“Mechanistic insights into carbon monoxide and CoA
binding at the Ni,Ni-[4Fe-4S] active site of the acetyl-CoA
synthase from Carboxydothermus hydrogenoformans”

Dissertation

zur Erlangung des akademischen Grades

docter rerum naturalium

(Dr. rer. nat.)
eingereicht an der
Lebenswissenschaftlichen Fakultat
der Humboldt-Universitat zu Berlin

von

M.Sc. Julian Kreibich

Prasident der Humboldt-Universitat zu Berlin

Prof. Dr.-Ing. Dr. Sabine Kunst

Dekan der Lebenswissenschaftlichen Fakultat

Prof. Dr. Dr. Christian Ulrichs

Gutachter/innen:

1. Prof. Dr. Holger Dobbek
2. Prof. Dr. Maria Andrea Mroginski
3. Prof. Dr. Christian Limberg

Tag der mindlichen Priifung: 09.08.2021



Table of Contents

Table of Contents

ZUSAMMIENTASSUNE ... etiieiiiiee ettt ettt e e e rtte e e e et e e e e ataee e e e taeeeeaabeeeeessbaeeeeassaeeeennsaeeeeansaeeeennseeeeennsenas iv
FAY o A [ U RO P PR PPTOPRT Vi
[ a1 4o Te [V d oY o DN T PO PRSP PRPORPTOP 1
1.1 Nickel CONtaiNING ENZYMES ..cc..eiiiei e e e e et e e e e bae e e eeatre e e esabaee e eenbeeeeennrenas 1
1.2 Autotrophic carbon fIXatioN ........cooiiiii e e e 5
1.2.1 Reductive acetyl-coenzyme A pathway (Wood-Ljungdahl-pathway) ........cccceeevvevieerciveennnenn. 6
1.2.2 Acetyl-CoA synthase of C. hydrogenoformans (ACSch)......eeeeveereeeriieeeieeeeieeesieeseeeseveeseee s 8

1.3 RESEAICN ODJECEIVE ...uviiiiiiiee ettt e et e e e et e e e e bt e e e e ebaeeesebteeessntaeeesnteeaeannes 12

2 Materials and MEthOdS ... ..ottt ettt ee s 14
2.0 ANOXIC WOTK .ttt ettt ettt e s e st e e s bt e e s bt e e abe e s abeesabeeesabeesabeesbeeesabeenane 14
2.2 MELAI frEE WOIK . ei ettt ettt ettt st e bt e e s bt e s bt e e s abeesabeeesabeesabeesbaeesabeennne 14
2.3 Chemicals and MaterialS.......cooieiiiiiiiieee ettt st es 14
2.3.1 Media and antibDiotiCS.....cc.eeieeiierieeie et 14
2.3.2 BaCTerial SEraiNS cocuvee ettt ettt et e s e s bt e s bt e e s be e eaneeesbeeeaes 15

2.4 GENELIC METNOMS .....eiiieieeee ettt st r e s e e e emneenrees 15
2.4.1 Polymerase chain reaction (PCR) .......coouiieiiiiiiiec sttt estve et e e stre s e e aae e sbae e 15
2.4.2 Molecular ClonNiNg OF GCSB ........ooe it e e e et e e e bae e e e bae e e eareeas 17
2.4.3 Agarose gel eleCtrOPNOIESIS ......ociiciiiie e et eetae e e e bae e e areeas 18

2. 4.4 TranSfOrMatiON ..c..ce ittt et ere s 18
2.4.5 Isolation of plasmid DNA:.........ooii e e e e e s e sbae e s s eabee e e eareeas 19

2.5 Biochemical MELhOAS .......ooiiieeee et ettt e 19
2.5.1 Expression of the gene encoding for ACSch....cueieeciieeeeciiee ettt e et eevee e e e 19
2.5.2 PUIIfICAtioN OF ACSCh -veruverreentieniieniiesie ettt sttt et st sr e bt e b e b e smeeeaneeneees 20
2.5.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) ........c.cccccvveeveenne 20
2.5.4 UV/VIiS SPECIIOSCOPY . uvveeeureeireeeereeeeteeeeteeeeiteeeeaeeeeseeeesesessteseesseeesesessesessesessseessessasseesaseeees 21
2.5.5 Synthesis of methylcobinamide ..........coccuiiiiiiiii e e e 21
2.5.6 Determination of the iron content Of ACSch....cccereereerrierriieneeieree e 21



Table of Contents

2.5.7 Determination of protein concentration...........cceeeev i 22
2.5.8 Measurement of ACSch activity (acetyl-CoA formation) .......ccccceeeecieeiecciee e, 22
2.5.9 Isothermal titration calorimetry (ITC) .....eee i 22

2.6 Protein CryStalliZatioN ......o.c.ueei it s e e e e e s raeeean 23
2.7 Data collection @and ProCESSING......ccouciiieiiiiiii ittt e et et e e sre e e s sbae e e ssarae e e essbaeeesanreeaeens 24
2.8 Structure determination and refin@mMENtS.........cceiiiiiiiiiiiiine e 24
e R €] =Y o] Yol =T o] f=TY=T o =Y o o [P 24

B RESUILS -ttt ettt ettt ettt et s et e b bt st e e b et e st e e s bt e e he e e e b et e sa bt e s be e e be e e s be e e naeeanreesneeenareenn 25
3.1 Expression and purification Of ACSch....uuiiiciiiiiiiiiieeiiiiee et s e s e e e e ssarreeeeas 25
3.2 UV/ViS SPECLIOSCOPY OF ACSCh .uviiereeiitieeeiteeiiteeecteeeeteeesiteeeiteeeeteeeeetesesseeesseeeaseeessseessesensesesseeenes 27
3.3 ACTHIVITY OF ACSChuurreeeietiiieieitieee ettt e ettt e e et e e e ectte e e e eette e e e s ttaee e e sbaeeeessaeeesansaeeesansaeeesanseneesnnssneanns 28
3.4 Structural and biochemical analysis 0f ACSch-closed: e veeeerieriiiiiniiiiiiiiii s 29
3.4.1 Crystallization of ACSch-closed and structure determination........c.cceeeeveeeeeciveeeeeciveeeeeereeeeens 29
3.4.2 ACSch-closed Structure and metal identification of cluster A........c.ccooceevieniinicnicnceeeee 30
3.4.3 Molecular tunnel and observation of CO ligand binding .........ccccoeeeciiiieiiiie e, 33
3.4.4 Hydrophobic CO-binding PatCh .....cccuviii ettt e e e 35
3.4.5 CO-binding 0N ACSchin SOIULION ..eiiiiiiieiiciiiee ettt ere e e e ebee e e e sbeeeeeeanes 36

3.5 Structural and biochemical analysis Of ACSch-open ««eeeeerreeerrrrreerriiireeeriireeeeiireeessrreeeessreeesssreeeens 37
3.5.1 Crystallization of ACSch-open With COA co-crystallized.........ccceeceveiiiinieeecie e 37
3.5.2 COA lIaNd MOAEIING....eii ittt e et e e e et e e e e e bt e e e e ebteeeesbteeeeessaeeeeanes 38
3.5.3 CoA-binding t0 ACSchin SOIULION ..ecicuviiei ittt e e esare e e s s are e e e eanes 42

3.6 Comparison of cluster A coordination ..........ccoccuiieiiiiiie e e 43

4 DISCUSSION .eeiiteeee ittt e e sttt e e sttt e s ettt e st e e s e bt e e s ambee e e s aab et e e s amr e e e e samne e e e samreneesaanereesaaneneesanreneesaneneessanen 46
4.1 ACSch-closed aNd ACSch-open CONfOrmMational States........ccevviieiiiirciieecie e 46
4.2 CO- and COA-DINAING ON ACSCh «eecvvrieeeiiiiee ettt e ecree e et e e e sre e e e sree s e s abeeeesabaeeesnbaeeesntaeeeensenas 48
4.3 Role of Nip in the mechanism Of ACS......coui ittt sbe e e sree s 50

5 OULIOOK ...t s e e s b e s r e e be e e s be e e re e e nr e e sreeesareenn 53
Y o 01T T LR SSRROt 54



Table of Contents

() =T o | U= PRSPPI 63
List Of ADDIEVIAtIONS. .. .eetieiiieie ettt b e st sttt et be e b e e na 71
[y o) B 7= (UL <SSR 74
LIST OF TaBIES .ttt et et e st s e s bt e e st e s be e e s ate e s be e e sabeesabeesreeesreeean 76
FAYol o VY] 1= F o= o Y=Y o USRI 77
[D]=Tol T 1 4T o TP PP PP PRRPPUPRUPRRPON 78



Zusammenfassung

Zusammenfassung

Die Acetyl-CoA Synthase (ACS) beinhaltet ein einzigartiges [4Fe-4S]-(u2-SCys)-[Ni((u2-SCys)2Gly)Ni]
Metallcluster (Cluster A) in seinem aktiven Zentrum, welches wichtig fir ein autotrophes Wachstum
von Bakterien und Archaeen ist, die den reduktiven Acetyl-CoA-Weg zur Energiekonservierung oder
Kohlenstofffixierung nutzen. Der letzte Schritt dieses Syntheseweges wird von der ACS am proximal
zum [4Fe-4S] Cluster liegenden Ni ion katalysiert (Niyp), in dessen Kondensationsreaktion aus CO, CoA

und einem Methylkation Acetyl-CoA synthetisiert wird.

In meiner Arbeit wurde die monomere ACS von Carboxydothermus hydrogenoformans (ACSch)
heterolog in Escherichia coli exprimiert und aufgereinigt. Diese zeigte ein vollstindig besetztes
[4Fe-4S] Cluster, jedoch keine vollstindige Besetzung der beiden Ni-Positionen, im Cluster A. Eine
aktive ACSch mit einem vollstindig besetzten und intakten Cluster A konnte mithilfe chemischer
Rekonstitution generiert werden, seine Ligandenbindung untersucht und in verschiedenen

Konformationen kristallisiert werden.

Um die Interaktion der ACSch mit seinen Substraten besser zu verstehen, wurde ACSch in drei
verschiedenen Stadien kristallisiert. Zuerst wurde die aufgereinigte ACSc, in einer neuen Konformation
kristallisiert und deren Struktur mit einer Auflésung von 2.1 A mit der Raumgruppe P2:2:2; bestimmt.
Diese Konformation (ACSch-cosed) Wies einen geringeren Kontakt zur Solventumgebung auf als die
vorher bekannte Struktur der ACSch (ACSch-open, PDB-ID: 1RU3). Das aktive Zentrum des Clusters A der
ACSch-ciosed Unterscheidet sich von der ACSch-open in der Koordination des Ni,, welches verzerrt
tetraedrisch koordiniert in ACSch-ciosed VOrliegt und quadratisch planar in ACSch-open, WObei die Liganden
in beiden Konformationen identisch sind. Eine Analyse des Modells wies einen molekularen Tunnel
auf, der nur in ACSch-ciosed Vorhanden ist, welcher als CO-Kanal zur Substratversorgung dienen kdnnte
und besitzt einen zusatzlichen SchlieBmechanismus, welcher durch die Bewegung von Phes;s zwischen

ACSch-open UNd ACSch-ciosed gESteuert wird.

Zweitens wurde die Kristallstruktur einer CO gebunden ACSch-coses Mit einer Auflésung von 2.0 A gelst.
Darin wurde eine Elektronendichte am Ni, identifiziert, die zu einem zweiatomigen Liganden passt. Die
Modellierung dieser Elektronendichte mit CO filihrte zu einer Uberzeugenden Beschreibung der
Elektronendichte. CO bindet am ebenfalls verzerrt tetraedrisch koordinierten Ni, anstelle eines
Wassermolekiils. Im Vergleich zu ACSch-ciosed Unterscheidet sich die CO gebundene Struktur nur
geringfligig sowohl vom Cluster A als auch von der Gesamtstruktur des Proteins. Dies weist darauf hin,

dass die Konformation der ACSch-cosed Sich in einem Stadium befindet, welches bereit fiir die CO
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Bindung ist. Die Konformationsanderung von ACSch-open ZU ACSch-ciosed iSt dabei der entscheidende

Schritt, um CO zur katalytischen Bindungsstelle zu leiten.

Weiterhin wurde Ni rekonstituierte ACSch mit CoA kokristallisiert. Die daraus folgende CoA gebundene
ACSh Struktur mit der Raumgruppe H3; wurde mit einer Auflésung von 2.3 A geldst und zeigt ACSchin
der offenen Konformation mit einer zusdtzlichen positiven Elektronendichte tUber dem Ni, des
Cluster A. Die Gesamtstruktur der CoA gebundenen ACSch ist vergleichbar mit der ACSch-open Struktur.
CoA bindet am Ni, liber seine Thiolgruppe und erstreckt sich zwischen zwei Domanen, wobei Nip
guadratisch planar koordiniert wird. Die Gegenwart von CoA wurde mit Berechnungen verschiedener
Elektronendichte-Karten flr CoA: feature-enhanced, omit und polder maps zusatzlich validiert und gibt

damit erste Einsichten in die Interaktion und Koordinierung von CoA in ACSch.

Die Bindung von CO und CoA an ACSch wurde zudem mittels isothermaler Titrationskalorimetrie weiter
charakterisiert. Dabei bindet CoA enthalpisch getrieben mit einem Kp von 3.1 uM und CO entropisch
getrieben mit einem Kp von 9.4 uM an ACSc. Der Konformationswechsel zwischen
ACSch-open UNd ACSch-cioses flr die Bindung unterschiedlicher Substrate ist dabei wichtig fir die
Substratspezifitit, welche mit einer Anderung der Koordination des Ni, einhergehen. ACSch-open zeigt
eine quadratisch planare Koordinierung des Ni, und bietet genug Raum fiir eine CoA-Bindung. Im
Vergleich dazu ist in ACSch-ciosed das Ni, verzerrt tetraedrisch koordiniert und das Cluster A ist tiefer in
der ACSch verborgen. Dies resultiert in einem geringeren Kontakt mit der Solventumgebung und der
Ausbildung einer hydrophoben Bindungstasche fiir die CO-Bindung, welche aus dem molekularen
Tunnel in ACSch-ciosed ZUm aktiven Zentrum transportiert wird, wodurch die Bindung groRerer Substrate

wie CoA am Ni, blockiert wird.

Die Ergebnisse dieser Arbeit verschaffen damit erste Einblicke in den Mechanismus der
Substratbindung in ACSch und unterstreicht die wichtige Funktion des Koordinierungswechsels des Ni,

fiir die Substratbindung, welche mit einer Domanenumlagerung der ACSch einhergeht.
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Abstract

The acetyl-CoA synthase (ACS) harbors a unique [4Fe-4S]-(u2-SCys)-[Ni((u2-SCys).Gly)Ni] cluster (cluster
A) in its active site, which is important for bacteria and archaea to survive in autotrophic growth using
the reductive acetyl-CoA pathway to conserve energy or fix carbon. The last step of this pathway is
catalyzed by ACS in a final condensation reaction of CO, CoA and a methyl cation at the Nip, the Niion

proximal to the [4Fe-4S] cluster.

In my study, the monomeric ACS of Carboxydothermus hydrogenoformans (ACSch) was heterologously
expressed in Escherichia coli and purified with [4Fe-4S] cluster, but lacking binuclear nickel. An intact
and active cluster A containing binuclear Ni was generated by chemical reconstitution of ACSch, which

was used to study ligand binding and crystallized in different forms.

Crystal structures of three different states of ACSch were resolved to understand how ACS accomplishes
the interaction with those substrates. At first, as-isolated ACSch structure was solved in a new
conformation at dmin of 2.1 A with a space group of P2:2:2; and less solvent exposed (called ACSch-ciosed)
than the known structure of ACSc, (called ACSch-open, PDB-ID:1RU3). The active site cluster A of
ACSch-cosed differs to that of ACSchopen in the coordination of the proximal Ni, which is distorted
tetrahedrally coordinated in ACSch-ciosed and square planar coordinated in ACSch-open Without changing
the coordinating ligands. Analysis of the model revealed a molecular tunnel that is only present in
ACSch-ciosed, Which might act as CO channel for substrate delivery at the Ni, site with an additional gating

mechanism executed by the movement of the Phesis between ACSch-open @and ACSch-ciosed cONformation.

