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also used to sense H; in the environment for regulatory functions. In contrast to
the versatile enzymatic functions of hydrogenases, the structures of the
hydrogenase modules and the structure of the active site metallocofactors are
common within each class of hydrogenase.?!
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Equation 1. Splitting of H2 catalyzed by hydrogenases and thetwo half reactions. (1) Heterolytic
cleavage into hydride (H") and proton (H*). (2) Splitting of H~into a H* and two electrons.

There are three phylogenetically different hydrogenases known today, which can
be classified by the metal content of their active site clusters as [NiFe]-,®! [FeFe]-
or [Fe]-hydrogenases.['”! In the metabolic pathways characterized so far, [NiFe]-
and [Fe]-hydrogenases are mostly responsible for the uptake of H., whereas
[FeFe]-hydrogenases are more often involved in H, release.® While some
hydrogenases possess a catalytic bias, all hydrogenase catalyzed reactions are
reversible.?!

The iron-guanylylpyridinol (FeGP) cofactor of [Fe]-hydrogenase contains a single
Fe(Il)," which is ligated by two carbon monoxide (CO) ligands!'? and a bidentate
pyridinol ligand, including an unusual iron-acyl ligand and one pyridinol nitrogen.!"
Additionally, a cysteine-sulfur ligand of the [Fe]-hydrogenase protein covalently
anchors the cofactor to the protein (Figure 1a).l'"¥ In the resting-state of the
enzyme, a water molecule is bound to the iron center in frans to the acyl ligand. In
the active form, the water ligand dissociates from the iron site.'” A detailed
description of this enzyme and the FeGP cofactor will be given below. In contrast
to [Fel]-hydrogenases, the metallocofactor of the [FeFe]-hydrogenase (H-cluster)
consists of a bimetallic cluster of two iron atoms connected via a cysteine-sulfur to
a canonical [4Fe-4S]-cluster.’) The two iron atoms are bridged by a unique
2-azapropane-1,3-dithiolate (ADT) ligand (Figure 1b).'") The iron atoms of the
bimetallic Fe center carry diatomic ligands, carbon monoxide (CO) and cyanide
(CN) on each iron and an additional bridging CO ligand.!" The active site cofactor
of [NiFe]-hydrogenases does not contain any bridging organic ligands, instead the
nickel and iron atom are bridged by two cysteine residues. The other two cysteine
residues are terminally bound to the nickel atoms. In common with
[FeFe]-hydrogenases the iron is coordinated by three diatomic ligands, two CN
and one CO. Furthermore, an additional bridging ligand (X in Figure 1c) changes
with oxidation state and is assumed to be the site of H, binding.['®!
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The [Fe]-hydrogenase is unique among hydrogenases, since it catalyzes only the
first part of the reaction that is catalyzed by [NiFe]- and [FeFe]-hydrogenases. The
hydride obtained by heterolytic cleavage of H is directly transferred to the hydride
acceptor. The cofactor biosynthesis of these enzymes is described in the next
chapter.

Figure 1. Metallocofactors (left column) of [Fe]- (a), [FeFe]- (b) and [NiFe]-hydrogenase (c) and their
respective representative crystal structures (right column, PDBs: 6HAE, 1THFE and 1WUJ).
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[Fe]-hydrogenase and the FeGP cofactor
Physiological context of the [Fe]-hydrogenase

Both [NiFe]- and [FeFe]-hydrogenases require a bimetallic metallocofactor to
activate H..> ° 71 [Fe]-hydrogenase (or methylene-tetranydromethanopterin
dehydrogenase (Hmd)) in contrast carries a metallocofactor with only a single iron
atom.'8 This enzyme is involved in the hydrogenotrophic methanogenic
pathway," where it catalyzes the activation of H, by splitting it into a proton and
a hydride (Equation 1-1), which is transferred to methenyl-
tetrahydromethanopterin (methenyl-HsMPT*) to form methylene-HsMPT.% In
contrast to other hydrogenases, the [Fe]-hydrogenase does not catalyzes the
splitting of hydride into electrons and a proton (Equation 1-2). The production of
the [Fe]-hydrogenase is not affected by the H; concentration in the culture.
However, the expression of [Fe]-hydrogenase is up-regulated six-fold in a medium
containing lower nickel concentration (0.2 uM Ni?*) than the standard medium
(5 uM  Ni?*).21 In this condition, the Faso-dependent methylene-HsMPT
dehydrogenase (Mtd) is also up-regulated four-fold. Mtd catalyzes the same
reaction as the [Fe]-hydrogenase, but uses the reduced form of Faz (Fa20H2) as
electron donor instead of H,. FaxH: is an electron donor and provides hydrides,
for example for the two reduction reaction steps in the methanogenic reduction of
CO; to methane.”? In contrast to the [Fe]-hydrogenase and Mtd, under
nickel-limiting conditions, the Fa-reducing [NiFe]-hydrogenase (Frh)2¥ is
down-regulated vastly (> 160 fold). Frh catalyzes the reduction of Fi with H; in
the standard culture medium. The observed regulation of the [Fe]-hydrogenase,
Mtd and Frh indicates that the function of Frh (reduction of Fa4x) is substituted by
a coupled reaction of [Fe]-hydrogenase and Mtd under nickel-limiting
conditions.?'®! Thus, the nickel concentration in the culture medium is crucial for
the regulation of the Fax-reducing enzyme system and this finding suggests that
the [Fe]-hydrogenase-Mtd system is the major source of reducing equivalents for
the methanogenic pathway under lower nickel concentrations, which resemble the
environmental nickel concentrations.['¥!

Structure determination of the FeGP cofactor

When the [Fe]-hydrogenase was heterologously produced, the recombinant
[Fe]-hydrogenase did not show any enzymatic activity.?¥ This observation was the
first hint that the [Fe]-hydrogenase requires a specific cofactor. The presence of a
cofactor was substantiated by reconstitution of active holoenzyme by mixing
heterologously produced apoenzyme and the extracted fraction from denatured
[Fe]-hydrogenase holoenzyme from Methanothermobacter marburgensis
(M. marburgensis) in the presence of 2-mercaptoethanol or dithiothreitol.?¥ The
reconstituted enzyme exhibited substantial enzymatic activity. However, in
Buurman et al. [Ref 24], the enzymatic activity was not determined quantitatively
and only trace amounts of iron and zinc were detected in the extracted cofactor
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fractions. The amount of the intact cofactor in the fraction was too little to be
unambiguously detected. This is the case because the [Fe]-hydrogenase cofactor
is highly susceptible to UV-A and blue light.['® The cofactor quickly loses the ability
to reconstitute the active holoenzyme under room light. Later, from light-inactivated
[Fe]-hydrogenase holoenzyme iron was extracted in the presence of EDTA, which
is the first indication of the presence of a metallocofactor in the
[Fel-hydrogenase.l'®! After finding the light sensitivity of the cofactor, the
experiments of [Fe]-hydrogenase and the cofactor were performed anaerobically
under red or yellow light in the presence of thiol reagents, where the reconstituted
[Fe]-hydrogenase exhibited a specific activity comparable to that of the native
enzyme.["® The chemical analysis of the extracted cofactor indicated the presence
of iron and phosphate in a 1:1 ratio.["® Infrared spectroscopic (IR) analyses showed
the presence of two CO ligands on the iron at an angle of 90°.['l Méssbauer
spectroscopy indicated that the electronic state of the iron is low-spin Fe(0) or
Fe(ll) and redox inactive.['"! X-ray absorption spectroscopic (XAS) analysis of the
protein-bound and extracted cofactor showed the presence of sulfur and a nitrogen
or oxygen ligand from the organic moiety of the cofactor.l'3l Mutation analyses
indicated that Cys176 (number in the enzyme from Methanocaldococcus
jannaschii (M. jannaschii)) is an iron ligand.''¥ The structure of the light inactivated
cofactor was elucidated by using nuclear magnetic resonance (NMR)
spectroscopy, mass spectrometry and other methods.?! The light inactivated
cofactor is 6-carboxyl-methylene-3,5-dimethyl-4-guanylyl-2-pyridone, which is in
an equilibrium with its pyridinol form.!?%! The whole structure of the intact cofactor
was first proposed based on the crystal structure of the holoenzyme. Here the
structure of the light inactivated cofactor, including the carboxyl group, was used
to model the organic part.?! In this paper, the cofactor was named FeGP cofactor.
Unfortunately, the initial model of the FeGP cofactor contained a wrong
interpretation due to the above mentioned use of the light-inactivated cofactor,
which contained the 6-carboxyl-methylene group at the pyridinol ring, as the model
for the organic moiety. This misinterpretation was realized during the crystal
structure analysis of C176A mutant of the [Fe]-hydrogenase reconstituted with the
FeGP cofactor.?”) The lack of the Cys176-S ligand resulted in the binding of a
bulky, external dithiothreitol ligand at the iron site of the FeGP cofactor in the
mutated holoenzyme. In this structure, there is not enough space for modeling of
the 6-carboxyl group at the iron site. This discrepancy suggested that the carboxyl
group does not exist in the intact FeGP cofactor. To explain this contradiction, a
new model of the FeGP cofactor was constructed, in which the carboxyl group was
substituted by an acyl group and the pyridinol ring was rotated by 180°.1?"1 The new
model was proposed based on chemical precedence of conversion of acyl-ligands
to carboxyl groups.?® This new model is supported by the electron density
obtained by X-ray crystallography and the XAS data.?”! Further evidence of the
intact FeGP cofactor structure was obtained by high resolution mass spectrometric
analysis. The exact mass and tandem mass spectrometry (MS/MS) data were in
accordance with the structure of the acyl-ligand containing model.?® In the same
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paper, the presence of the infrared absorbance corresponding to the acyl ligand
was reported. Additionally, the hydrolysis of the acyl ligand of the FeGP cofactor
was confirmed by incorporation of ['®0]-H.0 into the 6-carboxyl-methylene group
of the light-decomposed cofactor. The exact geometry of the FeGP cofactor was
finally determined by atomic resolution crystal structure of [Fe]-hydrogenase from
Methanococcus aeolicus reconstituted with the FeGP cofactor from
[Fel-hydrogenase from M. marburgensis.'"® The iron in this structure is also
coordinated by a water molecule in the open conformation and the water ligand is
absent in the closed conformation. The water binding site is thought to be the site
of Hz binding. The final structure of the FeGP cofactor is shown in Figure 1a, which
contains a low-spin iron(ll) ligated by two CO ligands, the nitrogen and acyl ligands
from the pyridinol, and the cysteine-sulfur of the [Fe]-hydrogenase.

