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Figure 6: Analyses of the phylogenetic relation between GGI T4SS like homologues of TraA (A), TraC (B), TraB (C), and
TraG (D). The neighbor-joining algorithm was performed based on amino acid sequence alignments of the homolgous
proteins and was generated with a bootstrap value of 1000. The scale bars below the trees indicate the evolutionary
distance between the homologues. The numbers at the branching cross-points indicate the percentage of identity of the
homologues.
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4.2 Biochemical characterization of the coupling protein TraD

Coupling proteins (CPs) are essential for the function of T4SSs and are present in almost all known
T4SSs. They mediate the contact between the secretion substrate and the MPF complex and also play
an essential role in targeting the secretion substrates to the secretion complexes. As discussed in
Chapter 1.6, the GGI encodes a CP and a relaxase that are related to the MOBy family of relaxases,
but the MPF complex belongs to the MPF; family. CPs that are related to the MOBy family, often
contain two N-terminal transmembrane domains and are often found associated with a small
membrane protein. Like other CPs they contain a nucleotide binding domain (NBD) and an
all-a domain (AAD). Computational predictions revealed that the GGI encoded CP also consists of an
NBD and an AAD, and that it might also have two N-terminal transmembrane domains. However,
both transmembrane domains seem to be less hydrophobic than the transmembrane domains of
other members of the VirD4 like CP family. Currently, none of the coupling proteins related to MOBy
like relaxases has been characterized biochemically.

4.2.1 The recombinant overproduction of TraD leads to insoluble protein

To functionally characterize TraD, the protein was overproduced recombinantly in E. coli to obtain
soluble protein for further purification steps, since the overexpression of proteins in N. gonorrhoeae
is not well established and further purifications steps are hampered by the fact that they have to be
performed under biosafety level 2 conditions.

Initial experiments showed that the overproduction of TraD is a difficult task, since almost all tested
overproduction conditions resulted in the production of insoluble and misfolded protein. To optimize
the expression level of traD, different traD expressing constructs either with or without the putative
N-terminal transmembrane domains, as well as constructs with different TraD variants fused to the
malE gene that encodes for the Maltose Binding Protein (MBP) were generated. In the different
constructs, traD was always cloned behind a T7 promotor. Many attempts with different expression
conditions were performed to optimize the overproduction of TraD. Conditions that have been
varied included: 1) different E. coli expression strains like BL21(DE3) and different strains derived from
BL21(DE3), like e.g. BL21 Star (for an increased mRNA stability), C43 (for an optimized expression of
membrane proteins), BL21(DE3) Tuner and LEMO21(DE3) (for a tunable expression level); Il) different
growth temperatures (18, 25, 30 and 37°C); Ill) different media (LB and autoinduction media); Ill)
different IPTG concentrations (0.05 mM - 1 mM); IV) different induction times (1 - 18 h); and V)
different temperature shifts (from 37°C to either 30°C, 25°C, or 17°C). Moreover, different conditions
were tested in which the E. coli strains were co-transformed with a vector that expresses rare tRNAs
(pPRARE), and it was tried to slow down the production of TraD by adding the RNA-polymerase
inhibitor Rifampicin shortly after the induction with IPTG, followed by a cold shock and further
incubation of the culture as described in Chapter 3.4.1. In all conditions, the expression of TraD was
tested for both, the soluble protein or protein associated with membranes. To distinguish between
aggregated proteins in inclusion bodies and membrane proteins, the inner membranes were
separated form inclusion bodies by sucrose density step gradient centrifugation as described in
Chapter 3.4.4. Table 48 summarizes the results of the optimized expression conditions used with the
most promising traD constructs. Most conditions resulted in the overproduction of large amounts of
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TraD, but unfortunately, non of these conditions resulted in a successful overproduction of large
quantities of soluble TraD.

Table 48: Summary of constructs used for the recombinant overproduction of TraD

Protein Protein Protein Membrane Inclusion Purfication
amount soluble bound bodies successful

TraDAtm high - partly high partly

C-terminal His-tag

TraDAtm high - partly high partly

N-terminal His-tag

TraDAtm low yes - low partly

N-terminal MBP.-fusion

TraD high - in partly high partly

N-terminal His-tag

TraD high yes - high -

N-terminal His-MBP-TEV fusion

The expression of traD with constructs that either produce the full-length TraD or a truncated TraD
without the transmembrane domain (TraDAtm) fused to a truncated malE gene without signal
sequence, resulted in the production of small but detectable amounts of soluble MBP-TraD. Both
constructs were generated and overexpressed in close collaboration with T. Deinzer, who performed
his bachelor thesis within our group. Even though both constructs resulted in the expression of small
amounts of soluble protein, extensive attempts to optimize the purification of these proteins have
failed. TraD aggregated on different column materials and could not be eluted from the column after
binding. Furthermore, these proteins were inactive in ATP binding and hydrolysis assays. This
strongly indicates that these proteins most likely are not folded correctly.

Promising results were obtained with full-length TraD and TraDAtm grown in autoinduction medium
at 30°C. Under this condition still large amounts of inclusion bodies were produced, but TraD could
be detected in isolated inner membranes. To optimize the expression conditions for the membrane
insertion of TraD, growth experiments with autoinduction medium were performed and inner
membranes were isolated at different time points. The large amounts of TraD forming inclusion
bodies at the later stages of autoinduction affected the separation of the inner and outer
membranes by the sucrose density step gradient centrifugation. Most of the TraD that remains from
inclusion bodies formed small pellets at the bottom of the sucrose gradients, but the inner and the
outer membranes could not be separated completely from each other. Reloading of the isolated
membranes on a second sucrose gradient did not result in either a better separation of inner and
outer membranes or a detachment of TraD from the membrane. This suggested that TraD is tightly
bound to these membranes and might indicate that full-length TraD is indeed a membrane anchored
protein, as it has been observed for other CPs. However, TraDAtm was detected in similar amounts
as full-length TraD in isolated inner membranes derived from TraDAtm producing strains. Since
TraDAtm lacks the putative transmembrane domains, this result might indicate that TraDAtm also
localizes to the inner membrane in the absence of transmembrane domains. However, it cannot be
excluded that the observed proteins in the isolated inner membranes are contaminations derived
from inclusion bodies. A comparative SDS-PAGE analysis of isolated inner membranes derived from a
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TraDAtm producing strain collected at different growth times is shown in Figure 7. The overproduced
TraDAtm migrates on SDS-PAGE gels at a position corresponding to a molecular mass of 70 kDa and is
dominantly represented in the membrane samples obtained from 12 and 16 h growth time. After
further evaluation of the overexpression data (data not shown) the best ratio between the yields of
membrane inserted TraD and the begining of the formation of large amounts of inclusion bodies
have been determined at a growth time of approximately 10 hours. These conditions were used for
further attempts to solubilize and isolate TraD and TraDAtm from inner membranes of E. coli.

Time of growth Figure 7: SDS-PAGE with isolated inner membranes of
TraDAtm overproduced in autoinduction medium at 30°C.
kDa M 4h 5h 6h 12h 16h verproduced In autoinducti u
250 = The corresponding growth time is indicated on top of the
— R ae—
— ?’ = = lanes. TraDAtm migrates at a position corresponding to a
130 . molecular mass of 70 kDa. A molecular size standard is given
g on the left site of the gel (PageRuler Plus Protein Ladder;
i Fermentas).
55 ——
_——
—
35 -—
— — w—
i 1 R4
w— —_—

4.2.2 Membrane-bound TraD cannot be solubilized from isolated inner membranes

The overproduction of full-length TraD and TraDAtm in autoinduction medium led to an
incorporation of the overproduced protein into the inner membranes of E. coli. To purify TraD, the
overproduced protein should be extracted from the isolated membranes. Therefore, isolated inner
membranes were either incubated under conditions with high ionic strength (1 M NaCl or
0.1 M NaCOg; pH 8.0) or in the presence of 10 different detergents. The conditions with high ionic
strength have previously been used to extract membrane associated proteins, whereas in the
conditions with different detergents the membranes are completely solubilized and also integral
membrane proteins are extracted. The 10 different detergents that have been tested to solubilize
TraD from the inner membranes included non-ionic, zwitter-ionic and anionic detergents with a
range of different critical micellar concentrations. After incubation of the isolated inner membranes,
the mixture was centrifuged and the supernatant and pellet fractions from all conditions were
analyzed by 11% SDS-PAGEs (see Table 49 and Figure 8). Neither the extraction with 1 M NaCl nor
with 0.1 M NaCOj; led to a removal of TraD or TraDAtm from the membrane. Interestingly, small
amounts of solubilized TraD could be observed within 6 different conditions including all tested
detergent types (Zwittergent 3-14; DM; LDAO; Laurylsarcosine; ASB-14; Triton X-100). Slight
differences were observed comparing the different detergent types with each other. The largest
amount of soluble TraD was observed for the two zwitter-ionic detergents Zwittergent 3-14 and
ASB-14, as well as the anionic detergent Laurylsarcosine. All three of them are considered as ‘harsh’
detergents. The other three conditions showed less soluble TraD and contained the ‘mild’ non-ionic
detergents LDAO, DM and Triton X-100. Even though TraD was solubilzed in part from the inner
membranes by using different detergents, further extensive attempts to optimize the purification of
TraD have failed. The protein aggregated on different column materials and could not be eluted after
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binding. This indicates that the solubilized protein most likely is not folded correctly and suggests

that it might represent a contamination of aggregated protein remaining from the inclusion bodies.

Zwittergent
3-14 DM upm DDM
P S P S P S P S
» —— —
Lauryl- Na-deoxy-
LDAO sarcosin cholate Chaps

P S P S P S P s

Triton
ASB-14 X-100 NaCl NaCO,
P S P S P S P S

P — — —

Figure 8: Solubilization and membrane-detachment screen of
isolated inner membranes with overproduced TraDAtm.
Quantitative SDS-PAGE analyses with supernatants (S) and
resuspended pellet fractions (P) from solubilization and
detachment experiments. The corresponding detergents are
indicated on top of the gels. The migration position of Tral tm is
indicated with the black arrows on the left site.

Table 49: Summary of solubilization and membrane-detachment screen with membrane-bound TraDAtm.
Symbol explanation: + almost all protein; +/- approximately half of the protein amount; - no protein

Detergent Concentration | Protein insoluble | Protein soluble
Zwittergent 3-14 1% +/- +/-
n-Decyl-B-maltosid (DM) 1% +/- +/-
n-Undecyl-B-D-maltopyranosid (UDM) 1% + -
n-Dodecyl-B-maltosid (DDM) 1% + -
Lauryldimethylamin-N-oxid (LDAO) 1% +/- +/-
Na-laurylsarcosine 2% +/- +/-
Na-deoxycholate 1% + -
Chaps 1% + -
ASB-14 1% + +/-
Triton X-100 1% + +/-
NaCl 1M + -
Na-carbonate 100 mM + -

4.2.3 TraD can be isolated and purified as denatured protein

Neither purified TraD nor TraDAtm could be obtained in an active form after overproduction in E.coli.

Large amounts of both proteins were, however, available as inclusion bodies. Therefore, it was tried

to purify the protein from inclusion bodies. An initial purification of the inclusion bodies was

achieved after several wash and centrifugation steps leading to large quantities of insoluble TraD and

TraDAtm. The insoluble protein was denatured in 6 M guanidine and was further purified with
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Ni-affinity chromatography as described in Chapter 3.4.2. A representative SDS-PAGE analysis
showing the diffent steps of a purification of TraDAtm is shown in Figure 9. The purified protein
migrates at a position corresponding to a molecular mass of 70 kDa and represents the most
dominant protein within the samples. The smeary migration pattern of the samples results from
remaining guanidine rests which were not removed by TCA precipitation. High losses of protein were
observed during the purification due to a weak binding interaction with the column material. This
could either result from the choosen buffer conditions or, rather unlikely in denaturing conditions, a
suboptimal accessibility of the His-tag. The fact that large amounts of unbound TraD could be
detected in the flowthrough also strengthens the assumption of a weak binding affinity. The elution
of TraDAtm started already in the presence of low Imidazole concentrations of 20 mM within the
performed wash steps. Several optimization trials to reduce the loss of protein failed. Other elution
protocols, like e.g. elution at lower pH also failed and resulted in aggregation of the protein on the
column. Despite this, the purification of denatured TraDAtm in the presence of Triton X-100 resulted
in the elution of TraDAtm of high purity, as shown in Figure 9. Since this condition resulted in
reasonable amounts of purified protein, this protocol was used for further isolation of TraD. The
purification of denatured protein was succesfull for full-length TraD and TraDAtm, but the highest
amounts and the best purity were obtained with TraDAtm. Therefore, this protein was used
preferably in further refolding assays.

Wash steps of purification

kDa M 1B FT W1 w2 W w4 W5 We M W7 w8 W9 W10 WwWnN
v : Ees =

— /h 0

250

130
100
70

55

35

25

Figure 9: Ni-affinity purification of TraDAtm under denaturing conditions. 11% SDS-PAGEs with TCA precipitated samples
of different purification steps. Molecular masses are indicated on the left site. TraDAtm migrates at the position of
70 kDa. The labeling of the lanes corresponds the following: M - Prestained Plus Protein Ladder (Fermentas);
IB - inclusion bodies; FT - flowthrough; W1 till W11 - different wash steps with increasing Imidazole concentration as
described in Chapter 3.4.2.

4.2.4 Soluble TraD can be obtained by refolding the denatured protein

To test whether the purified denatured TraD could be refolded to an active state the purified
denatured protein was rapidly diluted into different buffers (buffer conditions are summarized in
Chapter 3.4.3 Table 19). After refolding the mixture was centrifuged. The supernatants containing
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the soluble and possibly actively refolded protein and pellet fractions of the different refolding
conditions were quantitatively analyzed by 11% SDS-PAGEs and are summarized in Figure 10. The
results were compared with regards to the solubility of the protein, an immediate pellet formation
after mixing the protein with the buffer, and aggregation of the protein in refolding buffer over night.
The observed results are summarized in Table 50.

Almost all tested conditions resulted in soluble protein, but differed among each other in terms of
the amount of soluble protein. Five conditions showed a slight precipitation of the protein after
mixing with the corresponding buffer (‘5’; ‘6’; ‘10’; ‘12’; ‘14’). One refolding condition including
Na-deoxycholate (‘17’) immediately ended up in a complete precipitation of the protein after mixing
with the refolding buffer. Apperently, the Na-deoxycholate containing buffer and the protein reacted
with each other to a white gel-like mixture resulting in an almost complete loss of the protein.

Interestingly, the solubility of TraDAtm is influenced by the different pH values and detergents. In
several conditions TraDAtm was successfully refolded to soluble protein. The most promising
refolding conditions were found with 0.1% (‘7’) and 0.5% (‘8’) Triton X-100, with almost no
aggregation of the protein after incubating the samples over night on ice. Condition ‘7" was used to
refold larger volumes of the denatured protein which were further used for purification trials.
Unfortunately, the refolded protein could not be purified further since it was not possible to elute
the bound protein from the column material. Even testing several different column materials could
not solve this problem. Since the refolded protein was already reasonable pure initial ATP binding
experiments were performed, but no ATP binding was observed with the soluble protein.

Unfortunately, even after screening many different overexpression conditions, solubilization
conditions and refolding conditions, no active protein was obtained. Therefore, a biochemical
characterization of the coupling protein TraD was not possible.

1 2 3 4 5 Figure 10: Refolding screen performed with purified TraDAtm.

Quantitative SDS-PAGE analyses of supernatants (S) and
\— - . _’ resuspended pellet fractions (P) from over night refolding
experiments. The buffer conditions are given on top of the

6 . . lanes corresponding the numbering in Table 50. The migration

S position of TraDAtm is indicated with the black arrows on the
’ i left site.
14 15
s P s P s P s P S P
PE———
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Table 50: Summary of refolding screens performed with purified denatured TraDAtm. The numbering of the buffers
correspond the numbering in Table 19, Chapter 3.4.3. Symbol explanation: + almost all protein; +- approximately half of
the protein amount; - no protein

Buffer Protein | Protein Protein Buffer Protein Protein Protein

soluble | precipitated | aggregates soluble precipitated | aggragates
1 + - +- 10 + + (yellow) +-
2 + - +- 11 + - +-
3 + - +- 12 + + (white) +
4 + - +- 13 + - +-
5 +- + (white) + 14 +- + (white) +
6 +- + (white) + 15 + - +-
7 + - - 16 + - +-
8 - +- 17 - + (white) -
9 - +-

4.3 Biochemical characterization of Yaf

The DNA processing mechanism of T4SSs is often mediated by several different proteins which form
together with the DNA a nucleo-protein-complex, the so called relaxosome. The most important
component of the relaxosome is the relaxase that introduces a strand specific nick in one strand of
the dsDNA. The relaxase is often covalently linked to the nicked DNA strand and is transferred to the
recipient cell. In addition to the relaxase, several other proteins are involved in facilitaing DNA
processing and targeting, for example by providing access of the relaxase to the DNA, by stabilizing
the nucleo-protein complex, by positioning the relaxase in close proximity to the nick site or by
facilitating the targeting of the complex to the coupling protein. These proteins are either called
nicking accessory proteins or spatial positioning factors.

