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Multiplicity of infection

Max Planchnstitute

Mean residue ellipticity

Methicillin-resistant Staphylococcus aureus

Mass spectrometry

Multistep phosphorelay

prefix before a protein fronMycobacterium tuberculosis
Molecular weight cubff

Nicotinamide adenine dinucleotide, reduced form
Nuclear factor kappdight-chainenhancer of activated B cells
Nuclear magnetic remance

Nitrilotriacetic acid

Nucleotide 5triphosphate

overnight
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ODsoo
PAGE
PAMP
PAS
PBP
PCR
PDB
Per
PES
PI3K
PKA
PMSF
PPP
PVDF
QC
Ran
RanBP
REC
RMP
RMSD
RNA
ROS
RRT
rISAP
RT
RV
Sa
SAR&0\2
SAXS
SDS
SEC
SH2
Sim
SMART
SN
SOP
Sp
Spy
Src
TAE
TB
TBS
TCEP

Optical density a600 nm (equivalent to extinction at 600 nm)
Polyacrylamide gel electrophoresis
Pathogerassociated molecular pattern
PerArnt-Sim

Penicillin binding protein

Polymerase chain reaction

Protein data bank

Periodiccircadian protein

Polyether sulfone

PhosphoinositeB-Kinase

Protein kinase A

Phenylmethyl sulfonyl fluoride

Protein sample buffefor SDSPAGE

Polyvinylidene fluoride

Quick Change PCR (sieectedmutagenesis)
Rasrelated nuclear protein

Ran binding protein

Receiver domain

Redox midpoint potential

Rootmeansquare deviation

Ribonucleic adi

Reactive oxygen species

Random reverse translation

recombinant Shrimp alkaline phosphatase

Room temperature

Reverse

prefix before a protein fronStaphylococcus aureus
Severe acute respiratory syndrome Coronavizus
Smallangle Xray scattering

Sodiumdodecylsulfate

Size exclusion chromatography

Src homology 2

Singleminded protein

Simple Modular Architecture Research Tool
Supernatant

Standard operating procedure

prefix bdore a protein fromStreptococcus pneumoniae
prefix before a protein fronStreptococcus pyogenes
a proto-oncogene tyrosine kinase associated with sarcoma
TrisAcetic acieEDTA

Terrific broth

Trisbuffered saline

Tris(2carboxyethyl)phosphine
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WHO
WTA
ZMBP
t-ME

Two component system
Transmission electron microscopy
E U E U-Eettamethyl ethylenediamine
Tobacco etch virus

Tumour growth factor beta

Tolkike receptor
Tris(hydroxymethyl)aminomethane
Uridine 5-diphosphate

Uridine 5*monophosphate
Ultra-violet (radiation)

World Health Organisation

Wall teichoic acid

Center for Plant Molecular Biology at the University of Tubingen

t-mercaptoethanol
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FOREWORD

It is probably aare occurrence that two seemingly unrelated topare found side by side in
one and the same dissertatiomhis happenediue to one of the many beauties of structural biology
and protein biochemistry. By using a dedicated portfolio of highly sofisticatalytical methodsut-
terly different biological questns 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 whegh the original donor organism is a plant, a mammalyakaryote, or
even a virus. No complicated, tinoensuming, and expensive culturing techniques likérfaivostud-
ies are required.

As soon as the protein is available, studies into its physicalepties, its structure, and thus
its molecular mode of @ion can be initiated. This particular study presents recent advancekeon
structural and mechanistical understandingtafo very different proteinsthe redoxsensitive histi-
dine kinase AHKS5 frodsrabidopsis thalianand the cell watemidating enzyme complex GatD/MurT
from Staphylococcus aureuslycobacterium tuberculosigndStreptococcus pyogenethe two pro-
jects arecurrently at different stages in their development and different strategiesre 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
% E}S Jv[e (pv S]}v 0]S5C X canidst, c/stdllgrapludidalta 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 stisdgh funémentallydifferent biologicalpathways.
| 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 fom either project hdped to further the other project in ways that would have been far less
likely to happen, had the projects been treated separately.

Erik R. Nldeke
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1 TOWARDS THE STRUCTURAL CHARACTERISA ARG OF

1.1 Introduction

One cruciafeature, common toall organisms, is the ability to adapt their behaviour in re-
sponse to changes in themmediate surroundings. Such changes can involve, for example, nutrient
and water availability, the presence of a predator, or the availability pdtantial mate. Ever 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. ®Ese pathways are coposed, 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 positivegattye feed-
back logs, as well as crosstalk between different signal transduction pathways.

Activation of this sophisticated regulatory machineeguires the ability to sense and recog-
nise chemical signals and trdaite them into specific physiologicasponses. This tagkaccomplished
in all kingdoms of life bg 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 mst possess twdey features: Firstly, they must exist in at least two states, one that is
dormant or inactive and one that is signaliogmpetent. Secondly, they must sense and react to their
specific stimulus in a way that triggers transition from therdant to the ative 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 receptanésfamily of nelear 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 inhilling chaperonesRecognition and binding of the activating molecule induces
release of the chaperone and, in the case of inactive monomers, homieeterodimerisation. The
active dimer then influences directly the expression level of target genes byatitectly as aran-
scription factor. It binds to soalled 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 Membraneassociated receptors without intrinsic enzgtit activity

In the case of signal molecules that are nblesto 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 onshepe, these receptors can be grouped in differ-
ent ways, baed either on the number of membrargpanningr-helices, mechanism of activation, ol-
igomeric state, transporter functionality, or intrinsic enzymatic activity.

Receptors without intrinsic enzymatactivity act by liganéthduced 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 (GPCRSs). These receptors are maad 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 conformatiohahge that leads to the activation of a
heterotrimeric adapor protein (the Gprotein) that is associated with the receptor in its inactive state.
Upon activation, the @rotein exchanges the GDP molecule bound to itsubunit for GTP and dis-
sociates inb the monomeric G and heterodimeric G,subunits. These, iturn activate further down-
stream pathways, such as the adenylate cyclase and PI3K pathways, respgjtij@&ly

Other receptors that act without intrinsic enzymatic activity are those that creat#ads for
the assembly of large signalling complexes upbigomer formation. The most prominent examples
of these are integrins and Tdilke receptors. Integrins mediate signals initiated by contact of cells with
components of the extracellular matriidpon activation, integrins cluster at the contact site d@hds
recruit their intracellular signalling complgX]. These complexes can have direct action on down-
stream signalling cascades, such as the MAPK (miaggociated proteikinase) pathway8], or act
as modulators for other signalling receptors. Similarly,-lita receptors (TLRS) likely aebg their
active state upon liganthduced dimerisation. Ligands for TLRs include many pathagsociated mo-
lecular patterns (PAMPSs), as their main role iqmodulation of somatic mechanisms of the innate
immune response, such as the activation ofanmgphages and dendritic cells. Thigralling complex
assembled by TLR dimerisation diversifies into multiple downstream pathways, including, again, vari-
ous MAPKathways, and the NFB pathway[9].

1.1.1.3 Ligand and voltaggated ion channels

A special case is that of ligand and voltag¢ed ion chanels. As oposed to other receptors
described here, they do not triggeomplexcascades of downstream effectors and regoiat Instead,
they directly allow the influx or efflux of specific ions into or from the cell upon reception of the signal.
These hannels araisually specific for one particular type of ion and are heavily involved in neuronal
transmission. Ligandated bn channels are the primary receptors at chemical synapses where they
sense the concentration of neurotransmitters in the synajpteft (e.g.acetylcholine). Upon ligand
binding, the receptor allows for cation influx and thus membrane depolarisation.sigral is then

& E] 0}vP 8Z v pE}v][+ -gat€l {on chaBndis io $hePform of a-salled action po-

tential [10], [11]

A further example for a ligandated ion channel is the Inositol 1,4yfphosphate (IP3)tgated
C&* tchannel, which meidtes influx of calcium ions from the endoplasmic reticulum into the cytosol
downstream of ther-1 adrenergic receptor, a GPCR.
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1.1.1.4 Receptor kinases

Receptor kinases are protein kinases that transition from thetivewto the catalyticlly active
form uponsignal perception. The initiation of the downstream signalling pathway (often a cascade of
subs <pg VS %o E}S Jv I]v o eeU ]Je §Z v u ] 8 C %Z}*%Z}ECO S]}v }( §Z

The most frequent typesf receptor kinasesra of the tyrosinespecific variety, i.e. they phos-
phorylate the hydroxyl group of a tyrosine residue upon activgtl@], [13]. Receptor tyrosine kinases
are active as dimers and signal perception leads to autophosphorylation of the cytosolic portion of the
recepta. These phosphorylaetl variety then serves as a scaffold to recruit adaptor prateim se
called SH2 domains (Sfiomology 2) that bind specifically to phosphotyrosgmtaining sequences.
Prominent examples of the Receptor tyrosine kinase familytadrtsulin receptofl4] and the family
of epidermal growth factor receptors (EGFE].

Many downstream signalling kinasesich as the components of the MAPK cascade, are ser-
ine/threonine-specific kinases. This type of kinase also exists as a receptor kinasatgple the TGF
t receptor in mammal§l6], [17]and the family of Leucindch repeatreceptorlike kinases in plants
(LRRRLKSs)18] t[21]. Similarly to tyrosie-specific receptor kinases, the first step in signalling activa-
tion upon ligand perception, is autophosphorylati@rithin a home or heterooligomer (dimer or
higher). However, while receptor tyrosine kinases generally transmit signals via the asseantyef
phorylationspecific signalling scaffold complex, receptor serine/threonine kinases additionally use
their intrinsic kinase dtvity to directly phosphorylate downstream regulators, such as the Smad pro-
teins in the context of TGEsignalling.

1.1.2 Recotor 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-specifc protein kinases, the resulting modification does not merely
change the behaviour of the phosphorylated proteirstead, the phosphoryl group acts as a relay and
is itself transferred along the signalling cascade, all the way frometteptor histidinekinase directly
or via one or multiple phosphotransfer proteins, and onto the final effector, termed responséaregu
tor.

1.1.2.1 Architecture and principles of signalling

Histidine kinases are dimeric proteins constructed around a functmoral consisting on N
terminal sensory input domain followed by the kinase porfi@2]. In many caes, the sensory domain
is located on the extracellular side of the plasma membrane and connected with the kinasendom
via a transmemtane segment. The kinase portion itself consists of two separate domains. The first
one, termed HisKA in the SMART pintdomain annotation systerf23], and also known as DHp do-
main [24], is a 6670 amino acid helical domaiit. consists of twor-helices ofapproximatelyequal
length that are connected by a short hairpin and fold back onto one anotherrto &m antiparallel
bundle. Two such domains constitute the heart of the histidine kinase dimer by forming an antiparallel
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four-helix coiledcail. At the beginning of the HisKA domain lies a conserved histidine residue that func-
tions as the primary acceptaubstrate for the phosphorylation reaction.

The HisKA domain ist€rminally 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 histidia residue in the HisKA domain. Depending lom tespective orientation of the
domains, the reaction can take place eithrrcisor in transwithin the histidine kinase dimer. Both
cases have indeed been reported (reviewe(Ri).

Autophosphorylation of the histidineikase at its conserved histidine residue creates a high
energy modification in the form of phosphoramidate. This relatively unstable modification is the
central feature distinguishing histidine kinasesnfr@erine/threonine and tyrosingpecific kinases.

The latter all catalyse the formation of phosphoester bonds betweenvpleosphate of ATPral the
hydroxyl group in their respective substrate side chain. Thustatie of phosphorylatedo unphos-
phorylatedhistidine residues at equilibrium conditios very low[25], and the falf-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 by a large change in bulk phosphorylation, but rather in
the moddation of phosphoryflux [25]. The higkenergy phosphoramidate in the phosphorylated his-
tidine, in turn, is key in drivinthe downstream relay of the phosphoryl group to its final accepto
After autophosphaoylation, the phosphoryl group is transferred to an aspartate on a second protein,
termed response regulator. This transfean occudirectly, asisthe casefor the evoltionarily welt
established twecomponent system (TCS) foundoimcteria It canalsotake place via multiplenterim
stepsinvolving shuttle proteinsgiving rise to a variety of mulstep phosphorelay system (MSP) that
are found in more recent organismeach as fungi and plantshe response regulatowyhich frequenty

acts as dransciiption factor,finallyinitiates 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 sigaateiving input domain and the HiskKA /
HATPase pair. The responsgulator in turn onsists of an aspartateontaining receiver domain and
an effector domairi25]. The nature and identities of sensory input and effector domains are as diverse
as the sigals they sense. iImost cases the effector domain of the response regulator is a transcription
factor. Aspartate phosphorylationinther JA E }u Jv u} po 8 « 8Z SE ve E]%S]}v
to its DNA target thus altering gene expression. As biecteve no nucleus direct contact between
the histidine kinase at the plasma membrane and the response regulator on the chromospage is
sible, enabling direct phosphotransfer from the kinase to the receiver domain.

1.1.2.3 Multi-step phosphorelay (MSIB6], [27]

In contrast to bacteriayhich use TCS signalling as the most widespread means of signal trans-
duction, only few such pathways exist in eukdaggy25]. Fungi use histidine kinase signalling for se-
lected pathwayg26], ard a number of active sensory histidine kinases are known in pj28}4[34],
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[35], [24], [36]t[40]. As in TCS, the systems are composed of a sensonjrgstidase and a (usually
transcriptionmodulating) response regulator. However, as eukaryotes have strioldgjtal separa-
tion of the cytosol andhe genome by means of the nucleus, no direct contact between the histidine
kinase and the response regutatcan take place. In order to maintain the same basic signalling system
of phosphoryl flux from sensor to efftor, a means to slitle the phosphate from the cytosol into the
nucleus is required. This task is accomplished by two modifications to the-iF€lly, the use of a
hybrid histidine kinase, which contains an additiona@ninal aspartatecontaining reeiver domain
in the histidine kinase and a histidirentaining phosphotransfer protein (HR#1]. Hybrid histidine
kinases and HPts exist in bacteria as well but orthddo$ prevail (only five hybrid histidine kinases
out of 30 inE. col{42]. The receiver domaiof hybrid histidie kinases is similar to that of the response
regulatorsandindeed contains the same phosphorylation site in the form of gragg acid. Thus,
instead of transferring the phosphoryl group from the histidine in the HisKA domain ditecthe
response rgulator, the first transfer occurs to the receiver domaincis In the second step, a HPt
Jv e 8} 8Z 1]v « [+ (Eain drd @& pRasphoryl group is transferred to its conserved histi-

dine. These proteins have a highly consers&dcture composearound a four helix bundle with two
antiparallel pairs similar to the HisKA c¢gd], [40]andtwo additional Germinal helices. After re-
ceiving the phosphohgroup, the HPt relocalises to the response regulator in théeusc where the
third and final phosphotransfer step takes place. This theep mechanism gave the pathway its
name of multstep phosphorelay (MSP).

In addition to providing a phosphoryl stiling mechanism from the cytosol into the nucleus,
MSP offers avider potential for cross talk between various signal transduction pathways. Indeed,
some histidine kinases in Arabidopsisvbdeen shown to interact with multiple Hf24], [43] Addi-
tionally, many interactions with $hr kinase cascades have been reported, such as between the
ethylene receptors ETR1 and ERS1 and MAPK pathwasabidopsig44].

1.1.3 Histidine kinases irArabidopsis

TheArabidopsis thaliangenome encodes eiglitinctionalhistidine kinasef24]. Thesecan be
topologically grouped into three categorigsirstly the ethylene senars with three Nterminal trans-
membrane helices (ETR1, EREthylene, which is a freely diffusible hydrophobic gas, is enriched
within the hydrophobic ewironment insile the plasma and ER membranes. Thus, ETR1 and ERS1 can
use a single combined sensing and membrane anchoring doithiylene plays a crucial role in ger-
mination, leaf abscission, and fruit maturation, as well as organ development, and ctigasthogen
respase[45], [46]

The second class is thatsd#nsory histidine kinases with one extracelldaERIumenal sen-
sory domain encompassed by two transmembrane helices (CKI1-AHKiese comprise the cyto-
kinin sensors AHX4 [28], [31], [32], [47], [48]the putative osmosensor AHK35], [49] and the cy-
tokinin-independent growth regulator CK[20]. Of these, thébestcharacterised ones are the cyto-
kinin receptors. These receptors are mainly located at the endoplasmic reti¢R&mand sense cyto-
kinin levels bymeans of their extracellular CHASE dom@iyc{ases/Histidine kinases Associated Sen-
sory Extracellulgf51]. Cytokinin mediates dajrowth and dvison, as well as differentiation and api-
cal dominance. Cytokinin signalling is reviewe[b#].
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AHKldisthe onlyArabidopsisistidine kinase for which a higlesolution structure of the sen-
sory input domain is avaible[31]. It consists of an {fierminal transmembrane segment, followed by
a longhelix that mediates homodimerisation. The polypeptide chain then loops back towards the
plasma membrane and forms two subseqi PASike foldsbefore the second transmembrane seg-
ment. This fold, termed a CHASE domain is common in bacterial sensorympfbidi Based on se-
guence similarityit is likely that allArabidopsighistidine kinases pertaining to this class contain this
fold in their sensry input domain[53].

The third class, which has no tramsmbrane segment at all, contains only one member, the
all-cytosolig putativelyH.O,-sensing AHKE4], [29], [30], [34]

1.1.4 AHK5

AHKS5 has functionally been itigated 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 simuli that are known to cause alterations in cellulaOtllevels[37], [38] It has thus been
proposed that AHKS5 functions as an integratbHgO,-mediated signals at multiple levdl36].

AHKS5 ighe only known histidine kinase Arabidopsighat does not contain any transmem-
brane segments. It has been showmboth localise to the cytosol and to associate with the plasma
membrane[36]. However, the mechanism by which AHKS5 is enriched at the membrane is not.known
Both Nmyristoylation and interaction with scaffolding proteins have been sugge@épbut no evi-
dence regarding either could yet be obtained.

The other feature that sets AHKS apadrh the other Arabidopsis HKs is itgd¥minal sensing
domain. The Cytokinisensing AKs, AHK1, and CKllopably all possess CHASE or EHike 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 domgi
AHKS. Prelimingrdata obtained bypr. Michael[Heunemann anérof. Dr Klaus Harter (ZMBP, Univer-
sity of Tubingen) show that the-fédrminal 350 residues are cruti@r regulation. In particular, a cys-
teine residue at position 3 appears to be requifedsignal perceptio (Prof. DrKlaus Harter, peonal
communication). However, previous computational attempts at predicting the domain architecture of
this Niterminal stretch were unsuccessfidf. Johannes Bauer arferof. Dr.Thilo Stehle, IFIB, Unive
sity of Tubingen, psonal communication).