Secondly, a CO-bound ACSch-ciosed Crystal was obtained and solved at a resolution of 2.0 A. An electron
density fitting with a diatomic ligand at the Ni, site was clearly identified and modeled as a CO
molecule, which clearly satisfied the observed electron density. CO binds at the Ni, site completing the
tetrahedral coordination geometry of Ni, by replacing a water molecule. Compared to ACSch-ciosed, the
CO-bound structure differs only slightly at cluster A and also in overall structure, indicating that the
conformation observed in ACSch-ciosed iS @ ready state to bind CO and that the conformational switch

between open and closed is responsible for CO migration and binding to the catalytic site.

Fully Ni-reconstituted ACSc, was co-crystallized with CoA. The CoA-bound ACS structure was solved
at 2.3 A resolution in a space group of H3,, depicting ACSchin the open conformation with an additional
positive electron density above Ni, of cluster A. Overall structure of the CoA-bound ACSch is similar to
the ACSch-open State. CoA binds at the Ni, site through its thiol group and flexibly extends to a gap

between two domains, where the Ni, shows square planar geometry. This was further supported by

Vi
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calculating different electron density maps for CoA, feature-enhanced, omit and polder maps. This

structure gives first insights into interaction and coordination of CoA inside ACSch.

The binding of CO and CoA to ACSch has been further characterized by isothermal calorimetry
experiments. While CoA binding is enthalpically driven with a Kp of 3.1 uM, CO binds to ACSch by
entropic contribution with a Kp of 9.4 uM. The observed conformational switch between ACSch-open and
ACSchciosed for the binding with different substrates is of importance in substrate specificity,
accompanied by a different coordination of Nip. ACSch-open has a square planar coordination of Ni, and
enough space for CoA binding. In comparison, ACSch-cioses depicts Ni, in a distorted tetrahedral
coordination and cluster A is more buried into the ACSc, interior, generating a hydrophobic binding
pocket for CO that is delivered through the molecular tunnel in ACSch-ciosed, CONsequently blocking

access of large substrates like CoA.

The results of this work provide initial insights into the mechanism of substrate binding in ACSc, and
point out the important role of the coordination switch of Ni, coupled to domain rearrangement for

substrate engagement.

vii



Introduction

1 Introduction

1.1 Nickel containing enzymes

Nature evolved biocatalysts which allows cells to perform a diverse range of chemical reactions to
realize complex metabolism in cells. One way to obtain this variety is the complexation of transition
metals in proteins. The chemical reactivity of the metal depends on the coordination geometry and
oxidation state and proteins are used to coordinate metals in a framework to control these
parameters. Additionally, metals play a crucial role in physiology and pathology of biological systems
[1]. The composition of all life forms on earth consist of 25 essential elements including many metals
e.g. Fe, Zn, Cu, Co, Se [2]. Bioinformatic studies of 1371 different enzymes with known structures show
that 47% of these enzymes contain a metal and 40% of them do so at their catalytic site [3]. Metals are
not only essential as catalysts for reactions, but they are also associated with proteins in storage and
transport systems (e.g. methallothionine, Hpn and ferritin [4, 5]) as well as in signal transduction,
regulation of transcription and chemotaxis [6]. Metallochaperones are a distinct class of chaperons
that protect and facilitate the maturation of metalloproteins (e.g. HypA, Atx1, UreE [7-9]) and other
metal binding proteins that are involved in the intracellular control of metal ions (e.g. Fur, NikR [10,

11)).

Although the metabolic importance of metals has been known since the beginning of the last century
[12, 13], nickel was only discovered to be an important element in biological systems in 1965 [14].
Since then, nickel-associated proteins have been found in sensing, transport systems, acetogenesis
and nickel insertion [15-18]. Despite the advantages of nickel as a transition metal, organisms have

also to deal with the toxicity of nickel [19].

Thus far, eleven enzymes are known carrying nickel as an active site component: glyoxalase | from
Escherichia coli [20], acireductone dioxygenase [21], urease [22], mononuclear nickel superoxide
dismutase [23], [NiFe]-hydrogenase [24], carbon monoxide dehydrogenase (CODH) [25], acetyl-
coenzyme A (CoA) synthase (ACS) [26], methyl-coenzyme M (CoM) reductase [27], lactate racemase
[28], some quercetinase e.g. in Streptomyces sp. FLA [29] and glycerol-1-phosphate dehydrogenase
from Bacillus subtilis [30]. The structural and catalytic complexity of these enzymes at the metal sites
varies by the coordination and redox property, which ranges from mononuclear redox (in)active metals

to heteronuclear metal cluster or a part of an organometallic cofactor (Fig. 1 and Tab. 1).

As depicted in Figure 1A-C, the nickel ion is in an octahedral geometry coordinated by His, Glu and

water in the acireductone dioxygenase, quercetinase and glyoxalase | [31-33]. In urease, two nickel
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ions are bridged by a carbamylated Lys and an additional water molecule. Each nickel ion is coordinated
by two His residues, one of which is ligated by an additionally Asp residue. A water molecule completes
coordination for each nickel as a square pyramidal and an octahedral (Fig. 1D) [34]. In the Ni-containing
superoxide dismutase, the nickel ion is bound by an amide from a Cys residue, a primary amine from
the N-terminus, two thiolate ligands from Cys residues and an additional His residue, forming a square
pyramidal geometry (Fig. 1E) [35]. Upon reduction the Ni ion forms a square planar coordination by
displacement of the His residue [36]. The lactate racemase from Lactobacillus plantarum uses the
organic cofactor pyridinium-3-thioamide-5-thiocarboxylic acid mononucleotide, which is ligated by a
lysine (Fig. 1F) to bind the nickel using two sulfur and the pyridinium C4 carbon atom and completes
the nickel coordination by a histidine residue [37]. The nickel in the methyl-CoM reductase is mainly
coordinated by the tetrapyrrole nitrogens in the porphyrin and only one axial coordination from a GIn
residue, where the sixth axial coordination is lighted by CoM (Fig. 1G) [38]. In [NiFe]-hydrogenase the
nickel ion is coordinated by four Cys thiolates and an oxygen, where two of the thiolates and the
oxygen are bridged to the iron (Fig. 1H). The iron is further coordinated by two cyanide and one carbon
monoxide [39]. Another hetero nuclear cluster with nickel in a protein is depicted in CODH and ACS
(Fig. 11 and J), in which the nickel ion is part of a cluster consisting of other common metal clusters
[40]. The [Ni4Fe4SOH,] cluster (cluster C) of CODH can be described as a [3Fe-4S] cluster that is bridged
to a Ni-Fe center and the nickel ion is coordinated by additional thiolates from Cys residues [41]. In
ACS the [4Fe-4S]-(u2-SCys)-[Ni((u2-SCys)2Gly)Ni] cluster (cluster A) consists of a [4Fe-4S] cluster bridged
by a Cys residue to a binuclear Ni site. Both Ni ions are in a square planar coordination sphere. The Ni
proximal to the [4Fe-4S] cluster is named proximal Ni (Niy) and coordinated by three Cys residues and
a water ligand. In contrast, the distal Ni (Nig) is coordinated by two Cys residues and two nitrogen

atoms from the protein backbone [40].
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octahedral coordination

acireductone dioxygenase

PDB: 1VR3

glyoxalase | PDB: 1F9Z

quercetinase PDB: 5FLH

square pyramidal coordination

E

carbamylated Lys

urease PDB: 1FWIJ

Ni superoxide dismutase PDB: 1Q0D

bound to an organic cofactor

lactate racemase PDB: 6C1W

unique metal cluster

methyl-CoM-reductase PDB: 1MRO

| Cys (—!

-~ Cys

J >Cys
i_[4Fe4S]

© %0

[NiFe]-hydrogenase
PDB: 2FRV

carbon monoxide dehydrogenase
PDB: 3B53

acetyl-CoA synthase
PDB: 1RU3

Figure 1: Schematic overview of nickel coordination in structural known nickel enzymes. The nickel
ion is octahedral coordinated in the enzymes acireductone dioxygenase (A), glyoxalase | (B),
guercetinase (C). A square pyramidal coordination is known for the enzymes urease (D) and Ni
superoxide dismutase (E). An organic cofactor is bound to lactate racemase (F) and methyl-CoM-
reductase (G). In [NiFe]-hydrogenase (H), CODH (I) and ACS (J) the nickel ion is part of a unique metal
cluster. See text for detailed information. Atoms are color-coded distinctively: Fe in orange, Niin cyan,
Cin black, Nin blue, Sinyellow, O in red, P in orange, C atoms of pyridinium-3,5-bisthiocarboxylic acid
mononucleotide (P2TMN) and F430 are light brown.

3
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Table 1: Nickel containing enzymes and their biochemical properties.

Enzyme Biological Reaction Structural
importance representative
and redox activity
Glyoxalase | Detoxification Hemithioacetal & mononuclear

S-D-lactoylglutathione

non-redox active

Acireductone Methionine 1,2-dihydroxy-3-keto-5- mononuclear
dioxygenase metabolism methylthiopentene +0,; < HCOO" non-redox active
+CO + 3-methylthiopropionate
Urease Nitrogen (NH),CO + H,0 < 2 NHs* + HCOs mononuclear
metabolism non-redox active
Nickel superoxide Oxidative 20,+2H" 5 H,0, + 0, mononuclear
dismutase stress redox active
[NiFe]-hydrogenase Energy H, < 2 H' + 2e hetero nuclear
metabolism cluster
redox active
ACS Carbon CHs-Co(lll)FeSP + CO + CoA-SH = hetero nuclear
metabolism Acetyl-CoA + Co(l)FeSP cluster
redox active
CODH Carbon CO + H,0 5 CO, + 2e” + 2H* hetero nuclear
metabolism cluster
redox active
Methyl-CoM Methane CH3-S-CoM + CoB-SH < CH4 + Organic cofactor
reductase formation CoM-S-S-CoB heterodisulfide redox active
Lactate racemase Pyruvate L-lactic acid < D-lactic acid Organic cofactor
metabolism
Quercetinase Flavonoid Quercetin+ 0; < CO + H + 2- mononuclear

degradation

protocatechuoylphloroglucinol
carboxylic acid

non-redox active

Glycerol-1-phosphate
dehydrogenase

Phospholipid
biosynthesis

sn-glycerol 1-phosphate + NADH =

glycerone phosphate + NAD*

not known

As shown in Table 1, nickel containing enzymes vary not only structurally, but they perform different

enzymatic reactions (redox reaction, condensations and racemization) and the redox state of the Ni

ion can be changed between Ni(0,+1,+2 and +3) states with a range of the potential of 1.5V [42]. They

play a crucial role in detoxification (glyoxalase I, nickel superoxide dismutase), carbon (ACS, CODH) and

nitrogen (urease) metabolism and in the synthesis of important precursors (acireductone dioxygenase,

lactate racemase, glycerol-1-phosphate dehydrogenase). Nevertheless, these proteins are often found

to rely on additional helping proteins for nickel delivery, metallocentre assembly or for the synthesis

of organic cofactors [43-45]. Genomic analysis of nickel metalloenzymes revealed that these enzymes

are widely distributed among bacteria and archaea and the most common are urease and the

[NiFe]-hydrogenase. Eucaryotes show nickel enzymes mostly in fungi and plants [46]. In animals, no

physiologically relevant nickel dependent enzyme is known.
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1.2 Autotrophic carbon fixation

Carbon is the most important element for all cells to build new biomass. Therefore, assimilation of
carbon is one of the fundamental processes for all life forms on earth. There are two different types of
carbon fixation: autotrophic and heterotrophic [47]. Organisms that can grow autotrophically are able
to produce complex organic compounds from inorganic nutrients such as CO,. They can be further
divided into photoautotrophs and chemolithoautotrophs depending on their energy source.
Photoautotrophs use light [48] and chemoautotrophic organisms can oxidize reduced inorganic
compounds (chemolithotroph) or organic compounds like formate (chemoorganotroph) to provide the
energy for CO; fixation [49]. The autotrophic carbon fixation is distributed among many prokaryotes
and plants, which are able to assimilate carbon from inorganic CO; to build biomass. Through this
assimilation, 2-10™ t carbon is turned into organic compounds per year, which corresponds to 10 % of
the CO; of the atmosphere. This biomass is an essential carbon source for heterotrophic organisms,

which utilize organic carbon compounds for carbon fixation [50].

Table 2: Mechanisms for autotrophic carbon fixation. Table was modified from [51]

Metabolic pathway ATP/ Reductant | CO,-Fixing enzymes Active Oxygen
pyruvate CO; sensitivity
species
Reductive pentose 7 NADP(H) RubisCO CO; aerobic
phosphate cycle
2- Oxoglutarate CO,
synthase
Reductive citric acid 2 NADP(H), Isocitrate CO; anaerobic,
cycle Ferredoxin dehydrogenase microaerobic
Pyruvate synthase CO>
PEP carboxylase HCOs
3-hydroxypropionate 7 NAD(P)H Acetyl-CoA and HCOs
bicycle propionyl-CoA aerobic
carboxylase
3-hydroxypropionate- 9 NAD(P)H Acetyl-CoA and HCOs | microaerobic,
4-hydroxybutyrate propionyl-CoA anaerobic
cycle carboxylase
Dicarboxylate-4- 5 NADP(H), Pyruvate synthase CO; anaerobic,
hydroxybutyrate ferredoxin PEP carboxylase HCO5 microaerobic
cycle
Reductive acetyl-CoA | max. 1 NAD(P)H, | Acetyl-CoA synthase- CO,
pathway ferredoxin, CO dehydrogenase
Fa20H: Formylmethanofuran CO, strict
dehydrogenase anaerobic
Pyruvate synthase HCOs5
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There are six known autotrophic CO; fixation mechanisms: reductive pentose phosphate cycle,
reductive citric acid cycle, 3-hydroxypropionate bicycle, 3-hydroxypropionate-4-hydroxybutyrate
cycle, dicarboxylate-4-hydroxybutyrate cycle and the reductive acetyl-CoA pathway [52]. They all

require energy and reducing agents to reduce CO;into a formaldehyde (Equation 1) [50].

CO, + 4[H] + n ATP & (CH,0) + H,0 + n ADP + n Phosphate (1)

As shown in Table 2, the reductive acetyl-CoA pathway (also called Wood-Ljungdahl-pathway), is the
most energy efficient autotrophic carbon fixation pathway, in which only one ATP is hydrolyzed to
generate one molecule of pyruvate. Nevertheless, this pathway is used only by evolutionarily primitive

organisms, including archaea and eubacteria [53].

1.2.1 Reductive acetyl-coenzyme A pathway (Wood-Ljungdahl-pathway)

The reductive acetyl-CoA pathway is proposed to be one of the oldest metabolic pathways used to
conserve energy and to fix carbon autotrophically [54]. Because this pathway was conserved in
carboxydotrophic and acetogenic bacteria, methanogenic archaea, sulfate-reducing bacteria and
archaea for 3.5 billion years before the great oxygenation event [55], most of the enzymes are oxygen

sensitive. Therefore, all of these organisms live in the absence of dioxygen.

For instance, Carboxydothermus hydrogenoformans is the most extensively studied representative of
the hydrogenogenic gram-negative bacteria that utilizes CO as carbon and energy source under
anaerobic chemolithoautotrophic conditions [56]. It was first isolated from a hot swamp of Kunashir
Island in 1991, and is able to grow under a 100% CO atmosphere in the gas phase. The optimal growth
temperature is between 70-72 °C. It oxidizes CO to CO, under H; formation in equimolar quantities and

uses H,0 as electron acceptor (CO + H,0 — CO, + H,) [57].

C. hydrogenoformans uses the reductive acetyl-CoA pathway, which consists of two branches, the
methyl (Eastern) and carbonyl (Western) branch [58] (Fig. 2). In the methyl branch, one CO, molecule
is reduced to formate by formate dehydrogenase and transferred to tetrahydrofolate (THF) as methyl
carrier. While bacteria utilize THF as acceptor for the methyl group, archaea use
tetrahydromethanopterin (HsMPT) as a methyl acceptor. Stepwise multiple reductions of THF results
in formation of (6S)-5-methyltetrahydrofolate that is used to transfer the methyl group through the

methyl transferase (MeTr) to the corrinoid cofactor of the corrinoid iron-sulfur protein (CoFeSP) [59].

In the carbonyl branch, one CO; molecule is reduced by the carbon monoxide dehydrogenase (CODH)

with two electrons to a CO molecule. Finally, the methyl group of CoFeSP and the CO molecule from
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CODH are transferred to the active site of the acetyl-CoA synthase (ACS) and condensed with CoA to
acetyl-CoA. This pathway is used in some bacteria and archaea in the reverse direction to degrade

acetate to CO; and THF/HsMPT bound methyl for example in Archaeoglobus fulgidus [60].

