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FOREWORD

It is probably a rare occurrence that two seemingly unrelated topics are found side by side in
one and the same dissertation. This happened due to one of the many beauties of structural biology
and protein biochemistry. By using a dedicated portfolio of highly sofisticated analytical methods, ut-
terly different biological questions can be addressed in the same manner. As long as a protein can be
overexpressed and subsequently purified, it can then be further studied by biophysical and structural
methods, regardless of whether the original donor organism is a plant, a mammal, a prokaryote, or
even avirus. No complicated, time-consuming, and expensive culturing techniques like for in vivo stud-
ies are required.

As soon as the protein is available, studies into its physical properties, its structure, and thus
its molecular mode of action can be initiated. This particular study presents recent advances on the
structural and mechanistical understanding of two very different proteins: the redox-sensitive histi-
dine kinase AHK5 from Arabidopsis thaliana and the cell wall-amidating enzyme complex GatD/MurT
from Staphylococcus aureus, Mycobacterium tuberculosis, and Streptococcus pyogenes. The two pro-
jects are currently at different stages in their development and different strategies were used to an-
swer their respective questions. In the AHK5 project biophysical methods were used to optimise ex-
pression constructs and purification strategies and traditional biochemical assays serve to assess the
protein’s functionality. For GatD/MurT, in contrast, crystallographic data was obtained, analysed and
used to infer possible mechanisms of action.

| am very grateful to have been given the opportunity to work on these two interesting and
challenging projects that have allowed me to study such fundamentally different biological pathways.
| was thus confronted with adapting to different challenges and found ways to tune the methods and
devices at my disposal to address the specific needs of each project. | firmly believe that the experience
gained from either project helped to further the other project in ways that would have been far less

likely to happen, had the projects been treated separately.

Erik R. Noldeke
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1 TOWARDS THE STRUCTURAL CHARACTERISATION OF AHK5

1.1 Introduction

One crucial feature, common to all organisms, is the ability to adapt their behaviour in re-
sponse to changes in their immediate surroundings. Such changes can involve, for example, nutrient
and water availability, the presence of a predator, or the availability of a potential mate. Every envi-
ronmental change that is relevant to the organism is perceived, processed, and met by a very specific
cellular response. The specificity of the response is achieved by a highly intricate network of signal
transduction pathways. These pathways are composed, much like a computer program, of an activa-
tion command, means of information targeting, transport, and storage, and signal amplification and
suppression tools. Fine tuning is then achieved by an elaborate system of positive and negative feed-
back loops, as well as crosstalk between different signal transduction pathways.

Activation of this sophisticated regulatory machinery requires the ability to sense and recog-
nise chemical signals and translate them into specific physiological responses. This task is accomplished

in all kingdoms of life by a wide variety of biosensors, termed receptors.

1.1.1 Types of signalling receptors

In order to reliably, specifically, and quickly achieve activation of signalling pathways, signalling
receptors must possess two key features: Firstly, they must exist in at least two states, one that is
dormant or inactive and one that is signalling-competent. Secondly, they must sense and react to their
specific stimulus in a way that triggers transition from the dormant to the active state. This is achieved
in different ways depending on the specific pathways, but many underlying mechanisms are conserved

across the kingdoms of life.

1.1.1.1 Nuclear Receptors

Perhaps the most straightforward type of signalling receptor is the family of nuclear receptors.
These receptors act as receptors for many freely diffusible small molecules, such as steroid hormones.
In their inactive state they are found either as monomers or dimers, depending on the type and are
mostly bound to inhibiting chaperones. Recognition and binding of the activating molecule induces
release of the chaperone and, in the case of inactive monomers, homo- or heterodimerisation. The
active dimer then influences directly the expression level of target genes by acting directly as a tran-
scription factor. It binds to so-called Hormone Response Elements (HRE) on the DNA upstream of tar-

get genes and recruits chromatin remodelling enzymes or components of the transcription machinery

[1].

1.1.1.2 Membrane-associated receptors without intrinsic enzymatic activity

In the case of signal molecules that are not able to cross a membrane on their own, receptors

are required that enable transmission of the signal across the membrane. Most known receptors are,
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indeed, transmembrane receptors. Depending on the scope, these receptors can be grouped in differ-
ent ways, based either on the number of membrane-spanning a-helices, mechanism of activation, ol-
igomeric state, transporter functionality, or intrinsic enzymatic activity.

Receptors without intrinsic enzymatic activity act by ligand-induced changes in conformation
or oligomeric state. These changes are mechanically transferred across the membrane where they ac-
tivate downstream regulatory elements. The largest family of this type of receptors is that of the G-
protein-coupled receptors (GPCRs). These receptors are made up of seven transmembrane helices,
connected by loops both on the inside and outside of the cytosol. Upon binding of the activating mol-
ecule (the agonist), the receptor undergoes a conformational change that leads to the activation of a
heterotrimeric adaptor protein (the G-protein) that is associated with the receptor in its inactive state.
Upon activation, the G-protein exchanges the GDP molecule bound to its G, subunit for GTP and dis-
sociates into the monomeric Ga and heterodimeric Gg, subunits. These, in turn activate further down-
stream pathways, such as the adenylate cyclase and PI3K pathways, respectively [2]-[6].

Other receptors that act without intrinsic enzymatic activity are those that create scaffolds for
the assembly of large signalling complexes upon oligomer formation. The most prominent examples
of these are integrins and Toll-like receptors. Integrins mediate signals initiated by contact of cells with
components of the extracellular matrix. Upon activation, integrins cluster at the contact site and thus
recruit their intracellular signalling complex [7]. These complexes can have direct action on down-
stream signalling cascades, such as the MAPK (mitogen-associated protein kinase) pathway [8], or act
as modulators for other signalling receptors. Similarly, Toll-like receptors (TLRs) likely achieve their
active state upon ligand-induced dimerisation. Ligands for TLRs include many pathogen-associated mo-
lecular patterns (PAMPs), as their main role is in the modulation of somatic mechanisms of the innate
immune response, such as the activation of macrophages and dendritic cells. The signalling complex
assembled by TLR dimerisation diversifies into multiple downstream pathways, including, again, vari-
ous MAPK pathways, and the NF-kB pathway [9].

1.1.1.3 Ligand and voltage-gated ion channels

A special case is that of ligand and voltage-gated ion channels. As opposed to other receptors
described here, they do not trigger complex cascades of downstream effectors and regulators. Instead,
they directly allow the influx or efflux of specific ions into or from the cell upon reception of the signal.
These channels are usually specific for one particular type of ion and are heavily involved in neuronal
transmission. Ligand-gated ion channels are the primary receptors at chemical synapses where they
sense the concentration of neurotransmitters in the synaptic cleft (e.g. acetylcholine). Upon ligand
binding, the receptor allows for cation influx and thus membrane depolarisation. This signal is then
carried along the neuron’s surface by voltage-gated ion channels in the form of a so-called action po-
tential [10], [11].

A further example for a ligand-gated ion channel is the Inositol 1,4,5-triphosphate (IP3) — gated
Ca?* — channel, which mediates influx of calcium ions from the endoplasmic reticulum into the cytosol

downstream of the a-1 adrenergic receptor, a GPCR.
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1.1.1.4 Receptor kinases

Receptor kinases are protein kinases that transition from the inactive to the catalytically active
form upon signal perception. The initiation of the downstream signalling pathway (often a cascade of
subsequent protein kinases), is then mediated by phosphorylation of the receptor’s target protein.

The most frequent types of receptor kinases are of the tyrosine-specific variety, i.e. they phos-
phorylate the hydroxyl group of a tyrosine residue upon activation [12], [13]. Receptor tyrosine kinases
are active as dimers and signal perception leads to autophosphorylation of the cytosolic portion of the
receptor. These phosphorylated variety then serves as a scaffold to recruit adaptor proteins via so-
called SH2 domains (Src Homology 2) that bind specifically to phosphotyrosine-containing sequences.
Prominent examples of the Receptor tyrosine kinase family are the insulin receptor [14] and the family
of epidermal growth factor receptors (EGFR) [15].

Many downstream signalling kinases, such as the components of the MAPK cascade, are ser-
ine/threonine-specific kinases. This type of kinase also exists as a receptor kinase, for example the TGF-
B receptor in mammals [16], [17] and the family of Leucine-rich repeat receptor-like kinases in plants
(LRR-RLKs) [18]-[21]. Similarly to tyrosine-specific receptor kinases, the first step in signalling activa-
tion upon ligand perception, is autophosphorylation within a homo- or heterooligomer (dimer or
higher). However, while receptor tyrosine kinases generally transmit signals via the assembly of a phos-
phorylation-specific signalling scaffold complex, receptor serine/threonine kinases additionally use
their intrinsic kinase activity to directly phosphorylate downstream regulators, such as the Smad pro-
teins in the context of TGF-B signalling.

1.1.2 Receptor histidine kinases

Histidine kinases take a special place among protein kinases. As the name suggests, histidine-
specific protein kinases phosphorylate a histidine residue in their substrate. However, in contrast to
tyrosine- or serine/threonine-specific protein kinases, the resulting modification does not merely
change the behaviour of the phosphorylated protein. Instead, the phosphoryl group acts as a relay and
is itself transferred along the signalling cascade, all the way from the receptor histidine kinase, directly
or via one or multiple phosphotransfer proteins, and onto the final effector, termed response regula-
tor.

1.1.2.1 Architecture and principles of signalling

Histidine kinases are dimeric proteins constructed around a functional core consisting of an N-
terminal sensory input domain followed by the kinase portion [22]. In many cases, the sensory domain
is located on the extracellular side of the plasma membrane and connected with the kinase domain
via a transmembrane segment. The kinase portion itself consists of two separate domains. The first
one, termed HisKA in the SMART protein domain annotation system [23], and also known as DHp do-
main [24], is a 60-70 amino acid helical domain. It consists of two a-helices of approximately equal
length that are connected by a short hairpin and fold back onto one another to form an antiparallel

bundle. Two such domains constitute the heart of the histidine kinase dimer by forming an antiparallel
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four-helix coiled-coil. At the beginning of the HisKA domain lies a conserved histidine residue that func-
tions as the primary acceptor substrate for the phosphorylation reaction.

The HisKA domain is C-terminally connected to a catalytic ATPase domain, termed HATPase in
the SMART database. When the histidine kinase is activated, this domain uses ATP to phosphorylate
the conserved histidine residue in the HisKA domain. Depending on the respective orientation of the
domains, the reaction can take place either in cis or in trans within the histidine kinase dimer. Both
cases have indeed been reported (reviewed in [24]).

Autophosphorylation of the histidine kinase at its conserved histidine residue creates a high
energy modification in the form of a phosphoramidate. This relatively unstable modification is the
central feature distinguishing histidine kinases from serine/threonine and tyrosine-specific kinases.
The latter all catalyse the formation of phosphoester bonds between the y-phosphate of ATP and the
hydroxyl group in their respective substrate side chain. Thus, the ratio of phosphorylated to unphos-
phorylated histidine residues at equilibrium condition is very low [25], and the half-life of the modifi-
cation can be expected to be by far inferior to that of phosphorylated alcoholic side chains. Histidine
kinase signalling hence is characterised not by a large change in bulk phosphorylation, but rather in
the modulation of phosphoryl flux [25]. The high-energy phosphoramidate in the phosphorylated his-
tidine, in turn, is key in driving the downstream relay of the phosphoryl group to its final acceptor.
After autophosphorylation, the phosphoryl group is transferred to an aspartate on a second protein,
termed response regulator. This transfer can occur directly, as is the case for the evolutionarily well-
established two-component system (TCS) found in bacteria. It can also take place via multiple interim
steps involving shuttle proteins, giving rise to a variety of multi-step phosphorelay system (MSP) that
are found in more recent organisms such as fungi and plants. The response regulator, which frequently

acts as a transcription factor, finally initiates the cellular reaction to the perceived stimulus.

1.1.2.2 Two component system (TCS)

The TCS is the most common type of intracellular signalling mechanism found in eubacteria
[25]. It is composed of two namesake components, the sensory histidine kinase and the response reg-
ulator. The histidine kinase contains only a specific signal-perceiving input domain and the HiskA /
HATPase pair. The response regulator in turn consists of an aspartate-containing receiver domain and
an effector domain [25]. The nature and identities of sensory input and effector domains are as diverse
as the signals they sense. In most cases the effector domain of the response regulator is a transcription
factor. Aspartate phosphorylation in the receiver domain modulates the transcription factor’s affinity
to its DNA target thus altering gene expression. As bacteria have no nucleus, a direct contact between
the histidine kinase at the plasma membrane and the response regulator on the chromosome is pos-

sible, enabling direct phosphotransfer from the kinase to the receiver domain.

1.1.2.3 Multi-step phosphorelay (MSP) [26], [27]

In contrast to bacteria, which use TCS signalling as the most widespread means of signal trans-
duction, only few such pathways exist in eukaryotes [25]. Fungi use histidine kinase signalling for se-

lected pathways [26], and a number of active sensory histidine kinases are known in plants [28]-[34],
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[35], [24], [36]-[40]. As in TCS, the systems are composed of a sensory histidine kinase and a (usually
transcription-modulating) response regulator. However, as eukaryotes have strict topological separa-
tion of the cytosol and the genome by means of the nucleus, no direct contact between the histidine
kinase and the response regulator can take place. In order to maintain the same basic signalling system
of phosphoryl flux from sensor to effector, a means to shuttle the phosphate from the cytosol into the
nucleus is required. This task is accomplished by two modifications to the TCS. Firstly, the use of a
hybrid histidine kinase, which contains an additional C-terminal aspartate-containing receiver domain
in the histidine kinase and a histidine-containing phosphotransfer protein (HPt) [41]. Hybrid histidine
kinases and HPts exist in bacteria as well but orthodox TCSs prevail (only five hybrid histidine kinases
out of 30in E. coli [42]. The receiver domain of hybrid histidine kinases is similar to that of the response
regulators and indeed contains the same phosphorylation site in the form of an aspartic acid. Thus,
instead of transferring the phosphoryl group from the histidine in the HisKA domain directly to the
response regulator, the first transfer occurs to the receiver domain in cis. In the second step, a HPt
binds to the kinase’s receiver domain and the phosphoryl group is transferred to its conserved histi-
dine. These proteins have a highly conserved structure composed around a four helix bundle with two
antiparallel pairs similar to the HisKA core [24], [40] and two additional C-terminal helices. After re-
ceiving the phosphoryl group, the HPt relocalises to the response regulator in the nucleus, where the
third and final phosphotransfer step takes place. This three-step mechanism gave the pathway its
name of multistep phosphorelay (MSP).

In addition to providing a phosphoryl shuttling mechanism from the cytosol into the nucleus,
MSP offers a wider potential for cross talk between various signal transduction pathways. Indeed,
some histidine kinases in Arabidopsis have been shown to interact with multiple HPts[24], [43]. Addi-
tionally, many interactions with Ser/Thr kinase cascades have been reported, such as between the
ethylene receptors ETR1 and ERS1 and MAPK pathways in Arabidopsis [44].

1.1.3 Histidine kinases in Arabidopsis

The Arabidopsis thaliana genome encodes eight functional histidine kinases [24]. These can be
topologically grouped into three categories. Firstly, the ethylene sensors with three N-terminal trans-
membrane helices (ETR1, ERS1). Ethylene, which is a freely diffusible hydrophobic gas, is enriched
within the hydrophobic environment inside the plasma and ER membranes. Thus, ETR1 and ERS1 can
use a single combined sensing and membrane anchoring domain. Ethylene plays a crucial role in ger-
mination, leaf abscission, and fruit maturation, as well as organ development, and stress or pathogen
response [45], [46].

The second class is that of sensory histidine kinases with one extracellular or ER-lumenal sen-
sory domain encompassed by two transmembrane helices (CKI1, AHK1-4). These comprise the cyto-
kinin sensors AHK2-4 [28], [31], [32], [47], [48], the putative osmosensor AHK1 [35], [49], and the cy-
tokinin-independent growth regulator CKI1 [50]. Of these, the best-characterised ones are the cyto-
kinin receptors. These receptors are mainly located at the endoplasmic reticulum [28] and sense cyto-
kinin levels by means of their extracellular CHASE domain (Cyclases/Histidine kinases Associated Sen-
sory Extracellular) [51]. Cytokinin mediates cell growth and division, as well as differentiation and api-

cal dominance. Cytokinin signalling is reviewed in [52].
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AHK4 is the only Arabidopsis histidine kinase for which a high-resolution structure of the sen-
sory input domain is available [31]. It consists of an N-terminal transmembrane segment, followed by
a long helix that mediates homodimerisation. The polypeptide chain then loops back towards the
plasma membrane and forms two subsequent PAS-like folds before the second transmembrane seg-
ment. This fold, termed a CHASE domain is common in bacterial sensory proteins [51]. Based on se-
guence similarity, it is likely that all Arabidopsis histidine kinases pertaining to this class contain this
fold in their sensory input domain [53].

The third class, which has no transmembrane segment at all, contains only one member, the
all-cytosolic, putatively H,0,-sensing AHKS [24], [29], [30], [34].

1.1.4 AHKS5

AHKS5 has functionally been implicated in stomatal closure upon hydrogen peroxide stress per-
ception [36]. Interestingly, AHK5 has been shown to be essential for stomatal closure in response to
diverse stimuli that are known to cause alterations in cellular H,O; levels [37], [38]. It has thus been
proposed that AHK5 functions as an integrator of H,0,-mediated signals at multiple levels [36].

AHKS is the only known histidine kinase in Arabidopsis that does not contain any transmem-
brane segments. It has been shown to both localise to the cytosol and to associate with the plasma
membrane [36]. However, the mechanism by which AHK5 is enriched at the membrane is not known.
Both N-myristoylation and interaction with scaffolding proteins have been suggested [36] but no evi-
dence regarding either could yet be obtained.

The other feature that sets AHKS apart from the other Arabidopsis HKs is its N-terminal sensing
domain. The Cytokinin-sensing AHKs, AHK1, and CKI1 probably all possess CHASE or CHASE-like do-
mains as their input domains, while the ethylene sensors have a set of three helices embedded in the
membrane that serve to bind ethylene. In contrast, very little is known about the input domain of
AHK5. Preliminary data obtained by Dr. Michael Heunemann and Prof. Dr. Klaus Harter (ZMBP, Univer-
sity of Tiibingen) show that the N-terminal 350 residues are crucial for regulation. In particular, a cys-
teine residue at position 3 appears to be required for signal perception (Prof. Dr. Klaus Harter, personal
communication). However, previous computational attempts at predicting the domain architecture of
this N-terminal stretch were unsuccessful (Dr. Johannes Bauer and Prof. Dr. Thilo Stehle, IFIB, Univer-
sity of TUbingen, personal communication).

As AHKS5 integrates H,0; signals in response to many diverse primary stimuli, unravelling the
mechanism of signal perception could prove key to understanding many different physiological re-

sponses and relationships between signalling pathways.

1.1.5 Redox signalling

Changes in the redox potential outside or inside the cell are dramatic developments that cells
need to react to in order to survive. Hence, many mechanisms are capable to sense varying degrees of
oxidative stress, from small changes to the redox potential to the presence of highly reactive oxygen
species (ROS).
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Redox sensing by proteins can be mediated by a number of different mechanisms, most of
which involve the modification of surface-exposed cysteine residues [54]—[56]. Sensing is initiated by
the reversible oxidation of the thiol function to sulfenic acid. This unstable intermediate can react with
other free thiols to form disulfides, releasing one water molecule. This reaction can occur either with
other cysteines or with small molecules, such as glutathione. Such modifications are termed S-thiola-
tions. Sulfenic acids have also been shown to be S-alkylated in the presence of quinones or S-chlorin-
ated by hypochloric acid [54], [57], [58]. These modifications can cause changes in protein activity ei-
ther by directly affecting the local chemical environment, by covalently crosslinking multiple compo-
nents of a signalling complex, or by providing charge patterns required for binding of additional factors,
similarly to the phosphotyrosine-specific SH2 domains [59].

Furthermore, Light Oxygen and Voltage-sensing domains (LOV), a subtype of the widespread
Per-Arnt-Sim (PAS) domains, have been described to act as redox sensors via oxidation / reduction of
their prosthetic Flavine-Adenine-Dinucleotide (FAD) moiety and subsequent local hydrogen bond re-
arrangements [60]. PAS domains have also been described as signal mediators and sensory domains
in many histidine kinases [61]—[63].

1.1.6 Aim of this project

In contrast to the prokaryotic two-component system, only very little is known about the mo-
lecular mechanisms of signal input of plant MSP. The only A. thaliana histidine kinase for which a high-
resolution structure of the sensory input domain is available is the cytokinin-sensing AHK4 [31]. Given
the variety of signals perceived by the eight histidine kinases, a significant variety of input domain
structures is to be expected.

This project aims to obtain a high-resolution structure of the sensory input domain of AHKS5,
in order to unravel the its mechanism of signal perception and transduction. The main focus is to es-
tablish whether AHK5 employs canonical methods of redox sensing, such as those described in section
1.1.5. As redox signalling should be a dose-responsive reaction and not a simple on-off switch, a com-
bination of activatory stimuli is possible and is to be investigated.

Understanding and being able to predict how an organism reacts to certain ambient stimuli
requires a thorough understanding of the molecular mechanisms involved in the transduction of these
stimuli into cellular reactions. The lack of clear sequence homologues raises the possibility that the
sensory domain of AHK5 may contain previously undescribed protein folds, thus potentially offering

the possibility to study novel mechanisms of signal perception.

1.1.7 Work presented in this thesis

The work presented here constitutes a foundation for studying the AHKS input domain in vitro.
Bioinformatical analyses revealed a region of low homology to PAS / LOV domains directly upstream
of the Histidine Kinase domain, raising the possibility that a PAS-like sensing or transducing mechanism
could be involved in AHK5 function.

Several protein fragments containing varying portions of the AHK5 input and kinase domains

were successfully expressed and purified. Reproducible purification protocols were established for
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three fragments yielding high amounts of pure protein. Although the protein samples produced to
date exhibited varying degrees of heterogeneity that prevented structural analyses, the proteins were
successfully used to assess H,0, responsiveness in vitro. The results underline the previously postu-
lated role of Cys3 in signal perception, as it mediates the covalent dimerisation of the N-terminal sen-
sory domain in a H,0,-dependent manner. Together with sequence-based computational analyses,
which suggest that two out of the four cysteines in the ATP binding domain of the kinase could be
surface-exposed, the data are used to formulate a working hypothesis on how AHKS5 senses the cellular
redox potential.

Additionally, a successful protocol for expressing full-length AHKS in insect cell culture is pre-
sented. Natively-purifiable full-length AHK5 can be used in the future to better characterise its func-
tions and to assess the domain architecture in vitro by limited proteolysis.

Taken together, the results presented here help further the understanding of AHK5 function.
They provide knowledge and tools required to push future experiments towards the ultimate goal of
elucidating the mechanism of H,0,-responsiveness by AHKS.
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1.2 Results

1.2.1 Computationally guided construct design

As there was no previous information available on the architecture of the AHK5 N-terminal
sensory input region, potential domain boundaries were estimated computationally. In a first round,
the full-length amino acid sequence was subjected to a secondary structure alignment-based database
search using the HHPRED algorithm implemented in the MPI Bioinformatics Toolkit
(toolkit.tuebingen.mpg.de, [64], Figure 1-1).

a
0 100 200 300 4[|)0| 500 600 700 800 900 PDB ID Protein E-value
L J

PfyP LOV domain (Bacilius subtilis) /
466z FixL HisKA (Bradyrhizobium diazoefficiens) hybrid 1.56-31
4EUK AHK5 REC domain 1.1E-16
51Dy CckA HisKA (Caulobacter vibrioides) 3.4E-23

N

3JZ3 QseC HisKA (Escherichia col) 11E-21
S 2ZAY Response Regulator (Desuifuromonas acetoxidans)  1.7E-13
0 100 200 300 400 PDBID Protein E-value

PfyP LOV domain (Bacilius subtilis) /
£ 3 4GCz FixL HisKA (Bradyrhizobium diazoefficiens) hybrid 3.0E-13

4R3A Blue-light Hisk A LOV domain (Erythrobacter litoralis)  1.2E-11

4HHD Phototropin-1 LOV-2 (Arabidopsis thaliana) 2.0E-08
VoY Heme PAS sensor (Escherichia coli) 4.0E-08
3UE6 Aureochrome 1 LOV domain (Vaucheria frigida) 2.2E-07

Figure 1-1: Representative HHPRED results [64]. (a) First 15 result lines for the full AHK5 sequence. The highlighted hits are listed with their
respective E-values in the table on the right. (b) As in a, but restricted to the first 400 residues in AHK5. The top 50 hits of the HHPRED
searches are shown in the appendix in Table 5-2 and Table 5-3 for panels (a) and (b), respectively. The database version used for the searches
is as of 15/0ct/2019.

HHPRED database mining with the full length AHK5 sequence (Figure 1-1a) yielded multiple
high confidence (E-value below 107) secondary structure homologues covering the C-terminal receiver
domain (residues 774 - 922, [40]) and the central catalytic segment (residues ~350 - 630). Interestingly,
the first five hits extend N-terminally until roughly residue 200. A second iteration of HHPRED using
only the first 400 residues revealed homology to multiple proteins of bacterial and plant origin. The
aligned regions of these proteins contain either a Per-Arnt-Sim (PAS) or the closely related Light-oxy-
gen-voltage-sensing (LOV) domain (Figure 1-1b). However, the E-values for these alignments are dis-

tinctly higher than for the longer histidine kinase domains.

In order to provide a more complete picture of the architecture of the AHK5 N-terminus, ad-
ditional database searches were performed to identify secondary structure and disorder propensity,
sequence conservation, and homology to structurally known domains. Results from the different
search strategies were pooled and used to generate a model of the AHK5 domain architecture that

served as the basis for construct design (Figure 1-2).
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Figure 1-2: Overview of AHK 5 domain architecture and expression constructs. (a) Overlay of the secondary structure propensity of AHK5, as
calculated by PSIPRED [65], [66] and ConSurf conservation score [67]. Predicted a-helical segments are highlighted in red, B-strands in blue.
Sections with increased propensity for disorder (IUPRED [68]) are shown by the brown colour. The black line plots the per-residue conserva-
tion score obtained with ConSurf [67]. All scores were smoothed using a five-residue sliding window averaging in order to better recognise
domain boundaries. The resiue numbering axis at the top is valid for the entire figure. (b) Domain architecture generated by the SMART
protein domain annotation resource [23] (https://smart.embl.de). Segments found at high confidence are drawn and labelled as solid boxes.
The stretch between residues 200 and 320 yielded multiple low-confidence hits (Figure 1-1b) and is shown as a transparent box. (c) Overview
of the AHKS5 constructs that were generated in the process of this study. The colour code represents the status of the fragments (green:
successfully purified; yellow: expressed, solubility test pending; black: cloned, expression test pending; grey: to be cloned; red: expressed

but insoluble).

Secondary structure and disorder analysis using Quick2D (Figure 1-2a) yielded a significant dis-
order propensity for the first 50 - 70 residues followed by two strongly a-helical stretches around res-
idues 100 and 200, respectively. These stretches coincide with two separate coiled coil stretches iden-
tified by the SMART domain annotation database [23] (Figure 1-2). The segment between residues 200
and the beginning of the kinase domain around residue 350 displays a mixed a/pB scoring that is com-
patible with the hypothesis of a PAS or LOV domain (see also Figure 1-20). Further along the sequence,
the secondary structure shows the long helical section typical of the core region of histidine kinases.
This region is sometimes termed dimerisation and histidine phosphotransfer domain (DHpD) [24]. Here
it will be termed Histidine Kinase domain (HiskKA). It consists of two antiparallel a-helices that form a

four-helix bundle upon dimerisation. The reactive histidine residue is located at the beginning of the
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first helix. It is followed by the ATPase domain (mixed a/B), a long disordered region, and finally the
previously described receiver domain [40].

An overlay of a sequence conservation score (obtained using the ConSurf server [67] (Figure
1-2a) reveals high sequence conservation for the HisKA / ATPase and receiver domains, as well as for
the putative PAS / LOV domain. In contrast, the first 150 residues yield an average ConSurf score with-
out clear indication as to conservation or variability. The disordered region between the ATPase and
the receiver domains scores as highly variable, as does a section of roughly 20 residues within the

ATPase domain.

Based on these data, domain boundaries for the input segment were selected at the very N-
terminus ("A"), before the first coiled coil ("B"), as well as before the PAS/LOV domain ("C"), and at the
start of the kinase domain ("3") (Figure 1-2b). Additional boundaries were chosen between the histi-
dine kinase and ATPase domains ("ADf"), at the end of the ATPase domain ("2"), and at the very C-
terminus ("1"). The N-terminus of the receiver domain ("RECf") was published previously [40]. Figure
1-2c shows all constructs that were designed, cloned, expressed, or purified during this study. All con-
structs were named according to their boundaries (e.g. A2 for residues 1-617). For some domain
boundaries multiple versions were generated in the process of construct optimisation (e.g. A3; and
A3,)

1.2.2 Protein expression and solubility screening

For all E. coli constructs, protein expression was assessed in small scale by SDS-PAGE, and pro-
tein solubility was probed by screening for potential lysis buffers (see Material and Methods Table
3-27).

ko 5
& B3, c B3
g _Ae(617) A3, (1-342) A3, (1-364)  (72-342) § (12842 C2(203617)  32(352:617)  32(361617)
kDa & + SN P - + SNP - + SN P - + kpad SN P - + SN P - + SN P - + SN P
85 L :
70 - -*
60 2 60
50 e - ey — ¥ 50 « L LN L
40 o 40
-
30 30 * * Lk
— — =

Figure 1-3: Expression test for the first seven AHK5 constructs (15 h, 20 °C, 0.5 mM IPTG). Lanes are grouped by construct. (-) Pre-induction
control. (+) Whole cell pellet post induction. (SN) Supernatant and (P) pellet of preliminary lysis test in 30 mM Tris pH 7.5 @ RT, 300 mM
NaCl, 20 mM imidazole. The pellet fraction was solubilised with 6 M Urea. Asterisks indicate overexpression bands of the expected sizes. The

original gel pictures without labelling asterisks can be found in Figure 5-2 in the appendix.

All tested constructs expressed very efficiently and to comparable levels (Figure 1-3). However,
in all instances the overexpressed protein localised to the insoluble fraction (P). For most constructs,
subsequent lysis buffer screening did not yield any conditions in which soluble protein could be na-
tively extracted. Only one construct, A3,, which contains the complete N-terminal segment of AHK5

preceding the kinase domain (residues 1-364), could be solubilised directly after lysis (Figure 1-4a). The
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buffer identified (1-7, Material and Methods Table 3-27, [69]) to be favourable for extracting soluble
protein, was the only one containing a chaotropic agent (100 mM urea).

Expression conditions were then refined by analysing the effect of induction time on the dis-
tribution of AHK5 A3, between the soluble and insoluble fractions (Figure 1-4b). The highest quantity
of target protein in the soluble fraction was achieved after 5 h expression time. Longer expression led

to sequestration of AHKS5 to the pellet.

a 2 b 2

% %

5 _1- -2 13 14 15 _1-6 17 o SN P
kDad SN P SN P SN P SN P SN P SN P SN kba &€ - 1h 2.5h 5h ON — 1h 2.5h 5h ON

. -

= =3

- .
60
50 - ! Evs - 60 < 5 P - A3,
40 5 3 - 50 = > = = (1-364)

A 124 » 40 - e 35 o B
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Figure 1-4: |dentification of a suitable lysis buffer for the AHK5 A3, construct. (a) Excerpt of a lysis buffer screen conducted with O/N expres-
sion pellets and the buffer screen (Table 3-27). Lysis performed in buffer 1-7 (100 mM Tris pH 8.2 @ RT, 50 mM NaCl, 100 mM urea) yielded
a band of the expected size in the soluble fraction (SN, white asterisk). The original gel picture without the labelling asterisk can be found in
Figure 5-3 in the appendix. (b) Time course of expression of A3, and distribution into soluble (SN) and insoluble (P) fractions after lysis in
buffer 1-7. The highest intensity band at the expected size in the soluble fraction is detectable after 5 h.

As protein fragments containing not only the input segment but also the kinase domain are
likely required to understand the mode of AHKS activation, two constructs were selected for purifica-
tion attempts in spite of lack of soluble protein in initial lysis buffer screens. Following lysis and clarifi-
cation, pellets were repeatedly washed, and denaturing solubilisation was attempted in the presence
of 8 M urea. Both the C2 (residues 203-617, Figure 1-5a) and A2 (residues 1-617, Figure 1-5b) fragments
were thus successfully solubilised.

5] o}
a 2 $ b 2 $
% =) % =]
% wash (1% Triton X-100) s g} ‘wash (£1% Triton X-100) s
kbDa oo SN + + - - o P kDa o SN + + - - o
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Figure 1-5: Denaturing solubilisation tests of AHKS fragments comprising the kinase and ATPase domains. (a) C2 (residues 203-617) and (b)
A2 (residues 1-617) constructs: Lysis, supernatant (SN), pellet wash fractions with (+) and without (-) 1% Triton X-100, solubilisation with 8

M urea, and remaining pellet (P) fractions were analysed, if present.
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1.2.3 Native purification of fragment A3, (1-364)

The AHK5 fragment A3, was enriched by IMAC and large aggregates were removed by SEC.
The affinity tag was then proteolytically removed and a second SEC run was used for final polishing.
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Figure 1-6: Overview of the purification workflow for AHKS fragment A3.. (@) Enrichment of AHKS from crude lysate by IMAC. Chromatogram
of column wash and elution steps. The imidazole concentration is shown in green; the blue line denotes UV absorption at 280 nm. Target
protein-containing fractions pooled for further purification are highlighted in grey. (b) SDS-PAGE of lysis supernatant (SN), IMAC flowthrough
(FT), and elution fractions. (c) Chromatogram of first gel filtration (SEC 1), using a HiLoad 26/60 column containing Superdex 200 (GE
Healthcare, Uppsala, Sweden). The UV absorption trace was recorded at 280 nm. The pooled peak fractions are marked in grey. (d) SDS-
PAGE analysis of relevant SEC fractions. (e) UV absorption trace of polishing SEC (SEC Il) elution recorded at 280 nm with pooled fractions
marked in grey. (f) SDS-PAGE analysis of affinity tag removal by proteolytic cleavage and subsequent relevant SEC Il fractions. Lanes contain
pre-cleavage reference (SEC | mL 186), digestion with TEV protease (+TEV), protease removal by flowing the digest over an IMAC column (re-
IMAC FT), and the relevant SEC Il fractions.
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1.2.3.1 Protein enrichment by IMAC

The overexpressed protein could successfully be enriched by IMAC, as is visible by the very
prominent bands at 50 kDa in the SDS-PAGE analysis of the elution fractions (Figure 1-6a, right). Only
a small portion of the available protein successfully bound to the Ni-NTA matrix, as suggested by the
comparable intensities of the cognate bands in lysis supernatant and IMAC flowthrough (lanes L and
FT, respectively). This could be caused either by saturation of the column material or by the binding
kinetics of AHK5. Indeed, a single pass of the lysate over the column was not sufficient to bind any
significant amount of protein. Continuous circular loading O/N was required. Elution of AHK5 A3, was
successfully carried out with a gradient of imidazole, ranging from 0 to 1 M imidazole. Target protein
elution started at concentrations around 150 mM (Figure 1-6a, left). However, in many cases, AHK5
A3, could be detected in the eluate over a wide range of imidazole concentrations, including 1 M. This
suggests indeed slow association and dissociation kinetics to and from the Ni-NTA matrix as a contrib-

uting factor to the observed behaviour of this AHK5 fragment.

1.2.3.2 Aggregate and high-order oligomer removal by SEC

Following removal of imidazole and urea by overnight dialysis against buffer SEC | (see Material
and Methods Table 3-23), the protein was subjected to a first round of gel filtration in order to remove
aggregation nuclei. When using unconcentrated sample immediately after dialysis, SEC chromato-
grams as shown in Figure 1-6¢ could reproducibly be obtained. A trace of the UV absorption at 280 nm
revealed three discernible elution events: A first one after 130 mL, corresponding to the column’s void
volume and thus containing particles with molecular weights of over 600 kDa or aggregate, a second
one with a broad distribution and a peak at approximately 155 mL, and a third and more narrow one
at an elution volume of 177 mL. As is apparent from SDS-PAGE analysis, the second and third event
both contain predominantly a protein of the expected size (Figure 1-6d). Based on the comparison with
elution volumes observed for other proteins available in the laboratory, neither of the observed dis-
crete elution events for AHKS A3, is consistent with the expected dimeric assembly (expected particle
size of roughly 100 kDa). Such a particle should elute approximately after 200 mL. Both elution events
thus likely arose from higher molecular weight protein species, hence suggesting that overexpressed

AHKS5 A3, — specifically or unspecifically — forms larger oligomeric assemblies.

1.2.3.3  Affinity tag removal and polishing SEC

To complete the purification of AHK5 A3, only the protein species eluting at 177 mL from the
first SEC was further processed. First the Hisg affinity tag was proteolytically removed and the remain-
ing protein concentrated and subjected to a second round of gel filtration in order to maximise sample
homogeneity (Figure 1-6e). Tag removal by TEV protease was highly efficient, as can be seen by the
comparison of the first two lanes on the SDS-PAGE in Figure 1-6f. Owing to the Hisg tag of the TEV
protease, it could in turn be removed from the solution together with undigested AHK5 A3, by flowing
the sample over a second Ni-NTA-agarose-column, as only the digested target protein is detectable in
the flowthrough (Figure 1-6f, lane re-IMAC FT). Concentration and subsequent polishing SEC using the
same strategy as in the first gel filtration step reproducibly yielded a single peak at 177 mL. The small
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shoulder preceding it could either be attributed to a possible oligomerisation equilibrium, or to car-
ryover from SEC |, as the lack of baseline separation of the two species makes precise pooling of the
fractions very difficult.

Overall, AHK5 A3; could successfully and reproducibly be purified to average yields of 4.3 mg
of pure protein per litre of TB culture processed. Interestingly, the C3A mutant, which was purified
according to the same protocol, showed a nearly six-fold increase in yield. Both versions of the protein

can be stored at -80 °C at concentration of 2-4 mg/mL.
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1.2.4 Denaturing purification of fragment C2 (203-617)
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Figure 1-7: Overview of the purification workflow for AHKS fragment C2. (a) SDS-PAGE of Urea-solubilisation of the insoluble fraction follow-
ing lysis. Lane SN contains the lysis supernatant, followed by four wash steps with (+) and without (-) Triton X-100 and the final inclusion
body fraction solubilised with 8 M urea. (b) Target protein enrichment by denaturing IMAC visualised by SDS-PAGE. Solubilised inclusion
bodies are followed by the IMAC wash and the elution fractions. (c) Trace of UV absorption at 280 nm of first SEC run after refolding. Grey
areas represent separately pooled peak fractions. (d) SDS-PAGE of (c) with pooled fractions of peak 1 and peak 2, as well as one fraction
separating the peaks (gap). IMAC elution prior to refolding is included for reference. (e) SDS-PAGE of TEV protease-mediated affinity tag
cleavage. The uncropped gel image is shown in Figure 5-4 in the appendix. (f) UV absorption traces (280 nm) of SEC Il (peak 2 and peak 1
separately). Grey areas denote pooled fractions. (g) SDS-PAGE analysing reverse IMAC (re-IMAC) after TEV digest showing target protein in
flowthrough (FT) lane, followed by relevant peak fractions from SEC . SEC | peak 2 and peak 1 were treated equally and separately.
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AHK5 C2 was solubilised from inclusion bodies using a buffer containing 8 M urea. The dena-
tured protein was then subjected to target protein enrichment by IMAC, followed by refolding via
stepwise dialysis. Protein homogeneity was then improved by two iterations of SEC and removal of the

Hise purification tag (Figure 1-7).

1.2.4.1 Solubilisation with 8 M Urea and denaturing IMAC

Whole-cell SDS-PAGE analysis of the protein expression cultures 20 h post-induction show a
distinct band of just over 50 kDa (Mw(c2) = 49.6 kDa) signalling high-yield overexpression of the target
protein (Figure 1-7a). In contrast, after lysis in buffer C2 main (see Material and Methods Table 3-23)
and centrifugation, no band of that size is detectable (Figure 1-7a, lane SN). Indeed, the target protein
nearly quantitatively localised to the pellet, and no amount of washing with or without Triton X-100
could solubilise it. Only when the pellet was homogenised in buffer containing 8 M urea, the corre-
sponding band could be detected on SDS-PAGE (Figure 1-7a, lane 8 M urea). The high intensity of the
band as well as the near complete lack of other bands suggest a very high yield of solubilised AHK5 C2,
as well as an extremely high initial purity. The protein was further enriched by IMAC while under de-
naturing conditions. Most of the target protein successfully bound to the Ni-NTA matrix and could
again be eluted with solubilisation buffer containing 250 mM imidazole (Figure 1-7b). The resulting

eluate contained a high concentration of denatured AHK5 C2, as suggested by SDS-PAGE.

1.2.4.2 Refolding and first SEC

Refolding was carried out by dialysing the diluted (1 : 4) protein solution against buffers con-
taining decreasing concentrations of urea (see Material and Methods Table 3-23). This procedure was
immediately followed by a first iteration of gel filtration, in order to remove aggregation and aggrega-
tion nuclei. The SEC chromatogram (Figure 1-7c) shows two discrete elution events at retention vol-
umes of 193 and 218 mL, respectively. These two events are preceded by a continuous signal, starting
at the column’s void volume of 120 mL and growing towards the 193 mL peak. SDS-PAGE analysis of
fractions covering the entire elution range confirmed the presence of only the target protein band in
all of the elution events (Figure 1-8c). This suggests the presence of at least two different discrete
oligomeric species of AHK5 C2, in addition to a continuum of unspecific multimers, up to large aggre-
gates that elute in the column’s void volume.

Fractions pertaining to either of the two discrete elution events were pooled separately for
further processing and termed peak 1 (193 mL), and peak 2 (218 mL). Size estimation of the two spe-
cies, as carried out by analytical SEC (Figure 1-14b), suggests the smaller species to be monomeric
AHK5 C2, while the larger one to be a dimer.

