Life in Hot Carbon Monoxide: Comparative genomics and
physiology of CO utilizing thermophiles
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Hydrogen: Green and clean
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mHydrogen is the cleanest fuel.
m[[NE LSe of hydregen as common: fuel hoelds

promise for the future; but alse proklems.
mOne major hurdle to overcome In using

Yy drogeniis developing econemic and clean
Way/s ol producing enough hydrogen:
mBIohydrogen production - using biological
PrOCESSES as means of hydrogen production.
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Industrial Hydrogen Production

Steam-Rerorming Reactions

o Methane:
CH, + H,0 (+heat) — CO + 3H;

3 Propane:
C;Hg + 3H,0 (+heat) — 3CO + 7H,

Water-Gas Shift:Reaction



eObligate chemolithotroph
eProduces H, and CO,
eAcetate Is not produced

e\ery high CO
concentrations are not
inhibitory

eLow GC (41.5%) Gram
positive, sporulating
bacterium
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CO consumptiort:

Cel Is{;ml X 108

-
CoO

Carboxydothermus hydrogenoformans:
Growth with CO as sole carbon and
energy source.






HYdregenogenic. CO=1ePRAS

Carboxydothermus Thermosinus Caldanaerobacter Carboxydocella
hydrogenoformans carboxydivorans subterraneus thermautotrophica 417
strain Nor1T subs. pacificus (Sokolova et al., 2002)

(Svetlichnyi et al., 1991)

(Sokolova et al., 2004) (Sokolova et al., 2001;
Fardeau et al., 2004)
Kuril Islands, Kamchatka NorrisoBasin, YNP Okinawa Trough Geyser Valley,
T. 40-80° C [70-72°C] 40-68 ° C [60°C] 50-80°C [70°C] Kamchatka
pH: 6.6-8.0 [7.0] 6.5-7.6 [6.8-7.0] 5.8-7.6 [6.8-7.1] 40-68 ° C [58 ° C]
6.5-7.6 [7.0]

CO + H,0 > CO, + H,



Carboxydothermus hydrogenoformans
r "‘ r Thermanaerobacterium sp. STO1
Xy J (_ Thermosinus carboxydivorans Norl

Caldanaerobacter subterraneus subs. Pacificum
Carboxydocella thermautotrophica
Carboxydocella sporoproducens
Rubrivivax gelatinosus
Rhodospirillum rubrum
Dictyoglomus carboxydivorans
Thermofilum sp.

Carboxydocella sp. 930
Carboxydocella sp. 961

Anaerobic: Carboxydocella sp. 1244
Carboxydocella sp. 1503
CO + H O 9 CO + Hq Carboxydothermus siderophylus st. 1315
2 2 Z

CO + H:0 + 2 Fe¥*> CO, + 2 H* + 2 Fe?*

Thermosinus carboxydivorans Norl
Carboxydocella ferrireducens st. 019
Carboxydothermus siderophylus st. 1315
Carboxydothermus ferrireducens

CO + selenite = CO; + elemental selenium
CO'+ arsenate/ansenite = CO; + arsenic sulfides

4 CO + 4 H,0 > CH,00 - + 2 HCO, + 3 H*

Moorella thermoacetica

Bi Osynth esIs: Methanosarcina acetivorans
CO > acetate 2. biomass



Role of Anaerobic Carbon Monoxide-Utilizing
Microbes in Thermophilic Ecosystems

/\ﬁ S0, Reducer Vw Acetogen

= Methanogen /V— Carboxydotroph
@y H. Oxidizer

Techtmann et al.

CO + H,O - CO, + H, Environ. Micro. 2009



“Take and Give” Mutualism

Sulfate reducers can produce up te 6000 ppm CO
during nermal growth (10-100X higher than akiegenic
CO levels):.

