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(Abstract: As a model thermophilic bacterium for the production of second-generation biofuels, the metabolism of Clostridium thermocellum has been widely studied. However, most studies have characterized C\

thermocellum metabolism for growth on soluble model substrates (i.e. cellobiose) and at relatively low substrate concentrations. This narrow outlook Is not industrially relevant, however, as commercial viability requires
substrate loadings of at least 100 g/L cellulosic materials. Recently, wild-type C. thermocellum was cultured on high cellulose loading batch fermentations and reported to produce a wide range of fermentative products
not seen at lower substrate concentrations, opening the door for a more in-depth analysis of how this organism will behave In industrially relevant conditions. In this work, we elucidated the interconnectedness of
overflow metabolism and growth cessation in C. thermocellum during high cellulose loading batch fermentations. Metabolic flux and thermodynamic analyses suggested that hydrogen and formate accumulation
perturbed the complex redox metabolism and limited conversion of pyruvate to acetyl-CoA conversion, likely leading to overflow metabolism and growth cessation in C. thermocellum. Pyruvate formate lyase (PFL)
acts as an important redox valve and is inhibited by formate accumulation. Finally, we demonstrated that manipulation of fermentation conditions to alleviate hydrogen accumulation could dramatically alter the fate of

eruvate, providing valuable insight into process design for enhanced C. thermocellum production of chemicals and biofuels. /
Clostridium thermocellum Dynamic flux analysis during high substrate loading fermentations Distribution of global cofactors and ATP
35 . . . .
Alack Box Experimentally e during high substrate loading fermentations
/ measured fluxes / rowth cessation
Cellulose or / D, cell growth < 25 ——— | | | | 1 Ys GIucose A
Cellobi S . i ell Growth | * . 8 .
ellobiose —1{ + ethanol %20 rlf:(e%enrrneedn;fll)l(ye - GuEgn o . s om, o . . Turnover rate ®; of a metabolite | [ oA acTe cpe
— > acetate g . K LXER, Formate ' PEP AVP, PP, determines how frequent that S 4
|l .y iy ¢ . were normalized with feetate | | B¥os NADH o, PPDK . . N S
2 S N mog R . . Xyltol- , ATP. P, metabolite IS biologically 5 5
??? —— co, g "ng? their respective e o4 NADY transformed and recycled at a g 4
—— formate 5 s " maximum values,  Malate 11 o2 given steady state T 3l “05558000 pd°
—1— lactate N B TE X varied throughout the RRSSBD0| - z wor NADPH Py Con ' ey PHeeR o
- Iy | 0 5 10 15 f - Pyroglutamate f - 10 2 PFL PFOR d. = 0.5 z BE0noom 2E2gpQQs
. Time (hrs) ermentations F””C/aaﬁ?éii _ : . FOR Fdg, CO, i = 0. Zjlsi,j . rjl 1 ¢e000®e s o @ SRR
- / Isobuitane! ¢CDW MCB  AGLU XPYR XSUCC ®LAC * Intracellular fluxes at Hydr%?_ggz e ACE% ACER AR 77y "  Cofactors (ATP, GTP, PPi) were i 0 12 24 36 48 60 (@
