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Abstract

Among the developments aimed at addressing the climate crisis, the field of carbon capture and
utilization (CCU) contains promising technologies.

Enzymatic solutions for CO, conversion are of interest given their high selectivity and mild reaction
conditions. Metal-dependent formate dehydrogenases (FDHs) are particularly interesting since it is
the only class of enzymes capable of producing a liquid in-demand product using CO, and electricity
as the only substrates.

However, due to the incredible FDH diversity, selection of promising candidates for CCU proves non-
trivial. Additionally, their inherent complexity and preference for anaerobic conditions have been
shown to confer challenges for expression and characterization. This is reflected in literature, where
a majority of studies are based on natively expressed FDHs and no study characterizes more than a
single metal-dependent FDH variant at a time.

This thesis aims to develop and present a novel classification scheme for metal-dependent FDHs that
allows discussion and selection of FDH candidates relevant for CCU. Additionally, through
characterization of relevant FDHs, this thesis aims at expanding and consolidating the current
understanding of FDHs in a CCU context.

By comparing structural and compositional qualities of all metal-dependent FDHs from the RefSeq
sequence database, a classification scheme consisting of six FDH ‘types’ was developed. Here, the only
two previously described oxygen tolerant FDH variants, RcFDH and CnFDH, were both classified as
‘type 5 FDHs'. These variants and a third novel type 5 FDH, RsFDH, were subsequently expressed
recombinantly, purified, and then characterized in terms of co-factor saturation, pH and temperature
optima, catalytic parameters, and oxygen tolerance.

Interestingly, it was observed that hypothesized best practices for expression of metal-dependent
FDHs were inferior in terms of yield and specific activity to a previously demonstrated simpler
protocol. In terms of catalytic rate, CnFDH clearly outperformed the other type 5 FDHs, although
RsFDH showed a higher relative preference for CO, reduction. Remarkably, oxygen tolerance turned
out to involve complex dynamics between the enzyme, substrates, oxygen, and nitrate ions. Adding
to this complexity, all three FDHs displayed previously unreported interaction with phosphate.

In conclusion, this thesis expands the previous knowledge on metal-dependent FDHs by
demonstrating that type 5 FDHs represent a distinct sub-group, which is able to convert CO, under
aerobic conditions with complex catalytic dynamics. Combined with a broad investigation of
expression and purification methods, this thesis provides valuable insights for future research on these
fascinating enzymes.



Dansk resumé

Blandt teknologier udviklet i kampen mod den verdensomspandende klimakrise er CCU (carbon
capture and utilization) en af de mest lovende muligheder.

Enzymatisk omdannelse af CO; er en lovende teknologi, idet enzymer er meget selektive og fungerer
under milde reaktionsbetingelser. Metal-afhangige format dehydrogenaser (FDH’er) er seerligt
interessante, idet de er den eneste type enzymer, der muligggr produktion af et flydende og
efterspurgt produkt udelukkende ved brug af CO; og elektricitet som substrater.

Pa grund af en imponerende grad af diversitet blandt FDH’er er det dog ikke trivielt at udvaelge lovende
kandidater til CCU. Ydermere har tidligere studiers ekspression og karakterisering af enzymerne vaeret
udfordret af FDH’ernes hgje kompleksitet samt deres praeference for anaerobe forhold. Dette ses ogsa
i litteraturen, hvor stgrstedelen af studierne er baseret pa nativt udtrykte FDH’er, og idet ingen studier
har karakteriseret mere end en enkelt metal-afhaengig FDH ad gangen.

Malet med denne afhandling er at udvikle og praesentere en ny metode til klassifikation af metal-
afhaengige FDH’er, som muligggr diskussion og udvzelgelse af FDH-kandidater til CCU. Ydermere, vil
afhandlingen gennem karakterisering af relevante FDH-varianter forsgge at udvide og sammenfatte
den nuvarende forstaelse af FDH’er i CCU-kontekst.

Gennem sammenligning af alle metal-afhangige FDH’er fra RefSeq-sekvensdatabasen, blev der
udviklet en klassifikationsmetode med seks ‘typer’ af FDH’er. De eneste to tidligere beskrevne FDH-
varianter med ilt-tolerance, RcFDH og CnFDH, blev begge klassificeret som ‘type 5 FDH’er’ med denne
metode. Disse varianter samt en tredje, hidtil ubeskrevet type 5 FDH, RsFDH, blev rekombinant udtrykt
og oprenset, hvorefter de blev karakteriseret i forhold til deres cofaktor-maetning, pH og temperatur
optima, katalytiske parametre og ilt-tolerance.

F@rst blev det observeret at den metode, der var hypotetiseret til at veere mest optimal til ekspression
af metal-afhaengige FDH’er faktisk resulterede i lavere udbytte og specifik aktivitet sammenlignet med
en tidligere anvendt, simplere protokol. CnFDH opnaede den klart hgjeste katalytiske hastighed af de
tre FDH’er pa trods af, at RsFDH faktisk havde en hgjere relativ preeference for CO,-reduktion.
Derudover viste det sig, at ilt-tolerance var et komplekst spgrgsmal, hvori dynamikken mellem
enzymet, substraterne, ilt og nitrat-ioner var afggrende. Derudover blev der tilfgjet endnu et lag af
kompleksitet, idet der blev observeret en interaktion mellem fosfat og samtlige af de tre FDH-
varianter, som ikke tidligere er beskrevet.

Overordnet set, udbygger denne afhandling den eksisterende viden om metal-afhaengige FDH’er ved
at demonstrere, at type 5 FDH’er udggr en distinkt undergruppe, der med kompleks dynamik er i stand
til at omdanne CO; under aerobe forhold. Nar dette sasmmenholdes med en bredere undersggelse af
metoder til ekspression og oprensning, bidrager denne afhandling med vaerdifuld viden til fremtidig
forskning i disse fascinerende enzymer.



Acknowledgements

Throughout the past three and a half years | have received a great amount of supervision, help, and
support, without which | could have not completed this work.

Firstly, | would like to express my gratitude to my main supervisor Anne Meyer, who not only entrusted
me with this very exciting project, but also supported me continuously and tirelessly over the whole
period. Her unwavering dedication and belief in the project and me as student have been of critical
value to me. From Anne, | have learnt a lot about drive, leadership, and most importantly how to be
a proper scientist.

Secondly, | want to thank my co-supervisors Preben Morth and Lene Lange. The long intricate talks on
both science and scientific context have been a great source of learning, and their creative thinking
has opened doors that | did not know existed. Travelling with Lene to Lolland or sitting in Preben’s
office has been not only inspiring and enlightening but also equipped me with a strong perspective on
research as a whole.

| feel fortunate to have worked among some great colleagues during my time as a PhD student. | would
particularly like to thank the members of the Enzyme Technology, Structural Enzymology, and Protein
Biophysics groups for making the journey both fun and intellectually stimulating. | would like to
specially mention Kristian Barrett, who not only helped me conduct a CUPP analysis but was also a
great friend and brainstorm partner over the past six years at DTU. Furthermore, | would like to
particularly thank Marlene Vuillemin, Lisa Merklinger, Julia Weikum, Emil Stender, Jesper Holck,
Mateusz Lezyk, and Casper Wilkens who all have helped me tremendously in the lab.

In addition, the journey would not have been the same without the amazing social network |
experienced in building 224, 225 and 227. Thank you for all the good times in the lab and lunchroom
with board game nights, bar crawls, raclette eating, breakfast clubs, birthday parties, and hot pot
dinners.

| am sincerely grateful to my collaborator at Boston University, Sean Elliott, who provided valuable
insights on the electrochemical aspects of this work. | would also like to thank Malgorzata Rizzi at DTU
Environment, for helping me quantify co-factor saturation via ICP-MS.

Finally, | am very thankful to my friends and family, who have always supported my scientific path —
also by accepting that the lab sometimes comes first. | would like to mention Michael Schantz, who
took the time to help me in the final proof-reading phase, and my wife Christina, who is always there
for me and who has been my rock, cheerleader, and detail polisher during the thesis writing process.



Contents

=Y - [ol T TP TP PSP PPURUPPPPRRRPRO i
FY o1y o - Lot PP PR P RTOPPPOTRRPR ii
DANSK FESUM. ...ttt ettt st b e e b e s bt e s a e e s at e eat e e be e beesheesatesabesabeebeesbeenns iii
ACKNOWIEAZEMENTS. ...eeiiiiiiiie ettt e e e st e e e e s bee e e e s beeeeesabeeeeesabeeeeessseeeessnseeeesnnsenas iv
L0To T 1 1= 01 £ TP PTPTPPI v
IE o) B 0101 o] o= Y o] o L3S viii
List Of @bbreviations......c..eei e s ix
INEFOTUCTION .ttt ettt et e st e s bt e e sabe e s abe e e sateesabeeesabeesabeesneeesareeeneeas 1
Yo o Tl o} i g =Ty LR RRR 2
Chapter 1. ConteXt OF STUAY .....uuiiiiiiiee e e et e e e e tb e e e e s tr e e e e saaseeeesanaeeeesnnraees 3
1.1. Carbon capture and ULIlIZation .........cocciiiiiciiiee e e e 3
1.1.1. Current developments Within CCU ........uiiiiiiii it e e e ee e e e 4
1.1.2. CCU in @ DaNiSh CONTEXT .....ueiiiuiieiiiieiie sttt ettt et et s b e s sbe e e sareessneeesareeeas 5
1.1.3. Considerations for enzymatic CCU.........cciiiiiiiiiiiiie et etee e e setr e e e e sarae e e snaneeeeans 5

1.2. Enzymatic reactions With €Oy ...cccuiiiiiiiiiie sttt e e e s e e e e s aaa e e s e areee s 6
Chapter 2. Formate dehydrOZENASES ........eiiicuiiieiiiiiee ettt ettt e et eeete e e e e eabeeeeetreeeeeaseeeeesseeaeenreeans 9
2.1. General CharaCteriStiCs ......oiiuiiiiie ettt et s s e s b e e sme e e sneeesneeas 9
2.1.2. SUBUNItS @aNd ChAPEIONES....ccie it ee e e e e e e et re e e e e e e e e e nnreaeees 12
N S T Oo T - ot o] PP P TP PP PRRRPRRRPRPPN 12
2.1.4. FDHs in combinations with other @Nzymes .........cccveiiiiii e e 12
2.1.5. Potential for meaningful SUb-diViSION........cocccuiiiiiiiiii e 13

P O - 31 Tor- Y i [o ] RO TP PPTOVRRPRN 13
2.2.1. Existing classification scheme for FDHS ......cccciiiiiiiiiiiiec e 13
2.2.2. Novel classification scheme for FDHS ........ccoiiiiienienienieneceeeeee et 13

2.3 KINEEICS cetiiii it s 21
2.3.1. Generalized reaction MechaniSM .........ccoiiiiiiiiiiiiere e e s 21
P20 T L (=T d o T W [o] s To ] ¢ T TP UPPTOTPROPRTON 22
PRGN (12 1=] d ol ole] 0] oF- ] 4o ] o VNSO 24

2.4. Selection Of FDH Candidates ......ccoueiiiiiieiiieieciee ettt st et neee e 27

(@ o =T o) f=Tgie T =1 o V4¥/ s g T=18 o] o Yo [¥ ot o o PSSP 28
0t O oY 13 o ¥ ot e [Ty = o USSR 29
3.1.1. Placement Of HiS-tag.....ccuuiiieiiiiiiiiiiie ettt et e e e e et re e e e e e e anrre e e e e e e e eenrnaeees 32

I o d o] =111 (o] o [ 33
3.2.1. Methods and materials for @XPresSion ... iccieeeccie e e 33



T T S U] ] £ oF=Y o] o RO 34

3.3.1. Materials and methods for purification..........cccceei i 34
3.3.2. Background for selection of purification method.........ccccceeeiiieiinciii e, 37

] o] - T - 38
3.5. Comparison of eXpression ProtOCOIS ......ccveiiiciieii ittt e st e s ssree e s ssbeeeesans 39
3.6. Comparison of expression of RsSFDH, RCFDH, and CNFDH ..........cccoooiiiiiiiieii e 41
3.7. Conclusion on expression and purification.........cccocciiiiicciee i 42
Chapter 4. Type 5 formate dehydrogenases as catalysts .......ccccveeeiiieiiciiiiee e e 44
4.1. Practical considerations regarding SUDSTIates........cccccuviiiiciiiieiiiiie e 44
4.1.1. CO235 @ SUDSTIAtE ..eeoiiiiiiieeiiie ettt sttt e s bt e e sab e s be e e sareesneeesaneeeas 44
4.1.2. NADT/NADH @5 @ SUDSTIAtE ...eeeeeiei ittt ettt et e ee ettt e e e s e eeeeaeeeeeeesesaseeaereeesesesanan 45

4.2. Materials and methods for assessing aCtiVity.........coccueiiieiiiie i 45
4.2.1. Assay for the forward reaction .........cccoccuiee e 45
4.2.2. Assay for the reverse reaction .......cceicccieee e e 46

4.3. Evaluation of enzyme PopUIation .........eeiiiiiiiiiiiiec e 49
4.3.1. Co-TaCtOr SAtUIAtiON .. .ceiiiiiiiiie sttt sttt e st e sb e s bee s sabeesneeesaneenas 49
4.3.2. Effect of buffer and dimerization...........coceeiieiiiiieiie e 50

4.4. Temperature and PH OPtiMa ..oocuiiii it e s s b e e e e s b e e e e e aaaee s 51
4.5. Kinetic Characterization ........o..eoeei et e s ene e e sare e 53
4.5.1. FOrmate OXidatioN.....c.coiiieiiiiieiiee ettt ettt e e e sare e 53
4.5.2. CO2 rBAUCTION c..eieitie ettt ettt ettt ettt e et e st ee et e e s bt e s st e e sabeeeabeeesaseesneeesabeesaseeeanseesaneeesaneesas 57
4.5.3. Ratio of forward and reverse reaction rates......ccceueereeriieneeneeneenee e 59

I 0 4 V7 ={=T o IR (o] [T = o T TSR 60
4.6.1. Oxygen tolerance of candidate FDH ......c.c.ooiiviiiiiiiiiiee et 60

o N o LTy IRV d o 1 L [ TSRS 62
Chapter 5. Perspectives 0n appliCation .......coccuiii it e e e e e rae e e e anes 64
5.1. Application of FDHs for enzymatic electrosynthesis .........cccccvveeiiciiiei e, 64
5.1.1. General design CONSIAErations..........eeiccuiieiiiiiie et e e sbae e e e rre e e e eaees 64
5.1.2. FDHs as electrochemical Catalysts ......ccccuiiiiiiiiiiiiiiie e e 65

5.2. Downstream processing Of fOrMate ......cccviiiiiiiiiiiiie e 67
5.2.1. Formate to other ChemiCals.......c.coiiiiiiiiieeeeeee e 67
5.2.2. Formate as a feedstock for fermentation.........cccceveereerieniciiceseeeesee e 68

5.3. IMPACt ON CO2 EMISSIONS ...eeiiiieiieiiiiiieeee e e e ettt e e e e e s ettt e e e e e e e anbreeeeeeesesansreeeeeeessasannneaeeeeeeess 69
CONCIUSION ...ttt st ettt e s a e e s bt e e s ab e e s are e s be e e sabeesabeeeamteesabeeeneeesaseesnenesnneanns 70
RETEIENCES ...ttt ettt e bt e e bt e e st e e s bt e e sab e e s be e e neeesabe e e nneesareeeneeesareeeanes 71
Appendix A. Common gene product anNOtatioNs .........cececiieiiiiiiie it ereee e 86



Appendix B. Reactions involving CO2 by EC NUMDET......ccciiiiiiiiiiiie sttt siaeee s 87

Appendix C. Enzymes catalyzing reactions invVOIVING CO2.....uuiiviiiiiiiiiiiee e cieee e sieee s e siieee e 88
Appendix D. FDH sequence analysis (Large fIgUre) ..ottt 91
Appendix E. SOIUDITItY @SSAY ...iiiiiiiiiiiiiiiie ettt et e e e e et e e e e ba e e e e s abe e e e e naaee s 101
Appendix F. Co-factor saturation methodOIOZY ........ccueiiieiiiiiiiiiiie et e 103
Appendix G. Materials and methods for cloning of expression vectors........ccccccvceeeiieeieciceeenieene 104
Appendix H. Discussion on purification Method............cccocciiiriiiiii i 105
Appendix |. Development of expression Method ...........ccociiiiiiiiii e 107
Appendix J. FDHs from a taxonomic and metabolic perspective .........ccccoccveeeiiciieeeccieee e, 110
Appendix K. Pictures from purification ..........ooc.eoiiiiiiiieie e 111
Appendix L. SUPPIEMENTArY fIGUIES ......eeiiiieeee ettt et et e e e are e e e e are e e eearaea s 113

Appendix M. Paper I: Classification and enzyme kinetics of formate dehydrogenases for
biomanufacturing via COz ULHIZatioNn ........ocociiiiiiiiec e 115

Appendix N. Paper Il: Enzyme reaction kinetics and O, tolerance of bacterial formate
dehydrogenases for CO2 ULIlIZAtioN .......c.eeieciiii ittt e are e e e 127

Vii



List of publications

e PAPERI: Nielsen, C. F., Lange, L., & Meyer, A. S. (2019). Classification and enzyme kinetics of
formate dehydrogenases for biomanufacturing via CO; utilization. Biotechnology advances,
37(7), 107408.

e PAPERII: Nielsen, C. F., Morth, J. P., & Meyer, A. S. (In preparation). Enzyme reaction kinetics
and O, tolerance of bacterial formate dehydrogenases for CO, utilization. Journal of CO;
Utilization.

viii



List of abbreviations

ADH
ATP
AUC
BmFaldDH
CA
CbFDH
Ccu

Cl
CIFDH
CnFDH
CO2aq)
CO2)
CODH
cv
DdFDH
DET
DvFDH
EC number
ED
EDTA
EES
FAD
FaldDH
FDH
FHL
FMN
HDCR
Hdr-SC
ICP
ICP-MS
IMAC
IPTG
Keat

Ki

Kwm

Kobs
LCA
MET
MGD
Mo/W-bis-PGD
MV
NAD*

Alcohol dehydrogenase

Adenosine triphosphate

Area under curve

Formaldehyde dehydrogenase of Burkholderia multivorans
Carbonic anhydrase

Formate dehydrogenase from Candida boidinii
Carbon capture and utilization

Confidence interval

Formate dehydrogenase from Clostridium ljungdahlii
Formate dehydrogenase from Cupriavidus necator
Aqueous CO;

Gaseous CO;

Carbon monoxide dehydrogenase

Column volume

Formate dehydrogenase from Desulfovibrio desulficans
Direct electron transfer

Formate dehydrogenase from Desulfovibrio vulgaris Hildenborough
Enzyme Commission number

Electron donor

Ethylenediaminetetraacetic acid

Enzymatic electrosynthesis

Flavin adenine dinucleotide

Formaldehyde dehydrogenase

Formate dehydrogenase

Formate hydrogenlyase

Flavin mononucleotide

Hydrogen-dependent carbon dioxide reductase
Heterodisulfide supercomplex

Inductive coupled plasma

Inductive coupled plasma-mass spectrometer
Immobilized metal affinity chromatography
Isopropyl B-D-1-thiogalactopyranoside

Turnover number

Inhibition constant

Michaelis constant

Observed rate constant

Life cycle analysis

Mediated electron transfer

Metallopterin guanine dinucleotide
Mo/W-bis-pyranopterin guanine dinucleotide
Methyl viologen

Nicotinamide adenine dinucleotide (oxidized)



NADH
NADP*
NADPH
NREL
oDC

P

PEPC
PpFaldDH
RaFDH
RcFDH
RsFDH
RSM

RT
RuBisCO
ScADH
SDS-PAGE
SEC
SfFDH
SHE

SN

TCL
TkHDCR
TRL
WLP

Nicotinamide adenine dinucleotide (reduced)
Nicotinamide adenine dinucleotide phosphate (oxidized)
Nicotinamide adenine dinucleotide phosphate (reduced)
National Renewable Energy Laboratories

Oxaloacetate decarboxylase

Pellet

Phosphoenolpyruvate carboxykinase

Formaldehyde dehydrogenase from Pseudomonas putida
Formate dehydrogenase from Rhodobacter aestuarii
Formate dehydrogenase from Rhodobacter capsulatus
Formate dehydrogenase from Rhodobacter sphaeroides
Response surface methodology

Room temperature

Ribulose-1,5-bisphosphate carboxylase/oxygenase

Alcohol dehydrogenase from Saccharomyces cerevisiae
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Size exclusion chromatography

Formate dehydrogenase from Syntrophobacter fumaroxidans
Standard hydrogen electrode

Supernatant

Total cell lysate

Hydrogen-dependent carbon dioxide reductase from Thermoanaerobacter kuvui
Technology readiness level

Wood-Ljungdahl pathway



Introduction

Anthropologically caused climate changeisareality caused by increased saturation of especially CO; in
the atmosphere (Masson-Delmotte et al., 2018). While problematic, the atmospheric carbon also
represents a potential sustainable resource: If able to efficiently capture and convert carbon, one
would not only contribute to mitigating climate changebutalsotogeneratinga potentiallyvaluableand
environmentally sustainable revenue chain (Aresta et al., 2016; Hepburn et al., 2019).

Among the many possible technologies aimed at sustainably converting CO, to in-demand chemical
products, enzymatic solutions are of particular interest. This is due to the mild reaction conditions and
high selectivity of enzymatic solutions. Within the realm of enzymes, the class of formate
dehydrogenases (FDHs) contains interesting candidates for CO, conversion (Maia et al.,, 2017).
Intriguingly, despite extensive diversity among FDHs, no classification scheme has yet been developed.
Additionally, no study has been published where multiple FDH variants relevant for CO, conversion
have been expressed in parallel and directly compared.



Scope of thesis

The scope of this thesis is to develop and consolidate the understanding of FDHs for conversion of
CO..

To accomplish the scope, this thesis follows a linear structure, separated into five chapters. Combined,
the chapters describe the full exploratory process from understanding the context of enzymatic CO,
conversion to evaluating the potential of the characterized FDH candidates.

(Chapter 1) ‘Context of study’: The context of enzymatic CO, conversion. This chapter comprises the
contextual background of the study. Here, challenges and opportunities with carbon capture and
utilization are presented leading to a discussion on the parameters relevant for enzymatic conversion.
Based on these parameters, both a general overview of enzymatic reactions involving CO, and
arguments for the selection of FDH as best suited enzyme class are presented.

(Chapter 2)(PAPER 1) ‘Formate dehydrogenases’: Description and classification of formate
dehydrogenases. This chapter contains enzyme-specific background knowledge on FDHs to allow for
discussion in the following chapters. Importantly, an investigation of the inherent diversity among
FDHs is presented, followed by a presentation and discussion on division of FDHs into meaningful
classification scheme. Additionally, by comparing kinetic qualities, the influence of electron donors is
presented and discussed. Based on the derived classification scheme and subsequent discussion,
specific FDH variants are selected for expression and purification.

(Chapter 3)(PAPER IlI) ‘Enzyme production’: Production of selected enzyme candidates, while
addressing potential optimization options. This chapter tests and evaluates the current best practices
for recombinant expression of selected FDH variants.

(Chapter 4)(PAPER 1l) ‘Type 5 formate dehydrogenases as catalysts’: Characterization of selected
FDH variants. Here, pH and temperature optima, catalytic parameters, and oxygen tolerance are
evaluated and compared for selected FDH variants.

(Chapter 5) ‘Perspectives on application’: Evaluation of potential for application of selected
enzymes. Discussion on the perspectives of large-scale implementation of CO, reduction to formate.

Through the information presented and discussed in these five chapters, this thesis contributes to the
overall understanding of formate dehydrogenases for CO, conversion by presenting and discussing a
novel classification scheme, and additionally by characterizing and comparing relevant FDHs.



Chapter 1. Context of study

1.1. Carbon capture and utilization

As mentioned in the introduction: Climate change is a reality. It is a full-fledged crisis that we need to
act on with a high level of urgency if we wish to avoid the worst of its consequences
(Intergovernmental Panel on Clima Change, 2013). Recent estimates set the annual total carbon
emission to roughly 11.3 Gt carbon emitted per year. The majority of the carbon is bound in CO,
meaning a total annual emission of roughly 41 Gt CO,. Of this, 17 Gt CO; is causing an atmospheric
CO, concentration increase, and the remainder is taken up in ocean and land mass (Hepburn et al.,
2019). Currently, the atmosphere contains approximately 3,150 Gt CO,. This corresponds to
approximately 410 ppm CO, assuming equal distribution over a year (Quéré et al., 2018). In the
preindustrial year of 1750, the CO, concentration was 277 ppm (Joos and Spahni, 2008). Returning to
this concentration would entail a removal of roughly 995 Gt atmospheric CO; on top of the yearly 17
Gt CO; emission. Or to put it in sensational terms: We need to remove a full teratonne of CO, from
the atmosphere just to return to ‘normal’.

The only actual long-term solution to achieve this momentous goal would be to become completely
independent of any kind of fossil fuel, while simultaneously introducing net negative carbon emission
processes at truly massive scales (Chohan, 2018). This is of course is an incredibly daunting and
complex task. In fact, it is most likely the biggest global challenge ever.

Among the many possible solutions to achieve significant reduction in CO; emissions, carbon capture
and utilization (CCU) has gained increasing interest. As the name implies, CCU technologies are
technologies allowing capture and conversion of CO, into useful products. Essentially, CCU
technologies hold the promise of providing existing in-demand chemical commaodities, but produced
with CO, as the carbon source. This effectively allows substitution of fossil fuels with CO, and
renewable energy. Additionally, CCU is promoted as an option which — unlike other technologies —
allows introduction of revenue. In a free market economy, generation of revenue could aid scaling and
implementation independently of national politics.

Without delving too deeply into definitions and semantics it should be mentioned that ‘carbon
capture’ and ‘CO; utilization’ are actually often two distinct technologies or methods that can be
coupled. ‘Carbon capture’ is the process of capturing CO, to be processed for other uses. ‘CO;
utilization’ is loosely defined as the use of CO; as a feedstock to produce carbon containing products.
It is important to realize that the technologies revolve around substitution of CO; net positive emission
processes with net neutral processes, although some approaches do also allow net negative emission
depending on the lifetime of the given product (Aresta et al., 2014; Hepburn et al., 2019). In other
words, CCU on its own will mainly contribute to diminishing — and ultimately completely removing —
further emission of CO.. It will not significantly contribute to removing the legacy CO; that is already
in the atmosphere.

To further complicate matters, some definitions only consider something to be ‘CO, utilization’ if the
CO; substrate is above atmospheric level concentrations. In other words, if the product is made from
a plant biomass, it is not CCU but something else. One could argue that wood products and soil carbon
sequestration are also CCU and if so, really attractive, already economically feasible CCU approaches
do exist. Additionally, many of the plant-based approaches have gigaton potential for reducing CO,
emissions (Hepburn et al., 2019). Although these are interesting and exciting, for the purpose of this



thesis, CCU will be defined as the process of converting CO, from a single point source, with high CO,
concentration, directly into a single in-demand chemical.

1.1.1. Current developments within CCU

CCU is new territory. Different people, with different viewpoints, agendas, backgrounds, and
geography, are all lobbying for their particular solution (Patricio et al., 2017). No consensus regarding
the optimal solution has yet been reached. Then again, turning CO, emissions into net negative
emissions is not a task that can be completed with a single technology.

The promise of CO; conversion has led to the technology and dream of CCU to be on the rise and
gaining traction. Industrial and academic research efforts are rapidly growing with ever increasing
funding opportunities. Global prizes for researchers and companies are awarded. Established chemical
producers are building collaborations and adapting existing devices. Startup companies emerge in
droves. All to help achieve the common goal of establishing the production processes for the future.
However, despite the progress and immense initiative, challenges remain. Ultimately, cost economics,
market barriers, and technology-specific limitations will determine if any of these new approaches
achieve sufficient implementation (De Luna et al., 2019; Naims, 2016).

To the best of our knowledge, without discussing the political aspects of the chemical industry,
chemical companies are waiting for economic incentive to adapt away from petrochemical
production. This could be in the form of increased carbon taxation or removal of subsidies for
petrochemical production. Without these incentives it is reasonable to state, this time without
discussing the techno-economic feasibility of existing technologies, that the industry is also waiting
for the right technology to make CCU profitable enough. This ‘right technology’ could potentially be
derived with/from enzymes.

This thesis will not provide a techno-economic analysis comparing the current state-of-the-art CCU
methods. Additionally, it will not go into detail with the abundant non-enzymatic approaches that
have been developed recently. However, briefly put, interesting new chemical advances have been
achieved for both heterogenous and homogenous catalysts in both thermochemical and
electrochemical contexts (Al-Mamoori et al., 2017; Apaydin et al., 2017; P Chiranjeevi et al., 2019;
Goeppert et al., 2014; Song et al., 2017). And, of course, numerous interesting biological technologies
have also been developed. Engineered and native strains of bacteria, archaea, algae, and plants have
been studied and applied in CCU contexts (Aresta et al., 2014; Bajracharya et al., 2016; Canadell and
Schulze, 2014; Claassens et al., 2016; Humphreys and Minton, 2018; Yuan et al., 2016).

Common for any of the above technologies is that they all require a source of energy. For the chemical
approaches, many of the most established technologies are based on thermochemically driven
approaches (Aresta et al., 2016; Goeppert et al., 2014). The biological approaches are often driven
directly or indirectly by solar energy. However, interestingly, for both chemical and biological
approaches, electricity is becoming a more and more prevalent energy source. With good reason:
Electricity is the cleanest and cheapest energy we have. Implementation of electricity is the key to
turning extremely high volume reactions sustainable (Artz et al., 2018).

Point sources of CO,, including up-concentrated atmospheric CO; via direct air capture, combined with
the use of renewable energy may form the basis for a new chemical industry. The terminology of so-
called ‘electron foundries’ is being used by National Renewable Energy Laboratories (NREL) in the US,
exemplifying the ideology behind the new CO,-based chemical production driven by sustainable
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electricity (NREL, 2020). This talk reflects European work on implementation of Power-to-X production
facilities and a general global trend of implementing electricity as the foundational energy source.

In a recent review, De Luna et al. explores the question of what it would take for renewable powered
electrosynthesis to displace petrochemical processes (De Luna et al., 2019). Unsurprisingly, electricity
prices are the main cost driver that limits electrochemical production. If electricity prices fall below 4
cents per kWh and conversion efficiencies reach at least 60%, then electrochemical processes can
compete. It is beyond the scope of this thesis to assess the conversion efficiency of a suggested
enzymatic approaches, since such a solution would first have to be implemented in a device. However,
our best-informed prediction would be that technologies driven by clean electricity will become a
cornerstone in future chemical production if we are to have any hope of replacing petrochemical
production.

1.1.2. CCU in a Danish context
In a Danish context, CCU makes sense in two ways. First of all, Denmark has strong point sources of
CO; from a host of differences origins:

e Production of biogas is increasing through heavy subsidies (The Danish Energy Agency, 2017).
When producing biogas, only 60% of the emitted gaseous product is methane. Almost the
entirety of the remaining gas phase is CO, (Aryal et al., 2018). Already, biogas plants need to
‘upgrade’ the outlet gas by removing CO, and other gasses, leaving the CO, as a wasted
resource (Adnan et al., 2019).

e The Danish bio sector is strong and large. Fermentations in Danish biotech companies and
breweries produce outlet gas containing CO,.

e Combustion-based power plants are likely to remain a reality until efficient energy storage
is implemented. In Denmark, there is a strong trend of increasingly using agricultural waste,
energy crops, and municipal waste for incineration instead of the traditional use of coal and
natural gas. Flue gas from these power plants will however still contain significant levels of
CO; (Johnke, 1996).

e Steeland cement production are heavy emitters and will likely continue to be so unless heavy
carbon taxation is introduced (van Ruijven et al., 2016).

Secondly, a large percentage of Danish electricity production is based on wind energy (Energinet
Elsystemansvar, 2020). While relying only on surplus electricity is currently considered unfeasible due
to the inherent instability of wind power production, wind energy does promise the opportunity of
increasingly cheaper electricity on the grid as whole.

1.1.3. Considerations for enzymatic CCU

Based on the discussion presented in the previous two sections, it becomes clear that an ideal
enzymatic CCU technology is driven (directly or indirectly) by sustainable electricity. However, a
number of other parameters are also important when gauging the relevance and performance of a
given enzymatic CCU technology. Of particular relevance is the composition and conditions of the
carbon source.

CO; can be delivered in large variety of conditions. The key differentiator is the level of purification.
At one end of the scale you have 99.99% pure, ambient temperature, pressurized CO, derived from

5



direct air capture with state-of-the-art equipment. A metric ton of CO; in this quality from this source
would cost between USD 94 and USD 232 per tonne depending on the location of the capture device
(Keith et al., 2018). This cost is mainly driven by energy requirements of the capture device.

Then, at the other end of the scale, you have flue gas from an outdated combustion power plant. Here
particles and harmful NOy gasses are often removed, but otherwise the flue gas would be derived
straight from the chimney. The CO, concentrations here are in the range of 10-14% with temperatures
reaching 160-180 °C (Aouini et al., 2014; Arachchige and Melaaen, 2012; Trachtenberg, 2006). The
cost of this point source is unknown but would likely be low since it is quite literally considered
problematic waste.

Obviously, in between the above two types of CO, point sources, different combinations of cost,
purity, and conditions exist. The point is: Each point source, via its composition and condition, infers
its own unique challenges for an enzymatic solution. Temperature, pH, CO, concentration, and
presence of inhibitors will vary from point source to point source.

This leads to the final — but equally fundamental — consideration for enzymatic CCU: The output of a
given technology. Which product is produced? If aiming to achieve any significant CO; climate impact,
the product also needs to be in large enough demand to matter in terms of sheer volume.

In relation to this study, these considerations helped formulate the requirements for a potential
enzymatic CCU technology. An ideal solution would involve the use of sustainable electricity and
produce a relevant product in manner that is able to tolerant the challenges invoked by the CO, point
sources. The question now becomes, based on these considerations, which enzyme would be an
interesting candidate to study?

1.2. Enzymatic reactions with CO;

CO; is known to be involved in quite literally thousands of biological reactions. According to BRENDA,
more than 3,400 enzyme-catalyzed reactions exist with CO; as either a product, substrate, activating
compound, or inhibitor. These have been reported in more than 2,600 literature references (Jeske et
al., 2019; Schomburg et al., 2017).

Looking closer, it can be observed that out of the total amount of enzyme-catalyzed reactions, only
191 reactions are known to have CO; as a substrate. Upon further examination, the enzymes catalyzing
these 191 reactions can be described with 48 distinct EC numbers (Figure 1). For a complete overview
of EC numbers for enzymes registered in BRENDA as utilizing CO; as substrate, please refer to
Appendix B.
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Figure 1: Santay diagram showing the 48 EC numbers found for the 191 reactions in BRENDA, which have CO;as a substrate.

From Figure 1, it is seen that five major groups of enzymes are found to interact with CO; as substrate,
with oxidoreductases and lyases being the most diverse. The diversity does not reflect the natural
abundance or prevalence of the enzymes, but it does provide some insight into the general role of CO,
when acting as a substrate.

Two general notes of caution should be mentioned. To begin with, while the enzymes above are listed
in BRENDA as catalyzing reactions with CO; as a substrate, it is entirely likely that the reverse reaction
with CO; as a product is more favorable in most conditions. Then again, some of the reactions not
listed as using CO; as a substrate may in fact be able to do just that. Secondly, although the actual
number of remaining undiscovered microbial diversity remains somewhat debated (Lennon and
Locey, 2016; Schloss et al., 2016), it is clear that natural diversity still has enormous room for discovery
of organisms, and as an extrapolation, enzymes as well. As such, even though the list from BRENDA
reasonably represents our current knowledge within CO,-catalyzing enzymes, it is far from complete.

CO; is an incredibly stable compound, which is why enzymes using it as a substrate need another
substrate to provide the energy (Wu et al., 2017). These are often in the form of energy-rich co-
substrates such as ATP, redox active molecules or proteins, or even ion gradients. For a detailed
exemplified presentation of enzymes catalyzing reactions involving CO,, please refer to Appendix C.

In the context of CCU, a single group of enzymes stands out: the oxidoreductases. Oxidoreductases
contain two enzyme classes defined by being able to catalyze reactions without any other co-substrate
than an electron donor (ED). Specifically, carbon monoxide dehydrogenases (CODHs) that catalyze the
interconversion between CO, and CO, and formate dehydrogenases (FDHs) that catalyze
interconversion between CO; and formate.



Furthermore, the oxidoreductases have been shown to operate with electrodes as electron donors in
bioelectrochemical setups (Jenner and Butt, 2018; Yang et al., 2016). With the considerations of the
previous section in mind, the emerging platform of enzymatic electrosynthesis is incredibly exciting
(Wu et al., 2020). Additionally, when comparing CODHs and FDHs, it can be argued that FDHs is more
interesting. Although CO also has its purposes, formate is liquid non-toxic product that is water-
miscible and also in demand.

Formic acid, the acid counterpart of formate, is the simplest carboxylic acid. It was first described in
ants, given rise to its name (‘formica’ in latin translates to ‘ants’) (Wray, 1670). Formic acid and
formate salts have very diverse applications across many industries. Formic acid is primarily used in
the feed industry where it has nutrient-preserving effects on silage. Additional uses for the acid and
salts include leather tanning, anti-icing, textile dyeing, food additives, and drilling fluid (Hietala et al.,
2016). In 2012, worldwide production and consumption of formic acid was approximate 0.62 Mt/yr
(Pérez-Fortes and Tzimas, 2016). An increase in production, particularly in China has since been
observed (IHS, 2016). The best current global production estimates are behind paywall, but a
reasonable estimate based on a conservative 4% annual growth rate (IndustryARC, 2019) would be a
current global production of approximate 0.85 Mt/yr in 2020. This represents a market value of
approximately 430-510 million EUR per year at 2013-prices of 0.51-0.6 EUR/kg (Afshar, 2014).

The potential of formate as a chemical product is foundational for the discussion of application of
FDHs. An extended presentation of the interesting opportunities for processing of formate will be
discussed in Section 5.2.

With both CO; and electricity having potential of being extremely low-cost substrates, the FDH class
is an interesting candidate to investigate further for the purpose of enzymatic CCU.



Chapter 2. Formate dehydrogenases

Please note

This chapter is based on work published in Paper I: Classification and enzyme kinetics of formate
dehydrogenases for biomanufacturing via CO, utilization. See Appendix M for full paper.

2.1. General characteristics
FDHs facilitate the interconversion between formate and CO, via a redox reaction (Eg. 1). The specific
characteristics of the electron donor/acceptor often define the FDH as a whole.

HCO0™ = CO, + H* +2¢~ (Eq.1)

Formic acid, in the form of the anionic ‘formate’ at physiological pH, is the simplest possible carboxylic
acid. It is present in all microbial life and broadly used in various C1 metabolisms (Maia et al., 2015).
As a direct consequence, FDHs, facilitating reactions involving formate, are also present in all microbial
life. In fact, with just a brief glance at FDHs as a class of enzymes, it becomes clear that a tremendous
diversity in structure and function exists. For the purpose of studying FDHs in a CCU context, it can be
considered prudent to first obtain an overview of the available variants of FDH. Grouping and
classifying the FDHs into sub-groups could reveal information relevant for selection of CCU catalyst
candidates.

Currently, FDHs are most commonly divided into two separate groups: The metal-dependent FDHs
and the metal-independent FDHs. The two groups are completely unrelated in structure and
mechanism with the only common ground being that they catalyze the same chemical reaction (Maia
et al., 2017).

Metal-independent FDHs

Metal-independent FDHs are highly conserved globular proteins with a molecular weight in the range
of 40-45 kDa per subunit (Choe et al., 2014) (Figure 2A-D). They are most often found as homodimers
and do not contain any co-factors (Sultana et al., 2016).

In regards to electron donors/acceptors, the metal-independent enzymes are only able to react with
either NAD*/NADH or NADP*/NADPH (Castillo et al., 2008; Marpani et al., 2017). This is due to the
rather straight-forward close-proximity mechanism employed by this enzyme.

Interestingly, the only two commercially available FDHs are two metal-independent variants. This is
likely a major contributing factor to studies involving metal-independent FDHs being more prominent
in literature than those of metal-dependent FDHs. Particularly the FDH derived from the yeast Candida
boidinii (CbFDH) is very well studied (Sultana et al., 2016). Another possible rationale for this research
interest, is that metal-independent FDHs have been hailed by some as the best possible solution for
CO; reduction (Takacs et al., 2017). This is, however, a matter for debate (Cotton et al., 2018), as will
be discussed further in Section 2.3.