When CO'IS In excess; rapid depletion of CO levels will
Spare the community from: CO-toxicity-

This freshisupply of H; can then e fed back Into
sulfate readuction pathways Which: in turn: can; resupply:
the hydrogenegens with CO:.

WWhen biegenic CO Is noet a dominant CO source, C
Ayarogenoefonnans can survive on geothermal COvia
CO-sensing.



Rates of H; Production
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[DIVErSIty: of
CO-UtlizZng
hermepniles

Rhodospirillum rubrum
Microbacterium sp. str SKJH=239

Dethisulfovibrio russensis
Desulfotomaculum thermobenzoicum

Pelotomaculum sp. str MGP
Cryptanaerobacter phenolicus

Desulfotomaculum geothermicum

Desulfotomaculum carboxydivorans
Syntrophobotulus glycolicus

|: Desulfitobacterium frappieri
Desulfitobacterium hafniense

|: Thermincola carboxydophila
Thermincola ferriacetica

Carboxydocella sporoproducens
Carboxydocella thermautotrophica

Moorella thermoacetica
Moorella glycerini
Thermosyntropha lipolytica
Thermoacetogenium phaeum

82 100 |: Carboxydothermus ferrireducens
Carboxydothermus hydrogenoformans

Natronanaerobium thermophilum
Desulforudis audaxviator

_|:Thermoanaembacter ethanolicus
Thermoanaerobacter wiegelii

_'_7 Caldanaerobacter uzonensis
Caldanaerobacter hydrothermalis

Caldanaerobacter subterraneus subsp. yonseiensis

4|-E Caldanaerobacter subterraneus subsp. pacificus
88l Caldanaerobacter subterraneus subsp. tengcongensis

Selenomonas ruminantium

Thermosinus carboxydivorans

61 Sporomusa paucivorans
-:Desuffosporomusa polytropa

0.1

Sporomusa acidovorans




Relative location and gene composition of the CODH clusters
In the Carboxydothermus hydrogenoformans genome.

NADPH

Generation

2

“Rhodospirillum rubrum” locus

CODH 11
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cytoplasmie
membrane
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cooS cooF COOF gooS 3 b H

ﬂHﬂ - ' 30+ 0y
e, : 1 2H'+ CO,
“Moorella thermacetica’

locus

“Rhodospirillum rubrum” locus
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CHY 1373

fumarate reductase, Cluster B

297

12

CHY 1374

fumarate hydratase,Cluster B

i,

17
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Hydrogen
Production

cooKcool.cooXcooUcooH

Integrase ] Hydrolase

e &

Transposage Transposase

hypothetical \hypo etical

in
\ cooF cooS\

Minimal
CooS

e

Hypothetical proteins

ransposases

Fumarate hydratase

Thermosinus carboxydivorans \ ‘L

sCODH inventory.
ECOOA




Unigue Aspects of /7erinosinus
CODHS

Three CODHS

s One Is linked tora'hydregenase (Similar te: C. fiyarogenoionnans
CODHL) (Contig 51).

= One Is similar te the CODRHV fream: C. fiyarogenolornansand s
not linked terany other CO-related genes(Contig 46).

x One Is considerably'smaller (482 a.a. compared to the average
c00S(622-712 a.a.)). Tnis contains all of the conserved domains
necessary. for a cooS (Contig 54).

Ne CODH/ACS



CODH1 Gene cluster

High similarity between 7-
carboxyaorans CObDH1 and: ¢
nyarogenoiormans CODHL (88% Identity
On the nucleotide level).

