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Introduction

| Introduction

1 Bacterial resistance - Onset of a post-antibiotic era?

Since the very first broad-spectrum antibiotic - penicillin - entered the market in 1943 [1] an
increasing number of bacterial infectious diseases became routinely controllable. Humans benefit
from wealth and the economic vitality accompanied with this fundamental therapeutic progress. But
as Alexander Fleming already predicted in his Nobel Lecture ‘it is not difficult to make microbes
resistant to penicillin® [2], resistances to almost any given class of subsequent developed antibiotics,

not only penicillin, evolved and spread.

Regardless which target class or which chemical entity of any ordinary acting antibiotic
resistance is intrinsically present [3], it will be evolved by genetic variance, evolutionarily selected
and inherited in consequence [4]. Additional to the transmission of the genetic adaption to an
antibiotic environment between organisms through reproduction, resistance is further transmitted
between organisms and even species via horizontal gen transfer of plasmids, prophages, pathogenity
islands and transposons [5, 6]. The prokaryotes’ extremely high genetic plasticity allows them to

expeditiously adapt to tremendous environmental changes [7].

But not only the intrinsic dynamic of resistance and natural selection - survival of the fittest
individual - is giving rise to antibiotic resistance development, in particular the incorrect and thriftless
use of antibiotics by humans is a major driving force for the spread of resistance [8, 9]. This includes
the empirical prescription [10] and missing diagnostic coverage of antibiotic use [11-15] as well as
the misuse of antibiotics as animal growth promoter’ [16] and the preventive feeding to lower

infection rates in livestock [17].

For all antibiotic classes recently released on the market at least one resistance mechanism is
present in a distinct bacterial strain and these mechanisms are further emerging [3]. The rapid
development of resistance, indicated by the first detection of resistance for the main classes of

antibiotics is illustrated in Figure 1.

" Entire prohibition in EU since 01/01/2006 (Regulation 1831/2003/EC on additives for use in animal

1
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Figure 1: lllustration of the time course of antibacterial resistance development.

The illustration includes the discovery date of discrete classes and compounds of antibiotics adapted from Silver [18] and is
extended by the first documented resistance of any bacteria - clinical isolates and in vitro studies - against them. The
references for the earliest resistance detection can be found in the appendix (Table 36).

The figure clearly highlights that after 1987 an exceptional “discovery void” is present - no new
antibiotic class has been developed since [18]. This lack in scientific discovery, abuse and the
ignorance of bacterial versatility opened the prospect to eventuate a “postantibiotic era” [19].
Thereby, antibiotic treatment of infections and the performance of medical and surgical procedures
under the antibiotic prevention will be problematic and this exceptional precious medicine might
completely lose its potency. In particular strains from Staphylococcus aureus, Escherichia coli,
Klebsiella pneumoniae, Streptococcus pneumoniae, species of Salmonella and Shigella, Neisseria
gonorrhoeae, Mycobacterium tuberculosis [19] as well Acinetobacter baumannii, and Pseudomonas

aeruginosa [20, 21] are resistant to virtually all antibiotics and thus of major concern.

The global economic burden was primarily evaluated by the “Review on Antimicrobial
Resistance” commissioned by the UK Prime Minister - for the very first time it issues an estimation of
the global consequences, if antimicrobial resistance is not tackled. Taking only statistics for
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Mycobacterium tuberculosis but also
Plasmodium falciparum and Human Immunodeficiency Virus (HIV) into account, the study estimates
that 10 million people per annum will die in the next 35 years in consequence of recent and further
resistance development; the global Gross Domestic Product (GDP) will be reduced by 2.0 % to 3.5 %
[22]. This factual prediction on the available data calculates up to USS 100 trillion extra costs only

due to the reduced economic output of the world’s population [22].
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A hypothetical calculation on an obvious medical example from Smith and Coast clearly
quantifies the consequences of imminent antimicrobial limitation: Without prophylactic
antimicrobial treatment the number of postoperative infections after an ordinary hip replacement

will increase to 50 % and consequently fatality will rise up to 30 % [23].

In order to react to this global problem the World Health Assembly (WHA) assigned the WHO for
the elaboration of an initial world action plan in March 2014, which was discussed in the very last
WHA in May 2015. Resolution 67.39 on Antimicrobial Resistance of the WHA out of 2014 already
exhorts all member states to develop national strategies to combat resistance [24] and the global
action plan adopted in course of the WHA in May 2015 now scheduled national action plans for all
member states consistent with the global action plan by May 2017 [25]. Further already existing

national action plans and realized strategies are listed in detail in chapter | 3.5.

Consequent development of new antibacterial treatments and antibiotic strategies is strongly
needed and will result in association with improved infection control practice, more frequent
surveillance, better hygiene and decontamination, improved diagnostic and less empirical treatment
of patients as well as improved inspection of treatment success and clearance to better disease

management.

2 The evolution of MRSA - Methicillin resistant Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a gram-positive, facultative anaerobic, coccal bacterium
which was reported first by Sir Alexander Ogston in the 1880s [26]. It is ordinarily found as
commensal part of the regular skin flora and nasal passages as a normal part of the human
microbiota. Up to 30 % of individuals are persistent carriers and 60 % of the population carries
various strains intermittently [27-29]. In contrast, it was as well identified as the causative agent for
minor skin infections, post-operative wound infections up to necrotizing fasciitis and also
pneumonia, endocarditis and osteomyelitis particularly under nosocomial settings [30—32]. Hence,
asymptomatical carriage represents an extra risk factor to health-care associated infections, as it may

invade surgical sites and promotes spreading between individuals [33-36].

With the invention of penicillin the first option to treat S. aureus arose [37, 38]. But already less
than 10 years after optimization of mass production of penicillin [1] more than 40-50 % of S. aureus
strains were reported to be resistant in the end of the 1940s [39, 40]. The resistance is mediated

through a narrow activity spectrum B-lactamase which is located on a plasmid.

Subsequently, S. aureus again became a pandemic infection in the community. This was
counteracted by the introduction of the first semisynthetic penicillinase resistant [B-lactam,

Methicillin, in 1959. But already shortly after the introduction, in 1961, resistance against Methicillin
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was observed [41, 42]. The resistance is mediated through the low affinity penicillin binding protein
2a (PBP2a) [43], which is genetically located on a mobile element, the staphylococcal cassette
chromosome mec (SCCmec), identified in 2000 [44]. The origin of the corresponding mecA cassette is
suspected to be a result of horizontal gen transfer between Methicillin susceptible S. aureus strain
(MSSA) and coagulase negative strains [45]. Moreover, the resistance via mecA or PBP2a respectively
confers also resistance to onwards developed antibiotics like penicillins, cephalosporins and
carbapenems [44]. On its genetic element it could be in association with additional resistances
against kanamycin, lincosamides, macrolides, bleomycin, tobramycin, tetracycline and streptogramin
[45]. The increasing burden of Methicillin resistant Staphylococcus aureus-MRSA was soon
represented by the rising number of nosocomial infections in worldwide dissemination and MRSA

became rapidly the leading cause of hospital-acquired (HA) infections [46].

Successively, the treatment mainly focused on the last unfailing “drug of last resort”, the
glycopeptid vancomycin [47]. But its increased use came along with a rigorous selection and yielded
to first treatment failures owing to decrease in vancomycin susceptibility in 1997 [48]. Later on it
could be elucidated that prolonged exposure to vancomycin leads to a selection of vancomycin
intermediate MRSA (VISA) strains with thickened extra-cellular peptidoglycan material [49, 50].
These altered peptidoglycans are showing a lower level of cross-linking and are exposing more D-Ala-
D-Ala dipeptides, which confiscate the antibiotic vancomycin as well as the later developed related
antibiotic teicoplanin and hence reduces susceptibility [51-54]. In 2002, the first entirely vancomycin
resistant S. aureus (VRSA) strain was isolated, and VISA as well as VRSA are nowadays globally

disseminated [55-58].

In 2002, the vancomycin resistance was determined to be mediated through a plasmid from
Enterococcus faecalis harboring the vanA operon. A low vancomycin concentration allows the
bacteria to specifically modify the terminal cell wall peptide from D-alanyl-D-alanine to D-alanyl-D-
lactate. This results in reduced vancomycin affinity and consequently diminishes effectivity [59, 60].
This precise regulation of the cell wall alteration by vancomycin itself saves biosynthetic energy and
results in an ecological extraordinary fitness and supports the global spread [61]. Additionally, it
should be noted that Avoparcin, a glycopeptid chemically related to vancomycin, has been utilized as
growth promoter for livestock in Europe since the 1970s and perhaps can therefore be linked to the

resistance development and spread [62, 63].

Since the 1990s, an alarming trend of increasing numbers of community associated (CA)-MRSA
severe infections was detected [31, 64]. Community association is reflected in patients, who are
habitual healthy, immunocompetent and young individuals, had no history of previous

hospitalization, dialysis or surgery procedures and hence actually no risk for colonization.
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An increasing number of these CA-MRSA shows — besides their good susceptibility to non-B-
lactam antibiotics — an enhanced virulence, infection and disease manifestation [64, 65]. The leading
cause for this frequent fatal outcome is still not clearly identified, but an association to the leukocyte
destructive and tissue necrotizing exotoxin Panton-Valentine leukocidine (PVL) [66] is suspected at
least for the epidemic strain USA300 in the United States [65, 67] and still under debate [68, 69]. As
additional virulence determinants of CA-MRSA Wang and colleagues identified secreted peptides,
which can recruit, activate and subsequently lyse human neutrophils and thus modulate the cellular
defense [70]. Moreover, superantigens like bacterial proteins which activate a massive T-cell
response [71], advanced modulators of the innate immune system like SCIN (staphylococcal
complement inhibitor), staphylokinase and CHIPS (chemotaxis inhibitory protein) [72] as well as
enterotoxines were identified [30]. Currently these extra virulent MRSA strains started to emerge
back to hospitals and replace or join healthcare associated (HA)-MRSA strains [73]. CA-MRSA strains
display an important reservoir which is very difficult to control, and serves as a recurrent source of

importation into hospitals.

In the 2000s livestock, the third reservoir for massive MRSA infection, genetic selection and
exchange, moved into focus and revision of the infection control [74—76]. In 2006, CA-MRSA could be
clearly genetically linked to livestock associated (LA)-MRSA [77, 78]. Although only low zoonotic
transmission rates are detected so far, this reservoir serves as an additional exchange portal for
distinct MRSA strains and as a probable source for different virulence features due to specific host

adaption mechanisms [79-82].

The WHO stated in the Global Report on Surveillance for Antimicrobial Resistance 2014, based
on summary of national data, that the MRSA proportion resistant to regularly used antibacterial
drugs exceeded 50 % in many settings [19]. In addition, the ECDC (European Centre for Disease
Prevention and Control) and EMA (European Medicines Agency) confirmed that MRSA is the most
frequent causative multidrug-resistant germ in the EU and of major public health concern [83].
Routine surgical procedures, chemotherapies and treatments of immune deficient patients in a

clinical environment could be as difficult as in the pre-antibiotic era without effective antimicrobials.

In summary, this brief overview about the MRSA evolution already greatly exemplifies its
efficient genetic plasticity and extreme versatility. Most recent treatment options and the
accompanied ongoing resistance development are illustrated in chapter | 3.2 and will further
highlight the germs adaptability. A constant accumulation of resistance genes and adaption to
different environmental settings are to be expected in future and will possibly generate a

phenotypical superbug that could consistently conquer antibiotic treatment efforts.
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3 Treatments of bacterial and particularly MRSA infections

Currently, various approaches are used in MRSA prevention, treatment, resistance control and
management. These include national and global collaborating surveillance systems, especially in
terms of continuously developing resistances. In hospital and under healthcare settings, where the
risk of an infection disease is superior, more consequent sanitation precaution and surveillance for
prior asymptomatic bacterial colonization going along with patient’s isolation is greatly required.
Furthermore, standardization of diagnostics and therapies clearly monitoring and defining cure as
well as restricted access and appropriate and conservative prescription of antibiotics is desirable.
Additionally, the education and inclusion of community and patients needs particular attention, as
the constant transmission of infection diseases as well the selection and spread of resistances will be

accelerated by the societies behavior [84].

Preventive immunization, which is globally used to restrict many infection disease spreads, is not
applicable to MRSA and several trails failed until now or are still under preclinical or clinical
investigation [85—88]. Local MRSA skin infections can be occasionally treated by local drainage [89],
but in most cases, especially with systematic impairment, a well selected antimicrobial therapy and

consequent monitoring of the vital parameters and infrequently surgical excision is needed.

Presently eleven antimicrobial drugs are in clinical use for the treatment of systematic and local
MRSA/VISA/VRSA infections and will be specified in chapter | 3.1. Nevertheless, the need for new
classes of antibiotics as a gold standard of treatment, facing the ongoing resistance development by
advanced drug research and discovery, is indispensable. The following chapters will describe the
antimicrobial treatment options and difficulties arising from the growing number of multi resistant

MRSA strains.

3.1 Antibiotics in extensive clinical use against MRSA

The general mechanism of antibiotics is either bactericidal, thus killing bacteria, or
bacteriostatic, impede the growth of bacteria, and can be used for a rough classification [90]. More
precisely, antibiotic classes could be assigned to the chemical entity of the active ingredient, mode of
action (MoA), which is based on the target structure as well, or by the differentiation of the

component in natural or semi- and full-synthetic chemical entities.

Even if S. aureus is practically susceptible to every developed antibiotic [91], there are presently
eleven drugs (summarized in Table 1) in extensive clinical use against MRSA, VRSA and multidrug-
resistant S. aureus: In supremacy vancomycin, but also linezolid, tigecycline, telavancin, quinupristin-
dalfopristin, ceftaroline, ceftobiprole, daptomycin and most recently, since 2014, dalbavancin,

oritavancin and tedizolid [92-96].
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Table 1: Overview of the antibiotics in current extensive use to treat MRSA, VRSA and multidrug-resistant S. aureus.

Glycopeptids and lipoglycopeptids are colored in yellow, cyclic lipopeptides in orange, oxazolidinones in green,
cephalosporins in rose, streptogramins in grey and tetracycline derivates (glycylcyclines) in blue. Resistance discovery under
clinical or laboratory settings was summarized from [96-103] : v'= resistance was discovered, - = no resistance discovered
so far, x = no data included.

Antibiotic compound Target Innovative Resistance discovered in
Mode of S. aureus other

action bacteria
vancomycin cell wall synthesis - v v
oritavancin cell wall synthesis - - -
telavancin cell wall synthesis - v v
dalbavancin cell wall synthesis - - -
daptomycin cytoplasmic membrane Yes v v
protein biosynthesis - v v

protein biosynthesis -

ceftobiprole cell wall synthesis - v X
ceftaroline cell wall synthesis - v X
quinupristin- protein biosynthesis - v v
dalfopristin

_ protein biosynthesis - - v

Currently, the natural glycopeptide vancomycin is still the main treatment for MRSA infections

and a kind of “gold standard”, although it entails high nephrotoxicity, has a poor lung tissue
penetration and needs monitored dosing for appropriate pharmacokinetics (PK) and -dynamics (PD)

[92, 96].

Additionally, three semisynthetic lipoglycopeptides derived from the vancomycin scaffold are on
the market: Telavancin, oritavancin and dalbavancin. Like vancomycin, they all show a complex and
extended half-life time and complex PK. So far only single data are available, because they entered
the market very recently: Telavancin in 2011 and oritavancin as well as dalbavancin in 2014 [96].
Moreover, telavancin has still an FDA (U.S. Food and Drug Administration) black box warning due to
purification issues and observed QT prolongations in the heart’s electrical cycle and demonstrates
possible cross resistance due to vanA [99, 104]. To the current knowledge the semisynthetic
derivative of the glycopeptide antibiotic chloroeremomycin oritavancin seems to evade the vanA
mechanism due to additional molecular target interactions yielding in tighter target binding [105].
Since no resistance to dalbavancin could be identified so far, the only disadvantage is the missing oral

formulation of dalbavancin [106].

Daptomycin is vended as a member of the very new class of the cyclic lipopeptides on the
market since 2003. But in fact daptomycin belongs to the original class of acidic lipopeptides and has
already been described in 1986 [107, 108]. Its MoA is not completely elucidated so far, but a calcium

dependent binding to the bacterial membrane yielding in fast polarization and permeabilization is
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assumed [109]. So again an old target, the cell wall, is under attack. But even though it displays a new
MoA, unfortunately cross resistance to vancomycin and additional resistance through cell membrane

modification and cell wall thickening have been demonstrated already [109, 110].

Linezolid is administered in MRSA pneumonia more frequently [111], even though it is 10- to
20-fold more expensive than vancomycin [92]. Linezolid, the first member of the oxazolidinone on
the market, has been expected to be relatively insensitive to resistance, because it is a completely
synthetic drug and no natural preexisting resistance genes are expected. It inhibits the protein
biosynthesis via binding to the 23S ribosomal RNA (rRNA) of the 50S subunit of bacterial ribosomes
[112]. Nevertheless, S. aureus already shows resistance due to a point mutation (usually G2576T),
however this spontaneous event occurs in low frequency only [113]. The detection of acquisition of
the natural resistance gene cfr (chloramphenicol-florfenicol resistance gene) by horizontal gene
transfer, which led to the first linezolid resistant S. aureus outbreak in 2008 [97, 114] and the
presence of oxazolidinone multi-resistant LA-MRSA strains is much more worrisome [115]. A further
oxazolidinone, tedizolid appears to be at least 4-fold more potent than linezolid, has less side effects

and no cross resistance with linezolid could be detected in MRSA so far [98, 116, 117].

Ceftobiprole and ceftaroline are 3" generation descendants of cephalosporins, belonging to the
sophisticated [B-lactam antibiotics and showing similar or even improved outcomes compared to
vancomycin and linezolid [118, 119]. Ceftobiprole has limited approval compared to ceftaroline and
resistance has already been detected in endemic MRSA strains in Australia [120]. Under laboratory

conditions resistance development can be shown for both [103].

Quinupristin-dalfopristin (Q/D) is a streptogramin cocktail compromised of quinupristin a
derivative of pristinamycin IA (a group B streptogramin), and dalfopristin, which is a derivative of
pristinamycin IIA (a group A streptogramin) [121]. It acts via binding to the 50S ribosome, inhibits
protein biosynthesis and thus synergistically kills the bacteria [122]. Management of MRSA infections
with Q/D seems still promising [123], but resistance in S. aureus is known since 1975. It is mediated
through multiple mechanisms (acetyltransferases, lyases, efflux pumps, L22 ribosomal protein
mutation and other) and needs to be further elucidated [121, 124]. But the first LA-MRSA associated
emerge of Q/D resistance, which was reported in 2014, is even more disturbing and clearly highlights

the further spread of Q/D resistance [100].

Tigecycline is a 3" generation tetracycline derivate, acting by blocking of the acceptor site in the
30S ribosomal subunit, thus inhibiting the incorporation of transfer RNA and blocking the protein
biosynthesis [125]. In MRSA so far no lowered susceptibility due to regular tetracycline pumps has

been observed, but in Acinetobacter baumannii efflux pumps confer to resistance [101]. Currently,
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tigecycline carries a black box warning in the US due to FDA warning of increased mortality [126, 127]

and also has significant side effects, like nausea and vomiting [128].

All highlighted antibiotics - with the exception of daptomycin, which targets the cyctoplasmic
membrane directly - are addressing two already previously focused bacterial targets, namely cell wall
synthesis and protein biosynthesis. Moreover, the use of some therapeutic entities is restricted due
to their limited capability to penetrate tissues, like lung tissue in case of vancomycin [111]. Presently
also combination therapies are used and maybe show some synergetic effects, but also a risk for

complex unforeseen toxicity [20].

Furthermore, all listed antibiotics are based on already known chemical scaffolds and no new
entity has been developed since 1988 [18]. Even if synthetic tailoring on known scaffolds is a valid
and resource efficient way of improving existing antibiotics - expanding its spectrum or improving its
safety and PK - it is very likely that currently preexisting resistances will further evolve. Therefore,

novel scaffolds and (multi-)targets are essential for combating the rising resistance.

Besides the absence of clear innovation regarding the target class and the chemical scaffold, the
treatment is supplementary complicated, because of the restricted approval of some of the
highlighted antibiotics to specific illnesses. For example ceftobiprole is approved for community- and
hospital, but not for ventilation-acquired pneumonia [96]. Another example is linezolid, which is
approved for hospital-acquired pneumonia and complicated skin infections by the FDA, but not for

catheter-related bloodstream infections or catheter-site infections [129].

3.2 Antibiotic classes and the opposed resistance mechanisms in S. aureus
Bacteria combat various antibiotics with numerous mechanisms, these include: Target variation,
inactivation by modification of the antibiotic substance (acetylation etc.), destruction of antibiotics

e.g. by hydrolysis or prevention of accumulation of the antibiotics through efflux pumps.

Table 2 shows the categorization of antibiotics into six different classes according to their target

mechanism and summarizes the counteracting resistance mechanisms in S. aureus.
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Table 2: Outline of the six antibiotic classes according to target mechanism with counteracting resistance in S. aureus.

Representative members of subclasses and several counteracting resistance mechanisms were summarized according to
Dale et al., 1997; Lim et al., 2014; Sanfilippo et al., 2012; Stryjewski and Corey, 2014; Vimberg et al., 2015; Walsh et al.,

2011 [130-135].

Target mechanism

Antibiotic subclass

Resistance mechanism in
S. aureus

Inhibition of cell wall
synthesis

Inhibition of protein
synthesis

Inhibition of DNA
replication and repair

Inhibition of RNA synthesis

Membrane reassembling

Competitive inhibition of
folic acid synthesis

e B-lactam derivates (penicillin,
carbapenems, monobactams,
cephalasporins)

e glycopeptide derivates
(vancomycin, oritavancin)

e oxazolidinone (linezolid)

e tetracyclins (doxycycline)
e macrolides (erythromycin)
e streptogramins (Q/D)

e ketolids (telithromycin)

e fluoroquinolons

e rifamycin (rifampicin)

e cyclic lipopeptides (daptomycin)

e sulfonamids

= target affinity changed
PBP2a, carbapenem
hydrolysis by New Delhi
metallo-B-lactamase

= trapping of vancomycin
and target modification

= target modification
(acetylation)

= efflux pumps

= efflux pumps

= target modification
(acetylation)

= efflux pumps

= target modification

= target modification

= target modification (cell
wall thickening)

= target modification

(sulfamethoxazole/trimethoprim)

All representative subclasses included in Table 2 are at least opposed by a single or even
multiple resistance mechanisms. Although resistance to the very recently discovered novel entities
like dalbavancin or tedizolid has not been detected yet (Table 1, Table 2), an ongoing development

and selection for resistance is expected.

For entirely synthetic antibiotic substances the chance of a preexisting, naturally occurring
resistance caused by common antibiotic-producing (soil) bacteria or organisms in an environmental
niche is somewhat smaller [3, 113]. Nevertheless, the completely synthetic antibiotics ciprofloxacin
and linezolid are good examples for disproving this paradigm as MRSA harbors resistance

mechanisms against both [5, 136, 137].
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3.3 Current spread and costs of antibiotic resistances

The expenses for treatment and social costs in the EU on antibiotic-resistant infections in 2007
are estimated to be EUR 1.5 billion, coming along with some 25.000 patients deaths as a direct
outcome of these infections [83]. 2.5 million extra hospital days, resulting in more than EUR 900

million in-hospital costs, could be calculated for 2007 [83].

In 2013, the CDC (Centers for Disease Control and Prevention) stated that at least 2 million
people in the US were infected with antibiotic-resistant bacteria in 2012 and at least 23,000
individuals died in consequence. This is very similar to the number of people dying in Europe,
estimated by the European Centre for Disease Prevention and Control. Current estimations assume
the yearly economic impact of antibiotic resistance in the US to rise up to USS 20 billion due to

additional direct healthcare costs and additional costs of USS 35 billion for lost productivity [138].

In the EU the population weighted average MRSA dissemination remains at a high level of 18 %
(up to 25-50 %, country specific); it still represents one of the big health burdens in Europe.
Visualization of the surveillance period between 2010 and 2013 is showing a decreasing trend of
MRSA isolates (Figure 2), but this decrease is significantly smaller than that of the previous four-year

period [139].

2010 2013
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Figure 2: Spread of invasive methicillin resistant S. aureus isolates in 2010 and 2013 in the EU/EEA.

Data were obtained from the European Survaillance Sytem —TESSy [140].
Invasive MRSA infections caused 80,461 medical cases and 11,285 associated fatalities in the US

in 2011 [138]. Furthermore, the number of less severe infections in community and in healthcare
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setting is expected to be much higher and, although a downtrend for HA-MRSA is monitored already,
the same does actually not apply for or is not predictable for the more virulent CA-MRSA [138].

The German Hospital Infection Surveillance System (Krankenhaus-Infektions-Surveillance-
System, KISS) detected a drop from 33 % to 27 % MRSA infections between 2007 and 2012. For
primary sepsis the percentage of infections due to MRSA dropped from 36 % to 31 % and from 36 %
to 30 % for lower respiratory tract infections [74]. CA-MRSA as well as LA-MRSA are not covered by

this surveillance system and their future occurrence needs specific examination.

3.4 Drawbacks in antibiotic therapy

Beside the resistance limitations mentioned above antibiotic treatment always entails
consequences for the host’s microbiome. Especially broad band antibiotics are always killing also the
natural and beneficial bacterial flora, which developed in co-evolution, and the microbial intestinal
homeostasis in patients is greatly affected due to antibiotic therapy [141, 142]. On the one hand this
can lead to secondary and opportunistic infections, often superficial [143], and on the other hand
shifts the balance to a more resistant microbiome which henceforth loses its acquired resistance only

very slowly again [4, 144].

Kohanski and colleagues could elucidate a general mechanism ordinarily arising while under
bactericidal antibiotic treatment [145]. They could demonstrate the production of reactive oxygen
species (ROS) in the antibiotic mediated bacterial death [145]. Under sub-lethal antibiotic
concentration this production of ROS results in a higher level of genetic recombination and lesion
tolerant error-prone DNA synthesis. This is facilitated via specialized polymerases with an activated
SOS DNA damage response pathway and can thereby produce resistance by mutation [146, 147]. In
other words the administration of a bactericidal antibiotic alone or in a therapeutic cocktail may
indirectly lead to resistance due to increased DNA damage and genetic maladjustment. Or to put
differently: The antibiotic substance itself triggers the bacteria to become resistant against precisely

this treatment.

3.5 Initiatives and strategies for the development of novel antibiotics

Taking the current global resistance distribution into consideration, it can be assumed that
sooner or later also resistance mechanisms against the “drugs of last resort” will exist and spread.
Exploring novel strategies to overcome antibiotic resistance in microorganisms is therefore of global

interest and the gap in innovation desperately needs to be filled.

Virtually the summation of all resistances in one particular strain, which shows a superior
virulence pattern, is not inconceivable at all. It’s in bacteria’s nature to combat and evolutionary fight

the circumstances it is exposed to. Chapter | 3.1 illustrates the current treatment options for MRSA

12
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and obviously there is no really new discovery of an antibiotic chemical class. Only daptomycin
objects a mode of action targeting the cell membrane, but it belongs to the previously invented
chemical class of acid lipopeptids and thus does not present a clear innovation prospective. All
eleven treatments, currently in the center of attention, are members of the antibiotic classes already

developed up to 1988.

In 2013, Bassetti and colleagues listed new antibiotics under development. Even though five of
the 30 listed new antibiotics are already FDA approved, all these antibiotics — possibly fighting MRSA
— belong to the well established, but already often faced, target classes and no true innovation of the

mode of action can be observed so far [18, 93].

The loss of innovation could have miscellaneous reasons, but it is assumed that big
pharmaceutical companies withdraw from antibiotic development, because the revenues for the
treatment of this short term diseases is likely not to cover the costs for drug development; profits are
rather small compared with the profits of chronic diseases, because of the considerable shorter time

of ingestion. [18].

In 2005, an increased attentiveness through global resistance rising led the EU Commission, in
cooperation with the first international network ReAct (Action on Antibiotic Resistance) from the
WHO and the Swedish Ministry of Health and Social Affairs and Uppsala University, to a release of a
five-years action plan including the antibiotic program “New drugs 4 bad bugs - ND4BB” in 2011.
ND4BB’s vision is to create an innovative collaborative public-private partnership based approach

that will revive antibiotic research and discovery (R&D) [148-150].

In the US the first “National Strategy for Combating Antibiotic Resistant Bacteria” was adopted in
September 2014 [151]. Current governmental motivations developed and guided by special FDA task
forces, include regulatory and economic incentives like the 5 years additional patent protection and
priority review as well as fast track designation stated in the GAIN Act (Generating Antibiotics
Incentives Now Act of the US Food and Drug Administration Safety and Innovation Act (FDASIA)) in
2012 [152]. Their intention is the stimulation of research and discovery in industry and the
encouraging of effective collaborations in academics to feed pharmaceutical pipelines for clinical

development [152].

The Infection Disease Society of America (IDSA) started the global collaboration initiative 10x'20
primary by the recognition of the empty drug pipeline fighting the “ESKAPE” pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacter species), already in 2010. It aims to create a sustainable
global antibacterial drug R&D enterprise to create 10 new systemic antibiotics by the year 2020 to

fight growing patient morbidity and mortality due to multidrug-resistant pathogens [153].
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The cooperation of these initiatives and guidance of the WHO, which clearly requests for further
national action plans in 2015, will hopefully lead to innovative research and strategies [24, 154].
Pioneering strategies and regulation after the World Health Day of “Antimicrobial resistance: No
action today, no cure tomorrow” in 2011, as well as the global action plan will be needed to achieve

this goal.

In the course of these initiatives for example oritavancin, dalbavancin, and tedizolid phosphate
were approved most recently by the FDA, but the innovation potential is still missing [155]. The
examples of the antimicrobial peptide brilacidin or the lipid Il binding antibiotic teixobactin directed
against MRSA are quite more innovative [156, 157]. The innovative mining of the former inculturable
soil bacteria in situ on a chip, resulted in the discovery of teixobactin [157]. Yet again this chemical
entity focuses the cell wall synthesis, but the molecular target is a highly conserved motif of lipid Il
(peptidoglycan precursor) and lipid Ill (teichoic acid precursor) [157]. In serial dilution no resistant
mutants of S. aureus or Mycobacterium tuberculosis could be selected. Nevertheless, acquiring
resistance through horizontal gene transfer would be an additional option [157]. Teixobactin is still in
a preclicinal state, its applicability needs to be proven and resistance development should be under
particular revision, as the soil resistome is present and only needs genetical contact to S. aureus and

an appropriate selection mechanism [3, 158].

4 Bacterial vitamin metabolisms

4.1 Vitamin B, - Thiamine

Vitamin B, (thiamine) consists of a thiazole- and a pyrimidine moiety, covalently linked by a
methylene bridge. Humans — in contrast to bacteria, yeast and plants — have to rely on dietary
ingestion of this essential cofactor, because they are not capable of de novo-synthesis [159]. Vitamin
B; hypovitaminosis results in beriberi and sometimes polyneuritis via inhibition of pyruvate
decarboxylase (PDC). Additionally, a deficiency can cause Wernick-Korsakoff syndrome and is further

linked to depressive syndromes as well as neurodegenerative diseases [160—-163].

S. aureus’s thiamine biosynthetic pathway, genetical encoded on two operons - tenA-thiM-thiD-
thiE and gtpase-epi-tpk - was characterized by Miiller et al. The general overview of the metabolism

is given in Figure 3 [164].

14



Introduction

N, Me N, Me
D il
HO | =N e H;N\ﬁfN
NH, NH,
HMP Aminopyrimidine
Me,
P
HO
o CaoP>
THZ HMP-P
Cap W
i
Me, o P
Oy.r? N og P T X /7 \
"P\o /» PSo © Me
(o] s [e) =N
HN
THZ-P HMP-PP

Me

S
N N)Y\/o 0
)ii\\\_s :,P\
Mo N NH, o 0

Thiamine monophosphate

Me Me
N, Me -
| o M N N\g/\/OH NSO o_ 0
HO. N " Ho [y — | | )\\ S PN
s 7 ~NH N~ TNH a
Me N < O=p.
NH, @ I\o
HMP THZ Thiamine Thiamine diphosphate L
(Vitamin B1) active cofactor

Figure 3: Vitamin B, de novo biosynthesis in S. aureus.

Bacterial enzymes are shown in orange boxes; chemical entities are given in green. In the bacterial cytoplasm the
aminopyrimidine moiety is deaminated by TenA to HMP. HMP becomes phosphorylated by ThiD twice to HMP-PP. ThiM
phosphorylates THZ to THZ-P which is them condensed with HMP-PP to thiamine monophosphate by ThiE. A GTPase
dephosphorylates thiamine monophosphate to thiamine, which is afterwards either pyrophoshorylated by TPK or cleaved
to HMP and THZ by TenA ([164], modified).

TenA (thiaminase type Il, EC 3.5.99.2) deaminates aminopyrimidine and is thereby creating the
pyrimidine moiety 4-amino-5-hydroxymethylpyrimidine (HMP). HMP is further pyrophosphorylated
in a two step mechanism by ThiD (4-amino-5-hydroxymethylpyrimidine (HMP) kinase EC 2.7.1.49) to
HMP-PP (HMP-pyrophosphate). In parallel the thiazole moiety is monophosphorylated by ThiM 2-(4-
methyl-1,3-thiazol-5-yl)ethanol (THZ) kinase EC 2.7.1.50). In the subsequent step, ThiE (thiamine
phosphate synthase, EC 2.5.1.3) fuses the HMP and THZ moieties to thiamine monophosphate (TMP).
At this point the enzymes encoded in the second operon are producing thiamine diphosphate (TDP)

in two steps. First an unspecific GTPase dephosphorylates TMP again, followed by the activation of
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thiamine by pyrophosphorylation conducted via TPK (thiamine pyrophosphokinase, EC 2.7.6.2) [164].
No enzyme which is able to phosphorylate TMP directly is known in S. aureus. Recycling is conducted
via TenA, which is also able to hydrolyze thiamine. However the hydrolysis reaction is 100 times
slower than the initial deamination of aminopyrimidine [165]. Additionally, TDP can be
dephosphorylated by the GTPase, which can regulate the active cofactor quantity on a translational
level [164]. For numerous bacteria the regulation of thiamine biosynthesis is mediated through
riboswitches, which bind TDP in a receptor-like manner and down-regulate the gene expression
[166]. The substrate mediated regulation of the protein biosynthesis has been shown for the tenA-
thiM-thiD-thiE operon as 28 % of TDP bind to the 5-UTR of this gene cluster, but not for the gtpase-

epi-tpk operon [164].