As AHKntegrates HO; signals in response to many diverse primary stimuli, unravelling the
mechanism of signal perceptiaccould prove key to understanding many different physiological re-
sponses and relationstgetween signallingathways.

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 ordeto survive. Hence, many mechanisars capable to sense varying degrees of
oxidative $ress, from small changes to the redox potent@the presence of highly reactive oxygen
species (ROS).
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Redox sensing by proteins can be mediated by a nhumber ofatitfenechanisms, most of
which involve the modification of surfagxposed cysteine rediies[54] t{56]. Sensing is initiated by
the reversible oxidation of #athiol function to sulfenic acid. Thisstable intermediate can react with
other free thols to form disulfidesteleasing one water molecule. This reaction can oediner with
other cysteines or with small molecules, such as glutathione. Such mddificare termed $hiola-
tions. Sulfeni@cids have also been shown to balylated in he presence of quinones or&lorin-
ated by hypochloric acifb4], [57], [58] These modifications can cause changes in proteinigcgi-
ther by directly affecting the local chemical environment, by covalently crosslinking multipipc
nents of a signalling complex, or by providing charge patterns required for binding tbadbiactors,
similarly to the phosphotyrosinepecificSH2 domaings9].

Furthermore, Light Oxygen and Voltagensing domains (LOV), a subtygehe widespread
PerArnt-Sim (PAS) domains, have beasctibed to at as redox sensors via oxidation / reduction of
their prosthetic FlavinAdenineDinucledide (FAD) moiety and subsequent local hydrogen bond re-
arrangementg60]. PAS domains have also been described as signal medatdrsensorgomains
in many histidine kinasg61] t[63].

1.1.6 Aim of this project

In contrast to the prokaryotic tw@omponent system, only very little is known about the mo-
lecular mechanisms of signal input of plant MSP. TheAntlyalianahistidinekinase for which a high
resolution structure of the sensory input domain is availablde cytokinirsensing AHKEB1]. Given
the variety of signals perceived byetleight histidine kinases, a significant variety of input domain
structures is to be expected

This project aims to obtain a higbsolution structure of the sensory inpdomain of AHKS5,
in order to unravel the its mechanism of signal perception and ttaogon. The main focus is to es-
tablish whether AHK5 employs canonical methods of redox sensing, such as those described in section
1.1.5 Asredox signalling shoulde a doseresponsive reaction and not a simple-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 understating of the molecular mechanisms involved in the transduction of these
stimuli into cellular reactionsThe lack of clear sequence homologues raises the possibilitythleat
sensory domain of AHK5 may contaireviously undescribegrotein folds, thuspotentially 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 damatro.
Bioinformatical analyse®vealed a region dbw homology to PAS / LOV domains directly upstream
of the Histidine Kinase domain, raising the possibility that alkR&Sensing or transducing mechanism
could be involved in AHKS5 function.

Several protein fragments containing varyiportions of the AK5 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 exhibitel varying degrees dfeterogeneity that prevented structural analyses, the proteins were
successfully used to assesgObresponsivenest vitro. The results underline the previously postu-
lated role of Cys3 in signal perception, as it mediates twaler dimerisation of the Nterminal sen-

sory domai in a HO,-dependent manner. Together with sequenbased computational analyses,
which suggest that two out of the four cysteines in the ATP binding domain of the kinase could be
surfaceexposed, the data anesed to formulate avorking hypothesis on how AHKS5 senses the cellular
redox potential.

Additionally, a successful protocol for expressingléribth AHKS in insect cell culture is pre-
sented. Nativelypurifiable fulength AHKS can be used in the futucebetter characteise its func-
tions and to assess the domain architecturevitro by limited proteolysis.

Taken together, the results presented here help further the understanding of AHKS5 function.
They provide knowledge and tools required to push fatexperiments toward the ultimate goal of
elucidating the mechanism of.&.-responsiveness by AHKS5.
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1.2 Results

1.2.1 Computationally guided construct design

As there was no previous information available on the architecafrthe AHK5 Nerminal
sensory input egion, potential domain boundaries were estimated computationally. In a first round,
the full-length amino acid sequence was subjected to a secondary structure aligirased! database
search using the HHPRED algorithimplemented in the MPI BioinformaticsToolkit
(toolkit.tuebingen.mpg.de[64], Figurel-1).

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

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

I

3JZ3 QseC HisKA (Escherichia col) 11E-21
k3 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

Figurel-1: Representative HHPREESults[64]. (a) First 15 result lines for the full AHK5 seqoenThe highlighted hits are listed with their
respective Balues in the table on the righ(b) As in a, but restricted tthe first 400 residues in AHKBhetop 50 hits of the HHPRED
searches are shown in the appendiXable5-2 and Table5-3 for panels (a) and (b), respectively. The database version used for the searches
is as 615/0ct/2019.

HHPRED database mining with the full length AHK5 sequEimied1-1a) yielded multiple
high confidence {&alue below 16) secondary structure homologues covering thefninal receiver
domain (residues74-922,[40]) and the central catalytic segmt (residues ~350630). Interestingly,
the first five hits extend Nerminally urtil 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 r@jions of these proteins contain either a Pamt-Sim (PAS) or the closely relatéght-oxy-
genvoltagesensing (LOV) domaiRi@urel-1b). However, the &alues for thee alignments ardis-
tinctly higher than for the longer histidine kinase domains.

In order to provide a more complete picture of the architectofehe AHKS Nerminus, ad-
ditional database searches were performed to identify secondary structure andidispropensity,
sequence conservation, and homology structurally known domains. Results from the different
search strategies were pooled andedisto generate a model of the AHK5 domain architecture that
served as the basis for construct desigig(rel-2).
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Figurel-2: Overview of AHK 5 domain architecture and expressomsitucts.(a) Overlay of the secondary struaipropensity of AHK5, as
calculated by PSIPRHEB], [66]and ConSurf conservation scd6¥] X W E }hdlicalsegmvse & Z]P Zo]P Z&andsvn@ueU t
Sections with increased propensity for disorder (IUPFB]) are shown by the brown colouThe black line plots the peesidue conserva-
tion score obtained with ConSyB7]. All scores were smoothed usindiee-residuesliding window averagmin order to better recognise
domain boundariesThe resiue numbering axis at the tapvalid for the entire figure(b) Domain architecture generated by the SMART

protein domain annotation resourd3] (https://smart.embl.de). Segments found at high confidence are drawn and labelled as solid boxes.

The stretch between residues 200 and 320 yielded multipledomfidence hitsKigurel-1b) and is shown as a transparent b(.Overview
of the AHKS5 constructs that were generated in the process of this study. The colour code represents the statufsagintients (green:
successfully purified; yellow: expressed, solubility test pending; black: cloned, expression test pending; grey: to beedioeepressed
but insoluble).

Secondary structure and disorder analysis using QuidkigiDrel-2a) yielded a significant dis-

order propensity for the first50 61 E +] p « (}oo}A C sheljcal $EEchéES@@und e
idues 100 and 200, respectively. These stretduscide with two separate coiled coil stretches iden-
tified by the SMART domain annotation databg&# (Figurel-2). The segment between residues 200

v §Z PJvv]vP }( §Z I]lv e }u]v E}uv E ] g TAT ]J*%0 C-
patible with the hypothets of a PAS or LOV doméee alsd-igurel-20). Further along the seaunce,
the secondary structure shows the long helical section typical of the core region dirfestinases.
This region is sometimes termed dimerisation and histidine phosphdeadsmain (DHplj24]. Here
it will be termedHistidineKinase domain (HiskKA). It consists of two antiparattetlices that form a

ujA

four-helix bundle upon dimerisation. The reactive histidine residue is located at the beginning of the
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flE8 Z 0]&F£X /5 ]+ (}Joo}A C §Z daMong dijardéred~redidh, andlfirally the
previously described receiver domdi0].

An overlay of a sequence conservation so@igtained using the ConSurf senféir] (Figure
1-2a) reveals high segnce conservation for the HiskKA / ATPase and receiver idsires well as for
the putative PASLOV domain. In contrast, the first 150 residues yield an average ConSurf score with-
out clear indication as to conservation or variability. The disordereadnelpétween the ATPase and
the receiver domains scores agyhly variable, as does a section ofighly 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 th first coiled coil ("B"), as well as before the PAS/LOWadlo ("C"), and at the
start of the knase domain ("3")Rigurel-2b). Additional boundaries were chosen between the histi-
dine kinase and ATPase domains ("ADf"), at theantie ATPase domain ("2"), antithe very C
terminus ("I). The Nterminus of the receiver domain ("RECf") was published previgd8lyFigure
1-2c shows all@nstructs that were designed,aied, expressed, or purified during this study. All con-
structs were named according to their boundaries (e.g. A2 for reside&k/)L For some domain
boundaries mulple versions were generated in the process of construdintipation (e.g. A3and
A3)

1.2.2 Protein expression and solubility screening

For allE. coliconstructs, protein expression was assessed in small scale H9/ASEE and pro-
tein solubility was probedby screening for potential lysis buffersee Material andMethods Table
3-27).

B3 B3

PageRuler
PageRuler

A2 (1-617) A3, (1-342) A3, (1-364) (72-342) (72-3112) C2(203-617)  3,2(352-617) 3,2 (361-617)
kDa + SNP - + SNP - + SN P - + kDa SN P - + SNP - + SNP - + SN P
gg | _ LA 1Y
60 - 60
50 - - -* 50 ' O~ P
40 % 40

-

30 30 * .= * Lk

—— — -

Figurel-3: A% E <+]}v § 8 (}E 3Z (]E+3 » A v ,&GFmNVRBEEnes e -gidupEdbyi tonstruct-) Preinduction
control. (+)Whole cell pellet post induction. (SN) Supernatant and (P) pellet of preliminary lysis test in 30 mM TBs@HRT, 300 mM
NaCl, 20 mM imidazole. The pellet fraction was solubilised withiea.Asterisksindicate overexpression bands of the expectedsidde
original gel pictures without labellingsteriskscan be found irFigure5-2 in the appendix.

All tested constructs expressed very efficiently and to comparabédddvigurel-3). However,
in allinstances the overexpressed protein localised to the insoltrbletion (P). For most constructs,
subsequen lysis buffer screening did not yield any conditions in which soluble protein could be na-
tively extracted. Only one construct, A3vhich containshie complete Nerminal segment of AHK5
preceding the kinase dnain (residues-B64), could be solubilisedrdctly after lysisgigurel-4a). The
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buffer identified (17, Material and MethodsTable3-27, [69]) to be favourable for extracting soluble
protein, was the onlpne containing a chaotropic agent (100 mM urea).

Expression conditions were then refined by analysing ffieceof induction time on the dis-
tribution of AHK5 Agbetween the soluble and insdble fractions Figurel-4b). The highst quantity
of target protein in the soluble fraction was achieved after 5 h expression time. Longer sinprksi

to sequestratbn of AHKS5 to the pellet.
a

geRuler

PageRuler

o 1-2 1-3 1-4 1-5 1-6 7 SN P
kDao. SN P SN P SN P SN P SN P SN P SN kDa 1h 2.5h 5h ON - 1h 2.5h 5h ON

-

60
Swe W W ' . w- 60 - & & A3,
40 Lo -— 50 w = = 1 (1-364)
-
"

. 40 - - - -
30 i 30
— - - - - o — ——— ——— —

Figurel-4: Identification of a suitable lysis Hef for the AHK5 Aonstruct.(a) Excerpt of a lysis buffer screen conducted with O/N expres-
sion pelletsand the buffer screefiTable3-27). Lysis performed in buffer71 (100 mM Tris pH 8.2 @ RT, 50 mM NaCl, 100 mM urea)d/ielde
a band of the expected size in the soluble fraction (SN, vasdzisk). The original gel picture withothe labellingasteriskcan be found in
Figure5-3 in the appendk. (0) Time course of expression of 81d distribution mto soluble (SN) and insoluble (P) fractions after lysis in
buffer 1-7. The highest intensity band at thepected sizén the soluble fraction is detectable after 5 h.

As protein fragments containg not only the input segment but also the kinase donaia
likely required to understand the mode of AHK5 activation, two constructs were selected for purifica-
tion attempts inspite of lack of soluble protein in initial lysis buffer screens. Follolysig and clarifi-
cation, pellets were repeatedlyashed,and denaturing solubilisation was attempted in the presence
of 8 M urea. Both the C2 (residues 28087,Figue 1-5a) and A2 (residues@17,Figue 1-5b) fragments
were thus successfully solubilised.
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_—

SN + +

60 c2 ?
50 W W =203-617) we
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Figue 1-5: Denaturing solubilisation tests #fHK5 fragments eoprising the kinase and ATPase domafasC2 (residues 20817) and if)
A2 (residues -617) constructsLysis, supernatant (SN), pellet wash fiaas with (+) and without-Y 1% Triton XL00, solubilisation with 8
M urea, and remaining pellet (P) frémts were analysed, if present.
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1.2.3 Native purification of fragment A3(1-364)

The AHKS5 &igment A3 was eriched by IMAC and large aggregates wanmaved by SEC.
The affinity tag was then proteolytically removed and a second SEC run was used forishalgo
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Figurel-6: Overview of the prification workfow for AHKS fragment A3(a) Enrichmenbf AHKS5 from crude lysate by IMAC. Chromatogram

of column wash and elution steps. The imidazole concemtnais shown irgreen;the blue line denotes UV absorption at 280 nm. Target
protein-contaning fractions poled for further purification are highliged in grey(b) SDSPAGE of lysis supernatant (SN), IMAC flowthrough
(FT), and elution fractiongc) Chranatogram of first gel filtration (SEC 1), using a HiLoad 26/60 column containing Supefi¢sE
Healthcae, Uppsala, Sweden). The UV absorptiomdravas recorded at 280 nm. The pooled peak fractions are marked in(dy&SDS

PAGE analysis of releva®EC fractionge) UV absorption trace of polishing SEC (SEC Il) elution recorded atn2&dmpooled factions

marked in grey(f) SDSPAGE analisof 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), proteasdyeiioaiag thedigest over an IMAC column {re

IMAC FT),rad the relevant SEC Il fractions.
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1.2.3.1 Protein enrichment by IMAC

The overexpressed protein could successfodlyenriched by IMAC, as is visible by the very
prominent bands at 50 kDa in the SPAGE maalysis othe elution fractions Figurel-6a, right). Only
a small portion of the available protein successfully bound to thET™A matrixas suggested by the
comparable intengies of the cognate bands in lysis supernatant #dé&C flowthrough (lanes L and
FT, respectively). This coule caused either by saturation of the column material or by the binding
kinetics of AHKS5. Indeed, a singlass of the lysate over the column svaot sufficient to bind any
significant amount of ptein. Continuous circular loading O/N was requirétution of AHKS Adwvas
successfully carried out with a gradient of imidazole, ranging from 0 to 1 M imiddaoiget protein
elution started at conentrations around 156nM (Figurel-6a, left). However, in many cases, AHK5
A3, could ke detected in the eluate over a wide range of imidazole concentrations, includvhgr his
suggests indeedlow association and dissociation kinetics to and from thBITNA matrix as a contrib-
uting factor to the observed behaviour of this AHK5 fragment.

1.2.3.2 Aggregate and higlorder oligomer removal by SEC

Following removal of imidazole andea by overnight dialys against buffer SEGeg Material
and MethodsTable3-23), the protein was subjected to a first round of gel filtratiororder to remove
aggregation nuclei. When using unconcentrated sample immediately after dialysis, SE@atchr
grams as shown iRigurel-6¢ could reproducibly be obtained trace of thaJV absorption at 280 nm

revealedthree dis Ev] o ops]}v A vieW (JE+3 }v (58 E iii u>U }EE * %}

volume and thus containg particles with molecular weights of over 600 kDa or aggregate, a second
one with a boad distributionand a peak at approximately 155 mL, anithiad and more narrow one

at an elution volume of 177 mL. As is apparent from-BRGE analysis, the secband third event

both contain predominantly a protein of the expected siZggy(irel-6d). Based on the comparison with
elution volumes observed for other proteins available in the laboratoejther of the observed dis-
crete elutbn events for AHK5 A consistent with thexpected dimeric assembly (expected particle
size of roughly 10RDa). Such a particle should elute agpximately after 200 mL. Both elution events
thus likely arose from higher molecular weight protein spednce suggesting that overexpressed
AHKS5 A3 t specifically or unspecificallyforms lager oligomeric assemblies.

1.2.3.3 Affinity tag removal and polishg SEC

To complete the purification of AHKS5 Aghly the protein species eluting at 177 mL from the
first SEC was further processed. First the &fifnity tag was proteolytically removed and themain-
ing protein concentrated and subjected to a secoadnd of gel filtration in order to maximise sample
homogeneity Figurel-6e). Tagemoval by TEV protease was highly efficient, as can be seen by the
comparison of the fitstwo lanes on the SBBAGE irFigure1-6f. Owing to the Histag of the TEV
protease, it could in turn be removed from the solution togetigth undigested AHKS5 ABy flowing
the sample over a second-NiT Aagarosecolumn, as oly the digested target protein is detectable in
the flowthrough Eigurel-6f, lane reIMAC FT). Concentration and subsequent polishing SEgths
same strategy as in the first gel filtration step reproducibly yielded a singlle @iel77 mL. The small
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shoulder preceding it could eithdye attributed to a possible oligomerisation equilibrium, or to car-
ryover from SEC I, as the lack of basefigparation of the two species makes precise pooling of the
fractions very difficult.

Oveall, AHK5 Agdcould sucessfully and reproducibly be pugtl to average yields of 4.3 mg
of pure protein per litre of TB culture processed. Interestingly, the C8ramh, which was purified
according to the same protocol, showed a nearlyfsid increag in yield. Both versioraf the protein
can be stored at6 i S }v vSE-EShgmk( 1
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1.2.4 Denaturing purification of fragment C2 (2@3.7)
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Figurel-7: Overview of the purification workflow for AHKgment C2(a) SDSPAGE of Ureaolubilisation of the isoluble fraction follow-

ing lysis. Lane SN contains the lysis supernatant, followed by four wash steps with (+) and withotdn( X100 and the ihal inclusion
body fraction solubilised with & urea.(b) Target protein enrichment by denaturing IMAGualised by SBRAGE. Solubilised inclusion
bodies are followed by the IMAC wash and the elution fracti¢ejslrace of UV absorption at 280 nm of first SEC run after refolding. Grey
areas represet separately pooled peak fraction@) SDSPAGE of (c) #i pooled fractions of peak 1 and peak 2, as well as one fraction
separating the peaks (gap). IMAC elution pti refolding is included for referencée) SDSPAGE of TEV proteasediated affinfy tag
cleavageThe uncropped gel image is showrFiguie 5-4 in the appendix(f) UV absorption traces (280 nm) of SEC Il (peak 2 and peak 1
separately). Grey areas denote pooled fractidigd SDSPAGE analysing reverse IMASIAC) after TEV digest showing target protein in
flowthrough (FT) lane, followed by relevant peak fractidrom SEC Il. SEC | p2aind peak 1 were treated equally and separately.
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AHK5 C2 was solubilised from inclusion bodies using a buffer cogt&@mhurea. The dena-
tured protein was then subjected to tget protein enrichment by IMAC, followed by rifing via
stepwise dialysis. Protein homogeneity was then improved by two iterations of SEC and removal of the
His purification tag Figurel-7).

