
10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather 
Fall 2004 

Lecture #1 – Course Overview, Enzyme Classification System 

Handouts: (1) Course syllabus, (2) Rozzell (1999) Bioorg. Med. Chem. 7:2253-2261, (3) 
History of biocatalysis/industrial biotransformations tables, (4) Enzyme Nomenclature, 
(5) Examples of EC Classes 

1.	 Review Syllabus/Course Requirements 

2.	 Survey class to determine the range of biology background, especially molecular 
biology. 

3.	 Definitions and course objectives 

Defining biocatalysis – 

Catalyst – A substance, usually used in small amounts relative to the reactants, 
that modifies and increases the rate of a reaction without being consumed in the 
process. 

Biocatalyst – A catalyst of biological origin → an Enzyme 

Broadly speaking, biocatalysis then encompasses any enzymatically-catalyzed reaction, 
whether the enzyme has been purified or is part of a whole (microbial) cell, since the 
“working” parts of cells are enzymes.  This can include, for example, 

•	 Fermentation of yeast to convert sugars to ethanol for production of alcoholic 
beverages 

•	 Growth of filamentous fungi to produce antibiotics 
•	 Cheese production – uses a variety of microorganisms to convert milk to cheese 
•	 Baker’s yeast (Saccharomyces cerevisiae) to convert sugars to CO2 to make 

leavened bread 
•	 Others from the class? 

All of these involve multi-step pathways for converting one or more substrates into one 
or more products, including biomass, energy (through re-dox reactions) and waste (CO2). 
We will focus much more narrowly, and follow a working definition of biocatalysis as 
the use of an enzymatically-catalyzed reaction to convert a single starting compound to a 
single product, without consumption of the substrate for production of biomass, energy, 
or waste. 

Refer to Handout on industrial biotransformations for examples of large scale 
biocatalysis. 
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Note that this narrow definition puts “biocatalysists” in direct conflict with synthetic 
chemists.  So, we may have as a corollary, that “Biocatalysists” are individuals who seek 
to limit the dominance of traditional organic chemists in the field of synthesis! 

Scientists and engineers have a wide variety of both purified enzymes (partially or fully) 
and active whole cells to use as biocatalysts.  The objective of this course in biocatalysis 
is to provide an overview of the following: 

•	 The advantages and limitations of using biocatalysts for synthesis, and the criteria 
that one may choose for using these over inorganic catalysts 

•	 The differences between using purified enzymes and whole cells as the 

biocatalyst 


•	 Understanding the biological properties that lead to limitations/challenges for 
process design 

•	 Understanding the chemical/physical properties that lead to limitations/challenges 
for process design and the differences from the biological ones 

•	 Finding engineering solutions to these limitations/challenges 
•	 Exploring biological solutions to these limitations/challenges 

We will also emphasize the process development aspect of design. That is, how you 
determine and conduct needed experiments to help you finalize a design. 

4.	 Advantages of biocatalysis and when to use enzymatic reactions 

The most often cited advantages of biocatalysis are as follows: 

1. 	Selectivity/Specificity 
•	 Substrate selectivity – ability to distinguish a particular compound from 

among a mixture of chemically related compounds, eg proteases acting 
following a specific amino acid sequence 

•	 Stereoselectivity – ability to act on a substrate or produce a product of one 
enantiomeric or diastereomeric form, eg resolution of racemic mixtures 

•	 Regioselectivity – ability to act on one location in a molecule, eg, 
hydroxylations 

•	 Functional group selectivity – ability to act on one functional group selective 
even when other groups may be more chemically reactive 

2. Mild reaction conditions – most enzymes operate in aqueous solution, at mild 
temperatures and pH’s, and at atmospheric pressure.  Chemical catalysts often require 
organic solvents, high temperatures, extremes of pH and high pressure.  Enzymes can 
therefore result in lower energy and materials cost. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

2
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Lecture #1, p. 3 

3. Environmentally friendly, ie, “green chemistry” – proteins are naturally 
biodegradable, aqueous solution avoids solvent waste, lower energy costs = lower 
emissions 

4. High catalytic efficiency – high turnover numbers, ie, substrate molecules catalyzed 
per molecule of enzyme, resulting in less catalyst required to complete the conversion 

Biocatalysis has the broadest use for the production of chiral compounds. Generally 
speaking, chiral chemistry is difficult to achieve chemically and economically.  To 
produce chiral compounds with high selectivity, expensive catalysts that are usually 
required in large quantities are typically used.  This makes large-scale production 
difficult. An alternative to highly selective synthesis is racemic synthesis followed by 
chiral chromatography for separation.  Again, while this works fine on a small-scale, it is 
prohibitively expensive for large-scale production. 

Limitations/when not to use biocatalysts – easy answer is when chemists can do it better!  
This is more likely to be true for non-chiral compounds and for very small (low 
molecular weight) molecules, where chemical synthesis is likely to be cheaper.  Also, 
although enzymes do perform synthetic reaction steps, biocatalysts are usually not used 
for addition reactions since the substrate range is typically not wide enough to 
accommodate many different reactions.  (Note that for addition reactions, the enzyme 
pocket must be able to hold and properly orient two molecules so the degree of flexibility 
for these reactions is likely to be less.)  Enzymatic synthesis is also difficult for 
compounds with very low aqueous-phase solubility, since many enzymes are unstable in 
organic solvents. Finally, recall that enzymes are often unstable at extremes of 
temperature and pH.  So, if the substrate and or product are extremely acidic or basic (ie, 
unstable in the presence of neutralizing salts), enzymes are also unlikely to be effective 
for chemical synthesis. 

Enzymes are most likely to be effective when the substrate is similar to a substrate that is 
naturally-occurring, ie, one that the enzyme would encounter in its natural environment.  
Let’s look at the various kinds of enzymes that exist and how they 

5. The Enzyme Classification System 

Six classes of enzymes – refer to Handout for Review. 

Examples: 

Class 1. Oxidoreductases – will hear these referred to as oxidases, reductases, 
hydrogenases; common conversion is ketones/keto-acids to chiral alcohols 

 
 
(a)  EC 1.1.1.27 – lactate dehydrogenase 
pyruvate +NADH + H+ →  lactate + NAD+ 
 

O

OH

O                

OH
OH

O

H
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Class 2. Transferases – aminotransferases (transaminases),  

Class 3. Hydrolases – lipases, nitrilases, proteases 

Class 4. Lyases 

 
 
(b)  EC 1.4.1.9   leucine dehydrogenase (reductive amination) 
trimethylpyruvate + NADH + NH4+  →  L-tert-leucine + NAD+ + H2O  
 

O

OH

O              

NH2

OH

O

 
 
(a)  EC 2.6.1.x  transaminase  
acetophenone + L-alanine  →   phenylethylamine + pyruvate 
 

O

  +  O

OH

NH2

              

NH2

  +  O

OH

O

 
 
 
(b)  EC 2.1.1.20   glycine-N-methyltransferase 
glycine + S-adenosyl-methione → methlyamino-acetic acid + S-adenosyl-cysteine  
 

O

OH
NH2

  +  
OH

NH2

S
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(a)  EC 3.1.1.x  lipase 
ethyl 2-methyl-5-thien-2-ylpentanoate + H2O →  2-methyl-5-thien-2-ylpentanoic acid + ethanol 
 

O

O

S                

O

OH

S   +  
OH  

 
 
(b)  EC 3.5.5.1  nitrilase 
3-hydroxypentanedinitrile + 2H2O  →  4-cyano-3-hydroxybutanoic acid 
 

CNNC

OH

                
NC

OH

OH

O

 
 
(a)  EC 4.1.1.12   L-Asp-β-decarboxylase 
aspartate  →  alanine + CO2 
 

OH
OH

NH2O

O

                

O

NH2

OH
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Class 6. Ligases 

Of these six classes, three are primarily used for biocatalysis as we’ve defined it:  
oxidoreductases, transferases, and hydrolases.  Class 4 reactions are more easily achieved 
chemically, Class 5 are not generally used in synthesis, and Class 6 are almost 
exclusively for biological processes. 

Remember that the biocatalyst can be a free (purified) enzyme or a whole cell.  Even in 
the latter case, however, the active ingredient in the conversion is some enzyme that has 
yet to be purified. We’ll discuss both free enzymatic and whole cell bioconversions, 
starting first with the enzyme cases. 

    
 
(b)  EC 4.3.1.1  aspartate ammonia lyase (aspartase) 
aspartate  →   fumarate + NH3 
 

OH
OH

NH2O

O

               
OH

OH

O

O

 
 
 
 
 
 
 
 

Examples of EC Class Reactions, p.3 

Class 5.  Isomerases 
 
(a)  EC 5.3.1.1  triose phosphate isomerase 
dihydroxyacetone phosphate →  glyceraldehyde-3-phosphate 
 

OH

O

O O
-

O
-

O

P

                 

H

O

O

OH

O
-

O
-

O
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(b)  EC 5.1.1.1  alanine racemase   
L-alanine →  D-alanine 
 

O

NH2

OH

            

O

NH2

OH

 
 
(a)  EC 6.5.1.1  DNA ligase (ATP-dependent) 
 
Consult your neighborhood bio book! 
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Lecture #2 – Review of Protein Chemistry, Enzyme Specificity 
 
Handouts:  (1)  Structures of amino acid side chains, (2) Sample bioconversions to 
examine specificity 
 
1.  Review of protein chemistry, enzyme specificity 
 
Recall that proteins have a primary structure that is the string of amino acids as encoded 
by the DNA.  There are twenty amino acids, of the general structure: 
 
              R 
 

-OOC           NH4+

 
             H 

 
where R is the side chain.  Side chains come in three “flavors”:  hydrophobic, 
hydrophilic, and “other.”  The extent to which side chains are hydrophilic or hydrophobic 
varies with each group (refer to handout).  For example, the hydrophobic group contains 
both the branched chain aa’s valine and leucine, as well as the cyclic side chains of 
tryptophan and phenylalanine.  The hydrophilic group contains the polar aa’s serine and 
threonine, as well as charged aa’s aspartic acid, glutamic acid, and lysine.  The two 
classified as neither hydrophobic nor hydrophilic are cysteine (sulfur-containing) and 
proline. 
 
Proteins also have secondary, tertiary and quaternary structures.  The secondary 
structure is defined by the local structure of the linear (primary) string of amino acids.  
Secondary structures are general in the form of α-helices, β-sheets, or flexible.  The 
tertiary structure represents the higher-order folding of the chain into its final three-
dimensional structure, while quaternary structures are formed from the interaction of two 
or more individually-folded chains. 
 
Proteins take on their predestined structure based on the nature of the amino acids of 
which they are comprised.  They are held together in an active (or inactive) conformation 
through various, mostly weak forces, including hydrophobic interactions, electrostatic 
(ionic) forces, and hydrogen bonding.  Keep in mind as well that proteins are typically 
found in aqueous environments, so the presence of water is a prime determinant in the 
ultimate configuration of any polypeptide chain. 
 
Why do we care about the nature of the protein structure and the forces that hold it 
together?  Because the conformation of the protein and the composition of the side chains 

10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather 
Fall 2004 
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in the backbone affect the specificity and activity of the enzyme.  The folded 
conformation of an enzyme forms a binding pocket for a substrate to be converted, and 
the side chains that are present in and around that pocket determine which substrates will 
“fit” in the pocket. 
 
Example:  The Serine Proteases (EC Class 3 enzymes) 
 
Trypsin, chymotrypsin, and elastase are all serine proteases, so-called because of a 
catalytically active serine residue in the active site that initiates hydrolysis of the peptide 
chain.  All three enzymes react through the same mechanism, all three contain the 
“catalytic triad” of serine, histidine and aspartic acid that allows distribution of ionic 
charges to facilitate conversion.   
 
 
 
 
 
However, the specificity of each is different: Note – present this in reverse order.  Tell 
students we’re looking at serine proteases as an example, then ask which amino acids 
they think a protease would be specific for if the binding pocket contains a charged 
residue like aspartate.  Then ask which amino acids might be in the pocket if the 
specificity is for the bulky hydrophobics. 
 

Enzyme Specificity Binding site aa’s (in pocket)
Trypsin Lysine, arginine Aspartate (ionic interactions 

with Lys, Arg) 
Chymotrypsin Phenylalanine, tyrosine, 

tryptophan 
Serine, 2 glycines (allows 
large hydrophobic groups)  

Elastase Small hydrophobics, eg, 
alanine 

Valine and threonine (allows 
only small side chains) 

 
The various forces that are involved in establishing the structure of enzymes are also 
clearly involved in determining their specificity (ie, ionic interactions with trypsin, 
hydrophobic interactions with chymotrypsin and elastase).  Only substrates that will fit 
into the binding pocket can be effectively converted. 
 
The substrate specificity of an enzyme is important for its successful use as a biocatalyst.  
We will want to convert substrates that are analogous to the natural substrates, but a good 
biocatalyst will display activity against a good range of substrates.  Consider again the 
serine proteases.  These enzymes work to hydrolyze peptide bonds (amides), but are also 
active against esters.   
 
 
 
 
 

Lecture #2, p.2 
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For example, the enzyme subtilisin is a serine protease from a different family than that 
consisting of trypsing/chymostrypsin/elastase, but the same catalytic triad is present.  
This enzyme is widely used commercially in detergents; however, it can also catalyze the 
following bioconversion (Courtesy of Merck & Co., Inc.  Used with permission.): 
 
 

N

N

F

OMe

O

MeO

O

F

N

N

F
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N

N

F
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O

MeO

O

F

H H

DHP Methyl Ester S-DHP Methyl EsterR-DHP Acid

+
 
 
 
 
 
 
 
In this case, the R group looks nothing like a peptide, yet the enzyme is still active.  The 
product here is an intermediate in the production of a pharmaceutical compound that was 
investigated for the treatment of benign prostate enlargement. 
 
This example raises two issues about enzyme specificity.  First, it is typically impossible 
to tell if an enzyme will absolutely have activity against a “new” compound, ie, one 
which it has not seen in nature.  In this case, it was known that the protease was active 
against esters, and that in general, it had broad substrate specificity.  Thus, this was a 
natural choice as a biocatalyst.  However, it would not have been surprising if the enzyme 
was not active against this compound either.  Structural protein chemistry has made 
significant advances towards determining the nature of binding pockets, and software 
programs do exist to model substrate binding.  But, it’s still better and far more definitive 
to test catalytic activity experimentally in a wet lab than in silico.  Having said that, one 
can look at the structures of substrates known to be converted to gain clues as to which 
enzymes should be tested on new substrates.  More on that in a minute. 
 