Hitherto there is no evidence that S. aureus can import thiamine through its cell membrane. An
import of thiamine and TDP is known only for Salmonella typhimurium by ATP (adenosine
triphosphate)-binding cassette transporters [167], for E. coli via the thiamine binding protein [168]
and for yeast via YKoC, YkoD and YkoE [169].

TDP is essential in central metabolisms like glycolysis, citric acid cycle and pentose phosphate
pathway [170-172]. It operates as an electrophilic covalent catalyst in the decarboxylation of 2-oxo
acids, in carboligations of aldehydes and lyase-type reactions [173]. The catalytic cycle - where TDP
acts as an electron sink - is initiated by an initial proton transfer, which enables the central ylid
formation and was already elucidated by Breslow in 1958 [174]. For the initial tautomerization
(Figure 4) the V-position of TDP (planar conformation of the thiazole and pyrimidine) as well as a
highly conserved glutamate (Glu) residue in the TDP dependent enzymes are essential [172, 173,

175].
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Figure 4: Tautomerization of thiamine diphosphate in thiamine dependent enzymes.

Thiamine diphosphate tautomerization is the basis for the ylid formation which is induced by the high energy
V-conformation of thiamine and a conserved Glu residue of the thiamine dependent enzyme. Figure was created with
ChemDraw (PerkinElmer Inc.) following Leeper and Agyei-Owusu & Leeper [175, 176].

The next steps of the general reaction mechanism are illustrated by the PDC (Figure 5). The

resulting ylid creates a nucleophilic attack on the keto group of the substrate pyruvate leading to an
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acetaldehyde intermediate which after decarboxylation forms the enamine intermediate. The
enamine represents an a-carbanion which is an excellent nucleophil. By PDC the enamine gets

protonated and acetaldehyde is released to regenerate the ylid.
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Figure 5: TDP enamine formation in the decarboxylation of pyruvate by PDC.

Carbanion (enamine intermediate) formation (C) as a result of the nucleophilic attack (A) on the keto group and the
subsequent decarboxylation (B), as well as the recycling of the ylid (D) is shown. Figure was created with ChemDraw
(PerkinElmer Inc.) following Leeper and Agyei-Owusu & Leeper [175, 176].

Analogs of thiamine containing an oxazolium or imidazole ring instead of the thiazole moiety
show less reactivity due to the missing 3d orbitals and the absent stabilization of the carbanion [177,
178]. Furthermore, methylation of the C2 atom in the THZ moiety leads to inactivation of
pyruvatedehydrogenase [179]. The same enzyme is inhibited if the hydrogen at the C2 atom is
replaced by oxygen, probably due to additional hydrogen bonds formed between the cofactor and
the enzyme [180]. The transketolase of yeast can be inhibited by C2-tetrahydro-TDP [181]. If the
nitrogen in the thiazol moiety is exchanged to a carbon atom resulting in a neutral thiophene ring, 3-
deaza-TDP is formed. This analog, which cannot form an ylid anymore, is used to study thiamine
dependent enzymes and shows an exceptional irreversible inhibition of Zymomonas mobilis PDC
[182]. Mimicking the overall neutral zwitterionic ylid, a tighter binding than TDP is possibly mediated

through increased hydrophobic interaction [176].

Besides the role of TDP as prosthetic group, thiamine triphosphate (TTP) is suspected to signal
the metabolic state, like nutrition starvation in E. coli [183, 184]. Furthermore, adenylated

derivatives, adenosine thiamine triphosphate and TTP, were detected in humans and are suspected

17



Introduction

to be important in neurochemical and metabolic sensing or cell differentiation, but their exact role is

still unclear [165, 185-187].

4.2 Vitamin Bg - Pyridoxine derivatives function, production and regulation

Vitamin Bg occurs in three chemical entities in nature: pyridoxal (PL), pyridoxine (PN) and
pyridoxamine (PM). Pyridoxal-5’-phosphate (PLP), the activated vitamin, is an essential cofactor for a
variety of biochemical reactions, including decarboxylation, transamination, racemization,
elimination and replacement of electrophilic groups at the B- or y- carbons, mainly on amino
compounds in prokaryotes as well as eukaryotes [188]. Its versatile participation in 140 discrete
catalytic functions — accounting for 4 % of all classified reactions — denotes its remarkable role in
divergent evolution as a covalently linked electrophilic catalyst, stabilizing carbanionic reaction

intermediates [189-192]. In Figure 6 the underlying chemical mechanism is shown.

Substrate
+
Lys

Internal N
aldimine #

Transamination

Racemization

N+
|
H p-(ory-)
elimination or
Protonation state replacement
of aldimine intermediate
AA active site
composition

Stereo-electronic
effects

\ \
Ll ., E] s
Decarboxylation Side-chain cleavage

Figure 6: Internal and external aldimine formation of protonated PLP resulting in the diverse reaction type catalysis.

A: Internal aldimine formation with lysine in active side. B: External aldimine formation upon substrate binding. The
protonated PLP, acting as a molecular sink, stabilizes the negative charge at Ca (carbanion). C: Proton abstraction leads to a
quinonoid intermediate which is acting in transamination, racemisations and B/y-elimations and replacements. D:
Carboxylate removal results in an amine formation. E: Ca —CP bond cleavage such as occurring in retro-aldol condensation.
Figure was created with ChemDraw (PerkinElmer Inc.) following Percudani & Peracchi and Toney [189, 193].

PLP is covalently linked via the aldehyde group to the e-nitrogen of a catalytic lysine side chain of
the apoenzyme forming a secondary aldimine (Schiff base) also termed internal aldimine (Figure 6 A).
Once the substrate amino group exchanges the lysine residue in a transimination reaction, the

external aldimine is formed (Figure 6 B). Depending on the protonation state of aldimine
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intermediates, interaction of specific stabilizing amino acids (AA) in the active site and on
stereoelectronic effects the reaction selectivity is determined. This results in either a proton
abstraction, removal of a carboxylate group, or a side chain cleavage at the C, in the external

aldimine giving the carbanionic intermediate (Figure 6 C,D,E) [191-194].

Besides the pyridine ring acting as an electron sink which stabilizes negative charges, vitamin Bg
was identified to operate in haem [195], niacin [196] and serotonin [197] synthesis. It is further
presumed to act regulatively on transporters [198] as well as on transcription factors [199] and
hormonal balance [200]. Furthermore, vitamin Bg is implicated in tumor development and
progression [201, 202] and is known as a very potent antioxidant trapping superoxide radicals and
singlet oxygens [203, 204]. Moreover, it could be shown that some PLP-dependent enzymes
necessitate the cofactor for refolding and dimerization processes, suggesting an extra function as a
chaperone like molecule. This is the case for Bacillus subtilis serine hydroxymethyltransferase,
tryptophan synthase B, subunit and aspartate aminotransferase from E. coli, cystalysin from

Treponema denticola and dopa decarboxylase out of humans [205-208].

Humans, in contrast to bacteria, fungi and plants, have to rely on dietary uptake and trapping in
the salvage pathway of this precious cofactor [209, 210]. In bacteria generally two different
biosynthetic pathways for de novo synthesis are known: Firstly the deoxyxylulose 5-phosphate (DXP)
dependent pathway resulting in pyridoxine-5’-phosphate (PNP), very well characterized for E. coli
and restricted to eubacteria and secondly the D-ribose 5-phosphate (R5P) pathway also named DXP-
independent pathway resulting in pyridoxal-5’-phosphate, extensively studied e.g. in B. subtilis [211,
212]. Figure 7 shows an overview of the distribution of the de novo and salvage pathways. The de
novo pathways are only present in bacteria and plants. The salvage pathway, which is responsible for
the recycling of the vitamin Bg from protein turnover, can be found in bacteria and humans. For a
more detailed analysis of the two de novo pathways please find details in Fitzpatrick at al., 2007 and

Mukherjee et al., 2011 [213, 214].
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Vitamin B biosynthesis
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Figure 7: Overview of the vitamin Bg biosynthesis and salvage pathway in bacteria and humans.

The feeding of the DXP dependent and independent de novo vitamin Bg biosynthesis and the vitamin Bg salvage pathway is
given. Figure was created with ChemDraw (PerkinElmer Inc.) following Fritzpatrick et al. [213] and Tanaka et al. [210].

In cause of the omnipresent salvage pathways PNP as well as PMP both are convertible to PLP
via pyridoxine 5’-phosphate oxidase (PNPOx). Counteracting, PdxK, an ATP-dependent pyridoxal

kinase, can phosphorylate the alcohol group of PL, PN and PM and hence trap the vitamers.

The level of free PLP, an extremely reactive aldehyde, and thus the vitamin Bg homeostasis is
believed to be regulated via substrate inhibition of PdxK and PNPOx in the presence of Mg** and ATP
[215-217]. Malfunction or deregulation of the PLP level, possible by influencing the regulatory
enzymes PdxK and PNPOx due to drug ingestion or directly by mutations, may result in neurological

disorders like seizures, depressions or anemia [218-220].

In S. aureus, a de novo pathway is present which is homologue to the B. subtilis pathway and

naturally the salvage pathway for trapping and regulating the vitamin Bg homeostasis [221, 222].

4.3 Bifunctional enzymes - ThiD and PdxK

In yeast it has been shown that the precursor of the HMP majority of thiamine metabolism can
be PLP as well [223—-225]. This linkage between both metabolisms was already suspected by Schultz
and colleagues in 1940 and probably can provide information about the evolution of these both

essential pathways [226].
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S. aureus ThiD (gi: 14247866) is clustered on the thiamine operon tenA-thiM-thiD-thiE, whereas
S. aureus PdxK (gi: 14246348) is identified as PL salvage enzyme [164, 222]. But PdxK is a member of
ThiD thiamine monophosphate (TMP) synthase family and also has affinity to HMP, which is the
substrate of ThiD from vitamin B, pathway [222]. The acceptance of the three discrete Bg vitamer
substrates and HMP is also known for Plasmodium falciparum PdxK [227], E. coli PdxK [228, 229],

Trypanosoma brucei PdxK [230] and the thid gene product from B. subtilis [231].

This expanded substrate specificity, or in other words substrate promiscuity, additionally will be
attractive for clarifying the evolution and interplay of the pathways. Subsequently this information

can be used to distinguish and predict side effects occurring by poisoning one of these pathways.

4.4 Vitamin B, de novo and vitamin Bg salvage pathway as potential drug targets

The example of nitazoxanide (2-acetolyloxy-N-(5-nitro 2-thiazolyl) benzamide; NTZ) gives clear
evidences on the rewards of targeting a cofactor as a potential antibiotic target. Since 2004, NTZ is an
FDA approved drug against protozoan parasites (genus Cryptosporidium, most commonly
Cryptosporidium hominis and C. parvum) causing cryptosporidiosis [232]. It shows chemical similarity
with the already well known compound metronidazole, which is a 5-nitroimidazole drug widely used
for microaerobic bacteria like Heliobacter pylori [233]. In contrast to metronidazole the nitro group
of NTZ (Figure 8) does not have to be activated by reduction and no DNA impairment could be
elucidated as MoA. Although it presents an entity of the pro-drug class and for its activity NTZ has to
be deacetylated to tizaxonide (TIZ) as could be seen in Figure 8 [234].

O

Acetic acid Pyruvate ferredoxin

oxidoreductase

—l- Nitroreductases
NH \ NH \
Activation Peptide disulfide
isomerase

Figure 8: Activation of nitazoxanide (NTZ) to tizaxonide (TIZ).

The figure shows the formation of the active metabolite of the prodrug nitazoxanide by deacetylation and its possible
targets ferredoxin oxidoreductase, nitroreductase and peptide disulfide isomerase on protozoans and bacteria [235].

Subsequently, it was discovered that the anionic form of NTZ specifically inhibits pyruvate-
ferredoxin oxidoreductase (PFOR) by abstracting a proton from the activated cofactor thiamine
diphosphate, leading to a dissociation of the complex [236]. Thus targeting the activated cofactor
TDP could be elucidated as MoA. In addition, NTZ showed activity against Mycobacterium
tuberculosis, Clostriidum difficile and further gastrointestinal infections causing parasites [235, 237].
It principally seems to evade resistance, because it was neither possible to generate NTZ resistance in

laboratory nor has resistance been observed after more than ten years of clinical use [238].
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Summarizing this variety of target germs by NTZ and the so far elucidated MoA, the first
exceptionally potential antibacterial and antiparasitical compound targeting the essential cofactor

dependent enzymes demonstrates the drugability and advantages of TDP targeting.

Equivalent to the enzymatic equipment of B. subtilis also for S. aureus a vitamin Bg salvage
pathway was identified and discriminated from the thiamine biosynthetic pathway [164, 222, 231].
Because of this extraordinary eclectic role, PLP was already evaluated as potential drug target for
Plasmodium falciparum, the causative agent for malaria tropica [162, 239-242], and also in particular

for Trypanosoma brucei [243].

Very recently, primaquine, a quinoline commonly used for the treatment of malaria and
trypanosomiasis, was identified to inhibit human Trypanosoma cruzi, Plasmodium vivax and human
PdxK in vitro [244]. For the human pyridoxal kinase a competitive mechanism with a K; of
5.72+7.3 uM could be observed in vitro [244]. This is comparable low to the primaquine serum
concentration of 0.59 uM, but maybe the drugs success is related to an accumulation inside the

parasite [244].

These two fundamental examples, illustrating the targeting of the vitamin B; and the Bg
metabolism respectively, clearly suggest the possible drugability of B; and Bg in S. aureus and the
potential advantages of a cofactor mediated multi-target approach. Targeting this vital bacterial and
parasitic niche directly, represents a novel development and possibly leads to a complete new broad

spectrum antibiotic with low resistance potential.

5 Advanced drug design - Shaping substrate analogs to suicide drugs

As highlighted in chapter 1 4.1 and | 4.2, an extraordinary dependence of bacteria on the cofactor
synthesis, availability and function, especially for vitamin B; und B, is evident. If one of these
versatile cofactors is inactive or only limited accessible, this will lead to multiple downstream effects,
like the impairment of glycolysis, pentose phosphate pathway or carboanhydrate metabolism.
Infiltrating unique bacterial vitamin biosynthesis pathways with compounds, termed suicide drugs,
further processed by bacterial metabolization in vivo to inactive cofactors, will have two remarkable

advantages:

Fundamentally, an inactive cofactor will block multiple downstream enzymes and an uncoupling
of compounds entrance and site of action is achieved. In consequence such compounds will act like a
pro-drug, but in an advanced way. Several metabolization steps prior the production of the blocking
and inactive compound will lower the probability of a bacterium to evade the selective pressure by a
single mutation. Furthermore, due to the high conservation of the metabolism in bacteria, the

approach will be prokaryote-specific and applicable to a multitude of bacteria [245].
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As mentioned in chapter | 4.4 no mutation development could be observed for NTZ, which
targets the active cofactor TDP, so far. This clearly illustrates the advantages of targeting vitamin B,
with the extension that the approach of producing an inactive cofactor in vivo would be bacteria

specific, as humans lack this particular pathway.

In consequence, impairment of bacterial homeostasis by cofactor obstruction will lead to direct
germs death or a slowdown of growth, which will give the immune system or the beneficial natural
flora a chance to fight and overgrow the bug. Further, a boost of the hosts immune system in
combination with the suicide drug would be a vital possibility to eradicate the germ completely

[246].

In turn to the manifold downstream effects by targeting an essential cofactor, distinguishing
features have to be characterized for the metabolic pathways and possible downstream targets.
Structural biology, consistent with biophysical and biochemical characterization, will be particularly
important to discover and reveal candidate enzymes and compounds of advanced target oriented

medical chemistry approaches.
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I Aims of this Work

Today, Staphylococcus aureus represents yet again one of the most devastating, health
threatening human pathogens. In Europe it is still a dominant cause for nosocomial infections coming
along with some 25,000 patients’ deaths and EUR 1.5 billion healthcare costs in 2007 [83]. Up to now
no antibiotic targeting any innovative bacterial structure is available, which is not opposed to an
already existing bacterial resistance mechanism. This and the additional increasing number of
community acquired severe infections alarmingly demonstrate the urgent need for the development
of new antibiotics. In this work a structure based pro-drug investigation targeting the essential
vitamin B, metabolism of S. aureus, which is absent in humans, via specific metabolizable compounds
is focused. Pro-drug like compounds which will be converted inside this unique bacterial pathway
into toxic cofactor derivates referred to as suicide drugs, will be investigated. This approach will
avoid the selective pressure on single antibacterial drug targets and will result in multiple

downstream effects on key enzymes of the carbohydrate and amino acid metabolism.

The first core aspect in this work is the structural characterization of two selected substrate
analogs of ThiM in comparison to the natural substrate THZ via X-ray crystallography. The analysis of
these previously identified compounds would provide the opportunity to further optimize the
compounds and present a vital basis for advanced rational substrate analog development. Further
focus will be placed on the analysis of the activation of the fully functional natural cofactor B; via the
enzyme TPK. This kinase in complex with its natural substrate thiamine is expected to provide
insights about how the approach with the substrate analogs for ThiM is applicable and to define
possible influences on human vitamin metabolism by comparative structural analysis of the enzyme.
Second core aspect of this study is the elucidation of the interplay of the highly conserved vitamin B;
de novo synthesis in S. aureus and the Bg salvage pathway, which is present in bacteria, but also
protozoan and higher eukaryotes. In terms of this relationship a delimitation of the structural
configuration of enzymes of the vitamin Bg pathway needs to be defined. For this propose the
structure of essential vitamin Bg kinase PdxK from S. aureus as well as the protozoan PdxK from
Trypanosoma cruzi are planned to be studied by X-ray crystallography. An analysis of the
evolutionary traces conserved in protein structure also in comparison to human homologues for a
rational understanding of the selectivity shall be conducted. Additional emphasis is placed on the
preparation and analysis of potential dynamic studies of the analyzed enzymes. For this purpose
crystallization experiments with caged ATP are planned and it is intended to find parameters and
conditions to produce micro and nano crystals of target proteins. Moreover, opportunities of in vivo
crystallization within insect cells as well as extension of the protein production in this complementary

expression system of all pathway proteins are to be considered.

24



Methods

Il Methods

1 X-ray sources

The following beamlines were used to generate high resolution structural data, the rotation

anode X-ray generator was used to test and score crystallization trials.

P14 EMBL (European Molecular Biology Laboratory, DESY, Hamburg, Germany
Source: PETRAIIl storage ring
Focal spot: 4 x 9 um? up to 300 x 300 um?
Wavelength: 0.976262 / 0.976300 A
Detector: Pilatus 6M
SAXS (X33) EMBL, Hasylab, DESY, Hamburg, Germany
Source: DORIS bending magnet
Focal spot: 2 mm x 0.6 mm
Wavelength: 1.5 A
Detector: Photon counting Pilatus 1M-W pixel detector; Photon counting
Pilatus 300K-W pixel detector; Mar345 image plate (345 mm?)
Rotating anode  University Hamburg
Source: Rigaku RU 200 X-ray generator
Wavelength: Cu Ka = 1.5418 A
Detector: MAR300 image plate

2 Instrumentation

Table 3: Instrumentation (alphabetically listed).

Instrumentation Manufacturer

Agarose gel electrophoresis:

Gel caster PerfectBlue™ Mini S (Peqlab, Germany)
Power supply PowerPac 200 (Bio-Rad, Germany)
Electrophoresis unit PerfectBlue™ Mini S (Peqlab, Germany)

UV transilluminator Gel iX Imager (INTAS Science Imaging

Instruments, Germany)

Balance TE3102S (Sartorius, Germany)

CD spectrometer J-815 (Jasco, UK)

Centrifuges 5415R/5415C/5424/5804R/5810R MinispinPlus

(Eppendorf, Germany)

Multifuge X3R (Thermo Fisher Scientific,
Germany)
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Clean bench

Crystal imaging

DLS instrumentation

FPLC (Fast protein liquid chromatography)

Freezer:
-20°C
-80 °C
Incubator 37 °C
Incubator 27 °C
Crystal plate incubator 4 °C and 20 °C
Microbalance
Microscopes

Micropipette
Multichannel pipette

Microwave

Pipetting robots

pH-meter

Roller mixer

SDS-PAGE:
Gel caster
Power supply
Electrophoresis unit

Sonifier ultrasonic cell disruptor

Spectrophotometer

Stirrer

Thermocycler
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Hera Safe, Thermo Electron corporation (Thermo
Fisher Scientific, Germany)

Digital Sight DS-L3 (Nikon, Japan)
CrystalScore (Diversified Scientific Inc., US)
Microscope SZX12 (Olympus, Japan)
SpectroSize 300 (XtalConcepts, Germany)
Spectro Light 500 (XtalConcepts, Germany)
AKTA Purifier P-901 (GE Healthcare, UK)
AKTA Prime (GE Healthcare, UK)

Liebherr premium (Liebherr, Germany)
B35-85 (FRYKA-Kaltetechnik, Germany)
Heraeus B6120 (Heraeus, Germany)
Heraeus B-5060 (Heraeus, Germany)
RUMED 3001 incubator (Rubarth, Germany)
CP224S-0CE (Sartorius, Germany)

Stereo microscope SZX12 (Olympus, Japan)
Axiovert 25 (Zeiss, Germany)

Micropipette ResearchPlus (Eppendorf, Germany)
Multichannel pipette ResearchPlus (Eppendorf,
Germany)

NN-e202W (Panasonic, Japan)

Honeybee 961 (Genomic Solutions, US)
Lissy (Zinsser, Germany)

Oryx4 (Douglas Instruments Ltd, UK)
SevenEasy (Mettler Toledo, US)

Stuart Roller Mixer SRT9 (Stuart, UK)

Four Gel Caster (SE275)
EV 231 (Peglab, Germany)

SE260 Mighty Small Il Deluxe Mini
electrophoresis unit (Hoefer, US)

Sonifier S-250A analog ultrasonic processor
200 W (Emerson Electric Co, US)

GeneQuant 1300 (GE Healthcare, UK)

Nanodrop 2000c and NanoDrop Lite (Thermo
Fisher Scientific, Germany)

UVICON 933 (BIO-TEK Kontron Instruments, US)
VMS-A (VWR, US)
MR 3001 (Heidolph, Germany)

Mastercycler gradient (Eppendorf, Germany)
Mastercycler personal (Eppendorf, Germany)

MyCycler Thermal CyclerTM (Bio-Rad, US)
Primus 25 Advanced (Peglab, Germany)
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Thermomixer Thermomixer comfort (Eppendorf, Germany)

UV-light source CrystalLIGHT 100 (Nabitec, Germany)

Western blot transfer unit V20-SDB Semi-Dry Blotter Unit (SCIE-PLAS Ltd.,
UK)

3 Buffers, solutions and consumables

All standard buffers and solutions were produced in deionised H,0 and listed in Table 4 unless

stated otherwise. Plastic consumables were obtained from Sarstedt or Eppendorf.

Table 4: Comprehensive list of all standard buffers and solutions arranged according to their application.

Buffer or solution Composition / Supplier

Agarose-Gelelectrophoresis:

TAE-buffer (50x) 2 M Tris, 950 mM Acetic acid, 50 mM EDTA
Loading dye (5x) 0.05 % (w/v) bromophenol blue, 0.35 % (w/v)

Xylene cyanol, 1 mM EDTA, 60 % (w/v) glycerol
DNA Marker FastRuler (SM1123, SM1103, SM1113)

High Range DNA Ladder (10 kbp-500 bp)
Medium Range DNA Ladder (5000-100 bp)

Low Range DNA Ladder (1500-50 bp) (Thermo
Fisher Scientific, Germany)

Ethidium bromide staining solution 0.5 pg mL " in H,0 #E1510 (Sigma, Germany)

Enzymes and buffers:

dNTPs mix #R0181 (Thermo Fisher Scientific, Germany)
Preparation of 2 mM dATP, dCTP, dGTP, dTTP
each

Pfu polymerase and buffer #EP0O501 (Thermo Fisher Scientific, Germany)

Taq polymerase and buffer #EP0401 (Thermo Fisher Scientific, Germany)

T4 ligase and buffer H#ELOO14 (Thermo Fisher Scientific, Germany)

Fast Xbal #0684 (Thermo Fisher Scientific, Germany)

BamHI H#ER0051 (Thermo Fisher Scientific, Germany)

Bsal #R0535S (New England BiolLabs, US)

EcoRlI #ER0271 (Thermo Fisher Scientific, Germany)

Hindlll #ERO501 (Thermo Fisher Scientific, Germany)

CaCl,-Buffer 100 mM CacCl,, 10 % (v/v) glycerol

Protein buffers (Protein buffers were supplemented with 0-400 mM imidazole for Hisg-tag based
purification, details are specified in the results 1V)

T/N-buffer 50 mM Tris, 150 mM NaCl, pH 8.0
T/N300-buffer 50 mM Tris, 300 mM NacCl, pH 8.0
T/M-buffer 50 mM Tris, 300 mM MgCl,, pH 8.0
P/N-buffer 50 mM K - phosphate, 150 mM NaCl, pH 8.0
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Buffer or solution

Composition / Supplier

TEV1-buffer

TEV2-buffer
TEV3-buffer

IPTG solution

Anhydrotetracyclin

Strep-tactin elution buffer (10x)

Ni-Nitrilotriacetic acid agarose regeneration:

Regeneration buffer
SDS solution
Ethanol solutions
ETDA solution
NiSO, solution

Strep-tactin sepharose regeneration:
Strep-tactin regeneration buffer (10x)

SDS-PAGE:
Stacking gel buffer
Separating gel buffer
APS solution
TEMED (Tetramethylethylenediamine)
SDS solution
SDS-PAGE electrode buffer

SDS-PAGE sample buffer (5%)

SDS-PAGE Marker

Coomassie staining solution
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T/N300 buffer supplemented with 5 mM DTT
((2S,3S)-1,4-Disulfanyl-2,3-butanediol) and 2 %
(v/v) glycerol and 20 mM imidazole

TEV1-buffer with 50 mM imidazole
TEV1-buffer with 300 mM imidazole

100 mM IPTG (Isopropyl-1-thio-B-D-
galactopyranosid)

2 mg mL"in DMF (N,N-Di-methyl-formamide)

1 M Tris-HCI, pH 8.0

1.5 M NaCl

10 mM EDTA

25 mM desthiobiotin (IBA, Germany)

6 M Guanidine hydrochloride, 0.1 M acetic acid
2 % (w/v) Sodium dodecyl sulfate

20, 50, 75, 100 % (v/v) ethanol (MEK-den.)
100 mM EDTA, pH 8.0

100 mM NiSO,

10 mM HABA (IBA, Germany)
(2-[4'-hydroxy-benzeneazo]benzoic acid) in
buffer T/N

0.5 M Tris-HCl, pH 6.8

1.5 M Tris-HCl, pH 8.8

10 % (w/v) Ammonium peroxydisulfate
~99 % (Sigma Aldrich, Germany)
10 % (w/v) sodium dodecyl sulfate
25 mM Tris

0.192 mM glycine

0.1 % (w/v) SDS

95 mM Tris-HCl pH 6.8

40 % (v/v) Glycerol

3 % (w/v) SDS

0.17 % (w/v) Bromophenol blue
0.5 % (w/v) DTT

Unstained Protein Molecular Weight Marker
#26610, Size range 14.4-114 kDa (Thermo
Fisher Scientific, Germany)

25 % (v/v) 2-Propanol
10 % (v/v) Acetic acid
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Buffer or solution Composition / Supplier
0.25 % (w/v) Coomassie brilliant blue G-250
Coomassie destaining solution 20 % (v/v) Acetic acid
Native PAGE SERVAGe/™ N Native Starter Kit (Serva,
Germany)

Western Blot (WB):
Transfer buffer 25 mM Tris, 192 mM Glycin, 20 % (v/v)
Isopropanol, pH 8.3

Marker PageRuler Plus Prestained Protein Ladder
#26619, 10-250 kDa (Thermo Fisher Scientific,
Germany)
PageRuler Unstained Protein Ladder
(Fermentas, Germany)

Nitrocellulose membrane Roti®-NC, 0.2 um (Carl Roth, Germany)
Ponceau staining solution 0.2 % (w/v) Ponceau-S

2 % (v/v) Acetic acid
PBS (Phosphate buffered saline) 140 mM NaCl

25 mM KClI

0.5 mM MgCl,

1 mM CaCl,

10 mM Na,HPO, (pH 7.5)
TBS (Tris buffered saline) 1 M Tris/HCI, 750 mM NacCl, pH 7.5,
PBS-T/TBS-T 1x PBS/ 1x TBS

0.05 % (v/v) Tween 20
Blocking solution 4 % (w/v) BSA (Bovine serum albumin)

in PBS or TBS buffer

Antibodies and WB detection:

1* antibodies Murine Anti-Strep-tag Il antibody, 1gG1;
#2-1507-001, 0.2 mg mL " in PBS (IBA, Germany)

final dilution: 1:2000

Murine Anti-His-tag antibody, 1gG1; #65250,
0.5 mg mL™" in PBS, 0.09 % (w/v) NaN;

(BioLegend, US)
final dilution: 1:10000

2" antibodies Goat anti-mouse IgG-HRP (horseradish
peroxidase) conjugated, #SC-2005

(Santa Cruz Biotechnology, US)
final dilution: 1:3000

Goat anti-mouse IgG-AP conjugated, #A3562
(Sigma, Germany)

final dilution: 1:30000
AP reaction buffer 100 mM Tris/HCl, 4 mM MgCl,, pH 9.5
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Buffer or solution

Composition / Supplier

BCIP solution

NBT solution

ECL (enhanced chemiluminescence)
detection

Crystallization screens and chemicals:
PCT™ Pre-Crystallization Test
AmSO,-Suite
Classics Suite
Cryos Suite
JCSG-plus
Morpheus
PACT premier
Stura Footprint Screen & MacroSol
NPE-caged ATP

(Adenosine 5'-triphosphate
nitrophenyl)ethyl ester] disodium salt)

ATP

THZ

(2-(4-methyl-1,3-thiazol-5-yl)ethanol)
Thiamine

Pyridoxal

Pyridoxine

AMP-PNP

AMP-PCP

Cpd1l
(2-(1,3,5-trimethyl-1H-pyrazole-4-yl)ethanol)

Cpd2
(2-(2-methyl-1H-imidazole-1-yl)ethanol)

Cpd12
(2-(3-brom-1,2-oxazol-5-yl)ethanol)

NMR protein buffer
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P3-[1-(2-

20 mg mL™ (w/v) BCIP (5-bromo-4-chloro-3'-
indolyphosphate) in DMF

50 mg mL™ NBT (nitro-blue tetrazolium) in 70 %
DMF

Amersham ECL Western Blotting Detection
Reagents

Hampton Research, US

Qiagen, Germany

Qiagen, Germany

Qiagen, Germany

Molecular Dimensions, UK

Molecular Dimensions, UK

Molecular Dimensions, UK

Molecular Dimensions, UK

#02017 (releases of the parent compound from
its cage after irradiation with pulses of A= 360
nm, (Sigma, Germany)

#A1852 (Sigma, Germany)

#W320404 (Sigma, Germany)

T4625 (Sigma, Germany)
#0960,0025 (AppliChem, Germany)
#T914.1 (Carl Roth, Germany)
#A2647 (Sigma, Germany)

#M7510 (Sigma, Germany)
#4016593 (ChemBridge, US)

#4027195, (ChemBridge, US)

#069532 (Matrix Scientific, Egypt)

50 mM Tris-d11-D,0, 150 mM NaCl, pH 8 (pH
adjusted with DCI)
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4 Molecular biology and biochemical methods

4.1 PCR - Polymerase chain reaction

Exponential DNA fragment amplification to clone a gene of interest into an expression vector
was carried out using a PCR [247]. Ordinary PCR reactions using either Tag or Pfu polymerase derived
from the thermophilic bacterium Thermus aquaticus [248)] and Pyrococcus furiosus [249] contained
the following components shown in Table 5. MgCl, was only added to Tag polymerase based

reactions as the buffer for Pfu polymerase is already supplemented with 2 mM MgSO,.

Table 5: Typical standard polymerase chain reaction components.

Component Final concentration
Polymerase buffer (10x) 1x
dNTPs 0.2 mM
Primer fwd 0.1uM
Primer rev 0.1 uM
MgCl, 1-3 mM (Taq only)
Template DNA 10 pg- 1 pg
Polymerase 1-1.25U

DNA sequences below 1000 nt as well as control PCRs were performed using Tag polymerase.
Mutagenesis of fragments in the range of 1000 nt was performed using Pfu polymerase. A mixture of
dNTPS containing 2 mM dATP, dCTP, dGTP, dTTP was used in all PCR reactions. PCR was carried out in
any PCR cycler listed in Table 3. A program was run with parameters as listed in Table 6. Primer
melting temperatures (T,) were calculated omitting the non binding part of the oligonucleotides
used as primers using calculations and parameters from Breslauer et al. and Sugimoto et al. [250,

251].

Table 6: Standard PCR parameters for Taq and Pfu polymerase based reactions.

Step Temperature [°C] Time Number of cycles

Initial denaturation 95 1-3 min 1x
Denaturation 95 30s
Primer annealing T,-5 30s

Extension 72 1min/kb (Taq) 25-35x
2 min/kb (Pfu)
Final extension 72 5-15 min 1x
Storage 4-6 oo hold
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4.2 Control PCR - Colony PCR and bacmid PCR

Additionally, PCR was used to verify successful cloning or bacmid generation.

A standard colony PCR reaction contained Tag polymerase (0.2 U/reaction) and the reaction
template was added by dipping the colony of interest shortly into 20 puL of prepared PCR reaction
solution with the appropriate primers before amplification and was conducted under appropriate

conditions according to Il 4.1.

A bacmid control PCR was performed with Tag polymerase (0.2 U/reaction), total reaction size
was 20 uL with the addition of 0.1-1 ug bacmid and the pUC/M13 fwd and rev oligonucleotides as

primer(listed in Table 19) according to the parameter selection in Table 7.

Table 7: Parameters of a standard bacmid control PCR.

Step Temperature [°C] Time Number of cycles
Initial denaturation 95 5 min 1x
Denaturation 95 45s
Primer annealing 53 45 s 25x
Extension 72 1 min/kb
Final extension 72 7 min 1x
Storage 4-6 oo hold

4.3 Agarose gel electrophoresis

Agarose gel electrophoresis was used to verify and purify amplified or digested DNA fragments
and vectors. Negatively charged DNA migrates, depending on the agarose concentration or rather
pore size of immobile phase, size and conformation, in an electric field to the anode. Depending on
the desired separation rage 0.8-2 % (w/v) agarose gels in TAE-buffer were produced. Chambers and
gel casts from Peqlab and a power supply from Bio-Rad were used. The sample buffer was prepared
according to Table 4. A gel run was performed applying a voltage of 70-100 V corresponding to
approx. 5-7 V per cm electrode distance. Visualization was performed using ethidium bromide

solution soaking and an ultraviolet (UV) transilluminator.