1.2.4.1 Solubilisation with 81 Urea and deaturing IMAC

Whole-cell SDSAGE analysis of the protein expression cultures 20 hipdsttion show a
distinct band of just over 50 kDa (M2 = 49.6 kDa) signalling higield overexpression dhe target
protein (Figurel-7a).In contrast, after lysis in buffer C2 mase¢ Material and Method$able3-23)
andcentrifugation, no band of that size is detectaldiégurel-7a, lane SN). Indeed, the target protein
nearly quantitatiely localised to the pellet, and no amount of wasy with or without Triton XLO0
could solubilise it. Only when the pellet was homogenised in buffer containing 8 M urea, the corre-
sponding band aadld be detected on SBIRAGERigurel-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 purifjhe protein was further enriched by IMACiwhunder de-
naturing conditions. Most of the target protein successfully bound to théNTWA matrix and could
again be eluted with solubilisation buffer containing 250 mM imidazBigufel-7b). The resulting
eluate contained a high concentrati of denatured AHK5 C2, as suggested byFSTEE.

1.2.4.2 Refolding and first SEC

Refolding was carried out by dialysing the diluted (1 : 4) protein solution against buffers con-
taining cecreasing concerdtions of ureagee Material and Method$able3-23). This procedure was
immediately followed by a first iteration of gel filtration, in order to remecaggregation and aggrega-
tion nuclei. The SEC chromatograrig(rel-7c) shows two discrete elution events at eation vol-
umes of 193 and 218 mL, respectively. Thegeevents are preceded by a continuous signal, starting

§ §Z }opuv[e A}] Alopu }( ili u> v PE}A]VP S}PAGE amlysiB ofi61 u> %o

fractions covering the entire elution range canfied the presence of only the target protein band in
all of the elution eventsHigurel-8c). This suggests the presence of at least two different discrete
oligomeric spe@s of AHK5 C2, in addition to a continuum of undfemutimers, up to large aggre-
P&§e«3Z3% opus$ Jv 8Z Jopuv[e A}] Alopu X

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

A preliminary attempto refold AHK5 C2 in the presence of 5 mM Riboflavin peaformed
by Annkathrin Scheck during her Z o} §kidtes in order to assess whether a Flaviimding PAS
domain is present. No selective localisation of the characteristiow colour to theproteinaceous
fractions was observed. However, this expezithwas 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 incubatiime

Erik R. Noldeke

led to very large volumes that required a lengthy concentration procedure via a second IMAC. The

In an early vesion of the protocol, rapid dilution was used for refolglimstead of dialysis. This

resulting protein displayed a radically differentiaiour on preparatie SEC, with most of the protein
localising to the column'soid volume suggesting nearly quantitative aggregatibigre 1-8a+c).
These experimentdiowever, confirmed the high degree of purity of the target protein, as SDSeampl
from across the entire elution range contained a unigimgle band, compatible with the molecular
weight of AHK5 CZFigurel-8c). Interestingly, a similar effect was observed when incubating dialysis
refolded protein at £C OGN prior to SECHigurel-8b), sugyesting the timely removal of aggregation

nuclei to be a critical step.
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Figurel-8: Nearquantitative aggregation of AHK5 C2 in previous refoldingtegies.(a) SEC | trace (UV absorption &02nm) ofprotein
refolded by 1:100 rapid dilution and subsequent second IMAC for concentration. The vast majority of the signal lochésesumn's void
volume. Grey areas signal samples analyseddf§PAGE(b) SEC | elution profile obtained fromsample efolded by dialysis but stored
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(c) SDSPAGE analysis @f)(showing only one species of protein acrossehtire chromatogram. The IMAC | elution (load) was included for
reference. Fractions obtained from (b) could not be detected onS®GE, due to low concentration.

1.2.4.4 Affinity tag removal and polishing SEC

Hiss tag removal by digestion with TEV protease and subsequserse IMAC yielded results
comparable to those obtained for A3The digestion was nearly quantitative. No band of the size of
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the original protein could be detected on SBAGE for the peaksample and only a very small fraction
of protein remained ndigested in the peak 1 sampleigurel-7e). In both cases, the digested protein
could successfully be sepagatfrom its undigested precursor, as well as from the protedy means
of reverse IMAC. Both the undigested proteirdahe TEV protease bound to the-NTA column and
are visible in the subsequent imidazadentaining elution step, while the digestedybein was directly
collected in the flowthrough fractiorFHgurel-79).

Polishing SEC performedth the concentrated C2 peak 2 and peak 1 samples obtained after
TEV digstion and reverse IMAC yielded appreciably low aggregation at 120 mL retention volume and
much less high order oligomerkan in the first SEC. Both elution profiles show a disshculder
pertaining to the respective other specidsigurel-7f). This could either be due to carryover from
SEQ, as the peaks are not baseliseparated and thus hard delimit, or be indicative of a dynamic
equilibrium in sdution.

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 at0 i § }v VvSE §]}ve SBAmgmL v 1
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1.2.5 Denaturing purification of fragment A2 817)

The AHKS5 fragment A2 was purified following the same general strategy used for C2. The pro-
tein was solubilised in 8 M urea, then enrichiegd IMAC under denaturing conditions. Following re-
folding bydialyss, AHK5 A2 was subjected to preparative SE€tagisleavage with TEV protease and
a second round of SEC.
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Figure1-9: Overview of AHK523purification.(a) SDSPAGE visualising washing and sgjosat solubilisation of lysis pellet (lane B)) IMAC
under denaturing conditions. SBFRAGE shows solubilised protein prior to application thiRA agarose, the IMAC wash step, and imidazole
elution containing highamounts of target protein(c) SEC Ilmomatogram (UV absorption at 280 nm). Grey area denotes pooled fractions.
(d) SDSPAGE analysis of () Ao chromatogram of polishing SEC. Grey areas denote pooled fracfpSOHSPAGE oTEV and reverse
IMAC(left) and relevant SEC Il fractionigiit). The uncropped gel image is showrfFigure5-5in the appendix.
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1.2.5.1 Solubilisation and denaturing IMAC

Similarly to fragmen€C2 (sectiorl.2.4), inclusion bodies derived from 20 h of AHK5 A2 over-
expression irE. col(TB) could readily be solubilised in A2 main buee(Material and MetbdsTable
3-23) containing 8 M urea, as suggested by the presence of a promiyaat on SDEAGE at a mo-
lecular weight of approximately KDa Figurel-9a, Mya2=73.27 kDa). Subsequent IMAC, conducted
under denaturing conditions, yielded high quantities of over 95% pure target prdtajorel-9b).

1.2.5.2 Refolding and SEC

AHK5 A2 was succes$fuiefolded using the step dialysis strategy originally developed for the
C2 fragment (see sectidn2.4.2. Subsequent preparative SEC revealed far less tendencyregatg
compared to C2. The largest portion of the samplgex with peak intensity at 168 mL and a small
shoulder preceding it at 148 mL. Vially no UV absorption could be detected at the column's void
volume of 110 mL. SEFAGE confirmed the peak framts to contain the same protein species as the
relevant IMAC elution [Figurel-9c and d).

Size estimation by analytical SE@y(rel-14c) revealed a theoretical molecular weight of
307kDa for the main pak and 610 kDa fahe shoulder. These values are compaiblith 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 subsequerdadikC
was succesful andnear quantitative(Figurel-9f, left panel). Final sample polishing by a second round
of SEC yielded the elution profile displayed-igurel-9e. The main species elutes againl&é8 mL,
indicating that purification tag removal, althoughccessful, has no detectable impact on the protein's
hydrodynamic radius. The main pealHigurel-9e appears to exhibit a slight tailing effect compared
to Figurel-9c, but this effect could be subjesttly overjudged due to the different overall intensities
of the chromatograms. Integration and subsequent numeric evaluation would be required aod is
availablefor the chromatograms in questioDespite conservative fractioning during the first round
of SECHigurel-9c, grey area) aimed at exclusion of the 148 mL shoulderotferall shape of the
elution peak remained virtually identical, suggesting the possible fdonatf dimers of dimers to be
driven by a dynamic equilinn in solution. SDBAGE analysis of the relevant peak fractiBigre
1-9f, right panel) is again consistent with the size of AHK5 A2 and confirms the protein to ieatesil
against proteolytic decay over the course of the paaifion.

Final purification yields of-32 mg of pure protein per gram of pellet wet weight were repro-
ducibly achieved and stored ab i § }v vSE s&mdmL.Xn
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1.2.6 Purified AHK5 fragments are folded and of correct identity

—A32wt - A32 C3A A2 (dialysis) A2 (final) c2

2.0E+05

1.5E+05 A

1.0e+05 14

5.0E+04 A
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mean residue ellipticity [grad cm? mol-]

-1.5E+05 A1
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195 200 205 210 215 220 225 230 235 240 245 250
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Figure1-10: CD spectra of purified AHK5 constru@pectra werenormalised for protein size, concentration, and cuvette thickness. The
spectra are coloucoded as denoted on top.

Circular dichroism (CD) spectroscopy wampyed to assess protein fold after gification.
All three successfully purified AHK5 fragments yielded spectra typical for mixed } o Figurel-10),
based on the characteristic minima at 207 nmarid2vu (}-& o] < v § 1ishrap€EAlt-
hough helices generally dominate CD spectra, the higher negative value of the 207 nm minimum rela-
tivetoth 117 vu u]v]Jupu ]Je *3E}VvPoC Jv ] 3]A -jlfeet&ntent apd, @ssibly, t
a signifcant random coil fraction. This phenomenon applies mainly to the two fragments purified using
denaturing agents, namely C2 (grey) and A2 (green, solidastted). By comparison, A#as a slightly
less pronounced intensity difference for the two minima (black solid line, wt, black dashed line, C3A
mutant). A2 and Adisplay comparable peresidue signal (mean residue ellipticity) suggesting similar
overallfolding compactness. In otrast, C2 shows a weaker signal.

Iv Y& & 8} ¢ &S ]v SZ }u% Sv e«eapfotdase d&ollESicn hsagyabl o U
performed using the ProtiAce kit (Hampton Research, Aliso Viejo, CA, USRAGB8parated pro-
tein fragments were excided from the gel and sent to Sophie Stotz, Kalbacher Lab, Univeraity of
bingen for MALBTOF analysis. Undigested samples wectuded for protein identity verification.
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Figurel-11: Protease exclusion asspgrformed on AHK5 fragment A%a) SDSPAGE of singlprotease digests. Lanes are labelled according
to the respectiveprotease. Abbreviations are expanded on the right. Bands subjected to MAMP&re marked with asterisk The original

gel picture without labellingisteriskscan be found irFigure5-6 in the appendix(b) Peptide assignments mapped onto the putative: A3
domain architecture (se€igurel-2). Each sequence ptish was assigned a value equal to the number of peptides covering that position
as detected by MALBIOF. The thus generated sequence coverage histogram was then nochalise respective highest count for better
comparability. Greyscale differenceslidat sub-histograms derived from individual gel bands, if more thanwasanalysed for one digest.

Coiled
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relative # of peptides assigned
(normalised to highest count)

AHK5 A3 appears to be resistant against proteolytic cleavage to age extent Figure
1-11a). Out of the twelve proteasesihe kit only three led to complete or near complete degradation,
namely Proteinase K, Subtilisin, and Tmypainumber of defined degradation products were detected
for Thermolysin, Actinase, Clostripain, and EndoproteaséGlthe remaining four, inaling the high
efficiencylow-+% (] ]5C ]P «3]&hymot@psin,rshowed no or nearly no degradatie
tivity. Of the discrete fragments obtained, six were successfully subjected to mass spectrometry anal-
ysis by MALBTOF.

Due to imperfect separaiin of the fragments by SEFAGE, precise sequence boundary as-
signment is not advisable. Hence, a normalisechalative representation of peptides automatically
assigned to spectral peaks (BioTools Version 2.2 software (Bruker Daltonik GmbH, Bremen, permany
was chosen, resulting in sequence coverage histogr&igsirel-11b).
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Processing of the undigested sample revealed nearly complete sequence coverage, confirming
protein identity Figurel-11b, top histogam). Analysis of the digested samples show the highest num-
ber of peptide reads clustering towards the region between residues 170 and-gf20€1-11b). This
segment is thought to contain a coiled coil stretch as well as a PAS\wdomain (or a similar domain,
Figurel-2b). Cumulatively, MALEIOF results suggest indeed the presence of one or more folded do-
mains in that region.

a g
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Figurel-12: Protease exdsionassayperformed on AHK5 fragment G2) SDSPAGE of singlgrotease digests. Lanes are labelled according

to the respective protease. Abbreviations are expanded on the right. Bands subjected to-M3E Rte marked with asterisk The original

gel picture without labellingasteriskscan be found irFigure5-7 in the appendix(b) Peptide assignments mapped onto the putative C2
domain architecture (se€igurel-2). Each sequence position was assifja value equal to the number of peptides covering that position

as detected by MALBEIOF. The thus generated sequence coverage histogram was then normalised to the respective highest count for better
comparability. Grgscale differences delimit stlistograms derived from individual gel bands, if more than wsanalysed 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 isiile in all digestion sampleBi¢urel-12a). This, however, led to a
higher number of degradation products suitable for MALDIF fingerprinting. A total of 15 fragmts
were selected for analysififurel-12a, black arrows).

As before, potein identity was confirmed by the spectral fingerprint of an undigested sample
(Figurel-12b, top histogram), although at lower sequence coverage of just under 60%. Sequence cov-
erage histograms obtained from proteolytic digesidicate the presence of foldedomains across
the entire sequence of AHK5 C2, with a particular emphasis on the putative PAS / LOV domain (approx.
residues 207320). The section connecting this domain to the actual histidine kinase (HisKA) domain is
also srongly represented in the hisgrams. 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 ane subsequent ATPase, as wellvatin the
ATPase. The helinrn-helix fold located centrally in the HisKA is largely missing, as well as a large
portion within the ATPase.

Although SD®AGE analysis of the proteolytic digestggestdiminished stabiliy 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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Figurel-13: Protease exclusion asspgrformed on AHKB\Z2. (a) SDSPAGE of singlprotease digests. Lanes are labelled according to the
respective protease. Abbreviations are expanded on the riBahds subjected to MALIDDF are marked with aasterisk The original gel
picture without labellingasteriskscan befound inFigure5-8 in the appendix(b) Peptide assignments mapped onto the putative A2 domain
architecture (seéigurel-2). Each sequence position was assigned a value equal to the number ofgsegiicering that position as detected
by MALDITOF. The thus generated sequence coverage histogram was then normalised to the respgioéisecount for better compara-
bility. Greyscale differences delimit shistograms derived from individual gel bandsnore than onevasanalysed for one digest.

Of the three AHKS5 fragments purified to date, A2 is the most resistgmiotieolytic degrada-
tion. In nine out of 12 digests, the full length fragment was the major species detected elR/ASEIS
following incupation, suggesting a remarkable stabilfygurel-13a). A total of 15 bands were excided
from the PAGE and sent for MAEDDF. Due to the high stability of the protein, most of the fragments
fingerprinted by mass spectrometry wevery close or at the full size of A2. The thus resultiigre
sive sequence coveragBigurel-13b) is not surprising, but strongly confirms protein identity. Two
particular histograms are noteworthy in terms of fragment separatty SDEAGE and the resulting
accuracy in domain boundary assignment achievable by this method. Both the single reatidrom
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Subtilisin digest and the lower fragment from the Trypsin digest (blackistitgram) reveal sequence
coverage far beyond theeach of a 1318 kDa fragment. It is thus likely that the excided gel portions
contained more than one fragment of that siZEnhe faint band at the very top of the gel may consist
of residual disulfiddinked A2 dimers and be thus indicative of insuffiti@mounts of reducing agents

in the sample bufferKigurel-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 diste folds likely covering the entire sequence
length.

1.2.7 Purified AHKS5 fragments form inconsistent oligomeric assemblies in solution
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Figure1-14: Size and homogeneity analysis of AHK5 fragméajA3, (b) C2, and(c) A2 Analytical SEC traces (left) are plotted Wy
absorption at 280 nm. Mass assignment to retention volumes was performed accordingdase calibratior{see AppendixTable5-1 and
Figure5-1). DLS distributions by scattering intensity (centre) and calculated mass fraction (right) are shown as automaticallydcloynpute
the Zetasizesoftware, usingumulant analyses of 3 experiments consisting of 20 single measurementdresatthoxesontain 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
crystallisatian, 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 viffg(rel-14). All three constructs migrate
on aSEC as a single discietak, preceded by a shoulder corresponding to approximately double the
molecular weight, based on theolumn's calibrationgee AppendixTable5-1 and Figure5-1). Esti-
mates as to th oligomeric assembleof the fragments are at best ambiguous. The main peak for A3
(Figurel-14a, left) elutes after a volume of 1.213 mL, corresponding to a caémilablecular weight
of 344 kDa. Given the monomeric mass of 42.6 kDa, this wouldysan octameric spheroidr ellip-
soidor a less compact (i.e. elongated) assembly of an unknown number of (but less than eight) mono-
mers. The estimated particigeight is corroborated by DLEgurel-14a, right). The calculategeight
of 269 kDa allows for a hexameric or lower assembly. However, sample polydispersity arsiitiege
large error in size estimation may be indicative afam-compactassembly. This could be caused by
intrinsic flexibility in the protein. As thezs calculation is based on the Stokes radius, which assumes
a spherical particle, the values obtaindd E }uo o0} Jv 1]l 81A }( .,<i[s A] 8]}v (
spherical shape.

