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1 Introduction

1.1 Non-specific nucleases

Non-specific nucleases are ubiquitous enzymes and involved in many essential processes such
as DNA repair, recombination, apoptosis, host defense and nutrition. They hydrolyze the
phosphodiester backbone of nucleic acids in a sequence/sugar — non-specific manner leading
to degradation of DNA/RNA up to the level of nucleotides'. This is an essential process for
example during apoptotic cell death which in turn contributes to cellular homeostasis and
prevents the accumulation of abnormal cells”. The two non-specific nucleases EndoG
(Endonuclease G) and CAD (Caspase activated DNase) found in higher eukaryotes are
responsible for the random degradation of chromosomal DNA during apoptosis. Complete
degradation after phagocytosis of the dying cells to nucleotides is mediated by the non-

specific nuclease DNase II.

A second type of non-specific nucleases is located in the periplasm of gram-negative bacteria
such as Vvn from Vibrio vulnificus and Endol from E. coli. These nucleases take part in host
defense against the uptake of foreign DNA e.g. during infection by phages. However, the non-
specific degradation of DNA leads to reduced transformation rates of theses bacteria as strains
lacking Vvn and Endol can take up DNA more efficently® *. On the other hand, nucleolytic
activity on the surface of some gram-positive bacteria such as Streptococcus pneumoniae and
Bacillus subtilis displayed by the nucleases EndA and NucA is essential for the import of
single-stranded DNA fragments in the course of transformation® °. Other non-specific
nucleases are involved in the complete degradation of DNA for the purpose of assimilation of
rare nucleotides and phosphate from the environment. These extracellular nucleases are
secreted e.g. from Serratia marcescens (SmaNuc) and from Anabaena sp. (NucA). Whereas
under nutrient-limited conditions the extracellular E colicins from E. coli such as ColE9 and
ColE7 kill competing cells of other E. coli strains due to non-specific cleavage of cellular
DNA"®,

In addition, non-specific nucleases are also involved in the important mechanisms of DNA

repair and recombination. Two well characterized nucleases are Exol from E. coli and the
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yeast protein Rad52. They mediate the trimming of broken/cleaved DNA necessary for further

repair steps to maintain the necessary stability of the genome” '°.

1.1.1 Active site motifs

The non-specific degradation of DNA/RNA is mediated by structurally divergent proteins but
only a few active site motifs/structures are involved in the catalytic mechanism for hydrolysis.
Each of these motifs utilizes specific mechanisms and exhibits similar features such as
conserved amino acid residues and protein folds for nucleolytic cleavage. Interestingly, also
sequence/sugar specific nucleases e.g. restriction endonucleases and homing endonucleases
share equal active site motifs indicating common ancestors for all types of nucleases and other

proteins involved in DNA/RNA hydrolysis such as resolvases and transposases' .

Homing endonucleases (HEases) are highly specific nucleases with long DNA target sites of
14-40 bp mediating a process termed homing which implies the transfer of the their own
coding sequence to cognate alleles lacking the sequence. The process for group I intron and
intein encoded nucleases is initiated by a double-strand break at the target site which is
required to insert the coding sequence during cell mediated repair. These mobile genetic
elements integrate at the target site supported by the DNA repair machinery of the host using
the intron-containing allele as a template (homologous recombination)'?. Based on known
crystal structures and sequence comparison five families of HEases have been determined
with representative conserved amino acids: LAGLIDADG, H-N-H, His-Cys box, GIY-YIG
and PD(D/E)XK (see Table 1). In general, the motifs are located within the active site except
for the His-Cys box which coordinates zinc'>. Members of this family like I-Ppol exhibit an
additional H-N-H motif as active site'!. However, these active site motifs are not restricted to

the family of HEases with an exception of the specific LAGLIDADG motif.

The PD(D/E)XK motif for example is the most common motif of Type II restriction
endonucleases (REases) (see Figure 1, Table 1)'*. Type II REases found in bacteria recognize
short DNA sequences from 4-8 bp and are part of the restriction modification system (RM).
The nucleases are coexpressed in the cell with a specific DNA methyltransferase (MTase).
REases are involved in host defense as they degrade incoming phage DNA whereas the

genomic host DNA is protected due to methylation of the recognition sites by the MTases'.
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Figure 1: PD(D/E)XK motif containing REases. a) BamHI b) Pvull ¢) EcoRV. The PD(D/E)XK domain of each
nuclease is colored in blue. Only one monomer of each enzyme is shown. Modified after'®.

The second most common fold found in REases is the H-N-H motif which displays the same
overall active site architecture like His-Cys box containing nucleases termed BBa-metal finger
fold (see Figure 2)"*. Members of this family exhibit an active site with two antiparallel p
strands and an a helix arranged around a central divalent metal ion'’. Interestingly, also the
phage encoded T4 endonuclease VII which cleaves and resolves Holliday junctions, contains
an H-N-H motif'® . Several non-specific nucleases from higher eukaryotes such as the
apoptotic nucleases CAD and EndoG and the prokaryotic extracellular nucleases NucA,
SmaNuc and the colicins E7 and E9 exhibit the H-N-H motif/BBa-metal finger fold (see

Figure 2 and Table 1)'%2%:21:2% 2

Figure 2: BPa-metal finger motif containing enzymes. a) H-N-H domain of I-Ppol (His-Cys box, HEase). b) H-
N-H domain of I-Hmul (H-N-H motif, HEase). ¢) T4 endonuclease VII (H-N-H motif, resolvase). The fPo-metal
finger fold is indicated in blue/purple. Modified after'.
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Table 1: Distribution of active site motifs (incomplete). His-Cys box containing proteins were
not considered as the motif does not concern the active site. HEases containing a His-Cys box
exhibit an H-N-H motif.

Type of enzyme Name
PD(D/E)XK motif Homing endonuclease 1-Ssp68031
Restriction endonuclease BamHI
Restriction endonuclease Pvull
Restriction endonuclease EcoRI
Restriction endonuclease EcoRV
Resolvase (Holliday junction) Hjc
Transposase Tn7 transposase TnsA
H-N-H motif Homing endonuclease I-Hmul
Homing endonuclease I-Basl
Homing endonuclease [-Tevlll
Restriction endonuclease Kpnl
Non-specifc nuclease Colicin E7
Non-specifc nuclease Colicin E9
Non-specifc nuclease SmaNuc
Non-specifc nuclease NucA
Non-specifc nuclease CAD
Non-specifc nuclease EndoG
Non-specific nuclease Vvn
Resolvase (Holliday junction) T4 endonuclease VII
LAGLIDADG motif Homing endonuclease [-Crel
Homing endonuclease PI-Scel
Homing endonuclease I-Scel
Homing endonuclease I-Dmol
GIY-YIG motif Homing endonuclease [-Tevl
Restriction endonuclease Eco29kl
Excinuclease (excision repair) UvrC

1.1.2 The H-N-H motif

The H-N-H motif characterizes a high number of nucleases or proteins involved in DNA
hydrolysis found in all kingdoms of life**. The three conserved amino acids histidine-
asparagine-histidine could be detected in sequence alignments of enzymes summarized as a
Pfam protein family®. Further sequence comparison revealed at least eight subsets of the H-
N-H family?’.

Recently analyzed nucleases carrying an H-N-H motif exhibit an active site fold as Bpa-metal
finger structure (see Figure 2) like SmaNuc, NucA, CAD, colicin E7, E9, I-Ppol, I-Hmul and

11; 17

others . This active site motif consists of two anti-parallel B strands and an o helix

arranged around a central divalent metal ion (e.g. Mg2+, Mn?*, Ni*").
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Figure 3: Overlay of the active sites of ColE9/I-Ppol and ColE9/SmaNuc. Side chains of selected amino acid
residues involved in catalysis and metal ion binding are highlighted. a) Overlay of ColE9 (gray, labels in black)
and I-Ppol (blue, labels in blue). H98 and H103 represent the first histidine of the H-N-H motif acting as the
general base for the activation of a water molecule during catalysis. N119, H127 (H-N-H/N) and H131 (indirect
binding) are involved in the binding and coordination of the metal ion but not N123. R61 and RS play a role in
the stabilization of the pentacoordinate transition state occurring during catalysis. The two zinc ions of I-Ppol are
not involved in catalysis since they support the protein structure. b) Overlay of ColE9 (gray, labels in black) and
SmaNuc (in purple). H89 and H103 act as the general base (H-N-H). Only N119 and H127 are involved in metal
ion binding (H-N-H/N). R57 and R5 stabilize the pentacoordinate transition state. Modified after'”.

The histidine residue at the first position of the H-N-H motif is involved in catalysis and acts
as the general base during nucleic acid cleavage. It activates a water molecule for a
nucleophylic in-line attack on the phosphate leaving 5' phosphate and 3' hydroxyl groups. The
phosphate is penta-coordinate in the transition state occurring during catalysis to release the

P-O bond (see Figure 4).

The nucleophylic attack is supported by the metal ion mediating a polarization of the P-O
bond. Additionally, the metal ion is known to be involved in the stabilization of the phosphor

anion state and the cleaved product®’.
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Figure 4: Proposed catalytic mechanism of SmaNuc. Amino acid residues are indicated in cyan, the substrate
DNA in deep blue. Histidine 89 acts as the general base to activate a water molecule (red) for a nucleophylic
attack on the phosphate leaving 5' phosphate and 3' hydroxyl groups. Arginine 57 stabilizes the penta-
coordinative transition state. Asparagine 119 binds to the divalent metal ion magnesium. Modified after®.

The central asparagine of the H-N-H motif is involved in restraining the position of the two 3
strands hence stabilizing the BBa-metal finger fold shown for the colicins E7 and E9 (see

Figure 3)*% %

. His-Cys box containing nucleases like I-Ppol bind additionally zinc ions close
to the active site to support the protein structure'® '”. Metal ion binding to the H-N-H motif is
mediated by the last histidine residue within the fold which can be replaced by asparagine (H-
N-N motif, see Figure 3). According to Maté and Kleanthous H-N-H/N motif containing
nucleases fall into two subgroups, those utilizing either a single or two amino acids for metal
ion binding (see Table 2)*. This second amino acid residue (aspartic acid, histidine, or
glutamic acid) is located in front of the general base histidine (D/H/EH-N-H) found in CAD,

ColE7/E9 and I-Hmul and other recently characterized H-N-H nucleases.

Another subgroup of H-N-H non-specific nucleases additionally exhibits the conserved
DRGH motif located on one of the two 3 strands of the Ba-metal finger motif. However, the
last conserved histidine residue within the DRGH motif is congruent with the first histidine of
the H-N-H motif. ). It is known from crystallization studies of NucA and SmaNuc that the
aspartic acid residue of the DRGH motif is involved in proper positioning of the conserved
asparagine residue binding to the divalent metal ion cofactor’"* *. The arginine (DRGH)
instead seems to mediate substrate binding to the active site”. Other members of this family
are the recently structurally characterized nuclease EndoG and EndA from Streptococcus

pneumoniae.
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Table 2: H-N-H/H-N-N motif containing nucleases listed by the number of metal ion contacts
(incomplete). Amino acid residues involved in metal ion binding are underlined.

Single metal ion contact Two metal ion contacts
dEndoG (DRGH/H-N-N motif) CAD (DH-N-H)
SmaNuc (DRGH/H-N-N motif) Colicin E7/E9 (HH-N-H)
NucA (DRGH/H-N-N motif) Vvn (EH-N-N)

1-Ppol (H-N-N motif) I-Hmul (DH-N-N)

1.1.3 Non-specific nucleases with H-N-H motif

1.1.3.1 Colicins

Colicins are plasmid—encoded antimicrobial proteins produced by E. coli from a DNA-
damage inducible promoter (SOS promoter) in times of stress to kill competing cells in
nutrient-limited environments. They are classified on the basis of cell surface receptors they
bind to and abuse pathways for nutrient uptake to enter the cell®. Group A colicins use the Tol

translocation system whereas members of group B require the Ton system®”.

Colicins consist in general of a central receptor binding domain, an N-terminal translocation
domain and a C-terminal cell-killing domain (see Figure 5). After binding of the receptor
domain which is structured as long coiled coil, the N-terminal translocation domain interacts
with TolB for translocation of the C-terminal killing domain to the inner membrane and into
the cell*’. As the protein needs to span the periplasm the receptor domain which is still bound

to the receptor needs to unfurl because the two interactions occur simultaneously™*.
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Figure 5: Chrystal structure of the ColE3/Im3 complex. The C-terminal RNase domain indicated in purple is
bound to the immunity protein Im3 (red). The N-terminal translocation domain (blue) is in close proximity to the
RNase domain. The receptor-binding domain exhibits a long colied-coil (light blue) which needs to unfurl to
allow the protein to be connected with the outer membrane and simultaneously translocate its toxic C-terminal
domain to the inner membrane and into the cell. Modified after®.

E colicins are group A colicins and occur in complex with their specific inhibitor proteins
(immunity protein - Im). They bind with the central receptor-binding domain to BtuB
receptors of the outer membrane of gram-negative bacteria usually responsible for Vitamin

B, binding and utilize porin OmpF for translocation into the periplasm®* *°

. The group of E
colicins is subdivided into nine types (ColE1-ColE9) due to immunity tests’* **. They have
different cytotoxic activities: ColE1 is a membrane-depolarizing agent’”. ColE2, ColE7,

ColE8 and ColE9 are DNases whereas ColE3, ColE5 and ColE6 are RNases*®: 417 4% 43:44:45,

The C-terminally located DNase domains of ColE7 and ColE9 were isolated and could be
crystallized in complex with their specific immunity proteins (Im7 and Im9)** *. Both
enzymes revealed a PPa-metal finger structure containing an H-N-H motif as active site.
Binding of substrate DNA is mediated by contacting the phosphate backbone of the minor
grove bending the DNA towards the major grove. These unspecific contacts result in sugar-

and sequence-independent cytotoxic degradation of nucleic acids comparable to the apoptotic

30: 4
nuclease CAD% 7.