The second thing to take home from this example is that the substrate in this case was a 
racemic mixture of two enantiomers (see arrow for chiral center).  Yet, the enzyme only 
acted on one of the enantiomers to convert it to an acid.  (The S-ester was the desired 
product).  This emphasizes the enantioselectivity of the enzyme, that is, its ability to 
selectively convert one of two enantiomers.  The enantioselectivity of an enzyme can be 
quantified using a value called the enantiomeric excess, or EE, defined as follows: 
 

%100)( ×
+
−

=
RS
RSSEE  

 
A closer look at this equation reveals that the EE is simply the fraction of product in the 
desired conformation minus the fraction of product in the undesired conformation: 
 

%100%100)( ×
+
−

=×
+

−
+

=
RS
RS
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R
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The total of both enantiomers equals 100%, so, for example, if a reaction produces 95% 
product in the S-form and 5% in the R-form, the EE is 90% with respect to S.  For 
bioconversions, we usually like EE to be >95%, which means the yield must be >97.5%, 
a very high level of selectivity.  Also the starting substrates here were a mixture of the 
two enantiomers, one could also start with a pro-chiral (symmetric) substrate that is 
selectively converted to a chiral product with high EE.  [Examples from Lecture 1:  
lactate dehydrogease, transaminase] 
 
In this example, the starting substrate is a racemic mixture, so the EE is 0%.  The 
biocatalyst is used to selectively hydrolyze one of the enantiomers, so the maximum yield 
is 50%.  Such a reaction is called a resolution, because it resolves the mixture into a high-
EE product of one versus the other enantiomer.  Lipases are one group of the hydrolases 
that perform these reactions, and a variety of these enzymes are available for conversion.  
There is, however, a large disadvantage if the maximum achievable yield is 50%.  We’ll 
come back to this issue later in the course. 
 
 
2.  Substrate range/enzyme specificity 
 
Now, let’s look at some examples of naturally-occurring enzymes with their native 
substrates, then consider other substrates that have been converted by these enzymes. 
 
Examples (see handout): 
 

Lecture #2, p.4 
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10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather 
Fall 2004 

Lecture # 3, 4 – Selecting a Catalyst (Non-Kinetic Parameters), Review of 
Enzyme Kinetics, Selectivity, pH and Temperature Effects 

1. Selecting an enzyme catalyst 

Now that we’ve discussed the various enzyme classes and talked a bit about specificity, 
the question becomes how do we determine if an enzyme is appropriate to use as our 
catalyst?  For a given type of reaction, it’s not enough to know that we need a lipase or a 
protease from the hydrolase family, we need to identify one or two enzymes to carry 
forward for development.  And even if we can narrow down the exact EC number, 
enzymes with the same function but from different sources will have different reaction 
characteristics against a particular substrate.   

For design purposes, we will need to know the kinetic parameters to size a reactor and set 
the process cycle time.  But for the initial selection process, we can choose an enzyme 
based on non-kinetic characteristics.  By looking at several candidate enzymes, we can 
screen to determine the best choice of enzyme to use. 

To set up our screen, we can put together a set of reactions that are identical except for 
the choice of catalyst.  (Note that to be fair, the concentration of catalyst in each reaction 
should be the same.)  We then fix the reaction time and at the end of this short batch 
cycle, we can take a sample and measure the concentrations of substrate and products.  
From these measurements, we can determine the following: 

f	 S R usu i )(1.1) 	 Conversion = X = 
S0 − S 

× %100 = ∑P ( . , × %100 
S0 S0 

(1.2) 	 YieldPi
= 

Pi × %100   for each product, and if the products are chiral,  
S0 

R − S(1.3) R EE ) = × %100 ( 
R + S 

We can look at the conversion to get a sense of the kinetics, since enzymes that “work” 
faster will have converted more substrate in this fixed unit of time.  We look at the EE to 
get a sense of the enantioselectivity/specificity. Given these two parameters, how do you 
choose an enzyme to take forward?  While the kinetics are important for an efficient 
process, these can often be optimized by adjusting the reaction conditions (eg, pH, 
temperature, co-solvents, etc.).  Thus, we can use our basic engineering knowledge for 
optimization to get the fastest reaction.  What is much more difficult to control is the 

Dr. Kristala L. Jones Prather, Copyright 2004. MIT Department of Chemical Engineering www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

10
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Lecture #3, p.2 

selectivity.  This is more likely to require a more complicated biological optimization 
rather than our standard physico-chemical based engineering optimization.  So, all things 
being equal, we would like an enzyme to deliver the highest EE material possible, while 
also achieving “good” conversions in the initial phase.  The goal of process development 
is to then make that good conversion better. 

2. Michaelis-Menten kinetics 

As with standard chemical reactions, biocatalytic reactions also have characteristic 
kinetics and reaction rates based on the reaction equation.  As a review, consider the most 
commonly followed reaction kinetics, Michaelis-Menten kinetics. 

Start with the following equation for the reaction: 

k1 
k2(1.1) 	 E + S ⇔ E ⋅ S ⎯⎯→ E + P 

k-1 

This equation assumes that the binding of substrate and enzyme is a reversible step, and 
that product release from the enzyme is essentially instantaneous (not kinetically limited).  
Stoichiometric rate equations can be written for the substrate, enzyme, enzyme-substrate 
complex and product species as follows: 

[(1.2) v = 
P d ] 

= k2[E ⋅ S ]
dt 

[(1.3) − 
S d ] 

= k1[E][S ] − k [E ⋅ S ]
dt	 − 1 

[(1.4) E d ] 
− = k1[E ][S ] + k [E ⋅ S ] + k [E][P]

dt	 − 1 2 

(1.5) E d ⋅ S ][ 
dt 

= k1[E][S ] − k− 1[E ⋅ S ] − k2[E ⋅ S ] 

Since the amount of enzyme present is small relative to the substrate concentration (that’s 
why it’s a catalyst!), we can assume that Equation (5) is ~ 0.  This is the quasi-steady 
state approximate.  Then rearrange this equation: 

(1.6) k1[E][S ] = (k + k2 )[E ⋅ S ] ⇒ [E ⋅ S ] = 
k1 [E][S]− 1 (k + k2 )− 1 

Now look at the mass balance for total (observable) enzyme – 
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(1.7) [E ] = [E] + [E ⋅ S ]     Note that we know the initial charge of enzyme, E00 

Plugging back into Equation (6), we get the following expression: 

k1(1.8) 	 [E ⋅ S ] = 
k1 ([E ] − [E ⋅ S ])[S ] = 

(k
k 
+ 
1 

k2 )
[E0 ][S ] − [S ][E ⋅ S ]

(k + k2 ) 0 (k + k2 )−1	 −1 −1 

k1


[E ][S ]
−1	 = 0(1.9) [E ⋅ S ] =	
(k + k2 )

[E0 ][S ] 

k1 −11 + [S] (k + k2 ) 
+ [S ]

(k + k2 ) k1−1 

Finally, plug back into Equation (2) to obtain the following equation: 

k2[E ][S ] kcat [E ][S ] V [S ]0	 max= 0 =(1.10) v = (k−1 + k2 ) 
+ [S ] KM + [S ] KM + [S ] 

k1 

This is the classic Michaelis-Menten rate equation, where the first order rate constant, kcat 
is k2, Vmax is the product of this value and the enzyme concentration, and KM, the 
Michaelis constant is a mixture of the rate constants that describes the formation and 
dissociation of the enzyme-substrate complex.  This gives a sense of the affinity of the 
enzyme for the substrate.  Note that when [S]>>Km (small Km = high affinity), the 
reaction kinetics are first-order with respect to the enzyme concentration, and equal to the 
max rate Vmax. When [S]<<Km (large Km = low affinity), the kinetics are first order with 
respect to [S], and the reaction rate is kcat/Km. 

There are other approximations for enzyme kinetics that lead to different rate equations, 
but ones that are still of the form as given in Equation (1.10), ie, saturation kinetics. The 
two parameters, kcat and Km, are the primary indicators of how well an enzyme will react 
with a particular substrate.  In considering biocatalysis, we’d like to have enzymes that 
function with high kcat and low Km, ie, the reactions are fast with high affinity for the 
substrate. 

To determine the parameters of interest, one can graphically represent the data.  
Rearrange Equation (1.10) as follows: 

1 1 1(1.11) = 
KM ⋅ + 

v V S Vmax max 

A plot of 1/v versus 1/S will give a Lineweaver-Burker plot, where the slope is Km/Vmax 
and the y-intercept is 1/Vmax. Note that the reaction rates should be initial rates, 
determined when the substrate is in excess and essentially constant. 
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Lineweaver-Burke plots are considered most accurate for determination of Vmax since this 
is the value of 1/v as 1/[S] approaches zero, or for large substrate concentrations.  In this 
case, the data tend to cluster towards the origin where the intercept is determined.  The 
slope, from which Km is calculated, is heavily influenced by the values of reaction rate at 
low substrate concentrations, ie, when 1/[S] is larger and when measurements of [S] are 
likely to be less accurate.  To avoid weighting the data at low substrate concentrations too 
much, a second type of plot can be used to calculate the parameters.  By multiplying both 
sides of Eq (1.11) by Vmax and v, we can get the following expression: 

(1.12) v = KM 
v 

+ v ⇒ v = v − KM 
v 

max	 maxS	 S 

Here, you would plot v vs. v/S to get an Eadie-Hofstee plot. The slope is –KM and the y-
intercept is Vmax. This is considered a more accurate way to obtain the value for KM 
since the data are more widespread. 

In general, you will not know the kinetic parameters of an enzyme of interest for your 
(unnatural) substrate. But, if you conduct a few experiments to collect rate data, you can 
determine these parameters on your own. 

3. Selectivity 

We’ve already talked about one way to quantify selectivity, by measuring the EE.  One 
can also talk about selectivity from a kinetic perspective, in determining the relative 
activity against desired vs undesired substrate, or for the formation of desired vs 
undesired product (eg, enantiomers) from a single substrate.  Recall from 10.37, that one 
can define the selectivity of a reaction based on the kinetic parameters.  So if D is my 
desired product and U is my undesired product, the selectivity for desired product can be 
expressed as the ration of the reaction rates for production of D over U: 

max,DSD ) /(K D M + SD ) (V / K , )S , = max,D D M D(2.1) 	 E = 
rD = 

(V 
rU (Vmax,U SU ) /(K + SU ) (Vmax,U / K , )SU M	 U M U, 

if we assume that the KM values are significantly higher than the substrate concentrations, 
or if we simply make a first-order approximation for the reaction kinetics.  In both cases, 
there is a single enzyme, so the equation can be re-written as follows: 

D cat D M D (kcat / KM )D(2.2) E = 
(k , / K , )S 

≈ 
(k , / K ,	 )S (k / K )U cat U M	 U cat M U 

If the initial substrate is the same and we are looking at selectivity for production of an 
enantiomer, then the S terms cancel, and the selectivity is simply the ratio of the first-
order rate constants, kcat/KM for each product. (Note that since KM incorporates k2, these 
terms do not cancel each other out.)  If the starting substrate is a racemic mixture, then 
the initial concentrations of each substrate are equal and the S terms again cancel one 
another out. This is only true at the beginning of the reaction. 
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4. pH and temperature effects on enzyme activity, enzyme stability 

We previously discussed the importance of composition of the polypeptide backbone, ie, 
the chemical nature of the side chains, in discussing specificity.  This is also important in 
understanding the impact of pH and temperature changes on enzyme activity and enzyme 
stability. 

Recall that enzymes are generally unstable when exposed to extremes of pH.  The effects 
of pH are most easily understood in looking at the number of ionizable side groups 
among the amino acids.  (Note that the actual pK of each group is influenced by the 
neighboring residues, so the numbers in the handout should be considered as a guide 
only.) Given that ionic interactions are one of the forces that help to establish the active 
conformation of an enzyme, it’s clear that extremes in pH will affect the ionization state 
of the side groups and thereby lead to disruptions of those forces.  As a result, all 
enzymes have some optimal pH at which they operate.  A plot of activity vs pH will look 
something like this: 

opt. 

pH 

The actual “optimum” may be a range whose width varies by enzyme, but in general, 
these trends will hold true.  Looking again at the serine proteases, three residues are 
important in forming the “catalytic triad” for these enzymes:  Asp, His, and Ser. 

The Serine residue attacks the peptide bond to form an acyl-enzyme intermediate.  Bond 
cleavage is then assisted by donation of a proton from the neighboring Histidine residue, 
which is also thought to increase the ionic character of the Ser.  The Asp residue also 
stabilizes the positive charge of the His.  It is clear in this case that extremes of pH will 
affect the protonated state of all three ionizable groups. 

The effect of temperature on enzyme activity is less straightforward.  Enzyme-catalyzed 
reactions respond to changes in temperature in much the same way that non-biocatalyzed 
reactions respond, ie, with an Arrhenius relationship: 

− 
RTk = Ae 

Eact 
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Remember that an enzyme serves to increase the reaction rate of the enzyme, and that the 
reactants (substrates) must achieve a certain energetic state to become activated.  
Enzymes reduce that barrier to activation; however, increasing the temperature (ie, the 
internal energy) means that more substrate is likely to have achieved the energetic state 
necessary for the reaction to proceed. Thus, a plot of activity vs temperature for an 
enzyme-catalyzed reaction looks much like one for any other reaction: 

T 

However, one is limited in the ability to use high temperatures in order to increase the 
activity of enzymes because of a process known as thermal deactivation. This process 
may be reversible, with activity returning with a return to optimal operating conditions, 
or irreversible.  Typically, reversible deactivation is the result of partial denaturation of 
the protein from its active folded conformation.  This step is also sensitive to changes in 
pH. Irreversible deactivation often happens as a result of protein aggregation or 
precipitation. 

Given that there is both an enhancement of reaction rate with increasing temperature and 
a loss of enzyme due to deactivation, these two conditions must be balanced.  If one were 
to look at the effect of temperature on enzyme activity as a function of, say, total 
conversion over a fixed unit of time, instead of as an initial reaction rate, the profile 
would not be of the form of the Arrhenius equation, but instead, would look much like 
the plot for pH optimum presented above.   

Note that the temperature optimum of an enzyme is usually quite similar to the 
environmental temperature at which they enzyme is found in nature.  Thus, enzymes 
from mammalian sources tend to have Topt’s around 37 °C, ie, body temperature.  This 
fact can be exploited by prospecting for enzymes amongst organisms that live at extremes 
of temperature, so-called thermophiles. 

It should be remembered that all enzymes have a certain half-life, even when operating at 
the optimal temperature.  It is therefore important that a biocatalyst have suitable 
properties to ensure activity over the time needed to complete the conversion.  We’ll 
come back to this when talking about the design/development process. 
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10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather 
Fall 2004 

Lecture # 5, 6 – Enzyme Inhibition and Toxicity 

Handout: Derivation of Inhibition Kinetics 

Now that we’ve considered enzyme kinetics, let’s talk about the phenomenon of enzyme 
inhibition. In this situation, either the substrate itself or a different molecule affects the 
ability of the enzyme to convert.  In a “clean” system where the substrate is pure and only 
one product is formed, the inhibitor will be the substrate or the product.  This is the case 
that we’ll consider; however, keep in mind that if the substrate or the reaction 
environment is mixed, other compounds may function as inhibitors. 