Size estimation is even more ambiguous for the C2 fragment. While thdatalt elution vol-
umes on aSEC (67 kDa and 130 kDa, respectiglyel-14b, left) are compatible with an equilibrium
between monomer and dimer (Mc2)= 46.6 kDa), size distributions calculated from DLS experiments
(Figurel-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 weif§80@ kDa, according taSEC
(Figurel-14c, left), corresponding to a compact tetramer or lowerM = 70.3 kDa). Again, DLS paints
a very heterogeneous picture withigh polydispersity and very broad distributions. The resulting mo-
lecular weight estirate 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 ¢isnates calculated by different methods, the small peaks preceding the
main elution evats on aSEC are always compatible with an assembly of twice the main spégies (

1-14, left panels). This strongly suggests the presence of discrete oligomeric assemblies rather than of
a continuum of mong di, trimers (etc.) Under this light, the highly polydisperse nature of the DLS
distributions can be attributed to proteingkibility 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 Agforms unusual precipitate in crystallisation trials

Figurel-15: Example of granular precipitate AHK5 crystallisation trialSimilar precipitates weréound in the vast majority of AHK5ysr
tallisation drops, independently of protein concentration.

In spite of the aforementionedrppensity of AHK5 fragments to form heterogeneous solu-
tions, hopeful crystallisation trials were performed using commercial screseesMaterial and Meth-
odsTable3-9). 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 precig@int volume ratios. After appetng in previously clear drops, no
further development could be detected in any conditibigurel-15shows an exemplary photograph
of this phenomenon.
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1.2.8.2 SAX@nalysis of AHKS Agields weak data

Erik R. Noldeke
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Figurel-16: SAXS data of AHK52A@) SAXS profile average extrapolated to zero concentraf@rGuinier region and fit, determination of
radius of gyration (§(c) Distance distribution function obtaed from scattering profile using GNCRD]. The bacicalcdated partial fit to
the scattering profile is traced in (a) as solid orange line). SAXS data were kindly collected by Dr. Olga Matsarsisiia of/fiideingen.

Smalangle Xray scattering (SAXS) profiles of AHKbcABected at beamline ID02, ESfre-
noble, France) yielded an extremely weak and noisy si§iigiel-16a). The sharp upwards turn of
the data at very low scattering angles in the Guinier representatagufel-16b) could be a sign of

aggregation. Nonethelesa,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 (sectih@.7). The distance distribution or p(r) function obtained by au-
tomated processing with GNOMO] (Figurel-16c) shows an at least bimodal distributioniofera-
tomic distances suggesting a mudtimain arrangement. While this finding is in agreement with the
predicteddomain architectureKigurel-1, Figurel-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 gentially of aggregation.
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1.2.8.3 AHKS5 A2 does not adopt discrete conformations in negative stain TEM

University of TUbingen. Scale bars are 100 nm.

Negative stain transmission electron microscopy (TEM) images were kindly colledbd by
YorkStierhof (ZMBP, University of Tubingefigurel-17). AHK5 A2 forms particles of approximately
10-20nm diameter, but no preferred shape or conformations could be discerned. In addition to the
vast majority of particles being separated from arther, larger conglomerates or aggregates were
found (Figurel-17c, top, Figurel-17d). These results highlight the protein's heterogeneity and ten-
dency to aggregate. As A2 is purified in denaturing conditions and refvldétdo, these findings could
also indicate folding problems.
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1.2.9 AHKS5 fragments A2 and A®rm covalent dimersipon oxidative stress

1.2.9.1 AHK A3oxidative dimerisation depends on the presence of a single cysteine residue

a AHKS A3, (1-364) wt b AHKS A3, (1-364) C3A
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Figure 1-18: Oxidatve dimerisation of AHK5 A3a) Nonreducing SDBAGE of A3samples prancubated in varying concentrations of
hydrogen peroxide showing an oxidatidependent shift from the monomeric to a covalently linked dimeric fofim) Control experiment

for (a)performed with the A3Cys3Ala (C3A) mutarft) Western Blot of A32 dimerisation induced by varying ratios of oxidised to reduced
glutathione A custoramade polyclonal rabbitr-AHK5 antibody was used for primary staining, detection was performezhtRDye680LT
goat r-rabbit fluorescent antibody (Cmotek, Martinsried, Germany). Courtesy of Thomas Drechsler, ZMBP, University of Ti(oiigan.

tios of reduced to oxidised AHK5A&Ztracted from intensitysintegrated western blots (c). A least squares fit (red line) yields a redox midpoint
potential (RVIP) of-189 mV (left). Courtesy of Thomas Drechsler, ZMBP, University of Tubingen.

As AHKS5 imvolved in the regulation of redox homeostaf3§], the reaction of the inpt do-
main (fragment A3 to oxidative stress by hydrogen peroxide titration was assayed. A3KBrms
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 apprb00 kDa on a nereducing SD®AGEKRigure
1-18a). This matches dible the size of the monomer, which migrates just under 50 kDa. The more
hydrogen peroxide is addethe more the band intensities shift towards the dimer. This effect is com-
pletely abolished when the only cysteine in.A8replaced by an alanine (C3A i, Figurel-18b),
strongly suggesting this residue to be functionally involved in AHKS5 redox sensing. These findings agree
with this mutant showing the same phenotype as the complete knockogtanta (Prof. Dr.Klaus
Harter, ZMBP, University of Tubingen, personahgnunication).

The effect was quantified using purified ABagment by Thomas Drechsler (ZMBP, University
of Tubingen) by using defined ratios of reduced and oxidised glutathione instead of hydrogen peroxide
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to generde controllable buffer redox potentials. The resulting AHK5 dinmeonomer ratios could be
guantfied by Western BlotRigurel-18c) and fitted using a leastquares fit of the form

4apms L % GO oI0a (1-1)

with Red.0x@s the ratio between oxidised (dimeric) and reduced (monomeric) ABKS.as the sam-
ple's electrochemical or redox potential, atfie fitting parametersc; and ¢z, Solving Equatio(iL-1)
for equal quantities of oxidised and monomeric AHR%q6x = 1), yields a Redox Midpoint Potential
(RMP) 0£189 mV. For comparison, the steady state redox potentidrabidopsis halianaleaf cells
has been previously suggested to4320 mV[71].

1.2.9.2 AHKS5 A2 is sensitive to oxidative stress and formswsucovalent multimers
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Figurel-19: Oxidative multimerisation of AHK5 A& inFigurel-18, purified protein wasncubated with varying concentrations of hydrogen

peroxide prior to nonE [t JvP ~0-§S@ Vv}o§} SZ v}o ]Jv SZ ¢ u%o0 u(( E+ hHaerd@ptogthpmél) SIBABZ SU A]SZ t
Black arrowsnd black asteriskdenote bams corresponding to covalemonomers, dimers, or trimers, respectively. Resferisksndicate

protein bands that do not migrate at integer multiple values of the monomer bamtle original gel picture without labelling asterisks can

be found inFigure5-9 in the appendix

The longer AHKS5 fragment A2, encompassing the histidine kinase and ATPase domains in ad-
dition to the input domain, also shows depletion of its monomeric forrmon-reducing SDEAGE
upon treatment with hydroge peroxide Figurel-19). In contrast to A3 this does not correlate with
the appearance of one discrete band for a@lent dimer, but rather with a multitude of higherder
oligomers, in addition to several bands that do nottolathe size of any discrete oligoméd¥figure
1-19, red arows). As treatment of half of the sample with reducing agents prior tcFSAEE leads to
all high molecular weight bands disappearing and full intensity recovery of themmamband Figure
1-19U -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 unfdded versions of th@rotein stabilised by intramolecular disulfides. The presence of these
additional cysteines, in contrast to the single one fof, A3ay also account for the presence of trimeric
and possibly higher oligomeric covalent assembtiestro.

Initial in vitrotransphosphorylation assays performed by Thomas Drechsler (ZMBP, University
of Tubingen) using AHP1 as a phosphoryl accgp@dshowed that A2 possesses the desired histidine
[Tv - §]A18C Vv u} po & o §Z]- §]1A]s5C % v JvP }v §Z H(( EZ-
Drechsler, personal communication).
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1.3 Discussion

Any endeavour to utlerstand a sensor proteimfunction 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 studdr¢f. Dr. Klaus Hantepersonal communi-
cation). N-terminally truncated constructs starting with the Kinase domain and including -tieend-
nal receiver domain displayed a constitutively active behaviour lrotfivoandin vitro, thus assigning
the Niterminal portion aninhibitory role in the restingr nonactivated state. The attempts to eluci-
date form, function, and structure of this region, performed in the study presented here, paint a pre-
liminary and speculativéut nonetheless highly intriguingicture of mecharims potentially involved
in AHIS signal perception.

1.3.1 AHKS5 domain architecturea partial picture

AHKS5 conservation analysis using Conf@ifas well assecondary structure and disorde
predictions using PSIPRED and IUFABRED[66], [68]yield results that agregvell with the presence
of canonical Histidine kinase (HiskA), HATPase, and receiver domains. The predictions obtained for
these regbns contain the expected secomy structure fingerprints for the respective domains (see
ResultsFigurel-2a, Figurel-20c,d). The regions in question also coincide with stretches of high con-
servation scores and are clearly delimitechingt regions of predicted disorder, such as the long low
complexity linker between HATPase and eee domains (residues 62070). The prominent dip in
conservation in the middle of the receiver domain covers one flexible loop (restfi¥es35)that is
unresolved in the crystal structurglO]. Interestingly, the secondary structure fingerprint for the
HATPase domaifrigurel-20c,e) is interreo $ SA v 3Z (JMESZ v (]J(B3Z t «SE v » ~t
a20- 25 residuelongdisordered loop of lowest conservatioR€sultd-igurel-2a) and unknown pur-
pose.

Usingthe previous metricsit is more difficult to dividehe entre 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 time other. It appears however likely that thiest 50 to 70
residues are flexible @sed on the IUPRED disorder score. This first segment is followed by a 30 residue
stretchwith helical propensity, matching the region assigned by SMART to the firsbafdiledcoll
regions. The nexdegment(residwes 120- 163) scores neither for secdary structure nor for disorder.
This apparent contradiction highlights the limitations of predictive approaches to determine domain
boundaries of unknow protein structuse The stretch exhibits a borderline low comyitg character-
istic with twelve negatiely 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 functionallyateds
Such a high concentration of chargeshowever intriguing, and its functioshould be probed. The
remainder of the sensory input region scores as a second short emieébllowed by a stretch of
higher conservation (residues 20340). This ection exhibits a secondary structure fingergrthat
nearly matches that of PAS OV domainsgee Resultigurel-2a, Figurel-20d,f). Upon comparison
of the secondary structure fingerprint derived from the LOV domaivirdf PDB IDIGCZFigurel-20,
[72]) with the PSIPRED secondary structure prediction for ARédultd-igurel-2a), the same pattern
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this dbservation can be attributed to more stable secondary strucfiumgerprinting in the second half

of this putative domain thait is in the first half or it is instead indicative of deviations from the canon-

ical PAS fd cannot be stated.
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Figurel-20: Possible domainreangement of the central portion of AHKS5 (residues -B20).(a) Homology models of AHK5 PAS (top) and
histidine kinase (bottom) domains calculated usM@DELLER3], [74] Tre putative PAS domain is coloured in yellow and orange, the
HiKA portion of the catalytic domain in slate, and the HATPaseadoim turquoise. The residues pertaining to a putative helix connecting
the PAS and Hiskddmains are coloured red. The relatiggentation of the domains is modelled on () Crystal stacture of a PfyP/FixL
hybrid blue light sensor (PDB ID 4G[ZZ]). Colouring as in (alc) Schematic domain architecture of the histidine kinase domidisA /
HATPase domains). Colouring as in(@)Schematic domain ardecture of PAS / LOV domairgs), (f) Secondary structure firggprints of

the histidine kinase and PAS / LOV domains, respectively.

PAS domains have been reported in many bacteéalsory Istidine kinases. In thesen-
zymes they fulfil various functias ranging from primary stimulus sensiig@] to signal relay to the
catalytic domain by means of structural rearrangemeltts], [63] In Arabidopsis thalianaPASike
domains are also found in the context of histidine kinases. The extracellular sensory domain of AHK4
consists of two tandem PAIRe folds that constitue a CHASE){clasesHistidine kinasesAssociated
SensoryExtracellular) domain. This high frequency of PAS domains andlk@A8lds in the context of
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sensory histidine kinases suggest that, while the secondary structure fingerprinting for such a domain
between residues 200 and 340AiHKS5 is not perfect, the presence of such a domaintisiniikely.

The homology model built on the sequence of AHKS using HH®REVIODELLER4], [73]t
[75] 8§ CEu]v § ¢ Jv v -KAehlixthatfolds back onto the domaiRigurel-20a, red helix). Com-
plementarily, the Nlerminus of the kinase domain scores as afE § v -hetix that could not b
reliably modelled. However, thieelices marked in red iRigurel-20a contain the same primary se-
guence. It is thus conceivable thiey may be directly connected and form an extension to the HisKA
coiled coil helix bundle, sitarly to that of the hybrid blue light sensor froBradyrhizobium japonicum
andBacillus subtilishown inFigurel-20b. The folding of the connecting helix onto the PAS domain in
the AHK5 homology model may be due to penaltieddose packing in the MODELLER algorithm. In
the case of such a direct connectibetween the PAS or PAiEe domain and the catalytic domain,
the PAS section may play a signal mediating or amplifying role. Various activation mechanisms for his-
tidine kinags have been postulated over the ye§f§] t{78] and many rely o mechanical rearrange-
ments of the central four helix bundle as well as the adjg 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 Kblis to initiate or enhance such subtle structural rearrangements
upon signal ensing by the Merminal portion of the protein. There are to date no data suggesting a
direct involvement of the PAS sectionArK5signal perception.

Based on the availabtiata, a partial hypothetical model of the AHK5 sensory input and kinase
domainscan 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 secordedet®iled coil, which
starts approximately at residue 160. The region in betwelisplays a high net charge and low se-
guence complexity. Starting with the second coiled oegion the protein likely arranges around a
central helix bundle until the camical histidine kinase domain, with a P fold between residues
200 and 34(@&cting as a mediator. The histidine kinase is followed by a 170 amino acid long disordered
linker that allows for receiver domain (residues 7¥22) mobility. The first 70 redues and the low
complexity linker between the two coiled coil segments, tholigdly 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 endeaww to obtain soluble, stable, and homogeneous AHKS5 fragments for
structural studes was met with only partial success. Three constructs were successfully purified, in
addition to the previously describedt€minal receiver domaifd0]. The newly obtained fragments,
aimed at elucidating the mechanism by which AHK5 senses changes in the cellular redox potential,
span the first two thids of the primary sequence.

The shortest construct, termed A3comprises the mtire 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 cad out by Michael Heunemann Prof.Dr. <o pe , ES E[* PE} Y
(ZMBP, Universitgf Tubingen) revealed constitutive kinase activity of constructs lacking this portion
of the protein Prof. Harter, personal communication). Fragment.A&s chosen for its gential to
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shed light on the sensory mechanism, as well as in order to idgratBntial domain boundaries by
limited proteolysis.

C2, the second fragment purified, contains the second part of the input domain and the entire
catalytic kinase domain (Hiskéhd HATPage The start of this fragment, residue 203, was chosen
based on an increase in confidence of the fold prediction algorithms. It is situated immedidizly C
minally of the second predicted coiled cslitetch (resultsFigurel-2a)) andcoincides with a sharp rise
in slidingwindow-corrected conservation score. It is also situated immediately after a significant spike
in the IUPRED disorder predictiorhus, it contains the entire potential PAS domdihs construct
was selected for itpotential 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 mecham of signal transduction fronné 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 pregerthe previously used fragmés) could
be avoided. This hypothesis assumes that ther@inus 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, A3vas the only ae that could be natively purdd. 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 messidue ellipticity signals in CD expe
iments, suggesting the proteirie be folded. The magnitude of the signal is similar to that observed
for SeGatD/MurT[79], which was successfully crystallised. Nevertheless, all fragmentayaidplin-
expected behaviour on pparative and aalytical SEC. Although the observed elution profiles strongly
suggest the presence of one discrete major oligomeric assembly for each fragreemRésultsigure
1-14), the identity d these assembilies is, at best, ambiguous. fWwefragments containing the full-N
terminus, A2 and A3exhibit very early main elution events on analytical SEC. Based ontibasa
calibration of the column usedé¢e Appedix, Table5-1 and Figure5-1), the observed retention vol-
umes suggest velttyigh oligomeric assemblies of six (A2) or eightA®nomers.

,JA A EU « u%o u} ]Jo]3C }v A~ ] ]88 C 8Z % E3] o [» ZC @
directly by its molecular weight. The calibrationpeximent performed on the equipment used in this
study was carried out using globular (i.e. nessherical) proteins. Thus, the molecular weight esti-
mates available assume a spherical assembly of a given ylefsit deviation from a spherical shape
(i.e.a rodshaped or dislshaped protein) or from thessumed average density (i.e. incomplete folding
of the protein) leads inevitably to an increase in the effective hydrodynamic volume and thus to an
overestimaton of the molecular weight. In order to assebe 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 pobsiséslonly
on the available dataAs the normalised C8ignals reach a magnitude that is comparable vttt of
fully foldedSasatD/MurT[79], complete unfoldedness can be ruled out. However, as CDrsgeopy
assesses only secondary structure,reeemolten globuldike state would probably yield 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 thatlfocompactness and flexibility have an impattunknown
magnitude on the apparent hydrodynamiolume, thus likely leading to an overestimation of the mo-
lecular weight of AHK5 fragments.

The impact of shape variations, in contrast, has been extensittalied [80] t{82]. Indeed, a
%o E}S JV[e *Z %o Al 8]vP (E}u *%Z E] o } C v -shajedfor « E]
oblate (pancakeshaped)rotational ellipsoidwith two distinct semi axesaand 6 (Figurel-21c). Ac-
cording to Francis Perr{jobtained from[82]), the correction factors for the frictional coefficienfef
such objectsKigurel-21a) can be described by Equatidfh-1) for prolate objects f< & and Equation
(1-3) for oblate objectsf> a).