Cytotoxicity during expression and secretion of E colicins is regulated by the tight binding
immunity proteins. The inhibitor Im9 binds to colicine E9 with femtomolar affinity forming a
stable complex™. However, binding of the specific immunity proteins Im9 and Im7 does not
occur at the active site but at an adjacent position (exosite, see Figure 6). Substrate binding to

the active site is affected due to steric and electrostatic clashes with the immunity protein®.
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Figure 6: Crystal structure of the DNase domain of colicin E9 and its specific inhibitor Im9*. The nuclease (light
blue) displays a Bpa-metal finger fold as active site with an H-N-H motif (deep blue). The specific immunity
protein Im 9 (green) binds at an exosite, blocking binding of the substrate to the active site. (PDB code: lemv)

1.1.3.2 Caspase activated DNase (CAD)

Homologs of murine Caspase-activated DNase (CAD) are found in all higher eukaryotes and
are responsible for the degradation of chromosomal DNA during cell death/apoptosis. CAD
and the human ortholog termed DFF40 (DNA fragmentation factor) exist in the cell during
non-apoptotic conditions in complex with their specific inhibitor ICAD/DFF45 as
heterodimer to avoid cytotoxicity’’. Besides the inhibitory function of ICAD/DFF45, the
expression of the non-specific nuclease alone leads to an inactive protein, indicating a
chaperone function for ICAD/DFF45™. During apoptosis a caspase-3 dependent activation of
the nuclease occurs due to cleavage of the inhibitor ICAD/DFF45 at two positions resulting in

the formation of nuclease homodimers>" >,

Monomeric CAD/DFF40 exhibits a three domain structure (see Figure 7)*°. The C3 domain
contains the active center which folds into a PBPo-metal finger with H-N-H motif*".
Dimerisation of CAD/DFF40 after activation is mediated by the C2 domain whereas the C1
domain seems to be the major interaction site for the nuclease and its inhibitor’>. As no crystal
structure for the CAD/ICAD complex is available a directed interaction between the inhibitor
and the active site of CAD is unknown. Blocking the formation of active homodimeric

nuclease by ICAD/DFF45 seems to play the key role in inhibition®’.
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C3

Cc2

Figure 7: Crystal structure of dimeric CAD*. The monomers are indicated in green and blue. CAD exhibits a
three domain structure (C1, C2, C3) but only the structure of C2 and C3 could be solved. Two magnesium ions
colored in deep blue indicate the active site (Bpa-metal finger motif). The structure of the N-terminal domain of
the human homolog termed DFF40 was solved in complex with the N-terminal domain of the inhibitor DFF45
(not shown)™. (PDB code: 1VOD)

1.1.4 Non-specific nucleases with DRGH/H-N-H motif

1.1.4.1 dEndoG/dEndoGI

The non-specific nuclease EndoG is located in mitochondria and responsible for the
degradation of chromosomal DNA in a caspase independent manner during apoptosis. It is
also involved in the generation of primers for mitrochondrial DNA replication® >*. The
nuclease is a dimer and introduces nicks into double-stranded DNA as the two active sites are
located distantly from each other and cleave independently”. EndoG gets released from the
mitochondria due to induction of apoptosis. However, the destructive activity seems to be

prevented by compartmentalization in living cells?® ¥

. Orthologous genes for EndoG
displaying high sequence similarity with related functions were detected in several organisms
e.g. in the human, bovine and murine system, in D. melanogaster, C. elegans (cps-6) and

yeast (Nuclp)22; 53;56; 57; 58; 59; 60.

Until now only the crystal structure of dEndoG from D. melanogaster with its functional
inhibitor dEndoGI could be solved”’. The active site of dEndoG, displays as predicted by

sequence comparison, a ffa-metal finger motif and includes the conserved DRGH and H-N-
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N motifs which are involved in catalysis and metal ion binding, detectable also in other

orthologous genes suggesting the same catalytic mechanism®.

However, dEndoGI as a functional inhibitor seems to be unique for D. melanogaster as
sequence comparison did not reveal homologues in other eukaryotes®’. In addition, dEndoGI
shows no structural similarity to NuiA, the tight binding inhibitor of NucA but displays
similar inhibition mechanisms®’. Both inhibitors are involved in metal ion coordination and
block access to the active site by mimicking the negative charge of the DNA phosphate
backbone. DEndoGI (Asp148 and Asp333) binds to a water molecule of the metal ion
hydration shell whereas NuiA (Thr135) forms a direct metal ion bridge by displacing a water

molecule of the metal ion hydration shell’’.

DEndoGI displays a two domain structure and binds to homodimeric dEndoG with
subpicomolar affinity (see Figure 8). Inhibitory function is mediated by binding of each
domain of the inhibitor to the two dEndoG monomers exclusively at the active site as
mutation of the conserved DRGH motif and the metal ion coordinative asparagine residue

completely abolish binding”? 61

. The two domains connected by a non-conserved flexible
linker show high sequence similarity and are conserved among different Drosophila species
but display different modes of binding resulting in different affinities of the separated

domains for dEndoG”’.

DEndoGI is nuclear encoded and mainly located in the nucleus. The inhibitor presumably acts
as “backup system” for viable cells against stray dEndoG produced by failed mitochondrial
import or leakage’’. The fate of dEndoGI during apoptosis remains unknown as the inhibitor
needs to be inactive for degradation of chromosomal DNA by dEndoG. However, the

inhibitory effect of dEndoGI for other dEndoG homologues has not been investigated so far.
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Figure 8: Structure of the dEndoG/dEndoGI complex”’. The two domains (Dom! and Dom2) of dEndoGI are
indicated in red. A linker (connecting the two helices marked by black triangles) could not be modeled due to
flexibility of this region. Homodimeric dEndoG (blue and light blue) is sandwiched by the two dEndoGI
domains blocking the active site indicated by the two green magnesium ions. (PDB code: 3ISM)

1.1.4.2 EXOG

A family of paralogous genes probably derived from gene duplication of an ancestral
endo/exonuclease gene was found in higher eukaryotes which was termed EndoG-like-1
(EXO0G)® . Sequence comparison of human EXOG with human EndoG and homologous
genes from yeast (Nuclp) and C. elegans (CPS-6) revealed instead of a DRGH an SRGH
motif as part of the active site and in addition a C-terminally located domain predicted to fold
as coiled coil (see Figure 9)*. Localization studies indicated that EXOG is associated with the
inner mitochondrial membrane like yeast and mammalian EndoG as it exhibits an N-terminal
located MLS (mitochondrial localization signal) and a predicted helical transmembrane

53; 63; 64

segment . Upon apoptosis EXOG remains attached to the mitochondrial membrane in

contrast to EndoG which is released from the intermembrane space®.

Further investigation of the nucleolytic activity of human EXOG exhibited a 5'-3' exonuclease
activity with a preference for single-stranded DNA and nicking activity towards supercoiled
DNA®. However, mammalian EndoG is an exclusive endonuclease cleaving internal
phosphodiester bonds in single and double-stranded DNA and RNA in contrast to the yeast
homologue Nuclp which shows 5'-3' exonuclease and endonuclease activity ® °* ®. Mutation
of the unusual SRGH motif of EXOG back to the highly conserved DRGH motif did not

cause a significant change of nucleolytic activity or substrate preference indicating that the
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single amino acid replacement is not responsible for preferential 5'-3' exonuclease activity.
However, the C-terminal domain and a single glycine residue (naturally occurring SNP
G277V, presumably a second variant of EXOG, see Figure 9) close to the predicted coiled
coil domain also contribute to the nucleolytic activity by an unknown mechanism as deletion

and amino acid replacement led to a reduction of DNA degradation®.

Comparison of EndoG proteins from higher and lower eukaryotes displays a loss of
exonuclease activity for mammalian EndoG necessary for recombination and repair of
double-strand breaks in comparison to the yeast homolog Nuclp with dual functionality.
Potential complementation of mammalian EndoG can be achieved by EXOG indicating a
subdivision of cellular functions between the two proteins. In principle, EXOG has the ability
to generate single-stranded gaps in double-stranded DNA required for DNA recombination
and repair whereas EndoG displays strong endonuclease activity necessary for the degradation

of chromosomal DNA during apoptosis®.

EXOG

Exon 1 2 3 4 5 6
SRGH-motif SNP-related G277/V277

NH2 [ MLs | | nuc Bl Cdom [delely

EndoG

Exon 1 2 3

9a34. 1~
DRGH-motif

NHz[_MLS | I NUC lcoo-

Figure 9: Genomic structure and domain organization of human EXOG and EndoG. The EXOG gene is located
on chromosome 3 (3p21.3) and the EndoG gene is located on chromosome 9 (9q34.1). Exons for both genes are
indicated as black boxes. Sequence comparison revealed two EXOG variants characterized by a SNP close to the
predicted C-terminal coiled coil domain. MLS: mitochondrial localization signal. Copied from®.

1.1.4.3 NucA

NucA is a non-specific nuclease secreted from the cyanobacterium Anabaena sp. PCC 7120
to serve nutritional purposes supporting the assimilation of rare nucleotides and phosphate
from the environment®. The well characterized nuclease displays a nicking activity and

degrades single and double-stranded DNA. It occurs as a monomer in contrast to dimeric
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SmaNuc®’. However, NucA and SmaNuc share 29.5 % sequence similarity and exhibit a

similar overall structure®.

The active site of NucA displays a Ppa-metal finger fold with a conserved DRGH/H-N-N
motif utilizing divalent metal ions such as magnesium and manganese®. The nucleolytic
activity of NucA, highly toxic within the cell during expression, gets regulated by its specific
inhibitor NuiA (see Table 3)*. NucA and NuiA form a 1:1 complex with picomolar affinity
that was recently crystallized (see Figure 10)**'. Although DRGH/H-N-N motif containing
nucleases are found in all branches of life, NuiA seems to be unique for cyanobacteria similar

to drosophila-specific dEndoGI®.
NuiA binds to the active site of NucA blocking the access for DNA and RNA. Active site

interactions include the formation of a salt bridge between inhibitor residue Glu24 and NucA
Arg93 protruding from a long loop framing half of the active site. An unusual interaction
represents the metal ion bridge between the catalytically active magnesium ion and the C-
terminal Thr135yx,ia. Deletion of this single amino acid leads to a 600-fold increase for the
apparent inhibition constant. A second small interaction site close to the active site of NucA is
characterized by a salt bridge between Lys101nyca and Asp75nuia. Several hydrogen bonds
e.g. between Argl22n,ca (DRGH/H-N-H) and Ser23/Glu24/Thr135n,ia contribute to
interaction at both sites for a stable complex formation®'. Additionally, the interaction at the
active site gets promoted by the electrostatic potential of the NucA:NuiA interface. The NuiA
binding surface exhibits one basic and seven acidic residues thus imitating the negatively
charged substrate to support binding to the basic active site surface of NucA (substrate
mimicry). However, this mechanism is not unusual as it gets utilized by several inhibitor
proteins like Ugi regulating the uracil DNA glycosylase (UDQG). In contrast to that, the

immunity proteins Im7/9 bind to an exosite to control the nucleases colicin E7/9"°.
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Figure 10: Crystal structure of NucA:NuiA®!. Structure of the non-specific nuclease NucA (blue) in complex
with its specific inhibitor NuiA (green). The magnesium ion (light green) indicates the active site displaying a
BPa-metal finger fold. NuiA directly interacts with the active site of NucA, mimicking the nucleic acid substrate.
The C-terminus of NuiA coordinates the catalytically important Mg ion. (PDB code: 203B)

1.1.4.4 SmaNuc

SmaNuc is a non-specific extracellular nuclease secreted by Serratia marcescens, a gram-
negative anaerobic bacterium’'. Although SmaNuc shows a high structural and sequence
similarity to NucA especially at the active site, regulation within the host cells is presumably
not mediated by a specific inhibitor (see Table 3). SmaNuc exists in the cell in an inactive
state as it needs the formation of two intramolecular disulfide bonds (see Figure 11) to gain
activity during export in an oxidizing environment’>. Due to the fact that SmaNuc is inactive
in a cellular environment, cloning and expression in E. coli is rather unproblematic making
this nuclease to the best characterized member of the DRGH/H-N-N family. Furthermore
comparison of the crystal structure of non-specific SmaNuc with the highly specific homing
endonuclease I-Ppol revealed a similar active site for both nucleases (see Figure 3) indicating
common ancestors for all types of BPa-metal finger nucleases which became a dogma in the

11
nuclease research field .

The nuclease prefers double-stranded DNA in A-form and occurs as a dimer like dEndoG (see
Figure 11). Mutational analyses and crystallization studies revealed a small dimer interface
including amino acid 180-184 which is located on the opposite site of the active center’>. A

single amino acid replacement (H184R) concerning the dimer interface promotes the
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monomeric state but does not affect the catalytic activity indicating the autonomous behavior

of the two active sites (nicking activity)".

SmaNuc is commercially used (Benzonase™) for the effective removal of nucleic acids for
biochemical applications due to its high stability and for a conditional suicide system in yeast.
For the second approach SmaNuc expression is regulated by a glucose-repressed ADH2
promoter. Expression of the nucleases upon glucose depletion even in the reducing cytoplasm
of yeast leads to effective killing of the host cells. This system is used to prevent an

environmental spreading of genetically modified yeast strains’.

Cys 201243/

N\ '
Cys 9/13

Figure 11: Crystal structure SmaNuc dimer’?. SmaNuc (green/cyan) exists in the cell in an inactive state as it
needs the formation of two intramolecular disulfide bonds (red) between Cys201/243 and Cys9/13 to gain
activity. Dimer formation does not concern the active sites (indicated by two magnesium ions, blue) cleaving
DNA and RNA independently from each other. (PDB code: 1QAE)

Table 3: Mechanism of inhibition for selected non-specific nucleases.

Nuclease Inhibitor Type of inhibition

NucA NuiA Tight binding to the active site

SmaNuc No inhibitor known Activation due to disulfide bond formation

Vvn No inhibitor known Activation due to disulfide bond formation

Colicin E7/E9 Inhibitor Im7/9 Binding to a protein exosite, blocking substrate
binding

EndA No inhibitor known unknown

Drosophila EndoG Inhibitor dEndoGI Tight binding to the active site

CAD Inhibitor ICAD Chaperone function, blocking dimer formation
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1.1.4.5 EndA

Streptococcus pneumoniae (pneumococci) are pathogenic gram-positive bacteria causing
serious infections of the respiratory system of mammalians and lethal meningitis”®. Other
typical streptococcal diseases like STSS (streptococcal toxic shock syndrome), NF
(necrotizing fasciitis) and tonsillitis are triggered by group A streptococci (GAS,
Streptococcus pyogenes)'. This group of bacteria exhibit several serotypes expressing
different extracellular virulence proteins e.g. streptodornases’®. Several of these virulence
factors are phage encoded supporting recombination and spreading of novel arranged
pathogenic genes presumably creating the high diversity of GAS strains”. GAS strains
express several types of streptodornases which support the infiltration of the innate immune

80; 81 .
> °°. The reason for this was

response of mammalians resulting in invasive infections
discovered recently as streptodornases are able to degrade the DNA scaffold of neutrophil
extracellular traps (NETs)*. NETs are released by activated neutrophils and consist of
expelled chromatin, elastase and other antimicrobial proteins and kill captured bacteria (see
Figure 12)%. This effect was also detected for Stretococcus peneumoniae (TIGR4) which
express the competence associated nuclease EndA. This surface bound nuclease has a major

influence on the degradation of extracellular DNA to allow pneumococci to escape NETs and

regain viability™.

Figure 12: Bacteria associated with neutrophil fibers. A) SEM of S. aureus, B) S. typhimurium and C) S. flexneri
trapped by NETs. Bar, 500 nm. Modified after®.