There are three types of inhibition – competitive, uncompetitive, and noncompetitive. 
Each kind of inhibition leads to a different form of the rate equation.  It’s the impact on 
the kinetics that leads one to identify inhibition in an enzyme reaction.  Let’s look at each 
of the three cases and how the rate equations are altered from the standard Michaelis-
Menten form. In each case, we’ll assume that inhibition is reversible.  We’ll consider the 
case of irreversible inhibition to be toxicity, which will be discussed later. 

1. Competitive Inhibition 

In this case, the inhibitor binds to the active site and prevents binding of the substrate.  
The reaction equations are as follows: 

k2(1.1) [E] + [S ]←⎯→[ S E ]KS ⎯→⎯ ⋅ [E] + [P] 

KI ⋅(1.2) [E] + [I ] ⎯→← [ I E ] 

Note that we are assuming that formation of both enzyme complexes is in equilibrium 
with the respective substrate/inhibitor, and that KS and KI are dissociation constants. The 
final form of the equation will be the same if we don’t assume equilibrium and instead 
use the quasi-steady state assumption, except that KM=KS in this case. The rate equation 
is then obtained from a mass balance on product formation and the enzyme species: 

[(1.3) P d ] 
= k [ S E ]⋅ 

dt 2 

[ S E ] = 
[E][S](1.4) KM = 

[E][S ] 
⋅ ⇒ 

[ S E ] KM ⋅ 

[ I E ] = 
[E][I ](1.5) KI = 

[E][I ] 
⋅ ⇒ 

[ I E ] KI ⋅ 
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⎞(1.6) [E ] = [E] ⋅ + S ] ⋅ + I ] = [E ]⎜ 1 + [S ] 
KM 

+ [I ][E [E ⎛ 
0 ⎝ KI ⎠

⎟ 

⎛	 ⎞ 
0S]


KM ⎜
⎝ 
1 + [S ] 

KM 
+ KI ⎠

⎟

(1.7) [E = ⋅ 

[S ] ⎜
⎜ 

[E ]
[I ] ⎟

⎟ 
Plug this back into Eq (1.3): 

dP	 0 vmax[S ](1.8) = v = 
k2[E ][S] 

= app⎛ ⎞dt KM ⎜ 1 + [I ] 
KI ⎠

⎟ + [S] KM + [S] 
⎝ 

So from the final rate expression, you can see that the impact of a competitive inhibitor is 
to alter the Michaelis constant KM such that the enzyme would appear to have a lower 
affinity for the substrate (higher KM = lower affinity).  This makes sense, since the 
inhibitor is binding to the same site as the substrate.  So, as is the case with high KM, it is 
necessary to have more substrate to achieve a higher reaction rate, since the substrate can 
outcompete for the binding sites. 

2. Uncompetitive Inhibition 

In the case of uncompetitive inhibition, the inhibitor binds to the E-S complex and 
prevents conversion to product. 

k2(2.1) [E] + [S ]←⎯→[ S E ]KS ⎯→⎯ ⋅ [E] + [P] 

(2.2) [ S E ] + [I ]←⎯→[ I S E ]⋅ K I ⋅ ⋅ 

We also assume that this binding is in equilibrium and can be represented with a 
dissociation constant. So, the rate equation can be derived as follows: 

dP 
⋅(2.3) = k2[ S E ]

dt 

[E][S ](2.4) KS = KM = 
[E][S ] 

⇒ [ S E ] = ⋅ 
[ S E ] KM ⋅ 

⋅ S⋅	 [ S E ][I ] [E ][ ][ I ](2.5) 	 KI = 
[ S E ][I ] 

⇒ [ I S E ] = = 
[ I S E ] KI KM KI 

⎞(2.6) [E ] = [E] ⋅ + [ S E ⋅ I ] = [E]⎜ 1 + [S ] 
KM 

+ [S ][I ][ S E ] ⋅ + ⎛ 
0 KM KI ⎠

⎟
⎝ 
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E[ ]0(2.7) [E]   Plug this back into Eq (2.4), then into (2.3)=

S [I 

K[
] 

I 

⎞⎟
⎠


1
+
[
 ] ⎛⎜
⎝

1
+
K M 

v [S ]max 

]I[
⎛⎜
⎝

1
 ⎞⎟

⎠
+ Kk E S v app [S ]maxdP [
 ][ ] I2 0(2.8) =
v =
 =
 =
Kdt I K app 

M +
[
S ][S ] 1⎛⎜
⎝ 

+
[ ]

K
I 

⎞⎟
⎠


K
 M [S]+
 +
M ]I[⎛⎜
⎝


⎞⎟
⎠


1
+
 KI 

From this expression, you can see that both Vmax and KM are altered by a term that 
includes the inhibitor concentration and dissociation constant.  For both parameters, the 
values decrease as the inhibitor concentration increases.  This means the maximum 
velocity decreases, but the affinity for substrate appears to increase (KM is decreasing).  
This is NOT intuitive. It doesn’t make much sense for the presence of an inhibitor to 
increase the affinity for the substrate, and in fact, it is important that you remember that 
the inhibitor does not change the intrinsic properties of the enzyme with respect to a 
particular substrate. However, this makes a little more sense if we remember what a 
rapid equilibrium assumption implies and how one would drive an equilibrium reaction 
towards product.  [Ask the class how you do this.]  To drive an equilibrium reaction, 
you’d want to remove the product.  In effect, an uncompetitive inhibitor does this, by 
removing the E-S complex (to an E-S-I complex), so it would appear that the equilibrium 
constant would be increasing, ie, the dissociation constant is decreasing. 

Note, though, that the impact of this (1+[I]/KI) term is greater for the numerator (which 
contains Vmax) than for the denominator (which contains KM), so the net result is always a 
decrease in reaction rate with increasing inhibitor concentration.  Mathematically, we 
want to express this in the Michaelis-Menten form because we know how to find the 
parameters this way, but it is better to look at the pre-MM form in Eq 2.8 to see the 
impact of an uncompetitive inhibitor on the reaction rate.   

3. Noncompetitive Inhibition 

The third case of inhibition is noncompetitive inhibition.  In this case, the inhibitor can 
bind to either free enzyme or enzyme-substrate complex, and likewise, the substrate can 
bind to free enzyme or the enzyme-inhibitor complex.  Binding of one does not prohibit 
binding of the other; however, the E-I and E-S-I complexes are both dead-end (meaning 
product cannot be formed if I is bound).  The reaction equations are then as follows: 

K⎯→← k⎯→⎯ [E
]
+
[
S
]
 ⋅ S E 
+ 
[I] 

E
]
+
[
P][ ] [S 2 

+


(3.1 - 3.4) [I ]


⋅ 

KI 

S E 

8KI 

⋅[ I E ] +
[
S
]
 K⎯→← S [
 ⋅
I
]
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Here, we’ve made the assumption that binding of substrate doesn’t affect the equilibrium 
of binding to inhibitor and vice versa. Derivation of the rate equation then follows: 

dP [ ⋅(3.5) 	 = v = S E k ]
dt 2 

⋅ ][(3.6) KS = KM = 
[ S E ] ⋅ ][	 ][ [ S I E ]][ 

= 
[ S I E ] 

⇒ [ S E ] = 
[ S E ] ,[ I S E ] = 

[ S E ] [ I S E ] KM	 KM 

⋅ ][][ ⋅ ][	 ][ [ I S E ](3.7) KI = 
[ I E ] 

= 
[ I S E ] 

⇒ [ I E ] = 
[ I E ] ,[ I S E ] = 

[ I E ] [ I S E ] KI	 KI 

Let’s now get everything in terms of [E], [I], and [S] – 

][ ][ (3.8) [ I S E ] = 
[ S I E ] 

K KI M 

And write our mass balance for enzyme concentration –  

⎛ [I ] [ I S ] ⎞][(3.9) [E ] = [E ] + [ S E ] + [ I E ] + [ I S E ] = [E ]⎜⎜ 1 + 
[S ] 

+ 
KI 

+ ⎟⎟0 
⎝ KM KM KI ⎠ 

And, as usual, plug this back into Eq (3.6) to get an expression for [E-S], then into Eq 
(3.5) for the final rate equation – 

v max [S ]
⎛ [I ] ⎞ 
⎜⎜ 1 + ⎟⎟ 

[ v [S ] ⎝ KI ⎠ = 
vapp [S ]2	 max = max(3.10) 	 v = 

E k 0 ][S ] 
= 

][KM ⎜⎜
⎛ 
1 + 

[S ] 
+ 

[ 
K
I

I 

] 
+ 

[ I S ] ⎞
⎟⎟ KM ⎜⎜

⎛ 
1 + 

[I ] 
⎟⎟
⎞ 

+ [S ]
⎛
⎜⎜ 1 + 

[I ] ⎞
⎟⎟ 

KM + [S ] KM + [S ] 

⎝ KM KM KI ⎠ ⎝ KI ⎠ ⎝ KI ⎠ 

So, in this case, we again get KS=KM, and see that the Vmax term is altered by a term that 
includes the inhibitor concentration.  So the affinity of the substrate appears unaltered, 
while the maximum reaction rate is changed.  Note that as in the case of uncompetitive 
inhibition, you have E-S-I being formed from E-S, but you also have E-I being formed 
from free E.  So the effect that was apparent in the case of uncompetitive inhibition is not 
present here because of the balanced drain on free enzyme.  Instead, consider that the 
circular nature of the binding of enzyme, substrate and inhibitor has the net effect of 
reducing the amount of free enzyme available.  So, you can think of this as reducing Vmax 
by reducing E0. Note that the assumption of binding of substrate not affecting the 
dissociation for binding of inhibitor and vice versa is usually not true.  In this case, the 
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rate expression becomes more complicated since there are now four different dissociation 
constants.  The inhibition is then considered mixed. 

4. 	Taking a look at all three cases… 

In looking at all three cases, consider the following: 

(1) Note that even in the case of inhibition (albeit ideal inhibition), the rate expressions 
take the Michaelis-Menten form when one considers the reaction rate as a function of the 
substrate concentration. The way in which you determine the kinetic parameters is hence 
the same as for no inhibition, but you do have to remember that the parameter values you 
obtain may be apparent and not intrinsic. Determining how you obtain those parameters 
on Lineweaver-Burke and Eadie-Hofstee plots is left as a homework exercise! 

(2) Let’s look at the extremes of each case.  For very low substrate concentrations, S will 
be eliminated from the denominator, and for very high substrate concentrations, S will 
disappear from the equation all together.  The impact is then as follows: 

•	 Competitive inhibition – at low S, the reaction rate is reduced by the (1+[I]/KI) 
term, but at high S, the intrinsic maximum velocity can be reached.  Therefore, 
competitive inhibition can be overcome by assuring that S >> I, which makes 
sense. 

•	 Uncompetitive inhibition – at low S, the effect of the inhibitor cancels out.  The 
way to think about this is that if S is present in very small amounts, there’s not 
enough of E-S around to form the E-S-I complex, so the effect of the inhibitor is 
not seen. At high S, then the effect is seen with the maximum velocity, Vmax. 

•	 Noncompetitive inhibition – at low S or high S, the effect is on Vmax, so the net 
effect will always be a reduction in the reaction rate. 

Note then that only in the case of competitive inhibition can you minimize the effect of 
the inhibitor by increasing the substrate concentration, and only in the case of 
uncompetitive inhibition can you minimize the effect by operating at low substrate 
concentration (where your reaction rate will already be low.) 

(3) In the case of a conversion with a purified enzyme, you generally only have substrate 
and product, so one (or both) of these compounds also acts as the inhibitor.  For substrate 
inhibition, you can see that it must be uncompetitive.  This is because there is no such 
thing as an enzyme-inhibitor [E-I] complex, and the uncompetitive case is the only one 
without such a complex.   

The rate equation then becomes as follows: 

v [S ]max	 max(4.1) v = 
v [S ] 

= 

KM + [S ]⎜⎜
⎛ 
1 + 

[S ] ⎞
⎟⎟ KM + [S ] + [S


⎝ KS 2 ⎠
 2 

2] 
SK 
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It is clear from this equation that the reaction rate will decrease as the substrate 
concentration increases [example kinetics shown below].  Therefore, it is to your 
advantage to operate a reactor with substrate inhibition such that you minimize the 
concentration of substrate.  [Homework question:  Traditional CSTR is recommended to 
keep substrate concentration low; however, this is not advisable in free enzymes?  Why? 
What reactor configuration would you suggest in this case?  Using a traditional CSTR 
with free enzyme is not advisable, since you’d lose your catalyst in the outflow!  The 
other options are to use a fed-batch reactor (either substrate shots or continuous), or a 
continuous system with an immobilized catalyst that is retained in the reactor.]  
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(3) If there is product inhibition, it can take any of these forms, and you must use the 
characteristic rate expressions to determine the exact nature of the inhibition. 

5. The special case of toxicity 

Recall that in each of the cases discussed, we’ve assumed that the binding of the inhibitor 
is reversible, and that the ratio of [enzyme-inhibitor] to [enzyme-no inhibitor] complexes 
can be described using the dissociation constants.   We’ve also assumed that once bound 
inhibitor has been released from the enzyme, the enzyme has not been negatively affected 
by the experience. If the enzyme has indeed been rendered inactive by the binding or if 
the bound inhibitor does not release, then this is a case of toxicity and not inhibition. 
Think of this as the difference between being a fatal and non-fatal injury.  If there is just 
inhibition, then if the inhibitor can be removed, the enzyme will function fine.  If the 
inhibitor is actually toxic, then removing the compound will not help. 

The design equations also become much more complicated.  The reactions are (for 
competitive inhibition): 

k2(5.1) [E] + [S ]←⎯→[ S E ]KS ⎯→⎯ ⋅ [E] + [P] 
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KI k3(5.2) [E] + [I ] ⎯→← [E ⋅ I ] ⎯→⎯ [E ⋅ I ]dead 

There is now no quasi-steady state or equilibrium assumption that can be made with 
regard to enzyme-substrate or enzyme-inhibitor complexes, because the [E-I] complex is 
reversible and the amount of enzyme available will diminish over time.  Note, however, 
that a toxic or irreversible inhibitor will not affect the substrate parameters, only the 
amount of enzyme available for reaction.  We will not derive the rate expressions here 
because the math is a bit too complex.  You would want to use a numerical solutions 
software package to solve two sets of differential equations, one for dP/dt, and the other 
for dE/dt. 