.6
%aéL 8 sF é_A
B 6 )
5 SESsF@A. (1-2)
éA &E—F
= >
E = ‘|
—_—
Bo §@AFs
20 — (1-3)
Ei = 6
@A & [58@AFs
Using the description of the frictional coeféat by Stokegobtained from[80], [81)
BL xRN (1-4)
with [enoting the viscosity of the mediurit follows that:
Bamaaon Baa Maa (1-5)
B B >

In other words, the Stads radiusly 5 Hf 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 obtairfeaim a calibrated SEC experimesithus
that of a hypahetical spherical object with a Stokes radilds; 4 The relationship between the spheri-
cal radius and the molecular weight is given by the volume of the (hypothetical) sphere multiplied by
its density:

v
leal éaéag‘)a@%é@f (1-6)

It follows from Equation§l-5) and(1-6) that the apparent molecular weight of any pratadr
oblateellipsoidprotein, asdetermined by SEC, is given by:
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7
3 Vv B as
le®aal ééagz@&e@N ®—aaG 1-7)
or, plainly, assuming proteins of equal density
7
/éé‘)aaL/éa’a@—aaG (1-8)

where / 4 4is the actual molecular weight of the protein.
Using Equatiofil-8), an apparent molecular weight cort@mn factor can be plotted as affia-
tion of therotational ellipsoidaxial ratio(long over short semi axijgurel-21b).

a —prolate —oblate b —prolate —oblate

1 2 3 4 5 3 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Axial ratio Axial Ratio

a
Prolate = % % = C_?

Obite Ua—b- T= A= e

Axial ratio 1 2 3 5 10

—

Figurel-21: Effect ofrotational ellipsoidshape on aparent stokes radius and molecublaright estimation \a SEC(a) Dependency of fric-
tional @rrection factor/py/fo on rotational ellipsoidshape for prolate (bluekquation(1-1)) and oblate (red, Equatiofi-3)) objecs. (b) SEC
t molecular weight overestimation fears derived from Eqation (1-8) for prolate (blue) and oblate (red) objectg) Prolate (blue, top) and
oblate (red, lottom) rotational ellipsoid ofequal volume shown for selected axial ratios.

In the case of fragmemA3, an My,ap Of 344kDa, given the monomerill,, of 42.6 kDaa
compactrotational ellipsoidcontaining only two monomers (as is to be expected for tidiie kinase)
would require an aial ratio far higher than 10. Such an object is not likely to be mechanically stable.
Unless Agforms stable and specific assemblies of four or more monomexsynpletely compact fold
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is unlikely. If however the #&rminal 103200 residues were of higlekibility, this would significantly
0}A E 3Z % E}S Jv[e (7)) Geneedpadiig o a much higher hydrodynamic volume
and thus M, app.

The Germinal extension of A3 A2, displaysin My, app Value of 307 kDa, with monomeric
M. of 70.3 kDa. Under the assumption of a dimeric assembly and compact fold, these lealdi¢o 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 Wyp, despite a much smaller M. It could be indicative of either
completely different folding (i.eproblems with the refolding procedure) or an attractive effect of the
histidine kinase portion on the flexible parts d¢fet Nterminal region, thus forming more compact
assembly. Indeed, this hypothesis is strengthened by the redadulablekinase advity of A2 ob-
served by Thomas Drechsler, which suggests a functional protein. It is also compatible with the homol-
ogy modé shown inFigurel-20a, with the remaining @0 Nterminal 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 consistdyaf the histidine kinase portioof AHKS, is mostly
monomeric. The Mapp Of 67 kDa (M,c=46.6 kDa) cannot accommodate any oligomers. Unless the
fold is not correct, this suggests thetéfminus to play a major role in AHKS oligomer assembly.

Taken togther, these findings paint a highflexible picture of the AHK5fdrminal fragments

purified to date. The disordered character is further underlined by the high level of sample polydisper-
sity observed in DLS experimerded Resultfigurel-14).

1.3.3 Most AHK5 framents are insoluble after overexpression

Although all AHK5 constructs tested to date overexpress at remarkably high baeRdsults
Figurel-3), nearly all the protein mass is typically foundhe insoluble fraction afte.colilysis, with
the A3 fragment being the only exception. There are multiple plausible reasons why thg K
ments tend to aggregate or precipitate when expressef.inoli The most obvious explanation is that
AHK5a plant protein, is being expresd in a prokaryotic host. This host may lack key chaperones or
other stabilityinducing factors required farorrect AHK5 folding. Along similar lines, the larger AHK5S
fragments used in this study may be too largeBEowli to handle. The smaller onednzed at express-
ing single domains, could have been incorrectly designed, leading to incomplete domaioarthat
properly fold. Additionally, yet unidentified poestanslational modifications, such asgl/cosylation
or phosphorylation, may play a role AHKS5 structure.

Perhaps one of the most iatesting, though least considered, reasons for failure to ectopically
express soluble protein is codon usage. In the days of affordablew® gene synthesis, it has become
standard procedure to use synthetiodonoptimised genes for target protein expggion, 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 #gresgon organism, thus apparently elimating
translationproblems due to rare codan 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 begeatedly de-
scribed that some proteins can fold and unfold reversibly Giyeaddition and removal of chaopic
agents), while others only fold @canslationally and attempts at unfolding and refolding invariably
end in aggregation or precipitation (sumarised ir85]). When lamking at protein folding as a e¢oans-
lational event, the addition of each single amino acid leads to a change in the shape the conformational
energy landscape, commonly referredas the folding funnel. Thus, a conformation that may be easily
reached fora nascent fragment of a proteimay be kinetically or even thermodynamically hindered
in the context of the fullength polypeptide, thus resulting in aggregation rather than folded pro-
tein [85]. It has been proposed that selectiveausf rare codons at selected positions can serve to slow
down translation at critical steps, in order to allow for a stimiding domain to reach sttarget con-
formation prior to synthesising the rest of the protdB6], [87] Thus, a gene consisting solely of fre-
guent codons increasethe net translation yield, butan drastically decrease the portion of correctly
folded protein[87].

Given the very high amounts of AHKS5 fragments detected after overexpression, such a mech-
anism may indeed contributem AHKS5 insolubility. Using the %MinMax t¢88], [84] A. thalianaco-
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 wittEttoliop-
timised synthetic gene @sl in this studyKigurel-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 fregent codons. While the aginal 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 %MinMax score lies around 0 and displays a sharp peakaletbetween residue80
and 1® (Figurel-22b). This could be indicative of a folding pause for an intermediate nascent poly-
peptide that cannot take place using the high codon frequenchefsynthetic construct. It is thus
conceivable that both fragments ingoorating the AHKS #&erminus 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 stlies while keeping in mind the poteatiroles of synony-
mous rare codonsA codon harmonisation tool has been programmed by the grouprafi Patricia
Clark at the University of Notre Dame and is available as a Python &optiRatricia Clark, persoha
communication).

1.3.4 Structural studiesare not likely to succeed with cuent 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 structtudies. While CD spectroscopy
yieldedsignals amenable with a compactbided protein and theprotease exclusion assayevealed
protected stretches across the entire length of the constructs, further biophysical characterisations
raise multiple concerns:irstly, the ambiguous oligomeric assblies discussed above (sectibB.2.])
make the quality of the purified protein difficult to judge. Even if one oligomereweproducibly pu-
rified, it is not possible to assess whether the observed assembly is physiojogibadlant. This is
especially tre for the fragments purified by refolding. Secondly, all fragments displayed increased
sample heterogeneity. Even aftdrdrough filtration, DLS measurements never yielded stable results.
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All samples measured displayed higample polydispersity. This igdtes, at best, high protein flexi-
bility and, at worst, major issues with the stability of AHK5 oligomeric states. In&@&«d elution pro-
files, recorded at various stages throughout the respective purification procedenesaled an invar-
iable tendency ball fragments to form higher order oligomers over time. Even though elution fractions
were always pooled so as to seléar a single speciegp-concentration and incubation times between
the purification steps led todditional larger species. Finalgttempts at conducting structural studies
performed to date all yielded disappointing results. SAXS experiments caatiedth A3 led to only
very weak signal intensities. Initial Guinier analysis revealed the haBnadrk polydisperse and po-
tentially aggregatiorprone sample. Preliminary negative stain TEM images of A2 recorded Ygrk
Stierhof (ZMBP, Univergitf Tubingenjailed to identify any predominant protein conformations but
at the same time revealed laigh level of heterogeneity, suas aggregation clusters. Finally, all at-
tempts to crystallise either A®r A2 led to sample precipitation, independenttyprotein concentra-
tion.

Taken together, these findings suggest major problems in the stabilitpkgameric assem-
blies of purifiedAHK5 fragments. Such protein samples, while potentially catalytically active, lack the
most crucial quality fostructural studies, regardless of the method used: sample homogeneity.

1.3.5 Mode-of-action hypothesis based on dex data

Although the purified AHKfragments likely will not allow immediate structural studies, bio-
chemical analyses reveal clues as to the mafd&HKS5 activation.

P

Figurel-23: Hypothetical modebf AHK5 oxidative activatior{a) In the reduced, inactive state, the-fdrminal sensing domain (green brown)
may be flexible and either adopt multipt®nformations or even fold badkransparent portionjonto the kinase domain (violet, turquoise)

in order toinhibit its action. Upon oxidatio(e.g. by kD, exposure) the input domain dimerises via disulfide bond formation at Cys3, locking
the input doman in an activatiorcompetent conformation(b) Homology model of AHK5 HATPase domain, calculated by MOOF8],ER
[74]. The fou cysteines are shown as sticks. The distance @& b&tween the only pair of cysteines facing one another withe domain
precludes intramolecular disulfide formatioft) Extended model from (a). Additionally to Cyrg&rmolecular disulfide formatiora disulfide
between the two HATPase domains in the dimer could be envisioned as-degendent modulators of IAK5 activity.

Qualitative and quantitativén vitro dimerisation assays performed using the AHK5fAR)-
mert revealed a strong dependency beten 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 etilm of this oxidative dimerisation idtaated
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close to and on the oxidative side of a previously reported value for stetady cytosolic redox po-
tential in Arabidopsideaf cell§71]. These observations prompt a potential model for AHKS5 activation
(Figurel-23a). In the redhg state (i. e. under reducing rditions) the AHKS5 f&rminus 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 igaabxygen species such as
HO,, Grs3 forms an intermolecular disulfide, thus locking AHKS in a different, catetysigetent
conformation.

A repeat of this experiment with the longe@Aonstruct, which also contains the kinase do-
main, revealed the formt#on of higher order covalent ol@mers. An inspection of the amino acid se-
guence revealed the presence of four cysteines within the HATPase doffigumrel-23b). While the
distance between the closest of the two cysteines iis tiomology model, C541 and C583oo long
to form an intramolecular disulfide bond (#), two cysteines (C540 and C52z8¢ situated on the
surface of the domain. It is thus conceivable that these residues may play a similar role to Cys3 in
bringing AKS5 into a catalysisompetent conbrmation as a response to increasing oxidative stress
(Figure1-23c). Even without covalent dimerisation, oxidation of surfegposed cysteine residues
such as C540 or C576 to sulfenic acid may pl role in ATPase activationtheir directly or as an
intermediate for further modifications, such asglitathionylation. Indeed, many proteins become
sulfenylated upon hydrogen peroxide treatmentAmabidopsis Either hypothesis needs to bhdr-
oughly investigated bin vitroandin vivomutagenesis 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 redegensitive histidine ikase AHK® vitro. A plausiblenitial 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
undescriled Nterminal domain of the PAS/MOvariety as 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 AHK5osiill m
likely require better knowledg of domainboundaries 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 -t@nslationd folding. Ultimately, in order tobtain a can-
prehensive picture of AHK5S structufienction relations, a multpronged approach synergisingray
crystallography, cryoEM, as welliasvitroandin vivobiochemical techniques will be essential.

45



Ongoing Research AHKS Erik RNoldeke

1.4 OngoingResearch

In order to better undestand AHK5 domain architecture and domain boundaries, access to
high amounts of pure fulength protein would be immensely beneficial. To this end, efforts are being
pushed forward to express fuéngth AHK5 (AHK5_FLorfr Sf9 and Hi5 insect cells.

1.4.1 Trarsfection of sf 9 cells with the AHKBLgene was successful

Figurel-24: Signs of infection of Sf9 insect ceBsale bars are 1Q0n. (a) Adherent Sf9 cells 5 days afteansfection with AHK&Epontainhg
bacmid. Cells are enlarged and display a characteristic granular strugtyi®uspension Sf9 cells 5 days after infection with recombinant
virus derived from (a). Again, enlarged celigwgranular structure are visie. Trypan blue staining highlighdead cells.

After transfection with recombinant baculoviral genome (bacmid) containing the gene for
AHKS5, adherent Sf9 cells showed the distinct features of viral infe@igargl-24a). Manycells were
dead and detachedsbadowsoutside of microscope focal plane) and the remainimgswere large
and round and most of them displayed a characteristamglar structure. The supernatant from this
culture was harvested and stored at 4 °C asRHhestock. Further enrichment ofdhtransgenic bacu-
lovirus was achieved by infecting Sf9 cells in suspension with the P1 stock. These cells again showed
signs of mfection after five daysHigurel-24b) with the dead cells clearljisible in the trypan blue
stain.

These images confirm that Sf9 cells transfected with the recombio@acmid could generate
infectious virions.
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1.4.2 Initial expression tests are promising
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Figurel-25: Expres®n test of AHK5_FL adherent Hi#lls using P2 viral stocRostinfection samples of cells (P) and cell culture medium
(M) were analysed by SBP\GE (left) and western blot using afis tag (centre) and ardhAHKS5 (right) primary antibodies. Two cansts
were tested, without (FL) @hwith (FLx) a Factor Xleavage site between AHK5 and thesktg. The arrows mark the height of the AHK5
bands confirmed by MALEIOF. Uninfected samples were included as negative controls.

Fiveday expression testssing both available AHK5_ FL consts (with and without dactor
Xa cleavage site before the affinity tag) were performed using P2 viral stock and adherent Hibheells.
cells as well as the cell culture media were subsequently subjected t#*SGE andVestern blot
analysisFigurel-25). Both constructs led to the presence of a prominent band in the whole cell pellet
lane on SDPAGE at around 130 kDa. This band was stairidboth commercial anti Hisantibody
(Thermo Fiser ScientificWaltham, MA, USAgnd custommade polyclonal anti AHK5 input domain
antibodies provided by Thomas Drechsler (ZMBP, University of Tibingen). As the expected molecular
weight of AHK5_FL is of approximately 100 kDa, this band appears to begeadout mass spectrom-
etry analysiof excisedbands performed by Sophie Stotz (Kalbacher group, University of Tlbingen)
confirmed the identity of the protein to be AHKS5. Indeédl|-length AHKS from whole plant cells has
been reported to migrate at tgerapparent molecular weight$¢of. 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 revkal 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 performddebitanserPalmus (Student
assistantpB.Sc.).
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Figurel-26: Excerpt of a lysis buffer screen AHK5_FIScreening waperformed by Lea HansdPalmus (Student assistant, 8c.) on Hi5

cells infected with AHK FLcontaining baculoviral stocké) SDSPAGE an¢b) Western Blot stained with a mouseHis6 tag antibody and
detected with a goatr-mouse secondary antibody cpled to horseradish peroxidase. Lanes contain lysis pellet (P), supernatant (SN), and
the elution from a Hispin trap (IMAC E) (GE Healthcare). Lysis buffer conditions were 50 B8VIp# 6.0, with NaCl concentrations as
indicated by the lane labels. Adiiés used were 0.1 % TritorLRO (T), 100 mM urea (U), and 20 mM imidazole (I). A black @mdieates

a double band, which likely consistsmofiltiple isoforms oAHKS5 FL.
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Th initial lysis buffer screen, which covered a pH range from 6 to@®l, ddacentrations from
150 mM to 1.5 M and tested the effects of imidazole, TritehOR, and nordenaturing amounts of
urea on AHKS5 native extraction from cell pellets and subsequeaiittament by IMAC revealed a very
promising buffer condition at 50 mM EBS, pH 6.0, 150 mM NacCl, 0.1 % Tritd®X (igure1-26).
Preliminary upscaling experiments performed by Simon Vdlpel in the groBpodf Dr.Thilo Stehle
have shownpromising results. These data will be used to design a full purification strategy for AHKS
FL. Additionally, phosphorylation studies are underway in the hands of Thomas Drechsler (Harter
group, ZMBP, University of Tubingen) with gretein obtaired here. Why AHKS-L expressed in Hi5
cells shows a double band on SBSGE 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 hednstitute a solid basis on which to further the work towards elu-
cidating the mechanism of AHK5 signal perception. Refolded A2 fragment as well as the FL protein
from insect cell expression will be usedrirvitrophosphorylatia assays in the group Bfof. Dr. Klaus
Harter at the ZMBP, University of Tubingen.

Furthermore, the hypothetical activation hotspots, namely Cys3, the putative PAS/LOV do-
main, and the surfacexposed cysteines in the HATPase domain should be testeddmmrélevance
in AHK5 actiation. Cysteine modifications in particular should be studied in a qualitative and quanti-
tative approach using mass spectrometry coupled to either liquid chromatographAy$)@r native
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conditions or capillary electrophoresif€EMS) for denaturing studs. 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 refinemetrof the construct designsawell as protein handling conditions are required
to reach this milestone. Limited proteolysis and mass spectrometry analys&kligd FLwill be used
to precisely pinpoint the domain boundaries and guide the design of miatde fragments that are
suitable for crystallisation. It is important to note that-MS or CEMS should be preferred over the
traditional manual SDBAGE with subsequent gel excision and MAIDH analysis.

Taken together, the work presented here lays the foundations to furtheutigerstanding of
a central regulator of cellular responsesAirabidopsis thalianaUnderstanding the modulation of this
process will help to mechanistically understand many aellptocesses that, to date, are known only
at the phenomenological level.
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2 STRUCTURAL STUDIES OF THE CEL:EM@RBRLEYING ENZYME
GATD / MURT

2.1 Introduction

Since the discovery of penicillin in 1988], many different types of antibiotic have been de-
veloped. The saalled antibiotic revolution during the 1960s and 1970s dasvadvent of new mole-
cules capable of targeting the vast majority of bacterial pathogens at very high rates. As a conse-
guence, togéher with other lifeprolonging development of the era after World War 2, life expectancy
increased dramatically from unde©5/ears at the beginning of the 2@entury to over 70 years in
North America and Europe by the early 1980s. Over the same pafriode, infectious diseases were
replaced by nofiransmissible diseases, such as cardiovascular diseases and cancemastthem-
mon cause of death in developed countries. Unsurprisingly, people living in the developed countries,
especially the youngegenerations, have grown accustomed to regard infectious diseases caused by
bacterial pathogens as little more than an ocoasil nuisance. Eve¥iersinia pestiswhich wreaked
devastation on multiple occasions during the middle ages, killing as mucht#&03® of the European
population at times, can safely be killed by antibiotics.