A preliminary attempt to refold AHK5 C2 in the presence of 5 mM Riboflavin was performed
by Annkathrin Scheck during her bachelor’s studies in order to assess whether a Flavin-binding PAS
domain is present. No selective localisation of the characteristic yellow colour to the proteinaceous
fractions was observed. However, this experiment was performed using the preliminary rapid dilution

protocol instead of the later, more efficient dialysis strategy.
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1.2.4.3 Aggregation depends on refolding strategy and incubation time

In an early version of the protocol, rapid dilution was used for refolding instead of dialysis. This
led to very large volumes that required a lengthy concentration procedure via a second IMAC. The
resulting protein displayed a radically different behaviour on preparative SEC, with most of the protein
localising to the column's void volume suggesting nearly quantitative aggregation (Figure 1-8a+c).
These experiments, however, confirmed the high degree of purity of the target protein, as SDS samples
from across the entire elution range contained a unique single band, compatible with the molecular
weight of AHK5 C2 (Figure 1-8c). Interestingly, a similar effect was observed when incubating dialysis-
refolded protein at 4 °C O/N prior to SEC (Figure 1-8b), suggesting the timely removal of aggregation

nuclei to be a critical step.
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Figure 1-8: Near-quantitative aggregation of AHK5 C2 in previous refolding strategies. (a) SEC | trace (UV absorption at 280 nm) of protein
refolded by 1:100 rapid dilution and subsequent second IMAC for concentration. The vast majority of the signal localises to the column's void
volume. Grey areas signal samples analysed by SDS-PAGE. (b) SEC I elution profile obtained from a sample refolded by dialysis but stored
O/N at 4 °C prior to SEC yielding a similar elution profile to (a). This experiment was carried out on a smaller 16/60 HiLoad SD200 column.
(c) SDS-PAGE analysis of (a) showing only one species of protein across the entire chromatogram. The IMAC | elution (load) was included for
reference. Fractions obtained from (b) could not be detected on SDS-PAGE, due to low concentration.

1.2.4.4 Affinity tag removal and polishing SEC

Hise tag removal by digestion with TEV protease and subsequent reverse IMAC yielded results

comparable to those obtained for A3,. The digestion was nearly quantitative. No band of the size of
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the original protein could be detected on SDS-PAGE for the peak 2 sample and only a very small fraction
of protein remained undigested in the peak 1 sample (Figure 1-7e). In both cases, the digested protein
could successfully be separated from its undigested precursor, as well as from the protease, by means
of reverse IMAC. Both the undigested protein and the TEV protease bound to the Ni-NTA column and
are visible in the subsequent imidazole-containing elution step, while the digested protein was directly
collected in the flowthrough fraction (Figure 1-7g).

Polishing SEC performed with the concentrated C2 peak 2 and peak 1 samples obtained after
TEV digestion and reverse IMAC yielded appreciably low aggregation at 120 mL retention volume and
much less high order oligomers than in the first SEC. Both elution profiles show a distinct shoulder
pertaining to the respective other species (Figure 1-7f). This could either be due to carryover from
SEC |, as the peaks are not baseline-separated and thus hard to delimit, or be indicative of a dynamic
equilibrium in solution.

Successful and reproducible, purification of AHK5 C2 yielded approximately 2 mg of mono-
meric C2 ("peak 2") and 1 mg of dimeric C2 ("peak 1") per gram of cell pellet wet weight. The samples
could be stored at -80 °C at concentrations between 1 and 2.5 mg/mL.
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1.2.5 Denaturing purification of fragment A2 (1-617)

The AHKS5 fragment A2 was purified following the same general strategy used for C2. The pro-
tein was solubilised in 8 M urea, then enriched by IMAC under denaturing conditions. Following re-
folding by dialysis, AHK5 A2 was subjected to preparative SEC, Hiss tag cleavage with TEV protease and
a second round of SEC.
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Figure 1-9: Overview of AHK5 A2 purification. (a) SDS-PAGE visualising washing and subsequent solubilisation of lysis pellet (lane P). (b) IMAC
under denaturing conditions. SDS-PAGE shows solubilised protein prior to application to Ni-NTA agarose, the IMAC wash step, and imidazole
elution containing high amounts of target protein. (c) SEC | chromatogram (UV absorption at 280 nm). Grey area denotes pooled fractions.
(d) SDS-PAGE analysis of (c). (e) A2s0 chromatogram of polishing SEC. Grey areas denote pooled fractions. (f) SDS-PAGE of TEV and reverse
IMAC (left) and relevant SEC Il fractions (right). The uncropped gel image is shown in Figure 5-5 in the appendix.
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1.2.5.1 Solubilisation and denaturing IMAC

Similarly to fragment C2 (section 1.2.4), inclusion bodies derived from 20 h of AHK5 A2 over-
expression in E. coli (TB) could readily be solubilised in A2 main buffer (see Material and Methods Table
3-23) containing 8 M urea, as suggested by the presence of a prominent band on SDS-PAGE at a mo-
lecular weight of approximately 70 kDa (Figure 1-9a, Mw(a2=73.27 kDa). Subsequent IMAC, conducted

under denaturing conditions, yielded high quantities of over 95% pure target protein (Figure 1-9b).

1.2.5.2 Refolding and SEC

AHK5 A2 was successfully refolded using the step dialysis strategy originally developed for the
C2 fragment (see section 1.2.4.2). Subsequent preparative SEC revealed far less tendency to aggregate
compared to C2. The largest portion of the sample eluted with peak intensity at 168 mL and a small
shoulder preceding it at 148 mL. Virtually no UV absorption could be detected at the column's void
volume of 110 mL. SDS-PAGE confirmed the peak fractions to contain the same protein species as the
relevant IMAC elution (Figure 1-9c and d).

Size estimation by analytical SEC (Figure 1-14c) revealed a theoretical molecular weight of
307 kDa for the main peak and 610 kDa for the shoulder. These values are compatible with an elon-
gated dimer of AHK5 A2 and a dimer of dimers, respectively.

1.2.5.3 Affinity tag removal and polishing SEC

Removal of the purification tag by digestion with TEV protease and subsequent reverse IMAC
was successful and near quantitative (Figure 1-9f, left panel). Final sample polishing by a second round
of SEC yielded the elution profile displayed in Figure 1-9e. The main species elutes again at 168 mL,
indicating that purification tag removal, although successful, has no detectable impact on the protein's
hydrodynamic radius. The main peak in Figure 1-9e appears to exhibit a slight tailing effect compared
to Figure 1-9c¢, but this effect could be subjectively overjudged due to the different overall intensities
of the chromatograms. Integration and subsequent numeric evaluation would be required and is not
available for the chromatograms in question. Despite conservative fractioning during the first round
of SEC (Figure 1-9c, grey area) aimed at exclusion of the 148 mL shoulder, the overall shape of the
elution peak remained virtually identical, suggesting the possible formation of dimers of dimers to be
driven by a dynamic equilibrium in solution. SDS-PAGE analysis of the relevant peak fraction (Figure
1-9f, right panel) is again consistent with the size of AHK5 A2 and confirms the protein to be resilient
against proteolytic decay over the course of the purification.

Final purification yields of 2-3 mg of pure protein per gram of pellet wet weight were repro-

ducibly achieved and stored at -80 °C at concentrations of 0.5-0.6 mg/mL.
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1.2.6 Purified AHK5 fragments are folded and of correct identity
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Figure 1-10: CD spectra of purified AHKS constructs. Spectra were normalised for protein size, concentration, and cuvette thickness. The
spectra are colour-coded as denoted on top.

Circular dichroism (CD) spectroscopy was employed to assess protein fold after purification.
All three successfully purified AHK5 fragments yielded spectra typical for mixed o/ folds (Figure 1-10),
based on the characteristic minima at 207 nm and 222 nm for a-helices and at 217 for B-strands. Alt-
hough helices generally dominate CD spectra, the higher negative value of the 207 nm minimum rela-
tive to the 222 nm minimum is strongly indicative of both an increased B-sheet content and, possibly,
a significant random coil fraction. This phenomenon applies mainly to the two fragments purified using
denaturing agents, namely C2 (grey) and A2 (green, solid and dashed). By comparison, A3, has a slightly
less pronounced intensity difference for the two minima (black solid line, wt, black dashed line, C3A
mutant). A2 and A3, display comparable per-residue signal (mean residue ellipticity) suggesting similar

overall folding compactness. In contrast, C2 shows a weaker signal.

In order to ascertain the compactness of the proteins’ fold, a protease exclusion assay was
performed using the ProtiAce kit (Hampton Research, Aliso Viejo, CA, USA). SDS-PAGE-separated pro-
tein fragments were excided from the gel and sent to Sophie Stotz, Kalbacher Lab, University of Ti-

bingen for MALDI-TOF analysis. Undigested samples were included for protein identity verification.
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Figure 1-11: Protease exclusion assay performed on AHKS fragment A3.. (a) SDS-PAGE of single-protease digests. Lanes are labelled according
to the respective protease. Abbreviations are expanded on the right. Bands subjected to MALDI-TOF are marked with an asterisk. The original
gel picture without labelling asterisks can be found in Figure 5-6 in the appendix. (b) Peptide assignments mapped onto the putative A3,
domain architecture (see Figure 1-2). Each sequence position was assigned a value equal to the number of peptides covering that position
as detected by MALDI-TOF. The thus generated sequence coverage histogram was then normalised to the respective highest count for better
comparability. Greyscale differences delimit sub-histograms derived from individual gel bands, if more than one was analysed for one digest.

AHK5 A3, appears to be resistant against proteolytic cleavage to a certain extent (Figure
1-11a). Out of the twelve proteases in the kit only three led to complete or near complete degradation,
namely Proteinase K, Subtilisin, and Trypsin. A number of defined degradation products were detected
for Thermolysin, Actinase, Clostripain, and Endoprotease Glu-C. The remaining four, including the high-
efficiency-low-specificity digestive enzyme a-Chymotrypsin, showed no or nearly no degradative ac-
tivity. Of the discrete fragments obtained, six were successfully subjected to mass spectrometry anal-
ysis by MALDI-TOF.

Due to imperfect separation of the fragments by SDS-PAGE, precise sequence boundary as-
signment is not advisable. Hence, a normalised cumulative representation of peptides automatically
assigned to spectral peaks (BioTools Version 2.2 software (Bruker Daltonik GmbH, Bremen, Germany))

was chosen, resulting in sequence coverage histograms (Figure 1-11b).
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Processing of the undigested sample revealed nearly complete sequence coverage, confirming
protein identity (Figure 1-11b, top histogram). Analysis of the digested samples show the highest num-
ber of peptide reads clustering towards the region between residues 170 and 320 (Figure 1-11b). This
segment is thought to contain a coiled coil stretch as well as a PAS or LOV domain (or a similar domain,
Figure 1-2b). Cumulatively, MALDI-TOF results suggest indeed the presence of one or more folded do-

mains in that region.
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Figure 1-12: Protease exclusion assay performed on AHKS5 fragment C2. (a) SDS-PAGE of single-protease digests. Lanes are labelled according
to the respective protease. Abbreviations are expanded on the right. Bands subjected to MALDI-TOF are marked with an asterisk. The original
gel picture without labelling asterisks can be found in Figure 5-7 in the appendix. (b) Peptide assighments mapped onto the putative C2
domain architecture (see Figure 1-2). Each sequence position was assigned a value equal to the number of peptides covering that position
as detected by MALDI-TOF. The thus generated sequence coverage histogram was then normalised to the respective highest count for better
comparability. Greyscale differences delimit sub-histograms derived from individual gel bands, if more than one was analysed for one digest.
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In contrast to A3,, the C2 fragment displays diminished stability against proteolytic digestion,
as some extent of degradation is visible in all digestion samples (Figure 1-12a). This, however, led to a
higher number of degradation products suitable for MALDI-TOF fingerprinting. A total of 15 fragments
were selected for analysis (Figure 1-12a, black arrows).

As before, protein identity was confirmed by the spectral fingerprint of an undigested sample
(Figure 1-12b, top histogram), although at lower sequence coverage of just under 60%. Sequence cov-
erage histograms obtained from proteolytic digests indicate the presence of folded domains across
the entire sequence of AHK5 C2, with a particular emphasis on the putative PAS / LOV domain (approx.
residues 207-320). The section connecting this domain to the actual histidine kinase (HisKkA) domain is
also strongly represented in the histograms. This is of particular interest, as the segment had previously
not been classified as pertaining to any domain. Further regions of high sequence coverage are located
to the linker region between the HisKA domain and the subsequent ATPase, as well as within the
ATPase. The helix-turn-helix fold located centrally in the HisKA is largely missing, as well as a large
portion within the ATPase.

Although SDS-PAGE analysis of the proteolytic digests suggests diminished stability of C2 in
comparison to A3,, mass spectrometry revealed protected (and thus probably folded) sequences to
exist across the entire fragment length.
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Figure 1-13: Protease exclusion assay performed on AHK5-A2. (a) SDS-PAGE of single-protease digests. Lanes are labelled according to the
respective protease. Abbreviations are expanded on the right. Bands subjected to MALDI-TOF are marked with an asterisk. The original gel
picture without labelling asterisks can be found in Figure 5-8 in the appendix. (b) Peptide assignments mapped onto the putative A2 domain
architecture (see Figure 1-2). Each sequence position was assigned a value equal to the number of peptides covering that position as detected
by MALDI-TOF. The thus generated sequence coverage histogram was then normalised to the respective highest count for better compara-

bility. Greyscale differences delimit sub-histograms derived from individual gel bands, if more than one was analysed for one digest.

Of the three AHK5S fragments purified to date, A2 is the most resistant to proteolytic degrada-
tion. In nine out of 12 digests, the full length fragment was the major species detected on SDS-PAGE
following incubation, suggesting a remarkable stability (Figure 1-13a). A total of 15 bands were excided
from the PAGE and sent for MALDI-TOF. Due to the high stability of the protein, most of the fragments
fingerprinted by mass spectrometry were very close or at the full size of A2. The thus resulting exten-
sive sequence coverage (Figure 1-13b) is not surprising, but strongly confirms protein identity. Two
particular histograms are noteworthy in terms of fragment separation by SDS-PAGE and the resulting

accuracy in domain boundary assignment achievable by this method. Both the single read from the
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Subtilisin digest and the lower fragment from the Trypsin digest (black sub-histogram) reveal sequence
coverage far beyond the reach of a 13-18 kDa fragment. It is thus likely that the excided gel portions
contained more than one fragment of that size. The faint band at the very top of the gel may consist
of residual disulfide-linked A2 dimers and be thus indicative of insufficient amounts of reducing agents
in the sample buffer (Figure 1-13a, EL lane analysed).

All in all CD spectroscopy and mass spectrometry fingerprinting confirm that the correct pro-
tein fragments were purified and that they exhibit discrete folds likely covering the entire sequence

length.

1.2.7 Purified AHK5 fragments form inconsistent oligomeric assemblies in solution
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Figure 1-14: Size and homogeneity analysis of AHK5 fragments. (a) A3,, (b) C2, and (c) A2: Analytical SEC traces (left) are plotted by UV
absorption at 280 nm. Mass assighment to retention volumes was performed according to in-house calibration (see Appendix, Table 5-1 and
Figure 5-1). DLS distributions by scattering intensity (centre) and calculated mass fraction (right) are shown as automatically computed by

the Zetasizer software, using cumulant analyses of 3 experiments consisting of 20 single measurements each. Inset boxes contain the calcu-
lated details for the major peak species.
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In order to assess sample homogeneity, oligomeric assembly, and ultimately suitability for
crystallisation, purified AHK5 fragments were subjected to analytical SEC (aSEC) and particle size esti-
mation by dynamic light scattering (DLS). In all cases, results were inconclusive and pointed towards a
strong inherent heterogeneity of AHK5 fragments in vitro (Figure 1-14). All three constructs migrate
on aSEC as a single discrete peak, preceded by a shoulder corresponding to approximately double the
molecular weight, based on the column's calibration (see Appendix, Table 5-1 and Figure 5-1). Esti-
mates as to the oligomeric assemblies of the fragments are at best ambiguous. The main peak for A3,
(Figure 1-14a, left) elutes after a volume of 1.213 mL, corresponding to a calculated molecular weight
of 344 kDa. Given the monomeric mass of 42.6 kDa, this would signify an octameric spheroid or ellip-
soid or a less compact (i.e. elongated) assembly of an unknown number of (but less than eight) mono-
mers. The estimated particle weight is corroborated by DLS (Figure 1-14a, right). The calculated weight
of 269 kDa allows for a hexameric or lower assembly. However, sample polydispersity and the resulting
large error in size estimation may be indicative of a non-compact assembly. This could be caused by
intrinsic flexibility in the protein. As the size calculation is based on the Stokes radius, which assumes
a spherical particle, the values obtained here could also be indicative of AHK5’s deviation from a solid
spherical shape.

Size estimation is even more ambiguous for the C2 fragment. While the calculated elution vol-
umes on aSEC (67 kDa and 130 kDa, respectively, Figure 1-14b, left) are compatible with an equilibrium
between monomer and dimer (Mwcz) = 46.6 kDa), size distributions calculated from DLS experiments
(Figure 1-14b, centre and right) are strongly indicative of a very heterogeneous sample, leading to a
highly unreliable weight estimation of 743 kDa + 330 kDa.

The major species for A2 has an apparent molecular weight of 307 kDa, according to aSEC
(Figure 1-14c, left), corresponding to a compact tetramer or lower (My(a2) = 70.3 kDa). Again, DLS paints
a very heterogeneous picture with high polydispersity and very broad distributions. The resulting mo-
lecular weight estimate of 667 kDa + 245 kDa are thus not reliable.

Regardless of the high discrepancies between the expected dimeric assemblies and the highly
divergent molecular weight estimates calculated by different methods, the small peaks preceding the
main elution events on aSEC are always compatible with an assembly of twice the main species (Figure
1-14, left panels). This strongly suggests the presence of discrete oligomeric assemblies rather than of
a continuum of mono-, di-, trimers (etc.). Under this light, the highly polydisperse nature of the DLS
distributions can be attributed to protein flexibility or partial foldedness, rather than ambiguous oligo-

mers.
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1.2.8 Fragments purified to date are too heterogeneous or unstable for structural
studies

1.2.8.1 AHKS5 A3, forms unusual precipitate in crystallisation trials

Figure 1-15: Example of granular precipitate in AHKS5 crystallisation trials. Similar precipitates were found in the vast majority of AHKS crys-
tallisation drops, independently of protein concentration.

In spite of the aforementioned propensity of AHKS5 fragments to form heterogeneous solu-
tions, hopeful crystallisation trials were performed using commercial screens (see Material and Meth-
ods Table 3-9). Unfortunately, light granular precipitate appeared in virtually all conditions after about
one day. This precipitation event was shown to be independent of protein concentration (0.5 mg/mL
to 5 mg/mL) and protein to precipitant volume ratios. After appearing in previously clear drops, no

further development could be detected in any condition. Figure 1-15 shows an exemplary photograph
of this phenomenon.
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1.2.8.2 SAXS analysis of AHK5 A3, yields weak data
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Figure 1-16: SAXS data of AHKS5 A3,. (a) SAXS profile average extrapolated to zero concentration. (b) Guinier region and fit, determination of
radius of gyration (Rg) (c) Distance distribution function obtained from scattering profile using GNOM [70]. The back-calculated partial fit to
the scattering profile is traced in (a) as solid orange line). SAXS data were kindly collected by Dr. Olga Matsarskaia, University of Tubingen.

Small-angle X-ray scattering (SAXS) profiles of AHK5 A3, collected at beamline ID02, ESRF (Gre-
noble, France) yielded an extremely weak and noisy signal (Figure 1-16a). The sharp upwards turn of
the data at very low scattering angles in the Guinier representation (Figure 1-16b) could be a sign of
aggregation. Nonetheless, a value of 5.3 nm + 0.7 nm for the radius of gyration (Rg) could be extracted
by linear fitting of the Guinier region. This value is compatible with the hydrodynamic diameters of just
over 10 nm obtained by DLS (section 1.2.7). The distance distribution or p(r) function obtained by au-
tomated processing with GNOM [70] (Figure 1-16c) shows an at least bimodal distribution of intera-
tomic distances suggesting a multi-domain arrangement. While this finding is in agreement with the
predicted domain architecture (Figure 1-1, Figure 1-2), the weak nature of the data, the sharp upturn

in the Guinier plot, as well as the extension of the p(r) function to over 20 nm are suggestive of sample

stability issues, and potentially of aggregation.
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1.2.8.3 AHK5 A2 does not adopt discrete conformations in negative stain TEM

Figure 1-17: Negative stain TEM images of AHK5 A2. Concentrations are (a) 7 pg.mL and (b-d) 70 ng/mL, courtesy of Dr. York Stierhof, ZMBP,
University of Tubingen. Scale bars are 100 nm.

Negative stain transmission electron microscopy (TEM) images were kindly collected by Dr.
York Stierhof (ZMBP, University of Tlibingen) (Figure 1-17). AHK5 A2 forms particles of approximately
10-20 nm diameter, but no preferred shape or conformations could be discerned. In addition to the
vast majority of particles being separated from one another, larger conglomerates or aggregates were
found (Figure 1-17c, top, Figure 1-17d). These results highlight the protein's heterogeneity and ten-
dency to aggregate. As A2 is purified in denaturing conditions and refolded in vitro, these findings could
also indicate folding problems.
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1.2.9 AHKS5 fragments A2 and A3; form covalent dimers upon oxidative stress

1.2.9.1 AHK A3; oxidative dimerisation depends on the presence of a single cysteine residue
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Figure 1-18: Oxidative dimerisation of AHK5 A3.,. (a) Non-reducing SDS-PAGE of A3, samples pre-incubated in varying concentrations of
hydrogen peroxide showing an oxidation-dependent shift from the monomeric to a covalently linked dimeric form. (b) Control experiment
for (a) performed with the A3, Cys3Ala (C3A) mutant. (c) Western Blot of A32 dimerisation induced by varying ratios of oxidised to reduced
glutathione. A custom-made polyclonal rabbit-a-AHK5 antibody was used for primary staining, detection was performed via an IRDye680LT
goat-a-rabbit fluorescent antibody (Chromotek, Martinsried, Germany). Courtesy of Thomas Drechsler, ZMBP, University of Tibingen. (d) Ra-
tios of reduced to oxidised AHK5 A3, extracted from intensity-integrated western blots (c). A least squares fit (red line) yields a redox midpoint
potential (RMP) of -189 mV (left). Courtesy of Thomas Drechsler, ZMBP, University of Tuibingen.

As AHKS5 is involved in the regulation of redox homeostasis [36], the reaction of the input do-
main (fragment A3;) to oxidative stress by hydrogen peroxide titration was assayed. AHK5 A3, forms
covalent dimers in a reaction that is dependent on the hydrogen peroxide concentration. This is evi-
dent from the appearance of a band migrating at approx. 100 kDa on a non-reducing SDS-PAGE (Figure
1-18a). This matches double the size of the monomer, which migrates just under 50 kDa. The more
hydrogen peroxide is added, the more the band intensities shift towards the dimer. This effect is com-
pletely abolished when the only cysteine in A3, is replaced by an alanine (C3A mutant, Figure 1-18b),
strongly suggesting this residue to be functionally involved in AHK5 redox sensing. These findings agree
with this mutant showing the same phenotype as the complete knockout in planta (Prof. Dr. Klaus
Harter, ZMBP, University of Tubingen, personal communication).

The effect was quantified using purified A3, fragment by Thomas Drechsler (ZMBP, University

of Tlbingen) by using defined ratios of reduced and oxidised glutathione instead of hydrogen peroxide
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to generate controllable buffer redox potentials. The resulting AHK5 dimer : monomer ratios could be
qguantified by Western Blot (Figure 1-18c) and fitted using a least-squares fit of the form

Rred:ox = C1° e~ 2 Eredox (1-1)
with Rreg:ox as the ratio between oxidised (dimeric) and reduced (monomeric) AHKS5, Eregox as the sam-
ple's electrochemical or redox potential, and the fitting parameters ¢1 and Cz. Solving Equation (1-1)
for equal quantities of oxidised and monomeric AHK5 (Rred:0x = 1), yields a Redox Midpoint Potential

(RMP) of -189 mV. For comparison, the steady state redox potential in Arabidopsis thaliana leaf cells
has been previously suggested to be -320 mV [71].

1.2.9.2 AHKS5 A2 is sensitive to oxidative stress and forms various covalent multimers
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Figure 1-19: Oxidative multimerisation of AHK5 A2. As in Figure 1-18, purified protein was incubated with varying concentrations of hydrogen
peroxide prior to non-reducing (left, no B-mercaptoethanol in the sample buffer) or reducing (right, with B-mercaptoethanol) SDS-PAGE.
Black arrows and black asterisks denote bands corresponding to covalent monomers, dimers, or trimers, respectively. Red asterisks indicate
protein bands that do not migrate at integer multiple values of the monomer band. . The original gel picture without labelling asterisks can
be found in Figure 5-9 in the appendix

The longer AHKS fragment A2, encompassing the histidine kinase and ATPase domains in ad-
dition to the input domain, also shows depletion of its monomeric form on non-reducing SDS-PAGE
upon treatment with hydrogen peroxide (Figure 1-19). In contrast to A3,, this does not correlate with
the appearance of one discrete band for a covalent dimer, but rather with a multitude of higher-order
oligomers, in addition to several bands that do not match the size of any discrete oligomer (Figure
1-19, red arrows). As treatment of half of the sample with reducing agents prior to SDS-PAGE leads to
all high molecular weight bands disappearing and full intensity recovery of the monomer band (Figure
1-19, +B-ME lanes), any hypotheses involving protein degradation can be disregarded. As AHK5 con-
tains four cysteines in the ATPase domain, it is more likely that these additional bands correspond to
partially unfolded versions of the protein stabilised by intramolecular disulfides. The presence of these
additional cysteines, in contrast to the single one for A3,, may also account for the presence of trimeric
and possibly higher oligomeric covalent assemblies in vitro.

Initial in vitro transphosphorylation assays performed by Thomas Drechsler (ZMBP, University
of Tlibingen) using AHP1 as a phosphoryl acceptor [40] showed that A2 possesses the desired histidine
kinase activity and modulates this activity depending on the buffer's redox potential (Thomas

Drechsler, personal communication).
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1.3 Discussion

Any endeavour to understand a sensor protein's function must, by default, include a detailed
inspection of its sensory input domain. In the case of AHKS5, this sensory region was mapped to the
first 300 - 360 residue prior to the beginning of this study (Prof. Dr. Klaus Harter, personal communi-
cation). N-terminally truncated constructs starting with the Kinase domain and including the C-termi-
nal receiver domain displayed a constitutively active behaviour both in vivo and in vitro, thus assigning
the N-terminal portion an inhibitory role in the resting or non-activated state. The attempts to eluci-
date form, function, and structure of this region, performed in the study presented here, paint a pre-
liminary and speculative, but nonetheless highly intriguing, picture of mechanisms potentially involved

in AHKS5 signal perception.

1.3.1 AHKS5 domain architecture - a partial picture

AHK5 conservation analysis using ConSurf [67] as well as secondary structure and disorder
predictions using PSIPRED and IUPRED [65], [66], [68] yield results that agree well with the presence
of canonical Histidine kinase (HisKA), HATPase, and receiver domains. The predictions obtained for
these regions contain the expected secondary structure fingerprints for the respective domains (see
Results Figure 1-2a, Figure 1-20c,d). The regions in question also coincide with stretches of high con-
servation scores and are clearly delimited against regions of predicted disorder, such as the long low-
complexity linker between HATPase and receiver domains (residues 620-770). The prominent dip in
conservation in the middle of the receiver domain covers one flexible loop (residues 507-535) that is
unresolved in the crystal structure [40]. Interestingly, the secondary structure fingerprint for the
HATPase domain (Figure 1-20c,e) is interrupted between the fourth and fifth B strands (B4 and B5) by
a 20 - 25 residue-long disordered loop of lowest conservation (Results Figure 1-2a) and unknown pur-
pose.

Using the previous metrics, it is more difficult to divide the entire N-terminal sensory region
into domains and variable regions. The conservation score is not as clearly pronounced towards con-
servation on the one hand or variability on the other. It appears however likely that the first 50 to 70
residues are flexible, based on the IUPRED disorder score. This first segment is followed by a 30 residue
stretch with helical propensity, matching the region assigned by SMART to the first of two coiled-coil
regions. The next segment (residues 120 - 163) scores neither for secondary structure nor for disorder.
This apparent contradiction highlights the limitations of predictive approaches to determine domain
boundaries of unknow protein structures. The stretch exhibits a borderline low complexity character-
istic with twelve negatively and nine positively charged residues for a total of 21 charges out of 44
residues. Owing to its low conservation score, this segment has never been functionally investigated.
Such a high concentration of charges is however intriguing, and its function should be probed. The
remainder of the sensory input region scores as a second short coiled-coil followed by a stretch of
higher conservation (residues 200 - 340). This section exhibits a secondary structure fingerprint that
nearly matches that of PAS / LOV domains (see Results Figure 1-2a, Figure 1-20d,f). Upon comparison
of the secondary structure fingerprint derived from the LOV domain of YF1 (PDB ID 4GCZ, Figure 1-20,
[72]) with the PSIPRED secondary structure prediction for AHK5 (Results Figure 1-2a), the same pattern
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is recognisable, with the exception of strand B1, which is scored as an extension of helix al. Whether
this observation can be attributed to more stable secondary structure fingerprinting in the second half
of this putative domain than it is in the first half or it is instead indicative of deviations from the canon-
ical PAS fold cannot be stated.

HATPase
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Figure 1-20: Possible domain arrangement of the central portion of AHK5 (residues 200-620). (a) Homology models of AHK5 PAS (top) and
histidine kinase (bottom) domains calculated using MODELLER [73], [74]. The putative PAS domain is coloured in yellow and orange, the
HisKA portion of the catalytic domain in slate, and the HATPase domain in turquoise. The residues pertaining to a putative helix connecting
the PAS and HisKA domains are coloured red. The relative orientation of the domains is modelled on (b). (b) Crystal structure of a PfyP/FixL
hybrid blue light sensor (PDB ID 4GCZ, [72]). Colouring as in (a). (c) Schematic domain architecture of the histidine kinase domain (HiskA /
HATPase domains). Colouring as in (a). (d) Schematic domain architecture of PAS / LOV domains. (e), (f) Secondary structure fingerprints of
the histidine kinase and PAS / LOV domains, respectively.

PAS domains have been reported in many bacterial sensory histidine kinases. In these en-
zymes, they fulfil various functions ranging from primary stimulus sensing [60] to signal relay to the
catalytic domain by means of structural rearrangements [61], [63]. In Arabidopsis thaliana, PAS-like
domains are also found in the context of histidine kinases. The extracellular sensory domain of AHK4
consists of two tandem PAS-like folds that constitute a CHASE (Cyclases/Histidine kinases Associated

Sensory Extracellular) domain. This high frequency of PAS domains and PAS-like folds in the context of

36



Discussion AHK5 Erik R. Noldeke

sensory histidine kinases suggest that, while the secondary structure fingerprinting for such a domain
between residues 200 and 340 in AHKS is not perfect, the presence of such a domain is not unlikely.

The homology model built on the sequence of AHK5 using HHPRED and MODELLER [64], [73]-
[75] terminates in an extended a-helix that folds back onto the domain (Figure 1-20a, red helix). Com-
plementarily, the N-terminus of the kinase domain scores as an extended a-helix that could not be
reliably modelled. However, the helices marked in red in Figure 1-20a contain the same primary se-
guence. It is thus conceivable that they may be directly connected and form an extension to the HiskKA
coiled coil helix bundle, similarly to that of the hybrid blue light sensor from Bradyrhizobium japonicum
and Bacillus subtilis shown in Figure 1-20b. The folding of the connecting helix onto the PAS domain in
the AHK5 homology model may be due to penalties for loose packing in the MODELLER algorithm. In
the case of such a direct connection between the PAS or PAS-like domain and the catalytic domain,
the PAS section may play a signal mediating or amplifying role. Various activation mechanisms for his-
tidine kinases have been postulated over the years [76]—[78] and many rely on mechanical rearrange-
ments of the central four helix bundle as well as the adjacent HATPase domains. These movements
can be symmetric or asymmetric helix rotations as well as helix piston movements. It is well possible
that the PAS domain's function in AHKS is to initiate or enhance such subtle structural rearrangements
upon signal sensing by the N-terminal portion of the protein. There are to date no data suggesting a
direct involvement of the PAS section in AHK5 signal perception.

Based on the available data, a partial hypothetical model of the AHK5 sensory input and kinase
domains can be derived. The first identifiable folded element is a first instance of a coiled coil between
residues 70 and 100. This segment is only poorly connected to the second detected coiled coil, which
starts approximately at residue 160. The region in between displays a high net charge and low se-
guence complexity. Starting with the second coiled coil region, the protein likely arranges around a
central helix bundle until the canonical histidine kinase domain, with a PAS-like fold between residues
200 and 340 acting as a mediator. The histidine kinase is followed by a 170 amino acid long disordered
linker that allows for receiver domain (residues 774-922) mobility. The first 70 residues and the low
complexity linker between the two coiled coil segments, though likely of functional importance, could
not be structurally classified to date.

1.3.2 Purified fragments allow limited inferences on AHK5 shape and function

As of today, the endeavour to obtain soluble, stable, and homogeneous AHK5 fragments for
structural studies was met with only partial success. Three constructs were successfully purified, in
addition to the previously described C-terminal receiver domain [40]. The newly obtained fragments,
aimed at elucidating the mechanism by which AHK5 senses changes in the cellular redox potential,
span the first two thirds of the primary sequence.

The shortest construct, termed A3,, comprises the entire N-terminal portion of the protein
preceding the catalytic histidine kinase domain. This section has internally been termed the input do-
main. In the past, experiments carried out by Michael Heunemann in Prof. Dr. Klaus Harter’s group
(zMmBP, University of Tubingen) revealed constitutive kinase activity of constructs lacking this portion

of the protein (Prof. Harter, personal communication). Fragment A3, was chosen for its potential to
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shed light on the sensory mechanism, as well as in order to identify potential domain boundaries by
limited proteolysis.

C2, the second fragment purified, contains the second part of the input domain and the entire
catalytic kinase domain (HisKA and HATPase). The start of this fragment, residue 203, was chosen
based on an increase in confidence of the fold prediction algorithms. It is situated immediately C-ter-
minally of the second predicted coiled coil stretch (results Figure 1-2a)) and coincides with a sharp rise
in sliding-window-corrected conservation score. It is also situated immediately after a significant spike
in the IUPRED disorder prediction. Thus, it contains the entire potential PAS domain. This construct
was selected for its potential to contain the portion of the input domain that was deemed most likely
to be folded, as well as the connection to the catalytic domain and the catalytic domain itself. Thus, it
may be suitable to study the mechanism of signal transduction from the sensory input domain to the
activation of histidine kinase activity.

The final construct, A2, spans the entirety of both previous constructs. It was selected in the
hope that domain truncations, which may have been present in the previously used fragments, could
be avoided. This hypothesis assumes that the C-terminus of the HATPase is accurately predicted.

1.3.2.1 AHKS5 fragments are folded but oligomeric assemblies are difficult to judge

Of the three fragments, A3, was the only one that could be natively purified. The other two
required denaturing lysis and subsequent refolding. All three protein fragments were reproducibly pu-
rifiable both in yield and quality. All three displayed strong mean-residue ellipticity signals in CD exper-
iments, suggesting the proteins to be folded. The magnitude of the signal is similar to that observed
for SaGatD/MurT [79], which was successfully crystallised. Nevertheless, all fragments displayed un-
expected behaviour on preparative and analytical SEC. Although the observed elution profiles strongly
suggest the presence of one discrete major oligomeric assembly for each fragment (see Results Figure
1-14), the identity of these assemblies is, at best, ambiguous. The two fragments containing the full N-
terminus, A2 and A3,, exhibit very early main elution events on analytical SEC. Based on the in-house
calibration of the column used (see Appendix, Table 5-1 and Figure 5-1), the observed retention vol-
umes suggest very high oligomeric assemblies of six (A2) or eight (A3,) monomers.

However, sample mobility on SEC is dictated by the particle’s hydrodynamic volume and not
directly by its molecular weight. The calibration experiment performed on the equipment used in this
study was carried out using globular (i.e. near-spherical) proteins. Thus, the molecular weight esti-
mates available assume a spherical assembly of a given density. Any deviation from a spherical shape
(i.e. arod-shaped or disk-shaped protein) or from the assumed average density (i.e. incomplete folding
of the protein) leads inevitably to an increase in the effective hydrodynamic volume and thus to an
overestimation of the molecular weight. In order to assess the plausibility of the results obtained for
the AHK5 samples, it is necessary to quantify the expected deviations.

Assessing the compactness of the fold is, unfortunately, not conclusively possible, based only
on the available data. As the normalised CD signals reach a magnitude that is comparable with that of
fully folded SaGatD/MurT [79], complete unfoldedness can be ruled out. However, as CD spectroscopy
assesses only secondary structure, even a molten globule-like state would probably yield a high inten-

sity signal, while displaying a significantly lower compactness and thus lower density than a fully folded
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protein. It must thus be assumed that fold compactness and flexibility have an impact of unknown
magnitude on the apparent hydrodynamic volume, thus likely leading to an overestimation of the mo-

lecular weight of AHK5 fragments.

The impact of shape variations, in contrast, has been extensively studied [80]-[82]. Indeed, a
protein’s shape deviating from a spherical body can be easily described as a prolate (cigar-shaped) or
oblate (pancake-shaped) rotational ellipsoid with two distinct semi axes a and b (Figure 1-21c). Ac-
cording to Francis Perrin (obtained from [82]), the correction factors for the frictional coefficients fof
such objects (Figure 1-21a) can be described by Equation (1-1) for prolate objects (b < a) and Equation
(1-3) for oblate objects (b> a).

b
foro _ 1-(3)
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fo o 2 2 13
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Using the description of the frictional coefficient by Stokes (obtained from [80], [81])
f =6mr (1-4)
with 77 denoting the viscosity of the medium, it follows that:
fpro or obl _ fapp _ 7"app (1_5)

fo fo To

In other words, the Stokes radius 1y, of a prolate or an oblate object is the Stokes radius of a
spherical object of the same mass multiplied by the Perrin frictional correction factor.

The apparent molecular weight of a protein obtained from a calibrated SEC experiment is thus
that of a hypothetical spherical object with a Stokes radius 15,,,. The relationship between the spheri-
cal radius and the molecular weight is given by the volume of the (hypothetical) sphere multiplied by

its density:

4 3
MW,O = Pprotein * §7T o) (1-6)

It follows from Equations (1-5) and (1-6) that the apparent molecular weight of any prolate or

oblate ellipsoid protein, as determined by SEC, is given by:
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3
4 fe
Mw,app = Pprotein §7T ' (TO ' ‘}Zp> (1-7)

or, plainly, assuming proteins of equal density:

f 3
Mw,app = MW,O ' ( app) (1-8)
fo
where M,, o is the actual molecular weight of the protein.
Using Equation (1-8), an apparent molecular weight correction factor can be plotted as a func-

tion of the rotational ellipsoid axial ratio (long over short semi axis, Figure 1-21b).
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Figure 1-21: Effect of rotational ellipsoid shape on apparent stokes radius and molecular weight estimation via SEC. (a) Dependency of fric-
tional correction factor £,/ on rotational ellipsoid shape for prolate (blue, Equation (1-1)) and oblate (red, Equation (1-3)) objects. (b) SEC
— molecular weight overestimation factors derived from Equation (1-8) for prolate (blue) and oblate (red) objects. (c) Prolate (blue, top) and

oblate (red, bottom) rotational ellipsoids of equal volume shown for selected axial ratios.

In the case of fragment A3; an My,app Of 344 kDa, given the monomeric M,, of 42.6 kDa, a
compact rotational ellipsoid containing only two monomers (as is to be expected for a histidine kinase)
would require an axial ratio far higher than 10. Such an object is not likely to be mechanically stable.

Unless A3, forms stable and specific assemblies of four or more monomers, a completely compact fold
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is unlikely. If however the N-terminal 100-200 residues were of high flexibility, this would significantly
lower the protein’s density (Equation (1-7)), hence leading to a much higher hydrodynamic volume
and thus My, app.

The C-terminal extension of A3,, A2, displays an My, ap value of 307 kDa, with a monomeric
M., of 70.3 kDa. Under the assumption of a dimeric assembly and compact fold, these values lead to a
prolate object with an axial ratio of 5.7 or an oblate object with an axial ratio of 6.4. This is intriguing,
since A3; alone shows a higher My, app, despite a much smaller My . It could be indicative of either
completely different folding (i.e. problems with the refolding procedure) or an attractive effect of the
histidine kinase portion on the flexible parts of the N-terminal region, thus forming a more compact
assembly. Indeed, this hypothesis is strengthened by the redox-modulable kinase activity of A2 ob-
served by Thomas Drechsler, which suggests a functional protein. It is also compatible with the homol-
ogy model shown in Figure 1-20a, with the remaining 200 N-terminal residues in part extending the
rod-shaped structure and in part folded back onto its surface in a manner yet to be determined.

Interestingly, purified C2, which consists only of the histidine kinase portion of AHKS, is mostly
monomeric. The My,app Of 67 kDa (Mu,c2=46.6 kDa) cannot accommodate any oligomers. Unless the
fold is not correct, this suggests the N-terminus to play a major role in AHK5 oligomer assembly.

Taken together, these findings paint a highly flexible picture of the AHK5 N-terminal fragments

purified to date. The disordered character is further underlined by the high level of sample polydisper-

sity observed in DLS experiments (see Results Figure 1-14).