All streptodornases are closely related and exhibit a high sequence similarity to EndA*. Both
types of nucleases revealed an H-N-N motif but the conserved DRGH sequence could only be

detected for EndA, whereas most streptodornases contain a DRSH motif. Further analysis of
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the N-terminal sequence of streptodornases predicted a leader peptide for extracellular
secretion. This signal peptide is cleaved off during secretion at least shown for streptodornase
Sdal®. In contrast to that, EndA needs no further processing of the N-terminal membrane

localization signal for surface exposure’.

As shown by mutational analyses EndA is the major nuclease involved in degradation of
incoming DNA to single-stranded fragments during pneumococci transformation® *®. So far,
no specific inhibitor or regulative mechanism for EndA was discovered. Investigation of one
downstream and two upstream adjacent genes (epuA, epuB and epdA) revealed that none of

the gene products are essential for viability or are involved in the transformation mechanism’.

Interestingly a detailed analysis of streptodornases and their cleavage properties showed that
bacterial tRNA has the ability to inhibit nucleolytic activity® . This might explain the fact that
cloning and expression of this non-specific nucleases in E. coli is unproblematic although no

inhibitory proteins are known for these nucleases.

1.2 Intention of the work

The two non-specific nucleases NucA and SmaNuc display a high structural and sequence
similarity. Nevertheless SmaNuc is inactive in the cell as it needs the formation of disulfide
bonds and is presumably not regulated by a protein inhibitor whereas NucA and NuiA form a
tight binding complex. Due to the homology of the two proteins especially within the active
sites it should be possible to engineer a functional protein inhibitor for SmaNuc on the basis
of NuiA via random mutagenesis and selection. One approach for such a selection system is
presented in this work, which might be useful to engineer inhibitor proteins for other DRGH
motif containing nucleases such as EndA. This competence associated nuclease displayed on
the surface of Streptococcus pneumoniae is known to be a pathogenic factor and a potential
inhibitor might serve as starting point for future drug design®'. This work presents the first
molecular/biochemical characterization of recombinant EndA and provides evidence that the

non-specific nuclease bears an H-N-H/N active site fold.



2 Materials and methods

2.1 Materials

2.1.1 Chemicals and biochemicals

All chemicals used were of high purity and are listed in Table 4.

Table 4: Chemicals.
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Chemical/ biochemical Company
Acetic acid Roth

40 % Acrylamide:bisacrylamide solution (29:1) AppliChem
40 % Acrylamide:bisacrylamide solution (19:1) AppliChem
Agar AppliChem
Agarose Ultra Pure™ Invitrogen
Aluminium sulfate AppliChem
Ampicillin AppliChem
APS (Ammoniumpersulfate) Merck
Boric acid Merck
Bromophenol blue Merck
BSA (Bovine serum albumin) NEB
Calcium chloride Merck
Chloramphenicol AppliChem
Chloric acid, 37 % Merck
Coomassie” Brilliant blue G250 AppliChem
DEPC (Diethylpyrocarbonate) Fluka

DTT (1,4-dithiothreitol) AppliChem
dNTPs (deoxyribonucleotides) Fermentas
EDTA (Ethylene diamine tetraacetate) AppliChem
Ethanol Merck
Ethidium bromide Roth
Formamide Merck
Glycerol AppliChem
Glycin Merck
High molecular weight herring sperm DNA Sigma Aldrich

Imidazole

Merck



IPTG (Isopropyl B-D-1-thiogalactopyranoside) AppliChem
Lubrol Sigma Aldrich
Kanamycin AppliChem
Magnesium chloride Merck
MES monohydrate [2-(N-Morpholino)ethanesulfonic acid] AppliChem
Methanol VWR
2-Mercaptoethanol Merck
MOPS (3-(N-morpholino)propanesulfonic acid) Biomol
O-Phosphoric acid, 85 % Roth

PEG 4000 (polyethylene glycol) 50 % Fermentas
Potassium chloride Merck
Potassium dihydrogen phosphate Merck
di-Potassium hydrogen phosphate Merck
Nonfat dried milk powder AppliChem
Sucrose AppliChem
Sodium acetate, anhydrous Applichem
Sodium chloride Merck
Sodium hydroxide Merck

SDS (sodium dodecyl sulfate) AppliChem
TEMED (Tetramethylethylenediamine) Merck
Tetracycline AppliChem
Tris Merck
Triton X-100 AppliChem
Tryptone AppliChem
Tween 20 Merck
Urea AppliChem
Yeast extract AppliChem
Xylene cyanol Merck

2.1.2 E. coli Strains

Table 5: E. coli Strains.

recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F’
proAB laclqZAMI5 Tnl0 (Tet")].
E. coli B F ompT hsdS(rs” mg) dem” Tet" gal MDE3)

Strain Company Genotype
XL1-Blue MRF' Stratagene
BL21-Gold(DE3) Stratagene

endA Hte
Origami Novagen

A(ara-leu)7697 AlacX74 AphoA Pvull phoR araD139
ahpC galE galK rpsL F'[lac” lacl® pro] gor522:Tnl0
trxB (Kan® Str*, Tet")




2.1.3 Electrophoresis ladders

All ladders were prepared and used according to the supplied manual.

Table 6: Ladders.
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Name Type Company
PageRuler™ Unstained Protein Ladder Protein ladder Fermentas
PageRuler™ Prestained Protein Ladder Protein ladder, Western blot analysis Fermentas
GeneRuler™ 1 kb DNA Ladder DNA ladder Fermentas
RiboRuler™ RNA Ladder, Low Range RNA ladder Fermentas
2.1.4 Kits

Table 7: Kits and Systems.

Name Application Company
PURExpress™ [n Vitro Protein Cell-free transcription/translation New England
Synthesis Kit Biolabs
PureYield™Plasmid Miniprep Small-scale plasmid preparation Promega
System

PureYield™Plasmid Midiprep Medium-scale plasmid preparation Promega
System

PureYield™Plasmid Maxiprep Large-scale plasmid preparation Promega
System

RNeasy Mini Kit RNA purification and concentration Qiagen
Wizard® SV Gel and PCR Clean up  Purification of DNA fragments from Promega
system agarose gels or after PCR.

T7 Transcription Kit In Vitro transcription of RNA Fermentas
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2.1.5 Nucleases

2.1.5.1 Restriction endonucleases

All restriction endonucleases were supplied either by New England Biolabs (NEB) or

Fermentas and used in the recommended activity buffer according to the manual.

Table 8: Restriction endonucleases.

Resctriction endonuclease Cleavage site (5'-3")
BamHI G|GATCC
Belll A|GATCT
EcoRI GIAATTC
HindIII AJAGCTT
Kasl G|GCGCC
Neol C|CATGG
Sall G|ITCGAC
Sphl G|CATGC
Xhol C|TCGAG

2.1.5.2 Non-specific nucleases

Table 9: Non-specific nucleases.

Non-specific nuclease Source

DNase I Fermentas
NucA Heike Biingen




2.1.6 Nucleic Acids

2.1.6.1 Plasmids
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Table 10: Plasmids for protein expression.

Plasmid Source

pETM-30 EMBL Protein Expression and Purification Facility
pQE-30 Qiagen

pBBnuiA/nucA(I) Christian Korn

pHisnuc Wolfgang Wende

pHisnuc K55A, pHisnuc H89N Peter Friedhoff

pET25b(+) EndA2a2 H160A Patrick Schéfer

pQE-30 NuiA Heike Biingen

pQE30-DsRem Heike Biingen

2.1.6.2 Primer

Table 11: Primer. Introduced restriction endonuclease cleavage sites used for cloning
procedures are indicated in bold letters and introduced mutations in red. Corresponding
sequences for epitope tagging are underlined.

Name Sequence (5'-3") Comment

74-76 random TTAGCAGAGCCACTACTCCCNNN Mutagenesis NuiA
NNNNNNTATGAGGATGAAGAAAATGC

74-76 us GGGAGTAGTGGCTCTGCTAA Mutagenesis NuiA

78-80 CTACTCCCCAAGACTGGTATGAA Mutagenesis NuiA
AATGCTGTAGTTGCTAA

78-80 us ATACCAGTCTTGGGGAGTAG Mutagenesis NuiA

109-111 random CGCAGGTGTATCGACTGGGTNNNN Mutagenesis NuiA
NNNNNCTTGATGTTTATGTTATTGG

109-111 us ACCCAGTCGATACACCTGCG Mutagenesis NuiA

3'EndA Xhol CTCCTCGAGTCACTGA Xhol
GTTACAGTTACTTCTC

3'nucA CCGGCGTCGACTAAT Sall

TATCAACTTTACTCTC
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3'NucS Sall GTCGTCGACTCAGTTTT Sall
TGCAGCCCATGAG

3'nuiA Bglll AGAAGATCTTCAAGTT Bglll
TCCACAACTTTAG

5'EndA Ncol CCACCATGGGCGCACC Ncol
TAATAGTCCCAAAAC

5'NucA flag Sphl GCAGCATGCGGCGCCATGGATT Sphl, Ncol, FLAG-tag
ACAAGGATGACGACGATAAGCA
AGTGCCACCATTAACTGAA

5'NucS GTCGTCGACGACACG Sall
CTCGAATCCATCGAC

5'NucS flag Sphl

GCAGCATGCACTAGTATGGATTA
CAAGGATGACGACGATAAGGACA

Sphl, FLAG-tag

CGCTCGAATCCATCGAC

S'nuiA(I) GGCATGCATGGATCCACC BamHI
AAAACCAACTCAGAAATT

5'nuiA EcoRI GAAGAATTCTTAAAGAGGAGAAAT EcoRI
TAACTATGACCAAAACCAACTCAGA

D157Afor(C) CCCATGCAGTCGCAAGAGGTCATTT EndA Mutation to A

D157Arev(B) AAATGACCTCTTGCGACTGCATGGG EndA Mutation to A

DsReMrmcs GTCGTCGACTCGCGAGGCGCCGA Sall
TATCCTGGGAGCCGGAGTGGCGGGC

EndAFLAGrev(D) TATTCATTACTTATCGTCGTCATCCTT FLAG-tag
GTAATCGCCTCCCTGAGTTACAGTTAC

fQE CCCGAAAAGTGCCACCTG Sequencing

N179Afor(C) CCTCAACAAGCGCACCTAAAAACAT EndA Mutation to A

N179Arev(B) ATGTTTTTAGGTGCGCTTGTTGAGG EndA Mutation to A

N182Afor(C) GCAATCCTAAAGCAATTGCTGTTCA EndA Mutation to A

N182Arev(B) TGAACAGCAATTGCTTTAGGATTGC EndA Mutation to A

N191Afor(C) CAGCCTGGGCAGCACAGGCACAAGC EndA Mutation to A

N191Arev(B) GCTTGTGCCTGTGCTGCCCAGGCTG EndA Mutation to A

NucA Kasl fw GGCGGCGCCGCGGCCGCCAT Kasl
GCAAGTGCCACCATTAACTG

NucA Sall rw GTCGTCGACGAGCTCCT Sall
AATTATCAACTTTACTCTC

R69 random ACATTGACAGCTTTTTTAGCNN Mutagenesis NuiA
NGCCACTACTCCCCAAGACTG

R69 us GCTAAAAAAGCTGTCAATGT Mutagenesis NuiA

R158Afor(C)

ATGCAGTCGATGCAGGTCATTTGTT

EndA Mutation to A
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R158Arev(B) AACAAATGACCTGCATCGACTGCAT EndA Mutation to A

RBSEndAfor(A) TAAG[AAGGAGA]TATACCAAT [RBS]
GGCACCTAATAGTCCCAAA

RevMutA160H ACCACCGATTAATGCATAGCC Back mutation
TAACAAATGACCTCGATCGAC EndA

RMutA 160HNsil GTCGATCGAGGTCATTTGTTAG Back mutation
GCTATGCATTAATCGGTGGT EndA

rQE GTTCTGAGGTCATTACTGG Sequencing

SphIDRMf flag GCAGCATGCATGATTACAAG Sphl, FLAG-tag

GATGACGACGATAAGATGGA
CAACACCGAGGACGTC

uniT7RBSfor(A")

GAAAT{TAATACGACTCACTAT
A}GGGAGACCACAACGGTTTCCCT
CTAGAAATAATTTTGTTTAACTTT
AAG[AAGGAGA]TATACC

{T7 promoter
sequence}, [RBS]

2.1.6.3 Substrates

Table 12: Oligo-DNA substrates.

Name Sequence (5'-3") Modification 5' Modification 3'
FS2B GAAAAAACCCCCCTTTTTTC 6-Fam BHQ-1
(molecular beacon)

Table 13: Circular DNA substrates.

Name Feature Size Company

pBluescript SK(+) Double-stranded plasmid 2958 bp Stratagene

®X174 RF 1 DNA Double-stranded, circular form of 5386 bp New England Biolabs
®X174 DNA

®X174 RF 11 DNA Double-stranded, nicked, circular 5386 bp New England Biolabs
from of ®X174 DNA

®X174 Virion DNA Single-stranded, viral DNA 5386 b New England Biolabs




2.1.7 Other enzymes/proteins

Table 14: Other enzymes/proteins.
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Enzyme/protein Company

T4 DNA Ligase (5 U/ul) Fermentas

RNase Inhibitor (40,000 units/ml) New England Biolabs
TEV Protease ( His-tagged, 2 U/ul) MoBiTec

2.1.8 Protein purification

Table 15: Materials protein purification.

Device Feature Company
Ni-NTA Agarose Nickel-charged resin Qiagen
CENTRIPLUS" Centrifugal MW cut-off: 10,000 Da MILLIPORE
Filter Devices

Dialysis membrane MW cut-off: 14.000 Da Roth

Protino®™ Ni-IDA 2000 packed

Gravity-flow column

Macherey-Nagel

columns chromatography

Superdex™75, size exclusion Separation 3-70 kDa proteins GE Healthcare

column

2.1.9 Polymerases

Table 16: Polymerases.

Polymerases Application Source

Taq DNA Polymerase Routine PCR, error-prone PCR Heike Biingen, Ina Dern

Pfu DNA Polymerase

High fidelity PCR

Heike Biingen, Ina Dern




2.1.10 Materials Western blotting

2.1.10.1

Table 17: Antibodies.

Antibodies
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Antibody

Company

ANTI-FLAG M2-Peroxidase antibody

Anti-GST Antibody

Anti-Sheep/Goat IgG-POD, Fab fragments

SIGMA

Pharmacia Biotech

Boehringer Mannheim

2.1.10.2

Table 18: Other materials for Western blotting.

Other materials for Western blotting

Name Company Feature
Membrane Amersham Hybond™-P GE Healthcare Hydrophobic
polyvinylidene difluoride
(PVDF) membrane
Filter paper Blotting paper MN 218 B Macherey-Nagel For blotting procedures
Film Amersham Hyperfilm™ GE Healthcare For chemiluminescent-
ECL based detection
Detection reagents Amersham ECL Plus™ GE Healthcare Detection of Horseradish

Western Blotting Detection
Reagents

Peroxidase labeled
antibodies
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2.2 Methods
2.2.1 Microbiological methods

2.2.1.1 Media

LB Medium and LB agar plates

10 g/l tryptone
5 g/l yeast extract
5 g/l NaCl

The pH was adjusted to 7.5 with NaOH and the medium autoclaved. For LB agar plates up to
1.5 % (v/w) agar was added before autoclaving. After autoclaving and cooling (40 °C) the
medium antibiotics in appropriate concentrations (see Table 19) could be added and plates

were poured in Petri dishes.