P : R key npdes such.as "BPDK| o4 Fd, . - fairly consistent throughout the B "
Difficult to genetlcally mOdlfy pyruvate and acetyl PFLT 06 N - - > [NADH ONADPH o Ferredoxin
: . /A . . PFOR| - NADH 2 NADP P, batch until late stationary phase . 5
-Branched metabolism gives a distribution of products CoA varied accordingly. B} o X Y Y X where ATP and GTP increased. 5 2 ﬁ%%% .
Plenty of questions remain about its metabolism ) riee?;rl:gltiz;n\?vg:eri\?sg NFNL, NS o ST - NADH and ferredoxin turnover 5 ° b % % 233! i % % % % te
A . . 5 =l e rates increased as cell growth g ° % by
Question: How can we elucidate, predict, and control cellular metabolism” observed. : : 3 % % &
_ _ _ ) . Notablv. at h halted, with the ferredoxin turnover £ 1 $ ;
Approach: Employ metabolic network modeling and analysis Ota t}” a r?rgw Calculated fluxes increasing roughly two-folds. This 2 o5 | Mfﬁrﬁcﬁ H@HM%
, : : CeZSSFIOLr}’I yarogen phenomenon suggests rewiring of . , , , , ,
High substrate loading fermentations an MESIwETe redox metabolism o 1z 2 m @ w7
A B C stalled. Time (1)
6 OCell 600 OGlu Eq 32 OValine
5 Growth 500 Acetate A Lactate . . . . . .
=) oSt | 38 okl Thermodynamic driving force of key metabolic reactions What caused growth cessation?
g , %300 ? 22 A o 5 -~ k. . 5 Model Predictions Experimental Confirmation
2 F 200 | B it F s | Thermodynamic analysis e e o s o 30 20 o o a0 2 _ Experimental data shows large _ (HEE"a P inhibitor)
° 100 o Soeo o J* B increase in formate production  § z Z:“ZE e
o d o b ome 0l g Given 9,A+9,B = 9. C+9,D | 06 when Hydrogen is removed E 06 Ao Ao 12
0 15 30 45 60 75 90 0 15 30 45 60 75 90 0 15 30 45 60 75 90 — acetyl-CoA + 2 NADH pyruvate + NADH T os yat Aec
Time (hr) Time (hr) Time (hr) J M > cthanol + 2 NAD+ [N & lactate + NAD? x _ S 0-4 & AhydG Apta 09
| N < 04 s Elementary mode analysis S 03 =ihydc dechapt] 8 A
D : _ Gibbs free energy A,.G = A,.G'™ + RTIn 1_[ ' 5 03 § predicts elimination of 5 02 ° @ AnydG Aech - HPP
7 Lobynme | Omeso B0 Batch fermentation . s AG ' | - 02 < hydrogen gas and formate 201 os | O AhdeAeCh*”I
6 O Malate Oiil/lri(t)gllutamate % 100 g/L Ce”UIOSG DrIVIng Force = ]+ =1- €xp (RT) 01 02 03 04 05 0'10-2 107 10° 100 107 102 10" 10° 100 107 107 102 10" 10° 10' 10> 10 pI‘OdUCtiOI’] (Ahde AeCh Apﬂ) § 4 'g Ojl Oi2 OjS 0.4 Oj5 Oi6 Oj7 0.8 0.0 OB -~ 000-O- -~
S5t * pH7 control K] o AcCoA/COASH [Lactate] (mM) [Formate] (mM) Fd Fd,, can’t grow Bf siomass yield on cellobioss (Criiemon 0 12 . 24h 36 48
St - No sparging If A,G =~—7.5-%, driving Force = 99% me (hre)
= E ECH F BIF G RNF H
2 | - 20 0 20 40 60 6040 -20 Probing Redox Bottlenecks using AhydG Aech strains and HPP3
- ' 5t D _
;c ewvﬂ L I — c// . Data reproduced from Holwerda et al, » Key reactions around acetyl CoA and pyruvate . .
g R e e e Wl e ALy nodes as well as redox reactions. Reactions . . Exogenous electron acceptors: =

