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Zusammenfassung

Das Enzym 7-Cyano-7-deazaguanine Synthase (QueC) katalysiert die Umwandlung
eines Carboxylates zu einem Nitril. In dieser enzymatischen Reaktion wird ATP als
Co-Faktor gebraucht und als Stickstoffquelle wird Ammonium bendtigt. Die Sequen-
zen des Enzyms 7-Cyano-7-deazaguanine Synthase wurden aus verschiedenen Or-
ganismen (G. kaustophilus, E. coli, P. atrosepticum, A. sulficalllidus und B. subtilis) in
den pEHISTEV-Vektor kloniert und in E. coli heterolog exprimiert. Mittels neu entwi-
ckelten HPLC-basierten, Aktivitdtsassays wurden die Enzyme charakterisiert. Unter
Verwendung von *'P NMR-Spektrometrie und eines fluoreszenzbasierten Thermo-
shift Assay wurden weitere Experimente zur Aufklarung der Reaktionsprodukte und
der Substratspezifitat vorgenommen. AMP und Pyrophosphat wurden als Nebenpro-
dukte der preQo.Bildung ermittelt. Mit Ausnahme von QueC aus B. subtilis waren alle
Enzyme aktiv und zeigten eine hohe Spezifitat zum natirlichen Substrat 7-Carboxy-
7-Deazaguanin (CDG).



Abstract

7-Cyano-7-deazaguanine synthase is an enzyme which catalyses the formation of a
nitrile from a carboxylic acid. This reaction is ATP dependent and ammonia serves as
the nitrogen source. 7-Cyano-7-deazaguanine synthases from G. kaustophilus,
E. coli, P. atrosepticum, A. sulficalllidus and B. subtilis were expressed and charac-
terised, based on a newly developed HPLC based activity assay. Further analyses
were performed using **P NMR-spectrometry and a fluorescence-based thermal-shift
assay. Furthermore, the net reaction could be explained and AMP and pyrophos-
phate could be determined as by-products to preQo. With the exception of the
B. subtilis derived enzyme, all heterologously expressed enzymes were active. and

showed a high specificity to the natural substrate 7-carboxy-7-deazaguanine (CDG).
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Figures

Figure 1. Monomer structure of B. subtilis QueC. (A) Structure of QueC in detail.
Helices are coloured red, - strands are coloured yellow, and loops are coloured
green. (B) Picture of the surface of QueC, where the conserved residues are
coloured magenta and unconserved regions are grey. Zinc interacting residues are
plotted in yellow and the phosphate and magnesium ions are coloured cyan and
BIUE.” ..ottt 2
Figure 2: The pEHISTEV ClONING VECIOL. .....covvvviiiiiie e 11
Figure 3: Preparative agarose gel of amplified pEHISTEV vector. Slot 1 to 6 show
the application of amplified pEHISTEV vectors, without gel slices of pEHISTEV
vectors with the size of interest (5343bp). GeneRuler™ DNA Ladder Mix was used
AS STANUAI. ... 39
Figure 4: Control agarose gel of QueC fragments cloned into pEHISTEV vector by
Gibson cloning. Digest was done with restriction enzymes Xbal and Xhol. Slot 1:
Digest of QueC fragment of S.rimosus in pEHISTEV vector. Slot 2: Digest of
QueC fragment of A. flavithermus in pEHISTEV vector. Slot 3: Digest of QueC
fragment of C. sativus in pEHISTEV vector. Slot 4: Digest of QueC fragment of
P. atrosepticum in pEHISTEV vector. Slot 5. Digest of QueC fragment of A.
sulficallidus in pEHISTEV vector. Slot 6: Digest of QueC fragment of B. subtilis in
pEHISTEV vector. GeneRuler™ DNA Ladder Mix was used as standard............. 40
Figure 5: Control agarose gel of QueC fragments in nonfunctional pEHISTEV
vector. Digest was done with restriction enzymes Hindlll and Ndel. Slot 1: Digest
of QueC fragment of C. sativus. Slot 2: Digest of QueC fragment of B. subtilis. Slot
3: Digest of QueC fragment of P. atrosepticum. Slot 4: Digest of QueC fragment of
S. rimosus. Slot 5: Digest of QueC fragment of A. sulficallidus. Slot 6: Digest of
QueC fragment of A. flavithermus. GeneRuler™ DNA Ladder Mix was used as
5] 7= LT =T o RS 41
Figure 6: SDS-control gel of the different fractions of the BugBuster lysis. Page
Ruler Prestained Protein Ladder (10-170kDa) was used as standard. The samples
with different QueCs were arranged as follows: First A. flavithermus, second
A. sulficallidus, third B. subtilis, fourth P. atrospeticum, fifth C. sativus and sixth S.
rimosus. Slot 8,9,10, 11, 12, and 14 give pellet 1 (cell components). Slot 15 to 21

show pellet 2 (inclusion body fraction). Slot 1 to 7 show the supernatant to show
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the expression levels of soluble 7-cyano-7-deazaguanine synthases from different
organisms. The results of the negative control are shown in slot 7, 14 and 21.
QueC of A. sulficallidus (26.4kDa), B. subtilis (24.5kDa), and P. atrosepticum
(25.4kDa) show a slight overexpression marked with a red ellipse. ..................... 42
Figure 7: SDS-control gel of the different fractions of the BugBuster lysis. Page
Ruler Prestained Protein Ladder (10-170kDa) from Fermentas has been used as
standard. P1 pictures cell components which were separated in the first
centrifugation step of the BugBuster lysis. P2 visualizes inclusion bodies. SN
pictures the expression levels of the 7-cyano-7-deazaguanine synthases from
different organisms by induction with 1mM IPTG and 0.1 mM ZnSQOg4 at 25°C..... 43
Figure 8: SDS-control gel of the different fractions of the protein purification with
Ni-affinity chromatography. In slot 1 the purified enzyme and in slot 2 the purified
enzyme-concentrate from A. sulficallidus is given. In slot 3 the purified enzyme
and in slot 4 the purified enzyme-concentrate from P. atrosepticum is given. In slot
5 the purified enzyme-concentrate from B. subtilis is given. Page Ruler Prestained
Protein Ladder (10-170kDa) is used as standard. .............cccccceeeieieeeeeeieiiiiine e, 44
Figure 9: SDS-control gel of the different fractions of the BugBuster lysis. Slot 1 to
slot 6 shows the monitoring of the inclusion bodies formed during the cultivation.
Slot 7 and 10 shows the expression of soluble QueCs using 1mM IPTG. Slot 8 and
11 shows the expression of soluble QueC using 1ImM IPTG and 0.1 mM ZnSO.,.
Slot 9 and 12 shows the monitoring of the expression level of QueC using 0.1mM
IPTG and 0.1 MM ZNSO4. ceuiiniiiiiieeeee e et e e e e e e e e e 45
Figure 10:SDS-control gel of the different fractions of the protein purification with
Ni-affinity chromatography. Slot 1 and 2 show the crude lysate from QueC of
E. coli and G. kaustophilus. Slot 3 to 5 show selected fractions, which were taken
during purification of QueC of E. coli. Slot 6 to 8 show selected fractions, which
were taken during purification of QueC of G. kaustophilus. Slot 9 and 10 show
purified enzyme stock of QueC from E. coli and G. kaustophilus, respectively.
Page Ruler Prestained Protein Ladder (10-170kDa) was used as standard. ....... 46
Figure 11: HPLC analysis, showing ATP and the formation of AMP and ADP over
time from the blank, where no 7-cyano-7-deazaguanine synthase from
G. kaustophilus was present. After 5, 10 and 20 minutes samples were taken, the

reaction terminated and analysed with HPLC..............oouiiiiiiiiiiiiiiiic e 48
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Figure 12: HPLC analysis, showing ATP and the formation of AMPand ADP over
time from the bioconversion, where 7-cyano-7-deazaguanine synthase from
G. kaustophilus converted CDG to preQo under consumption of ATP. After 5, 10

and 20 minutes samples were taken, the reaction terminated and analysed with

Figure 13: Application of the calibration curves for the determination of ATP, ADP
and AMP concentrations (ng/uL) which are related to the detection areas from the
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with QueC from G. kaustophilus at 5, 10 and 20 mMiNUtES. ...........ccoevvvevvvrieeeeennn. 51
Figure 15: Monitoring of the ATP consumption during the activity assay with QueC
from G. kaustophilus at 5, 10 and 20 MINULES. ......cccoeeeviiiiiiiiiiiiie e 52
Figure 16: Monitoring of phosphorous containing species during preQo formation
compared with the reference measurements with ATP, ADP, AMP, phosphate and
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Figure 17: View of the crystal structure of QueC from G. kaustophilus designed
under use of the crystal structure of QueC from B. subtilis, where AMP is modelled
to the active site cavity. All proposed residues are conserved in GkQueC and
BsQueC. The hydrophilic regions are plotted in blue and hydrophobic residues are
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Figure 18: Active site view of structure of QueC from G. kaustophilus designed
under use of the crystal structure of QueC from B. subtilis where residues are
shown, which might be involved in the AMP and CDG binding. The zinc ion is
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1 Introduction

1.1 The deazapurine biosynthetic pathway

In this biosynthetic pathway, the deazapurine nucleoside preQq is produced from
guanosine-5'-triphosphate (GTP) in a four enzyme cascade. First, GTP gets con-
verted to 7,8-dihydroneopterin triphosphate by the enzyme GTP cyclohydrolase.
Further, the pathway includes the conversion to the 6-carboxy-5,6,7,8-
tetrahydropterin by QueD from E. coli. The enzyme QueE from B. subtilis, which is
a member of the radical SAM enzyme family, converts 6-carboxy-5,6,7,8-
tetrahydropterin to CDG. In the last step, the carboxylate moiety on CDG is con-

verted to a nitrile by QueC from for example B. subtilis and preQq is formed.*

7-Deazapurines are compounds, containing the pyrrolopyrimidine core, which form
a structurally diverse class of nucleoside analogs. Further, they show often antibi-

otic, antineoplastic and antiviral activities.*

1.2 The 7-cyano-7-deazaguanine synthase

1.2.1 General information

7-Cyano-7-deazaguanine synthase (E.C. 6.3.4.20) is an enzyme which is part of
the biosynthetic pathway to the deazapurine nucleoside preQo.*

In addition, 7-cyano-7-deazaguanine synthases are part of the biosynthetic path-
way of several other deazapurine containing compounds like queosine, archaeo-
sine and toyocamycin, because they catalyse the conversion of 7-carboxy-7-
deazaguanine (CDG) to 2-amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (preQg).**3
An important 7-deazapurine compound is the hypermodified 7-deazaguanosine
nucleoside queosine, which is located in the anticodon wobble position of four
amino acid specific tRNAs.* In literature 7-cyano-7-deazaguanine synthase
(QueC) was described from S. rimosus®, B. subtilis® and E. coli®, but not elaborate-

ly. With ToyM from S. rimosus and QueC from E. coli the reaction from the sub-

1



strate 7-carboxy-7-deazaguanine (CDG) to preQo was reconstructed in vitro for a
qualitative proof of principle.!

In literature some structural information of QueC can be found °

Nenad Cimil and his group from the department of Biochemistry of the University
of lllinois already preformed structural studies on QueC from B. subtilis. In figure 1,

the monomer structure of QueC (of B. subtilis) is shown.

Figure 1: Monomer structure of B. subtilis QueC. (A) Structure of QueC in detail. Helices are coloured red, §3-
strands are coloured yellow, and loops are coloured green. (B) Picture of the surface of QueC, where the
conserved residues are coloured magenta and unconserved regions are grey. Zinc interacting residues are
plotted in yellow and the phosphate and magnesium ions are coloured cyan and blue.®

The monomer-structure consists of a five parallel-stranded B-sheet, surrounded by
six helices (a1 to a6) and three additional helices (a7 to a9). In solution, the pro-
tein exits as a dimer, where interactions take place between two helices of each
monomer. The conserved regions, which are probably part of the active site of the
protein, are forming a cavity. With its size of about 25 kDa the protein is not very
large. The substrate specificity may be limited due to the position of the active site,

which is located in a narrow cave.’

1.2.2 Reaction
QueC converts 7-carboxy-7-deazaguanine (CDG) to 2-amino-5-cyanopyrrolo[2,3-

d]pyrimidin-4-one (preQo) (see scheme 1).
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Scheme 1: Net reaction of CDG to preQo.

With ATP the carboxylate gets activated.*

In the structure of QueC from B.subtilis a Zn (Zinc) ion was found by X-ray crystal
structure analysis. So, the reaction seems to be Zn dependent.” In this work, Zn
depending experiments will be performed to investigate the Zn dependence.
Furthermore, ammonium is needed as amine donor. In labelling studies the source
of the nitrile nitrogen could be explored to be ammonia on basis of >N incorpora-
tion from [*°N] ammonium sulfate.

Comparing the reaction mechanism of QueC with nitrilases, which catalyze the
conversion of a nitrile into the corresponding acid plus ammonia’, QueC behave
like a reverse nitrilase.® Up to now the enzymatic reaction of QueC has not been
described detailed in literature. The net reaction of QueC is not completely ex-

plored and the by products of preQg are not resolved yet.

1.3 The 7-cyano-7-deazaguanine reductase from Geobacillus

kaustophilus, the successor of QueC in queuosine pathway
7-Cyano-7-deazaguanine reductase (QueF) converts preQg to the primary amine
2-amino-5-aminomethyl-pyrrolo[2,3-d]pyrimidin-4-one (preQ;) in an NADPH-
dependent reaction (Figure 2).°
PreQ; is then transferred to a t-RNA molecule and modified in two enzymatic steps
to Q-tRNA.°



2 NADFH

Scheme 2: Reaction scheme of the enzymatic reduction of preQq to prte.8

At that point, QueF type enzymes are the only known enzymes, which can reduce
a nitrile to the primary amine in a one-step reaction.® In this work, one aim was the
in vitro simulation of two steps of the preQ; biosynthesis with QueC and QueF

from G. kaustophilus.

1.4 Gibson cloning

With the Gibson assembly method, DNA can be generated and amplified in one
isothermal reaction. Overlapping DNA molecules can be assembled and multiplied
using and reaction mix, which includes an 5’exonuclease, a DNA polymerase, a
DNA ligase and other buffer components.’® This reaction mix is incubated for one
hour at 50°C. During this time, the exonuclease digests the ends of a DNA double-
strand fragment at the 5’-end partially. Then, generated single-stranded ends
(sticky ends) can anneal with homologous single-stranded regions. In a second
step, DNA-polymerase can close the existing gaps with nucleotides on the DNA-
double strand. The DNA ligase connects the generated DNA strands in vitro with
each other and removes any nicks in the DNA.* In this work, Gibson cloning was

used for the construction of protein expression strains.

1.5 Escherichia coli as expression strain and corresponding vec-

tor system

E. coli gathered great importance in science as standard expression host for the
production of recombinant proteins. Escherichia coli is a gram-negative bacterium
with a circular genome of 4.6 mega base pairs.'? Usually it is the system of choice

for protein expression, because it can grow on defined media. During exponential
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growth it doubles every 20 to 30 minutes and can be used for high yield production
of recombinant proteins. Nearly every strain used for recombinant DNA expression
is descended from E. coli K-12 strain, isolated from the excrements of an diphthe-
ria patient in 1922.231*1> |n this work the Escherichia coli BL21 (DE3) gold strain
was used as the expression host. This expression host carries a few mutations in
order to facilitate special recombination work. It carries the A lysogen carrying
gene for T7 RNA polymerase. Furthermore, it contains mutations in the ompT and
lon genes for enhancing recombinant protein production and does not carry the F-
plasmid. Furthermore, it has a mutation in the dcm gene for blocking the cytosine
methylation at CC(A/T)GG sequences to make the DNA cleavage possible by
some restriction enzymes and hsdS gene mutation which yield to inactivation of
Eco site-recognition activity. A mutation in the gal gene blocks the galactose utili-

zation of the galactose metabolism in Escherichia coli BL21 (DE3) gold strain.*®

Since this strain carries the T7 RNA polymerase, the pET-vector system can be
used for expression based on the T7 phage RNA polymerase promoter and the
pBR322 origin of DNA replication. Special pET-vector systems exist, which lead to
expression of an affinity tag consisting of 6 histidine residues to make purification
of the expressed recombinant protein possible by affinity chromatography.*”*® One
of these pET-vectors which offers this advantage is the pEHisTEV vector.'® Be-
sides the 6 histidine residues, it has the ability to cut the recombinant protein with

the TEV protease from the His-tag after purification.?**°

1.6 High pressure liquid chromatography as analysis tool

The high pressure liquid chromatography (HPLC) is the analytical separation tech-
nique which is most commonly used for the separation of small molecules.?! This
instrumental chromatography technique is fast and delivers qualitative and quanti-
tative analytical results. HPLC is suitable for the separation of soluble, non-volatile
or thermally unstable compounds such as amino acids, hydrocarbons, carbohy-

drates, antibiotics, and numerous other organic substances.?



The stationary phase for the separation process is packed in columns, either as
particles or as monolithic material. As mobile phase, water and organic solvents
can be applied. The column material is very often derivatised silica material and
may be either film-coated or porous particles. In this work, partition chromatog-
raphy is used in reversed phase mode, which is characterised by using a nonpolar
stationary phase and a polar, water based mobile phase. Two different columns

have been applied:

- Chromolith® performance RP 18E 4.6x100 mm HPLC column
- Phenomenex Gemini® NX 3 C18 110 A, LC column (150 x 2.0 mm, Ea)

with a SecurityGuard™ Cartridge 4 x 2.0 mm column

Because of the high porosity of the Chromolith column, very high flow rates with
low back pressures can be used. The Chromolith column can lead about four
times faster runs than a standard separation with a particle based column. It con-
sists of highly porous monolithic silica rods with a bimodular porestructure.?®

The Phenomenex Gemini column combines silica and polymer particles. The NX
process uses crosslinked ethylene groups to reinforce the silica gel mechanically
and chemically. These columns are commonly used for the analytical and prepara-
tive separation of basic and acidic compounds. With this two-in-one technology,
the pH stability increases (pH 1 to 12 is possible) and mechanical strength is opti-
mised. The wide pH range leads to great flexibility in the choice of mobile phase,
and thus even greater control over the retention and selectivity of compounds.?
For detection, two different systems have been used. UV/Vis- absorption and
mass spectrometry.

