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ABSTRACT 

This paper discusses the elements important for rational design of purification processes for recombinant proteins. Main issues 
involved in selection of  operations and process design are reviewed with particular emphasis on the challenges posed by recombinant 
proteins. This includes thermodynamic characterization of  target protein and main contaminants, use of correlations and of expert 
knowledge for the development of  an expert system for optimization and design (selection) of  separation and purification (chromato- 
graphic) processes. The main deficiency in accurate information for rational process selection is in that required for high-resolution 
chromatographic processes. The authors show that a database with detailed information on properties of the main contaminants 
present in the fermentation streams of usual recombinant protein sources can be integrated to an expert system with an open architec- 
ture. This will allow more precise selection of  unit operations for the design of  protein purification processes. 
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1. I N T R O D U C T I O N  

Discoveries and achievements in modern biol- 
ogy and recombinant DNA technology in the last 
few years have resulted in the development of 
several new therapeutic and diagnostic products 
and thus the possibility of their industrial large- 
scale production. This poses a tremendous chal- 
lenge for the chemical and biochemical engineer 
in terms of downstream processing of these new 
proteins. Due to rigorous criteria in terms of 
quality control and the fact that some of them are 
intended for human use, the required levels of 
purity can be 99.5%, 99.9% or-even higher (de- 
pending on the dosage) or, from the point of view 
of some contaminants,  their presence should be 
reduced to the allowable limits. 

A critical element of modern process biotech- 
nology is the separation and purification of the 
target product  from a fermentation broth or cell 
rupture supernatant. As it represents the major 
manufacturing cost, competitive advantage in 
production will depend not only on innovations 
in molecular biology and other areas of funda- 
mental biological sciences but also on innovation 
and optimization of separation and downstream 
processes [1]. 

The design of an economic process to purify a 
protein, maintaining a high yield, yet obtaining a 
virtually pure product  while minimizing the cost, 
demands three main considerations: (1) clearly 
defining the final product  requirements, (2) char- 
acterizing the starting material, and with these 
two pieces of information in hand (3) defining 
possible separation steps and constraints regard- 
ing operations and conditions to be used [2]. 

The product  characteristics are mainly deter- 
mined by the final product  utilization. The analy- 
sis of the starting material, with evaluation not 
only of common engineering data but determina- 
tion of biochemical and thermodynamic proper- 
ties of the major contaminants will provide the 
tools for the third step, when the expertise and 
knowledge will be the instruments to compare 
data, to judge the alternatives and to select the 
adequate sequence of operations to achieve the 
product as previously defined. 

The following main heuristics or rules-of- 
thumb [2,3] provide a good basis for process se- 
lection. 

Rule l: "Choose separation process based on 
different physical, chemical or biochemical 
properties". 
Rule 2: "Separate the most plentiful impurities 
first". 
Rule 3: "Choose those processes that will ex- 
ploit the differences in the physicochemical 
properties of the product  and impurities in the 
most efficient manner".  
Rule 4: "Use a high-resolution step as soon as 
possible". 
Rule 5: "Do the most arduous step last". 

In any event we have to keep a very open mind 
for any possible changes in the process and for 
keeping it as simple as possible. The main steps in 
a large-scale protein purification procedure are 
usually not more than four or five necessary ones 
and they normally consist of: 

Recovery/isolation: 
1. cell separation, 
2. cell disruption and debris separation (for in- 
tracellular proteins only), 
3. concentration; 
Purification: 
4. pretreatment or primary isolation, 
5. high-resolution purification, 
6. polishing of final product. 

2. R A T I O N A L I Z A T I O N  OF P R O C E D U R E  

An important  point that needs consideration is 
that once the purification procedure is set and 
regulatory approval of the product is in progress 
the procedure cannot be changed. Only a partic- 
ular product obtained by a specific procedure ob- 
tains regulatory approval, therefore once this is 
given, the purification method is fixed. This 
stresses the value of early rationalization of the 
purification process search. It also means that for 
a protein to be used for therapeutic applications 
or other human use for which, if successful, large 
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quantities of the product will be required, even in 
the very early stages of protein purification one 
should only use in the laboratory such techniques 
that can be realistically used in large scale, i.e. for 
which suitable large-scale equipment either exists 
or might be developed in the foreseeable future. 
Also, from early on, concepts related with maxi- 
mization of yield in each step and in the whole 
separation sequence, minimizing the number of 
steps used and minimizing resources (economics) 
should be introduced [4]. 

It is important to consider the process of fer- 
mentation and downstream processing as a single 
system so that, for example, the effect of deci- 
sions about the fermentation conditions on sub- 
sequent purification stages is made clear. Product 
concentration and activity will partly depend on 
the binomial biological system-fermentation sys- 
tem employed. For instance, it is known that ac- 
tivity usually can change during the different 
phases of fermentation. The fermented broths 
leaving a stirred tank reactor or an air-lift system 
or a bioreactor are essentially distinct. The pres- 
ence of proteases as well as bacterial contamina- 
tion have to be minimized, which creates a need 
for rapid processing. Utilization of calf or foetal 
bovine sera will usually increase the number of 
purification stages required. Recombinant pro- 
teins sometimes are present in particles that need 
to be solubilized and refolded. It is thus impor- 
tant not only to discuss upstream processing in 
the light of all the protein purification stages but 
also to make the necessary decisions that will im- 
prove the recovery of the protein product early in 
the process development steps. 