4.4 Restriction digest, template removal and dephosphorylation

All restriction digests were performed according to manufacturer’s protocols. Bsal restriction
digests were performed in CutSmart buffer. Xbal digest using Fast Xbal enzyme was performed in
FastDigest buffer. Double digest reactions of BamHI and EcoRI were performed in 2x Tango buffer.
Double digest reactions of BamHI and Hindlll were performed in BamHI buffer with BamHI and

Hindlll in a ratioof 1 : 2.
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FastAP - alkaline phosphatase catalyzing the hydrolysis of 5'phosphate groups of cut vectors was
utilized to prevent recircularization and religation of linearized cloning vectors. Routinely the
reaction was performed after restriction digests of vectors in the corresponding buffers for 15 min at

37 °C.

4.5 Site directed mutagenesis

Site directed mutagenesis was either performed by overlap-extension PCR (two-fragment PCR)
[252, 253] or by whole plasmid PCR [254] [255]. In these reactions in general Pfu polymerase was
used. To enhance the efficient DNA denaturation in whole plasmid reactions 2-4 % (v/v) DMSO

(Dimethyl sulfoxide) was added to the PCR.

4.6 Ligation

Amplified or mutated DNA fragments were ligated to target vectors, cut with the appropriate
restriction enzymes, using T4-ligase. A standard reaction contained 1x ligase buffer, 1 U of T4-ligase,
10-20 ng of cut vector DNA and the three- to fivefold molecular quantity of insert DNA in 10 uL total
volume. The reaction was incubated either for 1 h at RT or at 14 °C overnight. Subsequent to ligation

the complete reaction was transformed to XL10Gold or DH5a cells to amplify the plasmid DNA.

4.7 DNA purification, concentration determination and sequencing

Bacterial plasmid DNA was purified using GenelET Plasmid Miniprep Kit (Thermo Fisher
Scientific, Germany) from 5-10 mL bacterial culture. Gen fragments and digested vectors separated in
agarose gels were purified using GenelET Gel Extraction Kits (Thermo Fisher Scientific, Germany).
This kit was also used for PCR clean up or processing DNA after restriction digests. All reactions were

carried out according to the manufacturer’s protocols.

DNA concentration was determined by measuring corrected sample absorption at 260 nm in
Nanodrop 2000c or NanoDrop Lite and applying Lambert-Beer Equation 1 assuming an extinction

coefficient of 0.02 pg mL™ cm™ for double stranded DNA:
A260 =& b *C

Equation 1: Lambert-Beer equation; A, = Absorption at 260 nm, € = molecular extinction coefficient [M'lcm'll, b = layer

thickness, ¢ = concentration.

Sequencing reactions with purified DNA plasmids were performed by GATC Biotech AG using the
Sanger sequencing in Phred20 quality which has a 99 % base call accuracy. Oligonucleotide

sequences used for sequencing are listed in Table 13.
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4.8 Preparation of chemically competent cells

According to Hanahan and Inoue [256, 257] E. coli bacteria were treated to confer chemical
competence. In the standard procedure 100 mL LB (Luria Bertani, Lennox) media supplemented with
the E. coli specific selection antibiotics were inoculated and grown until an ODgy von 0.6 — 0.8 was
reached and subsequently incubated for 10 min on ice. After a centrifugation at 800 x g, 4 °C for
15 min the pellet of 50 mL culture was resuspended in 10 mL CaCl,-buffer and further incubated on
ice for 30-60 min. Finally the cells were pelletized again and resuspended in 2 mL CaCl,-buffer
supplemented with 10 % (v/v) glycerol, separated into 50 pL aliquots, flash-frozen in liquid nitrogen

and stored at -80 °C.

4.9 Transformation of chemically competent bacteria

Chemically competent cells were thawn on ice, 1-100 ng DNA was added and incubated on ice
for additional 20-30 min. This was followed by a heat shock at 42 °C for 45 s and a further incubation
of the mixture on ice for 2 min. Addition of 500 ul LB-medium and an incubation at 37 °C at 400 rpm
for 45 min started cell growth and developed inherited resistance. Finally cells were sedimented for
2 min at 3000x g and the bulk of the supernatant was discarded. This was followed by resuspending

and streaking of the cells on LB-agar containing corresponding antibiotics as selection marker.

4.10 E. coli glycerol stock preparation

Transformed single clones were grown to high log-phase and preserved by the addition of 20 %

(v/v) glycerol to the culture and stored at -80 °C.

4.11 SDS-PAGE and native PAGE

To analyze protein samples in the range of 10-200 kDa SDS-PAGE gels containing 4 %
polyacrylamide in stacking gel and 12 % polyacrylamide in separating gel (components listed in Table

8) were prepared and gel electrophoresis was performed according to Laemmli [258].

Table 8: Components for preparation of SDS-PAGE gels.

Component Stacking gel (4 %) Separating gel (12 %)
Acrylamid/Bisacrylamid 4% 12%
Ratio37,5:1
Separating gel buffer - 0.37M
Stacking gel buffer 0.125M -

SDS 0.1 % (w/v) 0.1 % (w/v)

TEMED 0.1% (v/v) 0.1 % (v/v)
APS 0.05 % (w/v) 0.05 % (w/v)
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Generally, protein samples complemented with 5x sample buffer were denaturated at 96 °C for
10 minutes, applied on gels, mounted in SE260 Mighty Small Il Deluxe Mini electrophoresis unit and
run applying 120 V in the stacking gel part and continued applying 220 V to the separating gel.
Standard molecular weight (MW) markers listed in Table 4 were used for size assessment. An
unspecific protein staining was performed via incubation of the gel in Coomassie staining solution for

>3 h and subsequent destaining in destain solution for adequate contrast.

For clear native PAGE analysis precasted SERVAGe/™ N 4-16 (4 - 16 %) and SERVAGe/™ N 3-12 (3 -
12 %) with the SERVA Native Marker, Liquid Mix for BN/CN with a resolution range of 720 to 21 kDa
were used. The gels were mounted in SE260 Mighty Small Il Deluxe Mini electrophoresis unit, run

according to the manufacturer’s description and stained via the procedure mentioned above.

4.12 Western Blot (WB)

Western blot (WB) was used to identify the protein of interest in E. coli and Sf9 based expression
studies. Semi-dry transfer in V20-SDB Semi-Dry Blotter Unit (SCIE-PLAS Ltd., UK) was done at RT with
transfer buffer (Table 4). The transfer was achieved at 80-200 mA for 30-40 min and verified using a
short unspecific protein staining in Ponceau staining solution. Blocking to exclude unspecific binding
of the antibody was accomplished through incubation of the membrane in PBS-Tween,
complemented with 3-5 % (w/v) BSA, for 30 min at RT. For specific detection the membrane was
incubated with the primary antibody in PBS-Tween supplemented with 3 % (w/v) BSA, overnight at
4 °C. After three consecutive washing steps for 5 min with PBS-Tween the blot was incubated with
the secondary antibody in PBS-T supplemented with 1 % (w/v) BSA for 1 h at 4 °C for AP (alkaline
phosphatase) or HRP (horseradish peroxidase) mediated specific detection. After a second identical
washing procedure the blot was either transferred to WB reaction buffer and developed with NBT

and BCIP or, for HRP coupled secondary antibodies, developed with the ECL detection solution.

4.13 Bacterial cell culture for recombinant protein production

Plasmid propagation, recombinant gene expression and bacmid generation were performed in

bacteria using E. coli strains listed in Table 9.

Table 9: Bacterial strains used for cloning, recombinant gene expression and bacmid generation.

E.coli strain Supplier Genotype
BLR (DE3) Novagen (Merck), F ompT hsdSg(rs" mg’) gal dcm (DE3) A(srl-
us recA)306::Tn10 (Tet")
BL21 Star (DE3) Life Technologies, FompT hsdS; (rz’, mg) gal dcm rne 131 (DE3)
Germany
BL21 (DE3)pLysS Promega, US F ompT hsdSg(rs-, mg-m) dc, gal,A(DE3) pLysS Cm"
DH5a Life Technologies, F ®80/acZAM15 A(lacZYA-argF) U169 recAl endAl
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E.coli strain Supplier Genotype
Germany hsdR17 (rk’, mk’) phoA supE44 N'thi 1 gyrA96 relAl
XL10-Gold Agilent Tet'delta- (mcrA)183 delta- (mcrCB-hsdSMR-mrr)173

Technologies, US endA1 supE44 thi-1 recAl gyrA96 relAl lac Hte [F’
proAB lacl’ZDM15 Tn10 (Tet") Amy Cam']

BL21 Agilent B FompT hsdS(rg-m g-) dem” Tet" gal A\(DE3) endA Hte

CodonPlus(DE3)-RIL  Technologies, US [argU ileY leuW C am')

DH10Bac™ Life Technologies, F mcrA A(mrr-hsdRMS-mcrBC) $80/acZAM15 AlacX74
Germany recAl endAl araD139 A(ara, leu)7697 galU galK \ rpsL

nupG/bMON14272/pMON7124

4.13.1 Bacterial plasmids and oligonucleotides

Most plasmids used in this work for recombinant gene expression in E. coli were constructed
with the plasmid pASK-IBA 3plus and thus under the control of tet-promotor [259]. The promotor is
induced by a non inhibitory concentration (200 ng mL™) of anhydrotetracycline (AHT). Additionally,
the plasmid pMal-C2x containing a P.,.-promotor was used [260, 261]. Gene expression is induced by

the addition of 0.1-1 mM IPTG.

All plasmids used in this study, the corresponding vector, supplier and person who provided the

expression construct and the genetic features are listed in Table 10.

Table 10: Compilation of all bacterial plasmids and their festures used in this study.

Plasmid Vector backbone, Genetic features
supplier (provided by)

pASK-IBA 3plus IBA, Germany c-term Strep-tag
tet-promotor
f1 origin
ampicillin resistance

pPMAL-c2X New England Biolabs, N-terminal MalE sequence (for Maltose
United States binding protein-MBP), without signal
sequence

P.sc -promotor
f1 origin
pBR322 origin

ampicillin resistance

pThiM-TEVHisg pASK-IBA 3plus insert of S. aureus ThiM fused to TEV
IBA, Germany (tabacco etch virus) protease recognition site
(. Drebes) and Hisg-tag (C-terminal), discontinued

before Strep-tag
pTPK-TEVHisg pASK-IBA 3plus insert of S. aureus TPK fused to TEV protease
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Plasmid

Vector backbone,
supplier (provided by)

Genetic features

pPdxK-TEVHisg

pPdxK-Strep

pTcPdxK-Hisg

pThiD-Strep

pThiD-TEVHis

pThiD-nAAAHisg

pMBP-TEV-ThiD-TEVHisg

pThiE-nTEVHisg

pGTPase-Strep

pRK793 [262, 263]

IBA, Germany

(J. Drebes)
pASK-IBA 3plus
IBA, Germany

(J. Drebes)
pASK-IBA 3plus
IBA, Germany

(C. Wrenger)
pASK-IBA 3plus
IBA, Germany

(T. Kronenberger)
pASK-IBA 3plus
IBA, Germany
(Miiller et al.,[164])
pASK-IBA 3plus
IBA, Germany

(J. Drebes)
pASK-IBA 3plus
IBA, Germany

pMal-C2x

New England Biolabs,
United States

pASK-IBA 3plus
IBA, Germany

(J. Drebes)
pASK-IBA 3plus
IBA, Germany
(Miiller et al. [164])
pMal-C2

New England BiolLabs,
United states

(Lab: D. Waugh)

recognition site and Hisg-tag, (C-terminal),
discontinued before Strep-tag

insert of S. aureus PdxK fused to TEV
protease recognition site and Hisg-tag, (C-
terminal), discontinued before Strep-tag

insert of S. aureus PdxK

insert of T. cruzi PdxK fused to a Hise-tag (C-
terminal), discontinued before Strep-tag

insert of S. aureus ThiD

insert of S. aureus ThiD fused to TEV
protease recognition site and Hisg-tag, (C-
terminal), discontinued before Strep-tag

insert of S. aureus ThiD fused to a triple
alanine linker and Hisg-tag (N-terminal),
discontinued before Strep-tag

insert of S. aureus ThiD fused to TEV
protease recognition site (N-and C-terminal)
and a Hisg-tag (C-terminal), discontinued
before Strep-tag

insert of S. aureus ThiE fused to TEV
protease recognition site and Hisg-tag, (N-
terminal), discontinued before Strep-tag

insert of S. aureus GTPase

Vector backbone pMal-C2 with TEV
protease, S219V mutant insert, N-terminal
MBP and Hisg-tag on insert) and C-terminal
polyarginine-tag

Piac -promotor

f1 origin

pBR322 origin
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Table 11 summarizes the oligonucleotides used for the production of the vector (pMBP-TEV-

ThiD-TEVHisg) for producing the fusion protein MBP-ThiD of S. aureus.

Table 11: Oligonucleotides used for ThiD MPB fusion in plasmid pMBP-TEVThiD-TEVHisg.

Bases for restriction enzyme cutting efficiency are in lower case, the restriction enzyme recognition site underlined.

Name

Sequence 5’-3’

pMBP-TEVThiD-TEVHise fwd

pPMBP-TEVThiD-TEVHisg rev

aaGGATCCGGCGAGAACCTCTACTTTCAGGGCGGTGGCA
TTAAACCTAAAATAGCA
ggtAAGCTTTTAATGATGATGATGATGATGGCCCTGAAAATACAGGTTCTC
GCCTTTAGATAATTCATCGTC

In Table 12 the oligonucleotides used for site directed mutagenesis of S. aureus PdxK are listed.

All 14 plasmids generated on the basis of the plasmids pPdxK-Strep and pPdxK-TEVHiss harbor the

features listed in Table 10 and are named according to the basal plasmid (pPdxK-Strep and pPdxK-

TEVHisg) with the addition of the site specific mutation.

Table 12: Oligonucleotides used for S. aureus PdxK mutagenesis.

Name

Sequence 5’-3’

SaPdxK-S12A-fwd
SaPdxK-S12A-rev
SaPdxK-H51Q-fwd
SaPdxK-H51Q-rev
SaPdxK-M80A-fwd
SaPdxK-M80A-rev
SaPdxK-A212T-fwd
SaPdxK-A212T-rev
SaPdxK-C214D-fwd
SaPdxK-C214D-rev
SaPdxK-C214A-fwd
SaPdxK-C214A-rev
SaPdxK-N252G-fwd

SaPdxK-N252G-rev

GCCGGTGCGGACACAAGTGC
GCCGGTGCGGACACAAGTGC
CATGGTCACAGGATGTTACAC
GTGTAACATCCTGTGACCATG
TAAAACAGGTGCGTTAGGTAC
GTACCTAACGCACCTGTTTTA
ACCATGGTACCGGTTGTACAT
ATGTACAACCGGTACCATGGT
GGTGCTGGTGATACATTTGCTG
CAGCAAATGTATCACCAGCACC
GGTGCTGGTGCGACATTTGCTG
CAGCAAATGTCGCACCAGCACC
GGAAAATGGGTGATTTTGTTG

CAACAAAATCACCCATTTTCC

In Table 13 the oligonucleotides used for Sanger sequencing reactions according to chapter Il

4.7 are listed.

38



Methods

Table 13: Oligonucleotides used for Sanger sequencing reactions.

Name Sequence 5’-3’

IBA fwd GAGTTATTTTACCACTCCCT
IBA rev CGCAGTAGCGGTAAACG
malE TCAGACTGTCGATGAAGC

4.13.2 Microbial growth media and selection antibiotics used for E. coli cultivation
The following tables (Table 14 and Table 15) list the growth media and supplements used for the

cultivation of E. coli cells.

Table 14: Microbial growth media for E. coli cultivation.

Medium Composition

LB (Luria Bertani, Lennox) [264] 10 g L™ tryptone, 5 g L' NaCl, 5 g L™ yeast extract

LB-Agar 1.5 % (w/v) agarin LB
2YT 16¢g L, tryptone, 5¢g L NaCl, 10 g L"lyeast extract
TB (Terrific Broth) 12 gL', tryptone, 4 mL L™ glycerol, 24 g L™ yeast extract,

72 mM K,HPO,, 17 mM KH,PO,

Table 15: Preparation and working concentration of antibiotics and media supplements used in this study.

Antibiotic Preparation Working concentration
Ampicillin 100 mg mL™in 50 % EtOH (v/v) 100 pg mL*
Chloramphenicol 34 mg mL™ in EtOH 34 ug mL™*

Kanamycin 10 mg mL™in 50 % EtOH (v/v) 100 pg mL*
Tetracyclin 17 mg mL™ in EtOH 17 pg mL™

Betaine 2.5Min H,0 2.5mM

4.14 Insect cell culture

On the basis of the Bac-to-Bac Baculovirus Expression System from Life Technologies, Germany
recombinant baculoviruses for insect cells transfection were generated [265]. The system makes use
of a site specific transposition of an expression cassette into a baculovirus shuttle vector proliferated

in E. coli.

4.14.1 Insect cell plasmids and oligonucleotides
All proteins were cloned into pFastBacl to generate a tag-free protein variant in insect cells to

study potential in vivo crystallization with and without the carboxy-terminal peroxisomal targeting
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signal 1 (PTS1). Furthermore, a construct in pFastBacHTb was cloned to provide a possibility to detect
a successful recombinant production via western blot and to purify the proteins from this expression
system. The donor plasmid supplier and genetic features are listed in Table 16 and the

oligonucleotides used for DNA amplification and cloning are listed in Table 17.

Table 16: Vectors for donor plasmid preparation for recombinant bacmid production used in this study.

Plasmid Supplier Genetic features (size in bp)

pFastBacl Life Technologies AcCMNPV (Autographa californica multiple nuclear
(Thermo Fisher polyhedrosis virus) polyhedrin (P) promoter (4776 bp)
Scientific, Germany)

pFastBacHTb Life Technologies AcCMNPV polyhedrin (Py) promoter

(Thermo Fisher N-terminal Hisg-tag

Scientific, Germany)  TEV protease recognition site between tag and multiple

cloning site (4856 bp)

Table 17: Oligonucleotides for insect cell vector construction and consecutive bacmid generation.

Bases for restriction enzyme cutting efficiency are in lower case, bases coding for the carboxy-terminal peroxisomal
targeting signal 1 (PTS1) are colored in green, restriction enzyme recognition site is underlined.

Name Sequence 5’-3’

TPK fwd gagaGGATCCATGCATATAAATTTATTATGTTCTGATCGA

TPK rev gagaGAATTCTTAATTTAAATCTGTACTTCTAATTTGCAA

ThiM fwd gagaGGATCCATGAATTATCTAAATAACATACGTATTGAAAAC

ThiM rev gagaGAATTCTTATTCCACCTCTTGAATGCG

ThiE fwd gCcgGGATCCATGTTTAACCAATCGTATCTAAATGTGT

ThiE rev attaGAATTCCTAATTATTAAAAAAATCTTTGAATCGATTAACAG

ThiD fwd gagaGGATCCATGATTAAACCTAAAATAGCATTAACCATT

ThiD rev cgaaGAATTCTTATTTAGATAATTCATCGTCTAATCCCTC

GTPase fwd tattGGATCCatgAAGACAGGTCGAATAGTGAAATCAA

GTPase rev tttaGAATTCTTAATATCTAACCTTTCTATTTGAAATTTC

TenA fwd gagaGGATCCATGGAATTTTCACAAAAATTGTACC

TenA rev tataGAATTCTTAATCATTTACTTTTCCTCCAAATTC

PdxK fwd gcgCcGGATCCATGGCTTTAAAGAAAGTTTTAACAATT

PdxK rev atatGAATTCTTAAACCTCTGTTACTTCAACATCGA

TPK SKL rev gagaGAATTCTTACAGCTTGGAATTTAAATCTGTACTTCTAATTTGCAA
ThiM SKL rev gagaGAATTCTTACAGCTTGGATTCCACCTCTTGAATGCG

ThiE SKL rev attaGAATTCTTACAGCTTGGAATTATTAAAAAAATCTTTGAATCGATTAACAG
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Name Sequence 5’-3’

ThiD SKL rev cgaaGAATTCTTACAGCTTGGATTTAGATAATTCATCGTCTAATCCCTC
GTPase SKL rev atatGAATTCTTACAGCTTGGAATATCTAACCTTTCTATTTGAAATTTC
TenA SKL rev tataGAATTCTTACAGCTTGGAATCATTTACTTTTCCTCCAAATTC
PdxK SKL rev atatGAATTCTTACAGCTTGGAAACCTCTGTTACTTCAACATCGA

4.14.2 Material, medium, buffer, solutions and cell lines for insect cell culture
The entire material, solutions and selection antibiotics used for insect cell culture are listet in Table
18. The used cell line was 5f9 from fall army worm, Spodoptera frugiperda parental cell line IPLBSF-21

(Life Technologies (Thermo Fisher Scientific, Germany).

Table 18: Material, solutions and selection antibiotics used for Sf9 cell cultivation and recombinant bacmid production.

Media, solutions and antibiotics Product supplier

EX-CELL 420 Serum-Free Medium for Insect #14420C (Sigma, Germany)
Cells, with L-glutamine

100x Penicillin-Streptomycin solution #P0781 (Sigma, Germany)
(10,000 U mL™ penicillin and 10 mg mL™)

Gentamicin (10 mg mL™) #G1272 (Sigma, Germany)

Bluo-Gal #B2904 (Sigma, Germany)

T25/T75/T175 cell culture flasks #20003527, 20003528, 20003529 (Sarstedt,
Germany)

6 well plates #83.3920 (Sarstedt, Germany)

24 well plates #83.3922 (Sarstedt, Germany)

DMSO cell culture grade #D2438 (Sigma, Germany)

Trypan blue #T6146 (Sigma, Germany)

Transfection reagent Escort IV #L3287 (Sigma, Germany)

Sodium-Butyrate #B5887 (Sigma, Germany)

RNaseA #R6513 (Sigma, Germany)

PBS #10010-015, Life Technologies (Thermo

Fisher Scientific, Germany)
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4.14.3 Sequencing and control oligonucleotides

Oligonucleotides pFastBac fwd and pFastBac rev were used in the normal sequencing service to
validate correct construct design in pFastBacl and pFastBacHTb vectors (Table 19). Oligonucleotides
pUC/M13 fwd and pUC/M13 rev were used for qualitative analysis of efficient recombination after

bacmid production and purification (chapter 11l 4.14.5) via Bacmid PCR (chapter 0).

Table 19: Sequencing and control oligonucleotides for bacmid construction.

Name Sequence 5’-3’

pFastBac fwd TATTCCGGATTATTCATACC
pFastBac rev TTCAGGTTCAGGGGGAGGTG
pUC/M13 fwd CCCAGTCACGACGTTGTAAAACG
pUC/M13 rev AGCGGATAACAATTTCACACAGG

4.14.4 Transformation of DH10Bac for recombinant bacmid generation

Competent DH10Bac cells were thawn on ice and supplemented with 1 ng of vector construct.
After 30 min of incubation on ice a heat shock was performed for 45 s at 42 °C. After subsequent
chilling on ice for 2 min, 900 pL LB medium was added and the tubes incubated at 37 °C at 400 rpm
for 4 h. After a preparation of a 10- and 100-fold dilution of the grown cells with LB media, 100 pL of
each dilution were streaked on LB agar plates containing 50 pg mL™ kanamycin, 7 pg mL™ gentamicin,
10 ug mL* tetracycline, 100 pgmL’ Bluo-Gal, and 40 pgmL" IPTG to select for DH10Bac
transformants. The plates were incubated for 48 hours at 37 °C. Consequently, a single white colony
was picked for growth in 3-5 mL of LB supplemented with 50 pugmL™" kanamycin, 7 ug mL™

gentamicin and 10 ug mL™ tetracycline for further bacmid amplification.

4.14.5 Bacmid purification

Cells were harvested (14000x g, 2 min, RT) and the pellet was resuspended in 250 pL P1 solution
(solutions for bacmid purification listed in Table 20). Subsequently 250 pL P2 were added and the
reaction tubes were inverted for gentle mixing. Successively 350 uL P3 were added and the mixture
gently mixed by inverting. The lysed cells were centrifuged for 10 min at 14000 x g at RT to separate
cellular debris and the supernatant was transferred to a fresh tube. To precipitate the bacmid DNA
700 pL precooled isopropanol was added and the reaction, 10-60 min incubated at 4 °C and
subsequently centrifuged for 15 min at 14000x g at RT. The supernatant was discarded and the pellet
resuspended in 700 uL precooled Ethanol (70 %, v/v). After a subsequent centrifugation (15 min at
14000 x g at RT) the pellets were dried in a clean bench and resuspended in 30 uL sterile deionized

water. Long term storage was performed in aliquots at 4 °C or at -20 °C.
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Table 20: Composition of solutions used for bacmid purification.

Solution Components
P1 50 mM Tris (pH 8.0)
10 mM EDTA
100 pg mL " RNaseA
P2 200 mM NaOH
1 % (w/v) SDS
N3 4.2 M guanidinium-HCI

0.9 M potassium acetate (pH 4.0)

In Table 21 the estimated gene product size of cloning, corresponding bacmid cassette size as

well as the expected protein size after recombinant gene expression in Sf9 cells are summarized. The

bacmid size corresponds to a cassette made up from ~2300 bp and the DNA of interest.

Table 21: Summary of the bacmid DNA size and corresponding protein molecular weight.

Size of the amplified gene, expected bacmid cassette for the control bacmid PCR and size of the Hisg-tagged proteins from

S. aureus are listed.

Bacmid cassette MW [kDa]
Protein Gene [bp]
[~bp] Hise-tag variant

ThiD 831 3131 333

TenA 690 2990 29.9

ThiE 642 2942 26.5

ThiM 792 3092 31.1

TPK 642 2942 27.0
GTPase 876 3176 37.0

PdxK 831 3131 33.0

4.14.6 Sf9 cell culture

In general Sf9 cells, a cell line derived from the pupal ovarian tissue of the fall army worm

Spodoptera frugiperda, were cultured in EX-CELL 420 Serum-Free medium after serum free adaption

according to manufacturer’s description. To initiate cell culture a cell aliquot (2 x10” cells) was

removed from -80 °C and thawn in a 37 °C water bath by gently agitating. After transfer of the cells to

a sterile 50 mL tube, slowly 15 mL pre-warmed media were added. Cells were seeded in a T75 flask

directly and incubated for 20-30 min at 27 °C. After a media exchange cells were incubated for 2-3 d

in a humidified incubator at 27 °C.
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Cells were adherently cultured in T75 with 12 mL and in T175 with 25 mL media, supplemented
with 1x Penicillin-Streptomycin solution. Standard densities before passaging the cells were 1.2 x10’
in T75 flasks or 2.4x10" in T175 flasks, corresponding to 85-95% confluency. For normal
maintenance cells were dislodged via tapping and rinsing and an aliquot was taken for viability
determination and cell counting. 200 pL cell suspension were mixed with the same amount of trypan
blue solution (0.08 % (w/v) in PBS) and a Neubauer improved hemacytometer was loaded with cells.
Subsequent 1-3 x10° cells mL™ were seeded for further cultivation depending on the application and

cultivation time.

Cell preservation was prepared in mid log growth (3-4 x10° mL™) and a viability >95 %. Cells were
harvested and centrifuged at 600x g for 8 min and resuspended to a final concentration of 1x10’ mL™
in 7.5% (v/v) DMSO, 46.25 % conditioned and 46.25 % fresh medium. Aliquots were immediately
frozen in an isopropoanol filled Mr. Frosty freezing container (Thermo Fisher Scientific, Germany) and

stored at -80 °C.

4.14.7 Transfection and virus stock production

Sf9 cells in log-phase with a viability of >95 % were seeded to a 6-well plate (9 x10° cells/well in
1 mL) in antibiotic free medium. For transfection 1 pg bacmid DNA (1-2 pL) was prepared in 98 uL
medium in one tube and in a second tube 2 pL Escort IV transfection reagent were mixed with 98 uL
medium. These two premixes were combined and incubated for 15-30 min at RT. As a control a
MOCK transfection, without addition of any bacmid DNA, was performed in parallel. This mixture was
added dropwise to the cells and incubated for 5-6 h at 27 °C before medium was exchanged for
further cultivation. Virus stocks were harvested in the late infection stages 48-72h post
transfection/infection, harvested supernatant was cleared from cells debris via centrifugation for
5 min at 500 x g; virus stocks were stored protected from light at 4 °C. P2 was generated to higher
viral titer of the stocks by adding 300 uL virus stock to a well containing 1 x10° cells. Preliminary
expression experiments were performed until P3 using 200 pL to 300 uL recombinant virus stock and

the infected cells were harvested for expression analysis.

4.14.8 5f9 cell lysate preparation and Bradford assay
Two days post (P3) infection cells of a 6-well plate were harvested via rinsing in 1 mL PBS,
centrifuged at 500x g at 4 °C and the supernatant was discarded. The cells pellets were stored

at - 20 °C and resuspended in RIPA buffer (composition in Table 22) for later analysis.
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Table 22: Composition of RIPA buffer.

Concentration Component

50 mM Tris HCI, pH 7.5

150 mM NaCl

1% (v/v) NP-40 (4-Nonylphenyl-polyethylene glycol)
0.5 % (w/v) DOC (sodium deoxycholate)

0.1 % (w/v) SDS

2 mM R-Glycerolphosphate

1mM Nas;VO,

0.4 mM PMSF (Phenylmethanesulfonyl fluoride)
1 mMm EGTA

1mM NaF

1 tablet 50 mL™ Protease-Inhibitor (Roche, Germany)

Cells were disrupted via mechanically sheering through a needle and syringe, cracked cells were
further incubated for 30 min on ice. Cell debris was separated via centrifugation (20,000 x g, 15 min
at 4 °C). The protein amount in the supernatant was assayed via Bradford [266] and 20 ug total

protein content was applied to a 12 % SDS-PAGE for further western blot analysis.

For Bradford analysis Bio-Rad Protein Assay solution was diluted 1:5 in dH,0 (Bradford reagent).
For calibration curve preparation 0, 1, 5, 10 and 25 pg BSA were added to 1 mL Bradford reagent and
incubated for 5 min at RT; subsequently, the absorption at 595 nm was determined. A linear
regression curve was calculated, 5 pL of protein solution of interest measured and the protein

concentration determined via the calibration curve line function.

4.15 Protein purification

4.15.1 Preparation of cleared lysates

E. coli cell pellets stored at -20 °C were resuspended in lysis buffer (approx. 3-5 g wet weight per
25 mL buffer); if not stated otherwise this buffer was T/N supplemented with 0.1 mM PMSF and a
spatula tip of lysozyme. In case of Hiss-tagged proteins generally 5-10 mM imidazole was included to
prevent unspecific binding in the subsequent affinity chromatography. Cell disruption was carried out
by four times sonication for 4 min pulsed at 40 kHz on ice with 3 min pauses in between to convey
produced heat energy. The lysate was centrifuged at 14,100x g, 4 °C for 40-60 min. For further
analysis on SDS-PAGE a small amount of the cell debris pellet was resuspended in 50 pL 5x SDS-PAGE
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sample buffer and 20 uL of the supernatant containing all soluble proteins was supplemented with

5 pL sample buffer.

4.15.2 Affinity chromatography and size exclusion chromatography

All affinity chromatography runs were usually performed as gravity flow. For Strep-tagged
proteins the supernatant was applied to the pre-equilibrated Strep-Tactin Matrix after the
preparation of the cleared lysate, the column was washed twice with lysis buffer (50 mL).
Subsequently the bound protein was eluted with 2.5 mM desthiobiotin containing T/N300 elution
buffer.

For His-tagged proteins, the cleared lysate was applied to the pre-equilibrated Ni-NTA
(nitrilotriacetic acid) matrix and incubated for 30-60 min at 4 °C. Flow through was collected and the
column was washed twice with lysis buffer (50 mL) and subsequently twice with 10 mL of wash
buffer. This wash buffer was supplemented with 20-60 mM of imidazole to remove unspecificly
bound protein. Subsequently the bound protein was eluted with 250-300 mM imidazole containing
elution buffer. Occasionally, the elution fractions were applied again to the matrix to increase the

concentration of the protein in solution.

All size exclusion chromatography runs were performed using AKTA FPLC purification system
(AKTA Purifier P-901; GE Healthcare, UK) maintained at 4 °C, if not stated otherwise. Hi Load 16/60
Superdex 75, Hi Load 16/60 Superdex 200 and XK Sephadex G-25 Fine columns from GE Healthcare
were used. For evaluation, absorbance at 280 nm and 230 nm and conductivity were monitored.
Calculations for molecular weights from retention volume were done by applying calibration curve
using the following proteins: lysozyme (14 kDa), thaumatin (Thaumatococcus daniellii; 22 kDa;
Sigma), ovalbumin (44 kDa), conalbumin (75 kDa), aldolase (158 kDa), ferritin (440 kDa),
thyroglobulin (669 kDa) and Blue Dextran 2000 (all GE Healthcare, calibration kit).

4.15.3 Strep-tactin and Ni-NTA matrix regeneration

After elution of the target protein Strep matrix was washed three times with five CV (column
volumes) 1x Strep-tactin regeneration buffer and stored in 1x Strep-tactin regeneration buffer. For
subsequent purification matrix was rinsed with buffer W until the matrix was white again and

thereafter equilibrated with the corresponding lysis buffer.

Ni-NTA matrix was washed with two CV of regeneration buffer and rinsed twice with five CV H,0.
After rinsing with three CV 2 % SDS solution an ethanol gradient starting with 25 % (v/v), followed by
50% (v/v) and 75 % (v/v), 1 CV each, was applied. After a wash step of five CV 100 % ethanol the
gradient was applied in reverse order. To unload the coordinated Ni** ions the matrix was washed

with 1 CV water followed by 5 CV of EDTA solution. To freshly load the matrix after rinsing with 2 CV
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H,0, two CV NiSO, were applied and then the matrix was rinsed with 2 CV H,0 again. Finally, the

column was either stored in 25 % (v/v) ethanol at 4 °C or equilibrated with buffer.

4.16 Protein quantification
Protein concentrations were determined by measuring specific absorbance at a wavelength of
280 nm according to the law of Lambert-Beer-equation:
AZSO =& b C

Equation 2: Lambert-Beer equation; A, = Absorption at 260 nm, € = molecular extinction coefficient [M'lcm'll, b = layer

thickness, c= concentration.