Percent GC

n /. carboxyalorans- 51.6 %
a C. hiyarogenoionmans -42.0'%

n /. carboxyalvorans CODHIL eperon - 43.4'%



GC Skew

B ccskene

y B ccskew)
fd';’l‘,ﬁf;:w/é;}? Il GC Content

Z%Carboxydothermus ferrireducens

. 100% identity
. 100% identity
g 50% identity
: “Thermosinus carboxydivorans
B 100% identity
B 100% identity

400 M”EO% identity

1800 kbp

\ 1600 kbp

11400 kbp
1200 kbp




Organisms with CooA Homologs

Organism

Number of CooA
Homologs

Original Description

CODH/ACS

Carboxydothermus
hydrogenoformans

2 (CooA-1 and
Co0A-2)

Thermophilic
hydrogenogen

Yes

Carboxydothermus
ferrireducens

1 (CooA-2)

Thermophilic Iron
reducer

Yes

Thermosinus
carboxydivorans

1 (Coo0A-1)

Thermophilic
hydrogenogen

No

Rhodospirillum rubrum

1 (Coo0A-1)

Phototrophic purple
non-sulfur bacteria

Azotobacter vinelandii

1

Aerobic nitrogen fixer

Desulfovibrio vulgaris

1

Sulfate reducer

Desulfovibrio desulfuricans

1

Sulfate reducer

Desulfitobacterium
hafniense

2 (One Coo0A-2
homolog)

Reductive dechlorinator




CO0A




Action of CooA

Coo0A Co0A

Jt

D-helix

(kGTD A ¥
cooF promoter —- TGTCA NNNNNN CGACA
cooM promoter —- TGTCG NNNNNN TGACG

Roberts, GP et. al. 2004 Microbiology and Molecular
Biology Reviews 68,453-473



Dystunctional GEnoemies:

Frameshitts in the C.
11Y/G[OGEHBI0NHTIAISIEN0E

20 frameshift mutations were found In the
geneme.

fhe seguenced strain Was grown in
medium supplemented with pyruvate te
encoeurage growtn.

One of the frameshifts was In the
CODH/ACS gene cluster.



CODH/ACS Catalytic Sununit
Frameshift

Sequenced strain
Genome sequence
DSMZ archived strain




Co0A-2 Frameshift

AR AR AR R R R AR RRRRRRRRRRRRRRRRRRRRRRRaRR R AARRRRRRRRRR R RREREEEED

CooA-2.2-29 G
CooA-Z.DSMZ Q3 -

ruler ) . . 120




Action of CooA

CO CO00A Co0A

o~

cooF promoter —- TGTCA NNNNNN CGACA

cooM promoter — TGTCG NNNNNN TGACG Roberts, GP et. al. 2004 Microbiology and Molecular

Biology Reviews 68,453-473



CooA and NnrR

insertion

—t—
88GQLFGIAPALARDTY!0?

TIGDIFC

) — ) E—
190pONISEMTGTTLHTVSRLLS209

1M PEETATMLGTTRQTVSVLLN®?
* * &k

m(A) Superposition of Ch-CooA
(olive) and NnrR (teal). The
boxed region corresponding to
the heme binding pocket is
expanded on the right. The
proximal heme ligand of Ch-CooA
IS His-83 (green) and that of
NnrR is Tyr-102 (blue)

m (B) Amino acid sequence in the
vicinity of heme ligands of Ch-
Coo0A (top) and NnrR (bottom).
The unigue insertion of NnrR Is
highlighted in blue. Conserved
residues are in red.

m (C) Helix-loop-helix (orange
cylinder, helix) region essential
for DNA binding.



“Red™” E£. col

Expression of CoeAl

E. Coli VJS6737 grown anaerobically at 30°C on MOPS
minimal medium supplemented with Amp. (100ug/ml), 2%
CO, and varying levels of IPTG.