2.1. Protein isolation and purification process 

Isolation comprises obtaining a cell-free solu- 
tion with a total protein concentration around 
60-70 g 1-1 [5,6]. If cell separation is necessary 
the most frequently used methods; at the labora- 
tory scale, are centrifugation and filtration. This 
operation, concerning solid-liquid separation, 
will pose difficulties at the large scale. The smaller 
the size of the particles the more difficult it is to 
isolate them. Large-scale centrifuges are complex 
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Fig. I. Recovery subprocess of extracellular product (yeast, 
mammalian and bacterial) [19]. 

to operate and to maintain, specially when one 
must consider the operation with pathogenic 
sources or a contained process. On the other 
hand, cross flow filtration is a relatively new al- 
ternative but there are some technological bar- 
riers to overcome. If the product location is ex- 
tracellular, then the liquid part is kept (Fig. 1); if 
the product is intracellular, the solid fraction of 
the operation is kept (Fig. 2). When a mamma- 
lian cell culture is used, the product is usually 
secreted by the cells. Production of monoclonal 
antibodies has been extensively performed using 
hollow-fibre reactors and thus, the fermentation 
broth is free of particles, with exception of a 
small amount of cell debris that can be eliminated 
by gel permeation [7]. 
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Fig. 2. Recovery subprocess of intracellular product (E. coli, 
yeast) [19]. 
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Cell disruption is required when the product  is 
intracellular. Methods and equipment are select- 
ed mainly based on the biological source and 
product. The choice of disruption technique de- 
termines the size of the resulting debris that in 
turn has an influence on subsequent operations. 
Typical methods used can be classified into four 
groups: non-mechanical, ultrasonic, high-pres- 
sure homogenization and mechanical grinding 
(bead milling) [8], but, for large-scale purposes, 
only the last two categories are important.  Bead 
milling is used with gram-positive bacteria and 
specific yeast applications; pressure homogeniza- 
tion for most bacteria including Escherichia coli 
and yeast [9]. Mechanical disruption releases nu- 
cleic acids that need to be precipitated. The stan- 
dard method is precipitation with polyethyleni- 
mine. Separation of cell debris has to be under- 
taken once the cells are disrupted and due to the 
small size of particles this brings extra difficulties 
for the large-scale process. The result of this step 
is a solution containing the product, cell metabo- 
lites and remaining components of the culture 
medium. At this point the addition of proteolytic 
inhibitors should be evaluated. 

If the intracellular product  is manufactured in 
E. coli, high expression of heterologous proteins 
will usually accumulate as insoluble inclusion 
bodies [10]. This makes necessary the processing 
of the inclusion bodies into the native protein by 
denaturing and refolding. If  the intraceltular 
product  is manufactured in yeast, often the pro- 
tein is present in homogeneously particulate 
form, typically 30-60 nm particles such as virus- 
like particles [11]. Although the processing of in- 
tracellular particulate recombinant proteins is an 
important  aspect of downstream processing, not 
many satisfactory methods exist for large-scale 
separation, denaturation and refolding of the 
particulate proteins. 

Concentration is usually required when the 
protein concentration of the harvested, disrupted 
and separated stream is below 60-70 g 1-1, the 
suitable range for chromatographic purification 
[4-6]. With some proteins it is very difficult to 
obtain higher concentrations without a serious 
increase in viscosity, which would then impose 

very poor transport characteristics on the system. 
If  a membrane (ultrafiltration) is used for con- 
centration, the resulting flux characteristics will 
decide the highest possible concentration that 
can be obtained from the operation. If at the 
point where flux has dropped below an accept- 
able limit the concentration is below 60 g 1-1, 
then the proteins can be precipitated (e.g., with 
ammonium sulphate) to increase the final con- 
centration to an adequate level. 

At this point the broth will contain proteins 
and some other components such as lipids and/or 
wall or other polysaccharides, salts and water. 
Here product  purification begins and there will 
be many alternative combinations of processes 
(Tables 1 and 2). For the recovery, resolution and 
purification of a single protein, ideally one would 
like one step to extract virtually 100% of the tar- 
get protein from the mixture with no contami- 
nants. As this is almost impossible, two or some- 
times three or four stages will probably be needed 
to achieve the final purity required for the partic- 
ular application (Fig. 3). 

As most of the excess water has been extracted, 
a purification step of extremely high resolution 
should be used to minimize the number of stages 
and hence maximize yield. However, in many 
cases this may not be possible at this stage, as 
some contaminants still present may produce 
fouling of the affinity or high-resolution ion-ex- 
change column and, consequently, shorten its 
life. Therefore, a first step in protein purification 
from other contaminants probably will be neces- 
sary. This would constitute a clean-up step of 
pretreatment or primary isolation. For this, a 
somewhat inexpensive treatment to clarify the 
stream from suspended materials and non-pro- 
tein contaminants in addition to salts should be 
utilised. This operation will not give a very high 
purity but must result in a very high recovery 
yield in terms of the protein product  retrieved. 
Typical operations for this step would include in- 
expensive or disposable adsorption devices like a 
Whatman DE52 ion-exchange cartridge, a 
hydrophobic interaction step, aqueous two- 
phase partitioning or precipitation of the pro- 
teins using salt. After this procedure, a higher res- 
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TABLE 1 