Physicochemical parameters of protein sequences listed in Table 23 and were extracted from

ProtParam of the SIB (Swiss Institute of Bioinformatics) ExPASy Bioformatics Resources Portal [267].

Table 23: Physicochemical parameters of proteins produced and purified in this study.

Extinction coefficient - €555, molecular weight - MW and theoretical isoelectric point - pl are given.

Protein €280 [M* cm™] MW [kDa] Theorectical pl
S. aureus ThiM-TEV-Hisg 13410 29.8 4.86
S. aureus TPK-TEV-Hisg 21430 25.6 6.03
S. aureus TPK-TEV-cut 21430 24.7 5.58
S. aureus PdxK-TEV-Hisg 28880 31.6 5.23
S. aureus PdxK-TEV-cut 28880 30.7 4.80
S. aureus PdxK-Strep 32890 31.1 4.94
TEV protease 32290 28.6 9.53
T. cruzi PdxK- Hisg 23380 34.2 6.23

4.17 TEV protease expression, purification and standard TEV protease digest
E. coli BL21 CodonPlus(DE3)-RIL transformed with pRK793 were used to produce the catalytic
domain (S219V mutant) of tobacco etch virus (TEV) protease as an MBP fusion protein with a

C-terminal poly-arginine and an N-terminal Hisg-tag [262, 268, 269].

Overnight culture grown in LB supplemented with ampicillin and chloramphicol at 37 °C were
diluted to an ODgyo 0.05. After further growth to an ODgqy of 0.5, gene expression was induced with
1 mM IPTG. After preparing a regular cleared lysate in TEV1-buffer, 6 mL Ni-NTA slurry were
combined with the supernatant in a falcon tube. After 30 min incubation at 4 °C, the matrix was
settled via 2 min centrifugation (900x g, 6 °C) and the supernatant was discarded. Subsequently the
matrix was washed by the same procedure three times with 45 mL TEV2-buffer and in the last step
transferred to a gravity flow column. Elution was performed with 5 mL TEV3-buffer four times and
the protein was transferred to a TEV1-buffer containing 0.5 mM DTT by dialysis and subsequently
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supplemented with 20 % (v/v) glycerol and finally flash frozen in aliquots in liquid nitrogen and

stored at -80 °C.

A standard TEV digest, targeting the amino acid recognition site (ENLYFQS/G) [269] inserted
between protein of interest and Hisg-tag, was performed in buffer W supplemented with 3 mM
glutathione reduced and 0.3 mM glutathione oxidized and a volume ratio of 1:100 of the total
protein content. To optimize reaction time, temperature and ratio of protein to protease small
batches were analyzed comparatively. To eliminate uncut protein as well as the protease in the
purified target protein solutions the digest preparation was incubated on a pre-equilibrated Ni-NTA

column and the flow through was collected.

4.18 Dynamic light scattering (DLS)

In order to specify dispersity as well as the hydrodynamic radius (Ry) of proteins in solution
dynamic light scattering was applied. Before each measurement samples were centrifuged at
16,100x g for 15-30 min. Within this work different devices were used: For standard measurements
the SpectroSize 300, which applying 9 uL sample in a quartz cuvette was used; for long term
measurements the Spectrolight 600 was utilized, as it gives the possibility to observe the
development of dispersity over a long period with minor sample usage (1-2 pl) and without
evaporation because the sample is covered with paraffin oil. All devices are utilizing a red light laser
(A= 690 nm and power 10-50 mW) which applies insignificant energies to the sample. In all devices

the sample temperature is continuously monitored and stabilized.

4.19 Circular dichroism (CD)

CD spectroscopy was routinely utilized to examine general secondary structure elements and to
analyze thermal stability and folding properties upon compound addition or buffer exchange of
proteins. The intrinsic signal of unequal absorption of right- and left-handed circular polarized light of
proteins arises in a quantitative dependence from the amides in the protein backbone (far UV) and
aromatic groups (near UV). The recorded ellipticity is reflected in Equation 3.

180 - In10
f=——

A —A
T (A= 4p)

Equation 3: 0 is the observed ellipticity [degrees]; the absorbance of right- and left-handed circular polarized light is
reflected in A_ and Ag.

Proteins with a high a-helical content show characteristic minima at 208 and 222 nm and a
maximum positive ellipticity at 192 nm. Increasing B-folds are reflected through a more distinct
minimum around 218 nm. Standard curves as published in 1986 from Yang et al. [270] served as

qualitative comparison.
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Standard measurements were performed with the CD spectrometer J-815 (Jasco, UK) using a
peltier element for thermal stabilization or rampening in the experiments. Protein samples were
diluted resulting in a low salt (NaCl) concentration with a low buffering capacity of 5-15 mM Tris and
habitually measured in a 1 mm quartz cuvette scanning the near UV wavelength 190-260 nm. To
reach high accuracy general scanning speed was set to 10 nm min™ and the spectral bandwidth was
fixed to 1 nm. Recorded ellipticity was directly converted to mean residue ellipticity according to
Equation 4 and plotted against the wavelength.

_ MRW -0

MRE = ——
c-d-10

Equation 4: 0 is the observed ellipticity [degrees], MRW (mean residue weight)= molecular mass of the polypeptide chain
in Dalton divided by the peptide bonds in the protein [Da], ¢ protein concentration [g mL™] and d path length [cm] [271].

4.20 Mass spectrometry (MS)

Mass spectrometry data collection and analysis was performed in cooperation with the research
group of Prof. H. Schliiter (UKE, Hamburg). Coomassie-stained protein samples from an SDS-PAGE gel
were excised and subsequently destained. In the core facility reduction of disulfide bonds and
digestion by trypsin was conducted. Peptides were extracted by adding acetonitrile and
trifluoroacetic acid desalted by reversed phase chromatography. An electrospray ionization (ESI) ion
trap instrument (LC/MSD Trap XCT Ultra IlI) was used to detect peptides and results were analyzed

using the mascot search engine (Matrix Science).

4.21 Saturation transfer difference - nuclear magnetic resonance (STD-NMR)
Saturation transfer difference - nuclear magnetic resonance (STD-NMR) spectroscopy was
performed in cooperation with J. Klare in the research group of Dr. T. Hackl (University of Hamburg).
This method was used to characterize the binding of NPE-caged-ATP in presence of THZ to S. aureus
ThiM. For STD-NMR measurements S. aureus ThiM was transferred into 50 mM tris-d11, pH 8.0
containing 150 mM sodium chloride and 1 mM magnesium chloride; THZ and NPE-caged-ATP were
diluted in the same deuterated buffer. Samples containing 5 uM ThiM, 50 uM THZ and 200 uM ATP-
NPE and 100 uM THZ and 150 uM AMP-PCP respectively were measured at 300 K with a Bruker
Avance Il 600 MHz NMR spectrometer. STD-NMR spectra were acquired applying a Bruker standard
sequence (stddiffesgp.3) incorporating a spin-lock filter of 10 ms duration to suppress residual
protein resonance. On resonance irradiation was applied at 600 Hz and off resonance irradiation at
40000 Hz. Saturation was achieved by a cascade of 40 90° Gaussian pulses with duration of 50 ms to
give a total saturation time of 2 s. Reference spectra and STD spectra were acquired with a spectral

width of 8403 Hz applying 65,536 data points 2 transients. FIDs were multiplied with an exponential
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function (line broadening 1.0 Hz) before Fourier transform. Ligands were assigned by means of ‘H-

NMR. Data were processed with TopSpin 3.2 (Bruker, US).

Resonances in the STD spectrum were integrated with respect to the reference spectrum to
verify the size of STD effects. For relative epitope mapping, all STD effects of one ligand were

normalized to the resonance of the largest STD effect in the molecule, which equals 100 %.

4.22 Molecular docking

To analyze preferred orientations and binding properties of selected peptides into the active site
of S. aureus PdxK molecular docking, using FlexiDock implemented in SYBYL-X 1.3 computational
suite (Tripos International, US) was performed in cooperation with Dr. D. Rehders (University of
Hamburg). The refined model of S. aureus PdxK was used for modelling studies. Before docking all
water molecules as well as the malonic acid molecule were removed from the crystal structure.
Subsequently, B-factors were replaced by charges using the Gasteiger-Huckel-algorithm. Additionally
an energetic minimization of the structure was performed. On this basis di- and tripeptides were
manually prepositioned into the active site of S. aureus PdxK and docked for 190000 iterations.
Preeminent results were analyzed by comparing FlexiDock binding energies and manual verification

of precise orientation within the binding pocket.

5 X-ray crystallography

5.1 Sample preparation and initial crystallization screening

In the first step all target proteins were purified using gravity flow affinity chromatography by
the use of Strep- or Hisg-tag. S. aureus ThiM and T. cruzi PdxK were subsequently applied to a size
exclusion chromatography using the Hi Load 16/60 Superdex 200. S. aureus TPK and S. aureus PdxK
purified via Ni-NTA affinity chromatography were subsequently relieved from Hisg-tag and thus of

artificial amino acids and consequently flexible regions via TEV protease digest.

Protein concentrations were increased stepwise and the dispersity monitored by DLS. To
estimate a sensible crystallization concentration the Pre-Crystallization test (Hampton Research, UK)
was applied, according to the manufacturer’s protocol. For ligand incorporations intended for co-

crystallization preincubation of protein and ligand was performed for at least 2 h on ice.

In initial trials, the commercially available screens JCSG-plus, PACT premier, Classics Suite and
Cryos Suite were used routinely. Applying the pipetting robot Honeybee 961 (Genomic solutions, UK)
MRC 96-well sitting drop crystallization plate (Molecular Dimensions, UK), containing 192 optical
wells were set up for vapor diffusion screening in sitting drop format. Habitually, the first well

contained 400 nL of protein solution and 400 nL of the respective precipitant solution. The second
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well was set up with 400 nL protein solution and 700 nL precipitant solution to double the screening
array. The reservoir was filled with 55 pl of precipitant solution; plates were sealed and stored at

20°Cor4 °C.

If no initial condition could be obtained or in order to further optimize crystallization, Morpheus,
Stura FootPrint & MacroSol and AmSQO, Suite were used. The plates were monitored every second

day in the first week and then weekly to identify crystallization hits.

5.2 Analysis of crystallization success and optimization of initial crystallization hits
If crystal hits were observed and the protein contained aromatic amino acids analysis for
intrinsic fluorescence was performed applying the CrystalScore. Further, if sufficient crystal quantity
was present, they were resuspended in SDS-sample buffer and analyzed on an SDS-PAGE.
Additionally, before synchrotron experiments crystals and cryo conditions were analyzed on the

rotating anode generator (Rigaku RU 200 X-ray generator).

As the initial screening was a sitting drop vapor diffusion setup in general the first choice of
optimization was a setup in MRC MAXI 48-well optimization plate (Molecular Dimensions, UK).
Typical drop size was 3 pL with varying precipitant amount and 220 pL precipitant solution placed in
the reservoir. Complementary setups of hanging drop vapor diffusion experiments in Linbro plates
(Jena Bioscience) were performed. Typical drop size was 3 pL with varying precipitant amount on a
silliconized cover slip and 400 uL precipitant solution in the reservoir. In general a comparison to the
initial crystallization hits was done with the Hofmeister series and identification of chemical
tendencies was attempted. Additionally, micro batch setups using Terazaki plates (Nunc, Denmark)
under paraffin oil or mixtures of paraffin and silicon oil [272] were used. Furthermore, counter
diffusion approaches were used to complementarily test crystallization conditions [273]. In general
Granada Crystallization Boxes (GCB) Domino (Triana Science & Technology S.L., Spain) were filled
with precipitant solution and sealed with 1.5 % (w/v) low melting agarose. Capillaries with an inner
diameter of 0.1-0.4 mm were filled with protein solution, sealed with clay and stuck into the

precipitant solution through the agarose (up to six simultaneous experiments).

In particular for crystal growth of S. aureus TPK seeding as well as cross seeding were tested
[274-276]. For seeding procedures a seed stock from single or multiple conditions was produced
with Beads-for-Seeds (Jena Bioscience, Germany) according to manufacturer’s description. After
preparing a dilution series up to 107 in precipitant solution fresh droplets were seeded via streaking

with horse tail hair.
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5.3 Soaking

In addition to co-crystallization experiments, ready grown S. aureus ThiM crystals were soaked in
a 3-50 fold molecular excess of compound. Several approaches were tested: Dissolving compounds in
the appropriate precipitant solution and adding them to crystallization drops 24-48 h before
measurement or soaking crystals in cryo-protectant solutions supplemented with compounds of
interest directly before the diffraction data collection. If these approaches were not efficacious,
dissolving compounds in DMSO precipitant mixtures (0.5-5% (v/v)) was tested. Additionally,
dissolving compounds in 100 % DMSO and after almost complete evaporation adding precipitant or

protein was examined.

5.4 Automated nano-crystallization - XtalController 900

For investigating automated nano-crystallization the XtalController 900 (XtalConcepts, Germany)
in cooperation with R. Schubert (University of Hamburg) was used. The XtalController allows charting
a course across the phase diagram to produce crystalline samples of various sizes, optimized for
diffraction experiments, by controlling evaporation and precipitant addition through piezo pumps.
The device has been developed in cooperation with the University of Liibeck and a detailed

description of the experimental setup was published previously [277].

For XtalController experiments the relative humidity in the process chamber was raised above
98 %. A siliconized glass cover slip was placed on the microbalance inside the process chamber. A
drop of ThiM protein solution (1.0 uL of 15 mg mL™") was applied on the cover slip and the
hydrodynamic radius of the protein was determined by DLS. Evaporation of water was monitored by
the microbalance and counteracted by injecting 70 pL water droplets with a piezo pump. Precipitant
solution (0.1 M HEPES sodium salt pH 7.5, 1.5 M lithium sulfate) was injected to the protein droplet
by using an additional piezo pump in a predefined time-step program. Initial nucleation during
injection has been monitored and detected by DLS to find optimal conditions for nano-crystal

formation.

5.5 Diffraction data collection

For diffraction data collection beamlines P14 (EMBL, Hamburg) at the PETRAIll synchrotron
radiation source and the rotating anode generator (Rigaku RU 200 X-ray generator, University of
Hamburg) were used. All measurements were conducted under cryogenic conditions at 100 K in a
liquid nitrogen stream. For cryo-protection crystals were embedded in precipitant conditions
containing glycerol, PEG (polyethylene glycol) 400, malonic acid or isopropanol. Generally, the crystal

mounting was carried out using polymer loops (Dual-Thickness MicroMounts from Mitegen, US) or

52



Methods

nylon loops (Mounted CryolLoop, Hampton Research, US); if crystal separation was necessary

microtools (Mitegen, US) were used.

P14 beamline was operated with the user interface mxCuBE v2 (Hamburg version). Always fine
sliced data sets with oscillation range 0.1° per frame were recorded. For optimized data collection at
the rotating anode generator the oscillation range (A¢p/frame) was selected after estimation of the

mosaicity in IDXREF job out of a first XDS run.

5.6 Data processing and model building

Routinely data reduction from single crystal diffraction experiments was conducted with the
program package XDS [278]. For scaling either XSCALE out of the XDS package or SCALA [279] was
applied. Ancillary, iMOSFLM [280] was used to verify solutions from XDS. Generally, for retrieving
best solutions in XDS a lead run was conducted: Optimized values of correct space group, unit cell
parameters, refined experimental geometry as well as beam divergence were included in a second
XDS run. All data were selected and cut monitoring Rpyerge, 1/0(1), CC1/2 and completeness in the
following steps. Molecular replacement was performed with MOLREP [281] and Phaser [282]
implemented in the CCP4 software suite [283]. Models were manually revised using Coot [284] and
refined by refmac5 [285]. Coordinate file of ligands with optimized geometry and library description

with molecular restraints was produced with elbow out of the Phenix software suite [286].

5.7 Model evaluation
The following online tools, listed in Table 24, were routinely used for structure model evaluation.

Table 24: Online tools for model evaluation.

Tool Application Citation
Clustalw Primary sequence comparison [287]
Blast Sequence homology analysis [288]
PDBePISA Exploration of macromolecular interfaces [289]
eFold Comparison and 3D alignment of protein structures [290]

(Ca-alignments)
PDBsum Pictorial database of the content of each 3D structure [291]

6 Small angle X-ray scattering (SAXS)

For SAXS measurements of S. aureus PdxK four different protein concentrations of 1.6, 2.2, 4.8
and 8.2 mg mL™ in buffer T/N300 were prepared and centrifuged at 100,000x g for 50 min at 4 °C.
DLS measurements were performed to monitor the dispersity of the solution. SAXS measurements

were conducted at P33 beamline (Hasylab/EMBL, Germany) at a wavelength of 1.5 A with a detector
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distance of 2.7 m at 10 °C. The momentum transfer of 0.01 < s < 0.6 A" was covered (s = 4r sin6/A,
where 20 is the scattering angle). Data were normalized to the intensity of the transmitted beam,
radially averaged, the scattering of the buffer was subtracted and the difference curves were scaled
according to the protein concentration and finally extrapolated to infinite dilution to yield the final
composite scattering curves (PRIMUS from the Atsas suite [292]). The Guinier approximation was
used to evaluate the forward scattering 1(0) and the radius of gyration (R,), assuming that at very
small angles (s < 1.3 - Rg'l) the intensity is represented as I(s) = I(0) exp(—(ng)z' 3. Rg was computed
using the indirect transform package GNOM [293] from the entire scattering pattern, the pairwise
distribution function p(r) and the size of the particle D,.... Ab initio modelling was performed using
the program DAMMIF [294] from the Atsas online server applying P2 symmetry in the slow mode.
The resulting single models were further averaged with DAMAVER [295] and refined with DAMMIN
[296] to a final ab initio model. Bovine serum albumin (66 kDa; in 50 mM HEPES, pH 7.5) was

measured as a molecular weight reference.

7 PdxK activity assay and binding affinity quantification

7.1 PdxK activity assay

The kinase activity of S. aureus PdxK was measured according to Kwok and Churchich [297]. In a
double beam spectrophotometer UVICON 933 (BIO-TEK Kontron) the formation of pyridoxal 5'-
phosphate catalyzed by purified S. aureus C-terminally TEV Hiss-tagged PdxK was followed by
monitoring the change in absorbance at its absorption maximum at 388 nm (extinction coefficient of
4900 M™*cm™). The kinetic enzymatic assay was performed in a total volume of 1 ml at 30 °C in
70 mM potassium phosphate buffer, pH 6.5 containing 50 pug enzyme, 0-1000 uM pyridoxal, 3 mM
ATP, and 10 mM MgCl,. The results were analyzed using GraphPad PRISM 5 (GraphPad, GraphPad

Software, Inc.).

7.2 Microscale thermophoresis (MST) for binding affinity quantification

For analysis of S. aureus PdxK binding affinity the Monolith NT.115, channel combination Nano-
blue/red, was used. Strep-tagged S. aureus PdxK was labeled with NT-647-NHS fluorescent dye
(fluorescence excitation and emission maxima of approximately 650 and 670 nm, respectively) from
Monolith Protein Labeling Kit NT 647 V012 via NHS-ester chemistry, which reacts with primary
amines. The assay was performed with 30 nM PdxK in 25-50 mM Tris, 50-150 mM NaCl and 1-10 mM
MgCl, supplemented with 0.05 % (v/v) Tween 20 at 25 °C at an LED power of 80 % and Laser power
of 20, 40 and 60 % in standard capillaries.

54



Results

IV Results

All genes recombinantly expressed were verified beforehand via Sanger sequencing.
Recombinant protein entity was verified by western blot analysis and mass spectrometry (chapter I
4.12 and Ill 4.20) from purified samples. For general protein quality assessment the folding was
analyzed from different batches and in different buffers via CD spectroscopy and the dispersity was

monitored by dynamic light scattering.

1 Staphylococcus aureus ThiM

The native structure of S. aureus ThiM as well a complex of ThiM with its natural ligand THZ has
already been solved by Dr. J. Drebes (University of Hamburg) [298]. In her study promising substrate
analogs were selected on the basis of the high resolution structure via docking experiments (Dr.
B. Windshiigel, European Screening Port, Fraunhofer IME Hamburg) and could be evaluated for
successful metabolization [298]. Nevertheless, co-crystallization attempts were not successful and
the high resolution structures of ThiM in complex with these promising lead compounds were
absent. For detailed complex analysis this co-crystallization of ThiM with two selected compounds

(referred to as cpdl and cpd2) listed in Table 25 was the aim of this part of this project.

Table 25: Summary of the compounds and THZ used for co-crystallization into S. aureus ThiM and soaking experiments.
The IUPAC (International Union of Pure and Applied Chemistry) conform chemical name, SMILES (simplified molecular-input
line-entry system) string, molecular weight (MW), chemical structure (ChemDraw; PerkinElmer Inc.) as well as the kinetical
parameters determined in an in vitro assay are summarized [164, 298].

Compound cpdl cpd2 THz

IUPAC name 2-(1,3,5-trimethyl-1H- 2-(2-methyl-1H- 2-(4-methyl-1,3-thiazol-
pyrazole-4-yl)ethanol imidazole-1-yl)ethanol 5-yl)ethanol

SMILES string Cclc(c(n(n1)C)C)CCO CclncenlCCO Cclc(scn1)CCO

MW [g mol™] 154.1 126.1 143.0

Structure OH

OH
S OH
»
H,C AN H; H.C N
\ 3 \(J CH3
—_ \C N
H;
Specific Activity 7297 + 267 7418 £ 91 4880 + 488
[nmol min™ mg?]

Kn [UM] 834 + 147 831 + 169 44 +5
Keoe [min™] 215+ 8 218 +3 137 + 13
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Furthermore, a compound which was selected in the study of J. Drebes as well, 2-(3-Brom-1,2-
oxazol-5-yl)ethanol referred to as cpd12, that showed an inhibitory effect on ThiM’s kinase activity,
was studied (Table 26).

Table 26: Summary of the compound 12.

The IUPAC conform chemical name, SMILES string, molecular weight, chemical structure (ChemDraw; PerkinElmer Inc.) as
well as the kinetical parameters determined in an in vitro assay [298] are summarized.

Compound cpdl2
IUPAC name 2-(3-brom-1,2-oxazol-5-yl)ethanol
SMILES string C1=C(ON=C1Br)CCO
MW [g mol™] 191.0
Structure Br

N=

W

H

K [uM] 17 + 4
Inhibition type mixed

1.1 S. aureus ThiM: Optimization of purification and crystallization

S. aureus ThiM linked through a TEV protease recognition site to a Hisg-tag was recombinantly
expressed in E. coli BLR(DE3) cells. Gene expression was conducted for 3.5 h at 37 °C starting at an
ODggo of 0.5-0.6. The protein was purified from the cleared cell lysates, obtained from the standard
procedure described in Ill 4.15.1, via affinity chromatography using two washing step of 20 mM
imidazole in buffer T/N and was finally eluted in buffer T/N supplemented with 250 mM imidazole.
Subsequently, the eluate was applied to a HiLoad 16/60 Superdex 200 column operated at 4 °C
(chapter Il 4.15.2). ThiM was thereby transferred to an imidazole free T/N buffer. Applying a
calibration curve function revealed a calculated molecular weight of the eluted S. aureus ThiM of
approx. 88 kDa. Figure 9 A shows the DLS pattern of ThiM protein solution with a concentration of
6 mg mL" before an additional size exclusion chromatography, representing a polydispers
hydrodynamic radius (R;). After the size exclusion chromatography the protein shows a highly
monodispers radius of 3.4 + 0.0 nm and a calculated molecular weight for an ideal sphere of
55.5 kDa. The DLS pattern shown in Figure 9 B was recorded at a concentration of 15.5 mg mL™ but it

remains constant up to a protein concentration up to 20 mg mL™.
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Figure 9: ThiM DLS pattern after affinity chromatography (A) and subsequent size exclusion chromatography (B).

DLS pattern, mean autocorrelation function of the recorded DLS signal, mean radius distribution: plotting radius against
intensity, radius plot: plotting time against radius the hydrodynamic radius (Ry,) as well as the calculated molecular weight
(MW) are given.

A crystallization condition (15-22 % (w/v) PEG 3350, 0.2 M magnesium formate, 5% (v/v)
isopropanol) already optimized from Dr. J. Drebes that yielded in well diffracting crystals for native as
well as THZ containing ThiM, were tested for co-crystallization. All co-crystallization and soaking
attempts of S. aureus ThiM and cpd1 and cpd2 according to chapter 11l 5.2 and Il 5.3 in this condition
were not successful. Thus, a new initial crystallization screen was performed with 13.5 mg mL™
protein concentration using PACT premier, JCSG-plus, Classics and Cryos Suite crystallization screens
in the setup described in chapter Il 5.1 in order to find crystallization conditions for compound
binding. Automated screening in a sitting drop, vapor diffusion setup at RT resulted in slightly
intergrown crystals in the size of approx. 0.2 x 0.1 x 0.05 m® in the crystallization condition 0.1 M Tris
pH 8, 20 % (w/v) PEG 6000 and 0.2 M MgCl, after approx. two weeks. Optimization was performed in

sitting drop, vapor diffusion setup in MRC MAXI 48-well optimization plate (Molecular Dimensions,
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UK) with a ratio of protein to precipitant of 1:1. The PEG 6000 concentration (18 % - 22 % (w/v)) and
the MgCl, concentration (0.17-0.26 mM) were varied against each other. An increase in the PEG
concentration yielded in smaller crystals. The combination of the highest salt and PEG concentration

resulted in needle shaped crystals (Figure 10).

Figure 10: Crystals of S. aureus ThiM.

Initial condition: 0.1 M Tris pH 8.0, 20 % (w/v) PEG 6000 with 0.2 M MgCl,, A, B, C, D are showing a variation of the PEG
6000 concentration over 18 %, 19.6 %, 20.4 % to 21.2 % (w/v) with 0.1 M Tris pH 8.0 and 0.17 M MgCl,; E and F are crystals
grown with the addition of 0.1 M Tris pH 8.0, 20 % (w/v) PEG 6000 with 0.2 M and 0.26 M MgCl, respectively; scale bar
equals to 100 um.

In conclusion, crystals grown in condition 0.1 M Tris pH 8.0, 20 % (w/v) PEG 6000 with 0.26 M
MgCl, were successfully soaked with cpd1 and crystals grown condition 0.1 M Tris pH 8, 20 % (w/v)
PEG 6000 with 0.2 M MgCl, were successfully soaked with cpd2.

1.2 S. aureus ThiM: Diffraction data collection, processing and model building

A diffraction data set of S. aureus ThiM in complex with cpd1 and cpd2 was collected at 100 K at
P14 EMBL beamline at DESY campus. The crystals had dimensions of approx. 0.1 x 0.2 x 0.1 mm?®. For
cryoprotection the crystals were soaked with precipitant solution supplemented with 20 % (v/v)
glycerol and 25 mM and 20 mM cpd1 and cpd2, respectively. Diffraction data were collected using
the oscillation method (0.1 degree) and subsequently indexed, integrated and scaled with XDS. Data
were cut to 1.87 A (cpd1) and 1.62 A (cpd2) monitoring Rmerges 1/0 and CC1/2. Both crystals were
found to belong to the triclinic space group P1 with unit cell dimensions of 62.0A, 62.4 A, 108.3 A
and a, B, v angles of 92.6°, 91.4°, 101.3° for ThiM-cpd1 and unit cell dimensions of 62.4 A, 62.5 A,
109.2 A and q, B, v angles of 92.6°, 92.1°, 101.5° for ThiM-cpd2. The Matthews coefficient was
calculated for both cpd-complexes to 2.3 A® Dalton™ which corresponded to a solvent content of

47 % with six ThiM monomers in the asymmetric unit.

The structure was determined by the molecular replacement technique using MOLREP [281].

One trimer of S. aureus ThiM (structure determined by Dr. J. Drebes with a resolution of 2.09 A, with
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molecular replacement on basis of B. subtilis ThiK — pdb code: 1C3Q) crystallized in a monoclinic
space group P2, was used as a search model. Calculation of rotation and translation functions using
full resolution revealed a solution for two trimers in the asymmetric unit with an R-factor of 42.3 %
and 41.1 % for the complex data sets ThiM-cpd1 and ThiM-cpd2 respectively. The contrast value (the
ratio of the top score to the mean score) for the solution was 2.74 (ThiM-cpdl) and 1.87 (ThiM-
cpd2). A contrast value >2.5 indicates a definite solution, a contrast <1.5 is probably no solution
[299]. 5 % of reflections were used for the calculation of Rse. to monitor the progress of refinement.
Subsequently, the model was completed and further modified using Coot [284] and refined using
refmac5 [285] (Restrained refinement with isotropic B factors). After the first round of refinement
clear density for cpd1 and cpd2 was visible in the active centers of ThiM. The ligands were integrated
in the model and included in the further refinement process. In the models the loop regions - amino
acids 128-140 - as well as the last residues of the TEV cleavage site and the Hisg-tag showed only
limited diffraction. In a few monomers the loop region is stabilized through symmetry contacts, but
commonly no electron density could be observed and thus the loop was excluded from the model.
Furthermore, four Mg”" ions were identified in the ThiM-cpd1 and five Mg”* ions in the ThiM-cpd2
complex structure. Additionally, six TLS groups were defined; the TLS contribution is finally included
in the pdb file. The final model of ThiM-cpd1 has an R-factor of 16.86 % and an Rs.-factor of 19.90 %.
The final model of ThiM-cpd2 has an R-factor of 18.24 % and an Rj..-factor of 20.28 %. Both models
demonstrate excellent geometry and no Ramachandran outliers. Data collection, processing and
refinement statistics are summarized in Table 27. The parameters of S. aureus ThiM in complex with
THZ structure (data from Dr. J. Drebes) were included in Table 27 as well, because the results of the
cpd complex structures will be discussed by comparing it with the structure of ThiM with its natural

ligand THZ.
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Table 27: Data collection and refinement statistics for ThiM in complex with cpd1, cpd2 and THZ.

Data collection statistics®

ThiM-cpd1 ThiM-cpd2 ThiM-THZ?

. DORIS X13
Beamline P14 P14 (Hasylab, DESY)
Wavelength [A] 0.976262 0.976300 0.81
Space group P1 P1 P1

Unit cell parameters: a, b, ¢ [A]

62.0,62.4,108.3

62.4,62.5,109.2

62.6,62.7, 108.5

o, B,vI[°] 92.6,91.4,101.3 92.6,92.1, 101.5 92.2,91.4,101.3
Resolution [A] 30.0-1.87 30-1.62 20.0-1.90
Temperature [K] 100 100 100
Rmerge 6.9 (54.9) 6.9 (51.3) 2.7 (21.1)
Measured reflections 447227 687175 236935
Unique reflections 125936 191461 119565
Average I/o(1) 12.7 (2.5) 10.7 (2.5) 21.8 (4.0)
Mn(l) half-set correlation CC(1/2) 99.8 (79.8) 99.7 (84.0) 99.9 (68.3)
Completeness [%] 95.8 (94.7) 93.4 (90.5) 94.7 (92.9)
Redundancy 3.6 (3.5) 3.6 (3.6) 2(1.9)
| Refinement statistics

Resolution range [A] 30.0-1.87 30-1.62 20.0-1.90
R/ Riree [ %] 16.86/19.90 18.24/20.28 18.61/20.93
Protein atoms 11228 11453 11149
Water molecules 486 511 371
Ligand atoms 66 54 54
lons 4 Mg 5 Mg”* 4 mg*™*
Rms deviation

Bond-length [A] 0.019 0.017 0.017

Bond angle [°] 1.738 1.699 1.597
B factor [A?]

Protein 37.5 30.5 41.1

Water 38.1 24.9 26.2

Ligands 44.8 43.6 43.2

lons 33.8 26.1 41.3
Ramachandran plot analysis:

Most favored regions [%] 99.1 99.2 99.0

Allowed regions [%] 0.9 0.8 1.0

Generously allowed regions [%] 0 0 0

®Values in parentheses are for the highest resolution shell. mee,ge: Swia Si| 1i(hkl) = <1 (hK1) | / ShaSi 1: (hkl), where
I (hkl) is the mean intensity of the reflections hkl, 3,4 is the sum over all reflections and 3;is the sum over i
measurements of reflection hkl.

? Data were collected and initially processed by Dr. J. Drebes
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1.3 Structure analysis - S. aureus ThiM with bound substrate analogs

S. aureus ThiM monomer belongs to the Rossmann-like fold group of kinases and is further
classified to the ribokinase-like kinases belonging to the ribokinase superfamily, and to EC: 2.7.1.50
hydroxyethylthiazole kinases [300]. In ribokinases a general fold of a central eight stranded B-sheet in
the order 2-1-3-4-5-6-7-8, where B; is antiparallel, flanked by two a-helical domains is characteristic
[301]. In ThiM the central eight stranded B-sheet in the order 2-1-3-4-5-6-7-8 with the addition of
one extra antiparallel B-strand at the C-terminus, which is flanked by five a-helices and two 344-

helices on one site and six a-helices and one 34-helix on the other site, is present (Figure 11).

Figure 11: Secondary structure and overall fold of a S. aureus ThiM monomer.

S. aureus ThiM monomer in secondary structure representing cartoon illustration is shown; yellow is used for B-sheets, red
for a-helix and green for turns and loops; labels of the N- and C-terminus as well as the central B-strands are shown. Figure
was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.

Each monomer has a surface area of approx. 11500 A%, In the trimeric assembly 1950 A” of each
monomer is buried and the mean surface area is 28500 A% The active sites are built in the interface
region of two monomers in the quaternary structure of a homo-trimer, resulting in three active sites

per trimer as shown in Figure 12 A and B.
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Figure 12: Quaternary structure of a S. aureus ThiM trimer (A) and active site architecture in complex with THZ (B).

A: The trimeric assembly of S. aureus ThiM is shown in cartoon representation, each color represents a monomer. B: In the
enlarged representation of the active site in the interface of two monomers (green and yellow) in stick representation with
the natural ligand THZ is shown; amino acids are labeled and atoms N, O, S are colored in blue, red and yellow in the stick
representation respectively, a water atom is shown as a light blue sphere. Figure was created with The PyMOL Molecular
Graphics System, Version 1.7.4 Schrédinger, LLC.

The binding of THZ, the natural ligand, is mediated by interactions of amino acids N19, V21, G61,
V90, T186, G187 and C190 of one monomer and P37, A38 and M39 of the corresponding monomer,
all located in the interface region as shown in Figure 12 B. The binding of the natural substrate is
essentially stabilized by a hydrogen bond formed between the nitrogen of the thiazole ring and M39
as well as a water-mediated hydrogen bond between the flexible hydroxyl group of THZ and C190

although the orientation of the hydroxyl group is more flexible.

