissipation 17 

2.2. Parabolic Flow 17 

2.3. Natural Convection 19 

2.4. Electroosmosis 20 

2.5. Experiments in Microgravity 22 

Environment 

3. Description of the Preparative 22 

Electrophoretic Instruments 

3.1. RIEF 25 

3.2. BIOSTREAM 28 

3.3 . Elphor VaP 22 30 

4. Separation in Microgravity Environment 33 

EXPERIMENTAL RESULTS 35 

1. Sample Preparation 35 

2. Methods of Analysis 35 

2.1. PAGIF 35 

2.2. 2-D Gel Electrophoresis 36 



vii 

TABLE OF CONTENTS--CONTINUED 

3. Fractionation of the Brain Protein Matrix 37 

3.1. RIEF 37 

3.1.1. Single Step Fractionation 37 

3.1.2. Double Step Fractionation 41 

3.2. BIOSTREAM 44 

3.2.1. Introduction 44 

3.2.2. Characterization of the 44 

Electrolyte Systems 

- Statement of the problem 44 

- Experimental results 50 

- Conclusions 54 

3.2.3. Brain Protein Fractionation 57 

3.3 . Elphor VaP 22 61 

3.3.1. Zone Electrophoresis 61 

3.3.2. Field Step Electrophoresis 64 

- Single Sample Injection 64 

- Double Sample Injection 65 

- Future Recommendations 70 

3.3.3. Isoelectric Focusing 72 

3.3.4. Isotachophoresis 73 

- Experimental results 73 

- Future Recommendations 78 

3.4. Conclusions 79 



viii 

TABLE OF CONTENTS--CONTINUED 

4. Application of Preparative Electrophoresis. 81 

Isolation of a Specific Neuromembrane Protein: 

Synaptophysin 

4.1. Introduction 81 

4.2. Purification Protocol 83 

4.3. Future Recommendations 85 

LIST OF REFERENCES 87 



FIG 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Pag 

7 

18 

21 

23 

24 

27 

29 

31 

32 

40 

43 

46 

LIST OF FIGURES 

TITLE 

Schematic representation of a separation by 

the different electrophoretic modes 

Example of instability in the 

electrophoretic cell 

Pattern of liquid motion due to 

electroosmosis 

Apollo 16 electrophoresis results 

Space Shuttle electrophoresis results 

Schematic representation of the RIEF 

Diagrammatic representation of the BIOSTREAM 

Schematic representation of the 

Elphor VaP 22 

Schematic representation of the different 

modes used in continuous flow 

electrophores is 

PAGIF of selected collected channels of a 

single RIEF brain protein fractionation 

PAGIF of selected collected channels of a 

double RIEF brain protein fractionation 

Example of pH and conductivity changes in 

the BIOSTREAM annulus 

ix 



13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

x 

LIST OF FIGURES--CONTINUED 

Influence of the carrier flow rate on pH and 

conductivity profiles in the BIOSTREAM cell 

Influence of the current on pH and 

conductivity profiles in the BIOSTREAM cell 

Influence of the electrolyte concentration 

on pH and conductivity profiles in the 

BIOSTREAM cell 

Influence of electrolyte diffusion on pH and 

conductivity profiles in the BIOSTREAM cell 

Influence of the chemical composition of the 

electrolytes on pH and conductivity profiles 

in the BIOSTREAM cell 

PAGIF of selected collected channels of a 

BIOSTREAM brain, protein fractionation 

pH and conductivity profiles of a brain 

fractionation in the BIOSTREAM cell 

PAGIF of selected collected channels of an 

Ephor VaP 22 brain protein fractionation by ZE 

Configuration of buffer and sample injection 

in FSE 

PAGIF of selected collected channels of 

Elphor VaP 22 brain protein fractionations by FSE 

Fractionation of brain proteins in DFSE 

mode: conductivity and optical density profiles 

51 

52 

53 

55 

56 

59 

60 

63 

6 6  

67 

6 8  



LIST OF FIGURES--CONTINUED 

PAGIF of selected collected channels of an 

Elphor VaP 22 brain protein fractionation by DFSE 

Example of future recommendations for 

improved FSE 

Fractionation of brain proteins in ITP mode: 

conductivity and optical density profiles. 

PAGIF of selected collected channels of an 

Elphor VaP 22 brain protein fractionation by ITP 

PAGIF of a brain protein fractionation 

using BIOSTREAM and RIEF in series 

2-D electrophoresis gel of the crude brain 

protein extract and the purified synaptophysin 



LIST OF TABLES 

TABLE Page 

1 Principal characteristic of the instruments 26 

2 RIEF fractionation of brain proteins: pH and 39 

protein percent distribution 

3 pH and protein percent distribution of 42 

the double RIEF fractionation 

4 Electrolyte and carrier solutions 47 

recommended by the manufacturer 

5 Modification of the electrolyte composition 49 

after one residence time in the cell 

xii 



ABSTRACT 

With the development of biotechnology, the need for 

preparative scale purification methods with high resolution has 

become critical. Electrophoresis, recognized as a powerful 

analytical tool, has been ignored in its preparative version. This 

situation is changing and now several preparative electrophoretic 

instruments are available. 

This work is the first attempt to compare the performance of 

some of today equipment using identical source material: aqueous 

extracts of bovine brain. The various machines, for the first time 

available in the same laboratory, were the BIOSTREAM distributed 

by CJB Developments Ltd, Portsmouth, England, the Elphor VaP 22 

developed by Bender & Hobein, Munich, Germany, and the RIEF 

developed at the University of Arizona, Tucson, by Bier. It also 

represents the first stage of a long term project for the Center 

for Separation Science: the purification of brain proteins. First 

each machine was used to fractionate the complex matrix of brain 

proteins. This step allowed optimization of the working conditions 

of each apparatus. Then synaptophysin, a specific neuromembrane 

protein, was purified on a preparative scale using the most 

appropriate electrophoretic instrument. 

xiii 



INTRODUCTION 

The separation and characterization of the individual 

components of mixtures has been a prerequisite for progress in 

chemistry and biochemistry since the infancy of these sciences. In 

biological science, this step is very often the bottleneck in 

industrial production as well as small research projects. One of 

the big breakthroughs in this field has been Tiselius' work in 

electrophoresis in the 1930's. Since that time this technique has 

been the primary method of separation and analysis of proteins and 

polynucleotides. It is widely used in clinical and biochemical 

laboratories for characterization of proteins, diagnosis of some 

diseases and evaluation of " the purity of biological samples. 

Improvements appear regularly. The technique has become easier 

with the automation of the processes, faster running with the 

development of capillary electrophoresis, and has provided higher 

resolution with two dimensional electrophoresis. 

Biochemists and biologists need preparative techniques for 

the purification of large quantities of biologicals. 

Electrophoresis, which represents the tool of choice on the 

analytical scale because of its high resolution and sensitivity, 

has been largely ignored for preparative separations. As a result 

of this neglect, its counterpart, chromatography, has become the 

most popular method for large scale purification. 

1 
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The emergence of a biotechnology industry promises new 

products, many of which are complex and labile. However extreme 

pH and salt concentration tend to precipitate proteins while 

excessive shear and temperature will denature these biological 

compounds. Numerous techniques which are routinely used in 

industry are therefore not suitable due to their drastic 

treatment. This has created a new problem: how to obtain a very 

pure product on a large scale using gentler methods at a 

reasonable price. Because of its different characteristics and 

especially its vastly superior resolving power, electrophoresis 

has attracted much interest in its preparative version and a great 

deal of work has been done to produce machines for industrial 

applications (1, 2). 



GOALS OF THE PROJECT 

The Center for Separation Science is dedicated to the 

development of new methods and instrumentation for 

electrophoresis. One of its main objectives is the scale up of the 

technique for industrial applications. A unique collection of 

preparative electrophoretic equipment is now available in the 

Center for this study. 

This project is the first characterization of three 

preparative electrophoretic instruments using identical sample 

material. This study was made possible because for the first time 

the three apparatus have become available in the same laboratory. 

The machines are complementary rather than competitive. They use 

different technological approaches to solve some common problems. 

This made any direct quantitative comparison difficult. 

The biological material used for the characterization was an 

aqueous extract of bovine brain. Compared to studies with human 

plasma or extracts of organs such as liver or heart, very little 

work has been done with proteins extracted from the brain. In 

addition to the investigation, of the performances of the several 

apparatus, this project was designed to establish a background on 

brain protein purification; one of the major long term programs of 

3 
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the CSS. It also provided an opportunity of working with a very 

complex mixture thus clarifying the advantages and disavantages 

of each machine. 

The first step of the study was the fractionation of the 

large matrix of protein sample using each machine separately. As 

explained later, this step lead us to investigate some fundamental 

concepts of the instruments in order to understand the behavior of 

the system buffer/proteins and to optimize the separation. The 

second step was the isolation of a specific protein of the brain, 

synaptophysin, using the most appropriate preparative machine. 



ELECTROPHORESIS: GENERAL PRINCIPLE AND DIFFERENT MODES 

1. General Principle 

Electrophoresis is defined as the transport of electrically 

charged particles in a direct-current electric field (3 - 8). The 

key parameters governing the behavior of an electrophoretic 

system are the dissociation constants and electrophoretic 

mobilities of the components. Ionization causes most amphoteric 

materials in aqueous solutions to be electrically charged and thus 

move in response to an external electric field. They are 

represented by the well-known equations: 

[ H+ ] [ A-i° ] 

KJ1" ~7^ 111 

K . UCIIAU m 
J  [Aj°]  

where Kji and Kj2 are the dissociation constants, [H+] the 

hydrogen ion concentration, [Aj°], [Aj+] and tAj~] the 

concentrations of the different ionized forms of species j. 