Many nicking accessory proteins are relatively small proteins (approximately 12-17 kDa) and have a
conserved ribbon-helix-helix domain that is often found in transcriptional regulators. To facilitate
accessibility of the relaxase to the nick site within the oriT region, two homodimers bind to specific
DNA sequences near the oriT and tetramerize via protein-protein interactions. The formation of a
tetramer introduces a bend into the dsDNA that enables the positioning of the relaxase. The overall
homology of these proteins is very low and, therefore, these proteins are difficult to identify in
genomes or on plasmids using bioinformatical approaches. Possibly, the DNA processing mechanism
of the T4SSs of N. gonorrhoeae also involves, next to the relaxase Tral, other relaxosome
components. However, until now, no such relaxosome components have been identified. Since the
hypothetical protein Yaf is encoded within the same operon like tral and traD, it represents a
promising candidate for a putative nicking accessory protein in N. gonorrhoeae. Similar to other
accessory proteins, Yaf is a small protein and has no homology to other proteins. Furthermore, a
possible ribbon-helix-helix domain organization of Yaf was suggested by computational secondary
structure predictions. Therefore, the hypothetical protein Yaf was isolated and biochemically
characterized to study its possible role in the DNA processing mechanism of the T4SS of N.
gonorrhoeae.
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4.3.1 Recombinant overproduction of Yaf leads to high yields of soluble protein

His-tagged Yaf and native Yaf were overproduced in E. coli BL21(DE3) Star cells. After induction with
IPTG the cells were further incubated at 37°C and reached optical densities of 2.5 — 3.5. None of the
cultures showed retarded growth rates. The expression levels of His-tagged and native Yaf were high
and large amounts of soluble protein were produced. The yields of soluble protein were
approximately equal for both constructs. The purification from 1 L liquid culture yielded in
approximately 25 mg Yaf of high purity.

4.3.2 His-tagged Yaf can be isolated using a two step protocol

The isolation of His-tagged Yaf was performed using a two step protocol including a Ni-affinity
chromatography step and a size exclusion chromatography step as described in Chapter 3.6.4. Yaf
elutes from the Ni-affinity column at an imidazole concentration of 100 mM. The elution profile is
shown in Figure 11 A. All elution fractions were analyzed by 15% SDS-PAGEs. Yaf migrates on
SDS-PAGE gels at a position corresponding to a molecular mass of 14 kDa. The calculated molecular
mass of monomeric His-tagged Yaf is 17.6 kDa. The difference between these two masses can be
explained by the influence of several different factors during electrophoresis that interfere with the
migration of proteins. These are for example: different salt concentrations in the samples, the pl of
the protein with regard to the pH of the electrophoresis buffer, the denaturing state of the protein
with regard to the SDS concentration, or different substances present in the sample which could
influence the migration of the proteins. Taking the performed SDS-PAGE analysis into account,
elution fractions corresponding to fractions B7 to C7 (see Figure 11 A) were pooled together and the
pooled samples were directly loaded on a gelfiltration column. The elution profile from the size
exclusion chromatography showed several peaks that are in part difficult to separate from each
other (see Figure 11 B). The gelfiltration column was calibrated with commercially available
molecular weight standards and the molecular masses of the different elution peaks from isolated
Yaf were calculated using the calibration data as reference. A peak with low intensity (25 mAU) was
observed at an elution volume of 45 ml which corresponds to the exclusion volume of the column
containing aggregated proteins. The maximum of the most dominant protein peak (480 mAU) was
observed at 54 ml corresponding to an approximate molecular mass of 69 kDa, which is in agreement
with the calculated molecular mass of a Yaf tetramer (70.3 kDa). Another peak eluted with its
maximum at 67.5 ml, together with a left and a right shoulder that eluted at 63 ml and 71 ml. The
peak at 67.5 ml corresponds to a molecular mass of 29 kDa and most likely represents the Yaf dimer.
The shoulders at 63 ml and 71 ml correspond to masses of 38.5 and 23.5 kDa. These peaks most
likely correspond with the calculated molecular masses of monomeric Yaf (17.6 kDa) and trimeric Yaf
(52.8 kDa). Deviations between the observed molecular masses and the calculated molecular masses
can result from a changed migration behavior of the different oligomeric forms on the gelfiltration
column, but might also be a result of a slow dynamic equilibrium between the different oligomeric
states. The different elution fractions were analyzed by SDS-PAGE and Yaf was detected in each of
the fractions confirming the presence of different oligomeric forms of Yaf. The purified protein was
free of any detectable contamination on Coomassie stained SDS-PAGE gels and after silver staining
only at high protein concentration a second very weak band with a molecular mass of 30 kDa
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(possibly the dimeric form of Yaf) appeared, but mass spectrometry analysis did not detect any

contamination of the samples.
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Figure 11: Purification of His-tagged Yaf. (A) Left: Elution profile of Ni-affinity chromatography. The protein was detected
at 280 nm and is indicated with the blue line. The intensity is given in mAU. The collected fractions are labeled in red.
Right: 15% SDS-PAGEs with elution fractions from the Ni-affinity chromatography. The labeling of the lanes corresponds
to the labeling of the elution fractions shown left. Molecular masses are indicated on the left site (PageRuler prestained
protein ladder; Fermentas). Yaf migrates at a position corresponding to a molecular mass of 14 kDa. (B) Left: Elution
profile from size exclusion chromatography. The labeling and color-code correspond to the description in ‘A’. Right: 15%
SDS-PAGE with elution fractions from size exclusion chromatography. The lanes represent the corresponding elution
fractions. Molecular masses are indicated on the left site (PageRuler prestained protein ladder; Fermentas). Yaf migrates

at a molecular mass of 14 kDa.
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observed that the elution profiles of Yaf differed when they were injected at different times after the
concentration. This indicates that the dynamic conversion between the different oligomeric states is
a slow process. Fractions corresponding to dimeric and tetrameric Yaf were immediately frozen at
-80°C after elution from the gelfiltration column. After thawing the samples were used as quickly as
possible to prevent conversion between the different oligomeric states as much as possible.
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Figure 14: Overlay of elution profiles of gelfiltrations performed in buffers of different pHs. The elution of the His-tagged
Yaf was monitored at 280 nm. The elution fractions are indicated in red, the elution volume is given in ml below the
fractions. The molecular masses of the eluted proteins are indicated on top of the peaks. Color code of elution profiles
from the different tested buffering conditions: green - pH 6; dark grey - pH 7; light blue - pH 8; violet - pH 9

Finally, it was tested whether the presence of the divalent cation Mg** has an influence on the
oligomerization state of Yaf. Therefore, Yaf was transferred to a buffer containing 10 mM MgCl, and
the protein was loaded on a gelfiltration column equilibrated with the same buffer. The overlay of
both profils is shown in Figure 15 B. Since no significant effect of MgCl, was observed, it can be
concluded that Mg®* does not influence the oligomerization state of Yaf.
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Figure 15: Oligomerization of His-tagged Yaf at different protein concentrations and in the presence of MgCl,. The elution
of the proteins was monitored at 280 nm. The collected elution fractions are indicated in red, the elution volume is given
in ml below the fractions. (A) Overlay of elution profils with His-tagged Yaf injected at 2 mg/ml (blue) and 4 mg/ml
(green). (B) Overlay of elution profiles from His-tagged Yaf without MgCl, (blue) and in the presence of 10 mM MgCl,
(green).

Interestingly, long term storage of dimeric Yaf at 4°C led to the formation of SDS stable dimers. After
storage of dimeric Yaf for > 2 months at 4°C a novel band was reproducibly observed at 28 kDa
corresponding to the molecular mass of Yaf dimers. A comparison of the same elution fraction with
freshly purified protein and long term stored protein is shown in Figure 16. The samples were mixed
with sample buffer containing DTT before loading on the gel. The precise reason why the dimeric
state of Yaf is stabilized over time is not known. Most likely, it is caused by the formation of a
stabilized form of the dimer over time. This stable dimer was not observed with samples stored
frozen at -80°C.

fossinpadtior —munth Koa Figure 16: Comparison of freshly purified Yaf dimer and a sample after 2.5
gg month storage at 4°C. The samples were analyzed with 15% SDS gels.
S “== 50 Molecular masses are indicated on the right site (PageRuler unstained
A0 protein ladder; Fermentas). Fresh purified Yaf migrates at a position
30 corresponding to a mass of 14 kDa. The 2.5 month old Yaf migrates at
25 positions corresponding to masses of 14 kDa and 29 kDa.
20
15
-—
- 10

4.3.6 Limited proteolysis revealed a high resistance of Yaf against trypsin and elucidates a
possible domain organization of Yaf

To obtain insights into the structural organization of Yaf, limited proteolysis experiments with trypsin
and ProteinaseK were performed. The experiments were performed as described in Chapter 3.8.10.
The samples were analyzed by SDS-PAGE and the obtained results from both proteolysis experiments
are shown in Figure 17. For these experiments elution fractions corresponding to the dimeric and
tetrameric forms of Yaf were used.

Remarkably, tetrameric His-tagged Yaf was not digested in the presence of 20 uM trypsin, even after
30 min incubation at 37°C. This demonstrates that the His-tagged tetrameric Yaf is highly resistant to
trypsin. The two proteins migrating at molecular masses of 14 and 12 kDa (indicated with ‘3’ on the
left site in Figure 17 A) are also present in the trypsin control, indicating that they are most likely
either contaminations of the trypsin or autocatalytic cleavage products.

A proteolytic digest of dimeric His-tagged Yaf seems to start at trypsin concentration of 12 uM
(see Figure 17 A) suggesting that dimeric His-tagged Yaf is more sensitive to trypsin then tetrameric
His-tagged Yaf. Indeed, also dimeric native Yaf was more sensitive to the proteolytic activity of
trypsin than tetrameric His-tagged Yaf and was digested at lower trypsin concentrations (data not
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shown). This suggests that either the N-terminal His-tag itself prevents the proteolytic digest of Yaf,
or that tetrameric Yaf is more resistant to the proteolytic activity of trypsin, possibly due to a
restricted accessibility of the protease.

Similar results were obtained for limited proteolysis with ProteinaseK. Like observed with trypsin,
dimeric Yaf was also in the presence of ProteinaseK more sensitive to the proteolytic activity,
whereas tetrameric Yaf was only digested at higher protease concentrations (see Figure 17 B). Yaf
was more sensitive to the proteilytic activity of ProteinaseK than to trypsin, and even the tetrameric
Yaf was digested. A digested fragment migrating with a molecular mass of 10 kDa was observed at
ProteinaseK concentrations of 0.9-1.7 uM. Such a fragment was not detected in the ProteinaseK
control. Thus, the obtained 10 kDa fragment most likely represents a structurally stabilized domain of
Yaf.

Based on these results, it can be concluded that Yaf has a structural organization that is higly
resistant to digestion with the endopeptidase trypsin, and is more sensitive to the exopeptidase
ProteinaseK. Yaf is a very stable protein, and the tetrameric form of Yaf seems to be more stable to
proteolytic digestion than the dimeric Yaf. These results also confirm that the dimeric and tetrameric
states of Yaf are maintained after rapid freezing of the protein in liquid nitrogen and storage at -80°C,
and that these oligomeric states only interconvert slowly.
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Figure 17: Limited proteolysis of isolated dimeric and tetrameric Yaf. (A) Limited trypsin digest with increasing trypsin
concentrations incubated with 3.4 uM dimeric Yaf and 4 uM tetrameric Yaf. The lanes are labeled with the corresponding
trypsin concentrations and the digested Yaf oligomer. A typsin control is indicated with the black triangle. Molecular
masses are indicated on the right site (PageRuler unstained protein ladder; Fermentas). (B) Limited ProteinaseK digest
with increasing ProteinaseK concentrations incubated with 3.4 pM dimeric Yaf and 4 uM tetrameric Yaf. The labeling of
the lanes and the molecular size standard correspond to the description in ‘A’. Proteins and peptide fragments indicated
on the left site: 1-trypsin; 2-Yaf; 3-contamination/self digest products of trypsin; 4-ProteinaseK; 5-contamination/self
digest products of ProteinaseK; 6-putative fragments of digested Yaf

4.3.7 Yaf binds to dsDNA with low affinity

The DNA binding activity of Yaf was tested with electrophoretic mobility shift assays with different
dsDNA and ssDNA substrates as described in Chapter 3.8.3. Increasing concentrations of Yaf
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(0.1-5 pM) were incubated with different y-P*>-ATP labeled PCR products containing either the GGI
oriT sequence or the GGl flanking difA site and were analyzed for DNA binding with native TB PAGEs.

The binding of dsDNA substrates was tested with two different dsDNA substrates. At protein
concentrations above 0.5 UM a higher migrating DNA fragment was observed, suggesting that Yaf
binds dsDNA with low affinity (> 5 uM). The higher migrating DNA fragment was observed for both
dsDNA substrates suggesting that the binding is sequence unspecific (see Figure 18 A). The dsDNA
binding was observed in elution fractions corresponding to dimeric and tetrameric forms of Yaf.

Similar DNA binding assays were performed with ssDNA substrates. Even though several ssDNA
substrates were tested with different Yaf concentrations, no ssDNA binding was observed. The
results from DNA binding experiments with elution fractions containing dimeric and tetrameric Yaf
and two different ssDNA substrates are depicted in Figure 18 B, reflecting the results of other ssDNA
binding assays. These results clearly demonstrate that Yaf does not bind to ssDNA under the tested
conditions.

pPH7 Cdimer [uM]
A Cadimer [UM] Ctetramer [uM] B 120 bps Oligo GGl oriTF 120 bps Oligo GGl oriT R
A 01 05 1 5 A 01 05 1 5 A 01 05 1 5 A 01 05 1 5
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Ctetramer [IJM]
Cdimer [uM] Ctetramer [IM] 120 bps Oligo GGl oriTF 120 bps Oligo GGl oriT R
A 01 05 1 5 A 01 05 1 5 A 01 05 1 5 Ao 01 05 1 5

GGl oriT

hh;‘“““;““ (349 bps)

Figure 18: Autoradiographs of DNA binding assays of dimeric and tetrameric Yaf performed with v-Psz-ATP labeled DNA
substrates. (A) DNA binding experiment with two dsDNA substrates tested in buffer conditions at pH 7.0 analyzed on
7.5% native TB gels. The lanes are labeled with the corresponding concentrations of dimeric and tetrameric Yaf. The DNA
controls are indicated with black triangles. The corresponding dsDNA fragments are indicated on the right site. (B) DNA
binding assays performed with two different ssDNA substrates analyzed on 7.5% native TB gels. The corresponding
ssDNA substrate is indicated on top. The labeling of the lanes corresponds the labeling described in ‘A’.

4.3.8 A Co** and Mn** dependent sequence unspecific nuclease activity is associated with
dimeric and tetrameric Yaf

To test whether the DNA binding activity of Yaf is influenced by the presence of divalent cations, DNA
binding assays were performed in the presence of Mg®” Mn** and Co”" and several other possible
metal cofactors (Ca*, Ni**, Cu®, Zn*). The obtained results revealed a nuclease activity that is

associated with elution fractions containing dimeric and tetrameric Yaf in the presence of Co** and
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Mn?* (see Figure 19). This activity was not observed with the other tested divalent cations (data not
shown). The degradation of the DNA was observed for different PCR products and was sequence
unspecific. Control experiments with heat inactivated Yaf did not show DNA degradation. The
degradation of dsDNA leads to the appearance of small nucleotide fragments in the lower part of the
gels (labeled with ’b’). Remarkably, the level of nuclease activity observed in fractions containing
dimeric and tetrameric Yaf differed between both oligomeric states and was stronger in fractions
containing dimeric Yaf.

349 bps PCR product of GGl oriT 425 bps PCR product of difA site
CoClz MnCl2 CoCl2 MnCl2
A 1 2 3 4 A 1 2 3 4 A 1 2 3 4 A 1 2 3 4

Ce e e @ NEEE Nl .
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Figure 19: Autoradiographs of DNA degradation assays with His-tagged Yaf and two v-Psz-ATP labeled dsDNA substrates.
Left: Native TB PAGE (7.5%) of DNA degradation assay using a 349 bps PCR product with the sequence of GGI oriT as
dsDNA substrate. The assay was performed with 2 uM of dimeric (1) and tetrameric (2) Yaf in the presence of CoCl, and
MnCl,. Negative controls with inactivated proteins were performed for dimeric (3) and tetrameric (4) Yaf. DNA controls
are indicated with black triangles. PCR fragments are indicated with the black arrow (a) and degradation products are
indicated with the black arrow (b) on the left site. Right: Native TB PAGE (7.5%) of DNA degradation assay with a 425 bps
PCR product containing the difA site. The labeling corresponds to the previous description.

To test if Yaf also degrades ssDNA substrates in the presence of different divalent cations, similar
experiments were performed with different oligonucleotides. Figure 20 shows an overview of the
nuclease activity of Yaf on five different oligonucleotides. Two complimentary oligonucleotides
containing the sequence of the GGI oriT (see Figure 20 A), as well as two complementary
oligonucleotides containing the sequence of the F-plasmid oriT (see Figure 20 B) and a Ty
oligonucleotide (see Figure 20 C) were used as ssDNA substrates. Interestingly, the nuclease activity
of Yaf on ssDNA substrates was again only observed in the presence of Mn*" and Co®", but not in the
presence of Mg”". Both GGl oriT containing oligonucleotides and the ‘rev’ F-plasmid oriT containing
substrate were completely degraded (see Figure 20 A and B (right gel)). The degradation of the F-
plasmid oriT ‘fwrd’ substrate occured via an intermediate fragment (‘b’) that migrates only slightly
faster than the unprocessed substrate (see Figure 20 B (left gel)). Remarkably, the T4 substrate was
not degraded, regardless of the presence of metal cofactors. Remarkably, the degradation of ssDNA
was only observed for elution fractions containing dimeric Yaf and not for tetrameric Yaf.