For the purpose of this chapter, metal-independent FDHs are noted as a remarkably uniform and
simple protein group: A single type of subunit, soluble, no co-factors, no chaperones, and no known
conjunction with other proteins. As a result, no further sub-grouping makes sense for this group of
enzymes.



Metal-dependent FDHs

Relative to the metal-independent FDHs, the metal-dependent FDHs are entirely different beasts.
Molded by the hydrothermal vents of the deepest seas, these enzymes are truly ancient (Berg et al.,
2010; Fuchs, 2011; Hiigler and Sievert, 2011). Not only do they have an impressive ancestry, but they
are incredibly diverse in structure, composition, and function. Either soluble in cytoplasm or periplasm
or as part of membrane bound complexes, these enzymes are located throughout the microbial cell
(Hille et al., 2014).

First of all, unlike metal-independent FDHs, metal-dependent FDHs interact with a host of different
electron donors/acceptors. In fact, it can be argued that most naturally occurring prokaryotic electron
donors/acceptors have been shown to interact with an FDH or an FDH-containing protein complex
(Maia et al., 2015). This is a major contributing factor as to why such a diversity is observed.

The only common denominator for metal-dependent FDHs is the central alpha subunit. The alpha
subunit is commonly found in the range of 80-95 kDa in size. This subunit contains the ubiquitous and
essential metallopterin guanine dinucleotide (MGD) co-factor (Hille et al., 2014) (Figure 2E-G). The
MGD co-factor is often present as a bis-MGD. Together with a cysteine or selenocysteine residue in
the alpha subunit, it coordinates the molybdenum or tungsten heavy metal that is central for activity
(Moura et al., 2004). As such, the co-factor is often referred to as Mo-bis-MGD or W-bis-MGD if the
metal is known, or Mo/W-bis-MGD if it is not. An alternative name is Mo/W-bis-pyranopterin guanine
dinucleotide (Mo/W-bis-PGD), which is also commonly used (Grimaldi et al., 2013).
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Figure 2: Three-dimensional crystal structures of FDHs. The main subunit, catalyzing formate oxidation/CO, reduction, is
presented in red. For metal-dependent FDHSs, this is the alpha subunit (o). The beta subunit (8) is represented in blue and the
gamma subunit (y) is represented in green. (A) FDH from Arabidopsis thaliana (metal-independent)(3JTM)(Shabalin et al.,
2010). (B) FDH of Candida boidinii (Metal-independent)(5DNA)(Guo et al., 2016). (C) FDH of Pseudomonas sp. 101 (Metal-
independent)(2GO1)(Filippova et al., 2005). (D) FDH of Granucella mallencis MP5ACTX8 (Metal-independent)(4XYG)(Fogal et
al., 2015). (E) FDH-N of Escherichia coli (Metal-dependent)(1KQG)(Jormakka et al., 2003). (F) FDH of Desulfovibrio gigas
(Metal-dependent)(1HOH)(Raaijmakers et al., 2002). (G) FDH-H of Escherichia coli (Metal-dependent)(2/V2)(Raaijmakers and
Romao, 2006). (Figure derived from (Nielsen et al., 2019), see Appendix M).
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2.1.2. Subunits and chaperones

Beyond the central alpha subunit, metal-dependent FDHs are often found with a so-called ‘beta
subunit’ and even sometimes a ‘gamma subunit’ (Figure 2E-F). The beta subunit is commonly seen at
around 20-35 kDa in weight with the gamma subunits being smaller at 12-18 kDa in weight (Hartmann
et al., 2015).

The role of the beta subunit is most often to transport electrons to and from the main active site.
Additionally, an extra active site may be found in the beta subunit that catalyzes a redox reaction with
an electron carrier as seen for the FDH from Rhodobacter capsulatus (Hartmann and Leimkdihler, 2013)
or FDH from Cupriavidus necator (Yu et al., 2019). In such cases, the electrons are transported from
the active site in the beta subunit, through the beta and alpha subunits via FeS groups to the main
active site (Jormakka et al., 2003). In this case, the ‘main’ active site is considered to be the formate
oxidizing/CO, reducing active site of the alpha subunit.

Likewise, the gamma subunit may contain an active site catalyzing a redox reaction as can be seen for
FDH-N from Escherichia coli (Jormakka et al., 2003). However, subunits annotated as ‘gamma subunit’
may also simply be smaller subunits with a single FeS group. The role of those is likely to stabilize and
transfer electrons.

The synthesis and assembly of the Mo/W-bis-MGD is a process requiring multiple specialized
intracellular proteins and often even FDH specific chaperones. These chaperones are known as FdhD,
FdhE, FdsC and FdsD, with FdsC and FdhD being close homologs (Bohmer et al., 2014; Hartmann et al.,
2015; lobbi-Nivol and Leimkiihler, 2013; Niks and Hille, 2019).

2.1.3. Co-factors
Beyond the Mo/W-bis-MGD co-factor, FDHs most commonly have other co-factors as well. These have
one of two functions: To direct electrons through the enzyme or to interact with electron carriers.

For directing electrons, FDHs utilize FeS groups. Most commonly the cubane [4Fe-4S] groups are
found, but also the smaller [2Fe-2S] groups are known to be used.

When a metal-independent FDH is soluble and not part of a multi-functional complex, flavin adenine
dinucleotide (FAD), flavin mononucleotide (FMN), and heme groups constitute the most common co-
factors that facilitate interaction with electron carriers (Hartmann et al., 2015).

2.1.4. FDHs in combinations with other enzymes
When an FDH does not contain a secondary active site to interact with electron carriers, it instead
derives/provides electrons from/to other proteins.

A good example is the soluble protein complex known as ‘hydrogen-dependent carbon dioxide
reductase’ (HDCR). These enzymes are essentially composed of an FDH coupled to a hydrogenase
through two FeS-containing subunits (Schuchmann and Muller, 2013; Schwarz et al., 2018).

Other times, an FDH is part of much larger protein complexes. Two good examples are the membrane
bound formate hydrogenlyase (FHL) complex of E. coli (McDowall et al., 2014) and the heterodisulfide
supercomplex (Hdr-SC) of Methanococcus maripaludis (Lienemann et al., 2018). Interestingly, in Hdr-
SCthe FDHs are also coupled to a hydrogenase, although additional functionality beyond what is found
in HDCR is included as well.
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2.1.5. Potential for meaningful sub-division

Although metal-dependent FDHs have an alpha subunit containing the main active site in common, a
lot of variability can be observed beyond the alpha subunit. As presented above, particularly the
nature of other proteins and subunits attached to the alpha subunit varies. Additionally, the manner
of assembly holds variation. Furthermore, and importantly, the manner with which the enzymes
obtain/deliver the electrons used/generated in the main active site holds additional variability. As
such, it is possible to further divide the metal-dependent FDHs into subgroups based on their subunit
composition and manner of obtaining/delivering electrons.

Now the question becomes: How would a classification scheme for division into subgroups look? And
then: Would such a scheme provide meaningful information?

2.2. Classification

2.2.1. Existing classification scheme for FDHs

As described above, FDHs are commonly divided into metal-dependent FDHs and metal-independent
FDHs. Due to the limited variability of metal-independent FDHs, no further division of this type of FDHs
would be meaningful. Metal-dependent FDHs, however, have potential for further classification.

Currently, metal-dependent FDHs are referred to as a subfamily of the ‘DMSO reductase family’ (Hille
et al., 2014). This family is named after its first characterized member (Schneider et al., 1996). Metal-
dependent FDHs are also placed, in a separate less complex categorization scheme, in the categories
of ‘complex iron-sulfur molybdo-enzymes’ (Rothery et al., 2008) and ‘Mo/W-bisPGD enzymes’
(Grimaldi et al., 2013). These categories were coined later and are based on structure and co-factor
content, rather than sequence relatedness. However, although metal-dependent FDHs belong in the
above three classifications, no further sub-division exists.

2.2.2. Novel classification scheme for FDHs

As presented in the previous section, metal-dependent FDHs have extensive levels of diversity. When
studying this group of enzymes more deeply, it was observed that different gene organizations existed
for metal-dependent FDHs. Secondly, it was observed that different unique co-factors were employed
by metal-dependent FDHs. Interestingly, the gene organization for known FDHs was associated with
employment of certain co-factors. When combining information on these two features, a classification
scheme with six ‘types’ of metal-dependent FDHs may be derived (Table 1).

The six types proposed here could then be annotated solely based on gene organization. It is the
assumption that it is possible to extrapolate on the existing information in literature on co-factor
content. Or, in other words, it is assumed that: A certain gene organization will always have a certain
characterizing co-factor.
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Table 1: Proposed novel classification scheme. Gene organization allow for annotation of type. *: old nomenclature used for
E. coli. **: old nomenclature used for homologs to CnFDH.

L Subunit composition Characterizing

Type Gene segment organization
(per monomer) Co-factor

1 fdhA a None
2 fdhAB af None
3 fdhAB o+ FAD F420 FAD
4 fdhABC (fdnGHI*) apfy Heme
5 fdhCBA (fdsGBA**) apy FMN
6 With NADH oxidoreductase - -

To understand if the classification scheme provides meaningful information, sequence relatedness
studies were performed. Initially, the amino acid sequence of alpha subunits for the 23 currently
known metal-dependent FDHs were compared and grouped according to sequence similarity. A type
was then assigned based on gene organization. FDHs of the same type formed clades of enzymes with
similar amino acid sequences (Figure 3).
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Figure 3: The 23 previously described metal-dependent FDHs annotated according to suggested classification scheme
(number between 1-6 in white circle). FDHs are grouped according to alpha subunit amino acid sequence homology. The
criterion for inclusion of each of the 23 enzymes was a possibility to correlate the described enzyme to the encoding genes
and origin organism. Gene annotations for genes immediately upstream or downstream from the gene encoding the alpha
subunit were logged. This includes FDH subunits, sulfurtransferase FdhD, FDH accessory protein FdhE, cytochrome (all types),
unspecific FeS-containing proteins, and NAD(P)H related oxidoreductases. Individual enzymes are named according to the
microbial  origin and operon number encoding FDH found in the given organism. For instance,
Syntrophobacter_fumaroxidans_3 and _8 denominate the 3rd and 8th FDH operon in the Syntrophobacter fumaroxidans
genome. (Figure derived from (Nielsen et al., 2019), see Appendix M)
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It was noted that FDHs belonging to type 4 and type 5 grouped particularly strongly. This makes sense
due to their more defined gene organization. In contrast, type 1 includes a large variety of proteins
defined by containing at least a single FDH subunit. As mentioned previously, the electrons produced
or required in the active site need to be transported to or from another redox reaction elsewhere. An
alpha subunit on its own is typically not a complete protein. With type 1 and type 2, it is recognized
that FDHs exist in a large range of different contexts.

Large scale sequence analysis

To investigate the classification scheme further, a larger scale sequence analysis was performed. The
data applied for this study was derived from the RefSeq database, a collection of comprehensive and
well-annotated sequences (O’Leary et al., 2016; Tatusova et al., 2016). From this database, 1,597
protein sequences encoding FDH alpha subunits were extracted from full genomes. To avoid selection
bias, all FDH alpha subunits sequences from full genomes were extracted. No other selection
parameters were included.

The predicted gene products for the adjacent genes were logged to gain information on the gene
organization context of a given alpha subunit gene. Specifically, the four genes directly upstream and
downstream of the alpha subunit gene were logged. Additionally, the directions of the genes were
noted to assign the order of the genes. Finally, the organism of origin for the given alpha subunit
sequence was logged.

The data was then processed. To reduce similarity bias in the final dendrogram, a 90% sequence
identity threshold was enforced using the CD-hit tool (Li and Godzik, 2006). Following this reduction,
965 protein sequences remained. These were aligned using version 7 of the MAFFT multiple sequence
aligner (Katoh et al., 2017; Katoh and Standley, 2013). The alignment was then analyzed with RAXML
maximum likelihood software to generate a dendrogram (Le and Gascuel, 2008; Miller et al., 2010;
Stamatakis, 2014).

Additionally, the 965 FDH alpha subunit sequences were grouped according to predicted function
using the CUPP software (Barrett and Lange, 2019). CUPP is a novel clustering approach developed on
the basis of conserved peptide patterns in proteins. These patterns can be used to identify similarities
between proteins and create clusters of likely functionally similar proteins. In this regard, it adds an
additional level of resolution to the analysis of FDH diversity. The FDH sequences in this study were
divided into 17 CUPP groups.

Relying the on the annotation provided in the RefSeq database, the logged genes adjacent to the alpha
subunit were assigned with a letter depending on the protein. For instance, ‘A’ for ‘alpha subunit’ and
‘B’ for ‘beta subunit’. Also, more general annotations were employed. For example, ‘X’ for ‘unspecified
formate dehydrogenase subunit’ and ‘F’ for ‘4Fe-4S containing protein’. These letters were assigned
to the genes adjacent to the alpha subunit if possible. In this way, each alpha subunit gene was
assigned a gene organization profile to use for annotation. For example enzymes with ‘XBA’ gene
organization were annotated as type 5, and enzymes with ‘AFC’ were annotated as type 4 (See Table
1). For the complete list of search terms for letter assignment, see Appendix A.

In addition to the FDH type and CUPP group, the sequences were also annotated with species and
taxonomy. Taxonomy was annotated at three levels: Superkingdom, phylum, and class. Combined
with the dendrogram of sequence relatedness, a broader and more detailed picture of metal-
dependent FDH emerges (Figure 4).
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Figure 4: Phylogenetic tree generated based on alignment of 965 metal-dependent FDH alpha subunit sequences. Inter-
sequence identity was reduced to a maximum of 90% between any two sequences. Each branch tip represents a single
sequence. Each sequence is annotated with an FDH type based on gene segment organization. Gene segment organization
is defined as the genetic makeup of the surrounding genes of a given FDH alpha subunit sequence. Here ‘A’: alpha (a) subunit,
‘B’: beta () subunit, ‘C’: gamma (y) subunit, ‘D’: accessory sulfurtranferase fdhD, ‘E’: accessory protein fdhE, ‘S’: delta
subunit, ‘X’: unspecified formate dehydrogenase subunit, ‘O’: NADH-quinone oxidoreductase related subunit, ‘F’: 4Fe-4S
containing protein, and ‘P’: cytochrome formate dehydrogenase subunit PLEASE NOTE: An ‘easier-to-read’ large version of
this figure can be found in Appendix D.

Discussion on validity of novel classification scheme
When looking more closely at the annotated dendrogram of metal-dependent FDHs (Appendix D),
several points of interest emerge.

CUPP group ‘FDH:1’ is dispersed throughout the entire tree. In other words, the dendrogram built on
the MAFFT based alignment does not completely correlate with the clustering method used for CUPP.
This is to be expected, as two method will often provide two slightly different results due to
differences in clustering algorithms. However, it beckons the question if further improvements could
be made to the tree. Nonetheless, since the remaining 16 CUPP groups nicely overlap with distinct
clades in the dendrogram, another possibility is that the CUPP group FDH:1 is simply a catch-all group
with less defined traits.

FDH type 3 is not annotated for the sequences studied for this thesis at all. Although the type is distinct
from the remaining five types through its unique use of FAD as a co-factor, it is not possible to annotate
via gene organization alone. As such, enzymes annotated as type 2 are potentially instead a type 3 if
containing FAD. Interestingly, when locating the known type 3 FDHs they group strongly with FDHs
from other methanogenic archaea (Figure 5). Although, the annotated CUPP group is the promiscuous
‘FDH:1’, it likely that the FDH annotated here are in fact type 3 and not type 1 or 2 as seen in Figure 5.
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Figure 5: Subsection of Figure 4. Each branch tip represents a single FDH. Each sequence is annotated with origin organism
and FDH type based on gene segment organization. Gene segment organization is defined as the genetic makeup of the
surrounding genes of a given FDH alpha subunit sequence. Here, ‘A’: alpha (o) subunit, ‘B’: beta (f) subunit, ‘D’: accessory
sulfurtranferase fdhD, ‘E’: accessory protein fdhE, ‘X’: unspecified formate dehydrogenase subunit, and ‘F’: 4Fe-4S containing
protein.

Through removal of identical sequences, it was attempted to remove as much bias as possible. All data
is biased to some extent. In this case, it was chosen to rely on the annotations provided in the RefSeq
database. It is likely that some organism groups or FDH variants have received more attention than
others. As such, this study makes no claim that the overview presented is representative of the actual
natural distribution of FDHs. However, as it is the scope of the RefSeq database to include
taxonomically diverse organisms (O’Leary et al., 2016), it is the best approximation known and
available at the time of study.

Interestingly, the FDHs for which it was possible to link literature information with sequence (Figure
4) can be described with just four of the 17 CUPP groups. These are CUPP groups FDH:1, FDH:2, FDH:4,
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and FDH:6. Admittedly, these four CUPP groups are also by far the largest, but it is interesting that the
remaining 13 CUPP groups are unrepresented by any characterized FDH in literature. In other words,
likely functionally different variants of FDH are left undescribed in literature. Nonetheless, since CUPP
groups FDH:1, FDH:2, FDH:4, and FDH:6 comprise the vast majority of included FDHs here, the bias is
somewhat negligible.

Finally, similarly to the results of the previous smaller study on known FDHs, it is observed for this
larger study that clades of FDH alpha subunit sequences group according to the types presented in
classification scheme proposed for this study. And again, it is especially the more tightly defined type
4 and type 5 that form coherent clades. Interestingly, also type 6 forms a coherent clade. This clade
belongs solidly to CUPP group FDH:5 (Figure 6).
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Figure 6: Subsection of Figure 4. Each branch tip represents a single FDH. Each sequence is annotated with origin organism
and FDH type based on gene segment organization. Gene segment organization is defined as the genetic makeup of the
surrounding genes of a given FDH alpha subunit sequence. Here, ‘A’: alpha (a) subunit, ‘B’: beta () subunit, ‘C’: gamma ()
subunit, ‘D’: accessory sulfurtranferase fdhD, ‘E’: accessory protein fdhE, ‘S’: delta subunit, ‘X’: unspecified formate
dehydrogenase subunit, ‘O’: NADH-quinone oxidoreductase related subunit, ‘F’: 4Fe-4S containing protein, and ‘P’
cytochrome formate dehydrogenase subunit.
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In summary, while the starting data set for this classification analysis may be somewhat biased, it also
contains data from a reasonable distribution of organisms and known traits. In other words, although
it has room for further improvements, the dendrogram is a reasonable representation of the diversity
within metal-dependent FDHs. This knowledge combined with the observation that coherent and
distinct clades are able to be annotated with single FDH types corroborates the validity of the
proposed classification scheme.

Regarding taxonomy, the cataloged FDHs have a prokaryotic background with emphasis on bacteria.
This is useful in relation to recombinant production. Although fungal expression systems are able to
secrete their protein product, prokaryotic systems have a high turnaround and well-developed
synthetic biological toolbox. For a broader discussion on FDH taxonomy please refer to Appendix J.

Metabolically speaking, FDHs of organisms such as acetogens that are known to reduce CO; as their
main function in the organism, would be interesting for CCU application (Mdiller, 2019; Schuchmann
and Miller, 2014). However, it was not possible to identify an FDH derived from an acetogenic bacteria
which had been shown to be oxygen tolerant, or even have a reasonable chance of being oxygen
tolerant. For a description on FDH roles in metabolism please refer to Appendix J.

2.3. Kinetics

2.3.1. Generalized reaction mechanism

The reaction mechanism of metal-independent FDHs is fairly simple. Essentially, the active site
catalyzes the reaction by forcing the NAD* (or NADP*) and formate or NADH (or NADPH) and CO; into
close proximity. This allows for a hydride transfer (Castillo et al., 2008).

In contrast to reaction mechanism for metal-independent FDHs, the reaction mechanism for a metal-
dependent FDH is more complex. Essentially, the metal-dependent FDHs are divided into 3 separate
functions.

1. The main active site facilitates reduction of CO, or oxidation of formate via a redox active
Mo/W-bisPGD co-factor that is coordinated with a Cys or a SeCys (Maia et al., 2015).

2. The electron transport to the active site. A chain of FeS clusters can transport the electron
through the enzyme to the heavy metal in the active site (Jormakka et al., 2002).

3. The electrons generated/consumed in the main active site is delivered to/received from a
separate source. If not receiving electron from a high reduction potential molecule, then
likely from another protein or even directly from an electrode (Figure 7)(Amao, 2018).
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Figure 7: The alpha subunits of the metal-dependent FDH are designed to interact with different electron carriers. (A) A
separate protein, often in complex with the alpha subunit, facilitates a redox reaction that provides or absorbs an electron.
(B) Electrodes perform as electron carriers. (C) FDH alpha subunits may interact with proteins transporting electrons as part
of a larger system (e.g. cytochromes). Independent of the electron carrier, electrons are transported via one or more [Fe-S]
clusters to/from the molybdenum containing co-factor of the main active site. Here, CO; is reduced or formate is oxidized.

As a note, for some FDH variants, incomplete enzymes without the main active site are able to have
diaphorase activity (Hartmann and Leimkihler, 2013).

The ability to deliver/receive electrons from a variety of electron carriers is one of the key premises
for the diversity observed for FDHs in general.

2.3.2. Electron donors

Chemical electron donors

Chemical electron donors are soluble redox active molecules with an inherent redox potential as
described above. Natural electron donors of interest include NADH, NADPH, and H,. However,
synthetic electron donors are also relevant. Predominantly viologens such as methyl viologen (MV*).

For the application of chemical electron donors, considerations of concentration are important. In
essence, an enzyme-catalyzed reaction is still just a chemical reaction that goes towards equilibrium.
As such, a surplus of electron donor is often necessary to force the reaction towards the reduced
product.
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However, other considerations are also in play for the electron donor selection. For application, the
electron donor represents a cost. This is why several studies have employed use of regenerating the
electron donor through coupling to another reaction or electrochemically (Marpani et al., 2017; Singh
et al., 2018).

Metal-independent FDHs only function with NADH or in rare cases with NADPH as electron donors
(Alpdagtas et al., 2018). This is suspected to be due to the close proximity mechanism (Castillo et al.,
2008). NADH and NADPH are differentiated only by an additional phosphate group for NADPH (Figure
8). Due to the close relationship between the two molecules, there are examples of engineered metal-
independent FDH that used to accept only NADH but now also work with NADPH (Tishkov and Popov,
2006).
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OH CH OH O

Figure 8: Chemical structures of NADH and NADPH. Hydrogen atoms highlighted in blue represent the proton that either
molecule donates when acting as an electron donor.

In contrast to the metal-independent FDHs, metal-dependent FDHs are able to use NADH and NADPH
and other electron donors as well.

Protein electron donors

Protein electron donors simply entail proteins that are able to provide electrons. This is done in one
of two ways: Either, the protein is redox active. Strong examples include cytochromes and ferredoxin
(Figure 7C). Or, the protein is able to generate electrons, often via facilitating a redox reaction on its
own, and then transport them other proteins (Figure 7A).

For this study, it was observed that FDHs classified as metal-dependent FDH type 4 are seen to interact
with cytochromes as their redox partner.

Proteins that are able to generate electrons and transport them to a metal-dependent FDH is a broad
topic that extends beyond the scope of this thesis. However, two good examples include the
previously mentioned HDCR and the Hdr-SC.
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HDCR is essentially an FDH combined with a hydrogenase in one highly efficient complex. Here, a
thermostable variant derived from Thermoanaerobacter kuvui (TKHDCR) was recently described.
TkHDCR has an incredible high turnover frequency of nearly 160,000 min™. Instead of NADH or an
electrode, the electron donor is molecular hydrogen (Schwarz et al., 2018). Applying HDCR for CO;
reduction would involve electrolysis, a process that it still energetically expensive.

Electrodes as electron donor

Conversely to chemical and protein electron donors, electrodes have the unique advantage of not
being limited to a single redox potential. It is possible to, quite literally, set the exact potential desired.
One can also accurately monitor and control the reaction by measuring the current, which directly
corresponds to the reaction rate. Importantly, electricity directly from an electrode is the cheapest
possible electron source available. In other words, electrodes are the ultimate electron donor when it
comes to providing the electrons.

However, getting the electrons from electrode to active site of the redox protein is not trivial (Sakai
et al., 2017). Again, it goes beyond the scope of this thesis to discuss protein-electrode interactions in
detail. Briefly, it can be mentioned that electrode shape/texture, electrode material, and method for
immobilization influence the reaction rate of the immobilized enzyme drastically (Bernal et al., 2018a;
Mateo et al., 2007).

Interestingly, electrochemical characterization of metal-dependent FDHs has recently seen an
increased interest. FDH of Desulfovibrio desulficans (DdFDH) was recently studied as immobilized on
pyrolytic graphite (Cordas et al., 2019), FDH from Clostridium ljungdahlii (CIFDH) has been studied on a
hydrogel (Kuk et al., 2019), and finally FDH from Desulfovibrio vulgaris Hildenborough (DvFDH) on
metal-oxides (Miller et al., 2019). In parallel, FDH from Rhodobacter capsulatus (RcFDH), CbFDH, along
with DVFDH have been studied separately in indirect electrochemical setups (Chen et al., 2019; Choi
et al., 2018; Szczesny et al., 2020). All of these sixstudies are from within the last two years, indicating
a strong interest in FDH as catalysts in an electrochemical CCU context.

The prospects of applying FDH electrochemically will be further discussed in Section 5.1.

2.3.3. Kinetic comparison

Through a manually curated literature search, all reaction rates characterized for FDH reducing CO;
were logged. Enzymes having been characterized with both a reaction rate and CO; affinity could then
be plotted as seen in Figure 9.
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Figure 9: The properties of kinetically characterized FDHs identified from exceptionally thorough manual literature search.
These 11 FDH are the only ones to be described both in terms of specificity constant and CO; affinity of all known and described
FDHs. The properties are visualized as a function of ket and keat/Knv with the type and concentration of electron donor
visualized by color and size of markers. (-): metal-independent FDH, (+): metal-dependent FDH. Cm: Candida methylica, Cb:
Candida boidinii, Ct: Chaetomium thermophilum, Mt: Myceliophthora thermophile, Ts: Thiobacillus sp. KNK65MA, Ec:
Escherichia coli (Electrode at 150 mV overpotential), Po: Pseudomonas oxilatus (100 mM NADH), Cn: Cupriavidus necator,
Dd: Desulfovibrio desulfuricans, Cl: Clostridium ljungdahlii, Aw: Acetobacterium woodii (5 mM MV* and H; in head space of
reaction bottle). (Figure derived from (Nielsen et al., 2019), see Appendix M).

Several considerations need to be kept in mind when studying this figure. First of all, although the
concentration of electron donor is critical for the rate of the reaction, it is of course, the substrate
concentration relative to enzyme concentration that matters. However, enzyme concentration is
often not listed in the available literature. As such, the only option left is to include the absolute
concentration of electron donor, unrelated to enzyme concentration, as an indication of the amount
of electron donor.

Additionally, and rather obviously, not only the concentration but also the reduction potential of the
electron donor is critical. Formic acid on its own is a relatively strong electron donor (Table 2). In fact,
if mixing 1 M CO; and with 1 M NADH at pH 7, 25 °C and 1 atm (what is referred to as ‘standard
conditions’) the free energy change of the reaction (AG™) can be calculated to 19.3 kJ mol™? (Berg et
al., 2012). In other words, CO; reduction at standard conditions with NADH as electron donor is not a
favorable reaction.

To complicate matters, as is natural for any reaction involving a free proton, the reduction potential
of CO; is also pH-dependent (Reda et al., 2008). This creates some confusion since the reduction
potential is often reported as the chemical standard of -0.61 V vs. SHE at pH 0. This pH is impractical
for most biological systems and the value of -0.61 V is misleading.
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Table 2: Standard reduction potential (E’p) at pH 7, 25 °C, and 1 atm, of relevant electron donors and the main CO,/formate
redox reaction. ‘MV’: Methyl viologen. ‘SHE’: Standard hydrogen electrode.

Electron acceptor Electron donor Eg (V) vs SHE Reference

MV? + e = | MV* -0.44 (Li et al., 2020)

2H +2¢ = H. -0.42 (Li et al., 2020)
CO,+2H'+2¢ = HCOOH -0.42 (Parkinson and Weaver, 1984)
NAD*+ H*+ 2 ¢ = NADH -0.32 (Li et al., 2020)

NADP*+H*+2 e = NADPH -0.32 (Berg et al., 2012)

Secondly, beyond concentration and reduction potential, other experimental conditions also vary.
Again, this creates further bias in Figure 9. However, granted relatively standard methods for
quantifying activity, the differences in pH, temperature, and buffer composition can be argued to be
small enough to allow indicative comparison.

Thirdly, as an extension of the second point. Substrate concentration is dependent on conditions.
FDHs are likely reacting with CO; as aqueous CO; (Yu et al., 2017), rather than CO; as bicarbonate or
carbonic acid. As such, Henry’s law on gas solubility becomes important for substrate concentration,
and as an extension also reaction rate. As will be discussed further in Chapter 3: Temperature,
pressure, and pH are in this case influential for both substrate concentration as well as of course
enzyme stability and performance.

The above discussed conditional effects are important to keep in mind. Nonetheless, given the
magnitude in difference between the best and worst performing enzyme/ED combination, some
interesting observations can be made.

Based on Figure 9, it is clear that NADH is poor electron donor. For both metal-dependent and metal-
independent FDH, reactions driven by NADH display the lowest catalytic rate for CO, reduction. As an
indirect consequence, given that metal-independent FDH cannot utilize the electron donors with
higher reduction potential, they also generally display by far the lowest catalytic rate.

Unsurprisingly, reactions driven with the strong reduction potential of MV* show the highest catalytic
rate and catalytic efficiency, with hydrogen as a donor also displaying promising catalytic rate and
efficiency. If the hydrogen-driven TkHDCR described in the previous section, with its sensationally
higher turnover number of 2650 s (Schwarz et al., 2018), had been characterized with a Ky it would
have been the enzyme with the highest turnover number in Figure 9.

Finally, use of an electrode proves difficult to compare with chemical electron donors. As discussed
above in Section 2.3.2, use of electrodes involves a complex interaction with between protein and
electrode. However, if successfully implemented, electrodes are the ultimate electron donors, and in
the context of this thesis, the ideal solution.

In conclusion, although the above figure cannot be considered indisputable, it can be considered
indicative. In this manner it is possible to conclude that NADH is generally a poor electron donor and
in extension that metal-independent FDHs are prohibitively slow and thus irrelevant for application in
a CCU context. If using a chemical electron donor, hydrogen or MV* is preferred. However, the ideal
electron donor is an electrode despite the challenges involved.
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2.4. Selection of FDH candidates

Metal-dependent FDHs provided with a sustainable and cheap electron source have great potential
to become interesting catalysts for CCU. As presented in this study, metal-dependent FDHs are highly
diverse, with abundant room for discovery and learning. Of particular interest is the ability to obtain
electron directly from an electrode. In this way, the advantages presented and discussed in Chapter 1
on electrochemical approaches become relevant.

Dauntingly, the inherent oxygen sensitivity of most FDHs and other similar proteins (De Bok et al.,
2003; Hille et al., 2014; Schuchmann and Miller, 2014), may infer limits to the applicability. It is very
likely that any CO; point source will contain O, as well. As such, it becomes important to identify
candidates that have potential for CO; reduction in the presence of oxygen.

Additionally, this thesis focused only on soluble FDH variants, as membrane bound enzymes are often
more difficult to handle.

Generally, FDHs from organisms who are known facultative aerobes were considered. Of the metal-
dependent FDHs characterized in literature, two variants readily spring to mind. The FDH of
Rhodobacter capsulatus and FDH of Cupriavidus necator (CnFDH) have both been shown to reduce
CO; in the presence of oxygen (Hartmann and Leimkihler, 2013; Yu et al., 2017).

Rhodobacter spp. are phototrophic purple non-sulfur alpha-proteobacteria, known to be isolated from
wet microaerophilic environments (Girija et al., 2010; Ramana et al., 2009). Rhodobacter sphaeroides
is able to tolerate high oxygen stress, but performs best in microaerophilic environments (Mackenzie
et al., 2007) and it is likely a trend for the genus as a whole.

Cupriavidus spp. have a taxonomically turbulent history, only in recently (taxonomically speaking)
settled into the current nomenclature (Vandamme and Coenye, 2004). The genus is known to include
incredibly versatile beta-proteobacteria able to degrade xenobiotics and toxins (Cserhati et al., 2012;
Lal et al., 2013; Sun et al., 2016). Among them Cupriavidus necator, previously known as Ralstonia
eutropha, is an Hj-oxidizing lithoautotrophic ‘knallgas’ bacterium that is commonly found in
periodically anoxic soil and freshwater biotopes (Pohlmann et al., 2006).

The facultative aerobic nature of R. capsulatus and C. necator, corroborates the oxygen tolerance
observed for RcFDH and CnFDH, making them interesting candidates for further study. Additionally,
they are known to be soluble, allowing relative ease of expression (Hartmann and Leimkuhler, 2013;
Yu et al., 2017).

RcFDH and CnFDH were selected as candidates. Additionally, the FDH of Rhodobacter sphaeroides
(RsFDH) was included due to R. sphaeroides’ ability to tolerate high levels of oxygen stress.

Additionally, although NADH is poor electron donor, it was decided to apply it as electron donor for
this study to be able to compare with previous studies on RcFDH and CnFDH.
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Chapter 3. Enzyme production

Please note

This chapter is based on work in preparation for submission in Paper Il: Enzyme reaction kinetics and
0, tolerance of bacterial formate dehydrogenases for CO, utilization. See Appendix N for manuscript.

Expression and purification of the candidate FDHs is a necessary step for characterization. The work
of this thesis provides valuable insights that can guide future work with metal-dependent FDHs.
Throughout this work, FDHs were expressed recombinantly in E. coli. This has two major advantages:

1. Fast turnaround and smaller scale. As a direct example, CnFDH has been expressed both
natively and recombinantly. Native expression required 7 days of culture growth while
recombinant expression could be performed in only 2 days. Additionally, biomass yield was
significantly higher per liter of culture for recombinant expression, allowing use of smaller
scale for a similar yield (Yu et al., 2019). This difference is largely due to fast growth of the
heterologous expression strain, combined with the option for overexpression of the FDH
genes: Via strong promoters, combined with optimized RNA polymerases and fast
translation, much higher expression levels than for any natural FDH promoter is possible
(Studier, 2005).

2. Easy modifications of genes. Often, native strains lack effective tools for cloning or gene
editing. As a result, it is much more troublesome to introduce the desired changes directly
in the native genes on the genome. For recombinant expression, the genes are located on
an expression plasmid allowing easy transformation and modification.

Although recombinant expression has significant advantages in general, recombinant heterologous
expression of FDHs is a surprisingly daunting task (Hartmann et al., 2015; lhara et al., 2015). As a result,
most studies on metal-dependent FDHs are based on enzymes purified from a native culture.

Two of the most successful cases of recombinant FDH expression, are the studies with RcFDH and
CnFDH (as discussed in Section 2.4). In 2013, RcFDH was recombinantly expressed in E. coli (Hartmann
and Leimkdihler, 2013) and in 2019, CnFDH was recombinantly expressed in E. coli (Yu et al., 2019). For
both cases, it was not possible to achieve more than 50% active protein out of the total purified FDH
population. In the present study, these yield percentages were deemed too low, and in need of
improvement. Several points of interest were identified for this purpose:

e For both studies, the native version of the FDH-encoding operon was used instead of a
codon-optimized version for E. coli. Additionally, a medium strength pTrc promoter was
used.

e In the previous studies, the His-tag used for purification was placed on the smallest subunit,
the gamma subunit, instead of the larger alpha subunit.

e Sufficiently slow growth rate has been argued to be important for obtaining a large fraction
of active protein, by allowing the expression strain time to fully synthesize the Mo-bis-MGD
and [Fe-S] co-factors (Niks and Hille, 2018; Tsai and Tainer, 2018).
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e TB medium has been shown to be superior to LB medium for expression of [Fe-S] containing
proteins in E. coli (Jaganaman et al., 2007).

e The previous studies used either E. coli MC1061 or E. coli DH5a for expression of RcFDH or
CnFDH respectively. Neither of these two E. coli strains were originally designed for protein
expression (EcoliWiki, 2012; EcoliWiki, 2020).

These observations led to formulation of the following hypotheses and objectives:

Hypotheses:

1. Placement of the His-tag on the alpha subunit, relative to placement on the gamma subunit,
will minimize loss of FDH during purification and retain specific activity.

2. The combination of slow growth rates, TB medium, and E. coli strains designed for protein
expression will result in type 5 FDHs with higher specific activity compared to type 5 FDHs
expressed according to methods described in previous work by Hartmann and Leimkdhler,
2013 and Yu et al,, 2019.

Objectives:

e Design and compare constructs of RcFDH with His-tag placed on the N-terminal of the alpha
subunit rather than the N-terminal of the gamma subunit.

e Assess effect of slow growth rates, TB media, and use of E. coli protein expression strains
on heterologous expression.

Additional objective:

e Demonstrate that the type 5 FDHs derived from purple non-sulfur bacteria Rhodobacter
sphaeroides (RsFDH) can be heterologously expressed in E. coli and purified with
comparable activity to RcFDH and CnFDH expressed in a similar manner. Evaluate
expression of RsFDH relative to RcFDH and CnFDH.

3.1. Construct design

RcFDH, CnFDH, and RsFDH are all encoded with identical operon gene organization in their native
genomes (Figure 10). Based on this assessment, RsFDH can confidently be classified as a type 5 FDH.
Each operon contains the genes fdsG, fdsB, and fdsA encoding the gamma, beta, and alpha subunit
respectively. Additionally, the two chaperone genes, fdsC and fdsD, are also found in the operon.
These encode FdsC and FdsD with the latter also known as the delta subunit (Hartmann et al., 2015).
The operons were extracted from genome sequences available in the NCBI RefSeq database (O’Leary
et al., 2016).
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Figure 10: From top to bottom, operons corresponding to RcFDH, RsFDH, and CnFDH respectively. Operon position in
genome/chromosome is indicated by values at either end of arrow. The directions of the black arrows indicate if genes are
encoded on the complementary strand or not: ReFDH and RsFDH are both encoded on the complementary strand. Please note
that fdsC is a homolog to fdhD, and fdsD is unrelated to fdhD or fdhE, as presented in Section 2.1.2.

Based on the observation that native operons had been used for expression without optimization in
previous studies with RcFDH and CnFDH, completely synthetic constructs were designed and ordered
for this study. The genes were codon-optimized for E. coli, a strong T7 promoter was used (compatible
with a DE3 system), and artificial RBS sites were introduced. Unfortunately, expression and
characterization of protein, produced using these constructs, lead to a series of inconclusive results
(data not shown). Although activity was observed, it was much too low, and worryingly difficult to
reproduce. Eventually, it was realized that competing false RBS sites likely caused expression of
truncated protein.

It is very likely that a synthetic construct in fact could become optimal. In this particular case, it was
argued that the risk of introducing another error source was too high relative to time constraints. It
was decided to instead use the native operon without any modification beyond an addition of a His-
tag as had been demonstrated previously in literature. See illustration of expression construct below
(Figure 11).

30



. .TCTGAAATGAGCTGTTGACAATTAATCATCCGGCTCGTATAATGTGTGGAATTG
His-tag
TGAGCGGATAACAATTTCACAGGAAACAGACCATGGGCAGCAGCCATCATCATCAT
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FDH operon

fdsD
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Figure 11: (A) Region immediately upstream of start codon of operon. Region marked as ‘gamma tail’ encodes 23 amino acid-
tail, including a 6-mer His-tag, attached to the N-terminal of the gamma subunit. The region of the gamma-tail between His-
tag and fdsG start codon is known to be a flexible linker region. (B) Generalized full expression construct. ‘bla’ encodes 8-
lactamase ampicillin resistance. ‘ori’ encodes a pBR322 low plasmid copy origin of replication. ‘lbom’ encodes the origin of
transfer. ‘lacl’ encodes a strongly expressed Lac repressor protein (Invitrogen, 2008).