We will talk about how to design around substrate and product inhibition and toxicity 
later in the course. In the meantime, think about what you already know of kinetics and 
how you may change your design to account for a substrate or product that causes 
inhibition. 
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Lecture #5 – Using Whole Cells as Biocatalysts:  Why/When, Growth vs 
Conversion (Screening) 
 
Handouts:  (1)  Economist article, (2) Buckland paper (Metabolic Engineering) 
 
So far in our discussions of enzymes and enzyme kinetics, we’ve assumed that the 
biocatalyst to use for a particular conversion has been a purified enzyme.  For example, 
in talking about screening enzymes for a reaction, we discussed setting up a series of 
identical reactions in which only the identity of the enzyme catalyst was changed.  
Realize, however, that all enzymes come from some biological source, be it of bacterial, 
plant, or mammalian origin, to name a few.  For simpler organisms like bacteria or fungi, 
you often have the option of using the entire cell as the biocatalyst without going through 
the purification process.  In this case, you will need to account for both growth of the 
“catalyst” and conversion of the substrate in your design process.  Let’s first discuss the 
advantages/limitations of using whole cells as catalysts. 
 
1.  Why and when to use whole cell catalysts 
 
Following are some of the advantages/pros and disadvantages/cons of using whole cells 
as the catalyst versus using purified enzymes.  Note that we are typically interested in 
using bacteria or yeast (ie, non-filamentous fungi) because they are easiest to culture. 
 
Advantages/Pros Disadvantages/Cons 

• Only limited by the number of  
organisms that can be cultured, 
while enzymes are limited by the 
number that are commercially 
available. 

• Processes are more complicated (so 
dev’t takes longer), since you must 
design for cell growth (ie, enzyme 
manufacturing phase) and substrate 
conversion (ie, production phase) 

• “Biomass is cheap”, ie, the cost of 
fermentation is usually not too high, 
and you’re not paying the 
purification costs associated with 
the purchase of an enzyme. 

• Processes are “messier” – the vessel 
may contain cells and spent growth 
medium in addition to products and 
residual substrates (affects 
downstream purification) 

• You don’t need to provide 
exogenous co-factor for re-dox 
reactions since the cells will recycle 
co-factor with existing machinery 
(true even if cells aren’t growing). 

• Much more likely to have unwanted 
by-products since many other 
enzymes in addition to your desired 
enzyme will be present in the 
“catalyst” 

• Also for re-dox reactions, you don’t 
need to provide a complimentary 
reaction to recycle the co-factor that 
is converted (example below). 

• If the enzyme is not secreted, it 
requires that the cells be lysed prior 
to the conversion, or that substrate 
be transported across the cell wall. 

10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather 
Fall 2004 
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4th point under advantages – Note that one of the advantages of whole cell catalysts is 
that you don’t need to provide exogenous co-factor to the reaction.  In a purified enzyme 
reaction that requires co-factor, you can add an additional enzyme to re-cycle the co-
factor.  As an example, consider the following reductive amination: 
 
 

O

OH

O                                          

NH2

OH

O  
 

                           CO2                                  

O

H O-                          formate dehydrogenase rxn 

+ NH4+                                                    +H2O               leucine dehydrogenase rxn 

NADH          NAD+

 
In this case, the purified enzyme process is still simpler (and note that the formate is 
supplied as ammonium formate, so we provide the amine donor with the substrate that 
enables recycling of the co-factor), but now you have to consider the cost of developing 
and running a process with two enzymes. 
 
For rapid process development of a single-step reaction, purified enzymes would be an 
advantage in the short term, especially in the initial screen.  For larger-scale and long-
term process development, you would also want to consider process economics since 
purified enzymes can be quite expensive.  (Chemical catalysts can also be expensive, 
especially for chiral synthesis.)   
 
2.  “Bioprospecting” 
 
One implied advantage of purified enzymes is that they are (or easily can be) well-
characterized.  The package insert will tell us what the operating and optimal pH’s and 
temperatures are, and will probably also include the specific activity for one or more 
substrates (to be defined shortly).   
 
Although whole cells can provide a great diversity of enzyme activities, they will 
necessarily be much less characterized since the activities (ie, enzymes) will not be 
purified.  So the question becomes:  where do you look for sources of whole cell 
catalysts?  Typically, there are two choices:  (1)  a pre-existing library and (2) randomly 
generated libraries. 
 
Pre-existing libraries usually consist of a set of organisms that have been characterized to 
some degree, but for which detailed enzymatic activities are unknown.  For example, we 
know that yeasts are a good source of alcohol dehydrogenases.  (This is because yeast are 
good fermenters, ie, alcohol producers.)  So, you may decide to build a library of yeast 
strains to test them for dehydrogenase activity.  In companies where there is a lot of work 
in Biocatalysis, they will have their own “culture collections” that are partially 
characterized in this way.  The American Type Culture Collection is a US-based 
repository of various strains that can be purchased by academic or industrial labs.  Some 
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of the cultures deposited here have been partially characterized for enzyme activity as 
well.  For example, a strain of Candida albicans from ATCC has the following among its 
list of applications: 
 

• produces D-arabinolactone oxidase 
• produces aspartic proteinases [aspartyl proteinases] 
• produces lanosterol synthase [2,3-oxidosqualene lanosterol cyclase] 
• produces polyamine oxidase 

 
So, you may be able to use resources such as this to choose a set of organisms to screen 
as well.  A well-characterized library can be similarly efficient as purified enzymes.  For 
example, consider the following bioconversion (Courtesy of Merck & Co., Inc.  Used with
 
 

OH
O

O

OH

O

OH

KETOACID (R) HYDROXYACID

Reduction

NAD(P)H NAD(P)

 
 
 
 
 
For this conversion, ~250 organisms and 10 enzymes were screened.  10 organisms and 1 
enzyme produced the desired product.  Therefore, the “hit rate” for the microbes was 
10/250 or 4%, while the hit rate for the enzymes was 10%, a similar order of magnitude.  
(Note, however, that whole cell libraries are typically larger since they are less 
characterized.) 
 
The other source for strains to screen is a randomly-generated, or environmental library.  
In this case, researchers would typically look to culture whatever they may find, eg, in 
neighborhood soil, on a rotten piece of fruit in your refrigerator, near an oil refinery, etc, 
to then test the organisms for activity.  In this case, however, it is helpful to look for bugs 
to screen in an environment that might contain compounds similar to the ones you want 
to convert.  If the cells have found a way to metabolize these compounds, they may have 
an enzyme that works on your substrate.  As an example, consider the conversion of 
indene to indandiol: 
 

                                                  

OH

OH

 
 
An organism capable of producing the desired product in this case was isolated from 
toluene-contaminated soil, a good place to look since an organism known as 
Pseudomonas putida was known to do this chemistry when grow in the presence of 
toluene. 
 
 
 
 

permission.):
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3.  Whole cell screens 
 
Assuming that we now know where to look for a whole cell catalyst, the question 
becomes, how do we actually screen, ie, how do we set up our identical reactions to 
determine whether a particular organism will do the conversion we want?  Remember 
that for whole cells, we first have to produce a sufficient amount of the enzyme of 
interest to get conversion.  So, we need to grow the cells.  If we have a pre-existing 
library, it will usually exist as a frozen culture.  A small amount of the frozen material is 
then used to start new cultures growing.  If we have environmental samples, these must 
be grown up to obtain enough material to be able to store the cells. 
 
Let’s assume that we’re starting from a pre-existing library.  We will also assume that we 
have a growth medium that allows us to propagate (ie, grow) all of the cells in the library.  
One easy way to do this is in a 96-well plate.  Each well can contain a different organism, 
so that we have a convenient way to look at a large library.  The typical growth time is an 
overnight culture, but the degree to which each culture will grow over this fixed time 
period will vary.  Once the growth phase is completed, each well will then receive a fixed 
amount of substrate, and the conversion phase can begin.  This may last from a few hours 
to overnight.  Then just as with the purified enzymes, we can measure the residual 
substrate and the product(s) to evaluate the performance of each strain. 
 
Remember, though, that the activity of an enzyme will depend on how much enzyme is 
present (by Vmax).  The specific activity is defined as the amount of material converted 
per unit time per mass of enzyme, for example: 
 

min×⋅
⋅

=
proteinmg

substratemolesActivity  

 
We can add the same amount of enzyme to each reaction to be sure that we’re comparing 
specific activity across all of the samples.  In whole cell conversions the starting amount 
of catalyst is usually not the same in each well.  So, while for a purified enzyme we can 
fix the catalyst amount and know that we are comparing specific activity among the 
different samples, the whole cell screen gives us varying amounts of cells.  In order to 
then compare specific activity, we must normalize based on cell mass.  We can define a 
whole cell based specific activity as follows: 
 

min×⋅
⋅

=
cellsmg

substratemolesActivity ,  

 
where the cells may be expressed as wet weight, dry weight or some proxy such as the 
optical density, ie, absorbance of visible wavelength light which is proportional to cell 
density.   
 
Additionally, whole cell catalysts are much more likely to produce undesired by-products 
that are not simply the undesired enantiomer, because there’s not just a single enzyme in 
your system.  Other enzymes may convert your substrate to a product that cannot be 
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converted back to anything you desire, and which, therefore, has an impact on your 
overall yield.  [refer to ME article]  In this example, the starting substrate is acted upon 
by what is believed to be 4 different enzymes in the first step, producing 4 different 
products.  Only two of these are useful for going forward, and the others are “lost” mass 
for us.  In evaluating our whole cell conversions then, we can calculate conversions and 
EE’s, but we also need to consider the overall mass balance (or yield of undesired 
product) to determine the most suitable organism to carry forward for process 
development.  Remember as well that for whole cell conversions, we need to develop a 
growth process and a conversion process.  In the next lecture, we’ll discuss some aspects 
of developing both processes. 
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Lecture #6 – Whole Cell Biocatalysts:  Enzyme Production (The Growth 
Phase); By-Product Formation, Substrate/Product Inhibition and 
Toxicity (The Conversion Phase) 
 
Handout:  Whole Cell Conversion Case Studies 
 
Recall that one of the things that makes a whole cell process different from a purified 
enzyme process is that in the former case, we now have two phases of process design: the 
growth phase and the conversion phase.  We’ll consider each of these phases in turn, but 
remember that in all cases, the “active” ingredient is an enzyme and the characteristics of 
enzymes that we’ve studied to date will still apply. 
 
1.  The Growth Phase → Enzyme Production 
 
The growth phase is in many ways the most critical part of a whole cell bioconversion 
process because it’s during this phase that the enzyme in which we’re interested will be 
produced.  In the “ideal” scenario, the enzyme will be produced throughout all phases of 
the growth cycle and its production will not depend on the presence of any other 
compound in the growth medium.  In the most common scenario, this is far from the 
truth!  We will not be able to go into all of the details of how one would design or 
optimize a growth medium to maximize production of the enzyme of interest (a large but 
critical task).  Instead, we will focus on a few specific ways to optimize enzyme 
production, including:  pH and temperature optimization, inducible gene expression 
(positive control), and overcoming catabolite repression (a form of negative regulation of 
gene expression). 
 

A.  Optimizing pH and Temperature 
 

In considering pH and temperature, this is conceptually straightforward.  Typically 
speaking, microorganisms will grow optimally at the temperature and pH of their 
naturally-occurring habitat.  We assume that evolution is pretty efficient and that the bugs 
will have been optimized for home growth!  A bacterium like E. coli, which is naturally 
found in the human gut, will grow at body temperature (37 °C) and roughly neutral pH 
(usu. 7.2-7.5).  On the other hand, many yeast tend to thrive at lower temperatures (30-35 
°C) and acidic pH (~4-5).  While generally speaking, the physical conditions that favor 
optimal growth of the organism will also favor production of the desired enzyme, this is 
not always the case.  Therefore, although a whole cell process requires that you optimize 
both growth and conversion phases, you cannot do one independently of the other  
Experimentally, this is accomplished by testing the growth of the organism under a 
variety of conditions, and then observing how well the resulting cells perform the 
conversion.  NOTE THAT THE GROWTH CONDITIONS CAN AFFECT NOT JUST 
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THE CONVERSION (IE, THE SPECIFIC ACTIVITY OF THE CATALYST) BUT 
ALSO THE EE!!!  As an example, consider this reaction from Problem Set #2, Problem 
#5 (Courtesy of Merck & Co., Inc.  Used with permission.): 
 

                      

O

R1
R2                         

OH

R1
R2 

This bioconversion was accomplished using a yeast known as Candida chilensis.  [Refer 
to handout on case studies.]  If you look at the data obtained for the bioconversion 
activity of this organism as a function of growth pH, you’ll find that the highest EE was 
obtained when cells were grown at pH=4.5, and that EE decreased as pH increased.  This 
may seem like a bizarre result, and you may be thinking, why would the growth pH affect 
the specificity of an enzyme?  (You may especially think this if you realize that unlike 
temperature, internal and external pH’s are often not balanced. So even if the growth 
medium has a pH of 4.5, the internal environment of the cell is closer to neutral and is 
usually fairly insensitive to the external environment.)  Good question!  The answer here 
is that we don’t know if the pH affects specificity, but most likely, it does not.  You have 
to remember that in a whole cell system, you have lots of other enzymes in addition to 
your desired enzyme, and those other enzymes may also operate on your substrate.  So, a 
more likely scenario than the external pH affecting the specificity of a particular enzyme 
is the expression of alternate enzymes at different pH’s that will also convert the 
substrate to product, but not with the same desired specificity.  This type of phenomenon 
can be observed in the second case study, where four different enzymes are believed to 
act upon a single substrate (red, black, yellow, and green arrows).  Additionally, an “EE” 
upgrade phenomenon was observed here in which the undesired enantiomer was 
selectively removed (blue arrow pathway) by another enzyme.  Therefore, if you can find 
a set of conditions that favors expression of the enzyme that you want over others, you 
can improve the performance of your system. 
 
Beyond optimizing pH and temperature (and not considering full-scale optimization of 
the medium), we also need to know if there are medium components whose presence or 
absence is required for conversion.  We are usually talking about the phenomena of 
inducible gene expression or catabolite repression of gene expression in these cases.  
 

B.  Inducible Gene Expression (Positive Control) 
 
[Find out familiarity with the concept of inducible expression.]  In the case of positively-
controlled inducible gene expression, the cells need to be exposed to a particular 
compound in order for the desired enzymes to be produced.  As an example, consider 
again the Buckland et al, Metabolic Engineering paper.  In this case, the researchers 
chose to use a strain of Pseudomonas putida to oxidize indene because it had been 
documented in the literature that the strain was capable of performing this reaction.  
However, the conversion only happened in the presence of toluene.  Therefore, the 
enzyme responsible was deemed a toluene-inducible dioxygenase.  This also means that 
in order to get production of the desired bioconversion activity (ie, the enzyme of 
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interest), toluene had to be supplied to the cells to induce expression.  It’s hard to know 
whether an enzyme requires induced expression – after all, you will only see expression 
(activity) if the enzyme is produced, and you may not always know what the required 
ingredient was in the medium that resulted in expression.  In this case, then, you will 
typically need to rely on the published literature to make a best guess as to whether 
production of your enzyme is induced or not.  Note in this case, though, that there was a 
solution to toluene-induction – identifying a mutant capable of making the enzyme 
without toluene present. 
 