SEPARATION AND PURIFICATION OPERATIONS FOR LARGE-SCALE RECOVERY AND PURIFICATION OF PRO- 
TEINS AND THE CORRESPONDING MAIN PHYSICOCHEMICAL PROPERTY THAT DRIVES THE OPERATION [3] 

Operation Physicochemical property 

Centrifugation 
Filtration 
Microfiltration 
Homogenization 
Bead milling 
Ultrafiltration 
Two-phase extraction 
Precipitation 
Adsorption 
Ion exchange 
Hydrophobic interaction 
Affinity chromatography 
Gel permeation 
Reversed-phase liquid chromatography 

Sedimentation velocity 
Particle size 
Particle size 
Intracellular nature (pressure gradient) 
Intracellular nature (liquid/solid shear) 
Molecular size 
Partition coefficient 
Solubility (hydrophobic internation) 
Van der Waals forces, H bonds, polarities, dipole moments 
Charge (titration curve) 
Surface hydrophobicity 
Biological affinity 
Molecular size 
Hydrophilic and hydrophobic interactions 

olution ion exchange will most probably be used, 
giving a product of up to 99% (usually 95-98%) 
purity. Typical operations will include one or two . 
high resolution ion-exchange chromatography 

steps or affinity chromatography. Although high 
resolution is the main concern in this stage, an 
adsorbent that also will give a high recovery 
should be chosen or designed. 

TABLE 2 

CHROMATOGRAPHIC OPERATIONS AND THE RELATED PHYSICOCHEMICAL DRIVING PROPERTIES, PROCESS 
CHARACTERISTICS AND APPLICATIONS FOR LARGE SCALE PURIFICATION OF PROTEINS 

Adapted from ref. 4. 

Physicochemical Operation Characteristic Application 
property 

Van der Waals forces, H bonds, Adsorption Good to high resolution, Sorption from crude feed- 
polarities, dipole moments good capacity, good to stocks, fractionation 

high speed 
Charge (titration curve) High resolution, high Initial sorption, fractionation 

speed, high capacity 
Surface hydrophobicity Good resolution, speed and Partial fractionation (when 

capacity can be high 
Biological affinity Excellent resolution, high 

speed, high capacity 
Hydrophilic and hydrophobic Excellent resolution, inter- 
interactions mediate capacity, may 

denature proteins 
Molecular size Moderate resolution, low Desalting, end polishing, 

capacity, excellent for solvent removal 
desalting 

Ion exchange 

Hydrophobic interaction 

Affinity chromatography 

Reversed-phase liquid chromatog- 
raphy 

Gel permeation 

sample at high ionic strength) 
Fractionation, adsorption 
from feedstocks 
Fractionation 
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Fig. 3. Purification subprocess [19]. 

After the high resolution step a polishing step 
is frequently necessary to obtain ultra high puri- 
ty. This will depend on the final use of the pro- 
tein, and in some cases it is probably the most  
difficult task to perform. If  another physicochem- 
ical property cannot be exploited, gel permeation 
will be used, which can separate dimers of the 
product  (due to aggregation phenomena) or its 
hydrolysis products (due to action of proteases) 
solely based on their different molecular weights. 
High-performance liquid chromatography 
(HPLC) also can be used for polishing; however, 
this is an expensive technique for preparative 
purposes. It gives extremely high resolution but it 
may denature larger proteins. 

2.2. Challenges with recombinant proteins 

When the intracellular product  is manufac- 
tured in E. coli, heterologous proteins will usually 
accumulate as large insoluble particles called in- 
clusion bodies [10]. If  the intracellular product  is 
manufactured in yeast, in a number of cases the 
protein is present in particulate form, typically 
30-60 nm particles such as virus-like particles 
[11]. 

Regarding cell breakage, some of the advan- 
tages of chemical and enzymatic permeabiliza- 
tion and lysis methods recently discussed [9,12- 
14] should be investigated in greater detail, par- 

ticularly because mechanical disruption tech- 
niques have several drawbacks related to obtain- 
ing high product  yield (micronized wall materi- 
als, nucleic acids, high viscosity, complex mixture 
of contaminants and partially damaged product) 
that are difficult to overcome. Release of recom- 
binant intracellular proteins by chemical perme- 
abilization and enzymatic lysis techniques as well 
as the release of recombinant protein from yeast 
[12] has been successfully achieved [9]. For this, 
however, greater availability of specialized re- 
agents (e.g., wall lytic enzymes) will be necessary 
as currently these are almost only available as 
laboratory reagents. 

Inclusion bodies have to be solubilized, in 
many cases chemically or enzymatically modi- 
fied, and correctly refolded, otherwise the process 
will produce large quantities of inactive product. 
This is usually the case when bacteria are used for 
the manufacture of human proteins. A very re- 
cent study of a process with E. coli [15] showed 
that denaturation and solubilization of inclusion 
bodies with, for example, guanidine . HC1 are 
steps that account for most of the cost of down- 
stream raw materials. Of all downstream process- 
ing costs related to raw materials 77% corre- 
sponds to guanidine • HC1 and carboxypeptidase 
and 92% to the main four items, including for- 
mate and cyanogen bromide which are all specific 
to the denaturation and refolding of inclusion 
bodies into the active protein [15]. This clearly 
shows tha t  currently there are no satisfactory 
methods for large scale denaturation and refold- 
ing of particulate proteins. Recent developments 
in the use of reverse micelles for protein refolding 
[16] and of two-phase aqueous systems for sep- 
aration of virus-like particles from yeast homog- 
enates [12] appear particularly attractive. 