Properties of the FeGP cofactor

As described above, the FeGP cofactor can be extracted from denatured
[Fe]-hydrogenase holoenzyme.?* The isolated FeGP cofactor is stable in the
presence of an external iron ligand (for example, 2-mercaptoethanol and acetate)
under dark conditions with red/yellow light and can be separated from the
denatured protein by ultrafiltration.B% The extractability and stability of the FeGP
cofactor is a distinct feature from the bimetallic cofactors of [NiFe]- and
[FeFe]-hydrogenases. Because of these characteristics, the apoenzyme
heterologously produced in Escherichia coli can be reconstituted by mixing it with
isolated FeGP cofactor to form holo [Fe]-hydrogenase.?! This is an important
feature for the in vitro biosynthesis experiments described below.

Reconstitution processes of [Fe]-hydrogenase holoenzyme were analyzed using
apoenzyme from Methanolacinia paynteri and FeGP cofactor isolated from
[Fe]-hydrogenase of M. marburgensis." The guanylyl moiety is probably involved
in the initial incorporation of the cofactor into the protein.B" Mutation analyses
suggested that a lysine residue might have a guiding function for the pyridinol ring
towards the exact position required for the covalent bond between the
cysteine-sulfur and the iron of the FeGP cofactor.®! The binding of the FeGP
cofactor induces a change from closed to open conformation of the apoenzyme,
which probably allows the substrate to bind to the active site.?' [Fe]-hydrogenase
holoenzyme can adopt an open and a closed conformation in the catalytic cycle.['>
6. 321 The closed conformation of the holoenzyme is triggered by binding of the
substrate, methenyl-HsMPT*. Activation of H, at the FeGP cofactor occurs in the
active site in closed conformation, in which the active site cleft forms a hydrophobic
environment and the water ligand at the iron site is removed.['” H; is proposed to
be supplied via a narrow channel and bound to the vacant iron coordination site
after removal of the water ligand. H: is heterolytically cleaved at the iron site. The
deprotonated 2-hydroxyl group of the pyridinol is proposed to act as the catalytic
base.'"” In the closed conformation, the C14a of methenyl-HsMPT* is in close
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proximity to the proposed Hz-binding site of the FeGP cofactor, enabling hydride
transfer.['”]

[Fe]-hydrogenase is inhibited by CN and CO by binding to the iron of the FeGP
cofactor.'? The other hydrogenases are also inhibited by CO, but the apparent K
of the [Fe]-hydrogenase (20% (v/v) CO in the gas phase) is substantially higher
than the K; other hydrogenases.['®l Isocyanides have a chemical structure that is
formally isoelectronic to CO and CN. Kinetic analyses indicated that isocyanides
specifically inhibit the [Fe]-hydrogenase strongly with a Ki of 1-150 nM, although
other hydrogenases are not inhibited by these compounds.®¥ The inhibition
kinetics data and the crystal structures of the [Fel]-hydrogenase inhibited by
isocyanides suggested that the iron site trans to the acyl ligand is the hydrogen
binding site.# In the enzyme-isocyanide complexes, the isocyano carbon binds to
not only the iron but also to the deprotonated 2-hydroxyl group, which could be the
reason for the strong binding affinity of isocyanides to the FeGP cofactor in the
enzyme. The nature of this deprotonated 2-hydroxyl group may correlate with its
predicted function as a catalytic base for H, activation.['” The activation of H, by
[Fe]-hydrogenase occurs only in the presence of substrate, as indicated by proton
isotope (H/D) exchange and para-/ortho-H; exchange experiments.®% The
substrate dependence of the H activation was explained to be due to the removal
of the water ligand at the H: binding site upon binding of the substrate,
methenyl.HsMPT*.['% [Fe]-hydrogenases from the methanogens belonging to the
Methanothermobacter genus are protected against oxygen- and light-induced
inactivation by binding of an additional aspartate ligand to the predicted H.-binding
iron site of the FeGP cofactor in the hexameric state.l*® This finding emphasized
the importance of the predicted H»-binding site.

Biosynthesis of FeGP cofactor
Hcg proteins

Seven genes were commonly conserved in all microorganisms containing the gene
of the [Fe]-hydrogenase structural gene (hmd).'! These so-called hmd
co-occurring genes (hcgA—G) are thought to be the minimal set of gene products
needed for the biosynthesis of the FeGP cofactor. The hcg genes were first
predicted by comparison of the gene cluster at the hmd gene in genomes of
Methanobacteriales and Methanopyrales orders, and Methanocorpusculum
labreanum, where hcgA—G and hmd genes are found in one region of the genome
with several insertions of non-conserved genes.['®! Although in the methanogens
belonging to Methanococcales, hcgA and hcgG genes co-localize with the hmd
gene, the other hcg genes are conserved in other regions in the genome. Later,
by in silico comparative genomic analysis, it was confirmed that all hcg genes
coexist with the hmd gene in most methanogens containing the hmd gene.F’]
Because in the case of the [NiFe]-hydrogenases gene cluster the bimetallic cluster
biosynthesis genes are clustered with the structural gene of
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guanylylated to form compound 3"4. The carboxyl group of compound 3 is
activated by adenylylation and then conjugated with the sulfur of Cys9 of HcgF.1!
The thioester-bonded carbon is assumed to be the precursor of the acyl ligand."%
HcgD is proposed as an iron-trafficking protein.*®! The Fe complex is completed
by formation of the CO and acyl groups and transferred to [Fe]-hydrogenase
apoenzyme to form the [Fe]-hydrogenase holoenzyme. The contributions of HcgB,
HcgC, HegE and HegF in the reaction sequence are also shown in Figure 3. Thus,
functions of these Hcg proteins and structures of all pyridinol precursors were
proposed. However, the functions of HcgA and HcgG were not determined yet. In
addition, as described below, the presence of the carboxyl group in the precursors
1, 2 and 3 is not unambiguously verified by the previous studies (Figure 3).
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Figure 3. Biosynthesis of the FeGP cofactor as elucidated based on the prior structure-to-function
studies.

The catalytic function of the Hcg enzymes and their substrates was studied using
the structure-to-function strategy, in which the tertiary structure of Hcg proteins
was compared with structures of enzymes with known functions. Based on the
function of similar enzymes, the catalytic reaction and substrate structures were
predicted. The hypothetical catalytic reactions were enzymatically tested using
heterologously produced enzymes with commercially available substrate analogs
and/or chemically synthesized substrates. The first result of the structure-to-
function strategy of the Hcg proteins is the study of HcgB, by which the light
inactivated cofactor, 6-carboxyl-methylene-3,5-dimethyl-4-guanylyl-2-pyridinol (3)
is proposed as the physiological reaction product of the HcgB reaction.** This
finding is the key point of elucidation of the structure of the biosynthetic precursors.
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2.2.2 Operation of the anaerobic chamber

The anaerobic chamber (Coy Laboratory Products Inc.) consists of a vinyl
chamber, which is sealed air tight and connected to an air lock. Inside of the
chamber the atmosphere is replaced by 95% N2/ 5% H». Further a platinum catalyst
converts trace oxygen with the hydrogen to form water, which is bound by silica
gel. Both the silica gel and the catalyst need to be regenerated in regular intervals
by heating at 150 °C and 180 °C for at least 3 h, respectively. Material transfer is
conducted via the air lock, which is connected to a 95% N2/ 5% Hzgas line and a
vacuum pump, by exchanging the atmosphere inside the airlock for at least three
times. Inside the anaerobic chamber different machines, such as Aekta FPLC
systems or centrifuges are used for protein purification and enzyme assay
preparation.

2.3 Cloning

2.3.1 Construction of expression systems for Hcg proteins from various
methanogens

The genes for Hcg proteins from the given methanogenic organisms were
synthesized by Genscript Biotech Corp. Synthesized DNA fragments were cloned
into the corresponding plasmids by given restriction enzymes (Table 1). The
resulting plasmids were transformed into Escherichia coli BL21(DE3).

Table 1. Overview of expression systems for Hcg proteins.