/ Methyl branch Carbonyl branch N
(

6S)-5-methyltetrahydrofolate CO: _2H*2e

EN Nﬁg
Co(l)FeSP |+
/ ('!'.Ha Hl\k \ co H20
/ R -
\5 HS-CoA  Final

condensation

HaC_-S-CoA
co
- HN H3C-Co(lll)FeSP hd

o)
K tetrahydrofolate acetyl-CoA /

Figure 2: The reductive acetyl-CoA pathway in C. hydrogenoformans. The methyl group is carried by
tetrahydrofolate (THF) to (6S)-5-methyltetrahydrofolate, trough to the methyltransferase (MeTr).
Afterwards, the methyl group is further delivered to the corrinoid iron-sulfur protein (CoFeSP) and
finally transferred to the active site of acetyl-CoA synthase (ACS). One CO; is reduced by the carbon
monoxide dehydrogenase (CODH) to CO and delivered to ACS for the final conversion of the methyl
group, CO and CoA to acetyl-CoA.

In the genome of C. hydrogenoformans, genes encoding for proteins for the final steps of the reductive
acetyl-CoA pathway are located in one operon (Fig. 3). Although they are arranged in an operon in
bacteria and archaea as well [55], the functional interaction of these enzymes is arranged in different
compositions between the archaea and bacteria phyla. For instance, in methanogens and other
archaea the key enzymes are arranged in one multienzyme complex of 2 MDa [61]. In contrast, in
bacteria a bifunctional ACS/CODH complex of 310 kDa is arranged in a heterotetrametric complex e.g.

in Moorella thermoacetica [62].

cooC1 acsA acsB - orf7 acsF

CooC1 CODH-IlI ACS CoFeSP RACo ACSF CoFeSP MeTr
(CfsA) (CfsB)

Figure 3: Gene cluster in C. hydrogenoformans encoding proteins for the reductive acetyl-CoA
pathway. Genes encoding for proteins of the methyl branch are further downstream and not shown.
The gene cooC1 encodes a maturation protein for CODH and acsF encodes a maturase for ACS, in which
both are responsible for nickel insertion [63-65]. Orf7 is translated into the reductive activator of
CoFeSP (RACo), which is responsible to reduce Co(ll) of CoFeSP to Co(l) [66]. This figure is adapted and
modified from Figure 1 of Jeoung et al. [67].
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1.2.2 Acetyl-CoA synthase of C. hydrogenoformans (ACSch)

ACS from C. hydrogenoformans (ACSch) has a calculated molecular weight of 82.2 kDa (732 amino
acids) and is the central enzyme of the reductive acetyl-CoA pathway. It connects the carbonyl and
methyl branch for the final condensation of CO, a methyl cation and CoA to acetyl-CoA according to
Equation 2. It consists of three globular domains [62, 68], the N-terminal domain (residues 1 to 315),
the middle domain (residues 316 to 500) and the C-terminal domain (residues 501 to 732) (Fig. 4A).
The N-terminal domain exhibits a Rossmann-fold, while the other two domains contain o and {3 folds
without any known structural motif. Only residues of the C-terminal domain coordinate the unique
active site (cluster A) of ACSch, which consists of a cubane-type [4Fe-4S] cluster, bridged to two nickel

ions forming a [4Fe-4S]-(u2-SCys)-[Ni((u2-SCys)2Gly)Ni] cluster (Fig. 4B) [40].

Co(II1)FeSP-CHs; + CO + CoA — Co(I)FeSP + Acetyl- CoA (2)

The distal nickel ion (Nig) is square planar coordinated by two sulfur atoms from cysteine residues and
two nitrogen atoms from the protein backbone in a Cys-Gly-Cys motif. The second nickel ion is named
proximal Ni (Nip) because of the proximity from the [4Fe-4S] cluster and has square planar coordination

by three cysteine residues and a water ligand.

A

C-terminal
domain

Figure 4: Structure of ACS and cluster A. A) Monomeric ACSch from (PDB-ID: 1RU3 [40]) in the open
conformation. The N-terminal domain is depicted in blue, the middle domain in orange and the
C-terminal domain in green. The cluster A is depicted as spheres (Fe in orange, S in yellow and Ni in
cyan). B) Cluster A of ACSch (C in black, N in blue and O in red, other atoms has the same color code as
in A). C) Superposition of the open and closed form of ACS of M. thermoacetica (ACSwm:). The open
conformation (ACSmtopen) is orange and the closed conformation (ACSmtcoses) dark green. D)
Bifunctional ACS/CODH complex from M. thermoacetica (PDB-ID: 10A0 [62]). Subunits of CODH are
depicted in grey and rose. ACS has the same color code as in C. Zn is shown as violet sphere. The
cluster A of ACSw: and cluster B, C and D of CODH are depicted as spheres.
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In C. hydrogenoformans, ACS exists as a monofunctional enzyme during growth under CO conditions
[40], but it can also be isolated as a heterotetramer in complex with CODH [41]. In contrast to
M. thermoacetica, a homoacetogenic bacteria, where ACS is always associated with CODH as the
ACS/CODH bifunctional complex (Fig. 4D) [62]. In this complex, each CODH subunit is flanked by one
ACS subunit and the active sites of each CODH subunit are connected via a tunnel to cluster A of ACS
to guide CO to the active site [69]. Several crystal structures are available for the bifunctional complex
(PDB-IDs: 1MJG [68], 10A0 [62], 2Z8Y [69], 3104 [70], 6X5K [71], 6YTT [72]). The first crystal structure
of the ACS/CODH (PDB-ID: 1MJG) was obtained from M. thermoacetica, in which the proximal position
of cluster A (M) is occupied with a tetrahedral coordinated Cu [68]. However, another crystal structure
from M. thermoacetica depicts the same complex with two different conformations of the ACS (ACSt)
subunits (Fig. 4C and D) [62]. One exhibits a conformation with both metal positions in the cluster A
occupied by Niions, referred to the open conformation (ACSepen), because ACS is more solvent exposed
compared to the previously known conformation of the Cu containing ACS. The other ACS subunit
differs from the first ACS/CODH structure (PDB-ID: 1MIJG) only in the composition of cluster A, where
the proximal position is occupied with a tetrahedral coordinated Zn ion instead of a Cu ion. Because of
the reduced solvent exposure is this conformation called the closed conformation (ACSciosed). The
different solvent exposure is accomplished by a rearrangement of the domains, resulting through a

relative repositioning of the N-terminal domain by 39.2 A (Fig. 4C).

ACS is part of a 2 MDa ACDS complex in archaea whose structure is unknown. The ACDS complex is
composed of five different subunits (a2€2)aBs(y0)s [61]. The B—subunit is an ACS analogue of 53 kDa in
size and lacks the N-terminal domain of the mono- and bifunctional ACS [73-75]. The CODH analogue
is represented by the o and CoFeSP by the yd subunits. In addition to its different oligomeric state, the
ACDS complex contains an additional archaea specific subunit (&) which is proposed to bind FAD as
electron donor for CO oxidation [76]. However, archaea lack a gene encoding for the methyl

transferase (acsE) that is bacteria specific [55].

There was a long scientific discussion about the correct metal composition of cluster A. Some proposed
a tetrahedral coordinated Cu ion as active state of ACS [68, 77], but later it was shown that Cu acts as
an inactivator of the catalysis [40, 78-80]. Instead of the Cu-Ni, ACS requires a Ni-Ni centre to be fully
active [40]. The inactive Zn and Cu forms of ACS are a result of metal impurities, which are caused by
the labile property of the Ni,and can be replaced by other divalent metals like Zn and Cu or removed

by 1,10-phenanthroline [78, 81, 82]. Only Ni is capable to restore the activity of ACS [78].

Although different structures of ACS are available, there is no generally accepted mechanism for ACS
catalysis at the cluster A. The only general agreements are that CoA binds as the last substrate in the

catalytic reaction and that the oxidation state of the [4Fe-4S] cluster and the Nig remains in
9
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the +2-oxidation state. The isolation of a methylated [83, 84] and acetylated [85] species of ACS which
are electron paramagnetic resonance (EPR) silent are arguments for a Nij (Il) state. Pulse-chase studies
of ACS propose a random-sequential mechanism as shown in Figure 5 [86]. The redox state of the Nip
during catalysis is discussed in the scientific community and the basis of two proposed main
hypotheses of the ACS mechanism: The diamagnetic and paramagnetic mechanism [87, 88], where the

Ni, undergoes redox change during the catalysis,

CO  CoFeSP-CH,

CoA CH,-CO-SCoA
ACS-CO |t

ACS ACS
-C bond
ACS-CH, o pebene O

formation 1l

ACS-CH, 'S ACS-C-CH,

CoFeSP-CH, €O

Figure 5: Proposed random sequential mechanism of ACS. The binding order of the methyl group or
carbon monoxide is variable, only the CoA substrate binds in an ordered way as last.

Both mechanisms have in common that the oxidation state of the cluster A in the inactive state is as
follows: [4Fe-4S5]**-(Nip?*)-(Nig?*) [89]. Despite being a random sequential description, both will be
described in the order that CO binds first to the active site to simplify the mechanism. In the
paramagnetic mechanism the binding of CO to Ni, occurs with a simultaneously reduction of the Ni,**
to the Ni,* state [90]. This state can be tracked by infrared spectroscopy and EPR. The EPR signal for
the Ni," is called the NiFeC signal, which is the evidence that the Ni, acts as CO binding site [73, 78, 91,
92]. The transmethylation occurs in a nucleophilic Sx2-type reaction [93-95] and results in a formation
of CH3-Ni,**-CO state, which is expected to be highly oxidizing and unstable state and undergoes a rapid
reduction to Ni,?>" that is EPR inactive by an internal electron transfer whose mechanism is not known.
Because of the rapid reduction, the Ni** state may have never been observed. The methylation is
followed by the C-C bond formation to generate the acetyl species. A CoA-dependent thiolysis results
in production of the final product and release of acetyl-CoA, which regenerates the active species

(Fig. 6) [90].
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Figure 6: Paramagnetic mechanism. Although the mechanism is a random sequential mechanism, it is
simplified as an ordered reaction, where CO binds first. See text for details. Figure adopted and
modified from [90].

In contrast to the paramagnetic mechanism, every intermediate in the diamagnetic mechanism is EPR
silent. The NiFeC species is described in this theory as an reversible CO inhibited state [96] and Ni,
cycles between the Ni,® and Niy?* state during catalysis. The reaction starts with a two-electron
reduction of the Ni,* to the Niy® state. Afterwards, one CO molecule binds to Ni, and generates a
Nip’-CO species that is followed by a methyl transfer to generate a CH3-(CO)-Ni,** intermediate that
undergoes the C-C bond formation. A subsequent attack of CoA results in the release of acetyl-CoA

and regeneration of the Niy’ state, which is ready for another catalytic cycle (Fig. 7).
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Figure 7: Diamagnetic mechanism. Although the mechanism is proposed as random sequential
mechanism, it is simplified as ordered reaction, where CO binds first. See text for details. Figure
adopted and modified from [97].

The ACS reaction is the biological equivalent of the industrially important Monsanto and Cativa
processes. In these processes, expensive rhodium and iridium catalysts are used to synthesize acetic
acid from methanol and carbon monoxide [98, 99]. In comparison, the metals used in the biological
system are cheaper catalysts and more convenient for industrial processes, which is one reason why
ACS is an important research subject in the biotechnological industry. However, the unclarified
mechanism and its oxygen sensitivity are continuing to limit the ACS usage for industrial applications.
Another challenge is the labile property of the Ni,. Even though AcsF is known as the cluster A

maturase, there are still open questions regarding the mechanism of the Ni insertion [63].

1.3 Research objective

ACS is the central enzyme of the reductive acetyl-CoA pathway and is responsible for the final reaction:
the synthesis of acetyl-CoA. This reaction takes place at a unique metal cluster in ACS, catalyzing a
process that is similar to the industrial Monsanto and Cativa processes, and ACS matches the
requirement to be an attractive alternative catalyst for this reaction. As such, molecularly
understanding of ACS mechanism is of high interest. Decades of research of ACS were carried out and
provided the first insights into the protein structure and the metal cluster. Nevertheless, information

regarding the reaction cycle itself is contradictory and much discussed in the scientific community.
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There are large numbers of spectroscopic and biochemical data, but lacking structural data, especially,

on enzyme-substrate complex, which could help us to understand the catalytic mechanism of ACS at

the molecular level.

Therefore, the main objective of this thesis is to obtain new crystals structures of ACS, especially, with
bound-substrate states in high-resolution to unambiguously identify a small ligand like CO. Such ligand-
enzyme interaction is further confirmed by biochemical and biophysical methods, leading to a deeper

understanding of the nature of the catalysis by ACS.
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2 Materials and Methods

2.1 Anoxic work

The protein purification and crystallization were done under anoxic conditions in a glove box (model
B, COY Laboratory) under a N»/H, (95%/5%) atmosphere. The oxygen content inside the glove box was
always below 10 ppm and monitored with the anaerobic monitor CAM 12 (Coy Laboratory). To remove
oxygen from solutions, they were all degassed under vacuum and gas-flushed with nitrogen in a gas

train with at least seven cycles and 18 min incubation for each step.

2.2 Metal free work

To avoid contamination by other divalent metals, especially Zn, all buffers and crystallization solutions
were treated with 5% w/v Chelex 100 resin (Biorad) for one hour and afterwards removed by filtration.
Additionally, all glassware was washed with 38% v/v HCl and subsequently rinsed with deionized water

(Milli-Q H,0).

2.3 Chemicals and materials

Unless otherwise noted, all chemicals were purchased from Fluka (Neu-Ulm), AppliChem (Darmstadt),
Carl Roth (Karlsruhe), Merck (Darmstadt), Biorad (Miinchen) and Sigma-Aldrich (Deisenhofen) and had
at least an analytical purity grade. The gases N; (99,99%) an N,/H, (95%/5%) were ordered from Air
Liquide (Berlin) and CO (99.9%) from Riessner Gase (Lichtenfels). All column materials for protein

purification were from GE Healthcare.

2.3.1 Media and antibiotics

Media for cultivation of E. coli are shown in Table 3. Super optimal broth medium (SOB) media was

purchased from Roth. All media were autoclaved for 20 min at 120 °C.

The antibiotics that were used for this work had the following concentration:

Carbenicillin (Cb), 50 pug/ml
Kanamycin (Km), 50 pg/ml
Tetracyclin (Tet), 100 pg/ml
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Table 3: Composition of cultivation media.

Medium

Composition for 1 |

Lysogeny broth medium (LB)

Terrific broth medium (TB)

Super optimal broth medium (SOB)

10 g tryptone
5 g yeast extract
10 g NaCl

12 g tryptone

24 g yeast extract

10 ml glycerol

10% phosphate buffer (0.17 M KH,P04, 0.72 M K;HPO,)

20 g tryptone

5 g yeast extract
0.96 g MgCl,

0.5 g NaCl

0.186 g KCI

2.3.2 Bacterial strains

The bacterial strain E. Coli M15 DZ291 [100] with the genotype (F- ®80AlacM15 thi lac- mtl- recA+) was

purchased from Qiagen and used for the cloning and expression of the gene acsB. The pREP4 plasmid

in E-coli M15 carries a Km resistance and constantly expresses the lac repressor protein encoded by

the lac 1.

2.4 Genetic methods

2.4.1 Polymerase chain reaction (PCR)

PCRs were used to amplify DNA fragments from plasmids. The reaction mix and the thermo cycler

setting are summarized in the following Table 4.

Table 4: PCR for cloning purposes. a) reaction mix. b) PCR thermo cycler program.

a)

Reagent Volume [pl]
Forward primer (10 pM) 1
Reversed primer (10 pM) 1
Phusion Mastermix (2-fold) 25
Template (100-300 ng/ul) 1
milliQ-H,0 ad 50
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b)
Step Temperature [°C] Time [s] Cycle number
Initial Denaturation 98 30 -
Denaturation 98 10
Amplification 61 30 30
Elongation 72 30/kb
Final Elongation 72 300 -
storage 4 - -

Colony PCR

A successful transformation of E. coli was verified by colony PCR. Single colonies were picked from an

LB-agar plate and resuspended in 20 ul MilliQ-H,0. This suspension was used for PCR (Table 5).

In case of a positive clone, the leftover of the suspension was used to inoculate a 5 ml LB culture,

containing the respective antibiotics.