 C.  Catabolite Repression (Negative Control of Gene Expression) 
 
The case of toluene-inducible expression is an example of positive control of gene 
expression.  Catabolite repression is an example of negative control of gene expression, 
where the enzyme is not produced while a compound is still present in the medium, but 
will appear after that compound is gone.  Catabolite repression is typically observed with 
glucose.  In many organisms, including bacteria and yeast, cells will selectively 
metabolize glucose over other carbon sources, and while glucose is present, the cell will 
not produce any enzymes that are needed to utilize those other sources.  If it turns out that 
the enzyme you need is one of those that suffer from catabolite repression, then you will 
not observe any activity while glucose is still present in the medium.  As an example, go 
back to our first case study, the reduction of an α,β-unsaturated ketone to an alcohol.  In 
this case, the conversion only occurred when glucose had been reduced to non-
measurable levels.  Unlike positive control of gene expression from the addition of an 
inducer, catabolite repression is fairly easy to measure.  You can simply take a sample of 
cells from the exponential growth period when glucose is present, and from the stationary 
phase, when glucose has been depleted, and compare the specific activity of the two 
samples.  Remember, that you will want to normalize to the amount of biomass present 
so that you are comparing against the same standard. 
 
 
Once you know what components are necessary for enzyme production.  You need to 
grow the cells.  Recall from 10.37 that cell growth occurs in three phases:  a lag phase, an 
exponential phase, and a stationary/death phase.   
 

stationary/death 

Log X 
exponential 

lag 

time 
 

 
The lag and stationary/death phases will need to be determined experimentally.  During 
the exponential phase, growth is autocatalytic and is represented as follows: 
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(1.1)   
SK

SX
dt
dX

S

mzx

+
==

µµµ ,  

 
The µ term is the specific growth rate and in this M-M form is the Monod expression.  It 
behaves as if a single enzyme were limiting growth of the organism, and so it looks like 
M-M kinetics.  In reality, we usually operate the largest fraction of the growth cycle 
under the exponential phase, where µ is a constant and no substrates are limiting.  So Eq 
(1.1) can be used to calculate the cycle time for exponential growth.  Adding this time to 
the lag and stationary phase times will give you the cycle time for enzyme production. 
 
The final aspect of the growth phase optimization will be to determine the maximum 
amount of biomass that can be obtained under the conditions that favor max production 
of your enzyme of interest.  This will give you an idea of the upper limit of enzyme 
availability.  Combined with the reaction optimization results, you’ll use this information 
to determine how many reactors (or how large of a single reactor) you would need to use 
to convert the desired amount of substrate. 
 
2.  The Conversion Phase → Product Formation 
 
For optimization of the conversion phase, there are a few things to keep in mind.  (1)  The 
optimal growth conditions may not be the same as the optimal conversion conditions.  (2)  
If you have excessive by-product formation, you may need to find a way to divert 
substrate towards your desired enzyme and away from others.  (3)  If you have substrate 
or product inhibition/toxicity, you will need to find a design solution for this problem.   
 
 A.  Optimizing the Conversion Conditions 
 
In some cases, the conversion will take place along with growth, in which case, your 
growth optimization is tied to conversion optimization.  However, you may also have a 
case where growth and conversion are de-coupled and each one is optimized 
independently.  At this stage, optimization of the conversion is much as it would be for a 
free enzyme.  We focus first on temperature and pH.  Temperature optimization is usually 
very simple – remembering that enzymes are generally optimized for the temperature at 
which the cells grow, it is usually sufficient to have the same conversion temperature as 
you had growth temperature.  pH, however, is another matter.  As an example, consider 
case study #1 again [slide 3].  In this example, growth and conversion were de-coupled.  
EE was dependent upon the pH of the growth medium during the production phase, with 
higher pH’s leading to lower EE’s.  However, if you look at the data obtained with 
resting (ie, non-growing) cells, you can see that the best conversions and EE’s were 
obtained with pH closer to neutral.  In this case, cells grown at pH-7 gave an EE less than 
20%, but cells reacted at pH-7 gave EE>95%.  Note that in the reaction phase, the pH 
could affect the functioning of the enzyme, particularly if the cells have been 
permeabilized (possibly by the substrate).  It can also affect the substrate and the manner 
in which it is presented to the enzyme.  The key here is to remember that pH is a factor 
that should be explored. 
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 B.  By-Product Formation and Side Reactions 
 
The most important thing to know about by-products in whole cell conversions is that 
you have to know whether they exist!  By-products can have two effects:  (1)  [almost a 
guarantee]  They will affect your yield.  Unless the step towards by-product formation is 
reversible, and is driven by consumpution of the substrate by your desired, unidirectional 
pathway, by-products represent lost matter that is unlikely to be returned.  As an 
examples, consider case study #2 – the initial substrate is acted upon by 4 different 
enzymes to make 4 different products, only two of which are desired.  In the initial 
Rhodococcus sp. bioconverision, EE was greater than 95%, but yield was only about 25% 
because of the large number of by-products.  You need to do a mass balance as soon as 
possible when optimizing whole cell bioconversions to determine whether or not you are 
making excessive amounts of by-product.  (2)  By-products provide even more 
compounds that could inhibit the enzyme of interest.  We will address this again shortly.   
 
By-products may also be formed as a result of further metabolism of your desired 
product.  In our indene example, an EE upgrade was observed from 30-40% initially to 
>98% in a kinetic manner, ie, over time following the initial conversion.  This was tied to 
a drop in the total product concentration, the result of an enzyme selectively converting 
one enantiomer to another end-product.  Thus, you need to be aware of whether or not 
your product is another enzyme’s substrate!  Again, the most important aspect of by-
product formation is to recognize that it exists.  Then, you can look for solutions to the 
problem, as we’ll discuss in the next set of lectures. 
 

C.  Substrate/Product Inhbition/Toxicity 
 
We will talk about design strategies around substrate/product toxicity in the next set of 
lectures.  What’s important to note here is that you must be aware of the possibility of 
substrate and or product inhibition, and you need to know how to look for it.  One clue 
that an enzyme may be suffering from inhibition/toxicity is if the reaction fails to go 
towards high conversion, even as you increase the amount of catalyst (cells) that are 
present.  This would then suggest that there’s not a limitation in the turnover of the 
enzyme, but that the enzyme is being negatively impacted by something in the reaction.  
In whole cell reactions, you must also remember that you have other compounds in the 
spent medium and possibly many by-products that could inhibit the enzyme of interest.  
Look again at the indene example.  In the original Pseudomonas culture, inhibition was 
observed with three different metabolites!  If we know that inhibition exists, we can look 
for ways (engineering or biological solutions) to overcome it. 
 
3.  Putting it all together… 
 
Once you have determined the best growth conditions for your organism (and remember 
that we’ve left out the area of medium optimization), and the best operating conditions 
for the conversion, you can determine the best specific activity of your whole cell catalyst 
and the amount of biomass you’ll need to perform the conversion.  Based on the standard 
exponential growth behavior, you can get an estimate of the cycle time for growth.  Keep 
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in mind, though, that you will need to experimentally determine whether or not there is a 
lag phase, and if (as in the case of catabolite repression) you need to let the cells go past 
the exponential phase and into the stationary phase to get highest activity.  One “easy” 
aspect of whole cell design is that the catalyst can be treated like a purified enzyme for 
the purpose of determining kinetics.  After all, there’s still an enzyme performing the 
conversion, so you are still likely to observe Michalis-Menten form kinetics.  The 
specific activity is then simply a measure of the reaction rate at a particular substrate 
concentration.  You can then determine the conversion time based on the kinetic profile 
(or the specific activity) and the desired amount of substrate to be converted.  Combining 
these two together will then give you a cycle time for the whole cell bioconversion. 
 
In the next set of lectures, we’ll talk about engineering solutions to process problems that 
may arise for both free enzyme and whole cell processes. 
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Lecture # 12, 13, 14 – Putting It All Together: Process Design for Bioconversions 

Handout: Process Design Guidelines 

This lecture is intended as a review of the material we’ve covered in class to-date, with 
the objective being to understand a methodology for overall process design for 
bioconversions.  We have not, and will not now, address any isolation process design.  
The one note to make here is that if you are designing the reaction phase, you should do 
so in consultation with those responsible for the isolation steps, so that you will not 
inadvertently design a process to make a product that can’t be easily isolated! 

1. The Basics 

There are three questions that need to be answered for any process design:  (1) How 
much? (2)  How long? (3) How large? 

How much… 
• material do you need to supply to your customer, 100 g, 1 kg, 10 kg? 
• product can you obtain per unit of reaction volume (substrate/product solubility)? 

How long… 
• does one batch take to run in your process per unit of reaction volume? 
• do you have to make your delivery? 

How large… 
• is(are) the reaction vessel(s) that you have at your disposal for the reaction?

• of a vessel can you practically and safely operate?


The answers to these questions determine the nature of your process and the 
configuration of the final design. Your ultimate goal is to deliver at least the requested 
amount of material on time using the resources you have available. Let’s look back at 
our design development process to see how we address these issues. 

2. A Design Strategy 

Your basic strategy will be as follows, for both purified enzymes and whole cells: 

1. Select a catalyst 
2. Establish a baseline process 
3. Optimize the process 
4. Determine how to run the process to meet a target delivery 
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(Handout provided with the following table) 


Let’s look in a little more detail at each of these steps: 


1. Select a catalyst (screening) 
Enzyme Process Whole Cell Process 
• ~10-20 enzymes, based on commercial 

availability 
• Set-up identical reactions, keep 

enzyme loading (mass) constant 
• Choose enzyme with good conversion, 

high selectivity 

• ~100-200 strains for pre-existing 
library, ~10X more for environmental 
library 

• Add same amount of substrate, 
normalize to cell mass 

• Choose cell with good specific 
activity, high selectivity, (if possible) 
low by-products 

•	 Remember that the number of catalysts you have to screen with whole cells will 
typically be larger than for a purified enzyme because you will generally have less 
confidence in the performance of these versus a more well-defined system. 

•	 For a whole cell process, some medium optimization may be a part of the initial 
screening process. Remember that glucose should be the limiting substrate in the 
medium to account for the possibility of catabolite repression. 

•	 The amount of substrate you add for the selection is usually a low concentration 
(≤1 g/L) so you’re not likely to see inhibition or toxicity in the screening stage. 

•	 Given two strong candidates at this stage, you may take both forward for further 
development. 

2. Establish baseline process 
Enzyme Process Whole Cell Process 
• Optimize pH, temperature 
• Determine amount of enzyme needed 

to achieve target conversion (eg, 95%) 
in target time (eg, 3 hrs) 
¾ Initial read on kinetics 

• IDENTIFY CHALLENGES (usually 
manifest as failure to achieve target 
conversion and/or time, or as a “loss 
of material” due to inability to close 
mass balance) 

• Optimize growth phase (pH, 
temperature, medium) for target 
activity 

• Optimize conversion phase (pH, 
temperature) 

• Determine amount of time needed to 
achieve target conversion with fixed 
catalyst (max cell density) 
¾ Initial read on kinetics 

• IDENTIFY CHALLENGES (same) 

•	 A baseline process usually starts with “seeing what you have.”  Hence, the first 
thing to do is scale-up your screening reaction to see how it behaves. 

•	 You will also get your initial read on the kinetics from this scaled-up reaction.  
Your objective is to achieve conversion within a certain amount of time, and 
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initially, your “kinetics” don’t have to be any more complicated than that.  For a 
free enzyme process, you can always add more catalyst (until you hit the 
solubility limit and/or induce aggregation). For a whole cell process, you will 
typically run at the maximum achievable cell density and simply adjust the time.  

o	 Note that concentration of cell mass is a possibility, but it’s better to avoid 
this if possible. 

•	 For optimization of the whole cell growth process, don’t forget to consider 
inducible gene expression and catabolite repression. 

•	 Note that “identifying challenges” does not mean fully characterizing them.  For 
example, you don’t need to determine the type of inhibition and the inhibitor 
dissociation constant, Ki, to know that you have product inhibition. You only 
need to add product and see if your reaction rate slows.  Similarly, you don’t have 
to use mass spec to identify all of the by-products of a whole cell conversion.  
You only need to see if your substrate-product mass balance closes to know 
whether by-products exist. 

•	 It’s standard practice to optimize the pH and temperature, for purified enzyme or 
whole cell, growth or conversion. We just briefly mentioned medium 
optimization for the growth phase of whole cells.  The equivalent to purified 
enzymes is buffer optimization.  Different salts (ions) will affect enzymes 
differently, so it’s worth looking at this as well. 

3. Optimize process 
Enzyme Process Whole Cell Process 
• Address challenges (eg, low solubility, substrate/product inhibition, yield limits) 
• Determine kinetics for optimized process (Michaelis-Menten type expression or 

specific activity) 
• Determine operational limits (max achievable substrate charge and product titer) 

•	 Steps 2 and 3 are not as clearly divisible as what’s represented here.  You may not 
actually identify challenges until you’ve begun what you consider to be the 
optimization step, and you may have already determined the operational limits as 
part of your “baseline” process. 

•	 You should also only address your challenges to the extent necessary to achieve 
your objectives. For example, while it’s important for you to understand enzyme 
kinetics and how to interpret data, it’s not always necessary for you to calculate 
Vmax, and Km. 

•	 At the end of Step 3, you should have identified each of your design challenges, 
and either addressed them or decided that they cannot be remedied.  You also 
want to have established your operating range and your operational limits.  The 
question here is, how far can I push this process if needed? 
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4. Design for delivery 
Enzyme Process Whole Cell Process 
• Address questions of how much, how long, how large? 
• Determine reactor parameters, eg, batch reactor time to achieve target conversion 

of fixed substrate amount (delivered as one charge or fed) for given vessel size 
• Determine total cycle time (growth and/or conversion time + vessel prep time) 
• Determine total processing time required for delivery 

•	 This is the final stage of the design process, which is to determine how you’re 
actually going to run the process to provide the material that’s been requested of 
you. Remember, your ultimate goal is to deliver at least the requested amount of 
material on time using the resources you have available. 