ADHE, LDH, PFL and PFOR derived from
Key questions are: acetyl-CoA and pyruvate are in general

_ - thermodynamically favorable while redox
1) Why did cell growth stop around 30-40 h reactions ECH, BIF, RNF, NFN vary depending

1.2

.

S0O4: SO4 + 2 Fdred = H2S + 2 Fdox
KIV: KIV + Fdox + 2 NADPH = iBUOH + CO2 + Fdred + 2 NADP 50-9
FUM: FUM + NADH = SUCC + NAD 5 06

[H,] (mM)
NADH/NAD+
e o
NADH/NAD+
L] L]

o

e
(N}

0.1 0.1

2) What caused the formation of reduced metabolites? the redox states of the cell. P grd. P grd. Fo gr, O s s e’
- - - * From this analysis, thermodynamic constraint | g
3) What is the link between overflow metabolism and growth . . o : S ; . ---0--0--0
) ono J is not responsible for stall of PFL flux. So what 1. Rate-limiting step in ethanol production is most likely the conversion of Fd,.4 to NAD(P)H e —
Cessa |On H - Time (hrs
| truly caused the stall of PFL flux? 2  PFL functions as a redox valve (hrs)
4) How can overflow metabolism be controlled to enhance : :
. . 3. Stall of H2 and formate fluxes caused growth cessation due to redox imbalance.
production of target chemicals?
2. Modeling Background 4. Experimental Validation of Modeling Inspired Hypotheses
IAT601 Genome Scale Metabolic Model Hydrogen Accumulation Dramatically Alters the Fate of Pyruvate
Constraint Based Modeling of Metabolism Effect of formate addition Enhance conversion of pyruvate to
- . . 5, = Stoichiometric coefficient of acetyl CoA by relieving redox imbalance
B % p . fr®.[. metabolite i in reaction j A B b B C |
N e | W\ J := Flux of reaction j (mmol/gCDW/hr) R 12 350 e 160 R, e * Sparged: Increase conversion of pyruvate
B " ¢, == Concentration of metabolite i g ol ] . | 1s to acetyl CoA, leading to higher ethanol
| ; := Lower flux bound of reaction j - 2 10 € w0 el e b iox and acetate. |
\_ E /" ;= Upper flux bound of reaction j 3 5 8 = 5w o T | « Clamped: Decrease conversion of pyruvate
92-1 S 6 50 | . 5 5 - to acetyl CoA, leading to formate, pyruvate,
dCi . . B s 4  Seimas 206 120 144 ? 0 hrasnerz_ o6 120f0hs °0 22 48 oonizo 144 |aCtat6, iSObUtanOI, and valine.
z Siity = ’r = (0 foralli € Metabolites \Nass balance O 2 e - Time ()
j€] . . . b 0
li <7 < forallj € Reactions  Reaction rate bounds 2 2 D Pyruvate = Lactate F Isabutanol
0 6 12 18 24 §§§§§§§§ L 12
. . _ Time (hr) 3 228 5 &% ° - s | 1 Proposed mechanism of growth
The model can predict reaction fluxes by: 5 = e E 108 ; q a taboli
« Optimizing an objective function (e.g. growth rate) o : - $ . Ceggdtion ancuovertion: metgolism
. Homog_eneously _san_npling the solu_tion space to create an ensemble _0-0g/L Formate —4—1 g/L Formate O0g/L Formate ~ B1 g/L Formate [ g, - ait Y. b Growth phase Growth cessation
of feasible flux distributions. In this StUdy, to circumvent the Slngle —#-3 g/L Formate —4—5g/L Formate B3 g/L Formate W5 g/L Formate 0 24 48 72 96 120 144 0 24 48 72 96 120 144 D 20 so™ oo 120 4s u u
: .. . . . . : Time (hrs) Time (hr) Time (hr) celluiose lactate celluiose lactate
solutl_on limitation of FBA and blas_of using an objectlve_growth . The end concentrations of formate demonstrate the ll sobutano ll sobutano
fqnc_tlon_, we used the flux samplln_g approach to predict flux thermodynamic inhibition of PFL. G Valine ., . celiose uiiizaion | | celiGromn 2 o PIIE —> butaredal £\ pywvate —> butanedol
distribution throughout batch fermentation. o | 112 S N formate «————| fumarate formate < =—— fomarate
ATE01  To further validate the proposed mechanism, we seek to K |1 g s | aceyi  maae aceyl - malate
| demonstrate the enhanced conversion of pyruvate to S | S B g, | AR I\,
Reconstruction [ » Curation C>Valldat|on Prediction acetyl CoA. 14 jos g0 .1 ool Soete blomass
@ - A simple experiment to perform is to relieve H2 L | . ; N iy stong | — relatvely weak
m KBase accumulation by operating fermentation under the sparged D e v e i O ey M
DO Sytams Biology Knowledonbuns conditions. 100 g/L cellulose — Sparged with N2
GAT AAAT CT GGTCTTATT TCC Literature database — Clamped
= Transport reactions Highlights References

m Carbohydrate Metabolism
® Amino acid synthesis
Aminosugar Metabolism 17%
®mBiomass and Cellulosome synthesis
m Cell Envelope Biosynthesis

1. Holwerda, Evert K., et al. "The exometabolome of Clostridium thermocellum reveals
overflow metabolism at high cellulose loading." Biotechnology for biofuels 7.1 (2014): 155.
2. Thompson, R. Adam, et al. "Exploring complex cellular phenotypes and model-guided

Metabolic flux and thermodynamic analyses revealed pyruvate formate lyase (PFL) inhibition and
redox imbalance caused inefficient conversion of pyruvate to acetyl-CoA.

The refined genome scale

- % y . : . . train desi ith I -scal taboli del of Clostridi th Il
S A > model consists of 871 Limited conversion of pyruvate to acetyl-CoA led to overflow metabolism and growth cessation in DSM 1313 implementing an adiustable cellulosome.” Biotechnology for biofuels 8.1 (2016)
Folate Metaboli % reactions encoded by 601 194.

-N?chteeob:i/sulcs;gotide Sugar Metabolis o genes, spanning muxlltiple C thermocellum. N/ o _ 3. Thompson, R. Adam, et al. "Elucidating central metabolic redox obstacles hindering

= Purine and Porphyrin Metabolism KEGG ontology categories Pyruvate formate lyase (PFL) acts as a redox valve and is inhibited by formate accumulation. ethanol production in Clostridium thermocellum.” Metabolic engineering 32 (2015): 207-
A~ SO Nitrogen sparging to relieve hydrogen accumulation enhanced conversion of pyruvate to acetyl- 4. hitp:/fequilibrator.weizmann.ac.i
Miscellaneous o CoA and hence biosynthesis of ethanol and acetate. 5. Thompson and Trinh, “Linking Overflow Metabolism and Growth Cessation in

Clostridium thermocellum DSM1313 during High Cellulose Loading Fermentations
"Biotechnol Bioeng, in press.

Without sparging, wild-type C. thermocellum was able to produce 15.7 g/L lactate from cellulose.
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