In both solved ThiM-cpd complex structures analyzed, all six active sites in the asymmetric unit
were occupied with cpdl und cpd2 respectively. In Figure 13 S. aureus ThiM active site in complex
with cpd1 (Figure 13 A) and cpd2 (Figure 13 B) among a F(o)-F(c) map for the compounds contoured

at 3o is depicted.

62



Results

Figure 13: S. aureus ThiM active site in complex with cpd1 (A) and cpd2 (B).

The active site residues in the interface region are shown in stick representation embedded in cartoon representation. Cpd1
and cpd2 are given in grey stick representation; in the stick representation all atoms N, O, S are colored in blue, red and
yellow respectively. A F(o)-F(c) map for the compounds is contoured at 30 and depicted as a green mesh. Figure was
created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.

The general positioning of THZ and the two compounds in a direct comparison are shown in
Figure 14 A, B and C. To further compare the three ligands a chemical consensus nomenclature of
THZ and cpdl and cpd2 is introduced in Figure 14 D, E and F. In both analogs sulfur in position 5 in
the heterocycle of THZ is changed to carbon. Furthermore, the carbon in position 4 of THZ was
exchanged to nitrogen in cpd2, resulting in an imidazole heterocycle. Beyond that cpdl has an
additional nitrogen atom in position 6 yielding in a pyrazole heterocycle and moreover two additional

methyl groups at position 5 and 6 are introduced (Figure 14 D, E and F, respectively).

Both compounds could form, like THZ, a hydrogen-bond to the main chain nitrogen of M39 and
show a similar orientation of their hydroxyethyl groups in the direction of the catalytic C190. In all
three ligands the hydroxyl group can adopt different orientations, reflected in the high standard
deviations of contact distances summarized in Table 28 which were calculated out of six active site
contacts. This flexibility of the hydroxyl group is also reflected in relative high B-factors ranging up to

60 A%

Distances that span the location of the compounds in the area of the active site are
comparatively listed in Table 28. They clearly illustrate that the overall location of the analog
compounds 1 and 2 in the active sites of ThiM is remarkably comparable to the position of natural

substrate THZ (Figure 14 G). Only the additional methyl group at cpd1 shifts the binding sparely.
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Figure 14: A comprehensive overview of THZ cpd1 and cpd2 in the active site of S. aureus ThiM.
In A, B, C the interacting and Mg2+coordinating residues are shown in green stick representation, THZ and cpds are colored

in grey, atoms N, O and S are colored in blue, red and yellow respectively, water molecules are represented as light blue

spheres, Mg2+ ions as green spheres, surface is shown. In D, E, F the chemical formula and the consensus nomenclatur of
THZ and compounds are depicted. G shows a superimposition of THZ and the compounds in the active site; atoms C, N, O

and S are colored in light grey, blue, red and yellow respectively. Figure was created with ChemDraw (PerkinElmer Inc.) and

The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.
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Table 28: Comparative array of the positioning of THZ, cpd1 and cpd2 in S. aureus ThiM.

Selected mean distances with standard deviations between amino acids and THZ or cpd atoms respectively, calculated from
six active sites, numbered according to the consensus nomenclature stated in Figure 14, are listed to define the overall
positioning of THZ and cpds in the active site.

ThiM THZ/cpd THz cpdl cpd2
amino acid consensus mean standard mean standard mean standard
and atom  nomenclature distance deviation distance deviation distance deviation
(A] [A] [A] [A] [A] [A]
N19 ND2 05 3.80 0.08 4,51 0.27 4.01 0.06
N19 ND2 10 - - 3.42 0.37 - -
V21 CG2 08 4.17 0.15 4.23 0.24 3.93 0.08
G610 06 3.43 0.12 4.21 0.34 3.49 0.09
P370 09 3.32 0.09 3.37 0.05 3.48 0.09
A38 CA 07 3.66 0.09 3.54 0.05 3.73 0.06
M39 N 07 2.95 0.14 2.86 0.10 291 0.05
T186 0G1 03 3.59 0.28 3.27 0.09 3.58 0.12
C190 SG 01 3.25 0.85 3.97 0.25 4.60 0.45

Residues D88, K115 and E120 coordinate a magnesium ion, including one solvent water
molecule (Figure 14 A, B, C). In the ThiM-THZ complex, just as in ThiM-cpd1 complex, four Mg”* ions
were indentified which are essential for the phosphate group transfer reaction. In the ThiM-cpd2
complex five Mg®* ions were identified, four in the formerly coordination and one in the potential

nucleotide binding region.

A probable mode of action can be predicted with structural information obtained from ThiM
complex structures, the understanding about the conserved phosphoryl transfer within Rossmann-
like folded kinases [302] and data published for the homologue enzyme ThiK from B. subtilis [303]
with bound ATP and THZ (pdb code: 1ESQ).

An enhanced nucleophilicity of the THZ or compound hydroxyl group by a proton-relay system
can be assumed, build up by a water molecule coordinated by the magnesium ion and its interaction
with C190. After binding of ATP to the enzyme and following protonation of the ATP’s C8, a transfer
of H" to the a- PO, via T160 in ThiM could occur (push mechanism). Onwards the proton is
transferred to the B- PO, via R121 and the K115 in coordination with Mg** and the p-PO, and thereby
could subsequently ensure the formation of the pentavalent intermediate after the nucleophilic

attack of THZ.

In Figure 15 the sequence alignment of S.aureus ThiM with homolog structures from
Enterococcus faecalis ThiM (PDB code: 3DZV), B. subtilis ThiK (PDB code: 1C3Q) and Pyrococcus
horikoshii ThiM (PDB code: 3HPD) is given. They share 32 %, 38 % and 39 % sequence identity,

respectively. The corresponding Ca RMSD values are 1.6, 1.3, and 1.2 A and maximum displacements
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were calculated to 4.6, 4.5 and 4.2 A, determined by protein structure comparison service PDBeFold
[290]. The substrate binding, probable ATP binding and the Mg ion coordinating residues are

highlighted. Further the conserved ribokinase anion hole motif for the phosphate transfer [216, 301]

is boxed in green.

al 31 o2 B2 nl a3
S aureus L0......2000000 =—p 20000000000 b 20000000Q0
1 10 20 30 40 50
S_aureus NY: oo oo LNNTIRIENGETI CYRRDVVKNETE AEEFYKVAQ
E_faecalis KTSVKFETIFP|. LT TARMIQCIMNET TCESME FPOMFQQTS
B_subtilis DAQSAAKCLTAVRRHSESAVH STRIUNV VTN FTE VADMAKIAG
P horikoshii PIKFI..IEALKRVRERREIAVHNIIFVVMNTIE LEEMIRLAD
o0
B3 od B4 n2
S _aureus —_— 0 000000000 00 —_— 200 9000 —
69 79 89 9(_) 0 110
S_aureus ETETAQNEQDIIAIAQTERINEAGLPIVFEPL NS TYEIKQF CKLLLKSAKVSVI
E faecalis [GHIMSOEREQSLLAASDYINRQVNK ASDIEINEVGEKLVHE. NQPTVV
B _subtilis TR SKESVEAMITIAGKSEINEHGV ATPFRITESARDIIREVRLAAI
P horikoshii ETIDSGWRRSMVKATEIQWELGK ATKFRITRVSLEILS . RGVDVL
L ] ®0®
Bs ub a7 B6
S _aureus —$00000000 =mm—mmmmm—————m——mmm e mee=. 0000000000 —
120 130 140 150 160
S_aureus KENASETLALTDDT . ATMRETRSD . . . . . .[IANL . DAVTTAKKAYAIR .| KED
E_faecalis RENLSEMR TFCOLY . SHGREVIGS PLDQSEEBAIE . ELIOALRQQTQKF PO IQp
B _subtilis RGUAAGTAHTVGVTDWLIKGVIIAG . . . . . .| EGGG.DIIRLAQQAAQKL. EV]
P horikoshii K[QUFGHEHISALLGEE.GKTREVESL. .. ... EYGEEEAKKLTMNAARER . AV
eee o &2
°
B7 38 n3 s o9
S aureus Q200040 ( 0 0000 anon 000000000
170 180 200 210 220
S_aureus VIVQGDKAIVLARES PLAAR : LGGITAGFLFRETERDIERLIEIVSVFNTIAREY
E faecalis VLV SQEQVIVLORIEY PEMDC Fide VGALVAALLGEGNAN . MTE VSYFNLCGEK
B _subtilis VIADTSHVYTLHREH TK LLTSVVGAFCAVEENY. LFE NISSYGVAAQL
P _horikoshii YVSDGRRTFAVYR[gHELGR ECMVAALTGAFVAV . |TEY. LVTEGIAAEK
® o =3
al0 all B9
S_aureus 200 20000000000000 Q0.00000 o=, ===
239 249 259 269
S aureus INVAENENCGGPGTIFSPLLLD YHLNET.TYQQRIRIQE. .Ez
E_faecalis INKTK . . SQGLADIRONTLNQMSLLMKEKDWFE .|./AVKG . RVL
B _subtilis I\AQQTADKGPGSHOIELLNKMSTVTEQ . DVQEWATIERVTVS
P _horikoshii [E\YEE..AKYPGSHHVKLYDWYRINEN.VIRTYAKVREV.[EL

Figure 15: Sequence alignment of S. aureus, E. faecalis, B. subtilis and P. horikoshii ThiM.

Multiple sequence alignment was performed using ClustalW2, representation was generated with ESPrit. Identical residues
are highlighted in red boxes, similar residues in yellow boxes. The secondary structure of S. aureus ThiM is annotated on the
top, spirals represent a-helices, arrows represent B-strands, T stands for turns, p do represent 344 helices. The dashed line
indicates a disordered region. Blue circles below the sequence indicate THZ, cpd1 and cpd2 binding residues. Green dots
indicate the probable ATP-binding site as found for the homologous structure ThiK of B. subtilis and orange dots indicate
residues coordinating Mg2+. The anion hole is boxed in green.
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1.4 Effects of cpd12 on S. aureus ThiM

The brominated cpd12, showing an unexpected inhibitory effect on ThiM, was in focus for
extensive co-crystallization attempts and soaking experiments in both known crystallization
conditions but no co-crystallization or soaking was feasible. The crystals either did not grow or were
not stable after the addition of cpd12. Thus the effect of cpd12 on ThiM was studied by DLS, native
PAGE and CD spectroscopy. In long term DLS measurements a promoted aggregation of the protein
upon cpd12 addition could be observed. ThiM habitually shows a slight tendency to aggregate at RT
over time. However, if cpd12 was added in molar ratios 1:40, 1:80 and 1: 120 to a protein solution
of 6.4mgmL" the tendency for aggregation is increased as can be seen from Figure 16. The
calculated hydrodymanic radius (Ry,) and the relative occurrence (A) of the particles in the analyzed
protein solution from a Contin analysis embedded in the DLS software are given. A relative decrease
of the smaller particles (~4.5 nm) and a relative increase of bigger, aggregated particles (~16-23 nm)

could be detected over time in a cpd12 concentration dependent manner.

Nevertheless, in native PAGE analysis no specific higher oligomeric intermediate could be
detected (PAGE not shown). Thus for a folding analysis via CD spectroscopy cpd12 was added to
purified S. aureus ThiM (0.089 mg mL™ in a buffer containing 10 mM Tris pH 8.0, 0.5 mM NaCl) in
molar ratios of 1:0, 1:50 and 1:100 (Figure 17 A, B and C respectively). The CD spectra clearly
demonstrated that ThiM was time- as well concentration-dependent partially unfolded upon cpd12
addition. As a control experiment BSA standard solution (2 mg mL™ Pierce™, Life Technologies,
Germany) was supplemented with the same molar ratio of the compound. The effect of a promoted
unfolding and aggregation subsequent cpdl12 addition could neither be demonstrated in CD

spectroscopy nor in DLS measurements with the BSA standard (results not shown).
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Figure 16: Long term (24 h) DLS measurements of S. aureus ThiM.

A: Control measurement of S. aureus ThiM without (w/o) the addition of cpd12. B, C, D: Cpd12 was added in molar ratios
1:40,1:80and 1:120 to a protein solution of 6.4 mg mL™ respectively. The particle size was plotted against the time of
the measurements and the calculated hydrodynamic radius (Ry) and the relative occurrence (A) of the particles in the
analyzed protein solutions are given.
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Figure 17: CD spetra of a time course experiment adding cpd12 to S. aureus ThiM.

The folding state of S. aureus ThiM was monitored in far UV spectra (190-260 nm) at 20 °C for up to 4 h. A depictes the
folding of S. aureus ThiM without (w/o) the addition of cpd12; B and C show the CD spectra after the addition 1 : 50 and
1:100 molar ratio of cpd12 respectively; 10 measurements were accumulated. Figure was created with GraphPad Prism 5
version 5.01 for Windows (GraphPad Software, Inc.).
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1.5 Investigations on S. aureus ThiM NPE-caged ATP complex formation and nano-
crystallization

To further elucidate the reaction mechanism of the kinase in time resolved serial X-ray pump
probe experiments, S. aureus ThiM was tested for co-crystallization with NPE-caged-ATP and THZ.
Co-crystallization, in the condition successfully used for elucidating ThiM in complex with the
compounds as well as the earlier optimized condition of Dr. J. Drebes, yielded in gel-like none
crystalline material. Also no complex with the caged compound could be obtained after soaking
experiments in this condition. Thus to verify the ability of ThiM to bind NPE-caged-ATP in the
presence of THZ, STD-NMR experiments according to Il 4.21 were conducted in cooperation with J.

Klare in the research group of Dr. T. Hackl (University of Hamburg).

For the epitop mapping of NPE-caged ATP in presence of THZ first spectra of ThiM in the
presence of THZ and AMP-PNP were recorded to assign the proton chemical shifts. The absolute STD
effects were calculated from off-resonance and STD-resonance signal intensities. The normalized
STD-effects are depicted in Figure 18 and clarify the distances of the respective protons in the
protein-ligand complex. The spectra with the assignment and the overall numerical STD-effects are

summarized in Figure 51, Figure 52 and Table 37 - 40 in the appendix.
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Figure 18: Mapping of the binding epitopes of THZ (A), AMP-PCP (B) and NPE-caged ATP (C) in the presence of THZ.

The color code depicts the relative STD effect. Figure was created with ChemDraw (PerkinElmer Inc.)
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For THZ a strong binding at the methyl moiety (100 %), the hydroxyethyl (66-88 %) and the
thiazole ring (C2) (67/78 %) could be identified. The first number depicted in the epitop mapping
corresponds to the measurement of S. aureus ThiM with the addition of 100 uM THZ and the second
to the measurement with the addition of 50 uM THZ. Two measurements with the addition of 50 and
100 uM THZ respectively were performed to generate a suitable comparative for analysis of ThiM
and THZ in the presence of the nucleotides AMP-PCP and NPE-caged ATP, which were measured in
the presence of 100 and 50 uM THZ respectively. From the high resolution structure it is already
known, that THZ forms a hydrogen bond to M39 which could not be identified as it is lacking
hydrogen, needed for the STD detection. In the presence of the non hydrolyzable ATP analog AMP-
PCP the prepositioning of THZ is exceptionally similar as could be seen from the same relative epitop
mapping in the STD effect. AMP-PCP shows the highest STD effect at the ribose (48 %) and the
adenine base (35%). In presence of the NPE-caged ATP analog the prepositioning of THZ is
exceptionally similar as well, but for the hydrogen at the C2 of the adenine base and the hydrogens
at C1 and C4 of the ribose a relatively stronger STD effect compared to the AMP-PCP could be
detected. In conclusion the binding of the NPE-caged ATP analog in presence of THZ could be

confirmed with a reasonable prepositioning of THZ.

On the basis of the confirmed binding of NPE-caged ATP to ThiM at least in the protein buffer a
further crystallization screen was performed and resulted in a successful new crystallization
condition. Plate like 2D-crystals of ThiM (16 mg mL™) supplemented with 5 mM NPE-caged ATP
(molar ratio protein over NPE-caged ATP 1 : 8.3) were obtained in the presence of 0.2 M ammonium
sulfate, 0.1 M MES pH 6.5, 30 % PEG (w/v) 5000 MME in a 1:1 ratio of protein over precipitant. This
condition only resulted in crystals if the NPE-caged ATP was added. Diffraction up to 2.4 A could be
recorded; however it was not possible to collect a full diffraction data set as the signal faded out

after rotating less than 8 degrees.

Defined nano crystallization of S. aureus ThiM was tested with R. Schubert (University of
Hamburg) applying the XtalController 900. A previously detected crystallization condition (0.1 M
HEPES sodium salt pH 7.5, 1.5 M lithium sulfate) forming plate-like crystals of ThiM in vapor diffusion

sitting drop format at a protein concentration of 15 mg mL™ was used.

In Figure 19 the evolution of the hydrodynamic radius distribution of ThiM, determined by DLS,
after adding precipitant to a final concentration of 0.5 M lithium sulfate over a time period of 30

minute can be seen.
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Figure 19: Hydrodynamic radius distribution determined by DLS using the XtalController 900.

The radius distribution against the time is plotted in the upper graph. For the initial 10 minutes of the experiment the
change of the sample weight (red curve), protein and precipitant concentration (blue and green curve) are shown in the
graph below.

The upper graph in Figure 19 shows the radius distribution of ThiM during the crystallization
experiment. During successive addition of precipitant a complex radius distribution pattern was
detected, reporting the successful formation of protein nano crystals. For the initial 10 minutes of
the experiment the monitored sample weight is depicted in the graph beneath (red curve). In the
graph the protein (blue curve) as well as the precipitant (green curve) concentration can be followed

during the experiment online.
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The initial hydrodynamic radius of ThiM was 3.8 £0.4 nm before precipitant injection,
representing the trimeric protein complex in solution. Upon precipitant injection the radius of the
trimer fraction increases due to viscosity changes of the solution, which is not taken into
consideration. In addition, a second radius fraction occurred, which was separating into two radius
fractions during the experiments. Initial investigations with other proteins indicate, that this
characteristic radius distribution pattern reports the successful formation of protein nano crystals.
These results need further verification by imagining techniques like electron microscopy and will be

continued by R. Schubert.
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2 Staphylococcus aureus TPK

2.1 Recombinant expression, purification and characterization

TPK linked through a TEV site (ENLYFQG/S) to a Hisg-tag was recombinantly expressed in E. coli
BLR cells. Gene expression was conducted for 3.5 h at 37 °C starting at an ODgy of 0.5-0.6, the

expression profile is given in Figure 20A.
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Figure 20: Summary of recombinant gene expression, purification and DLS characterization of S. aureus TPK.

A: Expression profile of S. aureus TPK at t,and 3.5h [5 pL], respectively; B: Purification and digest of recombinant TPK, M-
protein molecular weight marker [8 uL], P- pellet [1 pL], CL- crude extract [2 pL], FT- flow trough [2 uL], W;- wash stepl
[2 puL], W,- wash step2 [5puL]; C: E;- elution stepl [2 uL], E;- elution step2 [5 pL], D;-TEV digest before 2" affinity
chromatography [5 uL], D,-TEV digest after 2" affinity chromatography [5 pL], M- protein molecular weight marker [8 uL];
D top down: DLS pattern, mean autocorrelation function of the DLS signal; Mean radius distribution: plotting radius against
intensity; Radius plot: plotting time against radius; the hydrodynamic radius is given as well as the calculated molecular
weight (MW).
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The protein was purified from the cleared cell lysate, obtained from the standard procedure
described in chapter Il 4.15.1 via affinity chromatography (chapter Il 4.15.2) using two washing
steps of 20 mM imidazole in buffer T/N and a final elution in buffer T/N supplemented with 250 mM
imidazole (Figure 20 B and C). After a buffer exchange applying the eluted protein to a Sephadex G-
25 Fine, XK 50/30 column operated with the AKTA prime system, a TEV digest under standard
conditions (chapter Il 4.17) and successively a second affinity chromatography were performed. All
chromatography experiments were conducted at 4 °C. The cut protein was dialysed O/N into a T/M
buffer and successively concentrated to 5.0, 9.7 and 16.7 mg mL™. The dispersity of the protein
solution was monitored via DLS. Figure 20 D shows the DLS pattern of the protein solution at a
concentration of 5 mg mL" representing a hydrodynamic radius of 3.53 + 0.44 nm and a calculated

molecular weight for an ideal sphere of 59.5 kDa.

2.2 Crystallization of S. aureus TPK in complex with thiamine

Crystallization screens were performed with a solution containing 5.0 mg mL?, 9.7 mg mL™" and,
close to the solubility limit, 16.7 mg mL" of protein. The protein solution was supplemented with a
final concentration of 3 mM thiamine, yielding in a molecular ratio of thiamine over protein of 15.4,
7.9 and 9.6 respectively. Automated screening in a sitting drop, vapor diffusion setup at 4 °C yielded
in diverse needle shaped crystals after approx. two weeks. Tendencies for the preference of
kosmotropic chemicals (NH,", K* Na®, Li") at buffers systems ranging from pH 4.0-8.0 with no
systematic in PEG and salt precipitants could be identified. Optimization was performed in sitting
drop, vapor diffusion (plates) oil sealed batch methods (Terazaki plates (Nunc, Denmark) and

immuno stripwell (Corning) as well as counter diffusion setups.

Solitarily optimization of a crystallization condition containing 2.2 - 2.8 M sodium malonate pH
7.0 with 8.4 mg mL" protein in a 1.1 ratio grown at 18 °C resulted in broader and less intergrown
needle shaped crystals shown in Figure 21 A, B, C when the batch method under oil was applied.
However, from these crystals no sufficient diffraction pattern was observed. After more than four
weeks, an optimization of the initial condition (85 mM HEPES pH 7.5, 8.5 % (w/v) PEG 8000, 15 %
(v/v) glycerol) to 85 mM HEPES pH 7.5, 9.5 % (w/v) PEG 8000, 15 % (v/v) glycerol with a protein
concentration of 5 mg mL™ at a ratio of protein over precipitant 1 : 1.5 lead to the slightly intergrown
crystals shown in Figure 21 D. Crystals grown in the slightly changed original condition were finally

used for diffraction data collection (shown in Figure 21 E).
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Figure 21: Crystals from S. aureus TPK.

A, B, C: TPK crystals grown at 18 °C in batch method under oil after addition of 2.2, 2.4, 2.8 M sodium malonate pH 7.0
respectively (8.4 mg mL™* protein). D, E: Crystals of the optimization of a condition containing 85 mM HEPES pH 7.5, 8.5%
(w/v) PEG 8000, 15 % (v/v) glycerol; D: ratio protein over precipitant 1 : 1.8, protein concentration: 5 mg mL™; E: PEG 8000
changed to 9.5 % (w/v), ratio protein over precipitant 1 : 1; protein concentration: 5 mg mL"; scale bar equals to 100 um.

2.3 S. aureus TPK: Diffraction data collection, processing and model

building
A data set of the native TPK in complex with thiamine was collected at 100 K at P14 EMBL beamline
at DESY campus. The crystal had dimensions of approx. 0.1x0.2x0.1 mm®. No additional cryo
protection was necessary due to the 15 % (v/v) glycerol in the precipitant solution. Diffraction data
were collected to 1.4 A resolution using the oscillation method (0.1 degree) and subsequently
indexed, integrated and scaled with XDS. Data were cut to 1.4 A monitoring Rmerge, /0 and CC1/2. The
crystal was found to belong to the monoclinic space group P2; with unit cell dimensions of a = 46.6,
b=853 and c¢=52.5A and a B angle of 110.6°. The Matthews coefficient was calculated
2.0 A3 Dalton, which corresponded to a solvent content of 38 % with two molecules in the

asymmetric unit.

Sequence identity was analyzed using Basic Local Alignment Search Tool (BLAST) applying the
protein-protein BLAST algorithm. Highest sequence identity was 50 % identified to thiamine
pyrophosphokinase from Staphylococcus saprophyticus subsp. saprophyticus (Ssss) (pdb code: 3L8M).
Second most identical protein is the thiamine pyrophosphokinase from B. subtilis with an identity of
46 %, deposited in pdb as 3LM8. The human thiamine pyrophosphokinase shares 25 % sequence
identity with S. aureus TPK and is deposited under pdb code 354Y. The following Figure 22 shows a
sequence alighment of S. aureus, Ssss and B. subtilis TPK. The secondary structure of S. aureus TPK is

annotated on the top.
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Figure 22: Sequence alignment of S. aureus (SAU), Ssss (3L8M) and B. subtilis (3LM8) TPK.

Multiple sequence alignment was performed using ClustalW2, representation was generated with ESPrit. Identical residues
are highlighted in red boxes, similar residues in white boxes. The secondary structure of S. aureus TPK is annotated on the
top, spirals represent a-helices, arrows represent B-strands, T stands for turns and p represents 3, helices. A dashed line
indicates a disordered region. The teal circles below the sequence indicate the residues stabilizing the substrate thiamine.

The RMSD could be determined to 1.1 A for Ssss TPK (pdb code: 3L8M), 1.5 A for B. subtilis (pdb
code: 3LMS8) determined by protein structure comparison service PDBeFold [290]. Molecular
replacement using S. aureus monomeric TPK (structure determined by Dr. J. Drebes at a resolution of
3.06 A, with molecular replacement on basis of Ssss TPK — pdb code: 3L8M) was performed with
MOLREP [281]. Search for two monomers resulted in a solution with an R-factor of 54.0% and a
correlation coefficient of 55.4 %. The contrast value for the solution was 17.24. Subsequently, the
model was completed and further modified using Coot [284] and refined using refmac5 [285]
(Restrained refinement with isotropic B-factors). Two TLS groups were defined; the TLS contribution
is finally included in the pdb file. The final model has an R-factor of 16.46 % and an R..-factor of
19.05 %. The model shows excellent geometry and no Ramachandran outliers. Data collection,

processing and refinement statistics are summarized in Table 29.
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Table 29: Data collection and refinement statistics for S. aureus TPK in complex with thiamine.

Data collection statistics®

Beamline

P14 EMBL
Wavelength [A] 0.976300
Space group P2,

Unit cell parameters: a, b, c [A]

Bl

46.6, 85.3, 52.5

110.6
Resolution [A] 30.0 - 1.40
Temperature [K] 100
Rrmerge 5.1(51.9)
Measured reflections 499979
Unique reflections 74602
Average |/o(l) 21.4(4.3)
Mn(l) half-set correlation CC(1/2) 99.9 (89.5)
Completeness [%] 99.0 (98.1)
Redundancy 6.7 (6.8)
‘ Refinement statistics

Resolution range [A] 30.0-1.40
R/ Riree [%] 16.46/19.05
Protein atoms 2977
Water molecules 263
Ligand atoms (thiamine) 36
Rms deviation

Bond-length [A] 0.02

Bond angle [°] 1.900
B factor [A?]

Protein 19.30

Ligand (thiamine) 13.58

Water 25.62
Ramachandran plot analysis:
Most favored regions [%] 99.7
Allowed regions [%] 1.3
Generously allowed regions [%] 0

®Values in parentheses are for the highest resolution shell. mee,ge: Swia Si | 1i(hkl) = I (hKD) | / ShaSi i (RKI),
where [ (hkl) is the mean intensity of the reflections hkl, 3, is the sum over all reflections and J;is the sum
over i measurements of reflection hkl.
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2.4 S. aureus TPK: Structure analysis
The structure shows a homodimeric assembly arranged out of two inverse oriented monomers
in the asymmetric unit. Amino acids 49-71 as well as the last amino acid N213, are disordered in both

monomers and no electron density could be observed. The overall diameter is approx. 48 A.

Each monomer comprises of two domains: first a af-domain, which has a twisted B-sheet
created from five parallel B-strands linked through a-helices on both sides. This domain shows a non-
classical Rossmann-fold; topology diagram is shown in Figure 23. Rossmann-fold can be regularly
found in nucleotide binding proteins [304]. Secondly a B-sandwich domain with a jelly-roll fold
composed of three two stranded antiparallel B-sheet could be identified (Figure 23). Together the
parallel B-sheet of the first domain and the one antiparallel B-sheet of the second domain assemble

in an approx. 90° twisted, eight strand mixed B-sheet.

— ap-domain A A X X A
oo

.L.
— B-sandwich @ ﬁ ﬂ ﬂ
C N

Figure 23: TPK monomer along with domain and topology details.

A TPK monomer with an approx. diameter of 48 A in secondary structure representing cartoon illustration is shown; yellow
is used for B-strands, red for a-helix and green for turns and loops; labels of the N- and C-terminus are shown. The
respective domains are annotated and the topology plot of the non classical Rossmann-fold of the aB-domain and the jelly
roll fold of the B-sandwich domain are given next to it using the same colors. The not resolved region 49-71 is depicted in
green dots. Figure was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrédinger, LLC.

The dimer interface area could be determined to 1578 A’ using PDBePISA [289]. This
compromises about 15 % of the total solvent accessible area, which is 10393 A% and 10293 A? for the
monomers respectively. A CONTACT analysis out of CCP4 software suite [283] shows 15 hydrogen

bond and 176 non bonded contacts of 36/37 residues in the interface area.
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Immediately after the first round of refinement electron density for thiamine was visible in the
F(o) - F(c)) and (2F(o) - F(c)) maps in the two active sides formed by both monomers in the

asymmetric crystal units.

Figure 24: Dimeric S. aureus TPK in complex with thiamine depicted with an omit map.

The biological dimer of TPK (AB) is shown in orange and blue in secondary structure representing cartoon illustration.
Thiamine is given in grey stick representation; atoms N, O, S are colored in blue, red and yellow respectively. The
enlargement shows thiamine with a F(o)-F(c) map contoured at 3o in a green mesh. Figure was created with The PyMOL
Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.

Figure 24 shows the homodimer of TPK occupying the asymmetric unit (ASU) with the ligand
thiamine in each active site in stick representation as well as a F(o)-F(c) omit map contoured at 30.
The binding of thiamine could be observed in a groove formed by the interface of both monomers.

The approximate size is 16 x 6 A yet it is relatively solvent accessible.

Thiamine is known to adopt three distinct conformations in nature although the methylene bridge
between the thiazole and pyrimidine moiety is not further restrained. They are defined via the

torsion angles between C5’-C7’-N3-C2 (¢+) and N3-C7’-C5’-C4’ (¢p) (Figure 25).

NI’
ch\l/N
vl = I
NN

Figure 25: Structural formula of thiamine with torsion angles
ce’ definitions ¢ and ¢,.

c5'

n3'N The structural formula of thiamine with atom identifiers is given. The
c4' torsion angles ¢ and ¢, are defined and depicted in the formula in
NH2 green and yellow respectively. Figure was created with ChemDraw

N4’ (PerkinElmer Inc.).

Torsion angle definitions:
@, = C5'-C7'-N3-C2
@, = N3-C7'-C5'-C4'
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In the low energy F-conformation the torsion angle ¢+is defined to be ~0° and ¢ is defined to
approx. +90°, while in the high energy V-conformation, found in TDP dependent enzymes, both
torsion angels, ¢ and ¢, are defined to ~ = 90° [305]. In the high energy conformation the C2 is in
proximity to the amino group of the pyrimidine moiety and thus facilitates the carbanion formation.
In the structure of TPK with its natural ligand thiamine ¢ adopts 1.85° and - 8.95° and ¢»90.34° and
81.06° in the first and second active centre respectively (numbering corresponding to label of
thiamine in chain C in the pdb file). Both torsion angels are suiting well to the low energy F-

conformation.

The groove with thiamine is partially closed due to the interaction of E72B and Y171A. The
binding is stabilized by the positive charged N3 of the thiazolium ring forming a hydrogen bond to the
main chain carbonyl group of 1186A (2.8 A) or with the main chain carbonyl group of K73B (2.9 A).
The hydroxyl group could form a water mediated contact with the nitrogen of D77B and a hydrogen
bond to NE2 of H105B supported by D104B. Hydrophobic interactions between thiamine and T76B,
S187A, D75B, A74B, T183A and T185A additionally stabilize the binding.

The aminopyrimidine ring could stabilize the thiamine binding through a slightly shifted
n-stacking to Y171A at a distance of 3.3 A. Additionally, the N1’ and the carbonyl group of L184A as
well as the N4’ and E72B could form hydrogen bonds (3.2 A, 2.9 A respectively). Further, hydrophobic
contacts between the methyl group M’ and L173A, Y171A, and N188A mediate stabilization. The
following Figure 26 is representing the binding of thiamine in the active site. In Figure 26 A, the
binding is depicted with the labeled corresponding amino acids and a stereo view of the binding is

given in Figure 26 B.
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Figure 26: Thiamine binding site in S. aureus TPK.

A: The active site of dimeric TPK is shown in orange and blue; the stick illustration shows the active site residues embedded
in a partial cartoon representation. Thiamine is given in grey stick representation; in the stick representation all atoms N, O,
S are colored in blue, red and yellow, respectively. The representation shows hydrogen bonds stabilizing the binding in
green with corresponding distances in A. A water molecule is shown as a light blue sphere; amino acids are labeled. B:
Similar to A, but without labels and in wall eye stereo view. Figure was created with The PyMOL Molecular Graphics System,
Version 1.7.4 Schrodinger, LLC.
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2.5 Evaluation of potential thiamine analogs - analyzing the activation via S. aureus

TPK

Based on the results obtained for the ligand bound TPK, a potential atomic positioning of
thiamine analogs formed out of cpdl or cpd2 and a HMP-moiety were produced. Figure 27 is
showing the positioning of these in the active site of TPK (Figure 27 A-D) in comparison to the natural
ligand thiamine (Figure 27 E, F). A surface of the active site to show the enclosed area as well as a

stick representation is given.

The prepositioning of possible thiamine analogs is feasible. The most expected sterical hindering
would occur due to the additional methyl group at the nitrogen atom of the pyrazole ring (consensus
nomenclature number 06) from cpdl, which is pointing towards L184. A thiamine analog out of cpd2
will have a slight advanced freedom at the substituted sulfur atom as the van der Waals radius is

smaller and would therefore perhaps be less stabilized in the binding site.
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E7

P L173 L184

Figure 27: Theoretical thiamine analogs prepositioned in the active site of TPK.