Separation of inclusion bodies from debris can 
be achieved on a large scale by the use of cen- 
trifuges even if the material is small (about 1.0 
#m) mainly because of the relatively large density 
of inclusion bodies (e.g., 1.3 g m1-1) [15]. How- 
ever, flow-rates have to be reduced several-fold 
compared to the separation of whole E. coli cells 
where flow-rates are already low. This results in 
large capital requirements. 
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Aqueous two-phase systems are a very attrac- 
tive alternative for the separation of cell debris 
from target product protein [4,12,17]. The sep- 
aration of recombinant particles from yeast has 
been demonstrated using this technique [12,18]. 
In the presence of debris and recombinant parti- 
cles two stages were more appropriate, the first to 
separate the cell debris and the second to separate 
contaminant proteins [12]. 

2.3. Selection of operations: chromatography 

Selection of operations required for recovery/ 
isolation is relatively straightforward if the prod- 
uct is extracellular. When a product is intracellu- 
lar, however, no satisfactory procedures are 
available for large scale processing of inclusion 
bodies into native proteins. Recent advances in 
cell permeabilization and differential product re- 
lease as an alternative to disruption should show 
important developments in the next few years 
[13,14]. 

Selection of purification operations, on the 
other hand, is more cumbersome, and choosing 
those operations that will give the best results is 
not an easy task, particularly with the high reso- 
lution chromatographic operations that are car- 
ried out in one, two or even three steps. To be 
able to separate one protein from another, a dif- 
ference in physicochemical properties between 
them is exploited. To design an optimal separa- 
tion process is to exploit these differences in the 
most efficient manner to accomplish the desired 
separation. Individual separations will generally 
depend on more than one property difference for 
their overall performance, but one property will 
usually form the primary basis for separation. 

Thermodynamic property information should 
be available for the target protein and also for the 
major contaminants. It is also useful to have 
some information on the fermentation superna- 
tant from which the protein has to be separated 
and on some of the intermediate process streams 
such as those shown in Figs. 1-3, including ther- 
modynamic equilibrium and transport properties 
such as density, total protein concentration, par- 
ticle size distribution, when these are present, and 

viscosity. Main sources of recombinant proteins 
in modern biotechnology are few: E. coli (intra- 
cellular) and some bacilli, mammalian cells (ex- 
tracellular), and yeast, normally Saccharomyces 
cerevisiae and Picchia sp. (extra- and intracellu- 
lar). The characterization of product protein and 
major contaminants has to be carried out in 
terms of charge and titration curve of major pro- 
teins, molecular weight, hydrophobicity, p!  and 
available biospecific interactions. Determination 
of this information can be performed on a case- 
by-case basis for the individual product proteins. 
General distribution of physicochemical proper- 
ties of  the host cells just mentioned (E. coli, yeast 
and mammalian cells) should be generated as it 
will allow selection of purification operations on 
a much more rational basis. This is shown in a 
later section in this paper on implementation of 
protein properties in a prototype expert system. 

High resolution purification is usually carried 
out by chromatography. Selection of these puri- 
fication operations is based on the efficiency of 
different chromatographic techniques to separate 
the target protein from the contaminating ones. 
Different techniques exploit different thermody- 
namic properties and some are much more effi- 
cient than others in exploiting the differences in 
these properties between two proteins. Ion-ex- 
change chromatography will separate the pro- 
teins based on their difference in charge. The 
charge of a protein changes with the pH follow- 
ing the titration curve [19]. Hence, if carried out 
at considerably different pH values, at which the 
difference in charge of three or more proteins is 
significant, this technique can be used twice to 
purify a protein from different protein contami- 
nants [19]. Ion exchange can use small differences 
in charge to give a very high resolution and hence 
is an extremely efficient operation to separate 
proteins. 

Affinity chromatography can have a very high 
specificity for a particular protein or a small 
group of proteins; therefore, it can also have a 
very high resolution. The matrix can be expen- 
sive, but it can be reused many times. Ligand 
leakage into the product can be a problem. Re- 
garding cost, affinity chromatography will usu- 
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ally be more expensive than ion-exchange chro- 
matography [20,21]. Hydrophobic interaction 
chromatography has been proposed only as a 
pretreatment step or as a first high resolution pu- 
rification step. The resolution is good but not al- 
ways particularly high as the distribution of sur- 
face hydrophobicity in a protein can be random, 
thus giving only adequate resolution. Gel per- 
meation for protein fractionation is normally not 
used as a high resolution operation in the large 
scale because of the low efficiency in exploiting 
differences in molecular mass. 

3. PROCES DESIGN 

Process design and selection of operations is a 
complex procedure where the design evolves 
from an initial stage to the final stage in a trial- 
and-error fashion, repeatedly revising and refin- 
ing the initial assumptions and restrictions: 

1. flowsheet generation (qualitative/semi- 
quantitative); 
2. quantitative design of units; 
3. revise flowsheet (1), then (2) etc. until some 
objective is reached. 

An important aspect of process design involves 
the selection of operations and design of a 
process sequence (process synthesis). In the initial 
phases this process is usually done using heuris- 
tics: utilization of rules-of-thumb to arrive at a 
rapid (and reliable) specification of equipment 
type, size and, maybe, cost. 