Taking these results into account, it can be concluded that the Mn®* and Co** dependent nuclease
activity associated with fractions containing dimeric and tetrameric Yaf is sequence unspecific and
that dsDNA and ssDNA substrates can be degraded, although the degradation of ssDNA substrates
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seems to require the formation of secondary structures. Comparing the degradation efficiency of
dimeric and tetrameric Yaf on dsDNA and ssDNA substrates, it is obvious that the dsDNA substrates
were degraded faster than the ssDNA substrates and that tetrameric Yaf did not degrade ssDNA
substrates, demonstrating that the nuclease activity associated with fractions containing dimeric and
tetrameric Yaf preferentially degrades dsDNA.

The DNA degrading activity was only observed in elution fractions containing dimeric and tetrameric
Yaf. A background activity caused by a contamination of these fractions can be most likely excluded
since no contaminating proteins were detected on Coomassie stained SDS gels and by mass
spectrometry analysis, however, a possible contamination with DNAse cannot be completely

excluded.
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Figure 20: Autoradiographs of DNA degradation assays with His-tagged Yaf dimer and different ssDNA substrates.
Samples were analyzed on 7.5% native TB gels. DNA controls are indicated with black triangles. Lanes with active Yaf
dimer are labeled ‘1’, lanes with inactivated protein are labeled ‘2’. All ssDNA substrates were tested with Mgz", Mn**
and Co® as metal cofactor. Unprocessed oligonucleotides are indicated with the black arrow (a) on the left site,
degraded fragments are indicated with the black arrows (b) and (c). Lanes with obvious degradation activity are
indicated with black triangles below the gels. (A) TB PAGEs of degradation assays performed with two complementary
75 bps oligonucleotides with GGl oriT sequence. (B) TB PAGEs of degradation assays performed with two complementary
75 bps oligonucleotides with F-plasmid oriT sequence. (C) TB PAGE using a T5, oligonucleotide as ssDNA substrate.

4.3.9 Yaf does not degrade supercoiled plasmid DNA but shows a sequence unspecific
metal dependent relaxation activity enhanced in the presence of Mn*" and Co**

To characterize the DNA processing activity of Yaf further, DNA relaxation assays were performed
with supercoiled plasmid DNA substrates in the presence of different metal cofactors.

All Yaf containing elution fractions from the size exclusion chromatography were tested for
relaxation activity. Reactions were performed in the presence of 10 mM Mg>*. Plasmid pEP074 which
contains the GGI oriT sequence was converted to the relaxed form when incubated with elution
fractions containing dimeric and tetrameric forms of Yaf (see Figure 21 A). The same assay was
performed using supercoiled pEP073 plasmid DNA containing the F-plasmid oriT sequence as
substrate. The obtained results were similar to the results observed for plasmid pEP074 (data not
shown). Since the relaxation activity only occurs in elution fractions containing dimeric and
tetrameric Yaf, it can be concluded that the relaxation activity is associated with elution fractions
containing these two oligomeric states of Yaf.

To obtain information on the efficiency of the relaxation reaction of Yaf, a relaxation assay was
performed over a time period of 1 h. The results are depicted in Figure 21 B. Samples were taken
each 5 min and the reactions were stopped immediately. An initial relaxation of the supercoiled DNA
(‘l’) was already observed after an incubation time of 5 min. Interestingly, a faster migrating reaction
intermediate (‘lll') started to occur after an incubation time of 35 min. At this time point almost all
supercoiled DNA was processed to the relaxed form (‘I'). The observed fragment (‘lllI’) most likely
represents a linearized DNA fragment.

Yaf containing fractions were further incubated with relaxed DNA generated by relegation of
linearized plasmid ('), supercoiled DNA (‘lII’), and a linearized plasmid (‘llI’) (see Figure 21 C). The
results show that Yaf containing fractions only relaxed supercoiled plasmid DNA (‘1I’), whereas no
effect was observed for relaxed (‘') or linearized plasmids (‘III’). Since Mg** was provided as metal
cofactor and the previously described degradation activity is dependent on Mn®* and Co*', no
degradation activity on the linearized DNA fragment was observed under the conditions used. The
results obtained for the religated plasmid DNA show an additional slower migrating fragment (‘IV’).
This fragment might represent two concatenated plasmids that migrate with a higher molecular
mass. But, since this fragment was also observed in lower intensities in the DNA control and in the
negative control with heat inactivated protein, it is most like an artifact of the religation reaction and
not a Yaf catalysed reaction. This experiment clearly demonstrates that the relaxation activity
associated with dimeric and tetrameric Yaf containing fractions is a metal dependent reaction leading
to a convertion of supercoiled plasmids to their relaxed state (see Figure 21 C, lanes 1-4).
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Taking the previously observed metal dependency of the DNA degradation activity into account, it
was tested if Mn®" and Co?* also influence the relaxation activity of Yaf. A comparison of the results
obtained with Mg**, Mn®* and Co®" is depicted in Figure 22. Both, Mn*" and Co”, increased the
relaxation activity of Yaf. In the presence of Mg®* even the highest Yaf concentrations did not lead to
a complete relaxation of the substrate. Thus, the relaxation reaction of Yaf is enhanced by Mn?** and
Co”" in comparison with Mg”* and is most efficient in presence of Mn*".

elution fractions
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Figure 21: DNA relaxation assays with His-tagged Yaf. Mg2+ was provided as metal cofactor in all reactions. (A) DNA
relaxation assay performed with Yaf containing elution fractions from gelfiltration. pEP074 was used as supercoiled DNA
substrate. The DNA control is indicated with the black triangle. The lanes are labeled corresponding to the elution
fractions. (B) Time range experiment of DNA relaxation activity of Yaf performed with supercoiled pEP074 substrate. The
samples were taken each 5 min. The lanes are labeled with the corresponding time points. The 0 min sample represents
the negative control. (C) Analyses of DNA relaxation and processing activity of Yaf involving three different DNA
topologies. The different topologies are indicated on top of the gels. The corresponding DNA controls are indicated with
black triangles. The labeling of the lanes corresponds to following reactions: 1 - Yaf incubated 5 min at 95°C after the
performed reaction; 2 - reaction with standard conditions; 3 - reaction without Mg2+; 4 - reaction with additional EDTA;
5- reaction with standard conditions; 6 - reaction with additional EDTA; 7 - reaction with standard conditions;
8 - reaction with additional EDTA. The black arrows at both sites of the gels indicate the topology states as following:
| - relaxed state; Il - supercoiled state; Il - linearized form; IV - putative plasmid dimer

The observed relaxation activity of Yaf on supercoiled DNA substrates has a high similarity to the
relaxation activity of E. coli Topoisomerase I. Therefore, further experiments were performed to
distinguish between both enzymatic activities. It has been reported that Topoisomerase | is strongly
dependant on the metal cofactor Mg”?* and shows a reduced activity in the presence of Mn** and Co**
(293). By contrast, the relaxation activity of Yaf was increased in the presence of Mn*" and Co*', and
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showed reduced levels in the presence of Mg?*. Moreover, the incubation of Yaf containing fractions
with supercoiled plasmid DNA also resulted in the formation of a linear fragment. These observations
were used to distinguish between the enzymatic activities of Yaf and a possible contamination with
E. coli Topoisomerase |. A comparison of the relaxation activity of both enzymes in the presence of
either Mg**, Mn*" or Co*" is shown in Figure 22.

Topoisomerase | processed the supercoiled plasmid DNA to the relaxed form via the characteristic
reaction intermediates forming a “ladder” on the agarose gel (294). Relaxation assays indicated a
possibly slightly higher activity of Topoisomerase | in the presence of Mg®*, but did not differ much
between the three metal cofactors. Comparing the results obtained from the performed relaxation
assays, five differences between both enzymes are observed: |) the activity of Yaf containing
fractions was contrary to Topoisomerase | enhanced in the presence of Mn®" and Co®, Il) the
relaxation reaction of Yaf containing fractions showed no Topoisomerase | typical reaction
intermediates, Ill) incubation with Yaf containing fractions resulted in a band migrating at the
position of the linearized plasmid which is not observed after incubation with Topoisomerase |,
IV) the relaxation activity of Yaf co-eluted with dimeric and tetrameric Yaf (35 kDa and 70 kDa),
whereas Topoisomerase | elutes with a molecular mass of 97.5 kDa, and V) Topoisomerase | was not
detected in fractions containing Yaf at levels necessary for the observed activity. Considering these
differences, a background activity of E. coli Topoisomerase | resulting from a possible contamination
of the recombinant overproduced Yaf can be excluded.
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Figure 22: Comparison of DNA relaxation activity of Yaf and E. coli Topoisomerase I. The provided metal cofactors are
indicated on the right site. The DNA control is indicated with the black triangle. The lanes in ‘A’ and ‘B’ are labeled with
the corresponding protein concentration. The relaxed form of the DNA is indicated with the black arrow (I) and the
supercoiled form is indicated with the black arrow (ll) at the left site. Supercoiled pEP074 plasmid DNA was used as
substrate. (A) DNA relaxation activity of Yaf. (B) DNA relaxation activity of E. coli Topoisomerase I.

4.3.10 Point mutations lead to significant changes in the solubility of Yaf

The identification of the catalytical sites of Yaf is very important to further characterize the enzymatic
activity of the protein. Therefore, attempts have been made to identify homologous proteins with
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bioinformatical approaches. Such proteins can be used to find conserved residues in the sequence of
Yaf, which might form the catalytical site of the protein. Initially, Yaf was only identified in Blast
searches in a few N. gonorrhoeae strains and no other homologous proteins were found. Only
recently, two other homologous proteins could be identified in N. meningitides and N. bacilliformis.
The homology between the N. bacilliformis protein and Yaf is very low, but a few conserved residues
have been identified, highlighted in light blue in the Alignment in Figure 23. Based on these
conserved residues several point mutations were introduced into the sequence of Yaf by site
directed mutagenesis as described in Chapter 3.3.6. Besides the conserved residues also mutants
from a few other residues of possible importance for the DNA processing reaction were generated.
The mutants were overexpressed, purified and tested for there DNA relaxation activity as performed
for the wild type protein. A summary of the obtained results is given in Table 52. Remarkably, all
single point mutations resulted in the formation of high amounts of inclusion bodies, even at a lower
growth temperature of 18°C after induction. Besides the formation of inclusion bodies also the
amounts of soluble protein differed strongly from that observed for the wild type constructs. Only
small amounts of soluble proteins were obtained and could be used for purifications, resulting in very
low yields of the isolated mutants. Before testing the purified mutants for DNA relaxation activity,
most of them were concentrated with Amicons. So far, all analyzed mutants showed a metal
dependent DNA relaxation activity like the wild type protein. Up to now, the mutants were not
tested for the DNA degradation activity.

Taken all these observations together, it is obvious that most of the single point mutations
introduced into the sequence of Yaf result in destabilization or misfolding of the protein. The elution
profiles of size exclusion chromatographies performed with different mutants also indicated a
significant influence of the mutations on the oligomerization of Yaf, which corroborates this
assumption. A catalytical site could not be identified up to now, but at least two different sites can be
asummed to be involved into the DNA processing reaction of Yaf, which must be a metal ion
coordination site and DNA binding or processing site, most likely in close proximity to each other.

Table 52: Overview on expression levels, solubility, purification properties, and enzymatic activity of Yaf mutants

Mutant Expression IB fomration Soluble protein Purification Activity
Wild type high no yes high binding relaxation
Y47F medium yes low amounts low binding relaxation
ES7A medium yes low amounts medium binding relaxation
D89A medium yes low amounts low binding relaxation
D90A medium yes low amounts low binding relaxation
D89A/D90A medium yes low amounts low binding relaxation
FI91A low yes low amounts low binding relaxation
Y100F/Y104F medium yes low amounts low binding relaxation
S107A low yes low amounts low binding relaxation
F115A low yes low amounts low binding relaxation
W33A low yes low amounts low binding n.a.

E49A low yes low amounts low binding n.a.
W105A low yes low amounts low binding n.a.
F112A low yes low amounts low binding n.a.
DDD-GEA high no yes high binding n.a.
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Figure 23: Aligment of Yaf from different N. gonorrhoeae strains as well as homologues proteins from N. meningitides
and N. bacilliformis. The overall conserved residues are labeled in light blue.

4.3.11 Crystallization of Yaf

The crystallization of Yaf is performed in close collaboration with the group of Prof. L. Schmitt from
the Heinrich Heine University in Disseldorf.

Before initial crystallization screenings were performed, the oligomeric state of isolated N-terminal
His-tagged Yaf was analyzed with dynamic light scattering. These data demonstrated that His-tagged
Yaf indeed forms a stable tetramer. The fractions with tetrameric protein were used to screen the
initial crystallization conditions. The optimal growth conditions for crystals of Yaf with N-terminal
His-tag have been identified with 100 mM Mops/NaOH pH 8.0 (or 100 mM Tris/HCl pH 9.0),
100-250 mM Mg-Acetate and 16% (w/v) PEG 8000. An overview with several examples on the growth
of Yaf crystals is given in Figure 24. Interestingly, native Yaf did not crystallize under the conditions
optimized for Yaf with N-terminal His-tag and up to now, no growth of crystals with the native

protein could be observed. This suggests that the Yaf crystallizes better in its tetrameric form.

Figure 24: Examples of protein crystals obtained with crystallization conditions using tetrameric N-terminal His-tagged
Yaf and buffering conditions of 100 mM Mops/NaOH pH 8.0 (or Tris/HCL pH 9.0), 100-250 mM Mg-Acetate and
16% (w/v) PEG 8000. The size and shape of the obtained Yaf crystals differ significantly within the same and different
samples.

The X-ray diffraction pattern of the obtained crystals was measured in a Synchrotron beam-line and
revealed a crystal packing according to a monoclinic C2 space group. The crystals showed diffraction
to a resolution of 3 A. Figure 25 shows the X-ray diffraction pattern of a Yaf crystal diffracting within
arange of 50 to 3.7 A.

To solve the crystal structure without any structural homologue, phasing information is essential.
Therefore, N-terminal His-tagged Yaf was overproduced in minimal medium in the presence of
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selenomethionine. This N-terminal His-tagged Yaf was isolated in similar yields and purity as the wild
type protein with N-terminal His-tag. Crystals were obtained under the same conditions used for the
protein grown in the absence of SeMe. Initial diffraction experiments showed that Selenomethionine
is incorporated into the protein, and as soon as a novel dataset of SeMet-Yaf is obtained, it will be
tried to solve the structure of Yaf. This will provide structural insight into the remarkable properties
of this protein.

Figure 25: X-ray diffraction measurement of a crystal with N-terminal His-tagged Yaf. The resolution range of the
diffraction patter is within 50 to 3.7 A. The space group of the crystal packing is C2. The cell dimensions
(abc[A] aBy[]) are measured with 40.194.1177.9 90.089.690.0. The R factor of the highest resolution shell is 36.2%.

4.4 Biochemical characterization of the relaxase Tral

The relaxase Tral of the novel T4SS of N. gonorrhoeae represents the prototype of the
uncharacterized relaxase family MOB, (110). Relaxases are essential proteins within conjugative DNA
transfer since they are processing dsDNA into single stranded T-DNA at the oriT region. Up to now,
only little is known about the biochemical properties of Tral and its role in the DNA processing
mechanism. Tral consists of at least two different domains, a relaxase domain and a C-terminal
DUF1528 domain. At its N-terminus Tral contains a hydrophobic amphipathic a-helix that most likely
facilitates an interaction with the inner membrane. The relaxase domain of Tral strongly differs from
previously characterized relaxase domains of relaxases from other MOB families and contains several
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unique sequence motifs that are described in detail in Chapter 1.8. The function of the DUF1528
domain is still unknown, but this domain is always found fused to a relaxase domain.

The results described below represent the first biochemical characterization of the MOBy prototype
relaxase Tral and shed light on DNA processing mechanism of this novel relaxase family.

4.4.1 Soluble Tral can be obtained with recombinant overproduction in E. coli

To study the DNA processing reaction of the neisserial relaxase Tral, it was tried to overproduce the
protein recombinantly with a T7 based expression system in E. coli. This turned out to be a
challenging task, since the expression levels of tral were often very low and the overproduction
almost always resulted in the formation of inclusion bodies with insoluble protein. For this reason
several attempts using different constructs, changing the growth conditions or the expression strains
were made to improve the expression level and the solubility of Tral. Many of the different tested
conditions were similar to the conditions that have been tested for TraD. A summary of the most
promising constructs is given in Table 53.