Table 5: Colony PCR. a) reaction mix. b) PCR thermo cycler program.

a)
Reagent Volume [pl]
Forward primer (10 uM) 0.5
Reversed primer (10 uM) 0.5
Taq Polymerase 0.5
Template (resuspended colony) 2
dNTPs (2 mM) 2.5
Reaction Buffer (10-fold) with Mg* 2.5
milliQ-H,0 16.5
b)
Step Temperature [°C]  Time [s] Cycle number
Initial Denaturation 98 120 -
Denaturation 98 10
Amplification 51 10 30
Elongation 72 60/kb
Final Elongation 72 60/kb -
storage 4 - -

Site directed mutagenesis

Point mutations were introduced by using the QuickChange method [101]. The PCR product was
cleaned with the GenelET PCR Purification Kit (Thermo Scientific) and incubated with 10 u of Dpnl for

1 h at 37 °C with the respective buffer. After the digestion of the template DNA, 5 pul of the reaction
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mix was used for transformation of E. coli M15 pREP4. The PCR reaction mix and the thermo cycler

settings are summarized in Table 6.

Table 6: Site directed mutagenesis (QuickChange method). a) reaction mix b) PCR thermo cycler
program

Reagent Volume [pl]
Forward primer (10 uM) 1
Reversed primer (10 uM) 1
Pfu DNA Polymerase 1
Plasmid (10-30 pg/ul) 1
5
5

dNTPs (2 mM)
10-fold Pfu-buffer with Mg?*

milliQ-H,0 36
b)

Step Temperature [°C] Time[s] Cycle number
Initial Denaturation 95 30 -
Denaturation 95 30
Amplification 55 45 18
Elongation 72 780
Storage 4 - -

2.4.2 Molecular cloning of acsB

Because the gene acsB encoding the ACSch protein was already cloned into a pET28a vector
(pET28a-twinst-ACSch) [63] from the genomic DNA of C. hydrogenoformans [102], the gene was
sub-cloned into a modified pQE30 vector (generated by B. Sc. Lena Swiatek, AG Dobbek, Humboldt
Universitat zu Berlin) without His-tag. Amplification of the gene was done by PCR using the Phusion
DNA Polymerase. The pET28a-twinst-ACSch was used as a template for the PCR reaction. Because the
pet28a vector that contained the ACSch gene was cloned with an N-terminal twinstrep-tag sequence
including a tobacco etch virus (TEV) protease cleavage site for the purification, this sequence was
amplified together with the ACSch gene. The plasmid was kindly provided by Dr. Jae-Hun Jeoung (AG

Dobbek, Humboldt Universitat zu Berlin).

The PCR product was cleaned with a Nucleo Spin Gel and PCR Clean Up kit (Machery-Nagel).
Furthermore, the cleaned PCR product and the cloning vector were both cleaved with the restriction
Fast Digest enzymes BamHI and Pstl for 30 min at 37 °C. An additional dephosphorylation step was
taken with the vector by adding the Fast thermosensitive alkaline phosphatase (Fast AP, Thermo
Scientific) enzyme to the reaction mix. After incubation, both samples were loaded on an agarose gel.
The DNA fragments were isolated with the Gene JET Gel Extraction Kit (Thermo Scientific). The ligation

step of the gene of ACSc, into the cloning vector was done with the T4-DNA-Ligase at 4 °Cfor4 hina
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ratio of 3:1 (twinstrep-tag-ACSc, fragment to vector). All kits and enzymes were used according to the

manufacturer’s manual. All DNA samples were eluted from spin columns with MilliQ-H,0.
Forward Primer of acsB (restriction site underlined):

5-CTC ATC GGA TCC ATG GGC AGC AGC CAT C-3°

Reverse Primer of acsB (restriction site underlined):

5’-TAG TCC TGC AGT TAG AGT AGT GGC TCC ATG G-3’

A successful cleavage of the twinstrep-tag by using the TEV protease would form an N-terminal
Gly-His brace, which could act as a possible metal binding site, such as Cu and Ni [103, 104]. To
minimize the risk of an additional binding site, the histidine was mutated to an asparagine by using the

QuickChange method (as described above in 2.4.1).
Forward primer acsB H45N:

5’-GAA AACTTG TAT TTC CAG GGC AAT ATG AGC GAA G-3’
Reverse primer acsB H45N:

5°-CTT CGC TCA TAT TGC CCT GGA AAT ACA AGT TTT C-3’

2.4.3 Agarose gel electrophoresis

50x-fold Tris-acetate-ethylenediaminetetraacetic acid (EDTA) Buffer (TAE-Buffer): 242 g Tris,
57 ml glacial acetic acid, 100 ml 0.5 M EDTA, ad 1,000 ml H,O

6-fold loading buffer: 0.25% (w/v) bromophenol blue / 0.25% (w/v) xylene cyanol / 30% (v/v) glycerol

The electrophoresis was performed using 0.8% (w/v) agarose gel in 1x TAE-buffer. To follow the
migration of the DNA bands, 4 pl of Midori Green (Nippon Genetics Europe GmbH) was added to 60 ml
of a gel. Each sample was mixed with 6x-fold loading dye. To estimate the size of the bands, one well
was loaded with 3-5 ul DNA marker (Gene Ruler 1 kb DNA ladder, Fermentas). The electrophoresis was

performed in an Owl™ D4 chamber at 100 V for 30 min.

2.4.4 Transformation

100 ul of chemical competent cells were thawed on ice and 1 pl plasmid (for plasmid
maintenance/expression pre culture) or 10 pl of the ligation reaction mix were added. After 30 min
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incubation on ice, the suspension was heat shocked for 45 s at 42 °C and again incubated on ice for
2 min. 1000 ul of prewarmed SOB medium was added and the cells were incubated at 37 °C and
140 rpm for 1 h. For a transformation of cells that were further used for expression, 50 pl of the cell
suspension and in case of a transformation with a ligation product 90% and 10% of the cell suspension
was transferred to different LB-Agar plates with the appropriate antibiotics and incubated over night

at 37 °C.

2.4.5 Isolation of plasmid DNA:

Plasmid DNA was isolated from 5 ml bacterial culture grown in LB media with appropriate antibiotics
using the Nucleo Spin Plasmid Easy Pure kit (Machery-Nagel). The culture was inoculated one day prior

with a single colony from a LB-agar plate. The elution step was performed with 40 ul MilliQ-H,0.

2.5 Biochemical methods

2.5.1 Expression of the gene encoding for ACSch

For the expression of the gene encoding for ACSch, competent E. coli M15 pREP4 cells were
transformed with the plasmid construct containing acsB and the pISC plasmid [105]. One colony was
used to inoculate into TB media containing the appropriate antibiotics. This culture was grown over
night at 37 °C by 140 rpm. The culture flask was sealed with a butyl rubber septum to induce a

transition from aerobic to anaerobic growth over time.

The next day, fresh TB medium was supplemented with 40 mM sodium fumarate, 0.5 mM cysteine,
0.1 mM FeSO0s, 1% glucose and the appropriate antibiotics. Afterwards, the flask was attached to a gas
train and bubbled with nitrogen to generate an oxygen-free medium. After over pressurizing the
overnight culture with nitrogen, both flasks were connected by a needle with two-way out through the
septa and the pre-culture was released into the main culture by pressure difference to prevent oxygen
contamination. The culture grew at 37 °C in a water bath under constant nitrogen flow. After the
culture reached an optical density of 0.9-1.2 at 600 nm (ODe0o), the culture was induced with 0.5 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) and the temperature adjusted to 30 °C. Cells were
harvested after 16 to 20 h by centrifugation at 6000 rpm for 20 min and the cell pellets frozen in liquid

N, and stored at -80°C until use.
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2.5.2 Purification of ACSch

Frozen cells were resuspended in 5 ml buffer A (50 mM Tris/HCl pH 8.0, 100 mM NacCl, 2 mM TCEP) per
gram of cells, supplemented with a small amount of DNase A, lysozyme and avidin and stirred for 1 h.
The suspended cells were lysed in a rosette cell on ice by sonification (Bandelin Sonoplus HD 2070)
with a KE 76 sonotrode three times for 5 min (amplitude 50%, 5 cycles). The cell lysate was centrifuged
at 30,000 rpm for 45 min at 12 °C. The supernatant was loaded on a strep-tactin column, washed with
buffer A containing 1 mM sodium dithionite (DT) and equilibrated with buffer A. After loading the
supernatant, the column was washed with 10 column volume (CV) of buffer A. Elution was performed
with 2.5 mM desthiobiotin in the same buffer. To remove the twinstrep-tag of ACSc,, the eluted protein
solution was incubated with strep-tagged TEV protease in a ratio of 1:100 for 16 h and supplemented

with B—mercaptoethanol to a final concentration of 10 mM.

Subsequently, the protein solution was applied to a Q-Sepharose anionic exchanger column. The
column had been equilibrated before with buffer B (50 mM Tris/HCl pH 8.0, 10 mM NaCl). After the
protein solution was loaded on the Q-Sepharose column, the column was washed with a mixture of
70% buffer B and 30% buffer C (50 mM Tris/HCl pH8, 500 mM NaCl) for at least 10 CV. The elution was
performed with 100% buffer C. To remove uncut ACSch from the elution fraction, a strep-tactin column
was tentatively attached after the Q-Sepharose column during elution. The eluted protein fraction was
reconstituted with NiCl,. Reconstitution was performed by adding a 6-fold excess of NiCl, to the protein
solution and incubation for 60-72h at 45°C. The solution was also supplemented with
-mercaptoethanol to a final concentration of 10 mM. Reconstituted ACSc, was subsequently loaded
on a sephadex S200 pre-grade column (16 mm x 600 mm) for size exclusion chromatography (SEC)
using buffer A without TCEP. Fractions that correspond to monomeric ACSch were collected,

concentrated, frozen and stored in liquid N,.

2.5.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Separating-gel: 12% (w/v) acrylamide/bis-acrylamide (29:1)
375 mM Tris-HCl pH 8.8
0.1% (w/v) Sodiumdodecylsulfate (SDS)
0.08% (v/v) N,N,N’,N’-tetramethylethylendiamin (TEMED)
0.05% (w/v) Ammonium persulfate (APS)

Stacking-gel: 6% (w/v) acrylamide/bis-acrylamide (29:1)
125 mM Tris/HCI (pH 6.8)
0.1 (w/v) SDS
0.08% (v/v) TEMED
0.05% (w/v) APS
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To observe the expression of ACSch and to qualitatively analyze the individual steps of the purification
procedure, the discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
as described by Laemmli was used [106]. All SDS-PAGE samples were mixed with the appropriate
amount of 5 x SDS buffer containing 5% [3-mercaptoethanol and cooked for 5 min in a waterbath. After
centrifugation of the samples at 10,000 rpm for 1 min, the samples were loaded on a 12% SDS gel to
separate the proteins. The electrophoresis was performed in a Mighty Small Deluxe chamber (Serva)
for 1 h at 175 mV. The PageRuler prestained marker (Thermo Scientific) was used to identify the size

of the protein band.

2.5.4 UV/vis spectroscopy

UV-visible absorption spectra were recorded with an Agilent8453 spectrophotometer with photodiode
array at 25°C using a Peltier temperature controller. The measurement was performed in a

black-walled quartz cuvette with 1 cm pathlength.

2.5.5 Synthesis of methylcobinamide

The synthesis of methylcob(lll)inamide (MeCbd) from methylcobalamin (MeCbl) was done according
to the method described by Brown [107]. For synthesis, 50 mg of MeCbl was dried over P,Os over 72 h
and dissolved in 600 pl CF3SOsH and stirred for an additional 24 h. The reaction mix was poured into
100 ml of 1 M K;HPO, and loaded on a column for purification. In contrast to the protocol, the
purification was done with a Sep Pak C18 reversed phase column (Water Sep Vak 6cc) and the washing
step was performed with 10% acetonitrile in water. After the elution step with 50% aqueous
acetonitrile, the collected fraction was dried in an exicator over days until the solvent was completely
evaporated. The remaining MeCbd was dissolved in MilliQ-H,O and stored at -80 °C. All steps were

performed in dim light.

2.5.6 Determination of the iron content of ACSch

The iron determination of ACSch was done by the method described by Buchanan [108]. 7.5 ul of a
25% (v/v) HCl solution was added to a protein sample of 250 pl, containing 350 pug ACSch, and incubated
at 80 °C for 10 min. After centrifugation for 10 min at 10,000g, the supernatant was mixed with 750 pl
MilliQ-H,0, 50 ul 10% (w/v) hydroxylamine and 250 pl of 0.1% (w/v) phenanthroline. The reaction mix
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was incubated for 30 min at room temperature and the absorption of the sample measured at 512 nm.
To calculate the amount of iron from the absorption value, a standard was prepared using iron

ammonium sulfate ranging from 0-20 nmol.

2.5.7 Determination of protein concentration

Protein concentration for calculating amount of ACSc for proper use of TEV protease and amount of
NiCl, for reconstitution was performed by Bradford method [109]. Bovine serum albumin (BSA) was
used to generate a standard curve. The protein concentration of the final purification product of ACScn
was performed by UV/vis spectroscopy. ACSch was denatured with 6 M guanidinium chloride,
50 mM Tris/HCl pH 1 and the absorption measured at 280 nm and the concentration calculated with

the theoretically extinction value of ACSch (€280 nm = 92,710 M cm 1) according to ProtParam [110].

2.5.8 Measurement of ACSch activity (acetyl-CoA formation)

The activity of ACSch was determined based on a method described by Grahame [111, 112]. Formation
of acetyl-CoA from CoA, MeCbd and CO was followed by the conversion of methylcob(lll)inamide
(MeCbd) to cob(l)inamide (Cbd). The conversion was observed by measuring the spectral changes at
387 nm (increase) and 462 nm (decrease). A typical reaction mix contained 2 uM ACSc, in
100 mM HEPES pH 7.2, 300 uM freshly prepared Ti(lll)citrate, 50 uM MeChbd, 10% (v/v) CO saturated
100 mM HEPES pH 7.2 and 200 uM CoA in a screw caped cuvette with silicon septum. After mixing all
components except the CO saturated buffer and CoA, the cap was closed and the CO saturated buffer
added with a gastight syringe. This reaction mix was incubated for 5 min at room temperature and the
reaction was started by adding CoA to the cuvette. The experiment was performed in dim light. Finally,
the reaction rates were calculated using the difference extinction coefficients from MeCbd and Cbd at

387 nm (A8337 nm (MeCbd-Cbd) = -17410 M cm’l) [113].

2.5.9 Isothermal titration calorimetry (ITC)

All ITC measurements were performed with a MicroCal VP-ITC system in a glovebox (LABstar pro,
MBraun) under anoxic conditions by nitrogen circulation at 25 °C in 50 mM Tris/HC| buffer pH 8,
100 mM NaCl and all solutions were degassed immediately right before the titration except for CO

gassed solutions. For the CoA binding, ACSchn was present in the 1.4 ml reaction cell with a
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concentration of 20 uM and stepwise injected with Coenzyme A (800 uM). The CoA concentration was

determined by using the extinction coefficient (€250 nm = 16.8 mM=cm™) [114].

For the CO binding experiment, 40 UM ACSch with 1 mM Ti(lll)citrate was present in the reaction cell
and CO gassed buffer (920-930 uM) was injected. After filling the injection syringe, remaining CO
gassed buffer was added to a 1 mM DT containing hemoglobin solution in a gastight cuvette to
measure CO concentration. The absorption difference at 431 nm before and after adding the CO
gassed buffer was used to calculate the amount of carboxyhemoglobin with the extinction coefficient
(Agqz1 = 61.9 mM em?). This extinction coefficient was calculated from the extinction coefficient for
reduced hemoglobin (gs31 =140 mM tcm™) [115] and the measured extinction coefficient for

carboxyhemoglobin (g431 = 78.05 mM™cm™).

The interval between the injections was 300 s in all experiments and the reaction cell stirred with
307 rpm. Baseline calculations were performed using NITPIC [116] and the data were further analyzed
and fitted using a one-binding site model with Origin 7.0 software [117]. The experimental data of the
CO-titration showed an apparent deviation using all data points (Chi? = 1.1 * 10%) and were fitted

without the first three data points (Chi% = 5.4 x 103).