Encoded
Hcg
proteins

Restriction
enzymes

Accession number | Plasmid

Organism

HcgB Methanococcus WP_011171441 PET 24b(+) | Ndel / Xhol
maripaludis

HcgB Methanocaldococcus | WP_064496510 pET 28b(+) | Ncol / Xhol
Jannaschii

HcgC Methanococcus WP_011171442 pET 24b(+) | Ndel / Sall
maripaludis

HcgD Methanococcus WP_181491542 pET 28b(+) | Ndel / Xhol
maripaludis

HcgE Methanothermobacter | WP_013296321 pET 24b(+) | Ndel / Sall
marburgensis

HcgF Methanococcus WP_181487750 PET 28b(+) | Ndel /
maripaludis Hindlll

HcgF Methanocaldococcus | WP_010870765 PET 28b(+) | Ndel /
Jannaschii Hindlll

HcgF C9A | Methanocaldococcus | Based on pET 28b(+) | Ndel /
Jannaschii WP_010870765 Hindlll

HcgF Methanocaldococcus | Based on pET 28b(+) | Ndel /

C119A Jjannaschii WP_010870765 Hindlll
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reached, the gene expression was induced by addition of 1 mM (final
concentration) IPTG and cell growth was continued at 37 °C for 4 — 6 h. The cells
were collected by centrifugation with a Beckmann JLA 10.500 rotor at 7,300 rpm
and 4 °C for 20 min and stored at —20 °C until further use.

The cells were resuspended in 150 mM Tris/HCI pH 8 containing 100 mM NaCl, 2
mM DTT and 5 % (v/v) glycerol and lysed by sonication. The sonication was
conducted on ice with a KS76 tip and a SONOPULS GM200 at a 50 % cycle with
160 W for ten times 1 min with 1 min pauses. After ultracentrifugation (Sorvall
T647.5 rotor at 30,000 rpm at 4 °C for 30 min). The supernatant was applied to
two connected 5 ml Streptrap columns (GE Healthcare) equilibrated with 150 mM
Tris/HCI pH 8 containing 100 mM NaCl, 2 mM DTT and 5 % (v/v) glycerol at
1 ml/min. After washing the column with 10 CV of the same buffer, the protein was
eluted by 5 CV of the same buffer containing 2.5 mM desthiobiotin. The buffer was
then exchanged to 150 mM Tris/HCI pH 8 containing 100 mM NaCl, 2 mM DTT
and 5 % (v/v) glycerol. The desalted solution was concentrated with ultrafiltration
(30 kDa cut-off) and frozen in liquid N2 and stored at —75 °C.

2.5 Cultivation of methanogens
2.5.1 Cultivation of Methanococcus maripaludis

Methanococcus maripaludis S2 AuptAfrcAfruahcgB (Mm1334) was obtained from
Kyle Costa (University of Minnesota).*?! The strain lacks the ability to produce
HcgC due to the deletion of the ribosome binding site by deletion of the overlapping
hcgB gene. Therefore, this strain is referred as AhcgBAhcgC strain in the following
text. The M. maripaludis AhcgBAhcgC strain was cultivated using a modified Balch
medium (Table 2) at 37 °C with formate as the substrate and 80% N2/ 20% CO-
atmosphere in 0.5 or 5 | scale.® The cells were grown until ODgoo of 0.6 — 0.7 was
reached and pH was adjusted to 7 by adding formic acid at least every 8 h as well
as directly before harvesting. The cells were harvested with a continuous flow
centrifuge (Heraeus 3049 continuous flow rotor at 15,000 rpm at 4 °C) and the cell
pellet was resuspended in cell medium and centrifuged a second time with
Beckmann JLA 10.500 rotor at 7,300 rpm and 4 °C.

To store the intact cells the cell pellet was dissolved in 1 g cell wet weight per 2 ml
of medium and centrifuged in these aliquots in a Megafuge 16 (Thermo Scientific)
at 4,000 rpm at 8 °C for 20 min. The supernatant was discarded and the cells were
stored at —20 °C. For the cell lysis 2 ml of 50 mM Tris/HCI pH 7.5 containing 5 mM
MgCl, and 2.5 U/ml DNase | (Invitrogen) were added per 1 g of cell wet weight to
the frozen cells, where the marine methanogen cells were disrupted by osmotic
shock.

For storage of lysed cells they were resuspended in 50 mM Tris/HCI pH 7.5
containing 5 mM MgCl; and 2.5 U/ml DNase | (Invitrogen) after the centrifugation
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in the Beckman rotor mentioned above in a ratio of 1 g cell wet weight to 2 ml
buffer. The lysed cells were then frozen in liquid N2 and stored at —20 °C.

Table 2. Components of a modified Balch medium for M. maripaludis culture.[®4

Compound Concentration

Amino acids'’ 0.15 g/l of each amino acid
Cysteine 0.54¢/l
NaHCO3 60 mM
Sodium acetate 10 mM
Sodium formate 200 mM
NaCl 180 mM
FeSO4 30.0 uM
K2HPO4 0.8 mM
KCI 4.5 mM
MgCl2 13.5 mM
MgSO4 14.0 mM
CaClz 1.0 mM
NH4CI 9.5 mM
Tris/HCI pH 7 100 mM
NiCl2 1 uM
Resazurin 20 mM
NazS 1 mM
Trace mineral solution? 0.1%
Vitamin solution? 1.0 %

"Nineteen proteinogenic amino acids excluding cysteine.

2See Table 3.
3See Table 4.

Table 3. Components of trace mineral solution for cultivation of M. maripaludis.

Components Concentration
(mgl/l)

NasCitrate*2H20 21
MnSo4*2H20 5
CoS0O4 1
ZnS04.5H20 1
Na2SeOs3 2
V(III)Cls 0.1
Na2WO4*2H20 0.033
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Table 4. Components of vitamin solution for cultivation of M. maripaludis.

Component Concentration
(mgll)

Biotin

Folic acid
Pyridoxine-HCI
Thiamine-HCI
Riboflavin

Nicotinic acid
D-Ca-pantothenate
Vitamin B12
p-Aminobenzoic acid
Lipoic acid

-_—
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2.5.2 Cultivation of Methanothermobacter marburgensis

M. marburgensis was cultivated in a 10 | fermenter with a minimal medium
containing 50 mM KH2PO4, 40 mM NH4CI, 24 mM Na>CO3, 0.5 mM nitrilotiracetic
acid, 0.2 mM MgClz, 1 mM CoClz, 1 mM Na:MoOs4, 50 mM FeCl, and 20 mM
resazurin. Ni?*-sufficient conditions additionally contained 5 uM NiCl,. The media
was prepared aerobically and reduced by bubbling with 80% H./ 20% CO2/ 0.1%
H>S at 65 °C with a gas flow rate of 1000 ml/min and an agitation speed of 1000
rpm.B% Once the medium was reduced and the temperature reached 65 °C, 150 ml
stored culture (see below) was inoculated with a 50 ml plastic syringe. The cells
grew for around 20 hours until an ODego of 6 — 7 was reached and then the culture
was cooled down to ca. 4 °C. The cells were harvested by continuous flow
centrifugation using Heraeus 3049 continuous flow rotor at 15,000 rpm at 4 °C
under N2 atmosphere. After harvesting, the gas tight rotor was transferred to the
anaerobic chamber. The turbid supernatant (ODeoo = ca. 10) in the rotor was
transferred to a glass bottle and stored at 8 °C under 80% Hz/ 20% CO-. The cell
suspension was active for at least three months and was also used as an inoculum
for later cultures. The cell pellets were transferred into glass bottles and stored
under N2 at —75 °C.

2.6 Native purification of [Fe]-hydrogenase from the nickel-
limiting cells of M. marburgensis

All steps are performed in the anaerobic chamber using anaerobic buffers under
yellow light. M. marburgensis cells from a nickel-limiting culture were resuspended
in 2 ml 50 mM potassium phosphate buffer pH 7 per 1 g of cells. The cells were
lysed by sonication using a SONOPULS GM200 with a KE76 tip in ice water at
50% cycle and 160 W for 8 min. After a pause of 7 min this step was repeated for
a total number of six times. After ultracentrifugation using a Sorvall T647.5 rotor at
30,000 rpm at 4 °C for 30 min, ammonium sulfate powder was added to the
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supernatant to 60 % of ammonium sulfate saturation, while the solution was
agitated by stirring on ice. After incubation on ice without agitation for 20 min, the
aggregated protein was removed by centrifugation at 20,000 rpm in a Sorvall
T647.5 rotor at 4 °C for 30 min. Ammonium sulfate powder was added to the
supernatant to 90 % of ammonium sulfate saturation with agitation by stirring and
then incubated without agitation for 20 min. After the centrifugation step under the
same condition for 60% of ammonium sulfate saturation precipitation, the protein
pellet was dissolved in 50 mM MOPS pH 7. This solution was then dialyzed against
50 mM sodium citrate buffer pH 5 with a molecular weight cut off of 30 kDa at 8 °C
overnight. The dialyzed protein solution was centrifuged at 20,000 rpm in a Sorvall
T647.5 rotor at 4 °C for 30 min. The supernatant was applied to a Source 30Q
column equilibrated with 50 mM sodium citrate buffer pH 5 and washed with 250
ml of the equilibrating buffer containing 200 mM NaCl. Proteins were eluted in a
gradient from 200 to 500 mM NaCl in 50 mM sodium citrate buffer pH 5 over 500
ml. The protein fractions containing [Fe]-hydrogenase were neutralized with 1 M
MOPS pH 7 and NaOH solution, concentrated, frozen in liquid N2 and stored at
—75 °C.

2.7 Extraction of the FeGP cofactor from [Fe]-hydrogenase

2.7.1 MeOH/2-ME extraction

For the extraction of the FeGP cofactor from [Fe]-hydrogenase the enzyme was
used at a maximal concentration of 4 mg/ml. To the protein 60% MeOH, 1 mM 2-
mercaptoethanol and 1% (v/v) NHs (final concentrations) were added. After
incubation at 40 °C for 15 min denatured protein was removed by ultrafiltration (10
kDa cut-off). The sample was concentrated by evaporation at 4 °C and the dried
material was dissolved in 10 mM (NH4)2(COs3) pH 9 containing 1 mM 2-
mercapothanol.

