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Workshop Contents:

Presentation and Instruction Manual

programs,
Input files,
templates,
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Workshop Outline:

Creating/running models
Analyzing output
Integrating experimental data
Interpreting experimental data

Optional topics:
Microbial community analysis
13C fluxome data interpretation
ﬂ Recombinant host design
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Biotechnological processes
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Elementary Mode Analysis

clerrerntary rrocle stoichiometric systems biology approach
based on mass and energy balances — identifies

mathematically defined ‘pathways’
(Schuster et al 1994; 2000)

Metabolite

Pools
Redox

Balance Balance Balance
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Elementary Flux Modes: Example




Key Concepts of Systems Biology:

Emergent properties: ‘Whole is greater than a sum of parts’
Whole > ) components

Whole = ) f(components, interactions)

ﬂ
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Systems Biology Puzzle

[
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Practical:
Sections 1.0-1.3
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Constructing a model

Sequences producing significant alignments:

ref|NP 416958.1| fused malic enzyme predicted oxidoreductase/...
ref|YP 408859.1| malic enzyme [Shigella boydii Sb227] =ref|YP..
ref| NP 754870.1| malic enzyme [Escherichia coli CFT073] =ref]...
cef |[NP 311352.1] malic enzyme [Escherichia coli 0157:H7 str. ...
ref|ZP 03064374.1] malate dehydrogenase [Shigella dysenterize...
ref]¥YP 670365.1] malic enzyme [Escherichia coli 536] =eb|ABGT...
ref|YP 002398801.1] putative fused malic enzyme oxidoreductas...
ref|YP 001881254.1] NADP-dependent malic enzyme [Shigellz boy...
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Elementary Flux Mode Analysis
Software:

MONTANA STATE UNIVERSITY Mountains & Minds



METATOOL Input file:
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METATOOL Input file:

< Glucose-ext >
L

—
R1

v
Ribulose-5-P ¢ Glucose-6-P
R2r

R12r R11r
/ \ FructOse-6-P
Ribose-5-P Xylulose-5-P R4 Ti R3
A A 1 6-
R | g
v

v
Sed-7-P GA-3-P
A A

R14r
v

MONTANA STATE UNIVERSITY

\/
\— Fructose-6-P Erythrose-4-P

R53r
» Pyruvate <€——»

R20

R40

‘/-b

Malate 5
Citrate

R28rI
R23r
Fumarate
Isocitrate

R27r I
R24

R95 .
Succinate

e Succinyl-CoA «— -Ketoglutarate
R26r R25

Lactate

Formate

R21 yy Ethanol
il Acetyl-CoA
R29r \
Oxaloacetate N‘ZZ RS5 Acetate

Pyruvate
PEP
a-Ketoglutarate —
Ribose-5-P
Glucose-6-P
NH3
Oxaloacetate
Acetyl-CoA

Erythrose-4-P

Biomass

Lactate e

» Formate_ex
» Ethanol_ext

» Acetate ext

CO2_ext
NH3_ext

co,
NH, <

R82
ATP —> ADP+P,

R80
NADH +2 ADP —» NAD + 2 ATP

R81
FADH, + ADP — FAD + ATP

Mountains <& Minds



Model Biomass Terms

Biomass modeled by considering the draw on 12 central
metabolism intermediates at 7 growth rates

Total
Dou?g?g)time Gle-6-P Rib-5-P Ery-4-P PEP  Pyr AcCoA o-Kg Oxalo CO, NH4 NADH  ATP CarTbon per

erm
200 4 3L 156 237 72 8 139 35 731 856 2921 2652
100 4 32 17 oL 129 55 47 78 15 424 487 1674 1554
80 4 22 11 64 87 49 32 53 10 201 347 1153 1091
60 4 16 7 45 58 44 22 36 6 198 249 786 777
50 4 14 6 39 50 43 19 31 -4 171 218 678 673
40 4 13 5 3 4 42 16 26 3 148 192 584 498

30 4 @ 5 32 38 41 14 24 -2 139 178 547 471
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Elementary Mode Analysis: Output

000 000 000 000 000 000 000
000 000 000 000 000 000 000
117

Sources and s

GLU ext+6 (
GLU ext+6 (
GLU ext+6 (
GLU ext+6 (
GLU ext+6 (C
GLU ext+6 (
GLU ext+8(
857 GLU_ext -

q):
b.
o,
E |
>.
| ]
cﬁ.
+—J 0
C
Q).
=)
2.
O .