Electrophoretic mobility (4) is defined as the displacement of a 

particle per unit time and unit electric potential gradient and is 

given by the following expression using Stokes law (9): 

u - * a D [3] 
6 7T T} 

where t is a tortuosity factor (equal to unity in the case of a 
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sphere), $ is the zeta potential, defined as the potential gradient 

between the bulk solution and the Helmhotz layer, a is the radius 

of the particle, D is the dielectric constant and tj is the viscosity 

of the solution.. This mobility is not an absolute value, but 

depends on the given buffer system, which affects the zeta 

potential according to the Debye-Huckel theory. Thus, it depends 

on the charge of the particle, but is also affected by its 

molecular weight and shape. Slight differences between two 

compounds in these properties will lead to their separation. 

Therefore, it is possible to improve the separation by selecting 

the electrophoretic mode which most emphasizes this difference. 

2 _E1 e c trop h o r e_tic_M odes 

It is generally agreed that electrophoresis can be divided 

into four modes (5 - 8): Moving boundary electrophoresis (MBE), 

Zone electrophoresis (ZE), Isotachophoresis (ITP) and Isoelectric 

Focusing (IEF) (see Fig. 1). The first three modes give a separation 

based upon the difference in the electrophoretic mobility of the 

compounds. The last mode gives a separation based upon the 

difference in isoelectric points (pi). The pi is defined as the pH 

value at which an amphoteric molecule does not move when it is 

subjected to an electric field. 
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Figure 1 Schematic representation of a separation 
by the different electrophoretic modes. 
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2.1. Moving Boundary Electrophoresis 

This mode was originally described by Tiselius (10). In this 

mode, one part of the electrophoretic equipment is filled with the 

sample, which must represent a large volume. The other part of 

the cell is filled with a homogeneous buffer solution. The 

polarity of the electrical field must be chosen in such a way that 

the compounds migrate towards the leading electrolyte. 

Application of voltage initiates the electrophoretic separation, 

characterized by the separation of the most mobile compound 

followed by a mixture of the fastest and the second fastest 

compound and mixed zones of the other molecules. Complete 

separation of sample components is never achieved and only the 

fastest and slowest species can be partially purified while the 

remaining components overlap to differing degrees. This 

electrophoretic mode can be compared to its frontal 

chromatographic analogue. As an analytical method, MBE has a 

limited value, but it should be noted that the moving boundary 

process takes place in almost every electrophoretic separation 

process in its initial phase, as a transient state. 

2.2. Zone Electrophoresis 

In ZE, only a small volume of sample is applied as a narrow 

band in a homogeneous buffer or carrier electrolyte which 

originally occupied the entire electrophoretic cell. As the 

voltage is applied each component begins to migrate according to 
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its own mobility, depending on the experimental conditions such as 

pH, conductivity or voltage gradient. After an appropriate length 

of time, the components migrate with differing velocities in 

several zones, spatially separated by the buffer. In reality, ZE is 

simply MBE with a smaller volume of applied sample and it can be 

compared to elution chromatography. 

2.3. Isotachophoresis 

One of the characteristics of this mode is that the sample 

zone is introduced between two electrolyte solutions, a leader and 

a terminator (11, 12). As a rule, both electrolytes contain only 

one ionic .constituent of the same charge sign as the sample 

components and have a common counterion. The effective mobility 

of the leading electrolyte must be higher than any of the other 

compounds present in the solution, whereas the terminating 

electrolyte must have the lowest effective mobility. The electric 

field is applied in such a way that the direction of the sample 

migration is towards the leading electrolyte. After a sufficient 

time, the system reaches a steady state in which each individual 

sample component is migrating as a pure band sandwiched between 

the sample component of next highest and next lowest mobility. The 

velocity of each band is equal to the velocity of the leading 

electrolyte zone, and as a result the electric field strength in 

each zone is inversely proportional to the component net mobility. 

This situation, results in self-sharpening of isotachophoretic 
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boundaries (5): If a solute molecule diffuses forward into a 

preceding zone, it is in a region of lower electric field strength, 

and it slows its rate of migration and rejoins its original band. If 

a solute diffuses backward into a following zone, it is in a region 

of higher field strength and speeds up to rejoin its original band. 

Measurements of the electric field strength, or of its related 

parameters, can be used for analytical identification purposes. 

Quantitative information is contained in the length of the sample 

zone. The chromatographic analogue of this mode is displacement 

chromatography. 

2.4. Isoelectric Focusing 

In this mode, the migration behavior of amphoteric molecules 

in a pH gradient is used to focus them in sharp zones that are 

stationary in an electric field (7, 13, 14). Depending on the 

relative difference between the pK values (see equations [1] and 

[2]) of the different components and the pH value of the buffer 

solution, amphoteric compounds, such as proteins, can be 

predominately positively charged (in an acidic solution) or 

negatively charged (in an basic solution). At the pH corresponding 

to charge polarity inversion, they carry zero net electric charge. 

This pH value is known as the isoelectric point (pi) of the 

ampholyte. Since many proteins have different pis, separation can 

be done by IEF. A suitable pH gradient is formed by focusing a 

mixture of amphoteric substances, called carrier ampholytes, 
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with a range of pi values. When an amphoteric material is 

introduced in such a pH gradient and exposed to an electric fied, 

it will migrate and focus towards the pH region corresponding to 

its pi and become virtually immobilized. At that time, a steady 

state is reached where the zones are stationary and sharply 

focused. 



ANALYTICAL APPLICATIONS 

i j- .In £ i°i? 

Much of the work done in electrophoresis is accomplished in 

anticonvective media such as gels or capillary columns. As, will be 

shown later, the use of a solid matrix has slowed down the 

evolution of electrophoresis towards the preparative scale. This 

section will describe the analytical applications of the 

technique. Separation and characterization of biological products 

in terms of their net mobility, molecular weight or isoelectric 

point is discussed. Another type of characterization is based upon 

antigen-antibody interactions, but it has not been used- in this 

work. The total process is achieved in gels, as for instance in 

Immunoelectrophoresis. Generally, data evaluation is done by 

scanning after staining of the gel. 

2. Electrophoresis in Gels 

2.1. PAGE (Poly-Acrylamide Gel Electrophoresis) 

Polyacrylamide is the- most widely used anticonvective 

medium (15 - 16). The gel is the polymerization product of acry-

lamide, CH=CH-CONH, and a cross linking agent bis-acrylamide, 

12 



13 

CH—CH-CO-NH-CH-NH-CO-CH=CH , catalyzed by TEMED, N ,N ,N ,N' tetram-

ethylethylenediamine, and ammonium persulfate. The relative per

centage of BIS determines the size of the gel pores which act as a 

molecular sieve. The separation is done by zone electrophoresis 

which has been described above. Results are visualized by staining 

of the gel usually with coomasie blue. Silver, which is more sensi

tive, is also used but it is more tedious. 

2.2. SDS PAGE 

In the case of PAGE, the analysis is conducted with proteins 

in their native form, which includes aggregates and polymers. 

These can be desaggregated by treating the sample with sodium 

dodecyl sulfate (SDS), thus breaking interactions between proteins 

and subunits (15). If in addition the gel is cast with a gradient of 

BIS, a porosity gradient is formed which entrapes the proteins. The 

gel network must be small enough so that the sample molecules of 

the larger molecular size will experience different resistance 

through the gel and be retarded. In consequence, the migration 

predominantly depends on the molecular size. With the help of well 

known standards, SDS PAGE is thus a method used for the 

determination of the molecular weight of unknown molecules. 

2.3. PAGIF (Polyacrylamide Gel Isoelectric Focusing) 

PAGIF is analogous to PAGE in the isoelectric focusing mode 

(14). In addition to acrylamide and BIS, carrier ampholytes are 
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mixed into the solution before polymerization. These compounds 

will provide the pH gradient necessary for the focusing of the 

different proteins in the sample of interest. The use of pi 

standards allows the determination of the pi of unknown proteins 

within about 0.01 pH unit. 

Gels are usually cast as flat beds or thin tubes. The latter 

approach is the common one when PAGIF is the first operation of 2D 

electrophoresis. 

2.4. 2-D Electrophoresis 

This very powerful method, first introduced by O'Farrell 

(17), combined the advantages of separation achieved in two 

different electrophoretic modes. There are, in most cases, IEF 

(PAGIF) followed by ZE (SDS PAGE). IEF separates based on the 

charge but not the molecular weight. The reverse situation is the 

case for SDS PAGE. In the case of 2-D electrophoresis, proteins are 

first separated by PAGIF. The thin cylindrical gel is then applied 

on a side of a slab gel, and the second separation is achieved by 

SDS PAGE. Each spot represents a unique protein with a specific pi 

and molecular weight. 

L-U-312 _El_ectrophores is 

Despite many obvious advantages, separations in gels are 

time and work consuming operation. Polymerization, sample 
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application, protein migration and visualization take hours, a 

serious problem in routine analyses. Separation in capillary 

columns filled with a free solution is an alternative which 

combines several advantages. Flow stability is obtained by the 

inherent viscosity of the fluid and heat is removed through the 

capillary tube (18, 19). The use of free solution allows a simple 

on-column detection, as in liquid chromatography. Analysis time is 

short and amenable to automation. The principal modes used in 

capillary electrophoresis are ZE, ITP and IEF. , 

4. Conclusion 

Recognized as the main analytical tool in the biological 

field, electrophoresis is in constant evolution. This short review 

was not intended to cover the whole field of application of the 

method in its analytical version, but only to describe the main 

techniques that have been used for the evaluation of the 

preparative separations to be described. 