This design is identical to the construct employed in the study by Hartmann and Leimkihler on RcFDH.
Here, it was reported that a pTrcHis backbone was used for the expression vector (Hartmann and
Leimkihler, 2013). The precise sequence for the pTrcHis promoter region was obtained after
correspondence with Silke Leimkihler. For a detailed description of materials and methods for
cloning, please refer to Appendix G.
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3.1.1. Placement of His-tag

For this chapter, the first hypothesis was that placing the His-tag on the alpha subunit, rather than the
gamma subunit, would allow for better purification since the alpha subunit is much heavier and thus
allow stronger binding to the nickel column. In this way, it was expected to reduce loss of protein
during purification.

Expression in different strains of E. coli was carried out to qualitatively assess expression levels (Figure
12). The four strains used here were: E. coli BL21, E. coli BL21 plysS, E. coli C43 and E. coli Rossetta2.
An SDS-PAGE gel was run on boiled culture samples, followed by a western blot against His-tag.

His-tag on His-tag on
gamma subunit alpha subunit

Control

kDa

250
150

100
75
50

37

25
20

15
10

Figure 12: Western blot on His-tag for different cultures of E. coli with or without expression vector. Well 1 contains a size
ladder. Well 2-5 contain a negative control without expression vector. Well 6-9 contain cultures expressing gamma-tagged
RcFDH. Well 10-12 contain cultures expressing alpha-tagged RcFDH (Only three bands since expression in E. coli BL21 pLysS
was omitted due to limited number of wells on gel). The 4 lower bands (~17 kDa) correspond to the gamma subunit. The 3
higher bands (~105 kDa) correspond to the alpha subunit.

This experiment confirmed that it is possible to express a variant of RcFDH with a His-tag on the alpha
subunit. A solubility assay was performed that confirmed the solubility of the alpha-tagged FDH (See
Appendix E for details).

However, when assayed for formate oxidation activity, a much too low specific activity was observed
(Figure 41 in Appendix L). Consequently, hypothesis 1 proposing superiority of His-tag placement on
the alpha subunit relative to placement on the gamma subunit became irrelevant. It is possible that
placement of His-tag on the alpha subunit could be beneficial, but due to the lost activity the construct
became irrelevant in regard to this thesis.
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A subsequent similar test of activity of RcFDH with His-tag placed on the gamma-subunit showed
increased specific activity. In conclusion, the His-tag should be placed on the N-terminal of the gamma
subunit and not on the alpha subunit.

The final constructs were named: pTrc_RcFDH _gamma, pTrc_RsFDH _gamma, and
pTrc_CnFDH_gamma, each expressing one of the three candidate type 5 FDHs with a 6-mer His-tag
placed on N-terminal of the gamma subunit.

3.2. Expression

3.2.1. Methods and materials for expression

Three different expression protocols were applied and compared. For ease of understanding, a general
description of the expression protocol (Figure 13) combined with a table highlighting the differences
(Table 3) are presented below. Please refer to Appendix | for presentation and discussion on
development of the ‘Nielsen protocol’ developed for this study.

i
|
|
!‘_ al

Fresh
glycerol
stock

B

Incubate
Add IPTG

Harvest Wash
—_— —> Store

Figure 13: Flow sheet describing generalized expression protocol. For each expression fresh glycerol stock stored at -80 °C was
thawed on ice before transferred to pre-culture. The pre-culture was incubated overnight. (A) Either LB or TB medium was
used for both pre-culture and expression media. (B) Incubation was started by addition of out-grown pre-culture to 500 ml
medium in baffled shake flasks. Depending on method, culture was then either grown for 24 hours with IPTG or grown until
0D600 = 0.4-0.8 before addition of IPTG. Shaking speed and culture temperature varied depending on method (Table 3). For
all methods, cells were harvested at 5,300 g and washed in buffer with protease inhibitor before being stored at -20 °C.

33



For all three expression protocols, the same medium was used for both pre-culture and actual
expression: Either LB or TB medium with 150 pg/ml ampicillin, 1 mM sodium molybdate, and with or
without 20 uM isopropyl B-D-1-thiogalactopyranoside (IPTG) (Table 3). For pre-culture 5 ml medium
was inoculated with 50 ul of the desired single-use glycerol stock, and then incubated at 37 °C and 130
rpm overnight.

For expression, 2 | baffled Erlenmeyer shake flasks, each containing 500 ml expression medium, were
inoculated with 1 ml pre-culture each. For the protocol developed for this study, cultures were grown
to OD600 = 0.4-0.8 and then cooled on ice for 10 minutes before induction with 50 uM IPTG. For
protocols inspired by literature, cultures were induced with 50 uM IPTG immediately.

Cultures were then incubated for 24 hours at either 18 °C and 30 rpm (Nielsen protocol), 30 °C and
130 rpm (Hartmann protocol), or 28 °C and 160 rpm (Yu protocol). Cells were harvested by centrifuging
at 5,300 g for 15 minutes in a precooled (4 °C) centrifuge. From this point onwards, samples were kept
at maximum 4 °C or colder. Additionally, procedures were completed as quickly and efficiently as
possible. For each gram of cell pellet, 10 ml of 40 mM potassium phosphate buffer, pH 7.5, with 10
mM KNOs; and EDTA free protease inhibitor (cOmpleteTM Mini from Roche), was used to suspend the
pellet. The suspended pellet was centrifuged at 8,000 g for 5 minutes. Discarding the supernatant, the
pellet was stored at -20 °C.

Table 3: Differences in expression protocol between (1) method developed for this study, (2) method inspired by Hartmann
and Leimkiihler, 2013, and (3) method inspired by Yu et al., 2019. ‘LB’: Lysogeny Broth. ‘TB’: Terrific Broth. ‘Induction at OD600
= 0.4-0.8’ entails growing culture at 37 °C and 130 rpm until reaching OD600 = 0.4-0.8 before cooling on ice for 10 minutes
and then inducing with IPTG.

Method Nielsen protocol Hartmann Yu protocol
protocol
Expression strain E. coli DH5a E. coli DH5a E. coli DH5a
Media B LB B
Addition of IPTG to pre- No Yes No
culture
Induction at OD600 = 0.4-0.8 | Yes No No
Temperature 18 °C 30°C 28 °C
Shaking speed 30 rpm 130 rpm 160 rpm
Literature reference This study (Hartmann and (Yu et al., 2019)
(See Appendix | for Leimkihler, 2013)
development of
protocol)

3.3. Purification

3.3.1. Materials and methods for purification
A flow sheet depicting the individual steps is shown in Figure 14. Frozen cell pellet was thawed on ice
in 40 mM potassium phosphate, 10 mM potassium nitrate buffer, pH 8. DNAse and protease inhibitor
was added to the suspension. A ratio of 10 ml buffer per 1 g of cell pellet was used to ensure low
viscosity and minimum effect of cell lysing on pH.
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The cell suspension was lysed at 1.35 bar in a pressure cell homogenizer system (STANSTED SPCH-10),
and immediately cooled on ice via a metal spiral submerged in ice-water. The lysed cell solution was
centrifuged at 21,000 g in a cooled centrifuge for 60 minutes. The supernatant was kept as the ‘soluble
fraction’ containing the desired soluble FDHs. This solution was kept on ice and transferred to a cold-
room (7 °C) for purification.

Immobilized metal affinity chromatography
Two different approaches were used: Gravity flow (Figure 14A) or pre-packed column mounted on
AKTA pump system (Figure 14B).

For immobilized metal affinity chromatography (IMAC) purification via gravity flow, the supernatant
was mixed with 0.2 ml Ni Sepharose™ HP resin per 1 g of lysed cell pellet and allowed to gently mix
for 45 minutes. The resin/lysate mixture was then added to an empty gravity 25 ml flow column from
BIO-RAD and allowed to settle. The formed nickel resin column should appear dark grey/brown due
to high saturation of the [Fes-S4] containing protein. Typically, per 5 g of lysed cell, a 1 ml column
volume (CV) was used. The column was washed with 25 CV of first 75 mM potassium phosphate buffer,
pH 7.5, with 10 mM KNOs; and 10 mM imidazole followed by 25 CV 75 mM potassium phosphate
buffer, pH 7.5, with 10 mM KNOs and 20 mM imidazole. The enzymes were then eluted with 5 CV 75
mM potassium phosphate buffer, pH 7.5, with 10 mM KNO3 and 250 mM imidazole.

The protein exhibits a dark brown color when [Fe-S] are linked correctly to cysteine. A lighter color is
a warning sign of [Fe-S] oxidation or loss (Tsai and Tainer, 2018). As can be seen in the pictures in
Appendix K, this is useful visual aid during purification.

For IMAC purification via pre-packed column, the supernatant was loaded onto a 5 ml prepacked
HisTrap™ FF column via an AKTA prime pump system. The column was washed with minimum 5 CV
75 mM potassium phosphate buffer, pH 7.5, with 10 mM KNO; and 10 mM imidazole followed by 5
CV 75 mM potassium phosphate buffer, pH 7.5, with 10 mM KNOs and 20 mM imidazole. The enzymes
were then eluted with 2 CV 75 mM potassium phosphate buffer, pH 7.5, with 10 mM KNOs, and 250
mM imidazole in 1 ml fractions. Absorbance of eluate was measured continuously to gauge size and
purity.

Immediately following elution, the protein solution was buffer exchanged to 75 mM potassium
phosphate buffer, pH 7.5, with 10 mM KNOs using PD10 buffer exchange columns (Sephadex™ G-25
M), flash frozen in aliquots in liquid nitrogen with argon gas in the headspace, and stored at -80 °C.
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Figure 14: Purification of type 5 FDHs via IMAC. From the top: Cell pellet containing FDH was suspended in lysis buffer (40
mM potassium phosphate, 10 mM potassium nitrate buffer, pH 8) at a ratio of 1 g cell pellet per 10 ml buffer. The suspended
cells were lysed at 1.35 bar and immediately cooled before the lysate was spun down at 21,000 g for 1 hour. The FDH-

containing supernatant was then purified using one of two methods: (A) Supernatant was mixed with Ni Sepharose HP resin
in a ratio of 0.2 ml per 1 g of lysed cell pellet. The supernatant/resin mix was allowed to gently mix for 45 minutes at 7 °C,
before poured into empty cylinders to form columns. The columns were washed with buffer (75 mM potassium phosphate,
10 mM potassium nitrate buffer, pH 7.5) contained first 10 mM imidazole, then 20 mM imidazole. FDH was then eluted into
1 ml fractions with buffer containing 250 mM. (B) The alternative to gravity flow was loading the protein containing lysate
supernatant onto a HisTrap pre-packed column mounted on an AKTA pump system. The column could then subsequently be
washed in a comparable manner to gravity flow but with the added advantage of continues monitoring of outflow from
column. For both purification methods, the protein was subsequently buffer exchanged to the storage buffer (75 mM
potassium phosphate, 10 mM potassium nitrate buffer, pH 7.5).
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Size exclusion chromatography

Size exclusion chromatography (SEC) is a standard method in protein research, allowing separation
based on protein size. This study employed columns made of a HiLoad™ Superdex™ 200 material. For
preparative purification, a larger 120 ml (16/60 prep grade) column was used, and for analytic
purposes, a smaller 24 ml column (10/300 increase) was used. The columns were mounted on either
an AKTA Purifier or AKTA Pure system, depending on availability. For each variant a 15-20 mg/ml 2 ml
solution was prepared and loaded onto a column equilibrated with the buffer used for storage (75
mM potassium phosphate, 10 mM potassium nitrate, pH 7.5).

SEC-mediated purification was not optimized in this study, but employed conditions were well within
the operation recommendations of the employed columns.

The enzyme solutions of all three variants are known or presumed to be comprised a heterogeneous
mix of the active heterotrimer-dimer ((aBy).), the heterotrimer-monomer (ay), and the incomplete
By constellation (Hartmann and Leimkihler, 2013). Fractions were collected conservatively to
represent each of the resulting peaks (Peak 1: corresponding to FDH in (afy). conformation, peak 2:
corresponding to FDH in afy conformation), flash frozen with argon gas headspace and stored at -80
°C. Sample purity was confirmed with SDS-PAGE. Protein fraction molecular weight estimation was
performed by correlating to a standard comprised of proteins with known molecular weight.

Routine activity assays were performed by measuring change in absorbance over time at 340 nm (the
extinction coefficient for NADH is 6220 M cm™ at 340 nm) as described in Section 4.2.1. Protein
concentrations were determined at 280 nm using an extinction coefficient based on predictions with
the Quest Calculate™ Protein Concentration Calculator (AAT Bioquest, 2017) (Table 4).

Table 4: Predicted weight of representative type 5 FDHs based on protein sequence and co-factor content. The predicted
weight is assuming 100% co-factor saturation and includes the His-tag containing ‘gamma-tail’ described in Figure 11.

FDH variant | Predicted weight | Extinction coefficient at 280 nm
(kDa) (M*em)

RcFDH 179,310 167,960

RsFDH 182,380 148,210

CnFDH 185,010 146,260

3.3.2. Background for selection of purification method

During the experiments conducted in relation to this thesis, presence of impurities as well as build-up
of pressure was observed when purifying with pre-packed columns. To solve these issues, changes in
materials and inclusion of a salt wash step was attempted. This allowed a modicum of success, but
ultimately resulted in a shift from pre-packed columns to gravity flow for IMAC assisted purification.
See Appendix H for discussion on purification method. In conclusion, purification via gravity flow
proved more beneficial for IMAC assisted purification of type 5 FDHs.
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3.4. Storage

Severe protein precipitation was observed for RcFDH purified via IMAC when stored at -80 °C. This led
to speculations regarding the effect of either imidazole presence, protein concentration, or
freeze/thaw cycles. To test this, RcFDH was sampled before and after buffer exchange to gauge effect
of imidazole. Each sample was up-concentrated using Vivaspin 20 (30,000 kDa) columns, before
protein concentration was measured using absorbance at 280 nm as described in the Section 3.3.1.
RcFDH-containing samples were flash frozen and subsequently thawed on ice, before being spun
down at 8,000 g for 5 minutes after which protein concentration was measured again (Figure 15).
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Figure 15: Protein concentrations sampled at two separate steps during purification: after IMAC purification and after buffer
exchange of IMAC eluate. For each sample protein concentration was measured at different levels of up-concentration, and
the protein was flash frozen and thawed, before protein concentration were measured again.

From Figure 15 it is observed that protein does not precipitate as a result of a freeze/thaw cycle after
undergoing buffer exchange. Conversely, samples that are not buffer exchanged display distinct
precipitation. This trend is even more evident when observing the relative changes in protein
concentration before and after one freeze/thaw cycle (Figure 16).
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Figure 16: Relative protein concentration change of RcFDH samples as a result of one freeze/thaw cycle. Samples were taken
during purification of RcFDH.

In conclusion, RcFDH, and in extension likely also other type 5 FDHs, should not be frozen in the
presence of imidazole.

3.5. Comparison of expression protocols

In hypothesis 2 of this chapter, it was hypothesized that slow growth, use of TB medium, and
optimized expression strains would result in type 5 FDHs with higher specific activity, compared to
enzymes expressed with protocols described in previous work (see Table 3 for differences in
protocols).

The optimized (slow growth, TB media, optimized expression strains) protocol developed for this study
was denominated: ‘Nielsen protocol’. Please refer to Appendix | for a more detailed description of the
protocol development. Briefly put, it was observed that when expressing at low temperatures (18 °C),
the highest specific activity was achieved when using TB medium and low aeration (30 rpm). Six
different expression strains were compared, ultimately revealing that the non-optimized E. coli DH5a
allowed higher specific activity than the best of the tested optimized expression strains (E. coli C43).

Based on the above results it was possible to partially reject hypothesis 2 of this chapter since it was
seen that optimized E. coli strains did not yield higher specific activity for type 5 FDH, compared to
non-optimized strains.

In conclusion, for the optimized Nielsen protocol, expression would be performed with E. coli DH5a in
TB medium at 18 °C and 30 rpm.
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To further test hypothesis 2 of this chapter, RcFDH was expressed using either the optimized Nielsen
protocol, the Hartmann protocol, or the Yu protocol as described in Section 3.2.1. For all three
protocols, expression was carried out with E. coli DH5a as the expression strain. Again, the cell pellets
were lysed followed by subsequent IMAC purification of RcFDH as described in Section 3.3.1. The IMAC
pure RcFDH could then be assayed for formate oxidation activity as described in Section 4.2.1. This
allowed comparison of both specific activity and yield expressed in units (1 U = enzyme to convert 1

pmol formate per minute) (Figure 17).
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Figure 17: Formate oxidation activity and yield of RcFDH expressed in E. coli DH5a with three different protocols. Yield is given
in units purified per liter of expression culture, with a unit (U) defined as the amount of enzyme that can convert 1 umol of
formate per minute.

Surprisingly, the Hartmann protocol, with the highest growth temperature and overall simplest
protocol proved to not only allow the highest yields but also allow the highest specific activity. This is
especially curious when comparing RcFDH expressed with the Yu protocol with RcFDH expressed with
the Hartmann protocol: RcFDH expressed with Yu protocol performs significantly worse despite similar
expression conditions. The composition of the IMAC purified protein could be used to investigate the
cause of this trend. Using a 24 ml column, SEC was performed on the IMAC purified RcFDH expressed
with 3 different protocols (Figure 18).
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Figure 18: SEC chromatogram on RcFDH expressed with three different protocols. Each peak is marked with grey boxes and
predicted subunit composition. SEC was performed on 24 ml Superdex™ 200 10/300 column. Chromatograms are normalized
against total area under individual curve. For chromatogram with raw mAU values please refer to Figure 42 in Appendix L.

From Figure 18 it becomes readily apparent that RcFDH expressed with the Hartmann protocol
displays a larger fraction of enzyme in the active (afy). and afy conformations. The relative area
under curve (AUC) for peaks containing (aBy). or afy conformation (9.85-11.5 ml for (aBy)2, and 11.6-
13.4 ml for afy) can be estimated to the following values: Nielsen: 40%, Hartmann: 68%, and Yu: 38%.

Both the Nielsen and Yu protocol infer a larger fraction of protein either aggregated in the void fraction
or in the inactive By conformation. The main similarity of these two protocols, and primary difference
to the Hartmann protocol, is the use of TB medium. It can be speculated that the composition of TB
medium somehow infers a higher percentage of inactive aggregate and RcFDH in By conformation.

Unfortunately, the measured specific activity of the SEC purified type 5 FDH was unreliable. This was
likely due inaccurate measurement of the very low protein concentrations and that this error was
realized too late. However, as will be demonstrated later in Section 4.3.2, it can be assumed that
RcFDH in both (aBy), and afy conformation both display activity. As such, the Hartmann protocol
clearly allows the highest fraction of active protein.

In conclusion, the Hartmann protocol is the superior protocol for expression of RcFDH, and in
extension likely also other type 5 FDHs. This is in direct contradiction to hypothesis 2 of this chapter,
and as such hypothesis 2 can be refuted as valid.

3.6. Comparison of expression of RsFDH, RcFDH, and CnFDH

RcFDH, RsFDH, and CnFDH were expressed using the Hartmann protocol described and discussed in
the above sections. All three type 5 FDHs were purified using IMAC via gravity flow, followed by SEC.
For SEC the 120 ml column was used. See Sections 3.2.1 and 3.3.1 for a description of the methods.
Comparing the chromatograms produced via SEC on the three type 5 FDHs it is possible to gauge
differences in enzyme population (Figure 19).
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Figure 19: SEC chromatogram on RcFDH, RsFDH, and CnFDH expressed with the Hartmann protocol. Each peak is marked
with grey boxes and predicted subunit composition. SEC was performed on 120 ml HiLoad™ Superdex™ 200 16/60 pg column.
Chromatograms are normalized against total area under indiviual curve. For chromatogram with raw mAU values please
refer to Figure 43 of Appendix L.

Interestingly, RcFDH, RsFDH, and CnFDH display different characteristics in terms of preferred
structural composition. In concordance with the results in Section 3.5, RcFDH expressed with
Hartmann protocol again shows a high percentage of enzyme in (aBy). conformation relative to afy
conformation. RsFDH shows an even distribution between enzyme in (afy), conformation and enzyme
in afy conformation. CnFDH, on the other hand, favors the afy conformation over (afy), and shows
a much larger percentage of protein in the void fraction. A higher percentage of protein in the void
fraction, indicates a greater propensity for aggregation, since proteins in the void fraction exceed the
size limits of the given column material. For the applied Superdex200 material, the limit is 600 kDa for
globular protiens.

In addition, RsFDH was shown to display formate oxidation activity. This will be further detailed in
Section 4.5, but signifies that RsFDH is correctly folded and at least partially co-factor saturated.

In conclusion, when expressed using identical methodology, each of the three type 5 FDH demonstrate
different characteristics in terms of conformation preference. The dynamics behind this phenomenon
are currently not described and would be an interesting topic for further research. With this in mind,
it can be concluded that RsFDH displays unique conformation preferences but can be purified using
the same protocol as used for other type 5 FDHs.

3.7. Conclusion on expression and purification

It was not possible to conclude on the effect of a synthetic codon-optimized version of the FDH
operons. It is likely that a strategy involving a synthetic construct is still viable strategy that should be
explored further.

For the first hypothesis that placement of the His-tag on the alpha subunit, relative to placement on
the gamma subunit, will minimize loss of FDH during purification and retain specific activity, it is not
possible to present a definitive conclusion. The associated experiments showed that RcFDH — and in
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extension type 5 FDHs in general — lose nearly all formate oxidation activity when the His-tag is placed
on the N-terminal of alpha subunit. It is however possible that placement elsewhere on the alpha
subunit would not cause loss of activity.

The second hypothesis of this chapter, that the combination of slow growth rates, TB medium, and E.
coli strains designed for protein expression will result in type 5 FDHs with higher specific activity
compared to expression according to methods described in previous work by Hartmann and
Leimkiihler, 2013 and Yu et al., 2019, could be refuted. Here, it was shown that RcFDH, expressed with
a protocol inspired by the work by Hartmann and Leimkdihler, showed vastly higher yields but also
higher concentration of active protein in the enzyme population.

It is possible that another method, not involving either slow growth rates, TB medium, and E. coli
expression strains will prove more beneficial in the future. However, it is recommended that the
‘Hartmann protocol’ is used for future recombinant expression of type 5 FDHs until a better protocol
is developed.

Finally, it was shown that the novel and previously uncharacterized type 5 FDH derived from purple
non-sulfur bacteria Rhodobacter sphaeroides (RsFDH) can be heterologously expressed and purified
E. coli. Additionally, it was shown that this RsFDH had similar properties to RcFDH and CnFDH.

In conclusion, development of improved construct design and improved expression protocol proved
interesting but ultimately unsuccessful.
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Chapter 4. Type 5 formate dehydrogenases as catalysts

Please note

This chapter is based on work in preparation for submission in Paper Il: Enzyme reaction kinetics and
O; tolerance of bacterial formate dehydrogenases for CO, utilization. See Appendix N for manuscript.

As discussed in Chapter 1, a cheap CO; point source will potentially contain oxygen. For FDH-based
CO; reduction, the FDHs grouped as ‘type 5’ according the classification scheme proposed in Section
2.2, are of interest due to their proposed oxygen tolerance. Importantly, the three selected type 5
FDHs are, for the purposes of this thesis, considered to be representative for type 5 FDHs in general.

Expressed and purified as described in the previous chapter, the three candidate type 5 FDHs can be
characterized. Here, it can be argued that temperature and pH optima, catalytic rate, and oxygen
tolerance form the foundation for characterization.

In this regard, the following hypotheses were formulated and then tested in this chapter:

Hypotheses:
1. Type 5 FDHs show higher pH optima for the forward reaction than the reverse reaction.
2. Type 5 FDHs are oxygen tolerant in the presence of KNOs.

3. Thethree candidate FDHs catalyze reduction of CO; at a 100-fold slower rate relative to formate
oxidation under comparable substrate concentrations.

4.1. Practical considerations regarding substrates
Although metal-dependent FDHs in themselves invoke some practical challenges, the substrates also
beseech atypical considerations.

4.1.1. COzas a substrate

Determining and adjusting the substrate concentration of CO; is non-trivial. As with any gaseous
substrate the concentration is dependent on the solubility of the gas. Here, temperature, pressure,
and pH all influence the potential saturation concentration as described by Henry’s Law.

Each gas interacts with water in its own manner. This work is based on the understanding that CO,
concentration in water, at ambient conditions (1 atm pressure, 25 °C, well mixed) can reach 29.5 mM
(Hayden, 2003). If creating a reaction buffer saturated with aqueous CO; and another saturated with
an inert gas, it is possible to mix the two and create substrate concentrations between 0-29.5 mM
CO2aq) (Yu et al., 2017).

However, several considerations further complicate this seemingly trivial matter. CO reacts with
water and forms carbonic acid. Depending on pH, carbonic acid then enters an equilibrium with
bicarbonate and carbonate. This leads to a fundamental dilemma in regard to the form of CO; reacting
with FDH.

In 2017, Yu et al. showed that CnFDH in anaerobic conditions only reacts with aqueous CO; and not
the bicarbonate ions (Yu et al., 2017). Activity was observed with bicarbonate as substrate, but only
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in aerobic conditions, leading this group to believe that the activity observed at aerobic conditions
was in fact a false positive diaphorase activity where NADH was oxidized with molecular oxygen as
electron acceptor. This also makes great sense when considering that CO,, and not bicarbonate, is the
product of the forward reaction, making it more likely that CO; is also the substrate of the reverse
reaction. In other words, only solubilized CO; should be used as substrate. Additionally, the finding
underlines the importance of working in an anaerobic setup when studying the reverse reaction to
avoid false positive activity measurements.

As a practical consequence of the reaction with CO, and water, it is important to note that prolonged
exposure to CO; acidifies the given buffer dramatically. To ensure a dependable pH while keeping the
vial of substrate sealed to avoid oxygen, one must adjust the pH through a septum.

4.1.2. NAD*/NADH as a substrate
NADH is the natural electron donor of RcFDH, RsFDH, and CnFDH, and holds some practical
physicochemical properties that can be exploited for activity assays.

NAD* is a colorless chemical that have little to no absorbance above 300 nm. However, the reduced
form, NADH, has an absorbance peak around 340 nm. This makes it easy to follow any reaction
involving the redox reaction between NAD* and NADH (Held, 2007).

For fluorescence, differences between NAD* and NADH also allow easy monitoring. When excited at
340 nm, NADH emits at 445 nm. NAD* does not. However, unlike NADH absorbance, NADH
fluorescence is less trivial. The correlation between fluorescence intensity and NADH concentration is
non-linear and requires a standard to correlate against. Additionally, the fluorescence intensity is
highly dependent on temperature in an inversely proportional manner (Held, 2007).

Finally, as a practical consideration, pure powdered NADH not only tends to absorb liquid from the air
if stored improperly, but it also slowly auto-oxidizes over longer periods of time. In other words, it is
essential to measure the concentration of an NADH-containing solution with absorbance prior to using
it for experiments to ensure that the reported NADH concentration is dependable. Additionally, NADH
solutions should be stored in the fridge and not exposed to sunlight.

4.2. Materials and methods for assessing activity

In general, no matter the reaction, either mono-component or overlapping multi-component buffers
were used. These were comprised of acetate buffer, potassium phosphate buffer, and/or Tris/HCI
(Trizma) buffer. Buffer concentration were set to 100 mM. For mixed buffers, with wider pH range,
100 mM of each buffer type was used. Common for all buffers was that they were pH-adjusted at the
intended reaction temperature.

4.2.1. Assay for the forward reaction

Sodium formate stock solutions were prepared in water and adjusted to intended reaction pH. In an
UV-transparent microtiter plate, buffer was mixed with NAD* and sodium formate. NAD*
concentrations ranged from 0-5 mM with 2 mM being standard. Sodium formate concentrations
ranged from 0-40 mM with 6 mM being standard. In each well, the volume of reactants was 190 pl.
Enzyme stock solutions, 0.5-1.5 mg/ml, were thawed and kept on ice.
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The prepared microtiter plate was left in a preheated plate reader and allowed to reach desired
temperature. The reaction was started by addition of 10 pl diluted enzyme stock. Absorbance at 340
nm was measured for a minimum of 1 minute. Typically, the first 10 seconds were used to calculate
the initial rate (Figure 20).

Buffer

Tray

Buffer, NAD*, formate
Pre-heated

]

Figure 20: Formate oxidation assay. Enzyme stock of typically 0.5-1.5 mg/ml was thawed and stored on ice throughout the
experiment. A microtiter plate was prepared with 190 ul of relevant buffer, formate, and NAD* in each well. The microtiter
plate was then allowed to reach desired temperature. To initiate the experiment enzyme was mixed with a relevant buffer
containing 10 mM KNOs in a tray allowing immediate transfer with multichannel pipette to between 1-8 wells in the prepared
microtiter plate. The absorbance at 340 nm was measured for a minimum of 1 minute.

4.2.2. Assay for the reverse reaction

For each experimental condition, an identical pair of buffers was prepared in 200 ml volumes in 250
ml blue-cap bottles. These were then degassed with vacuum. Of the pair, one was then bubbled
continuously for a minimum of 30 minutes with nitrogen gas and the other likewise but with CO,. An
aquarium ball was used to ensure small high-surface area bubbles.

Immediately after saturating the buffers with either nitrogen or CO,, the bottles were sealed, leaving
the headspace saturated with the intended gas. The pH of the CO,-saturated buffer was adjusted back
to the intended pH with sodium hydroxide. The buffer was then immediately transferred to a glass
vial. The vial was flushed with its intended gas, sealed, and then flushed again through the septum
seal.
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For the assay, a 50 mM NADH stock was added to each vial to reach a concentration of 0.2 mM
immediately prior to the experiment. To prepare for the reaction, a 1.4 ml septum-sealed four window
guartz cuvette was flushed with nitrogen. Then 950 pl of gas-saturated buffer, was added via gas-tight
Hamilton syringes through the septum in the cuvette. Pressure was released and the buffer-containing
cuvette was placed in a temperature-regulating spectrofluorometer (JASCO FP-8500). Exciting the
NADH in solution with 340 nm and measuring at 445 nm, the buffer was monitored for 7 minutes until
a stable baseline had formed. The reaction was then started by addition of 50 ul enzyme stock (0.5-
1.5 mg/ml) and followed via fluorescence for 1 minute. Typically, the first 10 seconds were used to
calculate initial rate (Figure 21).
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Figure 21: CO; reduction assay. Enzyme stock solution (0.5-1.5 mg/ml) was thawed and stored on ice. Reaction buffer was
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gassed continuously with either N, or CO; for 30 minutes using high-porosity aquarium ball to generate small bubbles. The
pH of the buffer was adjusted to desired pH at desired temperature before transferred to glass vial. The vial was flushed,
sealed, and then flushed again. 50 mM NADH stock solution was added to each vial to reach a final concentration of 0.2 mM.
The vials with gas-saturated buffer were mixed to a total of volume of 950 ul in ratios allowing 0-95% final CO, saturation in
an Nz-flushed 4-window septum sealed quartz cuvette. The mixture was allowed to reach desired temperature before the
reaction was started by adding 50 ul enzyme stock solution. Fluorescence intensity was measured at 445 nm excited at 340
nm for 60 seconds.
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4.3. Evaluation of enzyme population
Despite being of near identical mass, heterogeneity in the enzyme population is still very likely. Here,
variation in co-factor saturation is of particular concern.

Additionally, enzymes had previously been observed in both aBy and (afy). conformations. It was
deemed interesting to test if the conformations display similar catalytic properties.

4.3.1. Co-factor saturation

Synthesis of the molybdenum containing co-factor, bis-MGD, requires a four-step synthesis involving
several specialized enzymes (Hartmann et al., 2015). Thankfully, E. coli has the complete synthesis
pathway, allowing its use as expression strain for RcFDH, RsFDH, and CnFDH (Leimkihler, 2020).

Due to the complexity of the biosynthetic pathways for the bis-MGD pathway, combined with
subsequent sulfuration and insertion into the apoprotein, the protein synthesis of the main protein
can actually outpace co-factor biosynthesis (Niks and Hille, 2018). This issue, combined with the
requirement for the protein to also contain the other eight co-factors to be active, was presumed to
be the cause of relatively high percentage of the synthesized protein being incomplete and inactive.

Co-factor saturation can be measured directly via quantification of iron and molybdenum content. The
most common technique involves using inductive coupled plasma (ICP) paired with a variant of
spectroscopy (Alissandratos et al., 2013; Walker et al., 2019). However, for routine measurements,
specific activity (formate oxidation) can be used as an indicator for level of complete expression.

RcFDH and CnFDH have both previously been predicted to contain a total of five [Fe4-S4] and two
[Fe2-S2] complexes (Hartmann and Leimkiihler, 2013; Yu et al., 2017). Assuming a similar co-factor
composition for RsFDH, each mole of enzyme should contain 24 moles of iron and 1 mole of
molybdenum. Molybdenum and iron concentrations were quantified with inductive coupled plasma-
mass spectrometry (ICP-MS).

Quantification of elemental iron and molybdenum was completed by out-of-house analytic resources
at DTU Environment. See Appendix F for details on the applied method. Comparing the concentration
of elemental Mo and Fe to protein concentration, the co-factor saturation could be estimated (Table
5).

Table 5: Estimated metal content in percentage of maximum possible metal concentration for the respective enzymes.
Uncertainty given as a single standard deviation.

RcFDH RsFDH CnFDH

(aBy)2 afy (aBy)2 aBy (aBy)2 aBy
Mo % saturation | 60+1.2 | 70+0.5 |43+43 |44+12 | 63+24 | 87+1.1
Fe % saturation 65+0.5|44+0.7 | 58+09 | 50+0.5| 46+1.8 | 50+0.5

Hartmann and Leimkuhler reported approximately 39% Mo saturation and 48% iron saturation on
heterologously expressed RcFDH in (aBy). conformation (Hartmann and Leimkihler, 2013). In this
study, aslight increase in co-factor saturation relative to these values was observed. It is observed that
the iron content for the three FDH enzyme populations in aBy conformation is similar. The final, non-
metal, co-factor of type 5 FDHs is FMN. This co-factor can be quantified with by denaturing the protein,
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purifying the released FMN, and quantifying it photometrically. Due to time constraints it was chosen
to rely solely on the metal quantification for comparison between the three enzymes.

It can be concluded that a comparable iron content is observed for all three candidate type 5 FDHs.
This indicates that the Hartmann protocol discussed in Section 3.5 allows for iron saturation between
44% and 65%. This is a solid benchmark for future studies to compare against.

4.3.2. Effect of buffer and dimerization

The buffer component of a given reaction is an often-neglected hidden influence within enzyme
kinetics. As such, it was tested if the type 5 FDH performed identically in Tris/HCl (Trizma) buffer versus
potassium phosphate buffer. Both buffers were equilibrated to pH 7.0 at 30 °C. Additionally, it was
tested if FDH in the afy versus (afy). conformation displayed similar specific activity (Figure 22). For
each enzyme, the steady state kinetics were studied on formate oxidation activity for both
conformations in both buffers. The assay on the forward reaction was performed as described above
with standard NAD* concentration and varying formate concentrations.

A RcFDH, pH 7.0, 30 °C B RsFDH, pH 7.0, 30 °C C CnFDH, pH7.0,30°C
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Figure 22: Formate oxidation kinetics of candidate FDHs in both heterotrimer-monomer (a8y) and heterotrimer-dimer
((aBy)>). Assays were performed with 2 mM NAD* and 0-40 mM sodium formate in either Tris/HCI (Trizma) buffer or potassium
phosphate buffer at pH 7.0 and 30 °C. Initial rate (kops) is calculated based on the first 10 seconds. Please note that the y-axis
in C reaches 4-fold higher values than the y-axes in A and B.

Firstly, from Figure 22 above, it becomes evident that RsFDH and CnFDH perform similarly,
independent of dimerization. However, RcFDH shows a clear correlation between dimerization and
catalytic rate. Additionally, RcFDH appears severely substrate-inhibited at these conditions (Figure
22A).

In a previous earlier experiment at pH 7.7 and 30 °C in Tris/HCI buffer on a different batch of RcFDH,
no apparent effect of dimerization was observed for RcFDH (Figure 23).

50
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Figure 23: Steady state kinetics of a previous expression and purification batch of RcFDH. RcFDH is represented by both
heterotrimer-monomer (a8y) and heterotrimer-dimer ((a8y),). Assays were performed with 2 mM NAD* and 0-20 mM sodium
formate in Tris/HCl (Trizma) buffer at pH 7.7 and 30 °C.

It is thus likely that also for RcFDH no apparent effect should be observed on the specific activity from
dimerization. The curious observation of a dimerization-effect for RcFDH (Figure 22) is likely related
to the strong substrate inhibition that is also observed for this FDH variant. This will be discussed
further in Section 4.5 on kinetic characterization.

Secondly, a clear tendency of an increased rate of FDH-catalyzed formate oxidation in phosphate
buffer was observed (Figure 22). Either Tris/HCl acts as a weak inhibitor or phosphate somehow
promotes the catalytic rate of FDHs. In summary, it is clear that phosphate interacts with type 5 FDHs
in a previously undescribed manner.

For the purpose of enzyme kinetics study, it was chosen to work with the FDHs in aBy conformation.

4.4. Temperature and pH optima

To allow comparison of enzymes at their optimum pH and temperature, experiments were designed
using a response surface methodology (RSM). The goal was to estimate each enzyme’s individual
global maximum rate for both the forward and reverse reaction. Additionally, the optimum conditions
may reveal interesting insights into the relationship between the forward and reverse reactions.

The experimental design was created with the help of SAS JMP statistical software. A central
composite design spanning pH 5 to pH 9 versus 20 °C to 50 °C was created. Default settings were used.
A total of 13 measurements were completed per experiment including 5 central measurement points
and 4 axial measurement points. An overlapping multi-component buffer consisting of acetate,
potassium phosphate and Tris/HCI buffer was applied to cover the full pH range. The assay methods
described above in Sections 4.2.1 and 4.2.2 were applied. For the forward reaction, 2 mM NAD* and 6
mM sodium formate were applied. For the reverse reaction, 0.2 mM NADH and CO,-saturated buffer
were applied.
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A quadratic polynomial model could then be fitted to the observed activity data with a minimum R-
squared value of 0.9 and statistically insignificant lack of fit (Figure 24).
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Figure 24: Temperature and pH optima for RcFDH, RsFDH, and CnFDH given in relative activity levels, with 100 being
equivalent to the maximum observed activity for the given study.

Based on the fitted model, pH and temperature optima could be predicted by extracting the point of
the global maximum (Table 6).
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Table 6: Predicted temperature and pH optima for RcFDH, RsFDH, and CnFDH for both the forward and reverse reactions.

RcFDH RsFDH CnFDH
Forward | Reverse Forward Reverse Forward Reverse
pH 8.7 8.4 8.2 7.4 7.5 7.3
(95% Cl) (7.8-9.6) (7.8-9.0) (7.2-9.0) (7.0-7.8) (7.1-7.9) (6.6-8.0)
Temperature (°C) 37 41 34 50 40 46
(95% Cl) (33-41) (38-44) (30-38) (47-52) (38-42) (42-50)

Interestingly, as hypothesized, the optimum pH for the reverse reaction is consistently lower than for
the forward reaction. This is most pronounced for RsFDH. However, it is not as strong of a trend as
was expected, with overlapping confidence intervals.

The background for the hypothesis was based on the pH dependent equilibrium between carbonic
acid, bicarbonate, and carbonate. Acidic conditions favor carbonic acid, physiological pH favors
bicarbonate and basic conditions favor carbonates (Andersen, 2002). Knowing that CnFDH is only
active on COyq), Which again is in equilibrium with carbonic acid, low pH should favor increased CO,
reduction activity. For all three type 5 FDHs studied here, the optimum pH is indeed lower for the
reverse reaction relative to the forward reaction. However, the difference is near negligible and the
optimum pH is even slightly basic. As such the hypothesis that the pH optima for the reverse reaction
is significantly lower than for the forward reaction is not supported by the data shown here.

4.5. Kinetic characterization

Knowing the pH and temperature optima, it was possible to characterize the enzymes at these
conditions. Additionally, conditions to reproduce experiments from literature were included to allow
more direct comparisons.

4.5.1. Formate oxidation

Individual assays were completed as described in the methods above. Previously, Hartmann and
Leimkiihler determined the steady state kinetic parameters of the forward reaction for RcFDH at pH
9.0 and 30 °Cin a Tris/HCl buffer. Similarly, Yu et al. characterized CnFDH but at pH 7.7 and 30 °Cin a
potassium phosphate buffer. Both of these conditions were included for comparison. Additionally, to
allow comparison with the reverse reaction, the enzymes were also studied at pH 7.0 and 30 °Cin a
potassium phosphate buffer.
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Figure 25: Steady state kinetics with formate saturation on the forward reaction (formate oxidation) for RcFDH, RsFDH, and
CnFDH. “*’: reproduced result from literature (Hartmann and Leimkiihler, 2013; Niks et al., 2016). NAD* concentration was 2
mM and kops is calculated based on initial rate observed for first 10 seconds.