The mass spectrometry gives information about the molecular mass from ions in a
high vacuum system. The mass spectrometer consists of an ion-source (electron-
impact), mass analysis tool (quadrupol) and a detector. The sample molecules get
ionised by an electrical field, accelerated and separated in a magnetic field de-

pending on the mass of the ion-particles.*

The fields ionize the particels and control them in a vertikal flow. Only specified
particles in a defined mass area are then able to pass the mass filter.*



UV/Vis spectroscopy is generally used in analytics for the quantitative and qualita-
tive determination of compounds. With the UV/Vis-absorption technique the mole-
cules in the sample, which pass the detector, contain 1r-electrons or non-bonding
electrons (n-electrons). These electrons absorb the energy of the ultraviolet or vis-

ible light to excite these electrons to higher anti-bonding molecular orbitals.*??

1.7 NMR spectrometry

The nuclear magnetic resonance spectroscopy (NMR) is based on the measure-
ment from electromagnetic radiation between 4MHz to 1200MHz. Molecules,
which can be activated by the electromagnetic waves lead to absorption. In con-
trast to the ultraviolet, visible and infrared absorption, atomic nuclei are involved in
the absorption process at these wave lengths. In order to stimulate cores to an
appropriate energy status for absorption, it is necessary to expose the analysts to
a strong magnetic field. The nuclear magnetic moment is caused by an intrinsic
rotation (= magnetic resonance) of the atomic nucleus. The nuclear spin is quan-
tised. This quantum number 1 can have entire or half values from 0 to 6. The four
cores that are most commonly used are 'H, **C, °F and *'P. These four cores
have the spin quantum number 1/2.%

NMR is one of the most important methods for chemists and biochemists to eluci-
date structures of organic and inorganic species. In this work the one-dimensional
NMR spectroscopy (in particular *'P spectroscopy) is used to explore the reaction
products of 7-cyano-7-deazaguanine synthase. The chemical shift of an atom from

a reference substance is measured.?®

1.8 Fluorescence-based thermal shift assay

With the fluorescence-based thermal shift assay (FTS) the stability of proteins can
be determined and inhibitors of proteins can be identified in high throughput man-
ner. This technique is based on the online-detection of a fluorescence signal dur-
ing a time period. When the temperature is increased, proteins start to unfold. Fur-
thermore, the affinity to bind to the hydrophobic surface of proteins increases. This
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allows the sensitive fluorescent dye (SYPRO Orange protein gel stain dye) to bind
to the protein and emit light. The changes of melting temperature of a protein un-
der different conditions and by addition of different ligands, inhibitors and sub-
strates, can lead to new findings concerning substrates and ligand affinity to a tar-
get protein. Therefore, the thermal shift assay is an inexpensive method for tem-
perature controlled measurement under fluorescence detection.?

In this work, the assay is used for the exploration of the substrate scope of several
7-cyano-7-deazaguanine synthases and exploration of the enzyme stabilities at

different assay-conditions.

1.9 The synthesis of nitriles and their role for the industry

Nitriles are a group of chemical compounds with the general formula R-C=N. The
functional group of a carbon and triple bonded nitrogen is called nitrile or cyano
group. Nitriles are formally derived from the hydrocyanic acid (HCN) by replacing

the hydrogen atom on an organic residue.?’

In industry, nitriles are e.g. prepared by addition of HCN to alkenes and by catalyt-
ic oxidation of alkenes and ammonia with air.?® On laboratory scale, nitriles can be
prepared by reaction of alkali metal cyanides (alkali metal salts of hydrogen cya-
nide) with alkyl halides (Kolbe nitrile synthesis).?® Other possibilities are the dehy-
dration of aldoximes with for example phosphorus pentachloride (PCls).*

Since these synthetic reactions take place mostly under harsh conditions, a one
step enzymatic reaction, where a nitrile is generated may be of interest for the in-

dustry.

Enzymatically, 7-cyano-7-deazaguanine synthases, aldoxime dehydratases and
hydroxynitrile lyases can be wused for nitrile production from different

substrates. 3132

Aldoxime dehydratases catalyse the dehydration of aldoximes to nitriles. For ex-
ample, arylalkylaldoximes or alkylaldoximes can be converted to the correspond-

ing nitriles in one enzymatic step. During this reaction, no elongation of one carbon
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atom during nitrile formation takes place, similar to 7-cyano-7-deazaguanine syn-

thase.*

Hydroxynitrile lyases (HNLs) catalyse the reversible stereoselective addition of
hydrogen cyanide (HCN) to aldehydes and ketones (see scheme 3). HNLs are
already known as industrial biocatalysts for the synthesis of chiral cyanohydrins,

which are important building blocks for pharmaceuticals and agrochemicals.®*3!
CN O
HNL
F— + HCN
R OH Ry Ro
Ra

Scheme 3: Reaction scheme the Hydroxynitrile lyase reaction®



2 Objectives

Very little is known about 7-cyano-7-deazaguanine synthases, its mechanism and
requirements. The aim of this work was the cloning, expression and characterisa-
tion of 7-cyano-7-deazaguanine synthases from different organisms. In a second
part of this work, a suitable assay was developed and the substrate scope of these
enzymes (7-cyano-7-deazaguanine synthases) that can convert a carboxylic acid
to a nitrile explored. In addition, particular steps of the biosynthetic pathway were

reconstructed.
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3 Experimental Procedures

3.1 Plasmid, strains and primers

3.1.1 Plasmid

The pEHISTEV cloning vector was used for protein expression in Escherichia coli
BL21 (DE3) gold (see figure 2). It has a polyhistidine (6xHis) tag near the multiple
cloning site (MCS), to get N-terminally linked to the inserted gene. The expression
of the gene of interest is regulated by the T7 promoter. The pEHISTEV cloning
vector contains a kanamycin resistance gene. Further, the His tag is cleavable

using TEV-protease.

T7 reverse primer

f1_origin

TEV Cleavage position (before Gly;
G.kaust. QueC NC_006510.
HisTEV

TEV protease site \
HIS Tag—;ﬁ
Ribose binding site
T7 forward primer
lac operator
T7 Promaoter

pEHISTEV:GkRNit E213D
£.003bp

Figure 2: The pEHISTEV cloning vector.

3.1.2 Strains

3.1.2.1 Strain for transformation:

Escherichia coli Top10F’, genotype: F'{laclg, Tn10(TetR)} mcrA A(mrr-hsdRMS-
mcrBC) ®80lacZAM15 AlacX74 recAl araD139 A(ara leu) 7697 galU galK rpsL
(StrR) endAl nupG, Invitrogen, Carlsbad, USA™®
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3.1.2.2 Strain for expression:

Escherichia coli BL 21 (DE3) Gold, genotype: F— ompT hsdSB(rB—, mB-) gal dcm
(DE3), Invitrogen, Carlsbad, USA™°

3.1.3 Enzymes

Restriction enzymes Restriction Specification | Source
sequence

Xbal 5..TCTAGA... 1FDU/uL FastDigest Xbal, Thermo
’ Scientific — Austria GmbH,
3'...AGATCT... Vienna, Austria

Xhol 5...CTCGAG... | 1FDU/uL FastDigest Xhol, Thermo
3 Scientific — Austria GmbH,
3'...GAGCTC... Vienna, Austria
5

Ndel 5...CATATG...3 | 1FDU/uL FastDigest Ndel, Thermo
’ Scientific — Austria GmbH,
3...GTATAC... Vienna, Austria

Hindlll 5...AAGCTT...3 | 1FDU/uL FastDigest Hindlll, Thermo
’ Scientific — Austria GmbH,
3...TTCGAA... Vienna, Austria

Enzymes C.:oncentra- Source

tion
T4 DNA Ligase SU/L Thermo Scientific — Austria
GmbH, Vienna, Austria
PhusionR high fidelity New England Biolabs,
2U/uL

DNA polymerase

Ipswich, USA

GKkNRedWT (nitrile
reductase from

G. kaustophilus wild
type

Margit Winkler ACIB GmbH,

Graz, Austria
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3.1.4 Primers, sequencing primers and G-blocks

Tm
Primer Sequence [5-3’] -] Source
AAGCTTGCGGCCG- _
_ IDT, integrated DNA tech-
Fw-Vector pHisTev CACTCGAGCACCAC- 74 _
nologies, Inc., USA
CAC
CATGGCGCCCTGAAAAT _
_ IDT, integrated DNA tech-
Re-Vector pHisTev ACAGGTTTTCGGTCGTT | 71.9 .
nologies, Inc., USA
GGG
_ AAGCTTGCGGCCG- IDT, integrated DNA tech-
P42002 pEHISTEV Fw 65.3 .
CACTCGAG nologies, Inc., USA
P42001 pEHis TEV GGC GCC CTG AAA ATA 64.7 IDT, integrated DNA tech-
Re CAG GTTTTC GGT CG ' nologies, Inc., USA
TAATACGACTCAC- IDT, integrated DNA tech-
T7 prom 44.5 ]
TATAG nologies, Inc., USA
GTCAG- IDT, integrated DNA tech-
T7 term 534 ]
TTATTGCTCAGCG nologies, Inc., USA
G-block source

G-block of QueC B. subtilis

IDT, integrated DNA technologies,
Inc., USA

G-block of QueC S. rimosus

IDT, integrated DNA technologies,
Inc., USA

G-block of QueC P. atrosepticum

IDT, integrated DNA technologies,
Inc., USA

G-block of QueC A. flavithermus

IDT, integrated DNA technologies,
Inc., USA

G-block of QueC A. sulficallidus

IDT, integrated DNA technologies,
Inc., USA

G-block of QueC C. sativus

IDT, integrated DNA technologies,
Inc., USA
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3.2 Equipment and devices

3.2.1 Electroporator and associated materials
MicroPulser™ Electroporator, BIO-RAD, USA

Electroporation Cuvettes, cell projects, Kent, United Kingdom

3.2.2 Centrifuges and associated materials

Centrifuge 5810 R, Eppendorf AG, Hamburg, Germany

Centrifuge 5415 R, Eppendorf AG, Hamburg, Germany

Avanti™ centrifuge J-20 XP/ Beckman Coulter™, Inc, Vienna, Austria

Nalgene® Labware 500mL PPCO Centrifuge Bottlers, Thermo Scientific, Roches-
ter, NY, USA

Ultracentrifuge Optima LE8OK/ Beckman Coulter™, Inc, Vienna, Austria

3.2.3 Fast protein liquid chromatography (FPLC) and associated materials
AKTA Purifier 100 with Frac-950, GE Healthcare Europe GmbH, Vienna, Austria
AKTA Prime, GE Healthcare Europe GmbH, Vienna, Austria

HiLoad™ 16/60 Superdex™ 200 prep grade 120 mL, GE Healthcare Europe
GmbH, Vienna, Austria

HiPrep™ 26/10 Desalting 53 mL, GE Healthcare Europe GmbH, Vienna, Austria
His trap™ FF, 5 mL, GE Healthcare Europe GmbH, Vienna, Austria

Cellulose acetate filter, 0.2 ym pore size, Sartorius Mechatronics Austria GmbH,
Vienna, Austria

Sample Pump P-950, GE Healthcare Europe GmbH, Vienna, Austria

Diaphragm pump, VACUUBRAND GMBH + CO KG, Wertheim, Germany
Polysulfone reusable bottletop filter holder, Nalge Nunc International Corporation,
Rochester, NY,USA

3.2.4 Gel electrophoresis and associated materials

3.2.4.1 Agarose gel electrophoresis

PowerPac™ Basic Power supply: Bio-Rad Laboratories, Vienna, Austria
Sub-cell GT, Bio-Rad Laboratories: Vienna, Austria
14



Chroma 43 medium-wave 302 nm: Laborgerate Vetter GmbH, Wiesloch, Germany
Biozym LE Agarose: Biozym Biotech Trading GmbH, Vienna, Austria

6x DNA Gel loading dye: Thermo Fisher Scientific Inc., Waltham, MA, USA
GeneRuler™ 1kb DNA Ladder: Thermo Fisher Scientific Inc., Waltham, MA, USA

3.2.4.2 SDS-Page

PowerEase 500 power supply: Invitrogen™ life technologies, Lofer, Austria
XCell SureLock™ Mini-cell: Invitrogen™ life technologies, Lofer, Austria
Bolt® 4-12% Bis-Tris Plus Gels, 10-well, Life Technologies, Vienna, Austria
Bolt® 4-12% Bis-Tris Plus Gels, 15-well, Life Technologies, Vienna, Austria

3.2.5 High preformance liquid chromatography-UV (HPLC) and associated

materials

3.2.5.1 HPLC-UV AAqilent 1100 series

G1316A thermostated column compartment (TCC)
G1321B fluorescence detector (1260 FLD)
G1379A degasser

G311A quaternary pump

G1367A high performance autosampler WPLAS
G1330B ASL thermostat

G1316A thermostated column compartment
G1315B diode array detector

G1364C fraction collector

3.2.5.2 HPLC-MS Adgilent 1200 series
G1379B degasser

G1312B binary pump SL

G1367C high performance autosampler SL

G1310A isocratic pump
(G1314 variable wavelength detector SL
6120 Agilent Technologies, quadrupole LC/MS detector with a G1918B elec-

trospray ionization source
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G1316B thermostated column compartment

3.2.5.3 Columns
Chromolith performance RP 18E 4.6x100 mm HPLC Column
Phenomenex Gemini® NX 3 C18 110 A, LC column (150 x 2.0 mm, Ea) with a

SecurityGuard™ Cartridge 4 x 2.0 mm column

3.2.6 NMR spectrometer
Varian/Agilent INOVA NMR spectrometer, Agilent Technologies, Inc., USA

3.2.7 Pipettes and micropipettes and devices

pegPETTE one-canal pipettes (1000uL, 200uL, 20uL, 10uL, 2uL): PEQLAB Bio-
technologie GmbH, Erlangen, Germany

Pipette tips 200, Greiner Bio-One GmbH, Frickenhausen, Germany

Pipette tips 1000, Greiner Bio-One GmbH, Frickenhausen, Germany

Pipette tips, micro P10, Greiner Bio-One GmbH, Frickenhausen, Germany

Biohit® Tips 300uL, Biohit Plc., Helsinki, Finland

Biohit® Tips 1200uL, Biohit Plc., Helsinki, Finland

Biohit Proline® multichannel electronic pipettor, 5-100uL: Biohit Plc., Helsinki, Fin-
land

3.2.8 PCR-cyclers and associated materials

2720 Thermal cycler, Applied Biosystems, Singapore

7500 Real Time PCR system, Applied Biosystems, Singapore

MicroAMP® optical 96-well reaction plate, Applied Biosystems, Foster City, USA
MicroAMP® optical adhesive covers, Applied Biosystems, Foster City, USA

3.2.9 Photometer and associated materials

Nanodrop 2000c Spectrophotometer, PEQLAB Biotechnologie, Germany
BioPhotometer Plus, Eppendorf AG, Hamburg, Germany

Cuvettes (10 x 4 x 45mm), Sarstedt, Germany
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3.2.10 Reaction vessels

Micro-centrifuge tubes, 1.5mL with lid, Greiner Bio GmbH, Frickenhausen, Ger-
many

50mL Greiner tube, Greiner Bio GmbH, Frickenhausen, Germany

15mL Greiner tube, Greiner Bio GmbH, Frickenhausen, Germany

300mL shaking flasks with baffles, Greiner Bio GmbH, Frickenhausen, Germany

2L shaking flasks with baffles, Greiner Bio GmbH, Frickenhausen, Germany

3.2.11 Shakers and incubators

Titramax 1000, Heidolph Instruments, Schwabach, Germany

RS 306 rotary shaker (50 mm), Infors AG, Bottmingen-Basel, Switzerland
Thermomixer comfort (1.5mL), Eppendorf AG, Hamburg, Germany
Multitron Il incubator shaker, Infors AG, Bottmingen-Basel, Switzerland

Binder drying oven, Binder GmbH, Tuttlingen, Germany

3.2.12 Additional instruments and materials

Vortex-Genie 2, Scientific Industries Inc., Bohemia, NY, USA

Vivaspin 20 centrifugal concentrators, Sartorius AG, Géttingen, Germany
ABS 220-4 analytical balance, Kern & Sohn GmbH, Balingen, Germany

GP3202 Precision Balance, Sartorius AG, Goéttingen, Germany

3.3 Reagents, buffers, stocks and media

3.3.1 Reagents

Reagent Source

Acetonitrile (HPLC grade) Avantor Performance Materials B. V.,

Deventer, Netherlands

Ammonium acetate Sigma-Aldrich Handels GmbH,

Vienna, Austria

ATP Roche Diagnostics GmbH, Mannheim,
Germany

Aqua bidest. Fresenius Kabi GmbH, Graz, Austria

Chloroform Carl Roth GmbH, Karlsruhe, Germany
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DTT Carl Roth GmbH, Karlsruhe, Germany
DMSO Carl Roth GmbH, Karlsruhe, Germany
Ethanol Merck KGaA, Darmstadt, Germany

Ethidium bromide (>98%) Carl Roth GmbH, Karlsruhe, Germany
Formaldehyde Carl Roth GmbH, Karlsruhe, Germany
Formic acid Carl Roth GmbH, Karlsruhe, Germany
HCI (37%) Merck KGaA, Darmstadt, Germany