However,as we should be reminded by tloairrent COVIEL9 pandemic caused by the coro-
navirus SARSoV?2 threats from infectious diseases are far from banned. While the emnesyef
novel pathogens, such as SARS/2, poses a constant unknown threat we have to live with and react
to when timescall for it, a very different threat is posed by established and-umdlerstood patho-
gens. Since the early 1980s, no fundamentally aetibiotics have been discovered. All new molecules
approved for clinical use since then are modified versions of egistiugs. As is reviewed [89], in
many instances it took only a few years from the introduction of a given antibiotic to the market until
the emergene of a bacterial strain that had developed a resistance mechanism against that molecule
and was thus capable of surviving antibioticamment. Widespread use of antibiotics in clinical set-
tings and misuse as growth boosters in livestock farming haveerated the development of re-
sistant strains. With the number of antibiotic resistances constantly risingalked multiresistant or
evenparntresistant microbes have become a serious threat. Many such strains are found in increasing
numbers in hosjpal environments where they cause an exrcreasing medical challenge and finan-
cial burden[90]. Accordig to projections performed on behalf of the government of the United King-
dom in 201691], this development could lead to bacterial infectionsrbgistant strains surpassing
cancer in terms of yearly mortality by the middle of the century. In this scenarion@nbbial re-
sistance would be responsible for 10 million deaths per year worldwide and could cause cumulative
costs to the global economyf ap to US$100 trillion.

It is hence imperative to push forward research into novel antimicrobial agents in evssit p
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 enterobacteriumescherichia colorms rodshaped cells, whereas cocci suctSéaphylo-
coccus aureubave sphegal cells, and spirilla, such @ampylobacter smssume a corkscrew shape.
The ability to assume and maintain these relatively rigid shagtems from a sophisticated cell wall
assembly.

As in all cells, the bacterial cell is delimited by a plasma memetwramposed of a phospholipid
bilayer. Outside of the membrane, the bacterium is then encapsulated in a carbohydrate peptide co-
polymer termel peptidoglycan. This mesh is differentially functionalised depending on the bacterial
species. In the case Girampositive bacteria, the layer is relatively thick and highly functionalised, for
example with wall teichoic acid92] in Staphylococobr mycolic acids idMycobacteria[93] (which
react negatively to Gram staining due to the mycolic acids, but are architégtsiemilar to other
Grampositive bacteria). In contrasGramnegative bacteria have eomparativelysimple and thin
peptidoglycan layertat is then covered by a second membrane.

It is the layer of peptidoglycan that functions as the primstrycturalcomponent of the bac-
terial cell wall. It conferthe cell rigidity as well as protection from mechanical and chemical damage
It also allowshacteria to establish high turgorgssures, ranging from 0.3 3.0 bar for the Gram
negativeEscherichiacoliup to as much as 20 bar fStaphylococcus aureus Grampositive bacterium
[94] 1[96]. It isconstituted by a highly crosslinkedtm@rk of polysaccharide chains and short peptides.
Thepolysaccharidés surprisingly homogeneous across altteaa[97]. It invariably consistsf alter-

v S]vH-4tlinked Nacetylglucosamine (GIcNAc) andadetytmuramic acid (MurNAc) moiets.
While the identity of the sugars is constant, the length of the polysaccharide chains varies significantly
from species to specid97].

Plasticity is conferred to the polymer by crosslinking the polysaccharide chains withpsh-
tides. These peptides differggiificantly in their identity, depending on the bacterial species. In gen-
eral, they are composed of a stem peptide of 3 mixed Land Damino acids that is connected to
the Dlactate moiety of the Nacetylmuramic aid. Typically, the fourth amino acisl@ diamino acid {L
lysine or mesaliaminopimelic 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 direattammpe
be mediated via a bridging p&de 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 197@7].
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2.1.1.1 Peptidoglycan biosynthesis

Figure2-1: Overview of the steps involved in peptidoglycan biosynthesis in Staphylococcus adeds& <CvsSZ S]e W EI[s vp o }§]
(UDRMurNAcpentapeptide), which is then anchored to the membrane via an undecaprenyl pyrophosphate tail by MraY, to form Lipid I.

MurG adds GIcNAc to form Lipid I, and the FemXAB enzymes add the pentaglycine bridge to the lysine side chain in thielst€baiizp

MurT then acts on Lipid Il to amidate thei§pglutamate in the stem peptide (box). Hereby, GatD deaminates glutaimiftem ammonia

and glutamate. Ammonia is then channelled to the active site of MurT, where it is used to amidate the peptide substrAfERn@rsuming

reaction. Afterwards, the modified Lipid Il is flipped to the periplasm and used for peptidoglgbangrisation by penicillibinding pro-

teins. Taken fronfi79].

As depicted ifrigure2-1, peptidoglycarbiosynthesis occurs in multiple steps. Firstly, the build-
ing blocls of the polymer are generated in the cytosol. Secondly, the building blocks are transferred to
the periplasmicspace by means of an isoprenoid membrane anchor. Thirdly, specialised transglyco-
sidases and transpeptidases catalyse the polymerisation whileeliag the membrane anchor. The
biosynthetic pathway will be exemplified here by thatSthphylococcus aureudlthough single en-
zymes are named differently in other organisms, the general architecture of the pathway is applicable
to most bacteria.

The a&sembly of the building blocks begins in the soluble phase in the cytosol witkatibP
vated Nacetylglucosamin ~'0 E ¢X % CEMA § u}] 8C ]+ 8Z v §} 8§z i[ ZzC
E C §Z viCu DuE-empyrddrGIcNAc. The NARHEpendet oxidoreductase MurB
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§Zv E U * §Z v}o% CEMACO u}] $act@BlaNAS of McefydiahicRacid
(MurNAc). A set of Mur ligases, termed MtF@hen catalyse the subsequent addition of a total of five
amino acids to the carboxyl growb MurNAc thus building the stem peptide. The resulting molecule,
UDRPMUrNAG %0 vS % %S] U } (S vnucleatide,\¥ tlE fipal cytosolic soluble peptidoglycan
% E&E UHE}EX W EI[s vu 0 }S] ] 8Z v §8Z & S} S$Z #oeaprenyl u u & v
phosphate anchor. This molecule, which is also known as bactoprenol, is attached to the soluble pre-
cursor via a pyrophosphate linker undere release of UMP by MraY. This first membrapend in-
termediate product is termed Lipid I. Addition ofGIcNAc moiety from the cytosolic pool of UDP
GIcNAc by MurG yields Lipid98]. Further, the enzymes FemX, A, and B add a stretch of five glycines
to the lysine xamine in the Lipid Il peqte stem. This Lipid Il pentapeptide is the final peptidoglycan
building block. It is subsequently flipped across the membrane to the perid@@m[100] There,
transglycosylases and transpeptidases terrRedicillinBinding Proteins (PBP) attee finished build-

ing blocks tdhe peptidoglycan mesfl01].

2.1.2 Antibiotics targeting the cell wall

The very first antilotic ever to be discovered and tme usal in a clinical setting, petillin,
functions by inhibiting peptidoglycan polymerisation. Over the years, a wealth of different antimicro-
bially active compounds have been discovered and adapted for medical useudtitmany of them
act on very diférent portions of the bacterial metbolism, 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 aftravenous (V) application, the paiion reaches as high as 75[¥02].

Modern antibiotics that targettte cell wall can be roughly grped intothree categories: those
interfering with the cytosolic preparation of Lipid Il, those directly interacting with Lipidus, pre-
venting it from contacting any components of the downstream assembly machineryhasd that
inhibit the final polynerisatian reactions.

The first groupcomprises 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 Nglycosylation andre stillunder investigation with regrd to their potential clinical
applicationg103]. The amino acid anadues Bcycloserine and fosfomycin are the only two pharma-
cologicallyapproved antibioticdo inhibit the cytosolic steps of peptidoglycan biosynthd&i3d2]. D-
cycloserineacts as a structuranalogue of Ealanine, thus inhibiting the assembly of theAlaD-Ala
dipeptide. It is used as a second line antiigsidor the treatment of resistanMycobacteriuntubercu-
losisinfections[104]. Fosfomycin is the most widely used emlle from this first group. It is the only
one interfering withthe e Eo0 C * 38 %o ¢ nli€ledtideEddsembly. It acts as a phosphoenol pyruvate
mimic and alkylates the catalytic cysteine in MurA, tmighiting the enzymg104], [105] Although
15 Z » v § @Eewnly‘antibiotic currently in clinical use that targets a Mur enzyfi@4], it
should be pointed out that MurA is not a Mur ligase. This termreefe the AP-dependent ami-
dotransferases Mur&[106], and MurT[79], [L07]t[109]. There arecurrently no candidate molecules
acting against any of these enzymes.

The second group consists of, generally speaking, mogiptides. Among other, more ex-
perimertal moleculeg102], the most prominent representatives of thisogip are the glycopeptides
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and, to a ésser extent, the lantibiotics. Lantibiotics, or lanthionizentaining antibiott pepides as-
sociate with the membrane in a yet undescribed fashion. They then proceed to bind to Lipid Il in vari-
ous wayg110]. Nisin for infance binds to the pyrophosphate of Lipid1L1]. Although these mole-
cules have been known for a considerable amount of timeenoave yet been approved for medical
use. The most prospective candidate, nisin, is however being successadigsia food conservation
agent[111]. The most famous glycopeptide is, undoubtedly, vancomycin. Like lantibiotics, glycopep-
tides at¢ by binding to Lipid Il, thus interpting the peptidoglycan biosynthetic pathway. Specifically,
vancomycin mds to the terminal PAla-D-Ala moiety of the stem peptidgl12], [113] Vancomycin is

a lastresort antibiotc that is used to treat infectionsith otherwise resistant bacteria, such as MRSA
[114].

The third group could be also termed the archetype group for antibiotics. It is, of course, the
t-lactam group. t-lactams come in various shapes and functionalisations. They comprise the penicil-
lins,cephalosporins, monobactams, and carbapendf@®?]. The core functional unit is the namesake
t-lactamring, which exhibits structural similarity to the terminalAxD-Ala in the stem peptide. It
can covalently bind to the active site of the dedicatemhspepidase enzymes (aptly termed the pen-
icillin binding proteins, PBR%01]) thus irreversibly inactivating them and impeding peptidoglycan
synthesiq102], [115] t-lactams are, until today, the most widely used class of antibiftits].

2.1.3 Mechanisms of resistance and retsiace development

As soon as a population of bacteria is exposed to an antimidrap@ntor antibiotic, they are
subjected to an evolutionary saitive pressure to develop means and abilities to withstand the effect
of the drug. In other words, should piacterium within that population develop or acquire any means
of tolerance or eve resisance against the drug, it will increase its chance o¥isal. Fortunately for
the bacteria, but very much unfortunately for us humans wishing to employ antibidizteria have
quite short generation times and the advantage of large numbemsdividuals. These features enor-
mously increase their statisticadds at successfully attaining resistance.

Resistance to antibiotics can be achieved in two basic J#dyg: (a) A mutation of an existing
gene or (b) the uptake of exogenous DNA coding for a resistdeierminant. Thus achieved genetic
alterations can lead to five general mechanssof resistance: (i) The target of the antibiotic can de-
creasefts affinity to the antimicrobial molecule, (ii) the antibiotic uptake can reduced or (iii) its efflux
increagd, or (iv) the overall metabolic pathway can be shifted so as to tolerate thempresofthe
antimicrobial agent. Finally, (v) the antibiotic raolle itself can be targeted by a modifying or degrad-
ing enzyme. While the last one can only be achievedheywptake of a preevolved gene, the first four
mechanisms can be achieved eithgr & transgene or endogenously, with relatively few point muta-
tions. Although most mutationally acquired resistances will invariably decrease the bacterial fitness,
for exampe by generally reducing the uptake of small molecules, thus also reducing thkeupta
nutrients [116], such events are relatively frequent. Thus, the more often one partieutiiotic is
employed, the higher the statistical probabiliya successful mutation. Additionally, pegisting mu-
tations can further evolve, thus fireining the resisance mechanisms. Examples for such mutationally
acquired antibiotic resistancesarifamycin resistance by a single point mutation in the bacieRNA
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polymerasg117], fluoroaquinolone resistance by mutating a set of DNA gyrd&8], or the tolerance
of oxazolidinonedy modificationof varous ribosomal proteingL19].

Most antibiotics are derived from molecules generated by certain fungi or even bacteria in
order toprevert the growth of harmful or concurring microorganisms. ldepsoplisticated 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 baeteitsdf, such as actinobacteria from the
genusStreptomycesgor the artibiotic streptomycin[104], a resistance mechanism must bepiace n
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. Gen&gieniation an be shared
between bacteria via a number of horizontgne 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 conjugatiofor a compehensive review on bacterial HGT, refe[1@0]. HGT
has helped pathogenic bacteria to acquire sophisticated resistance machineries stidtsnases
(a group of enzymes that degradédgactam antibiotics)121], the MRSA PBP2a transpeptidase variant
with reduced affinity for meticillin [122], or the DAlaD-Lacdipeptide-synthesizing enzymes respon-
sible for vancomycin resistan¢&23]. Once the hurdle of transitioning from the source organisnat
clinicdly relevant pahogen has been overcome, transposmediated gene integration and shift of
genes between the chromosome and plasmids quickly spreads genetic resistance determinants within
a bacterial community89]1[91], [104], [116], [124], [125]

General overusefantibiotics th asprescrigion 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 uncigaitebacteriametabolc
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, thefinally assemied pepidoglycan 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 esiens like teihoic aéds in many Grarapos-
itive bacterig[126], [127]or the extensive arabinogalactan matrix found in mycobact&&.

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 anrechor to the AGnatrixand 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
§Z ]E& MUV]<H %}oCu E ¢ HOHUeX [V A C Uhé Bdotertum} i) Char@te}istic }v( Ee ¢
plasticity and chemical impenetrabilif93].

Wall teichoic acids (WTA) serve a similar purpose. However, they achieve this purpose by a
much more subtle mechanism than auke-force encagulation. Owingto their polyanionic nature,

WTASs attract cations, thus affecting the overall envelope architecture, porosity, and plasticity. Addi-
tionally, they serve as scaffolds for many different molecules, such as endogenous autsgsins
cell renodellng. Fora comprehensive review on WTA function, please ref¢9#j.
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Finally, the purpose of small modifications is to render the peptidoglycan layer chemically
more stable[128]. Bacteriaare often exposed to exogenous enzymatic attacks, like an attacking at-
tempting to pierce the cell wall with a dedicated set of endolyfimsnfection or a host immune sys-
tem deploying lysozymes to kill the bacteil29],[130]. Such specialised enzymes oftentimes recog-
nise and bind to a verglefined pattern of charges, hydrogen bonds, and hydrophobic patches. Any
alterations to this pttern will resut in afailure of the enzyme to bind, and subsequently digest its
substrate. Thus, modifications in the peptidoglycan structure that reduesfitsty to exogenous pep-
tidoglycandegrading enzymes are beneficial to the bacterium. The mastmon small mdifications
are sugar Ndeacetylation or €O-acetylation[131], [132] and the amidation of free carboxyl groups.

2.1.4.1 Peptidoglycan amidation

It has long beeknown that esgciallymany Grampositive bacteria display a high degree of
amidation in their peptidoglycafi33]. Amidation occurs most frequently at thecarboxylate of B
isoglutamate at the second position in the stem pde or, when present, thexcarboxylate of mDAP
at position threg[97]. Other peptidoglycan amidations also exist, but they are rather rare by compar-
ison, such as at a-8spartate present in the interpeptide bridge of certdiactococc|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 incresistance against lysozyme, a key
player of the innate immune systefh28], [134], [135]

In spie of the apparent medical relevance of this phenomenon, the enzymatahmeries
respansible for peptidoglycan amidation have long remained elusive. Only very few amidating en-
zymes have been identified in selected bacterial spgdig4] t{136]. At this point, possibly the best
studied peptidoglycan amidating gyme is the bifunébnal, heterodimeric glutaminasé ligase
GatD/MurT, which was first idified in Staghylococcus aureyg07], [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 thecell wall biosyntksis of the pathogenic bacteriuStaphylococcus aure{i07], [108]
The first plagr in the heterodimeric enzymeomplex is the Type | glutamine amidotransferase (GA-
Tase) GatD. It deamidates glutamine from the cytosolic pool, thus generating glutamate and ammonia
The nascent ammaa is then used by the Mur ligadige [106] MurT to amidae the r-carboxyl of D
isoglutamate at position two in the peptidoglycan stem peptide, in an-ddf@ndent reaction.
Hereby, GatD/MurT is active on the membraneund peptidoglycan precursorspid | and Lipid II.
Althoughin vitroanalyses revealed thahé enzyne is able to also perform the amidation reaction on
W EI[* v [@0FFEho such activity could be observedviva Shortly thereafter, the presence of
a homologous enzyencomplex was reported iBtreptococcus pneumoniaad showrto be required
for anin vitroreconsttution of peptidoglycan assemb|¢37].

Crucially, conditional knockout and knockdown studies performed in bothispeevealed
the enzyme to be essential for bacterial surlivittenuation phenotypes showed severe growth de-
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fects and ikreased susceptibility to lysozyme amdactam antibiotic§107], [108] [128]. These ob-
servations have led to suggest a difference in affinity of the relevant PBPs for the amidated versus the
unamidded form of Lipid I[108]. Complete knockounf GatD/MurTwas lethal.

Interestingly, genmic sequene analyses revealed that a wide rang&osampositive bacteria
including Staphylococci, Striggocci, Clostridia, and the more distantly related Mycobactdikaly
possess homologous proteifik07]. In additionto the already cheacterised GatD/MurT instances in
S.aureusand S. pneumoniaeknockout screening has confirmed the existence and essentiality of the
enzyme complex itMycobacterium tuberculosid 38]. The potentially widespread presence of this
enzyme in many pathogenic bacteria render it an interesting target for the development of novel an-
timicrobials. Bein@ble to ®lectively inhibit GatD/MurT add be a game chayer in the fight against
antimicrobial resistance. The fact that beneficial commensal bacteria, sUEhcdi do not amidate
their peptidoglycan matrix and hence do not possess a homologous ennjffarthe added bonus of
targeting sgcificity. In contast, broad action antibiotics kill all bacteria, not only the pathogenic ones.
This can have adverse effects on various bodily funcidditionally, & more bacteria are affected, it
also promotes resistace development.

2.1.6 Aim of this project

The aim othis project, which is currently being funded by the German Research Foundation
(Deutsche Forschungsgesellschaft, DFG) under the grard@RCi6i ~ oopo & D Z v]eue }( V¢
otic Action and Produg |} v _cldoperation between the univeities of Tubingerand 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 bioldagwitro, in vivo, andin silicoinves-
tigations.