SCALE UP OF ELECTROPHORESIS 

1 ̂ Jnt roduc t ion 

With the advent of genetically engineered products into the 

market place, there is predominant need to economically purify the 

product of interest, often present in low concentration. Current 

separations in industry rely either on low resolution techniques 

such as centrifugation, aqueous phase partitioning and ultra

filtration or on the scale up of analytical techniques such as 

chromatography. This last technique, which has been very 

successful, is now well established in industry and has 

overshadowed preparative electrophoresis. Nevertheless, 

electrophoresis is potentially a complementary tool with superior 

resolution and needed to be investigated. The slow progress in the 

field of preparative electrophoresis is somewhat surprising since 

some discoveries in this field preceeded the development of 

analytical electrophoresis. Electrodecantation, described by 

Pauli (20, 21), was one of the first large scale electrophoretic 

process. Numerous fractionation, concentration and concentration 

protocols were also achieved by electrokinetic membranes 

processes (22). The first complete review of large scale 

electrophoresis, published by Swenson (23), was followed by those 

of Bier (24), Kunkel and Trautman (25), and Hanning (26). 

16 
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The scale up of analytical methods such as PAGE and PAGIF is 

possible (1), but the amounts obtainable are insufficient for 

industrial applications. Currently, the most promising approach is 

electrophoresis in free solution, but this idea is not without 

drawbacks. Fluid instabilities can be created in the separation 

chamber which result in a remixing of the sample components (see 

Fig. 2). 

2JDifficulties_Re_la_ted_to_the__Scale_ Uj>_of_ELectrophore_s_is 

2.1. Joule Heat Dissipation 

The passage of the electric current in the buffer solution 

generates heat, which must be efficiently removed to avoid 

excessive temperature increase in the electrophoretic cell. Most 

of the apparatus are built with a cooling system which can be 

either internal or external to the separation chamber. 

2.2. Parabolic Flow 

One of the most common principles utilized for preparative 

electrophoresis is confinement of the carrier buffer and the 

sample solution to a narrow liquid film contained within a channel 

between two parallel plates. The flow of the solution through the 

thin gap causes a parabolic flow velocity profile in a direction 

perpendicular to the electric field. Thus the residence time of 

the fluid in the center of the gap is much shorter than that of the 



Figure 2 Example of instability in the 
electrophoretic cell (From ref. 27) 

The buffer flow has been stopped for 3 sec. 
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fluid close to the wall of the cell. Heating effect is also 

different for the components in the center of the cell and those 

close to the walls and all electrophoretic parameters are 

affected by this temperature difference of the liquid in the cell. 

For instance, electrophoretic mobility increases by about 2% /°K 

( 2 8 ) .  

2.3. Natural Convection 

Gravity is responsible for natural convection, which arises 

in the presence of density gradients. In electrophoresis, these 

density differentials are unavoidable due to thermal gradients, 

concentration gradients or sedimentation of large particles. For 

instance, a 1% albumin solution increases the density of water by 

about 0.26% , roughly equivalent to a 20°C temperature 

differential. 

In a process such as continuous flow electrophoresis, where 

both forced and natural convection can occur simultaneously, the 

relative importance of the buoyancy can be determined by the ratio 

of the Grashof and square of the Reynolds numbers (29): 

Gr _ buoyancy force 
Re2 inertia force 

.GJL = e Ap L r41 

Re2 pU2 1 J 

where g is the gravitational acceleration, Ap the density 

difference, L the length, and U the through-flow velocity. The 

convection effects will be negligible if the above ratio is much 
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smaller than unity. This requires operation at high buffer flow 

rate or low (Ap/p) solution. 

2.4. Electroosmosis 

This phenomenon results in movement of liquid in the chamber 

because of the natural electrical charge of every solid surface. 

The walls of the cell are generally negatively charged and 

therefore attract positive ions of the buffer solution. Because 

the system is closed, a convective flow, which is a function of the 

geometry of the chamber, is created. In a rectangular cell, the 

most commonly used, buffer flows along the wall parallel to the 

electric field towards the cathode and returns down the center of 

the cross sectional area (30). Fig. 3 illustrates the phenomenon. 

The electroosmosis velocity has been estimated, in the case 

of a capillary tube, by the following expression (9): 

v(osm) - [5] 
4 7r r) 

where $ is the zeta potential, D the dielectric constant, E the 

electric field and t) the viscosity of the solution. The effect of 

electroosmosis and parabolic flow, which are mutually 

compensating, can be further minimized by limiting the injection of 

the sample to the center of the cell. 
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Figure 3Pattern of liquid motion due to electroosmosis. 
(From ref.30 ) 

a/ Three dimensional representation of the 
crescent phenomenon. 

b/ Pattern of the horizontal liquid convection. 
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2.5. Experiments in Microgravity Environment 

Because problems such as natural convection, 

electroosmosis, or gradients due to parabolic velocity profile 

occur, at the same time in the cell, it is very difficult to 

investigate and estimate independently the real impact of each. 

One approach has been proposed by Bier at the University of 

Arizona, in association with NASA, in order to evaluate the 

magnitude of electroosmosis in IEF. As part of the Apollo (31) and 

Space Shuttle programs (27), it was possible to accomplish 

electrophoretic separations without the influence of gravity, thus 

without fluid disturbances caused by natural convections. The 

observed fluid motion was due to electroosmosis, and independent 

evaluation of its contribution to the flow instability was 

possible. General observations are presented in Figs 4 and 5. 

3Uescrip_tion^ of_the_Preparative_Electro£horetic_I_nstruirnits 

As mentioned above, one of the engineering challenges in the 

scale up of electrophoresis is the stabilization of the free 

solution in the separation chamber. In this project, we have 

studied and characterized three instruments which use different 

approaches to solve this stabilization problem. The 

electrophoretic cell of the RIEF is divided in subcompartments by 

screens to avoid remixing of the bulk solution, the carrier buffer 

and the sample solution flowing in the BIOSTREAM are stabilized by 



23 

.Figure 4A. Apollo 16-electrophoresis after 220;seconds. 

Figure «fB.EIectrophoreslsgroundtestafter220 8econds. 

Figure 4 Apollo 16 electrophoresis result 
(From ref. 31) 

Separation of latex particles after 
220 sec. The bullet shaped configuration, 
due to electroosmosis, can be observed. 
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Figure 5 Space Shuttle electrophoresis results 
(From ref. 27) 

Photograph of 8 focusing cells in microgravity. 
The third cell from the left shows the first 
appearance of instability as a protruding red 
spike toward the top of the cell. 
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I 
shear created by the rotation of one wall of the annular chamber, 

and the Elphor Vap 22 uses the inherent viscosity of the fluid 

contained in a thin gap between two parallel plates. Heat is 

removed by internal (Elphor Vap 22) or external (BIOSTREAM and 

RIEF) cooling systems. Table 1 gives a summary of the principal 

characteristics of each instrument. 

3.1. RIEF 

Developed by Bier (32) at the University of Arizona, this 

instrument uses a unique recycling principle described in the 

schematic representation of Fig. 6. Its primary components consist 

of a focusing cell, a multichannel pump and a heat exchanger. This 

reservoir serves to dissipate the heat generated by the current in 

the separation chamber and to hold the bulk of the solution being 

processed. It is made of a plexiglass box with 12 glass tubes, 2 

for electrode solutions, 10 for the sample, connected to 12 

corresponding subcompartments in the electrophoretic chamber. 

Computer controlled pH and UV monitoring is optional. During 

focusing the fluid is recycled through the cell and the heat 

exchanger, proteins gradually migrating towards their isoelectric 

point. When firtal focusing equilibrium is achieved, all ten 

fractions are simultaneously collected. Fluid flow through the 

cell is streamlined by monofilament nylon screens which prevent 

convective mixing of adjacent fractions. Electrode compartments 

are separated from the focusing cell by ion exchange membranes . 



Table 1 Principal characteristitics of the instruments (adapted from ref. 2) 

Instrument RIEF BI0STREAM Elphor VaP 22 

Mode IEF ZE ZE, FSE, IEF, ITP 

Processing rate (g/hr) 1-5 up to 100 0.05-20 

Buffer flow rate (ml/min) 300 (recycled) 750-2000 0.5-30 

Cell dimension (cm) 1x12x2.5 0.3x64 50x10x0.05 

Cell volume (ml) 125-1000 525 25 

Cell geometry parallelepiped annulus parallelepiped 

Stabilization screens shear viscosity 

Cooling system external external internal 

# of fractions 10 29 90 

Voltage gradient (V/cm) 200/400 50-100 150-300 

Power (W) 120 1000-1500 75-225 

On line detectors UV/pH none UV/vis 

Principal Applications fractionation of 
soluble proteins 

commercial scale 
protein separation 

separation of cells, 
cell organelles and 
membrane proteins 
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UV 
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PUMP CONTROL 

FOCUSING 
CELL > 

Figure 6 Schematic representation of the RIEF 
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The actual maximum throughput range is from 1 to 5 g/hr but due to 

its modular design, the apparatus can be scaled-up quite easily 

(33). 