HEPES Sigma-Aldrich Handels GmbH, Vienna,

Austria
NaOH Carl Roth GmbH, Karlsruhe, Germany

GeneJET Plasmid Miniprep Kit

Fermentas-Thermo Fisher Scientific,

Germany

GeneRuler™ 1kb Plus DNA Ladder

Fermentas-Thermo Fisher Scientific,

Germany

GeneRuler ™ DNA Ladder Mix

Fermentas-Thermo Fisher Scientific,

Germany
Glycerol Carl Roth GmbH, Karlsruhe, Germany
Imidazole Carl Roth GmbH, Karlsruhe, Germany

Magnesiumchloride heptahydrate

Carl Roth GmbH, Karlsruhe, Germany

Methanol (>99.8%)

Carl Roth GmbH, Karlsruhe, Germany

NADPH

Carl Roth GmbH, Karlsruhe, Germany

Sodium chloride (NacCl)

Sigma-Aldrich Handels GmbH,

Vienna, Austria

Sodium hydroxide (NaOH)

Carl Roth GmbH, Karlsruhe, Germany

PageRuler™ Prestained Protein Ladder (10
to 170kDa)

Fermentas GmbH, St.Leon-Rot, Germany

Phusion Buffer HF

Fermentas-Thermo Fisher Scientific,

Germany

Phusion DNA Polymerase

Fermentas-Thermo Fisher Scientific,

Germany

Potassium dihydrogen phosphate (KH,PO,)

Carl Roth GmbH, Karlsruhe, Germany

Potassium hydrogen phosphate (K;HPO,)

Carl Roth GmbH, Karlsruhe, Germany

Simply Blue™ Safe Stain

Life Technologies, Vienna, Austria

NuPAGE® LDS Sample Buffer (4X)

Life Technologies, Vienna, Austria

NUPAGE® MOPS SDS Running Buffer (20X)

Life Technologies, Vienna, Austria
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T4 DNA Ligase and T4 DNA Ligase Buffer

Fermentas-Thermo Fisher Scientific,
Germany

Wizard® SV Gel and PCR Clean-Up System

Promega

2-amino-4-oxopyrrolo(2,3-d)pyrimidin-5-
carboxylic acid (CDG)

Birgit Wilding, Institute of Organic Chemis-
try, Graz University of Technology and
ACIB GmbH, Austria

2-amino-4-oxo-4,7-dihydro-3H-pyrrolo(2,3-

d)pyrimidine-5-carbonitrile (preQy)

Birgit Wilding, Institute of Organic Chemis-
try, Graz University of Technology and
ACIB GmbH, Austria

2-amino-5-aminomethylpyrrolo[2,3-d] pyrim-
idin-4(3H)-one (preQ,)

Birgit Wilding, Institute of Organic Chemis-
try, Graz University of Technology and
ACIB GmbH, Austria

Benzoic acid

Sigma-Aldrich Handels GmbH, Vienna,
Austria

Phenylacetic acid, Cinnamic acid, Indole-3-

carboxylic acid, Pyrrole-2-carboxylic acid,

Propionic acid, Mandelic acid, Nicotinic acid

Birgit Wilding, Institute of Organic Chemis-
try, Graz University of Technology and
ACIB GmbH, Austria

2-methyl-4-ox04,5,6,7-tetrahydro-1H-indole-

3-carboxylic acid

Matrix Scientific GmbH, Columbia, USA

Pyridinecarboxylic acid

Sigma-Aldrich Handels GmbH, Vienna,

Austria

Pyrazinecarboxylic acid

Sigma-Aldrich Handels GmbH, Vienna,

Austria

Sypro Orange fluorescence dye

Molecular Probes, Life Technologies

3.3.2 Stocks

3.3.2.1 Antibiotics

Antibiotics Concentration | Storage | Source

Ampicillin sodi- 100mg/mL -20°C Ampicillin sodium salt, Sigma Aldrich
um salt GmbH, Schnelldorf, Germany
Kanamycin sul- | 100mg/mL -20°C Carl Roth GmbH, Karlsruhe, Germany

phate
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3.3.2.2 Additional stocks

Stock Stock-concentration Storage solvent
IPTG M -20°C ddH,O

ATP 25mM -20°C ddH,O

NADPH 10mM -20°C ddH,O

CDG 50mM -20°C ddH,O

PreQq 50mM -20°C ddH,0O

PreQ, 50mM -20°C ddH,0O

3.3.3 Media and buffers

LB"®" agar plates 10g/L tryptone, 5g/L yeast extract, 10g/L
NacCl, 15¢g/L agar, 50mg/L kanamycin
!'O"' LB medium 10g/L tryptone, 5g/L yeast extract, 5g/L
% NaCl, 15g/L agar, 50mg/L kanamycin
® | SOC medium 20g/L bacto tryptone, 0.58g/L NaCl, 5g/L
» bacto yeast extract, 2g/L MgCl,, 0.16g/L
KCI, 2.46g/L MgSOQO,, 3.46g/L dextrose
v | NUPAGE® MOPS SDS Running 50mM MOPS, 50mM Tris Base, 0.1% SDS,
% Buffer (20X), Life Technologies 1mM EDTA, pH 7.7
@
° NUPAGE® LDS Sample Buffer 780uL dissociation buffer, 200uL Tris-HCI
(4X) buffer, pH8.8, 20uL B-mercaptoethanol
> | QueC Buffer 1 20mM HEPES/NaOH, pH 7.5, 100mM
% NaCl, 10mM MgCl,, 10 mM DTT and 5 mM
i ammonium sulfate
g QueC Buffer 2 40mM HEPES/NaOH, pH 7.5, 200mM
= NaCl, 20mM MgCl, and 10 mM DTT
QueC Buffer 3 100mM Hepes, (NaOH to pH 7.5),
200mM NaCl and 20mM MgCl, and 10mM
DTT
T T Buffer A 20mM potassium phosphate, 500mM KCl,
= % 40mM Imidazole, pH7.2
g = Buffer B 20mM potassium phosphate, 500mM KCl,
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500mM Imidazole, pH7.2

Desalting Buffer 20mM HEPES, 20mM NaOH

NRed buffer 100mM Tris/HCI, 50mM KCI, 1mMTris(2 -
carboxyethyl) phosphine hydrochloride
(TCEP), pH 7.5°

uolloniisuodal 0J1IA Ul

3.3.3.1 LB-medium (Low Salt Luria Bertani)
20g/L LB-medium was dissolved in ddH,O and autoclaved. After heat dissipation

to at least 55°C, antibiotics were added, if necessary.

3.3.3.2 LB-aqgar
35¢/L LB- agar were dissolved in ddH,O and autoclaved. After heat dissipation to

at least 55°C, antibiotics were added as described before.
3.4 Software and web tools

3.4.1 Software

PyMOL, DeLano Scientific LLC, Palo Alto, USA

ChemSketch, Advanced Chemistry Development, Inc., Toronto, Canada

Gene Designer 2.0, DNA 2.0, Inc., USA

CLC-Main Workbench 7, CLC Bio EMEA (Qiagen), Aarhus C, Denmark
APE-Plasmid Editor, Biology Labs Online (California State University System and
Pearson Inc.), USA

Software Unicorn™ 6.3, GE Healthcare Europe GmbH, Vienna, Austria

Software PrimeView 5.0, Life Sciences, GE Healthcare Europe GmbH, Vienna,

Austria

3.4.2 Web tools
Calculation of MW and pl, http://web.expasy.org/compute_pi/
Multiple sequence alignment, http://www.ebi.ac.uk/Tools/msa/clustalw2/

Translation, http://web.expasy.org/translate/
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Calculation of molar Ratio, http://bioinfo.clontech.com/infusion/molarRatio.do

Literature search, http://www.ncbi.nlm.nih.gov/; www.scopus.com/home.url,

BLAST (Basic Local Alignment Search Tool), http://blast.ncbi.nim.nih.gov/Blast.cgi

3.5 Kits and methods

3.5.1 GeneJET™ Plasmid Miniprep Kit

In order to produce sufficient cell material, E. coli colonies were streaked out on
LB ®" media plates and incubated overnight at 37°C. The cell material was taken
with a sterile toothpick. Isolation of the pEHISTEV- vector from E. coli TOP10F’
cells and E.coli BL21 cells was performed as described in the manual of
GeneJET™ Plasmid Miniprep Kit. The plasmid-DNA was eluted with 40uL nucle-
ase-free water, tempered on 60°C. The concentration of isolated plasmid-DNA

was determined with the Nanodrop 2000c Spectrophotometer.

3.5.2 Wizard® SV Gel and PCR Clean-Up System

DNA purification was performed with the Wizard® SV Gel and PCR Clean-Up Sys-
tem, according to the protocol for use of this promega-kit. The DNA was eluted
with 50uL nuclease-free water. The concentration of the purified DNA was meas-

ured with Nanodrop 2000c Spectrophotometer.

3.5.3 General methods

3.5.3.1 E. coli transformation

For the transformation with electroporation, the frozen electrocompetent E. coli
TOP10F’ cells were defrosted on ice and mixed with 2 - 4uL of desalted DNA. The
mixture was transferred to electroporation cuvettes and incubated on ice for 5
minutes. The cell-mixture got pulsed with the MicroPulser™ using program EC2,
for 5 to 6ms at 2.5kV. Afterwards, 600uL of SOC medium were added to the cu-
vette and the solution was transferred to a sterile reaction vessel. After transfor-

mation, the cells were incubated for 35 minutes at 37°C and 300 rpm. Depending
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on the transformation rate, aliquots or the whole cell suspension was plated on
LBX®" agar-plates and incubated overnight at 37°C.

3.5.3.2 Agarose gel electrophoresis

To determine the size of a DNA fragment either a preparative agarose gel or an
analytical 1% agarose gel was used to visualize the DNA. GeneRuler™ DNA lad-
der mix was used as DNA standard. 2.5g of agarose and 250mL of 1x TAE buffer
were mixed and heated to dissolve the agarose by using a microwave. Ethidium
bromide was added for visualizing the DNA. To cure the mixture, it was poured
into a gel chamber. Analytical control gels were run for 45 minutes at 120V (volts).
Preparative agarose gels were run for 1.5 hours at 90V. For loading the DNA on
the gel, 6x mass ruler DNA loading dye, or 10x FastDigest Green buffer for direct
loading were used. Gels were analysed under UV light. If necessary, bands of in-
terest were cut out with a scalpel from the preparative agarose gel and gel pieces
we collected in reaction vessels. DNA was purified using Wizard® SV Gel and
PCR Clean-Up System.

3.5.3.3 Preparation of glycerol stocks

For preparation of an overnight culture (ONC) cell material from the desired E. coli
strain was picked with a sterile toothpick and 20mL LB medium with the respective
antibiotic inoculated. The cell suspension was incubated at 37°C overnight. For
1mL glycerol stock, 500puL ONC, 250 pL 50% glycerol and 250 pL LB**" medium
were mixed carefully and filled into sterile cryogenic tubes. The glycerol stocks

with an end concentration of 12.5% glycerol were stored at -80°C.
3.5.4 Construction of protein expression strains

3.5.4.1 Amplification of the pEHISTEV vector
The vector pEHisTEV was amplified via PCR. Therefore, the primers “FW p42001”
and “RE p42002” (see primers and sequencing primers) were used. First of all, the

primers for the amplification were diluted with ddH,O to a stock concentration of
100pmol. Subsequently, the stocks got diluted to a working concentration of

10pmol/uL. The PCR reaction was set up as follows:
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1uL template DNA (5ng/pL pEHISTEV plasmid)
1pL forward primer (10pmol/pL)

1pL reverse primer (10pmol/uL)

1uL dNTPs (100mM)

10pL phusion buffer HF (5x)

1pL Physion polymerase (1kb/30sec.)

35uL ddH,0

50uL total reaction volume

The pEHIsTEV vector with a size of 5343bp was amplified with the primer pair

from above, using the following PCR cycling conditions:

TN
95°C 30s
95°C 10s
60°C 20s 5 cycles >_ 72°C 20 s for 20 cycles
72°C  2.45min.
72°C  5min.
4°C o0
_

Afterwards, the PCR sample was loaded on a preparative agarose gel and an aga-
rose gel electrophoresis was performed. The specific bands were isolated and the
DNA of the pEHISTEV plasmid was purified with the Wizard® SV Gel and PCR

Clean-Up System. The DNA concentration was measured via Nanodrop.

3.5.4.2 Gibson cloning

G-blocks of several 7-cyano-7-deazaguanine synthase genes and primers for am-

plification of the pEHiSTEV-vector were ordered from Integrated DNA Technolo-
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gies, Inc.. Amplified vector DNA was controlled by sequencing. G-blocks were di-
luted in ddH,O to a concentration of 20ng/pL. With the webtool “molarRatio” the
concentrations of vector and gene with a total volume of 5uL for the ligation mix-
ture were calculated. Further, ligation mixture and Gibson master mix were com-
bined and the ligation procedure was performed for 1 hour at 50°C in a PCR-
machine. Afterwards the samples were desalted for 45 minutes on a filter mem-
brane (Millipore MF™ membrane filter 0.025um VSWP), which floated on ddH,0O
in a petri-dish.**

With the intention to control the ligation, a digest with the restriction enzymes Xbal
and Xhol was performed using 10uL of each sample. The digest took place under

the conditions as follows:

1pL Xbal (FastDigest)

1pL Xhol (FastDigest)

10pL Plasmid sample

2.2uL 10x FastDigest green buffer
8uL H,O RNase free

22.2L reaction volume

The double digest was performed for 30 minutes at 37°C and restriction enzymes
were inactivated at 80°C for 10 minutes.

1uL of each sample, mixed with 6x DNA loading dye, was loaded onto a prepara-
tive agarose gel for analysis. Finally, the plasmids generated by Gibson cloning
were transformed into electro competent E. coli Top10F’ cells. Subsequently, the
samples were sent for sequencing and those with positive sequences were select-

ed and transformed into E. coli BL21 cells.

After a small scale cultivation, none of the cultivates showed an overexpression of
the protein 7-cyano-7-deazaguanine synthase. We assumed that the pEHISTEV
vector was nonfunctional. The already cloned constructs were double digested
with Hindlll and Ndel, and the resulting inserts were used for a classical cloning,

described below.
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3.5.4.3 Vector opening, QueC fragments preparation and ligation

To linearise the vectors and to remove the current insert HNL-1, the vector pEHis-
TEV containing QueC-inserts (created by Gibson cloning) and the vector pEHis-
TEV containing HNL-1 insert were cleaved with Ndel and Hindlll. Samples for the
double digest of vector pEHISTEV with different QueCs were prepared as shown in
table 1.

Table 1: Sample preparation scheme for the double digest with Ndel and Hindlll of vector pEHISTEV with
different QueCs.

Protein and Amount DNA | Vol. DNA | Ndel |Hindlll |R buffer| H,O v-tla-loutr?:e
host organism [ng] [HL] [ML] | [WL] [ML] | [pL] (U]
ToyM S. rimosus 3000 42 6 3 6 3 60
QueC C. sativus 4000 42 8 4 6 0 60
QueC
A flavithermus 3100 42 6,2 3.1 6 3 60.3
QueC B. subtilis 2500 42 5 25 6 5 60.5
QueC 4000 42 8 4 6 0 60
P. atrosepticum
QueC
A. sulficallidus 5000 42 10 5 ! 6 70

The digestion was performed for 2.5 hours at 37°C. Afterwards, restriction en-
zymes were inactivated at 75° for 5 minutes.

For the double digest of vector pEHISTEV with the HNL-1 insert, FastDigest en-
zymes Ndel and Hindlll were used to create complementary single stranded ends.
The digest was performed using conditions as follows and was performed for 30
minutes at 37°C:

17uL vector-DNA (5000ng)

5uL Hindlll (FastDigest)

5uL Ndel (FastDigest)

5uL 10x FastDigest green buffer
18pL H,O RNase free

50uL reaction volume

The enzymatical digest was inactivated thermally in an Eppendorf Thermomixer at
80°C for 10 minutes.
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Samples from both double digests were purified using a preparative agarose gel
and subsequent extraction with the Wizard® SV Gel and PCR Clean-Up System.
The DNA-concentration was measured with a Nanodrop 2000c spectrophotome-
ter.

Vector and insert fragments were ligated by T4-ligase.

The summary of ligation reactions is shown in table 2.

Table 2: T4 Ligation preparation scheme of the vector and the QueCs fragments from different organisms

Vector | Insert | Ligase | Bf 10x Sum
Vector ID Insert ID H>O [uL
W | | | | PO g
PEHISTEV | ToyM 2 5.6 1 2 9.4 20
. "mosus
. QueC
PEHISTEV |, (20~ | 2 4.6 1 2 10.4 20
PEHISTEV | QueC 2 43 1 2 10.7 20
. sativus
. QueC
PEHISTEV | , _seo i o 2 0 1 2 15 20
PEHISTEV |, QueC 2 4.4 1 2 10.6 20
. atroseptlcum
. QueC
pPEHISTEV B. subtilis 2 6 1 2 9 20
PEHISTEV Nega:'r‘(’)f con- 2 0 1 2 15 20

The ligation was performed for 1 hour at room temperature. Finally, the ligation-

samples were desalted for 50 minutes on a filter membrane (Millipore MF™

brane filter 0.025um VSWP), which floated on ddH,0 in a petri-dish and 5uL were

mem-

transformed into electro competent E. coli Top10F’ cells. A further transformation

into E. coli BL21 (DE3) strain was done in parallel for protein expression.