2.7.2 Acetic acid extraction

The [Fe]-hydrogenase at a final concentration of less than 1 mg/ml was diluted
with 1:1 with acetic acid. The precipitate was removed by centrifugation at 14.000
rpm for 10 min. Then the residual denatured protein was removed by ultrafiltration
(10 kDa). After concentration by evaporation at 4 °C the sample was dissolved in
water or 50 mM sodium acetate pH 4.6.

2.8 Single enzyme assays
2.8.1 [Fe]-hydrogenase activity assay

The [Fe]-hydrogenase activity was photometrically determined by measuring the
conversion of methylene-tetrahydromethanopterin  (methylene-HsMPT) to
methenyl-HsMPT*. 20 yM methylene-HsMPT was added to 0.7 ml of 120 mM
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potassium phosphate buffer at pH 6 containing 1 mM EDTA in a 1 ml cuvette (1 cm
light pass length) under N, atmosphere. The enzyme reaction was started by
adding 10 — 20 ul enzyme solution to the assay solution. The rate of increased
absorbance at 336 nm was recorded caused by forming of methenyl-HsMPT* (336
nm = 21.6 mM"'-cm™). One U was defined as the conversion of 1 ymol of
methylene-HsMPT to methenyl-HsMPT* per min. The protein concentration was
determined by the Bradford assay with bovine serum albumin as a standard using
the assay kit (Bio-Rad Protein Assay (#5000006) from Bio-Rad). The activities are
given as U/mg protein.

2.8.2 HcgB activity assay

To test the activity of heterologously produced HcgB, the conversion of 2 to 3 was
quantified by HPLC based on UV-detection of standards both compounds. The
compounds’ structures are shown in Figure 3. The standard assay reaction
solution contained 100 yM 2, 5 mM GTP/MgCl and 1 yM HcgB from M.
maripaludis (mpHcgB) in 50 mM MOPS/KOH pH 7 in a volume of 0.1 ml. The
reaction was conducted at 40 °C for 1 h and was stopped by addition of 40 uM
acetic acid (final concentration) and incubation on ice for 20 min. The denatured
protein was removed by centrifugation (14,500 rpm in an Eppendorf MiniSpin plus)
and filtration (0.2 um pore size). The reaction was analyzed on an HPLC equipped
with a Synergi 4m Polar RP 80A column (250 mm x 4.6 mm, Phenomenex) with
acidified water (HCI, pH 3)/methanol gradient (Table 1) detected via UV
absorbance.

Table 5. HPLC gradient used for the purification of 3 and quantification of 1 and 2.

Time (min) MeOH moiety / %
(\7\9]

0 0
9 0
36 98
41 98
46 0
61 0

2.8.3 Competition assay of the reaction catalyzed by HcgB

The activity of HcgB with two similar substrates, 6-carboxyl-methenyl-5-methyl-2-
pyridinol (1) and 2, was measured in a mixture of 100 uM 1, 100 yM 2, 5 mM GTP,
5 mM MgClz, and 1 yM mpHcgB in 50 mM MOPS/KOH pH 7 at 40 °C for 1 h. The
sample was prepared and analyzed by HPLC as described for the enzyme assay
of HcgB (see chapter 3.8.2).
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and 160 W for six times for 8 min with 7 min pauses. To obtain a partially purified
[Fel]-hydrogenase, ammonium sulfate fractionating was conducted as described in
chapter 3.6 for purifying of [Fe]-hydrogenase from M. marburgensis. The protein
fraction with 90% ammonium sulfate precipitation was dialyzed against water using
a dialysis tube with a molecular weight cut off of 30 kDa at 8 °C over night. From
this solution the FeGP cofactor was extracted by adding 60% MeOH, 1% NHs and
1 mM 2-mercaptoethanol (final concentrations) with a final protein concentration
of 4 mg/ml. After incubating at 40 °C for 30 min, the solution was filtered using a
membrane with a molecular weight cut off of 10 kDa at 8 °C under air and room
light to remove denatured proteins. Simultaneously, the FeGP cofactor was light
inactivated. The filtrate was evaporated to dryness at room temperature and
dissolved in 0.01% NHs. This solution was applied to three connected Q-trap HP
columns (GE healthcare, total 15 ml column volume) equilibrated with 0.01% NHa.
After washing with 5 CV of 0.01% NHs, the compounds were eluted by a gradient
of 0 to 1 M NaCl in 1% NHsover 20 CV. Elution of compound 3 was detected at
ca. 0.35 M NaCl via absorbance at 280 nm, which was confirmed by HPLC with
Synergi 4m Polar RP 80A column (250 mm x 4.6 mm, Phenomenex) using a
acidified water (HCI, pH3)/methanol gradient. Compound 3 in the fraction was
further purified by HPLC under the same conditions used for the analysis of
compounds 1 and 2 in chapter 3.8.2. The purified compound was dried down by
evaporation, dissolved in water and stored at —20 °C.

2.9.3 Preparation of 80, labelled compound 3

The FeGP cofactor was extracted from 15 mg of M. marburgensis [Fe]-
hydrogenase at a final concentration of 2 mg/ml by adding 60 % MeOH, 1 % NHs
and 1 mM 2-mercaptoethanol (all final concentrations). The solution was incubated
at 40 °C for 15 min and denatured protein was removed by ultra-filtration with a 10
kDa cut-off membrane. The cofactor was dried by evaporation at room temperature
and dissolved in ['®0]-H.O containing 1 mM 2-Mercaptoethanol. The cofactor was
then inactivated by cold light (3000k 4D with Schott KL 2500 LCD) over night. The
final preparation of compound 3 was analyzed by HPLC and mass spectrometry
as described in chapter 3.12.2.

2.10 Enzymatic synthesis of pyridinol compounds

2.10.1 Synthesis and purification of 3,5,6-trimethyl-4-guanylyl-2-pyridinol
(3)

Compound 3’ was prepared by enzymatic conversion of 3,5,6-trimethyl-2-pyridinol
(2’) by HcgB from M. maripaludis with GTP. A mixture of 100 uM 2’, 5 mM GTP,
5 mM MgCl; and 10 uM HcgB was incubated in 50 mM MPOS/KOH pH 7 in a
volume of 3 ml at 40 °C for 48 h. The protein was precipitated by adding 40 uM
acetic acid (final concentration) and removed by centrifugation at 14,500 rpm in an
Eppendorf MiniSpin plus centrifuge at room temperature for 20 min followed by
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filtration with 0.22 uM pore size. The sample was dried by evaporation at 4 °C and
3’ was separated from 2’ and other contaminants by HPLC with a Synergi 4m Polar
RP 80A column (250 mm x 4.6 mm, Phenomenex) employing an acidified water
(HCI, pH3)/methanol gradient. The fraction containing 3’ was collected, dried by
evaporation and dissolved in water.

2.11 In vitro biosynthesis reactions

2.11.1 In vitro biosynthesis using Methanothermobacter marburgensis cell
extract

The M. marburgensis cell extract was prepared as described in chapter 3.6. In the
anaerobic chamber 1 mM DTT and 1 mM Fe(SO.)2(NH4)2 were added to the cell
extract in a 1.5 ml plastic reaction tube. After 5 min, 2 mM sodium dithionite, 60 uM
(2.3 mg/ml) [Fel]-hydrogenase from M. jannaschii, 20 mM ATP/MgCl, and 30 uM 3
were added. The solution was transferred to a glass vial sealed with rubber stopper
containing 50% H2/ 50% CO atmosphere and 0.5 mM Na,S was added. The final
total cell extract protein concentration in the assay was 16 mg/ml. The solution was
incubated at room temperature and a 10 uL aliquot was withdrawn and used for
the [Fe]-hydrogenase activity assay after the indicated time.

2.11.2 In vitro biosynthesis of FeGP cofactor using cell extract from
M. maripaludis mutants

The cell extract was thawed or the frozen cells were lysed as described in chapter
3.5.1. Then cell debris and membrane segments were removed by
ultracentrifugation with a Sorvall TFT-80.4 rotor at 35,500 rpm at 4 °C for 1 h. The
in vitro biosynthesis assay was prepared in the anaerobic chamber with a master
mix containing Fe?*, sodium dithionite, DTT, ATP, MgCl, and SAM added to 200
ul of cell extract and supplemented with 10 uM apo [Fe]-hydrogenase from M.
Jannaschii (jHmd) and 10 uM of the appropriate precursor compound. The final
concentration of all compounds and the standard conditions are summarized in
Table 6. ATP and SAM were added to the master mix directly before usage to
avoid spontaneous decomposition during storage. The in vitro assay reaction
mixture was then transferred into 6 ml amber serum bottles with the appropriate
gas phase indicated in the results section and incubated at room temperature or
40 °C for various durations.

For the filtration experiments, the cell extract was anaerobically filtrated by a 3- or
10-kDa centrifugal filter (Millipore Amincon Ultra-0.5) at 8 °C until around 10% of
the initial volume. The first filtrate was stored separately on ice. The concentrate
was then diluted to the initial volume using 50 mM Tris/HCI pH 7.5 containing 5 mM
MgCl, and the concentration/dilution cycle was repeated for three times. Finally,
the concentrate was diluted to the initial volume by either the first filtrate or by
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50 mM Tris pH 7.5 containing 5 mM MgCl. and used for the in vitro biosynthesis
assay.

In the case of in vitro biosynthesis employing heterologously purified Hcg proteins,
the above mentioned cell extract was replaced with the filtrate, obtained by
ultrafiltration with a 3 kDa cut-off. The heterologously purified enzymes were added
between the master mix and [Fe]-hydrogenase apoenzyme.