The problems that have to be solved in process 
synthesis and optimization of downstream pro- 
tein separations are of two types: (i) choosing be- 
tween alternative operations (e.g., homogenizer 
versus bead mill or centrifugation versus cross 
flow microfiltration) and (ii) the design of an op- 
timal chromatographic sequence with maximum 
yield and minimum number of steps (1, 2 or 3), a 
problem that is combinatorial in nature. The first 
type of problem can be adequately solved provid- 
ed appropriate mathematical correlations and 
mathematical models that can be used as useful 
simulation tools are developed. The second type 

of problem has been partially tackled in classical 
chemical process engineering (e.g., distillation 
versus extraction) by finding a rigorous solution 
using numerical methods like mathematical pro- 
gramming techniques (e.g., resolution of "tree 
structure" [3]) or more novel techniques of Artifi- 
cial Intelligence (AI) (e.g., Expert Systems, ES). 
(ES) are intelligent computer programs that em- 
ulate human reasoning to solve problems. Fig. 4 
shows a diagram of such a system with its two 
main parts: a knowledge base and an inference 
engine. To create an ES the domain or body of 
knowledge specific to the class of problem must 
be organized into the knowledge base. The orga- 
nization consists of logical statements regarding 
hierarchic structures and relational rules. The in- 
ference engine will provide the reasoning simula- 
tion based on the search paths along the problem 
space and external inputs of information and da- 
ta. The interface with databases and other nu- 
merical calculation programs is also shown. For 
the design of an optimal separation sequence the 
use of purely mathematical techniques has limit- 
ed use in biotechnology due to a lack of useful 
design equations and databases. The ES ap- 
proach appears more attractive since it allows the 
use of empirical knowledge that is not rigorous in 
nature and is typical' of that used by experts in the 
field. 

Computer-based ES are an important tool in 
the field of AI. Efforts have been made to develop 

 nowle.ge base"  ]'--'[DATABASE I 
t, Objects Actions , ,[T[ [ ~ ]  

Rules ] ~]¢'-¢l calculation l 
L alg °rithm 1 

I I cl f ~ ]  
Inference engine i ~ = ~ / s i m u l a t i o n /  / 

InferenceI Controlt ~ l optimization] 

• "¢ Knowledge Explanation [ User [ .  
.--~l acquisition I~"~[ subsystem *'¢ interface 

I system ] I I I 

--I Expert or knowledge engineer I 

Fig. 4. Architecture of the Expert System and the links with 
external databases and algorithms. 
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ES for this purpose [22-24] or to adapt the exist- 
ing software systems, commonly called "shells", 
both for the manipulation of heuristics, databas- 
es and simple algebraic design equations [5]. Con- 
ventional scientific and engineering scientific pro- 
grams consist of a set of statements where the 
order of execution is predetermined, simple step- 
by-step procedures that guarantee that the right 
conclusion will be reached when the correct data 
have been entered. The programmer must, al- 
ways, ensure complete specification of the prob- 
lem and uniqueness of the solution; updating 
must be made in the precise place and sequence. 
ES alleviate this strictness by making a clear dis- 
tinction between the knowledge base and the 
control strategy. This partition allows for incre- 
mental addition of knowledge without manipu- 
lating the complete program structure, and, by 
choosing strategies it is possible to provide the 
system with the tools to find the solution, and, if 
desired, to provide a number of ranked alterna- 
tive solutions. 

Process synthesis is one area where expert sys- 
tems can be of important help, particularly in the 
selection of equipment and in the design of sep- 
aration trains or sequences, especially in the field 
of biotechnology. 

3.1. Use of  mathematical models 

Mathematical models and mathematical corre- 
lations of the operations will allow simulation of 
performance. They also may be used to scale up 
individual operations. Computer simulations are 
a useful tool to optimize individual separations 
[25]. Examples of useful downstream process 
simulations, and investigation of process condi- 
tions are microbial cell breakage and selective 
product release using enzymes [26,27], affinity 
and ion exchange chromatography of proteins 
[28,29] and continuous adsorption recycle extrac- 
tion [30], in which case the model has been used 
for process optimization and search for appropri- 
ate control strategies. 

3.2. A prototype ExpOrt System 

Today there are well developed expert software 
systems, called "shells", that help to develop an 
organised knowledge base from the domain 
knowledge and provide the inference engine. 
Asenjo et al. [5] found that for the creation of 
prototype systems there were adequate shells, 
particularly if they can evaluate uncertainties as- 
sociated with the inference process. Expert 
knowledge was obtained mainly from industrial 
experts working on the large scale separation and 
purification of therapeutic, diagnostic and ana- 
lytical proteins. Soon it became apparent that the 
true bottleneck in the development of expert sys- 
tems for protein purification is not in its imple- 
mentation but in the acquisition, clarification, 
formalization and structuring of the knowledge 
domain. 

In the first basic prototype the knowledge was 
expressed in around 65 rules, some of which car- 
ried a degree of uncertainty [5]. The downstream 
process was divided into two distinct subprocess- 
es, the first called °Recovery/isolation" after 
which the total protein concentration is 60-70 g 
1-1 and the second called "Purification". 
Processing of recombinant proteins present in in- 
tracellular inclusion bodies or other particles was 
not considered in this prototype but was eventu- 
ally included in the expanded version (next sec- 
tions). 