Interestingly, it can be observed that CnFDH consistently has a significantly higher formate oxidation
rate than RsFDH and RcFDH (Figure 25). Additionally, with the exception of formate oxidation at pH
7.0 in potassium phosphate buffer, RcFDH had a consistently higher formate oxidation rate than
RsFDH.

Moreover, particularly RcFDH displays clear indications of substrate inhibition. Curiously, the
substrate inhibition is more pronounced in KPO, buffer and lower pH. Previously, the RcFDH substrate
inhibition was also observed in Tris/HCl buffer at pH 7.0. As such, it is likely the lower pH that causes
the increased sensitivity to substrate inhibition by formate.

Previously, a clear trend for KPO, buffer to allow a higher activity of RsFDH and CnFDH than Tris/HCI
buffer was observed. It is possible that same interaction that causes an increase in activity, also makes
particularly RcFDH more prone to substrate inhibition. It would be interesting to further study and
elucidate the the interaction between FDH, pH, and phosphate.

Beyond steady state kinetics with formate saturation, steady state kinetics with NAD* saturation were
also investigated (Figure 44 in Appendix L). Based on the observed steady state kinetics, a standard
Michaelis-Menten model, or a model including substrate inhibition when relevant, was fitted. Kinetic
parameters could then be extracted (Table 7).
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Table 7: Observed forward reaction kinetic parameters. For each value, a confidence interval (Cl) at 95% confidence is given.

‘ND’: Not determined. *-“: Not applicable.

Forward reaction (Formate oxidation)

Keat (min'l) Km,formate (mM) KM,NAD+ (mM) Ki formate (mM)
(95% Cl) (95% Cl) (95% Cl) (95% Cl)
Tris/HCl buffer, 5520 0.49 0.57 -
RcFDH . ..
Optimum conditions (5300 - 5740) (0.41-0.59) (0.47 - 0.68)
(36.5°C, pH 8.7)
Tris/HCl buffer, 30 °C, 4330 0.36 0.24 -
pH 9.0 (4200 - 4470) (0.31-0.42) (0.29-0.29)
KPO4 buffer, 30 °C, pH 3660 0.12 0.41 147
7.7 (3480 — 3840) (0.09-0.19) (0.31-0.54) (96 - 267)
KPO4 buffer, 30 °C, pH 760 0.02 ND 56
7.0 (710-860) (0.00-0.04) (29-107)
Tris/HCl buffer, 1350 0.52 0.40 -
RsFDH . .
Optimum conditions (1300 -1390) (0.44-0.62) (0.28-0.57)
(33.8°C, pH 8.2)
Tris/HCl buffer, 30 °C, 1010 0.29 0.18 -
pH 9.0 (940 — 1090) (0.19-0.42) (0.14-0.21)
KPO4 buffer, 30 °C, pH 2030 0.21 0.27 201
7.7 (1950 - 2110) (0.18-0.25) (0.22-0.35) (137 - 345)
KPOg4 buffer, 30 °C, pH 1290 0.33 ND 180
7.0 (1240-1340) (0.29-0.39) (129-278)
Tris/HCl buffer, 11640 2.30 0.19 -
CnFDH . ..
Optimum conditions (11380- 11890) (2.12-2.47) (0.15-0.23)
(40.1°C, pH 7.5)
Tris/HCl buffer, 30 °C, 5140 0.80 0.16 -
pH 9.0 (4880 — 5420) (0.63-1.02) (0.13-0.19)
6770 0.63 0.13 -
KPOg4 buffer, 30 °C, pH
(6340 — 7250) (0.51-0.78) (0.11-0.15)
7.7
6110 1.07 ND -
KPO4 buffer, 30 °C, pH
(5890-6370) (0.95-1.20)
7.0

Comparing the enzymes at optimum conditions, CnFDH has nearly double turnover number (Kcat)

relative to RcFDH, and more than 8-fold higher than RsFDH. However, at these higher temperatures,

CnFDH is also exhibiting much lower affinity for formate as seen by the more than 4-fold higher
Kwm,formate Values relative to RcFDH and RsFDH.

In summary, CnFDH has a significantly higher catalytic activity than RcFDH and RsFDH. Based on the
observed kinetic parameters it was possible to compare directly to literature (Table 8).
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Table 8: Comparison of kinetic parameters to values listed in literature. 95% confidence intervals (Cl) marked with ‘*’ are

estimated based on error reported in literature and assuming normal distribution. ‘ND’: Not determined or not reported.

Reaction Study Enzyme | Condition Keat Km,formate Kwm,nap*
(min) (mM) (mM)
(95% Cl) (95% Cl) (95% Cl)
Forward This study RcFDH Tris/HCI 4330 0.36 0.24
buffer, (4200 - 4470) (0.31-0.42) (0.29-0.29)
(Hartmann and PH 9.0, 2189 0.28 0.17
Leimkihler, 2013) 30°C (2110 - 2270)* (026-0.30)* | (0.13-0.21)*
Forward This study CnFDH KPO4 6770 0.63 0.13
buffer, (6340 — 7250) (0.51-0.78) (0.11-0.15)
(Yu et al., 2019) pH 7.7, 5940 0.26 0.11
30°C (ND) (ND) (ND)
(Niks et al., 2016) 12060 0.31 0.13
(11330 - 12790)* (0.30-0.32)* (0.12 - 0.14)*
(Friedebold and - 3.3 0.09
Bowien, 1993) (ND) (ND)

Benchmarking the activity, a turnover number for RcFDH of 4330 min™ at conditions identical to the
ones reported by Hartmann and Leimkihler in 2013 is observed. Here, Hartmann and Leimkihler
reported an activity of 2189 min* with an approximate saturation of 39% Mo and 48% Fe (Hartmann
and Leimkihler, 2013). For this study, a higher Mo saturation and comparable Fe saturation was
observed. The higher Mo saturation may partially explain the nearly double k..t observed in this study
relative to literature, but it may not paint the full picture. The Kw values for both formate and NAD*
are slightly higher for this study, indicating a lower binding affinity towards the substrates for the
enzyme produced in this study. This could add to a story of an enzyme population that catalyses a
faster reaction but somehow also interacts with phosphate and is substrate-inhibited at pH 7.

Similarly, it is possible to benchmark the results for CnFDH. Yu et al. recombinantly expressed and
characterized CnFDH in 2019 and reported an observed turnover number of 5940 min? with a co-
factor saturation of approximately 50%. This co-factor saturation was estimated based on a
comparison between the observed turnover number for natively expressed CnFDH of 12060 min™
(Niks et al., 2016) and the turnover number of the recombinantly expressed CnFDH. Assuming that
native expression allows complete co-factor saturation, 50% turnover number for recombinantly
expressed CnFDH relative to natively expressed CnFDH, means 50% co-factor saturation (Yu et al.,
2019). If one were to do the same calculation for this study, the observed ket of 6770 min?
corresponds to general co-factor saturation of 56%. This value corresponds reasonably well with the
calculated metal saturation of 50% Fe and 87% Mo observed for CnFDH of this study.

In conclusion, high formate oxidation activities were observed and these correlated well with kinetic
parameters reported for previous studies when taking co-factor saturation into account. This is an
important observation as it demonstrates a reasonable reproduction of previous results,
corroborating the validity of both the kinetic parameters reported in this thesis, but also the kinetic
parameters reported previously. Additionally, the substrate inhibition observed for the dimerization
experiments described in Section 4.3.2 was observed again, albeit at a less pronounced extent.
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4.5.2. COz reduction

CO; reduction assays were performed significantly differently than formate oxidation. The main
differentiator is the requirement of anaerobic reaction conditions to avoid false positive signals.
Applying saturated buffers, as described in method Section 4.2.2, steady state kinetics on the three
FDHs were performed (Figure 26).

CO; reduction

160

-® RcFDH
4 RsFDH
-4 CnFDH

kobs

10 20 30
mM CO, (aq)

Figure 26: Comparison of steady state kinetics of CO, reduction for recombinantly expressed type 5 FDHs. Reactions were
completed at optimum pH and optimum temperature determined in this study. All reactions were completed in 100 mM
potassium phosphate, 100 mM Tris/HCl buffer with 0.2 mM NADH, at ambient pressure and in anaerobic conditions. The
range of CO; substrate concentrations was achieved by mixing buffer saturated with either nitrogen or CO,.

Here, it is evident that CnFDH again catalyzes the measured reaction at significantly higher rates than
RcFDH and RsFDH. It is simply a much faster enzyme.

Another, more troubling observation, is that a complete saturation is not observed as expected. This
is also evident when fitting the observed values to a Michaelis-Menten model and seeing the rather
high Kw co2 values derived from the fit (Table 9).
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Table 9: Observed reverse reaction kinetic parameters from a fitted Michaelis-Menten model. For each value a confidence

interval (Cl) at 95% confidence is given when possible. (-): Not applicable.

Reverse reaction (CO:z reduction)
Keat (min?) Kwm,coz (mM)
(95% Cl) (95% Cl)
Tris/HCl buffer, Optimum 39.5 6.1
RCFDH | conditions, (41.4 °C, pH 8.4) (33.0-50.0) (3.1-12.4)
ot . 36.1 -
KPO4 buffer, 30 °C, pH 7.0 (29.1-43.1)
Tris/HCI buffer, Optimum 52.5 11.6
RSFDH | conditions, (49.9 °C, pH 7.4) (39.4-80.4) (5.3-27.4)
ot . 43.6 -
KPO4 buffer, 30 °C, pH 7.0 (38.0-49.2)
Tris/HCI buffer, Optimum 221 17.5
CnFDH conditions, (45.7 °C, pH 7.3) (172-320) (9.9-34.2)
. 127 -
KPOs buffer, 30 °C, pH 7.0 (92.5—167)

The kinetic parameters observed for this study could then be compared to kinetic parameters
described in previous studies (Table 10).

Table 10: Comparison of kinetic parameters with kinetic parameters described in previous studies. ‘*’: Not able to determine.

Reaction | Study Enzyme | Condition Kcat Kwm,co2 Kwm,napH
(min) (mMm) (mM)
Reverse This study RcFDH KPO, buffer, pH 7.0, 36.1 i i
30 °C,
CO2aq) (29.1-43.1)
(Hartmann and KPO, buffer, pH 6.8, 89 . .
Leimktihler, 2013) 30 °C
HCOs3 (87 -91)
Reverse This study CnFDH KPO. buffer, 127 i i
pH 7.0,
30 °C (92.5-167)
(Yuetal, 2017) 660 2.7 0.046
(612-708) | (2.1-3.3) (0.045 —
0.047)

CnFDH has been studied with aqueous CO, as substrate (Yu et al., 2017). The variant of CnFDH in this
study was purified from a native culture of C. necator and as a result likely to be composed of close to
100% active protein. Here, they achieved a ket of 660 min™. This is more than 4-fold higher than the
keat Of 127 mint that was observed for CnFDH produced for this study characterized under identical

conditions to those reported by Yu et al. For formate oxidation, it was observed that the CnFDH
produced for this study had a similar, even slightly higher, catalytic rate than CnFDH characterized in
literature by Yu et al. However, it now appears to be the opposite trend for CO, reduction. If the
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enzyme produced for this study displays 56% catalytic rate relative to natively produced CnFDH as
calculated in Section 4.5.1, then a CO; reduction k.a: of approximately 370 min* should have been
observed — almost 3-fold higher than the actually observed ke of only 127 min?. This further
corroborates the suspicion that CO; saturation was not achieved.

RcFDH has previously been studied with 100 mM bicarbonate as a substitute CO, substrate. However,
the actual aqueous CO; concentration of this study is unknown. Nonetheless, a ket of 89 mint was
achieved indicating either a high level of bicarbonate shifting to CO; or false positive measurements.
In comparison, the RcFDH produced for this study achieved a k.. of 36 min™. Without clear saturation
it is unknown if this value corresponds to the actual ke for CO; reduction, and as it was observed for
CnFDH the value for RcFDH is likely biased by the assay.

In conclusion, although it can be confirmed that CnFDH has a significantly higher catalytic rate also for
the reverse reaction relative to RcFDH and RsFDH, it must also be concluded that the observed
activities are too low compared to expected values. It is suspected that the applied method does not
allow for complete saturation of substrate or inhibits the FDHs in another way.

4.5.3. Ratio of forward and reverse reaction rates

As mentioned above, it is suspected that the catalytic rates observed for the reverse reactions are
below the potentially achieved rates. Nonetheless, the ratio between the forward and reverse
reaction may provide insight into the three enzymes’ suitability to perform in a CCU setting when
compared to one another (Table 11). This is assuming that all three enzymes are equally inhibited by
the method for the reverse reaction.

Table 11: Ratio of ke for the forward reaction over the k..: of the reverse reaction for each of the three type 5 FDHs. Values
are given as percentage relative rate of the reverse reaction compared to the forward reaction. E.g. for CnFDH a reverse
reaction rate of 127 min1 corresponds to 1.9% of the forward reaction rate of 6770 min.

Relative rate (%)

Condition RcFDH RsFDH CnFDH
Tris/HCl buffer, optimum pH, optimum temp. 0.7 3.8 1.9
Potassium phosphate buffer, pH 7.0, 30 °C 4.7 3.4 2.0

Again, RcFDH stands out by having a large difference between the ratios calculated for the optimum
condition compared to those for pH 7.0 and 30 °Cin KPO4 buffer. However, previously it was observed
that RcFDH was strongly substrate-inhibited at pH 7.0 in KPO,4 buffer. As such, the ratio at this
condition becomes biased.

In contrast, both RsFDH and CnFDH display similar ratios for both conditions. Interestingly, despite
CnFDH being a faster enzyme, it appears that RsFDH is more prone to catalyze the reverse reaction.
This is an interesting observation, in regard to future studies. Should a structural model of the two
enzymes be presented, it would be interesting to look into the differences in structure in an attempt
to explain why RsFDH is more prone to CO; reduction than CnFDH. It is possible that the very structure
that allows CnFDH to achieve higher catalytic rates, is also a structure that favors formate oxidation.

In conclusion, although RsFDH displays lower catalytic rates, the increased propensity for CO,
reduction is of interest.
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4.6. Oxygen tolerance

As discussed in Chapter 1, CO; as a resource is fairly diverse concept. The cheapest sources of CO; are
the least processed. This means that other gasses and vapors will be present in a scenario where a
cheap CO; source is used as substrate. Of the many impurities, oxygen is likely significantly
represented. Additionally, a completely anaerobic conversion unit is, under any earthly circumstances,
significantly more expensive to operate than a one where oxygen is present in small quantities.

Other impurities to consider would NOy gasses from impure combustion, or H,S from biogas. While
interesting, these gasses were not studied due to challenges with toxicity and time constraints.

4.6.1. Oxygen tolerance of candidate FDH

As mentioned several times in this thesis, CnFDH and RcFDH have been claimed to be oxygen tolerant.
Or rather, more specifically, they have been claimed to be oxygen tolerant in the presence of KNOs.
(Friedebold and Bowien, 1993; Hartmann and Leimkihler, 2013; Niks et al., 2016; Yu et al., 2017).

Both azide and nitrate ions have been shown to stabilize CnFDH under aerobic conditions. However,
both azide and nitrate acts as a competitive inhibitors, with 5 mM NaNs; reducing formate oxidation
activity of CnFDH by 86% and 10 mM KNOs; reducing formate oxidation activity of CnFDH by 38%
(Friedebold and Bowien, 1993). In this regard, it can be speculated that the manner with which nitrate
and azide ions inhibit the type 5 FDHs is by interacting with the same domain on the protein as the
oxygen. And since a inhibitory effect is observed, it is likely that this interaction involves the active
site.

To test the extent of oxygen tolerance of type 5 FDHs, an experiment was devised. Here the enzymes
were incubated with either 0.5 mM KNOs or 10 mM; KNO3 at room temperature in Tris/HCl buffer, pH
8 that was allowed to be saturated with ambient air for 10 minutes. This should allow an approximate
concentration of O, of 0.25 mM and be representative of practical oxygen concentration to be
expected in an actual application. Additionally, it was tested if any significant difference between FDH
in either afy or (afy): conformation was observed. Formate oxidation activity was measured was
measured as described previously in Section 4.2.1 every two minutes for a total of six measurements
(t=0, 2, 4, 6, 8, and 10 minutes).

The experiment was started by addition of 50 ul enzyme stock, containing 10 mM KNQOs, to 950 pl of
either of the two prepared buffers. The buffer and enzyme were briefly mixed, before 10 ul of the
buffer/enzyme mix were used to measure formate oxidation activity was measured as described
previously in Section 4.2.1. From addition of enzyme to the buffer to initiating the activity assay,
approximately 15 seconds transpired. The experiments were repeated in duplicates.

The observed catalytic rates at each time-point could then be plotted for comparison (Figure 27).
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Figure 27: Time decay study of type 5 FDHs in either the heterotrimer-monomer (aBy) or heterotrimer-dimer ((a8y),)
conformation in the presence of either 0.5 mM or 10 mM KNOs. Formate oxidation activity was measured on enzyme
incubated in 25 °C Tris/HCI buffer, pH 8. Importantly the buffer was prepared and stored at aerobic conditions prior to
introduction of enzyme. FDHs in either a8y (circle and square) or (aBy); (triangles) conformation were studied.

From Figure 27, it can be seen that even at 10 mM KNOs a slight decay trend for all but RsFDH in offy
conformation was observed. This is in contradiction with the previous notion of complete oxygen
tolerance in the presence of KNOs. It should be noted that the initial activity (at t = 0) for all enzymes
did not change over time between replicates on the same enzyme stock sample. When stored on ice
at 10 mM KNOs no obvious or large change in activity was observed over an 8-hour period. It is
however likely that a similar decay is observed, albeit at a much slower rate.

The activity change over time could be fitted to a one-phase decay model. For FDHs at 10 mM KNO;
the model was mostly unable to predict half-lives due to the relatively limited drop in activity over
time (Table 12).

Table 12: Predicted plateaus and half-lives of type 5 FDHs based on a one-phase decay model. ’-": The model was unable to
dependably predict this value.

RcFDH RsFDH CnFDH
(opy)2 oy (apy) afy (apy)2 oy
0.5 mM KNO; Plateau (% activity) 69 75 72 79 72 80
(95% Cl) (66-72) | (64-80) | (64-76) | (65-83) (70-74) (78-81)
Half-life (min) 1.5 2.9 1.8 1.8 1.3 -
(95% Cl) (1.0-2.3) | (1.7-6.7) | (1.0-3.9) | (0.7-6.8) | (0.9-1.7)
10 mM KNO; Plateau (% activity) 90 84 87 - 87 90
(95% CI) (88-92) | (82-85) | (85-89) (77-89) (89-92)
Half-life (min) - - - - 2.1 -
(95% Cl) (0.9-7.4)
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From Figure 27 as well as the predicted plateaus and half-life values, it is evident that 10 mM KNO;
stabilizes the FDHs to larger extent when compared to 0.5 mM KNQOs. For all three candidate enzymes
a 20-31% drop in activity relative to initial activity (t = 0) is observed at 0.5 mM KNOs. In comparison
at 10 mM KNOs only a 10-14% reduction is observed. This clearly confirms that nitrate has a stabilizing
effect as expected.

However, despite the reduction in activity being lower at 10 mM KNOs, the reduction is still significant.
It is interesting that the relative activity reaches a plateau. The plateau suggests one of two potential
dynamics at play: Either the FDH population is heterogeneous, with a fraction of the enzymes being
more oxygen sensitive than the rest, or an equilibrium between FDH-oxygen affinity and FDH-nitrate
affinity is reached.

In summary, it was not possible to confirm the hypothesis that the type 5 FDHs are fully oxygen
tolerant in the presence of KNOs. Only RsFDH displayed no significant reduction in activity (Figure
27B).

4.7. Synthesis with FDHs

As presented in Chapter 1 of this thesis, ideal enzymatic candidates to operate in a CCU context are
both fast and robust. An addendum to this rationalization would be, that the ideal enzyme would also
favor CO; conversion over the opposite reaction. In this regard the third hypothesis, that type 5 FDH
catalyze the reverse reaction a 100-fold faster than the forward reaction, can be refuted given that
much fold changes are observed.

Furthermore, it can be observed that the first hypothesis of this chapter on pH optima being higher
for the forward reaction, cannot be supported by the data presented for this thesis.

However, when comparing RcFDH, RsFDH, and CnFDH, it is readily apparent that CnFDH is a much
more active protein than RcFDH and RsFDH. Interestingly, RsFDH shows a higher propensity for
catalyzing the reverse reaction. Furthermore, it can be argued that RsFDH are less prone to
inactivation with oxygen. Although the second hypothesis of this chapter, that type 5 FDHs are oxygen
tolerant could be partially refuted given that complete enzyme population is not oxygen tolerant, a
major fraction reaches a stable plateau depending on nitrate concentration. And here RsFDH
distinguishes itself via minimum effect of oxygen when in afy confirmation with 10 mM KNOs.

In a study by Min et al. from 2020, catalytic parameters of select FDHs are compared to catalytic
parameters of the FDH of Rhodobacter aestuarii (RaFDH). RaFDH showed a k..t for CO; reduction of
48.3 min. This in itself is not remarkable, however, RaFDH also demonstrated a ke for formate
oxidation of just 15.6 min* (Min et al., 2020). In other words, the catalytic rate of the reverse reaction
is 309% of the catalytic rate of the forward reaction. In other words, the enzyme appears more prone
to reduce CO; than to oxidize formate.

It would be interesting to compare the structural differences of the fast CnFDH with the slower, but
more CO; reduction prone, RsFDH and RaFDH. For now, although CnFDH is less prone to CO; reduction
than RsFDH, it displays several-fold higher turnover numbers. In terms of oxygen sensitivity, both
enzymes reach a plateau of approximately 90% remaining activity when in (ay). conformation.
However, interestingly, as the only variant, RsFDH in afy conformation show very slow decay relative
to RcFDH and CnFDH in the presence of 10 mM KNO:s. It is possible that RsFDH not only is more prone
for CO; reduction but also more oxygen tolerant.
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In conclusion, type 5 FDHs are not completely oxygen tolerant, but display higher preference for CO,
reduction than expected. CnFDH in conjunction with more oxygen tolerant FDH variants such as
RsFDH, are interesting candidates for further study in a CCU context.

In parallel, of more scientific interest, particularly RcFDH has displayed some interesting kinetic
phenomena. It appears that the enzyme is particularly substrate-inhibited at pH 7, and less at pH 7.7
and higher. Additionally, it appears that phosphate somehow also interacts with the FDHs.

In summary, indications of an intricate interplay between the following were observed:
e Oxygen appears to irreversible inhibit part of the enzyme population.

e Nitrate ions stabilize and protect the enzyme from oxygen, potentially by interacting with
the same domains that are vulnerable to oxygen damage. However, it also acts as a
competitive inhibitor.

e Oxygen inhibition appears to also be dependent on temperature. Enzymes stored on ice
under aerobic conditions for a full day are not observed to lose specific activity. Enzymes
stored at room temperature (25 °C), however, did decay to a stable plateau over a short
period of time.

e Phosphate also interacts with type 5 FDHs, causing the maximum turnover rate to increase.
However, presence of phosphate also amplifies substrate inhibition.

e Particularly RcFDH, but also RsFDH, displays full or partial substrate inhibition (forward
reaction only) at pH 7.0 and pH 7.7. This effect seems amplified by presence of phosphate.

e The substrates, particularly CO,, are highly dependent on pressure, temperature and pH. CO;
is in a constant equilibrium between its gaseous and aqueous states. Additionally, it reacts
with water to form bicarbonate.

e The enzyme population itself is likely not completely homogenous. When expressed
recombinantly, the enzymes are not fully saturated with co-factor. It is unknown how the
distribution of co-factors is among the enzyme population.

All of the above form a delicate equilibrium that does not settle immediately. As such, timing become
another significant factor when studying these enzymes. The interplay between the many factors that
govern FDH stability and turnover number is dynamic. Whether 1 mM KNOs or 2 mM KNOs is present
matters. If the enzymes are stored at 0 °C or at room temperature matters. The reaction buffer
concentration matters. It is an incredibly intricate system with a host of known, and unknown,
parameters.
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Chapter 5. Perspectives on application

With an understanding of the CCU-relevant catalytic properties of the oxygen pseudo-tolerant type 5
FDHs the obvious next step for this thesis is to assess the manner of application of these enzymes.
Additionally, in the interest of gauging the potential of FDHs for CCU, the application potential of the
reaction product, formate, is evaluated.

5.1. Application of FDHs for enzymatic electrosynthesis

As presented in Chapter 2, metal-dependent FDHs are able to interact with range of different electron
carriers. This also includes electrodes. As argued in Chapter 1, electrochemical approaches have a
great potential for replacing existing petrochemical production methods. In this context it is
interesting to study the current knowledge and perspectives for FDHs as catalysts for enzymatic
electrosynthesis (EES).

5.1.1. General design considerations

Electrosynthesis in general is a recently emerging field of study, with the majority of research revolving
around fundamental and mechanistic understanding of the core CO; reduction reaction as well as
development of catalysts. Even within more established non-biological systems, the primary challenge
is up-scaling and implementation (Sanchez et al., 2019). This thesis will briefly discuss the most general
considerations and possibilities for a device design that includes an FDH in a CO; reduction EES-setup.
Four areas of considerations are presented below.

First of all, are considerations on electrode-enzyme interactions. The manner and efficiency with
which electrons are transferred between electrode and enzyme is critical for performance. As
mentioned in Section 2.3.2, the interactions are typically divided into mediated electron transfer
(MET) and direct electron transfer (DET). MET is the simplest and most common method for
transferring electrons. Here, a small redox active molecule (mediator) shuttles the electrons between
electrode and an enzyme’s co-factor. In DET, electrons are transferred directly from the electrode
surface to the enzyme co-factor (Cadoux and Milton, 2020). MET is generally not considered scalable,
as the mediator is expensive to replace when flushed away. Resultingly, DET in general or a MET
system with a mediator stabilized in solid matrix are viewed as more feasible (Milton and Minteer,
2017).

For systems with either DET or solid matrix-MET, considerations on surface morphology become
relevant. As an example, if an enzyme is immobilized on a planar surface, the orientation of the
enzyme may be wrong, resulting in too large distance from the electrode to the electroactive co-factor
(Sakai et al., 2018). This essentially renders a large part of the immobilized enzyme population inactive.
In other words, the enzymes become inefficiently wired. If enzymes are immobilized in a 3D matrix, it
increases the chances of having a contact point where electrons can transfer between electrode and
electroactive co-factor, but introduces problems with mass transfer (Xiao et al., 2019). In summary,
the options for both MET and DET are presently not explored to any great extent, and a significant gap
still exists between studies on purified protein and actual application (Yuan et al., 2019).

Secondly, stability must be considered. In a recent review, Bernal et al. argue that combining protein
engineering and immobilization of enzymes allows for an increase in overall performance. Enzymes
are often stabilized after undergoing immobilization (Marpani et al., 2017). In the context of this
thesis, it is important to emphasize that enzymes can be engineered both to be more suited for
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immobilization (Bernal et al., 2018b), and to be more stable in general (Bommarius et al., 2010; Chen
and Zeng, 2016). A good example is a carbonic anhydrase that was engineered to tolerate
temperatures up 107 °C and extreme solvent conditions (Alvizo et al., 2014). Additionally, the
electrode may be adjusted as well. One can alter the porosity and modify the surface chemically,
resulting in an altered interaction between electrode and enzyme (Sakai et al., 2018). In summary,
methods for stabilizing enzyme/electrode conformations are theoretically possible and under
development.

Third are considerations on mass transfer for both substrate and product. Here, membrane diffusion
systems or continuous flow are commonly considered the two most scalable solutions (Sanchez et al.,
2019). In the context of CCU, electrodes allowing gas diffusion have been employed with success for
circumventing mass transfer issues with the CO, substrate (Sakai et al., 2016; Szczesny et al., 2020).
Beyond substrate supply, product removal is also a concern given the enzymes’ propensity for formate
oxidation. In a recent study, Szczesny and coworkers experimented with longer term CO; reduction
and experienced that the formate product disappeared (Szczesny et al., 2020). They suspected that
the product simply evaporated given its volatility. If true, this would be a simple mechanism to exploit
for product removal, but in conclusion, mass transfer remains another parameter for optimization.

Finally, beyond the considerations of the electrochemical FDH catalyst design, it is worth mentioning
that a host of other considerations must also be taken into account. In general, to implement the
electrochemical technologies, an extremely large optimization problem must first be tackled. Like the
existing and very well-established petrochemical industry, the electrochemical equivalent first needs
to be fully developed. This means dealing with supply chains and logistics, and matching point sources
to manufacturing scales. Combine this with the unpredictability of sustainable electricity production
and a requirement to be profitable, and you have truly massive logistic problem to solve (De Luna et
al., 2019).

In conclusion, although EES is being actively developed and studied, the technology as whole is still at
a low technology readiness level (TRL) with significant design challenges that have yet to be optimized.

5.1.2. FDHs as electrochemical catalysts

Briefly looking at non-biological systems, formate can be produced electrochemically with faradaic
activities at 95% with a current density of 50 mA/cm? with a lead catalyst (Lu et al., 2017), or at 84%
with a current density of 133 mA/cm? (Li and Oloman, 2006). This is compared to FDH of
Syntrophobacter fumaroxidans (SfFDH) immobilized on a graphite electrode with current density of
only 0.08 mA/cm? but almost perfect faradaic efficiency (Reda et al., 2008). As a reminder, for
electrochemistry, current density is a direct representation of catalytic rate, and faradaic efficiency
represents the percentage of electrons used for the desired reaction.

To limit the scope of this thesis, non-biological systems will not be discussed further, but it is worth
noting that the scientific community is working on developing and scaling viable solutions for
electrochemical synthesis with CO, as substrate.

Since 2008, when the cornerstone study of SfFDH by Reda et al. was published, several other studies
with FDH in an EES context have been published. FDH of Clostridium ljugdahlii (CIFDH) was
immobilized on a conductive polymer hydrogel electrode resulting in a 92.7% faradaic efficiency. The
current density was not reported (Kuk et al., 2019). FDH-H of E. coli was immobilized in a cobaltocene
containing redox polymer achieving peak current densities of 0.06 mA/cm? and faradaic efficiencies
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of 99% (Yuan et al., 2018). As a final example, DvFDH was immobilized in another redox active polymer
achieving current densities of 0.33 mA/cm? with unreported faradaic efficiencies (Szczesny et al.,
2020).

These studies are representative of the current state of the art with FDH in an EES context.
Additionally, it should be mentioned that the above three studies were affected by very large
uncertainties and challenges with reproducibility. Furthermore, since the enzymes were in fact
immobilized in a 3D structure, this allowed several layers of enzymes to be present per cm?. The higher
current density observed for DvFDH of 0.33 mA/cm? can likely partially be contributed to multilayer
structure. Additionally, for this particular study, gas diffusion was introduced which could have also
contributed to increased rate.

Within EES, a recurring argument against the use of FDH is oxygen sensitivity (Cadoux and Milton,
2020). Introduction of circumstantially oxygen tolerant type 5 FDHs addresses some of these concerns.
In this regard it is interesting that both RcFDH and CnFDH have been studied in electrochemical
settings. However, both of these studies applied a MET method. RcFDH was shown to reduce CO; with
methyl viologen as electron shuffle (Choi et al., 2018). For CnFDH, neutral red was used to regenerate
NADH, which was then used as electron donor to reduce CO; as seen previously (Chen et al., 2018).
For a discussion on application, it would interesting to study type 5 FDHs in a DET system.

Looking even further ahead than simply immobilizing whole enzymes on electrodes, one could look
into only applying the relevant domain/subunit/truncated enzyme to reduce the complexity even
further. For this study, a significant loss of activity was experienced when expressing RcFDH with the
His-tag placed on FdsA, the a-subunit, was experienced, relative to His-tag placement on FdsG, the y-
subunit. It may be speculated that this could be due to a structural interference with FdsB, the B-
subunit, resulting in a lack of the secondary NADH-oxidizing active site. However, a relatively high
protein concentration was also observed, clearly identified via Western blot as the His-tagged FdsA.
In other words, although unable to receive electron from oxidation of NADH, resulting in low activity,
the protein was still soluble.

Interestingly, FdsA of CnFDH was recently studied in an electrochemical setting by Walker et. at
(Walker et al., 2019). Here, it was shown that it is possible to immobilize FdsA on an planar surface
electrode and catalyze formate oxidation. Personal correspondence with the corresponding author
revealed that the expression and purification of the FdsA from CnFDH had not been trivial at all.
Nonetheless, it is still an interesting path for further study. For the study, Walker et al. discussed the
reduction potentials of the individual co-factors. They did not discuss application or observed rates.
However, it is a promising demonstration of the possibility to apply truncated single subunit FDHs in
an electrochemical setting.

In summary, FDH immobilized as a protein film on an electrode is not directly competitive with existing
non-biological systems. However, EES in a CCU context demonstrates high selectivity and faradaic
efficiency. Additionally, the methods are in the very early stages of development and major challenges
in efficiency and electron transfer remain to be solved. If further studied, the use of FDH-based EES in
the context of CCU holds some very exciting prospects for sustainable formate production (P.
Chiranjeevi et al., 2019; Wu et al., 2020).

66



5.2. Downstream processing of formate

To discuss the relevance of FDHs, one has to discuss the relevance of formate. As presented in Section
1.2, formate and formic acid have a range of existing applications. In these, formate produced from
CO; can directly substitute petrochemically-produced formate. However, the truly exciting promises
of formate production lie in novel applications: Formate has been argued to be strong candidate for
hydrogen storage or to be used directly in formate fuel cells (An and Chen, 2017, 2016; Enthaler et al.,
2010; Mellmann et al., 2016; Singh et al., 2015). Simply put, formate would act as a fuel for personal
transportation in place of gasoline and diesel.

However, both the hydrogen economy, and certainly also formate fuel cells, lack implementation.
Whether the future of personal transport is based on fuel cells, batteries, or internal combustion
engines is up for debate and falls outside of the scope of this thesis.

However, apart from producing formate for hydrogen storage or fuel cells, formate also holds other
promises. As will be discussed below, formate may become a foundational building block or substrate
to be used in industrially relevant chemical and biological reactions.

5.2.1. Formate to other chemicals

In an enzymatic context, the cascade reaction from CO; to methanol has received a great deal of
attention. Already in 1999, the first cascade reaction with FDH, formaldehyde dehydrogenase
(FaldDH), and alcohol dehydrogenase (ADH) converting CO, via formaldehyde to methanol was
demonstrated (Obert and Dave, 1999) (Figure 28).

O, Formate Formaldehyde Methanol
.“ ~ FaldDH
2 22 2
NADH NAD" NADH, NAD’, NADH, NAD"
2H" H,0 H*

Figure 28: Cascade reaction from CO, to methanol via formate and formaldehyde. The cascade reaction is catalyzed by
formate dehydrogenase (FDH), formaldehyde dehydrogenase (FaldDH), and alcohol dehydrogenase (ADH) with NADH as
electron donor for all three reactions.

This cascade reaction has since been studied extensively. For the cascade reaction, most commonly
the metal-independent CbFDH (FDH of Candida boidinii) was used in conjunction with a FaldDH of
Pseudomonas putida (PpFaldDH) and an ADH of Saccharomyces cerevisiae (SCADH) (Cazelles et al.,
2013; Luo et al., 2015; Wang et al., 2014). All of these enzymes are commercially available, allowing
easy execution of enzymatic experiments, but hindering quantification of turnover number since the
concentration of enzyme molecules is unknown (Cazelles et al., 2013). This also makes it difficult to
compare experiments.

The current state of the art for this cascade reaction is now claiming to be 81-fold faster than the best
version of the original CbFDH-PpFaldDH-ScADH cascade. The primary contributor to this increase is a
much faster zinc-containing FaldDH of Burkholderia multivorans (BmFaldDH) as well as the slightly
faster FDH of Clostridium ljungdahlii (CIFDH) (Singh et al., 2018). In absolute numbers, the 81-fold
increase is an increase from 0.014 mM methanol/hr to 1.13 mM methanol/hr. This maximum rate is
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corresponding to 35.2 mg/L hrl. Formaldehyde production without ADH was slower at approximately
0.5 mM/hr. This slower reaction rate is likely due to lack of product removal as the enzymes were
added in a ratio of 2.5 U FDH, 2.5 U FaldDH, and 50 U ADH for the full cascade (Singh et al., 2018).

The low production rate, even with the massive optimization effort achieved in the last two decades,
is due to the reaction still depending on NADH (regenerated or not) to drive the reaction. As shown in
Chapter 2, this induces very low rates. If this reaction were to be scaled, a 1000 L reaction volume
would produce only 845 g methanol per day. This is equivalent to 1.07 L of pure methanol worth
approximately 0.3 €. At such a low economic gain, it is highly unlikely that the cascade reaction, in its
current form, will ever become industrially relevant.

If the above cascade pathway is to ever become viable, a solution without NADH will need to be
developed. Electrochemical production of formate, with inspiration or application of FDH, may
potentially prove a viable pathway. It is possible that a bio-electrochemical solution could also be
found for reducing formate to formaldehyde and converting formaldehyde to methanol.

In summary, to the best of our understanding, formate is not an intermediate in any established
chemical production. Nor do we know of any promising developing enzymatic methods for upgrading
formate.

5.2.2. Formate as a feedstock for fermentation

Unlike the prospects as a chemical feedstock, using formate as a biological feedstock is incredibly
exciting. Formate is preferable to other C1 feedstocks that can be produced from CO, (CO, methanol,
methane, H,/CO,) in the sense that it is easy to store, completely water miscible, and supports up to
90% energy efficiency in microbial conversion (Claassens et al., 2019).

Additionally, since electrochemical formate production, e.g. using EES with FDHs, is very selective, it
allows for implementation of defined culture media. This is oftentimes advantageous in large
productions where predictability is a quality (Hahn-Hagerdal et al., 2005).

Formate has traditionally been neglected as a substrate since it has been more expensive than for
instance H,/CO, or CO. Another reason has been that formate is toxic to some, but not all, organisms.
E. coli shows severe impairment (Zaldivar and Ingram, 1999) while acetogens like Acetobacterium
woodii do not (Genthner and Bryant, 1987). This is generally limiting, but if using a tolerant strain, it
could also be considered beneficial due to the reduced risk of contamination.

Formate can be incorporated into metabolites via several natural and synthetic pathways, under both
aerobic and anaerobic conditions. Particularly, anaerobic bioproduction of ethanol, acetone,
isopropanol, fatty acids, and fatty alcohols are currently neglected but promising production pathways
(Cotton et al., 2020). In fact, if employing both natural and synthetic pathways just right, formate may
become the ideal mediator between electricity-driven CCU and the biological realm (Bar-Even, 2016).

In summary, although no large-scale fermentation on formate has been implemented, it could very
well become an extremely interesting venture for production of several in-demand chemical products
and fuels.
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5.3. Impact on CO2 emissions

Due to the range of inherent uncertainties, it is rather daunting to estimate the impact of
implementing a novel undeveloped technology on climate change. Essentially, large uncertainties are
to be expected and as a result, the estimation of impact on CO; emissions will be ballpark estimates.

Here, it is important to clarify that the potential of FDH-mediated CCU is based on the substitution of
existing net-positive production pathways with new CO,- and electricity-based net-neutral production
pathways.

As presented in Chapter 1, the current demand of formate/formic acid is approximately 0.85 Mt/yr.
Current formate production is almost completely based on petrochemical processes (Hietala et al.,
2016). With the knowledge that formate/formic acid readily degrades in nature releasing CO,,
disregarding the CO, emitted for the energy to drive the production, it can be conservatively estimated
that 0.8 Mt/yr of net-positive CO, emission is due to formate production per year. This is of course a
rough estimate. In other words, the impact of replacing unsustainable petrochemical production of
formate causing net-positive CO; emission, with sustainable production with net-neutral emissions, is
approximately 0.8 Mt of CO, per year.

In comparison, a large modern state-of-the-art 750 MW supercritical pulverized coal power plant,
assuming it runs at 100% capacity, will generate 6.5 Mt CO,/yr (Carlsson, 2014). The energy production
corresponding to this emission is enough to provide the energy for 4.1 million average Danish people
(Jyllandsposten, 2013). As such, the entire global formate production only contributes an eighth of the
CO, emission of a single (albeit large) coal power plant.