Interestingly, the location of a tag on either the C-terminal or the N-terminal site of the protein
strongly influenced the solubility and the stability of Tral. This observation was made while
comparing the expression levels, the solubility and the purification results obtained from
overexpressed tral constructs with C-terminal His-tag or Strep-tag and constructs expressing tral with
an N-terminal His-tag. The expression levels of both N-terminal tagged constructs, as well as for the
C-terminal Strep-tagged construct were significantly less compared to the expression level of the
construct producing C-terminal His-tagged Tral. Both constructs expressing C-terminal tagged tral led
to a high production of inclusion bodies and only very low amounts of soluble protein could be
obtained after cell breakage. However, the expression of the two constructs producing N-terminal
tagged Tral did not result in the formation of inclusion bodies and soluble Tral was observed after cell
breakage. Considering these results, all further generated constructs were designed to contain either
N-terminal tags or fusion-genes to enhance and optimize the yield of soluble Tral. With most of these
constructs higher yields of expression and significantly reduced amounts of inclusion bodies were
observed. Two truncated constructs, the relaxase domain of Tral with an N-terminal eXact-tag and
the middle domain of Tral with an N-terminal His-MBP-TEV fusion, resulted in the production of
insoluble proteins after overexpression, which could not be used for further isolation approaches.
The fusion of Tral with a cytosolic MBP was initially thought to improve the solubility and stability of
the protein during the folding process and in the following purification. Both MBP fusion constructs
indeed resulted in very high amounts of soluble protein, but, like almost all of the other constructs
the protein tended to aggregate during further isolation steps, which will be discussed in more detail
in the following Chapter. Only one construct which is based on a vector that is normally used to fuse
an N-terminal eXact-tag to the target protein finally resulted in the production of soluble Tral in such
quatities that Tral could be purified. Initial overexpression experiments with this constructs resulted
in high amounts of soluble Tral. Remarkably, the overproduced protein did not contain the eXact-tag,
but mass spectrometric peptide finger print analysis confirmed the presence of the start methionine
within the isolated protein. Sequencing of the construct revealed a frame shift mutation between the
multiple cloning site and the inserted tral gene. The precise reason for the observed successful
overproduction of Tral based on the expression of this ‘frame shift’ construct is up to now not
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known, but, most likely the tral gene is translated from an internal start-site, resulting in the
overproduction of full-length Tral without the N-terminal eXact-tag.

In addition to the numerous tested expression constructs, it was tried to improve the isolation of
soluble Tral by using different expression strains. Therefore, the E. coli strains BL21(DE3),
BL21(DE3) Star and LEMO21(DE3) were tested in various growth and expression conditions. The most
successful overproduction of native Tral could be observed using BL21(DE3) Star cells grown in
LB medium incubated at 37°C in the presence of 0.5% glucose. Remarkably, a lowering of the
expression temperature also resulted in lower expression levels of tral.

Table 53: Summary of overproduction and purification results obtained from different tral constructs

Protein Protein Protein Inclusion Purification
amount soluble bodies successful

Tral C-terminal His-tag medium in part yes no

Tral c-terminal Strep-tag low in part Yes no

Tral N-terminal His-tag low yes No in part (aggregation)

Tral N-terminal Strep-tag low yes No in part (aggregation)

Tral N-terminal eXact-tag high Yes No no

Tral N-terminal MBP fusion high Yes no in part (aggregation)

Tral N-His-MBP-TEV fusion very high Yes no in part (aggregation)

Tral native high Yes no yes (soluble protein)

Tral (relaxase dom.) N-terminal eXact-tag high No yes no

Tral (middle dom.) N-His-MBP-TEV fusion medium No no no

Tral (DUF1528 dom.) N-terminal His-tag high Yes no in part (aggregation)

4.4.2 Soluble native Tral can be isolated in the presence of the detergent DDM

The isolation of purified Tral was a challenging and difficult task since Tral strongly tends to
aggregate, either already during overproduction or during the purification. Many different
approaches with different constructs, overexpression conditions and purification protocols were
performed to obtain soluble Tral. Initial attempts to purify Tral containing a His- or Strep-tag resulted
in very low amounts of Tral that still contained a high number of contaminats. Mass spectrometry
analysis indicated that many of these contaminations were chaperones, which suggests a misfolding
of Tral. Indeed, size exclusion chromatography showed that these proteins eluted in the exclusion
volume of the column.

Two constructs expressing malE-tral fusions have been generated to prevent protein aggregation and
to obtain higher protein yields. The fusionprotein without a His-tag and a TEV cleavage site was
overproduced in high yields and was purified in one step using an MBPTrap (GE Healthcare) column.
Unfortunately, the MBP-Tral fusionprotein only had a weak binding affinity to the column material
and only very low amounts of the protein were eluted. Most of the protein remained unbound in the
flowthrough. The other MBP-Tral fusionprotein with an N-terminal His-tag and a TEV cleavage site
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between both proteins yielded in high amounts of soluble protein and was purified using two affinity
chromatography steps followed by a size exclusion chromatography. The final amounts of purified
protein were much higher than the obtained yields from the other MBP-Tral fusionprotein.
Nevertheless, like in previous purification attempts also this purification ended up with the elution of
Tral in the exclusion volume of the gelfiltration column, indicating aggregation of the protein. These
results represented for a long time the best purification of Tral. Unfortunately, attempts to cleave off
the MBP protein by TEV protease and to further purify the native Tral were not successful.

Besides different approaches to purify tagged proteins, attempts have been made to isolate native
Tral by a combination of different purification methods like ion exchange chromatography,
hydrophobic interaction chromatography, and size exclusion chromatography. Unfortunately, this
purification protocol including a Q-Sepharose column, a Phenyl-Sepahrose column, a Hydroxyapatite
column, and a Superdex 200 gelfiltration column, resulted in >95% loss of the protein during the
different purification steps and the purified Tral eluted again as an aggretated protein in the final gel
filtration step. The obtained protein yields from the purification of native Tral were slightly lower
than the obtained yields in the purification of the His-MBP-TEV-Tral.

An important breakthrough in the purification of soluble native Tral was made by performing an
extensive screen of different detergents. The addition of the detergent DDM to the different
purification steps prevented aggragation of Tral during the different purification steps, and resulted
in the purification of soluble and active Tral. The results of the purification are shown in Figure 26. In
the performed SDS-PAGE analysis using 11% gels, Tral migrates at a position corresponding to a
molecular mass of 120 kDa.

The successful purification protocol includes an additional solubilization step with DDM after cell
disruption. The further purification of the protein includes an anion exchange chromatography step
followed by a cation exchange chromatography step (see Figure 26 A) and a second cation exchange
chromatography step to concentrate the protein. The final purification step is performed with size
exclusion chromatography using a Superdex 200 column (see Figure 26 B). In the first anion exchange
chromatography, Tral did not bind to the column material under the conditions used and remained
in the flowthrough. Most of the contaminating proteins were bound to the anion exchange column
and, therefore, this step resulted in a significant purification of Tral. The flowthrough was loaded on
a cation exchange column and bound Tral eluted at an approximate NaCl concentration of 125 mM
(see Figure 26 A (left); Fractions A2 to A4). Since Tral tends to aggregate during concentration with
centrifugal filter units, the Tral containing fractions were first diluted and then concentrated in a
second cation exchange chromatography step by using a steep elution gradient (see Figure 26 A
(middle)). The concentrated elution samples were analyzed on 11% SDS gels (see Figure 26 A (right)).
In the final purification step performed by gel filtration most of the contaminating proteins that were
still present after the second cation exchange chromatography were removed (see Figure 26 B).
Using this purification protocol Tral did no longer elute in the exclusion volume of the gelfiltration
column, but eluted at a volume corresponding to a molecular mass of approximately 280 kDa,
suggesting the existence of a higher oligomeric state of Tral, which will be discussed in detail in the
following Chapter. The Tral containing fractions still contain some contaminating proteins which
could not be removed. These proteins were analyzed by mass spectrometry and most of them were
identified as degradation products of Tral. With this purification protocol approximately 0.5 mg of
Tral can be isolated per 1 L E.coli overexpression culture.
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Relaxases are difficult proteins to purify and a successfull isolation of the full-length protein has been
reported for only a few of them. The hereby described purification method is the first successful
protocol to isolate a native soluble full-length relaxase of the novel and uncharacterized MOBy,
family.
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Figure 26: Isolation of native Tral in the presence of DDM. (A) Elution profiles of the first cation exchange
chromatography step (left) and the second cation exchange chromatography step (right). Protein was detected with a
wavelength of 280 nm (blue line). The intensity of the UV light is given as mAU. The collected fractions are labeled in red.
The concentration of the ‘lon exchange Tral detergent B’ buffer is indicated as green line (gradient from 0-100%). The
elution fractions of the cation exchange chromatography were analyzed with 11% SDS gels (right). Molecular masses are
indicated on the left site (PageRuler unstained protein ladder; Fermentas). The labeling of the lanes corresponds the
labeling of the elution fractions. (B) Elution profile of size exclusion chromatography (left) and 11% SDS-PAGE analysis of
the protein containing elution fraction. The labeling corresponds to the description given in (A).
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4.4.3 The oligomeric state of Tral

Purified Tral elutes from the gelfiltration column at a volume which corresponds a molecular mass of
approximately 280 kDa. Interestingly, Tral has a calculated molecular mass of 94.7 kDa, but migrates
on SDS-PAGE gels at a position corresponding to a molecular mass of 120 kDa. Western blot analyses
using a Tral antibody on N. gonorohoeae cells have shown that also the native protein in
N. gonorrhoeae migrates on SDS-PAGE gels at a molecular mass of 120 kDa (202). The reason for the
observed difference of 25 kDa is up to now not known. This difference was also observed in
preparations without DDM, excluding an influence of the detergent DDM in this abreviant migration
behavior on SDS-PAGE gels. Also other purified Tral proteins expressed from different constructs
migrate on SDS-PAGE gels with a higher molecular mass. The abreviant migration behavior of Tral is
possibly caused by its hydrophobic N-terminus. Alternatively, Tral does not unfold completely in the
presence of SDS or the protein is post-translationally modified.

The observed molecular mass of Tral (280 kDa) on the gelfiltration column seems to fit with the
calculated mass of a trimer of Tral (285 kDa). However, the abreviant migration behavior on
SDS-PAGE gels might also occur on the gelfiltration column, and the protein might be a dimer (190
kDa) surrounded by a DDM micelle (70 kDa) (295). To further study the oligomeric state of Tral, the
isolated protein was analyzed on a Blue Native gel (5-13% acrylamide gradient). The results from this
experiment are shown in Figure 27. Six different marker proteins with known masses were used as
references to enable an approximate mass estimation of Tral. The molecular masses and the relative
mobility of the proteins were plotted as a function of each other (see Figure 27 B). Using this graph
to calculate the molecular mass of Tral, the Protein migrated at a mass corresponding to 260 kDa,
which is smaller than the calculated mass for a trimer. Taking the abreviant behavior of Tral on
SDS-PAGE gels into account, it can be concluded that Tral is purified as an oligomer that is most likely
a dimer.
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Figure 27 : BN-PAGE analysis of the oligimomeric state of Tral. (A) BN-PAGE with 5-13% acrylamide gradient gel.
Molecular masses are indicated on the left site. The labeling of the lanes correspond the following: 1 - Ferritin +
Ovalbumine standard; 2 - Thyroglobuline + Conalbumin standard; 3 - Aldolase + Ribonuclease standard; 4 - 458 ng Tral; 5
- 915 ng Tral; 6 - 1.4 mg Tral; 7 — 1.8 mg Tral (B) Plot of the molecular masses of the marker proteins in relation to their
relative mobility within BN-PAGE analysis. Each marker protein was loaded and measured in dublicate (black and
colorless dots). The trendline correspond a sigmoidal regression.
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4.4.4 Limited proteolysis elucidates the domain organization of Tral

Analysis of the primary amino acid sequence of Tral suggested that Tral consists of different domains
including an N-terminal hydrophobic amphipathic a-helix (4-5 kDa), followed by a relaxase domain
(42.5 kDa), a non conserved domain of unknown function (34 kDa) and a DUF1528 domain
(11.8 kDa). To obtain more information about the domain structure of Tral, limited proteolysis with
trypsin and ProteinaseK was performed. Therefore, Tral was incubated with increasing
concentrations of trypsin and ProteinaseK and the samples were analyzed on 13-15% gradient SDS
gels.

Interestingly, Tral showed significant diffences in the sensitivity for both proteases. Comparing the
concentrations of trypsin and ProteinaseK which are necessary to initiate the proteolysis of Tral
(1 nM for trypsin vs. 0.04 nM for ProteinaseK) and to reach a complete digest of the protein (12 nM
for trypsin vs. 1.28 nM for ProteinaseK), it is obvious that Tral is very sensitive to ProteinaseK and is
less sensitive to trypsin. Both proteolysis experiments do not only differ with regard to their protease
sensitivity, but also with respect to the migration pattern of the obtained fragments. Allmost all
observed fragments from the trypsin proteolysis (see Figure 28 A) are also present in the ProteinaseK
digest, but some fragments are only observed in the ProteinaseK digestion (see Figure 28 B).
Whereas the proteolytic digest with trypsin resulted in the formation of specific fragments, the
digest with ProteinaseK seems to result in an initial digestion of Tral into specific fragments followed
by further digestion of these fragments.

At least a trypsin concenteration of 1 nM was necessary to detect a proteolytic activity on Tral.
Increasing trypsin concentrations finally ended up with seven disting fragments which could be
observed within trypsin concentration >1 nM, representing different domains and peptide fragments
of Tral. Initial fragments migrating at positions corresponding to molecular masses of 100 (‘2’),
85(‘3’) and 35 kDa (‘6’) were observed within trypsin concentrations of 1-8 nM. At trypsin
concentrations of > 4 nM an additional fragment (‘4’) appeared at the position corresponding to
80 kDa and fragment ‘2’ (100 kDa) was almost complete digested. Next to the occurence of fragment
‘7’ (26 kDa), fragment ‘6’ (35 kDa) started to disappear at trypsin concentrations >8 nM. Finally, the
last two fragments ‘5’ (55 kDa) and ‘8’ (17.5 kDa) appeared at trypsin concentrations above 16 nM.
Considering the observed masses of the fragments ‘4’, ‘7’ and ‘8’ a total mass of 123.5 kDa will be
obtained, corresponding to the mass of undigested Tral. Based on Figure 28, the following model
might be conclusive:

Fragment ‘1" resents the full-length protein in an undigested state.

Fragment ‘2’ first formed fragment that is also produced in absence of protease. Most likely it results
n degradation of Tral.

Fragments ‘3’ and ‘6": n derive from fragment ‘2’ and start to appear when fragment ‘2’ disappears. Most likely
ment ‘3’ represents the relaxase and the middle domain of Tral and fragment ‘6’ represents
DUF1528 domain and a linker region between middle domain and DUF1528 domain.

Fragments ‘4’ and ‘8’: iment ‘4’ derives from fragment ‘3’ and represents the relaxase domain and/or the middle
1ain. Fragment ‘8’ derives from fragment ‘7’ and represents the DUF1528 domain.

Fragment ‘7’: st likely this fragment represents either the DUF1528 domain that is cleaved with an
itional sequence part and further digest produce fragment ‘8’, or it represents a part of the
dle domain of Tral.
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The fragmentation pattern of the proteolytic digest with ProteinaseK revealed a similar domain
organization as observed with trypsin and confirmed the assumption that Tral consists of at least
three domains. Almost all of the previous described fragments ‘1’ till ‘8’ are also present in the
ProteinaseK digested samples. Only fragment ‘5’ was not observed on its expected position, but
seems to be represented by the fragments ‘10’ to ‘12’, which migrate in a range of 45-50 kDa.
However, in comparison with the obtained results from the trypsin digest the ProteinaseK digest
leads to a much stronger fragmentation and degradation of Tral. One of the most obvious differences
between both proteolysis experiments is the high sensitivity of Tral against ProteinaseK. This could
be especially observed for fragments ‘3’ and ‘4’ that are already almost complete digested at a
ProteinaseK concentration of 0.64 nM, whereas within the proteolysis with trypsin both fragments
are still present at the highest protease concentration.

These results lead to the conclusion that the N-terminal relaxase domain has a certain resistance
against endopeptidases like trypsin, but is very sensitive to exopeptidases like ProteinaseK, which has
an endo- and an exopeptidase activity. This difference between both proteases could be a reason for
the observed numberous degradation fragments in the ProteinaseK experiment. Most likely, the
different sensitivities of Tral to both proteases result from the structural integrity of the observed
domains, which possibly influences and restricts the accessibility to endopeptidases. Taking all
observed fragments from the proteolytic digest with trypsin into account, it is most likely that Tral
constists of at least three different domains.
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Figure 28: SDS-PAGE analysis of limited proteolysis of Tral. (A) Limited trypsin digest of Tral with increasing trypsin
concentrations indicated on top of the lanes. (B) Limited ProteinaseK digest of Tral with increasing ProteinaseK
concenterations indicated on top of the lanes. The molecular masses for both gels are given on the left sites (PageRuler
unstained protein ladder; Fermentas). The black arrows on the right gel sites indicate the migration positions of Tral (1)
and of several fragments obtained from the proteolytic digest (2-15).
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4.4.5 Tral binds ssDNA and dsDNA in a sequence unspecific competative reaction

Different DNA binding and competition experiments were performed with native Tral to study the
DNA binding mechanism of this novel relaxase family. To characterize the DNA binding reaction of
Tral, y-P** labeled ssDNA substrates were incubated with increasing concentrations of Tral and were
analyzed for mobility shifts on 7.5% native TB gels. Besides different substrates it was tested whether
different metal cofactors can influence the binding reaction of Tral. It was observed that Tral binds to
all tested ssDNA substrates in a sequence unspecific reaction (see Figure 29; comparison of a T,
primer with a primer containing the putative oriT region of the GGI). The DNA binding reaction was
not dependent on a metal cofactor (see Figure 29). The observed DNA binding affinity of Tral was at
least 200 nM, however, further experimental approaches like anisotropy measurements with ssDNA
substrates are necessary to determine the K4 of the DNA binding reaction of Tral.
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Figure 29: Autoradiographs of DNA binding assays of Tral providing Mg2+, Mn?* or Co®" as metal cofactors and either v-Psz
labeled ‘T;,’ oligonucleotide or ‘75 bps GGl oriT’ oligonucleotide as DNA substrates. The samples were analyzed on 7.5%
native TB gels. Negative controls without Tral are indicated with black triangles. The labeling of the lanes corresponds to
the used Tral concentrations (10 - 800 nM). The DNA substrate concentration used in each reaction was 100 nM. The
different metals are indicated on top of the gels, the DNA substrates are indicated on the right sites. The migration
position of unbound DNA is indicated with black triangles on the left sites, the position of protein-bound DNA is
indicated with colorless triangles.