Ultimately, the goalsto gain inbrmation about the structural aspects as well as the dynamics
of GatD/MurTcatalysed peptidoglycan amidatiohhis information, founded on higiesolution crys-
tallographic data, could based ina structureguided drug desigstrategy to searclior potential in-
hibitors. For this, cecrystal structures of the active enzyme in complex with its ammonia donor gluta-
mine, an ATP analogue and a soluble acceptor substrate, sadulaleLipid | analoge are required
In parallel, stution scatteringtechniques (DLS, SAX®} to be usedo investigatethe dynamics of
potential ligandinduced conformational rearrangement3hese structural data shall be comple-
mented with thorough biochemical chacterisdion of the enzyme, with the ma focus on kinet and
thermodynamic parameters of the catalysed reaction. Finally, phylogeny and sequence variability anal-
yses within different strains db. aureusas well as across many different putative and faomed
GaD/MurT homologues are to be ad to identify keyresidues and modules within the protein com-
plex.

It has been shown that deficiency in peptidoglycan amidation leads to increased susceptibility
of methicillin resistantS. aureugMRSA) strains td-lactamantibiotics and lysozymgL28]. Hence,
detailed knowledge of the molecular machinery responsible for this modification cesldtrinthe
identification of new potential drug targets not only against resistatastphylococcustrains, but also
against a wide host of human pathogenic bacteria $keeptococcus pneumonias Mycobacterium
tuberculosisSuch new leads in antibiotievelopnent are desperately needed in order to combat the
everrising problem of multdrugresistant bacteria, especially in hospital environmega@4].
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2.1.7 Work presentedn this thesis

Previous work conducted in our lakatory by Volker Niemann, a former PhD student, and two
undergraduate students yieldednainitially refinedunligandedcrystal structure of the GatD/MurT
complex.l havefully refinedthis structureand compementedit by a complex structurebtainedin
the presence of an ATP analmgps well as solution studies on the overall conformation by means of
SmalAngle Xray Sc#tering (SAXS)he data obtained from these studies, together with functional
data geneated byDr. Anna Miller inProf. Dr. Tanjad® Zv ] &[* PE}u% & 3Z hv]A E+]5C }
to paint a compelling, if yet incomplete picture of the likely mechanismctbn of this enzyme com-
plex. GatD/MurT adopts an open, crescahiaped conformatiomi solution that is likely to transition
to a closed state upon substrate binding. It harbours strong structural similarities to class | glutamine
amidotransferases anllur ligases. | have published these findings in Nature Scientific Reports in 2018
[79].

The nearly contemporaneous publication of a homologous crystal structure Stoeptococ-
cus pneumoniaey the group ofProf. André Zapun at the Uiversity of Grenoble les Alpg$09] and
subsequent discussions with him led to a thorough review of theahlailiterature on the topic. Ad-
ditionally, sequence databases were analysed as to piaslehomdogues of GatD/MurT in other
Grampositive bacteria. | have used the results of these studies to ariteinireview for a special
edition of the Internationallournal of Medical Microbiology Mb/A) [139]. Herein | covethe similari-
ties and difference betweenthe GatD/MurT structures of Staphylococcus aureus and Streptococcus
pneumoniae as well as discussing possible links between structural observations andgyepidp-
lished functional dat§79], [107]t[109], [128], [137], [140], [141]

These two publications congtite the core of this chapterrad are summarised in theeRults
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 homologwes from Streptococcus pyogenasd Mycobacterium tuberdosiswere designed. The
existing purification protocol was successfully adapted for the two pesteins by Paul Bachmann

HE]JVP Z]e u *8 E[e 8Z ¢]e pv E uC u% E Ashy}looifirmetisparoof]theA]s E}
pros Jve[ (pnv 8]}v $Zheero%d fdrjaxpanding thigeld to other organismsinterspecies simi-
larities and differencebetween homologous proteins can provide powerifugights intofunctional
relationships.

In the long un, it is crucial to exhaustly describe the mode ofibstrate peptide engagement
and amidation in order to provide a basis for future drug desigrs fidguires a synergistic approach
of in vitroandin vivoexperiments as well as structural studi€snctionalstudies investigatinthe role
of the MurT Nterminus which | identified as potentially determining factor for specificity during the
researchon the IJMM revieware on the way in the hands &fr. AnnaMiiller in BonnAs soon as N
terminally truncated versions of MurT are alable for expression, #y will be used to search for al-
ternative crystal forms

With multi-drug-resistant bacteria strais on the rise, the need for novel therapeutic strategies
has increased in urgency. Hence, detailedictiral information on yet unescribed components of
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the cell wall biosynthesis machinery of highly pathogenic bacteria, sushageusr M. tubercubsis
may pave the way towards a new edge in the arms race of antibiotics against resistances.
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2.2 Resluts and Discussion

2.2.1 Publicationsummaries

This chapter pvides summarised versions of thablished 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 detalils.

2.2.1.1 Strucural Basis of Cell Wall Peptiglycan Amidation by theaD/MurT Complex oBtaphy-
lococcusaureus

E. R. Noldekel.. M. Muckenfuss, V. Niemann, A. Miller, E. Stork, G. Zocher, T. Schneider, and T. Stehle,
ANZEN SHE o0  +]* }( 00 A 00 obbdyahE |GhIDAMUrT \complex &taphylococcus
aureusU:i. Rep.vol. 8, no. May, p. 12852018 doi: 10.1038/s41598)18-31098x

GatD/MurT has been identified as the primary determinant of peptidoglycan isoglutamate
amidation[107], [108], [137] As the absence of this modification sevedygreass bacterial viability,
the enzme complex is a potentighrget 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 arder to avoid resource&onsuming brad screening approaches.

Key to the understanding of any enzymatic mechanism, beyond the characterisation of sub-
eSE S ¢ V %E} puSeU ]Je 83Z %E ] E Z]§8 SuE }( 8Z viCu [-
structure of S. aureusatD/MurT was dwed to 2.04A. The proten complex is composed of three
domains: the class | glutamine amidotransferégee fold of GatD and the Mur ligase middle and C
terminal domains of MurT. GatD forms a stable contact withivheT Gterminal domain, giving the
complex an overall crescenhape. All three domains are mixed t folds with a centralt-sheet sand-
wiched betweenr-helices interconnecting the-strands.

The MurT middle domain shows high sequence and structure sityitarihe middle domain
of the canonical Mur ligasesFand contains a conserved ATP binding eodginding to ATP was
confirmed by solving a second GatD/MurT crystal structure to &, bbtained from a crystal soaked
with the ATP analogue AMPPNP. Mdidgl ofthe ligand into the resulting electron density revealed a
nucleotide conformation similaio that reported for ATP analogues bound$o aureusMurk andP.
aeruginosaviurkF[142], [143] Sitedirected mutagenesis of key residues involved in AMPNRNg
followed byin vitro amidation studies confirmed the involvement of the residues MU60 MurT-

E108, and MurN265 in GatD/MurT catalysis. Curiously, on the opposite side of the middle domain,
facing away from the putative substrate binding cléigs aCys-type Zinc finger motif of unknown
function.

The MurT @erminal domain exhibits theame fold observed for that domain in Mur ligases
GF. Residues that were previously suggested to be relevant for cafdl§3isare indeed situated on
the surface of the domain and face towards the ATP binding site in the neighbouring middle domain.
The Gterminal domain also provides the contact surface for the formation of the stadtkerddimeric
complex with GatD.
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Possessing similgyito class | glutamine aiaotransferases (GATases), GatD has a catalytic
core arranged around a central cysteine (G&®). In most GATases, this residue is the first of a cat-
alytic triad that also incldesa histidine and a glutamic acid to form a proteelay chain and ultimatg
increase the nucleophilicity of the cysteine. However, GatD lacks the third residue. Instead, the histi-
dine (GatBH189) is shifted out of position with respect to homologousicures and towards the
interface with MurT. MurThen contributes an aspaid acid (MurfD349) to complete the triad. Mu-
tagenic studies carried out on the triad residues confirmed the importance of this residue for catalysis.
A MurFD349N mutant exhibité severely decreased catalytic rates with little no in vitro turnover
whencompared to the wild type. Replacement of Ga&b4 with a serine or glycine completely abol-
ished activity. The same observation was previously reported for-Hat®[141].

Additionally, all thre residues are fully conserved throughout a rangeanfirmed 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 we[&8&rftethermore
classified the entirety of the inner surface of the cresesimaped complex as more conserved than
average. This surface stretches all the way fromdtalytic site of GatD to the ATtinding pockebf
MurT. In contrast, theest of the surface exhibits an above average sequence variability.

The overall crescerike shape of GatD/MurT results in a large distance between the catalytic
sites of GatDand MurT (approx. 4Q). It is unlikely that nascemmmonia can bridge thidistance
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. Ascthformation observedn crystallois
stabilisedby crystal contacts, theotution conformation was studied by SAXS. Rigidy refinement
of the crystal structure against SAXS profiles resulted in a slight expansion of the domains and a move-
ment of GatDand the MurT middle domain towards one another,ateasing the shortest dighce
between the two domains from 3& to 22 A. These findings confirm that the GatD/MurT conformation
in solution, while being indeed open and elongated, exhibits a certain degjiftexibility concerning
the reciprocal orientabn of the respective domas.

Prompted by these findings, a putative closed conformation of GatD/MurT was simulated
based on the crystal structure &. aureusMurE in complex with its substrate and anPAdralogue.
The MurT middle and-@rminal domainswvere superimposed with the respective counterparts in
MurE, while maintaining the geometry between GatD and the Mutdr@inal domain. The resulting
hypothetical model exhibits a drastically reducedatiee between the active sites of GatD and MurT,
from over 40 A to just ov&0 A. Most of the inner surface of the crescent is now buried in an extended
interdomain contact between GatD and the MurT middle dom@eremaining inner surface forms
a secludedcavity with the catalytic site of GatD at onadeand the ATP binding ploet at the other.

"% EJU%}*]S]1}v }( DUE [* UPNE} %o %0 3] U *SE § %0 ]S v] oC ]Jv

active sites. While this model is speculative, it neveldss preoides a plausible picture of how
GatD/MurT medated peptidoglycan amidain 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 subsequentubstitution with ammonia that is generated on the oppessite of the substrate
GatD to form the amide product.
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The findings reported in Ndldeke et al. provide a solid foundation from which to further the
characterisation of GatD/MurT, both as a nbeazymeand as a potential drug target.

2.2.1.2 Unraveling themechanism of peptidoglyceamidation by the bifunctional enzyme complex
GatD/MurT: a comparative structural approach

E.R. Noldeke v dX 2§ Zo U “hvE A o]JvP 8Z u Z v]eu }( % %d&ic}PoC v 1
tional enzyme complex GatD/MurT: A compaf& +3Eu SpE 0 Int%d e } Mizobiglvol.
309, no. 6, p. 151334, Se4019 doi: 10.1016/j.imm.2019.151334

This ninireview considers published results on GatD/MurT enzymes identified to hatie]y
from Staphylococcus aureasd Streptooccus pneumonigeand perbrms a structurebased compar-
ison. It identifies key similarities and differences as well as importaestipns to be addressed by
future research.

Many efforts have been made inttvé¢ characterisation of the peptidoglycamidating en-
zyme complex GatD/M [79], [107]t[109], [137], [141] « §Z]e vVvICu [« §]A]SEC Z - v o]v
changes in bacterial viability and resistance tdactam atibiotics, it constitutesa potential target for
the development of novel antimicrobial therapeutics. The recent and nearlylisineous publication
of two GatD/MurT crystal structures fro@taphylococcus aure(igd] and Streptococcus pneumie
[109] have provided immensely valuable initial insights into the architectureisfahzyme complex.
The structures hibit a large number ofisilarities as welas afew highly intriguing differences.

In both bacteria, G&/MurT forms a heterodimeric assembly, with GatD exhibiting a class |
glutamineamidotransferase (GATaskie fold and MurT folding into two domainsomologous to
Mur ligasemiddle and @erminal domains. While is. aureughe assembly is arranged in apen
crescent with no direct contact between the MurT middle domain and GatDSthgneumoniaen-
zyme is more copact, with the three domains in aiangular arrangement and direct contact be-
tween the MurT middle domain and GatD. Although the overalif@anation differs, the single do-
mains superimpose very well, with C(RMSDvalues between 1.8 and 3.21A. Both studies identified
a cysteinecontaining helixurn-helix motif in GatD, a neighbouring histidine residue, as well as a ca-
nonical AThindingsite in the MurT middle domain as the key catalytic regions. Basguliblished
functions of structurally homologous proteins, as welirasivoandin vitro data on GatD/MurT, the
cysteine t histidine pair in GatD, together with a third residue, likely mediates glutamine deamidation
and thus the generation of ammonia. Masnt ammonia is then probably used by MurT to amidate the
Lipid Il substrate in an Adependent reaction.

As structural data published on other members of the Mur ligase family suggest a significant
degree of flexibility in the orientation of the middl@a Gterminal domaing106], it is likely that the
two GatD/MurT crystadtructures represent two distinct states of the enzyme. The open conformation
observed in thes. aureugnzyme $aGatD/MurT) could depict the resting state of the protein in the
absence of substrates. Substrate engagement would then lead to domain reamang generating
a closed state similar to that observed for tBe pneumoniaenzyme $pgGaD/MurT). Although the
distance between the two active sites of GatD and MurT is reduced from arouddmthe open
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conformation to about 2@ in the closed statdt remainstoo large to be bridged by nascent ammonia
without considerable diffusive los§hus, additional movements are likely involved in the full catalytic
cycle, such as the formation of a yet unidentified ammonia channel or the relocation of le&rate
from one active site to the other.

One striking difference betweeBaGatD/MurT andSpGatD/MurT is the third residue in the
GatD active site. In addition to the aforementioned cysteine and histidine, class | GATases contain a
glutamate residue. Togker, these residues form a catalytic triad, with the cysteine being deproto-
nated to enhancéts nucleophilicity, the histidine acting as a proton relay, and the glutamate acting as
the proton sink. NeitheGaGatD norSgsatD contain this residue. Insteadjo aspartic acids in the-C
terminal domain of MurT (MurD349,S. aureusand in a neighboumg helix of GatD (GatD32,S.
pneumoniag have been suggested to fulfil the role of the proton sink. Crucially, both residues are
conserved and could be broughtto proximity of the central histidine by minor rearrangements in
either crystal structureHowever, the intermolecular triad postulated in ti&GatD/MurT is the only
one forming a linear arrangement amenable to concerted proton trangfevitro andin vivo muta-
genesis data 08aMurT-D349 and its homologue 8. pneumoniaeonfirm its importarme for catalysis.

Due to a different orientation of the helix containing the intramolecular triad candidaf aureus
this residue was not investigated by mgtmnesis. Clearly, further research is required to resolve this
matter, including obtaining stictures 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 lgase In bothS. aureusindS. pneumoniaan 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 onyadurT, is pesence was inferred from
acetylation experiments and structural similaritySpMurT. RaBP Zinc ribbons have been shown to
mediate proteirRNA and proteiprotein interactiong144], [145] It is thus conceivabléat this mo-
tif may play a scaffolding role in guiding GatD/MurT to its membiamend substate by interacting
with other components of the peptidoglycan biosynthesis pathway. Interestingly, this motif is the least
well conserved portion of the enzymeroplex. While it is always present in sequences from bacteria
belonging to the Bacilli clags,most Actinobacteria, the insertion contains no cysteines, thus preclud-
ing it from forming the same Zinc finger. Actinobacteria of 8tieeptomycegienus have th four cys-
teines, but the insertion is much shorter than in Bacilli. These significantetitfes across taxa may
stem from distinct mechanistical requirements due to the very different cell wall compositions. Eluci-
dation of the structures of these alteate versions of the MurT middle domain insertion may help to
shed light on its role in peptatjlycan amidation.

The largest difference between MurT and the other canonical Mur ligases is-téenihal
domain. MurEF have an Merminal domain of 96100 resdues arranged around a Rossmann fold
[106]. This domain serves to binbde uridne moiety of the substrate (UBMurNAcbound peptides)
and to correctly position it in th active site. In contrast, MurT has arddminal segment of 3@0
residues of high conformational variability. No interpretable electron density was reptotdte re-
gion in eitherS. aureusr S. pneumoniaeSaGatD/MurT was shown to amidate soluble RIRIUrNAcG
%o VS %o %0S] ~W & InfwvitkoasavdlBds Lipid | and Lipid Il with similar efficieid€y] but
no soluble amidated peptidoglycan precursors were obseimedvo[108]. It is thus likely that the
nature of the moleculéo whichDPpEE ] v Z}& ~h W ]Jv W EI[s vp 0 }8] }&E
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I /1) is relevant for selectivity but plays no distinct role in the catalytic mechanism. It is possible that
the Nterminusof MurT plays a role in orienting the active site towards the substrate like in the other
Mur ligases. However, the substrate being membranehored, MurT may do so by interacting with
the membrane or with membranembedded components of the p&doglycanbiosynthetic machin-
ery rather than with the substrate itself. Indeed, it was shown tBaaureusnembrane fractions and
not cytosolic extracts exhibit Lipid Il amidating actiwityitro [L07]. Perhaps the MurT #&rminus,
which is predicted to form am-helix and contains a high density of positive charges, interacts with the
phospholipids of the cytosolic leaflet of the plasma membrane, thus establishing the stmical
straints equired for GatD/MurT positioning. Future investigations into GatD/Mutamis lacking
the MurT Nterminus as well as the investigation of activity patterns of homologous enzymes will help
to characterise the function of this domain in depth

The comparisn and review of available structural, biochemical, and microbiologesta dn
GatD/MurT performed by Noldeke and Stehle has identified features in the enzyme complex that may
have gone unnoticed by analysing data on only one instance gifrtitein. Thignformation will help
to guide future research int&aGatD/MurT andSgGaD/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 basisrfaovel antibotics to step into the breach opened by bacterial resistances to ex-
istingdrugs.

64



Ongoing Research GatD/MurT Erik R. Noldeke

2.3 Ongoing Research

Building on the results published in Nature Scientific Reg@8fand the subsguent mini-
review for IIMM[139], various followup studies are under way. These includesarsh for different
crystal forms, cecrystallisation with a synthetic Lipid | or Lipid Il analogue javestigation of the role
of the MurT Nterminus. Additionallygfforts are being made to characterise putative homologous
enzymes from other bacteria.