columns = reaction

rows

Glucose

Glucose-6-P
Fructose-6-P

Fructose-1,6-P

A-3-P DHAP

PG
Fructose-6-P  Eryth-4-P

PEP

Pyruvate
Biomass
Acetyl-CoA

Oxaloacetate

Malate .
Citrate

Fumarat \
umarate Isocitrate

Succinate
Succinyl-CoA  a-Ketoglutarate

017 017 017 017 000 000 000

017 017 07 017 000 000 000

0.00

0.00

0.00

0.00

0.00

0.00

0.00

\TE_ext o
— 0.00
0.00
0.09
0.09
0.09

Xt s
ext o

000

_OZ_eXt 000
000

oxt + BIOMASS 000

000
0.00
000
010
010
010
010
000
A0

MONTANA STATE UNIVERSITY

Mountains <& Minds



Central Metabolism Model

Glucose

>3.5 million possible pathways!
91,068 ATP 2,159,153 Biomass

Lactate

CO,
Formate
Acetate

Ethanol
O,

Succinate NH,
MONTANA STATE UNIVERSITY Mountains & Minds



Power Law Relationship

a LARGE percentage of enzymes
have very SMALL fluxes

w

N

_
Ul

a SMALL percentage of enzymes
have very LARGE fluxes

_
o

relative frequency (P(v))
N
o

2 3 4

relative magnitude of flux (v)
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A Random network B Scale-free network

Barabasi & Oltvai, 2004

MONTANA STATE UNIVERSITY

Scale invariance

Pkk) ~ kY
2<y<3

Other examples:

Fractals

AAYY

Airline networks

Social networks

Genes vs. publications
Protein-protein interactions
Funding rates vs. investigator

Mountains ¢ Minds



Cell Function' Based Analysis

Anabolism Catabolism

£ a e

Infrastructure
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Maintenance Energy Pathways

0.25 ®

O,

L
0.2
0.15
L
0.1
L
0.05
glucose
0 ° ®
G 3 3.5

{

M rreer
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Carlson and Srienc, 2004a
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Biomass Pathways

0.25;

0.2

0.15

0.1

“Oxygen cost”

0.05]

1 1.5 2 2.5 0\ 3.5

“Glucose cost”

Carlson and Srienc, 2004a
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Qualitative Regulation Analysis

MONTANA STATE UNIVERSITY Mountains & Minds



Biomass Pathways

0.25;

0.2

0.15

0.1

“Oxygen cost”

0.05]

1 1.5 2 2.5 3.5

“Glucose cost”

Carlson and Srienc, 2004
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Qualitative Regulation Analysis
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Practical:
Sections 1.4-1.9
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Quantitative Rate Structure

METABOLIC PATHWAYS

Scaling factors required to convert pathways
Into biologically significant vectors

Second ary M etabolites

MONTANA STAT o ountains & Minds



Carbon Mass Balance

Glucose

Ribo:

Sed|

Fructo

Succ'%ne
Succinyl-CoAda-Ketoglutarate Succinyl-CoA  a-Ketoglutarate

. Biomass ATP

MONTANA STATE UNIVERSITY Mountains <& Minds
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Flux Partitioning

-~
~

dw/hr)

S -

paid $20/hr, spend $8/hour on coffe, how
much is left for Twinkies?...

If $2 / Twinkie, how mahy Twinkies can
ou buy per hour...

MONTANA STATE UNIVERSITY Mountains & Minds



Cellular Rate Structure

Glucose

Glucose-6-P
Fructose-6-P

Fructose-1,6-P

GA-3-P DHAP
PG
PEP

Pyruvate
Acetyl-CoA

Oxaloacetate
Malate Chiaio
Fumarate Isocitrate

Succinate S AT P -
Succinyl-CoA  a-Ketoglutarate i ¢
k

Glucose

Ribulose-5-P Gluc‘*e-&P

RiboseiS-P  XyMl-5-P — Fruct$e—6—P
t : Frl?tose-g—P
Sed-7-P GA-3-P =G A-3-P=—=DHAP
v

'—PsP
Biomass 4—% Pyrlﬁate
A -CoA

v cety|-Co.