1.3.3 Most AHKS fragments are insoluble after overexpression

Although all AHK5 constructs tested to date overexpress at remarkably high levels (see Results
Figure 1-3), nearly all the protein mass is typically found in the insoluble fraction after E. coli lysis, with
the A3, fragment being the only exception. There are multiple plausible reasons why the AHK5 frag-
ments tend to aggregate or precipitate when expressed in E. coli. The most obvious explanation is that
AHKS5, a plant protein, is being expressed in a prokaryotic host. This host may lack key chaperones or
other stability-inducing factors required for correct AHK5 folding. Along similar lines, the larger AHK5
fragments used in this study may be too large for E. coli to handle. The smaller ones, aimed at express-
ing single domains, could have been incorrectly designed, leading to incomplete domains that cannot
properly fold. Additionally, yet unidentified post-translational modifications, such as O-glycosylation

or phosphorylation, may play a role in AHK5 structure.

Perhaps one of the most interesting, though least considered, reasons for failure to ectopically
express soluble protein is codon usage. In the days of affordable de-novo gene synthesis, it has become
standard procedure to use synthetic codon-optimised genes for target protein expression, rather than
genomic fragments or cDNA clones. This option offers the possibility to switch from codons used by
the donor organism to codons more suitable for the expression organism, thus apparently eliminating
translation problems due to rare codons. This strategy usually works by backtranslating the amino acid
sequence and assigns the most often used codon to each amino acid. The resulting gene then contains

only frequently used codons.
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However, rare codons may be required for proper protein folding. It has been repeatedly de-
scribed that some proteins can fold and unfold reversibly (i.e. by addition and removal of chaotropic
agents), while others only fold co-translationally and attempts at unfolding and refolding invariably
end in aggregation or precipitation (summarised in [85]). When looking at protein folding as a co-trans-
lational event, the addition of each single amino acid leads to a change in the shape the conformational
energy landscape, commonly referred to as the folding funnel. Thus, a conformation that may be easily
reached for a nascent fragment of a protein, may be kinetically or even thermodynamically hindered
in the context of the full-length polypeptide, thus resulting in aggregation rather than in a folded pro-
tein [85]. It has been proposed that selective use of rare codons at selected positions can serve to slow
down translation at critical steps, in order to allow for a slow-folding domain to reach its target con-
formation prior to synthesising the rest of the protein [86], [87]. Thus, a gene consisting solely of fre-
guent codons increases the net translation yield, but can drastically decrease the portion of correctly
folded protein [87].

Given the very high amounts of AHKS fragments detected after overexpression, such a mech-
anism may indeed contribute to AHKS5 insolubility. Using the %MinMax tool [83], [84], A. thaliana co-
don usage in AHK5 can be computed from the mRNA sequence (retrieved from the European Nucleo-

tide Archive (www.ebi.ac.uk/ena/) accession number DQ167579.1) and compared with the E. coli-op-

timised synthetic gene used in this study (Figure 1-22a). Not surprisingly, the synthetic sequence is
situated nearly completely in the %Max half (i.e. positive scores) of the chart, signifying an above av-
erage use of frequent codons. While the original A. thaliana sequence also lies mostly in the positive
range, one striking difference within the first 100 codons may be of relevance. Between residues 40
and 80, its %6MinMax score lies around 0 and displays a sharp peak down to -45 between residues 80
and 100 (Figure 1-22b). This could be indicative of a folding pause for an intermediate nascent poly-
peptide that cannot take place using the high codon frequency of the synthetic construct. It is thus
conceivable that both fragments incorporating the AHK5 N-terminus investigated in this study (A3,
and A2) may be hampered in their folding due to translation taking place too quickly.

It may be worth to design future studies while keeping in mind the potential roles of synony-
mous rare codons. A codon harmonisation tool has been programmed by the group of Prof. Patricia
Clark at the University of Notre Dame and is available as a Python script (Prof. Patricia Clark, personal

communication).

1.3.4 Structural studies are not likely to succeed with current constructs

Based on the data gathered on the AHK5 constructs currently in use, it is unlikely that any of
these constructs will be amenable to conduct high resolution structural studies. While CD spectroscopy
yielded signals amenable with a compactly folded protein and the protease exclusion assays revealed
protected stretches across the entire length of the constructs, further biophysical characterisations
raise multiple concerns. Firstly, the ambiguous oligomeric assemblies discussed above (section 1.3.2.1)
make the quality of the purified protein difficult to judge. Even if one oligomer were reproducibly pu-
rified, it is not possible to assess whether the observed assembly is physiologically relevant. This is
especially true for the fragments purified by refolding. Secondly, all fragments displayed increased

sample heterogeneity. Even after thorough filtration, DLS measurements never yielded stable results.
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All samples measured displayed high sample polydispersity. This indicates, at best, high protein flexi-
bility and, at worst, major issues with the stability of AHK5 oligomeric states. Indeed, SEC elution pro-
files, recorded at various stages throughout the respective purification procedures, revealed an invar-
iable tendency of all fragments to form higher order oligomers over time. Even though elution fractions
were always pooled so as to select for a single species, up-concentration and incubation times between
the purification steps led to additional larger species. Finally, attempts at conducting structural studies
performed to date all yielded disappointing results. SAXS experiments carried out with A3; led to only
very weak signal intensities. Initial Guinier analysis revealed the hallmarks of a polydisperse and po-
tentially aggregation-prone sample. Preliminary negative stain TEM images of A2 recorded by Dr. York
Stierhof (ZMBP, University of Tiibingen) failed to identify any predominant protein conformations but
at the same time revealed a high level of heterogeneity, such as aggregation clusters. Finally, all at-
tempts to crystallise either A3, or A2 led to sample precipitation, independently of protein concentra-
tion.

Taken together, these findings suggest major problems in the stability and oligomeric assem-
blies of purified AHK5 fragments. Such protein samples, while potentially catalytically active, lack the
most crucial quality for structural studies, regardless of the method used: sample homogeneity.

1.3.5 Mode-of-action hypothesis based on redox data

Although the purified AHK5 fragments likely will not allow immediate structural studies, bio-
chemical analyses reveal clues as to the mode of AHK5 activation.

Figure 1-23: Hypothetical model of AHKS5 oxidative activation. (a) In the reduced, inactive state, the N-terminal sensing domain (green brown)
may be flexible and either adopt multiple conformations or even fold back (transparent portion) onto the kinase domain (violet, turquoise)
in order to inhibit its action. Upon oxidation (e.g. by H202 exposure) the input domain dimerises via disulfide bond formation at Cys3, locking
the input domain in an activation-competent conformation. (b) Homology model of AHK5 HATPase domain, calculated by MODELLER [73],
[74]. The four cysteines are shown as sticks. The distance of 10 A between the only pair of cysteines facing one another within the domain
precludes intramolecular disulfide formation. (c) Extended model from (a). Additionally to Cys3 intermolecular disulfide formation, a disulfide
between the two HATPase domains in the dimer could be envisioned as redox-dependent modulators of AHKS activity.

Qualitative and quantitative in vitro dimerisation assays performed using the AHK5 A3, frag-
ment revealed a strong dependency between the redox potential of the buffer solution and the for-
mation of covalent AHKS5 dimers. This effect is solely dependent on the presence of a single cysteine

at position 3 (Cys3). Additionally, the midpoint equilibrium of this oxidative dimerisation is situated
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close to and on the oxidative side of a previously reported value for steady-state cytosolic redox po-
tential in Arabidopsis leaf cells [71]. These observations prompt a potential model for AHK5S activation
(Figure 1-23a). In the resting state (i. e. under reducing conditions) the AHK5 N-terminus is flexible and
may perhaps even serve an inhibitory function by folding back onto the kinase domain. In the event of
a rise in the cellular redox potential, for example by generation of reactive oxygen species such as
H,0,, Cys3 forms an intermolecular disulfide, thus locking AHK5 in a different, catalysis-competent
conformation.

A repeat of this experiment with the longer A2 construct, which also contains the kinase do-
main, revealed the formation of higher order covalent oligomers. An inspection of the amino acid se-
quence revealed the presence of four cysteines within the HATPase domain. (Figure 1-23b). While the
distance between the closest of the two cysteines in this homology model, C541 and C583, is too long
to form an intramolecular disulfide bond (10 A), two cysteines (C540 and C576) are situated on the
surface of the domain. It is thus conceivable that these residues may play a similar role to Cys3 in
bringing AHK5 into a catalysis-competent conformation as a response to increasing oxidative stress
(Figure 1-23c). Even without covalent dimerisation, oxidation of surface-exposed cysteine residues
such as C540 or C576 to sulfenic acid may play a role in ATPase activation, either directly or as an
intermediate for further modifications, such as S-glutathionylation. Indeed, many proteins become
sulfenylated upon hydrogen peroxide treatment in Arabidopsis. Either hypothesis needs to be thor-

oughly investigated by in vitro and in vivo mutagenesis and mass spectrometry analyses.

1.3.6 Conclusion

Taken together, the results presented in this study constitute a foundation from which to study
the mode of activation of the redox-sensitive histidine kinase AHKS in vitro. A plausible initial model
for AHK5S activation upon increase of the redox potential could be derived. It includes one or more
events of intermolecular oxidative dimerisation by exposed cysteine residues and, potentially, a yet
undescribed N-terminal domain of the PAS/LOV variety as a signal mediator.

High resolution structural studies of AHK5 are unlikely to succeed with the protein fragments
presented here due to heterogeneity and probable flexibility. Structural analysis of AHK5 will most
likely require better knowledge of domain boundaries in order to improve construct design. Poten-
tially, protein expression can be improved by harmonising host codon usage to mimic the original co-
don usage distribution, thus facilitating co-translational folding. Ultimately, in order to obtain a com-
prehensive picture of AHK5 structure-function relations, a multi-pronged approach synergising X-ray

crystallography, cryoEM, as well as in vitro and in vivo biochemical techniques will be essential.
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1.4 Ongoing Research

In order to better understand AHK5 domain architecture and domain boundaries, access to
high amounts of pure full-length protein would be immensely beneficial. To this end, efforts are being
pushed forward to express full length AHK5 (AHK5_FL) from Sf9 and Hi5 insect cells.

1.4.1 Transfection of sf 9 cells with the AHK5_FL gene was successful

Figure 1-24: Signs of infection of Sf9 insect cells. Scale bars are 100 um. (a) Adherent Sf9 cells 5 days after transfection with AHK5-cpontaining
bacmid. Cells are enlarged and display a characteristic granular structure. (b) Suspension Sf9 cells 5 days after infection with recombinant
virus derived from (a). Again, enlarged cells with granular structure are visible. Trypan blue staining highlights dead cells.

After transfection with recombinant baculoviral genome (bacmid) containing the gene for
AHK5, adherent Sf9 cells showed the distinct features of viral infection (Figure 1-24a). Many cells were
dead and detached (shadows outside of microscope focal plane) and the remaining ones were large
and round and most of them displayed a characteristic granular structure. The supernatant from this
culture was harvested and stored at 4 °C as the P1 stock. Further enrichment of the transgenic bacu-
lovirus was achieved by infecting Sf9 cells in suspension with the P1 stock. These cells again showed
signs of infection after five days (Figure 1-24b) with the dead cells clearly visible in the trypan blue
stain.

These images confirm that Sf9 cells transfected with the recombinant bacmid could generate

infectious virions.
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1.4.2 Initial expression tests are promising

a-AHK5
FL FLx neg

PAGE
FLx neg

PageRuler
m
| =
PageRuler
PageRuler

kDa

180
130 -—

g 2

<+— AHK5_FL

100 4

55.

s

[ 2

o

Figure 1-25: Expression test of AHK5_FL adherent Hi5 cells using P2 viral stock. Post-infection samples of cells (P) and cell culture medium
(M) were analysed by SDS-PAGE (left) and western blot using anti-Hiss tag (centre) and anti-AHK5 (right) primary antibodies. Two constructs
were tested, without (FL) and with (FLx) a Factor Xa cleavage site between AHK5 and the Hiss tag. The arrows mark the height of the AHK5

bands confirmed by MALDI-TOF. Uninfected samples were included as negative controls.

Five-day expression tests using both available AHK5_FL constructs (with and without a Factor
Xa cleavage site before the affinity tag) were performed using P2 viral stock and adherent Hi5 cells. The
cells as well as the cell culture media were subsequently subjected to SDS-PAGE and Western blot
analysis (Figure 1-25). Both constructs led to the presence of a prominent band in the whole cell pellet
lane on SDS-PAGE at around 130 kDa. This band was stained with both commercial anti Hisg antibody
(Thermo Fisher Scientific, Waltham, MA, USA) and custom-made polyclonal anti AHK5 input domain
antibodies provided by Thomas Drechsler (ZMBP, University of Tlbingen). As the expected molecular
weight of AHK5_FL is of approximately 100 kDa, this band appears to be too large, but mass spectrom-
etry analysis of excised bands performed by Sophie Stotz (Kalbacher group, University of Tlibingen)
confirmed the identity of the protein to be AHKS. Indeed, full-length AHK5 from whole plant cells has
been reported to migrate at larger apparent molecular weights (Prof. Harter, ZMBP, University of Tu-
bingen, personal communication), although the reason for this behaviour is not known to date.

AHKS5 can thus be successfully be expressed from insect cells using recombinant baculovirus

vectors.
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1.4.3 Lysis buffer screening revealed a potential condition for native purification

After obtaining the confirmation of successful expression of AHK5_FL from insect cells, a lysis
buffer screen and subsequent initial IMAC purification was performed by Lea Hansen-Palmus (Student
assistant, B. Sc.).
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Figure 1-26: Excerpt of a lysis buffer screen on AHK5_FL. Screening was performed by Lea Hansen-Palmus (Student assistant, B. Sc.) on Hi5
cells infected with AHK5_FL-containing baculoviral stocks. (a) SDS-PAGE and (b) Western Blot stained with a mouse a His6 tag antibody and
detected with a goat a-mouse secondary antibody coupled to horseradish peroxidase. Lanes contain lysis pellet (P), supernatant (SN), and
the elution from a His-spin trap (IMAC E) (GE Healthcare). Lysis buffer conditions were 50 mM MES, pH 6.0, with NaCl concentrations as
indicated by the lane labels. Additives used were 0.1 % Triton X-100 (T), 100 mM urea (U), and 20 mM imidazole (l). A black arrow indicates
a double band, which likely consists of multiple isoforms of AHK5_FL.

This initial lysis buffer screen, which covered a pH range from 6 to 8, NaCl concentrations from
150 mM to 1.5 M and tested the effects of imidazole, Triton X-100, and non-denaturing amounts of
urea on AHKS5 native extraction from cell pellets and subsequent enrichment by IMAC revealed a very
promising buffer condition at 50 mM MES, pH 6.0, 150 mM NaCl, 0.1 % Triton X-100 (Figure 1-26).
Preliminary upscaling experiments performed by Simon Vélpel in the group of Prof. Dr. Thilo Stehle
have shown promising results. These data will be used to design a full purification strategy for AHK5-
FL. Additionally, phosphorylation studies are underway in the hands of Thomas Drechsler (Harter
group, ZMBP, University of Tlbingen) with the protein obtained here. Why AHK5-FL expressed in Hi5
cells shows a double band on SDS-PAGE and Western Blot has yet to be addressed. Potentially, it could
be indicative of differential phosphorylation or even glycosylation.

1.4.4 Future prospects

The results presented here constitute a solid basis on which to further the work towards elu-
cidating the mechanism of AHKS5 signal perception. Refolded A2 fragment as well as the FL protein
from insect cell expression will be used in in vitro phosphorylation assays in the group of Prof. Dr. Klaus
Harter at the ZMBP, University of Tlbingen.

Furthermore, the hypothetical activation hotspots, namely Cys3, the putative PAS/LOV do-
main, and the surface-exposed cysteines in the HATPase domain should be tested for their relevance
in AHKS5 activation. Cysteine modifications in particular should be studied in a qualitative and quanti-

tative approach using mass spectrometry coupled to either liquid chromatography (LC-MS) for native
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conditions or capillary electrophoresis (CE-MS) for denaturing studies. Such efforts will help to fine-
tune the hypotheses presented here and direct future structural studies.

The ultimate goal remains to achieve high resolution structural data on the AHK5 sensory input
domain. Further refinement of the construct design as well as protein handling conditions are required
to reach this milestone. Limited proteolysis and mass spectrometry analyses on AHK5_FL will be used
to precisely pinpoint the domain boundaries and guide the design of more stable fragments that are
suitable for crystallisation. It is important to note that LC-MS or CE-MS should be preferred over the
traditional manual SDS-PAGE with subsequent gel excision and MALDI-TOF analysis.

Taken together, the work presented here lays the foundations to further the understanding of
a central regulator of cellular responses in Arabidopsis thaliana. Understanding the modulation of this
process will help to mechanistically understand many cellular processes that, to date, are known only
at the phenomenological level.
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2 STRUCTURAL STUDIES OF THE CELL WALL-MODIFYING ENZYME
GATD / MURT

2.1 Introduction

Since the discovery of penicillin in 1929 [88], many different types of antibiotic have been de-
veloped. The so-called antibiotic revolution during the 1960s and 1970s saw the advent of new mole-
cules capable of targeting the vast majority of bacterial pathogens at very high rates. As a conse-
guence, together with other life-prolonging development of the era after World War 2, life expectancy
increased dramatically from under 50 years at the beginning of the 20" century to over 70 years in
North America and Europe by the early 1980s. Over the same period of time, infectious diseases were
replaced by non-transmissible diseases, such as cardiovascular diseases and cancer, as the most com-
mon cause of death in developed countries. Unsurprisingly, people living in the developed countries,
especially the younger generations, have grown accustomed to regard infectious diseases caused by
bacterial pathogens as little more than an occasional nuisance. Even Yersinia pestis, which wreaked
devastation on multiple occasions during the middle ages, killing as much as 30 — 60 % of the European
population at times, can safely be killed by antibiotics.

However, as we should be reminded by the current COVID-19 pandemic caused by the coro-
navirus SARS-CoV2, threats from infectious diseases are far from banned. While the emergence of
novel pathogens, such as SARS-CoV2, poses a constant unknown threat we have to live with and react
to when times call for it, a very different threat is posed by established and well-understood patho-
gens. Since the early 1980s, no fundamentally new antibiotics have been discovered. All new molecules
approved for clinical use since then are modified versions of existing drugs. As is reviewed in [89], in
many instances it took only a few years from the introduction of a given antibiotic to the market until
the emergence of a bacterial strain that had developed a resistance mechanism against that molecule
and was thus capable of surviving antibiotic treatment. Widespread use of antibiotics in clinical set-
tings and misuse as growth boosters in livestock farming have accelerated the development of re-
sistant strains. With the number of antibiotic resistances constantly rising, so-called multi-resistant or
even pan-resistant microbes have become a serious threat. Many such strains are found in increasing
numbers in hospital environments where they cause an ever-increasing medical challenge and finan-
cial burden [90]. According to projections performed on behalf of the government of the United King-
dom in 2016 [91], this development could lead to bacterial infections by resistant strains surpassing
cancer in terms of yearly mortality by the middle of the century. In this scenario, antimicrobial re-
sistance would be responsible for 10 million deaths per year worldwide and could cause cumulative
costs to the global economy of up to USS 100 trillion.

It is hence imperative to push forward research into novel antimicrobial agents in every possi-

ble way.
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2.1.1 The bacterial cell wall

In contrast to protozoa, bacteria exhibit very discrete cellular shapes and assemblies. For ex-
ample, the enterobacterium Escherichia coli forms rod-shaped cells, whereas cocci such as Staphylo-
coccus aureus have spherical cells, and spirilla, such as Campylobacter sp. assume a corkscrew shape.
The ability to assume and maintain these relatively rigid shapes stems from a sophisticated cell wall
assembly.

Asin all cells, the bacterial cell is delimited by a plasma membrane composed of a phospholipid
bilayer. Outside of the membrane, the bacterium is then encapsulated in a carbohydrate peptide co-
polymer termed peptidoglycan. This mesh is differentially functionalised depending on the bacterial
species. In the case of Gram-positive bacteria, the layer is relatively thick and highly functionalised, for
example with wall teichoic acids [92] in Staphylococci or mycolic acids in Mycobacteria [93] (which
react negatively to Gram staining due to the mycolic acids, but are architecturally similar to other
Gram-positive bacteria). In contrast, Gram-negative bacteria have a comparatively simple and thin
peptidoglycan layer that is then covered by a second membrane.

It is the layer of peptidoglycan that functions as the primary structural component of the bac-
terial cell wall. It confers the cell rigidity as well as protection from mechanical and chemical damage.
It also allows bacteria to establish high turgor pressures, ranging from 0.3 — 3.0 bar for the Gram-
negative Escherichia coli up to as much as 20 bar for Staphylococcus aureus, a Gram-positive bacterium
[94]-[96]. It is constituted by a highly crosslinked network of polysaccharide chains and short peptides.
The polysaccharide is surprisingly homogeneous across all bacteria [97]. It invariably consists of alter-
nating B-1-4 linked N-acetyl-glucosamine (GIcNAc) and N-acetyl-muramic acid (MurNAc) moieties.
While the identity of the sugars is constant, the length of the polysaccharide chains varies significantly
from species to species [97].

Plasticity is conferred to the polymer by crosslinking the polysaccharide chains with short pep-
tides. These peptides differ significantly in their identity, depending on the bacterial species. In gen-
eral, they are composed of a stem peptide of 3 — 5 mixed L- and D-amino acids that is connected to
the D-lactate moiety of the N-acetylmuramic acid. Typically, the fourth amino acid is a diamino acid (L-
lysine or meso-diaminopimelic acid (mDAP) in most cases), enabling the crosslinking between adjacent
stem peptides. The identity of the crosslink also varies and can consist of either a direct connection or
be mediated via a bridging peptide that contains small amino acids, such as glycines or serines. The
different types of peptidoglycan have been systematically reviewed in the excellent work of Schleifer
and Kandler in 1972 [97].
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2.1.1.1 Peptidoglycan biosynthesis
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Figure 2-1: Overview of the steps involved in peptidoglycan biosynthesis in Staphylococcus aureus. MurA-F synthetise Park’s nucleotide
(UDP-MurNAc-pentapeptide), which is then anchored to the membrane via an undecaprenyl pyrophosphate tail by MraY, to form Lipid I.
MurG adds GIcNAc to form Lipid Il, and the FemXAB enzymes add the pentaglycine bridge to the lysine side chain in the stem peptide. GatD.
MurT then acts on Lipid Il to amidate the D-isoglutamate in the stem peptide (box). Hereby, GatD deaminates glutamine to form ammonia
and glutamate. Ammonia is then channelled to the active site of MurT, where it is used to amidate the peptide substrate in an ATP-consuming
reaction. Afterwards, the modified Lipid Il is flipped to the periplasm and used for peptidoglycan polymerisation by penicillin-binding pro-
teins. Taken from [79].

As depicted in Figure 2-1, peptidoglycan biosynthesis occurs in multiple steps. Firstly, the build-
ing blocks of the polymer are generated in the cytosol. Secondly, the building blocks are transferred to
the periplasmic space by means of an isoprenoid membrane anchor. Thirdly, specialised transglyco-
sidases and transpeptidases catalyse the polymerisation while recycling the membrane anchor. The
biosynthetic pathway will be exemplified here by that of Staphylococcus aureus. Although single en-
zymes are named differently in other organisms, the general architecture of the pathway is applicable
to most bacteria.

The assembly of the building blocks begins in the soluble phase in the cytosol with UDP-acti-
vated N-acetylglucosamine (GIcNAc). A pyruvate moiety is then added to the 3’ hydroxyl group of Glc-
NAc by the enzyme MurA to form 3’-enolpyrovyl-GlcNAc. The NADH-dependent oxidoreductase MurB
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then reduces the enolpyruvyl moiety to lactate, forming 3’-lactyl-GIcNAc or N-acetylmuramic acid
(MurNAc). A set of Mur ligases, termed MurC-F then catalyse the subsequent addition of a total of five
amino acids to the carboxyl group of MurNAc thus building the stem peptide. The resulting molecule,
UDP-MurNAc-pentapeptide, often called Park’s nucleotide, is the final cytosolic soluble peptidoglycan
precursor. Park’s nucleotide is then tethered to the plasma membrane by means of an undecaprenyl
phosphate anchor. This molecule, which is also known as bactoprenol, is attached to the soluble pre-
cursor via a pyrophosphate linker under the release of UMP by MraY. This first membrane-bound in-
termediate product is termed Lipid I. Addition of a GIcNAc moiety from the cytosolic pool of UDP-
GlcNAc by MurG yields Lipid Il [98]. Further, the enzymes FemX, A, and B add a stretch of five glycines
to the lysine-e-amine in the Lipid Il peptide stem. This Lipid Il pentapeptide is the final peptidoglycan
building block. It is subsequently flipped across the membrane to the periplasm [99], [100]. There,
transglycosylases and transpeptidases termed Penicillin-Binding Proteins (PBP) add the finished build-
ing blocks to the peptidoglycan mesh [101].

2.1.2 Antibiotics targeting the cell wall

The very first antibiotic ever to be discovered and to be used in a clinical setting, penicillin,
functions by inhibiting peptidoglycan polymerisation. Over the years, a wealth of different antimicro-
bially active compounds have been discovered and adapted for medical use. Although many of them
act on very different portions of the bacterial metabolism, the cell wall remains the target of the vast
majority of antibiotics. As of 2010, 50 % of prescription antibiotic doses were molecules targeting the
cell wall, in the case of intravenous (IV) application, the portion reaches as high as 75 % [102].

Modern antibiotics that target the cell wall can be roughly grouped into three categories: those
interfering with the cytosolic preparation of Lipid Il, those directly interacting with Lipid II, thus pre-
venting it from contacting any components of the downstream assembly machinery, and those that
inhibit the final polymerisation reactions.

The first group comprises amino acid analogues and sugar analogues. The sugar analogues,
such as tunicamycin, inhibit the assembly of Lipid I, i.e. the reaction of MraY. Unfortunately, they also
inhibit eukaryotic N-glycosylation and are still under investigation with regard to their potential clinical
applications [103]. The amino acid analogues D-cycloserine and fosfomycin are the only two pharma-
cologically approved antibiotics to inhibit the cytosolic steps of peptidoglycan biosynthesis [102]. D-
cycloserine acts as a structural analogue of D-alanine, thus inhibiting the assembly of the D-Ala-D-Ala
dipeptide. It is used as a second line antibiotic for the treatment of resistant Mycobacterium tubercu-
losis infections [104]. Fosfomycin is the most widely used molecule from this first group. It is the only
one interfering with the early steps of Park’s nucleotide assembly. It acts as a phosphoenol pyruvate
mimic and alkylates the catalytic cysteine in MurA, thus inhibiting the enzyme [104], [105]. Although
it has been termed “the only antibiotic currently in clinical use that targets a Mur enzyme” [104], it
should be pointed out that MurA is not a Mur ligase. This term refers to the ATP-dependent ami-
dotransferases MurC-F [106], and MurT [79], [107]—-[109]. There are currently no candidate molecules
acting against any of these enzymes.

The second group consists of, generally speaking, modified peptides. Among other, more ex-

perimental molecules [102], the most prominent representatives of this group are the glycopeptides
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and, to a lesser extent, the lantibiotics. Lantibiotics, or lanthionine-containing antibiotic peptides as-
sociate with the membrane in a yet undescribed fashion. They then proceed to bind to Lipid Il in vari-
ous ways [110]. Nisin for instance binds to the pyrophosphate of Lipid Il [111]. Although these mole-
cules have been known for a considerable amount of time, none have yet been approved for medical
use. The most prospective candidate, nisin, is however being successfully used as a food conservation
agent [111]. The most famous glycopeptide is, undoubtedly, vancomycin. Like lantibiotics, glycopep-
tides act by binding to Lipid Il, thus interrupting the peptidoglycan biosynthetic pathway. Specifically,
vancomycin binds to the terminal D-Ala-D-Ala moiety of the stem peptide [112], [113]. Vancomycin is
a last-resort antibiotic that is used to treat infections with otherwise resistant bacteria, such as MRSA
[114].

The third group could be also termed the archetype group for antibiotics. It is, of course, the
B-lactam group. B-lactams come in various shapes and functionalisations. They comprise the penicil-
lins, cephalosporins, monobactams, and carbapenems [102]. The core functional unit is the namesake
B-lactam ring, which exhibits structural similarity to the terminal D-Ala-D-Ala in the stem peptide. It
can covalently bind to the active site of the dedicated transpeptidase enzymes (aptly termed the pen-
icillin binding proteins, PBPs [101]) thus irreversibly inactivating them and impeding peptidoglycan
synthesis [102], [115]. B-lactams are, until today, the most widely used class of antibiotics [115].

2.1.3 Mechanisms of resistance and resistance development

As soon as a population of bacteria is exposed to an antimicrobial agent or antibiotic, they are
subjected to an evolutionary selective pressure to develop means and abilities to withstand the effect
of the drug. In other words, should any bacterium within that population develop or acquire any means
of tolerance or even resistance against the drug, it will increase its chance of survival. Fortunately for
the bacteria, but very much unfortunately for us humans wishing to employ antibiotics, bacteria have
quite short generation times and the advantage of large numbers of individuals. These features enor-
mously increase their statistical odds at successfully attaining resistance.

Resistance to antibiotics can be achieved in two basic ways [116]: (a) A mutation of an existing
gene or (b) the uptake of exogenous DNA coding for a resistance determinant. Thus achieved genetic
alterations can lead to five general mechanisms of resistance: (i) The target of the antibiotic can de-
crease its affinity to the antimicrobial molecule, (ii) the antibiotic uptake can reduced or (iii) its efflux
increased, or (iv) the overall metabolic pathway can be shifted so as to tolerate the presence of the
antimicrobial agent. Finally, (v) the antibiotic molecule itself can be targeted by a modifying or degrad-
ing enzyme. While the last one can only be achieved by the uptake of a pre-evolved gene, the first four
mechanisms can be achieved either by a transgene or endogenously, with relatively few point muta-
tions. Although most mutationally acquired resistances will invariably decrease the bacterial fitness,
for example by generally reducing the uptake of small molecules, thus also reducing the uptake of
nutrients [116], such events are relatively frequent. Thus, the more often one particular antibiotic is
employed, the higher the statistical probability of a successful mutation. Additionally, pre-existing mu-
tations can further evolve, thus fine-tuning the resistance mechanisms. Examples for such mutationally

acquired antibiotic resistances are rifamycin resistance by a single point mutation in the bacterial RNA
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polymerase [117], fluoroquinolone resistance by mutating a set of DNA gyrases [118], or the tolerance
of oxazolidinones by modification of various ribosomal proteins [119].

Most antibiotics are derived from molecules generated by certain fungi or even bacteria in
order to prevent the growth of harmful or concurring microorganisms. Hence, sophisticated resistance
mechanisms have already existed for a long time in bacteria that share an ecologic niche with an anti-
biotic-producing organism. If the source organism is a bacterium itself, such as actinobacteria from the
genus Streptomyces for the antibiotic streptomycin [104], a resistance mechanism must be in place in
that organism in order to tolerate its own product. Resistance mechanisms originating from such set-
tings can be extremely specific, very efficient, and highly refined. Genetic information can be shared
between bacteria via a number of horizontal gene transfer (HGT) mechanisms. These include transfor-
mation of naked DNA derived from decayed cells, transduction via an intermediate shuttle, such as
phages, or directly via conjugation. For a comprehensive review on bacterial HGT, refer to [120]. HGT
has helped pathogenic bacteria to acquire sophisticated resistance machineries such as B-lactamases
(a group of enzymes that degrades B-lactam antibiotics) [121], the MRSA PBP2a transpeptidase variant
with reduced affinity for methicillin [122], or the D-Ala-D-Lac-dipeptide-synthesizing enzymes respon-
sible for vancomycin resistance [123]. Once the hurdle of transitioning from the source organism to a
clinically relevant pathogen has been overcome, transposon-mediated gene integration and shift of
genes between the chromosome and plasmids quickly spreads genetic resistance determinants within
a bacterial community [89]-[91], [104], [116], [124], [125].

General overuse of antibiotics both as prescription drugs in clinical settings and in agriculture
accelerate these mechanisms of resistance generation. The small number of antibiotics currently un-
der development as well as the total lack of molecules targeting yet unchallenged bacterial metabolic

pathways project a grim future for the treatability of bacterial infections.

2.1.4 Modifications of the peptidoglycan layer

Many resistances to antimicrobial agents reside in the structure of the bacterial cell wall itself.
In fact, the finally assembled peptidoglycan layer harbours a multitude of chemical modifications to its
basic structure. These range from the addition or removal of small functional groups, such as acetyl or
amide groups, to the anchoring of large extracellular extensions like teichoic acids in many Gram-pos-
itive bacteria [126], [127] or the extensive arabinogalactan matrix found in mycobacteria [93].

Large modifications have very diverse functions. Indeed, it is perhaps somewhat misleading to
term mycobacterial arabinogalactan (AG) a peptidoglycan modification. More correctly, peptidoglycan
serves as an anchor to the AG matrix and provide a connection to the plasma membrane. It is then the
combination of the two matrices, together with the terminal mycolic acids that confer mycobacteria
their unique polymer sacculus. In a way, this “modification” confers the bacterium its characteristic
plasticity and chemical impenetrability [93].

Wall teichoic acids (WTA) serve a similar purpose. However, they achieve this purpose by a
much more subtle mechanism than a brute-force encapsulation. Owing to their polyanionic nature,
WTAs attract cations, thus affecting the overall envelope architecture, porosity, and plasticity. Addi-
tionally, they serve as scaffolds for many different molecules, such as endogenous autolysins used in

cell remodelling. For a comprehensive review on WTA function, please refer to [92].
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Finally, the purpose of small modifications is to render the peptidoglycan layer chemically
more stable [128]. Bacteria are often exposed to exogenous enzymatic attacks, like an attacking at-
tempting to pierce the cell wall with a dedicated set of endolysins for infection or a host immune sys-
tem deploying lysozymes to kill the bacteria [129], [130]. Such specialised enzymes oftentimes recog-
nise and bind to a very defined pattern of charges, hydrogen bonds, and hydrophobic patches. Any
alterations to this pattern will result in a failure of the enzyme to bind, and subsequently digest its
substrate. Thus, modifications in the peptidoglycan structure that reduce its affinity to exogenous pep-
tidoglycan-degrading enzymes are beneficial to the bacterium. The most common small modifications
are sugar N-deacetylation or Cs-O-acetylation [131], [132], and the amidation of free carboxyl groups.

2.1.4.1 Peptidoglycan amidation

It has long been known that especially many Gram-positive bacteria display a high degree of
amidation in their peptidoglycan [133]. Amidation occurs most frequently at the a-carboxylate of D-
isoglutamate at the second position in the stem peptide or, when present, the e-carboxylate of mDAP
at position three [97]. Other peptidoglycan amidations also exist, but they are rather rare by compar-
ison, such as at a D-aspartate present in the interpeptide bridge of certain Lactococci [134]. Collec-
tively, the function of these modifications has been reported to be an enhancement of cell wall stability
against attacks from exogenous enzymes. Particularly, they increase resistance against lysozyme, a key
player of the innate immune system [128], [134], [135].

In spite of the apparent medical relevance of this phenomenon, the enzymatic machineries
responsible for peptidoglycan amidation have long remained elusive. Only very few amidating en-
zymes have been identified in selected bacterial species [134]—[136]. At this point, possibly the best-
studied peptidoglycan amidating enzyme is the bifunctional, heterodimeric glutaminase / ligase
GatD/MurT, which was first identified in Staphylococcus aureus [107], [108].

2.1.5 The GatD / MurT bifunctional enzyme complex

GatD/MurT was identified just under a decade ago by two research groups independently
working on the cell wall biosynthesis of the pathogenic bacterium Staphylococcus aureus [107], [108].
The first player in the heterodimeric enzyme complex is the Type | glutamine amidotransferase (GA-
Tase) GatD. It deamidates glutamine from the cytosolic pool, thus generating glutamate and ammonia.
The nascent ammonia is then used by the Mur ligase-like [106] MurT to amidate the a-carboxyl of D-
isoglutamate at position two in the peptidoglycan stem peptide, in an ATP-dependent reaction.
Hereby, GatD/MurT is active on the membrane-bound peptidoglycan precursors Lipid | and Lipid II.
Although in vitro analyses revealed that the enzyme is able to also perform the amidation reaction on
Park’s nucleotide [107], no such activity could be observed in vivo. Shortly thereafter, the presence of
a homologous enzyme complex was reported in Streptococcus pneumoniae and shown to be required
for an in vitro reconstitution of peptidoglycan assembly [137].

Crucially, conditional knockout and knockdown studies performed in both species revealed

the enzyme to be essential for bacterial survival. Attenuation phenotypes showed severe growth de-
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fects and increased susceptibility to lysozyme and B-lactam antibiotics [107], [108], [128]. These ob-
servations have led to suggest a difference in affinity of the relevant PBPs for the amidated versus the
unamidated form of Lipid Il [108]. Complete knockout of GatD/MurT was lethal.

Interestingly, genomic sequence analyses revealed that a wide range of Gram-positive bacteria
including Staphylococci, Streptococci, Clostridia, and the more distantly related Mycobacteria, likely
possess homologous proteins [107]. In addition to the already characterised GatD/MurT instances in
S. aureus and S. pneumoniae, knockout screening has confirmed the existence and essentiality of the
enzyme complex in Mycobacterium tuberculosis [138]. The potentially widespread presence of this
enzyme in many pathogenic bacteria render it an interesting target for the development of novel an-
timicrobials. Being able to selectively inhibit GatD/MurT could be a game changer in the fight against
antimicrobial resistance. The fact that beneficial commensal bacteria, such as E. coli, do not amidate
their peptidoglycan matrix and hence do not possess a homologous enzyme, offer the added bonus of
targeting specificity. In contrast, broad action antibiotics kill all bacteria, not only the pathogenic ones.
This can have adverse effects on various bodily function. Additionally, as more bacteria are affected, it

also promotes resistance development.

2.1.6 Aim of this project

The aim of this project, which is currently being funded by the German Research Foundation
(Deutsche Forschungsgesellschaft, DFG) under the grant CRC-TRR261 “Cellular Mechanisms of Antibi-
otic Action and Production”, a cooperation between the universities of Tiibingen and Bonn, is to elu-
cidate the molecular mechanism behind the amidation reaction catalysed by GatD/MurT. This aim is
to be attained with a combinational approach of structural biology, in vitro, in vivo, and in silico inves-
tigations.

Ultimately, the goal is to gain information about the structural aspects as well as the dynamics
of GatD/MurT-catalysed peptidoglycan amidation. This information, founded on high-resolution crys-
tallographic data, could be used in a structure-guided drug design strategy to search for potential in-
hibitors. For this, co-crystal structures of the active enzyme in complex with its ammonia donor gluta-
mine, an ATP analogue and a soluble acceptor substrate, i. e. a soluble Lipid Il analogue are required.
In parallel, solution scattering techniques (DLS, SAXS) are to be used to investigate the dynamics of
potential ligand-induced conformational rearrangements. These structural data shall be comple-
mented with thorough biochemical characterisation of the enzyme, with the main focus on kinetic and
thermodynamic parameters of the catalysed reaction. Finally, phylogeny and sequence variability anal-
yses within different strains of S. aureus as well as across many different putative and confirmed
GatD/MurT homologues are to be used to identify key residues and modules within the protein com-
plex.

It has been shown that deficiency in peptidoglycan amidation leads to increased susceptibility
of metbhicillin resistant S. aureus (MRSA) strains to B-lactam antibiotics and lysozyme [128]. Hence,
detailed knowledge of the molecular machinery responsible for this modification could result in the
identification of new potential drug targets not only against resistant Staphylococcus strains, but also
against a wide host of human pathogenic bacteria like Streptococcus pneumoniae or Mycobacterium
tuberculosis. Such new leads in antibiotic development are desperately needed in order to combat the

ever-rising problem of multi-drug-resistant bacteria, especially in hospital environments [124].
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2.1.7 Work presented in this thesis

Previous work conducted in our laboratory by Volker Niemann, a former PhD student, and two
undergraduate students yielded an initially refined unliganded crystal structure of the GatD/MurT
complex. | have fully refined this structure and complemented it by a complex structure obtained in
the presence of an ATP analogue as well as solution studies on the overall conformation by means of
Small-Angle X-ray Scattering (SAXS). The data obtained from these studies, together with functional
data generated by Dr. Anna Miiller in Prof. Dr. Tanja Schneider’s group at the University of Bonn help
to paint a compelling, if yet incomplete picture of the likely mechanism of action of this enzyme com-
plex. GatD/MurT adopts an open, crescent-shaped conformation in solution that is likely to transition
to a closed state upon substrate binding. It harbours strong structural similarities to class | glutamine
amidotransferases and Mur ligases. | have published these findings in Nature Scientific Reports in 2018
[79].

The nearly contemporaneous publication of a homologous crystal structure from Streptococ-
cus pneumoniae by the group of Prof. André Zapun at the University of Grenoble les Alpes [109] and
subsequent discussions with him led to a thorough review of the available literature on the topic. Ad-
ditionally, sequence databases were analysed as to potential homologues of GatD/MurT in other
Gram-positive bacteria. | have used the results of these studies to write a minireview for a special
edition of the International Journal of Medical Microbiology (IJMM) [139]. Herein | cover the similari-
ties and differences between the GatD/MurT structures of Staphylococcus aureus and Streptococcus
pneumoniae as well as discussing possible links between structural observations and previously pub-
lished functional data [79], [107]-[109], [128], [137], [140], [141].

These two publications constitute the core of this chapter and are summarised in the Results
and Discussion section. The full texts can be found in the appendix.

2.1.7.1 Recent developments

Based on sequence data identified as potential GatD/MurT homologues, expression constructs
for homologues from Streptococcus pyogenes and Mycobacterium tuberculosis were designed. The
existing purification protocol was successfully adapted for the two new proteins by Paul Bachmann
during his master’s thesis under my supervision. Initial in vitro activity assays confirmed part of the
proteins’ function thus paving the road for expanding the field to other organisms. Interspecies simi-
larities and differences between homologous proteins can provide powerful insights into functional
relationships.

Inthe long run, itis crucial to exhaustively describe the mode of substrate peptide engagement
and amidation in order to provide a basis for future drug design. This requires a synergistic approach
of in vitro and in vivo experiments as well as structural studies. Functional studies investigating the role
of the MurT N-terminus, which | identified as potentially determining factor for specificity during the
research on the IJMM review, are on the way in the hands of Dr. Anna Miiller in Bonn. As soon as N-
terminally truncated versions of MurT are available for expression, they will be used to search for al-
ternative crystal forms.