3.5.4.4 Cloning of 7-cyano-7-deazaguanine synthase from G. kaustophilus and

Escherichia coli

The gene encoding QueC was amplified from G. kaustophilus HTA426, with pri-
mers GkQueC f 5’-cat cac gat tac gac atc cca acg acc gaa aac ctg tat ttt cag ggc
gcc atg atg aag atg aat gaa gaa aag gcg g-3’' and GkQueC r 5’-gcc gga tct cag tgg
tgg tgg tgg tgg tge tcg agt gcg gec gea agc ttt tat cge gac tcc acc tce get ttt tc-3’
and Phusion DNA polymerase according to the manufacturer’s protocol. With the
primers pEHisTEV Gibson f 5’- aag ctt gcg gcc gca ctc gag-3’ and pEHisTEV Gib-

son r §’- ggc gcc ctg aaa ata cag gtt ttc ggt cg-3’ the vector backbone was ampli-
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fied from a pEHISTEV construct.*® The vector backbone and the required gene
coding for the 7-cyano-7-deazaguanine synthase were assembled using Gibson
cloning.**

After two separate cloning experiments the construct pEHISTEV:GkQueC with 6
point mutations in the coding DNA sequence (CDS) compared to accession
NC_006510.1 (location 1000474-1001148, locus_tag “GK0975”) has been pro-
duced. Electro competent E. coli Top10F’ cells were used to amplify and maintain

the construct. The E. coli BL21 (DE3) strain was used for protein expression.>*

3.5.4.5 Sequencing
Sequencing was performed by Microsynth AG. 1000ng of each DNA-fragment plus

primers were sent for sequencing to the company in a reaction vessel. The result-

ing sequences were analysed with the software CLC-Main Workbench 7.
3.5.5 Cultivation and protein expression

3.5.5.1 Small scale cultivation

20mL LB"® medium was inoculated with a single colony of the strain of interest
and grown at 37°C overnight (overnight culture). This overnight culture was used
to inoculate the main culture, consisting of 150mL LB"®" medium in 300mL baffled
Erlenmayer flasks. The cultures were grown at 37°C and 110rpm. At an ODgoo be-
tween 0.6 and 0.8, the cells were induced with 150uL 1M IPTG and 15uL 1M
ZnS0O, and incubated for 16 hours at 37°C. In order to harvest the cells, the main
culture was centrifuged at 4,000 rpm for 10 minutes at 4°C. The resulting pellet
was either treated with the BugBuster lysis kit for analytical purposes or frozen at -

20°C until further use.

3.5.5.2 Large scale cultivation

20mL LB**" medium was inoculated with a single colony and grown at 37°C over-
night. This overnight culture was used to inoculate the main culture, consisting of
500mL LB*®" medium in 2-L baffled Erlenmayer flasks. The cultures were grown at
37°C and 110rpm. At an ODgg between 0.6 and 0.8, the cells were induced with
0.5mL of 1M IPTG, 50 puL 1M ZnSO,4 and incubated for 16 hours at 37°C. In order
to harvest the cells the main culture was centrifuged at 4,000rpm for 10 minutes at

4°C. The pellet was resuspended in buffer A and disrupted by ultrasonication. The
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cell fragments were separated from the soluble proteins by ultracentrifugation at
40,000 rpm for 45 min and 4 °C. Finally, the proteins were purified using Ni-affinity

chromatography.

3.5.5.3 Protein purification

Proteins were purified by Ni-affinity chromatography using the AKTA Purifier 100
with the fraction collector Frac-950. The supernatant from cultivation and centrifu-
gation procedure containing buffer-A was used for loading the His Trap™ FF col-
umn (5mL). Buffer-B was used for elution. The enzyme containing fractions were
pooled and rebuffered in desalting buffer using the AKTA Pure System equipped
with a HiPrep™ 26/10 Desalting (53 mL) column. During this procedure, all solu-
tions and samples were stored on ice. After rebuffering, the protein solutions were
concentrated to a concentration between 10 and 15mg/mL by centrifugation and
stored at -20°C.

3.5.5.4 SDS-Page to control expression levels of the different 7-cyano-7-

deazaguanine synthases
5uL sample, 2.5uL NUPAGE LDS Sample Buffer (4X), 1.5uL deionized water and
1uL 500 mM DTT as a reducing agent were combined to a total reaction volume of

10pL and heated for 10 minutes at 70 °C. Afterwards, the samples were loaded on
NuPAGE® Bis-Tris gels. 7uL of Page Ruler Prestained Protein Ladder 10-170kDa
was used as standard.

Run conditions:

- Voltage: 200 V constant
- Run Time: 40 minutes with MOPS Buffer

Protein bands were visualized by treating the gel for 1 hour with Simply Blue solu-
tion. Afterwards, the gel is washed 2 times and destained in H,O.

3.5.5.5 BugBuster lysis

A cell amount with ODgoo 0f 5 was centrifuged 5 minutes at 13.2 krpm. The super-
natant was discarded and the cell pellet resuspended in 400uL CellLytic B Cell
Lysis solution. After incubation for 10 minutes at room temperature the sample
was resuspended by vortexing for another 10 minutes on the Vortex Genie 2. The

next centrifugation step (5 minutes and 13.2 krpm) lead to the first cell pellet
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(sample 1) which was resuspended in 200uL 6M urea. The supernatant was cen-
trifuged again for 30 minutes at 13.2 krpm. The supernatant was filled into a new
vessel (sample 3) and the cell pellet was resuspended in 200uL 6M urea (sample

2). Thereafter, a SDS-PAGE was performed with these 3 samples.

3.6 Activity assays

All experiments were carried out in biological duplicates and technical triplicates.

3.6.1 In vitro activity assay for characterisation of 7-cyano-7-deazaguanine
synthases
A reaction solution was prepared, by combining 7-cyano-7-deazaguanine syn-
thase (15pL of a 10 mg/mL stock), CDG (1mM dissolved in 0.5 M KOH), 10 mM
ATP and 5 mM (NH,4)2SO,, and filled up with buffer to a reaction volume of 100 pL.
Hepes buffer (100 mM), 200 mM NacCl, 20 mM MgCl,; and 10 mM DTT were used
as buffer system, adjusted to a pH of 7.5. Additionally, blanks for substrate (CDG)
and product (preQo) were prepared, consisting of 1 mM substrate or product and
buffer. Generally, the assay reaction was carried out at 30°C and 1,000 rpm on an
Eppendorf Thermomixer. The reaction was stopped by adding MeOH (80% of the
reaction volume), DMSO (20% of the reaction volume) and KOH (1M, 50% of the
reaction volume). After centrifugation for 3 minutes at 13.4 krpm the supernatant

was analyzed by HPLC.*

3.6.2 Activity assay and calculation of the specific activity of 7-cyano-7-
deazaguanine synthases

The in vitro activity assay was prepared a described above and performed for 1

hour at 30°C. Assuming linear increase of product concentration, the specific activ-

ity for the formation of preQo was calculated as follows:

3.6.2.1 Calculation of enzyme activity

Depending on the protein amount (mg) in the samples, the specific enzyme activity

was calculated and given in mU/mg.

5mg 15uL 0.75mg
" —

— * 7100 uL = — enzyme inreaction
0.16pmol PreQ0 267 | mi
60min. = 2.67umol/min
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2.67umol
min _ 3.5mU

0.75mg mg
mL

enzyme activity

3.6.3 Activity assay for exploration of the reaction mechanism of 7-cyano-7-
deazaguanine synthase

The preparations and measurements were done in cooperation with the Center of
Medical Research in Graz, Austria and the group of Prof. Ruth Birner-Griinberger.
The in vitro activity assay was performed with QueC from G. kaustophilus and was
prepared a described above, for 20 minutes at 30°C and 600 rpm. The buffer sys-
tem was once used with addition of DTT and once without. Samples of 20uL were
taken after 5, 10 and 20 minutes. The reaction in the samples was stopped with
80uL ice-cold MeOH (quadruple amount of sample). After centrifugation for 10
minutes at 13 krpm, the supernatant was isolated from the pellet and dried with a
speed vacuum system. Further, the samples were resolved in ACN for the meas-
urement with capHPLC-FT.

3.6.3.1 Method for detection of ATP, ADP and AMP with capHPLC

The analysis of ATP, ADP and AMP were performed using a capHPLC Agilent
1100 with a HILIC PolyWAX LP 100-A and a TSQ Quantum Ultra Mass Spectrom-
eter (Thermo Fisher Scientific, USA). The detection was performed at a flow rate

of 10 uL per minute for 35 minutes.

Solvent A: 10 mM ammonium acetate in ddH,0

Solvent B: 10 mM ammonium acetate in 90% acetonitrile

A stepwise gradient was used starting with 100% solvent B for 12 minutes, de-
creased to 0% solvent B (100% solvent A) after 17 minutes, held from 17 to 30

minutes and equilibrated to 100% solvent B from 30 to 35 minutes.

3.6.4 HPLC based substrate and product detection

The carboxylic acid substrates and potential corresponding nitrile products in the
samples were analyzed by HPLC using a Chromolith performance RP 18E
4.6x100 mm HPLC column or a Phenomenex Gemini® NX 3 C18 110 A, LC col-
umn (150 x 2.0 mm) with a SecurityGuard™ Cartridge 4 x 2.0 mm column. For
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each column and substrate a specific method was used, to ensure specific separa-
tion and analysis.

3.6.4.1 Method ,KDO CDG" for HPLC-UV and HPLC-MS

The analysis was carried out using a Chromolith Performance RP 18E 4.6x100

mm HPLC column. The column temperature was set at 30°C. The analysis was
performed at a flow of 1.2 mL/min over 5.5 minutes. At the beginning of the analy-
sis, the mobile phase consisted of 100% 0.1% formic acid in deionised H,O. After
0.5 minutes, a stepwise gradient was used starting with an increase of acetonitrile
(ACN) to 30% within 3.5 minutes, increased to 100% ACN after 4 minutes, held
from 4 to 4.5 minutes and re-equilibrated from 4.51 to 5.5 minutes.

3.6.4.2 Method ,Phenomenex PreQy’ for HPLC-MS
The analysis was carried out using a Phenomenex Gemini® NX 3 C18 110 A, LC

column (150 x 2.0 mm) with a SecurityGuard™ Cartridge 4 x 2.0 mm column. The
mobile phase consisted of 20% ammonium acetate (20 mM) and 80% acetonitrile
(ACN) at a flow rate of 0.2 mL/min and 20°C. A stepwise gradient was applied
starting with 2% ACN for 6 minutes, increased to 40% ACN from 6.1 to 13
minutes, decreased to 2% ACN from 13.1 to 15 minutes and equilibrated from
15.1 to 20 minutes.

3.6.4.3 Method ,Indole-method” for HPLC-MS used for Indole-3-carboxylic acid,
2-methyl-4-0x0-4,5,6,7-tetrahydro-1H-indole-3-carboxylic acid and the cor-

responding nitriles

The analysis was carried out using a Chromolith Performance RP 18E 4.6x100
mm HPLC column. The column temperature was set at 30°C. The analysis was
performed at a flow of 1.2mL/min over 7 minutes. The mobile phase consisted of
100% 0.1% formic acid in deionised H,O. A stepwise gradient was used starting
with an increase of acetonitrile (ACN) to 65% within 5 minutes, increased to 100%
ACN after 5.5 minutes, held from 5.5 to 6 minutes and equilibrated from 6.01 to 7

minutes.
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3.6.4.4 Method “Cinnamonitrile” for HPLC-MS used for cinnamic acid and the cor-

responding nitrile

The analysis was carried out using a Phenomenex Gemini® NX 3 C18 110 A, LC
column (150 x 2.0 mm) with a SecurityGuard™ Cartridge 4 x 2.0 mm column. The
mobile phase consisted of 98% ammonium acetate (20 mM) and 2% acetonitrile
(ACN). The analysis was performed at a flow rate of 0.2 mL/min, a column tem-
perature of 20°C and over 18 minutes. A stepwise gradient was used for separa-
tion starting with 10% ACN, increased to 70% ACN within 5 minutes, held from
5.01 to 10 minutes, further increased to 90% ACN from 10.01 to 12 minutes and
decreased to 10% ACN from 12.01 to 18 minutes.

3.6.4.5 Method ,Cinnamonnitrile” for HPLC-UV and HPLC-MS

The analysis was carried out using a Chromolith Performance RP 18E 4.6x100

mm HPLC Column. The column temperature was set at 30°C. The detection was
performed at a flow of 1.2mL/min over 5 minutes. The mobile phase consisted of
100% 0.1% formic acid in deionised H,O. A stepwise gradient was used starting
50% acetonitrile (ACN). After one minute ACN was increased to 100% within 0.5
minutes, held from 1.5 to 3.5 minutes and equilibrated from 3.51 to 5 minutes to
50% ACN.

3.6.4.6 Method ,PCA" for HPLC-UV and HPLC-MS used for Pyrrole-2-carboxylic

acid

The analysis was carried out using a Chromolith Performance RP 18E 4.6x100
mm HPLC Column. The column temperature was set at 30°C. The detection was
performed at a flow of 1.2mL/min over 5.1 minutes. The mobile phase consisted of
100% 0.1% formic acid in deionised H,O. A stepwise gradient was used starting
with 30% acetonitrile (ACN) increased to 100% from 1 to 3 minutes, held from 3 to

5 minutes and equilibrated from 5 to 5.1 minutes.

3.6.5 Fluorescence-based Thermal Shift (FTS) assay

A number of carboxylic acids were chosen, mainly compounds for which the cor-
responding nitrile product references were available. To check if the chosen car-
boxylic acids were binding to the QueCs and were influencing the thermo stability
of the four active QueCs, a FTS assay was done. With a real-time PCR machine,

reaction solutions of the different QueCs were analysed consisting of 2mM sub-
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strate (1pL of 50mM stock), 2 mM ATP, 2 mM (NH4)2S0O4, 2 uL enzyme (10 ng/uL)
and 4 pL SYPRO orange dye (50x dilution) filled up with appropriate buffer (100
mM HEPES, 200 mM NaCl, 20 mM MgCl, and 10 mM DTT) to reaction volume of

25 uL in each well of a 96-well plate. The microtiter plate was covered with optical-

ly clear adhesive foil, shaken on the Titramax vibration shaker and centrifuged for

one minute at 1,000rpm. A temperature gradient from 25°C up to 95°C, with a

holding time of 1 minute at each degree, was used. The increase of the fluores-

cence signal was monitored online, when proteins were unfolded.*

To check if the chosen carboxylic acids were potentially binding to the QueCs and

were influencing the thermostability of the four active QueCs, the FTS assay was

done under several conditions:

- Enzyme + buffer

- Enzyme + buffer + ATP

- Enzyme + buffer + ATP + substrate
- Enzyme + product

- Enzyme + buffer + ATP + product

- Enzyme + substrate

- Enzyme + buffer + ATP + unnatural substrate

Table 3 gives the names of the substrates and associated abbreviations which

were applied for the exploration of the substrate scope of the different QueCs.

Table 3: Listing of all carboxylic acids, which were used for the exploration of the substrate scope of QueCs

from different organism with FTS assay

Substrates shortcuts | molecular weight [g/mol]
Pyrrole-2-carboxylic acid T2 1111
2-Pyridinecarboxylic acid T3 123.11
Benzoic acid T5 122.12
Indole-3-carboxylic acid T6 161.16
Cinnamic acid T8 148.16
Pyrazine carboxylic acid T9 124.1
Pyrrole-3-carboxylic acid T12 1111
gal\r/lbi;[gs//llifa?:)i(g 4,5,6,7-tetrahydro-1H-indole-3 T13 193.2
3- Phenylpropionic acid T14 150.17
Mandelic acid T15 152.15
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3.6.6 In vitro reconstruction of Queosine biosynthesis in G. kaustophilus:
two step cascade from 7-carboxy-7deazaguanine to PreQ;
The in vitro reconstruction of the last step of the preQq biosynthetic pathway and

the reduction to preQ; was performed in one reaction vessel.

3.6.6.1 Cultivation, protein expression and purification of nitrile reductase from

G. kaustophilus

20 mL LB**" medium was inoculated with a single colony and grown at 37°C over-
night. This overnight culture was used to inoculate the main culture, consisting of
500 mL LB**" medium in 2-L baffled Erlenmayer flasks. The cultures were grown
at 37°C and 110rpm. At an ODggo between 0.6 and 0.8, the cells were induced with
0.5mL of 1M IPTG and incubated for 16 hours at 37°C. In order to harvest the
cells, the main culture was centrifuged at 4,000rpm for 10 minutes at 4°C.

The pellet was resuspended in NRed buffer, disrupted by sonification and centri-
fuged by ultracentrifugation at 40krpm for 45 minutes and at 4°C. The thermosta-
ble proteins, including mainly the desired GKNRed, were separated from others by
heat precipitation at 70°C for 10 minutes and separated by centrifugation at 4
krpm, 4°C for 10 minutes. The supernatant, containing sufficiently pure (70%) ni-

trile reductase was stored at -20°C.8

3.6.6.2 Activity assay for the two step cascade from 7-carboxy-7deazaqguanine to

preQ;

The activity assay was prepared as described in table 4 and carried out at 55°C for

one hour, followed by a temperature drop to 30°C for the rest of the reaction. After
10 minutes, 1 hour, 7 hours and 24 hours samples of 50uL each have been taken.
In table 4, the reaction preparations of the different activity assay stages are sum-

marised.

35



Table 4: Summary of ingredients for the in vitro reconstruction of queosine biosynthesis in G. kaustophilus:
two step cascade from 7-carboxy-7-deazaguanine to preQ:

Reaction Reaction components Addition of
reaction from NRed buffer 145uL, 1mM CDG in 0.5M

CDG to preQq KOH, 1.25mM ATP, 5mM (NH,),SOy,, 7-

(20 minutes at cyano-7-deazaguanine synthase (15uL of a

55°C) 10mg/mL stock)

continued start

reaction for 100% , _ _
) 150pL reaction solution from start reaction 2mM ATP
conversion

(1 hour at 55°C)

nitrile reductase (15uL
120uL from continued start reaction of stock), NADPH (3uL
of 100mM stock)

second reaction
(6 hours at 30°C)

continued second

reaction for 100%
NADPH (5uL of 100mM

conversion 88uL from second reaction
stock)

(overnight at
30°C)

The reaction was stopped by adding MeOH (80% of the reaction volume), DMSO
(20% of the reaction volume) and 1M KOH (20% of the reaction volume). After
centrifugation for 3 minutes, the supernatant was analysed by HPLC-MS (Method
,Phenomenex PreQ0").