/} Oxaloacetate
Malate

* Cirte

Fumarate Isocitrate

Fructose-6-P  Eryth-4-P

Succinate
v~Succinyl_cmsq-oz-Ketoglutarate

Mathematical description of
cellular rates and behavior

MONTANA STATE UNIVERSITY
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Most Efficient Flux Relationships

w &
(@) (@)

N
o

O

(mmol O,/g cdw/hr)

Specific oxygen uptake

0 glucose 50

M
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L 2 2.5

“Cost in terms of glucose”

100 150 200 250

Specific glucose uptake (Cmmol/g cdw/hr)

Mountains & Minds
Carlson and Srienc, 2004b



Practical:
Sections 1.10-1.12

"l'w-"r.’._ B '.’
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Pathways, Catabelism and Anabelism

Catabolism

Y i ¢

Infrastructure

MONTANA STATE UNIVERSITY Mountains <& Minds




Whay Anakelism?

Typical cell: 50-80% protein,
1-3% DNA

Pelagibacter ubique:
optimized DNA operons for

nitrogen investment
(Giovannoni et al., 2005)

MONTANA STATE UNIVERSITY Mountains <& Minds



Network ‘Investment Costs’

Glucose

Ribulose-5-P~ J‘luconate-6-l¥ Gluc$e-6-P

A Fructose-6-P

Rlbose 5-P Xylulose o

flrle—v F;i'%]wé]

Sed- 7 P > BGA- -p ¢—» HAP<4— Methylglyoxal

v —>P(
\—. - Fructose-6-P Erytb sse-4-P

PEP Lactate <
r’ = - Lactate

4
~— Pyruvate yruyate

— PEP > co CO,
—— Oxaloacetate ) &ﬂ‘l—‘ . Ormate Fo I‘m ate

—— o-Ketoglutarate [D Acetate < Acetate
— NH; Acetyl CoA {

L \
T xaloaceiaw Ethanol <€
—— Ribose-5-P

~— Glucose-6-P Malate

Citrate 0, < O
i ;

Glyoxylat
Fumarate S I
Isocitrate ATP —» ADP +P,
T l NADH + 0.5 O, + 2 ADP—» NAD + 2 ATP

Succinate FADH, + 0.5 O, + ADP— FAD + ATP

‘\Suc cinyl-Co A— a-Ketoglutaite)_\
NH;, ¢

Glutamate — Glutamine

Ethanol

Succinate NH,
MONTANA STATE UNIVERSITY Mountains ¢& Minds




Proteome Investment

Pfl:  pyruvate — acetyl-CoA + formate

Carbon Sulfur  Nitrogen A.Acids DNA

Al 7578 74 (2048 ) (11520 ) (" 2280

PDHc: pyruvate — acetyl-CoA + NADH
Carbon Sulfur  Nitrogen A.Acids DNA

24 ACEE murorrey 20232 21288 2661
24 AceF 70320 18912 15120 1890
12 LpdA [EIEEY B0, A

MONTANA STATE UNIVERSITY Mountains
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—  Multi-parameter P

Analysis.—
b 1 ,nw R R
. o
q o
’ I=
ak]
=
@ 120,000
=
E
=
fak]
fay)
2
= oL
= 3
45
70,000
1.22 128 1.34
glucose operating cost
C 75,000
o
o
L]
=
ak]
=
B B7,500
=
E
=
fak]
fay)
2
E
£0,000
1.32 232 3.32
glucose operating cost
d 70,000
T
o
L]
=
ak]
=
& 65,000
=
E
=
fak]
fay)
2
E
60,000
33 9.3 153
glucose operating cost




170,000
b

nitrogen investment cost
o
[

1 Rﬁaﬁéfl, Get'b



http://www.topfoto.co.uk/gallery/modeltford/default.html
http://www.topfoto.co.uk/gallery/modeltford/default.html

Nitrogen Limitation Enzyme Patterns

Glucose

: [
<3 Ndh + Cyd Nuo:
&9 _
%s Ndh:
Cyo:
Cyd:

Biomass

Zwf
Zwf + Eda
Zwf+Eda+AceA

Inves

c
25
=
c+
—

(]

=
(@)
—

Ribulose-S-N—;IucoTat -6-+ Gluc ge-B-P 4‘.,.) 1@
20X _ _ -

NADH — QH, + 4 protons (PMF) Rs
NADH — QH, "

QH, + 0.5 O, — 8 protons (PMF)
QH, + 0.5 O, — 4 protons (PMF)