With multi-drug-resistant bacteria strains on the rise, the need for novel therapeutic strategies

has increased in urgency. Hence, detailed structural information on yet undescribed components of
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the cell wall biosynthesis machinery of highly pathogenic bacteria, such as S. aureus or M. tuberculosis,

may pave the way towards a new edge in the arms race of antibiotics against resistances.
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2.2 Results and Discussion

2.2.1 Publication summaries

This chapter provides summarised versions of the published results obtained for the work con-
ducted on GatD/MurT. The full text reprints are provided in the appendix, please refer to that section

for details.

2.2.1.1 Structural Basis of Cell Wall Peptidoglycan Amidation by the GatD/MurT Complex of Staphy-

lococcus aureus

E. R. Noldeke, L. M. Muckenfuss, V. Niemann, A. Miller, E. Stork, G. Zocher, T. Schneider, and T. Stehle,
“Structural basis of cell wall peptidoglycan amidation by the GatD/MurT complex of Staphylococcus
aureus,” Sci. Rep., vol. 8, no. May, p. 12953, 2018. doi: 10.1038/s41598-018-31098-x

GatD/MurT has been identified as the primary determinant of peptidoglycan isoglutamate
amidation [107], [108], [137]. As the absence of this modification severely decreases bacterial viability,
the enzyme complex is a potential target for the development of novel antimicrobial agents. A thor-
ough understanding of the molecular mechanism of action of GatD/MurT is required for the rational
development of such agents in order to avoid resource-consuming broad screening approaches.

Key to the understanding of any enzymatic mechanism, beyond the characterisation of sub-
strates and products, is the precise architecture of the enzyme’s catalytic core. To this end, a crystal
structure of S. aureus GatD/MurT was solved to 2.04 A. The protein complex is composed of three
domains: the class | glutamine amidotransferase-type fold of GatD and the Mur ligase middle and C-
terminal domains of MurT. GatD forms a stable contact with the MurT C-terminal domain, giving the
complex an overall crescent shape. All three domains are mixed a/f folds with a central B-sheet sand-
wiched between a-helices interconnecting the B-strands.

The MurT middle domain shows high sequence and structure similarity to the middle domain
of the canonical Mur ligases C-F and contains a conserved ATP binding pocket. Binding to ATP was
confirmed by solving a second GatD/MurT crystal structure to 2.14 A, obtained from a crystal soaked
with the ATP analogue AMPPNP. Modelling of the ligand into the resulting electron density revealed a
nucleotide conformation similar to that reported for ATP analogues bound to S. aureus MurE and P.
aeruginosa MurF [142], [143]. Site-directed mutagenesis of key residues involved in AMPPNP binding
followed by in vitro amidation studies confirmed the involvement of the residues MurT-T60, MurT-
E108, and MurT-N265 in GatD/MurT catalysis. Curiously, on the opposite side of the middle domain,
facing away from the putative substrate binding cleft, lies a Cyss-type Zinc finger motif of unknown
function.

The MurT C-terminal domain exhibits the same fold observed for that domain in Mur ligases
C-F. Residues that were previously suggested to be relevant for catalysis [107] are indeed situated on
the surface of the domain and face towards the ATP binding site in the neighbouring middle domain.
The C-terminal domain also provides the contact surface for the formation of the stable heterodimeric

complex with GatD.
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Possessing similarity to class | glutamine amidotransferases (GATases), GatD has a catalytic
core arranged around a central cysteine (GatD-C94). In most GATases, this residue is the first of a cat-
alytic triad that also includes a histidine and a glutamic acid to form a proton relay chain and ultimately
increase the nucleophilicity of the cysteine. However, GatD lacks the third residue. Instead, the histi-
dine (GatD-H189) is shifted out of position with respect to homologous structures and towards the
interface with MurT. MurT then contributes an aspartic acid (MurT-D349) to complete the triad. Mu-
tagenic studies carried out on the triad residues confirmed the importance of this residue for catalysis.
A MurT-D349N mutant exhibited severely decreased catalytic rates with little to no in vitro turnover
when compared to the wild type. Replacement of GatD-C94 with a serine or glycine completely abol-
ished activity. The same observation was previously reported for GatD-H189 [141].

Additionally, all three residues are fully conserved throughout a range of confirmed and puta-
tive GatD/MurT homologues covering most of the phylum of the Firmicutes as well as many Actino-
bacteria. Conformational analysis carried out by means of the CONSURF webserver [67] furthermore
classified the entirety of the inner surface of the crescent-shaped complex as more conserved than
average. This surface stretches all the way from the catalytic site of GatD to the ATP-binding pocket of
MurT. In contrast, the rest of the surface exhibits an above average sequence variability.

The overall crescent-like shape of GatD/MurT results in a large distance between the catalytic
sites of GatD and MurT (approx. 40 A). It is unlikely that nascent ammonia can bridge this distance
from GatD to MurT just by diffusion. It appears likely that a domain rearrangement to bring the active
sites into close spatial proximity is required for catalysis. As the conformation observed in crystallo is
stabilised by crystal contacts, the solution conformation was studied by SAXS. Rigid-body refinement
of the crystal structure against SAXS profiles resulted in a slight expansion of the domains and a move-
ment of GatD and the MurT middle domain towards one another, decreasing the shortest distance
between the two domains from 32 A to 22 A. These findings confirm that the GatD/MurT conformation
in solution, while being indeed open and elongated, exhibits a certain degree of flexibility concerning
the reciprocal orientation of the respective domains.

Prompted by these findings, a putative closed conformation of GatD/MurT was simulated
based on the crystal structure of S. aureus MurE in complex with its substrate and an ATP analogue.
The MurT middle and C-terminal domains were superimposed with their respective counterparts in
MurE, while maintaining the geometry between GatD and the MurT C-terminal domain. The resulting
hypothetical model exhibits a drastically reduced distance between the active sites of GatD and MurT,
from over 40 A to just over 20 A. Most of the inner surface of the crescent is now buried in an extended
interdomain contact between GatD and the MurT middle domain. The remaining inner surface forms
a secluded cavity with the catalytic site of GatD at one end and the ATP binding pocket at the other.
Superimposition of MurE’s muropeptide substrate places it nicely into this cavity, between the two
active sites. While this model is speculative, it nevertheless provides a plausible picture of how
GatD/MurT mediated peptidoglycan amidation might take place. This could involve a concerted reac-
tion starting with the phosphorylation of the target carboxyl group in the muropeptide from one site,
and subsequent substitution with ammonia that is generated on the opposite site of the substrate by

GatD, to form the amide product.
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The findings reported in Noldeke et al. provide a solid foundation from which to further the

characterisation of GatD/MurT, both as a novel enzyme and as a potential drug target.

2.2.1.2 Unraveling the mechanism of peptidoglycan amidation by the bifunctional enzyme complex
GatD/MurT: a comparative structural approach

E. R. Noldeke and T. Stehle, “Unraveling the mechanism of peptidoglycan amidation by the bifunc-
tional enzyme complex GatD/MurT: A comparative structural approach.,” Int. J. Med. Microbiol., vol.
309, no. 6, p. 151334, Sep. 2019. doi: 10.1016/j.ijmm.2019.151334

This minireview considers published results on GatD/MurT enzymes identified to date, mainly
from Staphylococcus aureus and Streptococcus pneumoniae, and performs a structure-based compar-
ison. It identifies key similarities and differences as well as important questions to be addressed by
future research.

Many efforts have been made into the characterisation of the peptidoglycan-amidating en-
zyme complex GatD/MurT [79], [107]-[109], [137], [141]. As this enzyme’s activity has been linked to
changes in bacterial viability and resistance to B-lactam antibiotics, it constitutes a potential target for
the development of novel antimicrobial therapeutics. The recent and nearly simultaneous publication
of two GatD/MurT crystal structures from Staphylococcus aureus [79] and Streptococcus pneumoniae
[109] have provided immensely valuable initial insights into the architecture of this enzyme complex.
The structures exhibit a large number of similarities as well as a few highly intriguing differences.

In both bacteria, GatD/MurT forms a heterodimeric assembly, with GatD exhibiting a class |
glutamine-amidotransferase (GATase)-like fold and MurT folding into two domains homologous to
Mur ligase middle and C-terminal domains. While in S. aureus the assembly is arranged in an open
crescent with no direct contact between the MurT middle domain and GatD, the S. pneumoniae en-
zyme is more compact, with the three domains in a triangular arrangement and a direct contact be-
tween the MurT middle domain and GatD. Although the overall conformation differs, the single do-
mains superimpose very well, with C-a RMSD values between 1.9 A and 3.21 A. Both studies identified
a cysteine-containing helix-turn-helix motif in GatD, a neighbouring histidine residue, as well as a ca-
nonical ATP-binding site in the MurT middle domain as the key catalytic regions. Based on published
functions of structurally homologous proteins, as well as in vivo and in vitro data on GatD/MurT, the
cysteine — histidine pair in GatD, together with a third residue, likely mediates glutamine deamidation
and thus the generation of ammonia. Nascent ammonia is then probably used by MurT to amidate the
Lipid Il substrate in an ATP-dependent reaction.

As structural data published on other members of the Mur ligase family suggest a significant
degree of flexibility in the orientation of the middle and C-terminal domains [106], it is likely that the
two GatD/MurT crystal structures represent two distinct states of the enzyme. The open conformation
observed in the S. aureus enzyme (SaGatD/MurT) could depict the resting state of the protein in the
absence of substrates. Substrate engagement would then lead to domain rearrangement, generating
a closed state similar to that observed for the S. pneumoniae enzyme (SpGatD/MurT). Although the

distance between the two active sites of GatD and MurT is reduced from around 40 A in the open
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conformation to about 20 A in the closed state, it remains too large to be bridged by nascent ammonia
without considerable diffusive loss. Thus, additional movements are likely involved in the full catalytic
cycle, such as the formation of a yet unidentified ammonia channel or the relocation of the substrate
from one active site to the other.

One striking difference between SaGatD/MurT and SpGatD/MurT is the third residue in the
GatD active site. In addition to the aforementioned cysteine and histidine, class | GATases contain a
glutamate residue. Together, these residues form a catalytic triad, with the cysteine being deproto-
nated to enhance its nucleophilicity, the histidine acting as a proton relay, and the glutamate acting as
the proton sink. Neither SaGatD nor SpGatD contain this residue. Instead, two aspartic acids in the C-
terminal domain of MurT (MurT-D349, S. aureus) and in a neighbouring helix of GatD (GatD-D32, S.
pneumoniae) have been suggested to fulfil the role of the proton sink. Crucially, both residues are
conserved and could be brought into proximity of the central histidine by minor rearrangements in
either crystal structure. However, the intermolecular triad postulated in the SaGatD/MurT is the only
one forming a linear arrangement amenable to concerted proton transfer. In vitro and in vivo muta-
genesis data on SaMurT-D349 and its homologue in S. pneumoniae confirm its importance for catalysis.
Due to a different orientation of the helix containing the intramolecular triad candidate in S. aureus,
this residue was not investigated by mutagenesis. Clearly, further research is required to resolve this
matter, including obtaining structures of GatD/MurT complexes from other organisms.

MurT contains a structural motif on the side of its middle domain that is not found in any other
known Mur ligase. In both S. aureus and S. pneumoniae an insertion of around 50 residues was identi-
fied. The motif harbours the structural hallmarks of RanBP type Zn ribbons with four cysteines coordi-
nating a Zinc ion. While such an ion was modelled only in SaMurT, its presence was inferred from
acetylation experiments and structural similarity in SpMurT. RanBP Zinc ribbons have been shown to
mediate protein-RNA and protein-protein interactions [144], [145]. It is thus conceivable that this mo-
tif may play a scaffolding role in guiding GatD/MurT to its membrane-bound substrate by interacting
with other components of the peptidoglycan biosynthesis pathway. Interestingly, this motif is the least
well conserved portion of the enzyme complex. While it is always present in sequences from bacteria
belonging to the Bacilli class, in most Actinobacteria, the insertion contains no cysteines, thus preclud-
ing it from forming the same Zinc finger. Actinobacteria of the Streptomyces genus have the four cys-
teines, but the insertion is much shorter than in Bacilli. These significant differences across taxa may
stem from distinct mechanistical requirements due to the very different cell wall compositions. Eluci-
dation of the structures of these alternate versions of the MurT middle domain insertion may help to
shed light on its role in peptidoglycan amidation.

The largest difference between MurT and the other canonical Mur ligases is the N-terminal
domain. MurE-F have an N-terminal domain of 90-100 residues arranged around a Rossmann fold
[106]. This domain serves to bind the uridine moiety of the substrate (UDP-MurNAc-bound peptides)
and to correctly position it in the active site. In contrast, MurT has an N-terminal segment of 30-40
residues of high conformational variability. No interpretable electron density was reported for the re-
gion in either S. aureus or S. pneumoniae. SaGatD/MurT was shown to amidate soluble UDP-MurNAc-
pentapeptide (Park’s nucleotide) in vitro as well as Lipid | and Lipid Il with similar efficiency [107] but
no soluble amidated peptidoglycan precursors were observed in vivo [108]. It is thus likely that the

nature of the molecule to which MurNAc is anchored (UDP in Park’s nucleotide or bactoprenol in Lipid
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I / 1) is relevant for selectivity but plays no distinct role in the catalytic mechanism. It is possible that
the N-terminus of MurT plays a role in orienting the active site towards the substrate like in the other
Mur ligases. However, the substrate being membrane-anchored, MurT may do so by interacting with
the membrane or with membrane-embedded components of the peptidoglycan biosynthetic machin-
ery rather than with the substrate itself. Indeed, it was shown that S. aureus membrane fractions and
not cytosolic extracts exhibit Lipid Il amidating activity in vitro [107]. Perhaps the MurT N-terminus,
which is predicted to form an a-helix and contains a high density of positive charges, interacts with the
phospholipids of the cytosolic leaflet of the plasma membrane, thus establishing the sterical con-
straints required for GatD/MurT positioning. Future investigations into GatD/MurT mutants lacking
the MurT N-terminus as well as the investigation of activity patterns of homologous enzymes will help
to characterise the function of this domain in depth.

The comparison and review of available structural, biochemical, and microbiological data on
GatD/MurT performed by N6ldeke and Stehle has identified features in the enzyme complex that may
have gone unnoticed by analysing data on only one instance of the protein. This information will help
to guide future research into SaGatD/MurT and SpGatD/MurT, as well as into homologous enzymes
from other organisms. Hopefully, this will help in the design of a specific inhibitor molecule that can
be used as a basis for novel antibiotics to step into the breach opened by bacterial resistances to ex-

isting drugs.
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2.3 Ongoing Research

Building on the results published in Nature Scientific Reports [79] and the subsequent mini-
review for IIMM [139], various follow-up studies are under way. These include a search for different
crystal forms, co-crystallisation with a synthetic Lipid | or Lipid Il analogue, and investigation of the role
of the MurT N-terminus. Additionally, efforts are being made to characterise putative homologous

enzymes from other bacteria.

2.3.1 Production and characterisation of GatD/MurT from Mycobacterium tubercu-

losis and Streptococcus pyogenes

Following the identification of potential homologues in many different Gram-positive bacteria
[79], [107], [137], [138], it became apparent that a wealth of information could be derived from com-
paring S. aureus GatD/MurT to its cognate enzymes from other organisms. In order to further our un-
derstanding of the structure and mechanism of action of GatD/MurT, two previously unstudied puta-
tive homologues were selected, namely the genes Spy0877 and Spy0876 from Streptococcus pyogenes
strain MGAS10270 and Rv3712 and Rv3713 from Mycobacterium tuberculosis strain H37Rv. All se-
quences were retrieved from the EnsemblBacteria database (https://bacteria.ensembl.org/ [146]).

The rationale behind this was, firstly, to ascertain whether these genes produce soluble proteins, and
secondly, whether the protein products are comparable to the already characterised enzymes from S.
aureus and S. pneumoniae. Thirdly, and most importantly, the comparison of homologous enzymes
from very different bacteria, such as M. tuberculosis, and quite similar ones, such as S. pyogenes, may
help to better understand the specificities and the mechanism of catalysis.

Coding sequences were codon-optimised for E. coli expression and synthesised by a commer-

cial supplier (BioCat GmbH, Heidelberg, Germany, see section 3.4.2).
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As his master thesis project, Paul Bachmann successfully expressed both complexes and
adapted the existing purification strategy. Both complexes express well in E. coli, but variants with N-
terminal truncations in MurT exhibited much better solubility than the full-length constructs. The S.
pyogenes protein (SpGatD/MurT) could only be purified as a truncated protein. When the full-length
construct was used, the protein nearly quantitatively localised to the insoluble fraction after cell lysis.
However, both full-length and truncated versions of M. tuberculosis GatD/MurT (MtbGatD/MurT) and
the truncated SpGatD/MurT showed similar behaviour in analytical SEC as the S. aureus complex
(SaGatD/MurT, Figure 2-2).
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Figure 2-2: Analytical SEC traces of purified GatD/MurT homologues. Enzymes from S. aureus (a), M. tuberculosis (b), M. tuberculosis with N-
terminal truncation in MurT (c), and S. pyogenes with N-terminal truncation in MurT (d). The SEC profiles of the new constructs are compat-
ible with that of the S. aureus complex. All have apparent molecular weights of about 10 kDa less than the respective expected values (78.8
kDa for S. aureus, 68.4 kDa for M. tuberculosis full-length, 64.9 kDa for M. tuberculosis with N-terminal truncation, and 75.8 kDa for S. py-
ogenes with N-terminal truncation).
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Circular dichroism (CD) spectra of full-length MtbGatD/MurT and truncated SpyGatD/MurT
compared with the published spectrum for SaGatD/MurT [79] show similar magnitudes of mean resi-
due weight-corrected signals, suggesting a similar compactness of fold. However, the spectra suggest
a distinct secondary structure composition, with a higher percentage of a-helices (Figure 2-3). It re-
mains to be investigated whether these differences originate in misfolding due to the process of re-
combinant protein production or whether they are rooted in the protein’s function. Potential differ-
ences in homologous enzymes from different organisms would provide crucial information towards
understanding the mechanism of GatD/MurT action.

—S. aureus —M. tuberculosis S. pyogenes N-trunc
1.5E+05

1.0E+05 4
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Figure 2-3: CD spectra of purified GatD/MurT homologues. Complexes form S. aureus (black), M. tuberculosis (orange), and S. pyogenes with
N-terminal truncation (grey) were compared. The magnitude of mean residue ellipticity (MRE) for the new constructs is comparable to that
of the original S. aureus one. However, the spectra show distinct differences, suggesting differences in secondary structure composition.
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2.3.1.1 MtbGatD/MurT and SpyGatD/MurT exhibit glutaminase activity in vitro.

Paul Bachmann also studied Glutaminase activity based on a protocol published by Francisco
Leisico et al. [141]. The experiments were performed with the help of Dr. Vincent Truffault at the Max
Planck Institute for Developmental Biology in Tlbingen and clearly show glutaminase activity for
MtbGatD/MurT as well as SpyGatD/MurT (Figure 2-4). Although the data are preliminary and more
stringent experiments are required to fully describe the catalytic activities, the results strongly suggest
that these two GatD/MurT homologues harbour the same catalytic activity as the S. aureus enzyme.
The same decrease of glutamine y-CH3 signals and contemporaneous increase of glutamate y-CH3 sig-
nals was observed in in the reaction catalysed by MtbGatD/MurT as in that catalysed by SaGatD/MurT.
However, the speed of the reaction is much slower. In order to fully characterise the enzyme’s kinetics,

more thorough experiments are required.
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Figure 2-4: Glutaminase activity of SaGatD/MurT and MtbGatD/MurT monitored by NMR. (A) Sequential *H NMR spectra of the region con-
taining the signal for glutamine and glutamate y-CH. (2.42 and 2.31 ppm, respectively). Glutamine deamination was catalysed by
SaGatD/MurT. (B) Normalised peak integrals of glutamine and glutamate y-CH; signals over time. The decrease of glutamine signal coincides
with the increase of the glutamate signal. (C) As in (A), for the reaction catalysed by MtbGatrD/MurT. (D) As in (B), for MtbGatD/MurT. After
1800 min the signal lock was lost, and no more meaningful data could be recorded.

Taken from: Paul Bachmann: “Towards a Functional and Structural Comparison of the Enzyme Complex GatD/MurT among Gram-positive
Bacteria” — Master thesis, Tubingen, March 2019.
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The experiment performed with SpyGatD/MurT cannot be correctly quantified, as a drift in the
signal lock decreased the spectra quality significantly. However, the increase of the glutamate y-CH3
signal over time can clearly be discerned, confirming the catalytical activity. This marks a major break-
through in the GatD/MurT field, as it appears more and more likely that indeed many Gram-positive
bacteria employ this enzyme, thus boosting its potential as an antimicrobial target.

As for MtbGatD/MurT, a thorough quantification of enzyme kinetics is required.
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Figure 2-5: Glutaminase activity of SpyGatD/MurT monitored by NMR. Sequential *H NMR spectra of the region containing the signal for
glutamine and glutamate y-CH; (2.42 and 2.31 ppm, respectively) are shown. Although the quality of the spectra is lost after few minutes,
the increase of the glutamate signal at 2.3 ppm over time is clearly discernible. The immediate drop to zero of the glutamine signal at 2.42

ppm is likely exaggerated by the loss of the locking signal.

2.3.2 Future prospects

The ultimate goal of the project is to obtain a crystal structure of the complete, catalytically-
competent complex of GatD/MurT with all three substrates: glutamine, ATP, and Lipid Il or analogues
thereof. To date, soaking trials using the well-characterised crystal form of SaGatD/MurT [79] and a
minimal substrate consisting of a commercially available S. aureus pentapeptide stem (D-Ala-D-Glu-y-
L-Lys-D-Ala-D-Ala) failed to yield any meaningful ligand electron density. As discussed in [79] and [139],
it is likely that the established crystal form reflects a non-catalysis-competent conformation of the
enzyme. It is likely that a major conformational change is required for catalysis. Thus, co-crystallisation
with a pre-saturated enzyme complex is required. Crystallisation screens performed with the commer-
cial pentapeptide as well as with purified Park’s nucleotide from S. aureus failed to identify any novel
crystal forms. It is likely that the sugar moiety of Lipid Il is required for GatD/MurT activity and that the
UDP function in Park’s nucleotide has a detrimental effect (Dr. Anna Miiller, University of Bonn, per-
sonal communication). Until recently, no soluble Lipid | or Lipid Il analogues were available in purity
sufficient for crystallographic studies and quantities suitable for a screening approach. With the devel-
opment of a modular synthetic pathway for a version of Lipid | with shortened prenyl tail by Lukas
Wingen form the lab of Prof. Dr. Dirk Menche (University of Bonn), such molecules have now become
available. Initial feasibility studies are underway at the hands of Simon Vélpel, a new PhD student who
is continuing this project. Currently only a Lipid | version of the molecule is available, but experiments

to add the GIcNAc moiety for a Lipid Il version are ongoing.
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With these molecules available, the search for a new crystal form reflecting the active catalytic
complex can be resumed. Obtaining the full picture of the catalytic mechanism will enable to launch a
structure-guided design studies to identify potential inhibitor molecules. Future studies will also in-
clude variants of GatD/MurT that lack the N-terminal section of MurT [139] in order to understand the
role this yet unstudied portion of the protein.

An effective and, more crucially, selective inhibitor for GatD/MurT would be a very powerful
drug candidate for the narrow spectrum treatment of infections by Gram-positive bacteria, including
MRSA and Mycobacterium tuberculosis, both of which represent severe challenges to public health. In
contrast to COVID19, which likely constitutes a pandemic wave that may last up to several years, we
cannot expect the threats by pathogenic bacteria to subside at all. The more antibiotics become inef-
fective, the greater the risks will become. Only by exploring all opportunities and all potential new drug
targets will we be able to devise an effective strategy to combat this incumbent threat.
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3 MATERIAL AND METHODS

Erik R. Noldeke

3.1 Instruments, chemicals, and kits

Table 3-1: Instruments used in this study.

Instrument

Manufacturer

AKTA BASIC FPLC

AKTA Ettan LC FPLC

AKTAprime plus FPLC

Analytical balance Genius

Autoclave Systec VX-95

Centrifuge 5415D

Centrifuge Heraeus, Multifuge 1 L-R
Centrifuge Sorvall RC6+ equipped with SS-34
and SLC-4000 rotors

Crystal Gryphon LCP liquid handling robot
Digital microscope

Digital sonifier 450

Emulsiflex C3 high pressure homogenizer
Freedom EVO® liquid handling robot
HisTrap FF Crude affinity column (5 mL)
Ice machine AF-80

iCycler™, Thermal Cycler

Intelli-Mixer

J-720 Spectrometer

MAR345 dtb image plate detector
MicroMax-007HF X-ray generator
MilliQ Biocel A10

NanoDrop ND-100 spectral photometer
Peristaltic Pump

pH electrode PB-11

Pilatus3 R 300K HPC detector

Pipets Pipetman L

PowerPac HC (Electrophoresis)
QuantStudio 5 Real-Time PCR System
Scanner LiDE 600F

Smart Spec™ Plus, Spectrophotometer
Thermomixer comfort

Vortex Genie 2™

Xeuss 2.0 X-ray diffractometer
Zetasizer Nano ZS

GE Healthcare (Uppsala, Sweden)

GE Healthcare (Uppsala, Sweden)

GE Healthcare (Uppsala, Sweden)

Sartorius (Goéttingen, Germany)

Systec (Wettenberg, Germany)

Eppendorf (Hamburg, Germany)

Thermo Fisher Scientific (Waltham, MA, USA)

Thermo Fisher Scientific (Waltham, MA, USA)

Art Robbins Instruments (Sunnyvale, CA, USA)
Leica (Wetzlar, Germany)

Branson Ultrasonics (Danbury, CT, USA)
Avestin (Ottawa, ON, Canada)

Tecan Group Ltd. (Mannedorf, Switzerland)
GE Healthcare (Uppsala, Sweden)

Scotsman (Milano, Italy)

BioRad (Hercules, CA, USA)

Neolab. (Heidelberg, Germany)

Jasco (Easton, MD, USA)

marXperts GmbH (Norderstedt, Germany)
Rigaku (Tokyo, Japan)

Millipore (Schwabach, Germany)

Thermo Fisher Scientific (Waltham, MA, USA)
EconoPump BioRad (Hercules, CA, USA)
Sartorius (Goéttingen, Germany)

Dectris (Baden-Daettwil, Switzerland)

Gilson (Middleton, WI, USA)

BioRad (Hercules, CA, USA)

Thermo Fisher Scientific (Waltham, MA, USA)
Canon (Tokyo, Japan)

BioRad (Hercules, CA, USA)

Eppendorf (Hamburg, Germany)

Bender & Hobein (Zurich, Switzerland)
Xenocs SAS (Sassenage, France)

Malvern Instruments (Malvern, UK)
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Table 3-2: Chromatography columns and media used in this study.

Erik R. Noldeke

Column

Source

HiLoad 16/60 packed with Superdex 200 column

material

HiLoad 26/60 packed with Superdex 200 column

material

Ni-NTA agarose

PD-10 desalting column
HiPrep 26/10 desalting column

His SpinTrap™ centrifugal IMAC columns

Superdex 200 Increase 3.2/300

GE Healthcare (Uppsala, Sweden)

GE Healthcare (Uppsala, Sweden)

Qiagen (Hilden, Germany)

GE Healthcare (Uppsala, Sweden)
GE Healthcare (Uppsala, Sweden)
GE Healthcare (Uppsala, Sweden)
GE Healthcare (Uppsala, Sweden)

Table 3-3: Enzymes used in this study.

Enzyme

Source

Benzonase® Nuclease

Bsal-HF v2

Dpnl

ExactRun proofreading polymerase
Lysozyme from chicken egg white
Ncol-HF

Q5°® High-Fidelity DNA polymerase
rSAP

T4 DNA ligase (1 U/uL)

Xhol-HF

Sigma-Aldrich (St. Louis, MO, USA)

New England Biolabs (Ipswich, MA, USA)
New England Biolabs (lpswich, MA, USA)
Genaxxon bioscience (Ulm, Germany)
Sigma-Aldrich (St. Louis, MO, USA)

New England Biolabs (Ipswich, MA, USA)
New England Biolabs (Ipswich, MA, USA)
New England Biolabs (Ipswich, MA, USA)
Thermo Fisher Scientific (Waltham, MA, USA)
New England Biolabs (Ipswich, MA, USA)

Table 3-4: Reagents used in this study.

Reagent

Source

CutSmart® buffer (10X)

dNTP mix — Sodium salt (10 mM)
ExactRun buffer (5X)

PageRuler Prestained Protein Ladder
PageRuler Unstained Protein Ladder
O’GeneRuler DNA Ladder Mix
Orange DNA loading dye (6X)

T4 DNA ligase buffer (10X)

New England Biolabs (Ipswich, MA, USA)
Genaxxon bioscience (Ulm, Germany)
Genaxxon bioscience (Ulm, Germany)
Thermo Fisher Scientific (Waltham, MA, USA)
Thermo Fisher Scientific (Waltham, MA, USA)
Thermo Fisher Scientific (Waltham, MA, USA)
Thermo Fisher Scientific (Waltham, MA, USA)
Thermo Fisher Scientific (Waltham, MA, USA)
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Table 3-5: Reagents and media used for insect cell culture.
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Reagent

Source

Sf-900 Il SFM insect cell medium
Express Five™ SFM insect cell medium
Grace's Insect Medium
Penicillin-Streptomycin

Cellfectin® Il

Fetal Bovine Serum

(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)

Table 3-6: Chemicals used in this study.

Chemical

Source

Adenylyl-imidodiphosphate (AMPPNP)
Bromphenol blue, Na-salt

Ethanol 2 99.5 %, Ph.Eur., extra pure
Ethylenediamine tetraacetic acid (EDTA)
disodium salt dihydrate

L-Glutathione oxidized disodium salt
L-Glutathione reduced

Glycerol, ROTIPURAN® (> 98 %)
Hydrogen peroxide 30 %, ROTIPURAN®
LB Broth (Lennox)

B-Mercaptoethanol

Phenylmethyl Sulfonylfluoride (PMSF)
Potassium phosphate monobasic
Potassium phosphate dinobasic
Sodium acetate

Triton X-100

Urea

Acrylamide-Bisacrylamide solution Roti-
phorese® Gel 30

Adenosine 5’-triphosphate (ATP) magnesium
salt

Agar-Agar, bacteriological

Agarose NEEO ultra-quality
Ala-D-y-Glu-Lys-D-Ala-D-Ala (2 97 % (HPLC))
Ammonium chloride

Ammonium persulfate (APS)

Ammonium sulfate

Ampicillin sodium salt

Antifoam 204

cOmplete™, EDTA-free Protease Inhibitor
Cocktail

D-(+)-Glucose monohydrate

D,0 (99.8 % *H atom)

Roche Diagnostics GmbH (Mannheim, Germany)
Serva Electrophoresis GmbH (Heidelberg, Ger-
many)

Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Sigma-Aldrich (St. Louis, MO, USA)

Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, MO, USA)

Roche Diagnostics GmbH (Mannheim, Germany)

Sigma-Aldrich (St. Louis, MO, USA)
CortecNet (Voisins-Le-Bretonneux, France)
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Chemical

Source

DL-Dithiothreitol (DTT)

Glycerol, >99 %

HEPES 2 99.5 % p.a.

Imidazole 2 99 %

InstantBlue stain

Isopropanol puriss.

Isopropyl B-D-thiogalactopyranoside (IPTG)
Kanamycin sulfate

LB Broth (Miller)

Magnesium chloride hexahydrate > 99 %
Magnesium sulfate heptahydrate
N-Z-Amine® A

Potassium phosphate monobasic
Rotiphorese. 10x Running Buffer

SDS 299 %

Sodium chloride >99.8 %

Sodium hypochlorite, 13 % (w/v)
Sodium phosphate dibasic

Sodium sulfate decahydrate

TEMED, puriss.
Tris(2-carboxethyl)phosphine (TCEP) hydro-
chloride

Trizma base, =299 %

Tryptone/Peptone ex casein

Yeast extract

a-Lactose monohydrate

Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, MO, USA)
Expedeon (Cambridgeshire, UK)
Sigma-Aldrich (St. Louis, MO, USA)
Peglab (Erlangen, Germany)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
AppliChem (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)

Serva (Heidelberg, Germany)

Sigma-Aldrich (St. Louis, MO, USA)

Sigma-Aldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, MO, USA)

Table 3-7: Commercial kits used in this study.

Kit

Source

Wizard® Plus SV Minipreps DNA Purification System

Protein Thermal Shift™ Dye Kit

Wizard® SV Gel and PCR Clean-Up System
Proti-Ace™ Kit 1+2

Promega (Madison, WI, USA)

Thermo Fisher Scientific (Waltham, MA,

USA)

Promega (Madison, WI, USA)

Hampton Research (Aliso Viejo, CA, USA)

Table 3-8: Solubility screens.

Screen

Source

Solubility & Stability Screen 1
Solubility & Stability Screen 2

Hampton Research (Aliso Viejo, CA, USA)
Hampton Research (Aliso Viejo, CA, USA)
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Table 3-9: Commercial crystallisation screens used in this study.

Erik R. Noldeke

Screen Manufacturer

Wizard1-4 Jena Biosystems (Jena, Germany)

JCSG+ Molecular Dimensions Limited (Maumee, OH, USA)
Morpheus Molecular Dimensions Limited (Maumee, OH, USA)
Peglon Hampton Research (Aliso Viejo, CA, USA)

Crystal Screen 1 & 2
Additive Screen HT

Hampton Research (Aliso Viejo, CA, USA)
Hampton Research (Aliso Viejo, CA, USA)
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3.2 Standard protocols
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Table 3-10: List of standard buffers.

Name Composition
50 x TAE 2M Tris pH 8.0
6 % (W/v) Acetic acid
5mM EDTA
4x Protein sample buffer 30 % (w/v) Glycerol
0.3 M Tris pH 6.8
15% SDS
12 mM EDTA

0.03 % (w/v)
6% (v/v)

Bromophenol blue

B-mercaptoethanol

3.2.1 Cloning

The primers used for cloning and later sequencing of expression constructs were manually

designed and synthesized upon commission by either biomers.net (Ulm, Germany) or Microsynth AG

(Balgach, Switzerland). Primers intended for sequencing are listed in Table 3-11 (GatD/MurT) and Table
3-12 (AHK5), primers for cloning in Table 3-13 (GatD/MurT) and Table 3-14 (AHK5). Primer ID numbers

refer to the primer database on the AK Stehle server. Melting temperatures were calculated with Equa-

tion (1-1) [147].

675
T, = (81.5 + 0.41 - (%GC) — N (%mismatch)) °C

(3-1)

Table 3-11: Primers used for sequencing of GatD/MurT constructs. Primers without database number were stored at Seqlab (Géttingen,

Germany) for sequencing.

target for sequencing

ID name Sequence Length /% GC/Tm (°C)

50 murT_fwd 4 5'-atgcccatgaatttgaacaaagtacg-3' 26 38
GatD_FW 5'-gtcgaacagaaagtaatcg-3' 19 42
mytb_MT_FW1 5'-gaatctgagccgtgatcag-3' 19 53
mytb_MT_RV1 5'-ataacatccggcagcac-3' 17 53

N/A  pET_up 5'-tgcgtccggegtaga-3' 15 67
spy_MT_FW1 5'-tcagatggatcgctatgg-3' 18 50
spy_MT_RV1 5'-tacagatgcgcaatggtc-3' 18 50
T7 term 5'-gctagttattgctcagegg-3' 19 53

71 SaMurT nt 560 f
49 SaGatD f

53 MtbMurT nt 270 f
53 MtbGatD nt 30 r
57 pET vector start
51 SpyMurT 490 f

53 SpyGatD nt 60 r
54 pET vector end
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Table 3-12: List of primers used for sequencing of AHK5 constructs. Primers without database number were stored at Seqlab (Gottingen,

Germany) for sequencing.

ID name Sequence Length /% GC/ Tm (°C} target sequence
16 AHK5_160 f 5’-ctacgaagagtttgatacagttgc-3° 24 42 70 E. coli bp 470
17 AHK5_ 350 f 5'-gtgaagataatgcggtacgcaaag-3' 24 46 72 E. colibp 1050
27 AHK5sf9_500f 5'-attggaagcagaaagctctctc-3' 22 45 69 sf9 bp 500
28 AHK5sf9 1101f 5'-ggccaaactgagagaggacaatg-3' 23 52 74 sf9 bp 1101
29 AHK5sf9 1515f 5'-attacaagtaatttccgagccgtc-3' 24 42 70 sf9 bp 1515
30 AHKS5sf 2000f 5'-tgccgcacaaggtgatgctaac-3' 22 55 73 sf9 bp 2000

PET _up 5'-tgcgtccggegtaga-3' 15 67 64 pET vector start

T7 term 5'-gctagttattgctcagegg-3' 19 53 68 pET vector end

Table 3-13: Primers used for cloning of GatD/MurT constructs.
ID name Sequence nt/%GC/Tm(’C}  purpose
85 42 Cterm_* FW 5'-gcctgagtgcccgttagcatcatcatcaccattagctcgag-3' 41 54 85 QCtag*
86 42 Cterm_* RV 5'-ctcgagctaatggtgatgatgatgctaacgggcactcagge-3' 41 54 85 AQCtag*
89 42 N-trunc_FW  5'-gattggtggtctggtggccatggcecctggatcgtagtattctge-3' 44 57 87 QC Ncol
90 42_N-trunc_RV  5'-cccagctggcgcagaatactacgatccagggecatggecacc-3' 42 64 89  QC Ncol
91 44 Bsal FW1 5'-ctttaagaaggaggtctcccatgaaaatgaaaaccctgctggge-3' 44 48 83  QC Bsal
92 44 Bsal_RV1 5'-gcccagceagggttttcattttcatgggagacctccttcttaaag-3' 44 48 83 QCBsal
93 44 Cterm_* FW 5'-ctttaacaaagtgtagcaccatcaccatcactagctcgagictgg-3' 45 47 83 QCtag*
94 44 Cterm_* RV  5'-gtgatggtgatggtgctacactttgttaaagctcgctttge-3' 41 46 82 QCtag*
95 44 N-trunc_FW  5'-ctatccgggccgcectggecatggegtgcgataaag-3' 35 66 86 QCNcol
96 44 N-trunc_RV  5'-gaatatctttatcgcacgccatggccaggeggeccgg-3' 37 62 86 QCNcol
Table 3-14: List of primers used for cloning of AHK5 constructs.

ID name Sequence nt/%GC/Tm(’C}  purpose
4  AHK5_ coli AF 5'-ccggtctcacatggtatgtgagatggaaactg-3' 32 50 81 Mi1fwd
5 AHK5 coli BF 5'-ccggtctcacatgggtagcagccagttaacc-3' 31 58 84 G72fwd
6 AHK5 coli_ CF 5'-ccggtctcacatgcaatccgctccggtac-3' 29 62 84 Q203fwd
8 AHK5 coli_3F1 5'-ccggtctcacatgtcggaattgaacaaaaccatc-3' 34 47 81 S352fwd
9  AHK5 coli_3F2 5'-ccggtctcacatgaccgaagaaaccatgcg-3' 30 57 82 T361fwd
10 AHK5 coli_3R1 5'-ccgecggcecgcttattcacgtaacttggec-3' 29 62 84 E342rev
11 AHK5 coli_3R2 5'-ccgcggcecgcttaggtttcttcggtaatg-3' 29 59 82 T364rev
12 AHK5_coli 2R 5'-ccgcggcecgcttaactacggeccactttg-3' 29 66 85 S617rev
45 AHKSpETM_C3Af  5'-cagggcgccatggtagctgagatggaaac-3' 29 59 79 AQCC3A
46 AHKSpETM_C3Ar 5'-gtttccatctcagctaccatggcgcecectg-3' 29 59 79 AQCC3A
69 AHKS5 V332*fwd 5'-gtcactgatcagtgagtgaaacgcgagaaaatggcec-3' 36 50 80 QCV332*
70 AHK5 V332*rev 5'-cgcgtttcactcactgatcagtgacttccatcccc-3' 35 54 82 QCV332*
71 AHK5 E353*fwd 5'-gccatggaatcgtaattgaacaaaaccatccacattacc-3' 39 41 78 ?;: 53+
72 AHK5 E353*rev 5'-gatggttttgttcaattacgattccatggctttgcgtacc-3' 40 43 80 (EI3C 53*
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ID name Sequence nt/%GC/Tm(’C} purpose
77 AHKS5 H376*fwd 5'-ggcgactatgtcttaggaaatccgttcccctetgageg-3' 38 55 84 3;7 6*
78 AHK5 H376*rev 5'-ggggaacggatttcttaagacatagtcgccagcatttgcttc-3' 42 48 83 S‘; 6*
79 AHK5 193 fwd 5'-ccggtctcccatgetgtcagaatcgctcaaaacg-3' 34 56 85 1193 fwd
81 g“(}; E|3<_5rev_|oople ft 5'-cgcactggcecgatgegagtttgataccgacgttgec-3' 36 61 88 2;327_
AHK5 AS07-
82 536 _fwd_looprigh 5'-gcatcggccagtgcgagegtetggatetgetgtgac-3' 36 64 89 535
t

3.2.1.1 PCR protocols

Polymerase chain reaction (PCR) was used to amplify selected stretches of DNA in vitro both

in order to generate fragments to be used in restriction-ligation protocols for the generation of protein
expression constructs or to perform site-directed mutagenesis on existing constructs.
For insert amplification, components were mixed according to Table 3-15. PCR was performed in an
iCycler thermocycler (BioRad, Hercules, CA, USA) using gradually increasing annealing temperatures
(Table 3-16). The protocol was originally developed by Prof. Dr. Remco Sprangers (University of Re-
gensburg).