The figure shows the active site of TPK incorporating a hypothetical thiamine-cpdl in A, a theoretical thiamine-cpd2 in C
and in comparison the natural ligand in E. TPK is overall colored in grey, the surface (B, D and F) in the active site is
calculated in red for oxygen and blue for nitrogen. In all stick representations carbons of thiamine are colored in grey,
carbons of the analogs are colored in teal, atoms N, O and S atoms are colored in blue, red and yellow, respectively. Figure
was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.
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2.6 Comparison and differentiation of S. aureus TPK to eukaryotic TPK

To estimate the evolutionary differentiation of the specificity of S. aureus TPK towards thiamine
a sequence comparison and binding analysis to murine - (pdb code: 11G3, RMSD: 1.9 A), human -
(pdb code: 354Y, RMSD: 2.1 A) and yeast - Saccharomyces cerevisiae (pdb code: 11GO, RMSD: 2.0 A)
TPK homologs was performed [306—-309]. Figure 28 shows the overall sequence alignment, murine
TPK has a sequence identity of 26 % and human and yeast share 25 % identity with S. aureus TPK
(BLAST). The overall fold is highly conserved; the not resolved part of S. aureus TPK could possibly

form an additional B-sheet and a short helix on top of the Bs-strand of the ap-domain.

In bacterial species the binding residues of thiamine are extremely conserved, only A74 is
exchanged to a D in B. subtilis and Ssss and D75 and N172 are exchanged to a Q and a P respectively
in B. subtilis (Figure 22). In contrast, the thiamine stabilizing amino acids in eukaryotic species differ

in several positions as can be gathered from Figure 28.

The m-stacking interaction between tyrosine 171 of S. aureus TPK is exchanged in all eukaryotic
members to a tryptophan. The partial closing residue glutamic acid 72 is exchanged in mouse and
human TPK to an aspartic acid and to a threonine in yeast. Also the lysine 73 is substituted by a
glutamine in all eukaryotic members to which S. aureus TPK was compared and aspartic acid 75 is
exchanged by an histidine in mouse and human and a serine in yeast. Furthermore, the histidine 105
is substituted to a glutamine in all other eukaryotic members compared. In addition, isoleucine 186 is
exchanged to threonine in mouse and human TPK and to a serine in yeast. A partial conservation
could be found in leucine 173 in humans and mouse but not in yeast, where it is exchanged to a

valine.

Of the hydrophobic interactions mediated through A74, D75, T76, T183, L184, T185, S187 and
N188 only T76, S187 and N188 are conserved. Alanine 74 is exchanged by an aspartic acid in human
and mouse and a tyrosine in yeast. Threonine 183 is exchanged by a leucine in mouse and human
and an arginine in yeast and threonine 185 is substituted by a serine in all species. Leucine 184 is
substituted in all eukaryotic species to a valine. The probable catalytic residue aspartic acid 77 in
S. aureus TPK is conserved among all considered species. Also the glycin rich motiv GATGG, found in
S. aureus TPK in position 97-101 can be found in variants in the eukaryotic species as GGLGG in

murine, GGLAG in human and GGIGG in yeast TPK.
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Figure 28: Sequence alignment of S. aureus (SAU), murine (11G3), human (354Y) and yeast (11G0) TPK.

Multiple sequence alignment was performed using ClustalW2, representation was generated with ESPrit. Identical residues
are highlighted in red boxes, similar residues in white boxes. The secondary structure of S. aureus PdxK is annotated on the
top, spirals represent a-helices, arrows represent B-strands, T stands for turns and p do represent 3, helices. A dashed line
indicates a disordered region. The teal circles below the sequence indicate the residues stabilizing the substrate thiamine in
S. aureus TPK.
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2.7 Growth and evaluation of S. aureus TPK micro crystals

Due to the tendency of TPK to produce needle shaped crystals under various conditions, an

optimization of these needles for further serial X-ray crystallographic approaches was conducted.

In the crystallization condition 2.0 - 2.2 M ammonium sulfate and 0.1 M Bis Tris, pH 5.5, added to
10.0 mg mL™ S. aureus TPK, supplemented with 3 mM thiamine, in vapor diffusion sitting drop as well
as batch setup to a total volume of 20 pL very reproducible micro crystals with dimensions of
approx. <50 x 5 um?, appearing in 1-5 h at RT, could be produced (Figure 29 A, B). Powder diffracting

verified that the sample contained protein crystals (Figure 29 C).

Figure 29: Micro crystals grown from S. aureus TPK and corresponding powder diffraction pattern.

A and B: Micro crystals grown at RT in sitting drop format, adding 3 uL 2.0 M (A) and 2.2 M (B) ammonium sulfate, 0.1 M Bis
Tris, pH 5.5 to 3 pL protein solution (10.0 mg mL™") supplemented with 3 mM thiamine; scale bar equals to 100 um; C:
powder diffraction pattern, recorded at P11 (PETRAIII).
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3 Staphylococcus aureus PdxK

3.1 S. aureus PdxK: Recombinant expression, purification and characterization
S. aureus PdxK fused to a TEV protease recognition site and a Hisg-tag as well as a Strep-tagged

version were recombinantly expressed in E. coli BLR pLysS cells. Gene expression was conducted for

4 h at 37 °C starting at an ODgy, of 0.5-0.6.

The standard buffer system for S. aureus PdxK purification was T/N300 buffer (see Table 4). The
Strep-tagged protein was purified from the cleared cell lysate, obtained from the standard procedure
described in chapter Ill 4.15.1, via affinity chromatography (chapter Il 4.15.2). The Hiss-tagged
protein was purified from the cleared cell lysate, obtained from the standard procedure described Il
4.15.1 via affinity chromatography using a washing step of 40 mM imidazole in buffer T/N300 and
was finally eluted in buffer T/N300 supplemented with 300 mM imidazole (Figure 30 A, B). For later
optimization of the crystallization condition, which finally yielded in the crystals used for diffraction
data collection, the Hisg-tagged protein construct was cut with TEV protease to eliminate the tag.
Subsequent to the initial affinity purification, the protein was applied to a Sephadex G-25 Fine, XK
50/30 column operated with the AKTA prime system and transferred to an imidazole free T/N300
buffer. The TEV digest was performed under standard conditions (chapter Ill 4.17) and a subsequent
second affinity chromatography was performed to eliminate uncut protein and the TEV protease

(Figure 30 C).

Subsequently, the Strep-tagged and the digested S. aureus PdxK were regularly applied to a
superdex 200 column operated with the AKTA purifier at 4 °C. Proteins were thereby transferred to a
T/N300 buffer. In comparison with a calibration curve the Strep-tagged S. aureus PdxK eluted at a
calculated molecular size of approx. 61 kDa and digested PdxK eluted at a calculated molecular size

of approx. 55 kDa.

The dispersity of the protein solution after the size exclusion chromatography was monitored via
DLS. Figure 30 D shows a representative DLS pattern of the protein solution after size exclusion

chromatography with a concentration of 3.2 mg mL™ in T/N300 buffer.
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Figure 30: Summary of purification, TEV protease digest and DLS characterization of S. aureus PdxK.

A, B: Purification of recombinant Hisg-tagged S. aureus PdxK; M- protein molecular weight marker [8 pL], P- pellet [1 pL], CL-
supernatant of cell lysate [2 uL], FT- flow through [2 uL], W;- wash stepl [2 uL], W,- wash step2 [5 pL], E;- elution step 1
[2 uL], E;345- elution step 2/3/4/5 [3 WL], Ee- elution step 6 [1 uL], C: evaluation of TEV digest; M- protein molecular weight
marker [8 uL], Dg- before digest [3 L], D;., different time points of TEV digest (2 h, 4 h, 6 h, 24 h) D: DLS characterization of
Hisg-tagged S. aureus PdxK top down: Mean autocorrelation function of the DLS signal, mean radius distribution: Plotting
radius against intensity, radius plot: Plotting time against radius; the hydrodynamic radius (R;) is given as well as the
calculated molecular weight (MW).
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3.2 S. aureus PdxK SAXS structure

To validate the oligomeric state of S. aureus PdxK in solution SAXS measurements at beamline
X33 (Hasylab, EMBL) were performed. The Hisg-tag of S. aureus PdxK was cut and the protein was
prepared as described in chapter Ill 6. For all reference measurements the buffer (T/N300) from size
exclusion chromatography was used. On the basis of the forward scattering a molecular weight of
61.9 kDa [310] could be estimated, which is consistent with the molecular weight of 61.4 kDa for

dimeric S. aureus PdxK.

In consideration of the D, of 8.6 nm and the R, of 3.1 + 0.24 nm an elongated particle was
expected. Ab initio modeling was performed with DAMMIF [294], taking a P2 symmetry as a basis.
The final model merged from ten single models with DAMAVER [295] fits the experimental data with
a x-value of 1.152. The obtained ab initio model is in good agreement with the crystal structure and

confirms the dimeric assembly in solution (Figure 31).

A
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| [relative units]

0.1
0 0.05 0.1 0.15 0.2 0.25
s[A1)

Figure 31: Processed small angle X-ray scattering data of S. aureus PdxK.

A: The processed experimental solution scattering pattern (light blue dots) and the fit of the ab initio model (red line) is
plotted. B: Ab initio model (grey dots) in superimposition with dimeric S. aureus PdxK (structure 1) in blue cartoon
representation. Figure was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.
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3.3 S. aureus PdxK: Crystallization

Initial screening was performed applying the commercially available crystallization screens JCSG-
plus, PACT premier, Cryos Suite and Stura FootPrint & MacroSol in sitting drop vapor diffusion in
MRC 96-well sitting drop crystallization plate (Molecular Dimensions, UK) at a protein concentration
of 8 mg mL™ of Hise-tagged PdxK. Under these conditions no crystals could be obtained. Hereupon
the TEV digested variant was produced and successfully crystallized as shown in Figure 32 A and B.
The crystals were grown at a protein concentration of 5.2 mg mL™ with the addition of 0.75 mM
pyridoxine (molar ratio of protein to ligand = 1 : 4.7) with a precipitant solution containing 0.01 M
sodium borate, 1.5 M sodium citrate, pH 8.5 in protein over precipitant ratio of 1 : 1.4 in a MRC 96-
well sitting drop crystallization plate (Molecular Dimensions, UK) at 4 °C. After approx. four weeks

crystals appeared and reached an approx. size of 0.25 x 0.25 x 0.2 mm?.

In addition, crystals were grown at a protein concentration of 9.0 mg mL™ without vitamin B
supplement, by adding 2.4 M sodium malonate pH 7.0 as precipitant (ratio of protein to precipitant
1: 1) after storing this plate for approx. eight weeks at 4 °C and transferring it to RT for approx. two

weeks. These crystals are shown in Figure 32 C and D and could be grown to an approx. size of 0.2 x

0.15x0.1 mm>.

Figure 32: Crystals of S. aureus PdxK.

A, B show a crystal grown with a precipitant solution containing 0.01 M sodium borate and 1.5 M sodium citrate, pH 8.5
(5.2mg mL™" S. aureus PdxK supplemented with 0.75 mM pyridoxine). C, D show a crystal grown with 2.4 M sodium
malonate pH 7 as precipitant (9.0 mg mL™ S. aureus PdxK). Images of S. aureus PdxK crystals without (A and C) and with
crossed polarizers (B and D), scale bar equals to 100 um.

Henceforth these two conditions are referred to as condition | and structure | (precipitant: 0.01
M sodium borate, 1.5 M sodium citrate, pH 8.5) and condition Il and structure Il (precipitant: 2.4 M

sodium malonate pH 7.0) in diffraction data collection, analysis and model building.

Trials to reproduce the successful crystallization of the Hisg-tagged S. aureus PdxK construct after

TEV digest in both conditions with the Strep-tagged S. aureus PdxK were not successful.
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3.1 S. aureus PdxK: Diffraction data collection, processing and model building |
Crystals out of condition | used for data collection had a bipyramidal shape and could be

cryprotected by the supplement of 15 % (v/v) glycerol to the precipitant solution containing 0.75 mM

pyridoxine as well. The crystals were flash cooled in gaseous nitrogen at 100 K and the diffraction

data were collected at P14 EMBL beamline at DESY campus.

Diffraction data were collected to 2.0 A resolution using 0.1 degree oscillation and subsequently
indexed, integrated and scaled with XDS. Data were cut to 2.0 A monitoring Rmerges I/0 @and CC1/2. The
crystal was found to belong into the trigonal space group P3;21 with unit cell dimensions of
a=b=113.4A and c=81.4 A. The Matthews coefficient was calculated 4.9 A’ Dalton™ with one

molecule in the asymmetric unit, which corresponds to a solvent content of 75 %.

Molecular replacement applying MOLREP [281] was conducted by using the model of
monomeric B. subtilis pyridoxal kinase (pdb code: 2I5B) [311]. Search for one monomer resulted in a
solution with an R-factor of 58.7 % and a correlation coefficient of 49.6 %. The contrast value for the
solution was 1.61 [299]. Subsequently, the model was completed and further modified using Coot
[284] and refined using refmac5 [285] restrained refinement with isotropic B factors. Additionally, a
TLS group was defined and the TLS contribution is finally included in the pdb file. The final model has
an R-factor of 16.80 % and an Rje.-factor of 18.84 %. The N-terminal methionine was not visible in
the electron density and was thus excluded from the final model. The model demonstrates excellent
geometry and no Ramachandran outliers. Data collection, processing and refinement statistics are

summarized in Table 30.
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Table 30: Data collection statistics for S. aureus PdxK condition I, structure I.

Data collection statistics”

Beamline P14
Wavelength [A] 0.976262
Space group P3,21
Unit cell parameters: a = b, ¢ [A] 113.4,81.4
Resolution [A] 30.0-2.0
Temperature [K] 100
Rmerge 6.2 (88.1)
Measured reflections 811623
Unique reflections 41090
Average I/o() 30.0(3.8)
Mn(l) half-set correlation CC(1/2) 100.0 (92.8)
Completeness [%] 100.0 (100.0)
Redundancy 19.8 (20.2)
‘ Refinement statistics

Resolution range [A] 30.0-2.0
R/ Riree [%] 16.99/18.90
Protein atoms 2143
Water molecules 118
Ligand atoms -
Rms deviation

Bond-length [A] 0.020

Bond angle [°] 1.883
B factor [A?]

Protein 44.7

Water 46.1

Ligand -
Ramachandran plot analysis:
Most favored regions [%] 97.8
Allowed regions [%] 2.2
Generously allowed regions [%] 0

®Values in parentheses are for the highest resolution shell. mee,ge: Swia Si | 1i(hkl) = I (hKI) | / ShaSi i (RKI),
where [ (hkl) is the mean intensity of the reflections hkl, 3, is the sum over all reflections and J;is the sum

over i measurements of reflection hkl.

93



Results

3.2 S. aureus PdxK: Diffraction data collection, processing and model building Il

Due to the blocking of the active site (see later analysis of the structure models in chapter IV
3.3), a second data set of the native S. agureus PdxK was collected at 100 K at P14 EMBL beamline at
DESY campus with a crystal from condition II. The crystal did not have the same bipyramidal shape
when grown with 2.4 M sodium malonate (pH 7.0) and did not need any extra cryo protection.
Diffraction data were collected to 1.9 A resolution using the oscillation method (0.1 degree) and
subsequent indexed, integrated and scaled with XDS. Data were cut to 1.9 A monitoring Rmerges 1/0

and CC1/2.

The crystal was found to belong to the trigonal space group P3,21 with unit cell dimensions of
a=b=113.0A and c= 81.7 A. The Matthews coefficient was calculated to 4.8 A*> Dalton™ which

corresponded to a solvent content of 74.1 % with one molecule in the asymmetric unit.

Molecular replacement applying MOLREP [281] was conducted by using the monomeric
S. aureus PdxK from the final model obtained from condition I. Search for one monomer resulted in a
solution with an R-factor of 52.3 % and a correlation coefficient of 78.2 %. The contrast value for the
solution was 5.51 [299]. Subsequently, the model was completed and further modified using Coot

[284] and refined using refmac5 [285] (Restrained refinement with isotropic B factors).

The final model has an R-factor of 17.94 % and an Rje.-factor of 20.96 %. Like structure | the
N-terminal methionine was not visible in the electron density and was thus excluded from the final
model. A patch of positive electron density was found close to W49 and F264 that could be
interpreted as a molecule of malonic acid and was included in the model. The model demonstrates
excellent geometry and no Ramachandran outliers. Data collection, processing and refinement

statistics are summarized in Table 31.
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Table 31: Data collection statistics for S. aureus PdxK condition Il, structure Il.

Data collection statistics®

Beamline P14
Wavelength [A] 0.976300
Space group P3,21
Unit cell parameters: a = b, ¢ [A] 113.0, 81.7
Resolution [A] 30-1.9
Temperature [K] 100
Rmerge 5.6 (90.0)
Measured reflections 479306
Unique reflections 47717
Average I/o() 23.4(2.6)
Mn(l) half-set correlation CC(1/2) 100 (83.3)
Completeness [%] 99.9 (100.0)
Redundancy 10.0 (10.2)
‘ Refinement statistics
Resolution range [A] 30-1.9
R/ Reree [%) 17.64/20.65
Protein atoms 2143
Water molecules 140
Ligand atoms (MAL-malonic acid) 7
Rms deviation
Bond-length [A] 0.020
Bond angle [°] 1.856
B factor [A?]
Protein 37.4
Water 43.5
Ligand (MAL-malonic acid) 39.7
Ramachandran plot analysis:
Most favored regions [ %] 98.2
Allowed regions [ %] 1.8
Generously allowed regions [ %] 0

®Values in parentheses are for the highest resolution shell. mee,ge: Shia Si| 1i(hkl) = I (hKI) | 7/ ShaSi i (RKI),
where [ (hkl) is the mean intensity of the reflections hkl, 3, is the sum over all reflections and 3;is the sum over

i measurements of reflection hkl.
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3.3 S. aureus PdxK: Structure analysis and comparison of the two models

Both crystals belong to the same space group and show one monomer in the asymmetric unit.

The deviation of both models is small, they can be superimposed with an RMSD of < 0.2 A.

Figure 33: Ribbon representation of both S. aureus PdxK structures.

The Ca ribbon of S. aureus PdxK structure | is colored in blue and the ribbon of S. aureus PdxK structure Il in orange; N- and
C-terminus are labeled and the loop between V109 and E115 is highlighted. Figure was created with The PyMOL Molecular
Graphics System, Version 1.7.4 Schrédinger, LLC.

The highest displacement can be found in the loop region V109-E115, highlighted in the ribbon

representation in Figure 33 as an orange circle.

Via crystallographic symmetry the biologically active dimer, expected from homology modeling
and on the basis of the DLS and size exclusion chromatography results, could be constructed. The
tertiary structure of the monomer reveals a highly conserved ribokinase fold [312, 313] and is thus
belonging to the ribokinase like kinase of the Rossmann-like fold group (Figure 34). A central nine
stranded PB-sheet in the arrangement of 2-1-4-5-6-7-8-9-10, where the last three strands are
antiparallel, is flanked by five highly conserved a-helices and two 3;p-helices on the one and four
a-helices on the other side, resulting in an aB-sandwich. Additionally, the B,-strand forms an

antiparallel sheet with strand B; at the dimer interface.

The total surface area of one monomer accounts for approx. 13180 A*>whereof 1820 A? (13.8 %)
are buried as a result of dimer formation; analysis was done using PDBePISA [289]. Up to 12

hydrogen bonds in accompany with 2 salt bridges stabilize the dimer formation. Additionally, 179 and
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165 hydrophobic interactions in structure | and Il respectively do stabilize the interface (PDBsum and

CONTACT analysis out of CCP4 software suite [283]).

Figure 34: Dimeric assembly of S. aureus PdxK.

A S. aureus PdxK dimer in secondary structure representing cartoon illustration is shown; yellow is used for B-strands, red
for a-helix and green for turns and loops. The dimeric partner created applying crystallographic symmetry is represented in
grey cartoon representation. The central B-sheet is sequentially numbered; labels of the N- and C-terminus are shown.
Figure was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.

Sequence identity was analyzed using Basic Local Alignment Search Tool applying the BLAST
algorithm. Maximum sequence identity (51 %) was identified to pyridoxal kinase from Bacillus subtilis
(pdb code: 2I5B). Second most identical protein is the phosphomethylpyrimidine kinase from
Clostridum difficile with a sequence identity of 40 %, saved in pdb database as 4JJP. The human
pyridoxal kinase shares 34 % sequence identity with S. aureus PdxK and is deposited under pdb code
3KEU. The following Figure 35 shows a sequence alignment of S. aureus, B. subtilis, C. difficile and

human PdxK.

The RMSD obtained by superimposing structure Il with the slightly higher resolution of 1.9 A,
could be determined as 1.2 A for B.subtilis, 1.4 A for C. difficile, and 2.4 A for human PdxK;

determined by Protein structure comparison service PDBeFold [290].
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Figure 35: Sequence alignment of S. aureus (SAU), B. subtilis (215B), C. difficile (4)JP) and human PdxK (3KEU).

Multiple sequence alignment was performed using ClustalW2, representation was generated with ESPrit. Identical residues
are highlighted in red boxes, similar residues in white boxes. The secondary structure of S. aureus PdxK is annotated on the
top, spirals represent a-helices, arrows represent B-strands, T stands for turns and W do represent 3, helices.

From the structure of B. subtilis pyridoxal kinase ligated with ADP (pdb code: 215B), the structure
of pyridoxal kinase from E. coli in complex with pyridoxal (pdb code: 2DDW, sequence identity 24 %)
and the knowledge of conserved nucleotide binding motives it was possible to elucidate the probable

binding site of the B¢ vitamer substrate and ATP [216, 301, 307, 311, 313, 314].

98



Results

On this basis ATP was expected to bind in a groove between Bg-strand and a-helix 7 and 8,
placing the y-phosphate in close proximity to the anion hole at the beginning of a-helix 7 and
pyridoxal could be estimated to bind, like in the pyridoxal kinase of E. coli, in a cleft formed by the

loop after B4-strand, the B;-strand and a-helix 1.

In both models the artificial C-terminus of the TEV protease recognition site, hence the
remaining five amino acids ENLYFQ, are sticking into this active site of a neighboring molecule. An

overview of this is given in Figure 36.

Figure 36: S. aureus PdxK (structure Il) orientation in the crystal lattice.

A monomer of S. aureus PdxK (structure Il) in orange cartoon representation, together with two symmetry related
monomers in grey cartoon representation and one monomer with surface representation (grey) with atoms N, O, S colored
in blue, red and yellow, respectively, resulting in two dimers is shown. The C-terminus of the orange monomer is placed in
the cleft of the symmetry related monomer of a second dimer. Figure was created with The PyMOL Molecular Graphics
System, Version 1.7.4 Schrodinger, LLC.

In general the C-terminus shows a similar orientation in both solved models, as can be seen from
the ribbon representation in Figure 33. However, the side chain orientation of Y280 in the C-terminus

of structure I and Il differs, as shown in Figure 37.
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Figure 37: Comparison of the orientation of the C-terminus.

Structure | is shown in blue and structure Il in orange stick
representation, atoms N, O, S are colored in blue, red and
yellow respectively; amino acids are labeled. The orientation of
Y280 differs in the structures and is rotated by approximate 90°.
Figure was created with The PyMOL Molecular Graphics System,
Version 1.7.4 Schrodinger, LLC.

In Figure 38 the binding of the C-terminus in structure | is given; the E282 forms a hydrogen
bond to the main chain G211 (2.9 A) and Y280 main chain nitrogen forms a hydrogen bond to H51
(3.0 A). Additionally, Y280 is stabilized via hydrophobic interactions with residues V53 and M80.
Further, F281 is stabilized via hydrophobic interactions with residues D13, A18 and G19.

Figure 38: Interaction of the C-terminus with a symmetry equivalent molecule of structure I.

A: A monomer of S. aureus PdxK (structure 1) in blue cartoon representation, last four residues (N278-Q282) of the TEV
protease recognition site in stick representation, together with a symmetry related monomer in grey cartoon
representation with interacting residues shown in stick representation as well; atoms N, O, S colored in blue, red and yellow
respectively, hydrogen bonds as yellow dashed lines; labels of amino acids and bond length are shown. B: lllustration of the
binding in an overall surface representation. Figure was created with The PyMOL Molecular Graphics System, Version 1.7.4
Schrodinger, LLC.

In Figure 39 the binding of the C-terminus in structure Il is shown. The orientation of Y280 differs
in this structure and is rotated by approximately 90° to the solvent accessible region. Nevertheless,
E282 can form a hydrogen bond with the main chain G211 (2.9 A) and Y280 main chain nitrogen
atom forms, just as in structure |, a hydrogen bond with H51 (3.0 A). Further, Y280 is stabilized via

hydrophobic interactions with residues V53 and M80 and further from V109 as Y280 is pointing more
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to the loop region V109-E115. F281 is stabilized, like in structure |, via hydrophobic interactions with
residues D13, A18 and G19.

Figure 39: Interaction of the C-terminus with a symmetry equivalent molecule of structure Il.

A: A monomer of S. aureus PdxK (structure 1) in blue cartoon representation, last four residues (N278-Q282) of the TEV
protease recognition site in stick representation, together with a symmetry related monomer in grey cartoon
representation with interacting residues shown in stick representation as well; atoms N, O, S colored in blue, red and yellow
respectively, hydrogen bonds as yellow dashed lines; labels of amino acids and bond length are shown. B: lllustration of the
binding in an overall surface representation. Figure was created with The PyMOL Molecular Graphics System, Version 1.7.4
Schrodinger, LLC.

Prompted by this very specific and reproducible binding of the ‘peptide’ into the active site in
silico docking experiments were performed to study and validate the binding of this kind of auto-

inhibitor with structure | (see chapter Il 4.22).

Unfortunately, in progress of this work the structure of native, PL and ADP and AMP-PCP ligated
S. aureus PdxK was solved by Nodwell et al. from the University of Munich [222]. But on the other
hand these information gave a vital basis for comparing the structure model for artifacts in the active
site due to the binding of the artificial C-terminus and thus to further analyze the binding of the

‘peptide’ into the active site.

A comparison of the structure from Nodwell et al. (4C5N) revealed that the overall fold is highly
comparable and gave for structure | and Il in comparison an RMSD of 0.7 A. The highest deviations
are found in loop region 45-50 (~0.7 A) and 253-254 (~1 A - 2A) due to crystal packing contacts.
Additionally, G144 in proximity to the binding site showed a displacement of ~1 A and region 148-
155 of 1-1.3 A, which might be a consequence of substrate binding. Further, region 177-186 and 200-
204 deviate due to the nucleotide binding. An overall comparison of the Ca chain is depicted in

Figure 40.
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Figure 40: Alignment of the Ca chain of S. aureus PdxK structure | and Il and S. aureus PdxK solved by Nodwell et al.

In the ribbon overlay S. aureus PdxK structure | and Il are colored in blue and orange respectively, S. aureus PdxK in complex
with PL and AMP-PCP from Nodwell et al. (pdb code: 4C5N) is colored in green; N- and C-terminus are labeled. Figure was
created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrédinger, LLC.

Interestingly, Nodwell and colleagues found that PL could be locked in the active site of PdxK via
the formation of a hemithioacetal with C110. The cystein is positioned in the loop after Bs-strand and
could shield the active site as a flap (Figure 41). Furthermore, the substrate binding is strengthened

by the rotation of M80 towards PL.

Figure 41: Hemithiocetal formation of PL and C110 in S. aureus PdxK.

4C5N is colored in green, the substrates AMP-PCP and PL are colored in green and orange; atoms N, O and S are colored in
stick representation in blue, red and yellow, respectively. Substrates AMP-PCP PL and amino acids C110 and M80 are
labeled. Figure was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.
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Comparing the position of the C-terminal peptide in the active site clearly shows that F281 is
positioned in the area of the natural substrate PL and Y280 is interfering with M80 (Figure 42). In the
peptide incorporated PdxK structure model of this study (structure I) the loop containing the C110 (in
Figure 42 shown in red) is pointing away. The occupation of this space with a peptide would thus
inhibit the formation of the hemithioacetal. Furthermore, the position of Y280 would inhibit the

improvement of the substrate fit by the rotation of M80.

Figure 42: Overlay of S. aureus PdxK structure | and 4C5N from Nodwell et al..

Structure | is represented in blue and the symmetry mate in grey, 4C5N is colored in green, the substrates AMP-PCP and PL
are colored in green and orange; atoms N, O, S are colored in stick representation in blue, red and yellow, respectively. The
loop between M108 and D114 containing the C110 of structure | is highlighted in dark red, the corresponding amino acids
from 4C5N are hidden. Figure was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.

3.4 Results of docking and analysis of peptidomimetics targeting S. aureus PdxK

On basis of the observed, well arranged binding of the artificial amino acids of the TEV protease
recognition site into the active site of both S. aureus PdxK structures and the results of studies from
Ghatge et al. [217], which demonstrated that PLP is a slow tight binding inhibitor of E. coli PdxK, di-
and tri-peptides were analyzed in silico using molecular docking with structure | of S. aureus PdxK in
cooperation with Dr. D. Rehders. As a result three modified peptides (#3-#5) listed in Table 32, as

well as a di-peptide that matches the original peptide sequence (#1), were selected.
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Table 32: Peptides and their corresponding molecular weight selected in the molecular docking process.

Number# Sequence Molecular weight [g mol™]
1 YF- NH, 327.37
2 YFW- NH, 513.59
3 Ac-YF-NH, 369.37
4 Y-[F(3-Met)]-NH, 341.42
5 Y-[F(3-Cl)] NH, 361.84

The tri-peptide (#2) showed an enhanced binding towards A18 and G19 and could be further
stabilized, like the native Q282, through a hydrogen bond of its C-terminal carboxy-group to the

G211 main chain amide group in the in silico modeling.

The di-peptide (#3) showed enhanced hydrophobic interactions with A18 and G19 due to the
N-terminal acetylation of the tyrosine as well and could possibly stabilize the H210 in the active site
via a hydrogen bond of the acetyl moiety. Comparably, peptide #4 demonstrated an enhanced
hydrophobic interaction in the direction of G11 and G19 due to its modification of the original
phenylalanine to a 3’methyl-phenylalanine as well. In peptide #5 the original phenylalanine is
substituted to 3’-chloro-phenylalanine and the peptide demonstrated enhanced hydrophilic

interactions with G11 and S12 carboxyl groups in the active site.

Successfully docked peptides were purchased in a C-terminal amidated version to mimic the
amide bond and for enhanced water solubility the N-terminus is not tailored, except peptide #3,

where it possesses an acetylation.

Further binding affinity analysis via Microscale Thermophoresis (MST) in Monolith NT.115 was
intended using the Strep-tagged PdxK to exclude any bias from the TEV protease recognition site.
These measurements require a fluorophore, thus the protein was non-specifically labeled via its
primary amids (22 lysine residues in the protein, 8 % of total amino acids) with the Monolith Protein
Labeling Kit NT 647 V012 via NHS-ester chemistry. The unspecific labeling procedure resulted in a
labeling efficiency of approx. 90 %, estimated by absorption measurement at 280 nm and 647 nm to

determine the concentration of protein and dye respectively.

After the unspecific labeling procedure the protein was not able to bind PL, PN nor ATP or ADP.
The complete inhibition of any substrate binding might be attributed to the unspecific labeling of

lysines and thus blocking or changing the folding of the active site.
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3.5 Activity and analysis of substrate specificity of S. aureus PdxK

The activity of the Hisg-tagged protein in solution was determined via the absorbance (388 nm)
based assay described in Il 7.1. The K, for S. aureus PdxK could be determined to be 2333 + 371 uM
towards pyridoxal. In contrast, Nodwell and colleagues determined the K, of S. aureus PdxK towards
pyridoxal to be 111 + 53 uM and towards pyridoxine to be 2072 + 332 uM [222]. Additionally, they
also determined the activity towards HMP and found significant activity yielding in a K, of

1998 + 268 uM.

Earlier studies of Wrenger and colleagues (Bernhard-Nocht Institute, Hamburg, unpublished
data) also revealed a dual substrate acceptance of S. aureus PdxK towards the two Bg vitamers and

HMP. In contrast S. aureus PdxK is only capable to phosphorylate HMP once and not twice like ThiD.

Furthermore, pyridoxal kinases bifunctionality acting on pyridine (PL, PN, PM) and on the
pyrimidine compound HMP could also be shown for Plasmodium falciparum PdxK [227], E. coli PdxK

[228, 229], Trypanosoma brucei PdxK [230] and the thid gene product from B. subtilis [231].

To further elucidate the specificity of S. aureus PdxK and S. aureus ThiD towards the vitamin Bg
vitamers and the refusal of HMPP for a second phosphorylation of PdxK, in cooperation with
T. Kronenberger (University Sdo Paulo), molecular modeling studies were conducted to evaluate

possible residues involved in substrate recognition.

The molecular modeling studies could elucidate the residues listed in Table 33 as determining

elements for substrate recognition, refusal of HMPP and activity.

Table 33: Residues selected in S. aureus PdxK selected for mutagenesis to alter substrate specificity to HMPP.

Amino acid in Corresponding amino
Mutagenesis Anticipated effect
S. aureus Pdxk acid in S. aureus ThiD
S12 T13 A Change of
H51 Q51 Vand Q substrate
mM80 M81 A recognition
A212 T213 T Activity decrease
C214 C215 AandD Activity increase
Change of substrate
N252 G253 G recognition and

substrate shielding
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The sequence similarity of S. aureus PdxK to ThiD was determined to be 35 % (BLAST). Figure 43
shows an alignment of both enzymes of S. aureus with the residues assumed for bifunctional

substrate recognition of HMP and Bg vitamers, highlighted in green boxes.
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Figure 43: Sequence alignment of S. aureus ThiD and PdxK.

Sequence alignment was performed using ClustalW2, representation was generated with ESPrit. Identical residues are
highlighted in red, similar residues in yellow boxes. Green boxes indicate residues of S. aureus PdxK selected in this study to
create an S. aureus PdxK with specific activity towards HMPP. Blue boxes indicate key residues reported by Castro-
Fernandez and colleagues [230] to be determinative for acceptance of HMP or vitamin Bg.

Furthermore, the results were confirmed by the structure of S. aureus PdxK in complex with PL
solved by Nodwell and colleagues [222]. Supplementary, a study of Castro-Fernandez and colleagues
[230], which aimed to find the general ancestor of pyridoxal kinases, evaluated the same set of

residues with the exception of N252 and with the addition of V42, V107 and H210 in S. aureus PdxK.

Based on the findings in this study mutants of S. aureus PdxK were produced according to the
record in Table 33 of the Strep-tagged and the Hisg-tagged S. aureus PdxK variant (oligonucleotides
used as primer listed in chapter lll 4.13.1 in Table 12) and tested for expression to make them
available for enzymatic activity determination. All mutated S. aureus PdxK variants showed

comparable expression profiles to the native S. aureus PdxK variants and are not shown in detail.
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4 Trypanosoma cruzi PdxK

4.1 Recombinant expression, purification and characterization

T. cruzi PdxK fused to Hisg-tag was recombinantly expressed in E. coli BLR cells. Gene expression
was conducted for 4 h at 37 °C starting at an ODgyy of 0.5-0.6. The protein was purified from the
cleared cell lysate, obtained from the standard procedure described in chapter Il 4.15.1 via affinity
chromatography using a washing step of 60 mM imidazole in buffer P/N and was finally eluted in
buffer P/N supplemented with 300 mM imidazole. The rate of yield was calculated to approx.