3.6.7 *P NMR experiments for co-product identification in 7-cyano-7-

deazaguanine synthase catalysed nitrile formation

The *!P spectra were measured at 202.354MHz. The measurement was done with
broad-band proton decoupling at 30°C and a locked field on 10% D,O. Under con-
sideration of 85% H3PO, all chemical shifts could be reproduced. The parameters

summarized in table 5 were set during the measurement.>”
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Table 5: Parameters for **P NMR-spectrometry measurement.*

Parameter adjustment
sweep width 20kHz
acquisition time 0.81s

pulse width 45°

line broadening 3Hz
relaxation delay 1.0s

scans 64

The scans were ranked with a delay of 60s. Under these conditions 30 spectra
were measured.

Different solutions were prepared with AMP, ADP, ATP, K,HPOQO,4, and tetra-sodium
pyrophosphate. For dilution of the substances above, glycine buffer (100mM) with
20mM MgCl; and 10% D,O were used. The evaluation was carried out as de-
scribed in the literature.”

The reaction mix contained glycine buffer (100 mM, pH 9.5), 20mM MgCl,, 10%
D,O, 1mM ATP, 5mM (NH,4)>,SO,4, CDG (1mM dissolved in 0.5M KOH) and 0.2 mg

QueC (of a 10mg/mL stock) from G. kaustophilus in a reaction volume of 500uL.*

3.6.8 Active site analysis
The experiment for analysis of the active site of QueC was carried out as de-

scribed in our paper.®
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4 Results and discussion

4.1 Selection of 7-Cyano-7-deazaguanine synthases

QueC from G. kaustophilus und E. coli had been cloned into the pEHISTEV vec-
tors and transformed into E. coli BL21 (DE3) strain in preliminary experiments. The
gene coding for QueC (accession Nr. NC_006510.1 location 1000474..1001148,
locus_tag ,,GK0975%) was fundament for a BLAST search to find other potential 7-

cyano-7-deazaguanine synthases. From a long search report six 7-cyano-7-

deazaguanine synthases were chosen from diverse sources (see table 6).

Table 6: 7-Cyano-7-deazaguanine synthases, which have been selected based on a BLAST search.

7-Cyano-7-
deazagua-

nine synthases

accession codes,

location

kingdom, phylum, class, order, family,

genus

Pectobacterium

atrosepticum

NZ_CP009125.1,
(1291182..1291877)

Bacteria, Proteobacteria, Gamma Pro-
teobacteria, Enterobacteriales, Entero-

bacteriaceae, Pectobacterium

Archaeoglobus

sulficallidus

CP005290.1,
(1578638..1579342)

Archaea, Euryarchaeota, Archaeoglobi,
Archaeoglobales, Archaeoglobaceae,

Archaeoglobus

Bacillus subtilis

NC_000964.3,
(1439448..1440107)

Bacteria, Firmicutes, Bacilli, Bacillales,

Bacillaceae, Bacillus

Cucumis sativus

NC_026655.1

Plantae, Angiosperms, Cucurbitales,

Cucurbitaceae, Cucumis

Streptomyces

rimosus

NZ_JMGX01000038.1
(5525..6199)

Bacteria, Actinbacteria, Actinobacteria,
Actinomycetales, Streptomycetaceae,

Streptomyces

Anoxybacillus

flavithermus

NC_011567.1
(1947599..1948264)

Bacteria, Firmicutes, Bacilli, Bacillales,

Bacillaceae, Anoxybacillus
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As criteria for the selection, literature knowledge, expected stability, expected ex-
pressability and diversity have been applied. The sequence alignments of all cho-
sen 7-cyano-7-deazaguanine synthases with QueC from G. kaustophilus is shown

in the appendix.

4.2 Construction of E. coli BL21 strains expressing 7-cyano-7-

deazaguanine synthases from different organisms

In order to characterise different QueCs it was essential to clone the specific QueC
genes into the pEHISTEV vector to create proteins with fusion tags for a simple
purification. Therefore, the pEHISTEV vector backbone was amplified by PCR and

loaded onto a preparative agarose gel (figure 3) and afterwards purified.

Figure 3: Preparative agarose gel of amplified pEHISTEV vector. Slot 1 to 6 show the application of amplified
pEHISTEV vectors, without gel slices of pEHISTEV vectors with the size of interest (5343bp). GeneRuler™
DNA Ladder Mix was used as standard.

The QueC genes from A. sulficallidus, B. subtilis, C. sativus, S. rimosus,
A. flavithermus and P. atrosepticum were ordered as codon optimised G-Blocks
for E.coli and cloned into the pEHISTEV vector by Gibson cloning, desalted and
transformed into E. coli Top 10F’ cells. To check the cloning procedure, a control
was performed by digesting plasmid constructs with the restriction enzymes Xbal
and Xhol (figure 4). The cuts should generate 2 fragments with expected sizes of
approximately 800bp and 5300bp. As shown in slot 1, restriction enzyme Xhol cut
the plasmid of S. rimosus two times and created fragments of 177bp, 675bp and
5193bp.
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Figure 4: Control agarose gel of QueC fragments cloned into pEHISTEV vector by Gibson cloning. Digest was
done with restriction enzymes Xbal and Xhol. Slot 1. Digest of QueC fragment of S. rimosus in pEHISTEV
vector. Slot 2: Digest of QueC fragment of A. flavithermus in pEHISTEV vector. Slot 3: Digest of QueC frag-
ment of C. sativus in pEHISTEV vector. Slot 4: Digest of QueC fragment of P. atrosepticum in pEHISTEV vec-
tor. Slot 5: Digest of QueC fragment of A. sulficallidus in pEHISTEV vector. Slot 6: Digest of QueC fragment of
B. subtilis in pEHISTEV vector. GeneRuler™ DNA Ladder Mix was used as standard.

Subsequently, the samples were sent for sequencing and those with positive se-

guences were selected and transformed into E. coli BL21 cells.

A small scale cultivation of E. coli BL21 cells, including 7-cyano-7-deazaguanine
synthase genes from A. sulficallidus, B. subtilis, C. sativus, S. rimosus,
A. flavithermus and P. atrosepticum, was performed. The cells were induced with
1M IPTG and 0.1 mM ZnSO,. After cultivation, the cells were harvested, treated
with the BugBuster lysis kit and analysed with SDS-PAGE, in order to elucidate
the amount of expressed proteins and potential inclusion bodies. The first cloning
round brought no positive expression results. Except the positive control with the
7-cyano-7-deazaguanine synthase from G. kaustophilus, none of the cultivates
showed an overexpression of the protein 7-cyano-7-deazaguanine synthase in any
fraction. Only the common protein pattern of E. coli was visible in all SN bands.

We assumed that the pEHISTEV vector was nonfunctional, probably due to muta-
tions in the promoter region, since the constructs gave positive results from se-
guencing the CDS region. These constructs were then double digested with Hindlll
and Ndel, and the resulting inserts were used for ligation with the backbone of a
well expressing pEHISTEV vector from which the HNL-1gene (E. Kdohler, ACIB

GmbH, Graz) had been removed with the same restriction enzymes (see figure 5).
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Figure 5: Control agarose gel of QueC fragments in nonfunctional pEHISTEV vector. Digest was done with
restriction enzymes Hindlll and Ndel. Slot 1: Digest of QueC fragment of C. sativus. Slot 2: Digest of QueC
fragment of B. subtilis. Slot 3: Digest of QueC fragment of P. atrosepticum. Slot 4: Digest of QueC fragment of
S.rimosus. Slot 5: Digest of QueC fragment of A. sulficallidus. Slot 6: Digest of QueC fragment of
A. flavithermus. GeneRuler™ DNA Ladder Mix was used as standard.

The pEHISTEV:DtHNL-1 vector was digested with Hindlll and Ndel. Vector back-
bone and each insert were ligated with T4-ligase and transformed into E. coli Top
10F’ cells. Subsequently, the samples were sent for sequencing and those with
positive sequences were selected and transformed into E. coli BL21 cells.
Furthermore, small scale cultivation was done with all E. coli BL21 cells which car-
ried the six different QueC genes.

The cells were induced with 1mM IPTG and 0.1 mM ZnSO,. After cultivation, the
cells were harvested, treated with the BugBuster lysis kit and analysed with SDS-
PAGE, in order to determine the amount of expressed protein and potential inclu-

sion bodies. The results are given in figure 6.
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Figure 6: SDS-control gel of the different fractions of the BugBuster lysis. Page Ruler Prestained Protein
Ladder (10-170kDa) was used as standard. The samples with different QueCs were arranged as follows: First
A. flavithermus, second A. sulficallidus, third B. subtilis, fourth P. atrospeticum, fifth C. sativus and sixth S.
rimosus. Slot 8,9,10, 11, 12, and 14 give pellet 1 (cell components). Slot 15 to 21 show pellet 2 (inclusion body
fraction). Slot 1 to 7 show the supernatant to show the expression levels of soluble 7-cyano-7-deazaguanine
synthases from different organisms. The results of the negative control are shown in slot 7, 14 and 21. QueC
of A. sulficallidus (26.4kDa), B. subtilis (24.5kDa), S. rimosus (25.3kDa) and P. atrosepticum (25.4kDa) show
a slight overexpression marked with a red ellipse.

In figure 6, the expression levels of 6 different QueCs were compared to select
those which showed the highest expression results. With two of the enzymes no
overexpression could be achieved under the chosen expression conditions (ImM
IPTG, 0.1mM ZnSO, and 25°C). For QueC of A.sulficallidus, B. subtilis,
S. rimosus and P. atrosepticum a slight overexpression was found (shown in slot
2, 3, 6 and 4, marked with a red ellipse). QueC of A. sulficallidus, B. subtilis and
P. atrosepticum were used for the further experiments. Five from the 8 generated
enzymes could be utilized for this work.

The first centrifugation (pellet 1) separated aggregated protein of all 6 different
QueCs (slot 8 to 13).

The 7-cyano-7-deazaguanine synthases were expressed with an N-terminal His-
tag under the control of the T7-promotor. The T7 promoter is considered to be a
very strong promoter.3® At the chosen expression conditions, maybe the stress in

the cell increased and had an impact on the incomplete folding of the proteins. The
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faster the expression is driven, the less time remains for the proper folding of the
proteins. To circumvent this effect, the induction temperature was reduced to

25°C. The results are given in figure 7.

P1 P2 SN P1 P2 SN B P2 SN std.
A.sulficallidus B.subitlis P.atrosepticum

" 170
130
——

- 70

Figure 7: SDS-control gel of the different fractions of the BugBuster lysis. Page Ruler Prestained Protein
Ladder (10-170kDa) from Fermentas has been used as standard. P1 pictures cell components which were
separated in the first centrifugation step of the BugBuster lysis. P2 visualizes inclusion bodies. SN pictures the
expression levels of the 7-cyano-7-deazaguanine synthases from different organisms by induction with 1mM
IPTG and 0.1 mM ZnSOq at 25°C.

Unfortunately, reduction of the temperature in the expression phase did not im-
prove the level of soluble QueCs. For continuing troubleshooting, a possibility
would be the production of the protein by auto-induction, or the use of weaker
promoters. The aim of this work was the production of sufficient amount enzyme to

perform a characterisation, which succeded without further expression.
The proteins from A. sulficallidus, B. subtilis, and P. atrosepticum were produced

in shake flasks and purified by Ni-affinity chromatography. Figure 8 shows the pu-

rified enzyme fractions.
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Figure 8. SDS-control gel of the different fractions of the protein purification with Ni-affinity chromatography.
In slot 1 the purified enzyme and in slot 2 the purified enzyme-concentrate from A. sulficallidus is given. In slot
3 the purified enzyme and in slot 4 the purified enzyme-concentrate from P. atrosepticum is given. In slot 5 the
purified enzyme-concentrate from B. subtilis is given. Page Ruler Prestained Protein Ladder (10-170kDa) is
used as standard.

All three enzymes could be produced in high purity. (slot 2,4 and 5). The protein
preparation from B. subtilis seems to consist of 3 proteins (slot 5). This could have
an influence on the functionality of the protein. Activity tests will show if the en-

zyme is active after the process of purification.

4.3 Optimization of culture conditions to obtain possibly high

expression levels

To improve QueC expression levels, 7-cyano-7-deazaguanine synthases of
G. kaustophilus and E. coli were cultivated on small scale, using different induction

conditions:

- 1ImMIPTG
- ImMIPTG and 0.1 mM ZnSOq,
- 0.ImM IPTG and 0.1 mM ZnSO,4

The cultivated cell pellet were treated with BugBuster lysis kit and proteins vis-
ualized by SDS-PAGE (figure 9). Band 1 to 6 shows the formation of potential

inclusion bodies. Band 7 and 10 show the expression levels with induction us-
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ing ImM IPTG. Band 8 and 11 shows the expression levels upon induction with
1mM IPTG and 0.1 mM ZnSO,4. Band 9 and 12 showed the expression levels
upon induction with 0.1mM IPTG and 0.1 mM ZnSO,.

QuecC E.coli QueC G.kaustophilus QueC E.coli SN QueC G.kaustophilus SN
std. 1 2 3 4 5 6 7 8 9 10 11 12

170kD
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gy
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Figure 9: SDS-control gel of the different fractions of the BugBuster lysis. Slot 1 to slot 6 shows the monitoring
of the inclusion bodies formed during the cultivation. Slot 7 and 10 shows the expression of soluble QueCs
using 1mM IPTG. Slot 8 and 11 shows the expression of soluble QueC using 1mM IPTG and 0.1 mM ZnSOa..
Slot 9 and 12 shows the monitoring of the expression level of QueC using 0.1mM IPTG and 0.1 mM ZnSOa,.

The induction with 1mM IPTG and 0.1 mM ZnSO, showed the best expression
levels for QueCs of G. kaustophilus and E. coli.
The proteins from G. kaustophilus and E. coli were produced in shake flask culti-

vation and purified by Ni-affinity chromatography (figure 10).
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Figure 10:SDS-control gel of the different fractions of the protein purification with Ni-affinity chromatography.
Slot 1 and 2 show the crude lysate from QueC of E. coli and G. kaustophilus. Slot 3 to 5 show selected frac-
tions, which were taken during purification of QueC of E. coli. Slot 6 to 8 show selected fractions, which were
taken during purification of QueC of G. kaustophilus. Slot 9 and 10 show purified enzyme stock of QueC from
E. coli and G. kaustophilus, respectively. Page Ruler Prestained Protein Ladder (10-170kDa) was used as

standard.

For both proteins, stocks could be produced with approximately 80% of the de-
sired proteins (see slot 9 and 10). However, in both samples additional bands
were visible at about 55kDa. The size of the additional bands corresponds with the
double weight of the individual proteins. Therefore, it can be suggested that dimers

of the QueC proteins are present.

4.4 Assay development

An activity assay had to be established for the characterisation of the 7-cyano-7-
deazaguanine synthase. First, 20mM HEPES-buffer containing 100mM NacCl,
10mM MgCl,, 10 mM DTT and 5 mM ammonium sulfate, adjusted to a pH of 7.5
was used as buffer system. The reaction solution contained the same components
as described in the experimental section, but an ATP stock solution was used with
a concentration of 500mM. At this concentration, the solution was extremely viscos
and the error during pipetting increased.
To avoid this error, an ATP stock solution was chosen with a lower concentration
(25 mM). Furthermore, 20mM HEPES buffer had a too low buffer capacity for our
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reaction system, because the substrate CDG was only soluble in strong base.
Therefore, the buffer capacity was increased from 20mM to 40mM and further in-
creased to 100mM HEPES in order to obtain a stable measurement result and
increase the reproducibility. At the beginning, a heat shock (80°C, 10 minutes)
procedure was used for termination of the reaction. Thereby, not the total amount
of protein precipitated and clogging of the column during detection with HPLC was
a risk. The stopping strategy was changed from a heat shock procedure to adding
MeOH (100% of the reaction volume) to the reaction system.

A further problem arose in the measurement of product and substrate. Initially, no
or too little substrate (CDG) could be detected via HPLC measurements. The solu-
tion was to change the stopping conditions. To stay in solution CDG needs a high-
ly alkaline environment. Furthermore the reproducibility of detection of product
preQo was low and needed to be improved to accomplish the measurement of the
time dependent reaction progress of this protein. To circumvent these issues, the
stopping strategy was changed from adding only MeOH (100% of the reaction vol-
ume) to adding MeOH (80% of the reaction volume), DMSO (20% of the reaction
volume) and 1M KOH (50% of the reaction volume). With the improved activity
assay (experimental section) run for one hour with 30°C, a specific activity of
3.5mUmg™ of protein from G. kaustophilus was determined.

4.5 Exploration of the reaction mechanism of 7-cyano-7-

deazaguanine synthases
7-Cyano-7-deazaguanine synthase catalyzes the conversion of CDG to preQo at
the expense of ATP (see scheme 1).! At the time of the thesis, it had not be de-
termined if ADP or AMP is formed from ATP during the reaction.
To shed light on the reaction mechanism, bioconversions from CDG to preQo were
performed with QueC from G. kaustophilus and analysed by different methods to

determine the nature of the co-products.

4.5.1 Exploration experiments by capHPLC analysis
First, an activity assay was employed, where DTT was present in the buffer sys-

tem. The analysis was performed by capHPLC. The preparations and measure-
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ments were done in cooperation with the Center of Medical Research in Graz,

Austria and the group of Prof. Ruth Birner-Griinberger.