3.2. BIOSTREAM 

This apparatus, based on the original idea of Philpot (34), 

has been developed at Harwell Atomic Energy Laboratory. It is 

described in Fig. 7. Electrophoretic separation takes place 

according to the zone electrophoretic mode in a continuously 

flowing buffer solution within a vertical annulus formed by two 

coaxial cylinders, with a gap of 3 mm. The external cylinder has a 

diameter of 9 cm. No internal cooling is provided but electrolyte 

and carrier solutions are precooled before entering the apparatus. 

Flow is in the upward direction and is stabilized by shear 

engendered through rotation of the outer cylinder (about 150 rpm) 

while keeping the inner cylinder stationary. Electrode 

compartments are separated from the annulus by means of dialysis 

membranes held by supports made of inert porous cellulose fiber. 

Twenty nine concentric layers of fluid are collected at the top of 

the chamber through an array of parallel spacers. The processing 

rate, which can go up to 100 g/hr, is the highest throughput known 

for any electrophoretic machine today. 
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Figure 7 Diagramatic representation of the BIOSTREAM 
(from ref.45 ) 

a. Cutaway drawing showing the construction 
of the rotor, stator and main flow channels 

b. Diagram of the separation of 3 components 
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3.3 . Elphor VaP 22 

The instrument is based on concepts pioneered by Hannig (35) 

and further developed by Wagner (36) under the name of free flow 

electrophoresis (FFE). The technique is based on flowing a thin 

film between two parallel plates separated by 0.5 mm: Carrier and 

buffer solutions are continuously injected into one end of the 

cell (Fig. 8). Natural convection is prevented by the inherent 

viscosity of the fluid and heat is removed through the back plate 

of the cell by a very effective cooling system. An electric field 

is applied perpendicular to the main flow, resulting in 

differential deflection of the charged constituents. Collection is 

effected at the other end of the cell through an array of 90 

outlet ports. As in most electrophoretic separations, resolution 

depends on the rate of flow, electric field strength, rate of 

injection, sample concentration, number of "Collection channels, 

composition of the carrier buffer and cooling effectiveness 

Obviously, the electrophoretic mode also affects the quality of 

the separation. Fig. 9 gives a.schematic representation of the 

different modes which can be run in the machine. 

The principles of ZE, ITP and IEF have been presented in 

chapter: "Electrophoresis: General principle and Different Modes", 

sections 2.2., 2.3. and 2.4. Two modified modes appear in this 

description. Field step electrophoresis (38), FSE, and step 

isoelectric focusing, Step IEF. In Step IEF, a pH step gradient is 

preformed by injecting different buffers at the top of the cell. 
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•UPPER SOLUTION 

SEPARATION 

CELL 

DETECTOR— 

MULTICHANNEL PUMP 

FRACTION COLLECTOR 

Figure 8 Schematic representation of the 
Elphor Vap 22 (Adapt, from ref. 2) 

Representation of the buffer and sample flows, 
separation cell, detector, pump and fraction 
collector 



Figure 9 Schematic representation of the different 
modes used in continuous flow electrophoresis. 

Open triangles represent the carrier buffer. 
Solid triangles represent the sample. 
(Adapted from ref. 37) 
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The number of steps is a function of the number of different 

solutions introduced. This modified mode is used to avoid the 

prefocusing step necessary with ampholytes. In FSE, the buffers 

next to the electrode chambers have the same pH but a much higher 

conductivity than the carrier in the center of the cell. Liquid 

membranes are created at the interfaces between high and low 

conductivity solutions. Most of the voltage gradient, the driving 

force, is established across the low conductivity buffer where the 

sample is injected. If the pH of the carrier buffer has a 

intermediary value compared to the pi of the sample components, 

the different proteins are separated into two fractions which 

concentrate on the liquid membranes. 

The separation can be monitored by an on-line UV and visible 

scanner. The maximum throughput of the instrument depends on the 

mode used for the separation and varies from 0.05 to 20 g/h of 

protein. 

 ̂.i. E J-E 2. 

Fluid disturbances caused by natural convections are 

suppressed in microgravity environment. Stabilization of the 

fluid, usually obtained by flowing a thin film of liquid between 

two walls, represents a scale-up limitation. In space, the 

different parameters, especially thickness, of the cell can be 

increased, which gives a bigger throughput. It is also easier to 
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realize the injection of the sample in the center of the cell, far 

from the wall where electroosmosis is maximum. 

The space program have been opened to industrial 

applications with the Electrophoresis Operation in Space project 

(EOS) developed by the Mc Donnell Douglas Astronautics Co., which 

has constructed and tested a continuous flow apparatus specially 

designed for operation in the reduced gravity orbiting spacecraft. 



EXPERIMENTAL RESULTS 

t 

1. Sample Preparation 

Fresh bovine brains were collected fresh at the University 

Farm and immediately washed with saline. They were divided into 

aliquots, frozen and stored at -70°C. Each sample was homogenized 

at full speed for 60 s. in a pre-chilled Waring blender with an 

equal weight of water. The homogeneate was centrifuged at 27,000 g 

for 30 min. The supernatants were pooled and urea was added. The 

final urea concentration was 3 M . The extract was dialyzed down to 

a conductivity of 1.5 mS/cm against a 3 M urea solution. The 

precipitate was discarded after a second centrifugation at 27,000 

g for 30 min, and the supernatant constituted the starting 

material for our general study. 

2 ̂ fiet h o ds_ o f _Ana1 jr s is 

2.1. PAGIF 

A solution of 5.5% total acrylamide, acrylamide :BIS, (w/w) 

29:1, 5.3% Ampholine 3.5-10 pH gradient, 3 M urea was polymerized 

for one hours at room temperature. The reaction was catalyzed by 

addition of 0.25% of TEMED (v/v) and 0.1% of ammonium persulfate 

(w/v). The 0.4 mm thick gel was prefocused at constant voltage 

(500 V) for 30 min. 15 fil of sample was applied on each line and 

35 
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focused at constant power (9 tf, maximum voltage 1200 V) for 2.5 h, 

cooled at 4°C. Gels were stained overnight with Coomassie blue 

G250 according to Blakesley and Boezi (39). 

2.2. 2-D Gel Electrophoresis 

The lyophilized samples were reconstituted into 100 /zl of 

iso-urea loading buffer (9 M urea, 4.0% NP40, 0.8% Pharmalytes pH 

gradient 3-10 (Pharmacia, Swenden), 5.0% beta-mercaptoethanol). 

An aliquot representing 20 fig of total protein was taken from each 

collected fraction and focused in an Iso-20 apparatus (Health 

Products, Rockford). Isoelectric focusing was carried out 

according to Anderson et al (40) at 700 V for a total of 12,000 V/h. 

Iso gels were unloaded into cryovials and stored frozen at -70°C 

for 24 h. 

Second dimension 10-20% acrylamide gradient SDS gels (1.5 

mm thick) were prepared and run by the method of Anderson et al 

(41). Iso gels were melted and loaded onto the SDS gels along with 

full range molecular markers. Electrophoresis was carried out in 

the Mega Dalt System for 4.5 h at 260 V, 1300 mA with cooling at 

20°C. After electrophoresis, gels were fixed in a solution of 50% 

EtOH and 5% glacial acetic acid overnight and silver stained with 

Gelcode Silver Stain. 
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3J"ract_ionation_of _t h e_Bra_in_Pro te iji_M atrix 

3.1. RIEF 

This machine, developed in 1978, has been applied 

successfully to a number of separation problems (42 - 44). The 

principal parameters are well defined and optimized. A broad pH 

gradient has been choosen in order to fractionate the large 

protein matrix over the 10 channels of the instrument. Behavior of 

the starting material in solutions of different pH was initially 

investigated on a PAGIF. The crude extract was applied on 

different regions (acidic, neutral and basic) of the isoelectric 

focusing gel. This study showed a denaturation of the sample in 

the basic zone of the gel. 

3.1.1. Single Step Fractionation. The first experiment was 

conducted in a 1% Ampholine (LKB, Sweden) solution, 3.5-10 pH 

gradient. Electrolytes were phosphoric acid 0.1 M, in the anodic 

compartment, and sodium hydroxyde 0.1 M, in the cathodic 

compartment. In all experiments these compartments were 

separated from the separation chamber by an anion exchange 

membrane at the cathode and a cation exchange membrane at the 
) 

anode. The solution was prefocused for an hour at a current of 125 

mA. The brain sample was injected in an acidic channel of the 

reservoir, channel #4, based upon the pH-stability study of the 

sample. A significant precipitate, which clogged channel #5, was 
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observed after 10 min at which time the run was stopped. This 

illustrates the major difficulty in preparative focalization as 

proteins are least soluble at their pi, particularly at low salt 

concentration. 

These two conditions are present in IEF. Separation using 

this powerful mode is thereby restricted to proteins soluble in 

low conductivity solution. It is possible to increase the 

solubility of proteins by adding non ionic detergents, such as NP 

40, CHAPSO, or urea. 

Another series of experiments was done in a 1% Ampholine 

3.5-8 pH gradient, 6 M urea solution (135 ml). Electrolytes were 

0.1 M phosphoric acid (anolyte) and 0.1 M sodium hydroxyde 

(catholyte). The solution was prefocused at constant current (125 

mA) for 50 min. Voltage went from 330 V up to 1200 V. An aliquot of 

15 ml of brain proteins in a 6 M urea solution, which represented 

about 1.2 g of total proteins, were injected into channel #4 of the 

heat exchanger reservoir, cooled down at 4°C. Separation was run 

for 180 min at a constant voltage gradient of 480 V/cm . The final 

current was 65 mA. Some precipitate was observed in channel #5 but 

the flow across the electrophoretic chamber was not affected. 