To further characterize the DNA binding reaction of Tral, competition assays with y-P* labeled
dsDNA and ssDNA substrates, which were competed with unlabeled T, oligonucleotides were
performed. At first, two labeled dsDNA substrates either containing the GGl oriT sequence or the difA
site sequence were competed with T, oligonucleotides in a length range of 6-28 nucleotides
(see Figure 30 A and B). Subsequently, a polyT primer with a length of 25 nucleotides and a primer
corresponding to the putative oriT sequence with a length of 75 nucleotides were competed with T,
oligonucleotides in a length range of 6-28 nucleotides (see Figure 30 C and D).

Interestingly, it could be observed that Tral binds sequence unspecific to all tested DNA substrates,
but the DNA binding affinity differs between dsDNA substrates and ssDNA substrates and seems to
be higher then 200 nM. Both dsDNA and ssDNA substrate show similar results for the competition of
T, oligonucleotides. However, oligonucleotides shorter than Tg cannot compete with the binding of
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the other DNA substrate, whereas T, oligonucleotides with a length between 12 and 21 nucleotides
competed with increasing efficiency. T, oligonucleotides that are longer than 21 nucleotides were
able to compete completely with the binding of both ssDNA and the dsDNA substrates.

Taking into account that oligonucleotides shorter than 9 nucleotides were not able to compete
longer DNA substrates, but T, oligonucleotides longer than 9 nucleotides were able to compete with
the bound DNA substrates, it can be concluded that Tral has a minimal binding frame of 9
nucleotides. The observation that T, oligonucleotides with increasing lengths are more efficient
competitors than shorter onligonucleotides indicates that the binding affinity of Tral for ssDNA rises
with increasing length of the oligonucleotide.

Thus, from the obtained results it can be concluded that Tral binds sequence unspecific to ssDNA and
dsDNA substrates in a metal independent reaction. The minimal binding frame of Tral for ssDNA
substrates was determined to be 9 nucleotides. Increasing the length of the oligonucleotide further
increases its binding affinity to Tral. The sequence specificity of the DNA binding reaction of Tral is
not influenced by Yaf (data not shown).
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Figure 30: Autoradiography of DNA binding and competition assay with different v-Psz-Iabeled DNA substrates competed
with different unlabeled T, oligonucleotides. The assay was performed with isolated native Tral. Negative controls
without protein are indicated with black triangles and reactions without competitor DNA are indicated with a dash on
top of the lanes. The labeling of the lanes indicates the corresponding competitative T, oligo-nucleotide. The migration
position of unbound DNA is indicated with black triangles on the left sites, the position of protein-bound DNA is
indicated with colorless triangles. (A) reaction with v-Psz-IabeIed 555 bps PCR product with GGI oriT sequence; (B)
reaction with v-Psz-IabeIed 425 bps PCR product containing the difA site sequence; (C) reaction with v-Psz-IabeIed Tys
oligonucleotide; (D) reaction with with v-P?’Z-IabeIed 75 bps GGl oriT oligonucleotide.
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4.4.6 Tral relaxes supercoiled plasmid DNA in a metal dependent sequence unspecific
reaction similar to the activity of E. coli Topoisomerase |

To further characterize the mechanism of the relaxase Tral, DNA relaxation assays were performed
as described in Chapter 3.8.6. Several different conditions including various DNA substrates, different
divalent cations and changes in the reaction conditions were tested to study the DNA relaxation
activity of Tral.

The relaxation activity of Tral was tested on supercoiled DNA substrates containing either the oriT
sequence from the GGI or from the F-plasmid. Remarkably, both supercoiled DNA substrates were
converted from the supercoiled to the relaxed form. Figure 31 A shows the time dependent
relaxation activity on a plasmid that contains the oriT sequence of the GGI, but a similar result was
obtained for the plasmid that contains the oriT of the F-plasmid (data not shown). Relaxation assays
on plasmids that contain neither the oriT sequence from the GGI nor the oriT sequence of the
F-plasmid, showed that also these plasmids were converted to the relaxed form (data not shown).
This suggested that a sequence unspecific relaxation activity was present in the fractions that
contained purified Tral. This was an unexpected result since almost all characterized relaxases show a
sequence specific relaxation reaction and might indicate that Tral requires an accessory protein to
promote efficient cleavage of the oriT sequence.

To demonstrate that the slower migration of the different plasmids is caused by relaxation of the
supercoiled DNA and not by binding of Tral to the DNA, several experiments were performed. At
first, Tral was incubated with supercoiled, linearized and religated plasmid DNA (see Figure 31 B). In
this experiment a mobility shift was only observed for the supercoiled plasmid. Secondly, after
incubation with Tral, the plasmid was treated with ProteinaseK to degrade the protein. After
incubation with Proteinasek, the slower migrating band was still observed (data not shown). The shift
to a band with a slower mobility is dependent on the presence of divalent cations, whereas binding
of Tral to the DNA is independent of divalent cations.

In view of the high similarity of the relaxation reaction observed for purified Tral to the enzymatic
activity of Topoisomerase | from E. coli, further experiments were performed to exclude that the
observed reaction is a result of a Topoisomerase | contamination. The final gelfiltration
chromatography step of the purification of Tral should separate Tral (elutes at a volume
corresponding to 280 kDa) and Topoisomerase | (should elute at 97 kDa). Titration experiments with
commericially obtained Topoisomerase | (New England Biolabs) showed that the amounts required
for the observed relaxation activity should be visible on SDS-PAGE gels and thus should also be easily
detectable with mass spectrometry. Topoisomerase | could however never be detected in fractions
containing Tral using mass spectrometry (data not shown). In a second experiment, similar to that
performed for Yaf (see Figures 22 B and 31 C), the metal dependency and the formation of different
intermediates by Tral and Topoisomerase | were compared to distinguish between both activities.
Like for Yaf, also the relaxation activity of Tral was observed in the presence of Mg but is strongly
enhanced in presence of Mn?* and Co®" (see Figure 31 C). Also no typical Topoisomerase | reaction
intermediates were observed (see Figure 22 B), but one fragment migrating at the position of the
linearized plasmid was observed in the presence of Tral. Considering these differences, it can be
concluded that the relaxation activity associated with the fractions containing Tral is not a
background activity of E. coli Topoisomerase |.
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Remarkably, also Tral of the E. coli F-plasmid cleaves DNA more efficient in the presence of Mn*'
then in the presence of Mg®* (246, 296).

Thus, the fractions containing purified Tral kept a relaxase activity which resembled the activity
observed for purified Yaf. Unfortunately, both relaxation activities were sequence independent. Tral
showed no strong preference for any of the tested plasmids and those plasmids that contained the
putative oriT encoded within the GGI were not processed faster. The addition of Yaf to the relaxation
assays did also not result in a more specific relaxation activity (data not shown). Purified Tral binds in
electrophoretic mobility assays to DNA with a high affinity, demonstrating that the purified Tral is
active in DNA binding under the tested conditions, making it unlikely that the inability to detect
sequence specific relaxation is caused by inactive Tral. Possibly the relaxation assays were not
sensitive enough to detect the specificity of Tral. Therefore, also DNA cleavage assays were
performed which will be described in detail in the following Chapter.
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Figure 31: Comparative analyses of the DNA relaxation activities of Tral. (A) Relaxation time range experiment with Tral.
The control (T,) is indicated as black triangle. Samples were taken in 5 min steps and were immediately inactivated with
SDS and EDTA. The labeling of the lanes indicates the corresponding reaction time. (B) Influence of the DNA topology on
the relaxation activity of Tral. Supercoiled, linearized, and religated DNA derived from plasmid pEP074 was used as
substrate. The labeling of the controls and the DNA topolgies ‘I’ and ‘II’ correspond to ‘A’. The migration position of
linearized DNA is indicated with (lI11). The labeling of the lanes correspond the following: 1 - Tral incubated 5 min at 95°C
after reaction; 2 - standard conditions; 3 - no Mg2+; 4 - additional EDTA; 5 - standard conditions; 6 - additional EDTA; 7 -
standard conditions (C) Influence of different metal cofactors on the relaxation activity of Tral. The relaxation assay was
performed with increasing protein concentrations in presence of Mgz", Mn®>* and Co* (indicated on the right site).
Negative controls without protein are indicated with black triangles on top of the lanes. The migration positions of
supercoiled (I1) and relaxed (1) DNA fragments are indicated with the black arrows on the left site.

4.4.7 Tral cleaves ssDNA sequence unspecific in presence of Mn>* and Co**

To test whether Tral cleaves ssDNA, cleavage assays were performed with isolated Tral under many
different conditions using several different oligonuceolotide substrates. The experiments were
performed as described in Chapter 3.8.7. Five different oligonucleotides have been tested: two
complementary oligonucleotides containing the putative oriT of the GGI (see Figure 32 A), two
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Yaf

complementary oligonucleotides containing the F-plasmid oriT (see Figure 32 B) and a
T,4 oligonucleotide (see Figure 32 C).

The cleavage assays were performed in the presence of Mg®* or Mn*, and in the presence and
absence of ATP and Yaf. Remarkably, cleavage was reproducibly observed for the “GGlI oriT “fwrd’”
and the “F oriT ‘fwrd’”” oligonucleotides in the presence of Mn*’, whereas the other three
oligonucleotides did not show any cleavage (see Figure 32). A similar preference of Mn*" instead of
Mg> has been observed previously for Trale from E. coli in cleavage experiments with ssDNA
substrates (296). The size of the cleavage products was compared with a standard made of different
polyT oligonucleotides of different lengths (data not shown). The cleavage products of the “GGlI oriT
‘fwrd’” oligonucleotide and the “F oriT ‘fwrd’” oligonucleotide had lengths of 6-15 and 65-70
nucleotides respectively. A comparison of the putative cleavage sites did not show any sequence
similarity between both oligonucleotides. Remarkably, cleavage of the “GGI oriT ‘“fwrd"”
oligonucleotide was inhibited in the presence of ATP.

Further cleavage assays with several shorter oligonucleotides along the sequence of the “GGlI oriT
‘fwrd’” oligonucleotide and oligonucleotides with mutations in single nucleotides are required to
determine the exact cleavage site and the specificity of Tral.
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Figure 32: Autoradiographs of DNA cleavage assay with Tral and Yaf. The samples were analyzed with Urea PAGEs with
7.2% gels. The labeling of the different lanes represents the corresponding reaction conditions. The assays were
performed with six different v-Psz-IabeIed DNA substrates. (A) Cleavage reaction performed with complementary ‘75 bps
GGl oriT”" oligonucleotides; (B) Cleavage reaction performed with complementary ‘75 bps F-plasmid oriT’
oligonucleotides; (C) Cleavage reaction performed with ‘T;,’ oligonucleotide (left) and a 555 bps PCR product containing
the GGl oriT sequence (right)

4.5 Protein-protein interaction studies on the relaxase Tral, Yaf and the
ATPase TraC

The studies on possible protein-protein interaction of Tral, Yaf, and TraC were performed in close
collaboration with S. Rempel (a bachelor student of our group), whose bachelor project focused on
the isolation and biochemical studies of the ATPase TraC of the T4SS from N. gonorrhoeae.

Different combinations of isolated proteins were co-incubated with magnetic His-beads and were
eluted from the beads as described in Chapter 3.8.11. The different fractions from the elution of the
magnetic beads were analyzed by SDS-PAGE. Putative protein-protein interaction will be indicated by
co-elution of the different proteins, since only one of the two co-incubated proteins contains a His-
tag. Possible protein-interactions of native Tral were tested with dimeric and tetrameric Yaf with an
N-terminal His-tag as well as with N-terminal His-tagged TraC. A possible interaction of Yaf with the
ATPase TraC was tested using native Yaf and N-terminal His-tagged TraC.

However, putative protein-protein interactions between Tral, Yaf, and/or TraC were not observed
within the tested conditions. A similar experimental approach to study the interaction of Tral and Yaf
was performed using Ni-NTA (Sigma-Aldrich) instead of magnetic beads for the binding of His-tagged
proteins. Like observed for the magnetic bead material, also the obtained results from the Ni-NTA
material do not indicate an interaction between Tral and Yaf.

Nevertheless, it has to be taken into account that a weak interaction between the different proteins
could possibly be disturbed by various factors like e.g. buffering conditions or the treatment of the
samples. For instance, Tral needs the presence of the detergent DDM to keep a soluble dimeric state
in solution. The micelle formed by DDM could hinder possible protein interactions of Tral. Besides
the possibly disturbing influence of DDM also the concentration of salts and ionic components could
have a strong influence on protein-protein interactions and should be considered in the
interpretation of the obtained results.

In addition to the performed pull down assays, a possible influence of Tral and Yaf on each other was
tested in DNA cleavage assays and DNA binding experiments. The obtained results from the cleavage
assays are in agreement with the results of the pull down assays. No indication of a putative
influence of Tral and Yaf on each other could be observed. However, within the experimental set-up
of the DNA cleavage assays it is not possible to detect a direct protein-protein interaction between
Tral and Yaf.
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5. Discussion

5.1 GGI-like T4SSs in Proteobacteria

GGl-like T45Ss show variations within different Proteobacteria

Generally, the GGI-like T4SSs that have been identified in several Proteobacteria within the current
study show a highly conserved genetic organization of the different T4SSs components. However, a
few exceptions show little variation in their genetic organization, which result from additional
insertions. The largest insertions are present within the GGI-like T4SSs identified in y-Proteobacteria,
but also a-Proteobacteria show significant additional insertions. The most conserved GGl-like T4SSs
can be found in B-Proteobacteria. The additional insertions in the identified T4SSs of a- and y-
Proteobacteria presumably derive from evolutionary adaptation processes within highly variable
genomes.

The GGI of N. gonorrhoeae has been proposed to derive from an ICE, since it is surrounded by two dif
sites that are recognized by the XerCD recombinase (198, 200). One of the two dif sites has been
mutated to an imperfect dif site (189). The mutation within this dif site influences the recognition of
the XerCD recombinase and leads to a strongly decreased excision and integration frequency of the
GGI. The GGl-like T4SSs identified in other Proteobacteria are often surrounded by transposases or
integrases, indicating a possible origin from a mobile genetic element similar to the GGl of
N. gonorrhoeae. It is most likely that the GGI-like T4SSs derive from one ancestral T4SS which has
been distributed via a mobile element or due to bacterial phages, since very often also many phage
related proteins are in close proximity to the genes of the GGI-like T4SSs. Interestingly, only the
conserved core genes necessary for DNA processing and the formation of the secretion channel are
found in most of the identified GGI-like T4SSs. This indicates a clear tendency of these T4SSs to
spread only essential core genes among different organisms. The bioinformatical analysis of the
different GGI-like T4SSs does not give information about possible useful cargos within the spread of
these systems, like e.g. antibiotic resistances or metabolic advantages.

Functional role of GGI-like T4SSs

Almost all identified species harboring a GGl-like T4SSs are pathogenic organisms, suggesting a
possible function of the T4SSs in pathogenesis or in immune defense. A direct influence of the GGI
encoded T4SS on the pathogenicity of N. gonorrhoeae has not been reported up to now, however,
GGl versions encoding a specific sac-4 allele have been associated with an increased risk of PID
infection (113). Furthermore, it has been reported that the GGl encoded T4SS promotes a ton-
independent intracellular survival of N. gonorrhoeae being an advantage for invasion and
colonization of distinct tissues (196). However, it is unclear whether the GGI-like T4SSs secret
additional virulence factors like it has been reported for many other T4SSs (102, 104, 121). No
secreted proteins that possibly act as virulence factors have been identified in N. gonorrhoeae and it
is currently assumed that the GGl encoded T4SS is a pure DNA secretion system. GGI-like T4SSs might
be involved in surface modulation to evade the host immune system. For instance, N. gonorrhoeae
strain MS11 has a mutated pilus subunit TraA and does not assemble T4SS pili. Other N. gonorrhoeae
strains do not have this mutation and have the ability to form intact T4SS pili. However, the presence
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of a pilus in the neisserial T4SS significantly influences the level of DNA secretion (PhD thesis
E. Pachulec 2010). Besides a putative role within pathogenicity, it is very likely that GGl-like T4SSs are
important for the spread of information via DNA secretion. The different species might benefit from
the exchange of genetic information in acquiring antibiotic resistances or metabolic advantages that
could easily be distributed via DNA secretion.