Table 6. Components of the in vitro biosynthesis assay

Compound concentration

ATP 5 mM
GTP* 5mM
SAM 2 mM
Fe(NH4)2(SO0a4):2 1mM
MgCl2 5 mM or 10 mM*
Dithiothreitol 1mM
Sodium dithionite 2mM
Precursor compound: 1, 2 , 2, 10 uM
3or3d

[Fel-hydrogenase apoenzyme 10 uM
mpHcgB and/or mpHcgC* 1 uM
jHegF, mpHcgD, mHcgE* 10 uM

* When compounds 1 or 2 were used as precursors.

#When heterologously purified proteins and filtrate was used instead of cell extract.

2.12 Mass spectrometric analyses

2.12.1 Preparation of the FeGP cofactor from in vitro biosynthesis solution
for mass spectrometric analysis

To extract the FeGP cofactor from the in vitro biosynthesis assay solution, the
Strep-tagged apoenzyme from M. maripaludis was used in a larger in vitro
biosynthesis assay in a volume of 5 ml instead of the apoenzyme from M.
jannaschii. The assay solution was stored at 4 °C in N> atmosphere after
completion of the assay overnight. To adjust the pH the solution was diluted to
50 % of the initial volume in 150 mM Tris/HCI pH 8 containing 100 mM NacCl.
Removing excess biotin from the media was conducted by adding 1 U of Avidin
per ml of in vitro solution. The holo [Fe]-hydrogenase was purified by Strep trap
affinity chromatography using two connected 5 ml StrepTrap column (GE
healthcare) in 150 mM Tris/HCI containing 100 mM NaCl and 5% glycerol at
1 ml/min. The column was washed with 5 CV loading buffer and the protein was
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eluted with 150 mM Tris/HCI containing 100 mM NaCl and 2.5 mM desthiobiotin.
The FeGP cofactor was extracted from the [Fe]-hydrogenase by the MeOH/2-ME
method (see chapter 3.7) and analyzed by high resolution mass spectrometry
described in following chapters.

2.12.2 Electron spray ionization mass spectrometric analysis of the FeGP
cofactor

The following electrospray ionization mass spectrometric (ESI-MS) analysis was
conducted in the Metabolomics core facility of the Max-Planck-Institute of
terrestrial microbiology, Marburg. The subsequent isotopologue analysis was
conducted by myself. The description of the mass spectrometric analysis was first
published in Schaupp et al., 2022. 1]

Mass spectrometric determination of the FeGP cofactor was performed using a
HRES-LC-MS. The chromatographic separation was performed on a Thermo
Scientific Vanquish HPLC System using a polymer based ZICpHilic (Sequant, 150
x 2.1 mm, 5 ym, Merck) equipped with a 20 x 2.1 mm guard column of similar
specificity at a constant eluent flow rate of 0.25 ml/min and a column temperature
of 40 °C with eluent A being 10 mM ammoniumhydroxyde in water adjusted to a
pH of 9.8 and eluent B being acetonitrile (Honeywell) The injection volume was
2 ul. The elution profile consisted of the following steps and linear gradients: 0 — 3
min constant at 95 % B; 3—10 min from 95 to 20 % B; 10 — 20 min constant at 20 %
B; 20 — 20.1 min from 20 to 95 % B; 20.1 — 30 min constant at 95 % B. lonisation
was performed using a high temperature electro spray ion source at a static spray
voltage of 3300 V, Sheath gas at 35 (Arb), Auxilary Gas at 7 (Arb), and lon transfer
tube and Vaporizer at 300 and 275 °C. Full Scan measurements were conducted
applying an orbitrap mass resolution of 240 000 without using quadrupole isolation
in a mass range of 100-642. Data was saved in full profile mode. Targeted
fragmentations measurements were performed at similar chromatography and
ionisation settings, but using a quadrupole isolation of the target ion in a window
of 0.4 m/z. Collision induced dissociation was performed in the ion routing
multipole with a relative collision energy of 5 %. Fragments were detected using
the orbitrap at a predefined mass resolution of 60,000 in the range between 100
and 640. For the analysis of the amount of incorporated *C in the ["*C]-CO
labelling experiments the peak area of the extracted ion chromatogram of the
calculated ion mass + 5 ppm was integrated for each isotopologue and
subsequently the natural isotope abundance of '*C was subtracted using the
IsoCor software. [

2.12.3 Proteome analysis

The proteome analysis and the MALDI-TOF-MS were conducted in the proteomics
core facility of the Max-Planck-Institute of terrestrial microbiology, Marburg. The
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3.1.3 In vitro biosynthesis from 3 with the M. maripaludis AhcgBAhcgC
strain

| tested the production of holo [Fe]-hydrogenase in a mixture of M. maripaludis
AhcgBAhcgC cell extract, the possible precursor 3 with the reaction components
including ATP, MgCl;, SAM, DTT, sodium dithionite and the [Fe]-hydrogenase
apoenzyme (for more information, see Materials & Methods). Under an
atmosphere of 100 % N2, even after extended incubation (> 1 h) at room
temperature, no [Fe]-hydrogenase activity was detected; however, when |
performed the assay under an Hz atmosphere or with formate in the solution, some
[Fe]-hydrogenase activity was observed. This activity increased four-fold when
50% CO / 50% Hzwas used instead (Figure 7). The necessity of H, and/or formate
indicated the need for reducing equivalents, since H, and formate are used by
hydrogenases and formate dehydrogenases as electron donors, respectively. CO
could also supply reducing equivalents via carbon monoxide dehydrogenases or it
might be a precursor of the CO ligands as indicated by M. Schick et al.®#?
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Figure 7. Effect of the gas phase and addition of formate in the assay solution on the in vitro
biosynthesis activity. The composition of the gas phase is given on the abscissa. Addition of formate
is shown above each bar. (=) indicates the absence of 3 in the assay.

The 50 % H2 /50 % CO gas phase condition is used as the standard in the in vitro
biosynthesis assay in the following text. In the absence of guanylylpyridinol
precursor 3 in the standard assay condition, the activity was not detected. To
confirm that the observed activity is indeed [Fe]-hydrogenase activity, | determined
the [Fe]-hydrogenase activity of the in vitro biosynthesis solution by measuring the
UV-Vis spectrum change caused by the enzyme reaction (Figure 8a). The
spectrum change was consistent with the conversion of methylene-HsMPT to
methenyl-HsMPT™*, which is observed in the standard assay in the presence of
[Fel]-hydrogenase purified from M. marburgensis (Figure 8a). The difference of the
spectrum in Figure 8a in the region of 250 — 300 nm after addition of the in vitro
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Figure 9. Mass spectrometric analysis of the FeGP cofactor purified from [Fe]-hydrogenase isolated
from in vitro biosynthesis. (a) Predicted structure of FeGP cofactor before ionization based on
previously published data of cofactor from M. marburgensis. The ion resulting from deprotonation is
detected by mass spectrometry as a negative species [M-2H]". (b) Calculated mass spectrum (red)
of the FeGP ion based on the predicted structure and the measured spectrum (black) of FeGP
cofactor extracted from in vitro biosynthesis. The deviation between calculated and measured mass
is 4.3 ppm. (c) Tandem mass spectrometric analysis of 635 m/z precursor ion (Mo) of FeGP cofactor.
A diamond indicates the precursor ion and fragment peaks (551 and 607 m/z) from the precursor ion
are shown. (d) Extracted ion chromatogram of the cofactor (635.0200 - 635.0264 m/z) extracted from
[Fel]-hydrogenase purified from in vitro biosynthesis containing compound 3 (black) or without
precursor (red).

3.1.5 Origin of the CO and acyl-ligands in the in vitro biosynthesis

One question that arose in the initial stage of in vitro biosynthesis investigation was
the role of CO in the gas phase of the assay. Addition of CO into the gas phase
(50 % Hz2 / 50 % CO) increased [Fe]-hydrogenase activity four-fold compared to
the activity with 100 % H: in the assay (Figure 7). The in vitro biosynthesis activity
increased with partial pressure of CO in the gas phase and CO partial pressure
was approximately 0.1 bar for the half-maximum activity (Figure 10a). An obvious
interpretation of this result is that the CO gas molecule is bound to an Fe ion in the
biosynthesis of the CO ligands of FeGP cofactor. However, since CO is a toxic gas
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and inhibits some metalloenzymes in methanogenic archaea, the presence of high
concentrations of CO gas in the cell, as used in the in vitro biosynthesis, is unlikely.

To answer the question about the function of CO gas in in vitro biosynthesis assay,
| conducted the standard in vitro biosynthesis assay in presence of ['*C]-CO. For
the analysis of this data, it was necessary to distinguish between the fraction of
isotopic labelling resulting from natural isotopic abundance and from introduced
labelled molecules. For this purpose, raw data was corrected by IsoCor, a software
to calculate and remove the contribution of natural isotopic abundance to the
isotopologue distribution.[®® Mass spectrometric analysis detected several '*C
isotopologues of FeGP cofactor, when FeGP cofactor was synthesized under
50 % ['3C]-CO / 50 % H; by in vitro biosynthesis. The IsoCor calculation indicates
that 18 % of FeGP carried two "*C and 31 % carried one "*C, while 51 % was not
labelled by "*C (Figure 10b). *C from ["*C]-CO was predicted to be incorporated
into CO and/or acyl ligands based on previous studies*? and this hypothesis is
discussed in-depth below and in chapter 4.2. While the finding that *C from
['*C]-CO was incorporated into FeGP cofactor indicates that gaseous CO can be
the precursor of CO and/or acyl ligands, the majority (67 %, assuming all '*C was
incorporated into the CO ligands and not the acyl ligand) of the CO ligands
originated from another CO source. A possible explanation of this finding is the
presence of a molecule in the cell extract, which can be converted into the CO
ligands enzymatically. The presence of such a physiological precursor was
predicted since the presence of CO-donating compounds was described for
[FeFe]- and [NiFe]-hydrogenase maturation.[’0-71. 74d. 98]
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Figure 10. Effect of CO in the gas phase on the in vitro biosynthesis assay. (a) Effect of CO partial
pressure on [Fe]-hydrogenase activity produced in in vitro biosynthesis (total pressure in the assay
was 1 bar). (b) Incorporation of ['3C]-CO from the gas phase into FeGP cofactor as indicated by '3C
enrichment in the molecule. The fractional abundance corresponds to experimentally observed
isotope distribution, which was corrected for natural isotope abundance contribution using IsoCor.[®!