2.6 Protein crystallization

Protein crystallization experiments were performed with the sitting drop vapor diffusion technique at
18 °C. The drops were dispensed with the OryxNano crystallization robot (Douglas Instruments) in
96-well plates. The drop size was in the range of 1-1.4 ul with a 1:1 ratio of protein and reservoir
solution for screening. Crystals were cryoprotected by soaking the crystals with reservoir solution
containing 15% 2,3-R,R-butandiol and flash frozen in liquid nitrogen. All crystallization drops contained
16.5 mg/ml ACSch in 50 mM Tris/HCl pH 8 and 100 mM NaCl before mixing with the respective reservoir

solution. The different crystallization conditions are summarized in Table 7.

Table 7: Composition of crystallization conditions for crystallization of ACSch.

Crystal Buffer Salt Precipitant Additive

ACSch-closed:Ni - 0.1 M Lithium nitrate 16% w/v 5 mM Ti(lll)citrate
tribasic tetrahydrate PEG 3350

ACSch-closed:ZN 70 mM Bis-Tris- 30 mM Citric acid 24% w/v 5 mM Ti(lll)citrate
Propane pH 7.6 PEG 3350

ACSch-closed:Ni-CO - 0.1 M Sodium 20% w/v 5 mM Ti(lll)citrate
malonate pH 6 PEG 3350

ACSch-open:Ni-CoA 150 mM MES 2 M Ammonium 5% v/v 5 mM CoA trilithium
pH 6.0 sulfate PEG 300 salt
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2.7 Data collection and processing

Diffraction images were recorded at the synchrotron radiation source BESSY Il (Helmholtz Zentrum
Berlin) [118]. The diffraction data were collected at 100 K at the beamlines of 14.1 and 14.2. All
measurements were performed at a wavelength of 0.9184 A, unless otherwise noted. An optimal data
collection strategy was chosen by using the program iMOSFLM [119]. Data processing and scaling was
performed using XDSAPP GUI [120] that uses XDS [121, 122] and the STARANISO server [123]. To
analyze the metal content in a crystal, an X-ray fluorescent (XRF) spectra of the sample was recorded
and analyzed by XFEPlot [124]. For recording anomalous scattering data, an energy scan for the

respective metal was recorded and the corresponding energy was adjusted.

2.8 Structure determination and refinements

Molecular structures were determined using PHENIX [125]. The ACSch structures were solved by using
molecular replacement and the model of the monomeric ACS from C. hydrogenoformans
(PDB-ID:1RU3 [40]). To build the whole model for ACSch-ciosed Crystals of the space group P2:2:24, each
of the three domains of ACSc, were searched as an individual model without the linker region between
the domains in PHASER [126] to build a first new model. These solutions were afterwards combined
and the domains connected in COOT [127] to build a second model with the complete monomeric
ACSch, which was further refined by using PHENIX refine [128] and COOT [127]. This model was used

for molecular replacement of new datasets afterwards.

2.9 Graphic representation

Depiction of model structures were done with the program UCSF Chimera [129]. The sigma level of

different maps that were compared were contoured according to the sigma comparison tool [130].
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3 Results

3.1 Expression and purification of ACSch

The ACSch gene was cloned into the pQE30 derived vector, which contains an N-terminal twinstrep-tag
with a TEV protease cutting site to improve the purification. ACSc, was expressed as described in the
material and methods section (2.5.1). As shown in Figure 8, ACSch is already overexpressed after two
hours of induction. However, cells were harvested after 16-20 h for more biomass. The yield of wet
paste cells was around 6-8 g of cells per liter of TB medium. This is a 3-4-fold increase compared to the
previously used system in E. coli BL21(DE3) with a pET28a expression vector, which gave yields of only
2 g wet cell paste per liter of TB media [131]. Not only did the cell mass increase with the pQE30
expression system, the expression band of ACSc, became also more prominent compared to the E. coli

housekeeping proteins (Fig. 8).

E. Coli M15 pQE30-twinst-ACSch E. Coli BL21 (DE3) pet28a-twinst-ACSch
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Figure 8: Comparison of heterologous expression of ACSc, with different vectors. The 12% (w/v)
SDS-Gels shows samples before and after induction with IPTG. All samples were normalized to an ODgoo
of 0.5. The expected size of ACSc is 82.2 kDa (red arrow). The left gel shows the expression after 2h,
4 h and 20 h after induction in E. coli M15 with the modified pQE30 vector. A strong corresponding
band is already detectable after 2 h induction. The right gel shows the previously used expression
protocol in E. coli BL21 (DE3) with a pET28a vector after 1 h, 5 h and 20 h after induction [128]. There
is also an overexpression of ACSch detectable after 1 h after induction.
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ACSch was purified in three chromatographic steps: an affinity chromatography using the
twinstrep-tag, anionic exchange chromatography with Q-sepharose to remove a main impurity by
using a gradient and a size exclusion chromatography (SEC) to isolate different oligomeric states and
excess of Ni after reconstitution as a polishing step (Fig. 9A and B). Only monomeric ACSch was collected
from the SEC and used for all further experiments. ACSch was concentrated to 20-25 mg/ml before
freezing. The progress of purification is shown in Figure 9B. The cells of one 5 | culture were used for a
standard purification, which results in a yield of 40-60 mg of ACSch. This corresponds to 1.5-2 mg ACSch

per g of cells.

To exclude interferences of the twinstrep-tag for the activity and crystallization behavior of ACScy, the
tag was removed by the TEV protease after the first step of purification, as the proximal metal site (M)
at cluster A is very labile and can be easily replaced by other metals (especially zinc) which would result
in the production of inactive ACS [78]. Therefore, ACSch was chemically reconstituted with NiCl,
immediately after the anion column and the excess nickel was removed by SEC. Iron of
as-reconstituted ACSch was always present in a 4-fold higher molar concentration than mol of ACSch

protein matching the presence of [4Fe-4S] cluster per ACS molecule.
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Figure 9: ACSch purification. A) Size exclusion chromatography of reconstituted ACSch. Monomeric
ACSch elutes after 76 ml, was collected and concentrated. B) 12% (w/v) SDS-PAGE gel shows
enrichment and increase of purity of ACSch by purification steps.
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3.2 UV/vis spectroscopy of ACSch

The UV/vis absorption spectra of ACSch before and after reconstitution are shown in Figure 10. Both
show the typical protein maxima at 280 nm followed by a broad shoulder at 410 nm, a characteristic
feature for proteins containing an oxidized [4Fe-4S] cluster [132]. After reconstitution, ACSch shows an
additional shoulder at 340 nm, whereas the untreated sample has a small shoulder at around 320 nm.
This spectral change is most likely associated with the occupation of the cluster A with nickel. A spectral
change during nickel titration was also reported for the homolog ACS from Methanosarcina
thermophila, which showed one sharp maxima from 330-340 nm and a small broad maximum in the
range from 400-700 nm after calculating a difference spectrum by Ni-reconstituted minus Ni-free
samples [78]. These changes can be explained due to ligand-to-metal charge transfer from the nickel
binding to S-Cys ligands. This result was also found for ACSch, with a sharp maximum at 334 nm and two
broad maxima 400-500 nm and 500-660 nm in the difference spectra of ACSch before and after

reconstitution.
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Figure 10: UV/vis spectra of ACSch. Before reconstitution in dashed and after reconstitution in solid
lines. The small shoulder at 410 nm corresponds to the [4Fe-4S] cluster. After reconstitution an
additional shoulder is visible at 340 nm. In contrast, the untreated sample shows only a small shoulder
at around 320 nm. The inset shows the difference spectrum of reconstituted ACSch minus
non-reconstituted ACSch.
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3.3 Activity of ACSch

The activity of ACSch was measured to verify an intact and active cluster A. This was done according to
Grahame et al. [111, 112]. In this assay methylcob(lll)inamide (MeCbd) is used as methyl group donor.
MeCbd was chosen because of the base-off coordination of the methyl group, which is also present in
the natural methyl group donor CoFeSP [133] and is more reactive compared to the base-on
coordination as, for instance, in methylcobalamin (MeCbl) [134]. The reaction can be followed by the
conversion of CHz-Co(lll)binamide to Co(l)binamide (Cbd), which results in a spectral change at 387 nm
(increase) and 462 nm (decrease). Figure 11 shows the spectral changes after adding CoA to the

reaction mixture over the time course.
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Figure 11: Activity assay of ACSch. A) Start spectra is indicated as blue and last spectra as red line. B)
Time course of the absorbance at 387 nm. The reaction mix contained 10% (v/v) CO-saturated 100 mM
HEPES buffer pH 7.2, 300 uM Ti(lll)citrate, 50 uM MeChbd, 2 uM ACSch and 200 uM CoA in 100 mM
HEPES pH 7.2 buffer at room temperature. The reaction was started with CoA and spectra recorded

over 1200 s.
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Following the increase of the absorption at 387 nm and by using the difference extinction coefficient

umol
minxmgacsch

of MeCbd and Cbd (A€387 nm (Mecbd-cba) = 17.41 mM™ cm™[113]), a specific activity of 0.075

(turnover number of 6.2 min™) was calculated. These values are in the same range as reported for the

isolated ACS from M. thermophila with a turnover rate of 4.61 min* [111].

3.4 Structural and biochemical analysis of ACSch-closed

3.4.1 Crystallization of ACSch-closed and structure determination

ACSch crystals appeared in several conditions of the PEG-ION Screen (Hampton) containing reagents
with carboxylic groups as citrate, malonate, acetate or tartrate. Crystal color ranged from light brown
to dark brown and had a longish hexagonal morphology (Fig. 12). The most promising crystallization
conditions according to the diffraction of the crystals were optimized. The conditions contained citrate
and malonate. In addition, adding Ti(lll)citrate as additive to the crystallization conditions increased
the diffraction quality of the crystals resulting in crystals which diffracted to 1.8-2.1 A as shown in
Figure 12. The crystals belong to the orthorhombic space group P2:2:2; with a cell constant of
a=70.0A b=99.8A, c=2385Aand a = B =y =90°, which differs from the known unit cell of the
monofunctional ACSch-open (PDB-ID: 1RU3, a = b =200.3 A, c = 169.4 A, o. = B = 90°, y = 120°) with the
space group of H3; and crystal packing. Solving the structure by molecular replacement with the PDB
model of 1RU3 led to no results, but searching for each of the three domains (N-terminal,
C-terminal and middle domain) separately without the flexible linker region between the domains led
to a solution. These solutions were combined in one PDB and the missing amino acids between the
domains filled into the remaining electron density map (2F,-F.) yielding a new model with two ACSch
molecules in the asymmetric unit. Both ACSch molecules are in the same conformational state and are
superimposable with an rmsd of 0.6 A for Ca. atoms. One of the molecules is shown in Figure 13A. This

new crystallized conformation of ACSchis called ACSch-ciosed-
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Figure 12: Representative crystals (left panel) and diffraction (right panel) of ACSch.-ciosed Crystals. All
crystallization conditions started with 8.3 mg/ml ACSch. A) Formulation: 0.1 M Lithium nitrate tribasic
tetrahydrate, 16% w/v PEG 3350 B) Formulation: 30 mM citric acid, 70 mM Bis-Tris-Propane pH7.6,
24% w/v PEG 3350 C) Formulation: 0.1 M sodium malonate pH 6, 20% w/v PEG 3350.

3.4.2 ACSch-closed Structure and metal identification of cluster A

Since the M, site of the cluster A is very labile, X-ray fluorescence (XRF) spectra of all crystals were
measured to identify possible contaminations by Cu or Zn, which might have been introduced during
purification or from crystallization chemicals (Fig. S1A). The spectra indicate Ti, Fe, Ni and Zn as the
most abundant metals in the sample. Fe and Ni are part of the cluster A and Ti is present in Ti(lll)citrate
used as the crystallization additive. Cu was never detected and high Zn signals have been present in

crystals, which were grown in high citrate conditions and have been crystallized from manufacturer
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stock solutions (1 M BTP, 1 M Citric acid, Fig. 12B). The anomalous scattering contribution of these
crystals at the Ni high energy edge (8.33 keV) showed only the distal metal (My) site occupied with a
nickel ion and additional data collection at the Zn high energy edge (9.66 keV) confirmed a Zn ion at
the M, position of cluster A (Fig. 13C and D). Crystals which were grown with self-prepared metal free
solutions showed minor Zn level in the XRF spectra (Fig. S1B and C) and data collection at the high Ni-
K-edge confirmed nickel ions at the M, and Mg site of the cluster A (Fig. 13B). The presence of the [4Fe-
4S] cluster was additionally checked with data collected at the high energy site of the Fe-K-edge and

was never found to be damaged (Fig. S2).

A

| 18.33 keV | 9.66 keV
Figure 13: Crystal structure of ACSch-cosed With the space group of P2,2,2,. A) Ribbon representation
of ACSch-cosed With surface outline. B) Ni anomalous map at high Ni-K-edge (8.33 keV) from crystals
grown with the metal-free optimization screens is shown in cyan surface at contour level 7.0 a. C) Ni
anomalous map of a crystal at high Ni-K-edge (8.33 keV) from the commercial stock solutions and
citrate conditions is shown in cyan surface at contour level of 7.0 o. D) Zn anomalous map of the same
crystal as in C at high Zn-K-edge (9.66 keV) contoured at 5.0 o (violet surface) confirms Zn ion at the
M, position of the cluster A. The K-absorption edge energy for Fe is 7.11 keV, for Ni 8.33 keV and for
Zn 9.66 keV [135-137]. Same color code as in Figure 4. An unknown ligand on the Zn atom is depicted
as grey sphere.

The ACSch-ciosed Molecules in the crystal lattice have several inter-domain interactions of hydrophobic,
hydrogen-bonding and salt bridges (Fig. 14). The three domains are in contact with each other by
6-16 residues (Tab. 8 and Tab. S2). In comparison, the previously published monofunctional ACSch-open

(PDB-ID: 1RU3) exhibits inter-domain contacts with only 3-7 residues per domain without any observed
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inter-domain contacts between the N-terminal domain and the middle domain (Tab. 8 and Tab. S2).
This indicates a different arrangement of the N-terminal domain, which would explain why the
molecular replacement with the complete 1RU3 model could not find a valid solution. The individual
domain structure of the three domains of ACSch-ciosea Shows no change in comparison to ACSch-open.
Superposition of ACSch-ciosed With the previously published ACSmt-ciosed Structure exhibits an rmsd of

1.03 A, suggesting that the overall conformation of ACSch-ciosed is almost equivalent to ACSwt-ciosed.
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Figure 14: Interdomain contacts of ACSch-cioses and ACSch-open (PDB-ID: 1RU3). Same color code as in
Figure 4. Residues that are involved in interdomain contact are highlighted in spheres colored in their
respective domain color. See Table S2 for more information.

Table 8: Number of residues that are involved as interdomain contacts between domains of
ACSch-closed and ACSch-open. A detailed list of the residues involved is shown in Table S2.

ACSch N-terminal domain — N-terminal domain — C-terminal domain —
domains  C-terminal domain residues  middle domain residues middle domain residues
ACSch-closed 16-14 11-9 6-6
ACSch-open 5-3 - 5-7

In addition to the re-arrangement of the domains, ACSch-ciosed Structure also shows local changes in the
C-terminal domain, especially at cluster A. Ni, is coordinated by three Cys residues and one water
ligand and in a square planar coordination as in the ACSch-open Structure (PDB-ID:1RU3), whereas Niyin
ACSch-closed Shows a distorted tetrahedral coordination geometry with same ligands as in the ACSch-open
(Fig. 13B). The Nig stays in the square planar coordination geometry coordinated by the Cys-Gly-Cys

motif. Since the distal and proximal position of cluster A is occupied with Ni ions in a different
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conformation, this ACSch-ciosed Structure depicts a potentially active state that was not seen before for

the monofunctional ACSch.

3.4.3 Molecular tunnel and observation of CO ligand binding

The differences in the interdomain contacts of the N-terminal domain to the middle domain and
C-terminal domain between open and closed ACSch structures also lead to change of surface accessible
area (ACSch-open = 30928.7 A2 ACSch-ciosed = 28885.7 A2 calculated with PDBe PISA v1.52 [138]), which
result in more exposure to the solvent and higher accessibility to cluster A from the solvent in
ACSch-open. The rearrangement of domains in ACSch-ciosed iS Most likely accompanied by a hinge
movement at the N-terminal domain of 43.9 A, resulting in a more compact structure as shown with
more interdomain contacts and a reduced surface accessible area. ACSmtciosed Shows a tunnel
connecting cluster A and cluster C of the ACS/CODH complex for CO delivery [69] and assumes that the
compact and related structure of ACSch-ciosed could also harbor a molecular tunnel for CO delivery.
Calculations of putative tunnels by the MOLEonline web server [139] revealed a tunnel that ranges
from the proximal position of the cluster A through the N-terminal domain. This tunnel would allow

CO molecules to enter ACSch-ciosed, thus CO binds at the Nij, of cluster A (Fig. 15A).