Table 19: Concentration of used antibiotics.

Name Stock concentration Final concentration
Ampicillin 25 mg/ml (in H,0) 100 pg/ml
Kanamycin 25 mg/ml (in H,O) 25 pg/ml
Tetracycline 12 mg/ml (in 50 % Ethanol) 10 pg/ml

2.2.1.2 Preparation of electrocompetent E. coil cells

A 25 ml LB preculture with appropriate antibiotic was inoculated with the needed E. coli
strain and grown over night at 37 °C. The preculture (5 ml) was transferred to a 500 ml LB
culture and grown to an ODggo of 0.5-0.8. The culture was incubated on ice for 30 min and the
cells harvested by centrifugation (15 min, 4000 x g, 4 °C). The pellet was resuspended with
250 ml 10 % sterile, cold glycerol and centrifuged again. This washing step was repeated

twice with 150 ml and 40 ml 10 % glycerol. In a final step the cells were carefully resuspened
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in 2 ml 10 % glycerol and aliquots of 80 ul prepared. The aliquots were quick-frozen in liquid

nitrogen and stored at -80 °C. All steps were performed with sterile equipment.

2.2.1.3 Transformation of E. coil by electroporation

Needed number of aliquots were thawed on ice and either 50-150 ng of plasmid DNA or 4-
5 pl ligation reaction were added to the cells and the solution gently mixed. The DNA/cell
suspension was transferred between the electrodes of prechilled electroporation cuvettes. An
electrical impulse was applied to the cuvettes (U=1350 V). Transformed cells were rinsed
with 500 pul LB medium, transferred to an Eppendorf tube and incubated 1 h at 37 °C. The
cell/medium mixture was centrifuged for 3 min at 4000 x g, 250 ul media removed and the
pellet resuspended in the residual medium. A tenth part was plated on an agar plate with
required antibiotics and the remaining mixture on a second plate. The plates were incubated

over night at 37 °C.

2.2.1.4 Plasmid preparations

All plasmid preparations were performed with the PureYield™Plasmid Mini/Midi/Maxiprep

System according to the manual.
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2.2.2 Molecular biology methods
2.2.2.1 Electrophoresis

2.2.2.1.1 Agarose gel electrophoresis

TBE buffer 5% Loading dye
100 mM Tris 250 mM EDTA
100 mM Boric acid 25 % Sucrose
2.5 mM EDTA 1 % SDS

0.01 % Bromphenol blue
0.01 % Xylene cyanol

The pH was set automatically at 8.3. The pH was adjusted to 8.0 with NaOH.
The buffer was filtered.

For all analytical and preparative agarose gels 0.8 % agarose was melted in TBE buffer and
appropriate gels were prepared. Samples were diluted with 5% loading dye, transferred to the
wells and an electrical field applied to the gel chamber with certain voltage according to the
size of the gel. A DNA ladder was used as reference (see Table 6). The agarose gels were
stained with ethidium bromide (stock solution 1 %, for staining dilution 1:1000 in water) and
documented. DNA fragments were cut from preparative gels and the DNA isolated with the

Wizard® SV Gel and PCR Clean up system according to the manual.
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2.2.2.1.2 SDS gel electrophoresis

Stacking gel 6 % Separation gel 15 %

1 % SDS 1 % SDS

130 mM Tris/HCI pH 6.8 420 mM Tris/HCI pH 8.0

6 % acrylamide (29:1) 15 % acrylamide (29:1)
0.08 % APS

0.2 % TEMED

The solutions were prepared separately and APS and TEMED added to the separation gel,
mixed and poured into the assembled gel caster for polymerization. After polymerization of

the separation gel the stacking gel was poured and the comb assembled.

Laemmli buffer 5% Laemmli loading buffer
25 mM Tris 160 mM Tris/HCI pH 6.8
0.1 % SDS 2 % SDS
800 mM Glycin 2-Mercaptoethanol

40 % Glycerin
The pH was set automatically at 8.3. 0.1 % Bromphenol blue

Laemmli loading buffer was added to the protein samples and loaded on the gel together with
a protein ladder (unstained, see Table 6). After separating the proteins (35 mA, 60 min) the
gel chamber was disassembled and the gel washed three times for 10 min with water. The
bands were visualized by Coomassie staining and afterwards washed with water to reduce
unspecific staining. For protein expression analysis samples from E. coli cultures (300 pl —
800 ul according to the ODgoy) were resuspended after centrifugation in 30 pl Laemmli
loading buffer and heated up to 95 °C for 3 min, chilled on ice and 8 pul loaded on an SDS-
PAGE.
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Coomassie staining solution

0.1 % Coomassie® Blue G 250

10 % Ethanol

5 % Aluminum sulfate
2 % Phosphoric acid

The solution was mixed over night and filtered the next day. The staining solution was

used up to three times.

2.2.2.1.3 Denaturing electrophoresis

5 % acrylamide/urea gel

7 M urea

5 % acrylamide (19:1)
0.08 % APS

0.2 % TEMED

In 10 ml TBE (see 2.2.2.1.1 Agarose gel
electrophoresis)

All components were mixed and poured in
an assembled gel caster and a comb
adjusted.

2x RNA loading dye

10 % glycerol

0.025 % SDS

0.025 % bromophenol blue
0.025 % xylene cyanol

0.5 mM EDTA

Filled up with formamide

The samples were mixed with loading
dye, heated for 10 min at 65°C and
chilled on ice.

The gel was prepared by an electrophoresis in TBE buffer at 8 Watt for 30 min without
samples. After cleaning the wells, the samples were loaded and separated at 3 Watt for 1 h.
The gel was stained with ethidium bromide (see 2.2.2.1.1 Agarose gel electrophoresis) and

documented.
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2.2.2.2 Western blot analysis

An SDS-PAGE was performed according to chapter 2.2.2.1.2 and a prestained protein ladder
used (see Table 6).

Transfer buffer Tris buffered Saline-Tween 20 (TTBS)
50 mM Tris 100 mM Tris/HCI pH 7.5

40 mM Glycin 150 mM NacCl

0.05 % SDS 0.1 % Tween 20

20 % Methanol

The membrane was activated for 10 sec in methanol and washed with water. Membrane, filter
paper, and SDS gel were incubated in transfer buffer for 15 min and assembled between
cathode and anode of a semi dry blotter (BlueFlash, Serva) according to the manual. The
transfer was performed at 45 mA for 2 h. After disassembling the membrane was incubated in
50 ml blocking solution (4 % nonfat dried milk powder in TTBS) over night at 4 °C and
washed the next day with TTBS. For each antibody 10 ml fresh blocking solution was
prepared, transferred to the membrane and the antibody added (dilution: see Table 20). The
membrane was incubated (light protected) for 1 h at RT and washed with TTBS 3 times for 10
minutes. If required a secondary antibody was added to the membrane. After washing the
membrane the binding was visualized by Amersham ECL Plus™ Western Blotting Detection

Reagents according to the manual.

Table 20: Antibody dilution.

Antibody Dilution
Anti-FLAG 1:500
Anti-GST (primary antibody) 1:2000

Anti-Sheep/Goat (secondary antibody) 1:2500
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2.2.2.3 Polymerase chain reaction (PCR)

2.2.2.3.1 Taq and Pfu PCR

Table 21: Overview PCR cycle. For a PCR reaction step 2 — 3 were repeated up to 30 times.

Tag PCR Pfu PCR
1. Initial denaturation step 3 min, 95 °C
2. Denaturation step 1 min, 95 °C
3. Primer annealing step 1 min, 55 °C

4. Extending step

A 1 kbp fragment corresponds to A 1 kbp fragment corresponds
1 min extension time, 72 °C to 1.5 min extension time,

68 °C
5. Final extending step 3 min, 72 °C 3 min, 68 °C
Taq PCR Pfu PCR
Primer forward (500 nM) Primer forward (200 nM)
Primer reverse (500 nM) Primer reverse (200 nM)
1% Tagq activity buffer 1% Pfu activity buffer
dNTPs (200 uM each) dNTPs (200 uM each)
Taq DNA polymerase (5U) Pfu DNA polymerase (5U)

Template (resuspended colonies, or plasmid Template (plasmid DNA 10-50 ng)

DNA 10-50 ng)

The final volume for each PCR reaction was 50 pl. The temperature cycling was performed

according to Table 21. Tag PCR was mainly used for routine screening of E. coli colonies

(colony PCR). Pfu PCR was performed to amplify DNA fragments for cloning procedures

due to the proofreading function (3'-5' exonuclease activity) of the polymerase.

10x Tagq activity buffer 10x Pfu activity buffer
100 mM Tris/HCI pH 8.8 200 mM Tris/HCI pH 9.0
500 mM KCl 100 mM (NH4)SO4

1 % Triton X-100 100 mM KCl

15 mM MgCl, 1 % Triton X-100

25 mM MgSOy
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2.2.2.3.2 Overlap extension PCR (OEP)

Overlap extension PCR was used for site specific mutagenesis®®. Two separate PCR reactions
were set up to amplify two overlapping gene segments of the full length sequence (see Figure
13). The two internal primer b and ¢ were complementary and mediate the amino acid
replacement. Each internal primer was combined with the corresponding flanking primer a
and d and the reactions performed as Pfu PCR (see 2.2.2.3.1 Tag and Pfu PCR). The PCR
products AB and CD were separated on an agarose gel, sliced from the gel and purified
(Wizard® SV Gel and PCR Clean up system). In a second PCR the two fragments with
complementary ends containing the mutated sequence were used as template (50 ng each) to
amplify the full length gene with the flanking primer a and d. The fragment containing the full

length CDS was separated on an agarose gel, sliced from the gel and purified.

The obtained DNA fragments coding for end4 wt (template: pET25b(+) EndA2a2 H160A)
and variants (corresponding primers see Table 22) were used as template for an in vitro
protein synthesis reaction of the proteins (see 2.2.2.6.1 In vitro protein synthesis of EndA).
OEP was performed for mutation of selected amino acids of NuiA (template: pQE-30 NuiA,
see Table 23) and the obtained mutated genes coexpressed with SmaNuc in a bicistronic
arrangement in E. coli for the selection of functional inhibitor variants (see 3.3.3 Selection of

functional inhibitor variants).
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Table 22: OEP primer for end4 wt and variant templates. The two PCR products (template:
pET25b(+) EndA2a2 H160A) for endA wt were used as a template to amplify full length wt
endA with primer a” (uniT7RBSfor(A")) and d (see Figure 13). EndA wt sequence served as a
template to generate variants D157A, R158A, N179A, N182A and N191A.

Primer for product AB

Primer for product CD

endA wt a: RBSEndAfor(A) ¢: RMutA160HNsil

b: RevMutA160H d: EndAFLAGrev(D)
end4A D157A a: RBSEndAfor(A) c: D157Afor(C)

b: D157Arev(B) d: EndAFLAGrev(D)
end4 R158A a: RBSEndAfor(A) c: R158Afor(C)

b: R158Arev(B) d: EndAFLAGrev(D)
endA N179A a: RBSEndAfor(A) c: N179Afor(C)

b: N179Arev(B) d: EndAFLAGrev(D)
endA N182A a: RBSEndAfor(A) c: N182Afor(C)

b: N182Arev(B) d: EndAFLAGrev(D)
end4A N191A a: RBSEndAfor(A) c: N191Afor(C)

b: N191Arev(B)

d: EndAFLAGrev(D)
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Figure 13: Overlap extension PCR for endA wt and variants. EndA wt sequence served as a template to generate
variants D157A, R158A, N179A, N182A, and N191A. The two PCR products for each variant were used to
amplify full length mutated endA with primer a” and d.

Table 23: OEP primer for mutation of selected amino acid residues of NuiA. The two PCR
products (template: pQE-30 NuiA) for each variant were used as a template to amplify full
length mutated nuiA with primer a and d.

Primer for product AB Primer for product CD
nuid R69 a: 5'nuiA EcoRI c: R69 us
b: R69 random d: 3'nuiA
nuid 74-76 a: 5'nuiA EcoRI c: 74-76 us
b: 74-76 random d: 3'nuiA
nuid 78-80 a: 5'nuiA EcoRI c: 78-80 us
b: 78-80 d: 3'nuiA
nuid 109-111 a: 5'nuiA EcoRI c: 109-111 us

o

: 109-111 random

o

: 3'nuiA
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2.2.2.3.3 Error-prone PCR NuiA

10x Mut dNTPs PCR reaction

2 mM dGTP Primer forward 5'nuiA EcoRI (300 nM)
2 mM dATP Primer reverse 3'nuiA BglIl (300 nM)
10 mM dCTP 1x Mut dNTPs

10 mM dTTP 1% Tagq activity buffer

Taq DNA polymerase (10 U)
Template 50 ng (pBBnuiA/nucA(l))

The final volume for each PCR reaction was 50 pl. The temperature cycling was performed
according to Table 21 with an extension time of 1 min. Biased dNTPs, exceeding amount of
Tag DNA polymerase and increased extension time led to higher mutation rates during
PCRY. Obtained mutated genes were coexpressed with smaNuc in a bicistronic arrangement
in E. coli for selection of functional inhibitor variants (see 3.3.3 Selection of functional

inhibitor variants).

2.2.2.4 Ligation reaction for established plasmids

PCR products of genes were ligated into expression vectors to express recombinant proteins.
The sequence of interest was amplified via Pfu PCR with appropriate primers containing a
restriction endonuclease cleavage site. The PCR product was separated on an agarose gel,
sliced out from the gel and purified. Two separate cleavage reactions with corresponding
restriction endonucleases were performed according to the manual supplied with the
restriction enzyme to digest the insert and the vector for complementary ends and the DNA

purified (Wizard® SV Gel and PCR Clean up system).
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Ligation reaction

25 ng vector DNA

Insert 5:1 molar ratio over vector

2 ul 10x reaction buffer (supplied by Fermentas)
2 ul 50 % PEG 4000

1 ul T4 DNA Ligase

Water up to 20 pl

The reaction was incubated on RT for 3 h and heat inactivated for 10 min at 65 °C before
transformation of strain XL1-Blue MRF' with the ligated DNA.

2.2.2.4.1 Bicistronic plasmids

Table 24: Cloning procedure for bicistronic plasmids. Overview of required templates and
primers to establish the indicated plasmids shown in Figure 14. All reactions were performed
as Pfu PCR (see 2.2.2.3.1 Taq and Pfu PCR).