By monitoring the amount of ATP, ADP and AMP during the reaction, we aimed to

get information about the reaction mechanism. In figurell the HPLC-results moni-

toring the blank, consisting of all reaction components except enzyme, is given. In

figure 12 the HPLC-results monitoring the sample, consisting of all reaction com-

ponents and enzyme, is given.
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Figure 11: HPLC analysis, showing ATP and the formation of AMP and ADP over time from the blank, where
no 7-cyano-7-deazaguanine synthase from G. kaustophilus was present. After 5, 10 and 20 minutes samples

were taken, the reaction terminated and analysed with HPLC.
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Figure 12: HPLC analysis, showing ATP and the formation of AMPand ADP over time from the bioconversion,
where 7-cyano-7-deazaguanine synthase from G. kaustophilus converted CDG to preQo under consumption
of ATP. After 5, 10 and 20 minutes samples were taken, the reaction terminated and analysed with HPLC.

Over time, the ATP levels in the sample were decreasing and AMP levels were
increasing in small amounts (see figure 12). However, also in the blanks, consist-
ing of the reaction solution except enzyme, ATP was hydrolysed after 5 minutes
incubation time (see figure 11). To conclude, maybe the reducing agent DTT in the
buffer system was hydrolysing the ATP in the reaction solution.

Since the experiment-setting delivered no meaningful results to understand the
nature of the co-products, exploration of the reaction mechanism was continued

with different reaction conditions.
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The second setting omitted the addition of reducing agent DTT in the buffer sys-

tem, to prevent ATP-hydrolysis. Moreover, fresh ATP stocks were used.

In order to determine the actual amount of ATP, ADP and AMP at different time

points during the bioconversion, calibration curves of ATP, ADP and AMP were

created (see figure 13) and their linear fit equations were used for calculation.
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Figure 13: Application of the calibration curves for the determination of ATP, ADP and AMP concentrations
(ng/pL) which are related to the detection areas from the HPLC measurements.

In figure 14, monitoring of amounts of ADP and AMP during the reaction and cor-

responding blanks for ADP and AMP, containing all reaction components except

enzyme, are given.
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Figure 14: Monitoring of the ADP and AMP formation during the activity assay with QueC from
G. kaustophilus at 5, 10 and 20 minutes.

In figure 15 monitoring of ATP consumption during the reaction and corresponding
blank is given.

It seems that the increase of ADP in the sample was similar to the ADP increase in
the blank (see figure 14). The reason for this increase may be the natural hydroly-
sis of ATP at 30°C. Furthermore, it came to a formation of AMP over time, during
the reaction, but the AMP amount in the blank stayed constant, indicating AMP as

the coproduct of the nitrile-forming reaction.
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Figure 15: Monitoring of the ATP consumption during the activity assay with QueC from G. kaustophilus at 5,
10 and 20 minutes.

Unfortunately, the ATP concentration seemed to increase over time too (see figure
15). For this phenomenon, no explanation could be found. These measurements
(figure 14 and 15) appeared to be inconsistent under the tested conditions. So no
multiple measurements were done and no error limits were given.

Since the analysis did not work well in this experiment, NMR-spectrometry was

chosen to explore the reaction catalyzed 7-cyano-7-deazaguanine synthase.

4.5.2 Exploration of the net reaction products by NMR spectrometry

To analyze and identify the fate of ATP in enzymatic nitrile formation, P NMR
spectra of ATP, ADP, AMP, phosphate and pyrophosphate were measured by
NMR-spectrometry as a reference and a standard biotransformation with QueC
from G. kaustophilus was carried out in the NMR tube and measured. This work
was done in cooperation with Hansjorg Weber from the Institute of Organic Chem-
istry (University of Technology, Graz). Figure 16 shows spectra of the phospho-

rous species present in the reaction in the course of time.**
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Figure 16: Monitoring of phosphorous containing species during preQo formation compared with the
reference measurements with ATP, ADP, AMP, phosphate and pyrophosphate. The bottom spectrum
shows the biotransformation mixture without addition of CDG. In the top four spectra, the reference

measurements are diSJ)Iayed. 30 spectra were recorded during 1.28h. Every third spectrum is shown
here over time course.*

On the bottom, the spectrum of reaction mixture of the activity assays is recorded
without the addition of CDG. Here it can be seen, that only the 3 signals from the
ATP reference are visible. After addition of the substrate CDG, peaks appear,
which indicate AMP and pyrophosphate formation due to their chemical shifts that
are identical with the shifts of the reference measurements. Based on these
measurements, the reaction outcome of QueC catalyzed nitrile formation is pro-
posed in scheme 4. During the whole measurement, no ADP formation could be

detected.
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Scheme 4:Net-reaction scheme of ATP dependent nitrile formation

QueC converts 7-carboxy-7-deazaguanine (CDG) to 2-amino-5-cyanopyrrolo[2,3-
d]pyrimidin-4-one (preQo). In this reaction, ATP is consumed and AMP and pyro-
phosphate are formed as by-products. Vahe Bandarian and his group from the
University of Arizona confirmed these results and worked at the elucidation of the
reaction mechanism in 2015 (see scheme 5).%
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Scheme 5: Proposed mechanism of ToyM from Streptomyces rimosus.*

During the described reaction CDG gets adenylated by consumption of one ATP.
Thereby, CDG is activated and 7-amido-7-deazaguanine (ADG) is formed. After a
dehydration step, the nitrile preQy is formed by consumption of a second ATP.*®

In a pyrophosphate dependent assay, Vahe Bandarian tested if CDG and ADG
substrates are activated similarly and demonstrated that the enzyme ToyM cataly-
54

SN

O—T—0O

e

o]



ses the adenylation reaction on CDG and ADG in a similar way to form the nitrile
preQo, AMP and pyrophosphate. The *P NMR experiments in this work detected
AMP and pyrophosphate formation after addition of QueC enzyme to the reaction.
So, this net reaction proposal can be confirmed by the pyrophosphate dependent

assay from Vahe Bandarian.**

4.5.3 Exploration of the active site residues from 7-cyano-7-deazaguanine
synthases
In the literature, the crystal structure of QueC of B. subtilis was already described.
There, a conserved P-loop region was identified. Furthermore, a zinc ion was iden-
tified, in close proximity to a cysteine-rich motif. Furthermore, a magnesium- and a
phosphate ion were modelled into the structure.® In cooperation with Tea Pavkov-
Keller from the Institute of Molecular Biosciences (University of Graz), the active
site of QueC of G. kaustophilus was analysed, using a model based on the crystal

structure of QueC from B. subtilis (figure 17).

Figure 17: View of the crystal structure of QueC from G. kaustophilus designed under use of the crystal struc-
ture of QueC from B. subtilis, where AMP is modelled to the active site cavity. All proposed residues are con-
served in GstueC and BsQueC. The hydrophilic regions are plotted in blue and hydrophobic residues are
plotted in red.’

In the analysis a QueC-AMP complex was generated. It was found that Q39,
T119, R97 and N98 are most probably involved in the ATP-binding during the re-
action. Although some residues have a distance in the crystal structure to the sub-
stance, it is suspected that in the dynamic situation they are flexible and involved

in the enzymatic reaction.
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Figure 18 indicates that substrate binding probably is acomplished by a tyrosine
and aspartate. Tyrosine could be Y129 or Y187. Aspartate D125 or D131 maybe
help in binding of the primary and secondary amines of the substrates pyrim-
idines's part.®® All deterministic residues are conserved among QueC of B. subtilis

and at QueC of G. kaustophilus in the sequence (see Appendix).
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Figure 18: Active site view of structure of QueC from G. kaustophilus designed under use of the crystal struc-
ture of QueC from B. subtilis where residues are shown, which might be involved in the AMP and CDG bind-
ing. The zinc ion is shown as a grey sphere.35

D131 is part of a flexible loop of QueC of G. kaustophilus and together with the
metal ions zinc and magnesium it could participate in the deprotonation of ammo-
nium. Thereafter, the flexible loop may feed the ammonium ion to the active site
and stabilize the transition state.*°

The reaction of QueC seems to be a highly endergonic process. During this reac-
tion two dehydration processes take place. The substrate is activated by a nucleo-
philic reaction with ATP. Here three modes of activation are possible: either as
acylphosphate, acyladenylates or acylpyrophosphate. Our 3P experiments rule
out the formation of an acylphosphate, because not phosphate and ADP were ob-
served. QueC seems to be very similar to NAD * synthetases, because also these
enzymes activate deamido-NAD" with ATP and an ammonium ion is involved in

the reaction.***°
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In literature, ToyM from S. rimosus was described to convert CDG to preQo, by
forming an amide intermediate (ADG) like NAD * synthetases do. At the expense
of a second molecule of ATP, ADG is finally converted in a second dehydration
step to preQO. Also asparagine synthetases use ATP for the adenylation of the
substrate molecule and make them ready for the condensation with the amine ni-

trogen.**%

4.6 Characterisation of different QueCs

To define the physiochemical properties of the QueCs from different origin, an in
vitro activity assay was used, changing the one parameter at a time. The formation
of the natural product preQo during the reaction from the natural substrate CDG
was determined and product concentrations were calculated using the equation of

the calibration curve plotted in figure 19.

y =2885.1x + 192.14
R2=0.9994

Area [mAU]

0 0.5 1 1.5 2 2.5
preQ, [mM]

Figure 19: Calibration curve for the determination of the preQo concentration (mM) by read-out of the Area in
mAU (milli Absorbance units) of preQo from the HPLC measurements (UV trace, 254nm).

4.6.1 Functionality and specific activity of 7-cyano-7-deazaguanine syn-
thases

To determine if all cloned and expressed enzymes are active in vitro, the above

describe activity assay for characterisation of 7-cyano-7-deazaguanine synthase

was done overnight at 30°C.
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Four of the five purified enzymes showed activity for the conversion of CDG to
preQo. Surprisingly, the protein from B. subtilis, showed no activity. Although it has
been described in literature and its crystal structure determine, no activity assay
was described.® Maybe the protein forms aggregates, as a result from a high cys-
teine content that is less represented in the QueCs from the other origins de-

scribed herein.

To define the specific activity related to the amount of enzyme, with each different
QueC enzyme an in vitro activity assay was performed for 1 hour at 30°C. The
results are summarized in figure 20. The specific activities were calculated using
the calibration curve, plotted in figure 19.

QueC from G. kaustophilus and E. coli showed the highest specific activity with
3.5mU/mg. QueC from A. sulficallidus and P. atrosepticum showed a specific ac-
tivity of 3.3mU/mg.

The relative activities normalized to the ativity of QueC of G. kaustophilus is shown

in figure 20.
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Figure 20: Relative activities of five QueCs from different organism referring to the activity of QueC from
G. kaustophilus.

The measurements of the 7-cyano-7-deazaguanine synthase from B. subtilis
showed a high standard deviation. To conclude, the reproducibility of replicate re-
actions is significantly lower compared to the activities from the other QueCs plot-
ted in figure 20.

A. sulficallidus is a thermophilic organism, which was isolated from black rust

formed on a steel surface of a borehole observatory in the Pacific Ocean.*
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G. kaustophilus is also a thermophilic organism which was isolated from deep-sea
sediment from the Mariana Trench.** By comparing the G. kaustophilus enzyme
with the A. sulficallidus enzyme, first-mentioned could better deal with the prevail-

ing assay conditions.

4.6.2 Determination of temperature and pH optimum of 7-cyano-7-
deazaguanine synthases of G. kaustophilus and E. coli

For the determination of the temperature optimum of QueC from G. kaustophilus in

vitro activity assays were performed over 2 hours at temperatures between 25°C

and 80°C (figure 21). The temperature optimum was defined by determination of
product preQ, amount formed during the reaction.
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Figure 21: Effect of temperature on the activity of QueC from G. kaustophilus: The optimum temperature for
the enzyme was determined by plotting different temperatures against the amount of generated product preQo
in mM.

It seems that QueC from G. kaustohpilus had a temperature optimum at 60°C (see
figure 21). But with increase in temperature also the standard deviation of the
measurements increased. At 70°C, an extremely high standard deviation of the
different measurements was visible. A reason for this could be the partial enzyme
denaturation with increasing temperature. With increased temperature also the
solubility of CDG and preQg increase, which would explain the partially high prod-
uct implementations. At high temperature also decomposition of co-factor ATP

could lead to a decreased reproducibility at reaction repetitions.
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Due to the partly conflicting results at the determination of the temperature opti-
mum, the melting temperature of the QueC from G. kaustophilus in the used buffer
system (HEPES buffer with pH 7.5) was determined by a fluorescence -based
thermal shift assay in cooperation with Tea Pavkov-Keller from the Institute of Mo-
lecular Biosciences (University of Graz) (see figure 22). In figure 22 the plot of
temperature against relative fluorescence units is plotted. This measurement was

performed without the addition of substrate or co-factor ATP.
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Figure 22: Fluorescence-based thermal shift assay for determination of the melting temperature of QueC from
G. kaustophilus in HEPES buffer with pH 7.5. Temperature was plotted against relative fluorescence units
(1073) of the TAMRA reporter signal after detection.

The highest relative fluorescence signal of the TAMRA reporter signal during
online monitoring of the melting curve marks the melting temperature of the inves-
tigated protein. At this temperature the unfolding of the protein is completed.?

The melting temperature of the QueC enzyme in HEPES buffer at pH 7.5 was
64°C.

To estimate the influence of substrate and co-factor on the melting temperature
another fluorescence -based thermal shift assay was performed with addition of
CDG and ATP using various buffers. The results are plotted in figure 23.
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Figure 23: Fluorescence-based thermal shift assay for determination of the melting temperature of QueC from
G. kaustophilus in buffers with different pH values. Temperature was plotted against relative fluorescence
units (1073) of the TAMRA reporter signal.

With natural substrate and co-factor ATP the melting temperature of QueC from
G. kaustophilus increased to 82°C in HEPES buffer at pH 7.5. To conclude, CDG
and ATP stabilized the structure of the protein and thus made the unfolding more

endothermic, which, in turn, lead to an increase of the melting temperature.

Without substrate and co-factor the unfolding of the protein started at 54°C. With
substrate and co-factor, the starting point of unfolding increased to 59°C. By com-
paring the melting temperatures in different buffers with each other, no big differ-
ence between the different pH values and buffers were obvious. The melting tem-
perature was in all systems nearly the same.

For the determination of the pH optimum of QueC from G. kaustophilus in vitro
activity assays were performed over 1 hour at 60°C using different buffer systems

as summarized in table 7.
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Table 7: Summary of all buffer systems with corresponding pH values, used for the determination of the pH
optimum of QueC from G. kaustophilus.

buffer system pH
HEPES buffer 7t08
Tris-HCI buffer 8to9
Glycine buffer 9to 10
Carbonate buffer 10 to 10.5

The pH optimum was defined on basis of the amount of product preQ, formed dur-

ing the reaction (figure 24).
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Figure 24: Effect of buffer system and pH on the activity of QueC from G. kaustophilus: The optimum buffer
system and pH for the enzyme was determined by plotting different buffer systems and pH values against the
amount of generated product preQo.

Apparently, QueC from G. kaustohpilus exhibits optimal activity at pH 9.5 in gly-
cine buffer. In HEPES buffer at pH 7.5 compared to glycine buffer at pH 9.5, QueC
from G. kaustohpilus showed only one-third activity. Between pH 7.5 in HEPES
buffer and pH 10 in carbonate buffer an enzyme activity could be measured and

bioconversion form CDG to preQo was possible.

For the determination of the temperature optimum of QueC from E. coli in vitro

activity assays were performed over 1.5 hours at temperatures between 25°C and
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75°C. The temperature optimum was defined by determination of product preQq
amount formed during the reaction (figure 25).
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Figure 25: Effect of temperature on the activity of QueC from E. coli: The optimum temperature for the en-
zyme was determined by plotting different temperatures against the amount of generated product preQo.

It seems that QueC from E. coli had a temperature optimum at 45°C. But this re-
sult is clouded by the high standard deviation of the results between 37 and 45°C,
which impairs the reproducibility of the results.

Due to the low reproducibility of the results at the determination of the temperature
optimum, the melting temperature of the QueC from E. coli in the used buffer sys-
tem (HEPES buffer with pH 7.5) was determined by a fluorescence -based thermal
shift assay (see figure 26). This measurement was performed without the addition
of substrate or the co-factor ATP. To estimate the influence of substrate and co-
factor on the melting temperature, another fluorescence-based thermal shift assay
was performed with addition of CDG and ATP using various buffers and pH’s.

These results are also figured in figure 26.
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Figure 26: Fluorescence-based thermal shift assay for determination of the melting temperature of QueC from
E. coli in buffers with different pH values. Temperature was plotted against relative fluorescence units (10"3)
of the TAMRA reporter signal.

The melting temperature of the QueC from E. coli in HEPES buffer with pH 7.5
and without addition of CDG and ATP was 56°C.

With natural substrate and co-factor ATP the melting temperature of QueC from
E. coli increased to 62°C in HEPEs buffer at pH 7.5. In both cases unfolding of the
protein started at 40°C. This explains the low reproducibility of replicate reactions
at 45 °C in the determination of the temperature optimum (see figure 25).