A superposition of ACSch-ciosed t0 the ACSch-open Structure (PDB-ID: 1RU3) shows a gate for the CO tunnel
that is controlled by the movement of Phes;s as a gate keeper, located at the end of the tunnel close
to the Nip site (Fig. 15B). In the ACSch-open Structure, conformation of the Phesis residue closes the
tunnel, which would hinder CO delivery from the tunnel to the Ni, (Fig. 15B). In contrast, the Phes;s in
the ACSch-ciosed is flipped outward to the cluster A (121°), which opens the tunnel and consequently

allows CO to enter and to bind at the Nip.
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Figure 15: Molecular tunnel in ACSch-ciosed- A) Calculated tunnel shows channels for both molecules in
the asymmetric unit. Same color code as in Figure 4A. The tunnel is shown as magenta surface and
starts at the N-terminal domain and ends at the Nij site of the cluster A. Tunnel calculations were done
with the MOLEonline web server tool [139]. B) Superposition of the previously reported ACSch-open
crystal structure (PDB-ID: 1RU3) with the crystallized ACSch.-ciosed cOnformation. Same color code as in
Figure 4. The end of the tunnel is shown as magenta surface.

ACSch-closed Crystals were treated with CO in the presence of Ti(lll)citrate as reducing agent to generate
a CO-bound state of ACSch. A crystal diffracted to a resolution of 2.0 A (Fig. 12C) with unchanged cell
constants (Tab. S1). Strong anomalous scattering contribution from Ni identified both nickel ions at the
proximal and distal sites of cluster A (Fig. S3). As in the absence of CO, the Ni, shows a tetrahedral
geometry, while Nig shows unchanged square-planar coordination (Fig. 16). Both the CO-treated and
the untreated crystals shows a positive density in the Fo-Fc map above the Ni, (Fig. 16A and B). The

refinement of the model into this electron density is discussed in the following paragraph.

34



Results

The density can be completely satisfied with a coordinated water ligand without any residual electron
density of the Fo-Fc map above 0.28 e /A in the untreated protein structure (Fig. 16C). In contrast to
unchanged Nig site upon CO-gassing, the positive electron density above the Nij in the CO-treated
crystal cannot be explained by a monoatomic water model (Fig. S4A). Therefore, modeling of the
density with CO as a possible ligand clearly explain the observed electron density without leaving any
(Fig. 16D) or a very small remaining positive electron density (Fig. S4D) in the Fo-F. map after
refinement depending on the ACSch-cioseda Molecule in the asymmetric unit. Furthermore, modeling of
the water molecule at the position of either carbon or oxygen of CO also results in remaining positive

electron density, which supports the presence of a diatomic ligand at the Nij site (Fig. S4B and C).
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Figure 16: Electron density maps around the Ni, ligand from CO treated and untreated crystals. A) A
composite Fo-Fc omit electron density at the Ni, of untreated crystal. B) A composite Fo-Fc. omit electron
density at the Nip of CO-treated crystal. C) The untreated ACSch-cioses Crystal with water as ligand. D) The
CO treated ACSch-ciosed Crystal with CO as ligand. Atoms are color-coded as in Figure 4, except carbon
atom of CO (light brown). 2F,-F. map is shown as black mesh contoured at 1.0 o and F,-Fc. map is shown
as green mesh at 3.0 0. The 2F,.F. maps were adjusted according to the maps comparison tool of the
phenix suite, with the untreated structure as reference.

3.4.4 Hydrophobic CO-binding patch

As represented in Figure 15B, the binding of the CO ligand is restricted mostly by the position of Phes;s
that allows CO to interact with Ni, from the molecular tunnel in catalysis as in the untreated crystals
of the ACSch-ciosed Structures. The environment around the CO bound Nij, site depicts additional residues

from the N-terminal domain (Glyias, lleiss, Valisz, Phe,s;) building a hydrophobic patch around the CO
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molecule (Fig. 17). This arrangement with the surrounding residues functions to prevent CO release
from the active site to the solvent as indicated by the van der Waals radii of the surrounding residues.
The only natural substrate of ACS that could pass through the tunnel is CO, as CoA is too large to pass

through the tunnel and the methyl moiety is derived directly from CoFeSP.

Glys Phes:s

| CSssa Glyass CySEﬁEj‘ 3 G_|y599

Figure 17: Binding pocket of the CO ligand in ACSch-ciosed- The hydrophobic residues prevent CO leakage
to the solvent. Van der Waals radii of the surrounding residues are shown as green spheres. Same color
code as in Figure 16.

3.4.5 CO-binding on ACSch in solution

To investigate the binding of CO at the cluster A in solution, ITC experiments were performed under
anoxic reducing conditions (Fig. 18). The thermogram implies an exothermic interaction of CO with
cluster A, which is enthalpically driven by favorable enthalpy change and can be described with a
one-site binding model. The fit yields a Kp value of 9.4 uM for CO and a binding stoichiometry of
0.7 CO/ACSch. This Kp is in the same order of magnitude as reported for M. thermoacetica [140]. Since
the ITC experiment with CO yielded a stoichiometry of 0.7 CO/ACSch, not all ACSch molecules are able

to bind CO under this condition.
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Figure 18: ITC of ACSch with CO. The raw thermogram of the heat change by injection is shown in the
upper panel, while the lower panel shows the integrated data (open circles) with the fit by
one-binding site model (black line) and is normalized to the ratio of CO and ACSch (0.04 mM)
concentration. n indicates number of binding sites.

3.5 Structural and biochemical analysis of ACSch-open

3.5.1 Crystallization of ACSch-open With CoA co-crystallized

ACSch was crystallized in conditions containing MES, ammonium sulfate and CoA acting as an additive
(Fig. 19; Materials and methods 2.6). The best crystal diffracted to a resolution of 2.3 A. The crystals
were of the trigonal space group H3, with the cell constants a=199.3 A, b= 199.3A, ¢ = 168.2 A,
o = =90y =120° (Tab. S1). This space group and the unit cell parameters are almost identical to the
previously reported ACSch-open cONnformation of C. hydrogenoformans (PDB-ID: 1RU3) and molecular
replacement with the 1RU3.pdb as a search model for phasing information resulted in a correct
solution. As the reported structure, one ACSch molecule is found in the asymmetric unit and depicts

ACSch in the open conformation (ACSch-open). XRF spectra of ACSch-open Crystals were recorded to
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determine the metal composition in the crystal (Fig. S1D). In contrast to ACSch-ciosed (Fig. S1B), only Ni
and Fe are present without Ti or any trace amounts of Zn. Thus, ACSch-open Crystallized without any
contaminants and shows an intact cluster A, which is additionally proven by anomalous scattering data
at the Ni K-edge (Fig. S5). The arrangement of Nig is equal to the ACSch-ciosed Structure with a square
planar coordination sphere, but Ni, is also coordinated in a square planar coordination geometry,
ligated by three Cys sulfurs and a fourth unknown ligand. Because these crystals were grown in a
co-crystallization experiment with CoA and the prediction that ACSch-open is the potential state for CoA

binding, the density was searched for the presence of a CoA ligand.

Figure 19: Co-crystallization of ACSch-open. Left: Crystal from initial screening (Pi-minimal D5). Right: A
representative diffraction image. Crystallization condition started with 8.3 mg/ml ACSch.
Formulation: 150 mM MES pH 6.0, 2 M ammonium sulfate, 5% v/v PEG 300 and 5 mM CoA trilithium
salt.

3.5.2 CoA ligand modeling

In the crystal structure of CoA co-crystallized ACSch-open @ strong positive electron density from the
Fo-Fc map at the Ni, as the fourth ligand was observed, where a water ligand was occupied in the
ACSch-open Structure (PDB-ID: 1RU3). However, the density in the CoA co-crystallized structure cannot
be described by a water ligand (Fig. S6A). Additional positive electron density peaks are further visible

around cluster A, indicating a presence of a larger and longer ligand than water (Fig. S7A).

Since the acetyl group has to be transferred to the thiol group of CoA for acetyl-CoA synthesis, the
cysteine and pantothenate moiety of CoA were used as a starting model for CoA as ligand, where the
sulfur atom covalently binds at Ni, (Fig. S7B). This refinement results in observation of additional
positive density around the pantothenate part of the CoA molecule. This was used as guidance for

model building of CoA. Adding of the diphosphate group and the ribose of the adenosine part of CoA
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resulted in appearance of additional density as well (Fig. S7C and D). Finally, modeling the missing part
of CoA (adenine) into the remaining density led to no further additional densities (Fig. S7E). The final

model satisfies the electron density of the F,-F. map with occupancy of 65%.

Only some main features are shown in the 2F,-F. map (contoured at 1.0 o), as two phosphate groups,
the cysteine group, parts of the adenosine ring and the pantothenate group, inferring that CoA is very
flexible in this state which is further supported by the high average b-factor of the molecule (91.8 A3)
(Fig. 20A). Most of the missing features appear in the 2F,-F. map contoured at 0.5 0. However,
components from the crystallization condition can be excluded, since modeling of MES or sulfate
results in the appearance of negative electron density and does not fit into the shape of the electron

density and interacting environment at the cluster A (Fig. S6B and C).

To identify the atom bound to the Ni,, anomalous scattering data for sulfur were recorded at 6.50 keV,
which shows that the sulfur atom of CoA is buried inside the bulky S-anomalous electron density and
argues for the presence of a sulfur atom (thiol group) of CoA at the Ni, (Fig. S8). Although the resolution
for anomalous data of this dataset is only 4.3 A with a SignAno (mean anomalous difference in units of
its estimated standard deviation, (|F(+)-F(-)|/Sigma) and F(+), F(-) are structure factor estimates
obtained from the merged intensity observations in each parity class [122]) value of 1.01, anomalous
map was calculated using resolution at 6.5 A. It has to be noted that at this resolution there is
contribution of S-anomalous from sulfur atoms of the [4Fe-4S] cluster and cysteine sulfurs coordinating

Ni atoms. Therefore, it is difficult to distinguish cluster sulfur and CoA sulfur atoms.

The 2F,-F. map calculated after modeling of CoA does not show all features of CoA, most likely due to
its high flexibility. This could result in loss of a clear map due to bulk solvent contribution or the strong
signal appearing from the heavy metals present in the cluster A, which could obscure weak signals
from the flexible CoA ligand. For that reason a feature-enhanced map (FEM) was calculated, producing
a map that possesses a reduced level of noise, model bias and scales weak and strong features to the
same level [141]. The resulting FEM map shows all main features of the CoA ligand at the same-scaled

contour level in comparison to the 2F,-F. map (Fig. 20B).

A second approach to enhance the quality of the electron density map was done by calculation of a
polder map [142]. Since this tool excludes bulk solvent contributions to the electron density map, weak
and flexible features like ligands and protein loops are enhanced using this map tool. Comparison of
the omit and polder maps (Fig. S9B) with the 2F,-F. map (Fig. S9A) shows enhanced signals for the
already present parts of CoA in the omit map and additional features in the polder map. The calculated
correlation coefficient (cc) of the map with ligand and real Fos data (ccmims = 0.82 and

peak cCmim3 = 0.76) are higher than for the map without ligand and real F,s data
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(ccmam3 = 0.54 and peak ccmams = 0.47) or the maps with and without the CoA ligand (ccmim2 = 0.46 and
peak cCmim2 = 0.40), in which m1 corresponds to calculated F,ss with the ligand and m2 to calculated
Fobs Without ligand and m3 to real Fobs data. According to these values, it is most likely that the electron
density of the polder map corresponds to model feature and not to bulk solvent, which again supports

the presence of CoA in the crystal structure.

Figure 20: Stereo view of different maps for CoA. A) 2F,-F. map in black mesh (contoured at 1.0 o), in
light blue mesh (contoured at 0.5 ¢) and F,-F. map in green mesh (contoured at 3.0 o) after full
refinement with complete CoA molecule. B) Calculated FEM for the CoA model in A. FEM in dark blue
surface are contoured at 1.0 o. The FEM map was adjusted according to the maps comparison tool of
the phenix suite [130], with the 2F,-F. map contoured at 1.0 ¢ as reference. Atoms are color-coded as
in Figure 4, except carbon atom of CoA (light brown) and P in orange.

The surrounding environment of the CoA ligand shows that the adenosine phosphate part of the
molecule is coordinated by residues from the middle domain and the C-terminal domain (Argaos, Argacs,
Aspssg and Asnss:) (Fig. 21 and Fig. 22). The adenine ring builds one hydrogen bond to the oxygen atom
in the backbone of Aspsss and is further interacting by positively charged interaction with Argaes.
Furthermore, the 3-phosphogroup interacts with Argse by electrostatic attraction. These few
stabilizing interactions explain the flexible behavior of the CoA ligand in the structure. These parts, the
adenine and the 3-phosphogroup, of the CoA are the most visible ones in the calculated maps due to

the interaction with the protein, except for the cysteine sulfur that is covalently bound to Nip.
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Figure 21: Electrostatic map and coordination environment around the CoA ligand. CoA binds with
its sulfur atom at Ni,. The adenine ring of CoA interacts by a hydrogen bond (black dashed line) with
Aspsss. Additional stabilization is driven by salt bridge between the 3-phosphogroup and Argaes. Models
are color-coded as in Figure 20. Blue surface corresponds to positively, white to neutral and red to
negatively charged regions of the protein. Electrostatic calculations were done using the PDB2PQR and
APBS web server[143, 144].

A view of the van der Waals radii of the CoA molecule and the ACSch-open surface shows the binding
pocket for CoA. The CoA model does not show any clashes of the molecule with the ACSch-open surface
(Fig. 22). The adenine moiety of CoA is embedded in the binding pocket, where the phosphate groups
are directed to the solvent site, which is a common feature of CoA binding proteins [145]. As CoA
binding proteins catalyze a wide range of reactions, they also differ in the topology of CoA binding, for
instance, involving a TIM barrel motif in methylmalonyl-coenzyme A mutase and a Rossman fold in

succinyl-CoA synthase [146, 147].

Since the middle domain of ACSchin the H3, space group did not contribute to the crystal packing and
the solvent content of these crystal is quite high with 69%, the electron density of the middle domain
is weaklier defined in contrast to the other domains. This contributes additionally to the flexibility of

CoA in the crystal because of the coordination of CoA by residues of the middle domain and CoA may
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exist in different conformations (Fig. S10), except for the cysteine moiety of CoA which binds to Nij.

C-terminal

domain dormain

Figure 22: Van der Waals radii of the CoA molecule. The CoA molecule fits well into the ACSch-open
binding pocket between the C-terminal domain and middle domain without clashing with the protein
surface. The adenine ring is embedded into the protein, whereas the phosphate groups are directed
to the solvent site. Same color code as in Figure 15. The domains are colored as in Figure 4A.

3.5.3 CoA-binding to ACSch in solution

To understand the interaction of CoA with ACSch in more detail, ITC experiments were performed, as
for CO binding before, to determine the affinity and stoichiometry of the CoA binding. The CoA titration
was performed under anoxic conditions without reducing agents because the crystallization condition
did not contain reducing agents. In contrast to CO-binding, CoA-binding is endothermic and

entropically driven. The data can be fitted very well with a one-binding site model (Fig. 23).

The model fit gave a Kp value of 3.1 uM and a stoichiometry of 0.8 for CoA binding. This affinity is in
agreement with the ACS/CODH complex from M. thermoacetica (Ko = 10 uM), which can be increased
in the presence of titanium citrate (Ko = 36 uM) [148]. Furthermore, CoA was found to act as
competitive inhibitor in the CO/acetyl-CoA exchange reaction with a Ki of 7 uM [149, 150]. Nonetheless

these values are all for the ACS/CODH complex at higher temperatures (50-55 °C) and lower
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pH (5.0-6.0), which have to be taken into account for direct comparison of these values. Binding of
[3’-32P]-CoA showed even two binding sites of CoA for the ACS/CODH complex. The first Kp value of
52 uM is 17-fold higher than the calculated Kp value of the ITC experiment, but still in the same
dimension. The second binding site has an Kp of 2.5 mM [151], which is not indicated in the ITC data of
this work that is monophasic (Fig. 23). Nevertheless, a second binding site in ACSc, for CoA with a high

Kp cannot be excluded.
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Figure 23: ITC experiment of ACSch with CoA. The raw data are shown in the upper panel. The lower
panel shows the heat change for each injection (open circle), normalized to the ratio of CoA and ACSch,
concentration and fitted to a one-site model (black solid line). n indicates the number of binding sites.