Table 3-15: Composition of PCR mix for insert amplification.

template 200 ng
primer fwd (100 puM) 0.25 pL
primer rev (100 uM) 0.25 uL
dNTP mix (10 mM) 1puL
Q5 DNA polymerase 0.5pL
5x Q5 reaction buffer 10 uL
ddH,0 ad 50 pL

Table 3-16: Thermocycler protocol for insert amplification PCR.

Block (repeats) Step Temperature (°C) Time (s)
0 (1) Initial melting 98 300
Melting 98 10
1 (3) Annealing 40 30
Extension 72 80
Melting 98 10
2 (6) Annealing 45 30
Extension 72 80
Melting 98 10
3 (9) Annealing 50 30
Extension 72 80
Melting 98 10
4 (12) Annealing 55 30
Extension 72 80
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5 (15)

6 (1)

Melting 98
Annealing 60
Extension 72
Final extension 72
Storage 8

10
30
80
600

o

In contrast, site-directed mutagenesis was performed using a lower template DNA concentra-

tion (Table 3-17). The thermocycler program (Table 3-18) employed longer elongation steps in order

to efficiently amplify the entire plasmid. Two separate but constant annealing temperatures were used

in parallel. After PCR the condition with the highest yield was selected by agarose gel electrophoresis

(section 3.2.1.3).

Table 3-17: PCR mix for site-directed mutagenesis.

template 50 ng
primer fwd (10 uM) 0.9 uL
primer rev (10 uM) 0.9 uL
dNTP mix (10 mM) 1puL
Q5 DNA polymerase 0.5 uL
5x Q5 reaction buffer 10 uL
ddH,0 ad 50 pL

Table 3-18: Thermocycler protocol for site-directed mutagenesis PCR.

Block (repeats) Step Temperature (°C) Time (s)

0 (1) Initial melting 98 300
Melting 98 30

1 (20) Annealing 55 or 65 30
Extension 72 240
Final extension 72 600

6 (1) Storage 8 )

3.2.1.2 Generation of expression plasmids by restriction and ligation

Following insert amplification by PCR the reaction product was extracted using the Wizard SV

Gel and PCR Clean-Up System (Promega, Madison, WI, USA). The resulting DNA was quantified photo-

metrically (section 3.2.1.4) and used for restriction digestion. Parallel reactions were set up for the

insert and the target vector (purification see section 3.2.2.2) with compatible restriction enzymes. The

reactions were set up according to Table 3-19 and incubated for 90 min at 37 °C.

Table 3-19: Composition of restriction reactions.

insert vector
DNA 4 ug 10 pg
10x CutSmart Buffer 5uL 10 puL
restriction endonucleases 1 plL each 2 uL each
ddH,0 ad 50 uL ad 100 puL
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After digestion, restriction endonucleases were heat-inactivated at 65 °C for 20 min. In order
to prevent target vector religation, 2 uL of recombinant shrimp alkaline phosphatase (rSAP, New Eng-
land Biolabs, Ipswich, MA, USA) were added to the vector and again incubated at 37 °C for 60 min.
Both the insert and the vector backbone were purified using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI, USA).

Finally, ligation reactions were set up using 75 ng of vector and varying molar excesses of in-
sert, as listed in Table 3-20. Ligation was allowed to occur at 4 °C for 10-18 h (O/N). The next day, the

reaction was used to transform E. coli cloning cells (DH5-a, section 3.2.2.1).

Table 3-20: Ligation mix.

target vector 75 ng
. 3x, 5x, or 10x
insert

molar excess
10x T4 reaction buffer 2 uL
T4 DNA ligase 0.25 uL
ddH20 ad 20 uL

3.2.1.3 Agarose gel electrophoresis

Agarose gel electrophoresis was employed to assess efficacy and quality of PCR amplification
as well as for preparative separation of inserts and vector backbone in subcloning experiments.

Briefly, 0.8 % (w/v) or 1 % (w/v) agarose were dissolved by heating in 1x TAE buffer (Table
3-10) for preparative and analytical purposes, respectively. Two plL of GelRed (Genaxxon bioscience,
Ulm, Germany) were added to one 50 mL agarose gel. Gels were cast into Mini-Sub Cells GT (BioRad,
Hercules, CA, USA) and appropriate combs were inserted to generate sample pockets. After polymer-
isation, the gels were transferred into the cognate running chamber filled with 1x TAE buffer, and the
samples, premixed 1:6 in 6x loading dye (Thermo Fisher Scientific, Waltham, MA, USA) were applied.
A DNA ladder of appropriate size (0'GeneRuler 100+500 bp or GeneRuler 1kb plus, Thermo Fisher Sci-
entific, Waltham, MA, USA) was included in a separate pocket. Electrophoresis was performed for 30
- 90 min at 100 V. DNA detection was carried out with a GelDoc system (BioRad, Hercules, CA, USA),
imaging was performed with a smartphone camera.

If required, target gel bands were excided using a sterile scalpel and DNA was purified by
means of the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA).

3.2.1.4 Determination of DNA concentration

DNA concentrations were determined photometrically using a NanoDrop ND1000 (Thermo
Fisher Scientific, Waltham, MA, USA). Typically, sample volumes of 2 uL were applied to the sample
pedestal and full absorption spectra were recorded between 220 and 350 nm. Peak absorption inten-
sity at 260 nm was converted into mass concentrations using the specific extinction coefficient for DNA
of €260 =0.02 pL ng’* cm. Protein and RNA contaminations were estimated using the absorption ratios
of Azeo/Az30 and Aseo/ A2z, respectively [148].
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Table 3-21: Composition of media used for E. coli culture.

Medium Components
Lysogeny Broth (LB) 10 g/L tryptone
5g/L NaCl
5g/L yeast extract
autoclaved
LB agar 10 g/L tryptone
5g/L NacCl
5g/L yeast extract
20 g/L agarose
autoclaved
Terrific Broth (TB) YTG base (900 mL) 12¢g tryptone
24 g yeast extract
4 mL glycerol
autoclaved
10x phosphate buffer (100 mL) 0.17 M KH,PO4
0.72 M K:HPO4
autoclaved
Simplified Studier Auto- ZY base (938 mL) 5g yeast extract
induction medium 10g N-Z amino acids
autoclaved
25x M (40 mL) 625 mM Na;HPO4
625 mM KH,PO4
125 mM NH.CI
pH 6.75 @ RT, autoclaved
1 M MgSO, (2 mL)
50x 5052 (20 mL) 250 g/L glycerol
25 g/L glucose
100 g/L a-lactose

filter sterilised
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3.2.2.1 Transformation of E. coli cells

Purified plasmids, QC reactions, and ligations were transformed into chemically competent

E. coli cells. DH5-a cells (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) were used for plas-
mid amplification and cloning while protein expression was carried out in BL21 (DE3)-RIL cells (Strata-
gene, La Jolla, CA, USA). 50 uL aliquots were transformed according to the following protocol:

e thawcellsonice

e add 100-200 ng of plasmid DNA or 2 uL purified QuikChange PCR or ligation mix

e incubate 15 min onice

e heat-shock at 42 °C for 60-90 sec

e coolonice

e add 700 pL LB w/o antibiotics

o shakeat37°Cfor1hr

e spread on LB-Agar plates with appropriate antibiotics for clone picking or

e addto 25 mL LB culture with appropriate antibiotics for plasmid amplification and protein ex-

pression

3.2.2.2 Plasmid amplification and isolation

For plasmid amplification, newly transformed cultures or clones picked from LB-Agar plates
were grown O/N at 37° C while shaking at 180 rpm in 25 mL LB with appropriate antibiotics. Cells were
then harvested by centrifugation at 3 345 x g in a Heraeus Multifuge 1L-R table top centrifuge (Thermo
Fisher Scientific, Waltham, MA, USA) and DNA extraction was performed using the Wizard® Plus SV
Minipreps DNA Purification System (Promega, Madison, WI, USA).

3.2.2.3 Generation of glycerol stocks

Glycerol stocks for medium-term storage of freshly transformed cloning cells (DH5-a or
DH10Bac™) were generated by adding glycerol to a final concentration of 15 % (v/v) to 1 mL O/N
culture destined for plasmid isolation. Thus cryo-protected cells were flash-frozen in liquid nitrogen
and stored at -80 °C.
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3.2.3 Protein analytics

3.2.3.1 Determination of protein concentration

Protein concentrations were determined photometrically using a NanoDrop ND1000 (Thermo
Fisher Scientific, Waltham, MA, USA). Depending on sample availability and surface tension, sample
volumes ranging from 1.5 to 2 uL were applied to the sample pedestal and full absorption spectra were
recorded between 220 and 350 nm. Spectra were inspected for possible contaminations by nucleic
acids, as visible by an absorption peak at 260 nm, in addition to the protein-specific ones at 215 and
280 nm. Pure protein signals were converted into molar or specific concentrations using the absorption
at 280 nm and extinction coefficients as well as molecular weights calculated by the Expasy ProtParam

tool (https://web.expasy.org/protparam/, [149]).

3.2.3.2 Denaturing Polyacrylamide gel electrophoresis (SDS-PAGE)

Protein purity and size were assessed by SDS-PAGE. Gels were prepared according to Table
3-22. Briefly, mixes for stacking and resolving gels were prepared separately with the omission of APS
and TEMED which were added immediately prior to casting in order to initiate polymerisation. The
resolving gel was cast into a multicast chamber (Mini-PROTEAN 3, BioRad, Hercules, CA, USA) contain-
ing 10-13 gel sandwiches (BioRad, Hercules, CA, USA) and overlaid with isopropanol. After allowing the
gel to polymerise for 20-30 min, isopropanol was removed and the stacking gel was cast. Sample pock-
ets were generated by inserting appropriate combs into the freshly cast stacking gel. After polymeri-

sation, gels were stored at 4 °C wrapped in a moist paper towel to prevent exsiccation.

Table 3-22: Gel composition for casting of up to 13 15 % Acrylamide gels.

Resolving gel (15 %) Stacking gel (4 %)
30 % Acrylamide : Bisacrylamide 37:1 30.2 mL 2.6 mL
1.5 M Tris pH 8.8 15.1mL -
1.5 M Tris pH 6.8 - 4.8 mL
ddH.0 13.8 mL 11.5mL
10 % (w/v) SDS 600 pL 190 pL
10 % (w/v) APS 600 uL 190 pL
TEMED 60 plL 19 pL

Samples were prepared by mixing 15 plL of protein solution with 5 pL of 4x protein sample
buffer (4xPPP). Samples were boiled at 95 °C for at least 3 min (Note: Boiling was omitted in GatD/MurT
analytics, as GatD selectively precipitates in the process). Electrophoresis was performed in 1x Roti-
phorese™ SDS-PAGE buffer (Roth, Karlsruhe, Germany) at 250 V 47 min using a Powerpac HC power
source (BioRad, Hercules, CA, USA). The gel was then boiled in deionised water to remove SDS. Protein
gel stain (InstantBlue™ (Expedeon, Heidelberg, Germany)) was added and the gel boiled again and
incubated for at least 5 min. The staining solution was discarded and background staining was removed

by incubation in deionised water.
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3.2.3.3 Analytical SEC

Native protein size and sample homogeneity as well as their stability over time were assessed
by analytical SEC. Depending on target protein size, either a Superose 6 3.2/300 or a Superdex 200
Increase 3.2/200 analytical gel filtration column (GE Healthcare, Uppsala, Sweden) fitted to an ETTAN
FPLC system (GE Healthcare, Uppsala, Sweden) was equilibrated with the appropriate protein buffer.
Protein sample volumes of 30 pL containing at least 50 ug of protein were clarified of potential aggre-
gates by centrifugation for 5 min at 16 100 x g and 4 °C in an Eppenorf table-top centrifuge and loaded
onto the FPLC system. SEC was performed at 4 °C and a flow rate of 40 pL/min or 50 pL/min for the
Superose 6 and Superdex 200 Increase resins, respectively. UV absorption at 280 nm, 260 nm, and 215

nm as well as sample electrical conductivity were monitored.

3.2.3.4 Dynamic light scattering (DLS)

Size and homogeneity estimates by analytical SEC were further consolidated by means of dy-
namic light scattering using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Samples were
filtered (Costar Spin-X Centrifuge Tube Filter, 0.22 um Cellulose Acetate membrane) prior to measure-
ment. Measurements were performed in a 3 mm quartz cuvette in triplicates. Automated processing

was carried out in the Zetasizer Software v.7.11 (Malvern Instruments, Malvern, UK).

3.2.3.5 Circular dichroism (CD) spectroscopy

CD spectroscopy experiments were performed on a JASCO J-720 (Jasco, Easton, MD, USA)
spectrometer under nitrogen flow. Protein samples were diluted tenfold with deionised water in order
to avoid detector saturation due to high salt concentrations. Typical protein concentrations range from
0.1 to 0.3 mg/mL. The resulting spectra were corrected for concentration, protein molecular weight,
and cuvette thickness.

3.2.3.6 Protein identity determination by mass spectrometry

In order to ascertain protein or fragment identities after purification or limited proteolysis
(section 3.2.3.7), MALDI-TOF mass spectrometry was employed. Protein samples were separated by
SDS-PAGE and the relevant bands excised from the gel and sent to Sophie Stotz (Kalbacher laboratory,
University of Tiibingen) for MALDI-TOF analysis.

3.2.3.7 Protease exclusion assay

In order to investigate protein domain boundaries as well as compactness of fold protease
exclusion assays (limited proteolysis) were performed. To this end, the target protein was incubated
at RT for one hour or at 4 °C O/N with a selection of proteases obtained from the Proti-Ace™ Kit 1+2
(Hampton Research, Aliso Viejo, CA, USA). Protease and target protein amounts were chosen as rec-

ommended in the kit’s handbook.
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3.2.3.8 Melting temperature measurement by Differential Scanning Fluorimetry (DSF)

DSF was performed on a QuantStudio 5 real-time PCR cycler (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA). The protein of interest was supplied at 0.1 - 1 mg/mL and Protein
Thermal Shift Dye™ (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) was added as
a DSF fluorophore. The samples were equilibrated at 4 °C and gradually heated to 95 °C over 30 min
while monitoring dye fluorescence. When applicable, protein melting temperatures were derived from
the melting curve inflection point using the Protein Thermal Shift™ Software v1.3 (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA).

In order to screen for stabilising buffer conditions, DSF was performed in a 96 well format in
1:4 dilutions of the Solubility & Stability Screen™ 1+2 (Hampton Research, Aliso Viejo, CA, USA). Melt-
ing temperatures were compared and the most stable conditions (i.e. highest melting temperatures)

selected for further experiments.
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3.3 Production and Purification of AHK5

3.3.1 List of buffers

Table 3-23: Buffers used for AHKS purification, sorted by construct.

Construct Name Composition

A3, IMAC A 100 mM Tris pH 8.2 @ RT
50 mM NacCl
100 mM Urea
1 mM DTT

IMAC B as IMACA
1M Imidazole
SEC | 100 mM Tris pH 8.2 @ RT
150 mM NaCl
1 mM DTT
SECII 25 mM Tris pH 8.2 @ RT

150 mM NaCl
1 mM DTT

Cc2 C2 main 50 mM Tris pH 8.2 @ RT
150 mM NaCl
1 mM DTT
Triton buffer as C2 main

1 % (v/v) TRITON X-100
Solubilisation buffer as C2 main

8 M Urea
IMACI B as solubilisation buffer
250 mM Imidazole
IMAC Il B as C2 main
500 mM Imidazole
SECII as C2 main
500 mM NaCl
A2 A2 main 50 mM Tris pH 7.9 @ RT
1.5 M NaCl
1 mM DTT
Triton buffer as A2 main

1 % (v/v) TRITON X-100
Solubilisation buffer as A2 main

8 M Urea
IMAC | B as solubilisation buffer
250 mM Imidazole
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Table 3-24: List of buffers used for Western Blotting.

Name Composition
Transfer Buffer 25 mM Tris base
1.44 % (w/v) Glycerol
20 % (v/v) Methanol
10x TBS 200 mM Tris pH 7.5 @ RT
15M NacCl
1x TBS-T 1x TBS
+0.5 %(v/v) Tween 20
1x TBS-T-MP5 1x TBS-T
+5% (w/v) milk powder

3.3.2 Computational methods

In order to identify possible domain boundaries within the AHK5 input domain, its amino acid
sequence was analysed with different web-based bioinformatics tools. In addition to traditional BLAST
searches (https://blast.ncbi.nlm.nih.gov/), secondary structure prediction-based methods were em-

ployed. The core work was performed using the MPI Tiibingen Bioinformatics Toolkit
(https://toolkit.tuebingen.mpg.de, [64]).

Briefly, sequence searches and alignments were performed based on secondary structure pre-
diction using the HHpred algorithm. These alignments were then inspected manually for possible do-
main boundaries as well as employed as templates for tertiary structure prediction using MODELLER
[74]. Additionally, pure secondary structure predictions were performed using Quick2D [64].

Finally, a BLAST-based conservation search was performed using Consurf [67] in order to iden-

tify sequences of increased conservation to further guide construct design.

3.3.3 Molecular biology and cloning

Table 3-25: Constructs used for expression of AHK5 fragments in E. coli cells.

ID fragment residues / mutation  vector tag comments

codon-optimised source

11 FL 1-922 pEX-K4 -
vector
used for all experiments
19 A2 1-617 pETM-11 N-Hise-TEV 0N A2 fragment

(sections 1.2.5, 1.2.6,
1.2.7,1.2.8,and1.2.9)
20 A3, 1-342 pETM-11 N-Hise-TEV expression tests only
used for all experiments
on A3, fragment

21 A3, 1-364 pETM-11 N-Hise-TEV (sections 1.2.3, 1.2.6,
1.2.7,1.2.8,and 1.2.9)
22 B3; 72-342 pETM-11 N-Hise-TEV expression tests only
all experiments on C2
23 2 203-617 DETM-11  N-HiseTEy  rosment

(sections 1.2.4, 1.2.6,
1.2.7,and 1.2.9
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ID fragment residues / mutation  vector tag comments
24 352 352-617 pETM-11 N-Hise-TEV expression tests only
25 332 361-617 pETM-11 N-Hise-TEV expression tests only
28 A3, 1-364 / C3A PETM-11  N-Hiss-TEV ;’::C‘iiionr f.’;'ga)t'on studies
31 B3; 72-364 pETM-11 N-Hise-TEV expression tests only
32 A3 1-331 pETM-11 N-Hise-TEV expression tests only
33 A3« 1-352 pETM-11 N-Hise-TEV expression tests only
34 A3; 1-375 pETM-11 N-Hise-TEV expression tests only
planned use in in vitro
54 REC 774-922 pETM-11 N-Hise-TEV phosphorelay experi-
ments
version of A2 without in-
60 A2A 1-617 A507-535 pETM-11 N-Hise-TEV sert in HATPase domain —
purification successful
N-Hise-GST- A2 with GST tag — not
61 A2 1-617 pPETM-30 TEV used
version of C2 extending
62 C*2 193-617 pETM-11 N-Hise-TEV further N-terminally —
not used
. version of C2 extending
63 C*2 193-617 pETM-30 _'F'éc's‘""GST' further N-terminally —
not used
N-Hise-GST- versi'on of C2 without 'in-
64 C2A 203-617 A507-535 pETM-30 TEV sert in HATPase domain —
not used
HATPase V1 — for investi-
65 ADvl 428-617 pETM-11 N-Hise-TEV gation of role of Cyste-
ines —insoluble
HATPase V2 — for investi-
66 ADv2 428-622 pETM-11 N-Hise-TEV gation of role of Cyste-
ines —insoluble
HATPase V3 — for investi-
67 ADv3 431-617 pETM-11 N-Hise-TEV gation of role of Cyste-
ines — insoluble
HATPase V4 — for investi-
68 ADv4 431-622 pETM-11 N-Hise-TEV gation of role of Cyste-
ines — insoluble
Table 3-26: Constructs used for expression of AHK5 fragments in insect cells.
ID fragment residues / mutation vector tag comments
12 EL 1-922 DEX-K4 i codon-optimised
source vector
used for expression
29 FL 1-922 pFastBacl C-Hise tests
(section 1.4)
used for expression
30 FL 1-922 pFastBacl C-FactorXa-Hise tests

(section 1.4)
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3.3.4 Expression of AHK5 constructs in E. coli cells

Plasmids containing the genes for varying AHKS fragments (Table 3-25) were transformed into
BL21 (DE3) RIL E. coli cells (Stratagene, La Jolla, CA, USA) as described in Section 3.2.2.1. 20 mL LB
suspension cultures containing the appropriate selection antibiotics were grown O/N at 37 °C. The next
day, 1.5 L expression cultures (TB-kan) were inoculated with the O/N-culture each and grown at 37 °C
until an ODego value of 0.4-0.5 was reached. The temperature was subsequently decreased to 20° C
and 0.5 mM IPTG were added for induction.

For native purification (fragment A3,), protein expression was terminated after 5 h, for dena-
turing purifications from inclusion bodies (fragments C2, A2), expression was carried out O/N. The cells
were subsequently harvested by centrifugation using a Sorvall RC6+ (Thermo Fisher Scientific, Wal-
tham, MA, USA) centrifuge equipped with an SLC-4000 rotor (10 000 x g, 15 min) and stored at -20 °C
until purification.

For preliminary expression and solubility tests, small (100 mL) cultures were used and harvest-
ing was carried out as described above, but in 1.5 mL aliquots and using a table top Eppendorf centri-
fuge.

In all cases, ODgoo Was determined prior to harvesting.

3.3.5 Expression verification and solubility screen

Pellets derived from small scale expression (1.5 mL aliquots) were resuspended in (50 - ODggo)
pL 1x protein sample buffer and boiled at 95 °C for 10 min. Five uL of the resulting suspension were
then analysed by SDS-PAGE. Pellets obtained before and after induction by IPTG addition were com-
pared side by side.

In order to assess protein solubility upon confirmation of expression, equal pellets obtained
from the same 100 mL culture were resuspended in 1 mL of buffer and lysed by sonication (Branson
Digital Sonifier 450, microtip mode, 20 % amplitude, 0.5 s pulse alternating with 3.5 s pause, total pulse
length 30 s) and cell debris was removed by centrifugation at 16 100 x g in an Eppendorf table top
centrifuge. The two different sets of buffers used in this screening method are listed in Table 3-27 and
Table 3-28, respectively. After lysis and clarification, the supernatant fraction of each sample was an-
alysed by SDS-PAGE.
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Table 3-27: List of buffers used in sparse matrix solubility screen. Selected from [69]

Buffer ID Composition

1-1 100 mM Tris pH 7.6 @ RT
10 % (v/v) Glycerol
1-2 100 mM Tris pH 7.6 @ RT
50 mM LiCl
1-3 100 mM KH2PO4 pH 4.3
25 M ZnCl;
1-4 100 mM HEPES pH 7.0
100 mM KCl
1-5 100 mM Tris pH 8.2 @ RT

50 mM NaCl
10 % (v/v) Isopropanol
1-6 100 mM KH,PO4 pH 6.0
50 mM (NH4)2504
1 % (v/v) Triton X-100
1-7 100 mM Tris pH 8.2 @ RT
50 mM NaCl
100 mM Urea
1-8 100 mM HEPES pH 7.0
100 mM Na-Glutamate
5 mM DTT
1-9 100 mM Na-Acetate pH 5.5
100 mM KCl
0.1 % (w/v) B-D-Octylglucoside

1-10 100 mM Na-Acetate pH 5.5
1 M MgS0,4
1-11 100 mM HEPES pH 7.0
1 M MgSO4
1-12 100 mM Triethanolamine pH 8.5

50 mM LiCl
50 mM EDTA

1-13 30 mM Tris pH 7.5 @ RT
300 mM NaCl
1-14 30 mM TrispH 7.5 @ RT

300 mM NaCl
1 % (w/v) N-Lauroylsarcosinate

Table 3-28: Grid screen for lysis buffer. pH is screened against salt concentrations, num-

bers in table represent buffer IDs

Buffer NacCl 150mM 05 M i5™M
50 mM MES pH 6.5 2-1 2-2 2-3
50mM HEPES pH 7.0 2-4 2-5 2-6
50mM HEPES pH 7.5 2-7 2-8 2-9
50mM HEPES pH 8.0 2-10 2-11 2-12
50 mM Tris pH 8.5 2-13 2-14 2-15

90



Material and Methods Erik R. Noldeke

3.3.6 Native protein purification (fragment A33;)

The A3; construct, encompassing the entire input domain, was purified in a three-step process
comprising initial Ni**-NTA-affinity chromatography and two subsequent rounds of size exclusion chro-
matography. The purification strategy is depicted schematically in Figure 3-1.

[ memshame |

[ lysis by homogenisation (FrenchPress) ]
Day 1
Day 2

dialysis to remove Imidazole
[ SEC | remove aggregate }
— TEV digestion
¥ % Day 3
= 48-72h
AN ﬁ
T reverse IMAC - tag and protease removal

SEC Il polishing ]

[ Day 5/6

— —
[ use freshly for experiments ][ store @ -80 °C ]

Figure 3-1: Schematic overview of the AHK5 A3, fragment purification strategy. Imidazole-containing steps are coloured in blue, all steps
performed in standard SEC buffer (Table 3-23) are white. The presence of TEV protease is denoted in green. Grey boxes in the background
highlight the recommended timeline.

3.3.6.1 Lysis by high-pressure homogenisation

E. coli pellets containing AHKS5 A3, were lysed by high pressure homogenisation using an Emul-
siflex C3 (Avestin, Canada). Pellets were resuspended in 10 mL of Lysis buffer (Table 3-23) per gram of
cell wet weight (~4 g for wt, 2 g for C3A mutant). After addition of 1:10 000 volume units of Benzonase®
(Sigma-Aldrich, St. Louis, MO, USA) and 0.1 mM PMSF, the slurry was incubated at 4 °C for 15 min while
stirring. Cells were then lysed by repeatedly flowing them through the ice-cooled homogeniser. The
device had previously been equilibrated with Lysis buffer and the air pressure applied to the homoge-
nising valve was constantly adjusted to maintain a hydrostatic pressure on the cells of 800-1 000 bar.

The lysate was subsequently clarified by centrifugation (Sorvall RC6+, 4 °C, 60 min, 34 000x g).

3.3.6.2 Immobilised Metal lon Affinity Chromatography (IMAC)

AHK5 was enriched from the lysate by IMAC. To this end, a 5 mL Ni-NTA-Agarose cartridge
(Hitrap Crude FF, GE Healthcare, Uppsala, Sweden) was equilibrated with IMAC A buffer (Table 3-23)

and the clarified lysate was flowed over the cartridge cyclically O/N at a flow rate of 0.75 mL/min. On
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the next day, the cartridge was fitted onto an AKTA Prime FPLC system (GE Healthcare, Uppsala, Swe-
den) that had previously been washed with the appropriate buffers. Unspecifically bound proteins
were removed by washing the Ni%*-NTA matrix with 10 CV of IMAC A followed by 50 mL of IMAC A with
50 mM imidazole. Elution was carried out by first increasing the imidazole concentration to 150 mM
for 50 mL and, finally, applying a gradient from 150 mM to 1 M imidazole. Throughout washing and
elution, the UV absorption at 280 nm was monitored and relevant peak fractions were analysed by
SDS-PAGE. Fractions containing only protein of correct size were pooled based on SDS-PAGE results.
In order to remove imidazole from the protein, the pooled fractions were dialysed O/N (Stand-
ard RC Tubing, 6 — 8 kDa, 1.7 mL/cm, 23 mm, SpectrumLabs) against 2 L of SEC | buffer (Table 3-23).

3.3.6.3 SECI

After dialysis, the protein was concentrated to a maximum of 2.6 mg/mL using centrifugal con-
centrators (Sartorius VIVASPIN 20, 50 kDa MWCO, 1 300 x g). Precipitated protein and particulate ag-
gregates were then removed by centrifugation at 16 100 x g in an Eppendorf table-top centrifuge. The
remaining sample was then applied to a HiLoad 26/60 column packed with Superdex 200 gel filtration
media (GE Healthcare, Uppsala, Sweden) and equilibrated with buffer SEC I. After emptying the loading
loop with a flow rate of 1 mL/min, elution was performed with an isocratic flow of 3 mL/min. Through-
out the run, UV absorption at 280 nm was monitored. Relevant peak fractions were pooled based on
the UV trace and SDS-PAGE analysis.

3.3.6.4 Affinity tag removal

After the first gel filtration step, the N-terminal Hise-tag was removed by proteolytic cleavage
using TEV-protease. To this end, 1 mg protease was added per 5 mg AHK5. After supplementing the
mixture with 1 mM fresh DTT, cleavage was allowed to occur at 4 °C O/N while gently mixing the sam-
ple in a tilt shaker.

The next day, successfully digested protein was separated from undigested sample as well as
the protease and the cleaved tags by means of a second IMAC step. The mixture was flowed over a
5 mL IMAC cartridge (separate from that used in step 3.3.6.2) and the flow-through containing only
cleaved protein was collected. The cartridge was then regenerated by washing with 1 M imidazole. All

steps were monitored by SDS-PAGE.

3.3.6.5 Polishing SEC

In order to achieve the highest possible sample homogeneity, a second size exclusion chroma-
tography step was carried out as described in 3.3.6.3. Finally, the protein was concentrated to

~ 3 mg/mL and flash-frozen in liquid nitrogen in 100 - 200 uL aliquots for long-term storage at -80 °C.
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3.3.7 Denaturing protein purification from inclusion bodies (fragments A2 and C2)

Constructs containing the input domain as well as the kinase domain (A2, and C2) were puri-
fied from inclusion bodies by means of urea solubilisation and subsequent refolding. An overview of
the purification strategy is shown in Figure 3-2.

lysis by homogenisation (FrenchPress)

{
solubilisation
\
Day 1
Day 2
refolding: reduce Urea by dialysis |
M) (4m [ 2m ][ oM |
v
[ SEC I remove aggregate ]
]
TEV digestion Day 3
reverse IMAC — tag and protease removal
'
[ SEC I polishing ] Day 4

P Y
[ use freshly for experiments ][ store @ -80 °C ]

Figure 3-2: Denaturing purification strategy for A2 and C2 fragments. The pink colour denotes the presence of urea, all steps performed in

main buffer (Table 3-23) are white, TEV protease steps are green.

3.3.7.1 Lysis and solubilisation

E. coli cell pellets containing inclusion bodies of AHK5 constructs were lysed by high-pressure
homogenisation using an Avestin Emulsiflex C3. Pellets were resuspended in 10 mL of the appropriate
main buffer (A2 or C2, Table 3-23) per gram of cell wet weight. Following addition of 1 : 10 000 Benzo-
nase® (Sigma-Aldrich, St. Louis, MO, USA), 0.1 mM PMSF and one tablet of cOmplete ® EDTA-free Pro-
tease Inhibitor Cocktail (Roche), the cell slurry was incubated on ice for 30 min while stirring. The cells
were subsequently lysed by repeated passages through the high-pressure homogeniser while applying
air pressures of 1.8 - 2.2 bar (resulting in hydrostatic pressures of 800 - 1000 bar).

In order to isolate the inclusion bodies, the lysate was then centrifuged at 34 000 x g (Sorvall
RC6+, SS-34 rotor, 4 °C, 60 min) and the supernatant was removed. After removal of the membrane
fraction located at the top of the pellet, the pellet was transferred to a Potter-Elvehjiem tissue grinder
(Wheaton, Millville, NJ, USA). In order to achieve the highest possible inclusion body purity, the pellet
was then washed twice by resuspension in 35 mL of the appropriate Triton wash buffer and twice in
main buffer. After each resuspension the pellet was sedimented by centrifugation at 34 000 x g for 30
min and the supernatant was discarded. Finally, the washed inclusion bodies were solubilised in 35 mL

solubilisation buffer, and insoluble contaminants were again removed by centrifugation.
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3.3.7.2 Immobilised Metal lon Affinity Chromatography (IMAC)

The urea-solubilised protein was added to 5-10 mL Ni?*-NTA agarose beads (Qiagen, Hilden,
Germany) that had previously been washed and resuspended in solubilisation buffer. The mixture was
then incubated O/N at 4 °C while rotating.

The next day, the Ni>*-NTA beads were pelleted by centrifugation at 1 880 x g at 4 °C for 15
min in a Heraeus Multifuge 1L-R table top centrifuge, resuspended in solubilisation buffer and trans-
ferred to an EconoPac gravity flow column (BioRad, Hercules, CA, USA). Unbound protein and contam-
inants were removed by washing with 30 - 40 mL solubilisation buffer. The bound protein was then
eluted using IMAC | B buffer in 12 x 2 mL fractions. Fractions containing a high amount of > 80 % pure
target protein, as estimated by SDS-PAGE, were pooled for further processing.

Denatured protein in IMAC | B buffer was then stored at 4 °C for up to 2 weeks until further

processing.

3.3.7.3 Refolding

In order to achieve correct folding of the target protein, urea concentration in the buffer was
reduced stepwise by dialysis. For best results, 2.5 mLIMAC | eluate were diluted 1 : 4 with solubilisation
buffer and placed in to a pre-wetted dialysis bag (Standard RC Tubing, 6 — 8 kDa, 1.7 mL/cm, 23 mm,
Spectrumlabs). In a first step, dialysis was then carried out O/N against solubilisation buffer (8M urea)
in order to remove imidazole. The next day, refolding was performed by 2 h dialysis in main buffer
containing 4 M urea followed by 1 h in 2 M urea and finally 1 h in main buffer without urea.

In order to minimise aggregation, AHK5 fragments were subjected to preparative SEC imme-
diately after refolding without further concentration.

3.3.74 SECI

Aggregation nuclei were removed immediately after the final refolding dialysis. The content of
the dialysis bag was clarified by centrifugation at 16 100 x g in a cooled Eppendorf table top centrifuge
and applied to a HiLoad 26/60 column packed with Superdex 200 gel filtration media (GE Healthcare,
Uppsala, Sweden) that had previously been equilibrated with main buffer (Table 3-23). Loading and

elution parameters were chosen as described in 3.3.6.3.

3.3.7.5 Affinity tag removal and polishing SEC

TEV-protease digestion, reverse IMAC and polishing SEC (SEC II) were performed as described
for the A3, fragment in sections 3.3.6.4 and 3.3.6.5 with the following fragment-specific variations: 0.5
mg TEV protease were employed to digest 20 mL pooled SEC | fractions and all concentration steps
were carried out using 10 K MWCO centrifugal concentrators (VIVASPIN 20, PES membrane, Sartorius,

Gottingen, Germany) at a centrifugal force of 1 300 x g. The maximum protein concentration never to
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exceed throughout the purification in order to limit aggregation was estimated to be 1 mg/mL, based
on analytical SEC (Section 3.2.3.3).

While the main buffer was used for both SEC steps for the A2 fragment, AHK5 C2 required a
dedicated SEC Il buffer for the polishing step (Table 3-23).

3.3.8 Expression of full-length AHKS5 in insect cells

In order to obtain empirical data on the overall architecture and domain boundaries of AHKS5,
stable, folded, and homogeneous full-length protein is essential. Due to the large size of the protein of
922 residues, insect cells were chosen as the expression system.

3.3.8.1 Generation of recombinant bacmids

The recombinant baculoviral genome (bacmid) containing the gene coding for AHK5 was gen-
erated using the Bac-to-Bac system (Thermo Fisher Scientific, Waltham, MA, USA) [150], [151]. Codon-
optimised full-length AHK5 DNA was obtained from Eurofins Genomics GmbH (Ebersberg, Germany,
DB ID #12, Table 3-26) and sub-cloned into a pFastBac-1 entry vector by General Biosystems (Durham,
NC, USA).

For recombination of the transgene from the entry vector into the infectious bacmid, entry
vectors containing AHK5-FL were transformed into DH10Bac™ E. coli cells. These cells contain the ac-
ceptor bacmid and express the relevant transposases. DH10Bac™ require a dedicated transformation
protocol:

e thawcellsonice

e add 1 ng of plasmid DNA

e incubate 30 min on ice

e heat-shock at 42 °C for 45 sec

e cool onice for 2 min

e add 900 uL LB w/o antibiotics

e shake at37°Cfor4 hr

e spread on LB-Agar plates containing 50ug/mL kanamycin, 7 pg/mL gentamycin10 pg/mL tet-
racycline, 100 pg/mL X-gal, and 40 pug/mL IPTG (LB-Agar-KGTXI) for white-blue screening [152]

After incubation at 37 °C for 48 h, white colonies resulting from lacZ gene disruption by suc-
cessful recombination were picked and re-streaked on LB-Agar-KGTXI for amplification and blue-white
confirmation. Doubly confirmed clones were amplified in suspension culture (LB-KGT), and bacmid
DNA was isolated using the PureLink™ HIPure Plasmid Miniprep Kit (Invitrogen, Thermo Fisher Scien-

tific, Waltham, MA, USA) according to the manufacturer's manual.

95



Material and Methods Erik R. Noldeke

3.3.8.2 Clone confirmation by PCR

Successful insertion of the transgene was additionally confirmed by PCR. Two primers flanking
the insertion site for the transgene (Table 3-29) were used to amplify the region of the bacmid poten-
tially containing the insert. PCR composition and thermocycler settings are shown in Table 3-30 and
Table 3-31, respectively. Following the reaction, 5 pl of the mix were subjected to analytical agarose
gel electrophoresis (Section 3.2.1.3). Primer design and PCR parameters were chosen according to the

recommendations in the Bac-to-Bac manual [153].

Table 3-29: Primers for check-PCR.
M13 fwd 5'-gttttcccagtcacgac-3'
M13 rev 5'-caggaaacagctatgac-3'

Table 3-30: Reaction mix for check-PCR.

recombinant bacmid 100 ng
each primer (10 puM) 1.25 pL
dNTP mix (10 mM) 1pul
Q5 DNA polymerase 0.5 pL
5x Q5 reaction buffer 10 uL
ddH,0 ad 50 pL

Table 3-31: Thermocycler protocol for check-PCR.

Block (repeats) Step Temperature (°C) Time (s)

0 (1) Initial melting 93 180
Melting 94 45

1 (30) Annealing 55 45
Extension 72 300
Final extension 72 420

6 (1) Storage 8 )

3.3.8.3 Culturing of sf9 and Hi5 insect cell suspension cultures

Insect cells used for baculovirus generation (Sf9) and protein expression (Hi5) were kept in
serum-free suspension cultures in the appropriate growth media (Sf-900 Il SFM (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and Express Five™ SFM (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA), respectively) supplemented with Penicillin-Streptomycin (Gibco, Thermo Fisher Scientific, Wal-
tham, MA, USA). Cells were split 1 :4 - 1: 10 every 3 - 5 days at cell counts of 3.0 - 10°- 3.5 - 10° per mL
and grown at 28 “C while shaking. Cells were kept for up to 30 passages or until they displayed severe

growth defects.

3.3.8.4 Transfection of Sf9 cells for baculovirus production

Transfection of Sf9 cells was performed according to the Bac-to-bac® user guide (Thermo

Fisher Scientific, Waltham, MA, USA), with minor modifications.
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Briefly, Sf9 cells had been seeded at a density of 1 - 10° mL™ and grown O/N at 28 °C. The next
day, after verification that log-phase growth was reached (1.5-2.5 - 10° mL?), 8 - 10° cells were seeded
in one well of a 6-well tissue culture plate containing 2 mL Grace's Insect Medium (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA). Cells were allowed to attach for 15 min at RT.

In the meantime the transfection mix was prepared. To this end, 8 pL Cellfectin® Il (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) were added to 100 pL Grace's Insect Medium and mixed
vigorously. In a separate vial, 100 uL Grace's Insect Medium were supplemented with 1-2 ug bacmid
DNA and mixed gently. Both vials were then combined and incubated at RT for 15 min. The entire
transfection mix was then added dropwise to the previously prepared cells. The transfection reaction
was then incubated at 27 °C. After five hours the transfection mix was removed and replaced with Sf-
900 Il SFM growth medium. The cells were stored at 27 °C for 72 - 96 h and regularly inspected for
signs of successful infection.

3.3.8.,5 Harvesting and amplification of the baculoviral P1 stock

As soon as clear signs of infection were visible (swelling and high granularity of cells, detached
cells), the medium, now containing recombinant baculovirus, was harvested and supplemented with
5 % fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for storage at 4 °C.
This will be referred to as the P1 stock.

In order to obtain virus quantities suitable for expression, at least one round of amplification
in Sf9 suspension culture was performed. To this end, P1 virus stock was used to infect a 24 mL sus-
pension culture in log-phase growth (seeded accordingly one day prior). The volume of innoculum re-
quired was calculated using Equation (3-2).

u
MOl (%) " Neeuts

mL (3-2)

Vinocutum = Virus titer (pf_u)

mL
A MOI or multiplicity of infection 0.075 plaque forming units (pfu) per cell was chosen and the virus
titer estimated to be 5 - 10° pfu/mL. Cells were kept in suspension culture at 28 °C for 72 - 96 h post
infection and monitored for signs of infection. After visual inspection revealed clear signs of baculoviral
infection, the cells were discarded by centrifugation (10 min, 500 x g) and 5 % FBS (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) were added to the supernatant for storage at 4 °C. This is the P2
stock with an estimated titer of 5 - 107 pfu/mL.

3.3.8.6  Expression test with baculoviral P2 stock

In order to assess whether AHKS5 is successfully expressed by Sf9 or High Five™ cells upon in-
fection with recombinant baculovirus stocks derived from the transfection of AHK5-containing bac-
mids, a small-scale expression test in 24-well plates was performed using the P2 stock as innoculum.

To this end, 6 - 10° log-phase Sf9 or High Five™ cells were seeded per well of a 24-well plate
and allowed to attach for 15 min. Attached cells were rinsed once with fresh growth media and then

overlaid with 300 pL media. P2 stock was added for MOI of 0.5 1, 2, 5, or 10 with one negative control
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included and the cells were incubated at 27 °C. The experiment was performed in duplicates for ex-
pression times of 72 and 120 h, respectively.

After the pre-established expression time, cells were visually inspected for signs of baculoviral
infection and harvested. To this end, the growth and infection medium was removed, and the cells
were resuspended in 300 pL fresh growth medium by gently pipetting up and down. The cells were
then pelleted by centrifugation at 500 x g for 10 min. Both supernatants and the pellets were stored

at -20 °C upon analysis.