MS/MS experiments were performed to determine whether ['*C]-CO is
incorporated into CO and/or acyl ligands of FeGP cofactor, since the analysis
ofcomplete FeGP cofactor could not answer this question. In contrast to the
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However, at this stage, a conclusion about the origin of the acyl ligand cannot be
made. Either ["*C]-CO was incorporated into the acyl ligand, as the result of the
biosynthesis of the FeGP cofactor or during the light inactivation, which produced
3 from the FeGP cofactor. If it was incorporated during the in vitro biosynthesis
assay three "*C should be incorporated (two CO and one acyl ligand) in one
molecule. However | only detect an incorporation of two '*C (see Figure 10b). In
chapter 4.2, | performed further experiments to address this issue.

3.2 Incorporation of isotopically labelled 3 into the FeGP
cofactor during the in vitro biosynthesis

By using the in vitro biosynthesis method, | investigated the biosynthetic precursor
3 of the FeGP cofactor. As shown in chapter 4.1, the addition of 3 was necessary
to biosynthesize the [Fe]-hydrogenase holoenzyme in the assay using the cell
extract from the M. maripaludis AhcgBAhcgC strain. This suggested that 3 is the
real physiological precursor and the FeGP cofactor is biosynthesized from
externally added 3. This hypothesis is supported by the finding that the final
[Fe]-hydrogenase activity produced by the in vitro biosynthesis assay is dependent
on the concentration of 3 added (Figure 13a). To test incorporation of 3 into the
FeGP cofactor, | prepared "°N-labeled compound 3 (["*N¢]-3), which contains six
N, and used it as the substrate of the in vitro biosynthesis. MS analysis of the
FeGP cofactor produced in this assay carried six "N and the isotopic labelling
pattern was identical to that of the precursor ['°®Ng]-3 (Figure 13b), which indicated
that external pyridinol precursor 3 was indeed incorporated into the FeGP cofactor
by the in vitro biosynthesis. Similarly, if the AhcgBAhcgC M. maripaludis strain was
grown in the presence of ['"*N]-NH.Cl and non-labelled 3 was added, the produced
FeGP cofactor did not show any incorporation of '®N, which again showed that the
3 used in the in vitro biosynthesis originates from the added pyridinol precursors
(Figure 13c). The incorporation of ['"®°N]-NH4CI into the metabolites of this strain
was shown for guanosine monophosphate as a positive control (Figure 13d).

This experiment shows that 3 is incorporated into the FeGP cofactor, but it cannot
answer the question raised in Chapter 4.1.5, why the carboxyl group of 3 prepared
from the "*C-labeled FeGP cofactor contains a ['*C]-CO-derived *C. Two possible
origins of the acyl ligand of the FeGP cofactor can be postulated: the carboxyl
group of 3 is converted to the acyl ligand of the FeGP cofactor during the
biosynthesis reaction or the acyl ligand can be formed from external CO, similar to
the CO ligands. To answer this question, one of the two oxygen atoms of the
carboxyl group of 3 was labelled with 0 by hydrolysis of the acyl ligand during
light decomposition in ['®0]-H.O (see material & methods). If 80 at the carboxyl
group is incorporated into the acyl group, 50% of the acyl group will be labelled
with the oxygen atom from the carboxyl group of '®O-labeled 3. This is because
one of the two oxygen atoms of the carboxyl group should be lost during reduction
of the carboxyl group to the acyl group and this process should be stochastic, as
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with 2 is likely much higher than 30 pmol/min, because the reaction was already
finished after the first measurement and Figure 19 shows HcgB can convert the
same amount of 2 to 3 within 10 min with 10 mM GTP. To circumvent the possibility
that conversion of 2’ by HcgB might be too slow to detect the in vitro biosynthesis
activity, 3’ was synthesized by the reaction with HcgB for extended time (Figure S
7) and the produced 3’ was purified and used for the in vitro biosynthesis assay.
The in vitro biosynthesis with 3’ again showed no activity, which indicates that the
carboxyl group is required for the biosynthesis of the FeGP cofactor (Figure 20b).

These experiments confirmed the structure of the pyridinol precursors in the FeGP
cofactor biosynthesis, which were proposed based on the results from the
investigation of HcgB and HcgC.B" 41: 4344 Since HcgB preferably converts 2
instead of 1 and HcgC cannot convert 9 into 3 based on structural restrains “'! the
order of the biosynthetic reactions shown in Figure 18 could be confirmed.
Furthermore, the presence of the carboxyl group of the 6-substituent was
necessary for the in vitro biosynthesis indicating the carboxyl group is the
precursor of the acyl ligand, which was also indicated in this study by the mass
spectrometric analysis (chapter 4.2). For this conversion, the action of HcgE and
HcgF are thought to be crucial. In the next chapter, | therefore investigated the
function of these two enzymes using the biochemical and in vitro biosynthesis
assays.

3.5 Role of HcgE and HcgF in biosynthesis of the FeGP
cofactor

3.5.1 Activation of the carboxyl group of the guanylylpyridinol precursor 3 by
HcgE

The first step of the conversion of the carboxyl-group of 3 is thought to be catalyzed
by HcgE. It has been previously proposed that HcgE adenylylates the
6-carboxyl-methenylene group of 3 and then the carboxyl group is bound
covalently to HcgF by a thioester bond to the Cys9 residue (amino acid numbering
is based on the M. jannaschii enzyme).9 This activation of the carboxyl group
enables the reduction from a carboxylic acid to an aldehyde that is the same
oxidation state with the acyl ligand in the FeGP cofactor. Similar reductions of
activated carboxyl groups have already been described in the catalytic cycle of
carboxylic acid reductase.®"]

To test if the thioester adduct of 3 on HcgF (5) can be reduced, | conducted a
reduction assay using NaBH4 to reduce 5 (Figure 21a). After incubation in the
presence of HcgE, HcgF and ATP, the reaction product was reduced with NaBHs.
| predicted formation of an 6-acetaldehyde compound and/or 6-hydroxyl-ethyl
compound (3°"). MALDI-TOF-MS indicated the formation of only a compound with
529 m/z, which corresponds to 3° (Figure 21b). Addition of HcgF decreased the
yield of 3°M, indicating it is not required for the activation of 3 and subsequent
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Figure 21. Analysis of the activated products of 3 formed by HcgE. (a) Proposed reactions of
HcgE,“5! and the NaBH4 reduction product from the adduct formed by the enzyme reaction. (b)
MALDI-TOF-MS of 6-hydroxyl-ethylated 3 (3°H) produced by reduction with NaBH4 after an assay
containing 3, HcgE, HcgF and ATP. (c) Kinetics of 3°H formation during incubation of the assay
mixtures at room temperature. HcgE concentration used in this assay was 100 uM. Yield of 3°H from
3 was presented as the conversion rate (%) determined from the relative intensities of the mass
peaks at 529 and 543 m/z (see Materials & Methods for details). Effect of HcgE (d) and ATP (e) on
the production of 3°H in the assay. Incubation time of the reaction was 30 min. (f) The in vitro
biosynthesis assay using the AhcgBAhcgC strain with 3 as the precursor in the presence (+) and
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3.5.2 HegF is not required for in vitro biosynthesis of the FeGP cofactor

It was thought that the formation of a thioester with HcgF to form 5 is needed to
stabilize the activated carboxylic acid in 3 prior to reduction to the acyl moiety. As
shown in Figure 22a, HcgF is not required for the reduction by NaBH4 and omission
of HegF can increase the amount of produced 3°H by reduction with NaBH,. Next
it was investigated if HcgF can bind 3 in activated (with addition of ATP and HcgE)
or non-activated conditions, since it was reported that HcgF can covalently bind 3
without activation by HcgE."®! For this analysis, an ultrafiltration method was used,
where 3 is retained in the concentrate if it binds to the protein or migrates into the
filtrate in case no binding occurs. As shown in Figure 22b, 3 is found in the
concentrate, independent on the addition of HcgE and ATP. The enrichment of 3
in the concentrate, which was dependent on addition of HcgF (Figure 22d),
indicated that it is retained by HcgF in this assay. This result indicates that HcgF
binds 3 independent on the activation by HcgE. This is in agreement to the crystal
structure of HcgF, in which 3 was bound to HcgF without activation by HcgE.
Although this filtration experiment does not show whether 3 is covalently bound to
Cys9, a notable information was obtained by UV-Vis spectra of the concentrate
containing the complex of HcgF and 3, in which the absorbance peak of 3 was
shifted from 300 nm to 310 nm. This shift was also observed in the absence of
ATP (Figure 22c). This result could be attributed to the formation of the thioester
adduct with HcgF independent on the presence of ATP. It is important to note that
for the crystal structure analysis and the filtration assay, HcgF was purified under
aerobic conditions."?! However, it cannot be excluded that the behavior of Cys9
can be different under anoxic/aerobic conditions because under aerobic
conditions, Cys9 can be oxidized as indicated by mass spectrometric analysis and
no oxidation adducts to Cys9 were detected in anoxically purified HcgF (Figure S
8). However, only two peptide single matches were detected from the anoxically
purified HcgF, which makes conclusive analysis difficult.