•	 You would ideally like to achieve a substrate concentration on the order of 100 
g/L (this is representative of typical chemical conversions), but remember that 
your maximum substrate concentration is either the solubility limit or the limit at 
which you don’t have significant inhibition effects (or an effect on protein 
stability). You will have established these limits in the optimization steps. 

•	 If you know the starting concentration of your process, you can calculate a time or 
(volume) for conversion based on a “unit” volume (or time).  From 10.37, the 
design equations are as follows: 

Batch or Plug-Flow Reactor (2.1) V
F0 

=τ = [S ]∫ 
dX 

0 v 

inCSTR (2.2) V
F0 

= 
X in − X out V = 

F0 ( X − X out ) 
v	 v 

For a PFR, the time is a space time, in which concentration varies as a function of 
position (distance) in the reactor.  For a Batch Reactor, concentration varies a 
function of actual time.  The flow rate for BR and PFR is a volumetric flow rate. 
For a CSTR, the flow rate is usually defined as a mass or molar flow rate, and if 
this is set, the reactor volume is what needs to be determined.  In all cases, note 
that the reaction rate, or velocity, v, is the rate of production formation. 

•	 Since the space time depends on a starting substrate concentration, you only need 
to know the total mass to determine the volume (or flow rate for a fixed volume) 
needed for conversion. If it’s not a continuous process, you will need to calculate 
the number of runs (for batch or fed-batch reactors) necessary to achieve your 
target mass. 

•	 You can also use the specific activity to do an algebraic determination of required 
conversion time.  This is analogous to a reaction velocity and is sufficient if the 
rate doesn’t change appreciably with substrate concentration (ie, large Km). 
Recall that the specific activity can be defined as follows: 
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⋅ substrate moles (2.3) Activity = 
mg ⋅ protein _ or _ cells × min 

A specific activity can be obtained for enzymes as well and used to determine the 
reaction time and reactor volume needed.  Given a certain enzyme or cell 
concentration, you can convert this to an activity per unit volume, and then 
determine the time needed to achieve your conversion based on the production 
target. 

•	 Your total batch cycle time should include growth time (for a whole cell process), 
conversion time, and vessel prep/turnaround time. 

Keep in mind that these are guidelines. What you will actually need to do will change 
with each process.  Also, remember that the objective of your academic training is to gain 
as much of an understanding as possible of the different factors that influence a process.  
In practice, you will want to use only those “tricks” in your bag that are needed to 
achieve your objectives. 

Happy Designing! 
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Lecture #9 – Biological Solutions to Process Design Problems 
 
Handout:  (1)  Burton et al paper [Nature Biotech. (2002). 20:37-45], (2)  Biological 
Solutions grid, (3) Case Studies cont. handouts (three) 
 
We previously discussed a series of process design challenges and defined them as either 
engineering or biological.  We also discussed engineering solutions to those problems.  
Over the next few lectures, and to wrap-up the course, we’ll talk about biological 
solutions to some of those problems and to the others that we have not yet discussed.   
 
Problem/Solutions Grid 

 
Engineering Solution Biological Solution 

Engineering Problem Yes No (*1 case exception) 

Biological Problem Yes Yes 

 
Note that engineering problems, based on how we’ve defined them, cannot be solved by 
a biological resolution because they were concerned with physico-chemical or 
thermodynamic aspects of the substrates/products.  *There is one exception here.  We 
might consider improvement of equilibrium reactions by coupling product removal to a 
second reaction to be a biological solution if we use a second enzyme.  However, if we 
simply add a free enzyme, we haven’t really changed our initial catalyst, so our definition 
of a biological solution isn’t valid.  It is valid if we alter a whole cell catalyst.   Likewise, 
some biological problems cannot be resolved with an engineering solution.  All 
biological problems, however, can potentially be addressed with biological solutions. 
 
The biological challenges we’ve discussed so far include the following: 

• Enzyme instability (could be as a function of reaction conditions, like pH) 
• Substrate inhibition/toxicity 
• Product inhibition/toxicity 
• By-product formation 

 
The following enzyme-specific issues were also on your handout as having only 
biological solutions: 

• Low enzyme activity 
• Wrong or limited substrate specificity 
• Poor selectivity 

10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather 
Fall 2004 

Dr. Kristala L. Jones Prather, Copyright 2004. MIT Department of Chemical Engineering 
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Each of these problems can be addressed by altering the catalyst, whether it is a free 
enzyme or a whole cell. 
 
1.  Characteristics of biological solutions 
 
Recall that we defined a biological problem as one being specifically related to the nature 
of the catalyst.  For the purposes of this discussion, we’ll assume that simply screening 
for a better catalyst is not an option to our biological problems.  So, once we’ve 
exhausted engineering solutions, we can turn to biological solutions for a remedy.  Our 
objective now is to alter the existing catalyst to make it better.  We can do this for either 
purified enzymes or whole cells, and we can use a random or a rational approach (see 
chart below).  In this case, a random approach is defined as one in which you make many 
different versions of your base catalyst and then use screening in order to find an 
improved variant.  A rational approach implies that a targeted, specific change was made 
to the catalyst in order to obtain an improved enzyme or whole cell.  We can define these 
random vs rational approaches for biocatalysis in the following way (refer to Biological 
Solutions Handout): 
 

 
“Random” Approach “Rational” Approach 

Whole Cell Catalyst Classical Mutagenesis Cloning or Metabolic 
Engineering 

Purified Enzyme Directed Evolution Site-Directed 
Mutagenesis 

 
The arrow in your handout is meant to convey the historical hierarchy of these 
techniques.  You can also see that it follows along with the amount of genetic information 
that is required to implement the solutions.  It’s no coincidence that method chronology 
and required information content track so well!  In general, those solutions that require 
more information will require more time to implement as well.  Therefore, your ability to 
implement biological solutions to your design challenges will depend in part on how 
much time to have to complete your process design. 
 
2.  Review of Molecular Biology 
 
Recall the central dogma of molecular biology, that DNA goes to RNA and on to protein.  
Thus, by manipulating the DNA, we can influence the resulting protein.  Recall as well 
that how and where the replication, transcription, and translation processes work differ 
between prokaryotes and eukaryotes.  So the strategies that we’d use for manipulating 
these systems would differ as well.  There are two extremes to the use of this dogma for 
genetic engineering:  (1) adding new genes or activities, (2) deleting existing genes or 
activities.  To address process design challenges, we may need to do either or both of 
these as well as manipulate new or existing genes.   
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In the case of biological manipulation of a whole cell system, we want to focus on gene 
expression.  The target activity (desired or undesired) may be positively- (inducible), 
negatively- (catabolite repression) or un-controlled.  Most control will be at the level of 
transcription.  So, if you want to alter the expression of a gene (on or off), while not 
changing the sequence of the protein, you can create a change in the promoter region.  If 
you’re looking at a purified enzyme process, you’ll want to use biological solutions to 
create an enzyme that has better properties than the original one.  In this case, you’ll want 
to modify the actual coding sequence (the open reading frame). 
 

 

Promoter – transcription start signal Transcription Terminator 
(may include operators) transcription stop signal 

Start codons – first tRNA 

 
To add new genes to a whole cell system, or to make a new protein, you need some way 
to introduce the DNA encoding for the new proteins into the original/host cell (whole cell 
system) or a production cell (purified enzyme system).  The central dogma applies to 
DNA sequences that are part of the genome and elsewhere.  We typically use the 
“elsewhere” option, and the most common tool for this is a plasmid.  Plasmids are 
extrachromosomal, covalently continuous (circular) double-stranded DNA molecules.  
They are found mostly in bacteria, Gram-negative and Gram-positive, and are also 
available for yeast.  (Remember that yeast and bacteria are our two most common choices 
for whole cell catalysts.)  Plasmids are much smaller than the genome and more easily 
manipulated.  Key features of plasmids are indicated on the diagram below. 
 

 

Schematic of prokaryotic operon (dicistronic) 

Ribosome binding site – translation start signal 

ORF1            ORF2 

Stop codons 
translation stop signal 

coding sequences 

Cloning Vector
3000 bp

Selectable marker

Promoter
ORI

Transcription Terminator

AvaI (727)

BamHI (732)

EcoRI (711)

HindIII (762)

PstI (754)

Sma I (729)

XmaI (727)

KpnI (727)

Sac I (721)

Sal I (744)

XbaI (738)

To select for cells 
carrying the plasmid 
of interest, often 
antibiotic-resistance 
gene 

Multi-cloning site 
– collection of 
unique 
recognition 
sequences 

Minimum replicon; other 
elements of natural plasmid 
eliminated to minimize size 
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We’ll talk more about specific molecular biology tools required to achieve biological 
solutions using each of the approaches listed on your handout. 
 
3.  Classical mutagenesis of whole cell catalysts (Random Approach) 
 
Classical mutagenesis is the oldest approach for improving catalyst activity and it 
requires the least amount of information.  The basic strategy is to expose whole cells to a 
mutagen, eg, a chemical or UV light, and then screen for improvement in the desired 
activity.  You don’t need any information about the specific enzyme you’re targeting; you 
only need to be able to grow and mutagenize the cells, and assay for your desired 
function.   As an example, consider once again the Buckland reference for conversion of 
indene to indandiol.  The researchers sought a biological solution to the problem of 
toluene requirement for induction of the desired TDO enzyme activity.  This activity was 
tied to the ability of Pseudomonas putida to grow using toluene as a carbon source, and it 
relied on the enzyme activity to produce a colored compound, indigo.  So the screen 
consisted of looking for cells grown without toluene that could make indigo.  In this way, 
a mutant that was inducible by indene was identified, as well as a mutant that did not 
make TDO.  The latter was subsequently screened for the ability to grow on toluene 
again, and a constitutive producer of TDO was identified.  Given that TDO expression 
was on, then off, then on again, this likely implies that the mutations were in the 
promoter/operator region of the expression cassette and that the protein sequence itself 
was not altered.  Note that although information about the TDO sequence was available 
for this system, it was not exploited for the random approach.  This same experiment 
could have been done without any information on the system at all. 
 
You can also employ the principles of classical mutagenesis without adding a mutagen 
and in this way, screen for strains with improved performance.  This method relies on 
adaptability of cultures (ie, evolution on a short time scale) to a given growth 
environment.  By using a chemostat – a CSTR for cell growth – you can make step 
changes in the culture environment and see how the cells adapt to a new steady-state.  
Staying with the indene example, the Rhodococcus I24 strain was chosen for further 
development work.  By growing in a chemostat and subjecting the cells to a higher 
indene concentration, a strain with higher indene utilization was obtained.  The yield of 
the desired product increased from 25% to 55%, and the proposed reason for this increase 
was the loss of two by-product pathways.  Note that no genetic information was used to 
obtain these results either.  Both of these examples show that you can get a lot of 
improvement with only a little information. 
 
4.  Cloning of enzyme activities/metabolic engineering of whole cells (Rational 
Approach) 
 
The rational approach to altering a whole cell catalyst involves a more targeted 
methodology and subsequently requires a bit more biological information.  There are two 
ways to rationally modify whole cells:   

• (1) by cloning the target activity for expression in a new cell 
• (2) by engineering the existing cell for better performance   
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The biological challenges we are most likely to be addressing by these approaches are: 
 

• toxicity  
• by-product formation 
• We can also address the challenge of low enzyme activity by increasing 

expression of the target enzyme in order to get more of the desired protein 
(activity) per cell. 

 
Let’s first consider the case of cloning.  Our objective here is to find the stretch of DNA 
in the host chromosome that corresponds to the enzyme of interest and them remove or 
copy that sequence so that it can be transferred to a new host.  Why would we want a new 
host?  Consider again Whole Cell Case Study #1 to answer this question (Courtesy of 
Merck & Co., Inc.  Used with permission.).  Recall that two by-products were identified 
in addition to the desired allylic alcohol.  Through further analysis, it was determined that 
the enone to saturated ketone reaction was irreversible.  This confirmed that any substrate 
going to saturated ketone would be a yield loss.  Selective inhibition was used to improve 
the yield, but there were other biological challenges in this process as well (refer to p. 2 
of handout): 
 

• Volumetric productivity low due to substrate toxicity (cell) at high concentration 
(>2-3 g/L) 

• Also evidence of product inhibition/toxicity (cell) 
 
Note that cellular toxicity was important in this case because the cell was supplying co-
factor.  Once the cells died, co-factor recycling also died and the reaction stopped.  It then 
seemed reasonable that a recombinant biocatalyst could be better than the original cell: 
 

• Different host may not be subject to toxicity 
• Ability to over-express enzyme means greater specific yields (relative to biomass) 

even if toxicity remains 
• Could further reduce side reactions if additional reductase activity not present 
 

So, the decision was made to attempt to clone the enone reductase activity for expression 
in a new cell.  Because the starting source cell was a yeast, Candida chilensis, it was 
decided that the new host strain should also be a yeast.  Saccharomyces cerevisiae 
(Baker’s yeast) was chosen since it is well-characterized and molecular biology methods 
are readily available for cloning in this cell.  A commercially available yeast plasmid was 
used as the DNA vector. 
 
This system had one main drawback for cloning purposes – the DNA sequence of the 
enzyme was unknown.  So while there was more biological/biochemical information (like 
the reversibility or irreversibility of the enzymes in the pathway), there was no genetic 
information available.  In the absence of such information, you have to fall back on a 
semi-random approach of building a DNA library and then screening for the desired 
activity.  For bacteria, this library would be formed as follows: 
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• Isolate genomic DNA 
• Chop it up! 
• Insert into plasmid molecules 
• Put plasmids into (transform) cells 
• Screen assuming 1 cell = 1 plasmid = 1 stretch of genomic DNA 
 

This strategy will almost certainly fail for a yeast strain.  Why is this?  Recall that yeast 
are eukaryotic, so the gDNA has both introns and exons (diagram below).  If you create a 
gDNA library, you will need larger fragments of DNA to get the full gene, and more 
importantly, you are now relying on the new host to splice the gene correctly.  Taking 
from yeast to yeast means it’s more likely that the splicing would be correct, but you’re 
taking a big change in this case.  So, what’s the alternative? 

 

 

 

• The gene of interest is contained 
within the genome of MY1708. 

• We don’t have sequence 
information so need to create a 
library and screen. 

• Since yeast are eukaryotes, 
what are the advantages/ 
disadvantages of creating a 
library of gDNA for screening? 

http://www.accessexcellence.org/AB/GG/steps_to_Prot.html 

 
Instead, you can use a cDNA library, created from the spliced mRNA that will be present 
in the cytoplasm.  The same principles apply as with a bacterial gDNA library except that 
you make cDNA from mRNA and use that as the DNA source for your plasmid library.  
In order to get mRNA, you will need cells grown under conditions that result in high 
activity.  Why?  Remember that the growth phase is the enzyme production phase.  For a 
genomic DNA library, you would get representative fragments encompassing all genes, 
whether protein is being made from them or not.  With a cDNA library, you’re starting 
point is the mRNA, which is representative of only those genes that are transcribed. 
 
