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Biological Engineering — What 1s 1t?

« 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

4.5.06 7
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Biological Engineering — Problems

* “Why 1s engineering of useful synthetic
biological systems still an expensive,
unreliable, and ad hoc research process?” — DE

— Biological systems are complex

* Fundamentally?
e Currently?

— Too interdisciplinary of a field
* Need restructuring of funding agencies

* Need larger, but more localized research groups

4.5.06 8
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Biological Engineering — Reductionism

* Biology is (elegant) complex chemistry

* Physics 1s the underlying basis for all
chemistry

* Engineer biological systems as 1f they were
chemical systems

4.5.06 10
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Background — Evolution

* Genotypic evolution —
phenotypic evolution

o “Staunch Darwinists
attribute all the
complexity of living
things to an algorithm of
mutation and natural

SGIGCthn.” — FHA Person in 1406 Person in 2006
« Example: bacterial _ g
competition by Natural selection
antibacterial production f ( Cenetic dnft
p Mutation
Migration
4.5.06 \ / 12
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Background — Proteins

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

* Improving (evolving) proteins 1s important for
a variety of biotechnological applications

— Improving recombinant protein production

— Formulating enzyme 1nhibitors for disease

freatment
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Background — Computatlonal Blophysws

 [evinthal’s Paradox

100 residue protein

Three fundamental
conformations for each
residue

3100 (~10%%) possible
conformations

10-13 seconds per state-change
(1048)(10-13)= 10
The age of the universe is

imately 107 d
approximately seconds

~
Proteins have a
preferential (functional) fold
4.5.06
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Background — Computational Biophysics

* Therei1sa VAST (Very
much more than
ASTronomically large)
number of folds for a
(rather small) protein

« What accounts for
protein conformation?

— Thermodynamics

— Evolution

4.5.06 15
Dennett DC. Darwin’s Dangerous Idea.
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Background — Computational Biophysics

* Thermodynamics

— Theoretical preferential stability
* Hydrophobic interactions 4
* Charge-charge interactions
* Hydrogen bonding interactions
 Disulfide covalent linkages

— If proteins were always at their

state of thermal equilibrium, they
wouldn’t do anything

Energy

 Evolution

— (Supposedly) through many, many
generations, our DNA has evolved
to produce evolved proteins with

better function
4.5.06 16
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Background — Directed Evolution

We don’t have the enzymes We don’t need to convert
to convert ethane to ethanol cthane to ethanol to live

v

e 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
1s poorly understood.” — FHA

4.5.06 17



Background — Directed Evolution

(o> Identify gene(s) of interest
|
—=e - Mutate genes using error prone PCR
v
% “Pool” of Iriutant genes
C = ) Transfer mutant genes to bacteria
|
@Isolate bacteria and enzyme for each mutant
Product? ] l .
S In vitro enzyme test for function
|
Substrate Select best mutants for next round of mutagenesis
4.5.06
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Directed Evolution — Design

* The important part 1s to do 1s 1n 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
— 2019 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
4.5.06 19
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Background — Motivation Example 1

* One of the great challenges
of contemporary (chemical)
catalysis 1s the controlled
oxidation of hydrocarbons

» Example: Haber process for
ammonia production

Unconverted hydrocarbons into environment

0=

Natural gas Effluent gas
(lots of hydrocarbons)

.

\ 4
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Large chemical plant

Emissions During
Regeneration include:
n-Hexane, CO, 50, &

Natural Gas L Feedstock
L A
Desulphurisation

Fuel Combustion
issi include: CO,

Emissions include:
S0, PM,, & NO,

Fuel ! primary Reformer i)

Steam ————»

Alr ————»

Reformer
Emizssions High teg;?terature
include:
NH3 & CO
Low Temperature Emissions
Shift include: NH,
Process and 60
Condensate i
Steam CO, Absorber 2, Salution
Stripper » egeneration
Steam Steam
——  Methanation
A " Pure Gas Vented
mmaonia -
Synthesis to Primary
Y Reformer for Fuel
NH,
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Background — Motivation Example 2

» Example: Trash deposit sites (dumps)

Environment
A Environment
CH

CH

4 4

T
1

N

™
| )

Above ground
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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

BH,:THF H,0,/OH-
3 H;CCH=CH, » (CH,CH,CH,),B » 3 CH,CH,CH,OH
Hydroboration Oxidation

Propene Tripropylborane 1-Propanol

4.5.06 23



Cytochrome P450 BM-3

 Isolated from Bacillus
megaterium

« EC1.14.14.1

* Contains a hydroxylase
domain (64 kDa) and a
reductase domain (54
kDa) 1n a single
polypeptide chain

Heme-domain of cytochrome P450 BM-3
(PDB ID: 1BVY)

4.5.06 24



Cytochrome P450 BM-3

* 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 O,) into a range of hydrophobic
substrates while reducing the other O to H,O
— Hydroxylates fatty acids (C,, through C,,)
— Can also hydroxylate corresponding alcohols and amides