The proposed process consists of a sequence of 
operations to obtain the stated design objective. 
There might be several different sequences of op- 
erations that accomplish the same objective. In 
those cases, a quantitative degree of performance 
(given by a certainty factor) of each operation is 
assigned by the expert and carried by the system 
into the proposed design. 

This prototype expert system (65 rules) did not 
have a database on the properties of main protein 
contaminants (physicochemical and thermody- 
namic) so the selection of high resolution puri- 
fication operations was rather empirical and 
based on knowledge of the efficiency of the differ- 
ent techniques to separate a protein from its main 
contaminants [5]. 
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In the development of the prototype expert 
system it was found that selection of operations 
in the recovery subprocess could be well structur- 
ed. Concerning the purification subprocess, the 
structuring of the knowledge was more difficult. 
The main deficiency of available information was 
in the selection of high resolution chromato- 
graphic operations that should be based on the 
properties of the target protein and the contami- 
nants in the solution. This informations is vital to 
select the right operations and in the best possible 
order according to their relative efficiencies 
[19,31,32] (next section). A considerable lack of 
information was also the case for the separation 
of minor contaminants present that are removed 
in the final polishing stage (also by chromatogra- 
phy). 

For selection of operations, information gener- 
ated at a very small scale in terms of "efficiency" 
of separation or, alternatively, information on 
thermodynamic properties (charge-titration 
curve, pI, surface hydrophobicity, molecular 
mass, bioaffinity) is necessary. Here, the devia- 
tion of the value for the product protein from 
those of the main contaminants should be used. 
A factor for efficiency of the operation in exploit- 
ing this difference also has to be included in this 
evaluation [19]. 

3.3. Use of protein properties 

Selection of actual operations is based on in- 
formation generated at a small scale to determine 
performance and efficiency of particular separa- 
tions. Alternatively information on physical, 
chemical, biochemical and thermodynamic prop- 
erties of product and contaminants cart be used 
to predict such performance. Then the deviation 
(DF = deviation factor) of  the value of the pro- 
tein product from those of the main contami- 
nants should be found. A factor for efficiency (q) 
of  the separation operation in exploiting this dif- 
ference or deviation (DF) of property has to be 
included in this evaluation. It is possible then to 
define a separation coefficient (SC) that can be 
used to characterize the ability of the separation 
operation to separate two or more proteins [19]. 

SC = f(DF,r/) 

When using chromatography there are differ- 
ences in the cost of the matrices used (e.g., pro- 
tein A affinity chromatography uses a more ex- 
pensive matrix than CM-Sepharose ion-exchange 
chromatography) although most of the cost in 
such a process is associated with the hardware 
(column, accessories, control system) as most 
matrices can be reused many times resulting in 
reduction of associated cost. Also different ad- 
sorption capacities and flow characteristics of the 
matrices will result in columns of different size. 
However, column hardware cost is only a frac- 
tion of the total cost hence the total hardware 
cost of  a chromatographic step is relatively con- 
stant. Differences in the cost of  a purification op- 
eration can be taken into account by using a cost 
factor (CF) giving a expression for the economic 
separations coefficient (ESC). 

ESC = f(SC,CF) 

The values of the parameters in these two ex- 
pressions should range between 0 < q < 1 and 
0 _ DF _< 1. As such values are relative, the 
maximum value for DF for individual properties 
has to be defined within this range and the value 
for t/given to a particular operation also will de- 
pend on the range (or maximum possible value 
for the deviation of a specific protein property) 
that must be standardized for different oper- 
ations. The value of the cost factor (CF) will be 
CF < 1 or CF > 1 and a standard operation 
(such as ion-exchange chromatography using 
CM-Sepharose) should be given a value of 1. We 
have made a first attempt to define both a sep- 
aration coefficient, SC, and an economic separa- 
tion coefficient, ESC. They are shown in Table 3. 
The inclusion of a term for concentration was 
suggested, as this will affect the selection criteria, 
since the contaminants in higher concentrations 
have to be removed first (heuristics: rule 2). But, 
as concentration does not appear to intrinsically 
influence the actual separation coefficient, the 
suggestion of using the term "Separation Selec- 
tion Coefficient" (SSC), when including the con- 
centration term 0 has been preferred. 

SSC = D F . r / . O  
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T A B L E  3 

O V E R V I E W  O F  S E P A R A T I O N  C O E F F I C I E N T S ,  T H E I R  D E F I N I T I O N S  A N D  " T E N T A T I V E "  V A L U E S  A S S O C I A T E D  T O  

S O M E  O P E R A T I O N S  

Separations coefficients 

SC = D F  • r/ 

D F  = Deviation factor for hydrophobicity, molecular weight, and pI  

D F =  
Protein value - contaminant value 

Max.[protein value, contaminant value] 

D F  = 1.0 for  affinity chromatography 

r/ = Efficiency = 

1.00 for  affinity chromatography 
0.70 for ion exchange 
0.35 for hydrophobic interaction chromatography 
0.20 for gel permeation 

