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ChemBioChem

• In 2004, ChemBioChem had an ISI index of 
3.5

• A John Wiley & Sons, Inc. journal

http://www3.interscience.wiley.com/cgi-bin/jissue/112098159
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Frances H. Arnold
• California Institute of 

Technology
– Pasadena, CA

• Dick and Barbara Dickinson 
Professor of Chemical 
Engineering and 
Biochemistry

• Education
– Ph.D. (Chemical 

Engineering), University of 
California, Berkeley (1985)

http://www.che.caltech.edu/faculty/arnold_f/
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Frances H. Arnold
• Listed research interests

– Directed evolution
– Protein engineering
– Metabolic engineering
– Biological circuit design
– Biocatalysis

• On the scientific advisory 
board of Amyris
Biotechnologies 
(Emeryville, CA) with Jay 
Keasling and others
– Working on production of 

artemisinin (anti-malarial 
compound) through E. coli
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Biological Engineering – What is it?
• Metabolic engineering?

– “The directed improvement of 
product formation or cellular 
properties through the modification 
of specific biochemical reactions or 
the introduction of new ones with the 
use of recombinant DNA 
technology.” – Gregory 
Stephanopoulos

• Synthetic biology?
– “For engineering, biology is a 

technology…synthetic biology seeks 
to combine a broad expansion of 
biotechnology applications with…an 
emphasis on the development of 
technologies that make the design 
and construction of engineered 
biological systems easier.” – Drew 
Endy

Stephanopoulos G. Metab Eng. 1999 Jan;1(1):1-11.
Endy D. Nature. 2005 Nov 24;438(7067):449-53.
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Biological Engineering – Problems

• “Why is engineering of useful synthetic 
biological systems still an expensive, 
unreliable, and ad hoc research process?” – DE
– Biological systems are complex

• Fundamentally?
• Currently?

– Too interdisciplinary of a field
• Need restructuring of funding agencies
• Need larger, but more localized research groups

Endy D. Nature. 2005 Nov 24;438(7067):449-53.
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Biological Engineering – Analogy

http://img.ebigchina.com/cdimg/216530/1253913/0/1111380548.jpg
http://www.sigmaaldrich.com/img/assets/4202/MetabolicPathways_6_17_04_.pdf

C++ (language) → computation (function)

DNA (language) → protein (function)
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Biological Engineering – Reductionism

• Biology is (elegant) complex chemistry
• Physics is the underlying basis for all 

chemistry

• Engineer biological systems as if they were 
chemical systems
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Background – Evolution
• Genotypic evolution →

phenotypic evolution
• “Staunch Darwinists 

attribute all the 
complexity of living 
things to an algorithm of 
mutation and natural 
selection.” – FHA

• Example: bacterial 
competition by 
antibacterial production

http://www.che.caltech.edu/groups/fha/Enzyme/directed.html
http://www.ceha-madeira.net/ecologia/darwin.gif

Person in 1406 Person in 2006

Natural selection
Genetic drift

Mutation
Migration

f

f
Smith GE, Dennett DC. Personal Communication.
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Background – Proteins

• Proteins (essentially) do everything in cells: 
regulation, transport, storage, structure, and 
catalysis (enzymes)

• Improving (evolving) proteins is important for 
a variety of biotechnological applications
– Improving recombinant protein production
– Formulating enzyme inhibitors for disease 

treatment
E + S E + PES

k-1

k1 k2

slowfast

E’ + S E’ + PE’S
k’-1

k’1 k’2

fastvery fast



4.5.06 14

Background – Computational Biophysics

• Levinthal’s Paradox
– 100 residue protein
– Three fundamental 

conformations for each 
residue

– 3100 (~1048) possible 
conformations

– 10-13 seconds per state-change
– (1048)(10-13) = 1035

– The age of the universe is 
approximately 1017 seconds

Proteins have a
preferential (functional) fold

Islam SA, Karplus M, Weaver DL. Structure. 2004 Oct;12(10):1833-45.
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Background – Computational Biophysics

• There is a VAST (Very 
much more than 
ASTronomically large) 
number of folds for a 
(rather small) protein