Template Primer Obtained Plasmid

1) PCR Bicistron pBBnuiA/nucA (I) S'nuiA(I) pQE-BCSV
3'nucA

2) PCR NucA pBBnuiA/nucA (1) 5'NucA flag Sphl pQE-NFNA
NucA Sall rw

3) PCR SmaNuc pHisNuc 5'NucsS flag Sphl pQE-NFNS
3'NucS Sall

4) PCR SmaNuc K55A pHisNuc K55A 5'NucS flag Sphl pQE-NFNS K55A
3'NucS Sall

5) PCR SmaNuc H89N pHisNuc H89N 5'NucS flag Sphl pQE-NFNS H89N
3'NucS Sall

6) PCR DsRedMM pQE30-DsRem SphIDRMf flag pBCSV
DsReMrmcs

7) PCR NucA pBBnuiA/nucA (I) NucA Kasl fw pBCNA
NucA Sall rw

8) PCR SmaNuc pHisNuc 5'NucS pBCNS

3'NucS
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Figure 14: Cloning procedure bicistronic plasmids: Overview of the cloning procedure for the bicistronic
plasmids: pPBCNA/pBCNS and pQE-NFNA and pQE-NFNS, pQE-NFNS K55A, pQE-NFNS H89N. Cleaved-
off or non amplified plasmid fragments are marked in gray.
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2.2.2.4.2 pETM-30 EndA H160A

Table 25: Cloning procedure for pETM-30 EndA H160A. Overview of required template and
primers for pETM-30 EndA H160A. A Pfu PCR was performed to amplify endA (see
2.2.2.3.1 Taq and Pfu PCR).

Template Primer PCR EndA H160A Plasmid backbone Obtained Plasmid
pET25b(+) 3'EndA Xhol pETM-30 pETM-30 EndA
EndA2a2 H160A 5'EndA Ncol (Xhol, Ncol) H160A
T7 Promotor
r His-tag
I GST-EndA
Lacl Lac operator

/ TBV cleavage site
= Mutation H160A

pETM-30 EndA H160A
rzrtp

1 ori

KanR

Figure 15: pPETM-30 EndA H160A. The plasmid mediates expression of EndA H160A N-terminal fused to His-
GST. The linker contains a TEV Protease cleavage site for clipping off the purification tags.

2.2.2.5 Invitro transcription

For an in vitro transcription of DNA the T7 Transcription Kit was used according to the
manual. As the transcript served as a non-specific RNA substrate the supplied control
template was used which results in a 401 b RNA transcript. To 50 pl of the transcription
reaction 5 pl DNasel were added and incubated for 25 min at 37 °C. The RNA was cleaned
with the RNeasy Mini Kit according to the manual to remove degraded DNA.
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2.2.2.6 Protein expression and purification

2.2.2.6.1 Invitro protein synthesis of EndA

In vitro protein synthesis reaction for EndA wt and variants (DI157A, R158A, N179A,
N182A, N191A) was performed with the PURExpress™ [n Vitro Protein Synthesis Kit
according to the manual. For each 25 ul reaction 250 ng of template DNA and 0.5 pul RNase
inhibitor were added. The template DNA was generated by OEP (see 2.2.2.3.2 Overlap
extension PCR (OEP)) containing a T7 promoter sequence and a RBS introduced by the two
flanking primer a and a” (see Figure 13). EndA and variants were C-terminal epitope tagged
(FLAG-tag) for Western blot analysis due to amplification of the template with flanking

primer d.

2.2.2.6.2 Expression and purification of EndA H160A

Transformation Competent E. coli expression strain BL21-Gold(DE3) was
transformed with plasmid pETM-30 EndA H160A and plated

on LB agar plates containing kanamycin.

Preculture A 25ml LB culture containing kanamycin was inoculated

with a single colony and incubated over night at 37 °C.

Main culture and 5ml preculture were transferred to a 500 ml LB culture
expression (kanamycin) and incubated at 37 °C until the culture reached

an ODgqp of 0.4. The protein expression was induced by 1 mM

IPTG for 4 h at 37 °C.
Harvesting and cell The culture was spun down (4000 x g at 4 °C for 10 min), the
disruption supernatant decanted and the cell pellet washed with 20 ml

STE. The cells were resuspended in 10 ml LEW buffer,
transferred to a glass beaker and disrupted by sonication on
ice (15 x 15 sec bursts and 15 sec cooling periods). The crude

lysate was centrifuged (6.000 x g for 20 min at 4 °C), the
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supernatant transferred to a fresh tube and the pellet

discarded.

The column (Protino® Ni-TED 2000 packed column) was
equilibrated with 4 ml LEW buffer, the cleared lysate applied
and the column washed twice with 4 ml HS-wash buffer. The

protein was eluted 3x with 2 ml elution buffer.

The collected fractions were transferred to dialysis tubes and
dialyzed over night at 4 °C against TEV activity buffer. The
two fractions with highest concentration were mixed and
concentrated with CENTRIPLUS® (Centrifugal Filter
Devices) according to the manual to a concentration of
50 uM. 1 ml of His-GST tagged EndA H160A was incubated
with 50 U TEV Protease over night at 4 °C.

After TEV Protease cleavage the samples were transferred to
dialysis tubes and dialyzed over night against the binding
buffer. 1 ml Ni-NTA slurry per ml protein solution was spun
down (5 min, 200 x g) and the supernatant removed by
pipetting. The protein solution was added to the Ni-NTA
Agarose, resuspended and incubated 4 h at 4 °C. The mixture
was spun down (5 min, 200 x g at 4 °C) and the supernatant
transferred to fresh tubes. TEV Protease, GST and uncleaved
protein should be bound to the matrix. The samples were

again concentrated to 30 uM (see above).

A Superdex™75 column was equilibrated with size exclusion
buffer and 1.5 ml of the sample loaded for each run. 1 ml
fractions were collected for the appearing peak at 12.5 ml.
The samples were pooled and concentrated to 40 uM (see
above). BSA (1g), Ovalbumin (0.5g), o Chymotrypsin
(0.5 g), Cytochrome C (0.2 g) were loaded on the column as
protein standards and the elution peaks defined to calculate

the apparent molecular mass of EndA.
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Table 26: Buffer compositions for EndA H160A purification.

Buffer

STE 10 mM Tris/HCI pH 8.0, 100 mM NacCl, 0.1 mM EDTA

LEW buffer (Protino® Purification 50 mM NaH,PO,/NaOH pH 8.0; 300 mM NaCl
System)

HS-wash buffer 50 mM NaH,PO,/NaOH pH 8.0; 750 mM NaCl

Elution buffer (Protino® Purification 50 mM NaH,PO,/NaOH pH 8.0; 300 mM NacCl; 250 mM

System) imidazole

TEV activity buffer 50 mM Tris/HCI pH 8.0, 1l mM DTT, 0.5 mM EDTA

Binding buffer 50 mM NaH,PO,/NaOH pH 8.0, 300 mM NacCl, 20 mM
imidazole

Size exclusion buffer 50 mM NaH,PO,/NaOH pH 8.0, 300 mM NaCl, 0.01 %

Triton X-100

2.2.3 Activity assays

2.2.3.1 Activity assays EndA

2.2.3.1.1 Sequence alignment of DRGH/H-N-H motif containing nucleases

Sequences of the aligned DRGH-motif containing nucleases were retrieved using the basic
local alignment search tool BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) via the NCBI
(National Center for Biotechnology Information) web server with the amino acid sequences of
Anabaena nuclease (gi: 39041) or EndA (gi: 47374) as the query. Alignment of the primary
structure of selected proteins was performed using ClustalW2
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) via the web server of the European
Bioinformatics Institute (EBI). According to the results obtained from our mutational and
biochemical analyses the alignments were manually corrected using GeneDoc
(http://www.nrbsc.org/gfx/genedoc/) or BioEdit
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html) software packages to match all amino acid

residues with identical functions.
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2.2.3.1.2 In-gel activity assay (zymography)

Unpurified protein synthesis reaction for wt and variants (3 pl; see 2.2.2.6.1 In vitro protein
synthesis of EndA) was separated on a 15 % SDS gel containing 30 pg/ml high molecular
weight herring sperm DNA. After washing 3x for 10 min with water to remove SDS the gel
was incubated at RT in 1x activity buffer (40 mM Tris/HCl pH 7.7, 2 mM MgCl,) to renature

the nuclease and stained with ethidium bromide.

2.2.3.1.3 Single radiation diffusion (SRED) assay

Petri dishes were prepared with 20 ml of 1 % agarose solution in 40 mM Tris/HCI, pH 7.7,
2 mM MgCl, containing 30 pg/ml high molecular weight herring sperm DNA. The agarose
gel was pre-stained with ethidium bromide. Crude protein synthesis reaction mixture (1 pl)
and as control 1 ul DNasel (Fermentas, 1 U/ul) with 1 pl of 40 mM Tris/HCI, pH 7.7, 2 mM
MgCl, were applied to wells with a diameter of 2 mm. Plates were incubated over night at
RT. The diameter [mm?] of the halos was measured’". For calibration, 0.062 ul, 0.25 pl, 1 pl,
1,5 pul and 4 pl of the wild type EndA protein synthesis reaction mixture were used. In the
calibration curve, the diameter of the halos were plotted against the amounts of the wild type
EndA protein synthesis reaction mixture. This curve was used to calculate the relative activity
of the variants, whose concentration in the respective crude protein synthesis reaction mixture

was estimated by a Western blot analysis (see Figure 21).
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2.2.3.1.4 Nucleolytic activity on DNA

10x activity buffer

400 mM Tris/HC1 pH 7.5
20 mM MgCl,

Reaction mix

10 pl 10% activity buffer

10 pl unpurified protein synthesis reaction 1:10 diluted
in 1x activity buffer (see 2.2.2.6.1)

10 pl substrate DNA (150 ng/pul): ®X174 RF I, ®X174
RF II, ®X174 Virion

Filled up with water to 100 pl

The cleavage reaction was performed with unpurified protein synthesis reaction for EndA wt

at RT. After 30 sec, 1, 2, 4, 8 and 16 min 10 pl aliquots were transferred to 4 pl loading dye to

stop the reaction and separated on a 0.8 % agarose gel.

2.2.3.1.5 Nucleolytic activity on RNA

10x activity buffer

400 mM MOPS pH 7.5
20 mM MgCl,
In DEPC-treated water

Reaction mix

4 pul 10x activity buffer

4 pl unpurified protein synthesis reaction (see 2.2.2.6.1)
250 ng RNA transcript (see 2.2.2.5)

Filled up with DEPC-treated water to 40 ul

The cleavage reaction was performed with unpurified protein synthesis reaction for EndA wt

and the supplied positive control (see 2.2.2.6.1) at RT. After 1, 2 and 15 min 10 pl aliquots

were transferred to 10 ul RNA loading dye to stop the reaction and separated on a 5 %

denaturing urea gel.
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2.2.3.1.6 Chemical rescue of EndA H160A

Triple buffer system 10x activity buffer
500 mM Na-acetate 1:5 Dilution of triple buffer pH 5.5-9.5:
500 mM MES 100 mM Na-acetate
1 M Tris 100 mM MES
200 mM Tris
50 mM MgCl

Five triple buffers and 500 mM imidazole were prepared with different pH values: 5.5, 6.5,
7.5, 8.5, 9.5 adjusted with HC1 or NaOH’'. Five corresponding 10x buffers were prepared.
EndA H160A was diluted to 200 nM in 1x activity buffer with pH 5.5-9.5.

pH55 pH65 pH75 pH8S5 pHIS Control

10x activity buffer Sul I ul
500 nM imidazole 20 ul 4 ul
pBSK (150 ng/pl) Sul 1 ul
200 nM EndA H160A 5pul -

H,O 15 ul 4 ul

Five cleavage reactions with pH 5.5 — 9.5 were performed at RT to test the nucleolytic
activity of EndA H160A rescued by imidazole. After 2, 5, 10 and 20 min 10 pl aliquots were
transferred to 4 pl loading dye to stop the reaction. Five control reactions without EndA and
pH 5.5-9.5 were incubated at RT for 20 min, 4 pl loading dye added and all samples separated
on a 0.8 % agarose gel. The intensity of the bands was measured by TINA2.0 and the ratio of
open-circular to supercoiled plasmid calculated and the velocity of the reaction (slope)

plotted.
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2.2.3.2 Inhibition of NucA by NuiA

The inhibition effect of NuiA (apparent inhibition constant K;"") on its specific nuclease
NucA was monitored by altered degradation of a fluorescent substrate (molecular beacon).
The oligonucleotide labeled with a fluorophore (5': 6 FAM) and a quencher (3': BHQ-1)
forms a hairpin-like structure mediated by complement bases at both ends with a central loop.
The fluorescence signal increases due to cleavage of the molecular beacon as close proximity

of fluorophore and quencher is necessary for the quenching effect.

The fluorescence signal for several NucA/NuiA ratios (see Table 27) for three independent
measurements was recorded (NucA concentration of 3 nM). However, previous unpublished
results indicate that only 2.5 % of the molecules in that nuclease preparation are active since
NucA tends to form inactive aggregates. As the intrinsic active fraction of NucA was
calculated to be 75 pM, NuiA was added in concentrations corresponding to this amount. The
preincubation for stable complex formation was performed on ice for 20 min (50 pl reaction

in 1x reaction buffer).

Table 27: NucA/NuiA ratios and corresponding concentrations.

Ratio 10x concentration Final concentration Intrinsic concentration
NucA/NuiA

0:1 30 nM:0 3 nM:0 75 pM:0

0:0.1 30 nM:75 pM 3 nM:7.5 pM 75 pM:7.5 pM

0:1 30 nM:750 pM 3 nM:75 pM 75 pM:75 pM

0:2 30 nM:1.5 nM 3 nM:150 pM 75 pM:150 pM

0:5 30 nM:3.75 nM 3 nM:375 pM 75 pM:375 pM

0:8 30 nM:6 nM 3 nM:600 pM 75 pM:600 pM

0:10 30 nM:7.5 nM 3 nM:750 pM 75 pM:750 pM
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10x reaction buffer Cleavage reaction (cuvette)

500 mM Tris/HCI pH 7 1.25 pl FS2B (20 uM)

50 mM MnCl, 10 pl 10x reaction buffer

500 mM NaCl 78.75 ul H,O

0.01 % Triton X-100 10 ul  NucA/NuiA  10x  preincubated
complex

The samples were measured with a Fluorescence Spectrophotometer F-4500 (HITACHI) in an
Ultra-Micro Fluorescence Cell (Hellma, light path: 3 x 3 mm, 45 pl). The cuvette was
prepared with substrate and buffer/water. The reaction was started by adding the NucA/NuiA
10x preincubated complex after a stable fluorescence signal was detected (excitation wave

length: 494 nm, detection wave length: 520 nm) and measured for 3 min.
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3 Results

3.1 Purification and chemical rescue of EndA H160A

EndA on the surface of Streptococcus pneumoniae was earlier identified as entry nuclease
involved in the specific degradation of incoming DNA during transformation’. Sequence
alignments with other well characterized non-specific nucleases revealed several conserved
amino acid residues presumably located within the active site®®. For the purpose of a
biochemical characterization and verification of the active site it was necessary to clone wt
endA in E.coli. The recombinant expression of EndA should result in sufficient protein for a
further analysis. However, this turned out to be highly problematic since the obvious
nucleolytic activity of EndA prevented successful cloning of the wild type gene. Nevertheless,
the nuclease and variants containing single amino acid replacements concerning the active site
could be produced in a cell-free expression system. Detailed tests for nucleolytic activity of
the synthesized proteins revealed a complete loss of function for variant EndA H160A. This
variant appeared to be the preferred candidate for successful cloning and a high scale

expression in E.coli.