SSC = D F . ~ / . 0  

0 - concentration factor 

0 = 
Concentration of contaminant protein 

Total concentration of contaminant proteins 

SSC 
ESC - 

C F  

C F  = Cost  fac tor  = 

1.0 for affinity chromatography 
0.6 for gel permeation 
0.3 for ion exchange 
0.3 for hydrophobic interaction chromatography 

it should be noted that the two parameters t/ 
and the cost factor, CF, are thus far empirical 
and subjective. A more rigorous estimate is pres- 
ently under study in our group. The cost factor is 
not based on a rigorous economic evaluation, 
such as has recently been carried out [20], but on 
an "approximate", preliminary evaluation of  the 
cost involved using such an operation. There are 
many elements apart from the direct variable and 
capital costs that affect the choice of  process and 
therefore the approximate evaluation of  cost and 
thus CF (e.g., availability of  matrix in the pilot 

plant, reliability, robustness with variation in 
feedstock, speed of  process implementation or 
quality control). This role of  other elements is 
partly related to the fact that cost of  production 
of  a therapeutic or diagnostic protein is still only 
a small fraction of  the final price. Hence the cost 
differences found in a rigorous economic eval- 
uation are much more marked than those shown 
in the expression in Table 3. All values shown in 
Table 3 will be subjected to modifications as the 
rationale proposed is tested in real cases. 
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3.4. Implementation and testing of prototype Ex~ 
pert Systems 

The rationale for selection of high-resolution 
purification operations has been implemented in- 
to the prototype ES. This was done by interfacing 
a program in PASCAL in which the main phys- 
icochemical properties of a target product pro- 
tein were compared with those of the main pro- 
tein contaminants and then used to select the 
most appropriate high resolution chromato- 
graphic operations [31]. The rationale discussed 
in the previous section and Table 3 was used. 

The main sources used for the large scale pro- 
duction of recombinant proteins today are few. 
For the purpose of our prototype only three main 
production systems were chosen for the charac- 
terization of the main protein contaminants pre- 
sent in these sources. These are E. coli (intracellu- 
lar proteins), S. cerevisiae (intra- and extracellu- 
lar) and mammalian cells (extracellular proteins). 
Initial results of our present work on the charac- 
terization of the main proteins in these sources 
are shown in Tables 4-6 [33]. This approach ap- 
pears conceptually valid for molecular weight 
and for hydrophobicity as exploited in hydro- 
phobic interaction chromatography, but care has 
to be taken in the selection of ion-exchange chro- 
matography as a suitable method. Values of the 
isoelectric point, pI, of proteins are useful for the 
selection of operating conditions when using an 
anion- or cation-exchange matrix but not for the 
selection of operations that will give better ~ep- 
aration resolution between proteins. Data on'the 
charge of the proteins as a function of pH [19] or 
on its adsorption properties and relative reten- 
tion times on the different matrices under differ- 
ent conditions are necessary, as has been dis- 
cussed in much more detail previously [32]. The 
isoelectric point is only directly relevant for the 
selection of chromatofocusing as a separation 
operation, but chromatofocusing is not a partic- 
ularly feasible operation for large scale use, ow- 
ing, not only to the high cost of polybuffer, but 
mainly because such buffers are unacceptable for 
use with therapeutic proteins. As more accurate 
and detailed information on the protein contami- 

TABLE 4 

PROPERTIES OF M A I N  PROTEIN C O N T A M I N A N T S  IN 
E. COLI LYSATE [33] 

Cell lysate was prepared by bead milling. 

Band Molecular Hydrophobicity,  Isoelectric 
No. mass  a ~b (34) point  c 

1 90 000 0.02 4.8 

2 145 000 1.12 4.8 

3 80 000 0.13 4.9 

4 200 000 1.02, 0.13 4.8 

5 12 800 0.64 5.1 

6 25 000 0.26 4.5 

7 45 000 0.13 5.4 

8 40 000 0.64 4.6 

9 44 000 0.13 4.3 

10 120 000 0.02 5.4 

11 80 000 0.13 4.6 

a Measured by gel permeation. 

b Measured by hydrophobic interaction chromatography using 

a Phenyl-Superose gel in an  FPLC system and a gradient elu- 

tion from 2.0 M to 0.0 M (NH4)zSO 4 in 0.1 M KH2PO 4. Units  
used are the concentration of  (NH¢)2SO 4 at which the protein 

eluted. 

c Measured by isoelectric focusing using a Sephadex gel. 

nants is made available, it will be appropriately 
implemented in the database and in the rationale 
for selection of operations. 

The "expanded" prototype with access to the 
databases and the more rational selection of high 
resolution separation operations discussed in this 
paper resulted in an ES with approximately 130 
rules in addition to the PASCAL interface that 
implements the database and the rationale shown 
in Table 3. Presently were are using a much more 
advanced shell (NEXPERT OBJECT) that al- 
lows the development of an object-oriented ES. 
The feature of inheritance of properties amongst 
the hierarchical structure will be an important 
tool for our project. In order to make this con- 
cept more clear, a good example is to consider the 
class of chromatographic operations, with sub- 
classes (e.g., ion exchange, affinity, hydrophobic 
interaction, etc.) and objects belonging to this 
class (input stream, output stream or any other). 
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TABLE 5 

PROPERTIES OF T HE  TEN M A I N  P R O T E I N  BANDS 

PRESENT IN S. CEREV1SIAE LYSATE [33] 

Cell lysate was prepared by bead milling. 