3.3.8.7 Assessment of expression success by Western Blot and MALDI-TOF

Success of AHK5 expression was ultimately probed by Western Blot. To this end, pellet samples
obtained as described in 3.3.8.6 were resuspended in 50 uL of 1x protein sample buffer and boiled at
95 °C for 5 min. The supernatant samples were mixed with appropriate volumes of 4x protein sample
buffer and boiled in the same way. Five uL of each sample were then separated by SDS-PAGE in tripli-
cates. One gel was used for InstantBlue® staining, the other two for Western Blotting.

Western Blotting was performed in a semi-dry setup using PVDF membranes (Roth, Karlsruhe,
Germany) as a target. In preparation, the membrane was soaked for 10 min in pure methanol followed
by a 5 min wash step in ddH,0 and a 10 min incubation in transfer buffer (Table 3-24). the SDS-gel as
well as the Whatman papers were soaked in transfer buffer for 15 and 5 min, respectively. The blot
sandwich was then assembled with the SDS-PAGE on the cathode side and the membrane on the an-
ode side, flanked by four layers of Whatman papers on either side. Transfer was performed by applying
20V for 1 h.

After the transfer the membrane was placed into a 50 mL Falcon tube and blocked with 20 mL
1x TBS-T-MP5 (Table 3-24) for 1 h @ RT while rotating. 10 mL primary antibody were added after re-
moval of the blocking solution and decoration was allowed to proceed O/N @ 4 °C. On the next day,
the blot was washed three times with 1x TBS-T for 15 min followed by a 1 h incubation with the sec-
ondary antibody @ RT. The membrane was then washed four times with 1x TBS-T for 10 min.

Detection was performed by chemiluminescence based on the horseradish peroxidase-cou-
pled secondary antibodies using the Amersham™ ECL™ Western Blot Detection Reagents. The mem-
brane was placed on the imaging table of a ChemiDoc® Imaging System (BioRad, Hercules, CA, USA).
and the two reagents were mixed in equal volumes, as specified in the manufacturer's manual and
applied to the entire surface of the membrane. Imaging was performed using the device's built-in auto-
exposure function. Merged images of InstantBlue-stained SDS-PAGE and Western Blot were generated
using Adobe® PhotoShop® CS3.

The antibody combinations used for detection and their formulations are listed in Table 3-32.

Table 3-32: Antibody combinations and formulations used for AHK5-FL detection. For buffer composition, see Table 3-24

primary antibody secondary antibody
Mouse-a-His, 1 : 5 000 in TBS-T-MP5 Goat-a-Mouse, 1 : 5000 in TBS-T-MP5
Rabbit-a-AHKS5-ID, polyclonal, 1: 1 000 in TBS-T  Goat-a-Rabbit, 1 : 10 000 in TBS-T-MP5
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Additionally, well-visible bands in the InstantBlue-stained SDS-PAGE were excised and sent to

Sophie Stotz (Kalbacher lab, University of Tlibingen) for mass spectrometry analysis using MALDI-TOF.

3.3.8.8 Lysis buffer screen

In order to assess whether AHK5_ FL expressed in insect cells can be natively extracted, lysis
buffer screening was conducted. To this end, suspension cultures of Hi5 cells were infected with P2
baculoviral stock at a MOI of 10 and incubated for five days at 27 °C. The cells were then harvested in
0.5 mL aloquots. The cells were resuspended in 1 mL lysis buffer and lysed by sonication. Samples were
clarified and supernatants were applied to His SpinTrap™ centrifugal IMAC columns (Ge, Healthcare,
Uppsala, Sweden). After washing with lysis buffer, bound proteins were eluted with 1:1 mixtures of
lysis buffer and 1 M imidazole, pH 8.0. Lysis supernatant, pellet, and IMAC elution were subjected to
SDS-PAGE and Western Blot analysis. The buffers used are shown in matrix representation in Table
3-33.

Table 3-33: Grid screen for AHK5_FL lysis buffer. pH is screened against salt concentrations
in the presence of 0.1 % Triton X-100 (T). The 0.5 M NaCl buffers were additionally pre-
pared with 100 mM Urea (U) and 20 mM Imidazole (I).

Buffer NacCl 150 mM 05 M 15M
50 mM MES pH 6.0 T T/U/I T
50 mM MES pH 6.5 T T/U/I T
50 mM HEPES pH 7.0 T T/U/I T
50 mM HEPES pH 7.5 T T/U/I T
50 mM Tris pH 8.0 T T/U/I T

3.3.9 Functionality assays

3.3.9.1 AQualitative assessment of oxidative dimerisation

In order to probe the hypothesised participation of the cysteine at position 3 (Cys3) in AHK5
signalling, the propensity of AHKS input domain-containing proteins to form covalent dimers upon
induction of oxidative stress was assayed by non-reducing denaturing SDS-PAGE. To this end, AHK5
A3, wild-type (wt) and a Cys3-deficient mutant (C3A) as well as the A2 wt were transferred to A3,-SEC
I and A2 main buffers, respectively, lacking any reduction agents. The proteins were subsequently
challenged with hydrogen peroxide dilution series ranging from 1 pM to 2 mM for 15 min at RT. The
reactions were then mixed with appropriate amounts of 4x protein sample buffer without B-mercap-
toethanol, heated to 95 °C for 2 min, and analysed by SDS-PAGE.
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3.4 Production and Purification of GatD/MurT

Erik R. Noldeke

3.4.1 List of buffers

Table 3-34: Buffers used for GatD/MurT purification.

Name Composition
Lysis 50 mM Tris pH 8.5 @ 4°C (7.9 @ RT)
300 mM NaCl
10 mM Imidazole
1 mM DTT (add freshly)
Wash as Lysis buffer
50 mM Imidazole
Elution as Lysis buffer
250 mM Imidazole
SEC 50 mM Tris pH 8.5 @ 4°C (7.9 @ RT)
500 mM NaCl
50 mM MgCl,
5mM KCl
5mM DTT (add freshly, use 5 mM TCEP for storage)

3.4.2 Cloning of expression constructs

GatD/MurT constructs use in this study are shown in Table 3-35. All S. aureus constructs were

generated in the group of Prof. Dr. Tanja Schneider (University of Bonn) as described in [107] and [79].

Constructs 41-44 were bought from BioCat GmbH (Heidelberg, Germany), the remaining constructs

were cloned by Paul Bachmann as a part of his M. Sc. project.

Table 3-35: Plasmids used for protein expression.

DB# protein mutation vector tag comments
original construct

26 SaGatD/MurT wt pET21b GatD-C-Hiss  used for crystallo-
graphic studies [79]

35 SaGatD/MurT GatD C94S pET21b GatD-C-Hisg  used in [79]

36 SaGatD/MurT MurT D349N pET21b GatD-C-Hiss  used in [79]

37 SaGatD/MurT MurT T60A pET21b GatD-C-Hisg  used in [79]

38 SaGatD/MurT MurT E108A pET21b GatD-C-Hiss  used in [79]

39 SaGatD/MurT MurT N267Y pET21b GatD-C-Hiss  used in [79]

40 SaGatD/MurT MurT T60A E108A pET21b GatD-C-Hiss  used in [79]

41 MtbMurT wt PETDuet-1 - intermediate cloning
product — not used
codon-optimised ex-

42 MtbGatD/MurT  wt pETDuet-1  GatD-C-Hiss  pression vector,
used in section 2.3

a3 SpyMurT wt oETDuet-1 - intermediate cloning

product — not used
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codon-optimised ex-

44 SpyGatD/MurT wt pETDuet-1  GatD-C-Hiss  pression vector, very
low yield
46  MtbGatD/MurT  MurT A1-36 OETDuet-1  GatD-C-Hisg  US€d N section2.3,
increased yield
MurT-N-
50 MtbGatD/MurT  wt pETM-11 Hise-TEV not used
MurT-N-
58 SpyGatD/MurT  wt pETM-11 Hise-TEV not used
MurT-N- high yoeld, used in
59 SpyGatD/MurT MurT A1-34 pETM-11 Hise-TEV section 2.3

3.4.3 Expression of SaGatD/MurT and SpyGatD/MurT constructs

Plasmids containing the genes for SaGatD/MurT or SpyGatD/MurT (Table 3-35) were trans-
formed into BL21 (DE3) RIL E. coli cells (Stratagene, La Jolla, CA, USA) as described in Section 3.2.2.1.
10 mL LB suspension cultures containing the appropriate selection antibiotics were grown for 5-8 h at
37 °C and then used to inoculate 350 mL LB-amp/kan. This large pre-culture was grown O/N at 37 °C.
The next day, 1.5 L expression cultures (LB-amp/kan) were inoculated with 30-40 mL of the O/N-cul-
ture each and grown at 37 °C until an ODggo value of 0.4-0.5 was reached. The temperature was subse-
quently decreased to 30° C and 0.25 mM IPTG were added for induction. Protein expression was car-
ried out for 5 h and the cells were subsequently harvested by centrifugation using a Sorvall RC6+
(Thermo Fisher Scientific, Waltham, MA, USA) centrifuge equipped with an SLC-4000 rotor (10 000 x g,
15 min). The cells were stored at -20 °C until purification.

3.4.4 Expression of MtbGatD/MurT constructs

O/N LB pre-cultures were prepared as described above. 20 mL of the pre-culture were used to
inoculate 1 L Simplified Studier autoinduction medium [154] (Table 3-21). Autoinduction cultures were
grown at 20 °C, typically over the weekend (72 h). The cells were harvested as described above and

stored at -20 °C until purification.

3.4.5 Protein purification

All GatD/MurT constructs were purified according to the general protocol published in [79],
with minor variations. The protocol aims to initially enrich the target protein by Immobilised Metal ion
Affinity Chromatography (IMAC) followed by immediate buffer exchange to remove imidazole. The
resulting protein was then subjected to two subsequent rounds of preparative size exclusion chroma-
tography (SEC) to reach a high degree of homogeneity. Proteolytically cleavable affinity tags (if pre-
sent) were removed between the two SEC steps (Figure 3-3).

Adaptation of the original protocol to M. tuberculosis and S. pyogenes constructs was mainly

performed in collaboration with Paul Bachmann as a part of his M. Sc. project.
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Figure 3-3: Schematic overview of the GatD/MurT purification strategy. Imidazole-containing steps are coloured in blue, all steps performed
in standard SEC buffer (Table 3-34) are white. The presence of TEV protease is denoted in green. Grey boxes in the background highlight the
timeline used.

3.4.5.1 Lysis by high-pressure homogenisation

E. coli pellets derived from autoinduction expression (i.e. all Mtb constructs) were lysed by
high pressure homogenisation using an Emulsiflex C3 (Avestin, Canada). Pellets were resuspended in
20 mL of Lysis buffer (Table 3-34) per gram of cell wet weight. Hen egg lysozyme (200 pg/mL) and one
tablet of cOmplete ® EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics GmbH, Mannheim, Ger-
many) were added, and the slurry was incubated at 4 °C for 30 min while stirring. After addition of
1:10 000 volume units of Benzonase® (Sigma-Aldrich, St. Louis, MO, USA), cells were lysed by repeat-
edly flowing them through the ice-cooled homogeniser. The device had previously been equilibrated
with Lysis buffer, and the air pressure applied to the homogenising valve was constantly adjusted to
maintain a hydrostatic pressure on the cells of 800-1 000 bar.

The lysate was subsequently clarified by centrifugation (Sorvall RC6+, 4 °C, 15 min, 12 000x g).

3.4.5.2 Lysis by sonication

Cells harvested from LB expression (Sa and Spy constructs) were lysed by sonication. The cells
were resuspended in 10 mL Lysis buffer per gram of cell wet weight and additives and incubation were
performed as described in 3.3.6.1. Cell disruption was performed in a Branson Digital Sonifier 450 using

20 % amplitude and 1 s pulses alternating with 2 s pauses for a total pulse duration of 10 min. The
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sample was kept on ice throughout sonication. The lysate was clarified by centrifugation as described

above.

3.4.53 Immobilised Metal lon Affinity Chromatography (IMAC)

Following lysis, all GatD/MurT constructs were subjected to IMAC as a first purification step
using Ni-NTA agarose beads (Qiagen, Hilden, Germany). 2 mL of 50 % bead slurry, pre-equilibrated
with Lysis buffer, were added to 15 mL of clarified lysate and incubated for 17 h at 4 °C while stirring.
The mixture was subsequently transferred to EconoPac gravity flow columns (BioRad, Hercules, CA,
USA), unspecifically bound proteins were removed by washing with 10 CV of Wash buffer containing
50 mM imidazole, and the remaining bound protein was eluted with Elution buffer containing 250 mM
imidazole. For SpyGatD/MurT washing was carried out with 10 CV of Lysis buffer. Elution was carried
out with 5 CV of Wash buffer followed by 5 CV of Elution buffer. Appropriate fraction sizes were col-
lected and pooled after protein size estimation by SDS-PAGE.

3.4.5.4 Buffer exchange

A semi-automated buffer exchange strategy was employed to remove imidazole from the pro-
tein. To this end, the protein was applied to a HiPrep 26/10 Desalting column that had previously been
equilibrated with buffer SEC (5 mM DTT). The column was operated via an AKTAprime FPLC system (GE
Healthcare, Uppsala, Sweden) at a flow rate of 10 mL/min. 15 mL IMAC elution were applied and frac-
tions were collected from 14 to 36 mL. Separation of protein and imidazole was monitored via changes
in the absorption at 280 nm and the electrical conductivity.

3.4.5.5 Size Exclusion Chromatography (SEC)

The protein sample was concentrated to 2.5 mg/mL using centrifugal concentrators (Amicon
Ultra-15, 50 kDa MWCO, 1 880 x g) and applied to a HiLoad 26/60 column packed with SD200 (GE
Healthcare, Uppsala, Sweden) that had previously been equilibrated with buffer SEC (5 mM DTT). Elu-
tion was carried out at 3 mL/min while monitoring UV absorption at 280 nm. Relevant peak fractions
were checked for protein purity by SDS-PAGE and pooled accordingly.

To further enhance sample quality, a second iteration of SEC was performed for polishing as

described above but using 5 mM TCEP instead of DTT as a reducing agent for long-term storage.

3.4.5.6 Affinity tag cleavage

In the case of SpyGatD/MurTai-34, which was expressed from a pETM-11 vector, the N-terminal
Hise-tag for Ni-affinity purification was removed by site-specific proteolysis between the first and sec-
ond SEC steps using the Tobacco Etch Virus (TEV) protease. 0.5 mg of protease were added per 5 mg
of target protein and incubated O/N at 4 °C. The digested protein was separated from undigested one
as well as the residual tag and the TEV protease (also His-tagged) by means of a 1 mL pre-packed Ni-
NTA cartridge (HiTrap Crude FF, GE Healthcare, Uppsala, Sweden).
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3.4.6 Biophysical characterisation

Sample homogeneity and stability were assessed by analytical SEC, DLS, CD and DSA, as de-
scribed in Sections 3.2.3.3, 3.2.3.4, 3.2.3.5, and 3.2.3.8, respectively.

3.4.7 Structural biology

3.4.7.1 Crystallisation screening

GatD/MurT samples were concentrated to 2-5 mg/mL. Suitability of protein concentration for
initial crystallisation trials was estimated using an ammonium sulfate precipitation assay. Briefly, 1 uL
of protein was mixed with 1 pL of a (NH4),SO4 solution of either 1, 1.5, 2, 2.5, or 3 M concentration,
and the propensity to precipitation was assessed. Protein concentration was deemed suitable for crys-
tallisation if the top two ammonium sulfate conditions lead to immediate precipitation while the bot-
tom two remained clear for at least one minute.

The protein was then filtered using Costar Spin-X Centrifuge Tube Filters with 0.22 um Cellu-
lose Acetate membrane (Sigma-Aldrich, St. Louis, MO, USA). Sitting-drop vapour diffusion screens
were set up with a Crystal Gryphon LCP (Art Robbins Instruments, Sunnyvale, CA, USA) using protein
drop sizes ranging from 100 to 300 nL and protein to precipitant ratios of 2:1, 1:1, or 1:2.

Initial screening was carried out using commercially available crystallisation screens (Table
3-9). After setup, crystallisation trays were stored either at 4 °C or at 20 °C and manually inspected
after one day, three days, one week, two weeks, one, and two months using a Leica Digital Microscope
(Leica, Wetzlar, Germany). Upon identification of a promising condition, fine screens were designed to
refine crystallisation. 96-well-based refinement screens were prepared from stock solutions using a
Tecan Freedom EVO liquid handler (Mannedorf, Switzerland). Crystallisation trays were again pipetted
with the Crystal Gryphon LCP.

In order to screen a wide variety of additives, such as various salts or alcohols, a previously
determined crystallisation condition was supplemented 1:10 with Additive Screen (Hampton Research,
Aliso Viejo, CA, USA) in a 96 well layout and used for sitting drop crystallisation.

Crystal growth was often enhanced by seeding. To this end, crystals grown from vapour diffu-
sion experiments were suspended in 50 pL well solution and crushed by vortexing using SeedBeads®
(Hampton Research, Aliso Viejo, CA, USA). The thus obtained seed stock was either used directly for
streak-seeding using a cat whisker (Provided by Dr. Ancilla Neu, collected from her cat “Pauli”) or di-
luted and added 1:10 to newly set crystallisation drops.

3.4.7.2 Crystallisation

Crystals for diffraction experiments were mostly obtained from hanging drop vapour diffusion
trays. Herein, 1 plL of protein solution was mixed with 1 pL of well solution and suspended over a
reservoir containing approximately 500 uL well solution. If required, the drops were seeded as de-
scribed above. The composition of the crystallisation conditions for SaGatD/MurT as well as crystal

derivatisation strategies are published in [79].
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3.4.7.3 Diffraction data collection, data processing, model building and refinement

All crystallographic procedures were carried out as described in [79].

3.4.7.4 Small-angle X-ray scattering (SAXS)

Preliminary SAXS experiments were performed in the laboratory of Prof. Frank Schreiber with
the kind support of Dr. Olga Matsarskaia, Dr. Stefano da Vela, and Dr. Fajun Zhang on a Xeuss 2.0 X-
ray diffractometer (Xenocs, Grenoble, France) equipped with a Pilatus 300k detector (Dectris, Baden-
Daettwil, Switzerland) and a microfocus X-ray source. Protein concentration ranging from 0.5 to 11
mg/mL were supplied in 1 mm quartz capillaries in a temperature-controlled sample holder (Linkam
FFSX350, Linkam, Waterfield, UK) pre-cooled to 12 °C. Measurements were performed at full beam
transmission over multiple hours subdivided in single frames of 30 min exposure each in order to as-
sess radiation damage. Frames were integrated with the Foxtrot data reduction software (Synchrotron
Soleil, Saint-Aubin, France) and the scattering profiles were analysed using components of the ATSAS
suite [155].

SAXS scattering profiles for GatD/MurT were recorded at beamline P12 at the German Electron
Synchrotron (DESY, Hamburg, Germany) as described in [79].

Additionally, profiles for AHK5 A3, were kindly recorded by Dr. Olga Matsarskaia at beamline
IDO2 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. Data obtained from
different sample concentrations were used to extrapolate a theoretical scattering profile at zero con-
centration to remove possible concentration effects using the PRIMUS interface of the ATSAS program
suite [155], [156]. Radius of gyration (Rg) determination by linear fitting of the Guinier region and ex-

traction of a distance distribution function were also performed in PRIMUS.

3.4.8 Enzymatic activity assay

An NMR-based glutaminase assay was used to assess the capability of GatD/MurT proteins to
hydrolyse glutamine to glutamate in vitro. The protocol was adapted from [141].

SEC buffer (Table 3-34) without any reducing agent was lyophylised and reconstituted in 99.8
% D0 to yield NMR buffer. GatD/MurT was transferred into NMR buffer by means of a PD-10 desalting
column (GE healthcare, Uppsala, Sweden) using the manufacturer’s gravity flow protocol.

GatD/MurT was supplied at a concentration of 30 uM in NMR buffer and the glutaminase re-
action was started by adding 750 uM of glutamine (25-fold excess). *H NMR spectra were recorded by
Dr. Vincent Truffault (Max Planck Institute for Developmental Biology, Tlibingen, Germany) on a Bruker
AVIII-600 spectrometer with a room temperature sample holder at 300 K with a spectral resolution of
0.66 Hz. Scans were repeated with every 68 s for a total of 2400 scans in a pseudo-2D experiment. The
spectra were processed in the Bruker TopSpin® software (Bruker, Billerica, MA, USA). Protein-only
spectra were recorded and subtracted to yield the clean substrate and product spectra. The pseudo-
2D experiments were plotted over the entire time course of the experiment and compared with glu-
tamine-only as well as glutamate-only reference spectra. Relevant peak changes were tracked using

the kinetic analysis function in the Bruker Dynamics Center software.
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SUMMARY

This thesis presents recent advances on the structural and mechanistical characterisation of
two ATP-binding proteins or protein complexes; AHK5 from Arabidopsis thaliana, and GatD/MurT from
Staphylococcus aureus, Mycobacterium tuberculosis, and Streptococcus pyogenes.

AHKS is a sensory histidine kinase that is involved in multiple physiological pathways, such as
the modulation of stomatal closure, or the response to PAMPs. Its activity is likely triggered by in-
creases in hydrogen peroxide concentrations. In this project, a tentative model for hydrogen peroxide
sensing by the N-terminal portion of AHK5 was postulated. Based on in-vitro dimerisation studies, a
cysteine residue at position 3 was shown to covalently link two AHK5 monomers under oxidative con-
ditions, with a redox midpoint potential compatible with previously published physiological values.
The study additionally lays a comprehensive foundation for future work to elucidate the structure and
thus the details of AHK5 activation. Three different fragments which, together, span the sensory N-
terminus and the histidine kinase and ATPase domains were successfully purified. Bioinformatic meth-
ods as well as a protease exclusion assay indicated the probable presence of a yet undescribed PAS-
like domain, immediately preceding the histidine kinase domain. This domain could play a key role in
transducing the input signal from the N-terminus to the catalytically active part. However, biophysical
analyses highlight potential heterogeneity with respect to the purified proteins’ oligomeric state and
stability problems. These issues will be the subject of follow-up studies before structural work can
begin.

Understanding the mechanism of action of AHK5 will not only provide additional understand-
ing of how histidine kinases work; due to its key role in numerous physiological processes, it could
prove an anchor point from which to deepen our understanding of how Arabidopsis reacts to exoge-
nous stresses as well as plant physiology in general.

GatD/MurT is a cell wall amidating enzyme complex that is essential in many Gram-positive
bacteria, including highly pathogenic ones like Staphylococcus aureus, Streptococcus pneumoniae, and
even the actinobacterium Mycobacterium tuberculosis. In this project, the first fully refined crystal
structure of the S. aureus enzyme was obtained and a complex crystal structure containing an ATP
analogue mimicking one of the three substrates was solved. Together with solution scattering data
obtained by SAXS, these data indicate an intriguing crescent-shaped open conformation of the heter-
odimer. This conformation likely represents the enzyme’s resting state and probably transitions to a
more compact conformation upon substrate binding, in order to achieve catalysis. The enzyme com-
plex exhibits a canonical ATP binding pocket in MurT. GatD achieves intermediate ammonia generation
by deamidation of cytosolic glutamine. This reaction is catalysed by an unusual intermolecular catalytic
triad composed of a cysteine and a histidine in GatD and an aspartate in MurT. Additionally, MurT
contains a Cysas-type Zinc finger of unknown function. Expression of putative homologous complexes
from M. tuberculosis and Streptococcus pyogenes was successful, and preliminary glutaminase activity
monitored by *H-NMR confirmed both enzymes to be active in this respect.

These insights raise the stakes in understanding the molecular mechanism of action of
GatD/MurT, as it could offer the possibility to develop novel antimicrobial drugs that specifically target
it. Such drugs could be active not only against S. aureus but rather a wide range of pathogenic bacteria,

thus providing a new edge in combating antibiotic resistances.
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ZUSAMMENFASSUNG

Diese Dissertation prasentiert neue Erkenntnisse in Bezug auf die strukturelle und mechanis-
tische Beschreibung zweier ATP-bindender Proteine oder Komplexe; AHKS aus Arabidopsis thaliana
und GatD/MurT aus Staphylococcus aureus, Mycobacterium tuberculosis und Streptococcus pyogenes.

AHKS ist eine sensorische Histidinkinase, die an zahlreichen physiologischen Signalwegen be-
teiligt ist. Beispielsweise moduliert sie die SchlieBung der Stomata oder reguliert die Antwort auf
PAMPs. Vermutlich wird AHK5S durch einen Anstieg der Wasserstoffperoxidkonzentration aktiviert. Im
Rahmen dieses Projektes wurde ein mogliches mechanistisches Modell postuliert, wie Erkennung von
H.0, durch AHKS5 ablaufen kdnnte. Basierend auf in-vitro-Dimerisierungsexperimenten konnte gezeigt
werden, dass ein Cystein auf Position 3 unter oxidativen Bedingungen zwei AHK5-Monomere kovalent
verbinden kann. Das Redox-Midpoint-Potential liegt herbei in einem Bereich, der kompatibel ist mit
veroffentlichten physiologischen Werten. Diese Arbeit liefert zudem eine umfangreiche Grundlage fiir
kiinftige Strukturaufklarungsarbeit an AHK5 und damit flir das mechanistische Verstandnis der H,0,-
Steuerung der Kinaseaktivitdt. Drei verschiedene Fragmente, die zusammen den gesamten sensori-
schen N-Terminus sowie die Kinase- und ATPase-Domaéanen enthalten, wurden erfolgreich aufgereinigt.
Sowohl bioinformatische Methoden als auch ein Proteasenexklusionsassay deuten darauf hin, dass
sich unmittelbar N-terminal zur Kinasedomane eine vermutlich PAS-dhnliche Doméane befindet. Diese
Domaéne konnte eine zentrale Rolle im Weiterreichen des Aktivierungssignals vom N-Terminus hin zu
Kinasedomane spielen. Allerdings zeigten biophysikalische Analysen Heterogenitat in der oligomeren
Zusammensetzung der gereinigten Proteine sowie Stabilitdtsprobleme. Diese Schwierigkeiten werden
der Inhalt weiterfiihrender Studien sein, bevor die Arbeit an der Strukturaufklarung beginnen kann.

Den molekularen Mechanismus von AHK5 zu entschliisseln wird nicht nur das allgemeine Ver-
standnis von Histidinkinasen erweitern; aufgrund der zentralen Rolle von AHK5 kdnnte es auch einen
Ankerpunkt darstellen von dem aus das Wissen dariiber wie Arabidopsis auf exogenen Stress reagiert,
sowie unser Verstandnis von Pflanzenphysiologie im Allgemeinen, zu erweitern.

GatD/MurT ist ein Enzymkomplex, der fir Amidierungen in der Zellwand verantwortlich ist.
Dieses Enzym ist in vielen Gram-positiven Bakterien essenziell, beispielsweise in hochpathogenen Spe-
zies wie Staphylococcus aureus, Streptococcus pneumoniae und sogar im Actinobakterium Mycobac-
terium tuberculosis. Im Rahmen dieses Projektes wurde die erste vollstandig verfeinerte Kristallstruk-
tur des S. aureus-Enzyms erhalten und eine Komplexstruktur mit AMPPNP anstelle von ATP als eines
der drei physiologischen Substrate wurde gel6st. Zusammen mit Daten iber das Molekil in Losung,
die durch Rontgenkleinwinkelstreuexperimente erhalten wurden, zeigen die kristallographischen Da-
ten auf, dass S. aureus GatD/MurT eine sehr interessante offene sichelférmige Konformation besitzt.
Diese Konformation stellt vermutlich den freien Grundzustand des Enzyms dar und wird sich wahr-
scheinlich nach der Bindung aller Substrate zu einer kompakteren geschlossenen Form wandeln, in
welcher die katalysierte Reaktion stattfinden kann. Der Komplex enthélt eine kanonische ATP-Binde-
tasche in MurT. GatD generiert vorilbergehend Ammoniak durch die Deamidierung von freiem cyto-
solischen Glutamin. Diese Reaktion wird durch eine ungewdhnliche intermolekulare katalytische Tri-
ade bewerkstelligt, die aus einem Cystein und einem Histidin aus GatD, sowie einem Aspartat aus MurT
besteht. Zudem besitzt MurT einen Cyss-Zinkfinger unbekannter Funktion. Die Expression moglicher

homologer Komplexe aus M. tuberculosis und Streptococcus pyogenes war erfolgreich. Vorversuche
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zur Uberpriifung der Glutaminaseaktivitit mittels *H-NMR bestétigten, dass beide Enzyme diesbeziig-
lich aktiv sind.

Diese Erkenntnisse erhohen die Wichtigkeit, den molekularen Katalysemechanismus von
GatD/MurT zu verstehen, da hierauf basierend neue antimikrobielle Wirkstoffe entwickelt werden
konnten um selektiv GatD/MurT zu inhibieren. Solche Wirkstoffe kénnten dann nicht nur gegen S. au-
reus, sondern gegen eine Vielzahl an pathogenen Bakterien wirksam sein und somit eine neue Waffe
im Kampf gegen antibiotikaresistente Erreger darstellen.
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5 APPENDIX

5.1 Superdex 200 Increase 3.2/300 Calibration

(5-1)

Table 5-1: Size standards used for calibration of analytical SEC column (Superdex 200 Increase 3.2/300). The elution coefficient Kqy is given
by equation (5-1), where Ve is the elution volume of the analyte, V. the total column volume, and Vo the column’s void volume. Calibration

was performed by Aleandra Thor.

Ve M Kav log(M.)

Ribonuclease A 1.8 mL 13.7 kDa 0.59 1.14
Carbonic anhydrase 1.69 mL 29 kDa 0.52 1.46
Ovalbumin 1.57 mL 44 kDa 0.44 1.64
Conalbumin 1.49 mL 75 kDa 0.38 1.88
Aldolase 136 mL 158 kDa 0.30 2.20
Ferritin 1.15 mL 440 kDa 0.15 2.64
Thyroglobulin 1.01 mL 669 kDa 0.06 2.83
Blue Dextran 2000 092 mL=Vpg

y =-0.307x + 0.9522

0.64 o
4 R?=0.9926

0.54
0.44
0.34
0.24

0.14

0.04 1
09 1 11 12 13 14 15 16 17 1.8 19 2 21 22 23 24 25 26 27 28 29

log(Myy)

Figure 5-1: Regression analysis of calibration of Superdex 200 Increase 3.2/300 calibration. The elution coefficient Kav is plotted against the

logarithm of the molecular weight of the analyte. Linear regression yields the dependency shown in the top right corner. Within the calibrated
area it can be used to predict elution coefficients (and thus elution volumes using equation (5-1)) of analytes of known molecular weight, or

to calculate the molecular weight of a spherical object, based on a meausred elution volume. Calibration was performed by Alexandra Thor.
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5.2 Original gel pictures.
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Figure 5-2: Original gel images for Figure 1-3 without labelling asterisks.
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Figure 5-5: Original gel image from Figure 1-9f, right panel, without cropping.
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Figure 5-7: Original gel image for Figure 1-12a without labelling asterisks.
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Figure 5-8: Original gel image for Figure 1-13a without labelling asterisks.
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5.3 HHPRED search results for AHK5

Erik R. Noldeke

Table 5-2: Top 50 HHPRED hits for full-length AHKS. The data for this table was automatically generated by HHPRED on 15/0ct/2019 and reflects that version of databases. Hit: PDB ID and name of identified structural

homologue. Prob, E-value, P-value: statistical probability of hit relevance. Score: HHPRED score. SS: Secondary structure alignment score. Cols: No. of residues aligned. Query-HMM: Portion of query sequence in alignment.

Templat: portion of target in alignment. e HMM: emission parameter of hidden model.

No Hit Prob E-value P-value Score SS Cols Query HMM Templat e HMM
1 4GCZ_A  Blue-light photorecepto 100 1.50E-31 3.10E-36 292.9 43.1 357 213-618 8-377 -385
2 4155_A Putative histidine kina 100 3.10E-32 6.40E-37 307.4 33.6 376 188-629 66-450 -450
3 3A0R_A  Sensor protein (E.C.2.7 100 9.00E-31 1.80E-35 286.6 42.1 342 213-617 2-349 -349
4 4R3A_A  Blue-light-activated hi 99.9 1.10E-27 2.30E-32 262.9 38.4 329 216-619 10-345 -352
5 4E01_A  [3-methyl-2-oxobutanoat 99.9 3.30E-27 6.60E-32 266.9 35.5 359 214-623 22-413 -418
6 1B3Q_A CHEMOTAXIS PROTEIN CHEA 99.9 5.00E-26 1.00E-30 253.9 18.7 287 375-833 1-341 -379
7 6DK7_D  RetS (Regulator of Exop 99.9 4.00E-24 8.20E-29 214.5 27.7 225 369-615 2-227 -227
8 2C2A_A  SENSOR HISTIDINE KINASE 99.9 1.70E-23 3.50E-28 215.1 31.6 250 352-623 5-258 -258
9 4Q20_A Sensor protein DivL (E. 99.9 1.40E-22 2.80E-27 211.4 33 246 347-624 19-267 -268
10 5SIDJ_A Cell cycle histidine ki 99.9 3.40E-23 6.90E-28 211.3 27.2 227 358-615 1-242 -242
11 4U70_B Histidine protein kinas 99.9 1.20E-22 2.30E-27 213.9 29.2 248 352-625 20-275 -277
12 3D36_B Sensor protein (E.C.2.7 99.9 2.80E-22 5.60E-27 205.7 28.2 235 355-626 2-238 -244
13 6NBO_A Histidine kinase; SSGCI 99.8 5.70E-22 1.10E-26 210.5 28 244 349-615 40-287 -287
14 4KP4_ B  Osmolarity sensor prote 99.8 9.60E-22 2.00E-26 199.4 27.7 230 359-624 4-236 -236
15 3JZ3_B Sensor protein gseC (E. 99.8 1.10E-21 2.30E-26 198.3 25.9 219 366-617 1-221 -222
16  4BIX_A  SENSOR PROTEIN CPXA (E. 99.8 5.10E-21 1.00E-25 204.7 30.7 242 334-616 56-298 -298
17 AXIV_B  Chemotaxis protein CheA 99.8 1.90E-20 3.90E-25 195.7 23.6 211 372-613 2-252 -252
18 4ACTI_C OSMOLARITY SENSOR PROTE ~ 99.8 1.10E-19 2.10E-24 191.4 29.1 241 334-624 33-273 -273
19 2EOA B  Pyruvate dehydrogenase 99.8 1.10E-19 2.30E-24 205.3 30.2 288 327-639 48-376 -394
20 4JPB_A  Chemotaxis protein CheA 99.8 7.90E-21 1.60E-25 209.5 19.4 236 436-835 1-271 -319
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No Hit Prob E-value P-value Score SS Cols Query HMM Templat e HMM
21 6E52_A  PROTEIN; Protein histid 99.8 7.60E-19 1.50E-23 179.7 29.6 240 327-613 11-250 -250
22 4R39_A  Blue-light-activated hi 99.8 2.10E-19  4.20E-24 182.7 25 228 352-626 4-232 -232
23 5J71_A  [Pyruvate dehydrogenase 99.7 1.10E-18 2.20E-23 197.9 32.1 300 334-669 75-400 -400
24 4QPK_A Phosphotransferase; Chp 99.7 2.00E-19  4.10E-24 188.6 23.7 224 340-609 20-243 -243
25 3EHH_A Sensor kinase (YocF pro 99.7 8.10E-18 1.60E-22 168.2 28.2 215 341-615 2-218 -218
26 2AYX_A  Sensor kinase proteinr 99.7 1.60E-19 3.30E-24 190.8 16.6 213 536-922 34-246 -254
27 2Q8G_A [Pyruvate dehydrogenase 99.7 2.90E-18 5.80E-23 195.5 28 265 334-623 79-373 -407
28 4FPP_C  phosphotransferase; fou 99.7 3.00E-18 6.10E-23 178.3 22.8 224 340-612 19-247 -247
29 5EPV_A  Blue-light-activated hi 99.7 7.60E-18 1.50E-22 176.3 24.9 216 321-622 1-219 -233
30 1Y80_A  [Pyruvate dehydrogenase 99.7 1.40E-17 2.80E-22 191.4 29.1 257 359-644 117-402 -419
31 4EUK_A Histidine kinase 5 (E.C 99.6 1.10E-16 2.30E-21 155.3 17.9 153 770-922 1-153 -153
32 4PL9_A ETR1-CA; ETR1, Histidin 99.5 1.90E-15 3.90E-20 148.5 20 181 430-620 1-183 -183
33 3SL2_A  Sensor histidine kinase 99.5 1.70E-15 3.50E-20 150.9 18.1 171 440-634 3-173 -177
34 1IDO_A PHOQ HISTIDINE KINASE ( 99.5 4.10E-15 8.30E-20 141.7 19.9 151 437-620 1-152 -152
35 5IDM_A Cell cycle histidine ki 99.5 2.40E-15 4.90E-20 149.6 18.7 156 435-617 1-170 -179
36 1R62_A  Nitrogen regulation pro 99.5 3.10E-15 6.20E-20 143.1 18 152 433-614 1-160 -160
37 1YSR_B  Sensor-type histidine k 99.4 1.20E-14 2.40E-19 139.1 18.7 149 434-614 2-150 -150
38 5LNN_A Histidine kinase CKI1 ( 99.4 4.60E-15 9.20E-20 152.7 16.7 165 586-921 15-194 -206
39 1BXD_A PROTEIN (ENVZ); HISTIDI 99.4 7.50E-15 1.50E-19 141.5 17.2 158 434-624 4-161 -161
40 1158 B CHEMOTAXIS PROTEIN CHEA 99.4 1.10E-14 2.30E-19 148.2 19.1 155 436-613 1-189 -189
41 6BLK_B  Phage-associated cell w 99.4 2.10E-14 4.30E-19 137.7 18.8 151 434-615 3-158 -158
42 3A0Y_A  Sensor protein (E.C.2.7 99.4 1.20E-13 2.50E-18 130.9 18.5 151 435-617 1-152 -152
43 4QIC_C Sensory transduction re 99.3 3.00E-14 6.00E-19 152.4 13.7 125 767-922 129-255 -276
44 1DBW_B TRANSCRIPTIONAL REGULAT 99.3 9.40E-14 1.90E-18 124.9 14.2 119 776-922 2-120 -126
45 4MYR_B CpaE2 pilus assembly pr 99.3 6.60E-14 1.30E-18 133.5 13.9 122 773-922 16-143 -147
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No Hit Prob E-value P-value Score SS Cols Query HMM Templat e HMM
46 4LDA_E  TadZ; Response regulato 99.3 1.00E-13 2.00E-18 126.2 14 119 776-922 2-122 -131
47  4BXI_A  ACCESSORY GENE REGULATO  99.3 2.80E-13 5.60E-18 128.6 17.4 152 431-613 1-153 -153
48 4JA2_A  Response regulator; alp 99.3 1.80E-13 3.70E-18 122 15 120 777-922 2-121 -122
49 2JBA_ B  PHOSPHATE REGULON TRANS 99.3 1.50E-13 3.10E-18 123.7 14.4 120 777-922 2-121 -127
50 3T6K_A  Response regulator rece 99.3 1.60E-13 3.20E-18 126.1 14.6 123 774-922 1-123 -136
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Table 5-3: Top 50 HHPRED hits for residues 1 — 400 of AHK5. The data for this table was automatically generated by HHPRED on 15/0ct/2019 and reflects that version of databases. Hit: PDB ID and name of identified

structural homologue. Prob, E-value, P-value: statistical probability of hit relevance. Score: HHPRED score. SS: Secondary structure alignment score. Cols: No. of residues aligned. Query-HMM: Portion of query sequence

in alignment. Templat: portion of target in alignment. e HMM: emission parameter of hidden model.