36 mg L' bacterial culture.

Subsequently, the eluate was applied to a superdex 200 column operated by an AKTA purifier at
4 °C and transferred to an imidazole free P/N buffer. In comparison to a calibration curve T. cruzi
PdxK eluted at a calculated molecular weight of approx. 62 kDa. The dispersity of the protein solution
was monitored via DLS. Figure 44 shows the DLS pattern of the protein solution before and after size

exclusion chromatography at a concentration of 6.4 mg mL™ and 5.2 mg mL™ in P/N buffer.

|
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Figure 44: DLS pattern of T. cruzi PdxK before (A) and after (B) size exclusion chromatography.

The particle size is plotted against time, the heat map colors indicate the relative occurrence of the size fraction in the
solution; dark blue representing zero occurrence and red being the maximum. The hydrodynamic radius (R;) and the
calculated molecular weight (MW) for an ideal sphere are noted.

4.2 Crystallization of T. cruzi PdxK

T. cruzi PdxK in a concentration of 7 and 21 mg mL" in buffer P/N as well as 6.2 and 21 mg mL™
in buffer T/N was used for initial crystallization screens at RT by the sitting drop vapor diffusion
method. Crystallization screens JCSG-plus, PACT premier, Cryos Suite and Morpheus were tested in
sitting drop vapor diffusion in MRC 96-well sitting drop crystallization plate (Molecular Dimensions,

UK). All optimizations were performed after a buffer exchange to T/N buffer.
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Finally, the condition 425 mM ammonium sulfate, 85 mM tri-sodium citrate, pH 5.6, 85 mM
lithium sulfate supplemented with 15 % (v/v) glycerol resulted in the crystals shown in Figure 45 A
and B after an incubation of 5d at RT at a ratio of protein to precipitant of 1:1 and 1:1.75,
respectively. The protein concentration was 21 mg mL™ in buffer T/N. In Figure 45 C and D a protein
concentration of 7.0 mg mL™ was used in the same setup as A and B. Optimization of this condition
allows growing crystals in the size of 0.2 x 0.3 x 0.1 mm® in MRC MAXI 48-well optimization plate
(Molecular Dimensions, UK) by adding 0.5 M ammonium sulfate, 85 mM tri-sodium citrate, pH 5.6,
85 mM lithium sulfate supplemented with 15 % (v/v) glycerol to a protein solution containing

20.0 mg mL™in a ratio of 1: 1 and 1 : 1.75 (Figure 45 E and F, respectively).

Figure 45: Protein crystals of T.cruzi PdxK.

A and B showing the results of the screening (protein concentration: 21.0 mg mL'l; precipitant: 425 mM ammonium sulfate,
85 mM tri-Na citrate, pH 5.6, 85 mM lithium sulfate supplemented with 15 % (v/v) glycerol in ratios of 1:1 and 1:1.75);
Crystals shown in C and D are grown in the same condition as A and B, but at a protein concentration of 7 mg mL™. Eand F
showing crystals from the optimized condition (protein concentration: 20 mg mL'l; precipitant: 0.5 M ammonium sulfate,
85 mM tri-Na citrate, pH 5.6, 85 mM lithium sulfate supplemented with 15 % (v/v) glycerol in ratios of 1:1 and 1:1.75). The
scale bar equals to 100 um in all pictures.

4.3 T. cruzi PdxK: Diffraction data collection, processing and model building

Crystals used for data collection showed a flattened lens shape and dimensions of approx.
0.2x0.25x 0.1 mm®. As the precipitant solution contained 15 % (v/v) glycerol no addition of cryo
protectant was necessary. The crystals were flash cooled in gaseous nitrogen at 100 K and the
diffraction data were collected on an in house X-ray radiation source (rotating anode). Diffraction
data were collected to 2.5 A resolution using the oscillation method (0.5 degree) and subsequently
indexed, integrated and scaled with XDS. Data were cut to 2.5 A monitoring Rmerge, /0 and CC1/2. The
crystal was found to belong to the hexagonal space group P6,22 with unit cell dimensions of
a=b=102.4 A and c=170.1 A. The Matthews coefficient was calculated to be 3.8 A* Dalton™ which

corresponded to a solvent content of 67.3 % with one molecule in the asymmetric unit.
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Molecular replacement using the model of monomeric T. brucei PdxK (pdb code: 3ZS7) was
performed with MOLREP [281]. Search for one monomer resulted in a solution with an R-factor of
48.6 % and a correlation coefficient of 57.6 %. The contrast for the solution was 22.95 [299].
Subsequently, the model was completed and further modified using Coot and refined using refmac5
(Restrained refinement with isotropic B factors). Two patches of positive electron density were found
close to Q285, V284, S283 and additionally close to G228, K185, that have been interpreted as S0,*
ions and were subsequently included in the model. The final model has an R-factor of 19.30 % and an
Rfee-factor of 23.78 %. The three N-terminal residues M1, S2 and E3, the loops D124-M127 and E266-
M275 as well as the Hise-tag were not visible and thus excluded from the final model. The model
shows very good geometry and no Ramachandran outliers. Data collection, processing and

refinement statistics are summarized in Table 34.
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Table 34: Summary of data collection statistics and refinement statistics for T.cruzi PdxK.

Data collection statistics®

X-Ray source Rotating Anode
Wavelength [A] 1.5418
Space group P6,22
Unit cell parameters: a = b, c [A] 102.4, 170.1
Resolution [A] 20.0-2.5
Temperature [K] 100
Rrmerge 18.3 (70.6)
Measured reflections 174203
Unique reflections 18918
Average I/o() 13.5(3.6)
Mn(l) half-set correlation CC(1/2) 99.4 (84.1)
Completeness [%] 99.8 (100.0)
Redundancy 9.2 (9.3)
‘ Refinement statistics

Resolution range [A] 20.0-2.5
R/ Riree [%] 19.30/23.78
Protein atoms 2211
Water molecules 69
lon atoms (2x 5042') 10
Rms deviation

Bond-length [A] 0.018

Bond angle [°] 1.884
B factor [A?]

Protein 26.31

Water 18.77

lon (2x SO,%) 46.9
Ramachandran plot analysis:
Most favored regions [%] 96.0
Allowed regions [%] 4.0
Generously allowed regions [%] 0

®Values in parentheses are for the highest resolution shell. mee,ge: Shia Si| 1i(hkl) = LI (hKI) | / 3w i (hkl),
where [ (hkl) is the mean intensity of the reflections hkl, 3, is the sum over all reflections and J;is the sum
over i measurements of reflection hkl.
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4.4 T. cruzi PdxK: Structure analysis

The T. cruzi PdxK monomer shows, similar to the S. aureus PdxK monomer, the highly conserved
ribokinase fold in the tertiary structure [312, 313]. In Figure 46 the inner 8-stranded B-sheet, made
up of seven parallel and one antiparallel strand (Bs) in the arrangement of 2-1-5-6-7-8-9-10, is
consecutively numbered. This central sheet is flanked by four a-helices on the one side and five
a-helices and one 35-helix on the other side. Additionally, a small 2-stranded anti-parallel B-sheet
(strands B; and B4) completes the model at the interface region. The dimeric assembly of T. cruzi
PdxK, which was already expected from homology modeling, as well as the results of size exclusion

chromatography and DLS, can be created applying crystallographic symmetry.

Figure 46: T. cruzi PdxK dimeric structure model created via crystallographic symmetry.

A T. cruzi PdxK monomer is shown in secondary structure representing cartoon illustration; yellow is used for B-sheets, red
for a-helix and green for turns and loops. The central B-sheet is sequentially numbered; labels of the N- and C-terminus are
shown. The dimeric assembly created via crystallographic symmetry is represented in grey cartoon representation. The
figure was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.

The total surface area of one monomer accounts for 12716 A> whereof 1582 A* (12.5 %) are
buried as a result of dimer formation; analysis was done using PDBePISA [289]. Up to 12 hydrogen
bonds in cooperation with 10 salt bridges can stabilize the dimer formation. Additionally, 156
hydrophobic interactions stabilize the interface (PDBsum and CONTACT analysis out of CCP4

software suite [283]).

Examination of the sequence similarity of T. cruzi PdxK with T. brucei PdxK (pdb code: 32S7) and

human PdxK (pdb code: 3KEU) revealed 70 % and 37 % sequence similarity and a structure similarity
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of 0.8 A and 1.6 A, respectively. Alignment analysis was conducted using ClustalW and RMSD
calculation by PDBeFold [290] and graphically arranged with ESPrit [315].
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Figure 47: Sequence alignment of T. cruzi (Tc), T. brucei (32S7) and human (3KEU) PdxK.

Multiple sequence alignment was performed using ClustalW2, representation was generated with ESPrit. Identical residues
are highlighted in red boxes, similar residues in white boxes. The secondary structure of T. cruzi PdxK is annotated on the
top, spirals represent a-helices, arrows represent B-strands, T stands for turns, i do represent 3,4 helices and the dashed
line indicates a disordered region. Blue dots highlight the proposed active site residues.

The two sulfate molecules are stabilized via hydrogen bond formation to G229 main chain

nitrogen and K186 side chain NZ on the one hand and Q286 main chain nitrogen, V285 main chain
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nitrogen and S284 side chain OG on the other hand. The sulfate ion stabilized via G229 and K186

binds in the conserved ATP binding site.

A comparison of the structures of human PdxK in complex with ATP and PLP with T. brucei PdxK
in complex with ATP allows differentiating putative PLP binding site residues. It could be evaluated
that T. cruzi PdxK also shows one active site per monomer. In Figure 48 T. cruzi PdxK putative binding
site is shown with corresponding PLP binding site residues and overlaid with PLP binding site residues

from human and T. brucei PdxK.

Figure 48: Active site composition in T. cruzi, T. brucei and human PdxK.

ATP and PLP were taken from 3KEU, (human PdxK) and depicted in grey stick representation. Stick representation of PLP
interacting residues is shown for T. cruzi Pdxk in blue, T. brucei PdxK in orange and human PdxK in green. In all stick
representations atoms N and O are colored in blue and red, respectively. Amino acids of T. cruzi PdxK and substrates ATP
and PLP are labeled. Figure was created with The PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC.

The overall assembly of the pyridoxal binding site seems to be highly conserved with a few
modifications: In the assumption that PL/PLP would adopt a similar positioning in the active site of T.
cruzi PdxK, it could be stabilized by three hydrogen bonds formed by S12 and the pyrimidine N as
well as S47 and D230 to the oxygen atoms O3 and O5. Additionally, hydrophobic stabilization is
achieved due to the presence of V14, V19, G20, V41, L43, 152, V120, T226 and G227 in the close
proximity. The main difference between the human and T. cruzi PdxK is the stabilization of PLP at
residues R56 and N87. In the human PdxK this stabilization is achieved through the residues V56 and
R86 respectively. Additionally, the Y85 (human Y84) could stabilize the pyridine ring of the pyridoxal

via mt-stacking interactions in all three compared structure models.
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In Table 35 the assumed residues interacting with the substrate are compared between T. cruzi

and human PdxK:

Table 35: Comparison of the active site residues interacting with the ligand vitamin Bgin T. cruzi and human PdxK.

TcPdxK S12 V14 V19 G20 V41 143 S47 152 R56 Y85 N87 V120 T226 G227 D230

Human
S12 V14 V19 G20 V41 F43 T47 W52 V56 Y84 R86 V115 V230 G231 D234
PdxK

In addition the GAGT motif, a conserved ribokinase anion hole motif for the phosphate transfer
[216, 301], could be identified in T. cruzi PdxK in residues 227-230 as GTGD. This motif generally
stabilizes the binding of the phosphate moiety of the ATP and helps to neutralize negative charges
and the transition state in the active site, as it can be found in T. brucei PdxK in amino acids 226-229

and human PdxK in amino acids 231-234.

Interestingly, a further comparison of the bifunctional enzymes PdxK, ThiD of S. aureus and
T. cruzi and the human PdxKs highlighted in Figure 49, reveals that the residues for substrate binding
are less conserved between S. aureus and eukaryotic species. In Figure 49 also the residues, which
were identified by Castro-Fernandez and colleagues [230] as determinates for substrate selectivity
are highlighted. This provides evidences for the evolution of the substrate recognition in pyridoxine

kinases and HMPP kinases.
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Figure 49: Sequence alignment of S. aureus PdxK, ThiD, T. cruzi PdxK and human PdxK.

Sequence alignment was performed using ClustalW2, representation was generated with ESPrit. Identical residues are
highlighted in red, similar residues in white boxes. Green arrows indicate the determined by Castro-Fernandez and
colleagues [230] as determinates for substrate selectivity towards HMP or Bg vitamers. Blue dots indicate the proposed
active site residues of T. cruzi PdxK.
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5 Insect cell expression and in vivo crystallization trials

Besides the work summarized so far, also S. aureus ThiD fused to a C-terminal Strep-tag or fused
to a N-terminal triple alanine linker and a Hisg-tag or fused to a C-terminal Hisg-tag with a TEV
protease recognition site or to a N-terminal maltose binding protein (MBP) by a TEV protease
recognition site and C-terminal to a second TEV protease recognition site and an additional Hisg-tag
were tested of expression in E. coli and purification. Further S. aureus ThiE N-terminal fused to a Hise-
tag with a EV protease recognition site and the unspecific GTPase out of the vitamin B; metabolism

of S. aureus fused to a C-terminal Strep-tag were tested for expression in E. coli and purification.

As either the expression yield was very low or the protein produced in the cytoplasm of E. coli,
was insoluble, variables like lowering the expression temperature to 18 °C and 25 °C, changing the
expression media (2YT, TB), the addition of glucose and betaine as well as for S. aureus ThiD the
fusion of the protein to a solubility enhancing protein, like the MBP, were tested. None of these
methods resulted in sufficient amounts of monodisperse high quality protein for the purpose of
protein crystallization. Hence for future experiments elucidating the vitamin B; metabolism and the
interplay with the Bg pathways, the genes were tested for expression in insect cells (Sf9) and

analyzed for their potential to form in vivo crystals.

All proteins of the vitamin B; metabolism and PdxK of S. aureus were cloned in the vectors
pFastBacl and pFastHTb. Additionally, constructs in pFastBacl with a carboxy-terminal three amino

acid long peroxisomal targeting signal (PTS1) SKL [316] were produced.

After bacmid preparation, purification and validation Sf9 cells were transfected with the bacmid
and virus stocks were produced subsequently. Finally, P3 infected cells were monitored for a possible
formation of in vivo crystals. Since none could be observed cells were harvested after 2.5 d post
infection and the gene expression was analyzed in a western blot (Figure 50) after a cell lysate

preparation of the Hisg-tag containing constructs.
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Figure 50: Western Blot of P3 infected insect cell lysates, 2.5 d post infection.

20 pg total cell lysate protein were applied on a 12 % SDS-PAGE; MOCK- control lysate of non infected cells, 1= S. aureus
PdxK, 2= S. aureus ThiE, 3= S. aureus TenA, 4= S. aureus ThiD, 5= S. aureus TPK, 6= S. aureus GTPase, 7= S. aureus ThiM
bacmid transfected and onwards infected cells. Specific detection of Hisg-tag was conducted via anti-His mouse 1gG1 and
visualization with HRP conjugated secondary antibody and ECL detection.

Figure 50 shows the results of the western blot. The very first lane contained MOCK transfected
cell lysate and no Hisg-specific protein could be detected. Lane number one contained cell lysate
from putative S. aureus PdxK producing cells; a double band could be detected approx. in the
expected size of 32.0 kDa. In lane two a single band in the approx. size of 26 kDa could be detected.
Lane three showed a dominant double band at approx. 27-30 kDa. In lane four a single band with a
faint second band in the range approx. 32 kDa could be detected. Lanes five and six are showing
more than a single band; in lane five three bands in the size of approx. 24-27 kDa and in lane six a
dominant band could be detected at the molecular weight of 36 kDa and further at approx. 23-25
kDa and 18 kDa. In the last lane a dominant double band in the approx. size of 30- 32 kDa could be
detected. As a control experiment Trypanosoma brucei Cathepsin B in vivo crystals [317] were
produced in parallel (virus kindly provided by Prof. Duszenko, University of Tlbingen). The P3

Cathepsin B infected cells showed in vivo formed crystals.

Moreover, as a remote study the influence of 2.5 and 5 mM sodium butyrate as well as the
addition of 2 % and 4 % (v/v) DMSO to the cells 1 d before infection were tested to further enhance
protein expression via the inhibition of histone deacetylase [318, 319]. In this first study neither an
enhancing effect nor a decreasing effect could be detected on Trypanosoma brucei Cathepsin B in

vivo crystal production.
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V Discussion

1 First steps to in vivo produced thiamine analogs in S. aureus

In order to obtain specific THZ analogs in the in silico screening the following three restraints
were applied: Firstly the sulfur within the thiazole ring should be replaced in order to inhibit the
carbanion formation for thiamine-dependent enzymes [320], secondly the hydroxyl group at the
thiazole moiety as well as thirdly the nitrogen atom within the heterocycle, have to be retained to
keep the phosphorylation site and ensure subsequent HMP-PP addition by thiamine phosphate
synthase ThiE. This screening and in vitro activity analysis resulted in the pyrazole and imidazole
based cpdl and cpd2, respectively. But still the structural elucidation of the preposition of the
compounds in ThiM's active site was missing, because the crystallization condition established by Dr.
J. Drebes has only been successful for THZ binding. The absent binding of cpdl and cpd2, perhaps
due to ligand solubility or binding affinity in the first specific precipitant solution [321], led to the use
of a second crystallization condition (0.1 M Tris pH 8.0, 20 % (w/v) PEG 6000 with 0.2- 0.26 M MgCl,).
Within this study an optimized crystallization condition could be defined that allowed the structural
analysis of the compound binding. The location of the THZ analogs cpdl and cpd2 in the active site
regions of the ThiM trimer is significantly comparable to the preposition of THZ, the natural
substrate, and thus permits an adequate pre-positioning for the phosphoryl transfer reaction. The
structure models clearly revealed a beneficial preposition of the compounds in the active site and no
changes in the binding site architecture are triggered upon compound binding of the in silico

screened and in vitro tested compounds could be observed.

For further optimization especially the methyl group at position 10 in cpdl should be under
revision due to the close contact to the loop between B-strand 3 and a-helix 4 which could reveal a

non-favorable interaction within the active site.

Thiamine and particularly its active diphosphorylated variant TDP operates as an electrophilic
covalent catalyst in the decarboxylation of 2-oxo acids, in carboligations of aldehydes and lyase-type
reactions (cf. chapter | 4.1). By now a set of stable analogs of the reaction intermediates of TDP
reactions were produced in vitro and used to study the enzymatic mechanistic of vitamin dependent
enzymes and the role of the cofactor per se [176, 180-182]. None of these were intended to be
produced in vivo in the bacterial vitamin production. In order to design and evaluate compounds
which are dynamically metabolized in the exclusive bacterial vitamin pathway, this study represents
the first approach targeting the bacterial thiazole kinase ThiM. By this means it is attempted to
infiltrate the bacterial de novo vitamin production in vivo and block the vitamin dependent enzymes

in consequence.

118



Discussion

Based on aforementioned studies it is known that modifications of the positively charged
thiazole ring of TDP can lead to very potent inhibitors of the cofactor dependent enzymes. This is
exemplified by the variants thiamine 2-thiazolone diphosphate, where the hydrogen at the C2
position (compare Figure 25) in the thiazole ring has been replaced by an oxygen atom, or thiamine
2-thiothiazolone diphosphate, on the contrary where the hydrogen was replaced by a sulfur atom
inhibiting the E1 component of pyruvate dehydrogenase (PDH) of E. coli [322]. The binding of the
thiamine 2-thiazolone diphosphate to PDH E1 of E. coli (PDB code: 1RP7) is suspected to be tighter
due to the formation of additional hydrogen bonds and therefore hinders the functionality of PDH
[180]. Interestingly, a further thiamine analog, the 3-deazathiamine diphosphate, where the N3 in
the thiazole ring is replaced by a carbon atom resulting in a neutral thiophene ring, demonstrates an

irreversible inhibition of Zymomonas mobilis pyrovate decarboxylase [182].

In comparison with the natural thiazole moiety in thiamine the compounds used in this study
consistently lack the sulfur, which is replaced by a carbon atom. The nitrogen in position 07 is
retained and a second nitrogen atom is included in cpd1 and cpd2 at position 06 and 04, respectively.
Moreover, in cpdl1 two additional methyl groups were added to atom 05 and 06, according to the

consensus nomenclature as stated in Figure 14.

In cpdl this modification leads to a stable aromatic heterocycle, a pyrazole, with more
hydrophobic interaction potential due to the addition of two methyl groups. If cpd1 would be fused
to the HMP moiety, it can possibly create extra hydrophobic interactions in cofactor dependent
enzymes and therefore act as a competitive inhibitor. In both compounds the sulfur was exchanged
to a carbon atom which might lead to a higher flexibility in the active site as a consequence of the
smaller van der Waals radius. Cpd2 has an additional nitrogen atom in position 04, resulting in an
imidazole ring, and could undergo TDP imino tautomerization after HMP-fusion like cpd1. Perhaps
the additional nitrogen in position 04 of the heterocycle could also mediate an extra hydrogen bond
in cofactor dependent enzymes. Noteworthy, this compound possesses a heterocycle structure
analogous to the known antibiotic metronidazole, which has an additional nitrogen group at the
heterocycle in position 01. This substance is known to be interchanged in thiamine via thiaminase,
TenA in MRSA, which is responsible for thiamine hydrolysis in bacterial metabolism. This substitution
results in a thiamine antagonist tested on baker’s yeast TPK equally potent to the known antagonist
pyrithiamine [323]. Pyrithiamine is an isosteric pyridine analog of thiamine, where the thiazole

moiety is exchanged by a pyridine ring.

It has been shown that the selected compounds are effectively phosphorylated by ThiM and the
overall positioning in the active site is equivalent to the natural substrate THZ. In future, especially
the acceptance of the phosphorylated THZ analogs by ThiE should be addressed to analyze the

efficient fusion of HMP and THZ to thiamine-monophosphate. Moreover, metabolizable compound
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analogs from the aminopyrimidine moiety, processed by ThiD, could be investigated on structural
basis and result in a further starting point to develop in vivo generated thiamine analogs.
Bacimethrin, an analog of the HMP, which is a natural product from gram-positive bacteria like
Streptomyces albus and Bacillus megaterium [324], shows an inhibitory effect on thiamine
dependent enzymes in E. coli. Examples for this are the a-ketoglutarate dehydrogenase,
transketolase and deoxy-D-xylulose-5-phosphate synthase [325] after its phosphorylation via ThiD
and condensation to the antimetabolite 2’-methoxy-thiamine diphosphate. This clearly demonstrates
that the poisoning of the thiamine production in bacteria is a biological strategy already used by
bacteria in nature and could serve as a promising approach for inhibition of essential cofactor

dependent pathways.

Further structural studies will help to improve compound accuracy to reliably infiltrate cofactor
build-up and could might lead to an intrinsically produced inactive cofactor, which will preferably
block multiple cofactor dependent bacterial enzymes and in addition will perhaps also block the
thiamine riboswitch in bacteria [166]. Here the first steps are presented towards a development of a
prodrug-like thiamine analog, specifically produced in bacteria cells in vivo, and which could

potentially open the route for the development of new antimicrobial substances.

2 Cpd12 - a halogenated compound specifically unfolds S. aureus Thim

In former studies cpd12 showed an inhibitory effect on S. aureus ThiM, with a higher affinity for
cpd12 (K; =17 + 4 uM) compared to THZ (Ky = 44 + 5 uM). This unexpected effect of cpd12, which
was also in silico selected as a potential substrate analog of THZ, resulted in two supposed binding
sites after a second in silico docking: One is very close to the possible ATP binding site between ;-
strand, a-helix 3 and a-helix 5 and the other was predicted in the loop between a-helix 8 and a-helix
9. The first one suggests a possible block of the active site and the second one led to the assumption

of a specific conformational change in the folding, which results in an inhibitory mechanism [298].

In this study a concentration as well as time dependent partial unfolding of S. aureus ThiM upon
cpd12 addition could be elucidated. The loss of folding was observed on basis of the circular
dichroism signal and could be further affirmed through the observation of the enhanced aggregation
identified in the DLS analysis over time (chapter IV 1.4). These observations and the absence of this

effect through in the control with the protein BSA suggest a specific effect on the thiazole kinase.

Perhaps the bromine atom fused to the oxazole ring in cpd12 (chemical structure integrated in
Table 25) could participate in a very specific halogen bond in a ThiM-cpd12 protein ligand complex.
This distinct halogen bonding could be formed if the bromine acts as a Lewis acid and an electron

donor, like the oxygen of the side chain of a serine or any main chain carbonyl group from the
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peptide bond, could function as a Lewis base. Furthermore, also the sulfur in methionine and cystein
but also nitrogen in histidine and conjugated m systems from tyrosine, phenylalanine or tryptophan

can interact with halogens via electrostatically driven halogen bonding [326—328].

In chemical biology, medicinal chemistry and especially compound library design halogens are
becoming more and more focused due to their capability to enhance specificity of compound
binding, like a brominated anticancer inhibitor targeting the aminopeptidase N [329]. Even though a
screen for substrate analogs was performed, this observation of a S. aureus ThiM specific inhibitory

effect could serve as an additional approach targeting the bacterial enzyme ThiM directly.

The specific nature of the halogen bonding needs to be further elucidated to serve as a new
scaffold for an inhibitor design. A crystallographic approach was not applicable so far, due to the loss
of the natural fold and consequently the proteins native structure. However, epitop mapping with
tryptophan-scanning (introduction of tryptophan in solvent-exposed positions and measurement of
their intrinsic fluorescence) [330, 331] or site directed mutagenic studies in combination with CD-

and DLS analysis might be feasible approaches to analyze the mode of action of cpd12 in future.

3 Towards dynamics - S. aureus ThiM nano crystallization and NPE-caged

ATP complex formation

By means of the STD-NMR measurements a simultaneous binding of NPE-caged ATP and THZ
within S. aureus ThiM'’s active site could be confirmed, albeit the two crystallization conditions used
for THZ and compound crystallization were not suitable for co-crystallization of NPE-caged ATP with
ThiM or to soak the caged compound in combination with THZ into ThiM. Based on the results of the
STD-NMR measurements parallel binding of THZ and NPE-caged ATP could be confirmed. Perhaps
changes in crystal formation are accredited to partial changes in the folding upon nucleotide binding.
Furthermore, limited solubility of the caged compounds in the respective precipitant and
crystallization solution could interfere with effective soaking into ThiM crystals [321]. The onwards
screening for further crystallization conditions revealed a promising condition (0.2 M ammonium
sulfate, 0.1 M MES pH 6.5, 30 % (w/v) PEG 5000 MME), which needs some optimization to enhance

diffracting capacity and will then serve as a valuable approach in future experiments.

Auxiliary, a vital basis for producing ThiM crystals in a defined nano-scale size necessary for
further serial crystallography applications was produced by using the XtalController technology. This
initial experimental condition for ThiM nano crystal formation provides the crucial basis for revealing
the phosphorylation mechanisms in the major class of ribokinase-like kinases and opens a route to

further optimize rational drug development processes.
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4 Analysis of S. aureus TPK in complex with thiamine

After optimization of the protein purification and stabilization in magnesium salt buffer, a
structural model of S. aureus TPK was solved to a high resolution of 1.4 A in complex with its natural
ligand thiamine. The data reveal a dimeric assembly, already postulated from SAXS analysis [298].
Upon S. aureus TPK dimer formation 15 % of the total solvent accessible area is buried (IV 2.4). This
suits well with the examination of the surface accessible area buried upon a general dimer formation,

which is generally assumed between 6.5 and 29.4 % [332].

The ligand, thiamine, adopts a low energy F-conformation in TPK, which is known for enzymes
activating but not utilizing thiamine as a cofactor [305]. The binding is stabilized via fourteen polar

and nonpolar interactions in the interface region of two monomers.

The analysis of the sequence and structure of S. aureus TPK reveals a highly conserved ligand
binding in bacteria compared to its closest structurally characterized homologues from E. coli and
B. subtilis. In B. subtilis only one residue responsible for the thiamine binding is exchanged (D75Q).
On the contrary, comparing the sequence and structures of the structural analyzed closest
monocellular eukaryote, yeast [309], as well as the eukaryotic representatives, mouse [306] and
human [307, 308], reveals a highly conserved overall fold and a comparable composition of a of-
domain and a B-domain, but a less rigid conservation of the amino acid composition responsible for

thiamine recognition (chapter IV 2.6).

Based on the examination of the natural substrate binding site in S. aureus TPK, an estimation of
the probable ability to accept and thus activate thiamine substrate analogs, consisting of cpd1 and
cpd2, could be presumed. Generally, an activation of the analogs is likely, even if maybe some
sterically hindering of the additional methyl group at atom 06 (consensus nomenclature, stated in
Figure 14) in cpdl can arise. Furthermore, taking the results of the overall similar half-open cleft-
architecture shown for mouse TPK and the results of Liu and colleagues [306] into consideration,
which clearly confirmed the binding of pyrithiamine into mouse TPK, an acceptance of a component

with a larger THZ moiety, like in cpdl, can be expected.

Additionally, it was possible to optimize highly uniform needle shaped crystals of S. aureus TPK in
the presence of the natural substrate and to verify their diffraction capacity with powder diffraction.
Onozuka and colleagues [333] postulated an enzymatic ping pong mechanism for human TPK. In
terms of this mechanism, firstly ATP binds and donates its pyrophosphoryl group to the enzyme,
generating a phosphor-enzyme intermediate and secondly a transfer to the onward bound substrate
occurs after release of the nucleotide [334]. However, quite the opposite is demonstrated by the
ternary complex of pyrithiamine pyrophosphate, Mg**, AMP and mouse TPK observed by Liu and
colleagues [306].
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On the basis of the well-defined micro crystals, an experimental setup for serial X-ray
crystallography could be established in future to elucidate the enzymes mechanism in pump-probe
experiments with caged nucleotide analogs. Revealing the mechanistics behind the
pyrophosphorylation of thiamine and thus the activation of the precious cofactor would be of great

interest for analyzing the mode of action of this specific enzyme class.

The structural knowledge about the substrate recognition and delimitation against the
eukaryotic representatives gives an excellent basis for encouraging further compound design of the
suicide drug approach or might serve as the basis for a species-specific approach of targeting
S. aureus TPK directly. For Saccharomyces cerevisiae [335] and Saccharomyces pombe [336] it is
known that null mutation of TPK is lethal. Thus, if S. aureus ThiE fuses the selected THZ analog
compounds in vivo and the resulting thiamine analogs would block TPK in S. aureus directly, also this
altered inhibitory mechanism could be bacteria specific and valuable. Perhaps the bacteria could
counteract compounds that directly target vitamin metabolism enzymes by single mutation or by
enhancing basal gene expression, but the implicated disadvantage in cost of protein production and

possible deficiency in growth will perhaps show an antibiotic effect as well.

The knowledge of the enzyme, specifically activating thiamine in S. aureus and thus regulating
the homeostasis in the bacteria, presents the structural basis for further rational suicide compound
and drug development and provides positive evidence of the concept of infiltrating the B;

metabolism with THZ analogs.

5 Structure analysis of S. aureus PdxK - Peptidomimetics targeting S. aureus

PdxK

In this study the high resolution structural model of S. aureus PdxK could be determined and the
dimeric assembly in solution could be verified with SAXS analysis. The ab initio model of the
biological dimer out of the SAXS analysis fits the experimental data quite well with a x-value of 1.152
and the high resolution model superimposes very well with the ab initio model. Merely the
C-terminus, which has a higher degree of freedom in solution in contrary to the crystal, has a larger

impact on the ab initio model (Figure 31).

S. aureus PdxK shows the classical ribokinase superfamily fold and belongs to the Rossmann-like
fold group. On the basis of the homolog bacterial enzymes from B. subtilis ligated with ADP and the
structure of pyridoxal kinase from E. coli in complex with pyridoxal, a binding site analysis has been
conducted and revealed a binding of the C-terminal TEV protease recognition site into the proposed
active site region. No magnesium ion in the region of the substrate binding could be observed as

magnesium was included neither in the protein buffer nor in the precipitant solution.
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Although the structure was solved from Nodwell and colleagues [222] in 2014 as well, their
results in combination with the observed binding of the C-terminal TEV protease recognition peptide
into the active site in the crystallographic studies provide a very interesting starting point to analyze
probable competitive binding peptides as possible inhibitors in future. In the study of Nodwell et al.
S. aureus PdxK was solved natively and in complex with PL, AMP-PCP, ADP and PL and AMP-PCP
simultaneously. Their work elucidated that a cystein (C110) in the loop region V109 to E115, adjacent
to the catalytic cystein 214 in the anion hole, is mandatory for the PL phosphorylation due to a
charge relay network. They found that the C110 forms a hemithioacetal with the 4’aldehyde of PL
after the loop closure (V109 to E115) upon substrate binding. Further, they could elucidate that this
cystein is conserved in the bacterial dual-function ribokinase subfamily and introduced the term of
CC-PL-kinases. Finally, they proposed that this cystein represents the target amino acid of the natural

product antibiotic rugulactone [337].

The comparison of the PdxK structural model from Nodwell et al. with the model presented in
this work revealed, that the overall fold and especially active site architecture is not biased by the
binding of the C-terminal peptide of a neighboring PdxK molecule. The binding of the C-terminus,
which was highly conserved in both structures, just varies in the orientation of the tyrosine 280. A
peptide that specifically binds to this defined region of the protein would thus either lead to a
competitive inhibition of PdxK due to replacement or displacement of the substrate, or would
destabilize the reaction towards PL because of the prevention of the hemithioacetal formation.
Interestingly, it should be noted that in the preparation of crystal | for structure | (chapter IV 3.3) also
0.75 mM pyridoxine (molar ratio of protein to ligand = 1:4.7) was included and in spite of the

natural substrate the ‘peptide’ was bound into the active site.

Moreover, it should be noted that the highly hydrophobic character of the ‘peptidic substrate’,
and thus its stabilization through hydrophobic interactions as well as two hydrogen bonds in the
active site, is in good agreement with the strong hydrophobic binding of gingkotoxin (4-O-
methylpyridoxine), a known competitive inhibitor of human and T. brucei PdxK, (pdb code: 4EN4 in

human PdxK) [243, 338, 339].