3.1.1 Purification of recombinant EndA H160A

Variant EndA H160A could be successfully cloned and expressed in E. coli probably due to a
complete loss of nucleolytic activity (see 3.2) caused by this single mutation. EndA H160A
was expressed as a His-GST double tagged version in E. coli with a molecular weight of
55.6 kDa and the fusion protein purified by Ni-affinity chromatography (see Figure 16). The
double tag was clipped off by TEV Protease at a specific recognition site between GST and
EndA H160A (see Figure 17 a) introduced by pETM-30.

His-tagged GST and TEV Protease were separated from EndA HI160A using Ni-NTA
Agarose. The untagged nuclease could be recovered from the supernatant as verified by a loss

of signal in a Western blot analysis employing an a-GST antibody (see Figure 17 b). The
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theoretical molecular weight of His-tagged GST was calculated with 29 kDa but the protein
band runs significantly lower in an SDS-PAGE below that of EndA H160A (27 kDa).

Figure 16: Purification of His-tagged GST-EndA H160A by Ni-affinity chromatography. (1) E. coli cells before
induction, (2) after induction, (3) supernatant after cell disruption and centrifugation, (4) column flow through,

(5) column wash, (6-8) elution 1-3. Molecular weight His-GST tagged EndA H160A: 55.6 kDa.15 % SDS-
PAGE.

HIS|GST  EndA H160A

F's

50
40

30

EndA H160A
HIS|GST

HIS|GST  EndA H160A

~

25

C e .- HIS|GST

o GST

Figure 17: TEV Protease mediated cleavage of His-tagged GST-EndA H160A. (a) (1) E. coli cells before
induction, (2) after induction, (3) column elution 1, (4) after incubation with TEV Protease: full length protein
was cleaved resulting in His-GST (lower band) and EndA H160A (upper band), (5) supernatant after incubation
with Ni-NTA Agarose: His-tagged proteins bind to the matrix, untagged EndA HI60A remains in the
supernatant, (6) after size exclusion. 15 % SDS-PAGE (b) Western blot analysis (a-GST). Loaded samples
correspond to lanes in panel a. Loss of signal indicates the successful separation of EndA H160A from GST.

In a final purification step residual contamination was removed by size exclusion
chromatography (see Figure 18) represented by several small peaks (II) whereas EndA

HI160A eluted as a single major peak at 12.5 ml (I). The retention coefficient was calculated
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to be 0.69. Protein standards in a size exclusion chromatography were used to calculate the
apparent molecular weight of EndA H160A with 30.6 kDa based on a curve fitted to the
determined retention coefficients of the standards. The calculated apparent molecular weight
of EndA H160A is in good agreement with the theoretical molecular weight of 26.8 kDa

indicating that EndA is a monomer under these conditions.
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Figure 18: Purification of EndA H160A by size exclusion chromatography. (a) Purification of EndA H160A by
size exclusion chromatography: After clipping off the His-GST double tag and incubation with Ni-NTA Agarose
the collected flow through containing only untagged EndA H160A was applied to a Superdex™75 column and
eluted at a flow rate of 1 ml/min. The black triangle indicates the time point of sample loading. Elution of
proteins was monitored at 280 nm. Peak I represents EndA separated from a residual contaminant (II). (b) The
retention coefficients (Superdex™75 column) of EndA and protein standards were determined and plotted
against the natural logarithm of the molecular mass. The molecular weight of 30.6 kDa obtained for EndA, based
on the fitted curve, corresponds reasonably well with the calculated molecular weight of 26.8 kDa indicating that
EndA is a monomer under these conditions.

3.1.2 Chemical rescue of EndA H160A

Since no nucleolytic activity for EndA H160A was detectable in any activity assay that was
applied (see 3.2.1) catalysis was tried to be restored by supplementing the reaction buffer with
excess imidazole. This molecule in principal should complement the deleted side chain that
had been removed by substitution of the histidine residue by alanine (Figure 2)°* **. The ratio
of open circular to supercoiled DNA in a plasmid-activity assay was calculated based on the
intensity of the DNA-bands obtained at selected time points at different pH values. Indeed,
EndA H160A showed nucleolytic activity at pH values ranging from pH 7.5 to 8.5 at a
concentration of 200 mM imidazole as detected by an increase with time of open circular

plasmid DNA (see Figure 19). As a control, the plasmid DNA was incubated with 200 mM
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imidazole without enzyme for 20 min at the same pH values as used for the rescue

experiments without any effect on the plasmid DNA.
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Figure 19: Chemical rescue of the nuclease activity of catalyticly inactive EndA H160A. (a) 200 mM imidazole
was incubated with 20 nM EndA H160A and plasmid DNA at pH 5.5, 6.5, 7.5, 8.5 and 9.5. Plasmid DNA (P)
incubated for 20 minutes in the absence of EndA H160A and plasmid DNA (C) were loaded as controls. 0.8 %
agarose gel. (b) The experiment was repeated and the ratio of open circular (oc) to supercoiled (sc) plasmid DNA
plotted against time (n=3). EndA H160A showed nucleolytic activity at slightly basic pH values ranging from
pH 7.5 to 8.5. Time point 0 corresponds to the control (P).

3.2 Activity assays for EndA wt and variants

All efforts to clone and express end4 wt in E. coli were not successful (data not shown)
probably due to the intrinsic toxicity of the nuclease for the host already during cloning
procedures. A cell-free expression system for the synthesis of EndA wt and several variants
was used instead. Guided by a sequence alignment of DRGH-motif containing proteins (see
Figure 20) certain amino acid residues were selected for the mutational analysis of the
presumptive active site of EndA. Asp157, Argl58, and His160 from the conserved DRGH-
motif, all localized in one of the two P strands of the PPa-metal finger structure, were

1

exchanged for alanine’ ** °’. His160 within the DRGH-motif corresponds to the first

histidine residue in the H-N-H-motif and plays an essential role in catalysis acting as the

16; 23

general base . Furthermore, two asparagine residues were exchanged (Asnl79 and
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Asnl182) for alanine. As candidates for the central asparagine residue in the H-N-H-motif
these residues might be involved in hydrogen bond network formation and stabilization of the
Bpa-metal finger structure®” *°. According to the sequence alignment another asparagine
residue (Asnl91) might assume the function of the metal ion ligand corresponding to the
histidine residue at the last position of the H-N-H motif. In fact, DRGH-motif nucleases

generally contain an H-N-N motif*" *%>7,

Anabaena sp. NUcA : RQ-DNFRPDKTLPAGWVRVIPSMYSG----SGYDRGHIAPSADRTKT-TEDNAATFLMTNMMPOTPD-NNR--NTWGNLEDYCRE
5. marcescens NUC : R---NWKTDPALNPADTL-APADYTGANAARLKVDRGHOAPLASLAG--VSDWESLNYLSNITPQKSD-LNQ--GAWARLEDQERK

5. pyegenes NUCE : KBSYDH------------------------- AVDRGHLLGYA-LVGGLKGFDASTGNPDNIATOL- SHANQANK----- PYLTGQ
S. pneumoniae NUCE: KGSYTH-----------------—----—-—-—- AVDRGHLLGYA-LIGGLDGFDASTSNPENIAVOT-AWANQAQA----- EYSTGQ
R/K ERGI i N N E
Lys149 DR H N N N Glu196
157 158 160 179 182 191
A A A A A A

Figure 20: Sequence alignment for DRGH-motif containing nucleases (detail): Indicated are amino acid residues
selected for a substitution by alanine. Mutations at positions 157, 158 and 160 concern the conserved DRGH-
motif. Histidine at position 160 also represents the first amino acid within the H-N-H/N-motif and plays a central
role in catalysis. One of two asparagines at positions 179 and 182 could represent the first asparagine residue of
the H-N-H/N-motif, with asparagine 191 being the second. Lysine 149 and Glutamine 169 were selected for
remodeling the active centre of wild type EndA based on the alignment and the proposed mechanism for the
Serratia nuclease (see Figure 30)%.

3.2.1 In-gel activity assay

Even though synthesized protein for the supplied control reaction of the cell-free
transcription/translation system was detectable by Coomassie staining wild type EndA and
EndA variants could not be detected by Coomassie staining after separation on SDS-PAGE
gels. However, a strong nuclease activity was observed for all variants, except for EndA
H160A and the control template supplied with the in vitro expression cocktail, using an in-gel
activity assay after separation of synthesized proteins on SDS-PAGE gels containing high
molecular weight herring sperm DNA (see Figure 21 a). All EndA variants could be detected
by Western blot analysis employing an a-FLAG antibody (see Figure 21 b, c). Intriguingly,
the amounts of protein produced in the cell-free expression system apparently were inversely
correlated to the activity of a given variant (for activity see Figure 22). The variants were
produced in different amounts although the template concentration used for the protein
synthesis reaction was equal in all reactions. It is very likely that the synthesized nucleases in

the coupled transcription/translation system are able to degrade the template DNA according
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to their specific activity. Thus, the amount of protein produced for a given variant increases in
a feed-back loop with the loss of activity of a given nuclease variant caused by the amino acid
exchange. This is most obvious when comparing wild type EndA with the inactive variant
HI160A, which was produced to the highest protein concentration measured via Western blot
analysis. Interestingly, the variant EndA N182A is an exception to this rule. Though it only
shows a moderate cleavage activity, this variant apparently was instable producing only a
weak signal in the Western blot when analyzed immediately after the synthesis reaction and a

decreased signal when analyzed after a storage time of two weeks (data not shown).

a NS S - S N o d Relative concentrations of EndA variants
wo ¥ & &
16 1 14.5 x
:
2 12
S
b & 101
4 4 2 1 4 4 1 4 pl s
8 8
=
8 6 -
[+}]
- o FLAG % 4 21x 32x 1x 09x 3.3x
&
m
C B Ee. 9o 05 7. o SN || Y0 A 5 N o s
B ——— - — — o FLAG wit 157 158 160 179 182 191

EndA variant

Figure 21: In-gel activity assay and Western blot analysis for EndA wt and variants. (a) Nuclease activity of
unpurified protein synthesis reaction of EndA wt, D157A, R158A, H160A, N179A, N182A and N191A
separated on a 15 % SDS gel containing high molecular herring sperm DNA. Negative control (C): synthesized
protein of supplied control reaction from the In vitro Protein Synthesis Kit. (b) (c) Western blot analysis of
FLAG-tagged EndA wt and variants (a-FLAG). Amount loaded of the crude synthesis reaction as indicated.
Different exposure times for Western blot (b) and (¢). (d) Relative concentrations for EndA variants to EndA wt
calculated based on the Western blot analysis.

3.2.2 Single radiation enzyme diffusion (SRED) assay of EndA wt and variants

The nucleolytic activity of the crude protein synthesis reaction mixture was quantified by
measuring the size of the halo in a single radiation enzyme diffusion (SRED) assay (see
Figure 22 a). For each enzyme variant 1 pl of the synthesis reaction mixture was spotted onto
an agar plate containing high molecular weight DNA. Whereas all EndA variants showed

nuclease activity, the control template supplied for the in vitro expression cocktail showed
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none. 1 U of bovine pancreatic DNase I was used as a positive control. The relative
concentrations of each variant were determined by Western blotting (see Figure 21). To
calibrate the system different amounts of the wild type EndA synthesis reaction mixture were
used in a separate SRED assay and the size of the halos measured to obtain a calibration curve
(see Figure 22 b). Since the concentrations of the variants relative to that of wild type EndA
was known from the Western blot analysis, the relative activities of the variants could be

determined (see Figure 22 c).
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Figure 22: Single radiation enzyme diffusion (SRED) assay: (a) Relative nuclease activity of the in vitro protein
synthesis reaction mixture containing wild type EndA, D157A, R158A, H160A, N179A, N182A, N191A tested
with high molecular herring sperm DNA embedded in agarose (prestained with ethidium bromide). The reaction
mixture with the control template supplied with the In vitro Protein Synthesis Kit was used as a negative control
(C), DNasel as positive control. The ruler indicates the diameter of the halos. (b) Calibration curve for the
estimation of relative nucleolytic activity from the size of the halos. The size of the halos (diameter in mm) was
plotted against the amount (ul) of the protein synthesis reaction mixture containing wild type EndA. (¢) The
relative nucleolytic activity of each EndA variant contained in the crude reaction mixture was determined from
the diameter of the halos using the calibration curve in (b) and the concentration of the EndA variants in the
crude reaction mixture determined by Western blot analysis. The activity of wild type EndA is set to 100 %.
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3.2.3 Nucleolytic activity of EndA wt on circular DNA substrates

In a second type of assay wild type EndA was tested on single-stranded, double-stranded
supercoiled and nicked phage DNAs, respectively, with a dilution of 1:100 of the crude
synthesis reaction mixture (see Figure 23). No pronounced preference of wild type EndA
could be detected for single or double-stranded DNA as all substrates were cleaved to the
same extent. The reaction mixtures obtained with the control template supplied for the in vitro
expression cocktail and the EndA H160A template did not show any nucleolytic activity in

this assay (data not shown).
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Figure 23: Substrate preference of EndA wt. Nucleolytic activity of EndA wt (in vitro synthesis reaction) was
tested on ®X174 virion DNA (single-stranded, circular), RF I DNA (double-stranded, circular) and RF II DNA
(double-stranded, nicked). Complete degradation occurs. ss — single-stranded, sc — supercoiled, oc — open circle
(nicked), li — linear. 0.8 % agarose gel.

3.2.4 Nucleolytic activity of EndA wt on RNA

For further investigation of the nucleolytic activity of EndA wt, RNA degradation was
monitored using an RNA transcript as substrate. Incubation of unpurified synthesis reaction
for EndA wt with the substrate RNA led to degradation of the transcript. However, no
degradation occurs during incubation with the supplied positive control reaction (see Figure
24). As differently sized DNA and RNA molecules are intermediates of the synthesis reaction,
hence visualized on a gel, the unpurified synthesis reaction of EndA wt and positive control

supplied with the In Vitro Protein Synthesis Kit was loaded as reference.
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Figure 24: Nucleolytic activity of EndA wt on RNA. 401 b RNA transcript (T) was incubated either with EndA
wt protein synthesis reaction (left) or with the supplied positive control (right). Since the synthesis reaction was
not purified differently sized DNA and RNA as intermediates of the reaction were visualized additionally to the
added transcript. Unpurified synthesis reaction of EndA wt and supplied positive control was loaded as a
reference (C). Complete degradation occurs. 5 % urea PAGE.
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3.3 Bicistronic selection system

In the course of this work a bicistronic plasmid-based selection system was established for
screening and selection of functional inhibitors for non-specific nucleases in particular for
SmaNuc. This assay should provide a basis for the establishment of new screening methods to
engineer inhibitor variants for virulent surface bound EndA as a promising starting point for a

future drug design.