• What accounts for 
protein conformation?
– Thermodynamics
– Evolution

http://ase.tufts.edu/cogstud/~ddennett.htm
Dennett DC. Darwin’s Dangerous Idea.
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Background – Computational Biophysics

• Thermodynamics
– Theoretical preferential stability

• Hydrophobic interactions
• Charge-charge interactions
• Hydrogen bonding interactions
• Disulfide covalent linkages

– If proteins were always at their 
state of thermal equilibrium, they 
wouldn’t do anything

• Evolution
– (Supposedly) through many, many 

generations, our DNA has evolved 
to produce evolved proteins with 
better function

Time
En

er
gy
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Background – Directed Evolution

• To harness “evolutionary power” to create new 
functions for enzymes, we need to induce 
mutation

• “Directed evolution allows us to explore 
enzyme functions never required in the natural 
environment and for which the molecular basis 
is poorly understood.” – FHA

We don’t have the enzymes 
to convert ethane to ethanol

We don’t need to convert 
ethane to ethanol to live
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Background – Directed Evolution
Identify gene(s) of interest

Mutate genes using error prone PCR

“Pool” of mutant genes

Transfer mutant genes to bacteria

Isolate bacteria and enzyme for each mutant

Select best mutants for next round of mutagenesis

In vitro enzyme test for function

Substrate

Product?
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Directed Evolution – Design
• The important part is to do is in a useful time-scale

and not an evolutionary-time scale
• Another (similar) example:

– Take an existing 100-residue protein
– Each residue can have one mutation on the residue next to 

it
– 20100 possible sequences
– VAST space → most of these sequences won’t encode for 

a functional protein
• Design is hard → need to use directed evolution

Evolutionary Time-Scale

Laboratory Time-Scale
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Background – Motivation Example 1
• One of the great challenges 

of contemporary (chemical) 
catalysis is the controlled 
oxidation of hydrocarbons

• Example: Haber process for 
ammonia production

Large chemical plant

Effluent gas

Boghigian BA. McCafferty G.

Natural gas                   
(lots of hydrocarbons)

Unconverted hydrocarbons into environment
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Background – Motivation Example 2

• Example: Trash deposit sites (dumps)

Boghigian BA. cCafferty G.

Underground waste

Above ground

CH4 (g) CH4 (g)
CH4 (g)

CH4 (g) CH4 (g)

CH4 (g)

CH3OH(l)

Environment

Environment
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Background – Organic Chemistry

• Alkanes are the most reduced form of an organic 
complexes
– Most H’s possible and least O’s possible

• Hydroboration-oxidation
– Must create borane complex to oxidize to the 

corresponding alcohol
– Difficult to do on a large-scale

3 H3CCH=CH2
BH3:THF

(CH3CH2CH2)3B
H2O2/OH-

3 CH3CH2CH2OH
Hydroboration Oxidation

Propene Tripropylborane 1-Propanol
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Cytochrome P450 BM-3
• Isolated from Bacillus 

megaterium
• EC 1.14.14.1
• Contains a hydroxylase

domain (64 kDa) and a 
reductase domain (54 
kDa) in a single 
polypeptide chain Heme-domain of cytochrome P450 BM-3 

(PDB ID: 1BVY)
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• For many of the P450-catalyzed reactions, no chemical 
catalysts come close in performance

• Needs a substrate (fatty acid), oxygen gas, and the 
cofactor NADPH

• Can insert one O (from O2) into a range of hydrophobic 
substrates while reducing the other O to H2O
– Hydroxylates fatty acids (C12 through C18)
– Can also hydroxylate corresponding alcohols and amides

Cytochrome P450 BM-3

Fatty Acid Oxidized fatty acid

NADPH + H+ NADP+

O2 H2O

Cyt P450
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Previous Work

• Monitor hydroxylation 
of octane analog 
spectrophotometrically
for high-throughput 
screening

Farinas ET, et al. Adv Synth Catal. 2001 Aug;343(6-7):601−6.
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Previous Work

• Five generations of mutagenesis on wild-type 
cytochrome P450 BM-3 to produce mutant 139-3
– Eleven residue substitutions in the heme-domain of the enzyme