NADPH + H* NADP*

Cyt P450
Fatty Acid » Oxidized fatty acid

<

4.5.06 02 H20 25
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Previous Work

* Monitor hydroxylation
of octane analog OOlO O
spectrophotometrically —
for high-throughput T
screening |

Grow cells

NO, NO;

[ Z XX XTI R T ]
aeseeseae
ssesssEe

NADPH +H" NADP”

0,  HO
P450 BM-3 yellow

]

e

sssseees —

Cell growth

" e Select higher

activity clones

Bepnpane assiy

P45 BM-3 expression

Storage at 4 °C

agar, from which single colonies are picked into 96-well

NO. H
z u6-well plate
\_/ o) -H* o
9 /\‘ > T—- + Figure 3. P450 BM-5 screening procedure. Library of P450
spontaneous o . . . : 2
HO P BM-3 mutant genes is transformed into /2. coli and plated on
o]

8-pnpane

plates and grown overnight. IFrom these plates, samples are
taken to inoculate fresh 96-well plates, in which the en-
zymes are expressed and assayed for hydroxylation activity.

The plates from the overnight growth are stored at 4 °C and

Figure 2. The screening assay for alkane oxidation aclivily

uses the substrate analogue 8-pnpane. Terminal hydroxyla-

lion generales the unstable hemiaceltal, which decomposes

Llo the aldehyde and p-nilrophenolate, which is monitored at
4.5.06 410 nm.

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

used to isolate active clones identified in the assay.
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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

15 Mutant
Propane [T 860 W Wild type BM-3 139-3
17 O 1393
Butane = 1.830 V78A
PcntancF L8 H138Y
- 250 T1751
151
Cyclohexane F —— 3,910 X%gilv
182
Hexane F = 3,840 EI§53268
Octaner L) ._‘_. 3,020 R255S
A290V
o 2,170
medg e A295T
o 2610 L353V
_— d— i

0 1,000 2,000 3,000 4,000 5,000 6,000

Maximum turnover rate
(mol substrate/min/mol enzyme)

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



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

4.5.06 29
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Cytochrome P450 BM-3 Mutants

Natural Evolution

Substrate C-H bond dissociation Alkane-hydroxylating
f energy / keal mol”? enzyme systems
|
=] o
I 1 2
° . b P N e G e, SOl T U P S 3 | E
ild-type Y :
¢ 98-101 95-99 g

e 139-9 PR

e O-10A il
e 53-3H | Ho—oh | o1

- 35-Ell

DlreCtEd EVOIUtlon Figure 1. Variants of P450 BM-3 exhibit activities towards smaller alkane substrates,

which are characterized by higher C—H bond dissociation energies. Directed evolution
was used to convert wild-type P450 BM-3 stepwise from a fatty acid hydroxylase into an
enzyme capable of activating the C—H bond of ethane. The figure shows the substrate
range of wild-type P450 BM-3, variant 53-5H, and, for comparison, the range of sub-
strates of other naturally occurring alkane monooxygenases.

P450 BM-3 53-5H

<
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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 PP, -promoter (temperature
inducible)

 Transformed into E. coli

 Grown in LB
— 37°C and 250rpm until ODs.¢ =~ 1
— Induced by temperature shift to 42°C
— Total of five hours

4.5.06 32



P450 Purification

» Cell pellet washed with Tris-HCI
* Lysed by sonication
» Lysate centrifuged at 23,300*¢g for 1 hour

* Supernatant filtered through 0.45 pum filter
with water

» Purified by anion-exchange chromatography

4.5.06 33



Construction of first recombination library

T4NNNfor (5°

* Error-prone PCR 75NNNfor (5

78NNNfor (5
81NNNfor (5’

— Mutations are

Primers

-GTCAANNNCTTAAATTTGCACG-3')
-GTCAAGCGNNNAAATTTGCACG-3’)
-GCTTAAATTTNNNCGTGATTTTGCAGG-3’)
-CGTGATNNNGCAGGAGAC-3’)

deliberately introduced 82NNNfor (5-CGTGATTTTNNNGGAGAC-3")

during PCR through the 87NNNfor (5'-GAGACGGGTTANNNACAAGCTGGAC-3')
88NNNfor (5-GGAGACGGGTTATTTNNNAGCTGGACG-3)

use of CITor-pronc 260NNNfor (5-CAAATTATTNNNTTCTTAATTGCGGGAC-3')

polymerases and reaction 263NNNfor (5-ACATTCTTANNNGCGGGACACGAAAC-3’)

(
conditions 264NNNfor (
(

5'-ACATTCTTAATTNNNGGACACGAAAC-3’)

328NNNfor (5'-CCAACTNNNCCTGCGTTTTCC-3')

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

4.5.06

NNN = mutation site
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Construction of second recombination library

* Next, employ random
mutageneSiS On the T8AIT B2A/T/IS/IFNICIG/L/V for®
reductase-domain rather  reomoricow w-commamermeorosrmsssessico,