Since cloning and expression of non-specific nucleases is known to be problematic due to
intrinsic toxicity, the coexpression of a specific functional inhibitor is utilized to prevent
activity of the nuclease during expression, e.g. for colicin E7/E9 and their immunity

. 46; 94
proteins*® *

. Expression of both proteins can be either mediated by two individual promoter
sequences controlled independently on one/two plasmids or by one promoter sequence and
two coding sequences/ribosomal binding sites as bicistronic arrangement. As an example, the
bicistronic expression of NuiA/NucA in E. coli is unproblematic as the two proteins occur as

a complex in insoluble inclusion bodies with excess of NuiA over NucA™.

In the developed assay functional inhibitors were selected upon expression of nuclease and
inhibitor variants from a bicistron in E. coli. The toxic effect of the non-specific nuclease
could be down regulated which is visualized by viable hosts/appearing colonies after
transformation. The nuid/nucA bicistron served as control plasmid expressing a functional
inhibitor for the toxic nuclease whereas the nuid/smaNuc construct should cause toxicity
during cloning procedures and expression in E. coli. The second construct was used to
establish a nuid variant library by error-prone and randomized primer PCR with smaNuc at
second position of the bicistron to screen for surviving colonies which express functional
inhibitors for SmaNuc after transformation of E. coli. Since the expressed protein at the first
position of the bicistron is expressed in excess, in principal even inhibitor variants with

weaker binding affinity should be selected.
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3.3.1 Verification of basal expression

Expression of the genes arranged as bicistron was controlled by a phage-derived TS promoter
sequence which gets recognized by the E. coli RNA polymerase™. This promoter as part of
the pQE-30 plasmid is inducible by adding IPTG to the medium but also shows basal (leaky)
expression in the uninduced state visualized by expressing the fluorescent protein
DsRedMonomer (see Figure 25) from control pasmids. Freshly transformed E. coli (XL1-
Blue MRF') colonies harboring the indicated plasmids were grown as 3 ml cultures without
addition of IPTG and spun down. DsRedMonomer was expressed from the second position of
the biscistron either alone (pBCSV) or as N-terminal fusion to NucA (pBCNA) and SmaNuc
(pBCNS) without specific induction of the protein expression. Therefore, all further selection
experiments were done in the absence of IPTG since basal expression of the bicistron results

in a sufficiently high concentration of the highly active nucleases.

T5

pQE-30 T Fos [ox i
T5

pBCSV T res [6x His| nuiA | res [EINGE
T5

pBCNA | res [6x His| nuiA | res

T5

pBCNS I res [6x His| nuiA | res

Figure 25: Verification of basal/leaky expression in E. coli by DsRedMonomer. Freshly transformed E. coli
(XL1-Blue MRF") colonies harboring indicated plasmids (right panel) were grown as 3 ml cultures without
induction of protein expression by IPTG and spun down (left panel). Pink color represents DsRedMonomer
(DsRed) either alone or as an N-terminal fusion to NucA/SmaNuc indicating an expression from the second
position of the bicistron without induction (basal/leaky expression). Colonies containing plasmid pQE-30 were
used as reference. T5: TS promoter, 6xHis: 6% His-tag, RBS: ribosomal binding site.

For the bicistronic selection system DsRedMonomer was replaced by a FLAG-tag to detect
the nuclease expression by a Western blot analysis (upper panel, Figure 26). The fusion of
DsRedMonomer to the nucleases presumably decreases their activity due to the molecular

weight of this protein (25 kDa).
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Freshyl transformed E. coli colonies containing the indicated bicistronic plasmids were grown
as 3 ml cultures and pelletized aliquots (same amount loaded according to measured ODggp)
after cell lysis separated by SDS-PAGE. Expression of NuiA (16.5 kDa) from the first
position of the bicistron could be detected for all constructs but results in a lower
concentration of the protein in cells harboring plasmid pQE-NFNA (lower panel, Figure 26).
Cells containing pQE-30 were loaded as negative control. Expression of NuiA from plasmid
pQE-30 represents the positive control. NucA and SmaNuc could not be detected in a
Coomassie stained SDS gel but the proteins were visualized by Western blot analysis
employing an o-FLAG antibody. The theoretical molecular weight of both nucleases is
around 28 kDa. NucA (black arrow, upper panel, Figure 26) occurring in a lower
concentration within the cell also runs significantly lower in an SDS gel compared to
SmaNuc. Two other control plasmids were established expressing SmaNuc variants K55A

(residual in vitro activity 30 %) and H89N (almost no activity in vitro detectable)® .
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Figure 26: Expression of nuid- and nucleases-genes in the bicistronic plasmid selection system: Freshly
transformed E. coli (XL1-Blue MRF') colonies harboring indicated plasmids (right panel) were grown as 3 ml
cultures without induction of protein expression by IPTG, spun down and separated after cell lysis on a 15 %
SDS gel (lower left panel). The same amount of lyzed cells was loaded according to the measured ODgp,
Expression of 16.5 kDa NuiA could be detected. However, the amount of expressed nucleases was too low for
visualization by Coomasssie staining but could be detected in a Western blot analysis (a-FLAG, upper panel).
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3.3.2 Establishment of a bicistronic selection system

The highly active nuclease NucA is regulated by the tight binding inhibitor NuiA within the
cell whereas no inhibitor is known for SmaNuc®. However, SmaNuc exists in an inactivated
form due to reducing conditions within the cell, which prevents the formation of disulfide
bonds. SmaNuc gains nucleolytic activity in an oxidizing environment upon secretion’”. On
the one hand, this fact renders SmaNuc an easy candidate for cloning and expression as
coexpression of an inhibitor is not required. On the other hand, SmaNuc needs to be activated
for inhibitor screening as the selection system is based on preventing toxicity caused by
nuclease activity. Activation could be achieved by transformation of a particular E. coli strain
(Origami) with SmaNuc expressing plasmids (see Figure 27). This strain enhances the
formation of disulfide bonds in the cytoplasm due to mutations in the thioredoxin reductase

(trxB) and glutathione reductase (gor) genes’".

Either XL1-Blue MRF' or Origami competent cells were transformed with 10 ng of the
indicated plasmids, plated after appropriate dilution and the colonies (cfu) counted for three
independent experiments. The mean value of the number of obtained colonies was calculated
(see Figure 27). Plasmid pQE-30, pQE-30 NuiA and pQE-NFNA served as controls. The
number of colonies containing plasmid pQE-30 indicates the transformation competence for
both E. coli strains (XL1-Blue MRF' and Origami) as no protein was expressed. Expression of
NuiA from plasmid pQE-30 NuiA and coexpression of NuiA/NucA from plasmid pQE-
NFNA were unproblematic and led to equal amounts of colonies after transformation for
XL1-Blue MRF' and Origami compared to the colony numbers obtained after transformation
with plasmid pQE-30. Although SmaNuc wt should be inactive during expression in XL1-
Blue MRF' cells due to the reducing conditions the decreased number of colonies reflects
toxicity of the nuclease even under reducing conditions. The effect could be increased by
transforming Origami with plasmid pQE-NFNS expressing SmaNuc wt due to enhanced
intracellular disulfide bond formation. However, expression in XL1-Blue MRF' of SmaNuc
KS55A with a residual activity of 30 % did not exhibit toxicity but led to almost no growth
after transformation of Origami with pQE-NFNS K55A. For SmaNuc variant HSON almost no

residual activity could be detected in vitro but a decreased number of colonies indicates
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toxicity of this variant in vivo during basal expression in Origami cells. Transformation of

XL1-Blue MRF' with the plasmid pQE-NFNS H89N did not exhibit reduced colony numbers.

Bicistronic expression in XL1-Blue vs. Origami
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Figure 27: Viability (cfu) of E. coli harboring indicated plasmids. E. coli strains XL1-Blue MRF' and Origami
were transformed with indicated plasmids and plated with appropriate dilutions. The number of colonies for
three different experiments was counted and the mean calculated. Transformation of Origami cells with SmaNuc
expressing plasmids displayed a decreased number of colonies due to enhanced activity/toxicity of the nuclease
compared to expression in XL1-Blue MRF'. SmaNuc needs to be activated by the formation of disulfide bonds
which is enhanced due to mutations in the thioredoxin reductase (z7xB) and glutathione reductase (gor) genes in
Origami cells. Although SmaNuc H89N did not exhibit activity in vitro, toxicity could be observed in vivo in
Origami cells. cfu: colony forming units.
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3.3.3 Selection of functional inhibitor variants

The basal expression of SmaNuc from plasmid pQE-NFNS and pQE-NFNS K55A in Origami
revealed a strong toxic phenotype reflected by a low number of colonies after transformation.
This distinct effect seemed to be useful for the selection of functional inhibitor proteins for
SmaNuc, as coexpression of an inhibitor reduces toxicity. For the selection process a genetic
library of inhibitor variants based on the sequence of nuid was created by error-prone PCR

and PCR using randomized primer.

Several residues of NuiA are known to have specific interactions with NucA. Based on the
published crystal structure these residues were selected (i) for site directed mutagenesis
targeted by randomized primers or (ii) for deletion (AA 78-80) in order to change the binding
interface of NuiA to create suitable inhibitors for SmaNuc (see Figure 28)*'. OEP for each
primer pair was performed to randomize either amino acid residues 68, 74-76 or 109-111. The
obtained fragments for each reaction and error-prone PCR fragments of nuid were used to

replace nuid wt in plasmid pQE-NFNS and pQE-NFNS K55A. After transformation of
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Origami cells with the products of each ligation reaction viable colonies were picked and the
containing plasmids sequenced to find mutations introduced into the nuid gene.
Unfortunately, no viable colonies appeared after transformation of Origami cells with the
libraries created by site directed mutagenesis neither established in plasmid pQE-NFNS nor
pQE-NFNS K55A. Yet, viable colonies could be picked after transformation of Origami cells
with the library obtained by error-prone PCR and isolated plasmids were send for sequencing.
Unfortunately, the sequencing revealed mutations within the promoter sequence of the
plasmids and nearly no mutations within the coding region of the nuid gene. As a result, no

functional inhibitor for SmaNuc based on NuiA could be isolated.

NucA

Figure 28: Crystal structure of the NucA/NuiA complex. Left: NucA displayed as gray surface structurally
aligned to SmaNuc (orange). Mg®" is indicated as a green sphere. Right: NucA displayed as gray surface, Mg*"
indicated in green as part of the active site and NuiA visualized as blue cartoon with amino acids (red) selected
for mutagenesis by randomized primers. Amino acids 78-80 were chosen for deletion. The selected amino acids
form specific contacts to NucA but do not interact with the active site. (PDB code NucA/NuiA: 203B,
SmaNuc:1SMN)

3.4 Inhibition NucA by NuiA

The inhibition effect of the tight binding inhibitor NuiA for the nuclease NucA was monitored
by degradation of a fluorescent substrate (multiple turn over reaction) determining the slope
(reaction velocity) of the increasing fluorescent signal. As the substrate forms a molecular
beacon the fluorophore at the 5' end is in close proximity to the quencher molecule at 3' end of
the DNA hence absorbing the emitted signal. The fluorophore gets released after degradation
of the hairpin shaped substrate by NucA which leads to an increasing fluorescence signal. The

obtained linear increase could be fitted to a linear regression curve and the slope which
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corresponds to the relative velocity of the reaction was determined. In order to determine an
inhibition constant for the reaction, the relative velocity for each NucA/NuiA ratio measured
was plotted against the NuiA concentration. Based on Equation 1 a curve was fitted (non-
linear least-squares fit) to the obtained data (see Figure 29) keeping the enzyme concentration
[E], inhibitor concentration [I] and the starting velocity vy as constant parameters to calculate
K" *. The apparent inhibition constant (mean value) derived from three independent

experiments was calculated to be 0.6 + 0.15 pM.
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Figure 29: Fluorescence activity assay for NucA at different inhibitor (NuiA) concentrations. (a) Illustration of
the fluorescence assay. Close proximity of the fluorophore (6 FAM) and quencher (BHQ — Black Hole
Quencher) leads to absorption of the transferred energy. After degradation of the DNA substrate by NucA the
fluorophore gets released leading to an increasing fluorescence signal. (b) The relative reaction velocity for
degradation of the fluorescent substrate (molecular beacon) by NucA (intrinsic concentration 75 pM) at different
NuiA concentrations (1:0, 1:0.1, 1:1, 1:2, 1:5, 1:8, 1:10) was determined. A curve (black) for the measured
slopes (blue) was fitted by Equation 1 to calculate the apparent inhibition constant K;*". The apparent inhibition
constant (mean value) derived from three independent experiments was calculated with 0.6 £ 0.15 pM.

, [EI-[-K +(E]-[1]-K)’ + 4E]K
° 2[E]

Equation 1: Reaction velocity for reversible tight binding inhibition. v is the initial reaction velocity observed at
inhibitor concentration [I], v, is the initial reaction velocity observed in the absence of inhibitor, [E] is the active
enzyme concentration and K the apparent inhibition constant K;* *** 1%,
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4 Discussion

4.1 EndA

Non-specific nucleases play an important role in nucleic acid metabolism in all kingdoms of
life" 7. Due to the intrinsic toxicity of these enzymes, cloning of genes coding for nucleases
and their recombinant expression in E. coli or other host organisms can be highly problematic
unless, for example, nuclease inhibitors are available for intracellular coexpression or the
enzyme is produced as an inactive pro-enzyme that becomes activated by secretion into the

28; 72; 94; 95

extracellular space . EndA from S. pneumoniae is a secreted surface exposed

endonuclease for which up to date no inhibitory protein is known”.

All cloning attempts for EndA wt led to mutations in the region coding for the active site
and/or insertion of stop codons in the open reading frame preventing expression of active full
length protein. EndA could only be cloned and expressed as an inactive variant in which the
putative active site histidine residue His160 was exchanged for alanine (H160A). This variant
could be produced in high amounts intracellularly as a His-GST double tagged protein (see
Figure 16). Surprisingly, EndA H160A protein fused to pelB turned out to be highly soluble
upon expression in E. coli in contrast to other non-specific nucleases of the DRGH-motif

s . . 95; 101
containing type such as Anabaena nuclease or Serratia nuclease (see Figure 16)™ .