The above finding prompted me to assess the function of HcgF in the biosynthesis
of the FeGP cofactor in vivo and in vitro. To check the in vivo biosynthesis, the
M. maripaludis AhcgF strain was used. The AhcgF strain has previously been
shown to have similar growth properties to the Ahmd strain under Hz / CO;
atmosphere.? According to this finding, this strain did not show any
[Fe]-hydrogenase activity, which indicated that HcgF is essential in the
biosynthesis of the FeGP cofactor in vivo. Unexpectedly, even in the absence of
HcgF, some [Fel-hydrogenase activity was detected by in vitro biosynthesis
(Figure 22d) and addition of 3 to the assay increased the in vitro biosynthesis
activity. Addition of HcgF only slightly increased the [Fe]-hydrogenase activity in
the assay. The C9A mutation of HcgF provided almost no effect on the
[Fel]-hydrogenase activity and a similar effect was observed, when the C119A
mutated enzyme was used (Figure 22d). The Cys119 in contrast to the Cys9 is not
thought to be involved in the binding of the FeGP cofactor to HcgF.1*! These results
indicated that HcgF is not required for the in vitro biosynthesis under the tested
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conditions. Further evidence for this finding and a discussion of possible reasons
is given in chapter 4.6.2.
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Figure 22. Function of the HcgF protein in the biosynthesis of the FeGP cofactor. (a) Effect of HcgF
on the production of the activated adduct 3 formed by HcgE and/or HcgF in the presence of ATP.
The adduct formation was evaluated by formation of 6-hydroxyl-ethylated 3 (3°M) by reduction with
NaBHa. Yield of 3°H from 3 was presented as the conversion rate (%) determined by MALDI-TOF-MS.
(b) Ultrafiltration experiment to determine the binding of 3 to HcgF. The concentration of compound
3 in the filtrate (grey) and the concentrate (black) is shown. The enrichment of 3 in the concentrate
compared to the filtrate is shown above each bar. The compound missing from the full assay (HcgE,
HcgF, ATP and 3) is shown in the abscissa. (+) no compound was omitted. (c) UV/Vis spectrum of 3
in the concentrate of the HcgE/F ultrafiltration assay (black and red) compared to the spectrum in
solution (grey), adopted from.[?1 (d) In vitro biosynthesis in the AhcgF strain with (black) or without 3
(grey). The addition of HcgF and its C9A and C119A variants is indicated on the abscissa.
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3.6 Hcg proteins and cellular compounds required for the
in vitro biosynthesis

3.6.1 The M. maripaludis cell extract contains small components
required for the in vitro biosynthesis

The cell extract of M. maripaludis contains small molecules, which might be
required for the in vitro biosynthesis of the FeGP cofactor. To test this hypothesis,
the cell extract from the AhcgBAhcgC strain was separated by ultrafiltration into a
filtrate, which contains components with a molecular weight of <3 kDa, and a
concentrate, which contains molecules with a molecular weight >3 kDa, mostly
proteins. Neither the concentrate, which was diluted with buffer to the initial
volume, nor the filtrate catalyzed the in vitro biosynthesis reaction. However, when
the two solutions were mixed again, the in vitro biosynthesis activity was restored
(Figure 24a). The concentrate contained the Hcg proteins, which are known to be
required for the reaction. The requirement of the filtrate indicated that some
filtratable components are needed for in vitro biosynthesis. This finding is in
accordance with the finding that the CO ligands originate from a component in the
cell extract (see Chapter 4.1.5 and Figure 10b). Furthermore, the reduction of the
carboxyl group to the acyl ligand likely requires a two electron reduction step,
which might also involve a small molecule (<3 kDa) to provide electrons. The need
for a reduction is also indicated by the fact that H> or formate are needed in the
absence of CO for the in vitro biosynthesis (see chapter 4.1.2 and Figure 7). The
activation of the carboxyl group was already pointed out in the experiments on the
activation by HcgE in chapter 4.5.1.

Another question is why the in vitro biosynthesis reaction cannot completely
convert the pyridinol precursors supplied in the assay solution. The yield of the
FeGP cofactor is lower than 10% of the pyridinol precursors added. One possible
explanation is that another compound, possibly the above mentioned small
components, is limiting under these conditions. To test this hypothesis, the in vitro
biosynthesis assay solution after completion of the assay was filtered to obtain the
filtrate, in which the essential compounds could be depleted by the first round of in
vitro biosynthesis. When this filtrate was supplemented with fresh concentrate, the
in vitro biosynthesis activity was comparable to the initial activity (Figure 24b,
reused F+C). This indicates that the proteins in the concentrate were inactivated
during the first reaction but the filtrated small compounds did not lose the activity.
The instability of the protein fraction might be the major reason for the incomplete
conversion of 3 to the FeGP cofactor.
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Figure 24. Analysis of the cell extract compounds required for in vitro biosynthesis of the FeGP
cofactor. (a) Fractionation of the essential components in the cell extract of the M. maripaludis
AhcgBAhcgC strain by 3 kDa ultrafiltration. /n vitro biosynthesis using pyridinol precursor 3 with the
whole cell extract (+), with the concentrate (C), the filtrate (F) and the mixture of the filtrate and
concentrate (F+C) are shown. (b) Effect of reused filtrate. The in vitro biosynthesis assay with the
whole cell extract (+), with filtrate and concentrate (F+C), and with the filtrate from the first assay and
fresh concentrate (reused F+C).

3.6.2 HcgE and HcgG are the only Heg proteins required for in vitro
biosynthesis from 3

Comparative genomics analysis of methanogens revealed that only the Hcg genes
and their respective protein products were found to be responsible for the
biosynthesis of the FeGP cofactor. To test if only the Hcg proteins are required as
proteins for the in vitro biosynthesis, we developed an updated version of the in
vitro assay, in which the cellular protein was replaced with heterologously
produced Hcg proteins. This work was conducted in collaboration with F. Arriaza,
who homologously overproduced HcgG in an M. maripaludis strain, which contains
an expression vector with a Hiss hcgG fusion gene. The strain was constructed
and provided by Kyle Costa (University of Minnesota). We tested the conversion
of 3 to the FeGP cofactor by using heterologously produced HcgD, HcgE, HegF
and HcgG in the presence of the filtrate prepared from the cell extract from
M. maripaludis AhcgA. The AhcgA strain cell free extract and filtrate was chosen
since HcgA is responsible for the synthesis of 1 (F. Arriaza, PhD thesis) and
therefore no pyridinol precursors should be present in the filtrate of this strain. The
need for the filtrate of M. maripaludis cell extract was predicted based on
experiments in chapter 4.6.1, which indicated components from the filtrate are
necessary for the biosynthesis of the FeGP cofactor. Furthermore, the same
mixture of possible co-substrates (ATP, DTT, dithionite, Fe?* and SAM), which was
used for the in vitro biosynthesis based on the cell extract of M. maripaludis
AhcgBAhcgC was added. In addition, the cell extract was reduced by incubation
with 100% Haz for 1 h at 40°C before the filtration to provide reducing equivalents
to the reaction because my preliminary experiments indicated that the
pre-reduction with H, improved the in vitro biosynthesis activity.
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Interestingly, addition of CO to the in vitro assay reduced the in vitro biosynthesis
activity substantially, which indicates that at least one reaction to transform 3 into
the FeGP cofactor is sensitive to CO (Figure 25a). Furthermore, the addition of
filtrate and HcgG was required, indicating both are important for the conversion of
3 to the FeGP cofactor. The stimulatory effect of the pre-treatment with H. of the
cell extract might be caused by the reducing equivalents that can be generated by
hydrogenase activity in the cell extract under these conditions. This finding
indicates that another enzyme is required for providing the reducing equivalents to
the system, apart from the Hcg proteins (Figure 25b).

To identify the minimum set of Hcg proteins needed, we tested the omission of
each Hcg protein. The lack of HcgF did not affect the in vitro biosynthesis and
omission of HcgD decreased the yield by 50%, but was not necessary for this
reaction (Figure 25c). Thus, only HcgG and HcgE are required for the in vitro
biosynthesis reaction from 3 using the filtrate of the reduced cell extract (Figure
25c¢). In the case of HegF this finding is in accordance with the in vitro biosynthesis
assay based on AhcgF strain (see chapter 4.5.2). The mutant was unable to
produce FeGP cofactor in vivo, however, in the in vitro biosynthesis assay the
omission of HcgF did not stop the production of [Fe]-hydrogenase activity (Figure
22). This finding might indicate that HcgF is only needed in vivo. HcgF might be
unnecessary to stabilize the activated AMP-3 (4) in vitro because the ATP
concentration in the in vitro assay is 40-fold higher compared to the in vivo
concentration of other methanogens.!"® Since the thioester intermediate and the
mixed anhydride of the AMP-acyl are thermodynamically similar, the following
reduction could be promiscuous towards 4 or HcgF-S-3 (5).['%! Another possibility
is that 4 can spontaneously react with thiol compounds present in the assay, such
as DTT, which is known for other Acyl-AMP compounds, e.g. AMP-biotin, which
was activated by biotin ligase.!"%! This thioester might then be able to be used for
the following reactions by HcgG.