However, as argued above, the potential of formate is not limited to its current uses. In a European
Commission Joint Research Centre report from 2016, calculations on the potential of formic acid
applied as hydrogen storage and used for fuel cells were presented. Here, depending on the scenario,
reduction of CO, emissions between 12 and 57 Mt CO,/yr would be possible. These numbers are for
the EU alone, and based upon the broad introduction of hydrogen and formate fuel cells (Pérez-Fortes
and Tzimas, 2016). A worldwide implementation would obviously cause a reduction in CO, emission
that would be several times larger.

Apart from using formate for hydrogen storage, the exciting prospect of using formate as bulk
substrate for fermentation also holds tremendous potential. It is difficult to gauge the realistic size
that chemical production based on formatotrophs could reach, but the demand for the potential
products produced with formatotrophs amounts to several hundreds of Mt/yr, with particularly fuel
ethanol being a high impact chemical if implemented (Munkajohnpong et al., 2020; Panjapakkul and
El-Halwagi, 2018, Renewable Fuels Association, 2019).

To summarize, a total yearly CO, emission of 41.000 Mt CO,/yr needs to be replaced with sustainable
alternatives, as presented in Chapter 1. In this regard the 0.81 Mt CO,/yr emission related to formate
is relatively negligible. However, formate has the potential to become a foundational compound in
two separate sustainable solutions: formate as hydrogen storage, and formate as bulk substrate for
fermentation. If either of these solutions will be implemented at worldwide scale, the potential
reduction in CO, emission could reach several hundreds of Mt CO,/yr.
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Conclusion

This thesis represents a consolidation and expansion of the existing knowledge on the application of
FDHs in the context of CCU.

Specifically, this thesis presents a novel classification scheme for metal-dependent FDHs. This provides
terminology to describe the inherent diversity of these remarkable enzymes allowing for improved
discussions. Additionally, via this classification scheme, it was possible to demonstrate how proposed
oxygen tolerant FDHs group into a single sub-type: The type 5 FDHs. As representatives of type 5 FDHs,
RcFDH, RsFDH, and CnFDH were studied and compared to previously reported results.

It can be concluded, contrary to previously discussed recommendations on expression that the current
best method for expression of type 5 FDHs includes LB media and high growth rates. However, co-
factor saturation with this method is still approximately only half of full saturation beckoning further
improvements to be made.

This thesis constitutes the first study where multiple metal-dependent FDHs, previously described in
separate studies, have been expressed and characterized in parallel. In this manner, this thesis actively
contributes to the consolidation of existing literature.

The type 5 FDHs display high formate oxidation rates with 20-50 times lower CO; reduction rates.
Interestingly, although CnFDH displays the highest catalytic rate for both the forward and reverse
reaction, RsFDH displays a higher preference for CO, reduction as well as potential for increased
oxygen tolerance. Additionally, the enzymes display complex interactions with nitrate, phosphate, and
molecular oxygen in conjunction with the intended substrates. In conclusion, although further
research is warranted, type 5 FDHs are interesting candidates to study as model enzymes for CO;
reduction.

Furthermore, the advent of EES reveals new opportunities. The combination of EES with type 5 FDHs
could prove extremely interesting for efficient and selective production of formate. However, low TRLs
for both EES and FDH application currently prevent the technology from being implemented.
Nonetheless, the potential of a formate-based chemical industry represents an impactful alternative
to current petrochemical production.

By describing the diversity, nuances, and characteristics of the metal-dependent type 5 FDHs, this
thesis supports and expands the knowledgebase that could lead to large-scale use of type 5 FDH-based
catalysts as part of a sustainable future.
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Appendix A. Common gene product annotations

Table 13: When annotating metal-dependent FDHs according to the classification scheme presented for this thesis, the genes

directly upstream and downstream of the gene encoding the alpha subunit were logged and used to create a profile for the

given FDH. In this table the most common gene products, as predicted by RefSeq, are listed along with the search terms used
to find them. Additionally, the one-letter abbreviation for the given gene product is given (E.g. ‘X’ for gene only annotated as

‘formate dehydrogenase’ and ‘B’ for genes annotated as both ‘beta’ and ‘formate dehydrogenase’). Furthermore, gene

products observed less frequently are listed under ‘Not included less common gene products’.

Included common gene products Search term Letter
formate dehydrogenase-N subunit alpha “alpha” AND “formate dehydrogenase” A
formate dehydrogenase subunit alpha “alpha” AND “formate dehydrogenase” A
formate dehydrogenase subunit beta “beta” AND “formate dehydrogenase” B
formate dehydrogenase subunit gamma “gamma” AND “formate dehydrogenase” C
formate dehydrogenase accessory sulfurtransferase “accessory sulfurtransferase” AND “formate D
FdhD dehydrogenase”
NAD-dependent formate dehydrogenase subunit delta | “delta” AND “formate dehydrogenase”
formate dehydrogenase “formate dehydrogenase” X
formate dehydrogenase accessory protein FdhE “accessory protein FdhE” AND “formate E
dehydrogenase”
NADH-quinone oxidoreductase subunit E “NAD” AND “oxidoreductase” 0]
NADH-quinone oxidoreductase subunit NuoF “NAD” AND “oxidoreductase” 0
NADH-quinone oxidoreductase subunit NuoE “NAD” AND “oxidoreductase” 0]
NADH-quinone oxidoreductase subunit F “NAD” AND “oxidoreductase” 0
NAD(P)-dependent oxidoreductase “NAD” AND “oxidoreductase” 0
4Fe-4S dicluster domain-containing protein “4Fe-4S dicluster domain” F
formate dehydrogenase cytochrome b556 “cytochrome” P

Not included less common gene products

LysR family transcriptional regulator

LytR family transcriptional regulator

hydrogenase iron-sulfur subunit

formate/nitrite transporter family protein

ABC transporter

ABC transporter permease

sulfate ABC transporter substrate-binding protein

TetR/AcrR family transcriptional regulator

molybdenum cofactor biosynthesis protein MoaE

molybdopterin converting factor subunit 1

colanic acid biosynthesis glycosyltransferase

AEC family transporter

ModE family transcriptional regulator

trehalose-binding protein

ABC transporter substrate-binding protein

ModE family transcriptional regulator

carbon-monoxide dehydrogenase catalytic subunit
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Appendix B. Reactions involving CO; by EC number

Distinct EC numbers: 48

1.1 Acting on the CH-OH group of donors: 3
1.2 AC

g on the aldehyde or oxo group of donors: 4

1.3 Acting on the CH-CH group of donors: 1

1.6 Acting on NADH or NADPH: 1

1 Oxidoreductases: 15 1.8 Acting on a sulfur group of donors: 2
1.17 Acting on CH or CH2groups: 3

1.18 Acting on iron-sulfur proteins as donors: 1
2.1 Transferring one-carbon groups: 1

2 Transferases: 7 2.3 Acyltransferases: 3

Na m_v.nomsz.w:mﬁm..mmmw
7 Transferring phosphorus-containing group$:

4 Lyases: 19
4.1 Carbon-carbon lyases: 18

6 Ligases: 6 4.2 Carbon-oxygen lyases: 1 =

6.3 Forming carbon-nitrogen bonds: 4
7 Translocases:i-m )
6.4 Forming.carbon-carbon bonds: 2
7.2 Catalysing the translocation of inorganic cations:-d-m

1.1.1.39 malate dehydrogenase (decarboxylating):

1.1.1.40 malate dehydrogenase (oxaloacetate-decarboxylating) (NADP+):

1.1.1.44 phosphogluconate dehydrogenase (NADP+-dependent, decarboxylating):

1.1.1 With NAD+or NADP+as acceptor: 3
1.2.1 With NAD+or NADP+as acceptor: 1
1.2.7 With an iron-sulfur protein as acceptor: 3

1.2.1.B29 formate dehydrogenase (NADP+, ferredoxin):
1.2.7.3 2-oxoglutarate synthase:

1.2.7.7 3-methyl-2-oxobutanoate dehydrogenase (ferredoxin):
1.2.7.12 formylmethanofuran dehydrogenase:

1.3.1.85 crotonyl-CoA carboxylase/reductase:

1.6.5.4 monadehydroascorbate reductase (NADH):

1.8.1.5 2-oxopropyl-CoM reductase (carboxylating):

1.8.98.6 formate:CoB-CoM heterodisulfide ferredoxin reductase:
1.17.1.9 formate dehydrogenase:

1.17.1.10 formate dehydrogenase (NADP+):

1.17.99.7 formate dehydrogenase (acceptor):

1.18.6.1 nitrogenase:

2.1.1.290 tRNAPhe [7-(3-amino-3-carboxypropyl)wyosine37-01-methyltransferase:

1.3.1 With NAD+or NADP+as acceptor: 1

1.6.5 With a quinone or similar compound as acceptor: 1
1.8.1 With NAD+or NADP+as acceptor: 1

2.3.1.169 CO-methylating acetyl-CoA synthase:
2.3.1.226 carboxymethylproline synthase:

2.3.1.231 tRNAPhe {7-[3-amino-3-imethoxycarbonyl)propy!Twyesine37-N}-methoxycarbonyltransferase:

1.8.98 With other, known, physiological acceptors: 1
1.17.1 With NAD+or NADP+as acceptor: 2
17.99 With unknown physiological acceptors: 1
1.18.6 With dinitrogen as acceptor: 1

2.1.1 Methyltransferases: 1

2.3.1 Transferring groups other than aminoacy| groups: 3
2.4.2 Pentosyltransferases: 1

2 Phosphotransferases with a carboxy group as acceptor: 1

2.7.7 Nucleotidyltransferases: 1

4.1.1 Carboxy-lyases: 18

4.2.1 Hydro-lyases: 1 =

6.3.3 Cyclo-ligases: 1

6.3.4 Other carbon-nitrogen ligases: 3

6.4.1 Ligases thatform.carbon-carbon bonds: 2
7.2.4 Linked to decarboxylation: 1=

2.4.2.19 nicotinate-nucleotide diphosphorylase {carboxylating):
2.7.2.2 carbamate kinase:
2.7.7.87 L-threanylcarbamoyladenylate synthase:

4.1.1.21 phosphoribosylamineimidazole carboxylase:

4.1.1.31 phosphoenolpyruvate carbaxylase:

4.1.1.32 phospheenolpyruvate carhexykinase(GTP):

4.1.1.38 phosphoenolpyruvate carboxykinase (diphosphate):
4.1.1.39 ribulose-bisphosphate carboxylase:

4.1.1.45 aminocarboxymuconate-semialdehyde decarboxylase:
4.1.1.46 o-pyrocatechuate decarboxylase:

4.1.1.49 phosphoenclpyruvate carboxykinase (ATP):
4.1.1.50-adenosylmethionine decarboxylase:

4.1.1.61 4-hydroxybenzoate decarboxylase:

4.1,1.63 protocatechuate decarboxylase:

4.1.1.72 branched-chain-2-oxoacid-decarboxylase:
4.1.1.90 peptidyl-glutamate 4-carboxylase:
4.1.1.92 indole-3-carboxylate decarboxylase:
4.1.1.103 gamma-resorcylate decarboxylase:

4.1.1.111 siroheme decarboxylase:

4.1.1.112 oxaloacetate decarboxylase:

4.2.1.1 carbanic anhydrase:

6.3.3.3 dethiobiotin synthase:

6.3.4.14 carboxylase:

6.3.4.16 carbamoyl-phosphate synthase {ammonia):

1
1
1
1
1
il
1
il
]
1
JL
1
i
i]s
1
1
1
1
1
1
1
1
4.1.1.5 acetolactate decarboxylase: 1
1
il
1
1
il
1
1
il
1
1
1
1
e
1
il
i
1
il
1
e
JL
1

6.3.4.6 urea carboxylase:
6.4.1.3 propionyl-CoA carboxylase: 1
6.4.1.6 acetone carboxylase: 1
7.2.4.2 oxaloacetate decarboxylase (Na+ extruding):1-=

Overview of EC numbers for enzymes registered in BRENDA as utilizing CO; as substrate.

Figure 29
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Appendix C. Enzymes catalyzing reactions involving CO,

Examining the list depicted in Appendix B (above), unsurprisingly, a major fraction of the reactions
involving CO; as a substrate are carboxylations catalyzed by carboxylases or decarboxylases (reversible
reactions) is seen. Carboxylation is the main way for carbon to be incorporated into biomass. As such,
enzymes catalyzing carboxylation are incredibly prominent, with ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) quite literally being the most abundant protein on Earth (Raven,
2013). RuBisCO is a lyase. Lyases are listed in the figure of Appendix B among the most diverse known
enzymes that able to catalyze reactions with CO,. However, unsurprisingly, many of these lyases are
in fact decarboxylases prone to the reverse CO,-emitting reaction, rather than the CO;-consuming.
Lyases that are prone to catalyze CO,-consuming reactions include the aforementioned RuBisCO
(Pierre, 2012; Shi et al., 2015), oxaloacetate decarboxylase (ODC) (Granjon et al.,, 2010),
phosphoenolpyruvate carboxykinase (PEPC) (Bailey et al., 2007; Tan et al., 2013), and carbonic
anhydrase (CA) (Alvizo et al., 2014) (Figure 30).
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Figure 30: Lyase reactions involving CO,. Reactions of a) RuBisCO, b) phosphoenolpyruvate carboxykinase (PEPC), c) carbonic
anhydrase (CA), and d) oxaloacetate decarboxylase (ODC).
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Interestingly, these four lyases function very differently in terms of the driving force for their
respective reactions. RuBisCO employs the inherent high energy density of its substrate, PEPC drives
its reaction though hydrolysis of ATP (or a similar tri-phosphate molecule), and CA catalyzes a pH
driven equilibrium (Supuran, 2016). ODC can be coupled to a translocase, allowing an ion gradient to
drive the reaction. Which is also why a translocase EC number is found in the list from BRENDA.

Also, enzymes classified with EC numbers denominating them as ligases or transferases are able to
utilize CO; as substrate. Transferases are predominantly found described with EC numbers related to
tRNA synthesis or other highly complex molecules. Examples of ligases include acetyl-CoA carboxylase
(Broussard et al., 2013), urea carboxylase (Kanamori et al., 2004), and acetone carboxylase (Boyd et
al., 2004; Sluis et al., 1996) (Figure 31).
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Figure 31: Ligase reactions involving CO,. Reactions of a) acetyl-CoA carboxylase, b) urea carboxylase, and c) acetone
carboxylase.

As for the lyases again the reactions driven by energy dense co-substrates such as ATP is seen.
Interestingly, for the ligases presented here, carbon dioxide is often metabolized in the form of
bicarbonate.

Looking closer at the oxidoreductases it is observed that they are primarily comprised of
dehydrogenase and reductases. A single synthase and nitrogenase also included. The nitrogenase is
included because they have been shown to be promiscuous redox proteins that in the context of CCU
have been studied for their potential to reduce other chemicals than molecular nitrogen to ammonia
(Rebelein et al., 2017). The six EC numbers described as dehydrogenases are in fact four different
definitions of formate dehydrogenase and two other dehydrogenases. Strong examples of
oxidoreductases able to use CO; as a substrate include FDHs (Rothery et al., 2008), carbon monoxide
dehydrogenase (Hu et al., 2018; Ragsdale, 2008), and 2-oxogluterate synthase (Figure 32).
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Figure 32: Oxidoreductase reactions involving CO,. Reactions of a) formate dehydrogenase, b) carbon monoxide
dehydrogenase, c) pyruvate synthase, d) 2-oxogluterate synthase, and e) isocitrate dehydrogenase.

Conversely to the lyases, transferases and ligases, the oxidoreductases catalyze CO, conversion driven
by electron donors (EDs), such as NADH, NADPH, and ferrodoxin. Electrodes directly can be applied as
ED. Depending on the reduction potential and concentration of the given ED, a reaction may occur to
a faster or slower extent (Nielsen et al., 2019).
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Appendix D. FDH sequence analysis (Large figure)

Figure 33: Phylogenetic tree generated based on alignment of 965 metal-dependent FDH alpha subunit sequences. Inter-
sequence identity was reduced to a maximum of 90% between any two sequences. Each branch tip represents a single
sequence. Each sequence is annotated with an FDH type based on gene segment organization. Gene segment organization is
defined as the genetic makeup of the surrounding genes of a given FDH alpha subunit sequence. Here ‘A’: alpha (a) subunit,
‘B’: beta (f) subunit, ‘C’: gamma () subunit, ‘D’: accessory sulfurtranferase fdhD, ‘E’: accessory protein fdhE, ‘S’: delta subunit,
‘X’: unspecified formate dehydrogenase subunit, ‘O’: NADH-quinone oxidoreductase related subunit, ‘F’: 4Fe-4S containing
protein, and ‘P’: cytochrome formate dehydrogenase subunit.
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Methanosaeta_harundinacea|FA
Methanosaeta_harundinacealA
Methanosaeta_concilii|A
Vibrio_fischeri|ABC
FDH.1 4 Octadecabacter_arcticus|AFC
. Campylobacter_peloridis|XA
Arcobacter_butzleri|AFP
Arcobacter_butzleri| XAFPD
halophilic_archaeon|AF
Halalkalicoccus_jeotgali| AFP
—{ — FDH'10 Halopiger_xanaduensis|AFP
Haloterrigena_turkmenicalAF
— '| Halopiger xanaduensis|AFP
Halobiforma_lacisalsi|AFP
Thioalkalivibrio_nitratireducens|FAF
FDHG Anaeromyxabacter_deha\ogenansmFE
. Candidatus_Koribacter|PAl
Syntrophomonas_: wcrlfeﬂOOAFCE
Desulfitobacterium_metallireducens|AFXE
Desulfosporosinus_acidiphilus|AFXE
FDH:15 Desulfosporosinus. mendleéAFXE
- Dehalobacter_restrictus|AFCE
Desulfitobacterium_dichloroeliminans|AFXE
Desulfitobacterium_hafniense| AFXE
Thermodesulfobium_narugense|FXEAFX
Thermodesulfobium_narugense|AFXE
Symbiobacterium_thermophilum|AFD
Candidatus_Desulforudis|AE
Natranaerobius_thermophilus|EAF
Ammonifex_degensiilXAFE
F D H . 6 Desulfotomaculum_gibsoniae|AFPE
- Desulfotomaculum_ferrireducens|APE
Desulfotomaculum_ruminis|XAE
Desulfotomaculum_reducens|XAE
Desulfotomaculum_nigrificans|AE
Desulfotomaculum_ruminis|AFPE
H Desulfotomaculum_ferrireducens|AFPE
Clostridium_formicaceticum|AFE
Bacillus_beveridgei|DAFCE
['_BEGIHUS] selenlllreducenleAFCE
hermacelogemum phaeum\AFCE

Synlrophomonas wolfsllAXCE
Thermincola_potens|FXAFE
Carboxydothermus_| hydmlgeﬂofurmans\AFPE
Thermincola_potens|Al
Desulfurivibrio alkaliphlluleAFPE
Symbiobacterium_thermophilum|AFE
Thermobaculum_terrenum|AFE
Thermomicrobium_roseum|XAF
Desulfovibrio_desulfuricans|DAF
Methylobacterium_sp.|FA
Thermomicrobium, roseumlAF
Thermobaculum_terrenum|OAF
FDH-G Candidatus_Koribacter| AF
- Corallococcus_coralloides|AFX
Geobacter_bemidjiensis|PAF
‘Anaeromyxobacter_dehalogenans|AF
Amycolatopsis_mediterraneilA
Streptomyces_cattleya|AF
Streptomyces_violaceusniger|AF
Corynebacterium_aurimucosum|AF
Kocuria_rhizophila|AF
Blastococcus_saxobsidens|AF
Geodermatophilus_obscurus|AFO
Verrucosispora_maris|AF
Kineococcus_radiotolerans|AF
Amycolatopsis_mediterranei|A
Saccharomonospora_viridis|AF
Amycolatopsis_methanolica| AF
Mycobacterium_marinum|AF
Desulfatibacillum_alkenivorans|AF
Desulfuromonas_soudanensis|AFXD
Geoalkalibacter_subterraneus|AFP
Geobacter_bemidjiensis|AFXD
Geobacter_uraniireducens|AFXD
Geobacter_daltoniil AFX
Geobacter_metallireducens|AFPD
FDH-G Oceanithermus_profundus|AFE
=, Thermus _scotoductus|AFE

FX
Deha\ogemmonas kaanmroporepellens IAFXE
Dehalogenimonas._| kaanthropurepellens IAFP
Dehalococcoides_mecartyi|FAX
Thermodesulfovibrio ysllawstom\\AB
Thermodesulfobacterium_gecfontis| AF
Thermodesulfobacterium_commune|AFE
Desulfuromonas_soudanensis|AFC
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Thermodesulfobacterium_commune|AFE
Desulfuromonas_soudanensis|AFC
Geobacter_bemidjiensis|AFCE
Geobacter_uraniireducens|AFCE
Geobacter_daltonii| AFCE
Desulfococcus_oleovorans|AFE
Syntrophus_aciditrophicus|XAFC
Desulfomonile_tiedjei| ABE
Desulfomonile_tiedjei|AB
Syntrophus_aciditrophicus|EAFCO

Syntrophobacter_fumaroxidans|AB * Ol |
Syntrophobacter_fumaroxidans|DXABE
Desulfovibrio_gigas|AXE *x @M

Desulfovibrio_magneticus|EAB
Desulfomicrobium_baculatum|ABE
Desulfomicrobium_orale| AXE

FDH '6 Desulfobacterium_autotrophicum|ABE
Desulfovibrio_hydrothermalis|ABE
Desulfovibrio_salexigens|AFE
Desulfovibrio_alaskensis|XABED
Desulfovibrio_fairfieldensis| ABEP
Desulfovibrio_vulgaris (Hildenborough)|ABP
Desulfovibrio_desulfuricans|XABE
Desulfovibrio_africanus|ABED
Pseudodesulfovibrio_piezophilus|]ABE
Pseudodesulfovibrio_piezophilus|ABE
Pseudodesulfovibrio_indicus|AXI
Syntrophobacter_fumaroxidans|ABE * N ]
Desulfobacula_toluolical AFE
Desulfobacterium autotrophlcum|PAF
Desulfovibrio_magneticus|AB
Desulfovibrio_africanus|XAF
Desulfovibrio_vulgaris ( ﬂdenborough)lPAB
Desulfomicrobium_baculatum|AB
Desulfovibrio, magnellcus\ABP
Desulfohalobium_retbaense|AF
Desulfobacterium_autotrophicum|EABP
Desulfovibrio_salexigens|AFP
Pseudodesulfovibrio_indicus| AX
Desulfovibrio_desulfuricans|

o
%
||
mm

FDH '6 Pseudodesu\fawbno J}leznphl\uslAB
Ifovibrio_: |[EAB
Desulfowbno )_alaskensis|AB
ilfovibrio is|AB

Desullowbncﬁdesulfuncans |AB
Desulfovibrio_alaskensis|Al
Desulfovibrio_vulgaris (Hildenborough)|AB
Desulfovibrio_fairfieldensis|XEAX
Candidatus_Solibacter|ABCE
Candidatus_Koribacter|ABCE
Limnochorda_pilosa|ABGE
Aquifex_aeolicus|ABC
Thermocrinis_ruber|ABC
Thermocrinis_albus|ABC
Hydrogenobacter_thermophilus|ABC
Polymorphum_gilvum|ABCE
Qligotropha_carboxidovorans|ABCE
Nitrospirillum_amazonense|ABCE
Dyella_jiangningensis|ABCI
Hyphomicrobium_denitrificans|]ABCE
Methylocella_silvestris| ABCE
Methylobacterium_radiotolerans|ABCE
FDH'G Ochrobactrum_anthropil ABCE
Qligotropha_t carhomdovoranslAB
Bartonella_apis|AB
ParamccuSJeell()ABCE
Starkeya_novella|ABCE
Azorhizobium_caulinodans|ABCE
Xanthobacter_autotrophicus|ABCE
Anaeromyxobacter_dehalogenans|ABCE
Methylococcus_capsulatus|ABC
Geobacter_pickeringii| ABCE
Roseateles_depolymerans|ABCE
Thioalkalivibrio_nitratireducens| ABCE
Sulfuritalea_hydrogenivorans|ABCE
Halotalea_alkalilenta]ABCE
Kushneria_marisflavi|ABCE
Pseudomonas_psychrotolerans|ABCE
Pseudomonas_stutzeri| ABCE
Pseudomonas_balearica] ABCE
Pseudomonas_auruginosalABCE *
Pseudomonas_resinovorans|ABCE
Pseudomonas_mendocinal| ABCE
Pseudomonas_balearica] ABCE
Pseudomonas_stutzeri| ABCE
Pseudomonas_psychrotolerans|ABCE
Pseudomonas_entomophila] ABCE
Pseudomonas_alkylphenolica| ABCE
. Pseudomonas_mandelii| OABCE
FDH 6 Pseudcmonas_koreenss’ABCE
Allochromatium_vinosum|AB
Dechloromonas_aromatica| ABCE
Rubrivivax_gelatinosus|DABCE
Comamonas_kerstersii|ABCE
Comamonas_testosteroni| ABCE
Delftia, aCIdovwans\ABCE
Cupriavidus_sp.|/ABCE
Collimonas_arenae|ABCE
Burkholderia_vietnamiensis|ABCE
Burkholderia_gladioli| ABCE
Pandoraea_pnomenusalABCE
Stenotrophomonas_maltophilia ABCE
Dokdonella_koreensis|ABCE
Bordetella_bronchialis| ABCE
Achromobacter_xylosoxidans|AFE
Bordetella_avium/ABCE
Alcaligenes_faecalis| ABCE
Paenalcaligenes_hominis|ABCE
Oceanisphaera_profundal|ABCE
Dechlorosoma_suillum|EABCD
Chromobacterium_violaceum|ABCE
Basilea_psittacipulmonis|]ABCD
Snodgrassella_alvi|ABC
FDH:B Laribacter_hongkongensis|DABCE
Aggregatibacter_aphrophilus|DABC
Haemophilus_i InﬂuanzaelAPE
Mannhei sul iciproducens|ABC
Actinobacillus equul\|DABCE
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Haemophilus_i mﬂuenzae\APE
Mannheimi |pmducens\ABC
Actinobacillus, equ CE

Act\nobacwIIus_pleuropneumomae|DABCE
[Haemop g]_dunray|| ABCE

Uccr |ABH
Galllbactenum anatlsleBCE
Haemophilus._| parasuis|DABC
Bibersteinia_trehalosi|DABC
Mannheil varigena| DABCE
Photobacterium damse\aelDABCE
‘Shewanella_bicestrii|
Shewanella_bicest ‘ABCE
Shewanella_pealeana| ABCE
r Serratia_fonticola|ABC
Pragia_fontium|ABCE
Serratia_fonticola|ABC
Morganella_morganii| ABP
Shimwellia_blattae| ABP
Cedecea_neteri|ABC
Enterobacter_lignolyticus|ABP
Shigella_flexneri|ABC
FDH:6 Plurallbader_gergowae JABC
Kosakonia_cowanii|AB!
Pragia_fontium|DABCE
Providencia_stuartil DABP
Proteus_mirabilis| ABPE
Edwardsiella_ictaluriiDABPE
Photorhabdus_asymbiotica| DABP
Yersinia smwll\leX
Serratia_rul |ABPE
Cedecea_neteri| DABPE
Pantoea_rwandensis| DABPE
Cronobacter_condimenti| DABPE
Escherichia_coli $FDH -0)|AXPE
Gilliamella_apicolalABCI
Frischella_perrara|ABCE
Pantoea_alhagi|DABPE
Pantoea_agglomerans|DABPE
Dickeya_dadantiilABP
Pectobacterium_atrosepticum| ABP
Photorhabdus_asymbiotica| ABP
Rahnella_aquatilis| DABPE
Gibbsiella_quercinecans|ABC
Chania_multitudinisentens|ABP
Kluyvera_intermedial| ABC
FDH:6 Dickeya_dadantiilABP
Brenneria_goodwinii| ABPE
Azolcbacter _vinelandii|[DABCE
crem
P d _alkylphenolica| ABCE
Comamonas_Kkerstersii|ABCE
Pseudomonas_mendocina|ABCE
Ralstonia_eutrophal ABCE
Alcaligenes_faecalis| ABCE
Acetobacter_sp.|ABCE
Acetobacter_persici|ABCE
Halodesulfurarchaeum_formicicum|A
Haloferax_volcanii|A
FDH'1 Halorubrum_trapanicum|A
. Haloarcula_hispanicalA
Natronobacterium_gregoryilA
Haloblfmma _lacisalsi|A
im_f
Natronurnonas moalapen5|s|A
Halorubrum_trapanicum|A
Natronobacterium regu|X||A
Natrialbaceae_archaeon|
FDH.Q Halobiforma_lacisalsi|A
— - Haloterrigena_turkmenicalA
Natronococcus_occultus|A
Halalkalicoccus_jeotgali|lA
Natrialbaceae_archaeon|A
Halopenitus_persicus|A
FDH B 1 Staphylothermus_hellenicus|A
Vulcanisaeta_distributalA
Ferroplasma_acidarmanus|A
Sulfolobus_islandicus|A
FDH:13 Acidianus_hospitalis|.
Metallosphaera_cuprinalA
Metallosphaera_sedulalA
r Amycolatopsis_mediterraneilA
FDH:3 Am;mlatogs _orientalis|A ‘
F’araburkhulder\ahJ)heno iruptrix|A
Ralstonia_eutrophal
Agrobacterium_fabrum|A
Vibrio_ordalii| XA
Azorhizobium_caulinodans|AP
Bradyrhizobium_diazoefficiens|A
Ralstonia_eutrophalA
Gluconacetobacter_diazotrophicus|ODA
E\uconopac_ther_‘oxydands@AD

is|PA

FDH-11 Bacillus_cohniil AF

4|7 3 Bacillus_cellulosilyticus|A
Bacillus_cohniilA

% Methanobrevibacter_ruminantium|AB

Methanosphaerula_palustris|AB
Methanoculleus_bourgensis|AB
Methanoculleus_marisnigri|ABD
Methanocella_arvoryzae|AB
Methanospirillum_hungateilAB
FDH1 Methanospirillum_hungatei|BAD
Methanoregula_formicicalA
Methanoregula_formicicalA
Methanococcus_voltae|AB
Methanococcus_maripaludis|AB
Methanococcus_voltae|AB
Methanococcus_vannielii]AB
Methanococcus_maripaludis|AB
Methanothermococcus_okinawensis|AB
Methanococcus_aeolicus|AX
Methanocaldococcus_fervens|AXP
Methanotorris_igneus|A
Melhanocaldoooccus vuIcanius|FA

O vetr
FDH-1 Methanothermus, fenndus|ABF
Methanobacterium_subterraneum|AXX
Methanobacterium_formicicum|ABD
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Methanothermus_fervidus|ABF
Methanobacterium_subterraneum|AXX
Methanobacterium_formicicum|ABD W [ ]
Methanobrevibacter_ruminantium|AB
Methanobrevibacter_smithii|AB
Methanobrevibacter_millerag|DAX
Methanocella_arvoryzae|AB
Methanocella_arvoryzae|OAB
Methanocella_conradii|AF
Methanosaeta_harundinacealAF
Methanosarcina_barkeri|AX
Methanoregula_formicicalA
Methanosphaerula_palustris|AB
Methanocella_arvoryzae|ABFF
Methanoculleus_bourgensis|AB
Methanoculleus_marisnigrilAB
Methanolacinia_petrolearial AB
Methanospirillum_hungatei|AB
Methanolinea_tardalAB
Methanofollis_liminatans|AB
Methanocorpusculum_labreanum|AB
Methanospirillum_hungateilFFA
Methanolacinia_petrolearia| AB
Methanoculleus_bourgensis|AB
Methanoculleus_marisnigri|AFB
Methanoculleus_marisnigri|FAB
Methanoculleus_bourgensis|AB
Thermacetogenium_phaeum|AF
Moorella_thermoacetical AF * N |
Thermoanaerobacter_kivuilAFF
Arcobacter_nitrofigilis]A
Campylobacter_concisus|A
Campylobacter_concisus|A
Desulfurobacterium Iharmolllhotmphum\AF
Clostridium_taeniosporum|A
Clostridium_pasteurianum AF [ |
Clostridium_t rinckii| AD
Paenibacillus_kribbensis|AFF
Paenibacillus_stellifer|AFF
Paenibacillus_graminis|AFF
Paenibacillus_sabinae|AFF
Clostridium_carboxidivorans|OFAOF Oy |
Clostridium_ljungdahliijAD
Clostridium_scatologenes|A
Clostridium_ljungdahlii|A
Clostridioides_difficile] ADF
Acetobacterium_woodii| AFF
Acetobacterium_woodii| FADF
Treponema_primitialA
Megasphaera_elsdenii|AF
Treponema_primitia| AF
Pelosinus_fermentans|FFA
Aeromonas_hydrophilal]AD
Vibrio_furnissii|FAD
Vibrio_tritonius|FAD
Rhodospirillum_rubrum|A

udomonas. is|FFA - =
Chania_multitudinisentens|FA
Yersini; s|FA
Rahnella_; tl\ls\FA
Serratia_proteamaculans|FA
Hafnia_alvei|FA
Proteus_mirabilis|A
Morganella_morganii| A
Citrubacler _koseri|A .

fum_ n|F

Enterobacler c\aacaelA
Klebsiella_michiganensis|A
Cronobacter_turicensis|FA
Leclercia_adecarboxylata|FA
Cedecea_neteri|FA
Enterobacteriaceae_bacterium|FA
Pluralibacter_gergoviae|FA
Kluyvera_intermedia|FA
Serratia_rubidaealFA
Chania muItltudmlsentenleA
Yersinia_frederikseniilA
Dickeya_dadantii|FA
Pectobacterium_parmentieri|A
Brenneria_goodwinii|FA
Oxalobacter_formigenes|FFA
Pragia_fontium|FA
Aggregatibacter_aphrophilus|A
Denitrobacterium_detoxificans|FA
Cryptobacterium_curtum|FA
Eggerthella_lenta|FAF
Adlercreutzia_equolifaciens|FA
Denitrobacterium_detoxificans|FA
Serratia_fonticola]OA
Morganella_morganii| AF
Proteus_mirabilis|AF
Hafnia_alveilAF
Edwardsiella_ictaluri| OAF
Cedecea_neteri|A
Cronobacter_turicensis|A
Leclercia_adecarboxylata|A
Escherichia coh FDE! H)[A
Shimwellia_]
Klebsiella mlchlgansnsls|FA
Citrobacter_rodentium|A
Raoultella_omithinolytical A
Cedecea_neteri[FA
Thermosediminibacter_oceani|FA
Desulfobacterium_autotrophicum|AF
Desulfurivibrio_alkaliphilus|A
Desulfocapsa_sulfexigens|A
Methanosaeta_harundinacealA
Photobacterium_gaetbulicolalA
Glaciecola_nitratireducens|AQ
Pseudomonas_chlororaphis|A
Thermincola_potens|A
Desulfobacterium_autotrophicum|A
Desulfomenile_tiedjeilAD
Desulfobacula_toluolicalA
Desulfomonile_tiedjei|BA
Syntrophobacter_fumaroxidans|]AQ
Desulfobacula_toluolicalA
Syntrophobacter_fumaroxidans|A
Moorella_thermoacetica| AO

*FOHNE
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FDH:1

FDH:11

FDH:1

FDH:7

FDH:1

FDH:1

FDH:1

FDH:1

Desulfobacula_toluolicalA

p _fumar ]
Moorella_thermoacetica| AO
Thermotoga_caldifontis|AD
Thermotoga_profundal
Syntrophus_aciditrophicus|]AO
Aciduliprofundum_boonei|OA
Cloacibacillus_porcorum|OOA
Thermodesulfobium_narugense|OA
Caldisericum_exile] COA
Syntrophobacter_fumaroxidans|QOA
Desulfobacca_acetoxidans|AOH
Desulfobacca_acetoxidans|OAQ
Desulfomicrobium_baculatum|OOAF
Desulfatibacillum_alkenivorans|FAF
Desulfococcus_multivorans|A
Desulfococcus_oleovorans|A
Desulfobacula_toluolica| AQO
Desulfobacula_toluolica|FA
Desulf ium_at icum|FA
[Bacillus]_selenitireducens|A
OIigolrophait‘arboxidcvuransgﬁF
Nocardiopsis_dassonvillei|AF
Amycolatopsis_mediterranei|A
Streptomyces_violaceusniger|AFD
Streptomyces_pristinaespiralis| AFD
Streptomyces_avermitilis|AF
Streptomyces_lividans|AD
Desulfovibrio_desulfuricans|A
Synlruphcbader_fumarnxidans|AD
fumar |AB

Desulfarculus_baal
Desulfarculus_baal
Desulfobacca_acetoxidans|QAQ
Desulfobacca_acetoxidans|AQ
Syntrophus_aciditrophicus|FCOAF
Desulfobacterium_autotrophicum|AF
Desulfococcus_multivorans|A
Desulfobacula_toluolicalA
Desulfatibacillum_alkenivorans|A
Acetohalobium_arabaticum|OFAD
Petrotoga_mobilis|A
Ferrimonas_balearicalA
Vibrio_furnissii| A
Aeromonas_veronii|A
Phatobacterium_gaetbulicolalA
Photobacterium_damselae|A
Vibrio_vulnificus|A
Vibrio_parahaemolyticus|A
Vibrio_tubiashiilA
Shewanella_halifaxensis|A
Shewanella_loihicalA
Shewanella_woodyi|A
Shewanella_sediminis|A
Shewanella_halifaxensis|A
Shewanella_frigidimarinalA
Shewanella_japonicalA
Shewanel\a_b\caslrilA
Shewanella_baltica|
Shewanella_putrefaciens|A
Eubacterium_limosum|A

Actinobacillus_succinogenes|A
Gryplobacterium_cuﬂum}A
Denitrobacterium_detoxificans|A
Ef;genhella lentalA
Slackia_heliotrinireducens|A
Desulfotomaculum_nigrificans|FAOF
Sebaldella_termitidis|]AD
I\yobamerj.\olyimpus(!AFD
Peptoclostridium_acidaminophilum|OFA
Peptoclostridium_acidaminophilum|FA
Gottschalkia_acidurici|OFA
Gottschalkia_acidurici| OOFA
Alkaliphilus_oremlandii| OOFA

D ium_formi i OO0A
Pelobacter_propionicus|FAQO
Pelobacter_carbinclicus|OOFAD
Geosporobacter_ferrireducens| QOAD
Alkaliphilus_metalliredigens|OOA
Clostridium_aceticum|OOA
Clostridium_formicaceticum|OOAD
Natmnaerubius_lher‘mophil\qs\qu

Heliob ium_r \
Sphaerobacter_thermophilus|AFO
Methanosaeta_harundinacealA
Methanosaeta_harundinacealA
Methanosaeta_concilii|A
gehalogen}monasjom-\icexedenleOA oF

nonas_lykanthrop
Desulfotalea_psychrophila]OFA
Methanobacterium_lacus|OAFF
Methanothermobacter_marburgensis|FAF
Methanothermobacter_thermautotrophicus|OAFF
Natranaerobius_thermophilus|FAO
Syntrephothermus_lipocalidus|A
Syntrophomonas_wolfei| QOA
Symbiobacterium_thermophilum|AFF
Pelosinus_sp.|AFF
Clostridium_ljungdahlii| AF
Acetoanaerobium_sticklandii|AF
Desullovibrio_magnetious}l\A F
Desulfovibrio_salexigens|AFF
Desulfotalea_psychrophilal AFF
D ium_at i
io_alaskensis|AFF
Desulfovibrio_hydrothermalis|AFF
Carboxydothermus_hydrogenoformans|OOAF
Thermincola_potens|
Thermincola_potens|QOFA
Heliobacterium_modesticaldum|OO0A
Thermacetogenium_phaeum|QOA
Desulfotomaculum_reducens|OFA
Desulfotomaculum_gibsoniae|OOFA
Ammoenifex_degensiilOFA
Desulfotomaculum_ferrireducens| OFA
Desulfotomaculum_nigrificans|OFA
Desulfotomaculum_ruminis|00A




Desulfotomaculum_ferrireducens|OFA
Desulfotomaculum_nigrificans|OFA
Desulfotomaculum_ruminis| OOA
Desulfotomaculum_acetoxidans|OOFA
Desulfotomaculum_acetoxidans| AOOF
Syntrophomonas_waolfei| DAO
Syntrophomonas_waolfeil OAC
Desulfotomaculum_gibsoniae|A
Thermacetogenium_phaeum|A
Clostridium_formicaceticum|A
Thermincola_potens|A
Parvimonas_micra|OFA