The obtained bioinformatical data does not give information about the functionality of the identified
GGl-like T4SSs. Moreover, the large insertion in the GGI-like T4SSs found in a- and y-Proteobacteria
most likely lead to a loss of functionality, since operons with essential core genes are disrupted and
could not be further coexpressed. The strict regulation of certain secretion system components
within T4SSs is a crucial mechanism to enable a sufficient assembly of the secretion complex. The
GGl-like T4SSs identified in B-Proteobacteria presumably are functional T4SSs since the essential core
genes are not disrupted by additional insertions. The insertions between the dtr genes and the mpf
genes most likely do not affect the functionality of the T4SSs, instead of that it is more likely that
these insertions belong to a more ancestral T4SS and have been lost within N. gonorrhoeae and
N. meningitidis. If this assumption will be true, it is most likely that the GGI-like T4SS ancestrally
derives from one of the other B-Proteobacteria species and not from Neisseria, like it has been
previously assumed. This implies that the T4SS of N. bacilliformis resembles a more ancestral T4SS.
However, conclusions considering the functionality and the ancestral relationship of the GGlI-like
T4SSs have to be seen with caution as long as no further experimental and bioinformatical analyses
have been performed.

Some GGl-like T4SS encode different classes of dtr genes and mpf genes

Some of the GGl-like T4SSs have a different composition of dtr genes and mpf genes. The T4SSs of
N. aromaticivorans, the secretion system of A. denitrificans plasmid pALIDE201, and the T4SS of
plasmid pAOV001 of Acidovorx encode dtr and mpf genes belonging to the MOB; and the MPF;
family, whereas all other identified GGI-like T4SSs encode dtr genes belonging to the MOBy, family
and mpf genes belonging to the MPF¢ family. Such an exchange between different MOB and MPF
families has also been reported for other T4SSs (111). Most of the identified mixed T4SSs are
encoded on the chromosome and derive most likely from mobile genetic elements. These “original”
secretion systems might have changed due to different evolutionary processes that finally resulted in
a mix of different MOB and MPF families. Many of the mixed GGl-like T4SSs are surrounded by or
even encode different phage related proteins. This gives rise to the assumption that the change of
the dtr genes might result from phage integration events. Nevertheless, conclusions about the origin
of the mixed GGl-like T4SSs have to be drawn with caution since several other factors might lead to
an exchange of different MOB and MPF families.
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5.2 Isolation of the coupling protein TraD

Soluble TraD could not be isolated using a recombinant overexpression approach in E. coli

The recombinant overproduction of the neisserial CP TraD led to the formation of large amounts of
insoluble inclusion bodies, even though various overexpression conditions, different constructs and
different E. coli host strains have been tested.

In general, T4SS CPs are integral inner membrane proteins with at least two TM domains. A few CPs
have been reported to lack TM domains, but these proteins always occur together with small integral
membrane proteins that mediate the attachment of the CPs to the cytoplasmic membrane (105). The
CP of N. gonorrhoeae is, based on its conserved nucleotide binding motifs, classified into the group of
VirD4,r like CPs (105). Taking the results from computational TM domain predictions of TraD into
account, it is more likely that TraD clusters together with the class of TM domain-less CPs since no
TM domain has been predicted for TraD. Instead, a hydrophobic patch could be identified within the
N-terminal region of TraD, which most likely is responsible for the attachment of TraD to the
cytoplasmic membrane. Considering these results, it might be possible that TraD needs an additional
protein to enable an attachment or integration into the membrane. This assumption is strengthened
by the close proximity of the yaa gene to the traD gene, which encodes a small predicted membrane
protein with at least 4 TM domains. The possibility of a missing component that might be necessary
for the successful attachment or integration of TraD into the cytoplasmic membrane could be one
reason for the production of large amounts of insoluble TraD during overproduction. The membrane
attachment or insertion of TraD could be triggered by an up to now unknown additional spatial
positioning factor in N. gonorrhoeae, which is not present in recombinant overexpression host E. coli.
This assumption is of special interest with regard to the low abundance of T4SS components, often
with only one copy per cell. Furthermore, CPs oligomerize to homohexameric holoenzymes and
resemble a similar shape like FiFo-ATPases (274). This implies the formation of several protein-
protein interactions between CP subunits, indicating a possibility for an aggregation tendency of CPs
while overproduction in high amounts. It is assumed that CPs assemble into their active
homohexameric state after receiving a certain signal, which initiates the activation of substrate
translocation (229). Like previously discussed in context with a putative missing spatial positioning
component, also a missing oligomerization triggering signal might lead to the observed aggregation
of TraD during the recombinant overproduction. In addition to oligomerization related challenges
that need to be considered within the recombinant overproduction of TraD, also host specific
peculiarities could result in the formation of inclusion bodies. For instance, the lipid composition of
the cytoplasmic membrane could strongly influence the integration of a recombinant membrane
protein into the host membrane, if reasonable differences in the lipid composition of both species
exist. This might be possible for the recombinant overexpression of TraD from N. gonorrhoeae
(B-Proteobacteria) in E. coli (y-Proteobacteria), even though both belong to the group of
Proteobacteria. Furthermore, the overexpression of traD results in the production of high amounts
of protein, which could cause membrane insertion problems due to limited membrane space in the
host organism leading to the formation of inclusion bodies. Besides this, the fast production of large
protein amounts during the induction with IPTG can lead to a misfolding of the protein that ends up
in the formation of inclusion bodies. The recombinant overproduction of membrane proteins is in
general a challenging task and faces often problems of insolubility or misfolding of the produced
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proteins. Also other T4SS CPs could not be isolated and purified as full-length proteins; only the
soluble cytoplasmic part could be successfully overproduced and purified (e.g. TrwBgass) (270, 274).

Denatured TraD could be purified from inclusion bodies but aggregates within refolding
experiments

Denatured TraD was isolated and in part purified from inclusion bodies, but any further purification
steps resulted in aggregation or loss of the protein. A few of the tested refolding conditions ended up
with soluble protein, indicating a structural rearrangement of the denatured protein during refolding.
However, it is not possible to draw conclusions about the correct folding state of TraD from the
obtained data. A misfolding of the denatured protein during the refolding reaction most likely results
in the aggregation of the protein, like it has been observed for TraD. Therefore, it is obvious to
assume that TraD does not refold into its correct structural arrangement. The unpsecific binding of
refolded and purified TraD to any kind of surface (e.g. different column material or reaction tubes)
gives additional evidence for a misfolding of the protein. The strong surface attachment of TraD is
very likely caused by surface-protein interactions of hydrophobic residues within TraD and charged
surface material; possibly these interactions occur within the computationally predicted hydrophobic
patch in the N-terminal domain of TraD. It is an overall observation that certain proteins, especially
membrane proteins, tend to attach due to hydrophobic interactions to various surfaces (e.g. reaction
tubes). Interestingly, even the presence of detergents did not prevent the surface attachment of
TraD. Currently, there is no explanation for this contradictory behavior of TraD.

Membrane-bound TraD could not be solubilized from isolated E. coli membranes

Small amounts of membrane-bound TraD have been observed during numerous isolation attempts,
but it was not possible to solubilize the membrane-bound TraD, even though several different
detergents and solubilization conditions have been tested. Considering the observed data from
different solubilization screens, it can be concluded that the membrane-bound TraD represents
strongly aggregated protein. It is not clear from the obtained results, whether the membrane-bound
TraD was integrated in small amounts into the cytoplasmic membrane during the overproduction, or
if it results from persisting contaminations with inclusion bodies. Separation of the inner and outer
membranes with sucrose density step centrifugation was used to remove possible inclusion body
contaminations from the isolated membranes. Nevertheless, it cannot be absolutely excluded that
small amounts of inclusion bodies were merged with the cytoplasmic membranes due to strong
mechanical forces occurring during the cell breakage. The possibility of a mixed membrane
contaminated with inclusion bodies explains the observed insolubility of the membrane-bound TraD.

5.3 Isolation and functional characterization of the hypothetical protein Yaf

Yaf forms different oligomeric states in solution

Yaf forms different oligomeric states in solution: the most dominant forms are dimers and tetramers,
but also monomers and trimers have been detected. Interestingly, the presence of an N-terminal

Page | 118



Discussion

His-tag strongly influences the equilibrium between dimeric and tetrameric Yaf and results in a
switch of the oligomer ratio. The changes within the oligomerization pattern of Yaf in the presence of
an N-terminal His-tag indicate that the N-terminal region of Yaf might be involved in protein-protein
interactions. Considering a putative nicking accessory function of Yaf, the observed influence of the
N-terminal region on protein-protein interactions is in contrast to reported data from other nicking
accessory protein, which have C-terminal regions involved in protein-protein interactions and
N-terminal regions facilitating the DNA binding (250, 259). However, from the obtained data it is not
clear whether Yaf consists of two domains like other nicking accessory proteins, or if it resembles a
one domain protein.

The functional role of the different oligomeric states of Yaf still needs to be elucidated further, to
identify the final stoichiometry of the Yaf-holoenzyme. The current study revealed the dimeric and
tetrameric forms of Yaf representing the active states of the protein, with a slightly stronger activity
of the dimeric form. Many regulatory proteins with conserved RHH motifs, as well as nicking
accessory proteins bind DNA in a dimeric form and tetramerize afterwards to bend the DNA either
for the regulation of gene-expression or to enable access of the relaxase (215, 250, 260). The
observed distribution of the DNA degradation activity within the different oligomeric states of Yaf is
in agreement with reported data from RHH regulatory proteins and nicking accessory proteins (215,
259), even though no direct DNA binding of Yaf has been observed and the functional mechanism of
Yaf still needs to be further studied.

Limited proteolysis revealed a high level of trypsin resistance of Yaf

Limited proteolysis experiments revealed a high grade of resistance (>20 uM) of Yaf against the
proteolytic activity of trypsin. No significant differences have been observed between dimeric and
tetrameric Yaf, even though a tendency of an increased resistance has been observed for tetrameric
Yaf. The stability of Yaf against the proteolytic activity of trypsin is correlated with the structural
exposure of accessible trypsin cleavage sites, since trypsin is an endoprotease that cleaves specific
after the alkaline amino acids lysine and arginine. It is most likely that the oligomerization of Yaf
protects the protein on a certain level against the proteolytic attack of trypsin. Besides the protection
of Yaf due to its oligomeric assembly, also the structural arrangement of the monomers itself
influences the accessibility of trypsin cleavage sites. The obtained data does not give reliable
information about the domain organization of Yaf monomers, however, it is conclusive to assume
that Yaf consist of only one domain facilitating the DNA degradation reaction and the oligimerization.

Limited proteolysis of different nicking accessory proteins revealed a common two domain
organization of these proteins into an N-terminal DNA binding domain and a C-terminal protein-
protein interaction domain (250, 259). Both domains have been reported to be highly resistance
against the proteolytic activity of trypsin. It is obvious that trypsin starts to attack a protein initially
on easy accessible sites that are often inter-domain regions forming exposed loop structures.
Therefore, limited proteolysis is a commonly used method to characterize the domain organization
of proteins. The reported data from the proteolytic digest of different nicking accessory proteins
strengthens the assumption that Yaf resembles a one domain protein, since no second Yaf related
fragment has been observed. This implies that Yaf combines both, the catalytic site for DNA
degradation and the protein-protein interaction site within one domain, contrary to nicking
accessory proteins.
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Point mutations strongly influence the solubility and the overproduction yields of Yaf

The introduction of single point mutations into the sequence of Yaf strongly influences the solubility
of recombinant overproduced Yaf and results in significantly reduced protein yields. The obtained
data indicates a strong influence of the mutations on the folding and structural arrangement of Yaf.
Considering the drastic changes on the solubility and the protein yields related to the introduction of
point mutations, it is conclusive to assume a densely packed structure of Yaf that is very sensitive to
changes in the amino acid assembly. It has to be considered that most of the introduced mutations
were non conserved mutations to alanine and only a few of them were conserved mutations with
similar structural amino acid properties (e.g. Y to F mutations). A possible influence due to changed
biochemical and structural properties of the amino acids on the structural assembly of Yaf cannot be
excluded, however, reduced protein yields and the formation of inclusion bodies have also been
observed for conserved mutations (Y to F mutants).

Yaf binds to dsDNA substrates with low affinity

Evidences for a weak binding of dsDNA substrates have been observed within several DNA binding
assays, but the obtained results have to be interpreted with caution. It has to be considered that
maybe the tested in vitro conditions do not reflect the optimal DNA binding conditions of Yaf and
further optimization of the assay might be necessary.

Yaf has a sequence unspecific metal dependent relaxation activity on supercoiled plasmid
DNA

Isolated dimeric and tetrameric Yaf has a sequence unspecific relaxation activity on supercoiled
plasmid DNA similar to Tral and E. coli Topoisomerase |. The relaxation activity of Yaf is dependent on
divalent metal ions as cofactors and is strongly enhanced in the presence of Mn** and Co®* in
comparison to Mg?*.

A possible contamination of the isolated protein can be excluded for the same reasons as described
for Tral, namely the enhanced activity of Yaf and the reported reduced activity of Topoisomerase | in
presence of Mn®*. Additionally, the relaxation activity of Yaf has been observed for dimeric and
tetrameric protein which has been purified via size exclusion chromatography, and a putative
contamination with Topoisomerase | most likely would not be present in both fractions, since the
size of Topoisomerase | is supposed to elute in a complete different volume (Topoisomerase | —97.4
kDa; Yaf dimer — 34.2 kDa; Yaf tetramer — 70.4 kDa).

Currently, it is not known why the hypothetical protein Yaf has a DNA relaxation activity similar to
that of the relaxase Tral. However, it might be possible that Yaf is involved in the DNA processing
mechanism not as an NAP like previously assumed, but as a protein that supports the activity of Tral,
which seems to lack a distinct helicase domain. Considering the relaxation activity and the DNA
degradation activity of Yaf, it is obvious that Yaf has the ability to cleave DNA; therefore, Yaf might
also be involved in the termination reaction during DNA processing. Nevertheless, it is more likely
that the termination reaction during the DNA processing reaction in N. gonorrhoeae is mediated by
the relaxase Tral, like it has been reported for other T4SSs (30, 239, 240).
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Several lines of evidence give rise to the speculation that Yaf possibly has a regulatory function in
N. gonorrhoeae, even though the detailed mechanism is up to now not known. For instance, Yaf
might act in a control mechanism for the correct excision and circularization of the GGI from the
chromosome, similar to RDFs (Recombination Directionality Factors) within ICEs (179, 180). The
neisserial GGl has been reported to excise in a low frequency (due to an imperfect dif site) from the
chromosome and forms a circular intermediate (189). The imperfect dif site possibly leads to a
certain amount of incorrect excised GGls and the cells would need a mechanism to reintegrate or
even degrade the incorrect excised DNA, which might be enabled by the observed nuclease activity
of Yaf. Evidence for this assumption is given with the specific nuclease activity of Yaf that is restricted
to linearized DNA fragments. Furthermore, it has been reported that some RDFs show an E. coli
Topoisomerase | like DNA relaxation activity in vitro, like it has been observed for Yaf (180).

Yaf degrades linear ssDNA and dsDNA fragments in a sequence unspecific metal
dependent reaction

Dimeric and tetrameric Yaf degrade ssDNA and dsDNA fragments in a sequence unspecific and metal
dependent reaction. The DNA degradation activity of Yaf is dependent on the metal cofactors Mn**
and Co*, and is not observed in the presence of Mg”. Interestingly, the DNA degradation activity of
Yaf is restricted to linearized DNA fragments and circular plasmid DNA is not degraded. This might
indicate a putative exonuclease activity of Yaf, since there is evidence that Yaf initiates the
degradation from the edges of the DNA fragments, which would also explain why Yaf does not
degrade plasmid DNA. However, further experimental studies are necessary to prove this
assumption.

A possible background activity resulting from a contamination with an exonuclease of E. coli can be
most likely excluded as, on the one hand, the DNA degradation activity of Yaf can be observed for
ssDNA and dsDNA and is dependent on Mn**, whereas the exonucleases of E. coli are mostly either
specific to ssDNA, to dsDNA or to RNA, or they require Mg?* or Ca*" as metal cofactors. Furthermore,
the DNA degradation activity of Yaf can be observed for two different oligomeric forms of Yaf that
elute within size exclusion chromatography in volumes representing complete different molecular
masses and it is very unlikely that a possible contamination of an exonuclease will elute in exact the
same volumes as dimeric and tetrameric Yaf.

The functional role of the nuclease activity of Yaf still needs to be elucidated in further studies.
However, considering the assumption that Yaf might have a regulatory function in N. gonorrhoeae,
two different mechanisms might be possible. One might function as a control mechanism for the
correct excision of the GGl, like it has already been discussed in detail in the previous passage.
Another possible role of Yaf might be the regulation of the DNA secretion level under oxidative stress
conditions. Evidence for this assumption is given in the observed decreased DNA cleavage activity of
Tral in presence of Yaf and the Mn®* dependent DNA degradation activity of Yaf. Such a regulative
mechanism would facilitate access to an important phosphate source, which is given in the ssT-DNA
that could be used for the production of either pyrophosphate (PP;) or poly-phosphate (polyP). Both,
PP; and polyP are known to act together with Mn®" as antioxidants (297, 298). If N. gonorrhoeae
secretes DNA in a constitutive process like it is currently assumed, such a mechanism might be of
special interest for the detoxification of reactive oxygen species (ROS) during oxidative stress.

Page | 121



Discussion

5.4 Isolation and functional characterization of the relaxase Tral

The MOBy, relaxase Tral resembles certain features of membrane proteins

The isolation and purification of recombinant overproduced Tral showed a strong tendency of Tral to
aggregate during the purification process. Various overproduction conditions, different expression
constructs and purification procedures have been tested to optimize the isolation of Tral, but finally
ended up with insoluble aggregated protein. Recently, it was for the first time possible to isolate and
purify soluble Tral in presence of the detergent DDM.