Formate y

Oxaloacetate c
o-Ketoglutarate / Acetate

NH; Acetyl-CoA<

Erythrose-4-P \/)\ Ethanol Ethanol

Acetyl-CoA

Dxaloacetate
Ribose-5-P ‘/_’
6 Malate
Glucose-6-P ‘Y Citrate 0 O
lT T 2 2

Glyoxyla
Fumarate ~ Y > \
Isoc’ rate ATP —» ADP+P,
/ NADH + 0.5 O, + 2 ADP— NAD + 2 ATP

Succinate l FADH, + 0.5 O, + ADP—FAD + ATP

‘\Succin'_ |-CoAt—a-Keto jlute;rﬁ_\
NH ¢

J Slutamate—>Glutamine

Succinate NH,

' Nystrom and Gustavsson, 1998; Nystrom et al., 1996; Jackson et al., 2004; Unden and
Bongaert, 1997; Nystrom, 1994; Fischer and Sauer, 2004; Murray and Conway, 2005;

Wick et al., 2001; van Bogelen et al., 1996

MONTANA STATE UNIVERSITY
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Cost-Benefit: Enzyme Affinity (k strategy)

| 297.500

glucose transporters

277,500 -

257,500 -

(C atoms/pathway)

o
(7))
@)
o

.
c
()]
&

)
(7))
)
>

=
c
o

O
| -
qv)

@)

Glucose operating cost (Cmol glc/ Cmol biomass)

MONTANA STATE UNIVERSITY Mountains ¢¢ Minds



Practical:
Sections 1.13.1-1.13.
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B 100%[1-"Clglucose [

PP pathway m ED pathway

. 50% [3-°C] 50% [1-"C]
100% unlebeled 50% unlabeled 50% unlabeled

e 9 0 %

anine O O
(C1-C3) X L | o g | I
VY mizo 42 O miz0 42 (A miz0 42

1
Fragmentation @

@/.

— v

Alamne u L 00 O I_
miz 0 m!z0+1+2

NS miz0
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Amino acids and the central metabolism

Glucose = GGl ucose-6- P=p Gluconate-6-P

{

MONTANA

C1-metabolism

Glycolysis

Fructose-6-P

A

v
Acetyl-CoA

\ 4
Acetate

Pentose-5-P

PP pathway

Scdtohepulose-7-P
ED pathway

» Malate

N,

Oxaloacetate

Succinate

@

2-oxoglutarate

Isocitrate /

cycle

ins ¢ Minds




Fluxomic
data:

*Experimental data

*Why are there such
different fluxes?

Alternative approach

¢

MONTANA STATE UNIVE

GLCxt

Extracellular

PEP

R4 8

PYR

Intracellular

G6P 6PG

| GA

Zwi,Pgl

s

F6P

=

| Edd

FlBP | ‘||

"bfm/'”l\ i// l

KDGK
1

DHP —— GAP

TpiA
MgsAl P

(R3]
3-PG

Eno

PEP

Ppc
\m |Pps
PykAF

AceE PYR

Intracellular

ETHxt ACExt

|

CO.xt

Extracellular

FORxt PYRxt LACxt

Growth rate
Split ratio®

Batch

0.6h™!
Aerobe®

0.1h™!
C-limited®

Chemostat

0.4h7!
N-limited“

0.4h7"
C-limited®

R1 (flux into glycolysis)

R2 (flux into Entner-Doudoroff pathway)
R3 (flux into methylglyoxal pathway)

R4 (PEP to pyruvate flux)

R6 (flux into TCA cycle
R8 (oxaloacetate to PEP flux

R9 (acetate secretion)
R10 (ethanol secretion)

0.70+0.02
0.13+0.06
0.00+0.05
0.78+0.02

0.69+0.12
0.23+0.20
0.00+0.05
0.84+0.14
0.24+0.02 0.64+0.13
0.35+0.08
0.00+0.05
0.00+0.05

0.00+0.05
0.58+0.03
0.0010.05

0.64+0.05
0.19+0.11

0.0040.05
0.70+0.06

— O —
O b

0.85+0.09
0.1240.03
0.0040.05
0.00+0.05

0.01 + 0.01
0.0440.01
0.00+0.05




Ecologically Relevan

Gluclzose

Glucose

Glucose-6-P

Fructxe-G-P

Ribulose-5-P4——Gluconate-6- ‘Glucgse-6-P

i Pathway e

Ribose-5-P Xylulose-5-]
i o Fructose-116:P GA-3-P g——— DHAP

v

. \4
Sed-7p Ga-3-p GA—%—P «— DHAPQ—PMctIhng]yoxal a n a I y S I S P*G

N 08 PEP
Fructose-6-P  Erythrose-4-P:

PEP Lacaste —1—> | gctate Pyruvate

Pyruvate Pyr
PEP oy C02 Acetyl-CoA

\
[
Oxaloacetate foraty l Formate

5 a-Ketoglutarate 1 Acetate Oxaloacetate
Biomass<+— i, Acewl,cOA<v /

Acetyl-CoA Malate

i:{":;g_sse_‘]f") ‘/" (xaloacetate Ethanot Ethanol

Citrate

Fumarate Isocitrate

v

FumTarzle Clonky I .
k Isocitrate ATP —>  ADP+P, :cinyl-CoA«g= o-Ketoglutarate
T l NADH + 0.5 0, + 2 ADP— NAD + 2 ATP

Succinate FADH, + 0.5 O, + ADP——FAD + ATP

'\succiuyl-(tom—u-Kemglut%
NH, v

T Glutamate—>Glutamine

Glucose-6-p  Malate Citrate
O «—1— 0O,

Succinate  NH,

0.002535 0.002535 0 0.005069 0.002535 0.002535 0.037439 0.052994 0
0.007574 0.007574 0 0.015148 0.007574 0.007574 0.073024 0.025151
0.005089 0.005089 0.010177 0 0.005089 0.005089 0.077456 0.036183

N NNENRA N NNENRA N NNRRAC N N NNENRG N NNENR]D 0.077456 0.036183

‘Stress’ | =

0
0
0
0
, 0 0.052717 0.024259
0 0
0
0
0

0.000489 0
0.000667 0
0.000769 0
0.000769 Y
0.000631 0
0.000611 0
0.00449 3
0.000568 0
0.000548 0
0.000437 0
0.00041 0
0

0.075015 0.034757
0.046794 0.023397
0.055595
0.029012

! C mol biomass

0.00033

0.000428 0 0 Y &
0.006784 0.005998 0.00599¢ » J ( . 0.074157 0.034178
0.007007 0.006222 0.00622Z . 0.073687 0.033969

0.006624 0.005838 0.00583¢ 0.074495 0.034329
0.006624 0.005838 0.005836 0.0U5838 0.005838 0.005838 0 0.001799 0.074495 0.034329
0.000169 0 0 0 0 0 0 0.000387 0

0.000299 0 0 0 0 0 0.000684 0.012258 . 2 25
0.000124 0 0 0 0 0 0.000283
B 0 0 0 Q000010 C mol glucose / C mol biomass

MONTANA STATE UNIVERSITY Mountains <& Minds




Decomposing flux patterns

R4
0.784054
0.942606
0.961518 0. < 0.25457
0.866046 0. £l 0
0.962766 0. 3 0.279367
0.962766 Teviuo U.838384 0.279367
0.962766 0.852336 0.466706 0.838384 0.279367

Ratio Sets

U.0DYYUL u V80043 U.B( 1514 U.UDUDUL u U U.5202vs
0.202465 0.956584 0.978545 0.939179 0.487555 0.942172 0.429751 0
0.661282 0 0.979746 0. . 0.695962 0 0.721635
0.682197 0 0.90964 0. . 0 0 0.892443
0.743915 0 0.929367 0 0 0.919332
0.378148 0.96727 0. 1 0.957863

0.837653 0.815934

0.924906 0.819236

0.774937 0.813491

0,

0.774937 0.813491 0.817824 0.817399

0.869018 0.965938 0.97198 0.012551 0.412341 0.55147
0.565595 0.922312 0.948554 0.023614 0.931927
0.904061 0 0.975445 0.121649 0.071588 0

0.982291 0 0.888451 0.900235 0.048249 0.860908

0.920096 0 0.885499 0.897254 0.049855 0.856276
0.579852 0.914156 0.923184 0.948062 0.023851 0.931242

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
7
0

0.986723 0.918876 0.929847 0.032847 0.905309
0.993881 0 0.964344  0.97062 0.013178 0.482974
0.994111 0 0.932345 0.970796 0.013097 0.473857
0.594204 0.868132 0.924019 0.947553 0.024098 0.93053
0.651132 0.868132 0.937508 0.955835 0.020117 0.942007