Analytical results (pH, protein quantification and PAGIF) are 

presented in Table 2 and Figure 10. The protein percentage 

distribution was determined by the Coomasie Blue G250 Protein 



Table 2 RIEF fractionation of brain proteins 
pH and protein % distributions (*) 

(*) Determined by Pierce protein assay. 

Channel # PH Protein % 

l" 4.55 8.1 

2 4.63 8.0 

3 5.60 13.4 

4 6.54 10.4 

5 7.04 7.1 

6 7.66 15.6 

7 8.54 5.0 

8 9.32 2.6 

9 9.84. 1.9 

10 11.62 ' 1.2 

Total 73.3 



Channel number 

Figure 10 PAGIF of selected collected channels of a 
single RIEF brain protein fractionation. 

PAGIF: 3 M urea, 5% Ampholine 3.5-10 pH gradient. 
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Assay Reagent from Pierce (Rockford, II.). The total percentage 

recovery of 73.3% is mainly explained by the loss of protein by. 

precipitation in channel #5. 

3.1.2. D ouble_ _Ste_p_ _Fra c t iona t ion_. The separation can be 

improved by running the pooled fractions containing the proteins 

of interest a second time. The pH gradient is then narrower, the 

resolution is increased and can be as good as 0.1 pH unit, i.e. two 

proteins which pi's differ by 0.1 pH unit can be separated. Such an 

experiment was conducted to fractionate the acidic components of 

the brain matrix. 25 ml of brain protein sample were added to a 

solution of 1.25% ampholine, 3.5-8 pH gradient, 6 M urea, 

prefocused for 90 min. The 10 different fractions were collected 

after 90 min of recycling. The first 4 fractions, covering a pH 

range of 3.68 to 5.20, were pooled and reinjected in the separation 

cell with 25 ml of 6 M urea solution. The separation was conducted 

for two more hours. The final conditions were: final voltage 

gradient 320 V/cm, final' current 110 mA. Analytical results are 

presented on Table 3 and Figure 11. The lower total recovery 

occuring after the first separation can be explained by the 

narrower initial pH gradient. This gives a higher protein 

concentration in each channel which favors their precipitation. 

Only proteins soluble in low ionic strenght solution are rerun in 

the second batch. No precipitation is observed and the total 

recovery for this second step is excellent (98.2%). 



Table 3 pH and protein % distribution (*) of the 
double RIEF fractionation 

A/ RIEF fractionation of brain proteins 
B/ RIEF fractionation of pooled fractions 

1-4 from A/ 

(*) Determined by Pierce protein assay 

Channel if pH Protein % 

1 3.68 0.8 

2 4.52 1.6 

3 4.83 2.7 

4 5.20 4.6 

5 5.62 6.4 

6 6.00 6.3 

7 6.54 8.4 

8 7.20 8.0 

9 7.92 11.2 

10 10.55 8.3 

Total 58.3 

B/ Channel % pH Protein % 

1 2.93 5.1 

2 3.99 5.3 

3 4.41 6.9 

4 4.50 7.6 

5 4.61 10.4 

6 4.79 13.4 

7 5.04 14.7 

8 5.20 12.1 

9 5.38 14.4 

10 11.72 8.3 

Total 98.2 
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Figure 11 PAGIF of selected collected channels of a 
double RIEF brain protein fractionation. 

PAGIF: 3 M urea, 5% Ampholine 3.5-10 pH gradient. 
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3.2. BIOSTREAM 

3.2.1. Introduction. Preliminary fractionations were carried 

out in the buffer systems recommended by the manufacturer. The 

analysis showed poor resolution and significant pH and 

conductivity gradients across the annulus. While hydrodynamic 

properties and specific applications were extensively studied at 

Harwell Laboratory (45) and in other reports (34, 46, 47), there 

remained much work is needed to further investigate the underlying 

electrophoretic phenomena. 

The separation, which is achieved by zone electrophoresis, 

requires stable and well defined pH and conductivity profiles in 

order to be optimized. The very high current usually required for 

separation is based on massive movements of ions. These create 

moving boundaries which represent pH and conductivity changes and 

which can deteriorate the separation. This prompted us to 

investigate a number of electrolyte systems, without protein 

sample injection, in terms of the interplay between the important 

operating parameters, such as applied current, total axial 

volumetric flow rate, and composition, pH, conductivity and flow 

rate of carrier, anolyte and catholyte. 

3.2.2. Ch^^^^eriza_tjLonJ»J_tl^_El^e_ct_r^>lyte_j?2s^ejns_. 

- Statement of the problem 

Recording of pH and conductivity profiles after experiments 

using buffer systems "recommended by the manufacturer" showed 
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significant changes across the separation chamber (see fig. 12). In 

this latter example, we used the TRIS/citrate system described in 

table 4. The different pH and conductivity conditions were: inner 

solution (catholyte) pH 5.9, conductivity 57 mS/cm , outer solution 

(anolyte) pH 8.8, conductivity 38 mS/cm, and carrier solution pH 

7.9, conductivity 0.7 mS/cm, flow rate 0.75 1/min. Current was 62 

A, voltage 25 V. Theoretical analysis of the behavior of the ions 

in the annulus clearly explains this phenomenon. 

First, there should be constant conditions at the two 

electrode membranes in order to maintain constant pH and 

conductivity profiles in the cell. Then, electrochemistry at the 

electrodes and electrophoretic transport of charged constituents 

through the membranes often prevent the maintenance of proper 

boundary conditions. The second effect leads to the observation of 

moving boundaries (concentration gradients), a fact which is 

present in three of the recommended electrolyte systems displayed 

in table 4. For instance, by using the 

TRIS(hydroxymethyl)aminomethane (TRIS, for short)/acetate buffer, 

we expect a change within the annulus from a TRIS/acetate solution 

to an ammonium/'acetate solution. The positively charged TRIS ions 

migrating into the cathodic electrode chamber are replaced by 

ammonium ions. This gradual change is characterized by a moving 

boundary which originates at the anodic side. Accordingly, the 

TRIS/citrate carrier buffer is gradually replaced by an 

ammonium/acetate solution. No such process occurs in the 
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Figure 12 Example of pH and conductivity changes in the 
BIOSTREAM annul us 

Electrolyte and carrier solutions: TRIS/citrate system from Table 



Table 4 Electrolyte and carrier systems recommended by 
the manufacturer. 

(*) TRIS: tris(hydroxymethyl)aminomethane. 

Electrolyte system Inner solution 
catholyte 

Carrier solution Outer solution 
anolyte 

TRIS/acetate ammonia 
acetic acid 

TRIS(*) 
acetic acid 

ammonia 
citric acid 
phosphoric acid 

TRIS/citrate ammonia 
acetic acid 

TRIS 
citric acid 

ammonia 
citric acid 
phosphoric acid 

Ammonium/acetate ammonia 
acetic acid 

ammonia 
acetic acid 

ammonia 
acetic acid 

Ammoni um/formate ammonia 
acetic acid 

ammonia 
formic acid 

ammonia 
citric acid 
phosphoric acid 
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ammonium/acetate system due to the presence of the appropriate 

components in the two electrode solutions. For the same reason, a 

unique electrolyte system, TRIS/phosphate, was used as carrier, 

anolyte and catholyte buffers in most of our characterization 

experiments. 

The depletion of a component in the electrolyte buffer 

during the transit time within the apparatus is another way to 

create electrophoretic disturbances. The effect of the current 

depends on the composition of the electrolytes as is seen on table 

5. Using the Faraday law and assuming transport numbers for each 

component allows the prediction of the limiting conditions before 

depleting a component in an electrolyte solution. Typically, 

concentrations larger than 300 mM are required in order to provide 

sufficient species for the carrying of the current without 

producing a change in the carrier solution. 

In the following experiments, the electrolyte and carrier 

solutions were composed of TRIS/phosphate (if not otherwise 

stated) diluted in deionized, degassed water, precooled at 2°C. 

Concentrations were expressed in terms of conductivity which is 

the most meaningful parameter in these investigations. 

Collections of the fractions occurred after sufficient flushing 

and stabilization of current and temperature. Experiments were 

performed under constant voltage. Measurements of pH and 

conductivity of all 29 fractions and electrolyte solutions were 

taken at room temperature. 



Table 5 Modification of the electrolyte composition after one residence 
time in the cell. 

(*) Carrier flow rate in ml/min. 
(**) Conductivity in mS/cm. 