In order to perform a more detailed mutational and biochemical analysis of EndA an OEP was
used to splice DNA templates coding for wild type EndA and desired variants (see Figure 13).
The proteins were synthesized using a cell-free expression system. The subsequent analyses
of in vitro translated EndA and EndA variants confirmed expectations concerning amino acid
residues of the active site of this DRGH-motif containing nuclease. According to the data
presented here and in agreement with the results obtained for sugar non-specific nucleases
such as Serratia nuclease, Anabaena nuclease or Endonuclease G, His160 from the DRGH-
motif of EndA is crucial for catalysis, most likely by acting as a general base (see Figure
30)** 2 7. This assignment is supported by chemical rescue of the activity of the HI60A
variant with excess imidazole in the reaction buffer (see Figure 19). In the H160A variant
imidazole apparently occupies the space that is normally filled by the side chain of the active
site histidine residue in the wild type enzyme but absent in this variant. EndA H160A
therefore is able to catalyze the cleavage of phosphodiester bonds in the presence of imidazole

at a slightly basic pH.
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Replacement of amino acid residues from the conserved DRGH-motif of EndA at the first and
second position by alanine (variants DI157A and R158A) also diminishes nuclease activity,
albeit to a lower extent (see Figure 22). It is known from the above mentioned studies
concerning Serratia nuclease, Anabaena nuclease and EndoG, that these residues are involved
in proper positioning of the conserved asparagine residue, which is binding the divalent metal

jon cofactor in the enzyme's active site (see Figure 30)*" .

A so called H-N-H-motif is characteristic for a large number of proteins covering a broad
variety of functions'®. Sequence analyses show a conserved H-N-N-motif in EndA (see Figure
20). As two asparagines (N179, N182) were likely candidates for the second position within
the H-N-N motif, both of them were selected for an alanine replacement. However, only
variant N182A shows a marked drop in activity indicating that N182 very likely is part of the
active site (see Figure 22) and probably involved in constraining the loop structure of the BPa-
metal finger as shown for ColE7 at the corresponding position, thus contributing to the
stability of the protein®. This explains the finding that although variant N182A is less active
than wild type EndA, the concentration of the synthesized variant N182A is lower compared
to the variants with mutations affecting catalytic residues in the active site (see Figure 21 and
Figure 22). The amount of produced protein for all other variants is in general accompanied
by a decrease in activity due to degradation of the template used in the cell-free protein

synthesis reaction.

The conserved aspargine residue, which corresponds to the last histidine residue in the H-N-
H-motif is known to be the direct ligand responsible for metal ion binding as in the case of
Serratia nuclease, Anabaena nuclease, and mitochondrial EndoG>% 31 %7 Replacement of
Aspl91 by alanine in EndA leads to decrease in activity suggesting that this residue is

involved in catalysis, presumably by binding the divalent metal ion cofactor (see Figure 30).
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Figure 30: Catalytic mechanism of wild type EndA: The proposed catalytic mechanism of EndA is based on the
established catalytic mechanism of the Serratia nuclease™. His160 acts as the general base for the activation of a
water molecule. The magnesium ion is coordinated by Asnl191 which is held in place by Asp157. Glul96 is
assumed to be indirectly involved in magnesium ion binding. The transition state is stabilized by Lys149.

Streptococci take up single-stranded linear DNA segments during transformation®® ', Using
different phage DNA and an RNA transcript as substrate no pronounced preference could be
detected for the isolated recombinant enzyme (see Figure 19). EndA exerts a strong nicking
activity towards supercoiled DNA. This cleavage mechanism is characteristic for monomeric
as well as dimeric non-specific nucleases with independently acting subunits and supported
by the fact that EndA behaves as a monomer in size exclusion chromatography (Figure 18).
As single-stranded DNA serves as substrate for EndA, the question of regulation of the
enzyme activity on the membrane surface of streptococci arises. For the 17 kDa entry
nuclease from Bacillus subtilis an inhibition of nuclease activity was observed in vitro by an
18 kDa protein (Nin)'®. Several Com proteins on the membrane of B. subtilis are involved in
binding and transport of DNA into the cell similar as suggested for S. pneumoniae®. It is
tempting to speculate that one of the Com proteins is interacting with EndA, thereby

regulating its function and perhaps being responsible for an inhibitory activity within the cell.
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4.2 Inhibitor selection system

In vivo selection systems in yeast and E. coli are interesting tools for screening of large
libraries used to engineer and select proteins with specific features e.g. homing endonucleases

with new DNA target sites'®* '*°

. Benefiting from this basic concept a screening system for
the selection of functional inhibitor proteins for DRGH/H-N-H motif containing non-specific
nucleases was established. The developed assay utilizes the ability of inhibitor proteins to
diminish the toxic/lethal activity of the nuclease in the cell due to a coexpression. The
regulating effect is directly visualized by viable hosts/appearing colonies after transformation
of E. coli with plasmids containing the genes arranged in a bicistron. The expression of
nuclease and inhibitor is mediated by an inducible phage-derived promoter. However, in case
of the applied system gene expression occurs without a specific induction of the promoter as
visualized by the fluorescent protein DsRedMonomer directly fused to the nuclease (NucA,
SmaNuc) at the second position of the bicistron (see Figure 25). This basal or leaky
expression leads to a lower protein concentration within the cell, which presumably supports
the solubility of the nucleases, as they are known to form inclusion bodies upon
overexpression in E. coli. Aggregation in the cell leads to a reduced nucleolytic activity,
which in turn reduces the toxicity and disturbs the screening process. Solubility is also
promoted by the fact that the nuclease at the second position of the bicistron has in general a
lower expression level in comparison to the inhibitor protein right behind the promoter

sequence (see Figure 26)”.

Nevertheless the biased expression from the bicistronic arrangement is more than sufficient to
inhibit the nucleolytic activity of NucA by NuiA as no toxic phenotype could be observed
(see Figure 27). Coexpression of SmaNuc wt and NuiA in XL1-Blue MRF' cells should be as
unproblematic as for NucA and NuiA since SmaNuc needs the formation of two disulfide
bonds to become active. However, a weak toxic phenotype could be observed indicating a low
nucleolytic activity without the effective formation of the intramolecular bonds. An
impressive increase of activation could be observed after transformation of Origami cells with
the last-mentioned plasmid. Although SmaNuc variant K55A only has a residual activity of
30 % nearly no colonies were observed after transformation of Origami cells and no toxic

phenotype was observed for XL1-Blue MRF' cells in comparison to SmaNuc wt. This striking
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high level of activation for the variant K55A was unexpected since the variant is impaired in

substrate binding.

A reason for the obtained unexpected result might be the low toxic phenotype during basal
expression of SmaNuc wt in XL1-Blue MRF' which already supports a selection process. The
selection probably occurs during necessary high scale plasmid preparations since XL1-Blue
MRF' cells grow better when harboring plasmids with mutated promoter sequences. These
replication errors are promoted because they lead to a lower or almost no nuclease expression.
In turn, Origami cells harboring the preselected plasmids survive without coexpression of a
functional inhibitor. The appearing “false-positive” colonies make an efficient screening for

inhibitory proteins rather difficult.

Nevertheless, even screening supported by plasmid pQE-NFNS KS55A did not result in the
selection of functional inhibitor proteins. All selected and sequenced plasmids revealed
mutated promoter sequences. This proves the fact that the most effective way to relieve the
selection pressure is a mutated promoter sequence blocking expression and not the
coexpression of a functional inhibitor. Additionally, the cells are able to diminish the
expression of toxic genes by an unknown way as an external trigger for the expression e.g. by
IPTG is missing. NuiA and NucA have obviously a lower concentration in the cell than

SmaNuc as shown by a Western blot analysis (see Table 26).

Taken together the presented screening method is not suitable for an effective screening and
selection of functional inhibitors for SmaNuc. Furthermore, the screening approach is not
transferable to EndA since this extremely toxic nuclease up to date could not be cloned and
expressed in active form in E. coli. A possible screening for functional inhibitors might be
achieved by utilizing the yeast two-hybrid system. This screening method is used to detect
protein interactions e.g. for a nuclease and its inhibitor. A possible procedure includes cloning
and expression of the inactive EndA variant H160A and coexpression of a NuiA library,
which might be applicable also for the SmaNuc variant H89N. However, this variant still
shows a weak activity displayed by the toxic effect in Origami cells, although the mutation
concerns the general base histidine residue, which corresponds to histidine at position 160 of
EndA. A weak toxic effect during expression in a yeast two-hybrid screen might support the
selection efficiency. The toxic effect results in a double selection since yeast cells without a

functional inhibitor will not survive as no binding/inhibition occurs.

The inhibitory effect of selected candidates could be easily monitored by the presented

fluorescence assay. The calculated apparent inhibition constant of 0.6 = 0.15 pM corresponds



80

well with the published value of 3.2 + 1.9 pM calculated based on a plasmid activity assay".
This method therefore could be an effective tool to monitor the inhibitory effect directly.
Plasmid assays only allow an indirect calculation after gel electrophoresis and densitometric
analysis of DNA bands after staining, whereas for the fluorescence assay the inhibition

constant can directly be calculated based on the obtained progress curves.
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5 Summary

EndA is a membrane-attached surface exposed DNA-entry nuclease previously known to be
required for genetic transformation of Streptococcus pneumoniae. More recent studies have
shown that the enzyme also plays an important role during establishment of invasive
infections by degrading neutrophil extracellular traps (NETs), enabling streptococci to
overcome the innate immune system in mammals. This work presents the first mutational and
biochemical analysis of recombinant forms of EndA produced either in a cell-free expression
system or in E. coli. Histidine at position 160 and Asn191 were identified to be essential for
catalysis and Asn182 (corresponding to the central asparagine residue in the well known H-N-
H-motif found in many nucleases) to be required for the stability of EndA. The role of His160
(H-N-H) as the putative general base in the catalytic mechanism is supported by chemical

rescue of the H160A variant of EndA with imidazole added in excess.

Although EndA appeared to be highly toxic for the cell, no functional inhibitor for EndA
could be isolated up to now. Such a protein inhibitor might be an interesting starting point for
a possible drug design. A detailed comparison of EndA with other non-specific nucleases
revealed a high sequence homology especially at the active site with NucA from Anabaena
sp. However, NucA occurs in a complex with its specific inhibitor NuiA. As NuiA blocks the
active site of NucA it should be feasible to select functional inhibitors from a NuiA based
library for EndA and other homologous nucleases such as the Serratia nuclease.
Unfortunately, the established plasmid based assay appeared to be too instable and no
candidate inhibitor could be isolated. Furthermore, the highly toxic nuclease EndA could not
be cloned and expressed in an active form in E. coli so far. A yeast two-hybrid assay might be
used to screen a NuiA library for a protein-protein interaction with the inactive/non-toxic

EndA H160A variant.
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6 Zusammenfassung

EndA ist eine unspezifische Nuklease, die auf der Oberfliche des pathogenen Bakteriums
Streptococcus pneumoniae lokalisiert ist. Dort ist sie an der Fragmentierung doppelstrangiger
DNA zu einzelstringigen Segmenten beteiligt, die wihrend kompetenter Phasen des
Bakteriums aufgenommen werden. Des Weiteren konnte nachgewiesen werden, dass EndA
effektiv das DNA Gertist so genannter NETs (Neutrophil Extracellular Traps) degradiert. Mit
diesen netzartigen Strukturen sind bakterizide Proteine wie Histone und Elastasen assoziiert,
die zum Absterben gebundener Bakterien fithren konnen. Mikroben, die durch den
spezifischen DNA Abbau somit der Immunabwehr von Sidugern entkommen, konnen schwere

invasive Krankheiten auslosen.

In dieser Arbeit wurden gezielt EndA Varianten mit Punktmutationen erzeugt, die das
konservierte H-N-H/N Motiv betreffen. Die entsprechenden Varianten konnten aufgrund ihrer
Toxizitdt nur mit Hilfe eines zellfreien Expressionssystems hergestellt werden. Allerdings
konnte die inaktive Variante H160A in E. coli exprimiert und die nukleolytische Aktivitit
durch einen Uberschuss an Imidazol im Reaktionspuffer wieder hergestellt werden (chemical
rescue). Der Verlust der katalytischen Aktivitét entstand durch den Austausch der generellen
Base Histidin zu Alanin innerhalb des H-N-H/N Motivs. Des Weiteren konnte gezeigt
werden, das Asparagin 182 (H-N-H/N) an der Stabilisierung des Proteins beteiligt ist,
wihrend Asparagine 192 das benotigte zweiwertige Metallion im aktiven Zentrum bindet (H-
N-H/N).

Bis heute wurde fiir die toxische Nuklease EndA kein Inhibitor entdeckt, der ein moglicher
Ansatz filir eine entsprechende Therapie fiir durch Streptokokken verursachte Krankheiten
sein konnte. Allerdings sollte es moglich sein, basierend auf dem bekannten Inhibitor NuiA
fiir die homologe Nuklease NucA einen funktionellen Inhibitor fiir EndA und andere
homologe Nukleasen (Serratia Nuklease) herzustellen. Der in dieser Arbeit entwickelte
Selektionsassay erwies sich allerdings als zu instabil, sodass kein Inhibitor isoliert werden
konnte. Eine mogliche Alternative konnte ein yeast two-hybrid Assay sein, mit dessen Hilfe
entsprechende NuiA Varianten aufgrund ihrer Interaktion mit EndA H160A isoliert und im

Weiteren auf ihre inhibitorische Funktion iiberpriift werden konnten.
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8 Supplementary information

8.1 Abbreviations

ATP
AmpR

BCSV
BCNA
BCNS
CAD
CDS
ColEl

cfu

dNTPs
DNA
ds

e.g.

f1 ori
g
EndoG
GST
HEases
k
KanR

|
Lambda TO
Lacl
LB

li

m

Ampere

Adenosine triphosphate
Ampicillin resistance

Base pair(s)

Bicistronic selection vector
Bicistronic selection vector NucA
Bicistronic selection vector SmaNucA
Caspase activated DNase
Coding sequence

ColEl1 origin of replication
Colony forming units
Dalton

deoxyribonucleotide
Deoxyribonucleic acid
Double-stranded

Exempli gratia; for example
f1 origin of replication
Gram

Endonuclease G
Glutathione S-transferase
Homing endonucleases
Kilo

Kanamycin resistance

Liter

Lambda TO terminator
Lactose repressor
Luria-Bertani

Linear

Milli/Meter
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min

MW

NFNA
NFNS
NucA
oc

oD
OEP

PAGE
PCR

sc

SDS

sec
SmaNuc
ss

TS5

T7

uv

Vs.

w/v

xg

Molar

Minute

Molecular weight

Nano

Non fluorescent selection vector NucA
Non fluorescent selection vector SmaNuc
Nuclease of Anabaena spec.

Open circle

Optical density

Overlap extension PCR

Pico

Polyacrylamide gel electrophoresis
Polymerase chain reaction

pUC origin of replication
Ribosomal binding site

Restriction endonucleases
Revolutions per minute
Ribonucleic acid

Room temperature

Supercoiled

Sodium dodecyl sulfate

Second

Serratia nuclease

Single-stranded

TS promoter

T7 promoter

Ultraviolet

Versus

Weight/volume

Micro

Gravity
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