By comparing the melting temperatures in different buffers with each other,
HEPES buffer at pH 7, at pH 8 and KPO,-buffer caused a decrease of the melting
temperature. In all other buffer systems the melting temperature of QueC from

E. coli was nearly the same.
For the determination of the pH optimum of QueC from E. coli an in vitro activity

assays were performed over 1.5 hour at 28°C using different buffer systems,

summarized in table 8.
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Table 8 Summary of all buffer systems with corresponding pH values, used for the determination of the pH
optimum of QueC from E. coli.

buffer system pH
sodium citrate buffer 45106
potassium phosphate buffer 6to7
HEPES buffer 6.5t08
Tris-HCI buffer 75t09
Glycine buffer 8.5t0 10
Carbonate buffer 10 to 10.5

The pH optimum was defined by determination of product preQo, amount formed

during the reaction (figure 27).
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Figure 27: Effect of buffer system and pH on the activity of QueC from E. coli: To find the best buffer system
and pH optimum for the enzyme, different buffer systems and pH values were plotted against the amount of
generated product preQo.

The enzyme showed activity over a wide pH range from pH 5 in sodium citrate
buffer to pH 9.5 in glycine buffer. However, a clear optimum can not be concluded
from this data because of high standard deviations, by repeating the assay in bio-

logical duplicates and technical triplicates.
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4.6.3 Stability of 7-cyano-7-deazaguanine synthases from G. kaustophilus
and E. coli on ice

To shed light on the storage stability of the QueC enzymes from G. kaustophilus
and E. coli, they were stored on ice over 96 hours. During this time period, 6 sam-
ples were taken and an in vitro activity assay for characterisation of 7-cyano-7-
deazaguanine synthase was performed, for QueC from G. kaustophilus for 30
minutes at 60°C and for QueC from E. coli for 1.25 hours at 37°C.

In the first 6 hours of storage up and downs could be detected concerning the en-
zyme activity. These fluctuations were due to equilibration effects. Between 6 and
28 hours, both enzymes lost some activity. However, between 28 and 96 hours, a
stable enzyme activity for both enzymes could be detected. Consequently, after
complete equilibration of the enzymes to the new environment the storage on ice

is no problem.
4.6.4 Exploration of the substrate scope of the different QueCs

4.6.4.1 Measurements with HTP Fluorescence-based Thermal Shift (FTS) assay

The main question of enzyme characterisation, however, was the substrate speci-
ficity of this enzyme class. A number of carboxylic acids were chosen, mainly
compounds for which the corresponding nitrile product references were available.
To check if the chosen carboxylic acids were binding to the QueCs and continua-
tive were influencing the thermostability of the four active QueCs, a HTP Fluores-
cence-based Thermal Shift (FTS) assay was done in cooperation with Tea Pav-
kov-Keller from the Institute of Molecular Biosciences (University of Graz). With
this assay an increase of the protein melting temperature can be monitored, using
fluorescence based detection with the SYPRO Orange protein gel stain dye. When
the protein is melting, the dye binds to the hydrophobic surface of the protein and
starts to emit light.?®

Figure 28 and 29 show the results of the measurements with QueC from

G. kaustophilus and QueC from P. atrosepticum.
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Figure 28: Melting temperatures detected by fluorescence-based thermal shift assay for exploration of the
substrate scope of QueC from G. kaustophilus in HEPES buffer at pH 7.5. Different assay conditions are
plotted against the melting temperature (°C). The used shortcuts are described in “Experimental procedure”.
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Figure 29: Melting temperatures detected by fluorescence-based thermal shift assay for exploration of the
substrate scope of QueC from P. atrosepticum in HEPES buffer at pH 7.5. Different assay conditions are
plotted against the melting temperature (°C). The used shortcuts are described in “Experimental procedure”.

In the reactions where ATP was added, the melting temperature was every time
significantly higher than in those without ATP. This indicates that ATP binds to the
enzyme and exhibits a stabilizing effect. The QueC enzymes with a size of around

25kDa are, compared to ATP, relatively small. ATP is a co-substrate. Therefore,
67



ATP can stabilise the enzyme and consequently more energy is needed for unfold-
ing and melting the enzyme. Those samples, which included unnatural substrates
showed no significant change in the melting temperature, which indicates that no
interactions took place.

In those samples where product (preQo) was added, the melting temperature was
lower than in those with the natural substrate (CDG). To conclude, product inhibi-
tion is not likely during the reaction. A repetition of the HTP Fluorescence-based
Thermal Shift (FTS) assay was done with QueC enzymes from G. kaustophilus,
E. coli and P. atrosepticum.

As written above, ATP stabilizes QueCs and increases the Tm significantly. Addi-
tion of the natural substrate increases the Tm of only one additional degree. The
stabilizing effect of a substrate in the presence of ATP is expected to be difficult to
determine. Therefore, the reactions were performed with natural and unnatural
substrates and without ATP.

The results of QueC from A. sulficallidus is absent in this summary because with
this enzyme no useful measurements could be achieved with the HTP Fluores-
cence-based Thermal Shift (FTS) assay. In the monitoring no proper melting curve
was seen and thus no exact melting temperatures could be determined.

Figure 30 shows the measurement with QueC form G. kaustophilus.
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Figure 30: Melting temperatures detected by fluorescence-based thermal shift assay for exploration of the
substrate scope of QueC from G. kaustophilus in HEPES buffer at pH 7.5, without ATP. Different assay
conditions are plotted against the melting temperature (°C). The used shortcuts are described in “Experimental
procedure”.
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The addition of the natural substrate CDG to the enzyme reaction brought an in-
crease of 2.5°C compared to the melting temperature of enzyme without substrate.
The addition of unnatural substrates T8, T14, T6, T15, T12, T13, T3 and T9 to
QueC from G. kaustophilus brought no significantly increase of the melting tem-
perature. On the contrary, the melting temperatures decreased.
In figure 31, the measurement with QueC form E. coli is plotted.
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Figure 31: Melting temperatures detected by fluorescence-based thermal shift assay for exploration of the
substrate scope of QueC from E. coli in HEPES buffer at pH 7.5, without ATP. Different assay conditions
are plotted against the melting temperature (°C). The used shortcuts are described in “Experimental proce-
dure”.

The addition of the natural substrate CDG to the enzyme reaction brought an in-
crease of 1°C compared to the melting temperature of enzyme without substrate.
The addition of unnatural substrates T13 and T3 to QueC of E. coli increased the
melting temperature also to 58°C. The addition of the other unnatural substrate T8,
T14, T6, T2, T15, T12 and T9 to QueC from E. coli brought no significantly in-
crease of the melting temperature. To conclude, T13 and T3 had maybe a positive
influence on the stability of the enzyme. This may mean that they could be sub-
strates or inhibitors.

Figure 32 shows the measurement with QueC form P. atrosepticum.
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Figure 32: Melting temperatures detected by fluorescence-based thermal shift assay for exploration of the
substrate scope of QueC from P. atrosepticum in HEPES buffer at pH 7.5, without ATP. Different assay
conditions are plotted against the melting temperature (°C). The used shortcuts are described in “Experimental
procedure”.

The addition of the natural substrate CDG to the enzyme brought an increase of
2°C compared to the melting temperature of enzyme without substrate. The addi-
tion of unnatural substrate T6 to QueC from P. atrosepticum increased the melting
temperature also to 56°C. The addition of the other unnatural substrate T8, T14,
T2, T15, T12, T13, T3 and T9 to QueC from P. atrosepticum did not yield an in-
crease of the melting temperature. To conclude, T6 was somehow stabilising the
enzyme and contributed an increase of the melting temperature.

To conclude, T3, T6 and T13 are perhaps potential substrates for QueC. In order
to check if the 4 active QueCs are able to convert these 3 potential substrates over
night assays were performed and carboxylic acids and nitriles were analysed by
HPLC-MS.

4.6.4.2 Measurements with HPLC-UV and HPLC-MS

For a few carboxylic acids HPLC-methods were developed, mainly for carboxylic

acids, where corresponding nitrile product references were available. The explora-
tion of the substrate scope of QueC from G. kaustophilus, E. coli, P. atrosepticum
and A. sulficallidus was done with an in vitro activity assay for characterisation of
7-cyano-7-deazaguanine synthase, performed overnight at 30°C. As positive con-

trol, additional reactions with the natural substrate CDG were performed, to proof
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the functionality of each enzyme. The chosen carboxylic acids are summarized in
table 9. The corresponding nitrile from 2-methyl-4-0x04,5,6,7-tetrahydro-1H-
indole-3-carboxylic acid is missing, because it was not possible to order it.

The detection of carboxylic acids and corresponding nitriles was done with HPLC-
MS. The results of QueC from A. sulficallidus are missing, because HPLC-

measurements delivered no useful results.

Table 9: Carboxylic acids, which have been used for exploration of the substrate scope with HPLC.

Carboxylic acids and cor-
_ . short cut structure
responding nitriles

—~

Pyrrole-2-carboxylic acid S2 Z_\j\’.r

0]

Indole-3-carboxylic acid
S6

2-methyl-4-0x04,5,6,7-

O
tetrahydro-1H-indole-3- S13
\

carboxylic acid

Pyrrole-2-carbonitrile @\
S2 C

P

OH
N
H
N
H
(E)-Cinnamic acid
S8 WOH
: /? } OH
N
H
CN

0

Indole-3-carbonitrile
P6 A
N

H

. _CN
Cinnamonitrile P8 ©N
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The results of the HPLC-measurements are plotted in figure 33.
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Figure 33: Summary of all HPLC measurements for exploration of the substrate scope of QueC from
G. kaustophilus, E. coli and P. atrosepticum in HEPES buffer at pH 7.5. In the blank, 1mM of each carboxylic
acid and nitrile was used.

The bioconversion from CDG to preQo was successful with all three QueCs. How-
ever, as shown in figure 33 no conversion of an unnatural substrate could be de-
tected. Since HPLC method developing is very time consuming, no further meth-
ods were established to screen more carboxylic acids as potential substrates.
QueC from G. kaustophilus, E. coli, and P. atrosepticum seem to have a strict
substrate affinity to the natural substrate CDG. Previous work with the successor
of 7-cyano-7-deazaguanine synthase in the bio catalytic pathway, the nitrile reduc-
tase, showed a restriction of the wild type enzyme to the natural substrate preQo
as well®

To date, the 7-cyano-7-deazaguanine synthase is the only enzyme known that can
convert a carboxylic acid to a nitrile.3*** To make this enzyme usable for industrial
applications, an investigation of the active site was done for QueC from

G. kaustohpilus.® This could lead to a deeper understanding of the essential resi-
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dues and open the perspective to target the substrate binding site by site specific
mutagenesis in a rational manner to extend the scope substrate of the enzyme in
the future. Since such an approach was unfortunately unsuccessful for nitrile re-
ductases (QueF), it can be assumed that it may be as challenging for QueC en-

zymes.

4.7 In Vitro reconstruction of Queosine biosynthesis in
G. kaustophilus: two step cascade from 7-carboxy-7-

deazaguanine to preQ;
The in vitro reconstruction of the last step of the preQq biosynthetic pathway and
the reduction to preQ; was performed in one reaction vessel. The reaction was
carried out at 55°C for the first hour and then the temperature was reduced to
30°C for the rest of the reaction.
The conversion was monitored by HPLC. Results of the HPLC measurement are

shown in figure 34.
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Figure 34: HPLC chromatograms, showing conversion of the natural substrate CDG to preQo and further to
preQ: with 7-cyano-7-deazaguanine synthase and 7-cyano-7-deazaguanine reductase from Geobacillus
kaustophilus. The simulation was performed in a reaction buffer containing 100mM Tris, 50 mM KCI and 1mM
TCEP (pH7.5). The conversion was stopped with a stopping-solution, containing 80% MeOH and 20% DMSO.
(*) Impurities from the QueF preparation (low-molecular weight components).
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First, QueC from G. kaustophilus converted CDG to preQo under consumption of
ATP and NH,4. After ten minutes, predominantly CDG was detected and a small
amount of preQo. After one hour and further addition of ATP, to ensure complete
conversion, preQo was formed. PreQq served as the substrate for GKNRedWT,
which reduced the nitrile to the primary amine preQ; in an NADPH-dependent re-
action. After 7 hours, the preQo peak decreased and preQ; was formed. For full
conversion, NADPH was again added to the reaction vessel, and the reaction was
run over night. After addition of GKNRedWT, a peak adjacent to CDG appeared.
GKNRedWT was purified by heat precipitation. Perhaps, these impurities arise
from the heat purification protocol and are low-molecular components. To investi-
gate this hypothesis, GKNRedWT was alternatively purified by Ni-affinity chroma-
tography and the in vitro reconstruction was performed again. However, this repe-
tition with better purified enzyme gave the same result and these unidentified
peaks were again present, indicating that the additional peaks may be the result of
cofactor degradation. However, further experiments were not performed.

To conclude, the reconstruction of two steps of the queuosine biosynthesis in
G. kaustophilus was successful. CDG, preQo and preQ; could be detected by
HPLC.
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5 Conclusion

The cloning of six putative 7-cyano-7deazaguanine synthases into the pEHISTEV-
vector from different organisms was successfully performed. With QueC from
G. kaustophilus, E. coli, P. atrosepticum, A.sulficallidus and B. subtilis relatively
high expression levels by induction with 1mM IPTG and 0.1mM ZnSO4 could be
achieved. Exploration of the biophysical properties of QueC enzymes were per-
formed with these 5 enzymes.

For the characterisation of the enzymes a specific activity assay was developed.
Several problems had to be solved during the establishing process. For this rea-
son, several stages of assay development were necessary. Substrate CDG and
product preQo were not soluble in the reaction buffer system, consisting of 200mM
HEPES buffer plus 2100mM NaCl, 20mM MgCl,, 10 mM DTT and 5 mM ammonium
sulfate, adjusted to a pH of 7.5. Hence, analysis with HPLC was nearly impossible,
due to the low reproducibility and mass balance. With a highly alkaline environ-
ment and a higher pH value, the reproducibility of analysis was improved. The
stopping reaction was adjusted from inactivation by heat shock, to adding only
MeOH (100% of the reaction volume) and finally to adding MeOH (80% of the re-
action volume), DMSO (20% of the reaction volume) and 1 M KOH (50% of the

reaction volume) to the reaction solution.

At the laboratory start of work, the reaction mechanism of QueC was not described
in detail in literature. For this reason, exploration experiments were done. By moni-
toring the amount of ATP, ADP and AMP during the reaction, we wanted to get
information if ADP or AMP is formed from ATP during the reaction process.

The capHPLC based analysis did not lead no significant result. Further on, NMR
spectrometry was done. By monitoring *'P NMR spectra of ATP, ADP, AMP,
phosphate and pyrophosphate, AMP and pyrophosphate formation was detected
during the reaction of QueC.

In  conclusion, 7-cyano-7-deazaguanine synthase converts 7-carboxy-7-
deazaguanine (CDG) to 2-amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (preQyp). In
this reaction ATP is consumed and AMP and pyrophosphate are formed as by-

products.
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The active site residues from 7-cyano-7-deazaguanine synthases were explored
by molecular modelling experiments. In the analysis, a QueC-AMP complex was
generated. It was found that Q39, T119, R97 and N98 are probably involved in the
ATP-binding during the reaction. Substrate binding of CDG and probably involves
a tyrosine and an aspartate.

Characterisation of the enzymes has been started by proofing the activity of all five
enzymes, which could be successfully expressed, with an in vitro activity assay.
QueC from G. kaustophilus, E. coli, P. atrosepticum and A. sulficallidus showed
activity for the conversion of CDG to preQo. QueC from B. subtilis showed no ac-
tivity under the same conditions.

For characterisation of QueC from G. kaustophilus and E. coli the temperature and
pH optima were determined with in vitro activity assays. QueC from
G. kaustophilus had its temperature optimum at 60°C and pH 9.5 in glycine buffer.
QueC from E. coli showed highest apparent activity at 45°C and pH 7 in HEPES
buffer.

Further on, exploration of the substrate scope was done with QueC from
G. kaustophilus, E. coli, P. atrosepticum and A. sulficallidus by using an in vitro
activity assay and HPLC detection and an FTS assay. QueC from G. kaustophilus,
E. coli, P. atrosepticum and A. sulficallidus seem to have a strict substrate speci-
ficity to the natural substrate CDG.

To summarize, several QueCs from different organisms can be expressed in
E.coli. Four QueCs showed activity in the developed activity assay. Furthermore,
the net reaction products of 7-cyano-7-deazaguanine synthase are explored and

confirmed very recent literature from Vahe Bandarian et al.>®
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Appendix

Appendix

Strain information
The strains that were generated in this work, were deposited in the strain collec-

tion data base from ACIB.

Table 10: Strain designation and culture collection number of collected strains with QueC from different or-
ganisms.