Electrolyte/ 
Run conditions 

Catholyte 
Inlet Outlet 
pH/cond(**) pH/cond 

Anolyte 
Inlet Outlet 
pH/cond pH/cond 

1/ TRIS/phosphate 
Carrier flow: 0.75(*) 
Current: 16 A (24 V) 

7.7 
9.5 

9.3 
7.6 

7.7 
9.5 

6.3 
6.2 

2/ TRIS/phosphate 
Carrier flow: 1.25 
Current: 30 A (50 V) 

7.7 
9.5 

11.6 
8.4 

7.7 
9.5 

2.5 
6.3 

3/ TRIS/phosphate 
Carrier flow: 1.25 
Current: 12 A (24 V) 

7.7 
9.5 

8.9 
7.4 

7.7 
9.5 

6.4 
6.3 

4/ TRIS/phosphate 
Carrier flow: 0.75 
Current: 11 A (50 V) 

7.7 
0.8 

12.0 
3.3 

7.7 
0.8 

2.3 
2.1 

5/ TRIS/phosphate 
Carrier flow: 1.25 
Current: 0 A (0 V) 

7.7 
9.5 

7.7 
9.4 

7.7 
9.5 
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- Experimental Results 

As it was noted before, depletion of ions from the 

electrolyte solutions and electrophoretic displacement can create 

moving boundaries within the annulus. Fig. 13 shows the influence 

of the carrier flow on the different profiles. The carrier flow 

was brought from 0.75 1/min to 1.25 1/min. The boundary 

corresponding to the displacement of the phosphate ions toward 

the anode is shifted toward the outer wall when the residence time 

of each ions is increased (low carrier flow). Phosphate ions are 

exposed to the electric field for about 30 s and are carried away 

from the cathode. 

As it is expected, when the current applied across the 

separation chamber is increased, the driving force becomes 

stronger and the phosphate ions boundary is shifted toward the 

anodic compartment (see Fig. 14). 

Fig. 15 shows the consequences of a dilution' of the 

electrolyte solutions by a factor of 10: conductivity was 

decreased from 9.5 mS/cm down to 0.90 mS/cm . Despite a significant 

change in pH and conductivity in the electrode compartments, the 

concentration of the electrolyte solution is high enough to 

prevent the formation of any boundary in the separation annulus. 

When this concentration is decreased significantly, the phosphate 

ions flux from the cathodic chamber is not sufficient, and a 

boundary is created. 
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Figure 15 Influence of the electrolyte concentration on pH 
and conductivity profiles in the BIOSTREAM cell 

Electrolyte and carrier system from Table 5.1 and 5.4 
Carrier solution: pH 7.7, cond 0.4 mS/cm 
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Influence of diffusion across the electrode membranes was 

also investigated by collecting the carrier buffer after a pass 

through the electrophoretic chamber with no current applied. It 

can be observed on Fig. 16 that the conductivity profile is 

strongly affected especially on the anodic side of the cell, after 

channel #20. 

The electrolyte systems are usually made of an acid in its 

ionized form, i.e. the pH of the final solution is higher than the 

acid pK value. This has been the case in all the experiments 

described above. The last part of our characterization work 

comprised the recording of the pH and conductivity profile of an 

electrolyte system composed of an acid in its neutral form. The 

TRIS/borate solution was a suitable system as long as the final pH 

of the electrolyte and carrier buffer was lower than 9.14 (pKa of 

boric acid). Fig. 17 shows the drastic influence of the chemical 

composition of the buffer solutions. 

- Conclusions 

The boundaries observed across the annular chamber can be 

effectively decreased in a number of cases: i/ carrier and 

electrolyte solution can be made of an acid in its non-ionized form 

(pH of the solution below the pKa value of the acid); ii/ 

electrolytes must contain a sufficient supply of carrier 

constituent; iii/ a low current can be applied across the cell 

which reduces the movement of ions. A sufficient decrease in 

conductivity from the electrolytes to the carrier solution ensures 



55 

EFFECT OF ELECTROLYTE DIFFUSION 
pH VS FRACTION NUMBER 

8.6 

£±J 8.2 
—I 
$ 

"a. 7.8 

7.4 

• • d a 
B-e-B-B • s-

• • • • • • • •  

INT: 0 A. 

10 15 20 

FRACTION NUMBER 
25 30 

EFFECT OF ELECTROLYTE DIFFUSION 
CONDUCTIVITY VS FRACTION NUMBER 

o 1.5 

in 
E 

£ 1 
> 
t— 
o 
ZD 
Q 

§ .5 
(J 

f 

> / 
r* r* 

INT: 0 A. 

25 30 0 5 10 - 15 20 

FRACTION NUMBER 

Figure 16 Influence of electrolyte diffusion on pH and 
conductivity profiles in the BIOSTREAM cell 

Electrolyte and carrier system from Table 5.5 
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Electrolyte and carrier system from Table 5.4 and 5.6 
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that a significant part of the voltage gradient is distributed 

across the separation chamber and avoids any ion depletions from 

the electrolyte solutions. 

Nevertheless, a slight conductivity increase can be observed 

in every single experiment around channel #20. The consistency of 

the phenomenon, present with any kind of buffer solution and run 

conditions led us to hypothesize a mechanical defect in the cell 

design. 

3.2.3. B r a_in_ _ t e in_ _ _Frac t irniat^o n_. Based upon the 

electrolyte systems investigated in the above section, it was 

decided to carry on the fractionation of brain extracts in two 

different buffers (TRIS/phosphate and TRIS/borate) under the 

conditions which were supposed to give constant pH and 

conductivity profiles across the annulus. Electrolyte and carrier 

solution were precooled to 4°C ^before introduction in the 

apparatus. Electrolytes were circulated at maximum flow rate (175 

ml/min.) in order to prevent any depletion of ions. The low voltage 

gradient applied for the separation did not allow us to flow the 

carrier buffer at high speed, a minimum residence time in the cell 

being necessary for a decent fractionation. In each case, the 

minimum current, for a fixed carrier flow rate of 0.75 1/min, was 

determined by the use of a colored standard mixture of dog 

hemoglobin and blue stained bovine albumin, which gave us visual 

evidence of the real situation in the cell. 
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The separation carried out in the TRIS/phosphate system did 

not give satisfactory results. The carrier buffer was titrated at 

pH 7.5 so the acidic proteins would move far away from the basic 

ones which were much slower in these conditions. As expected, the 

basic components stayed closed to the cathode, but the acidic 

proteins were distributed all across the annulus, even in the 

fractions rich in basic elements. 

The second experiment was done with the TRIS/borate system. 

The carrier flow rate was 0.75 1/min, the sample injection rate 

was 18 ml/min, which represents a throughput of 18.9 g/h of 

proteins. The constant voltage of 40 V gave a current of 6 A. The 

temperature of the buffer was not affected by this low power and 

increased only from 3,5°C to 7°C. The fractionation essentially 

gave three different groups of proteins as is seen on the 

analytical PAGIF, Fig. 18: 

- very basic: fractions 1-5 

- neutral and acidic: fractions 6-14 

- very acidic: fractions 15-20 

The pH and conductivity profiles were very stable (Fig. 19). 

Nevertheless the problem of significant spreading of the acidic 

components reported in an earlier study (40) was not entirely 

solved. It is believed that resolution could be improved by better 

design and construction of the machine. Following this idea, we 

plan to modify the fixation of the outer membrane which does not 

fit its solid support tightly. This problem could result in flow 
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Figure 18 PAGIF of selected collected channels of a 
BIOSTREAM brain protein fractionation. 

PAGIF: 3 M urea, 5% Ampholine 3.5-10 pH gradient. 
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disturbances and consequently in a remixing of the proteins. 

3.3 Elphor VaP 22 

As has been described above, this very versatile instrument 

can be used in all major modes available for CFE. Most of the 

separations done with this apparatus involved cells or cell 

organelles (48, 49). Our work has been mainly focused on ZE and FSE 

separations. Preliminary results were obtained in the IEF and ITP 

modes. 

3.3.1. Zone Electrophoresis. Preliminary characterizations 

of parameters such as voltage gradient, buffer flow rate, working 

temperature, conductivity range of the buffer were achieved with a 

standard colored sample composed of dog hemoglobin and bovine 

albumin stained with bromophenol blue. It appeared that a 

compromise had to be found. High voltage gradient gave maximum 

deviation of the species in the cell, caused electroosmosis and 

affected the resolution. It is possible to use stabilizers, such as 

hydroxypropylmethylcellulose (HPMC) or polyethylene glycol (PEG), 

to increase the viscosity of the carrier buffer and decrease the 

effect of electroosmosis (as is seen in equation [5]), but the 

lateral electrophoretic displacement is slowed down in the 

presence of these agents. Another alternative was the diminution 

of the flow rate in order to increase the residence time of the 

species in the electrophoretic chamber. This permits decreasing 
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the voltage gradient and reducing the effect of electroosmosis. We 

finally noticed a significant influence of the chemical 

composition of the buffer on the quality of the separation. 

Optimization must be found in each case, the adequate buffer being 

specific to each protein or cell solution. As the sodium/phosphate 

buffer would not give any real fractionation of the brain protein 

matrix, much better resolution was obtained with the 

borate/mannitol buffer. 

In the later example, the carrier and electrolyte buffers 

were a solution of boric acid (45 mM) and sodium borate (2.5 mM). 

The pH was adjusted to 7.4 by addition of mannitol. The final 

conductivity was 0.4 mS/cm. Temperature in the cell was set at 

7°C. Electrode compartments were separated from the 

electrophoretic cell with dialysis membranes. Total buffer flow 

rate was 300 ml/h. Sample was injected into the cell through the 

sample point inlet at a flow rate of 5 ml/h, which corresponds to 

a throughput of 0.1 g/h of protein. The constant current of 125 mA 

gave a voltage gradient of 200 V/cm . Conductivity and pH profiles 

showed a remarkable stability all across the cell. Qualitative 

analysis of the separation was done by PAGIF ( 5% Ampholine 3.5-10 

pH-gradient, 3 M urea) and is presented in Fig 20. Separation is 

similar to the one obtained with the BIOSTREAM. Three major 

groups, basic, neutral and acidic, are observed. Nevertheless, the 

group of acidic protein is less contaminated by the neutral ones. 
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Channel number 

Figure 20 PAGIF of selected collected channels of an 
Elphor Vap 22 brain protein fractionation by ZE. 