Once you have created your library you need to find the “needle in the haystack,” ie, the 
one to few clones in your library with the right properties.   This is where the “random” 
aspects of this approach come in, namely, that we need to screen the library to uncover a 
clone that has activity against the target substrate.  The best screens are ones like the 
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indene/indigo example, where the screen was for blue cells.  This case was not so 
blessed, so the screen had to be for the actual product of interest.  The screening 
methodology is shown in your handout (diagram below). 
 

 

Growth Charge Activity Induction 

 
For this type of approach, you also need to know how many clones to screen.  We’ll 
make the following assumptions to answer this question. 

• Assume genome of ~6,000 genes (S. cerevisiae) 
• To achieve 95% confidence interval that each gene is screened once, need 4-fold 

coverage 
• Total screen = 24,000 clones (250 96-well plates) 

 
The “fast” HPLC method used here took 2 minutes per sample.  At this rate, it would 
have taken about a month (33.3 days) to screen 24,000 clones if the instrument ran 
without stopping!  What you are looking for in this screen is a sample that is better with 
plasmid DNA containing a cDNA fragment than without it.  One lead candidate had this 
property, named 6H2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
But now that you have a candidate clone, you need more biological information.   In a 
cloning exercise, you want to know the genetic sequence, so if you don’t start with this 
knowledge, you want to end with it.  If you know the sequence, you can search databases 
to see what the gene “looks like,” ie, does it have a sequence that is consistent with the 
activity displayed, eg, does it look like other dehydrogenases (reductases)?  If the answer 
is yes, you’re off to a great start.  If the answer is no, you may need to worry a bit.  In this 
case, the answer was no, and in fact, the gene was consistent with a mitochondrial carrier 
protein.  An MCP is a transporter protein and helps molecules get from the cytoplasm 
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into the mitochondria.  (Remember that eukaryotes have organelles, or compartments, 
within the cell.)  A transporter protein is not likely to be an enzyme (ie, perform a 
chemical conversion).  So, more information is needed here.  Additional studies were 
done and the following facts about the system were uncovered (p. 5 of the handout): 
 

• The control host (no cDNA) had activity similar to clone 6H2 upon lysis (ie, 
when walls are removed). 

• The original C. chilensis MY1708 system showed NADPH-dependence for 
conversion of enone to allylic alcohol, while 6H2 was NADH-dependent. 

• The 6H2 lysate system also had low EE, ~30% compared to >95% for MY1708. 
 
More news was not good news.  The information here collectively suggested that the 
cloned DNA fragment does not encode for an enzyme, but rather encodes for a 
transporter that helps the substrate get into the cell or from the cytoplasm into another 
organelle where it is converted to allylic alcohol but with poor selectivity.  This is sadly 
where the story ends, and it demonstrates that even with a clear target, biological 
solutions are more challenging than engineering ones, and may be much more difficult to 
implement. 
 
Let’s look again at Whole Cell Case Study #2, for the selective conversion of indene to 
indandiol (p. 6 of the handout).  Remember that the first strain used was Pseudomonas 
putida, and that the target enzyme was toluene dioxygenase.  As an alternative to the 
random approach of classical mutagenesis, a rational cloning approach was used to 
eliminate the need for toluene induction of the TDO activity.  Let’s answer the following 
questions from the handout: 
 

• How much genetic information was known? The sequence of this gene was 
already known, so rather than creating a library, the desired gene could be PCR-
amplified directly from genomic DNA of the host.  Do we need to worry about 
cDNA here? No, because Pseudomonas is a prokaryote.   

• Why E. coli? – Because the host is “naïve” meaning it does not already 
metabolize indene so no need to worry about side reactions. 

• What was the result, and was it good or bad?  This system behaved pretty 
much like the P. putida system.  When only the ABC gene components were 
present, the EE was about 30%, the same as was observed in the early stages with 
the P. putida system.  This meant that the intrinsic EE of that enzyme was ~30%.  
By including TdoD, the EE increased substantially but it was accompanied by a 
drop in total cis-indandiol yield since the undesired enantiomer was removed. 

 
This example demonstrates that simply moving an enzyme from one host to another 
doesn’t change it’s inherent properties, so while this system was indeed free from 
toluene-induction, it was still a poorly performing process.  The take-home message from 
both of these examples is that this approach can be powerful if it works, BUT it may take 
some time to work out all the “bugs” in the system.  This also emphasizes that an 
engineering solution, if effective, is likely to be achieved more rapidly. 
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Let’s now talk about metabolic engineering – Remember that we’ve defined metabolic 
engineering as the targeted alteration of the starting whole cell catalyst for improved 
performance.  This differs from cloning, where we want to remove the target activity for 
expression in a different host.  Continuing with Whole Cell Case Study #2, a 
Rhodococcus strain was sought that would have higher initial EE (ie, did not require a 
dynamic upgrade) and was found.  The last strain mentioned in the Buckland paper, I24, 
was studied here at MIT by Greg Stephanopoulos in this department and Tony Sinskey in 
the Biology department.  Where we left off previously, strain KY1 had double the yield 
of desired product (55% vs. 25%).  In this case, two pathways (to indenol and one cis-
indandiol) were lost just by selection with higher indene exposure.  You can think of this 
as “accidental” metabolic engineering.  For “real” metabolic engineering, however, you 
need to target specific pathways. 
 
Part of metabolic engineering is to actually figure out what those targets should be.  
Starting with strain KY1 (which had also lost the ability to further metabolize the trans-
indandiol), studies were conducted to figure out where the substrate was going.  It was 
discovered that >95% was going to the indene oxide compound and that this was non-
enzymatically hydrolyzed to the two indandiol enantiomers (both are desired products).  
This hydrolysis was slow and 2/3 of the indandiol was being further metabolized.  Based 
on this analysis, it was determined that if the oxide hydrolysis rate could be enhanced, 
you could obtain higher yields of the indandiols.  This time, a cloning exercise was done 
to take a known epoxide hydrolase from a different Rhodococcus strain and introduce it 
into I24.  This new strain had an increase in product yield from ~55% to ~75%.  Finally, 
a pH optimization (an engineering solution!) was done that further increased the yield to 
~95%.  This is a successful example of metabolic engineering, and it demonstrates that 
while you do need biological information for a rational solution, you can gather some of 
this information as you go. 
 
5.  Site-directed mutagenesis of purified enzymes (Rational Approach) 
 
The cloning approach to whole cell catalyst optimization leads to a known DNA 
sequence for the enzyme of interest.  Once the DNA sequence is known, it’s fairly easy to 
mass-produce the enzyme (over-express it) in a host cell and obtain a purified enzyme 
that can then be used for biocatalysis if desired.  Knowing the sequence also opens up the 
possibility of further optimization by changing the amino acid sequence in order to 
change the catalyst behavior.  As we continue along our solutions options 
chronologically, the rational approach of site-directed mutagenesis (SDM) is the next 
methodology to examine.  SDM is most often used to change the specificity of an 
enzyme to accept more substrates or the tolerance of an enzyme to environmental 
conditions (pH, temp, solvent concentration).  This approach involves changing specific 
amino acids to one or more other amino acids and testing the resulting proteins for 
changes in properties. 
 
The key to SDM is to know which amino acids to modify.  Thus, in addition to knowing 
the DNA sequence, and by extension the amino acid sequence, you need more 
information about how structure is related to function.  For example: 
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• Which amino acids contact the substrate in the active site? 
• Which amino acids are exposed on the surface? 

 
Usually, you gain this information from a crystal structure of the protein.  Unfortunately, 
crystal structures are hard to come by and there are far fewer of them available than the 
number of enzymes that have been sequenced.  So while SDM actually arose as a 
technique before directed evolution, it actually requires the greatest amount of biological 
information to successfully implement. 
 
As an example, let’s consider the case in your handout.  This is not a specific case of 
biocatalysis, but the class of enzymes studied here are ones that have been used for 
industrial biocatalysis (can refer back to the Survey of Biocatalytic Reactions from the 
second day of class for examples).  In this paper, the authors wanted to change the 
specificity of phenylalanine dehydrogenase (PheDH).  It has a preference for aromatic 
amino acids, Phe and Tyr.  The enzyme LeuDH has a preference for aliphatic residues.  
The authors wanted to change the specificity of PheDH towards residues that are 
preferred by LeuDH.  PheDH’s and LeuDH’s have high sequence homology (~50% 
identity), so it makes sense that the amino acid sequences would “map” structure to 
function.  If the amino acid residues that were known to form the active site in PheDH 
could be changed to the corresponding aa’s from LeuDH, then the specificity would 
likely change as well.  The question here was, which amino acids should be targeted? 
 
No crystal structures were available for PheDH or LeuDH, but a structure was available 
for GluDH.  This enzyme belongs to the same superfamily of amino acid 
dehydrogenases, but the identity is only ~20% to PheDH or LeuDH.  Two amino acid 
residues, Ala163 and Val377, were known to contact the substrate in GluDH.  The 
authors used a technique called homology-based modeling to identify the corresponding 
amino acids in PheDH and LeuDH.  They found that the same two amino acids were 
present at the corresponding position in LeuDH, but that they were replaced by Gly and 
Leu respectively.  So, the strategy was to change these to Ala and Val in order to change 
the substrate specificity (based on the universal code) so that it was more like LeuDH.  
The results indicate that the strategy worked and activity against aliphatic side chains was 
substantially increased.  Activity against Phe remained but was significantly reduced, 
especially in the double mutant.  The results indicate that SDM can be applied very 
successfully, but the major drawback is the (vast!) amount of information required. 
 
6.  Directed evolution of purified enzymes (Random Approach) 
 
The last technique we’ll discuss is the “random approach” of directed evolution.  This 
technique requires a cloned gene as well; however, it does not require the same amount of 
biochemical information as SDM.  In fact, directed evolution exploits the fact that we 
probably know much less about “well-characterized” enzymes than we think we do!  
Mutations have naturally arisen in protein sequences and have resulted in enzymes with 
better or different activities.  But the natural mutation rate is very small (eg, DNA 
polymerase from E. coli has an error rate of 1:106 bp).  Directed evolution is a 
methodology that purposefully introduces mutations into the DNA sequence (and the 
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related protein sequence) at a much faster rate than natural evolution.  These mutations 
will be introduced throughout the protein and not just in the active site.  One common 
way to do this is to use “error-prone” PCR.  This involves the use of a DNA polymerase 
with a much higher error rate than 1:106.  Remember that we’ve defined random 
approaches as ones that require screening or selection to identify beneficial mutations, 
and that’s the key here as well.  Your PCR reaction will give a variety of different 
sequences, so you’ll need to screen to identify altered proteins with better characteristics. 
 

• One other note about DE – Because this technique alters all regions of the 
protein, it can be used to target almost any property of the enzyme, ie, all of our 
biological problems.  This doesn’t mean it will work, but it can be tried. 

 
Let’s look at our final example, again courtesy of Merck & Co., Inc.  (Used with 
permission.) (p. 4 of handout).  The chemical shown here is an intermediate in the 
production of a compound for the treatment of benign prostate enlargement, and the 
reaction is a resolution.  The optimized 2nd delivery process was still slow (12 days to 
completion) and required a large amount of enzyme (50% by weight).  So the final 
solution employed was directed evolution to try to improve the enzyme activity.  Page 6 
of your handout shows an example Screening Result.  Since higher activity was the target 
criterion here, the researchers looked for altered sequences that would convert more 
substrate in a given amount of time.  The screening results graph shows the (relative) 
range of product amounts obtained after a round of directed evolution.  Note that directed 
evolution can be done in an iterative fashion.  The best performer from one round can be 
used as the template for round two.  After two rounds here, activity was increased five-
fold (p.7 of handout). 
 
The final step in directed evolution is to characterize the products.  The last page (p. 8) of 
your handout shows the mutations obtained for 3 mutants in Round 1 and the best mutant 
from Round 2.  In the first round, the number of mutations ranged from 1 to 3, and the 
variant with 2 mutations was carried forward to Round 2.  The Round 2 Positive 
contained an additional mutation. Note that a total of 5 positions were found to be altered 
here, but only two were known from the crystal structure to contact substrate in the active 
site.  In the final variant, two out of the three mutations were in the active site.  Because 
the substrate here is a non-natural one, you might think that increasing the activity is 
simply a matter of changing the active site to better accommodate the substrate, so 
positions 62 and 224 might have been altered in a rational approach.  However, changing 
aa43 was also beneficial, and this would likely not have been an obvious target from the 
structure.  Therefore, directed evolution has the advantage of being able to give you 
changes that you might have targeted through SDM but also giving you other ones that 
you would not have targeted. 
 
7.  Final thoughts 
 
I’ve tried to give you an overview of biocatalysis, and I hope that you can see what a 
powerful tool it can be.  As an engineer, you are concerned with optimizing processes, 
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and you have a variety of tools available to do so.  These can be chemical or biological in 
nature.  The key is to use everything you have–but only when you need it–and use it well! 
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10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather 

10.492 – ICE Topics:  Biocatalysis 
Fall 2004 

Homework #1 
Due Friday, Nov 12th at the beginning of class. Solutions should be written and submitted on your own 
paper. All pages should be stapled together. 

1)	 List three advantages of using biocatalysts over traditional (inorganic) catalysts for the production of 
chemical compounds. 

2)	 Name two cases in which one would likely not want to use biocatalysts and explain why. 

3)	 For the following chemical reactions, identify from which of the six enzyme classes an appropriate 
biocatalyst would most likely be found to perform the conversion.  (Note: The reactions are not 
necessarily balanced as written. 

O 

a) 
S

+ S 

O O 

S
+ S 

O O 

HOH 

b) 

O 

O 
+ 

NH2 NH2 

O
 + 

O 

OH 

NH S	 N H2O 
OH 

O 
N O OH

O	 OO 

c) COOH O	 O + 

O O 

O OH 

NH2 NH2
d) + OH 

O	 OH O 

OH 
OH 

OH	
OH 

e) 

N CN	 N COOH 

N	 N 

S 

N O 

COOH O 

f) 

(over) 
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4)	 Look again at the bioconversion shown in Question 3(d).  Using the same (unnamed) enzyme, 
evaluate whether the bioconversion is likely to occur for the following compounds.  For each 
compound, give a brief statement as to why you think it will or will not be acted upon by the enzyme. 

O
O 

OO 

NH2
c)a) 

O 

O 

NH2b) d) 
NH2 

5)	 You would like to identify an enzyme that will perform the following reduction, giving a high yield 
of the R-enantiomer. 