260Tfor™ (5'-CAAATTATTACATTCTTAATTGCGGGAC),

than the heme-dOmaln 260Nfor (5-CAAATTATTAACTTCTTAATTGCGGGAC),

260Lfor (5-CAAATTATTCTTTTCTTAATTGCGGGAC),
87F/I/VIL 88Tfor* (5'-GAGACGGGTTANTYACAAGCTGGAC),

o Thls iS morc dlfﬁCUlt 87F/IIV/L 88Cfor (5-GAGACGGGTTANTYTGTAGCTGGAC),

328Afor* (5'-CCAACTGCTCCTGCGTTTTCC),

— Less lIlSIght from Crystal 328L/F/Vfor (5-CCAACTBTTCCTGCGTTTTCC),
328Mfor (5'-CCAACTATGCCTGCGTTTTCC),
Structure 75L/for* (5-CTTAAGTCAAGCGMTTAAATTC),

75Wfor (5'-CTTAAGTCAAGCGTGGAAATTC).

— Not available because of
large conformational
changes during catalysis

4.5.06 35
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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+

e 167 U/mL 1socitric dehydrogenase
* 416 mM isocitrate

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

4.5.06 36
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Product Analysis and NADPH Oxidation Rates

« GC/MS

— Quantification of ethane and ethanol (no 1somers,
as in higher alkanes)

— Five-point calibration curve

« UV/Vis Spectrophotometry
— A =340 nm

4.5.06 37
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Alkane Reactions

90

O53-5H
80

m35-E11
70

60

50

40

ethanol concentration {J_J_M]

30

20

i

10

0 , , - B
rxn with 100 nM rxn with 200 niM rxn with 500 niM control with 500 nM  control with 500 niM
biocatalyst bio catalyst biocatalyst biocatalyst, no inactivated
ethane biocatalyst

Figure S1. Final ethanol concentrations in 53-5H and 35-E11 catalyzed reactions.

Conversion of ethane to ethanol using 200 nM protein corresponds to 50 and 250 turnovers

per enzyme active site of 53-5H and 35-E11, respectively. Halving or doubling the enzyme

concentration yielded approximately correspondingly lower or higher product concentrations,

respectively. Control reactions, either without ethane or with inactivated protein, did not

contain ethanol concentrations above the background level of 1 pm (1.2 £ 0.1 pw for the

control reaction without ethane or 0.8 £ 0.1 um for the control reaction with inactivated P430). 39
Error bars are the standard deviation of three experiments.

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



GC/MS Analy51s

Current Chromatogram/(s)
ECD1 A, (PETER\2004\04102201.D)

ECD1 A, (PETER\2004\04102221.D)
ECD1 A, (PETER\2004\04102220.D)
ECD1 A, (PETER\2004\04102226.D)
ECD1 A, (PETER\2004\04102205.D)

counts 1
50000 -

/ethane xn. with 500 nM protein

H
!
f
|1
i
|

2178

Y -

40000 -

30000 —

20000 -

1uouoj__
i control rxn. without ethan

0

T
2.1

Figure S2. Gas chromatograms of ethanol reaction mixtures using variant 53-5H as the
catalyst. Prior to analysis, ethanol was derivatized to form ethyl nitrite for detection via an

electron capture detector (ECD).
40
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Summary of Evolved Enzyme Properties

Table 1. Alkane hydroxylation activities of wild-type and mutant cytochromes P450 BM-3.

Enzyme Number of amino Active site amino Ethane Propane Octane®

acid substitutions acid substitutions Rate™® TTNE Rate™ TTNE Rate!? TTNE octan-2-ol [%] ee [96]™
Wild-type BM-3 - - - - 30 150 17 n.d.f
9-10A 139 V78A - - 53 50 (S)
53-5H 15 V78F, A8B2S, A328F 0.4 50 370 89 65 (5)
35-E1 17 V78F, A82S, A328F 250 89 65 (S)

[a] Octane reactions were performed in the presence of 1% ethanol. [b] Rates of ethanol formation were measured over 30 min by using GC coupled to an
electron-capture detector and are reported as nmol ethanol per min per nmol of enzyme. Errors are at most 10%. [c] Total turnover number (TTN) was
measured by using GC after completion of the reaction and is reported as nmol product per nmol protein. Errors are at most 10 %. [d] Initial rates of prop-
anol and octanol formation were measured over 1 min by GC and are reported as nmol product per min per nmol protein. Errors are at most 15 %. [e] ee
of octan-2-ol (main product) was measured by GC; the favored enantiomer is listed in parenthesis. [f] Wild-type P450 BM-3 primarily produces octan-3-
and -4-ol. The yields were not sufficient for the determination of ee for wt BM-3. [g] Mutant 9-10A contains amino acid substitutions R47C, V78A, K94,
P142S, T1751, A184V, F205C, S226R, H236Q, E252G, R255S, A290V, and L353V.
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Conclusions

» Directed evolution 1s 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

4.5.06

43



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 1t for a “tool” 1in synthetic
chemistry?

4.5.06 44
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Thank You
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