3.6 Comparison of cluster A coordination

All ACSch crystals determined in this work show different states of the monofunctional ACSch, and are
compared to investigate changes at the catalytic site (Fig. 24A-E). The main structural variation is as
mentioned above the coordination sphere of the Ni, position. Although the previously reported

structure of the monofunctional ACSch-open (PDB-ID: 1RU3) and ACSch-open:COA has the Ni, position in a
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square planar coordination sphere, the as-isolated, CO treated and Zn bound P2,212; crystals show the
ACSch-closed State where the M, position is always coordinated by three conserved Cys residues and a
different type fourth ligand in a distorted tetrahedral fashion. Previous crystal structures of the
ACS/CODH complex from M. thermoacetica with Zn and Cu at the M, position also show an ACSciosed

conformation [62, 68].

The switch of the Ni ion from square planar to distorted tetrahedral is accompanied by an elongation
of the bond length of Ni, and Nigto the S atoms of Cysses and Cyseoo by 0.1-0.2 A while a shortening of
the Nig-Ni, distance by 0.2 A was observed (Fig. 24). The bond length between the Ni, and the bridging
sulfur of Cyssi, is not changed from the ACSch-open t0 the ACSch-ciosed State of untreated but increased by
0.2 A in the CO treated ACSch-ciosed Crystal. In the CO-bound ACSch-ciosed, the distance to the ligand is
shortened to 1.8 A and the bond angle of Ni,-C-O is 177° (Fig. 24A-D and Tab. 9).

EXAFS studies of ACSw: under CO treatment [152] show a change in the Ni-Ni distance from 2.96-2.78 A
that goes hand in hand with an elongation of the Ni-S distance from 2.18 A into two different types of
Ni-S distances of 2.22 A and 2.33 A. In comparison, the CO-bound structure depicts a Ni-Ni distance of
2.8 A, Ni,-S distances of 2.4 A and Nig-S distance of 2.2-2.3 A (Fig. 23D). These values are close to the
values of CO bound ACSw: in the EXAFS studies. Furthermore, the values of ACSch-open and ACSch-open: COA
with a Ni-Ni distance of 3.0 A and 2.9 A are consistent with the determined values of the EXAFS studies
without CO treatment [152]. This indicates that these changes are driven by the conformational switch
of ACSopen t0 ACSciosed, Which is associated with the change of the Ni, coordination sphere from the

square planar coordination to the distorted tetrahedral coordination.

Table 9: Measured bond angles of the cluster A from C. hydrogenoformans structures.

Bond angles (o) Acsch-open:Ni Acsch-closed:Ni Acsch-open:coA Acsch-closed:co ACSCh-closed:an

Ni,-C-O - - - 178.1 -
Neoo-Nia-Nsss 85.6 81.1 83.8 86.4 84.3
Nsoo-Nig-Ssos 106.6 105.1 102.9 97.1 98.9
Sso5-Nia-Se00 82.4 85.5 93.0 87.4 85.5
Seoo-Nia-Neoo 85.4 88.4 80.4 89.1 91.3
Nig-Seo0-Mp 88.2 715 75.0 75.3 75.4
Nig-Ssos-M, 84.3 73.4 78.9 74.9 75.0
Se00-Mp-Ssos 76.4 83.3 91.1 79.4 78.3
Ssos-Mp-Ss12 107.4 93.6 102.5 104.3 106.5
Ss12-Mp-Seo0 174.3 114.9 166.5 116.2 121.2

L-Niy-Seoo 94.5 102.8 81.1 102.1 -
L-Niy-Ss12 81.0 116.1 85.5 111.2 -
L-NiSsos 167.2 142.1 166.6 138.6 -

All values are mean values from the two ACSch copies inside the ASU, except for the ACSch-open aNd ACSch-open:COA structure.
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Figure 24: Comparison of cluster A from different ACSch crystals. A) ACSch-open PDB-ID: 1RU3.
B) ACSch-ciosed- C) CoA-bound in ACSchciosed. D) CO-bound in ACSch-open E) ACSch-ciosed With Zn at the
proximal position of the cluster A. The cluster A structures are represented in ball-and-stick model.
Same color code as in Figure 13. Bond lengths are given in A and mean values from the two ACSch-closed
copies inside the ASU, except for the ACSch-open @and ACSch-open: COA structure.
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4 Discussion

4.1 ACSch-closed and ACSch-open cOnformational states

The crystallographic and biochemical methods used in this work provide basic structural insights
regarding how ACS interacts with CO and CoA. The monofunctional ACS of C. hydrogenoformans can
acquire at least two different conformational states. These states were also known from the ACS/CODH
complex, but not for the monofunctional ACSch. The observed and determined crystal structures with
different ligands in this study (CO and CoA) support the importance of two conformational states,

ACSch-open and ACSch-ciosed, Of the monofunctional ACSch.

In the closed conformation of ACSch, a gas channel exists which can guide CO molecules through the
N-terminal domain and ends at cluster A, directly above the Ni, site. Such a channel exists in the
bifunctional ACS/CODH complex of M. thermoacetica showing ACSy: in the closed conformation [69]
and connects cluster C and cluster A. Both the calculated tunnel of ACSch in the closed conformation
and the tunnel section of the ACSwmt-ciosed are superimposable suggesting that a molecular tunnel leading

to cluster A is conserved in ACS.

A recently published crystal structure of the ACS/CODH complex from Clostridium autoethanogenum
shows a different arrangement of the complex [72]. The complex consists of two ACS and CODH
molecules as in M. thermoacetica but only one ACS monomer is in contact with one CODH monomer
and not in contact with both CODH molecules. This complex formation results in a different channel
arrangement connecting the cluster C and cluster A. Additional channels indicating separate delivery
possibilities of CO, which could serve to channel CO from the solvent directly to cluster A, depending
on the CO concentration. This could act as another system for ACS regulation depending on CO

concentration.

The Phesss, acting as a gate keeper at the end of the tunnel, is moved away in the closed conformation
from Ni, to allow CO binding. This Phe residue is highly conserved among all ACS proteins and kinetic
analysis of the ACDS -subunit of M. thermophila indicates, that the Phe sidechain controls CO binding
at ACS [153]. This gating mechanism controlled by the conformation of ACSch is the same as the
reported channel system of the ACS/CODH complex, in which the gating mechanism is physiologically
used to control the flux of CO from the active site of CO, reduction of cluster C to cluster A [69, 154].
These results imply that ACSch-ciosed Obtained in this study is equivalent with the reported closed
conformation of ACS from M. thermoacetica bifunctional complex, in which cluster A and cluster C are

connected via the gas channel and leads to the assumption that ACSch-ciosed is ready to bind CO.
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Treatment of the ACSch-ciosed Crystal with CO led to a change of the fourth ligand coordinating the Niy,
which can be modeled with CO (Fig. 16D). However, at a resolution of 2.0 A, CO cannot be modelled
without any doubt, because the individual atoms are not visible and one cannot inevitably prove a CO
molecule using observed electron density. For that, a high-resolution structure would be necessary,
where a clear diatomic ligand would be visible by separate electronic maxima for the carbon and
oxygen atom of CO. Moreover, in the CO model, a small positive electron density remains in one of the
two ACSch-ciosed molecules of the asymmetric unit that cannot be described by the CO molecule alone.
This could be explained by the possibility of a mixture of ACSch-ciosed Mmolecules, which have CO or water
as the fourth coordinated ligand of Ni, (Fig. $4D). Nevertheless, the untreated (dmn = 2.1 A) and
CO-treated crystal (dmin = 2.0 A) were solved at nearly the same resolution, which allow comparison of

their structures.

Several additional hydrophobic residues of the N-terminal domain surround the CO molecule in a
binding pocket to hinder CO leakage (Fig. 17). The cluster A in the closed conformation is buried in the
protein interior, preventing access of large molecules such as CoA. By a rearrangement of the domains
ACSch-ciosed Can attain the open conformation and increases the solvent exposure of ACSch, which
interrupts the gas channel and the moving of Phesis prevents remaining CO in the tunnel to bind at the

Nip-

The resulting ACSch-open has significantly fewer interdomain contacts, especially of the middle and
C-terminal domains to the N-terminal domain. Additionally, the hydrophobic CO pocket is disrupted
and cluster A itself is less buried inside the protein, which increases the availability of cluster A for a
larger molecule to approach from the solvent. The crystal structure of ACSch-open:COA showed that CoA
binds at the Ni, with its thiol group and is further stabilized by residues of the middle and C-terminal
domains (Fig. 21), in contrast to the CO-coordinating environment that involves residues from the
C- and N-terminal domain (Fig. 17). This additional space could be crucial for CoA binding, since the
space available in ACSch-ciosed WoOUld not be sufficient to coordinate CoA in the same fashion as in the
open conformation (Fig. S11). This is also supported by CoA dialysis studies, which showed that CoA is
not able to bind to CO-bound ACS [148]. The open conformation of ACS could also be responsible for

binding of acetyl-CoA to start the reverse reaction or for acetyl-CoA release after product formation.

A recent negative-stain cryo EM structure indicates further structural variance of ACSwm: in the
ACS/CODH complex, with further domain movements of the middle and C-terminal domains, resulting
in an even more solvent exposed cluster A [155]. Their docking simulations suggest that these
additional conformations could be of relevance for the methyl group transfer from CoFeSP, since the
open and closed conformations are not accessible for CoFeSP to interact with the Ni, of cluster A.
However, there is no apparent structural data for this simulation. The observed conformation in the
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negative-stain could also be of relevance for the cluster A maturation, since an additional protein
(AcsF) can insert up to two nickel ions at the expense of ATP into the cluster A [63] or interaction with

currently unknown cofactors or other proteins, responsible for cluster A reduction, for instance.

4.2 CO- and CoA-binding on ACSch

The binding of CO in the ITC experiment of this study results in a Kp value (9.4 uM) comparable with
previously reported values for the ACS/CODH complex from M. thermoacetica. CO-titration of the
ACS/CODH complex showed a Kp of 3 uM by EPR for CO binding, which could be reduced to 0.3 uM by
CO; titration [140]. In comparison, CO-titration of the ACSu: without the CODH subunit developed an
EPR signal with a Kp of 30 uM [156]. This led to the assumption that the complex is more efficient for
channeling CO molecules through the tunnel to the active site, especially under CO, reducing

conditions.

Another EPR experiment performed with the B-subunit of ACDS from M. thermophila exhibits a lower
affinity for CO (Kp = 0.65 mM) [153]. This results most likely due to the missing N-terminal domain,
which is not conserved in the ACS from archaea. As this is the domain which harbors the tunnel region
of the enzyme for CO delivery in bacteria. Additionally, the Kp of the ACDS 3-subunit was decreased by
exchanging Pheigs to Ala (Kp = 0.12 mM), which corresponds to Phesis in ACSch that shields the Nipin
ACSch-open [153]. These findings underline the importance of the CO channel in ACS and the Phess

residue for the mechanism and substrate engagement.

The model fit of the ITC experiment corresponds to a stoichiometry of 0.7 CO/ACS indicating a mixture
of ACSch:CO and ACSch states. This is in line with a mixture of CO bound and water coordinated to Ni,
at cluster A in the crystal structure (Fig. S4D). In the ACS/CODH complex of M. thermoacetica CO can
act as a competitive inhibitor for ACS in the methyl transfer reaction (Ki = 180 uM) and as a
noncompetitive inhibitor in the CoA/Acetyl-CoA exchange reaction (Ki = 0.4 mM) [96, 151, 157].
Therefore, it cannot be ruled out that the CO treated ACSch-ciosea Structure (Fig. 16D) reflects an

inhibited state of the enzyme.

The obtained Kp from the ITC experiment in this work is closer to Kp values of reported active ACS
[140, 156]. Additionally, the ITC and crystallization of ACSch were done in the absence of other
substrates that could drive ACS into an inhibited state, like in the methyl transfer reaction [96]. These
observations could argue that the CO binding measured in this ITC corresponds to a catalytically
competent state. Previous studies have proposed that ACS can distinguish whether CO has approached

from the tunnel or solvent site, and that a second CO molecule bound to Ni, generates an inhibited
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state of ACS [157, 158]. The binding of a second CO molecule to the Ni, site cannot be observed by the
ITC data under the experimental conditions. Thus, it appears that a second CO binding would have a

high Ko value or did not bind to the Niysite.

CO and the methyl moiety bind at the Nij site during catalysis reacting to an acetylated intermediate
at Ni,, which transfer to CoA to form an acetyl-CoA. Therefore, CoA may bind also to the Nij site.
Previous EPR studies showed, that CoA binding alters the NiFeC signal and CoA binds most likely
directly or in close proximity of the cluster A [150, 159]. Since, for CoA binding, there is no common
binding motif in proteins known, it is difficult to predict which residues are involved in CoA binding and

coordination.

Nevertheless, the binding coordination in the ACSch-open Structures resembles the CoA coordination in
the citrate synthase of the pig heart [160]. In citrate synthase, the CoA molecule is tightly packed
between the two domains of the citrate synthase and has a 180° turn at the pyrophosphate. This
bending is also present in the ACSch-open COA bound state and CoA is situated between the middle and
C-terminal domain of ACSch-open. Interestingly, citrate synthase has also two different conformational
states, named open and closed, according to the different solvent access, driven by 18° rotation of one
domain. In contrast to ACSch, the closed conformation of the citrate synthase is involved in CoA binding
and synthesis, while the open conformation is responsible for product release. The catalytic
mechanism of ACS is not completely understood, but in the closed conformation, ACS would not allow
CoA to bind in the same fashion as in the open conformation, due to the limited space around
cluster A and the clash of the cysteine part of CoA with lleiss and Valis; of the CO binding cavern

(Fig. S11). Indicating that the two conformations might represent intermediates in the reaction cycle.

CoA interacts with two Arg residues (Argaos and Argaos) by electrostatic forces (Fig. 21). Argaos and Argaos
are also conserved in the ACS/CODH complex of M. thermoacetica, where chemical modifications of
Arg residues with phenylglyoxal resulted in inactivation of the acetyl-CoA synthesis [161]. This
inhibition was prevented by incubation of CoA before the chemical modification [161], which might
reveal the important function of the conserved two Arg residues for CoA binding. As mentioned above
for acetyl-CoA synthesis, CoA is expected to bind as the last substrate and leads to the assumption that
the CoA bound state is potentially an inhibited state of ACSch. This inhibited state could block Nij, for
methylation through CoFeSP or acetyl-CoA binding for the reverse reaction and hinders the
conformational switch to ACSch-ciosed. FUrthermore, the space above Nip in ACSch-ciosed is NOt sufficient
for CoA and would require a precedent dissociation of CoA for CO or CH3-CoFeSP binding. The place
for acyl group transfer is the Nij site, as it was shown for synthesized Ni centers thioester formation at
a Ni site, carrying an acyl group [162]. This indicates a similar coordination of CoA at Ni, for formation
of acetyl-CoA and maybe also for the acetyl-CoA binding in the reverse reaction.
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It cannot be clearly answered whether the CO or CoA bound state are of catalytical relevance by the
structure alone. On the one hand, CO binding which produces the mentioned NiFeC signal appears at
catalytic competent ratios [152, 163]. On the other hand, CO treatment can also lead to an inhibited
state, when it binds as first substrate to ACS [151, 153, 158] because of a lower nucleophilicity of Ni*

for the methylation reaction.

CoA acts as a competitive inhibitor in the CO/acetyl-CoA exchange reaction, most likely through the
competition between acetyl-CoA and CoA for the same catalytic site of ACSopen. But CoA binding is
insufficient to inhibit already carbonylated ACS, as carbonylation requires ACSciosed, Which might not be
accessible for the CoA bound state. However, CoA binding can alter the NiFeC signal if it is incubated
as first substrate and changes the NiFeC signal [150, 159] to a NiFeC signal designated as type Il. ACS
that shows the signal type Il does not perform the carbonyl exchange with [1-1*C]-Acetyl-CoA, as it was
shown with ACSchAN (N-terminal domain deletion) and the ACDS B—subunit of M. thermophila [75].
Because both variants are lacking the N-terminal domain and cannot obtain the closed conformation,
CO can only attack from the solvent site [75]. This situation is comparable with CoA binding first at
ACSqpen and hinders conformational change to ACScioseq. It supports the idea that ACS has a mechanism
to distinguish between CO approaching from the tunnel or solvent site and with that controlling if CO

acts as an inhibitor or substrate [149]. This mechanism could be the coordination of M.