No Hit Prob E-value P-value Score SS Cols Query HMM Templat e HMM
1 4GCZ_A Blue-light photorecepto 99.3 3.00E-13 6.20E-18 130 20.7 165 214-394 9-179 -385
2 4HIA_A LOV protein; LOV, PAS, 99.3 2.20E-12 4.40E-17 107.1 18.9 164 214-392 2-171 -176
3 4R3A_A Blue-light-activated hi 99.1 1.20E-11 2.30E-16 118.2 17.9 155 216-398 10-170 -352
4 415S_A Putative histidine kina 99.1 1.40E-12 2.80E-17 128.7 10.7 172 192-400 67-241 -450
5 3A0R_A  Sensor protein (E.C.2.7 99 5.30E-11 1.10E-15 113.5 18.3 159 213-399 2-164 -349
6 3P7N_B  Sensor histidine kinase 98.8 6.70E-10 1.40E-14 100 15.6 185 211-400 55-245 -258
7 5HZI_B Intersectin-1,NPH1-2,In 98.8 5.10E-10 1.00E-14 112.1 15.7 213 159-392 11-236 -502
8 4HHD_A  Phototropin-1 (E.C.2.7. 98.8 2.00E-08 4.00E-13 81.5 20.9 159 204-380 1-165 -166
9 2MWG_B Blue-light photorecepto 98.7 9.50E-10 1.90E-14 98.3 12.5 157 211-400 6-168 -261
10 3RTY_B Period circadian protei 98.5 1.30E-08 2.70E-13 93.7 13.6 161 221-390 146-315 -339
11 1Vo9Y_ B Heme pas sensor protein 98.5 4.00E-08 8.10E-13 81.1 15.2 142 197-340 18-166 -167
12 4DJ3_B Period circadian protei 98.4 2.50E-08 5.10E-13 91.3 13.6 138 224-361 169-312 -317
13  3KX0_X Uncharacterized protein 98.4 2.50E-07 5.10E-12 77.4 17.9 153 206-376 24-185 -185
14 3GEC_A  Period circadian protei 98.4 6.00E-08 1.20E-12 89 14.4 149 221-382 155-312 -312
15 3UE6_E Aureochromel; PAS/LOV d 98.3 2.20E-07 4.40E-12 75.4 15.2 136 204-339 20-161 -166
16 2VOU_A  NPH1-1; LOV2, KINASE, T 98.3 1.10E-06 2.20E-11 68.6 18.7 138 219-356 2-145 -146
17 4EO01_A [3-methyl-2-oxobutanoat 98.3 3.80E-08 7.70E-13 96.5 11.7 152 220-400 28-184 -418
18 5A8B_A PTAUREO1A LOV2 DOMAIN; 98.2 1.10E-06 2.10E-11 71.7 17 133 217-349 21-159 -162
19 6IDE_B Transcriptional regulat 98.2 7.20E-08 1.50E-12 86.2 10.3 181 214-394 3-197 -256
20 5J7E_D Potassium voltage-gated 98.2 4.70E-07 9.40E-12 70.6 13 136 204-339 1-145 -146
21 3VOL_A  Aerotaxis transducer Ae 98.2 2.00E-06 4.00E-11 75.4 18.3 174 214-399 17-205 -233
22 4DJ2_C Period circadian protei 98.1 2.50E-07 5.20E-12 84.7 12.1 124 224-347 171-314 -320
23  3K3C_C protein Rv1364¢/MT1410; 98.1 2.80E-06 5.60E-11 67.8 16.4 144 207-350 5-155 -158
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No Hit Prob E-value P-value Score SS Cols Query HMM Templat e HMM
24 6GG9_B  Sensory box protein; bl 98.1 2.00E-06  4.10E-11 69.9 14.9 136 214-349 20-161 -162
25 3GDI_A Period circadian protei 98 3.30E-07 6.70E-12 83.4 10.6 124 224-347 160-303 -309
26 6120_A Aureochromel-like prote 98 4.60E-06 9.20E-11 63.4 15.5 127 216-342 2-134 -134
27 5XGB_A  Uncharacterized protein 98 1.80E-06 3.70E-11 87.7 17 154 207-394 1-162 -568
28 4HH2_A  Regulatory protein PpsR 98 2.20E-06  4.50E-11 81.3 15.6 140 218-361 17-159 -384
29 4LRZ F PTS-dependent dihydroxy 98 3.70E-06 7.50E-11 77.9 16.4 138 192-337 176-316 -318
30 419E_A Transcriptional regulat 97.9 4.50E-06 9.20E-11 65.5 14.4 133 191-326 3-139 -139
31 3MRO_B Sensory box histidine k 97.9 4.30E-06 8.80E-11 64.4 14.1 136 211-346 1-141 -142
32 4HH3_A Regulatory protein PpsR 97.9 7.80E-06 1.60E-10 72.5 17.5 140 218-361 17-159 -262
33 4ZP4_B Aryl hydrocarbon recept 97.9 5.30E-07 1.10E-11 84.4 9.4 117 227-343 239-359 -360
34 2726D_A Phototropin-2 (E.C.2.7. 97.9 6.90E-06 1.40E-10 61.7 134 124 214-337 1-130 -130
35 4HH3_A  Regulatory protein PpsR 97.8 8.10E-06 1.60E-10 72.4 15.4 133 190-326 125-261 -262
36 2PR5_B Blue-light photorecepto 97.8 1.50E-05 3.10E-10 60.4 14.9 124 221-346 1-130 -132
37 3EWK_A Sensor protein (E.C.2.7 97.8 8.20E-06 1.70E-10 70.1 14.7 119 204-326 100-227 -227
38 4ZPR_B Aryl hydrocarbon recept 97.8 2.00E-06  4.00E-11 80.3 10.7 112 227-338 226-341 -345
39 2KDK_A  Aryl hydrocarbon recept 97.8 4.40E-06 9.00E-11 62.3 10.5 115 217-331 1-120 -121
40 2GJ3_B Nitrogen fixation regul 97.7 1.80E-05 3.60E-10 58.4 13.6 117 215-331 1-120 -120
41 4R38 D Blue-light-activated hi 97.7 1.10E-05 2.20E-10 62.1 12.5 122 217-338 11-138 -140
42 6HMJ_B  Putative PAS/PAC sensor 97.7 9.00E-06 1.80E-10 76.2 14.2 128 214-341 231-364 -373
43 5Y7Y_ B Aryl hydrocarbon recept 97.7 5.50E-06 1.10E-10 76.2 12.4 104 224-327 203-311 -311
44 5HWV_B Sensor histidine kinase 97.7 2.70E-05 5.40E-10 59.1 14.2 120 226-345 3-130 -130
45 3MXQ_D Sensor protein (E.C.2.7 97.7 1.20E-05 2.50E-10 64.2 12.7 127 208-335 11-152 -152
46 3EWK_A  Sensor protein (E.C.2.7 97.7 2.50E-05 5.10E-10 67.1 14.9 116 231-346 1-119 -227
47 2WKQ_A NPH1-1, RAS-RELATED C3 97.7 2.40E-05 4.90E-10 73.6 15.9 136 221-356 13-154 -332
48 4F3L_A BMAL1Db, Circadian locom 97.7 6.20E-06 1.20E-10 77.4 11.7 112 224-335 246-361 -361
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No Hit Prob E-value P-value Score SS Cols Query HMM Templat e HMM
49 3LYX B Sensory box/GGDEF domai 97.6 4.20E-05 8.60E-10 56.7 14.1 120 214-333 2-124 -124
50 3ICY._B Sensor protein; Sensory 97.6 1.90E-05 3.80E-10 58.8 12.1 113 216-328 1-118 -118
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5.4 Publications

E. R. Noldeke, L. M. Muckenfuss, V. Niemann, A. Miller, E. Stork, G. Zocher, T. Schneider, and T. Stehle,
“Structural basis of cell wall peptidoglycan amidation by the GatD/MurT complex of Staphylococcus
aureus,” Sci. Rep., vol. 8, no. May, p. 12953, 2018. doi: 10.1038/541598-018-31098-x

E. R. Noldeke and T. Stehle, “Unraveling the mechanism of peptidoglycan amidation by the bifunc-

tional enzyme complex GatD/MurT: A comparative structural approach.,” Int. J. Med. Microbiol., vol.
309, no. 6, p. 151334, Sep. 2019. doi: 10.1016/j.ijmm.2019.151334

5.5 Contributions

5.5.1 Contributions to No6ldeke et al. (2018)

| expressed, purified, and crystallised of S. aureus GatD/MurT. | generated derivate crystals
containing the ATP analogue AMPPNP. | performed data collection, processing, phase determination,
and model building and phase refinement for the AMPPNP-containing structure (PDB ID 6H5E). | re-
fined and rebuilt the previously solved unliganded structure (PDB ID 6GS2). | planned and performed
SAXS experiments, including beam time application and logistics. | reviewed all available data and gen-
erated the hypothetical closed conformation model. | wrote the main portion of the manuscript (re-
sults, discussion, and methods sections). | prepared all figures, including supplementary figures, with

the exception of Figure S1.

5.5.2 Contributions to Noldeke and Stehle (2019)

| performed the literature review and bioinformatic sequence-based searches. | reviewed all

available data, generated all figures, and wrote the manuscript.
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Structural basis of cell wall
peptidoglycan amidation by
‘the GatD/MurT complex of
e Staphylococcus aureus

Published online: 28 A t2018 . . . . o
ublished ontine ueus Erik R. Néldeke?, Lena M. Muckenfuss®*, Volker Niemann'-5, Anna Miller?, Elena Stork?,

Georg Zocher?, Tanja Schneider? & Thilo Stehle'3

. The peptidoglycan of Staphylococcus aureus is highly amidated. Amidation of o-D-isoglutamic acid in
position 2 of the stem peptide plays a decisive role in the polymerization of cell wall building blocks. S.
aureus mutants with a reduced degree of amidation are less viable and show increased susceptibility to
methicillin, indicating that targeting the amidation reaction could be a useful strategy to combat this
pathogen. The enzyme complex that catalyzes the formation of a-D-isoglutamine in the Lipid Il stem
peptide was identified recently and shown to consist of two subunits, the glutamine amidotransferase-
like protein GatD and the Mur ligase homolog MurT. We have solved the crystal structure of the GatD/
MurT complex at high resolution, revealing an open, boomerang-shaped conformation in which GatD
is docked onto one end of MurT. Putative active site residues cluster at the interface between GatD and

: MurT and are contributed by both proteins, thus explaining the requirement for the assembled complex

. to carry out the reaction. Site-directed mutagenesis experiments confirm the validity of the observed
interactions. Small-angle X-ray scattering data show that the complex has a similar conformation
in solution, although some movement at domain interfaces can occur, allowing the two proteins to

. approach each other during catalysis. Several other Gram-positive pathogens, including Streptococcus

. pneumoniae, Clostridium perfringens and Mycobacterium tuberculosis have homologous enzyme

. complexes. Combined with established biochemical assays, the structure of the GatD/MurT complex
provides a solid basis for inhibitor screening in S. aureus and other pathogens.

Staphylococcus aureus is a frequent constituent of human nasal microflora and a major cause of severe endoge-
. nous infections’. Effective treatment of staphylococcal infections remains a worldwide challenge. In the United
. States alone, Staphylococci are responsible for about 19,000 deaths per year, a number that is higher than that
- associated with HIV2. Methicillin-resistant Staphylococcus aureus (MRSA) strains, which are resistant to many
commonly used antibiotics including methicillin, amoxicillin, penicillin, and oxacillin, represent an increasing
challenge to human health worldwide’.
Species-specific cell wall modifications impact on several key aspects of the infection process, including adher-
. ence™, immune recognition®, and resistance to host defenses®’. In Gram-positive bacteria such as S. aureus, a
- thick multilayered peptidoglycan (PG) layer constitutes the major component of the cell wall. The PG is essential
* for survival and maintenance of cell shape and is crucial to resist osmotic pressure®. The PG heteropolymer con-
sists of alternating disaccharide units composed of N-acetyl-glucosamine (GlcNAc) and N-acetyl-muramic acid
(MurNAc), which are cross-linked by short peptides to generate a rigid network.
Assembly of PG is a multistep process that begins in the cytoplasm and terminates on the exterior of the
- cell (Supplementary Fig. S1). The process is initiated by the MurA-F ligases, which catalyze the forma-
. tion of the soluble PG precursor UDP-MurNAc-pentapeptide in the cytoplasm®. The membrane-bound
: enzyme MraY then links this precursor to the membrane carrier undecaprenyl phosphate to yield Lipid I

linterfaculty Institute of Biochemistry, University of Tibingen, D-72076, Tubingen, Germany. 2Institute for
Pharmaceutical Microbiology, University of Bonn, D-53115, Bonn, Germany. 3Vanderbilt University School
of Medicine, Nashville, Tennessee, 37232, USA. “Present address: Department of Biochemistry, University of
Zurich, CH-8057, Zurich, Switzerland. *Present address: Hain Lifescience GmbH, D-72147, Nehren, Germany.
Correspondence and requests for materials should be addressed to T. Stehle (email: thilo.stehle @uni-tuebingen.de)
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Data collection
X-ray source SLS X06DA (PXIII) SLS X10SA (PXII) SLS X06DA (PXIII)
X-ray detector Pilatus 2M Pilatus 6 M Pilatus 2M
Wavelength [A] 1.0 1.0 1.0
Space group P2,2,2, P2,2,2, P2,2,2,
a=107.10 a=106.97 a=109.72
Unit cell axes (&) b=110.37 b=109.27 b=109.74
c=116.36 c=116.03 c=123.30
Unic cell angles (°) a=3=~=90 a=pB=~=90 a=pB=~=90
Resolution [A] 50-2.04 50-2.49 50-2.14
Reflections (unique) 641308 (88009) 1411718 (91196) 1114473 (82581)
Redundancy 7.3 13.8 13.5
Complenteness [%] (last bin) 99.7 (99.1) 99.7 (98.1) 99.8 (98.6)
1/o(D) 14.01 (1.57) 17.33(1.88) 19.37 (1.41)
Rypeas [%] 11.2 (178.9) 3.5(131.3) 11.6 (213.0)
CC), [%] 99.9 (72.5) 99.9 (71.2) 100.0 (67.6)
Wilson B [A?] 40.9 56.0 51.9
SIRAS phasing
Resolution [A] 50-2.08
No. of heavy atoms in ASU 13
Phasing power (iso/ano)
centric 0.898/—
acentric 0.685/0.382
FOM
centric 0.15862
acentric 0.14178
Rcullis (iso/ano)
centric 0.856/—
acentric 0.886/0.965
Refinement
Resolution included [A] 49.07-2.04 49.08-2.14
Software PHENIX (1.10.1) PHENIX (1.10.1)
Non-solvent atoms 9893 9909
Solvent atoms 639 442
R0/ Revee [%] 17.5/21.6 19.2/235
Size of Rg, test set [%] 1.71 (1503 reflections) 1.82 (1504 reflections)
Bond r.m.s.d. 0.011 0.011
Angle rm.s.d. 1.097 1.424
Ramachandran [%)] (favoured, allowed, outliers*) | 97.43,2.57,0.00 96.44, 3.48,0.08
Rotamer outliers [%)] 1.97 1.79
All-atom clashscore® 3.34 5.02
Average B factors [A%] 41.3 60.2
protein 41.0 60.1
ligand — 50.4
ions 42.8 59.3
solvent 45.6 63.8

Table 1. Crystallographic data and refinement statistics. “Outliers are residues C94 and G190 in each of the two
copies of GatD. Both have well-defined density. "PDB validation reports show that these values are comparable
to or better than those of structures with similar resolution.

(undecaprenyl-phosphate-MurNAc-pentapeptide), which is then connected with UDP-GIcNAc to form Lipid
11 (undecaprenyl-phosphate-MurNAc-pentapeptide-GlcNAc) by the glycosyltransferase MurG™. In S. aureus,
Lipid II is modified by a Glys-interpeptide bridge attached by the FemXAB peptidyltransferases''2, followed
by translocation across the cytoplasmatic membrane likely facilitated by the flippases FtsW, RodA and Mur]*’.
Once it has reached the exterior cell surface, the modified Lipid II is assembled into the growing PG network by
penicillin-binding proteins (PBPs) catalyzing transglycosylation and transpeptidation reactions'*'*. In particular,
transpeptidation has been proposed to require at least one amidated stem peptide!®!”.

Amidation of the a-carboxyl group of the D-isoglutamate residue in Lipid II, resulting in the formation
of D-isoglutamine'®'8, is catalyzed by a recently identified enzyme complex'®?. This complex consists of two

SCIENTIFICREPORTS| (2018) 8:12953 | DOI:10.1038/s41598-018-31098-x 2
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Figure 1. Overall structure and organization of the GatD/MurT complex. (a) Reaction catalyzed by GatD/
MurT. The free a-carboxyl of D-iso-glutamate in the peptide stem is amidated in a glutamine- and ATP-
dependent reaction. (b) Schematic overview of GatD and MurT proteins. GatD consists of a single glutamine
amidotransferase (GATase) domain with a cysteine at position 94 as the active residue and a histidine at
position 189 as a component of the catalytic triad". MurT is composed of two domains: a Mur ligase middle
domain (MurT middle) containing the canonical ATP binding site and, surprisingly, a ribbon-type Zinc
finger, and a C-terminal Mur ligase domain (MurT C-term). MurT residue glutamate 108 participates in ATP
hydrolysis, and aspartate 349 forms the third residue in the putative catalytic triad. (c) Overview of the GatD/
MurT structure. GatD and MurT form a boomerang-shaped complex, with GatD contacting the MurT C-term
domain through contacts that are in part mediated by helix a7 of GatD. Catalytic triad residues GatD-C94,
GatD-H189, MurT-D349 and the bound nucleotide AMPPNP are shown in stick representation. The zinc ion
in the Cys, zinc ribbon of MurT is shown as a green sphere, and the four cysteine residues ligating it are shown
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as sticks. (d) Tilted view of the MurT middle domain to show the central 3-sheet and the bound AMPPNP and
its surrounding secondary structure elements, as well as the zinc ribbon. (e) Topological representation of the
GatD/MurT architecture. Secondary structure nomenclature of GatD was done according to Leisico ef al.*%. As
the short helices al and a5 in the isolated GatD structure do not conform to helical geometry in our complex,
they were not assigned. The MurT domains were assigned separately with the prefixes m and ¢ indicating the
middle and C-terminal domains, respectively. The drawing was generated with TopDraw®*.

proteins, GatD and MurT, which assemble into a binary complex. GatD has sequence similarities to the catalytic
domains of glutamine amidotransferases, while MurT is similar in sequence to the substrate-binding domains of
Mur ligases. Together, these two proteins catalyze the amidation of a-D-isoglutamic acid of cell wall precursor
stem peptides in an ATP-dependent reaction. Mutants that are deficient in Lipid II amidation show a reduction
in PG cross-linking and are more susceptible to antibiotics?'-*%. Thus, intervening with the amidation reaction in
S. aureus may represent a useful strategy to combat this pathogen.

In order to provide insight into the overall organization of this complex and to facilitate an understanding of
the amidation mechanism, we have determined the crystal structure of the GatD/MurT complex. We find that the
two proteins assemble into a curved, boomerang-shaped structure, with GatD docking to the C-terminal domain
of MurT. Together with mutagenesis data and structural analysis of a complex with an ATP analog, our data pro-
vide an excellent foundation to understand the concerted activities of both proteins. Small-angle X-ray scattering
(SAXS) experiments confirm that the complex has a similar open conformation in solution, and suggest that
some flexibility between the domains exist. Structure-based sequence alignments demonstrate that several other
pathogenic organisms have homologous enzyme complexes that likely function in the same manner. In combi-
nation with the established in vitro assays, our findings provide the basis for more directed inhibitor screenings.

Results

Formation and characterization of the GatD/MurT complex. Full-length GatD and MurT were
co-expressed as described'®, and the complex was purified using nickel affinity chromatography. A final size
exclusion chromatography step demonstrated that the two proteins elute together, forming a stable complex in
solution. The elution volume in size exclusion chromatography corresponds to an estimated molecular weight of
72kDa, which is consistent with the calculated molecular weight of 78.8 kDa for a binary GatD/MurT complex.
The SAXS data (see below) also clearly indicate that one copy of GatD and one copy of MurT assemble into a
stable heterodimer.

Overall structure of GatD/MurT.  The native structure of the GatD/MurT complex was solved at a reso-
lution of 2.04 A using single isomorphous replacement with anomalous scattering (SIRAS). The refined struc-
ture has excellent statistics (Table 1) and includes all residues of the expressed proteins with the exception of
MurT residues 1-35, 195-196 and 434-437. These regions are poorly visible in the electron density maps and
therefore likely have multiple conformations and increased mobility. The GatD/MurT heterodimer adopts
a boomerang-shaped conformation, with GatD packing against the C-terminal domain of MurT (Fig. 1). As
previously postulated' and recently shown?*, GatD exhibits a class-I glutamine amidotransferase-like fold. A
DALI search® identifies the enzymes HisH, PdxT and PurQ from Thermotoga maritima as the closest struc-
tural homologs (Z-values of 17.4, 15.8 and 15.0, respectively). Superimposition of GatD with structures obtained
from a secondary structure-based search using HHPRED?® reveals a well-conserved core architecture, with
root-mean-square deviation (r.m.s.d.) values of 2.6 A (all C-cv atom pairs) over the entire length of GatD for the
closest structural homolog, HisH. However, GatD distinguishes itself from other, homologous structures through
the presence of an extended C-terminal helix, termed helix o7 (Fig. 1¢). This helix mediates many of the contacts
with MurT, explaining its presence in GatD.

MurT contains the Mur ligase middle and C-terminal domains typical for the Mur ligase family. The
C-terminal domain is built around a central six-stranded, predominantly parallel 3-sheet (Fig. 1c,e) that
is sandwiched between four a-helices on one (cacl1-4) and two a-helices (cc5-6) on the other side. The mid-
dle domain is constructed around a crescent-shaped, nine-stranded predominantly parallel 3-sheet, which
encloses a three-helix bundle (am1, am7-8). The ATP molecule required for catalysis, replaced here by the
non-hydrolyzable analog (3,7-imidoadenosine 5'-triphosphate (AMPPNP), is bound at the base of helix am1
with the adenine moiety bound in a cleft formed next to helix amml while the phosphates are contacted by resi-
dues from strands 3m1 and 3m3 (Fig. 1d). The central 3-sheet is capped on the opposite side by five a-helices.
A RanBP-type Zinc-ribbon? is located on the side of the middle domain as an insertion between (3-strands 3m6
and 3m9. This feature is missing in homologous proteins. A search with DALI* yielded MurF enzymes from
Pseudomonas aeruginosa, Escherichia coli and Acinetobacter baumannii as the closest structural homologs, with
Z-values of 23.2, 22.6, and 21.7, respectively. Mur ligases typically contain a third, N-terminal domain, which is
not present in MurT. Instead, MurT only contains a truncated and likely flexible N-terminus (residues 1-37),
which is not visible in our electron density maps.

Overall conformation. It can sometimes be challenging to assign correct physiologic contacts from crystal
structures alone as crystal packing can offer alternative solutions for possible contacts between two subunits
that are often not easy to distinguish from physiologic contacts®. In order to validate the observed interaction
between GatD and MurT, all possible GatD/MurT interfaces in the crystal were analysed with the PISA?® and
EPPIC? servers. Both algorithms clearly classify only the interaction depicted in Fig. 1c as physiologic. Other
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Figure 2. Conformation of the GatD/MurT complex in solution. (a) GatD/MurT crystal structure before (top)
and after (bottom) refinement against SAXS data. While the overall organization and shape of the complex
remain similar, the increased diameter of the GatD and MurT middle domain envelopes as well as the smaller
gap of 22 A instead of 32 A between them suggest that some flexibility between domains exists in solution. (b)
Fit of synthetic scattering profiles derived from the crystal structure (top) and refined model (bottom) against
the experimental SAXS data.

possible interactions between GatD and MurT have much smaller buried surface areas and are classified as crystal
packing artifacts. Moreover, they do not place critical catalytic residues (see below) in close proximity.

The overall structure of the GatD/MurT complex is also supported by solution SAXS experiments (Fig. 2).
Scattering profiles derived from dilution series experiments were used to refine the crystallographic model. After
rigid body refinement, the overall fit of a calculated scattering curve to the experimental data improved from an
initial x2=25.7 to x*=2.2 (Fig. 2b). The refined model retains the overall characteristics of the crystal structure,
but it has a more compact conformation with a closest distance between GatD and the MurT middle domain,
measured at the top of the structure, of 22 A instead of 32 A (Fig. 2a). These experiments show that, while the
conformation of the unliganded GatD/MurT complex is indeed open and elongated as observed in the crystal
structure, the complex can breathe somewhat in solution. Unfortunately, SAXS data obtained from titrations
with AMPPNP and a soluble Lipid IT mimic (UDP-MurNAc-L-Ala-D-Glu-v-L-Lys-D-Ala-D-Ala) resulted in
moderate to severe aggregation of GatD/MurT (Supplementary Fig. S2) and could thus not be used for modelling.
However, the observed change in protein solubility clearly suggests a considerable conformational rearrangement
in the protein upon ATP and Lipid II binding.

Interactions between GatD and MurT.  Extensive interactions between GatD and MurT establish a large,
continuous interface that buries a total surface area of 940 A2 from solvent (calculated with PISA2%). Residues
involved in interface formation are contributed by two consecutive MurT a-helices (ac2/3 and ac4), which
tightly pack against two a-helices and a loop of GatD (helices a2 and o7, loop 313-a6 Figs 1 and 3). One of
these a-helices is the C-terminal helix o7 absent in homologous class-I glutamine amidotransferases, which do
not form similar complexes with MurT. The interface is entirely devoid of solvent molecules. Two large aromatic
(GatD-F146, MurT-Y354) and several aliphatic side chains (120, 124, P194, and V231 in GatD and 1353, L381 and
L385 in MurT) that would otherwise be solvent-exposed are buried upon formation of the GatD/MurT contact.
Figure 3a shows interactions made by the MurT-Y354 and MurT-L381 side chains as an example. MurT-Y354
also contacts two prolines in the GatD (313-a6 loop (P191 and P194), with P191 being especially well conserved
throughout GatD homologs but not across functionally unrelated glutamine amidotransferases. These more cen-
trally located hydrophobic interactions are augmented by intermolecular salt bridges (GatD-K31/MurT-E387,
GatD-E225/MurT-K384, GatD-K195/MurT-E378, GatD-R235/MurT-D342), which are located towards the
edges of the interface, and by hydrogen bonds (Fig. 3b,c). Residues participating in interface formation are highly
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Figure 3. Architecture of the interface between GatD and MurT. (a) Hydrophobic interactions at the core of
the GatD-MurT interface, centered around MurT-Y354. (b) and (c) Views of the rim of the interface showing
mainly polar contacts or salt bridges. The C-terminal helix of GatD, which is unique to these types of proteins,
is labeled helix a7, and the core hydrophobic loop was termed 313-a6. (d) Open-book view of the interface
between GatD (left) and MurT (right). Sequence conservation scores were calculated with ConSurf** and
mapped onto the protein surface as described in the methods section. The coloring scheme is also shown at
the top of the panel. The majority of the interactions between GatD and MurT are very highly conserved, as
indicated by dark and light blue colors.

conserved across species that have homologous proteins, as demonstrated by the conservation analysis shown in
Fig. 3d. The interface also contains several residues with particularly small side chains (G21, A25, G190, A224,
and A228 in GatD and S351 in MurT), and in each case a larger side chain would be incompatible with the
observed interface.

Catalytic site of GatD. Class-I glutamine amidotransferases contain a highly conserved catalytic triad in
their active site, which consists of a cysteine responsible for the initial nucleophilic attack on the substrate and
nearby histidine and glutamic acid residues to form a proton relay chain. Even remotely related members of this
enzyme family superimpose very well for the active site (Fig. 4). Earlier studies suggested that GatD residues
C94 and H189 might form part of a catalytic triad'®. In homologous GATases, the third residue of this triad is
typically a glutamic acid that is located two residues downstream of the histidine in a conserved HPE tripeptide
sequence®. This glutamic acid is replaced with a proline (P191) in GatD and separated from H189 by a glycine,
resulting in a HGP motif that is well conserved throughout putative GatD enzymes. However, as proline cannot
function as a proton relay in a catalytic triad, GatD enzymes must either function with only a catalytic dyad, as
recently suggested®, or have arrived at a different solution to establish such a triad.

The structurally homologous enzymes PdxT from Bacillus subtilis (PDB ID 2nv0), two homoserine
O-acetyltransferases from Bacillus cereus and Thermotoga maritima (PDB IDs 2vfj and 2h2w, respectively), and
the glutamine amidotransferase Mfla_0438 from Methylobacillus flagellatus (PDB ID 3m3p), obtained from a
HHPRED search, align well with the overall structure of GatD. A closer inspection of the active site architecture
reveals that GatD-C94 superimposes well with the active site cysteine residues from these enzymes (Fig. 4a). The
sulthydryl groups in particular are located in almost identical positions. However, the side chain of GatD-H189
does not overlay well with the histidines from the related enzymes (Fig. 4a). Instead, GatD-H189 is shifted
towards the heterodimer interface, where it contacts an aspartic acid (D349) of MurT, thus establishing a pos-
sible alternative catalytic triad (GatD-C94, GatD-H189, MurT-D349) involving residues from both GatD and
MurT. A superimposition of our structure with the recently published structure of monomeric GatD** (PDB
ID 5n9m) shows that the interaction with MurT is required to fully position the loop containing GatD-H189
(Supplementary Fig. S3). The close proximity of the side chains of GatD-C94 and GatD-H189 (3.7 A) and
GatD-His189 and MurT-D349 (3.1 A) as well as their relative orientation suggest that these three residues might
indeed function as a proton relay system in catalysis. GatD-H189 is followed by a short hydrophobic sequence
framed by two proline residues, GatD-P191 and GatD-P194, that are involved in contacts with MurT (Fig. 3a).
The arrangement of the putative catalytic triad is therefore dependent on correct assembly of the binary complex.
As shown in Fig. 4, sequence comparison with confirmed?! and predicted homologs' as well as a sequence- and
structure based conservation analysis revealed the combination of GatD-H189 and the subsequent hydrophobic
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Streptomyces scabiei AIDNGAIVFA GYQI HEF YNDTVFGT VLARNPQI
Rhodococcus equi AAERGAPVLA AIQV HWY s TQGSVIGT VLARNPEL
Arthrobacter aurescens L ADEGAPMLV LYQL: RYNNVVAS LLPKNPATI
Bifidobacterium bifidum L AADGTPMLM LFQL EYF RVGNVIGT LLPKNPAV
Nostoc punctiforme KIENGTPGVF SPOIL HYY *** FYQNAIAT LLPKNPFV
Consensus ATENGAPVLA GYQL HYKNVFGTY ILPRNPEL

MurT 340 355 360 c
S. aureus SLNDNA ii ADFEK
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Figure 4. The putative catalytic triad of GatD/MurT. (a) Overlay of GatD/MurT with four glutamine
amidotransferase fold-containing proteins obtained from a HHPRED? search (white cartoon and sticks).
Whereas most GATases possess a conserved catalytic triad consisting of cysteine, histidine and glutamate
residues, the glutamate is replaced by a proline (GatD-P191) in the GatD sequence and the conserved histidine
(GatD-H189) is oriented towards an aspartic acid (MurT-D349) in MurT. (b) Multiple sequence alignment

of putative homologous GatD/MurT enzymes. Conservation is color-coded, with white indicating low
conservation, grey medium, and dark blue indicating high conservation. Residues GatD-C94, GatD-H189

and MurT-D349 are highly conserved (red box), as well as their immediate surroundings. (¢) Thin-layer
chromatography analysis of an activity assay of catalytic triad mutants. Mutation of MurT-D349 to asparagine
completely abolishes catalysis in vitro, similarly to GatD-C94 mutations to either serine or glycine.

stretch to be highly conserved, suggesting that the GatD homologs possess similar catalytic triads and interfaces
with corresponding MurT homologs. Similarly, the sequence context of MurT-D349 is conserved within MurT
homologs, but not across other Mur ligases.

In order to investigate whether the spatial proximity of MurT-D349 to GatD-C94 and GatD-H189 is indicative
of a possible involvement in catalysis, a MurT-D349N mutant was generated. In vitro amidation assays of Lipid II
revealed severely reduced in vitro activity of this mutant compared to the wildtype GatD/MurT complex (Fig. 4,
Supplementary Fig. S4). A conservative mutation of the active site cysteine (GatD-C94S) to serine completely
abolished activity in vitro, similarly to the previously characterized, less conservative GatD-C94G mutant'. The
folds and thermal stabilities of the mutants were assessed with circular dichroism (CD) spectroscopy and thermal
shift assay (TSA), respectively. Both MurT-D349N and GatD-C94S possess a fold indistingushable from that of
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Figure 5. The AMPPNP binding site in GatD/MurT. (a) Catalytic center of MurT bound to the ATP

analogue AMPPNP. The adenine base is inserted into a pocket composed of several aromatic residues and

two asparagines, including N267, while the conserved K59, T60 and E108 residues coordinate the 3 and
phosphates as well as a magnesium ion (green sphere) found in the active center of ATPases. A bound water is
shown with a red sphere. (b) Superimposition of ATP analogues from S. aureus MurE (Protein Data Bank ID
4c12)* and P. aeruginosa MurF (Protein Data Bank ID 4cvk) onto the MurT ATP-binding pocket in surface
representation based on structural superimpositions of the entire domains. The MurT-bound AMPPNP is
shown as a colored stick model, the superimposed nucleotides from the two related structures are shown as
white sticks. (¢) Thin-layer chromatography analysis of an activity assay of ATP-binding site mutants. Mutation
of the magnesium-coordinating residues T60 and E108 to alanines completely abolishes catalysis. Replacement
of the conserved N267 with a bulky tyrosine residue also impedes catalysis, probably by interfering with
AMPPNP binding.

the wildtype protein (Supplementary Fig. S5) as well as virtually identical melting temperatures (Supplementary
Fig. S6, Table S1) that lie well above the temperature used for activity assays. Taken together, the mutagenesis
experiments demonstrate that both GatD-C94 and MurT-D349 are likely relevant for catalytic activity of the
complex, and they therefore also provide additional support for the physiologic nature of the observed GatD/
MurT interface.

The nucleotide binding site of MurT.  To obtain insight into interactions of the GatD/MurT complex with
ATP, we prepared a ternary complex by soaking crystals with 2.1 mM of AMPPNP, an ATP analog. The structure
of this complex was solved at 2.14 A resolution using molecular replacement (Table 1), and the corresponding
electron density allowed us to unambiguously model AMPPNP into a binding site in the middle domain of
MurT (Figs 1d and 5, Supplementary Fig. S7). The binding site contains the consensus sequence GTNGKT?®,
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Figure 6. Conservation analysis of the GatD/MurT surface. (a) Inner and (b) outer surface of the GatD/
MurT crystal structure colored by a color gradient indicating conservation, as shown on the top of the figure.
Conservation scores were calculated with ConSurf** and mapped onto the protein surface as described in the
methods section. Dark blue signifies a high conservation score. Most of the concave surface of GatD/MurT
is highly conserved, whereas the remaining surface displays high variability. The AMPPNP ligand is shown
with white spheres, and the location of the catalytic triad and the conserved DNAAD sequence that has been
implicated in muropeptide binding are indicated as well.

with residues K59 stabilizing the 3 and ~ phosphate groups of AMPPNP and T60 coordinating a magnesium
ion that is also contacted by the side chain of the conserved MurT-E108 residue. The magnesium ion helps in
positioning the AMPPNP (3 and ~ phosphates from the opposite side (Fig. 5a). The position of the observed ATP
binding pocket is strictly conserved throughout Mur ligases as structural superposition of the middle domain of
MurT with the middle domains of close sequence homologues MurE from S. aureus®* (PDB ID 4c12) and MurF
from Acinetobacter baumannii** (PDB ID 4qdi) revealed nearly identical modes of nucleotide-binding (Fig. 5b).
The observed binding mode is in excellent agreement with our mutagenesis data, as single or double mutants of
nucleotide-binding site residues (T60A, E108A and N267Y) have completely lost their enzymatic activity (Fig. 5¢,
Supplementary Fig. S8). As with the previously described mutants, protein fold and stability were confirmed via
CD spectroscopy and TSA (Supplementary Figs S5 and S6, Table S1).

Conservation mapping. Conservation analysis based on a redundance-corrected alignment of 145 homol-
ogous sequences, as automatically performed on the ConSurf server* and projected onto the surface of the GatD/
MurT model, revealed a high level of conservation at the inside of the crescent-shaped binary complex. While the
outwards-facing surface of the protein, including that of the Zinc finger, is variable in sequence, the inner surface
residues, which contain the ligand-binding regions of other Mur ligases, are strongly conserved. This includes the
aforementioned components of the putative catalytic triad composed of GatD-C94, GatD-H189 and MurT-D349,
as well as the MurT-GTNGKT nucleotide binding motif and MurT-E108 (Fig. 6), which coordinates the magne-
sium ion that lies in proximity to the bound ATP analog. The consensus sequence D(D,N)P(N,A) in the amino
acid-binding pocket of MurE from Thermotoga maritima was found to mediate the recognition of L-lysine®.
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Figure 7. Comparison of GatD/MurT with Mur ligases and putative conformational changes upon ligand
engagement. (a) Structural alignment of GatD/MurT (left) and S. aureus MurE* and A. baumannii MurF**
structures (right) was performed based on the Mur ligase middle domain (light green). The C-terminal domain
(cyan) is rotated toward the middle domain in the MurE and MurF structures. A UDP-binding N-terminal
domain (orange) is present in MurE and MurF but not in MurT. (b) Putative model of an active conformation
of GatD/MurT with the domain movement modeled after the S. aureus MurE structure. The GatD catalytic
triad and the bound AMPPNP molecule are shown as colored sticks, the relevant muramyltripeptide portion of
the superimposed substrate of MurE (MurNAc-L-Ala-~-D-Glu-L-Lys, but lacking UDP) is shown in grey stick
representation for reference. The DNAAD motif, suggested to be involved in substrate binding is highlighted in
salmon (right).

Structural work by Ruane and colleagues revealed that the Staphylococcus aureus MurE protein contains addi-
tional, often charged residues that are important for the interaction with L-lysine, e. g. Asp-406 and Glu-460°2.

The MurT sequence DNAAD containing the conserved aspartate residue was previously suggested to be
involved in interactions with the lysine residue of the Lipid II stem peptide'. Conservation mapping revealed that
this motif is conserved and located in a large, concave area between the GatD catalytic triad and the ATP binding
site in the middle domain of MurT (Fig. 7). Thus, it seems reasonable that this region is functionally relevant,
either by engaging parts of Lipid II or by mediating conformational changes.

Discussion

The recently characterized GatD/MurT complex is responsible for the amidation of glutamic acid in the peptide
stem structure of the S. aureus PG". Inhibition of this reaction leads to lower growth rate, reduced resistance to
beta-lactam antibiotics, and increased sensitivity to lysozyme in MRSA strains'??. Strategies to interfere with
peptide stem amidation could therefore have potential for combatting S. aureus, including strains that are resist-
ant to currently available antibiotics. Precise knowledge about the three-dimensional structure, organization and
catalytic mechanism of the GatD/MurT complex is invaluable for fully exploiting this potential.

The crystal structure of GatD bound to MurT establishes an initial framework for probing the function of this
enzyme complex and for developing strategies to intervene with amidation. The two proteins assemble into an
elongated complex, with a large open space separating GatD from the middle domain of MurT. The previously
identified catalytically active cysteine (GatD-C94)"’ is located near the GatD/MurT interface, and is part of a cat-
alytic triad that includes additional residues from both proteins (GatD-H189, MurT-D349). As our mutagenesis
data confirm the importance of both GatD-C94 and MurT-D349 for catalysis while recent findings by Leisico
and coworkers?* corroborate the crucial role of GatD-H189, the location of this putative catalytic triad nicely
explains the requirement of the assembled complex for activity, and it is in agreement with the observed interface
between the two proteins. Complex formation with an ATP analog revealed a nucleotide-binding site in MurT
that is similar to those found in other Mur ligases. It is conceivable that the large open space separating the GatD/
MurT catalytic triad and ATP binding site may accommodate a portion of the bulky Lipid IT substrate. The SAXS
experiments demonstrate that the GatD/MurT complex has a similar open conformation in solution, and they
also show that small movements of the terminal regions towards each other are possible. Such movements might
be more pronounced in the presence of Lipid II, as the enzyme might partially close around it during catalysis.
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The hydrophobicity of Lipid II and the lack of suitable, commercially available less hydrophobic Lipid
IT alternatives did not allow us to effecitively pursue a complex of GatD/MurT bound to Lipid II. Soaking or
co-crystallization experiments with soluble mimics of the peptide stem alone (e.g. glutamate, or commercially
available peptides based on the S. aureus peptide stem sequence) did not result in complex formation, suggesting
that additional portions of the Lipid II molecule are required for binding.

The S. aureus enzyme GatD/MurT likely belongs to a distinct group of enzymes that is strongly conserved
throughout a subset of bacteria exhibiting a high degree of peptidoglycan amidation', as suggested by conserva-
tion analysis'®. The organisms that express GatD/MurT homologs include a number of established human patho-
gens, such as Streptococcus pneumoniae, for which the GatD/MurT enzyme complex was recently characterized®,
and, likely, Mycobacterium tuberculosis. Knowledge about the structure and catalytic mechanism of GatD/MurT
will therefore transcend the S. aureus field.

Structurally, GatD belongs to the family of glutamine amidotransferases (GATases), whose members are
involved in a multitude of biosynthetical processes. While GATases exhibit a wide variety of substructure variants
due to differing substrates or co-substrates, their core architecture is highly conserved, including that of GatD.
The elongated C-terminal loop leading to an additional C-terminal a-helix (helix a7) is, however, unique to
GatD. This segment contributes 36% of the dimer interface with MurT, and the length of the linker connecting
it to the rest of the protein suggests that it may allow for a certain degree of flexibility. Thus, the linker could help
mediate breathing of the complex, which would explain the observed differences in the overall GatD/MurT con-
formation between the crystal structure and the solution scattering data (Fig. 2).

While MurT lacks the N-terminal domain typically found in Mur ligases, the overall folds of the middle and
C-terminal MurT domains agree very well with the equivalent domains in published structures of different Mur
ligases from various organisms. Although the position of the observed ATP-binding pocket is strictly conserved
throughout Mur ligases (Fig. 5), the angle between the middle and C-terminal domains varies significantly across
different enzymes, indicating an inherent flexibility of this feature. The almost linear arrangement between the
two MurT domains appears to be unique to MurT as all other known conformations of this two-domain segment
are more closed in Mur ligases. The two most striking structural differences between MurT and related enzymes
are the truncated N-terminal domain and the Cys, Zinc-ribbon situated at the side of the middle domain. While
the role of this last feature is unclear, it forms a very exposed structure protruding from the main bulk of the MurT
middle domain. Zinc fingers of this class have been previously shown to provide a platform for protein-protein
interactions®. The zinc finger is less conserved compared with many other features of GatD/MurT, and it appears
to be present only in a subset of bacteria with putative gatD/murT genes.

The truncated N-terminus (with respect to other Mur ligases), on the other hand, is a well-conserved fea-
ture of MurT in different organisms. The closely related MurC-F enzymes catalyze the consecutive addition of
amino acids of the peptide stem to UDP-activated MurNAc in the initial phase of peptidoglycan biosynthesis. The
roughly 90 residues long N-terminal domain present in these enzymes plays an important role in substrate recog-
nition by interacting with its UDP moiety. In contrast, MurT has a much shorter N-terminus of only 35 residues,
which appears to be structurally flexible and poorly ordered as it could not be observed in the crystal structure.
Furthermore, the positioning of the pyrophosphate linker in the UDP-conjugated substrates of ligand-bound
structures of S. aureus MurE (PDB ID 4c12) and Pseudomonas aeruginosa MurF (PDB ID 4cvk) coincides with
the boundary between their N-terminal and middle domains. In the GatD/MurT substrate Lipid I, the pyroph-
osphate linkage connects the sugar moiety to the undecaprenyl membrane anchor, possibly marking the position
at which Lipid IT emerges from the membrane. Hence, a UDP-MurNAc-binding N-terminal domain is not only
unnecessary, it would also likely clash with the plasma membrane.