FDH:1 Finegoldia_magna|FA
Gottschalkia_acidurici|A
Gottschalkia_acidurici|A
Dehalobacter_restrictus|OOA
Syntrophobotulus_glycolicus|OOA
Desulfitobacterium_dehalogenans|Q0A
Desulfitobacterium_metallireducens|OAQ
Desulfosporosinus_acidiphilus| OOAD
Desulfosporo: _orientis| OOAD
Desulfosporosinus_meridiei]lA
Desulfosporosinus_orientis|AF
Anaerolinea_thermophilalA
Deferribacter_desulfuricans|A
Halogu um_walsbyi]OFAQ
Ha\narcu\a 1_hispanicalA
halophilic_archaeon|A

FDH 1 6 Natronococcus_occultus|OA

. Halalkalicoccus_jeotgali|A

Halopiger_xanaduensis|A
Haloterrigena_turkmenicalA

Sulfolobus_acidocaldarius|A
Acidianus_hospitalis|AD
Sulfolobus_islandicus|AD
Metallosphaera_sedulalAD
Metallosphaera_cuprina|AD

Thermoplasma_acidophilum|AD
Thermoplasma_volcanium|AD
Picrophilus_torridus|A

Ferroplasma_acidarmanus|AD

&

FDH'B Kyrpidia_tusciae|DA
b Ac robium_ferrooxidans|A
Acidihalobacter_prosperus|A
Pseudomonas_balearica|FPA
Xanthomonas fragariael,
Pseudomonas_psychrotolerans|AP
Pantoea_alhagi|AP
Cronobacter_sakazakii| AP
Kosakonia_cowaniil AP
Kosakonia_radicincitans|AP
Kosakonia_sacchari| AP
— Deinococeus_peraridilitoris|AD
Deinococcus_maricopensis|PAD
Deinococcus_gobiensis|A
Deinococcus_puniceus|A
Deinococcus_soli|AX

Deinococcus_swuensis|A
Granulicella_tundricolalA
Terriglobus_roseus|A
Terriglobus_saanensis|A
Paludisphaera_borealis|A
Granulicella_mallensis|DA
FDH:8 Acidobacterium_capsulatum|A
Jeotgalibacillus_malaysiensis|AD
Macrococcus_caseolyticus|A
Bacillus_clausii|A
Bacillus_lehensis|]AD

E Salinicoccus_halodurans|A
Fictibacillus_arsenicus|A
Fictibacillus_phosphorivorans|A
Bacillus_oceanisediminis|A
Bacillus_infantis|A
Bacillus_velezensis|AP
Bacillus_licheniformis|A
Bacillus_atrophaeus|A
Novibacillus_thermophilus|DA
Aeribacillus_pallidus|DA
Virgibacillus_halodenitrificans|A
Lentibacillus_amyloliquefaciens|A
Halobacillus_mangrovi|DA
Halobagillus_halophilus|DA
Staphylococcus_sciuri|A

FDH 8 Staphylococcus_lutrae|A

I . Staphylococcus_hyicus|A
Staphylococcus_simulans|A
Staphylococcus_condimenti|A
Staphylococcus_pettenkoferilA
Staphylococcus_xylosus|A
Staphylococeus_hominis|A
Staphylococcus_lugdunensis|A
Staphylococeus_argenteus|A
Staphylococcus_warneri|A

Allcyclobacll\us acidocaldarius|AD
Alicyclobacillus_acidocaldarius|AO
Bacillus_smithii[/A
Paenibacillus naphmalenovoransloA
Bacillus_coagulans|A
Bacillus_muralis|A
Aneurinibacillus_soli|DA
Listeria_innocualA
Brevibacillus_laterosporus|A
Bacillus_endophyticus|DA
Bacillus_muralis|A
Bacillus_infantis|A
Aneurinibacillus_soli|A
. Paenibacillus_yonginensis|DA

FD H . 8 Paenibacillus_terrag|DA
Bacillus_cytotoxicus|DA
Geobacillus_kaustophilus|A
P hermoglucosidasius|DA
Bacillus. coagulanleA
Bacillus_smithii| DA
Bacillus_weihenstephanensis|AD
Planococcus_kocurii| DA
Sporosarcina_psychrophila| DA
Sporosarcina_ureae|DA
Bacillus_simplex|DA
Lysinibacillus_varians|DA




b Sporosarcina_ureae|DA
Bacillus_simplex|DA
Lysinibacillus_varians|DA
Fictibacillus_phesphorivorans|DA
Bacillus_megaterium|DA
Bacillus_amyloliquefaciens|A
Bacillus_sonorensis|A
Bacillus_paralicheniformis|A
Thermoplasma_acidophilum|A
Thermoplasma_volcanium|A
Desulfocapsa_sulfexigens|A
Desulfurivibrio_alkaliphilus|AD
Desulfocapsa_sulfexigens|A
FDH-1 Caldilinea_aerophilalA
e Oceanithermus_profundus|A
Thermus_oshimailOFA
Thermus_brockianus|FA
Thermus_scotoductus|FA
Candidatus_Desulforudis|A
— Kribbella_flavida]A
Spiribacter_salinus|FA
Methylibium_petroleiphilum|OA
Magnetospirillum_magneticum|OA
Aromatoleum_aromaticum|OA
Thauera_chlorobenzoica|OA
Azoarcus_olearius|OA
Thauera_humireducens|OA
Alkalilimnicola_ehrlichii|OA
FDH . 5 Methylomicrobium_alcaliphilum|OA
. Sedimenticola_thiotaurini|OA
Chromatiaceae_bacterium|OA
Nitrosococcus_halophilus|OA
Methylophaga_nitratireducenticrescens| COA
Ramlibacter_tatacuinensis|OA
Massilia_putida|OA
Cupriavidus_basilensis|OA
Cupriavidus_sp.|OA
Methylococcus_capsulatus|OA
Methyloversatilis_sp.|OA
i ium|OA

By
p

Polynucleobacter_duraquae|OA
Variovorax_paradoxus|OA

FDH:5 Thiomonas_intermedialA
Acidovorax_sp.|OAF
Alicycliphilus_denitrificans|OAF
Rhaodoferax_ferrireducens|OA
Ramlibacter_tataouinensis|OAF
Ramlibacter_tataouinensis|OAF

Isosphaera_pallidalA
Nitratireductor_basaltis|OA
Chelatococcus_daeguensis|OA
Labrenzia_aggregatalOA
Methylobacterium_sp.|OA
Methylobacterium_extorquens|OA

QOligotropha_carboxidovorans|OA
Bradyrhizobium_diazoefficiens|OA
FDH . 5 Bradyrhizobium_icense|OA
- Marinobacter_adhaerens|OA
Chromohalobacter_salexigens|OA
Halomonas_sp.|O;
Halomonas_beimenensis|OAQO
Halomonas_chromatireducens|OAQ
Cycloclasticus_zancles|OA
Rhodoplanes_sp.|OA
e

0A

L 5_sinusp |
Variibacter_gotjawalensis|OACF
Methy! i -_caenitepidi|OA
Shewanella_woodyi|[OA
Granulosicoccus_antarcticus|OA

Dincroseobacter_shibae|OA
Halocynthiibacter_arcticus|A
Ruegeria_pomeroyi|OA
FDH:5 Octadecabacter_arcticus|OA
E Rosecbacter_denitrificans|OA
Leisingera_methylohalidivorans|OA
Loktanella_vestfoldensis|A
Planktomarina_temperata|A
Roseovarius_mucosus|A
Marinovum_algicolalA
Tateyamaria_omphalii|A
Rosecbacter_litoralis|A
Sulfitobacter_pseudonitzschiae|A
Thermoproteus_tenax|OA
FDH . 1 Vulcanisaeta_moutnovskia|OA
x Cupriavidus_sp.|A
Niastella_koreensis|A
. Acidilobus_saccharovorans|A
I FDH 4 Caldisphaera_lagunensis|OA
Thermovibrio_ammonificans|A
Nautilia_profundicola|A
Persephonella_marinal A
FD H . 1 7 Sulfuricurvum_kujiense|AP
- Arcobacter_nitrofigilis|A
Nitratifractor_salsuginis|A
Sulfurimonas_autotrophicalA
Sulfurospirillum_deleyianum|A
Wolinella_succinogenes|PA
Saccharopolyspora_erythraealA

Streptomyces_rubrolavendulae|A
FDH1 Streptomyces_globisporus|A
. Streptomyces_venezuelae|A
Candidatus_Pelagibacter|DBA
Candidatus_Thioglobus|DXA
Flavobacterium_gilvum|DXA
Haliscomenobacter_hydrossis|A
Lutibacter_profundi|XA
Flavobacteriaceae_bacterium|XAD
Nitrospira_moscoviensis|OXA
Nitrospira_defluvii|OBA
. Desulfurella_acetivorans|OA
FDH .4 Comamonadaceae_bacterium|CXXA
Hydrogenobacter_thermophilus|BASD
Methylacidiphilum_infernorum|BAS
Maricaulis_maris|BAD

Woeseia_oceani|DCXA
— ‘Gemmatimonas_phototrophicaXXA
Gemmatimonas_aurantiaca|CBADS
Intrasporangium_calvum|CBA
Iml — Actinobacteria_bacterium|XA
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Gemmatimonas_aurantiaca| CBADS
Intrasporangium_calvum|CBA
Actinobacteria_bacterium| XA

Candidatus Planklophwlaa
Hyphnmlcro'blum denitri cans|CBAD
e|COAD

Mycobacterium_: sme&gmahs\CBAS
Prauserella_marin:
Beijerinckia_i dlcalOBA
Bosea_vaviloviae|[OXAD
Methylobacterium_nodulans|OBADP
Methylobacterium_extorquens|CBA
T|5trel\a moblllleBAD
Acidiphilium_cryptum|CBAD
Methylocella_silvestris| CBADP
Nitrospirillum_amazonense|CXADX
Granullbacter bethesdensmlCXAD
Pseudorh XADX
Methyloceanibacter_c caenltepldl\CXAX
Xanthobacter_autotrophicus|CBADS
Starkeya_novella| OBAD
Myphumlcroblum nitrativorans|CBAD
ethylocystis_bryo h|Ia|AX
Methylocystis_sp.|CBAD:
Methylocystis_| hwophlla|CXADX
Novosphingobium_pentaromativorans|CBAX
Sphingopyxis_macrogoltabida| CXAXD
Sphingobium_japonicum|OBASD
Sphingomonas_hengshuiensis|OXA
Novosphingobium_aromaticivorans|OBAD
Altererythrobacter_atlanticus|XAD
Croceicoccus_naphthovorans|XDA
Erythrobacter_atlanticus|XAD
Altererythrobacter_epoxidivorans|XDAQ
Altererythrobacter_namhicola|OXAD
Rhedobacter_capsulatus| CBADS
Bradyrhizobium_diazoefficiens|CA
Bradyrhizobium_oligotrophicum|CBADS
Mesorhizobium_opportunistum|CBADS
Aminobacter_aminovorans|CXADX
Sinorhizobium_melilotii CBADS
A%robaclenum rhizogenes|CXAX
Rhizobium_etli[CXADX

Polymorphum_ gllvum|CBASD
Martelella_mediterranea| OBA
Rhodovulum_sulfidophilum|CXADX
Rhodovulum_sp.|CXADX
Paracoccus_aminophilus| CBADS
Paracoccus_yeei|CXAD.
Thioclava_nitratireducens|CXAD
Rhodobacter, capsu\alus\CBADS * W R ]
Rhodobacter_sp.|OXAI
Rhedobacter, sphaermdeleBADS
Pannonibacter Jhra% |tetus\CXADX
Defluviimanas_alba|CXAl
Octadecabacter_antarctnculeBADS
Roseibacterium_elongatum|CXADX
Celeribacter_marinus|[XADX
Thiobacimonas_profunda|CXADX
Celeribacter_indicus|CXADX
Celeribacter_ethanolicus|CXADX
Labrenzia_aggregata| CXADX
Leisingera_methylohalidivorans|CBADS
Thioclava, n|lrat\reducens|CXAX
Roseovarius_mucosus|OXADS
Methylobacillus_flagellatus|CBADS
Methylovorus_glucosetrophus|CBADS
Methylotenera_mobilis| CBAD:
Methylotenera_versatilis|CBADS
Dokdonella_koreensis|CXA
Dyella_thiooxydans|CXAS
Dyella_jiangningensis| CXADS
Methylococcus_capsulatus|CBADS
Beggiatoa_leptomitiformis|CXADX
Methylovulum_psychrotolerans|CXADX
Methylomonas_methanica|CBADS
Qceanicoccus_sagamiensis|CXAD
Colwellia_psychrerythraea| CBAD
Colwellia_psychrerythraea|CBAD
Glaciecola_nitratireducens|CBAD
Colwellia_beringensis|XADX
Methylophaga_nitratireducenticrescens|CBADS
Melhrlophaga frappieri|CBADS
Zobellella_denitrificans|CXAD
Halomonas_beimenensis|CXAD
Zhongshania_aliphaticivorans|CBADS
Alcanivorax_dieselolei| CBAXD
Kushneria_marisflavilCXAX
Marinobacter_psychrophilus|CXADX
Marinobacter_adhaerens|CBAD
Thauera_humireducens|CXAD
Pseudomonas_mendocina| OBAXD
Laribacter_hongkongensis|XXA
Thiomonas_intermedia|CXAD
Pseudomonas_protegens|CXAX
Pseudomonas JamfulvaJGXAX
Advenella_mimigardefordensis|CXAX
Paenalcaligenes_hominis|C.
Alcaligenes_faecalis| CXADX
Bordetella_flabilis| CXADX
Achromobacter_denitrificans|CXADS
Bordetella_petri|CBAS
Bordetella_bronchiseptica|CXAS
Bordetella_pseudohinzii|C.
Sedimenticola_thiotaurini| CXADX
Massilia_putida]CXAX
Collimonas_pratensis|CXADX
Colllmnnas _fungivorans|CXAX

1S|CXADX
Vanovorax _paradoxus|CBADS
Methylibium_petroleiphilum|CBAS
Leptothrix_cholodnii|CBAD
Delftia_acidovorans|CAS
Comamonas_testosteroni| CAX
Rubrivivax_gelatinosus|CBAX
Verminephrobacter_eiseniae|CBADS
Hydrogenophaga_crassostreae|CXADX
Vitreoscilla_filiformis|CA
Pandoraea_pnomenusa|CXAS

*
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Hydrogenophaga_crassostreae|CXADX
Vitreoscilla_filiformis|CA
Pandoraea_pnomenusa|CXAS
Pandoraea_sputorum|XADX
Cupriavidus_sp.[CXAX
Cupriavidus_basilensis| CXADX
Cupriavidus_metallidurans|CBADS

FDH:4

Cupriavidus_necator|CXADX * & L |
Pandoraea_thiooxydans|XADX
Paraburkholderia_sprentiae| XAX
Paraburkholderia_caribensis|XAX
Paraburkholderia_rhizoxinica| XAX
Burkholderia_ambifaria| CBAS
Burkholderia_pseudomallei CBAS
FDH Type
] Type 1:A, DA [l Type 4: ABC(E), ABP(E), AFC(E), ABCD, DABC(E), DABP(E), DAFCE
[l Type 2: (E)AB(E), AX(E), XA, AF, FA, XAD, AFD [l Type 5: CBADS, CBADX, CXADS, CBAD, CXAD, CBAX, CBAS, CXAS, CXA
. Type 3: Not able to annotate D Type 6: OA, OAF, OBAD, OAD, OXA, OXAD, AQ, OBA, AOF, COA
T: i p T: ic phylum Taxonomic class Percentage of data (Phylum) CUPP group
B Archaea B Euryarchaeota Thermococci 9.5 % [ For:t [ Fom:to
Methanococci W rFoH:2 [ FOH:A
Methanobacteria
Thermoplasmata . FDH:3 . FDH:A2
Methanomicrobia I FoH:4 [l FDH:13
Halobacteria I Fors [ FoH:s
[l Crenarchaeota [T Thermoprotei 11% [] FoH:6 [ FOH:15
- - W FoH:7 [T FDH:16
Bacteria Proteobacteria Alphaproteobacteria 64.3% y 5
Betaproteobacteria . FDH:8 . FDH:A7
Gammaproteobacteria Il FoH:9
Deltaproteobacteria
Epsilonproteobacteria Known attributes
W Firmicutes Bacill 17.5 % Y Gene organization
Clostridia
Tissierellia i Subunit composition
Negativicutes
Limnochordia . Crystal structure
7] Formate oxidation
B Actinobacteria Actinobacteria 3.0 %
Acidimicrobiia . €O, reduction
Coriobacteriia
Rubrobacteria
. Chiloroflexi Thermomicrobia 0.7 %
Dehalococcoidia
Anaerolineae
Caldilineae
[ Bacteroidetes Saprospiria 03 %
Chitinophagia
Flavobacteriia
. Acidobacteria . Acidobacteriia 0.6 %
[ Aquificae [] Aquificae 05 %
B caidiserica I caldisericia 01 %
. Deferribacteres . Deferribacteres 01 %
D Deinococcus-Thermus D Deinococci
Il Fusobacteria Il Fusobacteriia 01%
Il Gemmatimonadetes Il Gemmatimonadetes 01 %
I:' Nitrospirae D Nitrospira
[ Pianctomycetes [ Pianctomycetia 01 %
[] spirochaetes [] spirochaetia 01 %
I:‘ Synergistetes D Synergistia
. Thermotogae l:‘ Thermotogae 0.2 %
. Thermodesulfobacteria . Thermodesulfobacteria 0.2 %
D Verrucomicrobia l:l Methylacidiphilae
o,
Il Unknown & unknown [ unknown 02 %
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Appendix E. Solubility assay

The solubility assay was performed according to the below protocol.

e  Spin down 1 mL sample, and wash with 200 ul Washing buffer and spin again for 5 min at 13,000 rom

e  Re-suspend pellets in 50 pl x ODsoo cold solubilization buffers + 1 mM PMSF

e Sonicate at max intensity for 30 min in a cold water-bath (take out a 5 pl sample and reduce by adding
4x Laemmli loading buffer = Total Cell Lysate fraction (TCL))

e Spin 15 min at 13,000 rpm = keep both pellets (P) and supernatants (SN)

e Resuspend pellets in 50 pl x ODsoo 1x Laemmli loading buffer and keep at RT (= P)

e Add 1 mlice-cold pure acetone to each supernatant and freeze for 20 min at -20°C

e  Spin supernatants for 15 min at 13,000 rpm, remove acetone and let dry on the bench

e Resuspend faint white precipitates (bottom and inner surfaces of the eppendorf tubes) in 25 pl x ODsoo
1x Laemmli loading buffer (= SN)

e Boil pellets and supernatants samples for 3 min at 95°C

e  Spin all samples for 15 min at 13,000 rpm, 4°C

e Load 5 pl of TCL, 15 pl of P and SN samples or 8 ul SN for Western Blot on 12% SDS gels and run for 15
min at 90 V and 1 hour at 150 V

e Continue with a Coomassie blue staining and a Western-Blotting anti-His tag

e Evaluate the proportion of proteins present in the SN = soluble proteins.

The buffers tested were with varying amounts of glycerol and salt (Table 14) and the proportion of
proteins present in the SN fraction was evaluated (Figure 34 and Figure 35).

Table 14: Buffers used for solubility test.

Solubilization Buffer Washing
S1 S2 S3 S4
(120 ml) buffer
Tris-HCIpH 7.6 1M | 50 mM (0.5 | 50 mM (0.5 | 50 mM (0.5 | 50 mM (0.5 | 50 mM (0.5
stock ml) ml) ml) ml) ml)
50 mM (0.1 | 150 mM (0.3 | 100 mM (0.2 | 500 mM (1.0 | 150 mM (0.3
NaCl 5M stock
ml) ml) ml) ml) ml)
Glycerol / / 10% / /
100% stock (2.0 ml)
MQ H20 9.3 ml 9.1 ml 8.2 ml 8.4 ml 9.2 ml
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Figure 34: Western blot for alpha-tagged RcFDH. Buffers are described in Table 14. Ladder = DUAL color, TCL = total cell lysate,
P = pellet, SN = supernatant.

S1 Se S3 sS4

Ladder

kDa TCLP SN TCL P SN TCL P SN TCL P SN

250

100
75

50
37

25
20

15
10

Figure 35: Western blot for gamma-tagged RcFDH. Buffers are described in Table 14. Ladder = DUAL color, TCL = total cell
lysate, P = pellet, SN = supernatant.

While impossible to see in Figure 35, it actually contains the same pattern as can be seen in Figure 34.
Here, RcFDH is only soluble when using the glycerol-containing buffer S3. Although a large amount of
RcFDH is found in the insoluble fraction with this buffer, it can be argued that enough protein is in the
soluble fraction to continue.
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Appendix F. Co-factor saturation methodology

Co-factor saturation of enzyme samples were completed by laboratory technician Malgorzata Rizzi of
DTU Environment as follows:

Elemental concentrations of Fe and Mo were measured on Agilent 7700x ICP-MS Inductive Coupled
Plasma-Mass Spectrometer (ICP-MS). Sample with protein concentration between 0.5 and 1.5 mg/ml
were used. Before the measurement, the samples were diluted 100x in 2% Suprapur HNOs;. The
elements were analyzed in He mode. The sample uptake speed (nebulizer pump speed) was set to 0.1
rpm and the stabilization time to 40 sec. Integration time was set to 0.3 sec for He mode (He flow 5
mL/min). Processing of the data was carried out in the MassHunter 4.6 Workstation Software (v.
C.01.06).
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Appendix G. Materials and methods for cloning of expression vectors

Expression vectors were designed in situ and synthesized for this study. A total of six plasmids were
ordered, two for each FDH variant. For each FDH variant, a construct with a His-tag on the N-terminal
of the FdsG subunit as well as a construct with a His-tag on the N-terminal of the FdsA subunit was
designed. All gene constructs were based on publicly available gene sequences sourced from the NCBI
RefSeq database (O’Leary et al., 2016) (Table 15) and a common expression vector identical to the
vector used by Hartmann et al. 2013 (Hartmann and Leimkiihler, 2013). Individual FDH operons were
extracted as native sequences from full genomes and inserted into a modified pTrc expression vector.
The gene constructs were synthesized and cloned into the expression vector by Genscript Biotech.

Table 15: Operon placement in the genomes of origin for RcFDH, RsFDH, and CnFDH (RefSeq).

Enzyme Corresponding Genome ID Genome name Location of operon in
variant expression vectors genome
RcFDH pTrc_RcFDH_gamma | NC_014034.1 | Rhodobacter capsulatus SB 3223340- 3229140
and 1003, complete genome (complementary
pTrc_RcFDH_alpha strand)
RsFDH pTrc_RsFDH and CP000661.1 Rhodobacter sphaeroides 2907382-2913283
pTrc_RsFDH_alpha ATCC 17025, complete (complementary
genome strand)
CnFDH pTrc_CnFDH and NC_015726.1 | Cupriavidus necator N-1 657183-663287
pTrc_CnFDH_alpha chromosome 1, complete
sequence

The plasmids were transformed into competent E. coli DH5a cells and plated on LB agar plates with
100 pg/ml ampicillin. Individual transformant colonies were picked and cultured in LB medium with
100 pg/ml ampicillin overnight at 37 °C and 250 rpm. The outgrown culture was saved in 0.8 ml
aliquots with 25% glycerol at -80 °C. Importantly, a decline in production yield was observed when
using scrapes from a single glycerol stock repeatedly. Consistently high yields were achieved by only
thawing and using an aliquot once.
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Appendix H. Discussion on purification method

During execution of the research underlining this thesis, challenges regarding purification of the
candidate FDHs arose. Both the solutions and challenges add to the story of recombinant type 5 FDH
production as will discussed below. Additionally, the applied approach and future optimizations will
be discussed.

Purification via IMAC is a commonly used method. A string of histidine residues, the so called ‘His-tag’,
are coupled via a linker to an exposed part of the protein. The histidine residues of the His-tag have
an affinity for metal-ions, with nickel ions being the most commonly applied. This is then exploited to
separate tagged from native protein by first binding the tagged protein and washing unspecific
protein, and then eluting the tagged protein by addition of imidazole. Imidazole, being chemically
similar to the sidechain of histidine, also has affinity for metal ions and in high enough concentrations
will displace and release the bound protein. As presented in the previous section, the constructs each
contained a His-tag allowing use of IMAC to quickly reach a nearly pure solution of the given FDH
variant.

However, although effective, IMAC purification does require considerations based on the protein of
interest. For instance, given the propensity for nickel column to chelate metals, it does involve a risk
when expressing metal-containing proteins. Additionally, nickel columns require the use of imidazole
for elution, which can be another cause for concern. A solution could be an alternative form of affinity
column, for instance a GST column (Tsai and Tainer, 2018). For this study it was not attempted to
optimize via column material given the success with nickel columns in literature for type 5 FDH. It is,
however, an interesting notion for potential future optimization.

Additional considerations involve used of pre-packed columns vs. gravity flow and use of salt for
removing unspecific protein as discussed below.

Prepacked column vs. gravity flow system

In the work of this thesis, both methods were applied, starting with the pre-packed columns. Here,
challenges with build-up of pressure on the pre-packed column was observed. To solve this issue, it
was attempted to switch from HisTrap High Performance columns (containing a built-in filter) to
HisTrap Fast Flow crude columns. The result of the switch in columns was only a delay in build-up of
pressure. Filtering the supernatant through 0.45 um filter paper prior to loading did not alleviate the
build-up issues either. It was suspected that the FDH aggregated due to unknown complications with
high protein concentration, which in turn built pressure and ruined the column. To alleviate these
issues, gravity flow systems were applied instead. For the gravity flow method, however, one loses
the informative protein absorbance chromatogram provided via the AKTA, but also circumvents the
issue of pressure build-up. Additionally, the gravity flow method permits parallel purification, meaning
all three type 5 FDH could be purified simultaneously.

High salt concentration for removal of unspecific protein

It is a well-known fact that salt concentration influence solubility of proteins. Additionally, salt
concentration can be used to influence weak protein-protein interactions. As such, washing a protein-
saturated nickel-column with buffer containing a different salt concentration, should influence
unspecific protein bound to the His-tagged protein. An experiment was conducted with high salt
concentration to enhance purity for RcFDH purified with pre-packed columns as described above.
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Here the pre-packed column, with bound His-tagged RcFDH was washed with buffer containing 1 M
NaCl for 1 CV, followed by washing the column without salt until conductivity returned to the previous
baseline. The remaining protein on the column was eluted as described in Section 3.3.1 with imidazole.
This resulted in two elution peaks: A “salt wash peak” and a “regular elution peak’. Interestingly, the
latter regular peak showed significantly higher specific activity than the salt wash peak (data not
shown). This result indicates that some unspecific binding to the His-tagged proteins is present, and
that these proteins can be separated with a salt wash. A high salt wash was not included for type 5
FDH purified with gravity flow, and as such, the FDH studied for this thesis was not purified using this
method.
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Appendix |. Development of expression method

In accordance with existing knowledge on expression of complex metal-dependent FDHs, slow growth
rates should enhance specific activity of purified FDHs by allowing increased co-factor saturation (Niks
and Hille, 2018; Tsai and Tainer, 2018).

As described in Section 3.2, the expression method developed for this study used four different strains
of E. coli expression strains transformed with pTrc_RcFDH_gamma. These were E. coli BL21 (DE3)
plLysS, E. coli Rosetta2 (DE3), E. coli C43 (DE3), and E. coli BL21 (DE3). The strains were cultured in
either LB medium or TB medium in combination with either high shaking speed (130 rpm) and low
shaking speed (30 rpm) as described in detail below.

For expression, a single medium was used for both preculture and actual expression: Either LB or TB
medium with 150 pg/ml ampicillin, 1 mM sodium molybdate. A 5 ml preculture were inoculated with
50 ul of the desired single-use glycerol stock, and then incubated at 37 °C and 130 rpm overnight. For
expression, 2 | baffled Erlenmeyer shake flasks, each containing 500 ml expression medium, were
inoculated with 1 ml preculture each and incubated at 37 °C and 130 rpm until OD600 reaching 0.4-
0.8 (approximately 3 hours). The shake flasks with culture were then cooled by placing them on ice
for 10 minutes before protein expression was induced with 50 uM IPTG. Shake flasks with cooled,
induced culture were then incubated at 18 °C and either 130 rpm or 30 rpm for 24 hrs. Cells were
harvested by centrifuging at 5,300 g for 15 min in a precooled (4 °C) centrifuge. From this point
onwards, samples were kept at 4 °C or colder. Additionally, procedures were completed as quickly and
efficiently as possible. For each gram of cell pellet, 10 ml of 40 mM potassium phosphate buffer, pH
7.5, with 10 mM KNOs and EDTA free protease inhibitor (cOmpleteTM Mini from Roche), were used
to resuspend the pellet. The resuspended pellet was centrifuged at 8,000 g for 5 minutes. Discarding
the supernatant, the pellet was stored at -20 °C.

The cell pellets were subsequently IMAC-purified as described in Section 3.3.1. The IMAC-pure RcFDH
could then be assayed for formate oxidation activity as described in Section 4.2.1. Results are shown
in Figure 36.
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Figure 36: Formate oxidation activity for RcFDH expressed in four different E. coli expression strains in either LB or TB
media, and either with low stirring speed (-O) at 30 rpm or high stirring speed (+0) at 130 rpm.

From Figure 36, RcFDH was observed to be expressed at lower oxygen concentrations due to low
stirring, demonstrated higher formate oxidation activity. Additionally, it can be seen that RcFDH
expressed in E. coli C43 (DE3) had the highest specific activity. However, a large degree of variation
and no obvious pattern is observed.

Despite uncertainty, based on the observed results it was decided to proceed that TB medium and low
stirring speed of 30 rpm since this condition allows the highest specific activity.

To verify that expression in E. coli C43 (DE3) indeed was the best expression strain, another batch of
RcFDH was expressed as described above in this appendix. This time expression in E. coli C43 (DE3)
was compared to expression in E. coli DH5a and E. coli MC1061 (Figure 37). Both of the new strains
are not designed for expression but were employed in Hartmann and Leimkdihler, 2013 and Yu et al,
2019.
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Figure 37: Formate oxidation activity for RcFDH expressed in three different E. coli expression strains in TB medium and low

stirring speed (-0) at 30 rpm.

Interestingly, a lower formate oxidation activity for RcFDH expressed in E. coli C43 (DE3) was seen in
this second expression relative to RcFDH expressed identically in the previous expression seen above
(Figure 36). It is unknown, why the activity is different, but it underlines the large variation and lack of

pattern observed previously.

Additionally, the RcFDH expressed in E. coli DH5a actually has higher specific activity compared to
RcFDH expressed in E. coli C43 (DE3). In conclusion: Expression in optimized E. coli strains does not
improve specific activity for type 5 FDHs compared to expression in non-optimized strains.
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Appendix J. FDHs from a taxonomic and metabolic perspective

Taxonomy in relation to classification

The cataloged FDH genes of this study have origin in a diverse background. Both gram-positive
bacterial phyla, as well as a broad selection of gram-negative phyla have been shown to contain FDH
genes.

Interestingly, FDHs from proteobacteria comprise the vast majority of FDHs in the study.
Proteobacteria is an enormous phylum comprising incredible diversity. Despite this, it is still
noteworthy to observe such a dominance of proteobacterial FDH, especially when one takes into
account that all sequences here are less than 90% identical with any other sequence included.

Unsurprisingly, there is a relation between taxonomy and formate dehydrogenase alpha subunit
sequence. Meaning, clades of FDH alpha subunit sequences often fall within a single class and phylum.
Archaeal FDHs are distinctly different from bacterial FDHs in terms of sequence, giving a clear
separation between FDHs from the two taxonomic superkingdoms.

Metabolic profiles in relation to classification

Prokaryotic FDHs are considered to be very diverse in metabolic function (Maia et al.,, 2015).
Interestingly, one organism may express multiple different FDHs (da Silva et al., 2011). For example,
in E. coli the presence of three FDHs known as FDH-H, FDH-N, and FDH-O has been well documented,
with the role of each individual FDH differing (Self, 2013).

It is possible that different versions of FDH will have different preferences for reaction direction (De
Bok et al., 2003) or that FDH genes in the same organism may in fact be identical and allow the cell to
react to varying formate concentrations (Lenger et al., 1997). As such, the role of FDHs can differ
tremendously, even within the same organism. In essence, an organism with multiple FDH variants,
will likely either have a more flexible metabolism, or simply be more dependent on formate as a key
metabolite.

Interestingly, several metabolic pathways involve formate. By coupling the oxidation of formate to the
reduction electron acceptors, prokaryotes can derive energy from formate to drive other reactions.
For instance, Wolinella succinogenes uses FDH-based conversion of formate to drive nitrate reduction
(Simon, 2002), and methanogens are able to use formate via FDHs to drive methanogenesis (Costa et
al., 2010). Some organisms, such as methylotrophs, are able to use formate via FDH to regenerate
reducing equivalents like NADH (Vorholt, 2002). Common for all of these is the fact that the FDH is
most often applied for formate oxidation, the opposite of the application relevant for CCU. As is
exemplified in Section 2.3, the FDH kinetic rate is often much higher with formate oxidation than for
CO; reduction.

Interestingly, some FDHs are metabolically designed to perform CO, reduction. Particularly for
acetogens via the WLP (Drake et al., 2008; Lemaire et al., 2020; Ljungdahl, 1986; Mdiller, 2019).
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Appendix K. Pictures from purification

Before load After load

Figure 39: Picture of gravity flow IMAC purification run with parallel columns. Picture is taken during elution of FDH from
column. Notice how the top of the column is turning white/blue as the protein is eluting. The bottom of the column is still
dark from protein with brown drops starting to appear.
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Figure 40: Picture of gravity flow IMAC purification run with parallel columns. Picture is taken at the end of elution of
FDH from column. Notice the dark brown color of the eluted protein and the lack of color on the columns relative to
Figure 39.
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Appendix L. Supplementary figures

RcFDH with His-tag on alpha subunit
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Figure 41: Observed catalytic rate of RcFDH expressed with His-tag placed on alpha subunit.
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Figure 42: SEC chromatogram on RcFDH expressed with three different protocols. Each peak is marked with grey boxes and

predicted subunit composition. SEC was performed on 24 ml Superdex™ 200 10/300 column.

113



Void (aBy); apy By
600+
400 Variant

2 — RcFDH
E — RsFDH
— CnFDH

200

0-

40 60 80 100
Elution volume (ml)

Figure 43: SEC Chromatogram on RcFDH, RsFDH and CnFDH expressed with the Hartmann protocol. Each peak is marked with
grey boxes and predicted subunit composition. SEC was performed on 120 ml HiLoad™ Superdex™ 200 16/60 pg column.
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Figure 44: Steady state with formate saturation on the forward reaction (formate oxidation) for RcFDH, RsFDH, and CnFDH.
“*': reproduced result from literature (Hartmann and Leimkuhler, 2013; Niks et al., 2016). Formate concentration was 6 mM
and kops is calculated based on initial rate observed for first 10 seconds.
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Appendix M. Paper I: Classification and enzyme kinetics of formate
dehydrogenases for biomanufacturing via CO, utilization

Paper | was published in Biotechnology Advances and is inserted on the following pages. The final
published version hosted on Science Direct is available at:

https://doi.org/10.1016/j.biotechadv.2019.06.007
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ABSTRACT

Keywords:
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Electrocatalysis

The reversible interconversion of formate (HCOO ™) and carbon dioxide (CO,) is catalyzed by formate dehy-
drogenase (FDH, EC 1.17.1.9). This enzyme can be used as a first step in the utilization of CO, as carbon
substrate for production of high-in-demand chemicals. However, comparison and categorization of the very
diverse group of FDH enzymes has received only limited attention. With specific emphasis on FDH catalyzed CO,
reduction to HCOO ™, we present a novel classification scheme for FDHs based on protein sequence alignment
and gene organization analysis. We show that prokaryotic FDHs can be neatly divided into six meaningful sub-
types. These sub-types are discussed in the context of overall structural composition, phylogeny of the gene
segment organization, metabolic role, and catalytic properties of the enzymes. Based on the available literature,
the influence of electron donor choice on the efficacy of FDH catalyzed CO, reduction is quantified and com-
pared. This analysis shows that methyl viologen and hydrogen are several times more potent than NADH as
electron donors. Hence, the new FDH classification scheme and the electron donor analysis provide an improved
base for developing FDH-facilitated CO, reduction as a viable step in the utilization of CO, as carbon source for
green production of chemicals.

1. Introduction

Increased atmospheric CO, levels are a direct cause of global
warming and climate change (IPCC, 2018). To reduce continued CO,
emissions and warming, alternatives to current fossil fuel derived pro-
duction routes need to be developed and implemented. Over the last
decade there has been a substantial increase in research towards de-
veloping technologies, partnerships, and catalysts to facilitate the
conversion of CO, into industrially relevant chemical building blocks
and high-in-demand chemical products. In recent years, enzymes have
gained a footing within the global chemical industry due to their low
reaction temperature and energy requirements, and their high se-
lectivity. The field of CO, capture and conversion, where enzymatic
approaches have received a great deal of attention recently, reflects this
trend (Cotton et al., 2018; Goeppert et al., 2014; Marpani et al., 2017a;
Sultana et al., 2016). On top of the general advantages of using enzy-
matic approaches, biocatalysts are indeed able to effectively interact
with CO, as a substrate and promote electron transfer reactions beyond
the first coordination sphere. This is uncommon for non-biological
approaches (Appel et al., 2013).

* Corresponding author.
E-mail address: asme@dtu.dk (A.S. Meyer).
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CO, is a substrate or a product in a vast number of different en-
zymatically catalyzed reactions in biology. The various pathways for
incorporation of carbon into biomass, including those not limited to
photosynthesis, are indeed well-studied (Bar-Even et al., 2012). Shi
et al. have recently provided a thorough overview of the most im-
portant biological, enzymatically catalyzed reactions involving CO,
(Shi et al., 2015). Of the many diverse reactions, the conversion of CO,
to formate (HCOO ™) is attractive because it gives a product that is a
kinetically stable liquid chemical at ambient temperature. Unlike the
alternative attractive potential of incorporating CO, through carbox-
ylation (Glueck et al., 2010), formate can be produced without any
other (co-factor) reagents than energy in the form of electrons as well as
free protons.

Formate dehydrogenases (FDHs, EC 1.17.1.9, formerly EC 1.2.1.2)
predominantly catalyze the oxidation of formate to CO, (Eq. (1)), but
have also been shown to catalyze the reverse reaction, namely reduc-
tion of CO, (Eq. (2)).

HCOO™ = CO, + H* + 2¢e~ (€8]

CO, + H' + 2¢~ = HCOO™ 2)
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Formate, often in the form of formic acid, is used extensively in food
and feed preservation and as a pH regulator in other applications. The
use of formate has been strongly advocated as an energy storage com-
pound for the hydrogen economy (Mellmann et al., 2016; Singh et al.,
2015) or as fuel for fuels cells (An and Chen, 2017). It was argued in a
recent review that formate was the most suitable feedstock to support
chemoautotrophic growth which could be an efficient alternative to
photosynthesis driven biotechnology (Claassens et al., 2018). Alter-
natively, design of novel pathways in microorganisms like E. coli could
allow growth of the bacterium on formate (Bar-Even et al., 2013).

The objective of this review is to present an overview of FDH as a
catalyst for CO, reduction to formate, paving the way for further con-
version to value-added products. By such conversion, CO, is exploited
as an (available and accessible) carbon resource instead of being a
nuisance and a threat for global livelihood. The urgency of developing
negative emission technologies, of which development of FDHs to ac-
complish efficient CO, conversion may be an essential part, is accen-
tuated by the recent daunting projections that CO, emissions are still
increasing. Hence, the global atmospheric CO, concentration has re-
cently reached 405ppm (Le Quéré et al., 2018) and the recent data
indicate a renewed increase of 2.7% in global CO, emissions for 2018,
which is a steep growth compared to the 1.6% increase in 2017
(Figueres et al., 2018, Le Quéré et al., 2018).

This review summarizes the current state of knowledge regarding
FDHs in relation to the exploitation of these enzymes in Carbon Capture
and Use. We present a new sequence-based classification of FDHs and
discuss how the individual FDH enzyme groups are suited for CO, re-
duction. We also examine reaction rates, efficiencies of different
common electron donor principles, and stability/robustness of the en-
zymes. Our goal with this survey is to provide an advanced under-
standing of FDH enzymes and improve the decision base for selecting
the right enzymes and corresponding electron donors for biocatalytic
CO, reduction.