Band Molecular Hydrophobicity,  Isoelectric 
No. mass  a ~b (M) poinV 

i 80 000 0.50 6.6 

2 44 000 0.60, EtOH 6.4 

3 22 000 0.25 5.6 

4 80 000 EtOH 6.6, 8.8 

5 49 000 ppt. 5.5 

6 71 000 0.30 5.7 

7 i70 000 0.40 5.7, 6.9 

8 12 000 ppt. 7.1 

9 I70 000 0.15 5.7 

10 65 000 0.65 6.0, 7.7 

a Measured by gel permeation. 
h Measured by hydrophobic interaction chromatography using 

OctyI-Sepharose gel in an FPLC system and a gradient elution 
from 1.5 M to 0.0 M (NH4)2SO 4 to avoid protein precipita- 
tion. Some protein bands still precipitated (ppt. in table). 

EtOH means tightly bound  band that needed to be eluted with 
24% ethanol in deionized water. 

c Measured by isoelectric focusing using a Sephadex gel. 
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TABLE 6 

PROPERTIES OF THE TEN M A I N  PROTEIN BANDS IN 

CHINESE H A M S T E R  OVARY CELLS C U L T U R E  SUPER- 

N A T A N T  [33] 

Band Molecular Hydrophobicity, Isoelectric 
No. mass a 45 b (54) poinV 

1 66 000 0.83 5.0 

2 I40 000-205 000 0.83, ppt. 5.4, 8.7 

3 295 000 0.83 6.0 

4 72 000 0.70 5.4 

5 53 000 1.25 5.2 

6 72 000 0.70 5.4 

7 170 000 1.10 4.6 

8 3000 1.25 5.4 

9 6000 0.02 4.0 

10 170 000 0.71 5.7 

a Measured by gel permeation. 
b Measured by hydrophobic interaction chromatography using 

Phenyl-Superose gel in an FPLC system and a gradient elution 

from 1.7 M to 0.0 M (NH4)2SO 4 to avoid protein precipita- 
tion. Some protein bands still precipitated (ppt. in table). 

Measured by isoelectric focusing using a Sephadex gel. 

If we define a property for the class (e.g., concen- 
tration of  the product), it will be automatically 
transferred to the object input stream. To de- 
scribe the knowledge base more accurately 
changes in the basic structure of the purification 
flowsheet are being investigated. The idea is to 
use the linear mode of  this process and choose the 
precise reasoning paths through the problem 
space. The open architecture of  this shell allows 
direct integration with databases, without the 
need of  an interface even for calculation of  sep- 
aration coefficients and use of  mathematical cor- 
relations with an extremelly fast and effÉcient 
two-way flow of information. It also grants the 
union of  the expert system with an external algo- 
rithm. This will enable the integration of  data 
and correlations with the expert system for 
process selection and design resulting in a se- 
quence of  operations with highest confidence fac- 
tor and minimum number of  high resolution 
chromatographic operations. The next best 

choices for individual operations are also given 
(Fig. 5). Such a "process synthesis" (selection) 
scheme can then be used for cost calculation 
analysis based on material and energy balances 

I DATABASE ON PHYSICO- 
r CHEMICAL PROPERTIES 

I ~ CALCULATION OF SEPARATION [OF MAIN CONTAMINANT 
~'/PROTEINS:MOL.WEIGHT SELECTION COEFFICIENTS ~ [SURFACE HYDROPHOBI- 

N 1 [ CITY, pl, TITRATION 
[CURVES 

T ~ SELECTION OF HIGH RESOLUTION 1 
E PURIFICATION OPERATIONS j 

R --'1 PRELIMINARY PROCESS SELECTION ] 
! 

r [ °, 1 AND ENERGY BALANCES 

A ! 
C I [ - - - - I C O S T  CALCULATION 

E " EVALUA+IOTO E  
4" SEPARATIONS J 

Fig. 5. Proposed scheme for the "tasks" and calculations to be 
performed by the Expert System, in addition to the heuristic 
"expert" knowledge (rules), for the rational design of protein 
purification processes. 
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using flow-sheeting techniques (Fig. 5). The 
process performance can be tested at the labora- 
tory and pilot plant levels. Discrepancies between 
practical performance and the computer-selected 
process are analyzed and investigated in order to 
modify and validate the databases, selection ra- 
tionale and/or mathematical correlations used. 

4. CONCLUSIONS 

The work described on rational design of pro- 
tein purification processes clearly shows that 
properly developed ES can be a vital tool to assist 
with solving the knowledge-intensive and heuris- 
tic-based problem of selection of downstream 
processes, particularly the high resolution chro- 
matographic steps. The overall separation 
process selection and synthesis problem in bio- 
technology does not have a strict combinatorial 
nature whereas the high resolution purification 
stages within the purification subprocess (one, 
two or even three chromatographic stages where 
several alternatives in different order combina- 
tions can be used) do. 

It clearly appears that the limiting factor in the 
development of ES for protein purification is not 
the implementation of new AI programs but the 
acquisition, clarification, formalization and 
structuring of the domain of expert knowledge. 

The use of an expert system shell with an open 
architecture which allows direct integration of a 
database of physicochemical and thermodynamic 
properties of main protein contaminants in main 
production streams used within recombinant 
production systems is an important improve- 
ment. This will allow the selection of chromato- 
graphic high resolution purification operations 
on a much more rational basis resulting in a very 
improved process selection and thus rational 
process design. In order to advance the further 
development of this field, there is an important 
need for generating more detailed databases for 
protein products, fermentation streams and con- 
taminants. These include databases on surface 
hydrophobicity, molecular weight, isoelectric 
point and also, most importantly, titration curves 
for proteins. 
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