How does Lipid II bind to GatD/MurT, and how does catalysis proceed? Prompted by the drastically altered
solubility of the protein observed by SAXS upon minimal substrate mimic addition (Supplementary Fig. S2) and
based on previously published data revealing that MurT is able to replace MurE in vitro' as well as on alignments
with the substrate-bound structures of MurE and MurF, which consistently show closed conformations, an anal-
ogous structural rearrangement upon substrate binding can be modeled for MurT. To generate this model, the
C-terminal domains of MurE or MurF were superimposed with that of MurT, and the MurT middle domain was
then moved to fit those of MurE or MurF, producing a more closed conformation of MurT that mimics those
present in the other two enzymes (Fig. 7). If the GatD structure is then added to the modified MurT using the
known GatD/MurT interface, it becomes clear that the distance between the MurT middle domain and GatD is
drastically reduced. The gap between GatD-C94 and the ~-phosphate of AMPPNP diminishes from over 40 A to
just over 20 A. In such a putative more closed conformation of GatD/MurT, the peptide stem of Lipid IT would be
sandwiched between the MurT middle and C-terminal domains in linear continuation of the triphosphate axis
of the nucleotide (Fig. 7b). It is conceivable that channeling of nascent ammonia from the active site of GatD to
the muropeptide substrate in MurT, which would then lie in close proximity to the nucleotide, may be enabled by
such a closed conformation. The DNADD motif, which was previously suggested to be involved in the engage-
ment of L-lysine in the muropeptide sequence', indeed comes into close proximity with the modeled MurE prod-
uct, which was also extracted from PDB ID 4c12. Due to the direct backbone connection with MurT-D349, the
relative position of the residues forming the putative catalytic triad may be influenced by Lipid II binding to the
enzyme. Thus, hydrolysis of glutamine in the absence of an acceptor substrate and hence escape and accumulation
of ammonia in the cell could be avoided.

The model presented here was obtained by domain superimposition with known substrate-bound structures
of homologous proteins, and it is only meant to approximate the possible conformations of ligand-bound GatD/
MurT and the Lipid II substrate. While the superimposition predicts a closed conformation of substrate-bound
GatD/MurT, some residues located at the newly formed interface between the MurT C-terminal and middle
domains clash both with the respective other domain and with the modeled MurE ligand, and this demonstrates
that additional movements in the protein are required to properly accomodate the substrate. As the physiologic
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substrate of MurT, Lipid II, differs from that of MurE, it would not be surprising if the actual active conformation
of GatD/MurT may be a few degrees more open to allow accommodation of the large Lipid II molecule. The
precise conformation of a Lipid II-bound complex of GatD/MurT is still unknown and likely somewhat different
from the one shown in Fig. 7. We therefore believe that performing in-depth molecular docking calculations
would be inappropriate at this time.

Our model suggests that the mechanism of Lipid II amidation likely starts with an ATP-bound, open confor-
mation of GatD/MurT similar to that observed in our crystal structure. A domain rearrangement between the
two MurT domains to generate a more closed conformation could be triggered by the binding of the substrate
peptide, and this would enable both the hydrolysis of glutamine by GatD through movement of the triad residues
and the correct positioning of the free carboxylate of D-iso-glutamate in the peptide stem of Lipid IT with respect
to ATP, thus allowing for a concerted amidation reaction. Of course, this hypothesis needs to be tested in future
experiments.

Peptidoglycan is characteristically modified in many Gram-positive pathogens and amidation is known to
affect the level of methicillin resistance?"*” and to contribute to vancomycin susceptibility in S. aureus®®, and
thus inhibition of the GatD/MurT complex may represent a strategy to combat S. aureus and perhaps also other
related bacterial pathogens that amidate their peptide stem in a similar manner. The nucleotide-binding region of
MurT may provide a good base for developing multiple-target inhibitors, owing to the similarity of this site with
those of other Mur ligases. However, as most monomeric Mur ligases are also present in beneficial bacteria such
as E. coli or other components of our gut microbiota, it may be desirable to develop drugs more specifically aimed
at GatD/MurT. As the GatD/MurT interface is highly conserved and likely unique to complexes between these
two proteins, interfering with the interaction between GatD and MurT could selectively inactivate the amidation
reaction. It is conceivable that small molecules that mimic components of the interface could serve to block the
reaction carried out by the GatD/MurT complex.

Materials and Methods

Expression and purification. A pET21b vector (Novagen) containing the gatD/murT operon for co-ex-
pression of untagged MurT with GatD as a C-terminal His-tag fusion protein [1] was introduced into E. coli BL21
(Promega) cells. The bacteria were grown in LB-medium (75 ug/mL ampicillin) at 37 °C. At an ODg, of 0.6, the
cultures were cooled to 30°C and 0.25 mM IPTG was added for induction. Cells were harvested by centrifugation
after 5 hours and stored at —20 °C until purification.

Frozen pellets were resuspended in lysis buffer (50 mM Tris pH 8.5 at 4 °C, 300 mM NaCl, 10 mM imidazole,
1mM DTT). Next, 200 ug/mL lysozyme, 1:10000 DNAse I (ThermoFisher) and 1 mg RNAse A (Sigma) were
added and cells were incubated on ice for 30 min. Following lysis by sonication, the lysate was clarified by cen-
trifugation and added to a Ni-NTA-agarose slurry (Novagen). The mixture was incubated on a tilt shaker at low
rpm for 18 h at 4°C and subsequently transferred to a EconoPac gravity flow column (BioRad). Following a wash
with lysis buffer, weakly bound material was removed by washing with lysis buffer containing 50 mM imidazole,
and the target protein was then eluted with lysis buffer containing 350 mM imidazole. Buffer exchange to SEC I
buffer (50 mM Tris pH 8.2 @ 4°C, 500 mM NaCl, 50 mM MgCl,, 5mM KCl, 5mM DTT) was carried out directly
afterwards using PD-10 desalting columns (GE). Sample homogeneity was achieved by means of two subsequent
iterations of preparative size exclusion chromatography using a HiLoad 26/60 column packed with Superdex 200
column material (GE Healthcare). In the second iteration, 5mM TCEP was substituted for DTT as a reducing
agent (Buffer SEC II). Throughout the purification, sample purity was assessed by SDS-PAGE. The protein was
freshly prepared for each analysis.

Crystallization and structure determination. Crystals of GatD/MurT were grown in a sitting-drop
vapor diffusion setup using protein concentrations of 2-5mg/mL in a broad range of Tris-buffered conditions
containing PEG8000, MgCl, and glycerol. The conditions from which the crystals for this study were obtained
are 0.1 M Tris pH 8.6, 40% (w/v) PEG8000, 0.35M MgCl, for the native data, 0.1 M Tris pH 9.0, 26.7% (w/v)
PEG8000, 0.35 M MgCl, for the thiomersal derivative, and 0.1 M Tris pH 9.1, 18% (w/v) PEG8000, 14% glycerol,
0.35M MgCl, for the AMPPNP soak, respectively. Cryoprotection was performed by adding 20% MPD or 25%
glycerol to the reservoir solution, and crystals were flash-cooled in liquid nitrogen. X-ray data were collected at
beamlines X10SA and X06DA of the Swiss Light Source (SLS) in Villigen (Switzerland). Data were integrated and
reduced using the XDS program package®.

Crystal derivatization. Crystals were derivatized with 10 mM thiomersal for phase determination and a
mixture of 2.1 mM of the ATP analogue (3,7-imidoadenosine 5'-triphosphate (AMPPNP), 2.1 mM of the glutamine
analogue 6-Diazo-5-ox0-L-norleucine (DON), and 2.5 mM UDP-MurNAc-L-Ala-D-Glu-~y-L-Lys-D-Ala-D-Ala
for evaluating complex formation. Of the latter three compounds, only AMPPNP was found to bind to the crys-
tals based on the inspection of difference electron density maps. Derivatization was performed by transferring
native crystals into drops of otherwise equal composition containing the compound to be soaked. After soaking
times of 10 to 30 min, crystals were cryoprotected and flash-cooled in liquid nitrogen.

Phasing and initial model building. A dataset obtained from a crystal derivatized with 10 mM thiomersal
was used to extract initial phase information using the single isomorphous replacement with anomalous scatter-
ing (SIRAS) approach. The derivative data were scaled against the native data using CAD and Scaleit of the CCP4
program suite*’. Using the program suite autoSHARP*"*, a substructure of 13 mercury sites was determined,
followed by heavy atom refinement and density modification. Initial automated model building was performed
using the AutoBuild Wizard*® in the PHENIX program suite prior to transfer to the native data set.

SCIENTIFICREPORTS| (2018) 8:12953 | DOI:10.1038/s41598-018-31098-x 12



www.nature.com/scientificreports/

Model building and refinement. Manual model building was carried out in Coot* and alternated with
reciprocal space refinement using the programs REFMAC5* and PHENIX.REFINE®. The data set collected from
crystals soaked with AMPPNP was phased by molecular replacement using the program PHASERY. Prior to
model building, simulated annealing was performed using PHENIX.REFINE in order to avoid model bias from
the original dataset.

SAXS. Small-angle X-ray scattering (SAXS) data were collected at beamline P12 at the German Electron
Synchrotron (DESY) in Hamburg, Germany. Triplicates of a two-fold dilution series of GatD/MurT in SEC II
buffer ranging from 0.5 to 8 mg/mL were recorded and extrapolated to zero concentration to remove possible
concentration effects using the PRIMUS interface of the ATSAS program suite*. Rigid-body refinement of the
native crystal structure was carried out with the program SREFLEX*. Synthetic scattering profiles for compar-
ison with the experimental data were generated using CRYSOL®. SAXS experiments were repeated in the pres-
ence of increasing concentrations of the ATP analog AMPPNP (10 uM-5mM) and the soluble Lipid II mimic
UDP-MurNAc-L-Ala-D-Glu-~-L-Lys-D-Ala-D-Ala (8 uM-1 mM).

Mutagenesis and in vitro amidation assay. Site-directed mutagenesis was performed according to the
manufacturer s instructions using plasmid pET21-murT/gatD as the template to generate active site mutants
GatD-C94S and MurT-D349N (QuikChange Lightning Site-Directed Mutagenesis Kit, Agilent) and to generate
mutations in the ATP binding site (MurT mutants T60A, E108A, N267Y and double mutant T60A E108A; Q5
site-directed mutagenesis kit, New England Biolabs). Proteins were expressed and purified and impact of muta-
tions on enzyme activity were tested as previously described®.

Circular dichroism (CD) spectroscopy. CD spectroscopy experiments were performed on a JASCO J-720
spectrometer under nitrogen flow. Protein concentration was set to 0.3 mg/mL in ten-fold diluted SEC II buffer.
The resulting spectra were corrected for concentration, protein size and cuvette thickness. Mutant protein spectra
were compared with the wildtype.

Thermal shift assay (TSA). TSA was performed on a QuantStudio 5 real-time PCR cycler (Applied
Biosystems, Thermo Fisher Scientific). Wildtype and mutant GatD/MurT were supplied at 0.3 mg/mL and
Protein Thermal Shift Dye™ (Applied Biosystems, Thermo Fisher Scientific) was added as a TSA fluorophore.
The samples were equilibrated at 4 °C and gradually heated to 95 °C over 30 min while monitoring dye fluores-
cence. The averaged protein melting temperature for the wildtype and each mutant was derived from the melting
curve inflection point using seven technical replicates and the Protein Thermal Shift™ Software v1.3 (Applied
Biosystems, Thermo Fisher Scientific).

Homology searches, conservation analysis and interface mapping. Sequence-based conservation
analysis was performed using ConSurf**. Herein, an initial search was automatically performed separately for
GatD and MurT using BLAST (https://blast.ncbi.nlm.nih.gov/) and a multiple sequence alignment (MSA) of
145 sequences each was generated using MAFFT®!. The resulting conservation scores were then projected onto
the GatD/MurT crystal structure. Color coding of conservation was done by setting the average conservation
score of the alignment to zero. More or less conserved residues were then colored according to a color ramp-
ing scheme, with dark blue and red indicating highest and lowest conservation scores, respectively. Structural
homology searches were conducted at a secondary structure level using the HHPRED tool implemented in the
bioinformatics toolkit of the Max-Planck-Institute for Developmental Biology in Tiibingen®2.

Additionally, previously postulated putative'® and confirmed?! homologous proteins were aligned separately,
using the Clustal() algorithm*.

Finally, in order to identify related proteins based on their entire structure and quantify the structural similar-
ities, a DALI search® was performed with the final crystal structure against the entire Protein Data Bank (PDB)
repository at www.rcsb.org.

In order to classify contact surfaces observed in the crystal, the crystallographic assembly was subjected to
analysis by the PISA?® and EPPIC? servers.

Data deposition. The GatD/MurT structures described here have been deposited with the Protein Data
Bank (www.rcsb.org) with PDB IDs 6GS2 (unliganded GatD/MurT) and 6H5E (complex with AMPPNP).
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Figure 1. Overall structure and organization of the GatD/MurT complex. (a) Reaction catalyzed by
GatD/MurT. The free a-carboxyl of D-iso-glutamate in the peptide stem is amidated in a glutamine- and
ATPdependent reaction. (b) Schematic overview of GatD and MurT proteins. GatD consists of a single
glutamine amidotransferase (GATase) domain with a cysteine at position 94 as the active residue and a histidine
at position 189 as a component of the catalytic triad'®. MurT is composed of two domains: a Mur ligase middle
domain (MurT middle) containing the canonical ATP binding site and, surprisingly, a ribbon-type Zinc
finger, and a C-terminal Mur ligase domain (MurT C-term). MurT residue glutamate 108 participates in ATP
hydrolysis, and aspartate 349 forms the third residue in the putative catalytic triad. (c) Overview of the GatD/
MurT structure. GatD and MurT form a boomerang-shaped complex, with GatD contacting the MurT C-term
domain through contacts that are in part mediated by helix a7 of GatD. Catalytic triad residues GatD-C94,
GatD-H189, MurT-D349 and the bound nucleotide AMPPNP are shown in stick representation. The zinc ion
in the Cys, zinc ribbon of MurT is shown as a green sphere, and the four cysteine residues ligating it are shown
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as sticks. (d) Tilted view of the MurT middle domain to show the central 3-sheet and the bound AMPPNP and
its surrounding secondary structure elements, as well as the zinc ribbon. (e) Topological representation of the
GatD/MurT architecture. Secondary structure nomenclature of GatD was done according to Leisico et al.?*. As
the short helices al and a5 in the isolated GatD structure do not conform to helical geometry in our complex,
they were not assigned. The MurT domains were assigned separately with the prefixes m and ¢ indicating the
middle and C-terminal domains, respectively. The drawing was generated with TopDraw>.
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The bacterial cell wall provides structural integrity to the cell and protects the cell from internal pressure and the
external environment. During the course of the twelve-year funding period of the Collaborative Research Center
766, our work has focused on conducting structure-function studies of enzymes that modify (synthesize or

cleave) cell wall components of a range of bacteria including Staphylococcus aureus, Staphylococcus epidermidis,
and Nostoc punctiforme. Several of our structures represent promising targets for interference. In this review, we
highlight a recent structure-function analysis of an enzyme complex that is responsible for the amidation of Lipid
11, a peptidoglycan precursor, in S. aureus.

1. Introduction

Ever since the discovery of penicillin in 1928 (Fleming, 1929) the
bacterial cell wall and its assembly machinery have been a target for
antibiotics (Schneider and Sahl, 2010). Now, nearly a century later,
many bacteria have developed resistance mechanisms against a wide
range of commonly used antimicrobial agents (Nikolaidis et al., 2014).
Infections with multi-resistant bacterial strains such as methicillin-re-
sistant Staphylococcus aureus (MRSA) can often cause severe disease and
are extremely hard to treat (Foster, 2004). The situation is particularly
critical in hospital environments, where spreading of such pathogens is
facilitated by a high availability of susceptible hosts, for instance im-
munocompromised patients (CDC, 2013; Wang et al., 2017), leading to
opportunistic infections. Hence, MRSA and other resistant bacteria are
the cause of an increasing number of annual deaths and constitute an
immense financial and logistical burden on healthcare worldwide
(Chandy et al., 2014). In order to counteract this ever-rising threat,
novel strategies to combat resistant bacteria are required.

The major structural component of the bacterial cell wall is the
highly crosslinked peptidoglycan heteropolymer (Vollmer et al., 2008).
It is composed of polysaccharide chains of alternating beta-1-4 linked
N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc)
crosslinked by short, branched peptides that vary in composition de-
pending on the species (Schleifer and Kandler, 1972).

Much of our initial work in the Collaborative Research Center 766
has focused on structure-function studies of enzymes that modify the
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bacterial cell wall. We were able to define the structures and substrate
specificities of several autolysins (Biittner et al., 2016, 2014; Liitzner
et al., 2009; Zoll et al., 2012, 2010), which are needed by bacteria to
lyse cell wall structures during cell division (see also review by Biittner
et al., 2015). Additional studies have centered on enzymes that glyco-
sylate teichoic acid structures in staphylococci, and that represent pro-
mising targets for interference (Gerlach et al., 2018; Koc et al., 2015). In
recent years, we have become interested in a modification of a pepti-
doglycan precursor that involves amidation of peptide stem residues.
Peptidoglycan assembly is a multistep anabolic pathway starting
with soluble cytosolic precursors and ending with the final hetero-
polymer network in the periplasmic space. Briefly, the ligases MurC-F
(reviewed in Smith, 2006) catalyze the stepwise addition of the peptide
stem to the UDP-activated MurNAc moiety. The resulting MurNAc-
pentapeptide is then transferred to its membrane anchor undecaprenyl
phosphate (bactoprenol) by MraY under UMP release (Chung et al.,
2013; van Heijenoort, 2007). This first membrane-bound intermediate
is termed Lipid I. Next, the second sugar, GlcNAc, is added by the
transglycosylase MurG, yielding Lipid II (van Heijenoort, 2007). In
some organisms, the amino acid at position 3 of the peptide stem (L-Lys
or meso-diaminopimelic acid (mDAP) in most cases) is further modified
by the addition of a short linker peptide, for instance Glys as in S. aureus
(Schleifer and Kandler, 1972). The final, modified Lipid II is then
transferred to the periplasm, where transpeptidase and transglycosylase
activities of penicillin binding proteins (PBPs) catalyze the poly-
merization and crosslinking into the final peptidoglycan layer (Sauvage
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Fig. 1. Ribbon representations of the crystal structures of GatD/MurT. (a) GatD/MurT of Staphylococcus aureus displays an open, crescent-shaped conformation that
likely represents the state adopted by the enzyme prior to substrate engagement (Noldeke et al., 2018). (b) The homologous GatD/MurT complex of Streptococcus

pneumoniae adopts a closed conformation (Morlot et al., 2018).

et al., 2008).

Peptidoglycan of many Gram positive bacteria, including
Staphylococci, Streptococci, and even the distant genus of Mycobacteria
show a wide variety of modifications in order to enhance its protective
efficacy against antimicrobial agents such as lysozyme. The most fre-
quent modifications are sugar moiety N-deacetylation or Ce-O-acet-
ylation (Moynihan et al., 2014; Rajagopal and Walker, 2017), and the
amidation of free carboxyl groups in the peptide. The most frequent site
of amidation is the a carboxylate of D-glutamate at position 2 in the
peptide stem. In peptidoglycan types containing mDAP at position 3, its
e-carboxylate can also be amidated (Schleifer and Kandler, 1972). Ad-
ditional amidation sites exist, but they are restricted to very particular
and rare peptidoglycan variations such as D-aspartate in the peptide

crossbridge present in some Lactococci (Veiga et al., 2009). All of these
different amidation variants appear to contribute to resistance to ly-
sozyme and other autolysins (Figueiredo et al., 2014; Levefaudes et al.,
2015; Veiga et al., 2009). While the existence of peptide amidation has
been known since the 1960s (Siewert and Strominger, 1968), only a few
of the enzymes performing these modifications have been described to
date, including LtsA and AsnB1 for mDAP amidation (Bernard et al.,
2011; Levefaudes et al., 2015) and AsnH for D-aspartate amidation
(Veiga et al., 2009). The most common amidation is carried out by
GatD/MurT, which was identified only in 2012 (Figueiredo et al., 2012;
Miinch et al., 2012). GatD/MurT acts on the membrane-bound pepti-
doglycan precursor Lipid II and catalyzes the amidation of the second
amino acid in the peptide stem from D-glutamic acid to D-isoglutamine.
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The ATP-dependent reaction requires glutamine as a nitrogen donor.
Interestingly, lack of peptidoglycan amidation as a result of GatD/MurT
depletion drastically decreased methicillin tolerance in the context of
MRSA (Figueiredo et al., 2014) and even proved lethal in the equally
pathogenic Streptococcus pneumoniae (Liu et al., 2017; Zapun et al.,
2013). These drastic depletion phenotypes have placed GatD/MurT in
the spotlight as a potential drug target.

In order to understand the enzymatic mechanism and substrate
specificity requirements, and to guide the design of effective inhibitor
molecules, high-resolution structural information about the active
complex is required. Recently, crystal structures of the GatD/MurT
complexes of Streptococcus pneumoniae and Staphylococcus aureus have
been published (Morlot et al., 2018; Noldeke et al., 2018). This mini-
review focuses on the comparison between the two structures and aims
to ask specific questions raised by observed similarities or differences in
order to help direct future research at them.

2. Structural information on GatD and MurT

Stem peptide amidation by GatD/MurT is known to be crucial for
efficient peptidoglycan biosynthesis in a number of Gram positive
bacteria, and its essentiality has been inferred for various members of
the Bacilli family as well as a number of more loosely related
Actinobacteria (DeJesus et al., 2017; Figueiredo et al., 2012; Miinch
et al., 2012; Zapun et al., 2013). A homologous operon was found even
in the cyanobacterium Nostoc punctiforme (Miinch et al., 2012). How-
ever, mechanistic insights into the enzyme's mode of action are still
very limited. Detailed structural information is available only for the
complexes from two organisms of the Bacilli class, Staphylococcus aureus
and Streptococcus pneumoniae. The structure of isolated, unliganded
GatD (Leisico et al., 2018) and two subsequently determined structures
of GatD/MurT complexes (Morlot et al., 2018; Noldeke et al., 2018)
have established the fold of the enzymes and identified residues im-
portant for ligand binding and catalysis. However, none of the crystal
structures contains the full set of substrates (glutamine, ATP, and the
peptide stem of Lipid I/II), and the two GatD/MurT complexes also
exhibit interesting, profound differences in overall structure and con-
formation, in the assignment of catalytic residues, and in a small do-
main that harbors a zinc ion in one case. Therefore, reviewing and
comparing the essential structural features of the GatD/MurT com-
plexes provides insights into how they might function in Lipid II ami-
dation.

3. Overall structure of GatD/MurT

In both organisms the two enzymes assemble into a heterodimer,
with GatD contacting the C-terminal domain of MurT (Fig. 1). GatD
exhibits a mixed alpha/beta hydrolase fold (Ollis et al., 1992) typical
for class I glutamine amidotransferases (GATases) (Massiere and Badet-
Denisot, 1998) and the GatD active site, centered around the catalytic
cysteine, faces towards MurT. MurT is composed of two domains,
namely a Mur ligase catalytic or middle domain (Mur middle) and a
Mur ligase C-terminal domain (Mur C-term). Like in other Mur ligases,
MurT contains the canonical ATP binding pocket and catalytic residues
required for ATPase activity (reviewed in (Smith, 2006)). Other Mur
ligases have been described to use their C-terminal domain to bind part
of their respective substrates (Ruane et al., 2013; Smith, 2006), hence it
could be inferred that MurT likely employs residues from both domains
to coordinate the substrate peptide. However, detailed experimental
evidence for the mode of substrate binding is still not available.

While the two available crystal structures of GatD/MurT from S.
aureus and S. pneumoniae adopt largely different conformations overall,
the single domains are similar and superimpose very well (Table 1).
Hence, a detailed analysis of the similarities and differences between
the two structures will help to identify yet undiscovered important
features and residues as well as potential organism-specific differences.
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Table 1
Root mean square deviations (R.M.S.D.s) of superimpositions of S. aureus and S.
pneumoniae GatD/MurT single domains.

R.M.S.D. [A] aligned residues
GatD 2.14 224
MurT middle 3.21 232
MurT C-term 1.90 128

Such information will paint a more complete picture of the mode of
action of this enzyme complex, thus providing a solid foundation for
future research aimed at unravelling the reaction mechanism and tar-
geting the active site.

4. Conformational dynamics

The canonical Mur ligases MurC, MurD, MurE, and MurF, which
catalyze the formation of the peptidoglycan peptide stem in the cyto-
solic steps of biosynthesis, have been extensively characterized and
crystal structures are available for representatives of all four enzymes
(Bertrand et al., 1999; Cha et al., 2014; Mol et al., 2003; Ruane et al.,
2013). The middle and C-terminal domains of the Mur ligases are
connected via a short flexible linker. Mur ligases C, D and F, for which
both unliganded and substrate-bound structures are available, display a
large degree in domain movement upon ligand binding (reviewed in
(Smith, 2006). The strong structural similarities in this region between
MurT and the other Mur ligases suggest that such a high degree of
mobility would indeed be possible. In support of this hypothesis, the
conformations observed in the crystal structures of GatD/MurT from S.
aureus (SaGatD/MurT) and S. pneumoniae (SpGatD/MurT) differ sub-
stantially in terms of domain orientation. While SpGatD/MurT adopts a
closed conformation similar to that reported for many ligand-bound
structures of other Mur ligases, the S. aureus structure exhibits a much
more open, crescent-shaped conformation that is closer to the apo forms
of the aforementioned enzymes. Small angle X-ray scattering experi-
ments performed on SaGatD/MurT show that a similarly open con-
formation of the enzyme also exists in solution, and indicate that the
complex has a considerable amount of flexibility among its domains
(Noldeke et al., 2018).

Based on these observations, it is highly likely that the different
conformations adopted by S. aureus and S. pneumoniae GatD/MurT in
their respective crystal structures are not indicative of radical cross-
species differences but rather represent two snapshots of a range of
possible conformations that can be adopted by both complexes during
catalysis. The open conformation observed for SaGatD/MurT likely
represents the structure of the complex prior to substrate engagement.
As the catalytically active sites of GatD and MurT are separated by
about 40 A in the open conformation, any movement that decreases this
distance would seem to be required for catalysis.

Although the evidence available to date clearly points towards a
domain rearrangement being a critical step to achieve an active, cata-
lysis-competent complex, the detailed mechanics of catalysis remain
elusive. Even the reduced distance between active sites in the closed
conformation of around 20A is too large to be bridged by nascent
ammonia generated in GatD without significant effusive loss. Such a
loss would not only hamper MurT catalysis, but if enough ammonia
were to escape this could even prove toxic to the cell. Hence, additional
domain movements may be required for full and efficient activity.

Is an as of yet undetected ammonia channel formed upon ligand
binding to successfully perform the amidation reaction? Does catalysis
involve substrate relocation after phosphorylation by MurT to the site
of ammonia generation in GatD? High-resolution data on substrate
peptide recognition are required in order to answer these questions and
to paint a complete picture of GatD/MurT action.
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Fig. 2. Comparison of the putative catalytic triads of the GatD/MurT complexes in S. aureus and S. pneumoniae. (a) Cartoon and stick representation of the inter-
molecular catalytic triad of SaGatD/MurT. D349 is contributed to the triad by MurT across the dimer interface. (b) The intramolecular triad of SpGatD in the same
orientation as in (a). White sticks represent the aspartates homologous to the third triad residue in the respective opposite species. (Morlot et al., 2018; Noldeke et al.,

2018).

5. GatD catalytic triad

Class I or triad type GATases contain a canonical Cys-His-Glu cat-
alytic triad as a means to generate a nucleophile strong enough to in-
itiate glutamine hydrolysis to glutamate (Massiére and Badet-Denisot,
1998; Mouilleron and Golinelli-Pimpaneau, 2007). The central nu-
cleophilic cysteine is located at a conserved turn from a B-strand to an
a-helix, termed the nucleophile elbow (Ollis et al., 1992). The histidine
and glutamate that complete the triad are located on a separate strand,
and they are usually separated by a proline. The catalytic triad residues
are located nearly in a straight line in order to allow for concerted
proton transfer.

While the cysteine and histidine residues are conserved in GatD, the
glutamate as the final proton sink is missing. Two alternative aspartic
acidic side chains have been proposed to substitute for it in that func-
tion, namely SaMurT-D349 (SpMurT-D355) and SpGatD-D32 (SaGatD-
D19) (Fig. 2). In the first case, observed in the S. aureus enzyme, the
aspartic acid is contributed by MurT across the heterodimer interface
(Fig. 2a). The intermolecular triad generated in this manner adopts a
linear conformation, which would be amenable to concerted proton
transfer. In the second case, as found in the structure of S. pneumoniae
GatD/MurT, the proposed triad is intramolecular, with the aspartic acid
being contributed from a flanking helix in GatD (Fig. 2b). While its
interatomic distances are smaller than those observed in SaGatD/MurT,
the angle of approximately 90° formed by the triad is unusual for such
motifs and probably requires slight repositioning of the sidechains in-
volved in order to function in a proton relay reaction.

Intriguingly, both aspartates are conserved in all confirmed and
inferred instances of GatD/MurT (Morlot et al., 2018; Noldeke et al.,
2018). However, their relative positions differ largely between the
staphylococcal and streptococcal structures. Residue D19 of SaGatD
(Fig. 2a) is turned away from the triad site by a twist of helix a2
(secondary structure nomenclature according to (Noldeke et al., 2018)
when compared to SpGatD, thus precluding it from taking the same
place and role as SpGatD-D32. On the other hand, SpGatD/MurT cannot
form a linear triad with SpMurT-D355, as it is separated from either of
the two histidine nitrogens by over 5 A. It however still plays an im-
portant role in SpGatD/MurT function, possibly in complex stability, as

its mutation severely impaired activity in vitro and even proved lethal in
vivo (Morlot et al., 2018).

The putative catalytic triads represent a fascinating example of how
two different organisms apparently found separate ways to the same
end, using exactly the same available tools in terms of conserved re-
sidues. It remains to be investigated to which extent the triad con-
formation may be influenced by the overall conformation of the com-
plex. Thus, a different arrangement of SpGatD/MurT may bring the
residues for the intermolecular triad into closer proximity, while a
movement in the S. aureus complex may lead to a repositioning of
SaGatD-D19. Hence, the GatD catalytic triad should remain a focus of
research. Structures of the complex from other species may help to fully
understand the roles played by the proposed triad residues.

6. The MurT middle domain insertion

One unexpected feature that was revealed by the recent structural
studies conducted on the GatD/MurT enzyme complexes from S. aureus
and S. pneumoniae is an insertion of roughly 50 residues between the
strands pm6 and fm9 in the middle domain of MurT. This insertion,
which to date has not been observed in any other known Mur ligases,
bears a strong resemblance to a type of Zinc Finger (ZnF) termed RanBP
Zinc ribbon (Gamsjaeger et al., 2007). ZnF motifs exist in various
shapes but share the common feature of a Zn*>* ion coordinated by four
cysteine or histidine sidechains contributed by different portions of the
motif, thus conferring stability to the motif (Laity et al., 2001). Most
canonical ZnFs are involved in nucleic acid interactions, but several
examples of such motifs mediating protein-protein contacts have been
reported (Gamsjaeger et al., 2007; Malgieri et al., 2015).

The Zinc ribbon insertion observed in GatD-MurT is well conserved
in Bacilli (Fig. 3c) and adopts very similar structures in SaMurT and
SpMurT. It is composed of two adjacent turns of the protein backbone
that contain two cysteines each with one or two linking residues in
between. These turns, termed "knuckles", form the beginning and end of
a two-stranded antiparallel 3-sheet. The cysteines from the knuckles
face one another to coordinate a zinc ion that further stabilizes the fold
in SaMurT. In the crystal structure of SpMurT, an array of disulfides was
modelled instead of the zinc ion. Biochemical analyses however
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MurT 184 235
S. aureus MKAHAHEF - - - - - . . EQSTMNES RLLQYDYIHYNQIG HY FKREQAKY
S. epidermidis MKKFAHDF - - - - - - . EQSTMNES RLLQYDYIHYNQI HY FKREEPTY
C. perfringens FKVSPNKN- - - - - - KNIEINADA EPYSYNFITYNHL SF FKREDLKY
S. pneumoniae EDLEKGPA - - - - - - QLAHYNTEG GILKYEHNTYANL AY CKRPDLDY
S. pyogenes EDTAKHAP . . . . .. QLAHYNTEG HILQYRLNTYANL DF FQRPTLDY
L. lactis FNHESHEP - - - - - . THAHYNTEG HILAYKMNTYANL NY FSRPELDY
Aerococcus viridans FNTEDOSK - - - - - DFLADNNTDG HVLHSMHS ITYSNL DY VSRPALTY
M. tuberculosis AGGA ----WSN-DSVS-........ EVIVRKAPSQEDHM- - - - - FKRPAPHW
Streptomyces scabiei VGQM - - - -WKD -DAWS - - - - . . . .. GVMQRPG- - - -DDW- - - - - FRRPTPSW
Rhodococcus equi AGGG -|-- -WAN-DSVS|=. .o . . EPIVWDG----PHM- - - - - FARPTPDW
Arthrobacter aurescens LDESLRSTFPNDDEMRTTAIGP - - Bl f- - - - - - - - . . .. sP TSVAAE VDLPAADYV
Bifidobacterium bifidum LAPELRRFFPSDDDMOTTVAEEA RPSANDRAQQEPAGTSVSAE| GREATADYV
Nostoc punctiforme LNEPEHYL - - - - - . EAIPHAVDS HSLDYKGVYLSHL- -DFT FTKSKPTL
Consensus EKTE-H-F....... LAHYNTEG HPLQYDGITYNNLG- - -DY FKRPTPDY

Fig. 3. The MurT insertion: a Zinc Finger. (a) Side by side comparison of the S. aureus (left) and S. pneumoniae (right) crystal structures (Morlot et al., 2018; Noldeke
et al., 2018). The ZnF is shown as ribbon. (b) Detailed topology of the ZnF highlighting the conserved conformation of the central two-stranded f-sheet and the cys-
containing knuckle. The large leading loop adopts a largely different conformation due to the contact with GatD, as seen in (a). (c) Multiple sequence alignment of the
insert region of MurT from different species. Bacilli (top, green box) share a relatively similar sequence with completely conserved knuckle cysteines (red). In
contrast, Actinobacteria (yellow box) show a higher interspecies variability in the region.

indicated that the cysteines are initially reduced and the physiological
presence of the coordinated metal ion was inferred (Morlot et al.,
2018). The segment is located on the side of the MurT middle domain
(Fig. 3a), behind the ATP binding site and putative substrate peptide
binding region. It forms an extensive contact surface between SpMurT
and SpGatD, resulting in a compression of the loop connecting MurT
strand Bm6 and the first Cys-knuckle (Fig. 3b). In contrast, the same
loop is more relaxed and partially flexible in the open form of SaMurT,
which has no direct interactions between its middle domain and Sa-
GatD.

Amino acid sequence comparison of known and putative instances
of MurT from different species reveal that conservation of the ZnF is
much lower than that of several functionally relevant features. While it
probably exists in topologically similar forms across Bacilli based on the
locations of the cysteines, actinobacterial sequences differ from this
pattern (Fig. 3c). Streptomycetes (represented here by S. scabiei) have a

severely shortened insertion while still retaining the characteristic cy-
steines. However, it cannot be predicted whether this is sufficient to
form the characteristic fold. In contrast, most other Actinobacteria with
GatD/MurT homologues lack the cysteines altogether, and therefore the
insertion is unlikely to adopt a zinC-Finger fold.

Together with the lack of detailed knowledge about the precise
function of the MurT insertion, this observation raises questions about
functional diversity. Is the MurT insertion involved in GatD/MurT ac-
tivity? If so, have different species evolved different mechanisms to
achieve the same goal while relying more or less heavily on a particular
sequence, in this case the ZnF, or is catalytic activity completely un-
coupled from the nature of the insertion?

RanBP-type Zn ribbons have been associated with protein-protein
interactions in the past, such as the complex between Npl4 and
Ubiquitin (Alam et al., 2004). The location and conformation of the
bacillal ZnF leaves it accessible for an analogous interaction. It is thus
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a H. influenzae MurC (PDB ID 1P3D)
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b E. coliMurD (PDB ID 3UAG)

d A. baumannii MurF (PDB ID 4QDI)

e S. aureus MurT (PDB ID 6H5E)

Fig. 4. The N-termini of different Mur ligases. A side by side comparison of the N-terminal and middle domains of MurC-D (Bertrand et al., 1999; Cha et al., 2014;
Mol et al., 2003; Ruane et al., 2013) and MurT (Noldeke et al., 2018) (Panels (a-d) and (e), respectively), aligned for their middle domains, highlight the differences
in N-terminus orientation. The N-terminal domain (slate) coordinates the uridine moiety of the substrate (black sticks) thus positioning the substrate peptides of
different lengths with respect to the invariable position of ATP in the middle domain (grey cartoon and sticks). The orientation of the N-terminal domain is partially

guided by the orientation of a linking helix homologous to MurT helix fm1 (red).

conceivable that the ZnF may be involved in a scaffolding interaction
with other components of the membrane-bound phase of peptidoglycan
biosynthesis. This could for instance help to bring GatD/MurT into close
proximity of its substrate.

7. The short MurT N-terminus

S. aureus GatD/MurT amidates peptidoglycan precursors exclusively
in the membrane-bound steps of the biosynthetic pathway (Figueiredo
et al., 2012) but shows no preference for either Lipid I, Lipid II or Lipid
II - Glys in vitro (Miinch et al., 2012). The sole difference between the
last soluble precursor, UDP-MurNAc-pentapeptide, and Lipid I lies in
the exchange of a uridine moiety for a bactoprenol membrane anchor.
As the peptide and MurNAc segments are unaltered, the preference of
GatD/MurT for this substrate form has to be associated with the
membrane anchor. However, neither GatD nor MurT contain exposed
hydrophobic segments that could mediate membrane insertion and thus

recognition of the isoprenoid tail of the substrate. The N-terminus of
MurT, however, has not been resolved in either of the two crystal
structures available to date. The unresolved portion spans 30-35 amino
acids and contains a high portion of positively charged side chains,
totaling 9 and 6 net positive charges for S. aureus and S. pneumoniae,
respectively.

In contrast, the canonical Mur ligases C-F have an additional N-
terminal domain of 90-100 amino acids in length. Typically, the N-
terminal domains of these Mur ligases adopt a canonical Rossmann fold
(Smith, 2006) and coordinate the uridine moiety of the UDP-activated
MurNAc-peptide precursor (Fig. 4). Interestingly, the contacts between
the Mur middle domain and the growing peptide stem are not parti-
cularly extensive. The orientation of the peptide with respect to the
unvarying position of ATP in the middle domain is largely controlled by
the orientation of the N-terminal domain and, consequently, of the UDP
moiety (Smith, 2006). This positioning appears to be mediated at least
in part by the orientation of a hinge helix between the N-terminal and
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middle domains, homologous to helix fm1 in MurT.

The different nature of the substrate and lack of a comparable N-
terminal domain call for a different solution for substrate orientation in
MurT. As the orientation of the substrate is not chiefly mediated by the
middle and C-terminal domains in other Mur ligases, it can be specu-
lated that MurT may harness external geometrical restraints in order to
contact, recognize, and position its substrate peptide for catalysis. The
high net positive charge of the unresolved MurT N-terminus suggests
such an approach, as it could interact with the negative charges of the
phospholipids in the plasma membrane, thus bringing GatD/MurT into
the proximity of its substrate. Indeed, Miinch et al. showed that S.
aureus membrane but not cytosolic extracts contain the enzymatic ac-
tivity required for Lipid II amidation in vitro in an ATP and glutamine-
dependent fashion, strongly suggesting GatD/MurT to be associated
with the plasma membrane (Miinch et al., 2012). MurT helix pfml
points in a direction that could orient the enzyme with its active sites
facing the membrane. Additionally, cationic terminal stretches have
been associated in the past with peripheral membrane association
(Whited and Johs, 2015). In such a hypothetical model, spatial se-
questration and orientation relative to the membrane rather than direct
interactions with the substrate would provide specificity. This hypoth-
esis could provide an explanation for the observed exclusivity in GatD/
MurT targeting peptidoglycan precursors at the lipidic stage of bio-
synthesis.

These hypotheses need to be thoroughly investigated. No experi-
mental evidence is available to date on the role of the MurT N-terminus
or the enzyme's subcellular localization.

8. Conclusion and applications

GatD/MurT is highly relevant to worldwide healthcare as a poten-
tial drug target to combat infections by multi-resistant bacterial pa-
thogens. By comparing the available GatD/MurT crystal structures of
the enzymes of S. aureus and S. pneumoniae, insights into their mode of
action beyond observations on only one protein can be derived. Since
the two structures differ in critical ways, the comparison identifies a
number of questions that need to be addressed through follow-up stu-
dies in order to establish GatD/MurT as a viable platform for the de-
velopment of structure-guided inhibitors with medical application.

Differences in GatD/MurT across species, such as the MurT middle
domain insertion, need to be functionally characterized in order to
evaluate their potential as targets for the design of narrow spectrum
antimicrobials. Such compounds with a precisely defined target range
are more difficult to use due to the necessity to identify the pathogen
prior to treatment, but they offer the advantage of a lower impact on
beneficial commensal bacteria such as E. coli. The observed similar
features of the two enzymes, on the other hand, could serve as viable
targets for the design of antibiotics with a broader range of action
against a wide range of pathogenic bacteria such as S. aureus, S. pneu-
moniae, and M. tuberculosis while still maintaining its specificity for
organisms that express GatD/MurT.

Finally, differences in the crystal structures that cannot be defini-
tively attributed to the difference in species help to paint a detailed
picture of the still only rudimentarily understood mechanism of action
of GatD/MurT. In this instance, the differences in conformation provide
evidence for a major domain rearrangement as an essential step for
catalytic activity. Clearly, additional structural and functional studies
directed at the mode of substrate engagement by GatD/MurT are
needed.
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