Most likely, the aggregation tendency of Tral rises from several factors that together have an additive
effect resulting in the aggregation of the protein. For instance, the enzymatic activity of Tral comes
along with a high DNA binding affinity that could cause an aggregation of Tral already in the initial
isolation step during cell breakage, since the protein strongly tends to bind sheered DNA fragments
resulting from the high forces occurring during cell breakage. To avoid an aggregation due to multiple
protein binding on sheered DNA fragments, DNAsel is added before the cells were broken to degrade
the DNA immediately after release. However, DNAsel treatment alone was not sufficient to avoid the
aggregation of Tral, indicating either a protection of the DNA against the degrading activity of DNAsel
by bound Tral, or other factors are responsible for the observed aggregation. Taking into account
that Tral is a relatively large protein consisting of 850 amino acids (94.7 kDa) that is most likely
secreted via the T4SS, like it has been reported for several other relaxases, it is obvious that Tral
needs a certain structural flexibility to enable a partial unfolding which is necessary for the secretion
through the secretion complex (103). This property of Tral might result in an aggregation of the
protein during the recombinant overproduction in E. coli, since the protein could easily be misfolded
within the fast folding procedure. However, the most probable reason for the observed aggregation
of Tral is the hydrophobic N-terminus. The accumulation of hydrophobic residues in the N-terminal
region of Tral tends to aggregate with other N-termini in a non-polar solution. This aggregation can
be circumvented by the use of detergents that keep the hydrophobic N-termini separate from each
other by forming micelles around Tral, like it is a standard procedure for membrane proteins. The
fact that Tral stays soluble during the purification in presence of the detergent DDM strengthens the
assumption that the hydrophobic N-terminus of Tral is causing the observed aggregation.
Considering the purification properties of Tral and the fact, that reasonable amounts of Tral can be
detected in isolated membranes, Tral shows in vitro some features that are typically found in
membrane proteins.

Tral forms stable dimers in solution

Experimental data reveals the formation of stable Tral dimers in solution. In size exclusion
chromatography Tral eluted in a volume corresponding a molecular mass of 278 kDa, which
represents the approximate mass of a Tral dimer surrounded by a DDM micelle (189.4 kDa + 70 kDa).
Data obtained from Blue Native PAGE indicate a molecular mass of Tral of 260 kDa, which
corresponds to the mass of a Tral dimer and is in accordance with the data obtained with size
exclusion chromatography.
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The observed results are in agreement with reported data from several other relaxases forming
dimers in solution (239, 240, 299). Most relaxases stay covalently bound to the single stranded
transfer DNA after the cleavage reaction and a second relaxase protein is needed to terminate the
DNA processing reaction (212, 214). However, it is still under discussion if this hypothesis can be
generalized for all relaxase families since many relaxases differ in their catalytic site (one or two
catalytic tyrosines) and examples have been reported that do not bind covalently to the ssT-DNA
(236). Experimental data obtained from DNA binding and competition assays indicate that isolated
Tral from N. gonorrhoeae does not bind DNA in a covalent reaction in vitro, however, it cannot be
excluded that Tral possibly attaches covalently to the DNA after the initial cleavage reaction. Since no
biochemical data is available for the MOBy prototype relaxases Tral from N. gonorrhoeae, it is not
known, whether the DNA processing reaction is terminated with a second relaxase protein, or if one
relaxase protein is sufficient to enable initial cleavage and termination. The experimental data
obtained within the current study indicate the formation of stable Tral dimers, which most likely
represent the active form of Tral. These data suggest the involvement of a second Tral protein in the
termination of the DNA processing reaction. Sequence analysis and mutagenesis studies coupled
with DNA secretion assays revealed at least three conserved tyrosines in Tral that might form the
catalytic site, but up to now the active tyrosine of Tral has not been identified (202). Therefore, it is
not known whether one or two catalytic tyrosines are involved in initializing and terminating the DNA
processing reaction in Tral. Considering the observed dimer formation of Tral in solution, it is most
likely that one Tral protein initiates the cleavage reaction and a second one terminates the reaction,
however, this assumption need to be proven experimentally.

Tral can be separated into three different domains

Limited proteolysis with trypsin and ProteinaseK revealed at least three distinct domains in Tral. In
lower trypsin concentrations the formation of two initial domains has been observed, representing
molecular masses of 80-85 kDa and 35 kDa on SDS-PAGE gels. In high Trypsin concentrations, a third
domain with a molecular mass of 55 kDa occurred on the gel and the 80-85 kDa starts to disappear.

Generally, relaxases consist of at least two different domains, a relaxase domain for the DNA
cleavage reaction and a helicase domain for the unwinding of the ssT-DNA (212). Tral from
N. gonorrhoeae contains besides the N- terminal relaxase domain an additional C-terminal DUF1528
domain that often can be found in proteins with an N-terminal metal-dependent phosphohydrolase
(HD) region (e.g. helicases or relaxases). In average, DUF1528 domains consist of 100 amino acids
with an approximate molecular mass of 10-12 kDa. The distinct function of this domain is still
unknown, but it is assumed that the DUF1528 domain of the neisserial relaxase Tral is involved in
protein-protein interactions (202). The DUF1528 domain of Tral has a predicted molecular mass of
11.8 kDa.

The observed formation of at least three different domains in Tral is consistent with reported data
from other relaxases, even though no data is available on MOBy relaxases (211, 300). The large
domain with a molecular mass of 80-85 kDa represents most likely the N-terminal relaxase domain of
Tral. This assumption is based on bioinformatical data that indicate a large N-terminal Tral_2 relaxase
domain with a length of 328 amino acids (42.5 kDa). The relaxase domain itself does not completely
represent the observed 80-85 kDa domain, indicating the presence of an additional middle part
within Tral. Bioinfomatical alignment data (not shown) revealed the presence of an in part conserved
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middle domain within many Tral_2 relaxases. This conserved middle domain most likely represents
the remaining molecular mass of the obtained fragment. The occurrence of an additional 55 kDa
fragment at higher trypsin concentrations accompanied with the disappearance of the large 80-85
kDa fragment, indicating a separation of the relaxase domain and the remaining conserved middle
part. However, the obtained experimental results are inconclusive about whether the 55 kDa
fragment is the N-terminal relaxase domain or if this fragment represents the conserved middle part
of Tral. Further experiments (e.g. peptide finger print analysis or N-terminal sequencing of the
obtained domains) need to be done to gain information about the sequence composition of the
different domains, to identify their specific location within the sequence of Tral. The domain with a
molecular mass of 35-17.5 kDa most likely represents the C-terminal DUF1528 domain, which has a
predicted length of 105 amino acids (11.8 kDa). Considering the reported domain organization of Tral
with an N-terminal relaxase domain and a C-terminal DUF1528 domain and taking into account that
the proteases attacks at first easy accessible sites, e.g. loop regions between two domains, it is most
likely that the observed 35-17.5 kDa fragment represents the C-terminal DUF1528 domain since this
fragment occurs already in low trypsin concentrations. The difference within the predicted mass of
the DUF1528 domain (11.8 kDa) and the obtained mass of 35-17.5 kDa most likely results from the
cleavage position of the protease, which could be in a significant distance to the actual domain since
the attack occurs at an easily accessible structural region between two domains.

Identification of catalytic residues involved in the DNA cleavage reaction of Tral

The relaxase domain of the MOBy, relaxase Tral contains several conserved sequence motifs typically
found in other relaxase families, but also includes an altered histidine motif and conserved HD
domains that have not yet been identified in other relaxase families (110, 202).

The structural modeling program Phyre2 was used to obtain a model of the possible structure of Tral
by comparing the amino acid sequence of Tral with available structures with similar sequences. A
ribbon model of the modeled Tral structure is given in Figure 33. The overall modeled structure of
the neisserial Tral has a similar shape like the crystal structures of Tralg, TrwCgsgs, and MobAgsri010
(227, 245, 246). The modeled structure of Tral has a handcuff like shape and resembles the typical
structural arrangement of at least five a-helices and an anti-parallel two stranded B-sheet forming

the binding cleft with the catalytic site.

Figure 33: Side view on the structural ribbon
model of Tral from N. gonorrhoaea. The structure
has been modeled using the Phyre2 software.
a-helices are colored in blue, B-sheets are colored
in red and coiled structures are represented as
grey line. The highest conservation has been
identified within the N-terminal relaxase domain
that resembles the typical handcuff like structure
at the right part of the model.
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Most likely, the active site of Tral is located within the binding cleft and the DNA binding is mediated
via a similar “knob-into-hole” mechanism like it has been described for Tral;, TrwCrsgg and
MobAgsri010 (227, 245, 246). The altered histidine motif (H'%'%), as well as the conserved D%,
presumably represent the metal binding site and coordinate the metal ion in close proximity to the
catalytic tyrosine. A spherical space filling model of Tral with color-labeled conserved residues is

shown in a top view in Figure 34. The H-triad is indicated as yellows spheres and locates almost

120

centrally within the cleft-vale. The conserved D is labeled in blue color and locates within an

a-helix close to the histidine triad. The conserved Y**, which has been reported to be essential for

DNA secretion, is labeled in green and seems to be in close proximity to the histidine triad and D**°.

However, Y** seems to be buried within the structure and represents probably not the catalytic

201

residue, since it seems not to be surface exposed. The second tyrosine (Y~°) that has been reported

to have significant influence on DNA secretion is labeled in orange and is located on the edge of the

opposite site of the binding cleft, in far distance to the metal ion coordination site. Therefore, Y***

probably does not represent the catalytic tyrosine as well. The third conserved tyrosine (Y**; labeled
in red color) does not have any significant influence on DNA secretion, but represents most likely the
catalytic site, since it localizes surface exposed in close proximity to the metal ion coordination site.

Figure 34: Top view on the spherical space filling model of
the modeled structure of Tral from N. gonorrhoeae.
Important catalytic residues putatively forming the active
site are color labeled. The conserved histidine motife
(H106-108) are indicated as yellow spheres, the conserved
D" is colored in blue. The three conserved tyrosines are

colored in green (Y**), orange (Y>*!) and red (Y**).

120

A surface model of the modeled Tral structure gives additional information about the surface
accessibility of the conserved residues and is depicted in Figure 35. The color labeling of the

conserved residues corresponds to the previous description. The left model represents a site view

212

with the metal ion coordination site and the conserved Y and illustrates the structural

arrangement of the conserved putative catalytic residues within the binding cleft. On the opposite

201

site of the binding cleft locates a small surface exposed part of Y=~ (orange color) in far distances to

the metal ion coordination site. The model on the right site represents a top view onto the binding

212

cleft and indicates that only Y**? seem to be surface exposed, and the green labeled Y** buried in the

structure. However, Y**? probably needs to perform conformational changes to enable a closer

localization next to the metal ion coordination sites, which might represent the active state of Tral.
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Figure 35: Spherical surface model of the modeled structure of Tral from N. gonorrhoeae. Important active site residues

106-108 120

are color labeled. The conserved histidine motife (H ) are indicated as yellow spheres, the conserved D™ is colored

in blue. The three conserved tyrosines are colored in green (Y93), orange (Ym) and red (Y212

view

). Left: side view; Right: top

Three conserved tyrosines have been identified in the relaxase domain of Tral (Y2, Y, and Y*),
with one of them resembling the active residue for catalyzing the cleavage reaction of Tral (202).
Mutagenesis screens and DNA secretion assays revealed that Y** is important for DNA secretion and
mutation to phenylalanine result in an abolished DNA secretion (202). A phenylalanine mutant of Y*°!
also shows significant effects on the DNA secretion activity of the T4SS of N. gonorrhoeae and results
in a reduced secretion level (half of the standard level) (202). The mutation of the third conserved
Y**? did not influence the levels of DNA secretion and seems to have no significant effect on the
function of Tral (202). Besides the conserved tyrosines, also the altered histidine motif (H-triade) was

H1o® H'% mutants do not

mutagenized and has been tested for DNA secretion, but both, and
influence the DNA secretion levels significantly (202). The conserved HD domains have been assumed
to be involved in the coordination of the metal ion, but until now no experimental evidence on this
has been reported for Tral (202). However, mutations within H'®' and D' do not affect DNA
secretion levels, whereas, a mutation of D*® leads to significant reduced secretion levels that are

comparable to the results described for the Y*** mutant (202).

The experimental approach of measuring the DNA secretion activity the T4SS of N. gonorrhoeae does
not give reliable information about the catalytic site within Tral and has to be interpreted with
caution since N. gonorrhoeae tend to autolyze and high background signals have to be considered
during the experiment. Furthermore, the mutations can cause structural rearrangements or
misfolding of Tral resulting in an inactive protein, even though the substituted amino acids have
biochemical and structural similarity. Therefore, the results of the described DNA secretion assays
can be seen as an indication for a possible active site within Tral, and further experiments like e.g.
DNA cleavage assays need to be done to gain detailed information about the active residues involved
in the DNA processing reaction.
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DNA binding properties of Tral

The current study has shown that Tral binds in a non-covalent sequence unspecific reaction to dsDNA
and ssDNA fragments, with a preference to ssDNA. A minimal binding frame of 9 nucleotides has
been identified for ssDNA fragments.

The minimal binding frame of at least 9 nucleotides most likely represents the length of the DNA
strand that is needed to enable sufficient binding within the DNA binding site in the cleft. Other
relaxases have been reported to bind DNA with a “knob-into-hole” mechanism using binding pockets
distributed across the distance of the binding cleft, indicating the necessity of a certain minimal
fragment length for DNA binding (232). Without having a structural prove it is very difficult to
speculate about the DNA binding site of Tral, however, it is most likely that Tral binds DNA in a
similar mechanism like other relaxases. Interestingly, Tral binds DNA in a compatible reaction
demonstrating the non-covalent DNA binding activity. The obtained data does not give information
about whether Tral binds generally in a non-covalent mechanism to DNA, or if the cleaved transfer
DNA is bound in a covalent reaction and only the initial binding to the DNA fragments is a non-
covalent reaction. It has to be taken into account that other relaxases have been reported to bind
cleaved DNA in a non-covalent reaction, similar to the obtained data of Tral (236). If the neisserial
Tral indeed binds also the processed transfer DNA in a non-covalent reaction, it is most likely that the
termination reaction of Tral is mediated probably by the same tyrosine that is already involved in the
initial DNA cleavage reaction. Nevertheless, further experiments to characterize the DNA binding of
Tral within the cleavage reaction need to be done to elucidate the catalytic residues and the
mechanism of DNA processing of the MOBy relaxase Tral. The sequence unspecific DNA binding of
Tral in the initial DNA binding reaction has also been reported for other relaxases and is in
compliance with common literature (301). Very often other proteins, which probably have not yet
been identified within N. gonorrhoeae, are necessary to enable a sequence specific DNA cleavage
reaction of relaxases (210, 218). The preference of Tral to bind ssDNA fragments is in agreement with
the commonly believed model that relaxases stay bound to the cleaved ssT-DNA and triggers the
nucleo-protein complex to the secretion complex. Very often relaxases are also secreted together
with the ssT-DNA into the recipient organism (103). The presence of 5’ protected ssDNA in the
culture medium has been reported for N. gonorrhoeae, indicating the possibility for a secretion of
Tral possibly bound to ssDNA (202). Considering the enzymatic function of relaxases with special
regard to their DNA binding properties and the fact that they stay bound to the ssDNA while
secretion to the recipient cell, it is obvious that ssDNA substrates are preferably bound by these
enzymes.

Tral relaxases supercoiled plasmid DNA and cleaves ssDNA fragments in a metal
dependent and sequence unspecific reaction

A sequence unspecific relaxation activity on supercoiled plasmid DNA containing either the predicted
oriT region of the GGI or the oriT region of the F-plasmid from E. coli has been observed for Tral. The
relaxation activity of Tral is a metal dependent reaction using Mn®* and Co?* as preferred metal
cofactors, and is very similar to the enzymatic activity of E. coli Topoisomerase |.

Considering the recombinant overproduction of the neisserial Tral in E. coli, a possible contamination
of the isolated Tral with E. coli Topoisomerase | cannot be excluded. However, the observed
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relaxation activity of Tral differs in several parts significantly from the activity of E. coli
Topoisomerase |. The main differences between both enzymes are the preferred metal cofactors and
the formation of characteristic reaction intermediates. Topoisomerase | has been reported to have a
significant reduced activity in the presence of Mn*" and Co®* compared to the activity in the presence
of Mg?, whereas the activity of Tral is strongly increased in the presence of Mn*" and Co®* and is
decreased in the presence of Mg (293). In addition to the preferred metal cofactor, the reaction of
E. coli Topoisomerase | and Tral differs significantly in the formation of reaction intermediates. Tral
does not form characteristic intermediates, whereas E. coli Topoisomerase | form a typical and
commonly reported ladder-like intermediate pattern within agarose gel electrophoresis (302). Taking
the observed differences of E. coli Topoisomerase | and Tral into account, it is clearly demonstrated
that the observed relaxation activity of isolated Tral in vitro descended not from a contamination
with Topoisomerase |, but represents a characteristic enzymatic function of Tral. Actually, the
observed relaxation of supercoiled plasmid DNA is a typical property of relaxases and has been
reported for many of them (299, 303). Relaxases generally cleave DNA (and relax supercoiled DNA) in
a sequence specific reaction often supported by other relaxosome components that mediate the
sequence specificity, however, Tral relaxases supercoiled plasmid DNA sequence unspecific. Most
likely, the specificity of the relaxation reaction of Tral is triggered by an up to now unknown
component, like e.g. an uncharacterized nicking accessory protein. Even though no relaxosome
formation has been reported for Tral up to now, the formation of a putative relaxosome cannot be
excluded. Possible evidences for the formation of a putative relaxosome are several small
uncharacterized proteins that encode within the same operon like tral and traD. A very promising
candidate for a putative nicking accessory protein is the small hypothetical protein Yaf, whose
function is initially characterized within the current study. Another possible reason for the sequence
unspecific relaxation activity of Tral might be a missing important part within the predicted oriT
region of the GGI in the used constructs, since often oriT regions are very large sequence parts
including several recognition sites for nicking accessory proteins, spatial positioning proteins, and the
relaxase that together enable a sufficient sequence specificity within T4SSs. Finally, it has to be
considered that the DNA processing mechanism of Tral has not been characterized up to now and no
biochemical data of Tral is available. It is most likely that the sequence specific relaxation activity of
Tral in vitro is caused by a missing additional component, which is presumably present in the host
in vivo (e.g. TraD), or the predicted oriT region is too short and is possibly wrong annotated.