4.3 Role of Nip in the mechanism of ACS

Crystal structures that contain Zn and Cu at the M, position always show ACS in the closed
conformation as the Zn bound structure of ACSc, in this work [62, 68]. Despite the fact that these
metal-contaminated ACS variants are not active, and from a biological point of view not relevant, their
chemistry hints at a clue for the trigger of the conformational change between the ACSopenand ACSciosed
state. Cu and Zn are both d° transition metals, which favor a tetrahedral geometry and were never
found in ACSqpen states, give rise to the question: Is the closed state triggered by the tetrahedral
geometry of the M, or vice versa? In contrast to Zn** and Cu*, Ni** has a 3d?® electron configuration,
able to adopt a square planar and a tetrahedral coordination [164]. This unique flexibility among
biologically available transition metals could explain the one or the other of Ni, as only cofactor which
results in an active enzyme. This is accomplished through the minor energy difference between
tetrahedral and square-planar coordination and is known for several four-coordinated Ni** complexes
in solution [165]. These Ni complexes can surpass this small energy barrier, existing in an equilibrium

of tetrahedral and square-planar coordination[166, 167].
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The inability to obtain a square planar coordination leads to the inability to change into the open
conformation and hinders to interact with the required substrate for catalysis, which emphasizes the
evolutionary importance of Ni as transition metal and the uselessness of d'° metals like Cu'* or Zn?*.
Both coordination, the square-planar and tetrahedral coordination are maintained after CO and CoA

binding for the respective structures reported in this study.

The distances of Nip-Nig and Ni,-Fe are the best markers to see structural changes in cluster A and with
that the conformational switch in ACS. The Ni,-Ni4 distance shortens from 3.0 to 2.8 A from the square
planar to the tetrahedral coordination and the Ni,-Fe distance extends from 2.7 A in the square planar
to 3.9A in the tetrahedral coordination (Fig. 24). EXAFS studies on ACSc, have also reported a
shortening of the Ni-Ni distance during CO treatment from 2.96 to 2.78 A, most likely through the
conformational switch from the open to the closed conformation, induced by CO binding [152]. IR
spectroscopy experiments with ACSch identified a specific band at 1994.7 cm™ under CO treatment,
most likely corresponding to a linearly bound CO at Ni [163], as in the CO treated crystal structure
(ACSciosed:CO Fig. 16D) [163]. In contrast, Nig stays in all structures in the square planar coordination.
Previous X-ray absorption near edge spectroscopy (XANES), extended X-ray absorption fine structure
(EXAFS), EPR and density functional theory (DFT) calculation have already proposed a mixture of a
tetrahedrally and square planar coordinated Ni ion upon CO binding: the distorted tetrahedral

coordination of Ni, and the square planar coordination of Nig [90, 152, 168, 169].

Nevertheless, the answer to questions about what triggers such conformational changes remain
elusive. Based on EXAFS studies [152], neither oxidation nor reduction condition changed the
coordination environment of the cluster A (ACSqpen). However, under reducing conditions with
simultaneous CO treatment, the coordination sphere of the cluster A (ACScosed) changed, which
indicates a transition of ACSopen to ACSciosed- Thus, CO binding could be essential for the conformational
change, but the untreated ACS crystal that has both positions occupied with nickel ions and a water
ligand in the coordination sphere of the distorted tetrahedral Ni, argue against a conformational
change from ACSch-open t0 ACSch-ciosed through CO binding. An additional argument that CO binding could
not induce the ACSch-ciosed State is the molecular tunnel that delivers the CO molecule to the Nij, site.
Since this tunnel is blocked in the ACSch-open State, CO cannot bind to the Ni, at this site which is
protected by the Phesis residue to induce the tetrahedral geometry and the ACSch-ciosed State.
Additionally, the monofunctional ACSch is able to adopt the closed state without CODH, which rules
out the possibility that this state is induced by CODH. There is most likely another trigger that is
responsible for the ACScpen and ACSciosed cOnformational switch, accompanied by a change of the

coordination sphere of Nij.
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The oxidation state of the Ni, for the untreated ACSciosed and ACSopen is most likely the Ni?* state, even
under crystallization with titanium citrate as reducing agent, because Ni%* is difficult to reduce without
CO stabilizing Ni* that is produced according to the NiFeC signal during CO binding [152]. Additionally,
Ti(lll)citrate should not be stable enough as reducing agent during crystallization experiments that last
several days. It should be noted here that determination of the exact oxidation states for the Nij in all

structures of this work are not possible using only crystal structures.

In conclusion, the monofunctional ACSc, attains at least two conformations that could be relevant for
catalysis and faces the problem of interacting with three different substrates in a reaction cycle,
leading to product formation. Substrates or intermediate states can also act as inhibitors, making it
difficult to describe the nature of the random sequential mechanism of ACS. The catalysis is most likely
accomplished by ACS interacting with a specific substrate in a certain conformation at the Nisite. It
can be assumed that ACS exists in solution at equilibrium of the open conformation with a
square-planar and the closed conformation with a distorted tetrahedral coordinated Ni,. Depending
on specific conditions, substrate/product concentration or interaction with certain proteins, such as
CoFeSP, this equilibrium is shifted towards the required direction. Likely, the crystallization conditions
in this work could have acted as a selector to drive ACSch into a certain conformation during

crystallogenesis.
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5 Outlook

The results of this work are the first substrate bound structures of ACS, which are lacking in the field
of ACS research. There are recently published approaches to attempting to fill these gaps by
negative-stain cryo EM and crystallography of carbonylated ACS of the ACS/CODH complex from
M. thermoacetica [71, 155]. The resolution of the CO bound ACS/CODH complex has a resolution of
2.47 A, making it even harder to unambiguously define the ligand as CO without any CO free structure

for comparison.

Nevertheless, the generation of CO-soaked crystals in this work does not unambiguously show the
carbonylated ACS state. However, the soaking approach can be used for further IR experiments on
crystals to support these results with the specific CO stretch signal that should be observable as in ACS
in solution. Since proteins in crystals are less flexible due to the crystal packing, a switch from the open

to the closed conformation and vice versa can be excluded to happen in the crystal.

In this work, crystallization conditions are defined, generating crystals containing only the open or
closed conformation of ACSch. These crystals could be used for spectroscopy measuring only one
conformation, making it possible to assign experimental data to one specific conformational state. The
mentioned IR approach at differently treated crystals could be further used to investigate a possible

binding of CO to ACScpen.

This work provided further insights into the binding site of CoA. Since the crystal alone does not show
all features of the ligand, further improvements of the co-crystallization experiments with higher CoA
concentration could lead to a higher occupancy in the crystal, resulting in a better map and giving more
insights into the coordination of CoA. Additionally, mutation studies of Argsos and Argage With negatively
charged amino acids, such as glutamate or aspartate, could be combined with the established ITC

experiment to investigate the importance of these residues for CoA binding.

In addition to the interaction of ACS with different ligands, one of the most important topics that
should be focused on in future studies is the trigger that induces the open or closed conformation of
ACS, as this is most likely one of the fundamental mechanisms leading to the understanding of the
catalytic cycle. As there are contradictory results in the literature and discussion about the catalytic
cycle, especially about the nature of Ni*-CO as described in the dia- and paramagnetic mechanism.
Gaining an understanding of the conditions leading to a certain conformation could result in a
reinterpretation of previous results and clarify the fundamental problems of the proposed

mechanisms.
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Figure 25: XRF spectra of ACSch crystals. A) Crystal with Zn at the proximal position. B) Untreated
crystal with Ni at the proximal position C) CO treated crystal D) Co-crystallization of ACS and CoA. The
red arrow marks the x-ray transition of the K-a corresponding to Zn.
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Figure 26: Anomalous map to identify the [4Fe-4S] cluster at cluster A. Ball-and-stick presentation of
the cluster A. An anomalous difference map is shown as dark blue surface for data collected at 7.15 keV
(contoured at 4.0 o). The K-absorption edge energy for Fe is 7.11 keV [135-137]. Same color code as in
Figure 4.

Figure 27: Anomalous map to identify the Ni, and Nig at cluster A of ACSch: CO. Ball-and-stick
presentation of the cluster A. An anomalous difference map is shown as cyan surface for data collected
at 8.33 keV (contoured at 7.0 ¢). The K-absorption edge energy for Niis 8.33 keV [135-137]. Same color
code as in Figure 16.
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Figure 28: Refinements with different molecules to the observed positive electron density in Figure
16B are shown: Refinement with a water without any restraints (A), water at the oxygen position of
CO (B) and water at the carbon position of CO (C). Superposition of ACSch-coses CO bound with
ACSch-ciosed UNtreated structure of chain B (D). Atoms are color-coded as in Figure 16, except oxygen
ligand of the superposition of CO-treated and untreated refinement (magenta). 2F,-F. map is shown
as black mesh contoured at 1.0 o and F.-F. map is shown as green mesh at 3.0 0. The maps were
adjusted according to the maps comparison tool of the phenix suite, with the untreated structure as
reference.

< d 8.33 keV

Figure 29: Anomalous map to identify the Ni, and Nig at cluster A of ACSch: CoA. Ball-and-stick
presentation of the cluster A. An anomalous difference map is shown as cyan surface for data collected
at 8.33 keV (contoured at 5.0 o). The K-absorption edge energy for Niis 8.33 keV [135-137]. Same color
code as in Figure 20.

56



Appendix

k?‘

#x

L2

W

ligand refinement of ACSch-open A) Water as ligand instead of CoA result in

remaining positive electron density at Nip. B) SO, as ligand instead of CoA. C) MES as ligand instead of
CoA. Models of B and C result in appearing of negative electron density. 2F,-F. is shown as black mesh
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(contoured at 1.0 o) +/- Fo-F. is shown as green and red mesh (contoured at +/- 3.0 ). Same color code

as in Figure 19, except carbon atom of MES (light brown).
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Figure 317: Stepwise CoA modelling as fourth ligand of Ni,. CoA binds with its sulfur atom at Ni,. The
progress from no ligand (A) to fully modelled CoA (E) is shown. Each modelling step results in new
positive electron density appearing in the F,-F. map and guides further building steps. 2F,-F. map is
shown as black mesh contoured at 1.0 6 and Fo-F. map is shown as green mesh contoured at +/-3.0 o.

Color is coded as in Figure 16, except P in orange and carbon atoms of CoA in light brown.
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Bt

Figure 32: Anomalous data for S at cluster A with CoA bound. The CoA sulfur is inside the bulk density
of the anomalous difference map. Stick presentation of cluster A. The anomalous difference map
(contoured at 3.0 o) for the S-K-edge is shown as golden surface and the data has been collected at
6.50 keV. Same color code as in Figure 20.

Figure 33: Stereo view of different maps for CoA. A) 2F,-F. map in black mesh (contoured at 1.0 o)
and Fo-Fc map in green mesh (contoured at 3.0 o) after full refinement with complete CoA molecule.
B) Calculated polder and omit map of the model in A. Omit map in dark blue mesh and the polder in
orange surface are contoured at 3.0 . Models are color-coded as in Figure 20.
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Figure 34: Stereo view of different maps for alternative CoA conformation. A) Calculated polder and
omit map of the CoA model. Omit map in dark blue mesh and the polder map in orange surface are
contoured at 3.0 o. B) Calculated FEM for the CoA model in A. FEM in dark blue surface are contoured
at 1.0 0. The FEM map was adjusted according to the maps comparison tool of the phenix suite [130],
with the 2F,-F. map contoured at 1.0 o as reference. Models are color-coded as in Figure 20.

Figure 35: Stereo view of the clash of the CoA bound ACSch-open crystal structure with the CO bound
ACSch-ciosed Structure. Same color code as in Figure 14 except that carbon from CO and CoA is shown in
light brown. Van der Waals radii of ACSch-ciosed Il€149 and Valis; are shown as spheres. The arrangement
of llewss and Valis; in the closed conformation would hinder a binding of CoA at the Nip in this
conformation.
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Table 10: Statistics on diffraction data and structure refinement.

Dataset
PDB-Id
Wavelength (A)
Resolution range (A)
Space group
Unitcellab c (A)

aBy(®)
Total reflections
Unique reflections
Completeness (%)
Mean I/sigma(l)
Wilson B-factor
R-meas
R-pim
CC1/2

Reflections used in
refinement

Reflections used for R-
free

R-work
R-free

Number of non-hydrogen
atoms

macromolecules
ligands
solvent
Protein residues
RMS bonds distances
RMS bond angles

Ramachandran favored
(%)

Ramachandran allowed
(%)

Ramachandran outliers
(%)

Rotamer outliers (%)

Clashscore

Average B-factor
macromolecules

ligands

ACSCh:Zn

7NZ5

0.9184

46.19 - 1.90 (1.95 - 1.90)

P212424
69.246 98.811 238.875
90 90 90
254264 (17961)
127825 (9008)
98.5 (98.3)
9.4 (1.1)
19.93
4.4 (63.8)
4.4 (45.1)
99.9 (83.9)

114271 (3298)

1897 (55)

0.1933 (0.260)
0.2239 (0.376)

13228

11532
20
798
1676
0.011
1.224

97.94

1.78

0.28

0.41

8.83
26.01
24.85

51.84

ACSCh:Ni
7NYP
0.9184
46.43-2.10 (2.16 - 2.10)
P212424
69.95 99.478 238.289 90
90 90
189853 (18360)
96729 (9478)
98.8 (97.7)
8.6 (1.1)
38.11
5.6 (84.9)
3.9 (84.9)
99.9 (58.5)

80231 (2079)

1887 (49)

0.1985 (0.2549)
0.2435 (0.3923)

12620

11532
20
1068
1458
0.008
1.243

97.73

1.99

0.28

0.25
7.81
38.11
37.60

80.26

ACSCh:CO

7NYS

0.9184

48.56 - 2.00 (2.05 - 2.00)

P212124

70.276 99.233 238.584

90 90 90

221837 (15491)
112519 (7917)
99.2(99.4)
9.1(1.0)
33.21
6.7 (88.9)
4.8(62.9)
99.9 (57.4)

95920 (1940)

1927 (40)

0.1842 (0.2472)
0.2214 (0.2873)

13255

11525
24
1706
1463
0.008
0.977

97.80

33.21
32.12

65.10

ACSCh:CoA
700D
0.9184
48.88 - 2.30 (2.36 - 2.30)
H32
199.344, 199.344,
168.268
90, 90, 120
112968 (7592)
56520 (3807)
99.5 (95.3)
22.4 (1.3)
78.81
3.8(83.3)

2.7 (58.9)
1.00 (61.3)

51734 (1823)

1960 (71)

0.1964 (0.2703)
0.2218 (0.3462)

6262

5766
15
481
728
0.004
0.794

96.42

3.03

0.55

0.82
5.36
77.87
79.32

66.68
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Table 11: List of residues which are involved in interdomain contacts of ACSc, for each domain.
Residues written in red are involved in the ACSch-ciosed cONformation, blue in ACSch-open cOnformation

and green in both conformations.

N-Domain C-Domain Middle Domain
Argaso Sersia
Phesis
Prosi7
Valisz Sersis
Phesis
Tyrass Phesis
Arguss Glyseg
Alasss
Phess1
Proia Seresz
Arges1o
Phe2s, Glysgg
Alasis
Phesis
Cyssos
Cyseo0
Sersia
Prosiz
Aspia1 Seres,
Ala 62 Seres2
Thress
Glnias Arge1o
lle1as Cyse00
Metzs1 Glysao
Aspso Serss,
Metis: Phesis
Trpisa Sersiq
Glya2s3 Phesis
Tyres Glys3s
Aspis3 Sersia
Glyzs3 Prosiz
lleiss Phesis
Lysiso Glussz
Tyraie
Aspiz7 Asnsae
Tyrao7 Alasso
Glyis1 Phes,s
Asnsae
Lys202 Gluas
Glusas
Thriss Tyraie
Prosag
Glyiss Prosag
Tyrao7 Alasso
llexos Alasso
Prosag
Asp2os Alasso
Lysis2 llesis
Glusas Glnsgg
Phesoz
Alasss Al’g408
Asps3s Argaos
llesas Serse:
lless
Phesoz
Alasa1 Valsos
Pheso,
Leuss7 Leuasss
Leusos
Argaos
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