2. Formate dehydrogenase classification

Formate dehydrogenases are fascinating enzymes, with an as-
tounding range of diversity in terms of structure, subunit composition
and metabolic function. While many FDHs are soluble enzymes cata-
lyzing a single reaction, others are part of large, sometimes membrane-
bound complexes, which comprise other functions interwoven with
formate oxidation or CO, reduction.

The mechanisms that allow biocatalytic interconversion between
formate and CO,, are fundamental and prevalent across all kingdoms of
living organisms. These biocatalytic functions are essential for most
living organisms, therefore an extremely high number of different FDHs
exist.

Two distinct classes of FDH enzymes, with distinctly different
structure and catalytic mechanism, have been observed — metal-de-
pendent FDHs, and metal-independent FDHs — based on metal content
and related mechanism of the reaction in the active sites (Maia et al.,
2017). Others divide FDHs into NAD-dependent or NAD-independent
(Choe et al., 2014), which essentially is an analogous division to metal-
dependent and metal-independent, albeit less distinct since ‘NADH-in-
dependent’ variants may still utilize NADH.

While sharing EC number and facilitating the same reaction, the
metal-dependent and metal-independent FDHs are distinctly different,
and are consequently discussed separately.

2.1. Metal-independent formate dehydrogenases

Metal-independent variants of FDHs appear to have been studied
more than the metal-dependent FDHs. FDH from the yeast Candida
boidinii is by far the best studied of the metal-independent enzymes —
probably because this enzyme is commercially available — followed by
FDH from the Gram-negative bacterium Pseudomonas sp.101 (Sultana
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et al., 2016; Tishkov and Popov, 2006). Interestingly, metal-in-
dependent FDHs are sometimes hailed as the superior solution (Takacs
et al., 2017) while at other times they are simply dismissed as slow and
therefore not a relevant option for CO, reduction applications (Cotton
et al., 2018).

The metal independent FDHs are a remarkably uniform group of
enzymes. These enzymes have been proposed to be of the D-specific 2-
hydroxy acid dehydrogenase family because they share characteristics
of other dehydrogenases in this family (Vinals et al., 1993). Further
subgrouping makes little sense for the metal-independent class.

2.2. Metal-dependent formate dehydrogenases

Metal-dependent FDHs are commonly viewed as molybdo-enzymes
(with occasional tungsten substitution) and are grouped as a subfamily
of the ‘DMSO reductase family’ (Hille et al., 2014). This very diverse
family is one of four families within the molybdo-enzymes, a collection
of exclusively prokaryote enzymes that share overall structure and
spectroscopic properties (Zhang and Gladyshev, 2008). The family is
named after its first structurally characterized member (Schneider
et al., 1996).

In 2007 Rothery et al. defined a family called ‘complex iron-sulfur
molybdo-enzyme', which encompasses several distinct types of enzymes
based on co-factors and subunit composition (Rothery et al., 2008).
Later, in 2013, Grimaldi et al. coined the term Mo/W-bisPGD enzymes
(Grimaldi et al., 2013). This term covers enzymes with a molybdopterin
cofactor, specifically a Mo/W-bis(pyranopterin guanosine dinucleotide)
co-factor in one of its active sites, and replaces the denomination
‘DMSO reductase family’.

2.2.1. Proposed formate dehydrogenase classification scheme

The metal-dependent FDHs exhibit considerable diversity in both
metabolic function, cellular localization, co-factors, and structure.
However, no sub-classification or categorization scheme exists for these
enzymes. In a recent review, the diversity and biological function of the
29 best described metal-dependent FDHs from 24 different prokaryotes
are discussed (Hartmann et al., 2015). Three issues are raised that are
imperative in relation to introducing further grouping of metal-depen-
dent FDH.

First, like many other prokaryote protein complexes, multi-subunit
FDHs appear to be encoded mainly in operons. The diversity in subunit
composition is reflected in the gene organization.

Second, while the molybdopterin co-factor (Mo/W-bisPGD) is
ubiquitous in the active site across all metal-dependent FDH, the ad-
ditional co-factor content shows significant variation. Commonly, be-
tween one and five of the electron transporting iron sulfur cofactors are
present. These often vary in conformation and structural location.
Additionally, often either a heme group, a flavin adenine dinucleotide
(FAD), or a flavin mononucleotide (FMN) is present. Interestingly, gene
segment organization and co-factor use appear to be correlated
(Table 1).

Third, the chaperone genes, which have been suggested as necessary
for proper maturation and assembly of proto-FDH with the Mo/W-bis-
PGD cofactor are not always present in the operon encoding the FDH
enzyme (Hartmann et al., 2015). These chaperone genes are commonly
referred to as fdhD and fdhE, although inconsistencies in nomenclature
are frequent. For example, the genes fdsC of Cupriavidus necator are
homologs to fdhD in most other FDH containing prokaryotes.

Based on these three points of consideration, i.e. subunit composi-
tion, cofactors, and presence of chaperone genes in the operon, a new
categorization comprised of six types of metal-dependent FDHs is pro-
posed (Table 1).

As discussed later, this categorization does not distinguish between
FDHs that incorporate tungsten and FDHs that incorporate mo-
lybdenum. Neither does this type of categorization involve differ-
entiation between FDHs that have SeCys or Cys as their coordinating

117


https://doi.org/10.1016/j.biotechadv.2019.06.007

Paper |, Biotechnology Advances

C.F. Nielsen, et al.

Table 1

The six proposed types of metal-dependent FDHs shown with gene organiza-
tion, subunit composition and characterizing co-factor. The gene organization is
shown with generic abbreviations to accommodate discrepancies. ‘A’: alpha (a)
subunit gene, ‘B’: beta (B) subunit gene, ‘C’: gamma (y) subunit gene, ‘D’ fdhD,
‘E” fdhE, ‘S Delta subunit chaperone gene.

Type  Gene organization Subunit composition Characterizing Co-
(per monomer) factor
1 fdhA a None
FdhA and fdhB af None
2 fdhAB ap None
fdhDABE ap None
3 fdhAB a + FAD F420 FAD
fdhCABD a + FAD F420 FAD
4 fdhABC (fdnGHI*) afy Heme
fdhABCE afy Heme
fdhABEC apy Heme
fdhEABCD - Heme
5 fdhCBAD apy FMN
fdhCBADS apy FMN
6 With NADH - -

oxidoreductase

@ E. coli gene nomenclature for FDH-N (nitrate-inducible FDH), corre-
sponding to the fdhABC gene structure.

cysteine residue. Though the catalytic rates of the enzyme are known to
be affected by the type of metal (tungsten or molybdenum) and the type
of coordinating cysteine residue, these are often interchangeable and
cannot form the basis of a classification.

A sequence based homology analysis of the conserved FDH a-

Cupriavidus_necator_1
Methylobacterium_extorquens_1
Methylosinus_trichosporium_2
Rhodobacter_capsulatus_1
Rhodopseudomonas_palustris_1

Methancbacterium_formicicum_1
Methancceccus_maripaludis_2
Methanccoccus_maripaludis_1
Methanococcus_vannielii_1
Pseudomonas_aeruginosa_1

Escherichia_coli_FDH-O
Desulfovibrio_gigas_1
Desulfovibrio_desulfuricans_1
Desulfovibrio_vulgaris_3 q
Syntrophobacter_fumaroxidans_8

72 1] ﬁ:ﬂ

Clostridium_pasteurianum_1 2 - == ===
Escherichia_coli_FDH-H 1 = == = = =
Moorella_thermoacetica_1 2 - = =-—- - -

Gottschalkia_acidurici_1 ¢ ) [ P
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subunit sequences from the 23 currently described FDHs was conducted
and each sequence was annotated with the corresponding categoriza-
tion type (Fig. 1). Genetic code is now known to be flexible across or-
ganisms (Ling et al., 2016), so to minimize organism specific translation
bias, amino acid sequences translated from annotated genomes were
used.

2.2.2. Phylogenetic analysis of metal-dependent formate dehydrogenases

A total of 1597 FDH a-subunit sequences were extracted, based on
RefSeq genome annotation, from full genomes. Neighboring genes were
logged and the resulting gene structure used to annotate individual FDH
a-subunit sequences with a type.

FDH alpha subunit sequence data were reduced to 965 sequences of
less than 90% identity using CD-hit (Li and Godzik, 2006). The se-
quences were aligned using MAFFT multiple sequence aligner software
v. 7, (Katoh and Standley, 2013) on the MAFFT online service (Katoh
et al., 2017). The alignment was analyzed with RAXML maximum
likelihood software (Stamatakis, 2014) using a LG amino acid re-
placement matrix (Le and Gascuel, 2008) through the CIPRES server
system (Miller et al., 2010).

To annotate the sequences with gene segment organization, the
neighboring genes to the alpha subunit were inspected. The four genes
upstream and four genes downstream were inspected. This exercise
required a heavy reliance on the Refseq annotation of genes. Coding
strand and location for each gene was logged to allow order and di-
rection of gene structure.

The phylogenetic tree in Fig. 2 corroborates the validity of the six
metal-dependent FDH categorization types proposed in this study

Syntrophobacter_fumaroxidans_ 3 = = = = = = = = = 2 |

Clostridium_carboxidivorans_2 6 - —————=-- - I

Acetobacterium_woodii_2 2| - - - -~ ~-—- I )
? @ % % 7 s 56 W 6 56 4

Il Alpha subunit (A)

I rdhD (D) B FGhE(E)

B Beta subunit (B) M Gamma subunit (C)

I Fe-S containing (F)

cytochrome (P) Delta subunit (S)

Oxidoreductase(0) Unspecified FDH (X)

Fig. 1. Distribution of the 23 currently known metal-dependent FDHs in the six suggested new FDH categorization types mapped in relation to alpha subunit amino
acid sequence homology analysis. The genes corresponding to each of the 23 enzymes were included only when it was possible to correlate the described enzyme to
the encoding genes in an RefSeq annotated genome of the origin organism. Ten different annotations were logged, including FDH subunits, cytochrome (all types),
sulfurtransferase FdhD, FDH accessory protein FdhE, and NAD(P)H related oxidoreductases. Genes annotated as Fe-S containing or as an unspecified formate
dehydrogenase subunit were also included. Encircled numbers 1-6 signify categorization type. Each individual enzyme is named according to microbial origin.
Numbers added to the microbial names indicate the relevant operon number of the FDH-operons in the genome, e.g. Syntrophobacter_fumaroxidans_3 and _8
denominates the 3rd and 8th FDH operon in the Syntrophobacter fumaroxidans genome.
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Fig. 2. Phylogenetic tree generated based on alignment of 965 metal-dependent FDH alpha subunit sequences. Inter-sequence identity was reduced to a maximum of
90% between any two sequences. Each branch tip represent a single sequence. Each sequence is annotated with an FDH type based on gene segment organization.
Gene segment organization is defined as the genetic makeup of the surrounding genes of a given FDH alpha subunit sequence. Here ‘A’: alpha (o) subunit, ‘B: beta ()
subunit, ‘C’: gamma (y) subunit, ‘D’: accessory sulfurtranferase fdhD, ‘E’: accessory protein fdhE, ‘S’: delta subunit, ‘X’: unspecified formate dehydrogenase subunit,
‘O’ NADH-quinone oxidoreductase related subunit, ‘F’: 4Fe-4S containing protein, and ‘P: cytochrome formate dehydrogenase subunit.

(Table 1). Despite uncertainties related to non-systematic errors in
RefSeq annotation quality, nomenclature inconsistencies, varying se-
quence lengths, and high biological complexity, the metal-dependent
FDH alpha subunit grouping produced meaningful phylogenetic corre-
lations corresponding to the proposed FDH classification types. The
phylogenetic tree in Fig. 2, shows that particularly the groupings of
type 1 and all of type 4 form distinct clades. Type 1 is also observed
mixed with type 2 and type 6. Type 5, which has the most distinct genes
organization profile, forms a group of less defined clades. It was not
possible to annotate sequences with type 3 because it was not possible
to discriminate between beta-subunit of type 2 versus the FAD con-
taining beta-subunit of type 3.

3. Formate dehydrogenase diversity
3.1. Subunit composition and gene segment organization

Metal-independent FDHs are monomeric globular proteins that
present either one or two identical active sites. The variant from
Candida boidinii (CbFDH) is the best studied and a prime example of the
feature that no co-factor is part of the FDH enzyme structure. Metal-
independent FDHs are highly structurally conserved across the king-
doms of life (Fig. 3).

Metal-dependent FDHs share structurally similar alpha-subunits
that as mentioned form the basis for the above phylogenetic tree
(Fig. 2). The alpha-subunits are typically between 80 and 95 kDa in size
and include the hallmark active site containing Mo/W-bisPGD. The
structure and co-factor composition are highly similar to other enzymes

with similar function, i.e. the NADH dehydrogenases (Hille et al.,
2014).

FdhD and FdhE are chaperone proteins, and FdhD, also referred to
as FdsC, has been shown to bind the molybdopterin cofactor (Bohmer
et al., 2014). Along with the third type of chaperone, FdsD, the FdhD
and FdhE are not part of the active FDH enzyme but instead have been
proposed to be essential for FDH assembly and maturation (Hartmann
et al., 2015). Type 5 metal-dependent FDHs are typically co-encoded
with fdsC and fdsD in their gene organization, whereas the other FDH
types are co-encoded, if at all, with fdhD and fdhE.

Metal-dependent FDHs are highly diverse and are observed to have
monomer, heterodimer, or heterotrimer conformations. The additional
subunits to the main ‘alpha subunit(s)’ are denominated the ‘beta
subunit’ (20-35kDa) and ‘gamma-subunit’ (12-18 kDa), respectively.
Currently, only the crystal structures of the metal-dependent FDH-H
and FDH-N from E. coli along with an FDH from Desulfovibrio gigas
(DgFDH, which is equivalent to ‘Desulfovibrio_gigas 1’, Fig. 1), have been
solved (Fig. 3).

In Gottschalkia acidiurici 9a (Clostridium acidiurici) a pair of FDH
genes have been observed to differ slightly. This pair of FDHs, com-
bined with an electron-bifurcating module and an hydrogenase-like
module, form a complex able to catalyze a coupled reaction with both
ferredoxin and NADH (Kearny and Sagers, 1972; Wang et al., 2013a).
Interestingly, many different variants of this configuration with FDH,
electron-bifurcating modules and a hydrogenase are observed for FDHs
across several anaerobic bacteria or archaea, most notably in the hy-
drogenase/FDH complexes of Acetobacterium woodii (Schuchmann and
Miiller, 2013), Moorella thermoacetica (Wang et al., 2013b), or
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Fig. 3. Overview of the currently available unique crystal structures of FDH
enzymes. Main subunits with the formate/CO, catalyzing active site are shown
in red, with additional subunits shown in blue and green. A) metal-independent
FDH of Arabidopsis thaliana (3JTM) (Shabalin et al., 2010), (B) metal-in-
dependent FDH of Candida boidinii (5DNA) (Guo et al., 2016), (C) metal-in-
dependent FDH of Pseudomonas sp. 101 (2GO1) (Filippova et al., 2005), (D)
metal-independent FDH of Granucella mallencis MP5ACTX8 (4XYG) (Fogal
etal., 2015), (E) metal-dependent FDH-N of Escherichia coli (1IKQG) (Jormakka
et al, 2003), (F) metal-dependent FDH of Desulfovibrio gigas (1HOH)
(Raaijmakers et al., 2002), (G) metal-dependent FDH-H of Escherichia coli
(2IV2) (Raaijmakers and Romao, 2006). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

Thermoanaerobacter kuvui (Schwarz et al., 2018).

Another example of FDH as a part of a larger electron-transporting
complex is found in the methanogenic organism Methanothermobacter
wolfeii. In this species, FDH activity is observed in a massive 800 kDa
complex that facilitates a twostep reduction of CO, to formate and then
to formyl-methanofuran. These examples elucidate the diversity con-
tained among the FDHs classified here under ‘type 1’ because this type
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is solely characterized by having an FDH alpha subunit in the gene
structure and none of the other more defining subunits or chaperones.
As such, type 1 FDHs, and also to some extent type 2 FDHs, show the
highest diversity of the six suggested FDH types in terms of tertiary
structure.

3.2. Structure and mechanism

Metal-independent FDHs function simply by facilitating the close
proximity of NAD* and formate or NADH and CO, to allow hydride and
electron transfer between the two molecules (Castillo et al., 2008). In
general, the reaction catalyzed by metal-independent FDHs is relatively
more in favor of formate oxidation than CO, reduction as compared to
the metal-dependent FDH reaction catalysis. We interpret the enzyme
structure, governing the energy reorganization at catalysis, and the
reaction mechanism involving NADH/NAD + (or NADPH/NADP +) as
being responsible for this favoring of formate oxidation over CO, re-
duction.

The well-known metal-independent FDH from Candida boidinii has
been engineered to accept NADP(H) instead of the native NAD(H)
(Andreadeli et al., 2008; Wu et al., 2009), but examples of FDHs
naturally using NADP(H) are seen as well (Alpdagtas et al., 2018;
Hatrongjit and Packdibamrung, 2010). Nonetheless, the metal-in-
dependent FDHs are in general limited to using only NADH or in rare
cases NADP(H) as electron carrier co-substrate.

For metal-dependent FDHs the catalytic mechanism is also quite
well understood. In short, the molybdenum or tungsten of the Mo/W-
bisPGD in the active site, presents a terminal sulfur residue. Then, the
metal-dependent FDHs direct electrons through a ‘wire' of FeS groups in
order to reduce this heavy metal sulfo group in the active site, and this
reduced heavy metal sulfo group then acts as hydride donor for the
reduction of CO, to formate. The mechanism is reversed for formate
oxidation to CO, (Maia et al., 2017). The wire of FeS groups can
transport electrons over surprisingly long distances, for example, a
distance of more than 90 A has been demonstrated in FDH-N from E.
coli (Jormakka et al., 2003). Interestingly, compared to the metal-in-
dependent FDHs, the mechanism for metal-dependent FDHs inherently
allows a broader variety of electron donors. Besides NADH, metal-de-
pendent FDHs have thus been described to interact with a wide variety
of physiological redox partners, including cytochromes, ferredoxins,
coenzyme F459, and membrane quinols (Hille et al., 2014).

The Mo/W-bisPGD active site topology appears to be similar across
different metal-dependent FDH variants, with the main variations being
the heavy metal (either Mo or W) in the active site co-factor as well as
the conformation-directing residue (either Cys or SeCys). The effect of
these discrepancies on the enzyme activity is not fully understood, al-
though enzymes with W-containing co-factors and SeCys as co-
ordinating residue have been shown to be more prone to CO, reduction
than enzymes with Mo-containing with Cys as coordinating residue (De
Bok et al., 2003).

More significant variations are observed in the opposite end of the
electron transfer chain. As mentioned above, during catalysis, metal-
dependent FDHs direct electrons through an FeS mediated electron
transfer chain (Jormakka et al., 2003). The electron source and the
mechanism by which the electrons are guided into this electron chain
differ significantly among the metal-dependent FDHs. When the FDH is
soluble and not part of a multi-function complex, flavin mononucleo-
tide (FMN), flavin adenine dinucleotide (FAD), or heme groups are
common co-factors that facilitate electron uptake and electron release
from the enzyme. NADH is a predominant electron donor for metal-
dependent FDHs for catalyzing CO, conversion to formate, but other
electron donors are also observed (and discussed below). In the context
of the six proposed FDH types (Table 1), the type 4 defining heme group
co-factor is known to reduce cytochrome during formate oxidation to
CO, (Elantak et al., 2005), whilst FAD and FMN are unique to type 3
and type 5, respectively.
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Overview of FDHs described in the literature to reduce CO,. The species name of the organism producing the FDH variant is given as unique identifier for the FDH
variant. If available, the type and amount of electron donor used to reduce CO, is given along with pH for the given experiment. The class is defined as either metal-
dependent (Metal) or metal-independent (Non-metal). Type refers to types proposed in the categorization scheme of this study. Enzyme catalytic reaction rate and
specificity constant are for CO, reduction. Properties of formate oxidation are not given.

D Organism Electron donor Donor conc Exp. pH Class Type Kea (red) Kp CO»  kea/Kn  Reference
(mM) (G} (mM)
SfFDH Syntrophobacter fumaroxidans MV2* 1 Metal 2 282 - - (De Bok et al., 2003)
DAFDH Desulfovibrio desulfuricans MV2* 0.2 7 Metal 2 47 0.02 2968 (Maia et al., 2016)
EcFDH (FDH-H) Escherichia coli Mv2* 0.1 7 Metal 1 1 8.3 0.1 (Bassegoda et al., 2014)
DvFDH Desulfovibrio vulgaris MV 1 Metal 4 3 - - (da Silva et al., 2011)
AWFDH (FDH2) Acetobacterium woodii Mv2* 5 7 Metal 2 372 3.8 97.9 (Schuchmann and Miiller, 2013)
SfFDH Syntrophobacter fumaroxidans Electrode Metal 2 112 - - (Reda et al., 2008)
EcFDH (FDH-H) Escherichia coli Electrode - Metal 1 112 8.3 13.5 (Bassegoda et al., 2014)
EcFDH (FDH-H) Echerichia coli Electrode - Metal 1 - 2.5 (Yuan et al., 2018)
DAFDH Desulfovibrio desulfofuricans Electrode - Metal 2 - - - (Cordas et al., 2019)
DvFDH Desulfovibrio vulgaris Electrode - Metal 3 11 - - (Miller et al., 2019)
AwFDH Acetobacter woodii Hydrogen - Metal 2 28 3.8 7.4 (Schuchmann and Miiller, 2013)
TKFDH Thermoanaerobacter kuvui Hydrogen - Metal 2 2654 - - (Schwarz et al., 2018)
CbFDH Candida boidinii NADH 1 7.5 Non-metal - 0.1 - - (Altas et al., 2017)
CbFDH Candida boidinii NADH 0.15 7.1 Non-metal - 0.02 2.6 0.01 (Choe et al., 2014)
TsFDH Thiobacillus sp. KNK65MA NADH 0.15 7 Non-metal - 0.3 0.95 0.34 (Choe et al., 2014)
CcFDH Clostridium carboxidivorans NADH 0.2 Metal 6 0.08 - - (Alissandratos et al., 2013)
RcFDH Rhodobacter capsulatus NADH 0.2 Metal 5 1.48 - - (Hartmann and Leimkiihler, 2013)
PoFDH Pseudomonas oxalaticus NADH 100 Non-metal - 3 40 0.08 (Ruschig et al., 1976)
CnFDH Cupriavidus necator NADH 0.2 7 Metal 5 11 2.7 4.07 (Yu et al., 2017)
MtFDH Myceliophthora thermophila NADH 1 6 Non-metal - 0.1 0.44 0.23 (Altas et al., 2017)
CtFDH Chaetomium thermophilum NADH 1 5 Non-metal - 0.02 3.29 0.01 (Altas et al., 2017)
CmFDH Candida methylica NADH 1 8 Non-metal - 0.01 0.01 1.00 (Altas et al., 2017)

3.3. Role of formate dehydrogenase in nature

Formate, and by extension FDHs, play a critical role in several
biological contexts. FDHs exist as soluble proteins and may be found
both in the periplasm and in the cytoplasm of microorganisms or, al-
ternatively, bound as membrane-bound proteins or as part of a mem-
brane bound multifunction complex. Taxonomically, metal-dependent
FDHs are predominantly found in prokaryotes, while metal-in-
dependent FDHs are found across all kingdoms of living organisms
(Hille et al., 2014).

3.3.1. Formate dehydrogenase in eukaryotes

In larger mammals, understanding the role of formate has been
hampered by difficulties in studying its influence experimentally.
However, there are indications that formate serves as an important
one-carbon metabolite and may have a critical role in fetal development
(Brosnan and Brosnan, 2016).

The physiological role of FDH in plants is complex and is yet to be
completely elucidated. It is, however, clear that FDHs have a significant
role in stress response (Alekseeva et al., 2011).

3.3.2. Formate dehydrogenase in prokaryotes

Microorganisms, specifically bacteria and archaea, which depend on
the Wood-Ljungdahl pathway for utilization of carbon dioxide as a
building block for biosynthesis, use FDH in the first step towards for-
mation of acetate that in turn directly enters the central metabolism.
The Wood-Ljungdahl pathway consists of an Eastern and a Western
branch, where 1mol of acetate is generated or consumed for every
2mol of CO,, depending on the direction of the pathway (Ragsdale,
1997). In the Eastern branch, CO, is incorporated through formate and
in the Western branch through carbon monoxide. Interestingly, the
Western branch is unique to acetogens, methanogens and sulfate re-
ducers (Ragsdale, 2008). The Wood-Ljungdahl pathway can be con-
sidered as a CO,-reducing electron sink that in combination with other
modules allows acetogens to conserve energy (Schuchmann and Miiller,
2014).

Methanogens are strictly anaerobic archaea under the phylum

Euryarchaeaota, which are found in a wide range of environments
(Holmes and Smith, 2016). Methanogens utilize a very limited range of
substrates, usually mainly CO, and H,. For hydrogenotrophic metha-
nogens, such as Methanococcus spp., formate may act as an energy
source (Nishio and Nakashimada, 2013; Wood et al., 2003).

Due the diverse metabolic roles of formate, a single organism may
encode multiple, structurally different FDHs in its genome, with the
individual FDH variants able to serve different purposes (da Silva et al.,
2011). For example, in Syntrophobacter fumaroxidans two FDH variants
are encoded in the genome, with one favoring formate oxidation and
the other slightly favoring CO, reduction (De Bok et al., 2003). Woli-
nella succinogenes, a close relative to Helicobacter pylori, has two iden-
tical FDH encoding genes in its genome (fdhl and fdhiI). The organism
uses the resulting FDH enzymes to oxidize formate and transfer the
resulting electrons to one of two reductases involved in growth. The
two FDH encoding gene copies in the genome allow W. succinogenes to
respond to presence of formate by expressing both fdhl and fdhiI rather
than just fdhl. During growth with formate, both genes are expressed
which results in a six-fold increase in FDH levels relative to growth
without formate (Lenger et al., 1997).

FDHs can be considered versatile metabolic tools, applicable in any
context involving formate, regardless of whether the context involves
formate as a recyclable metabolite, as a precursor for higher metabo-
lites, or use of formate as a source of electrons to drive other reactions.
One organism may have several genes encoding FDH in its genome.
These genes either allow simple up or downregulation of FDH expres-
sion in the cell, like for W. succinogenes, or alternatively allow the cell to
apply FDH with different preferences for direction of the reaction.

4. Comparison of metal vs. non-metal formate dehydrogenase
kinetics

As regards the practical application of FDH for CO, reduction,
currently different 17 metal-dependent and metal-independent FDHs
have been characterized based on their catalytic properties, including
turnover number (Table 2). Currently, there are no published studies
involving pilot or industrial scale use of any kind of FDH for CO,
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reduction, and the results discussed here will consequently revolve
around reactions and processes characterized at lab scale.

Except for FDHs belonging to our suggested new categorization type
3, all of the proposed FDH types can be annotated to known and de-
scribed FDHs. Clearly, one of the key considerations for FDH catalyzed
CO, reduction is the electron donor. A recent review has highlighted
that a majority of studies involving FDH apply an excess of the natural
electron donor NADH to shift equilibrium towards CO, reduction
(Sultana et al., 2016). Other reducing agents, most popularly methyl
viologen (MV2™"), have also been applied. As is evident (Table 2), the
catalytic properties and turnover (k.,,) span a wide range and appear to
be influenced by the type of electron donor employed.

4.1. NADH as electron donor

Initially demonstrated by Obert and Dave in 1999 (Obert and Dave,
1999), FDH combined with variants of formaldehyde dehydrogenase
(FaqDH) and alcohol dehydrogenase (ADH) has been studied ex-
tensively as a cascade reaction using NADH as electron donor. This
system allows a six e~ reduction of CO, over three sequential steps and
yields low levels of methanol (Luo et al., 2015; Marpani et al., 2017a).
Research involving this cascade reaction constitutes the majority of
research conducted on reducing CO, with FDH and NADH as electron
donor for each step of the reaction. For this reason, the regeneration of
the NADH is essential, and various technologies, including electro-
chemical and/or bio-electrochemical systems have been suggested
(Alissandratos and Easton, 2015; Srikanth et al., 2017). The most
commonly used strategy at lab scale is synchronous in situ conversion
of NAD+ directly to NADH by addition of a suitable second enzyme
and a second substrate (Hummel and Groger, 2014; Marpani et al.,
2017a, 2017b; Obert and Dave, 1999). Additionally, NADH is by far the
most common electron donor used in the studies available in the lit-
erature describing both metal-dependent and metal-independent FDHs.
CO, reduction with NADH as electron donor has been demonstrated to
function optimally under acidic conditions (Baskaya et al., 2010).
However, this is unique for the proximity mechanism of the metal-in-
dependent FDHs. Metal-dependent FDHs function better under neutral
(Yu et al, 2017) or slightly basic conditions (Hartmann and
Leimkiihler, 2013). Despite being the most frequently applied electron
donor, NADH is unstable and challenging to work with (Zhang et al.,
2018).

4.2. Other chemical electron donors

Methylviologen (MV2*), also known as 1,1’-dimethyl-4,4’-bipyr-
idinium dichloride, is a popular artificial electron donor to use as a
replacement for NADH. FDH from Syntrophobacter fumaroxidans (De
Bok et al., 2003; Reda et al., 2008), Desulfovibrio desulfuricans (Maia
et al., 2016), Desulfovibrio vulgaris (Finn et al., 2017), and Escherichia
coli (Bassegoda et al., 2014) have been characterized with MV2* as
electron donor. Recent research even demonstrated how use of a new
viologen derivative, 1,1’-diaminoethyl-4,4’-bipyridinium salt, allowed a
28-fold increase of k./Ky relative to MV>* (Ikeyama and Amao,
2017).

Finally, the recently discovered so-called hydrogen dependent
carbon dioxide reductase (HDCR) from Acidobacterium woodii has been
demonstrated to reduce CO, with molecular hydrogen (H,) as the
electron donor. When the kinetics of the FDH subunit with MV2* as
electron donor are compared, the specificity rate constant with MV>*
as electron donor is 3725 !, which is much higher than with H, at
285~ ! (Table 2).

4.3. Electrochemical approaches

There appears to be two distinct “schools” for enzymatic electro-
chemical reduction of CO,; electrons are either supplied directly, with
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the enzyme immobilized on an electrode or, alternatively, indirectly
through a mediator molecule.

4.3.1. Direct electrocatalysis

For direct electro catalysis, the method of immobilization is an es-
sential parameter influencing the efficacy of electron conduction from
electrode to active site (Sakai et al., 2018). Direct electro catalysis
through the application of various oxidoreductases is receiving in-
creasing attention (Milton and Minteer, 2017) due to the exciting po-
tential of substituting co-reagents with cheap electricity. In relation to
FDH, electrochemical approaches appear particularly promising due to
the ability of metal-dependent FDH to channel electrons between
structurally distant locations on the enzyme. In nature, NADH or other
molecules serve as electron donors that allow electrons to be transferred
along FeS-groups to ultimately reduce the molybdenum/tungsten in the
active site.

As was demonstrated by Reda et al., the metal-dependent FDH from
S. fumaroxidans (SfFDH) was able to efficiently reduce CO, with an
electrode as electron donor (Reda et al., 2008). Later, Bassegoda et al.
demonstrated that FDH-H from E. coli was able to reduce CO, at similar
rates, but at pH 7.0 rather than at pH 5.9 as used for SfFDH (Bassegoda
et al., 2014; Reda et al., 2008). Recently, a study from the Spormann
group at Stanford demonstrated the ability of the massive multi-subunit
multi-function heterodisulfide reductase supercomplex of Methano-
coccus maripaludis to adhere to a graphite electrode and directly reduce
CO, to formate. Importantly, an unprecedented stable activity was
demonstrated over a 5-day time period, which is by far the longest
recorded (Lienemann et al., 2018).

Of the FDHs that have been investigated in a bioelectrochemical
setting without using any electron mediators, only the FDH-H from E.
coli has been characterized in relation to CO, affinity (Axley and
Grahame, 1991; Yuan et al., 2018). With MV3* as electron donor,
SfFDH has a higher k., than EcFDH but according to De Bok et al., the
CO, affinity could not be measured for SfFDH (De Bok et al., 2003). In
fact, currently, only EcFDH (FDH-H) have been characterized for both
efficiency and CO, affinity in a direct bioelectrochemical context.

4.3.2. Indirect electrocatalysis

The indirect method involves continuous reduction of the desired
electron donor in solution, which thus allows soluble non-immobilized
FDH to catalyze reduction of CO,. This method has been applied using
either the metal-independent CbFDH (Kim et al., 2014; Schlager et al.,
2016) or metal-dependent FDH (Sakai et al., 2015, 2016, 2017). In this
regard, Sakai et al. have done extensive work with a tungsten-con-
taining FDH from Methylobacterium extorquens AM1 using NADH,
MV?*, and the little used 1,1’-trimethylene-2,2’- bipyridinium di-
bromide (TQ) as indirect electron mediator (Sakai et al., 2015, 2016,
2017).

4.4. Comparison of formate dehydrogenase kinetics for CO_ reduction

In a recent review on metal-dependent FDHs, Maia et al. conclude
that no clear trend is evident between FDH structure and reduction
activity (Maia et al., 2017). Whilst the current kinetic data on metal-
dependent FDH are limited, especially in terms of CO, affinity, a hol-
istic comparison of all characterized FDHs reveals interesting tenden-
cies (Fig. 4). In order to quantitatively compare the kinetic properties of
FDHs, we compared the kinetics data for enzymes characterized at
mesophilic conditions with identical electron donors (Table 2). The
data were gathered via a manually curated literature search.

Not only is NADH clearly the inferior electron donor but the NADH
dependent metal-independent FDHs also have both lower specificity
constant and lower catalytic rate by orders of magnitude when com-
pared to systems including metal-dependent FDHs (Fig. 4). From the
data (Fig. 4) it is evident that the FDH from Acetobacterium woodii,
AwFDH (Table 2) in general has high k,, values compared to the other
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Fig. 4. The properties of kinetically characterized
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FDHs, but also that the ke, of the AWFDH with MV2™ as electron donor
substrate has higher k¢, than with H, (Fig. 4). Interestingly, the newly
characterized HDCR from Thermoanaerobacter kuvui has been demon-
strated to catalyze the by far highest rate for hydrogenation of CO, to
formate (Schwarz et al., 2018). The CO, affinity for this enzyme is
unknown, but with the enzymes inherent thermal stability it is a su-
premely interesting candidate for further study.

Among the FDHs, the enzyme that exhibits the highest k.,./Ky, of all
enzymes assessed is the FDH of Desulfovibrio desulfuricans, DAFDH with
MV?* as electron donor (Fig. 4). This is largely due to is very high
affinity for CO,. Very recently, this specific enzyme was characterized
with protein film voltammetry and shown to be a promising candidate
for a bioelectrochemical system (Cordas et al., 2019).

When comparing FDH on electrodes, the catalytic rate is measured
as a current density. The current density of SfFDH immobilized on
graphite was 80 pA at 0.8 V (presumably vs SHE), compared to 62 pA at
0.66V vs SHE for FDH-H from E. coli (EcFDH) immobilized on co-
baltocene (Yuan et al., 2018). In other words, the current density ob-
served for SfFDH was higher but also observed at higher potential. It is
likely that the current density observed with EcFDH will be even higher
than 80 pA when at 0.8 V vs SHE. Due to differences in immobilization
method it is difficult to conclude whether the success for EcFDH is due
to applied method or actual enzymatic properties. It is however inter-
esting, that rates up to 1125~ ' were reported for SfFDH in a system
where CO, is the only substrate beyond energy delivered as electrons.

The substrate concentration is dependent on pH simply because the
equilibrium between aqueous CO, (acidic conditions), HCO3™ (neutral
conditions), and CO5;>~ (alkaline conditions) differs with pH. In the
calculation of FDH dissociation constants towards bicarbonate, the
dissociation constant was converted to the corresponding dissociation
constant towards CO, (Ky<°?), as described previously (Cotton et al.,
2018).

5. Application perspectives

In order to apply an FDH as a biocatalyst for efficient CO, conver-
sion to manufacture chemicals and chemical building blocks, a number
of practical issues with regard to enzyme and reaction set-up must be
considered. The robustness of enzymes can be improved by protein
engineering (Bommarius et al., 2010; Chen and Zeng, 2016), including
tolerance towards reaction extremes beyond common biological reac-
tion conditions. Recently, carbonic anhydrase from Desulfovibrio vul-
garis was engineered to be stable at conditions relevant for CO, capture
and utilization at high temperatures and alkaline pH (Alvizo et al.,
2014). Additionally, a different and more direct way of avoiding loss of

activity is through immobilization of the enzyme which often sig-
nificantly stabilizes the protein (Marpani et al., 2017a). With CO5 re-
duced in an electrode set-up, immobilization is an inherent pre-
requisite.

For FDHs in general, reversible interconversion between CO, and
formate, depending on the individual FDH enzyme, results in complex
relationships between CO, and formate concentration in a given solu-
tion. Due to the often much higher FDH affinity for formate than for
CO,, these relationships will potentially create limits to the extent of
CO,, conversion (Maia et al., 2016). To circumvent these limits, formate
must be continuously removed.

Variants of metal-dependent FDHs — the obvious candidate for FDH-
mediated CO, reduction — have been discredited due to their oxygen
sensitivity (Bassegoda et al., 2014). The mechanism behind the oxygen
sensitivity is not fully understood. In general, FDHs with W-bisMGD and
SeCys as coordinating residue are more prone to oxygen sensitivity.
However, an exception is the tungsten-containing MeFDH of Methylo-
bacterium extorquens AM1 (Laukel et al., 2003). While fewer FDHs with
Mo-bisMGD and Cys coordinating residues are oxygen sensitive, many
still are. Two oxygen-tolerant candidates are the metal-dependent
variants RcFDH and CnFDH from Rhodobacter capsulatus and Cupria-
vidus necator, respectively, which have been shown to be able to reduce
CO, in the presence of oxygen (Hartmann and Leimkiihler, 2013; Yu
et al., 2017, 2019). Both RcFDH and CnFDH are of type 5 in the new
categorization proposed here, with MeFDH being closely related to
these in terms of alpha sequence homology and gene segment organi-
zation. Focusing on FDHs of type 5 may allow circumvention of the
otherwise severe oxygen sensitivity observed for some variants of
metal-dependent FDHs. Moreover, FDHs of type 5 may hold the key to
understanding why some FDHs are oxygen sensitive and others are not.

The complex structure and delicate assembly requirements for
metal-dependent FDHs create challenges in terms of recombinant ex-
pression (Ihara et al., 2015), especially in terms of potential secretion of
the protein. Most FDH enzymes studied for CO, reduction have been
wild-type enzymes isolated from the cytoplasm or periplasm of the
organism from which the enzyme is derived. Despite the challenges, it
has long been shown possible to produce recombinant selenocysteine
containing proteins in E. coli (Arnér et al., 1999). Therefore it is not
unreasonable to envisage heterogeneous production of recombinant
FDH containing both selenocysteine and tungsten. Furthermore, ma-
turation of the molybdenum co-factor has been well studied (Iobbi-
Nivol and Leimkiihler, 2013) as has the assembly of the co-factor and
proto-enzyme (Hartmann et al., 2015).

In 2013, successful heterologous expression of a metal-dependent
cytoplasmic, and soluble, FDH from Rhodobacter capsulatus (RcFDH)
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was achieved in E. coli (Hartmann and Leimkiihler, 2013). In 2013 also,
expression of a monomer metal-dependent FDH from Clostridium car-
boxidivorans was reported (Alissandratos et al., 2013). Efforts to en-
hance the commonly applied metal-independent CbFDH by protein
engineering have been made (Carter et al., 2014), but little to no re-
search efforts have gone into engineering metal-dependent variants.

Finally, until now, use of FDH for biomanufacturing of formate from
CO, has been tested only in small lab scale set-ups providing limited
insight into how such a process would function at a larger scale. In the
context of applying FDH for reduction of CO, to formate, a device able
to efficiently supply electrons through FDH to CO, would have to be
developed and tested to evaluate the potential. However, increased
independence of economy of scale is a significant advantage in bio-
manufacturing because this independence permits smaller and more
adaptable production facilities (Clomburg et al., 2017).