OH 
O 

O 

OH 

O 

OH 

)H ) 

Reduction 

NAD(P NAD(P
KETOACID	 (R) HYDROXYACID 

You have at your disposable 10 different enzyme preparations that are candidate catalysts.  For each 
enzyme, you set up a small reaction, charged with 1 g/L of substrate and let the reaction run at room 
temperature for 3 hours.  You then obtain the following data (each value is the concentration, in g/L, 
of the compound listed): 

Enzyme Ketoacid R-hydroxyacid  S-hydroxyacid 
Red1 0.48 


Red2 0.12 


Red3 0.76 


Red4 0.75 


Red5 0.25 


Red6 0.33 


Red7 0.20 


Red8 0.10 


Red9 0.99 


Red10 0.62 


0.26 0.26 
0.24 0.64 
0.19 0.05 
0.03 0.22 
0.71 0.04 
0.66 0.01 
0.39 0.41 
0.86 0.04 

0.003 0.007 
0.31 0.07 

For each enzyme, calculate the conversion and the EE.  Which enzymes would not be carried forward 
for process development?  Of the remaining, which is your top candidate for process development 
and why? (Courtesy of Merck & Co., Inc. Used with permission.) 

6)	 An enzyme with a KM of 1x10-3 M was assayed using an initial substrate concentration of 3x10-5 M. 
After 2 min, 5 percent of the substrate was converted.  How much substrate will be converted after 10 
min, 30 min, 60 min?  How long must the reaction be run to achieve 99% conversion?  (Assume that 
the enzyme follows Michaelis-Menten kinetics.) 
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10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather 

10.492 – ICE Topics:  Biocatalysis 
Fall 2004 

Homework #2 
Due Friday, Nov 19th at the beginning of class. Solutions should be written and submitted on your own 
paper. All pages should be stapled together. 

1)	 We spoke in class about choosing an enzyme from an initial screen based on conversion and EE.  
Ideally, we’d like an enzyme to deliver the target EE (eg, >95%) in the conversion step; however, it is 
possible to perform a so-called “EE upgrade” in the isolation steps that follows the conversion. EE is 
upgraded through a crystallization step in which a racemate crystallizes.  Thus, the downside to an EE 
upgrade is that it is accomplished by removing both the desired and undesired compounds in equal 
amounts, which reduces the overall yield of the desired product. The objective of this problem is to 
see the impact of EE upgrades on product yield. 

(a) 	Derive an equation that expresses the amount of material that must be removed from each 
enantiomer as a function of the starting EE (ie, the EE at the end of the bioconversion step), the 
upgraded EE (ie, the EE following the crystallization step), and the total product concentration 
(ie, the sum of both enantiomers) at the end of the bioconversion step. 

(b) 	Assume the total product concentration is 100 g/L, with 100% conversion.  What is the yield of 
the R-enantiomer if the EE following the bioconversion step is 75%? 

(c) 	What is the yield if the EE is upgraded to 80%?  85%?  90%?  95%?  99%? (Summarize your 
answers in a table that lists the upgraded EE, the amount of product removed in the upgrade step, 
the amount of each enantiomer remaining, and the R-enantiomer yield.) 

(d) 	Under what conditions would you not be able to upgrade the EE? 

2)	 In class (and in the class notes), we derived rate expressions for the cases of competitive, 
uncompetitive, and non-competitive inhibition. In all three cases, the final rate equations were 
expressed in the Michaelis-Menten form.  We know that the M-M parameters can be obtained from 
Lineweaver-Burke or Eadie-Hofstee plots.   

(a) 	For each form of inhibition, sketch both Lineweaver-Burke and an Eadie-Hofstee plots indicating 
how the linear fits (ie, the plotted lines) will change as a function of increasing the inhibitor 
concentration. 

(b) 	Assume that you have a case of product inhibition in your bioconversion.  Describe the 
experiments you would conduct to determine both the type of inhibition and the dissociation 
constant for the enzyme-inhibitor (or enzyme-substrate-inhibitor) complex, KI. 

3)	 Discuss the pros/cons of using a purified enzyme over a whole cell for a bioconversion.  In 
considering only the bioconversion step, which process is likely to be more expensive and why?  In 
considering purification of the desired product, which is likely to be more expensive and why? In 
looking at the three enzyme classes on which we’ve been focusing (EC 1-3), which one is most likely 
to benefit from using a whole cell over a purified enzyme?  

OH4)	 Let’s once again consider the reaction from 
OH 

O O 
)H 

Reduction 

NAD(P NAD(P) 

O 
OHHomework #1, Problem 5: 

KETOACID	 (R) HYDROXYACID 

(over) 
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After some development work on a purified enzyme, you find that the cost of the catalyst is too high 
for an economically viable large-scale process.  So, you want to investigate the possibility of using a 
whole cell catalyst from your pre-existing reduction library for the bioconversion.  Your library 
consists of 10 yeast strains.  You inoculate (seed) a small amount of growth medium in each of a set 
of test tubes with an aliquot of frozen cells and let the cultures grow up overnight.  The next morning, 
you measure the optical density of the cells at 600 nm (OD600), then you charge each well with 1 g/L 
substrate. After 16 hours, you measure the substrate and product concentrations and obtain the 
following data (values given are material concentrations in g/L): 

Organism OD600 Ketoacid R-Hydroxyacid  S-Hydroxyacid 
Yeast1 1.52 0.52 

Yeast2 0.54 0.88 

Yeast3 0.95 0.24 

Yeast4 1.13 0.25 

Yeast5 0.32 0.75 

Yeast6 0.21 0.67 

Yeast7 0.17 0.80 

Yeast8 1.84 0.90 

Yeast9 0.28 0.10 

Yeast10 0.46 0.38 


0.300 0.150 
0.100 0.020 
0.230 0.470 
0.110 0.630 
0.229 0.004 
0.005 0.290 
0.150 0.010 
0.005 0.092 
0.730 0.110 
0.450 0.001 

For each culture, calculate the conversion, the specific activity (normalized to OD600), and the EE.  
Which is your top candidate to take forward for process development? (Courtesy of Merck & Co., Inc. 
Used with permission.) 

5) You have identified a yeast strain that performs the following reaction with high conversion and EE: 

O 

R1 
R2 

OH 

R1 
R2 

You want to isolate the S-enantiomer, but when you do further analysis on the reaction, you find the 
following additional products as well: 

O OH 

R1 R1 
R2 R2 

Draw a diagram that shows the possible routes from the one substrate to each of the products and 
indicate the EC class for each step.  What’s the maximum number of enzymes that could be involved 
in this reaction? What’s the minimum number of enzymes likely to be involved?  (Note that the 
“squiggly” line means that both enantiomers are formed.  For this problem, we’ll treat both 
enantiomers as a single product.) (Courtesy of Merck & Co., Inc. Used with permission.) 
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10.492 – ICE Topics:  Biocatalysis 
Fall 2004 
 
Homework #3 
Due Friday, Dec 3rd at the beginning of class.  Solutions should be written and submitted on your own 
paper.  All pages should be stapled together. 
 
 
1) The following questions refer to the indene → indandiol bioconversion as presented in the reference 

Buckland et al. (1999) Metabolic Engineering.  1(1):63-74. 
a) It was determined that the EE upgrade observed in the P. putida process was the result of 

selective conversion of the cis-(1R, 2S)-indandiol.  What was the experiment and result used to 
confirm this hypothesis? 

b) Although P. putida strains could produce the desired product(s), an additional option was sought 
and found in the form of a Rhodococcus.  What were the advantages and drawbacks of using 
Rhodococcus sp. instead of P. putida? 

c) The Rhodococcus B-264-1 strain suffered from substrate (indene) toxicity.  What was the initial 
solution to this problem, and why was it not optimal?  What was the final solution? 

d) It was stated that this process could be run with indene present during the growth phase, or could 
be added after cell mass had accumulated during a bioconversion phase.  Which do you think is a 
better option and why? 

e) A free enzyme process was deemed unfeasible for this bioconversion.  What characteristics of the 
conversion led to this conclusion? 

2) In the case of substrate inhibition, the reaction kinetics indicate that the substrate concentration should 
be kept at a low level to achieve the highest reaction rate.  In 10.37, you learned that a CSTR 
configuration provides the lowest average reactant concentration in a reactor.  However, it is not 
economically feasible to run a traditional CSTR (ie, one in which the outlet stream is equivalent in 
content and concentration to the composition inside the reactor) for an enzyme bioconversion process.  
Why is this true?  What are two alternatives to the traditional CSTR that you could use instead? 

3) The following data were obtained for porous immobilized enzyme particles of different sizes.  
Enzyme was immobilized uniformly throughout the particles. (Hint:  You will need to use Fig 4.21 in 
your handout on immobilized enzyme kinetics for this problem.)   

Particle radius, mm 1 0.1 0.01 
v0 (observed rate), 
µmols/cm3catalyst-min 

200 1000 1000 

s0, mM 100 100 100 

a)   What is the significance of observed reaction rates being the same with the 0.1 or 0.01 mm 
particle? 

b) Assuming that Da<<0.1 (ie, no external mass transfer effects) and β≈0, what is the internal 
effectiveness factor for the largest catalyst particles? 

c) Estimate the effective diffusivity of the substrate through the catalyst pores. 
 

4) You have been assigned to develop a process for the conversion of a ketone to a chiral amine using a 
purified transaminase enzyme (EC Class 2).  Describe the steps you will take to design this process, 
including how you will do the following:  select a catalyst, optimize the reaction conditions, 
determine whether your enzyme is substrate- and/or product-inhibited, and maximize product yield.  
LIMIT YOUR ANSWER TO ONE PAGE. 
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5) Recall from 10.37 that one parameter used to define the operation of a reactor is the mean residence 
time or space time, τ, defined for a batch or plug flow reactor as follows: 

∫==
v

dXSF
V ][ 0

0
τ  

where V is the reactor volume, F0 is the flow rate, X is conversion, and v is the reaction rate. 

a) Assuming Michaelis-Menten kinetics with no inhibition, determine the equation for τ as a 
function of the M-M parameters and extent of conversion. 

b) Determine the equation for τ in the case of substrate inhibition. 
c) Calculate the reactor residence time required to achieve 95% conversion of a substrate with initial 

concentration of 10 mM with and without substrate inhibition, given Vmax= 3.2x10-5 M/min, KM= 
5x10-4 M, and KI (KS2)=1.2x10-3 M. 

d) What working volume reactor would you need to convert 100 g of a compound with molecular 
weight of 131 g/mol in a batch reactor? 

 
6) You have been assigned to develop a process for the conversion of a ketone to a chiral alcohol (EC 

Class 1) using a yeast whole cell process.  Describe the steps you will take to design this process, 
including how you will do the following:  select a catalyst, optimize the growth and conversion 
conditions, determine whether the conversion is substrate- and/or product-inhibited, determine 
whether you have significant by-product formation, and maximize product yield.  LIMIT YOUR 
ANSWER TO ONE PAGE. 

7) You have identified a bacterium that can perform a desired bioconversion, with constitutive gene 
expression and no catabolite repression.  There is no purified enzyme alternative, so you decide to run 
a whole cell process.  You conduct several experiments to optimize the growth and conversion steps 
and obtain the following data (DCW = dry cell weight): 

Growth Phase    Conversion Phase 
Topt = 35 °C, pHopt = 7.2   Topt = 35 °C, pHopt = 8.0 
Lag time = 2 hr    Sp. Activity = 5.5 x 10-6 g substrate/(mg-DCW*min) 
Specific growth rate = 0.35 hr-1  Max conversion = 98% 
Initial cell density = 0.15 g DCW/L  Yield of R+S enantiomers = 93% 
Max cell density = 13.5 g DCW/L  EE(S) = 97% 
      Substrate solubility = 22.6 g/L 

 
You are asked to provide 10 kg of the S-enantiomer to the isolation group for further processing.  You 
have one 100-L (working volume) vessel to use for both the growth and conversion phases.  Detail 
the process you would design and run.  Include the number of batches, the batch cycle time, the total 
process time, mass substrate added per batch, and mass S-product obtained per batch.  Assume that 
there is no substrate or product/by-product inhibition, and that the vessel turnaround time (ie, the 
amount of time you need for cleaning, sterilization and set-up between batches) is 4 hours. 
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10.492 - Integrated Chemical Engineering (ICE) Topics: Biocatalysis 
MIT Chemical Engineering Department 
Instructor: Professor Kristala Prather

10.492 – Integrated Chemical Engineering Topics I 
Introduction to Biocatalysis 

Fall 2004 

Guidelines for Design Report 

The design report is due on the last day of class, Thursday, Dec 9th. It will be worth 55% of the 
final course grade, and is an INDEPENDENT assignment. 

The report will be based on an example of a biocatalytic process developed and/or implemented 
commercially in industry.  You will be assigned a bioconversion and given the appropriate 
journal reference(s) to obtain information about that reaction.  You are to retrieve and read the 
reference(s), and write a report that answers the following questions: 

•	 What is the product? 
•	 What is the usefulness/commercial relevance of the product (eg, pharmaceutical 


intermediate, specialty chemical, fragrance, flavor, etc)? 

•	 What is the bio/chemical reaction by which the product is made? 
•	 What enzyme/organism was used as the biocatalyst and how was it selected?  For a 

purified enzyme process, include the source organism for the enzyme. 
•	 Draw a flow diagram of the process employed, with a brief description of the operating 

protocol.  All diagrams should include the reaction stage, indicating all flow streams.  If a 
description of the isolation methods is given, this should be included in the diagram. 

•	 What was the final titer (product concentration), yield, enantiomeric excess, selectivity, 
etc. of the process? 

•	 What were the particular biological issues faced in developing the process (eg, narrow pH 
window, low activity/turnover, protein instability, etc)? 

•	 What were the engineering issues faced in developing the process (eg, low substrate 
aqueous solubility, low product aqueous solubility)? 

•	 What were the engineering and/or biological solutions employed to address these issues? 
•	 If there were no biological solutions employed, describe how one problem faced could 

be/have been solved by enzyme engineering.  Provide a brief description of how this 
solution could be implemented. 

The report should be 5-7 pages of text in total, with 12-pt double-spaced font (similar to Times 
as given here), and 1 inch margins all around.  The flow diagram should encompass an additional 
page. You will need to submit TWO copies of your final report. 

IN ADDITION, you should prepare 5 PowerPoint slides summarizing your report.  An 
electronic copy should be sent by 9 am on Dec 9th, and paper copies should be 
submitted with your report (two copies).  Several students will be selected at random to give a 
presentation in class on Dec 9th. ALL students will be graded on the quality of the summary 
slides; however, the oral presentation will not be taken into account for the final grade.  The five 
slides should cover: (1) summary of the chemistry and enzyme employed, (2) process flow 
diagram, (3) performance specs [titer, yield, conversion, EE, etc.], (4) biological problems and 
solutions, (5) engineering problems and solutions. 
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