- No IPTG

- 25uM IPTG
- 50uM IPTG
- 100uM IPTG
- 250uM IPTG
- 500uM IPTG

'nrnfj()w‘:b



IRAING Spectrum: of CooA-
1 and CoeA-2

CooA-1 Oxidized Ay s CooA-2 Oxidized
CooA-1 Reduced : oy ——  Coo0A-2 Reduced
CooA-1 CO Bound i CooA-2 CO
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R. [[UBIUM COOS PronIoter;
JacZ HUSIONS




Preomoters; used i DNATBIndIng EXperments

Hydrogenase-linked CODH (Energy conservation)

Co0S cooF cooHcooJ cooXcoolcooK cooM cooC cooA

\ Putative

CODH Acetyl CoA Synthase (Carbon Fixation) | " °™"
CooC1 cooSlllI acsB acsC FeS cooC2 acsD acsE

Putative
Promoter



Mobility, Shifts

CooA-1 ACS 25°C CooA-1 cooC 25°C

- ‘-‘ -
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CooA-2 ACS 25°C Co0A-2 cooC 25°C
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Coo0A Biacore Experiment

sl

- Streptavidin Chip

Time (s)



Binding te the Hydrogenase
Plromoter

Co0A-1 cooC Co0A-2 cooC
Hydrogenase promoter Hydrogenase promoter




Binding to the CODIH/ACS
pPromoter

Co0A-1 cooC Co00A-2 cooC
CODH/ACS promoter CODH/ACS promoter




Binding Parameters for CooA Binding to
the Hydrogenase and ACS promoters

CooA-1 Co0A-2 Co0A-2
(Hydrogenase) | (Hydrogenase) | (CODH/ACYS)
Ko™ (L/IMS) 3.168x10° 2.823x10° 7.460x10°
kg' (1/s) 0.06273 0.2061 0.04123
ka” (1/s) 0.004339 0.005667 0.008221
kq® (1/5) 0.003120 0.004122 0.003576
Ko (nM 82.8 30.7 16.8
Rmax (RU) 110.4 112.3 178.7
Chi® (RU?) 0.536 3.4 5.07

R. rubrum CooA binding to the cooF promoter K= 12.7 nM




CO

Action of CooA

CO00A Co0A

cooF promoter —- TGTCA NNNNNN CGACA
cooM promoter —- TGTCG NNNNNN TGACG

Roberts, GP et. al. 2004 Microbiology and Molecular
Biology Reviews 68,453-473
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The Anatomy. off a CepA
SPEctrlim

400

Soret Peak

450

500 550
Wavelength (nm)

800

Y - Fractional Saturation

K, - CO binding
disassociation constant

n - Cooperativity
n =1 (no cooperativity)
n = 2 (fully cooperative)

650 700
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Determination of CO! Binding
Affinity (A,) for CooA-1

K. peoe = 16.5 UM K,y 7000 = 5.2 uM
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Determination of CO BINAING
atfinity (A7) ior COoA-2

K. psoe = 5.5 UM Kpyeeoe = 3.1 uM

] CooA-2 25°C
1.5 | —————- CooA-2 25°C (R*2 = 0.9756) 5
O CooA-2 55°C o
— ————- Co0A-255°C (R*2=0.9735) O f/’ ©

>
>
o
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Determination of Cooperativity.
(1) for CO Binding to CooA-1

CooA-1 25°C CooA-1 70°C
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o
(M)

CooA-1 25°C
CooA-1 25°C n=1
CooA-1 25°C n=2

CooA-170°C
CooA-1 70°C n=1
CooA-1 70°C n=2
CooA-170°C n=1.2
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Determination of Cooperativity.
() for CO Binding to CooA-2

Co0A-2 25°C CooA-2 55°C
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CO; Binding Censtants

Constant Elevated Temperature
Ky CooA-1 16.5 uM 5.2 uM (70°C)
Ki CO0A-2 3.1 uM (55°C)

Ky R. rubrum CooA
n CooA-1 1
n COOA-2 2
n R. rubrum CooA




Model for Interplay Between CooA Homologs
for Regulation of Multiple CODH Homologs

Limiting CO Concentrations (Geothermal CQO)

e
a2 @

Energy Production Carbon Fixation
(Hydrogenase) (Acetyl CoA Synthase)

High CO Concentrations (Biogenic CQO)

1

NF =

Energy Production Carbon Fixation
(Hydrogenase) (Acetyl CoA Synthase)




sSummeany

Ce0A-1 ISispecialized for activating maximal expression
of the CODH-linked hydregenase at high' CO
concentrations.