Tral has, in addition to the previously described relaxation activity, a metal dependent and sequence
unspecific cleavage activity on ssDNA substrates. However, the observed cleavage activity is
restricted to ssDNA fragments with secondary structures and has not been observed with poly-T
ssDNA substrates. The cleavage activity of Tral is, similar to its relaxation activity, dependent on the
two metal cofactors Mn?** or Co*. The cleavage activity seems to be slightly reduced in presence of
ATP and Yaf, indicating a possible regulatory function of Yaf, which will be discussed later in detail. It
has been observed that Tral cleaves ssDNA substrates containing either the oriT region of the
F-plasmid from E. coli or the oriT region of the GGl in a strand specific reaction, which is in agreement
with common observations from other characterized relaxases, even though Tral differs from other
relaxases in its sequence unspecific cleavage reaction (227, 304). The most probable reason for the
sequence unspecific cleavage reaction is either a missing nicking accessory protein or the lack of
certain recognition sites in the GGI oriT region containing oligonucleotide. However, this is the first
report of a DNA cleavage activity of the uncharacterized MOBy, prototype relaxase Tral and it has to
be taken into account that no comparable data of this novel relaxase family is available. To gain
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further information about the DNA cleavage reaction of Tral it is necessary to optimize the cleavage
assay and additional ssDNA substrates, as well as dsDNA substrates with different oriT regions need
to be tested. Interestingly, Tral has been observed to bind to poly-T ssDNA substrates, but within the
currently used cleavage assay no cleavage of these ssDNA substrates has been observed. This
indicates a dependency of the cleavage activity of Tral on either secondary structures in the DNA
substrates or a certain base composition. Many relaxases often nick the DNA at a distinct scissile
phosphate that is mostly located between a “GC” within the nic site (212). It is very likely that the
lack of a scissile phosphate exposed via the “GC” within the nic site is the reason for the not cleaved
poly-T substrate. Further experiments are necessary to identify the minimal nic site components for
the cleavage reaction of Tral and to identify whether secondary structures or the sequence itself are
necessary to enable cleavage. However, the obtained data from the DNA cleavage assay excludes a
possible role of Yaf as nicking accessory protein and give rise to the assumption of a putative
regulatory function.

5.5 Tral and Yaf favor the extraordinary metal cofactor Mn**

Both, Tral and Yaf have been observed to favor Mn*" as metal cofactor within DNA cleavage, DNA
relaxation, and DNA degradation assays. The enzymatic activity of Tral is strongly enhanced with
Mn?* as metal cofactor compared to the activity level observed with Mg®". Furthermore, the DNA
cleavage activity of Tral only occurs in presence of Mn?* and could not be observed with Mg?. The
relaxation activity of Yaf is, like observed for Tral, enhanced in presence of Mn?*, but could be also
observed with Mg®". The nuclease activity of Yaf is, however, strongly dependent on Mn** and has
not been observed with Mg?*. Both proteins show a similar enhanced enzymatic activity with Co*",
which most likely is not the preferred natural metal cofactor, since the intracellular concentration of
Co” in bacteria (5-10 pM) is much lower than the Co®" concentration used in the in vitro assays
(5 mM) (305).

The concentration of Mn*" in different human tissues differs significantly within a range of nM up to
UM and it has been commonly accepted that Mn®" is an important triggering signal and virulence
factor for many pathogenic organisms (306-308). Mn** significantly influences the regulation of
several metabolic enzymes, as well as certain virulence factors (e.g. surface structures involved in
adhesion) and plays an important role in the detoxification of ROS and RNS (reactive nitrogen
species). During infection and colonization N. gonorrhoeae prefers to accumulate in human tissues
with high Mn** concentrations, and proteomic studies of N. gonorrhoeae strain 1291 under different
Mn?* stress conditions revealed the important functional role of Mn*" in the detoxification
mechanism of ROS in N. gonorrhoeae. It has been reported that an accumulation of Mn®" in
N. gonorrhoeae results in an increased resistance to oxidative stress and reduces cell killing via post-
translational modifications (306). The Mn*" dependent detoxification of ROS is mediated either by
Mn**-PP; or Mn**-polyP complexes that act as non-enzymatic antioxidants (297).

The intracellular Mn* concentration within different bacterial species has been reported with pM up
to mM levels (32 mM in Lactobacillus plantarum) (307, 309). The Mn®* concentration used within in
vitro activity assays of Tral and Yaf are in the possible physiological range and represent almost
natural conditions. The reason why Tral and Yaf prefer Mn** as metal cofactor is up to now not
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known and need to be further studied. Most likely, the concentration of Mn®" in N. gonorrhoeae is
within such a range that it is more efficient to use Mn*" instead of Mg?*, which is mostly used as
metal cofactor in other T4SS relaxases (306, 310). Both metals have very similar biochemical
properties and their most significant difference is the ion size (Mg** has an atomic radius of 1.72 A,
Mn?* has an atomic radius of 1.79 A) (www.environmentalchemistry.com). Therefore, it is easy to
exchange both metals as enzymatic cofactors and the MOBy, relaxase Tral uses in the following Mn**
instead of Mg?* as metal cofactor.

Considering the fact that Mn?" strongly influences the expression and regulation of several cellular
components in N. gonorrhoeae and the obtained Mn?* dependency of Yaf and Tral, it could be
suspected that the T4SS of N. gonorrhoeae is possibly regulative influenced by Mn**, possibly in
context with a detoxification mechanism during oxidative stress. To prove this assumption, further
studies under oxidative and manganese stress conditions have to be done and a release of single
phosphate resulting from the nuclease activity of Yaf should be tested.

5.6 Tral, Yaf, and TraC do not interaction in pull down assays in vitro

Possible protein-protein interactions between the relaxase Tral, the hypothetical protein Yaf and the
ATPase TraC were tested with pull-down assays under different conditions. However, no interactions
between Yaf and Tral, Yaf and TraC, as well as Tral and TraC have been observed. Possible
interactions between Tral and Yaf were tested additionally within DNA cleavage assays, but no direct
interaction between both proteins has been observed, even though the cleavage activity of Tral
seems to be reduced in the presence of Yaf. Assuming a putative functional role of Yaf (e.g. as nicking
accessory protein or as spatial positioning factor) within the DNA processing reaction of the neisserial
T4SS, it is most likely that Yaf interacts with the relaxase Tral and possibly also with the core complex
ATPase TraC. Several examples for protein-protein interactions within relaxosome components and
the secretion complex have been reported (222, 255). For instance, it has been reported that the
spatial positioning protein TraM; strongly interact with the coupling protein TraD¢, and the nicking
accessory protein complex VirCl,r/VirC2,r interacts with the relaxase complex VirD1r/VirD24r (220,
255). It is therefore to be expected that Yaf interact most likely at least with Tral, if it has a functional
role as putative nicking accessory protein. If Yaf would fulfill a regulatory function in N. gonorrhoeae
it might be possible that is does not directly interact with Tral and TraC. Considering the obtained
data, it is more conclusive to assume a putative regulatory role of Yaf, since there is evidence for a
decrease of the cleavage activity of Tral in presence of Yaf and no direct protein-protein interaction
between both proteins has been observed.

The possibility of having suboptimal in vitro reaction conditions has to be taken into account and
maybe the experimental set up has to be changed to obtain possible protein-protein interactions.
Other promising approaches to analyze putative interactions would be size exclusion
chromatography or Surface Plasmon Resonance measurements. These assays would also allow the
use of native proteins, whereas the pull down assay needs at least one protein with a tag.
Considering the strong influence of the N-terminal His-tag on the oligomerization of Yaf, it is most
likely that the N-terminal domain is involved in protein-protein interactions and possibly the His-tag
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abolishes an interaction with Tral or TraC. Using another experimental approach with native proteins
would exclude the possibility of a disturbing effect of a tag.
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6. Future perspectives

The coupling protein TraD

Unfortunately, it was not possible within the current study to isolate soluble TraD for a biochemical
characterization of this protein. Therefore, the main focus of future studies on TraD should be the
production of soluble protein. One approach could be the overproduction in a different host
organism, e.g. the Bacillus species, Lactococcus lactis or Pichia pastoris. Another approach for the
isolation of soluble protein could be the fusion of TraD with small stabilizing proteins at its N- and C-
terminus. This could be e.g. fusions with different combinations of the two small proteins YaiN and
Ybel, which have been reported to optimize the integration and overproduction of membrane
protein in recombinant E. coli expression systems (311). Also the fusion with TrxA (thioredoxin) could
possibly increase the solubility of TraD and has been reported to circumvent the formation of
inclusion bodies while overproduction in E. coli (312). Finally, a third possibility could be a fusion with
GFP, which has been reported to optimize the membrane integration of proteins in E. coli. An
advantage of the GFP-fusion approach would be the possibility of monitoring the correct insertion
into the membrane by detecting the GFP signal (313).

To obtain soluble TraD it could be also necessary to coexpress traD together with other genes from
the dtr opreon, most likely yaa, which encodes a small polytopic membrane protein and is located
directly next to traD. This approach is based on the fact that several coupling proteins need
additional small polytopic membrane proteins to integrate and attach to the membrane, especially
coupling proteins without transmembrane domains. A construct for the coexpression of traD and yaa
has already been generated with a pCOLA-Duet vector. To simplify the purification another vector
with a higher copy number and a tag on traD should be used.

To study the mechanism of DNA translocation in the neisserial T4SS it is crucial to understand the
enzymatic activity and function of the key player TraD. To be able to draw conclusions about the
mechanism of TraD in context with other characterized coupling proteins it is important to gain
information about the oligomeric state of TraD, as well as its ATP binding and hydrolysis activity. The
oligomeric state of TraD could be either studied with size exclusion chromatography or with dynamic
light scattering in consideration of a possible influence on the oligomerization of ATP. The ATP
binding activity and a possible binding affinity could be measured with fluorescence spectroscopy
and anisotropy measurements with the ATP analogues Mant-ATP or TNP-ATP. The ATP hydrolysis
activity of TraD could be studies with commonly established ATP hydrolysis assays (e.g. enzyme
coupled ATP hydrolysis assay or malachite green assay).

Furthermore, it is most likely that TraD binds to ssT-DNA to enable the translocation through the
secretion complex. Therefore, it is worth to test a possible DNA binding activity of TraD with different
single and double stranded DNA substrates. Additionally, it should be studied whether TraD interact
with other T4SS proteins of N. gonorrhoeae.
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The MOBy relaxase Tral

This study revealed first insights into the enzymatic activity of this novel relaxase family and provides
enlightening information about the DNA processing activity, as well as on the domain organization
and the oligomerization of Tral.

To gain further information about the DNA binding and cleavage activity of Tral it is important to
identify the active site within the relaxase domain. It is most likely that Tral uses like other relaxases
a tyrosine or phenylalanine for its cleavage reaction. Two conserved tyrosines (Y** and Y**) of Tral
have been reported to be important for the secretion of DNA. Both tyrosines have been mutated to
phenylalanine and purification trials have been made. Unfortunately, it was not possible up to now
to isolate mutated Tral without aggregation. Nevertheless, the isolation of these two mutants should
be in the focus of future experiments since there is strong evidence that these residues possibly
resemble the active site of Tral. However, it is possible that both tyrosines do not participate in the
catalytic site of Tral and an up to now unnoticed tyrosine or phenylalanine catalyzes the cleavage
reaction. Initial evidences strengthening this assumption have been obtained in a structural
comparison of a modeled structure of Tral and the structure of a relaxase like protein of C. burnetii.
Comparing the active site of both proteins within a structural overlay, it is most likely that Y*** of Tral
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resembles the active site. Therefore, Y° should be mutated to phenylalanine and the isolated

protein should be tested for its DNA processing activity.

Information about the DNA binding affinity of Tral can be studied by determining different K4 values
obtained in anisotropy measurements with different DNA substrates. |Initial anisotropy
measurements were already performed and indicate a high affinity of Tral on ssDNA. To study
possible determinants for the sequence specificity of the cleavage reaction of Tral will be a
challenging task for future research. Additional relaxosome components that could trigger the
specificity of the cleavage reaction of Tral have not been reported for the neisserial T4SS.
Nevertheless, it would be interesting to study a possible influence of the genome encoded IHF on the
specificity of the cleavage reaction of Tral. Therefore, the IHF of N. gonorrhoeae should be
recombinantly overproduced and purififed and should be added to the in vitro cleavage assays. Since
up to now only the oriT regions of N. gonorrhoeae and from E. coli F-plasmid were tested for
cleavage by Tral, the established cleavage assay should be performed using substrates containing
oriT regions from other T4SSs like e.g. A. tumefaciens. Besides different DNA substrates and
additional possible relaxosome components, the reaction conditions of the cleavage assay could be
altered to obtain a specific reaction of Tral.

Furthermore, it is important to study the function of the distinct domains of Tral. Limited proteolysis
revealed that Tral consist of at least three trypsin stable domains. Sequence alignments also indicate
the presence of a conserved middle part in Tral_2 relaxases with a C-terminal DUF domain. To study
the function of distinct domains of Tral different truncation of the protein have been generated and
initial purification trails were performed. The truncated domains of Tral should be further studied
considering DNA binding and processing, ATP hydrolysis activity, and possible protein-protein
interactions. These constructs can be further used to characterize the function of the different
domains in detail, e.g. the conserved HD sequence motifs in the relaxase domain can be mutated to
study a possible influence on the metal binding mechanism. A possible metal dependent
phosphatase activity of these sequence motifs can be studied e.g. with phosphatase assays offering
different substrates. The truncated middle domain, as well as the relaxase domain can be tested for a
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putative ATP dependent helicase activity by using the approach of molecular beacons (314). This
approach was already used in initially experiments to study the helicase activity of the full-length
protein. The putative function of the C-terminal DUF1528 domain in facilitating protein-protein
interaction could be tested with various approaches like Surface Plasmon Resonance, different pull-
down assays, cross-linking assays or size exclusion chromatography. Different possible binding
partners like Yaf, TraC, Yaa or TraD could be tested for interaction with the C-terminal domain of Tral.

Besides the functional characterization of the different domains of Tral, the experimental approach
with truncated Tral domains can be used to study the ssDNA transfer through the secretion complex
in N. gonorrhoeae. Therefore, different mutant strains of N. gonorrhoeae carrying different
truncations of tral could be generated and studied with regard to their levels of DNA secretion. This
approach could give information about a putative C-terminal signal sequence important for the
transfer of the processed DNA to the secretion complex.

To elucidate the DNA processing mechanism of Tral as a prototype of the uncharacterized MOBy
relaxases, it is important to gain besides biochemical data structural information about the protein.
Therefore, crystallization attempts with the native full-length protein have been started in
collaboration with Dr S. Smits from the group of Prof. Dr. L. Schmitt from the Heinrich Heine
University in Dusseldorf.

The hypothetical protein Yaf

The biochemical characterization of Yaf revealed a nuclease activity that still needs to be studied
further to understand its function within the context of DNA secretion in N. gonorrhoeae.

To obtain insights into the enzymatic function of Yaf, it is of outstanding importance to identify the
catalytic residue and the metal binding site of Yaf. Previously performed mutagenesis screenings
forced with the problem of low protein yields and the difficulty to choose an important residue.
Based on recently obtained structural data of Yaf, it should be possible to identify the catalytic
residue of the protein and to generate a non-functional mutant. The generated mutant can be used
for a further biochemical characterization of the nuclease activity of Yaf.

The observed DNA processing activity of Yaf needs to be studied further to understand the still
unknown function of this hypothetical protein. It is important to gain detailed information about the
dsDNA degradation mechanism of Yaf (e.g. the minimal required dsDNA substrate length, a possible
recognition site, and the determinants for specific degradation of linearized dsDNA, but not
circularized DNA). Since weak evidence of dsDNA binding is given from the observed results of DNA
binding and processing assay, further DNA binding experiments with changed reaction conditions
and different DNA substrates should be performed.

A possible regulatory function of Yaf on the excision and integration of the GGlI, similar to RDF
proteins, can be studied in vivo with a yaf knock-out strain and the wild type strain. Both strains
could be grown in certain stress conditions, most likely oxidative stress since N. gonorrhoeae is highly
sensible to changing oxidative conditions and Yaf is a Mn*" dependent protein, and the GGI excision
frequency could be measured with quantitative PCR. A similar approach could be also used for the
study of a possible regulatory influence on the expression level of the dtr genes (tral, traD, and
also yaa).
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