PAGIF: 3 M urea, 5% Ampholine 3.5-10 pH gradient. 
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Despite its distribution over a large number of outlet 

ports, the acidic portion of the brain matrix is not sharply 

resolved. It would be ideal to concentrate all these similar 

acidic fractions in a smaller number of collection tubes. One of 

the solution was to use the machine in the field step 

electrophoresis mode (37, 38). 

3.3.2. Field Step Electrophoresis. 

- Single Sample Injection 

As described in the previous chapter "Scale up of 

Electrophoresis" section 4.3., it is possible to concentrate the 

two resulting fractions against the liquid membrane formed at the 

border of the high and low conductivity buffer solutions. The 

sample is injected into the cell through one of the five main inlet 

ports which results in higher throughput. 

The low conductivity buffer solution was the one used in the 

ZE experiment, i.e. boric acid (45 mM), sodium borate (2.5 mM) 

titrated to pH 6.0, conductivity 0.37 mS/cm with mannitol. The high 

conductivity buffer was a solution of boric acid (45 mM), sodium 

borate (25 mM) titrated to pH 6.0, conductivity 2.55 mS/cm. The 

difference in mannitol concentrations between the two solutions 

results in a density gradient which can deteriorate the flow 

pattern, especially at a very low flow rate. The preliminary 

experiments gave encouraging results (see PAGIF in Fig. 22a) and 

led us to increase the throughput by running the machine in a 
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double sample injection field step mode, see Fig. 21. 

- Double Sample Injection 

Two configurations were investigated in order to double the 

throughput. In the first set of experiments, the sample, diluted in 

the low conductivity solution, was injected through two contiguous 

inlet ports. High conductivity buffer was concurrently flowing 

through the three remaining ports (see Fig. 21b). The run 

conditions were: temperature 6°C, buffer flow 410 ml/h, current 

225 mA and voltage gradient 145 V/cm. We obtained a total 

throughput of 3.3 g/h of proteins. The separation analysis, PAGIF 

5% Ampholine, 3.5-10 pH-gradient, 3 M urea, is presented in Fig. 

22b. 

In the second configuration, one channel filled with high 

conductivity solution separated the sample channels (see Fig. 21 

c). In fact, two field step were created in a mode that we called 

double field step electrophoresis (DFSE). Previous temperature and 

flow rate conditions were used. Constant current was 200 mA and 

the voltage gradient stabilized at 130 V/cm . Fig.23 shows the 

perfect "focusing" of the proteins at the interface between the 

high conductivity and the low conductivity solutions. A PAGIF is 

presented in Fig. 24 and gives the protein distribution across the 

cell. 

Comparison of the two sets of results led to several 

conclusions. The second configuration gives a more complete 
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Figure 21 Configuration of buffer and sample injection in FSE 

A/ Single FSE with single sample injection 
B/ Single FSE with double sample injection 
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Figure 22 PAGIF of selected collected channels of Elphor Vap 22 
brain protein fractionations by FSE. 

A/ Single injection. 
B/ Double injection. 
PAGIF: 3 M urea, b% Ampholine 3.5-10 pH gradient. 
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Channel number 

Figure 24 PAGIF of selected collected channels of an 
Elphor Vap 22 brain protein fractionation by DFSE. 

PAGIF: 3 M urea, 5% Ampholine 3.5-10 pH gradient. 
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separation. In the first configuration, some proteins located at 

the extreme border of the sample stream must travel a much 

greater distance than the components nearer the liquid membranes 

where they concentrate. The limited residence time does not permit 

a complete migration of these proteins toward the borders of the 

high/low conductivity solutions. This problem does not exist in 

the second configuration. The maximum migration path has been 

decreased by half the distance. As a matter of fact, the 

resolution of this last separation is equivalent to the one 

obtained in the single field step mode. Therefore, the throughput 

can be doubled without loss of resolution. 

- Future recommendations 

The FSE technique is a promising method as a first step in a 

purification protocol. Several further modifications could improve 

the resolution and the throughput. 

- The conductivity step can be combined with a concomitant 

pH step (50) as it is shown in Fig. 25a. In the case of a group of 

negatively charged proteins migrating toward the anode, the high 

conductivity solution next to the anodic chamber would be titrated 

at a pH value below the pi of the proteins. Upon entering this 

carrier solution, the proteins would become positively charged, 

start migrating the other way and become trapped at the interface 

of the (high conductivity, low pH) and (low conductivity, high pH) 

solutions. A reverse process would occur next to the cathode with-

proteins positively charged in the low conductivity buffer. 
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- Separation can be achieved by two phase liquid-liquid 

extraction (51, 52). This technique has some potential in 

biotechnology with the PEG/dextran or the PEG/salt systems. 

Proteins and cells show different affinity for these phases, and 

separations are done by differential distribution of the 

components in the two phases. The two phase liquid-liquid 

separation could be combined with the field step technique to 

improve the resolution of the method (see Fig. 25b). The low 

conductivity solution would be the PEG solution. The salt solution 

(potassium phosphate or ammonium sulfate) would naturally be the 

high conductivity buffer. In the first step of the separation, 

proteins would migrate to the high/low conductivity solution 

interfaces. In a second step, the focused proteins would be 

distributed between the PEG and the sodium sulfate solution 

according to their own PEG/sodium sulfate partition coefficient. 

Resolution would be improved by the addition of this second 

selective separation process. 

3.3.3. Isoelectric Focusing. A very low buffer flow rate is 

necessary in order to obtain a sufficient focusing of the 

amphoteric substances and a stable pH gradient. This results in a 

very long residence time in the electrophoretic chamber and 

hampers the separation. Substantial heating causes flow pattern 

disturbances. We noticed sample precipitation which stuck on the 

cell walls and plugged the outlet ports. It was possible to 
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observe electroosmosis, another deteriorating factor, and finally 

the additional shear stabilization due to an higher buffer flow 

rate in the cell did not exist at such a low rate. 

The experiments were run with a 500 ml buffer solution made 

of 1% Ampholine 3.5-10 pH gradient, 6 M urea. Electrolytes were 

0.1 M phosphoric acid, 6 M urea in the anodic compartment and 0.1 M 

sodium hydroxyde, 6 M urea in the cathodic compartment. Electrode 

chambers were separated from the electrophoretic cell by ion 

exchange membranes: anion exchanger at the cathode and cation 

exchanger at the anode. It is very important to match the density 

and the viscosity of the carrier buffer and the electrolyte 

solutions in order to avoid leakage between the different 

chambers. Total buffer flow was 50 ml/h and temperature, 6°C. The 

constant current was set at 100 mA and the voltage increased from 

470 V up to 700 V. The run had to be stopped after about 10 min 

because of the precipitation of the sample. 

3.3 .4 . Isotacho £h_ore 

- Experimental Results 

First, analytical experiments were conducted by capillary 

ITP with a 2127 Tachophor (LKB, Bromma, Sweden). Different sets of 

leader/terminator systems were tested in order to keep the whole 

protein matrix running "in sandwich" between the leader and the 

terminator. In the preliminary investigations, separation was done 

without any spacers in the sample solution. Best results were 

obtained with the following systems: 
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system #1: - leader: 5 mM HC1/TRIS , pH 8.0 

- terminator: 5 mM 2-(N-morpholino)ethanesulfonic 

acid (MES )/TRIS , pH 8.0 

system #2: - leader: 5 mM HCl/ethanolam ine, pH 10.0 

- terminator: 10 mM caproic acid/TRIS/barium 

hydroxyde, pH 10.0 

system #3: - leader: 5 mM HC1/2-am ino-2-methyl -1,3 ,-propanediol 

or ammediol, pH 8.8 

- terminator: 10 mM caproic acid/ammediol, pH 10.0 

Most of the preparative experiments were run with system 

#3. Anticonvective agents, such as 0.05% HPMC, had to be added to 

minimize electroosmosis, and concentration of leader and 

terminator were varied. We first ran system 3 at twice the 

concentration determined with the Tachophor. We noticed that some 

acidic proteins were running in ZE mode probably in a carbonated 

zone formed between the protein stack and the leading solution, 

the other components of the matrix were running in ITP mode. 

Concentration of the different buffer solutions was increased, 

i.e. leader: 30 mM HCl/ammediol, pH 8.8, 0.05% HPMC, terminator: 

60 mM caproic acid/ammediol, pH 10, 0.05% HPMC. In this latter 

experiment the whole system ran in ITP mode. Fig. 26 shows the 

conductivity and optical density (280 nm) profiles across the 

Elphor VaP 22 cell. As expected, the conductivity increased from 

terminator to leader when the proteins were present. The two 

plateaus, corresponding to the conductivity of the terminator 
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(0.3 mS/cm) and the leader (1.8 mS/cm), can be observed on the 

conductivity profile. No proteins are present in these regions. The 

run conditions were: buffer flow 140 ml/h, temperature 4°C, 

current 90 mA, voltage 1270 V. The throughput was 0.56 g/h of 

proteins. Fig. 27 shows qualitative results of the separation. It 

can be noted that a group of fairly pure acidic proteins can be 

collected. 