0.77653 0.868132 0.963458 0.972931 0.012113 0.467731
0.593462 0.870791 0.923988  0.94759  0.02408 0.930583
0.842909 0.868132 0.975445 0.043154 0.187683 0
0.650452 0.870791 0.937483 0.955859 0.020106 0.942039

MONTANA STATE UNIVERSITY

Experimental
Split Set

Nonnegative
Least Squares
Analysis

Minimize ||b-Ax||

‘X’ represents best fit of
ecologically selected vectors to
experimental data




Results: Why

First order
anabolic

Optimal
growth

stress
* Batch
O, stress
First order
anabolic
stress Optimal
 Chemostat (c-iimited) growth
0
M F=sM;, +s;M, +s;M;+ ...

MONTANA STATE UNIVERS® e Minds



Comparison to other methods

growth conditions:

Euclidean distance

ecological costs

based: LP based:

batch growth

glucose limited chemostat
(D =0.1/hr)

glucose limited chemostat
(D = 0.4/hr)

nitrogen limited chemostat
(D=0.4/hr)

MONTANA STATE UNIVERSITY

0.152

Schuetz, Kuepfer & Sauer, 2007
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Significance of Results

-\ l.
A
l‘l

aveliaygce 110 f10)

growtn conaitions: p-value

1

Datnways, Datnways

' random costs-based
Vi

patch growth

glucose limited cne
(D= 0.1/nr)

glucose limitea cher

(D = 0.4/hr)

nitrogen limitec

=0.0001

JTinds




Perturbation Analysis

O, stress 1 | Optimal yield

frequency
frequency

0.4 0.6 0.8

0.2 0.4 0.6 0.8 0.2
weighting factor

weighting factor

O, stress 2 _ Anabolic stress

frequency
frequency

0.2 0.4 0.6 0.8

0.2 0.4 0.6 0.8
weighting factor

weighting factor
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Principle Component Analysis

First 22 principle components capture
99.9% of variance

22 principle components are distinct from the
ecological vector set

18 principle components required to out
compete 12 ecological vectors

MONTANA STATE UNIVERSITY Mountains <& Minds



Community analysis
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Test Case: Octopus Spring

3 representative guilds, 2 diel phases

MONTANA STATE UNIVERSITY Mountains & Minds







Community Analysis Tools

‘Compartmentalized’ ‘SOUP’

'------------—--‘

0
U
§
8
I
|
L

- Guilds maintain individual pathway - Cell functions combined into

functionalities one "soup”

- Linked by the exchange of internal -Maximum metabolic potential
“pool” metabolites of the microbial communtiy

- Partitioning of metabolites into - Community without cell
external and internal pools boundaries

!

MONTANA STATE UNIVERSITY

-Modes of interest are mined from

individual model data

-Modes are combined as inputs for
further analysis

- Individual vs. community

benefits

Mountains ¢ Minds



Community Analysis Tools

acetate_syn acetate iﬁ‘

acetate_pool

‘Compartmentalized’

acetate_srb

acetyl CoA_syn = acetate_syn + ATP_syn
acetate _syn = acetate pool
acetate_pool = acetate fap

acetate fap + 2 ATP_fap = acetyl CoA fap

NIVERSITY Mountains Minds



Community Analysis Tools

‘Compartmentalized’

acetate_ge

I, W, G e X )

vavu acetyl CoA_gen = acetate_gen + ATP_gen

acetate_gen + 2 ATP_gen = acetyl CoA_gen

NIVERSITY Mountains Minds



Community Analysis Tools
2

‘Compartmentalized’

acetate_syn

acetate_srb

NIVERSITY Mountains Minds



‘Compartmentalized’ Out p ut Parameters

vAy
o Il 74,507 14,004 (

v

Which pathways utilized?

(

NIVERSITY Mountains & Minds




Explain/Predict.: Community Photoefficiency

- 3E H,0 + 4 hv = o2 2 H*

~20 CO,: 1 O, (Bateson and Ward, 1988)

Mountains Minds




¢ Compartmentalized ’

Community Photoefficiency

Experimentally measured O, competition

i : guilds maximize own Y,
ii :community maximizes Y,

—~
>
L
~~
&
9
O
N
P
O
-
Q
O
3=
)
@)
'}
o
L
al

Experimental relative
abundance:

1.6:1 (Konopka, 1992)

1.5:1 to 3.5:1 (Klatt et al., in
prep.)