These initial results show that the in vitro biosynthesis can be further updated to
gain more information on the biosynthetic reactions from 3 to FeGP. However,
reproducibility of these interesting results in this section was not high, probably
because the in vitro biosynthesis activity was strongly dependent on the quality of
the HcgG protein preparation. In the next chapter | will discuss possible further
experiments and also summarize the here presented results and our conclusion
regarding the biosynthesis of this unique and exciting cofactor.
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Figure 25. In vitro biosynthesis of the FeGP cofactor using heterologously produced HcgDEFG
proteins. (a) In vitro biosynthesis under 50% H2/50% CO and 100% Hz, and negative controls without
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to preparation of the filtrate. (—) Negative control without HcgG. (c) Requirement of the Hcg proteins
in in vitro biosynthesis from pyridinol precursor 3. Full in vitro biosynthesis was performed with the
reduced filtrate and HcgDEFG. To test the function of Hcg proteins in in vitro biosynthesis Hcg
proteins were omitted from the assay solution. The Hcg proteins added to the solution are shown in
the abscissa. The in vitro biosynthesis reaction was performed under 100 % Ha.
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4 Conclusion and outlook

In this study | developed an in vitro biosynthesis assay for the FeGP cofactor of
the [Fe]-hydrogenase. This assay system can start from chemically synthesized
precursors, which | used to show that compounds 1, 2, and 3 are precursors of the
FeGP cofactor. The conversion of these precursors to the FeGP cofactor was
verified by incorporation of isotopically labelled precursors into the cofactor during
the in vitro biosynthesis. | showed that heterologously produced and purified HcgB
and HcgC protein can complement deletion of their genes in M. maripaludis
AhcgBAhcgC strain that was used to prepare the cell extract for the in vitro
biosynthesis. This finding indicates that the assay can also assess the activity of
heterologously/homologously produced and purified Hcg proteins. Analyzing the
function of HcgB more in-depth, | could also show that compound 1 is not
converted in the time frame of our in vitro experiment to an active derivate of the
FeGP cofactor in the absence of HcgC. This is further supported by our finding
that HcgB preferably catalyzes the guanylylation of compound 2 instead of
compound 1, which was proposed based on previous structure-to-function
analysis of HcgC.B"- 4431 Furthermore, we showed that the carboxyl group of these
precursors is reduced to the acyl ligand of the FeGP cofactor. In summary, the in
vitro assay can be used to investigate three types of questions regarding the
biosynthesis of the FeGP cofactor: 1) to test the incorporation of the possible
precursors including isotopically labelled precursor moieties; 2) to predict the
reaction sequence of the biosynthesis; and 3) to verify the activity of heterologously
produced Hcg proteins in the biosynthesis of the FeGP cofactor.

We were able to expand the in vitro biosynthesis assay, using the cell extract of
the AhcgBAhcgC mutant, to other mutant strains and to no include cell extract
proteins. For example the AhcgA mutant showed that HcgA is involved in the first
step of the biosynthesis, the formation of precursor 1. Furthermore the analysis we
showed that HcgG is involved in the insertion of the iron center into the framework
of the guanylylpyridinol 3 (See PhD Thesis of F. Arriaza).['"! | replaced the protein
components of the cell extract with purified Hcg proteins and conducted the in vitro
biosynthesis assay without cell extract proteins. Although the results are not stably
reproducible, the initial experiments suggest that only HcgE and HcgG are
necessary for the in vitro biosynthesis from compound 3. Addition of HcgD
improves the FeGP cofactor yield, while HcgF has no effect on this assay’s results.
The important role of HcgE was further confirmed by the fact that the in vitro
biosynthesis is highly dependent on ATP when using all cell extract components.
The in vitro reaction also depends on the presence of small molecules from cell
extract, which may involve a CO ligands precursor and an electron carrier, the
latter of which is used for the reduction of the carboxyl group to the acyl ligand.

This results in an updated model for the in vitro biosynthesis, as shown in Figure
26. To prove this model and answer the remaining questions a range of different
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experiments are necessary. Especially the functional characterization of HcgA,
HcgD, HcgF and HegG is of substantial importance which have not been fully
understood yet. Hence, the investigation of HcgA and HcgG has a high priority
since they catalyze the crucial first and last steps of the biosynthesis of the FeGP
cofactor.

In the case of HcgA, the substrate identity, as well as the structure and mechanism
of the protein, need to be elucidated. The substrate was found to be present in the
cell extract of bacteria and archaea, indicating it is a common metabolic compound
(PhD Thesis, F. Arriaza). Fractionation of cell extract combined with mass
spectrometry may reduce the list of possible compounds, which can be realistically
evaluated based on the HcgA catalyzed reaction. The structure and mechanism
can subsequently be addressed by biochemical and crystallographic work. This
investigation may reveal a new radical mechanism to synthesize highly modified
pyridine compounds, which is a mayor improvement for biotechnological synthesis
of complex chemicals. In contrast to HcgA, the function of HcgG is not very well
understood and the elucidation of its substrates is important for understanding the
final steps of the FeGP cofactor biosynthesis. HcgG is thought to be involved in
three major reactions; the synthesis of CO from an organic precursor, the binding
of the CO ligands to the iron atom and the reduction of the carboxyl to the acyl
ligand. To investigate the function of this highly complex enzyme, a range of
different studies are suggested. At least two substrates apart from compound 3
and SAM are required in addition to HcgG, the electron carrier and the precursor
of the CO ligands. Since cell extract fractionation is experimentally challenging if
two substrates are unknown, identification of the electron carrier for HcgG is
required prior to investigating the CO precursor. Using purified proteins in the
absence of other cell extract proteins, the in vitro biosynthesis assay can identify
the electron carrier. In these conditions the reduction of the cell extract's small
molecules by H: is necessary and adding the reduced electron carrier will remove
this prerequisite. Therefore this assay can be used to identify the electron carrier
of this reaction. Subsequently, the CO precursor can be identified analogously to
the substrate of HcgA. Instead of product detection by mass spectrometry, the in
vitro biosynthesis can be used as a readout. Independent of the substrate, the
structural analysis of HcgG is of great interest, since it lacks homologues. Together
with spectroscopic analysis of the likely Fe-S cluster of HcgG and IR analysis of
possible CO containing intermediates the structural analysis will play a major role
in determining the mechanism of this unique enzyme.

The proteins HcgD and HcgF have already been structurally characterized and
possible functions have been proposed.**“%! The new results from the in vitro
biosynthesis enable a more in-depth analysis of the function of HcgD and HcgF,
similar to the analysis of HcgB and HcgC in this work. In the case of HcgD, the
transfer of iron from this enzyme to the FeGP cofactor can be investigated by
loading this enzyme with isotopically labelled iron. The transfer of this iron to the
FeGP cofactor might then be tracked by mass spectrometric analysis after the in
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vitro biosynthesis in the presence of 5’Fe-loaded HcgD. Hence the function of a
Nif3-like protein would be conclusively described across all domains of life for the
first time. Similarly, to HcgD the function of HcgF was partially uncovered in a
previous study. HcgF was proposed to be a chaperon, binding the activated
compound 3 after the HcgE reaction. To investigate this function, it will be
important to test the formation of HcgF-Cys9-S-3 using Cys9 mutants.
Furthermore, the function of HcgF-Cys9-S-3 and AMP-3 conjugates as a substrate
of the in vitro biosynthesis in the absence of HcgE. Since thioester bonds are
proposed to be highly labile the isolation of this protein conjugate might be
experimentally challenging. A possible alternative is the chemical synthesis of an
activated ester version of 3, which is more stable under the experimental
conditions.

The development of the here presented in vitro biosynthesis enables many exciting
new studies to improve our understanding of the FeGP cofactor biosynthesis.
Similar to in vitro biosynthesis methods developed for other metallocofactors, this
method can help the future analysis of this unique and fascinating molecule.
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Figure 26. Updated scheme of the FeGP biosynthesis. In green reaction and intermediates are
shown, which were proposed before and were confirmed by the in vitro biosynthesis assay developed
in this work. In orange enzymes are displayed, which function was elucidated by F. Arriaza based on
the in vitro biosynthesis assay system developed here. The function of HcgD and HcgE (cyan) are
strengthened by the here presented work but not fully understood yet.
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Figure S 1. Purification of holo [Fe]-hydrogenase from M. maripaludis from the in vitro biosynthesis
solution by strep tag affinity chromatography.
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a Oxic purificationof HcgF b Anoxic purification of HcgF
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Figure S 8. Analysis of modifcations found on Cys9 of HcgF from M. jannaschii purified under oxic
(a) or anoxic (b) conditions. The site of Cys9 is marked with a red arrow. Each green bar represents
a individual peptide identified and red marks show modifications at the given aminoacid positions.
The peptides and modifications were identified by Byonic by J. Kahnt.

Table S 1. Detection of Hcg proteins in the cell extract of AhcgBAhcgC M. maripaludis mutant by
proteomics.

Hcg protein (Accession | Coverage Number of peptides (unique
number) peptides)

HcgA (WP_011170070.1) 91.79% 41 (10)
HcgB (WP_011171441.1) - -
HcgC (WP_011171442.1) - -

HcgD (WP_011169997.1) 86.99% 25 (13)
HcgE (WP_013999640.1) 81.86% 27 (6)
HcgF (WP_011170879.1) ¥ -
HcgG (WP_011170069.1) 78.04% 48 (18)
Hmd (WP_011170071.1) 84.18% 43 (28)

* HcgF was not detected by method. As described in Schaupp et al, 2020 9 PCR
experiments confirmed the presence of HcgF in the AhcgBAhcgC and previous
experiments showed that deletion of hcgF leads to the same growth phenotype as
observed in the Ahmd mutant.*"
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