Consequently, the observed very specific binding of the C-terminus into the active site - firstly
recognized as a crystallographic artifact - could serve as an approach to design and evaluate possible
peptidomimetic compounds. In this study the in silico analysis of five peptides is presented and their
binding and potential inhibitory effect on S. aureus PdxK needs now further emphasis by in vitro
assaying. A binding analysis with label-dependent MST analysis was not suitable. Perhaps isothermal
titration calorimetry (ITC) or competitive phosphorylation assays are suitable to determine binding

and activity in presence of the apparent inhibitory peptidic compounds.
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The observation made upon the crystallization studies could result in a very new approach in
directly targeting PL-kinases like S. aureus PdxK. An onwards design of compounds, specifically
interfering with the hemithioacetal formation, could be a conceivably follow-up approach for

specifically targeting S. aureus PdxK.

6 Analyzing substrate promiscuity of S. aureus PdxK and ThiD

The K., of S. aureus PdxK towards pyridoxal was determined to be 2333 +371 uM. This is
comparable to the K, determined by Nodwell etal. for pyridoxine (2072332 uM), but
contradictory to the K,, determined by them towards PL, which was 111 + 53 uM [222]. Additionally,
they also determined the activity towards HMP and determined a K., of 1998 + 268 uM. The
significant difference of the K, evaluation could perhaps be attributed to the different experimental
setups. In contrast to Nodwell et al., who used a pyruvate kinase/lactate dehydrogenase coupled
assay with N-terminally Strep-tagged S. aureus PdxK [222], in this study the formation of pyridoxal 5’-
phosphate was monitored by the change in absorbance at 388 nm using C-terminal TEV Hiss-tagged
S. aureus PdxK. Furthermore, results presented here were obtained in a buffer containing 70 mM
potassium phosphate (pH 6.5) and 10 mM magnesium chloride at 30 °C, whereas Nodwell et al. used
a setup at 37 °C in a buffer containing 50 mM Tris (pH 8.0), 50 mM potassium chloride and 10 mM
magnesium chloride. Certainly it is known that magnesium is needed by the kinases for catalysis, but
also that the monovalent ion K* and Na* could considerably modify the activity of human and E. coli
PdxK in enzymatic in vitro assays [216, 307, 308]. Perhaps the different ion content, as well as the

changed temperature and pH, could explain the different K, values obtained.

The acceptance of both, the Bg vitamer substrate and HMP, is also known for Plasmodium
falciparum PdxK [227], E. coli PdxK [228, 229], Trypanosoma brucei PdxK [230] and the thid gene
product from B. subtilis [231]. With the intention of specifically targeting the B; metabolism in
bacteria and particularly in S. aureus, an analysis of PdxK’s bifunctionality and the structural setup for
the refusal on HMPP is necessary to allow further differentiation of potential interplay and
correlation between these two crucial metabolisms. Particularly, if a second substrate infiltration,
like the one in ThiM, into the bacterial B; metabolism via ThiD is addressed, a deeper understanding
of the evolutionary determinants and structural delimitations to border the enzymes participating in
the vitamin B; and Bg metabolisms need to be specified. But also targeting a B¢ kinase with inhibitory
peptides by the peptidomimetic approach and facing the disparity between PdxK and the HMP-

kinase ThiD needs to be known.

Four amino acids responsible for accurate substrate recognition and discrimination towards
HMP and especially HMPP in S. aureus PdxK (512, H51, M80 and N252) could be identified after the

structure determination and evaluation by in silico modeling. Serine 12, histidine 51 and
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methionine 80 are assumed to be directly involved in the substrate preference towards HMP or Bg
vitamers and were selected for site directed mutagenesis to alanine, valine or glutamine and alanine,
respectively. Residue asparagine 252 was assumed to restrict the enzyme to the first phosphorylation
and enhance the refusal of the second phosphorylation regularly performed by ThiD during vitamin
B, de novo synthesis. The selected residues are in accordance to a later published study of Castro-
Fernandez and colleagues [230], which revealed by in silico analysis and enzymatic characterization
how bifunctionality towards HMP and PL emerged in a convergent evolutionary process. The
mentioned amino acids were exchanged in S. aureus PdxK as noted in chapter IV 3.5 and their
recombinant expression capability was successfully analyzed. Additionally, alanine 212 and cystein
214 were mutated to analyze the influence of the composition of the active site residues on the
substrate turnover. In future, activity studies will elucidate the significance assumed for the
bifunctional substrate recognition of HMP, HMPP and By vitamers. They will also clarify the
promiscuous capability of diphosphorylated substrates and will support future rational drug

developments.

7 Structure analysis of T. cruzi PdxK - Analyzing the evolution and

conservation of Vitamin B¢ activating enzymes

With the structural analysis of the T. cruzi PdxK the evolutionary pathway in the ribokinase
superfamily and especially within the PdxK subgroup could be studied. T. cruzi PdxK also shows the
classical ribokinase superfamily fold and could be identified dimeric in solution, based on the results
of the size exclusion chromatography and the DLS analysis. The dimeric assembly in the high
resolution structure could be constructed applying crystallographic symmetry. The loop between
amino acid 124 and 127 could not be resolved; upon substrate binding it might serve as a small flap
together with the adjacent residues, like in other vitamin Bg kinases. It is four amino acids shorter
compared to the human loop and thus is not being expected to form a longer two stranded B-sheet
covering the active site. The active site composition was compared to the human and T. brucei PdxK
and even if the differences are small the structural knowledge could be valuable for further drug

development.

In a recent study in 2014, Kimura and colleagues elucidated that T. cruzi PdxK is a possible target
of primaquine, a quinoline used for treatment of trypanosomiasis [244]. Based on the structure,
presented in this study, a further analysis of the observed inhibitory effect might also serve as a vital
basis for further drug developments targeting trypanosomiasis. Currently the structural data are used
for in silico selection and docking of possible lead structures to specifically inhibit the crucial vitamin

metabolism in T. cruzi.
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Furthermore, T. cruzi, a monocellular parasitic flagellate protozoan, could provide more
knowledge about the evolutionary link between eukaryotic PdxKs as well as S. aureus PdxK and ThiD
structures. A sequence comparison (Figure 49) of S. aureus PdxK, ThiD, T. cruzi PdxK and human PdxK
revealed that the conservation of the substrate determining residues is low, only the valine 107 (S.
aureus PdxK numbering) is identical. All proteins show a highly conserved fold, but the
hemithioacetal forming cystein, like in S. aureus PdxK, is missing in T. cruzi and human PdxK. On basis
of this fundamental data from T. cruzi, a further differentiation of the bacterial salvage pathway will
be achievable and a bordering of the evolutionary developments within these specific kinases,

producing the very reactive und ubiquitary necessitated cofactor, is possible.

8 Outlook: Mining the bacterial vitamin B; metabolism and Bg salvage for

advanced structural based drug developments

The identification of highly conserved residues, the characterization of the general structural
setup and the discrimination of residues that are uniquely present in the active site of a target
structure is a central task in structure-based drug design. Aiming to target the unique vitamin B;
metabolism in S. aureus to generate in vivo produced non-functional thiamine analogs needs the
structural knowledge of the participating enzymes as well as the biological closely related enzymes

from other species.

Especially the interplay between B; metabolism and Bg salvage pathway are in focus and need
detailed investigations to differentiate the metabolization preferences to analyze bacterial

possibilities to circumvent the pharmacological strategy and to estimate potential side effects.

In order to validate and generate target specific chemical scaffolds in future, which specifically
mask a cofactor and will block the dependent enzymes, like NTZ, information of these dependent
enzymes is needed and will then open the route for the design of bacteria specific new antibiotics

with a great innovation potential.

This study contributes to these aims by elucidating two substrate analog enzyme complexes of
THZ-kinase ThiM, revealing the structure of TPK with its natural substrate thiamine and an estimation
of the acceptance of the first selected compounds of this enzyme. Furthermore, a differentiation of
the vitamin B; metabolism from the related B¢ salvage pathway in S. aureus and analysis of the
substrate preferences is made and could give first hints about the interplay of both vitamin
metabolisms in S. aureus. Moreover, the structural analysis of PdxK from the monocellular eukaryotic
protozoan T. cruzi gives an additional basis to border species specific characteristics, which will help

to estimate side effects of onwards developed strategies and small molecules.
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Studies on the substrate specificity of PdxK will be the basis to discriminate and estimate
possible side effects of targeting either the vitamin B, metabolism or Bg salvage pathway. With the
structural information obtained in this study it is feasible to further define and distinguish between
bacterial and eukaryotic target structures. Additionally, with the coincidental block of the active site
in the crystal structure of S. aureus PdxK, a further route of targeting this essential bacterial enzyme

by specific inhibitors might arose.

Still the structural information of ThiD, ThiE and the GTPase from the vitamin B; metabolism are
missing and a recombinant expression of these genes in E. coli did not seem feasible. However, all
proteins of the vitamin B; metabolism seem to express in insect cells and this expression system can
be applied henceforth. As some of the proteins show degradation perhaps an optimizing in
expression duration and further purification is needed. In this study also the possibility to encourage
crystal formation by the channeling of proteins to peroxisomes was tested. Two effects are used by
this specific protein channeling: First the local concentration is increased and second the cellular
compartment serves as an additional crystallization environment. In the first tests no positive effects
could be observed by this directed localization of the recombinant protein in Sf9 cells. Furthermore,
no enhancing effect of adding DMSO or sodium butyrate to the Cathepsin B expression could be
observed in this study, but this will need further tests. Cathepsin B production is already at a limit,
maybe a positive effect will be observed for other targets with lower basal expression. In future, this
needs additional statistical analysis and could serve as a vital basis for further optimization of the in

vivo production of protein crystals in Sf9 cells.

Supplementary structural analysis of the enzymes in the B; metabolism and also especially of the
further player in the Bg salvage pathway, like PNPOx, will be central for the future developments in

specifically targeting the pathways in S. aureus.

The aimed specific targeting either of the vitamin B; metabolism or the By salvage pathway in
S. aureus would be an innovative method of filling the innovation gap in the antibiotic development

towards MRSA.
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VI Summary

Just 72 years after the mass production of the first broad spectrum antibiotic penicillin started
Staphylococcus aureus represents a dismaying global threat again. In the golden era of the antibiotic
development the drug pipeline fighting this and other human pathogenic bacteria was filled
repeatedly to combat the ongoing bacterial resistant development and spread. However, in the late
1980’s an ongoing discovery void in antibiotic development began, missing innovative novel targets,

and the risk of entering a post-antibiotic era is evident these days.

In this study a promising new strategy is presented, which uses the bacterial vitamin B; de novo
biosynthesis, that is entirely absent in humans. In the course of this approach substrate analogs, also
termed ‘suicide drugs’ are channeled into the bacterial metabolism and will finally, after a set of
metabolization steps, block a specific variety of cofactor dependent enzymes inside the bacterium as
an inactive cofactor. This uncouples the site of drug infiltration and target action and entails multiple

downstream effects.

The structure of S. aureus ThiM in complex with two of these substrate analogs was solved via X-
ray crystallography. Furthermore ThiM was successfully evaluated for its binding of NPE-caged ATP
via STD-NMR, which could serve, in combination with an initially controlled rational crystallization
conducted in the XtalController900, as a serial X-ray crystallographic pump-probe approach in future.
Additionally, the mode of action of a former identified inhibitor of ThiM was elucidated. Moreover,
the structure of TPK in complex with its natural ligand thiamine was solved. This allowed the analysis
of possible thiamine analogs, build up out of the two promising substrate analogs studied for ThiM,

incorporation.

Furthermore, the structures of S. aureus and the monocellular eukaryotic protozoan
Trypanosoma cruzi vitamin Bg kinase — PdxK were solved to high resolution via X-ray crystallography
and S. aureus PdxK structure was analyzed in solution via small angle X-ray scattering. The structural
analysis allowed the differentiation of PdxK, which also shows promiscuous activity towards the first
substrate of the kinase ThiD, which is an essential kinase for the HMP feeding into the vitamin B;
metabolism in S. aureus. Based on these results the interplay of the metabolisms and the structural

delimitation can now be further studied and will highlight the evolutionary relations.

Beyond that, a pepdimometic approach targeting PdxK could be followed on basis of the
crystallization result of S. aureus PdxK and could reveal an innovative possibility of inhibiting these
kinases. Furthermore, an additional expression system using insect cells was tested and all proteins
of the vitamin B; and Bg pathways were successfully produced. In summary this work provides
valuable information for the development of innovative antibiotic substances based on proteins’

structural data to specifically target MRSA.
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VIl Zusammenfassung

Nur 72 Jahre nach Beginn der Massenproduktion des ersten Breitbandantibiotikums Penicillin
stellt Staphylococcus aureus wieder eine kritische globale Bedrohung dar. Im goldenen Zeitalter der
Antibiotikaentwicklung wurde die Medikamenten-Pipeline zur Behandlung dieses und anderer
humanpathogener Bakterien regelmaRig gefiillt, um der Entwicklung und Verbreitung bakterieller
Resistenzen begegnen zu konnen. Seit Ende der 1980er Jahre hingegen ist die Entwicklung in der
Antibiotikaforschung defizitdr und innovative Targets fehlen, sodass heute das Risiko einer post-

antibiotischen Ara evident ist.

Diese Arbeit prasentiert eine neue, aussichtsreiche Strategie, die auf die bakterielle Vitamin B,
(Thiamin) de novo Biosynthese, welche beim Menschen nicht vorkommt, abzielt. Hierzu werden
Substrat-Analoga - ,Suicide Drugs” - in den bakteriellen Metabolismus eingeschleust und fiihren
letztlich, nach mehreren Metabolisierungsschritten als inaktive Co-Faktoren zur Blockade multipler
Co-Faktor-abhangiger Enzyme im Bakterium. Auf diese Weise werden der Wirkstoff-Eintrittsort und

der Wirkort voneinander entkoppelt.

Die Struktur von S. aureus ThiM im Komplex mit zweien dieser Substrat-Analoga konnte via
Protein-Kristallographie bestimmt werden. Aullerdem konnte ThiM erfolgreich auf sein Potenzial,
NPE-caged ATP via STD-NMR zu binden, untersucht werden. Dieses konnte zukiinftig - in
Kombination mit dem evaluierten, kontrollierten Kristallisierungs-Setup mittels XtalController900 -
fir serielle rontgenkristallographische Pump-Probe-Experimente genutzt werden. Zusatzlich konnte

die Wirkungsweise eines bereits zuvor identifizierten Inhibitors von ThiM ndher analysiert werden.

Des Weiteren wurde die Struktur von TPK im Komplex mit seinem natirlichen Liganden mittels
Protein-Kristallographie gelost. Auf dieser Basis konnte die Akzeptanz moglicher Thiamin-Analoga,

hergestellt aus den zwei fur ThiM untersuchten Substrat-Analoga, strukturell untersucht werden.

Weiterhin wurde die Struktur der Vitamin Bg Kinase (PdxK) aus S. aureus und des eukaryotischen
Protozoen Trypanosoma cruzi mittels Protein-Kristallographie gelést und zusatzlich die

S. aureus PdxK Struktur in Losung mittels SAXS Uberpruft.

Die strukturelle Analyse erlaubt nun die Untersuchung der Substratspezifitdt von PdxK, welche
gegenlber dem ersten Substrat (HMP) der Kinase ThiD, das die HMP-Zufuhr im Vitamin B;
Metabolismus in S. aureus sicher stellt, ebenfalls Aktivitat zeigt. Auf Basis dieser Ergebnisse kann nun
das Zusammenspiel des B; und Bg Metabolismus sowie die strukturelle Differenzierung weiter

untersucht und die evolutionaren Verbindungen analysiert werden.

Darliber hinaus kann auf Basis der Kristallisationsergebnisse von S. aureus PdxK ein auf PdxK

zielender pepdimometischer Ansatz verfolgt werden und innovative Mdoglichkeiten der Blockade
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dieser spezifischen Kinasen bieten. Ferner wurde zusatzlich ein Expressionssystem unter Nutzung von
Insektenzellen getestet, bei welchem samtliche S. aureus Proteine des Vitamin B; Metabolismus und
PdxK erfolgreich produziert werden konnten. Zusammenfassend bietet diese Arbeit wertvolle
Informationen fiir die rationale Entwicklung innovativer antibiotischer Substanzen basierend auf

strukturellen Daten, um MRSA spezifisch zu targetieren.
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Xl Appendix

Table 36: References for the illustration of the time course of antibacterial resistance development (Figure 1) first

documented resistance of any bacteria - clinical isolates and in vitro studies - against specific compounds.

Antibiotic Discovery First reported resistance  PubMed ID
compound (not ultimately on market,
adapted from Silver [18])
Salvarsan 1908 1949 15400370
Penicillin 1928 1945 21005048
Sulfonamide 1932 1946 17754356
Streptomycin 1943 1946 20995215
Bacitracin 1945 1949 18132374
Nitrofusan 1946 1952 14912065
Chloramphenicol 1947 1950 14796661
14785226
14774530
Polymyxin 1947 1953 13031655
Chlortetracycline 1948 1950 15402506
Cephalosporin 1948 1965 14342258
Pleuromutilin 1950 1982 7050084
Erythromycin 1952 1953 13047352
24542681
13090461
13109350
Vancomycin 1953 1988 3376618
Streptogramin 1953 1956 13379520
Cycloserine 1955 1957 13470425
Novobiocin 1956 1957 13444794
Rifampicin 1957 1968 4179219
Metronidazole 1959 1963 14047071
Methicillin 1960 1961 13686776
Ampicillin 1962 1964 14287955
Nalidixic acid 1961 1968 4898540
Trimethoprim 1961 1972 4110643
Licomycin 1961 1967 5596212
Fusidic acid 1961 1966 5928604
Fosfomycin 1969 1974 4604487
Mupirocin 1971 1987 2886836
Carbapenem 1976 1983 6578701
Oxazolidinone 1978 1996 15472854
Daptomycin 1987 1987 2824427
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Figure 51: Comparative overview of the H spectra of S. aureus ThiM with AMP-PCP, NPE-caged ATP and THZ I.

Section 0-5 ppm of the H spectra of S. aureus ThiM with AMP-PCP (green), NPE-caged ATP (red) and THZ (blue) is plotted

and the corresponding peak assignment is given to the chemical structure (ChemDraw; PerkinElmer Inc.).
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Figure 52: Comparative overview of the H! spectra of S. aureus ThiM with AMP-PCP, NPE-caged ATP and THZ II.

Section 5-9 ppm of the H* spectra of S. aureus ThiM with AMP-PCP (green), NPE-caged ATP (red) and THZ (blue) is plotted

and the corresponding peak assignment is given to the chemical structure (ChemDraw; PerkinElmer Inc.).
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Table 37: STD effects and peak assignment of S. aureus ThiM supplemented with 50 uM THZ.

Assignment, corresponding to the annotation of Figure 51 and Figure 52 respectively, chemical shift, absolute (abs) and

relative STD effects are given.

THz v(F1) STD % (abs) off STD % (abs) on Absolute Relative
assignment  [ppm] resonance resonance STD [%] STD [%]
1 2.226 227930808.2800 105344701.0500 53.8 100.0
2 2.903 179812768.9700 94620538.7300 47.4 88.1
3 3.674 125962382.0900 77897741.1900 38.2 70.9
4 8.645 76248872.7200 48881058.4400 35.9 66.7

Table 38: STD effects and peak assignment of S. aureus ThiM supplemented with 100 uM THZ.

Assignment, corresponding to the annotation of Figure 51 and Figure 52 respectively, chemical shift, absolute (abs) and

relative STD effects are given.

THz v(F1) STD % (abs) off STD % (abs) on Absolute Relative
assignment  [ppm] resonance resonance STD [%] STD [%]
1 2.226 453113944.0000 268405199.8800 40.8 100.0
2 2.903 344912803.4700 215941074.4200 37.4 91.7
3 3.674 264792669.6200 194098560.8000 26.7 65.5
4 8.645 137757923.6200 93782166.9700 31.9 78.3
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Table 39: STD effects and peak assignment of S. aureus ThiM supplemented with 50 uM THZ and 200 uM ATP-NPE

Assignment, corresponding to the annotation of Figure 51 and Figure 52 respectively, chemical shift, absolute (abs) and

relative STD effects are given.

THZ / ATP- .
NPE v(F1) STD % (abs) off STD % (abs) on Absolute Relative
assignment [ppm] resonance resonance STD [%] STD [%]
1 2.233 213388104.0900 100455880.5000 52.9 100.0
2 2.892 172721666.0600 92587763.7800 46.4 87.7
3 3.676 134931620.9100 89919423.4400 334 63.0
4 8.644 68690952.9400 40071347.9400 41.7 78.7
| 1.783 24126561.1600 21294704.8400 11.7 22.2
1 4.224 69213618.0000 58424968.6600 15.6 29.5
1] 4.363 26542788.1600 22615722.3100 14.8 28.0
v 5.938 57341771.1900 48589946.6600 15.3 28.8
\' 8.089 37807723.2800 29413221.8100 22.2 42.0

Table 40: STD effects and peak assignment of S. aureus ThiM supplemented with 100 uM THZ and 150 uM ATP-PCP.

Assignment, corresponding to the annotation of Figure 51 and Figure 52 respectively, chemical shift, absolute (abs) and

relative STD effects are given.

THZN/P':TP- v(F1) STD % (abs) off STD % (abs) on Absolute Relative
assignment [ppm] resonance resonance STD [%] STD [%]
1 2.226 441045352.3800 266083873.4100 39.7 100.0
2 2.903 334177654.1600 211778964.0900 36.6 92.3
3 3.674 268709332.3100 200249515.3900 25.5 64.2
4 8.645 122366747.5000 78524929.2000 35.8 90.3
| 2.075 282767452.6400 263677412.6900 6.8 17.0
1 4.273 65420088.8100 58287289.3300 10.9 27.5
1} 4.409 22707198.1600 18399371.5200 19.0 47.8
v 6.023 80087746.9800 72741967.0300 9.2 23.1
Vv 8.143 51127060.5900 44039171.6700 13.9 34.9
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Risk and Safety Statements

Xl Risk and Safety Statements

1 Chemicals used (GHS classification)

. GHS Precautionary
Compound CAS-No. Supplier hazard Hazard Statements ——
P280
Acetic acid 64-19-7 Chem- GHS02 H226, H314 ’
H 0, - _ ’ 7 7
Acrylamide 37% 79-06-1 Carl Roth GHS08 H340, H350, H361f, igg:gi?%&
H372
ATP 34369-07-8 Sigma - - -
Agarose 9012-36-6 Serva - - -
(NH4),S04 7283-20-2 Carl Roth - - -
NH4sNO3 6484-52-2 Applichem GHSO03 H272 P210
L P280, P261, P302+352,
Ampicillin 69-52-3 Carl Roth GHSO08 H334, H317 P3424311
. H301, H311, H315, P261, P280, P301+310,
AMP-PCP 7414-56-4  Sigma GHS06 H319, H331,H335  P305+351+338, P311
AMP-PNP 25612-73-1 Sigma - - -
GHSO03 H272, H302, H315, P280,
P305+351+338,
APS 7727-54-0 Carl Roth GHSO07 H317, H319, H334,
GHSO08 H335 P302+352, P304+341,
P342+311
Bromphenol .
blue 115-39-9 Applichem - - -
CaCl, 10043-52-4 Merck GHS07 H319 P305+351+338
114460-21- . P261,
Ca(HsCCOO0), g Sigma - H315, H319, H335 P305+35143 38
Caged ATP 171800-68-3  Sigma - - -
Citric acid 77-92-9 Sigma GHS05 H318 P305+351+338,
P311
Coomassie
Brillant BlueR250 010492 Serva ; ; ;
CHES 9005-64-5  Sigma - H319 P305+351+338
Desthiobiotin 533-48-2 Sigma - - -
. H302, H315, H319, P302+352,
DTT 578517 Applichem GHSO07 H335 P305+3514338
EDTA 60-00-4 Sigma GHS07 H319 P305+351+338
Ethanol 64-17-5 Carl Roth GHS02 H225 P210
Ethidium GHS06 P260, P281,
bromide 1239-45-8 Sigma GHS08 H302, H331, H341 P284, P310
Gentamicin sulfate 1405-41-0 Sigma GHSO08 H317, H334 P261, P280, P342+311
Glycerol 56-81-5 Sigma - - -
Guanidinhydro P305+351+388,
chlorid 50-01-1 Applichem  GHS07 H302, H315, H319 P302+352
HABA 1634-82-8 Fluka GHSO07 H315, H319, H335 P261, P305+351+338
Sigma
Hepes 7365-45-9  Aldrich - - -
Hydrochloric acid GHS05 P261, P280,
>25 % 7647010 Merck GHS07 H314, H335 P310, P305+351+338
(5-(2-hydroxyethyl)-  137-00-8 Sigma H315, H319, H335 P261, P280, P304+340,
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Risk and Safety Statements

Compound CAS-No. Supplier GHS Hazard Statements Precautionary
hazard Statements
4-methylthiazole P305+351+338, P405,
(THZ) P501
P260, P281,
GHS05 P303+361+353,
Imidazole 288-32-4 Carl Roth GHS06 H301, H314, H361 P301+330+3 31,
GHS08 P305+351+3 38,
P308+313
GHS02 P210, P233,
Isopropanol 67-63-0 Carl Roth GHSO7 H225, H319, H336. P305+351+338
KCl 7447-40-7 Carl Roth - - -
. H302, H315, H319, P302+352,
LiCl 7447-41-8 Merck GHSO07 H335 P305+3514338
Li2SO4 10102-25-7 Merck GHS07 H302 -
P261, P280, P304+340,
Malonic acid 141-82-2 Sigma GHS05 H318, H302, H335, P305+351+338, P405,
GHS07 H315
P501
Mg(HCOO), 6150-82-9 Fluka - - -
MgCl, 7786-30-3 Carl Roth - - -
MgOAc 16674-78-5 Merck - - -
MgS0, 7487-88-9 Merck - - -
MPD 107-41-5 Carl Roth GHS07 H315, H319 -
P280, P312,
2- 60-24-2 Fisher GHS06 H302, H411, H315, P302+350, P261, P273,
Mercaptoethanol Scientific GHSO09 H335, H311, H319 P301+312,
P305+351+338
NaOAc 127-09-3 Applichem - - -
NaBr 7647-15-6 Merck - - -
. GHS06 P261, P273,
(CHs)2AsO;Na) 124-65-2 Sigma GHS09 H301, H331, H410 P301+310, P311, P5O1
NacCl 7647-14-5 Carl Roth - - -
NaH.PO, 10049-21-5 Applichem - - -
P280, P310,
NaOH 1310-73-2 Merck GHSO05 H314 P305+351+338
Najs citrate 6132-04-3 Sigma - - -
GHS07 ::g?iéﬁﬁiﬁ P201, P261, P273,
Ni(l1)SO4 10101-97-0  Applichem GHS08 H350; H36(3D HS;Z P280, P284,
GHS09 ’ ! P304+340+312
H410
Paraffin 8002-74-2 Applichem - - -
PEG 10000 25322-68-3 Merck - - -
PEG 1500 25322-68-3 Fluka - - -
PEG 2000 MME 25322-68-3 Fluka - - -
PEG 300 25322-68-3 Applichem - - -
PEG 3350 25322-68-3 Sigma - - -
PEG 400 25322-68-3 Sigma - - -
PEG 4000 25322-68-3 Merck - - -
PEG 6000 25322-68-3 Merck - - -
PEG 8000 25322-68-3 Sigma - - -
. GHS06 P280,
PMSF 329-98-6 Applichem GHSO5 H301, H314 P305+351+3 38, P310
Pyridoxal-HCI 65-22-5 AppliChem GHS07 H302 P264, P301+312, P330,

P501
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Risk and Safety Statements

Compound CAS-No. Supplier GHS Hazard Statements Precautionary
hazard Statements
. P261, P280, P302+352,
Pyrdoxine-HCI 58-56-0 Roth GHS07 H335, H315, H319 P305+3514338
P210, P261
GHS02 H228, H302, H311 ! !
SDS 151-21-3 Sigma ! ’ ! P280, P312,
GHS06 H315, H319, H335 P30543514338
Sodium borate 1303-96-4 Sigma GHS08 H360FD P201, P308 +313
Sodium citrate 1545832 Sigma - - -
Sodium 868-18-8 Applichem - - -
tartrate
GHS02
H225, H302, H314 P261, P280
TEMED 110-18-9 Merck GHSO05 ! ! ! ! !
GHS07 H332 P305+351+338
Thiamine 67-03-8 Fluka - - -
Tris 1185-53-1 Fluka GHSO07 H315, H319, H335 P261, P305+351+338
Tween 20 9005-64-5 Carl Roth - - -
Yeast Extract 8013-01-2 Serva - - -

2 Commercial Protein Screens and Kits

GHS Precautionary
Name Supplier hazard AR S Statements
GHS02
Morpheus Molecular GHS07 H340' H350' H360'Fd » P273, P280,
Dimensions GHSO08 H361:j H37'3 Ha11 ’ P305+351+338,
GHS09 ’ ¢ P309+311, P313
) Molecular GHS06 H301 H331 H412 P101, P270, P273,
PACT premier Dimensions ' ’ P280, P309+311
_ g::gé H225, H301, H302, H315, P101, P201, P270,
Stura FootPrint & Molecular H319, H332, H335, H340, P273, P280,
MacroSol Dimensions GHS07 H350. H360FD, H373 P305+351+338,
GHS08 ’ ’ ’
GHSO09 H411 P309+311, P313
GHS02
AmSO, Suite Qiagen GHS06 :gig :;2(1;} 3332'72350' P101, P201, P273,
GHS08 ’ ’ ’ P280, P309+311
GHS09 Ha11
GHS02 H225, H301, H302, H315,
GHS06 H319, H331, H332, H335, P101, P201, P270,
Classics Suite Qiagen GHS07 H340, H350, H360FD, P280, P305+351+338,
GHS08 H373, H411 P309+311, P313
GHS09
g:igé H225, H301, H302, H315, P101, P201, P270,
Cryos Suite Qiagen GHSO7 H319, H331, H332, H335, P273, P280,
GHS08 H340, H350, H360FD, P305+351+338,
GHS09 H373, H411 P309+311, P313
GHS02
Molecular GHS05 H225, H301, H312, H315, P101, P201, P270,
JCSG-plus Dimensions GHS06 H318, H331, H335, H350, P280, P305+351+338,
GHSO07 H411 P309+311, P313
GHS08
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Risk and Safety Statements

GHS Precautionary
Name Supplier hazard flazaud St pene Statements
GHS09
GenelJET Plasmid Thermo Fisher GHSO05 P260, P303+361+353,
Miniprep Kit Scientific GHS07 H314 P305+351+338, P310,
prep P405, P501
GenelET Gel Thermo Fisher GHSO7 H302, H412 P264, P270, P273,

Extraction Kit

Scientific

3 GHS pictograms

OROR R ROX

GHS07 GHS08

GHS02

Figure 53: GHS pictograms (source: https://www.osha.gov/dsg/hazcom/pictograms/index.html).

GHSO03 GHS05 GHS06

4 GHS Hazard Statements

H225
H226
H228
H272
H301
H302
H311
H312
H314
H315
H317
H318
H319
H330
H331
H332
H334
H335
H336
H340
H341
H350
H350i
H360
H360D
H360Fd

Highly flammable liquid and vapor
Flammable liquid and vapor
Flammable solid

May intensify fire; oxidizer

Toxic if swallowed

Harmful if swallowed

Toxic in contact with skin

Harmful in contact with skin
Causes severe skin burns and eye damage
Causes skin irritation

May cause an allergic skin reaction
Causes serious eye damage
Causes serious eye irritation

Fatal if inhaled

Toxic if inhaled

Harmful if inhaled

May cause allergy or asthma symptoms or breathing difficulties if inhaled

May cause respiratory irritation

May cause drowsiness or dizziness

May cause genetic defects

Suspected of causing genetic defects
May cause cancer

May cause cancer by inhalation

May damage fertility or the unborn child
May damage the unborn child

May damage fertility. Suspected of damaging the unborn child

P301+312, P330, P501

GHS09
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Risk and Safety Statements

H360FD
H361
H361d
H361f
H370
H372
H373
H410
H411
H412

May damage fertility. May damage the unborn child

Suspected of damaging fertility or the unborn child

Suspected of damaging the unborn child.

Suspected of damaging fertility

Cause damage to organs

Causes damage to organs through prolonged or repeated exposure
May cause damage to organs through prolonged or repeated exposure.
Very toxic to aquatic life with long lasting effects

Toxic to aquatic life with long lasting effects

Harmful to aquatic life with long lasting effects.

5 GHS Precautionary Statements

P101
P201
P210
P233
P260
P261
P264
P270
P273
P281
P280
P284
P309
P310
P311
P312
P321
P330
P362
P405

P501

P301+310
P301+312
P301+330+ 331
P302+352

P303+361+ 353

P304+341

P305+351+338

P308+313
P309+311
P332+313
P342+311
P403+233
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If medical advice is needed, have product container or label at hand

Obtain special instructions before use

Keep away from heat/sparks/open flames/hot surfaces — No smoking

Keep container tightly closed

Do not breathe dust/fume/gas/mist/vapors/spray

Avoid breathing dust/fume/gas/mist/vapors/spray

Wash thoroughly after handling

Do not eat, drink or smoke when using this product

Avoid release to the environment

Use personal protective equipment as required

Wear protective gloves/protective clothing/eye protection/face protection

Wear respiratory protection

IF exposed or you feel unwell

Immediately call a POISON CENTER or doctor/physician

Call a POISON CENTER or doctor/physician

Call a POISON CENTER or doctor/physician if you feel unwell

Specific treatment (see respective MSDS)

Rinse mouth

Take off contaminated clothing and wash before reuse

Store locked up

Dispose of contents/container in accordance with local/regional/national/international
regulations

IF SWALLOWED: Immediately call a POISON CENTER or doctor/physician

IF SWALLOWED: Call a POISON CENTER or doctor/physician if you feel unwell

IF SWALLOWED: Rinse mouth. Do NOT induce vomiting

IF ON SKIN: Wash with soap and water

IF ON SKIN (or hair): Remove/Take off immediately all contaminated clothing. Rinse skin with
water/shower

IF INHALED: If breathing is difficult, remove victim to fresh air and keep at rest in a position
comfortable for breathing

IF IN EYES: Rinse cautiously with water for several minutes. Remove contact lenses if present
and easy to do - continue rinsing

IF exposed or concerned: Get medical advice/attention

IF exposed or you feel unwell: Call a POISON CENTER or doctor/physician

If skin irritation occurs: Get medical advice/attention

Call a POISON CENTER or doctor/physician

Store in a well-ventilated place. Keep container tightly closed
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