Comparison of Approaches: photoefficiency

‘Soup’ ‘Compartmentalized’ ‘Mode?’

Cmole biomass / photon

{

MONTANA STATE UNIVERSITY Mountains <& Minds



Community Interactions: Food Web

74,507 total strategies .
assoclated

yields and
enzymes

CcCommon
] Genes-to-Function
Motif

glycolate -
@@ % -
% H;
\0}.@ /

@ 792

reduced
@@ carbon

acetate
glycolate

830

acetate '
glycolate

MONTANA STATE UNIVERS @
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Evolutionary Cost Benefit: Compart. vs. ‘Soup’

Glycolate

Cytosol

\ ML
Glucose-hp =— Poly-glucose

f
Glycolate Ribulose-5-F # e
SFN 21 S \ﬂ'N ] \ $ sz

—— Fructose-6i-P

Ribose-5-P Kylulofe-5-P =y
. L] SYM 25

_ .
¥ v — Pyruvate
sed-T-F o syNig  GA-3- e GA-3-P. — pep

&
— Oxaloacetate
SYN4
Bigymass

¥ —a-Kctoglutarate
— Fructose-&-P SYM 16

EFFF Acatyl-Cod

Mdh improves s jsvas [ erythvose
biomass yield Pyt N
on photons

by 9 .4% Acetyl-Cod » Acctate

|
ATH Saolarenergy

) »Dml acetato N
Benefit is likely NADH >—_w
0y 2

not offset by Gporylate
cost of sw2s
maintaining, Jsmas
regulating, THetoRre
expressing.

MONTANA STATE Oxygen competition {0,/CO,) . Mountains & Minds




Control: Building a system from components

i T

m-(:c;ntrol community functioﬁing
through understanding

MONTANA STATE UNIVERSITY Mountains & Minds
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() NatureWorks

Real. Right. Renewable.



http://www.natureworksllc.com/
http://www.natureworksllc.com/

Cell Factories: Network
Structure Analysis

b |
Fifth Kingdom

* Brewer’s yeast : |

Is it possible to co-produce fuel f
ethanol and bioplastic?

._ Xaloacetate
. alate

p2DPT RS(U)

« Genetically
engineered to
produce a bioplastic

Acetoacetyl-CoA
\ 4
3-HB
I L)
M Carlson et al, 2002

- FADH, + ADP » FAD + ATP

MONTANA STATE UNIVERSITY Mountains <& Minds



(a) ethanol (g/L)

MONTANA STATE UNIVERSITY

Cell Factories: Network
Structure Analysis

1SN
o

Ma 6 /ansed b (o)

bioplastic

0
40 60 80 100 120

time (hrs)

Carlson and Srienc, 2006

NADH + ADP % NAD + ATP

Br="Malate  FADH, + ADP % FAD +ATP

Mountains <& Minds



Network Engineering

How can we
engineer systems
to Improve
function?

Citrate + ATP

ACL

Acetyl-CoA +
Oxaloacetate

: INIVERSITY
¢ . UNIVERSITY

Theoretical bioplastic carbon

yield improvement:

(D)

from 67% to 83%

Mountains

Carlson et al., 2002
Minds



98 anaerobic E. coli bioplastic
pathways

What is the likely
behavior?

Dj (M jPHB’ M4ATP \/Z (mPHB -~ mIAIP

PSS

MONTANA STATE UNIVERSITY Mountains ¢& Minds




Pathway:

3 glucose = 6 AP + 2

3 glucose Ag
3 glucose =

MONTANA STATE UNIVERSITY

Euclidean
distance:

6 formate + 2 PHB. 1.1
20

acetate (g/L)

°s
] o)
OBGB i

ethanol (g/L)

O
0.4

05008 S
bioplastic (g/L)
O 0 O

8
time (hr)
Mountains & Minds
Carlson et al, 2005




Cell Factories: Engineering Network Fluxes

Glucose

8:2 modes
1-9 modes Lactate
1>2 modes E?ﬁgr?éf
i Acetate
; 9 Growth yield
MOGES iImproved
AYA + -
. Carlson et al, 2004a; Trinh et al, 2006
Succinate
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Practical:
Supplemental
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» Define network capabilities
» Sort pathways based on cell function
 [dentify competitive network strategies

* Applied to experimental systems

M

MONTANA STATE UNIVERSITY
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