Of significant note, relative to application of FDH for CO, reduction,
are systems employing whole-cell microbial biocatalysts with CO, as
substrate. Here focus has been on molecular hydrogen or direct elec-
trocatalysis to drive catalysis. Studies with engineered E. coli or variants
of Desulfovibrio spp. have demonstrated high production levels of for-
mate from CO, and H, (Alissandratos et al., 2014; Mourato et al., 2017;
Roger et al., 2018). In addition, microbial electrosynthesis (MES)
technology, applying a range of different organisms, have been studied
and applied for using CO, to produce organic acids and alcohols
(Kracke et al., 2018; Le et al., 2018; Mateos et al., 2018; Roy et al.,
2016; Zhang et al., 2019). Interestingly, the use of CO, for MES have
been estimated to be economically feasible (Christodoulou et al., 2017),
underlining the possibilities within this field of CO, utilization.

Extending the discussion of which technology is best suited for CO,
conversion, would naturally also result in inclusion of non-biological
approaches. Here, homogenous and electrochemical catalysts have
made significant advances in recent years (Qiao et al., 2014; Sordakis
et al., 2017), not to mention the thermochemically driven technologies
based on heterogeneous catalysts (Ma et al., 2009; Otto et al., 2015).
However, to the best of our knowledge — while several excellent reviews
present large parts of the diverse Carbon Capture and Use, CUU, tech-
nologies under development — there is no quantitative comparison yet.
In this context, with prospects of abundant and cheap renewable elec-
tricity, FDH mediated CO, conversion may prove to be an attractive
option for the development of a Carbon Capture and Use market. We
believe that an FDH based electro catalyst will prove a strong contender
for the exact purpose of producing formate from crude low-concentra-
tion CO, sources and cheap electricity at small-scale settings. Hopefully,
the classification scheme proposed in this study will help future studies
and commercially oriented attempts to select potent FDH candidates to
fully exploit the potential of FDH-mediated conversion of CO, as a first
step towards utilizing CO, as the carbon resource it really is.
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Abstract

Enzymatic conversion of COs is an interesting approach for carbon capture and
utilization. This study presents a characterization of three metal-dependent,
recombinantly expressed formate dehydrogenases, originating from
Rhodobacter capsulatus (RcFDH), Rhodobacter sphearoides (RsFDH), and
Cupriavidus necator (CnFDH). The enzymes are characterized in terms of their
reaction kinetics as well as their oxygen tolerance and pH and temperature
optima for both the reduction of CO; and the oxidation of formate.

It was observed that the reduction of CO, had a higher optimum temperature and
lower optimum pH than the oxidation of formate for all three enzymes. When
comparing the three enzymes at their respective optima for CO, conversion,
CnFDH had the highest turnover of CO,. All three enzymes were oxygen
sensitive in the dimeric heterotrimer (afy). conformation, even in the presence
of KNO3 whereas the monomeric heterotrimer affy of RsFDH was stable in the
presence of high concentrations (10 mM) of KNOs.

In conclusion, the three enzyme variants of this study hold potential as
candidates for enzymatic CCU with CnFDH being the current best candidate.
However, issues with oxygen sensitivity will have to be overcome for efficient
large-scale implementation.

Keywords: Carbon capture and utilization; Formate dehydrogenase; Enzyme kinetics; Oxygen tolerance
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1. Introduction

Through carbon capture and utilization (CCU), CO; can be used as carbon resource and hereby substitute
petrochemical production pathways that are based on fossil fuels [1]. As such, CCU has the potential to
substitute net CO, emitting processes with net-neutral or even net-negative CO, emitting processes. An effective
consortium of CCU technologies would reduce dependence on fossil fuels and help mitigate the drastic climate
changes we are just beginning to experience [2].

Enzymatic solutions are of interest because they are effective, selective and mild. Within CCU, enzymes have
been studied as catalysts for converting CO; to existing in-demand chemical products. Particularly the enzyme
class formate dehydrogenases (FDHs) is of interest. FDHs selectively catalyze the interconversion between CO,
and formate (Eq. 1). For this study, formate oxidation is referred to as the ‘forward reaction’, given that it is the
more common reaction direction in nature and also the reaction inferred by the very name of the enzyme.
Correspondingly, CO; reduction will be referred to as the ‘reverse reaction’.

HCO; = CO,+H* +2e” (Eq.1)

FDHs are of particular interest because they are the only enzymes capable of utilizing CO; and electrons as
the only two substrates for conversion to a liquid chemical product. All other enzymatic reactions with CO»
involve either complex co-substrates or result in gaseous products.

In terms of diversity, FDHs can be divided into metal-dependent FDHs and metal-independent FDHs. The
variants of the metal-dependent FDHs have demonstrated much higher conversion rates than the metal-
independent FDHs and are poised to be applied for direct electrochemistry [3]. Essentially, some metal-
dependent FDHs are able to directly use electrons from an electrode to reduce CO- to formate at high rates and
with perfect selectivity, while metal-independent FDHs are not.

Recently, two variants of metal-dependent FDHs have been postulated to be oxygen tolerant in the presence
of KNOs3 [4-7]. These are the intracellular soluble heterotrimer FDHs from Rhodobacter capsulatus (RcFDH),
and from Cupriavidus necator (CnFDH). Specifically, RcFDH has been characterized by Hartmann and
Leimkiihler in 2013 while CnFDH has been characterized by Yu et al. in both 2017 and 2019. Oxygen tolerance
is an obvious parameter of interest, in relation to application, since anaerobic operations are costly. As such, the
postulated oxygen tolerance for RcFDH and CnFDH become critical. However, to the best of our knowledge,
every other metal-dependent FDH is distinctly oxygen sensitive. We speculate that RecFDH and CnFDH indeed
also exhibit oxygen sensitivity, albeit to a lesser extent than other metal-dependent FDHs.

Additionally, we argue that the larger diversity among metal-dependent FDHs allow further sub-
classification. For this purpose we recently published a novel classification scheme for metal-dependent FDHs
based on subunit composition, co-factor content, and gene organization [8]. In this scheme metal-dependent
FDHs are divided into six ‘types’. Interestingly, the two postulated oxygen tolerant metal-dependent FDHs —
RcFDH and CnFDH - both fall solidly within the subdivision ‘type 5°. Type 5 FDHs are characterized by
CBADS gene organisation and the use of a flavin mononucleotide (FMN) co-factor.

We expressed ReFDH and CnFDH heterologously along with a third type 5 FDH originating from
Rhodobacter sphearoides (RsFDH). RsFDH has not previously been characterized and was included for
comparison. Additionally, R. sphaeroides is closely related to R. capsulatus and is known to perform both
anaerobic and aerobic metabolism. As such, it is likely that proteins from R. sphaeroides are somewhat oxygen
tolerant.

RcFDH, CnFDH, and RsFDH are heterotrimers composed of an alpha (a), beta () and gamma (y) subunit.
(Figure 1). Additionally, two chaperones FdsD and FdsS are co-expressed along with the three subunits of the
enzyme [9,10]. The enzymes are all known for containing ancient and versatile molybdenum co-factors [11]. In
these cases, a bis-molypdopterin guanine dinucleotide (bis-MGD) co-factor that can be expressed in E. coli [12].
All three organisms of origin, although different, are known to thrive in microaerophilic ecological niches [13—
15].
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Figure 1: Model of generalised proposed structure of the cytosolic FDHs of Rhodobacter capsulatus and Cupriavidus
necator. Based on sequence homology, it is assumed that the cytosolic FDH of Rhodobacter sphaeroides can also be
represented by the model. The active enzymes are composed of an FdsA (‘a’, ~105 kDa), FdsB (‘f’, 52-55 kDa), and FdsG
(y’, 15-19 kDa) subunits, composed interchangeably in either offy or (ofly)2 comformations. Each offy harbours nine distinct
co-factors. The a-subunit contains four [Fe4-S4] clusters and one [Fe2-S2] cluster along with the distinctive Mo-bis-MGD
co-factor present in the main CO: reducing/formate oxidizing active site. The [-subunit contains a single [Fe4-S4] cluster as
well as the FMN of the secondary NADH oxidizing/NAD" reducing active site. Finally, the y-subunit contains a single [Fe2-
S2] cluster. While the Mo-bis-MGD and FMN co-factors facilitate the reactions at either active site, the FeS clusters
transfer electrons between the two active sites [16].

Despite a similar gene organization, we speculated that type 5 FDHs of different origin might differ in their
kinetic properties with respect to the rate-rations of the forward and reverse reaction, their pH-temperature
optima, and perhaps even their oxygen tolerance — all aspects of significance in relation to any future application
for CCU. Examining and comparing these enzymes may divulge insights into defining characteristics related to
application. Additionally, by benchmarking against the studies by Hartmann and Leimkiihler and Yu et al., we
tie together previous results as well as test their validity and reproducibility.

2. Results and discussion
2.1 Expression and purification

RcFDH, RsFDH, and CnFDH native gene operons were synthesized and cloned into an pTrc expression
vector. A 6-mer His-tag was placed N-terminally of the gamma-subunit. Given the end-location of the gamma
subunit in the operon, positioning the His-tag on the gamma subunit allowed previous studies to amplify the
operon with PCR and clone into the expression vector, instead of full de novo synthesis. The three enzymes
were expressed in E. coli DH5a strains as described previously [6]. Four interesting observations were made
during expression and purification.
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Firstly, in an attempt to optimize yield, we also synthesized a version of the gene operon with the His-tag
positioned on the N-terminal of the alpha subunit instead of on N-terminal of the gamma subunit. The
hypothesis was that a His-tag on the largest subunit would increase retention on the nickel column used for
purification. Although the solubility of the proteins with His-tag on the alpha subunit, assessed qualitatively
with western blot and SDS-PAGE, was comparable to protein expressed with His-tag on the gamma subunit, the
specific activity was a factor 1000 lower (data not shown).

Secondly, in a book chapter of Methods in Enzymology from 2018, Niks and Hille state that slowing the rate
of growth for the expression strain, improves incorporation of the molybdenum center [17]. It is known from
previous studies that heterologously expressed metal-dependent FDHs do not have full co-factor saturation
[5,6]. As a result, in an attempt to optimize co-factor saturation, we expressed RcFDH at different temperatures
(18 or 30 °C) and with minimum or low shaking (30 or 130 rpm). At 30 °C and 130 rpm we experienced not
only the highest yield but also the highest specific activity (data not shown). As such, no clear benefit was
observed from producing type 5 metal-dependent FDHs at lower temperature than 30 °C or lower shaking speed
than 130 rpm.

Thirdly, we clearly observed a near complete precipitation of the protein when frozen in the presence of
imidazole.

Finally, it has previously been observed that RcFDH appears as both a monomeric heterotrimer (afy) as well
as a dimeric heterotrimer ((afy).) [6]. For this study, during SEC purification, RcFDH, RsFDH, and CnFDH
eluted as masses corresponding to the dimeric heterotrimer, monomeric heterotrimer as well as the By
incomplete composition. Additionally, the specific activity of the ofiy and (offy), conformations were near
identical, leading us to believe that enzyme may exist in an equilibrium between the monomeric and dimeric
state.

2.2 Optimum conditions

To compare the enzymes in a meaningful manner, we designed an experiment using response surface
methodology to gauge the global pH and temperature activity optimum. The purified enzymes were studied
using a standard kinetic assay following either absorbance or fluorescence of NADH.

Based on previous studies with RecFDH and CnFDH we set the ranges for pH between pH 5 to pH 9 and
temperature from 20 °C to 50 °C. A central composite design was used. At least 13 datapoints were measured
for each experiment. We were then able to fit a quadratic polynomial surface model to the obtained sets of
measurements without significant lack of fit and a R-squared value of minimum 0.9. Plotting the predicted fit
(Figure 2, next page), we were able to obtain the predicted global pH vs. temperature optimum (Table 1).

Table 1: Global optimum combination of pH and temperature for maximum activity of ReFDH, RsFDH and CnFDH.
Optimum given for both forward and reverse reaction.

RcFDH RsFDH CnFDH
Forward | Reverse Forward | Reverse Forward | Reverse
pH 8.7 8.4 8.2 7.4 7.5 7.3
(95% CI) (7.8-9.6) | (7.8-9.0) (7.2-9.0) (7.0-7.8) (7.1-7.9) | (6.6-8.0)
Temperature (°C) 37 41 34 50 40 46
(95% CI) (33-41) (38-44) (30-38) (47-52) (38-42) (42-50)

Interestingly, the global optimum is consistently at a higher temperature and lower pH for the reverse
reaction relative to the forward reaction.

Although the reverse reaction is at optimum at a lower pH then for the forward reaction, the difference is not
nearly as significant as expected. In contrast to our original hypothesis, the three enzymes turned out to have
relatively similar reaction optima, potentially related to the similar ecological niches that the three organisms of
origin inhabit.
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It has previously been shown by Yu et al. that CnFDH solely uses aqueous CO; (COxq)) as its substrate [4].
For this study, we also observed a significant reduction in activity when attempting to use bicarbonate as
substrate under anaerobic conditions (data not shown). It is likely, that other studies using bicarbonate as CO,-
substrate for other metal-dependent FDHs, are measuring either a diaphorase unspecific activity at aerobic
conditions or activity with COxq) derived from dissociation of bicarbonate. In this regard, it is difficult to
reliably report substrate concentrations.

Forward Reverse

RcFDH

Temperature

RsFDH

Temperature

CnFDH

Temperature

pH
0 20 40 60 80 100

L1 e —

Figure 2: Relative predicted rate with pH 5 to pH 9.5 and 20 °C to 50 °C. Rate given as relative to highest rate with 100
being the highest predicted rate.

Soluble CO; exists in a pH-dependent equilibrium between carbonic acid, bicarbonate, and carbonate. Acidic
conditions favor carbonic acid, physiological pH favors bicarbonate, and basic conditions favor carbonate [18].
Knowing that CnFDH is only active on COxq), Which again is in equilibrium with carbonic acid, it can be
hypothesized that low pH should favor increased CO; reduction activity. For all three type 5 FDHs studied here,
the optimum pH is indeed lower for the reverse reaction relative to the forward reaction. However, the observed
differences are nearly negligible and surprisingly, the optimum pH values are even slightly basic for all three
variants. This is in contrast to our expectation of a significantly lower optimum and acidic pH for the reverse
reaction.

The explanation is likely to be found in the manner with which we provided COx(.q). Instead of bicarbonate,
reaction buffer was saturated with CO> in a gaseous form (CO,(y)). According to Henry’s law, CO»aq) at ambient
conditions reach a concentration of approximately 29.5 mM [19]. Dissolved COyq) does not readily react with
water to create carbonic acid. Instead the majority of CO»q remains as COxq) Which could help explain why
we did not observe acidic pH optimum for reverse reaction.

Based on the results of this analysis, we conclude that the CnFDH variant has lower pH optima than the other
tested enzymes, but in general, there is no significant difference in the pH between the forward and reverse
reactions. Additionally, we can conclude that there is no significant difference between the optimum for the
forward and reverse reaction.
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2.3 Co-factor saturation

RcFDH and CnFDH have both previously been predicted to contain a total of five [Fe4-S4] and two [Fe2-S2]
complexes [4,6]. Assuming a similar co-factor composition for RsFDH, each mole of enzyme should contain 24
moles of iron and 1 mole of molybdenum. Molybdenum and iron concentrations were quantified with inductive
coupled plasma-mass spectrometry (ICP-MS). Based on the protein concentration a co-factor saturation could
be estimated (Table 2).

Table 2: Estimated metal content in percentage of maximum possible metal concentration for the respective enzymes.
Uncertainty given as a single standard deviation.

RcFDH RsFDH CnFDH
(apy)2 afy (apy)2 afy (apy)2 afy
Mo % saturation 60+12 | 7005 | 43+43 | 44+12 | 63+24 | 87=+1.1
Fe % saturation 65+05 | 44+0.7 | 58+0.9 | 50+05 | 46+1.8 50 +0.5

It has previously been shown that heterologously expressed type 5 FDHs do not have full co-factor
saturation: Hartmann and Leimkiihler [6] reported 39% molybdenum and 48% iron saturation for RcFDH in
(apy)2 conformation. Compared to those numbers, our FDH populations have slightly higher saturation.
Additionally, it can be observed that the iron saturations in the three enzymes’ afy fractions are very similar and
this fraction was used for the kinetic studies enabling a reasonable direct comparison of the three enzymes.

2.4 Kinetic characterization

Following estimation of optimum pH and temperature for activity, a comparison of maximum activity was
possible. Furthermore, as mentioned in the introduction, to compare with previous work two additional
conditions were included. For the forward reaction Hartmann et. al performed standard assays at 30 °C at pH 9.0
in a Tris/HCI buffer. Similarly, Yu et al. also performed a standard assay at 30 °C but at pH 7.7 and in a
potassium phosphate buffer. Turnover number, K, formate and Ky, nap presented in Table 3 were calculated based
on initial rate (Figure 3).

Tris/HCI buffer, pH 9.0, 30 °C Tris/HCI buffer, optimum pH, optimum temp.
12000
10000
8000+ -~ RcFDH
:&: 6000- ~ -# RsFDH
—a L -+ CnFDH
| 4000
2000+ _ _
1 1 0 1 1 T 1
30 40 0 10 20 30 40
Potassium phosphate buffer, pH 7.7, 30 °C Potassium phosphate buffer, pH 7.0, 30 °C
12000 12000
10000 10000
8000 8000 -~ RcFDH
_;‘3 6000 6000 N = RsFDH
-+ CnFDH
4000 4000
2000 2000
0 T T 1 1 1 0 T 1 1 =I
0 10 20 30 40 0 10 20 30 40
Formate (mM) Formate (mM)

Figure 3: Comparison of steady state kinetics of formate oxidation between the heterologously expressed type 5 FDHs. All
reactions were performed at 30 °C, at aerobic conditions, and 2 mM NAD".
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Table 3: Observed forward reaction kinetic parameters. For each value a confidence interval (CI) at 95% confidence is
given. ND: Not determined. *-: Not applicable.

Forward reaction (Formate oxidation)
Keat (min'l) K, formate (mM) I(M,NAD+ (mM) Ki formate (mM)
(95% CI) (95% CI) (95% CI) (95% CI)

Tris/HCI buffer,

RcFDH | Optimum conditions 3520 0.49 0.57 -
(36.5 °C, pH 8.7) (5300 — 5740) (0.41 —0.59) (0.47 - 0.68)
Tris/HCI buffer, 30 °C, 4330 0.36 0.24 i
pH 9.0 (4200 — 4470) (031 -0.42) (0.29-0.29)
KPOjs buffer, 30 °C, pH 3660 0.12 0.41 147
7.7 (3480 — 3840) (0.09-0.19) (0.31-0.54) (96 —267)
KPOjs buffer, 30 °C, pH 760 0.02 ND 56
7.0 (710-860) (0.00-0.04) (29-107)
Tris/HCI buffer,

RsFDH Optimum conditions 1350 0.52 0.40 -
(33.8 °C, pH 8.2) (1300 -1390) (0.44—0.62) (0.28 —0.57)
Tris/HCI buffer, 30 °C, 1010 0.29 0.18 i
pH 9.0 (940 — 1090) (0.19 - 0.42) 0.14-0.21)
KPOjs buffer, 30 °C, pH 2030 0.21 0.27 201
7.7 (1950 —2110) (0.18—0.25) (0.22 -0.35) (137 — 345)
KPOjs buffer, 30 °C, pH 1290 0.33 ND 180
7.0 (1240-1340) (0.29-0.39) (129-278)
Tris/HCI buffer,

CnFDH Optimum conditions 11640 230 0.1 -
(40.1 °C, pH 7.5) (11380- 11890) (2.12-2.47) (0.15-0.23)
Tris/HCI buffer, 30 °C, 5140 0.80 0.16 i
pH 9.0 (4880 — 5420) (0.63 —1.02) (0.13-0.19)
KPOjs buffer, 30 °C, pH 6770 0.63 0.13 i
7.7 (6340 — 7250) 0.51-0.78) 0.11-0.15)
KPOjs buffer, 30 °C, pH 6110 1.07

ND -

7.0 (5890-6370) (0.95-1.20)

Benchmarking the activity measured for the forward reaction in this study, the observed turnover number for
RcFDH of 4330 min™! at 30 °C and pH 9.0 is directly comparable to the observed turnover of 2189 min!
measured by Hartmann and Leimkiihler, 2013. In this study, they reported a saturation of 39% Mo and 48% Fe.
Additionall,y this work quantified the flavin saturation to approximately 68% [6]. For the present study, we
observe a higher Mo saturation and comparable Fe saturation, leading us to hypothesize that the higher level of
Mo may be the reason for the near doubling in the turnover number compared to the previous experiment.
Additionally, we hypothesize that our fast enzyme population is more loosly associated with the substrate due to
an observed Michaelis-Menten constants of the reaction substrates (K, formate 0f 0.36 and Ky napt+ of 0.24),
compared to the previous work (Ku, formate 0f 0.28 and Knvnapt of 0.17).

Similarly, we can benchmark the results for CnFDH. Yu et al., 2019 expressed and characterized CnFDH.
Here they reported an observed turnover number of 5940 min™' with a co-factor saturation of approximately
50%. The co-factor saturation was estimated by comparing observed turnover number with turnover number
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observed for natively expressed CnFDH and assuming 100% co-factor saturation in the natively expressed
enzyme population [5]. In the present study, the measured turnover number under identical conditions was 6770
min’!. With a 50% saturation of Fe observed for CnFDH in this study, the observed activity nicely corresponds
to the activity observed in the previous study by Yu. et al., 2019.

For CO, reduction (the reverse reaction) the steady-state kinetics measurements were performed under
anaerobic conditions and using gas-saturated buffers. From the initial rates presented in Figure 4, it is evident
that CnFDH, like for the forward reaction, has a significantly higher turnover than the two other tested FDHs.
The calculations of Ky co2 (Table 4), however reveal that the saturation was incomplete.

CO, reduction

160 -

-® RcFDH

4 RsFDH
-4 CnFDH

kobs

10 20 30
mM CO, (aq)

Figure 4: Comparison of steady state kinetics of CO: reduction for heterologously expressed type 5 FDHs. Reactions were
completed at optimum pH and optimum temperature determined in this study. All reactions were completed in 100 mM
potassium phosphate, 100 mM Tris/HCI buffer with 0.2 mM NADH, at ambient pressure and in anaerobic conditions. The
range of CO: substrate concentrations were achieved by mixing buffer saturated with either nitrogen or CO..

Table 4: Observed reverse reaction kinetic parameters. For each value a confidence interval (CI) at 95% confidence is given
when possible.

Reverse reaction (CO: reduction)
Keat (min‘') Kwm,coz (mM)
(95% CI) (95% CI)
RcFDH . : 39.5 6.1
¢ Optimum temp., optimum pH (33.0-50.0) (.1-12.4)
30°C,pH 7.0 36.1 -
RsFDH . : 52.5 11.6
Optimum temp., optimum pH (39.4-80.4) (5397.4)
30°C,pH 7.0 43.6 -
CnFDH . : 221 17.5
Optimum temp., optimum pH (172-320) (9.9-34.2)
30°C,pH 7.0 127 -
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Compared to the previous work by Hartmann and Leimkiihler, 2013 in RcFDH, where a turnover number of
89 min"' was measured [6], this study achieves a much lower activity. Similarly, comparing the results for
CnFDH to those of Yu et al., 2017 [4] where a turnover number of 660 min! was obtained, it is evident that the
experiments performed here are not optimal. This is corroborated by comparing the Kwn,co» of 17.5 mM
measured in this study to the Km,co2 of 2.7 mM from Yu et al., 2017 [4].

Based on these experiments it can be concluded that CnFDH is by far the most efficient of the three tested
enzymes both in terms of formate oxidation and CO; reduction. However, we also conclude that our applied
methodology did not allow for proper saturation with substrate during the reverse reaction and consequently is
likely not representative of the catalytic rates achievable with this enzyme.

2.5 Stability and oxygen tolerance

Some metal-dependent FDHs have been shown to be oxygen sensitive [20-22], and due to the complexity and
price of running anaerobic experiments, it is much more realistic that enzymatic CO, conversion on a large scale
required for proper CCU would be run under aerobic conditions. As a result, it was deemed highly important to
test the oxygen tolerance of the three type 5 FDHs in this study. Previous studies have claimed both RcFDH and
CnFDH to be oxygen tolerant in the presence of KNO3 [6,7,23]. Due to the high degree of similarity between
RsFDH and the other previously characterized enzymes, it is natural to hypothesize that oxygen tolerance
should extend to this variant as well.

We tested the oxygen tolerance of the three variants in both afy and (afy). conformations using either 0.5 or
10 mM KNOs3, with measurements performed for the activity of the forward reaction over a 10-minute period
(Figure 5). Here, it is observed that the activity gradually declines over the first 6-8 minutes for all tested
variants except the RsFDH (afy). conformation with 10 mM KNOs. However, fitting a one phase decay model
revealed that using 10 mM KNO;j results in greater stabilization with only 10-14% activity reduction compared
to 20-31% reduction at 0.5 mM KNOs. Interestingly, the absolute initial activity was the same for all tested
conditions, which is contradictory to previously published data claiming that nitrate ions act as a competitive
inhibitor of FDHs [23].

A RcFDH B C CnFDH

=110 110
100
90
80
70
60
50
40
30
20
10

Relative activity (% of initial activity

0 —T—— o—7—1—1 0 —— 7
0 5 10 0 5 10 0 5 10
Time (min) Time (min) Time (min)
+ 'aBy' 10 MM KNO;3 A '(aBy)y' 10 mM KNO3
= 'afy' 0.5 mM KNO3 v '(aBy)z' 0.5 mM KNO3

Figure 5: Oxygen tolerance of enzymes, A) ReFFDH, B) RsFDH, and C) CnFDH. Formate oxidation activity were measured
on enzyme incubated in 25 °C Tris/HCI buffer, pH 8 with either 0.5 mM or 10 mM KNOs. Importantly the buffer was
prepared and stored at aerobic conditions prior to introduction of enzyme. FDH in either affy (circle and square) or (afyy)2
(triangles) were studied. Experiments were performed in duplicates.

Interestingly, we also observe that the three enzyme variants more or less show the same pattern of activity
reduction, all with very limited differences between the afy and (afy). conformations. If anything, the afy
conformation is slightly more stable, potentially indicating some sort of destabilization or exposure of the
enzymes’ oxygen sensitive domain by dimerization. It could also be due to a larger percentage of correctly
assembled protein. Furthermore, temperature also had an effect, which was observed as no loss of activity when
the enzymes where stored on ice.
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Overall, the oxygen sensitivity experiments show that only RsFDH affy was oxygen tolerant. However, while
the rest of the tested forms show a significant reduction in activity, the activity also plateaus after the initial
phase of exposure to oxygen, which was supported by measurements after 20 and 40 minutes (data not shown).
The underlying mechanism could be either a heterogenous enzyme population, in which only a fraction of
enzymes is oxygen sensitive, or the formation of an equilibrium between the FDH-oxygen affinity and FDH-
nitrate affinity. Interestingly, when stored on ice, no loss of activity was observed over time (8 hours).

For RcFDH and CnFDH, we see a larger difference between activity at high and low KNO3 for afyy than we
do for (afy).. This could be due to a higher percentage of incomplete or vulnerable protein. It could also be
because the oxygen labile sites are somehow protected when the enzyme is in a dimer confirmation.

3. Conclusions

Conversion of CO; directly to a liquid chemical, formic acid, is possible through the utilization of the FDH
enzyme class. This study heterologously expressed three variants, RecFDH, RsFDH, and CnFDH, in E. coli
DH5a strains and characterized them in terms of their reaction kinetics and oxygen tolerance.

The expression of these enzymes led to four main recommendations: First, the His-tag to be used in
purification should be placed on the gamma subunit rather than the alpha subunit of the protein to retain activity.
Secondly, the expression yields similar co-factor saturation when carried out at 30 °C and shaking at 130 rpm
relative to 18 °C and 30 rpm. This allows for faster growth. Thirdly, presence of imidazole results in protein
precipitation upon freezing and should consequently be avoided. Finally, the three variants all showed both
monomeric heterotrimer (affy) and dimeric heterotrimer ((apy)2) conformations with near identical specific
activities.

Regarding pH and temperature optima, the three enzyme variants all have higher optimum temperatures for
the oxidation of formate (forward reaction) than the reduction of CO» (reverse reaction). Surprisingly, no
significant difference was found for pH optima between the forward and reverse reactions, but CnFDH
displayed a preference for lower pH values.

When characterizing the co-factor content of these heterologously expressed FDHs, we observed slightly
higher saturation for the molybdenum and iron complexes than reported previously, but we were not close to
full saturation. The (affy)> conformation generally had higher saturation, but the iron levels for the three variants
in the afy were highly comparable.

Overall, the kinetics experiments revealed that CnFDH had the largest turnover of the three variants, both for
the forward and reverse reactions. However, comparisons of the results of this study to those in the literature
revealed that the experimental conditions for the reverse reactions may not have been optimal.

Finally, the oxygen sensitivity in the presence of KNO;3 was similar between the tested variants, with almost
all displaying a reduction upon oxygen exposure. Surprisingly, our tested variant RsFDH offy was fully oxygen
tolerant at the highest tested KNO3 concentration (10 mM) marking this as a potential candidate for future
optimizations.

If able to combine the oxygen stability of RsFDH and the high conversion activity of CnFDH with an
optimized setup that allows for full CO; saturation, one would have a strong candidate for large-scale enzymatic
of CO». Hopefully, future work will derive such a variant.
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4. Materials and methods

4.1 Gene constructs and cloning

Expression vectors were designed in situ and synthesized for this study. A total of six plasmids were ordered,
two for each FDH variant. For each FDH variant, a construct with a His-tag on the N-terminal of the FdsG
subunit as well as a construct with a His-tag on the N-terminal of the FdsA subunit were designed. All gene
constructs were based on publicly available gene sequences sourced from the NCBI refseq database [24] (Table
5 below), and a common expression vector identical to the vector used by Hartmann and Leimkiihler, 2013 [6].
Individual FDH operons were extracted as native sequences from full genomes and inserted into a modified
pTrc expression vector. The gene constructs were synthesized and cloned into the expression vector by
Genscript Biotech.

Table 5: Operon information for the enzyme variants ReFDH, RsFDH, and CnFDH retrieved from the RefSeq database.

Enzyme Correspondin Location of operon in
24 P! & Genome ID Genome name P
variant expression vectors genome

pTrc_RcFDH_ gamma
RcFDH and NC_014034.1
pTrc RcFDH_alpha

Rhodobacter capsulatus SB 1003, 3223340- 3229140
complete genome (complementary strand)

pTrc_RsFDH and CP000661.1 Rhodobacter sphaeroides ATCC 2907382-2913283

RsFDH pTrc_ RsFDH_alpha 17025, complete genome (complementary strand)

pTrc_CnFDH and
pTrc_CnFDH_alpha

Cupriavidus necator N-1

657183-663287
chromosome 1, complete sequence

CnFDH NC_015726.1

The plasmids were transformed into competent E. coli DH5a and plated on LB agar plates with 100 pg/ml
ampicillin. Individual transformant colonies were picked and cultured in LB media with 100 pg/ml ampicillin
overnight at 37 °C and 250 rpm. The outgrown culture was saved in 0.8 ml aliquots with 25% glycerol at -80
°C. Importantly, we observed a decline in production yield when using scrapes from a singly glycerol
repeatedly. High consistent yields were achieved by only thawing and using an aliquot once.

4.2 Expression and purification

For expression a single media was used for both preculture and actual expression: LB media with 150 pg/ml
ampicillin, 1 mM sodium molybdate and 20 pM isopropyl -D-1-thiogalactopyranoside (IPTG). A 5 ml
preculture were inoculated with 50 pl of the desired single-use glycerol stock, and then incubated at 37 °C and
130 rpm overnight. For expression, 2 1 baffled Erlenmeyer shake flasks, each containing 500 ml expression
media, were inoculated with 1 ml preculture each and incubated for 24 hours at 30 °C and 130 rpm. Cells were
harvested by centrifuging at 5300 g for 15 min in a precooled (4 °C) centrifuge. From this point onwards,
samples were kept at maximum 4 degrees or colder. Additionally, procedures were completed as quickly and
efficiently as possible. For each gram of cell pellet, 10 ml of 40 mM potassium phosphate buffer, pH 7.5, with
10 mM KNOj; and EDTA free protease inhibitor (cOmplete™ Mini from Roche), were used to resuspend the
pellet. The resuspended pellet was centrifuged at 8000 g for 5 minutes. Discarding the supernatant, the pellet
was stored at -20 °C.

For purification, the cell pellets were first gently thawed and resuspended. For every gram of cell pellet 10 ml
of precooled 40 mM potassium phosphate buffer, pH 7.5, with 10 mM KNO3 were used to resuspend. The cell
suspension was lysed once in a STANSTED Pressure Cell Homogenizer SPCH-10 at 1.35 kbar and
subsequently centrifuged at 21.000 g for 1 hr in a precooled centrifuge. The supernatant was mixed with 0.2 ml
Ni Sepharose™ HP resin per 1 g of lysed cell pellet and allowed to gently mix for 45 minutes. The resin/lysate
mixture were then added to an empty gravity 25 ml flow column from BIO-RAD and allowed to settle. The
formed nickel resin column should appear dark grey/brown due to high saturation of the [Fes-S4]-containing
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protein. Typically, a I ml column volume (CV) were used, corresponding to protein from 5 g of lysed cell pellet
per column. The column was washed with 25 CV of first 75 mM potassium phosphate buffer, pH 7.5, with 10
mM KNOs and 10 mM imidazole followed by 25 CV 75 mM potassium phosphate buffer, pH 7.5, with 10 mM
KNO; and 20 mM imidazole. The enzymes were then eluted with 5 CV 75 mM potassium phosphate buffer, pH
7.5, with 10 mM KNOj; and 250 mM imidazole. The eluted enzyme solution should have a dark brown color,
similar to a thin cup of coffee. Immediately following elution, the protein solution was buffer exchanged to 75
mM potassium phosphate buffer, pH 7.5, with 10 mM KNOs using PD10 buffer exchange columns (Sephadex™
G-25 M), flash frozen in aliquots in liquid nitrogen with argon gas in the headspace, and stored at -80 °C.

The enzyme solutions of all three variants are known or presumed to be comprised a heterogeneous mix of
the active heterotrimer-dimer, the heterotrimer-monomer and the incomplete By constellation. For each variant a
15-20 mg/ml 2 ml solution were prepared and loaded onto a HiLoad™ 16/60 Superdex™ 200 pg column
equilibrated with 75 mM potassium phosphate buffer, pH 7.5, with 10 mM KNOs. Fractions were collected
conservatively to represent each of the resulting peaks (Peak 1: corresponding to FDH in (afy). confirmation,
peak 2: corresponding to FDH in affy confirmation), flash frozen with argon gas headspace and stored at -80 °C.
Sample purity were confirmed with SDS-PAGE. Routine activity assays were performed as by measuring
change in absorbance over time at 340 nm (Extinction coefficient for NADH is 6220 M™! cm™! at 340 nm).
Standard conditions were pH 9 Tris/Hcl buffer with 2 mM NAD" and 6 mM formate. Protein concentration were
determined at 280 nm using an extinction coefficient based on predictions with the Quest Calculate™ Protein
Concentration Calculator (see Table 6 below).

Table 6: Predicted weights and extinction coefficients of the three FDHs based on protein sequence and co-factor content.
The predicted weight is assuming 100% co-factor saturation and includes the His-tag and gamma-tail of the plasmid
construct.

FDH Predicted weight | Extinction coefficient at 280 nm
variant (kDa) M'em™)
RcFDH 179,310 167,960
RsFDH 182,380 148,210
CnFDH 185,010 146,260

4.3 Enzymatic reaction assay

For kinetic characterization of the forward reaction (formate oxidation), assays were performed under aerobic
conditions. Conversely, kinetic characterization of the reverse reaction (CO> reduction) were performed under
anaerobic conditions.

For estimating a global pH and temperature combinatory optimum, a response surface modelling (RSM)
approach was applied. In JMP statistical software, a central composite design was created with pH 5 to pH 9 as
the first range of parameters and 20 °C to 50 °C as the second range of parameters. Default settings were
accepted, and measurement were performed in randomized order. For each condition, pH was adjusted at the
relevant temperature. An overlapping assay buffer of 100 mM acetate, 100 mM potassium phosphate, 100 mM
Tris base were used to cover the full range.

For determining the forward reaction optimum, the activity rate at individual conditions was followed by
measuring the absorbance of NADH at 340 nm. The reaction was started by addition of enzyme to a pre-
tempered solution of assay buffer with 2 mM NAD and 6 mM sodium formate with measurements once per
second for 100 seconds. Typically, the first 10 seconds were used to calculate the initial rate.

For determining the reverse reaction optimum, fluorescence of NADH, exited at 340 nm and with emission at
445 nm, was used to measure activity rate. Fluorescence of NADH is temperature dependent [25] causing lower
sensitivity at higher temperatures. Additionally, NADH fluorescence correlates logarithmically with
concentration of NADH [26]. To address these issues, standards were made at the relevant temperatures.
Finally, NADH is known to oxidize to NAD" over time, requiring a need to use fresh stock solutions of NADH
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and verify concentration with absorbance before use. CnFDH and RcFDH are known to catalyze a diaphorase
side reaction with NADH in the presence of oxygen [4,6], requiring complete removal of oxygen at reaction
conditions to avoid false positive activity. Assay buffers at relevant pHs with 0.2 mM NADH were degassed and
saturated with either nitrogen or CO; and stored in sealed vials. Saturation with CO, causes a drop in pH,
requiring adjustment of pH after saturation. Again, adjustment of pH was also done at relevant temperature. A
1.4 ml quartz cuvette with four windows and a screwcap with replaceable septum seal, was used to control
reaction conditions. The sealed quartz cuvette was purged with inert nitrogen gas before assay buffer was added
with gastight Hamilton syringes through septum. Nitrogen saturated buffer was used as a negative control for
unspecific activity and CO, saturated buffer to assess activity. Reaction was started with addition of enzyme
through septum with gastight Hamilton syringe to pre-tempered reaction solution. Fluorescence was followed
for 100 seconds. Typically, the first 10 seconds were used to calculate initial rate. Measurements were done in
duplicates.

Turnover number and substrate affinity were determined at three conditions for the forward reaction:
potassium phosphate buffer, pH 7.7 at 30 °C, Tris/HCl buffer, pH 9.0 at 30 °C, and Tris/HCI buffer, optimum
pH at optimum temperature. For each condition, steady state kinetics were determined at sodium formate
concentrations of 0-40 mM paired with 2 mM NAD, and at NAD" concentrations of 0-5 mM paired with 6 mM
sodium formate. The assay was performed in triplicates following the methodology described above for the
RSM study.

For the reverse reaction, turnover number and substrate affinity were only determined only at optimum
conditions, supplemented with a single measurement at maximum possible substrate concentration at the
‘standard’ condition: potassium phosphate buffer, pH 7.0 at 30 °C. By mixing nitrogen and CO; saturated
buffers, a substrate range of 0% to 95% CO, saturation was achieved.. The assay was performed in triplicates
following the methodology described above for the RSM study. A 100 mM potassium phosphate, 100 mM
Tris/HCI buffer were used for assays at optimum conditions.

4.4 Co-factor quantification

Elemental concentrations of Fe and Mo were measured on Agilent 7700x ICP-MS Inductive Coupled Plasma-
Mass Spectrometer (ICP-MS). Sample with protein concentration between 0.5 and 1.5 mg/ml were used. Before
the measurement, the samples were diluted 100x in 2% Suprapur HNOs3. The elements were analyzed in He mode.
The sample uptake speed (nebulizer pump speed) was set to 0.1 rpm and the stabilization time to 40 sec.
Integration time was set to 0.3 sec for He mode (He flow 5 mL/min). Processing of the data was carried out in the
MassHunter 4.6 Workstation Software (v. C.01.06).

4.5 Oxygen tolerance study

FDH in either (afy): or afy confirmation in 75 mM potassium phosphate buffer, pH 7.5, with 10 mM KNOs3
at 0.5-1.5 mg/ml concentrations, were diluted 20-fold in 100 mM Tris/HCI buffer, pH 8.0, with or without KNOs.
Importantly, the buffer was exposed to ambient air conditions prior to addition of enzyme. Formate oxidation
activity was measured the resulting FDH solutions (now at either 0.5 mM or 10 mM KNO:3), as described
previously, immediately and then every 2 minutes for 10 minutes.
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