Ce0A-2 hinds' COwithrhigh' affinity: under low: CO
concentrations and Is able te activate both energy

preduction via the hydregenase as well as caroon
fixation'via the CODH/ACS.

Multiple CeeAs allew' C. fiyarogenoifonnans te shunt Co
tewards energy consenation er cardon acquisition
pathways depending en availability: off CO, thus enabling
efficient grewth en CO ever a wide range of
concentrations.



Chaperonin Tree

C. Psychrerythraea GroEL A‘aeg{ff?cfla%;%EsLGroEL Grou P I
M. acetivorans GroEL C.thermocellum GroEL

T.tengcongensis GroEL

T.carboxydivorans GroEL

H. sapiens TCP1 alpha H.modesticaldum GroEL
M. musculus TCP1 alpha D.audaxviator GroEL

D.reducens GroEL
S. pombe TCP1 alpha P.thermopropionicum GroEL
S. cerevisiae TCP1 alpha

C.hydrogenoformans GroEL

H. sapiens GroEL

G. violaceus Group ll-like

T. brucei TCP1 alpha

C. maquilingensis Group Il C. hydrogenoformans Group ll-like

T. pendens Group |l

H. modesticaldum Group ll-like
A. pernix Group |

M. thermophila Group I T .carboxydivorans Group ll-like

D. audaxviator Group ll-like

M. burtonii Group |l D. reducens Group ll-like
M. jannaschii Group I P. thermopropionicum Group ll-like
P. furiosus Group I H.volcanii.Classl|
G I‘OUp I I N. equitans.Group Il

“Group HI”

[l Bootstrap >98%
] Bootstrap 75-98
' | Bootstrap 50-75

0.1
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Novel HSP60
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Chaperonin hackground
Chaperonin (HSP60) - An ATP dependent Foldase

Group | - Bacteria, Archaea, In mitochondria of Eukaryotes

oao

ATP | ATP
Ve




Characteristics of HSP60

ATP dependent Foeldase

Oligemers ferm a deuble barrel structure.
Group |

= Dependent upon co-chaperene GreES for felding
Of nen-native proteimns:

x Oligemeric structure Is compesed of twWoe Seven
MEMMBEr HNgs.

Group I

s Contains a helicall pretrusion that acts as built=in
lid allowing these HSP60s toract in a GroES-
Independent manner.

= Oligomeric structure Is composed of two eight or
nine member rings (depending 0n SPEeCIes).
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Glutamate Denyadregenase
Rretection Assays.

—{+—— GDH50C
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Malate Dehydrogenase
RefeldingrAssays

MDH" frrom porcine heart was;aenatured in
AM Guanidine HCl at 37°C for 1 Ar.

Denatured MDHwWas diluted 17100/ 1nte
reaction mixtures containing C.
nyarogenoionmnans Greup: T HSPG0.

Felding reactions Were incubated at 42°C for
30 minutes, sampled at 5 min intervals

MDH activity was measured at 25°C



Refolding
(Malate [Dehydregenase)
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Refolding
(Cooperation With: SIHSP)
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Conclusions

DIVersertnermoephllic immicutesioxiaize;CO
anEPreUUCE Hs eI reaiceNmeLalS:

MUlplerCO=rEespeRsIve tianscrplenal
actiVateysialloWiior elliCIenHuSe ol CONIa
multiplelpathwaysieVer anviderranee 0 co
CONCENURALIGNS:

Athieyvel = ClassHillEaESPE0MVastannotatedin
e GENGMESI Ol &l SEleCigolpreirREmICULeS
Carnoxyedotrophsideminates Represents at
least a very deeprhranchin Class: iilsCPN
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