Culture collection number Strain designation

ST934/7266 E. coli_BL21 pEHISTEV_QueC_Gkaustophilus
ST933/7265 E. coli BL21 pEHISTEV_QueC_Ecoli
ST932/7264 E. coli BL21 pEHISTEV_QueC_Patrosepticum
ST931/7263 E. coli BL21 pEHISTEV_QueC_Bsubtilis
ST930/7262 E. coli BL21 pEHISTEV_QueC_Asulficallidus

DNA sequences

QueC G. kaustophilus
ATGATGAAGATGAATGAAGAAAAGGCGGTCGTCGTCTTTAGCGGCGGC-
CAAGACAGCACGACGTGTTTGTTTTGGGCGAAAAAACAGTTTGGTGAAGTGGAAG-
CGGTGACGTTTGACTACGGCCAGCGCCATCGCCGGGAAATTGACGTCGCTCAAG-
CGATCGCTGACGAGCTTGGCGTCCGCCATACAGTGCTT-
GATTTGTCGCTTCTCGGGCAGTTGGCGCCGAACGCCTT-
GACGCGGCGCGACATTGCCATTGAACAAAAGAAAGGCGAG-
CTGCCGACGACGTTTGTGGACGGACGCAATTTTTGTTTTTAT-
CATTCGCcGCgGTGTTIGCCAAACAGCGGGGCGCGCGCCATATTGTGACHG-
GAGTGTGCGAAACAGATTTCAGCGGCTATCCGGACTGCCGCGATGTGTTTAT-
CAAATCATTGAACGTCACGCTGAATTTAGCGATGGATTACGAATTTGTCATTCA-
TACGCCGCTCATGTGGCTGACGAAAGCGGAGACGTGGAAGCTCGCTGATGAG-
CTCGGGGCGCTCGAGTTCATTCGCACGAAGACGCTGACGTGCTATAACGGCAT-
CATCGCCGACGGCTGCGGCGAATGCCCAGCATGTGCGCTGCGCAAG-
CGCGGGTTGGATGACTATTTGCGGGAAAAAGCGGAGGTGGAGTCGCGATAA

QueC E. coli
ATGAAACGTGCTGTCGTTGTGTTCAGTGGAGGCCAGGATTCCACCAC-

CTGTCTGGTGCAGGCATTACAACAATATGATGAAGTCCATTGCGTGACGTTCGAT-
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TACGGTCAGCGACATCGCGCAGAAATCGACGTGGCACGCGAACTGGCGCT-
GAAACTGGGAGCACGCGCGCATAAGGTTCTTGATGTAACGCTGCTCAACGAG-
CTGGCGGTCAGCAGCCTGACACGTGACAGCATTCCGGTGCCTGATTATGAACCT-
GAAGCCGATGGCATCCCGAATACGTTTGTCCCAGGGCGTAATATTTTGTTCCT-
GACGCTGGCGGCAATATATGCGTATCAGGTAAAAGCAGAAGCCGTAATTAC-
CGGCGTCTGTGAAACGGATTTCTCCGGCTACCCGGATTGCCGCGATGAGTTTGT-
GAAAGCACTAAACCATGCCGTCAGTTTGGGCATGGCGAAAGATATTCGTTTT-
GAAACGCCGCTGATGTGGATTGATAAAGCGGAAACCTGGGCGCTGGCAGATTAT-
TACGGCAAACTGGATTTAGTCCGTAACGAAACGTTGACCTGCTATAACGGCAT-
TAAAGGCGACGGTTGCAGTCATTGTGCGGCATGTAATTTACGCGCCAACGGTTT-
GAATCATTATCTGGCCGATAAACCGACGGTGATGGCAGCGATGAAGCA-
GAAAACCGGGTTGAGGTAA

QueC A. flavithermus
ATGAAAAAGGAGAAAGCTGTAGTGGTTTTTAGTGGTGGCCAGGATAGCACTA-
CATGTCTGTTTTGGGCGAAGAAACATTTTGCCGAAGTAGAAGCCGTTACTTTTGAC-
TATAATCAACGACATCGCCTGGAGATCGATGTCGCCGCGTCGATCGCCAAAGAG-
CTGAATGTATCACACACAGTATTAGACATGTCGTTGTTGCATCAACTTGCCC-
CAAACGCTTTAACCCGTAGCGACATTGCAATTGAGCAGAAAGAAGGT-
CAGTTGCCCTCTACATTTGTG-
GATGGCCGTAATCTTCTGTTTCTGTCTTTTGCGGCGGTTCTGGCTAAGCA-
GAAGGGTGCTCGCCATTTGGTTACAGGTGTTTGTGAAACTGACTTTTCGGGTTA-
TCCCGATTGTCGAGATGTGTTTATCAAATCTCTAAACGTTACCCTTAATTTAGCTATG-
GACTATCAATTCGTAATACATACACCACTGATGTGGCTTAACAAAGCAGAGACCTG-
GAAACTGGCCGATGAATTAGGCGCCCTGGAGTTTGTACGTAACAAAACACT-
CACGTGTTACAATGGTATAATTGCAGATGGTTGCGGAGA-
ATGCCCGGCCTGCGTGCTCCGCAAACGCGGCCTGGATCAGTACAT-
GAACGAAAAAAAAGGCGCTAACGTCAGATA

QueC A. sulfaticallidus

ATGCACGCGGTTCTTATCTTCAGCGGCGGGGTTGATAGTACGACGCTGTTATAT-
TACTTAATTTCTAAAGGCTATGAAGTCCATGCCCTCACCTTTATTTACGGT-
CAAAAACATGCAAGGGAGGTGGACGCATCTAAAAAGATCGCAAAACTGCTGGGAAT-
TAAACACAAAGTTGTTGATATCACTTCGATTCACGAGCTGATTTCCCGGGGTTCCCT-

GACAGGTGGTGAGGAAGTACCAAAAGATTTCTACACCGAAGAGACACAGAAACT-
82



Appendix

GACAATAGTTCCGAACCGGAATATGATCCTGTTAGCAATCGCCGGCGGC-
TATGCTGTCAAAGAAAATATAAGAGAGGTATACTACGCCGCCCACAAGTCGGATTA-
TTCTATTTACCCTGATTGTCGCAAGGAATTTGTGAAGGTCATG-
GATGCGGCCCTGTATCTGGCGAACTTATGGACACCCGTGGAATTAAAAG-
CGCCGTTTGTAGACATCGAAAAATCCGAGATTGTGGGCCTGGGCT-
TAAAACTGGGTGTTCCGTATGAACTGACGTGGAGCTGTTACGAGGG-
GAAAGAACGTCCCTGTTTAAGCTGCGGGACATGCCTGGAACGGACCGAAG-
CATTTCTGATGAATAATGCTAGAGATCCACTGCTTACGGAAAAGGAATG-
GAACGAGGCAGTGAAAATTTATGAGGAAAAGAAAAATGAAGTTTA

QueC C. sativus

ATGAAAAGAGCAGTGGTAGTTTTTAGCGGCGGTCAGGACAGTACAACGTGTCT-
GATTCAGGCTCTTCATCAGTATGACGAAGTACATTGCGTAACATTTGATTATG-
GACAACGTCATCGTGCAGAAATTGATGTGGCACGTGAGCTTGCTCT-
GAAACTCGGTGCTCGGGCCCATAAAGTATTAGACGTTACATTGCTGAACGAG-
CTCGCTGTCTCATCGCTTACTAGAGACTCCATCCCGGTTCCCGATTATGAGCCG-
GACGCGAGCGGTATCCCAAATACCTTCGTTCCAGGTAGAAATATTCTTTTTCT-
GACCCTTACGGCCATTTATGCGTAT-
CAGGTAAAGGCCGAGGCAGTAATAACTGGTGTGTGTGAGACTGATTTTT-
CAGGGTACCCGGACTGCCGTGACGAGTTTGTTAAGGCGTTGAAT-
CATGCAGTCGATCTTGGGATGGCGAAAGAGACTCGCTTCGAAACGCCTCTTA-
TGTGGCTGGATAAAGCCGAGACTTGGGCGTTAGCGGATTACTGGGGAAAATTA-
GACATTGTACGAAACGAGACGCTGACCTGTTATAATGGTATTAAAGGAGA-
TGGCTGCGGGCAGTGCGCCGCGTGCAACCTGCGTGCAAACGGACTGAATCACTAC-
CTCGCCGATAAGGCTGGTGTGATGGCGGCTATGCAGAAGAAAACAGGTCT-
GAAATAA

QueC P. atrosepticum

ATGAAACGCGCAGTTGTTGTCTTTAGTGGCGGGCAGGATAGCACCACGTGTTT-
GATCCAAGCTCTGCAAGACTATGATGATGTTCACTGTATTACATTCGATTACGGC-
CAGCGACACCGAGCAGAGATCGAAGTGGCGCAGGAATTGAGC-
CAAAAACTTGGTGCAGCAGCTCATAAGGTACTGGATGTAGGATTGCTGAAT-
GAACTGGCTACTTCCTCTTTGACTCGCGACTCCATTCCAGTGCCAGATTATGATGC-
CAATGCCCAAGGTATCCCCAACACTTTTGTTCCTGGGCGCAATATTCTGTTTCT-
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GACCTTAGCCAGTATTTATGCGTATCAGGTGGGTGCCGAGGCTGTGATTAC-
CGGTGTCTGCGAAACCGACTTTTCCGGCTATCCCGACTGCCGGGATGAATTTGT-
TAAAGCGTTAAATCAAGCTATTGTGCTTGGTATTGCACGCGA-
TATTCGTTTCGAAACCCCACTTATGTGGTTAAATAAAGCG-
GAAACTTGGGCTCTTGCAGATTACTACCAGCAGTTAGACACCGTTCGTTATCATAC-
CTTGACATGTTATAACGGGATCAAAGGCGATGGTTGTGGTCAGTGTGCGGCCTGC-
CATCTTCGTGCAAACGGGCTGGCGCAATATCAGAAAGATGCCGCGACCGT-
GATGGCATCCCTAAAACAGAAGGTTGGGTTGAGATAA

ToyM S. rimosus

ATGCCCGAGTCCCCTGTGGAGGCAGACCCGTTTTCAGCCGTTGTTGTCCTGTCTG-
GAGGTATGGATTCCACTACTTTATTAGCGCATTACGCAATGTTACGCTACCGCC-
TAACTGCGGTGACCGTAGATTATGGTCAACGGCATCGTCGGGAAATT-
GACGCTGCGCGAACGATAGCTGGTCATTATGGTGCCGAACATCATGTCGTAGATCT-
TAGTGGTATTGGTGTTCTGTTGGGAGGATCGGCTCTGACCGATTCTGAAGTA-
GATGTACCATCGGGGCATTATGCCGAGGAATCCATGAGAGCCACGGTTGTCC-
CAAATCGAAATGCTATATTGGCTAATGTTGCCGTGGGTGCTGCCGTTGCTAG-
GCAGGCCGGTATCGTTGCCTTGGGAATGCATGCCGGGGATCACTTTGTGTATCCG-
GACTGCCGACCTGCGTTCGTCGAAGCCTTGGACG-
GACTGGTGCGTGTTGCAAACGAGGGGTTCGCCACTCCTAGGGTTGAAGCGCCGTT-
TATCCACTGGTCGAAAACGGATATCGCGCGCTACGG-
GAGTCGGCTCGAGGCGCCCCTGGATAAAAGCTGGTCGTGTTATAGGGGCGGG-
GAACTGCATTGTGGTACGTGTGGCACCTGTTACGAGCGCAGGGAGGCTTTTCGT-
GATGCCGATGTTCCCGATCCAACGGAGTACCTGGATGCTGCAACCGAATTTGCAG-
CCCCATAA

QueC B. subtilis

ATGAAAAAAGAAAAAGCGATCGTTGTGTTTTCAGGCGGCCAGGATT-
CAACGACCTGTCTGCTGTGGGCATTAAAAGAGTTCGAGGAGGTGGAAACAGT-
GACCTTTCATTATAATCAGAGACATTCGCAAGAAGTAGAGGTCGCCAAATC-
TATCGCAGAAAAGCTAGGCGTGAAAAACCATTTACTTGATATGTCCCTGTTAAAC-
CAGCTGGCACCCAATGCCTTAACACGGAATGATATCGAGATTGAAGT-
TAAAGATGGTGAGCTGCCGTCAACGTTTGTACCGGGACGTAACTTAGTGTTTCTGT-
CATTTGCTTCAATACTCGCGTATCAGATTGGCGCACGCCACATCATTAC-
CGGCGTTTGCGAGACTGATTTTAGTGGTTACCCAGATTGTCGCGATGAATTTGT-
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CAAATCATGCAATGTAACCGTAAATCTGGCTATGGAAAAACCGTTTGTCATACA-
TACGCCACTGATGTGGCTAAATAAAGCTGAAACATGGAAGCTTGCAGACGAG-
CTGGGTGCTCTGGATTTTGTAAAAAATAATACCCTTACCTGTTACAATGGCAT-
CATTGCAGACGGATGCGGGGAGTGTCCGGCATGTCACCTCAGGAGTAAGGGT-
TACGAAGAATATATGGTGATGAAAGGTGAACGTGCCTAA

Protein sequences

QueC G. kaustophilus (NC_006510.1 (1000474..1001148))

MMKMNEEKAVVVFSGGQDSTTCLFWAKKQFGEVEAVTFDYGQRHRREIDVAQAIA-
DELGVRHTVLDLSLLGQLAPNALTRRDIAIEQKKGELPTTFVDGRNLLFLSFAAVFAKQR-
GARHIVTGVCETDFSGYPDCRDVFIKSLNVTLNLAMDYEFVIHTPLMWLTKAETWKLA-
DEGALEFIRTKTLTCYNGIIADGCGECPACALRKRGLDDYLREKAEVESR

QueC E. coli (NC_000913.3 (464852..465547))
MKRAVVVFSGGQDSTTCLVQALQQYDEVHCVTFDYGQRHRAEIDVARELALKLGA-
RAHKVLDVTLLNELAVSSLTRDSIPVPDYEPEADGIPNTFVPGRNILFLTLAAIYAYQV-
KAEAVITGVCETDFSGYPDCRDEFVKALNHAVSLGMAKDIRFETPLMWIDKAETWALA-
DYYGKLDLVRNETLTCYNGIKGDGCSHCAACNLRANGLNHY-
LADKPTVMAAMKQKTGLR

QueC A. flavithermus (NC_011567.1(1947599..1948264))

MKKEKAVVVFSGGQDSTTCLFWAKKHFAEVEAVTFDYNQRHRLEIDVAASIAKEL-
NVSHTVLDMSLLHQLAPNALTRSDIAIEQKEGQLPSTFVDGRNLLFLSFAA-
VLAKQKGARHLVTGVCETDFSGYPDCRDVFIKSLNVTLNLAMDYQFVIHTPLMWLN-
KAETWKLADELGALEFVRNKTLTCYNGIIADGCGECPACVLRKRGLDQYMNEKKGANVR

QueC A. sulfaticallidus (CP005290.1, (1578638..1579342))
MHAVLIFSGGVDSTTLLYYLISKGYEVHALTFIYGQKHAREVDASKKIAKLLGIKHKVVDI-
TSIHELISRGSLTGGEEVPKDFYTEETQKLTIVPNRNMILLAIAGGYAVKENI-
REVYYAAHKSDYSIYPDCRKEFVKVMDAALYLANLWTPVELKAPFVDIEKSEIVGLGL-
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KLGVPYELTWSCYEGKERPCLSCGTCLERTEAFLMNNARDPLLTEKEWNEAVKIYEEK-
KNEV

QueC C. sativus (NC_026655.1)
MKRAVVVESGGQDSTTCLIQALHQYDEVHCVTFDYGQRHRAEIDVARELALKLGA-
RAHKVLDVTLLNELAVSSLTRDSIPVPDYEPDASGIPNTFVPGRNILFLTLTAIYAYQV-
KAEAVITGVCETDFSGYPDCRDEFVKALNHAVDLGMAKETRFETPLMWLDKAETWALA-
DYWGKLDIVRNETLTCYNGIKGDGCGQCAACNLRANGLNHY-
LADKAGVMAAMQKKTGLK

QueC P. atrosepticum (NZ_CP009125.1, (1291182..1291877))

MKRAVVVFSGGQDSTTCLIQALQDYDDVHCITFDYGQRHRAEIEVAQELSQKL-
GAAAHKVLDVGLLNELATSSLTRDSIPVPDYDANAQGIPNTFVPGRNILFLT-
LASIYAYQVGAEAVITGVCETDFSGYPDCRDEFVKALNQAIVLGIARDIRFET-
PLMWLNKAETWALADYYQQLDTVRYHTLTCYN-
GIKGDGCGQCAACHLRANGLAQYQKDAATVMASLKQKVGLR

ToyM S. rimosus (NZ_JMGX01000038.1 (5525..6199))
MPESPVEADPFSAVVVLSGGMDSTTLLAHYAMLRYRLTAVTVDYGQRHRREIDAARTI-
AGHYGAEHHVVDLSGIGVLLGGSALTDSEVDVPSGHYAEESMRATVVPNRNAILAN-
VAVGAAVARQAGIVALGMHAGDHFVYPDCRPAFVEALDGLVRVANEGFATPRVEAP-
FIHWSKTDIARYGSRLEAPLDKSWSCYRGGELHCGTCGTCYERREAF-
RDADVPDPTEYLDAATEFAAP

QueC B. subtilis (NC_000964.3, (1439448..1440107))

MKKEKAIVVFSGGQDSTTCLLWALKEFEEVETVTFHYNQRHSQEVEVAK-
SIAEKLGVKNHLLDMSLLNQLAPNALTRNDIEIEVKDGELPSTFVPGRNLVFLSFASI-
LAYQIGARHIITGVCETDFSGYPDCRDEFVKSCNVTVNLAMEKPFVIHT-
PLMWLNKAETWKLADELGALDFVKNNTLTCYNGI-
IADGCGECPACHLRSKGYEEYMVMKGERA

86



Appendix

Alignment of protein sequences

Protein sequences of all six chosen QueCs are shown aligned with QueC from

G. kaustophilus. The triangles mark the conserved regions in the sequence. The

alignment was done with the Multiple sequence alignment tool clustalw?2

(http://www.ebi.ac.uk/Tools/msa/clustalw?/).
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SNpI|Ieaneyns sngojboaeydly

snsow sazfwodans wiol

wnandasoe WnUsPeqoPad Juy

SNARES SILUNIND JUY

slinans snjjoeg iuy

SNWIBYIABY SN|[I9BQAXOUY JUY

snpiydolsney sn|Ieqoas Juy

SNPIJ[E2REYNS SNQO|GOBEYIIY

snsowu sadfwoldang Aol

wnondasone WNUapeqopad Huy

SNAES SILWNOND Juy

sluans snjjeg yuy

SNWIBYIABY SN||IDEGAXOUY JUY

snjiydojsney sn|jEQOaD Juy

SNPI|IEIREYNS SNQ0|GOIBYILY
snsown saafwoydans WAoL
wnondasoe WNUaREeqoad Huy
SNAES SILUNIND JUY

slugns snjjoeg Juy
SNWIBYIABY SN||IDEQAXOUY JIUY

snjiydojsney snjiDegoas Juy
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