In some cases the conductivity of the sample has to be 

decreased or the material to be purified is not available in large 

volume. Therefore, it must be diluted before injection. The 

operator has at least two choices : the sample can be diluted in the 

leader or in the terminator. We observed that each choice resulted 

in different separation patterns. When the sample is diluted in the 

leader, the final boundary between the leader and the proteins 

next to the leader is not as sharp as the other interfaces. A 

similar phenomenon is observed when the sample is diluted in the 

terminator, i.e. the boundary between the terminator and the 

proteins next to the terminator is not as sharp as expected. Ir. 

each case the buffer present in the sample has to migrate toward 

the leading or the trailing buffer and this process requires a 

longer time than the residence time in the electrophoretic cell 
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27 PAGIF of selected collected channels of an 
Elphor Vap 22 brain protein fractionation by ITP. 

PAGIF: 3 M urea, 5% Ampholine 3.5-10 pH gradient. 
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- Future recommendations 

The whole set of ITP experiments was run with HPMC to 

increase the viscosity of buffer solutions and stabilize the fluid. 

We suggest investigating the use of some other stabilizers, such 

as PEG or sugars, which are compatible with biological products 

and easy to remove after separation. 

Preparative ITP is applicable if a good yield can be 

obtained. Usually, the contaminated portions of every species at 

each interface represent a large fraction of the sample. In order 

to optimize the protein recovery, appropriate spacers, such as 

amino acids, must be found or developed. The compound of interest 

would be recovered in a discrete zone bracketed by spacers and 

easily removed. 

The concentration and the composition of leader and 

terminator have a critical effect on ITP run. As noted before, some 

compounds running in ITP mode can run in ZE by decreasing the 

buffer concentrations. It can be a positive effect when the 

protein, running in the leader separated from the rest of the 

matrix, is the compound of interest. In ITP, the length of each 

species zone is fixed by the leader concentration. By diluting the 

leader, we increase the length of each zone, but we also decrease 

the mobility difference between species. In the favorable case, 

the compounds are still separated, more diluted but, conversely, 

the contaminated fraction of protein at each interface represents 

a smaller percentage of the total sample. The fraction of pure 
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protein is larger and the yield increased, which is critical in the 

case of a preparative application. The composition of the 

terminator is also very important. We noticed a significant 

improvement of the separation when ammediol was used as the 

conter-ion instead of TRIS. By increasing the conductivity of the 

terminator, we decreased the electrical field across this 

solution. Electroosmosis was reduced and the fluid was stabilized. 

3.4. Conclusions 

One of the first observations after this general study is 

that the different machines are not directly competitive. Each has 

specific applications and, as it will be shown in the next section, 

can be used in a complementary fashion. The BIOSTREAM definitely 

has an industrial purpose due to its huge throughput capability. As 

in any preparative method, the large fractionation capacity is 

accompanied by a decreased resolution which could be improved by 

an optimized mechanical design. Nevertheless, this instrument is 

suitable as the first step in a complex purification procedure. The 

Elphor VaP 22 is a more versatile instrument which can be used at 

the laboratory scale as well as the industrial scale depending on 

the electrophoretic mode used for the separation. The machine did 

not show the expected resolution in the ZE mode. It should be noted 

that most of the previous work done with it involved particles 

such as viruses, cells and subcellular organelles, but rarely 

proteins. We think that ITP, used with the proper spacers, would be 
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a more appropriate mode in the case of polypeptides. When maximum 

resolution is not required, the instrument has preparative 

capabilities in the FSE or even more in the DFSE mode. The RIEF 

offers the highest resolution power and is the only instrument 

working in the IEF mode. The recycling concept allows a rapid flow 

rate through the cell which represents a stabilizing factor in 

addition to the screens, as is shown in equation [4] . The residence 

time of each species in the chamber is sufficiently long for 

separation and achievement of steady state. The recycling mode has 

the drawback of converting the separation in a batch procedure but 

the modular design of the RIEF allows an easy scale up. It should 

be noted that the machine is very simple to use and does not 

require any specific or tedious maintenance. 

As we mentioned before, these instruments are more 

complementary than competitive and can easily be used in series. 

We decided to run an experiment using the BIOSTREAM, as the first 

step of the purification protocol, followed by the RIEF. Based 

upon the general study presented above, we expected to eliminate 

the basic proteins of the brain matrix in the first step. These are 

the slowest moving components of the ZE pattern and are isolated 

in the first collection channels of the BIOSTREAM. The pooled 

acidic proteins can be separated in the RIEF using a narrower pH 

gradient, giving an improved resolution. In some cases, the 

proteins which precipitate in the IEF mode can be isolated in the 

ZE step. The elimination of these proteins in the first step 
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allowed us to inject a larger quantity of proteins of interest in 

the RIEF, increasing the throughput of the second step. Such a 

separation is presented in Fig. 28. The original crude material 

(orig.l) was fractionated in the BIOSTREAM according to the 

conditions described in section 3.2.3. The acidic fractions were 

pooled (orig.2) and run in the RIEF in an Ampholine solution, 4-6 pH 

gradient, 6 M urea. 

4 Aj> £ 1 ica_t ion_ o f _Pre_p a r ative _El_ec_t r ophores i.s_. 

_•Esj^lationL,o.f__a_Specific Neuromembrane Protein: Synaptophysin 

4.1. Introduction 

Brain is in many ways the last frontier in protein research, 

being the most complex and least explored. One of the long term 

projects of the Center for Separation Science is the study of some 

particular components of brain tissue, combining its analytical 

expertise, i.e. 2-D gel electrophoresis, for the characterization 

and the mapping of different proteins, and its preparat.ive 

capacities for the isolation of sufficient material to develop, for 

instance, monoclonal antibodies. 

For our project, we wanted to purify synaptophysin (53), a 

region-specific membrane protein. It is part of Synaptosomes, 

membrane cells which provide a model system for the study of the 

basic differentiated structure of the neuronal membrane as well 

as cell membrane structure in general. This polypeptide has been 
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Figure 28 PAGIF of a brain protein fractionation using 
BIOSTREAM and RIEF in series. 

Original 1: crude brain extract. 
Original 2: brain extract after BIOSTREAM 

purification. 

PAGIF: 3 M urea, 5% Ampholine 3.5-10 pH gradient. 
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recently localized and identified (40)., but never purified. It is 

believed to be involved in vesicle formation and exocytosis. Its 

molecular weight is 38,000 daltons and its isoelectric point 4.8 

for rat brain. In the case of bovine brain, we found a molecular 

weight of 41,000 daltons and a pi of 4.8. 

4.2. Purification protocol 

The complexity of the brain protein matrix can be observed 

in Fig. 29a. This shows an example of brain protein mapping by 2-D 

gel electrophoresis. Each spot represents a different protein. 

Synaptophysin is very acidic (horizontal axis) and relatively 

isolated in its own molecular weight region (vertical axis). Based 

upon the series of results presented above, the RIEF was the most 

appropriate instrument for the purification of this specific 

protein. 

First, a wide pH gradient Ampholine range (3.5-10) was used 

to isolate the acidic components of the matrix and eliminate the 

basic contaminants. Then, the acidic proteins were pooled and 

rerun in the RIEF. The pH gradient was narrower and gave a much 

improved resolution. The whole purification procedure, i.e. run 

conditions and analysis, are presented in chapter Experimental 

Results, section 3.1.2. We estimated a recovery close to 98% and 

collected 54 mg of final material from the original 2 g of brain 

extract. 2-D gel analysis were run on the fractions of interest to 

check the purity of the final product. As is seen in Fig. 29b, we 



pH gradient 

81,000 

40,500 

29,000 

17,500 

Figure 29 2-D electrophoresis gels. 

A/ Crude brain protein extract. 
B/ Purified synaptophysin. 

*: Molecular weight markers. 
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obtained a pure group of concentrated proteins, that we believe 

are synaptophysin and some of its subunits differing by charged 

sugar residues. The cellular reactions known as post-

translational modifications result in the addition of sugar, groups 

and sialic acid after the synthesis of the native protein. Because 

of the considerable concentration resulting from the IEF 

purification, it is possible to see the native protein, the 

different intermediaries and the most glycosylated protein which 

is the major component in our sample. 

A few comments have to be made on the sample preparation. 

First, the sample was desalted by electrodialysis before addition. 

The 2-D gel analysis revealed that synaptophysin was not in the 

sample any more. The membrane containing the protein is very 

likely to have precipitated in the low ionic strength solution. To 

keep synaptophysin in solution, urea was added immediately to the 

sample after homogenization. The sample dialysis was also done 

against urea, in dialysis bags with results showing soluble 

proteins. 

4.3. Recommendations 

PAGIF analysis of ZE separations revealed that some acidic 

proteins show small electrophoretic mobilities and run with the 

basic group of the matrix. This is not the case for synaptophysin. 

The IEF separation could be improved by a first step using ZE mode 

eliminating these slow moving acidic proteins. BIOSTREAM or Elphor 
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VaP 22 in DFSE mode would give a good ZE first step separation with 

reasonable throughput. The collected fractions with acidic 

components could be injected in a narrow pH gradient in the RIEF, 

as described in section 3.4 of this chapter. 

The throughput of the RIEF can be affected by a significant 

precipitation. The proteins responsible for the precipitate could, 

in some cases, be eliminated by a first step using an 

electrophoretic mode less sensitive to precipitation (ZE, FSE or 

ITP). 

Some ITP experiments show that fast moving proteins, in the 

electrophoretic sense, could run in ZE mode, isolated from the 

rest of the matrix running in ITP mode. In our work, these fast 

moving proteins are very 

acidic. Investigation of proper systems 

could allow the isolation of synaptophysin in the ZE zone. 
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