Glieder A, et al. Nat Biotechnol. 2002 Nov;20(11):1135−9.
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Objectives

• ULTIMATE GOAL: evolve cytochrome
P450 BM-3 for conversion of methane to 
methanol

• GOAL: continue to evolve cytochrome P450 
BM-3 (now cytochrome P450 BM-3 139-9) on 
the heme-domain and now also the reductase
domain for conversion of smaller alkanes to 
their corresponding alcohols
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Cytochrome P450 BM-3 Mutants

• (Wild-type)
• 139-9
• 9-10A
• 53-3H
• 35-E11

Directed Evolution

Meinhold P, et al. Chembiochem. 2005 Oct;6(10):1765−8.

Natural Evolution
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P450 Expression
• Constructed plasmids (parent plasmid pT-USC1BM3) 

with genes encoding for P450 mutants (53-5H and 
35-E11)
– All contained 6xHis tags for purification
– All were under the control of a PRPL-promoter (temperature 

inducible)
• Transformed into E. coli
• Grown in LB

– 37°C and 250rpm until OD578nm ≈ 1
– Induced by temperature shift to 42°C
– Total of five hours
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P450 Purification

• Cell pellet washed with Tris-HCl
• Lysed by sonication
• Lysate centrifuged at 23,300*g for 1 hour
• Supernatant filtered through 0.45 μm filter 

with water
• Purified by anion-exchange chromatography
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Construction of first recombination library

• Error-prone PCR
– Mutations are 

deliberately introduced 
during PCR through the 
use of error-prone 
polymerases and reaction 
conditions

• Randomized DNA 
sequences are cloned 
into expression vectors 
and the resulting mutant 
libraries are screened

Primers

NNN = mutation site

Meinhold P, et al. Chembiochem. 2005 Oct;6(10):1765−8. Supplementary Information.
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Construction of second recombination library

• Next, employ random 
mutagenesis on the 
reductase-domain rather 
than the heme-domain

• This is more difficult:
– Less insight from crystal 

structure
– Not available because of 

large conformational 
changes during catalysis

Meinhold P, et al. Chembiochem. 2005 Oct;6(10):1765−8. Supplementary Information.
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Alkane Reactions
• Reactions on octane and propane were conducted as 

before
• Ethane reaction

– 100, 200, or 500 nM enzyme
– 5.0 mL, 0.1 M potassium phosphate buffer (pH 8.0)
– Saturated with ethane and oxygen gas in a 20mL glass vial
– 300 uL regeneration system

• 1.66 mM NAPD+
• 167 U/mL isocitric dehydrogenase
• 416 mM isocitrate

– P = 20 psi (about 1.35 atm)
– T = 25°C
– t = 12 hours

Meinhold P, et al. Chembiochem. 2005 Oct;6(10):1765−8.
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Product Analysis and NADPH Oxidation Rates

• GC/MS
– Quantification of ethane and ethanol (no isomers, 

as in higher alkanes)
– Five-point calibration curve

• UV/Vis Spectrophotometry
– λ = 340 nm
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Alkane Reactions

Meinhold P, et al. Chembiochem. 2005 Oct;6(10):1765−8. Supplementary Information.
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GC/MS Analysis

Meinhold P, et al. Chembiochem. 2005 Oct;6(10):1765−8. Supplementary Information.
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Summary of Evolved Enzyme Properties
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Conclusions

• Directed evolution is a useful tool for 
improving existing enzyme properties and 
introducing new properties

• 101.1 kcal/mol C−H bond dissociation energy 
did not present a fundamental barrier

• Mutagenesis on reductase-domain has 
significant impact on substrate specificity
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Questions for Discussion
• Will the 104.9 kcal/mol C−H bond dissociation 

energy present a fundamental barrier?
• Will in vivo enzyme activity be different?

– In practice, will it be used in vivo?
– If so, will the substrates and/or enzymes be poisonous to 

the heterologous host?
• Can we express MMO in E. coli to circumvent the 

need for directed evolution of cytochrome P450’s?
• Can we not only use this enzyme for bioremediation, 

but can chemists use it for a “tool” in synthetic 
chemistry?
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Thank You