2.3.1 Production and characterisation of GatD/MurT frdwycobacterium tubercu-
losisand Streptococcus pyogenes

Following the identification of potential homologues in manffedtent Grampositive bacteria
[79], [107], [137], [138]it became apparent that a wealth of information could be derived from com-
paringS. aureussatD/MurT to its cognate enzymes from ottegganisms. lrorder to further our un-
derstanding of the structure and mechanism of action et@MurT,two previously unstudied puta-
tive homologuesvere selected, namely the gen8py0877 and Spy08#i®m Streptococcus pyogenes
strain MGAS1027and Rv3712and Rv3713from Mycobacterium tubenglosisstrain H37Rv. All se-
guences were retrieved fronthe EnsemblBacteria databaskttps://bacteria.ensembl.org/[146]).
The rationale behind thiwas, firstly, to agertain whether these gerseproduce soluble proteins, and
secondly, whether th@rotein products are comparable to the already characterised enzymes om
aureusand S. pneumoniaeThirdly, and most importantly, the comparison of homalag enzymes
from very different bacteria,sch asVl. tuberculosisand quite similar ones, such &spyogenesnay
help to better understand thepecificities and thenechanism of catalysis.

Coding sequences were codoptimised forE. coliexpression andynthesised by aommer-
cial supplier (Bio&t GmbH, Heidelberg, Germarsee sectior.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 espkeell inE. coli but vaiants with N
terminal truncations in MurT exhibited nah better solubility tharthe full-length constructs. Th§.
pyogenegrotein (SpGatD/MurT) could only be purified as a truncated protein. When théefigth
construct was ged, the protein nearly cantitatively localised to the insoluble fraction aftegll lysis.
However, botHull-length and truncated versions M. tuberculosisGGatD/MurT MtbGatD/MurT) and
the truncated SpgGatD/MurT showed similar behaviour in analyticBlCSas thes. aureusomplex
(S&GatD/MurT Figure2-2).

Figure2-2: Analytical SEC trace$purified GatD/MurThomologuesEnzymes frons. aureuga), M. tuberculosigb), M. tuberculosiswith N-
terminal fruncation in MurT(c), andS. pyogenewith N-terminaltruncation in MurT(d). The SEC profiles of the new constructs are compat-
ible with that of theS. aureugomplex. All have apparent molecular weights of about 10 kDa lesdtlibarepective expectedalues (78.8
kDa forS. aureus68.4 kDa foM. tubercubsisfull-length, 64.9 kDa fo. tuberculosisvith N-terminal truncation, and 75.8 kDa f&. py-
ogeneswith N-terminal truncation).
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Circular dichroism (CD) spectra of 4elhgth MtbGatD/MurT and tancated SpyGatD/MurT
compared with the published specim for SaGatD/MurT[79] show similar magnitudes of mean resi-
due weightcorrected signals, suggesting a similar paetnesf fold. Howeverthe spectra suggest
a distinct secondary structure cgusition, with a higher percentage of-helices Figure2-3). It re-
mains to be investigated whieér these differences originate in misfolding due to the process of re-
combinant protein production or whether they are rooted in the}g& Jv[e (pv 3]}vX W}S v§]
ences in homologous enzymes from different organisms would provide crucial informiaticerds
understanding the mechanism of GatD/MurT action.

Figure2-3: CD spectraf purified GatD/MurThomologuesComplexes formS. aureugblack),M. tuberculosigorange), ands. pyogenewith
N-terminal truncation (greyyvere compared The magnitude of mean residue ellipticity (MRE) for the new constructs is comparable to that
of the originalS. aureusne. However, thepectra show distinct differences, suggesting differences in secgralarcture composition.
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2.3.1.1 MtbGatD/MurT andSpyGatD/MurT exhibit glutaminase activilty vitro.

Paul Bachmann also studi@lluitaminase activity basedn a protocol published by Francisco
Leisico et al141]. The experiments werperformed with the help oDr. Vincent Truffault at the Max
Planck Institute for Developmental Biology in Tubingew clearly show glutaminase activitjor
MtbGatD/MurTas well asSpyGatD/MufT Figure2-4). Although the data are preliminary and more
stringent experiments are required to fully describe the catalytic a@syithe results strongly suggest
that these two GatD/MurT homologues harbour the same catalyiivity as theS. aureugnzyme.

The ame decrease of glutaminegCH3 signals and contemporaneous increase of glutanz@tied3 sig-
nals was observed in in the reaction catalysed/blyGatD/MurT as in that catalysed BgGatD/MurT.
However, the speed of the agetion is much slower. In order to fully characterise the enzjm v §] U

more thorough experiments are required.

Figure2-4: Glutaminase activity dba&GatD/MurT anditbGaD/MurT monitored by NMR(A) SequentialH NMR spectra of the region con-
taining the signal dr glutamine and glutamatevChH (2.42 and 2.31 ppm, respectively). Glutamine deamination was catalysed by
SaGatD/MurT (B) Normalised peak integrals of glutamine and glutamat@h signalsover time.The decrease of glutamine signairmdes
with the increase of the glutamateggial.(C) As in(A), for the reaction catalysed ByitbGatrD/MurT.(D) As in (B), foMtbGatD/MurT After
1800 min the signal lock was lost, and no more meaningfta dould be recorded.
dlv (E}uW W po Zu vvW ~d}A E - & pv afjon of the ENZy@e CamppEx GatDIMaT among Quasitive

§ ( {Master thesisTubingen March 2019.
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The experiment performed witBpyGatD/MurT cannot be correctly quantified, as a drift in the
signal lock decreased the spectra quality signifigartflowever, the increase of the glutamatCH3
signal over time can clearly be discerned, confirming thalgttal activity. This marks a major break-
through in the GatD/MurT field, as it appears more and more likely that indeed many-@rsitive
bactelia employ this enzyme, thus boosting its potential as an antimicrobial target.

As forMtbGatD/MurT, a thorouly quantification of enzyme kinetics is required.

Figure2-5: Glutaminase activity of SpyGatD/Mumonitored by NMRSequential*H NMR spectra of the region containing the signal for
glutamine and glutamat vCH (2.42 and 2.31 ppm, respectivelyie 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 ghitpairat 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, tiatly-
competent complex of GatD/MurT with all three substrates: glutamine, ATP,ipiadILor analogues
thereof. To date, soaking trials using the weHharacterised crystal form @aGatD/MurT[79] and a
minimal substrate consisting of a commercially available S. aureus penidggsem (BAlaD-Glu v
L-LysD-Ala-D-Ala) failed to yield any meaningful ligand electron density. As discusp&] and[139],
it is likely that the established crystal form reflects a wwatalysiscompetent conforméon of the
enzyme. It is likely that a major conformational change is required for catalysis. Trangstadlisation
with a presaturated enzyme complex is required. Crystallisation screens performed with the commer-
cial pentapeptile as well as with pufi] W EI[* vy o BSdure$iiled to identify any novel
crystal forms. It is likely that theigar moiety of Lipid Il is required for GatD/MurT activity and that the

h W (pv 81}v Jv W EI[e vp o }S]  ZtDr. Anda®iller v@riversify ofBonn, per-

sonal communication)Jntil recently, no soluble Lipid | or Lipid Il analogues vearailable in purity
sufficient for crystallographic studies and quantities suitable for a screening approach. With the devel-
opment of a modular synthet pathway for a version of Lipid | with shortened prenyl taiLbikas
Wingenform the lab ofProf. Dr.Dirk MenchgUniversity of Bonn), such molecules have now become
available. Initial feasibility studies are underway at thad®of Simon Volpeanew PhD student who

is continuing this projectCurrently only a Lipid | version of the molexid available, but experiments

to add the GIcNAc moiety for a Lipid Il version are ongoing.
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With these molecules available, the seafaha new crystal formeflecting the active catalytic
complex can be resumed. Obtaining the full picture of the catatpechanism will enable to launch a
structure-guided design studies to identify potential inhibitor moleculEature studies will alson-
clude variants of GB/MurT that lack the Nerminal section of MurT139]in order to understand the
role this yet unstdied portion of the protein.

An effective and, more crucially, selective inhibitor for GatD/MurT would be a very powerful
drug candidatefor the narrow spectrm treatment of infections by Graspositive bacteria, including
MRSA andilycobacterium tuberculosi®oth of which represent severe challenges to public health. In
contrast toQOVID19 which likely constitutes a pandemic wave that ntast up toseveralyeas, we
cannot expect the threats by pathogenic bacteria to subsidelaf e more antibiotics become inef-
fective, the greater the risks will become. Only by exploring all opportunities and all potential new drug
targets will we beable to devise an efféiwe strategy to combat this incumbent threat.
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3.1 Instruments, chemicals, and kits

Table3-1: Instruments used in this study

Instrument

Manufacturer

AKTA BASIC FPL

AKTA Ettan LC FPLC

AKTAprime plus FPLC

Analytical balance Genius

Autoclave Systec Vo6

Centifuge 5415D

Centrifuge Heraeus, Multifuge 1R
Centrifuge SorvBRC6+ equipped with 3
and SL&000 rotors

Crystal Gryphon L@iguid handlingrobot
Digital microscope

Digital sonifier 450

Emulsiflex C3 high pressure homogenizer
Freedom EV®Iliquid handling robot
HisTrap FF Crude affinity column (5 mL)
Ice machine ABO

] C o &jU dZ EBu o
Intelli-Mixer

J720 Spectrometer
MAR345 dtb image plate detector
MicroMax007HF Xay generator
MilliQ Biocel A10

NanoDrop NELOOspectral photometer
Peristaltic Pump

pH electrode PR 1

Pilatus3 R 300K HPC detector
Pipets Pipetman L

PowerPac HC (Electrophoresis)
QuantStudio 5 Redlime PCR System
Scanner LIDE 600F

Au ES "% i WopeU %o
Thermonixer comfort

S}ES A& ' v] Tj

Xeuss 2.0-Xay diffractometer
Zetasizer Nano ZS

C o &

5 E } %

GE Healthcare (Uppsabweden)

GE Healthcare (Uppsala, Sweden)

GE Healthcare (Uppsala, Sweden)

Sartorius (Goéttingen, Germany)

Systec (WettenbergGermany

Eppendorf Hamburg, Germany)

Thermo Fisher Scientific (Waltham, MA, USA

Thermo Fisher Scientific (Waltham, MA, USA

Art Robbins Instruments (Sunnyvale, CA, USA
Leica (WetzlarGermany

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

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

Scotsman (Milano, Italy)

BioRadlflercules, CA, USA

NeoLab. (didelberg, Germany)

Jasco (Easton, MD, USA)

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

Millipore (Schwabach, Germany)

Themo Fisher Scientific (Waltham, MA, USA)
EconoPump BioRa#i¢rcules, CA, UBA
Sartorius (Goéttingen, Germany)
Dectris(BadenDaettwil, Switzerland)

Gilson (Middleton, WIJSA)

BioRad{ercules, CA, USA

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

BioRadlferailes, CA, USA

Eppendorf (Hamburg, Germany)

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

Malvern Instruments (Malvern, UK)
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Table3-2: Chromatography columns and media used in this study

Column

Source

HiLoad 16/60 packed with Superdex 200 colur

material

HiLoad 26/60 packed with Superdex 200 colur

material

Ni-NTA agarose

PD10 desalting column

HiPrep 26/10 desalting column

His SpinTrap centrifugal IMAC columns
Superdex 200 Incese 3.2/300

GEHealthcare (Uppsala, Sweden)

GE Hdalthcare (Uppsala, Swen)

Qiagen (Hilden, Germany)

GE Healthcare (Uppsala, Sweden)
GEHealthcare (Uppsala, Sweden)
GE Healthcare (Uppsala, Swail
GE Healthcare (Uppsala, Sweden)

Table3-3: Enzymes used in this study

Enzyme Source

Benzonase® Nuclease SigmaAldrich (St. Louis, MO, USA)
BsatHF v2 New England Biola(Ipswich, MA, USA)
Dpnl New England Biolabs (Ipswich, MA, USA)

ExactRun proofreading polymerase
Lysozyme from chicken egg white
NcotHF

Q5@HighFidelity DNA polyerase
rSAP

T4 DNA ligase (@/uL)

XhotHF

Genaxxorbioscience (Ulm, Germany)
SigmaAldrich (St. Louis, MO, USA)

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

Table3-4: Reagents used in this study

Reagent

Source

CutSmart® buffer (10X)

dNTP mixt Sodium salt (1nM)

ExactRun buffer (5X)

PageRuler Petained Protein Ladder
PageRuler Unstained Protein Ladder
K['v Zpo E E > E D&
Orange DNA kding dye (6X)

T4 DNA ligase buffer (10X)

New England Biolabs (Ipswich, MA, USA)
Genaxxon bioscience (Ulm, Germany)
Genaxxon bioscience (Ul@ermany)

Thermo Fishegcientific (Waltham, MA, USA)
Thermo Fisher Scientific (Waltham, MA, USA)
Thermo Fisher Scientific (Waltham, MA, USA)
Thermo ksher Scientific (Waltham, MA, USA)
Thermo Fisher Scientific (Waltham, MA, USA)
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Table3-5: Reagents and media used for insect cell culture
Reagent
S£900 Il SFNhsectcell medium
Express Fiv¥ SFMinsect cell medium
Grace's Insect Medium
Penicillin-Streptomycin
Cellfectin® Il
Fetal Bovine Serum

Source

(Gibco, Thermo Fisher Scientiff¢altham, MA, USA
(Gibco, Thermo Fisher Scientifi¢altham, MA, USA
(Gibco, Thermo Fisher Scientiff¢altham, MA, USA
(Gibco, Thermo Fisher Scientifldaltham, MA, USA
(Gibco, Thermo Fisher Scientiff¢altham, MA, USA
(Gibco, Thermo Fisher Scientifi¢altham, MA, USA

Table3-6: Chenicals used in this study
Chemical
Adenylylimidodiphosphate (AMPPNP)

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

SZ vio H 66X &vapié X p&E. Roth (Karlsruhe, Geramy)
Ethylenediamine tetraacetic acid (EDTA)
disodium salt dihydrate
L-Glutathione oxidized disodium salt
L-Glutathione reduced SigmaAldrich (St. Louis, MQISA)
GlyceE}oU ZKd/WhZ)E ~H 60 Roth (Karlsruhe, Germany)
Hydrogen peroxide 30 %, ROTIPURAN® Roth (Karlsruhe, Germany)
LB Broth (Lennox) Roth (Karlsruhe, Germany)

Bromphenol blue, Naalt

Roth (Karlsruhe, Germany)
SigmaAldrich (St. Louis, MO, USA)

t-Mercaptoethanol

PhenylmethySulfonylfluoride (PMSF)

Potassium phosphate monobasic
Potassium phosphate dinobasic
Sodium acetate

Triton X-100

SigmaAldrich (St.
SigmaAldrich (St.
SigmaAldrich (St.
SigmaAldrich (St.
SigmaAldrich (St.
SigmaAldrich (St.

Louis, MO, USA)
Louis, MQISA)
Louis, MO, USA)
Louis, MO, USA)
Louis, MO, USA)
Louis, MQISA)

Urea
AcrylamideBisacrylamide solution Roti-
phorese® Gel 30
v }e]v -tiighosphate (ATP) magnesiul

salt
AgarAgar, bacteriological
Agarose NEEO ultqualty
AlaD- 3GluLysD-AlaD- o
Ammonium chloride
Ammonium persulfate (APS)
Ammonium sulfag
Ampicillin sodium salt
Antifoam 204

Ku%.0 § jUfreedProtease Inhibitor
Cocktall
D-(+)>Glucose monohydrate

D,O (99.8 %H atom)

Roth (Karlarthe, Germany)
Roth (Karlsruhe, Germany)

SigmaAldrich (St. Louis, MO, USA)

Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
~H 66 9 ~ SigmaAldrich (St. Louis, MO, USA)
SigmaAldrich (St. Louis, MO, USA)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Geramy)
Roth (Karlsruhe, Germany)
SigmaAldrich (St. Louis, MO, USA)

RocheDiagnostics GmbH (Mannheim, Germany)

SigmaAldrich (St. Louis, MO, B$
CortecNet (Voisinke-Bretonneux, France)
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Chemical Source

DL:Dithiothreitol (DTT) SigmaAldrich (St. Louis, MO, USA)
Glycerol, > 99 % SigmaAldrich (St. Louis, MO, USA)
, WA H 386X 9 %X X Roth (Karlsruhe, Germany)

/u] 1}o H 86 9 SigmaAldrich (St. Louis, MO, USA)
InstantBlue stain Expedeon (Cambridgeshire, UK)
Isopropanol puriss. SigmaAldrich (St. Louis, MO, USA)
Isopropyl ED-thiogalactopyranoside (IPTG) Peglab Erlangen, Germany)
Kanamycin sulfate SigmaAldrich (St. Louis, MO, USA)
LB Broth (Miller) SigmaAldrich (St. Louis, MO, USA)
D Pv eJpuu Zo}@®&] Z A& zZC  SigmaAldrich (St. Louis, MO, USA)
Magnesium sulfate heptahydrate Roth (Karlsruhe, Germgh
N-Z-Amine® A SigmaAldrich (St. Louis, MO, USA)
Potassium phosphate monobasic SigmaAldrich (St. Louis, MO, USA)
Rotiphorese. 10x Running Buffer Roth (Karlsruhe, Germany)
ANNH B0 9 Roth(Karlsruhe, Germany)

A} Juu Zo}E] H 66Xd6 9 Roth (KarlsruheGermany)

Sodium hypochlorite, 13 % (w/v) AppliChem (Darmstadt, Germany)
Sodium phosphate dibasic SigmaAldrich (St. Louis, MO, USA)
Sodium sulfate decahydrate Roth (Karlsruheizermany)

TEMED, puriss. Serva (Heidelberg, Germany)
I;ili(rizg:rboxethy')ph’Sphi”e (TCEP) hydro- o maaldrich (St. Louis, MO, USA)
dE&E]lu «UH 65 9 SigmaAldrich (St. Louis, MO, USA)
Tryptone/Peptone ex casein Roth (KarlsruheiGermany)

Yeast extract Roth (Karlsruhe, Germany)
DLactose monohydrate SigmaAldrich (St. Louis, MO, USA)

Table3-7: Commercial kits used in this study

Kit Source

Wizard@PlusSV Minipreps DNA Purification Syster Promega (Madison, WI, USA)
Thermo Fisher Scientific (Waltham, MA,

WE}S JvdzZz CEGu o "Z]J(8i ¢ <]8

USA)
Wizard® SV Gel and PCR Clgarsystem Promega (Madison, WI, USA)
Protr | <]8 i=1 Hampton Research (Aliso \GeCA, USA)
Table3-8: Solubility screens
Screen Source
Solubility & Stability Screen 1 Hampton Research (Aliso Viejo, CA, USA)
Sdubility & Stability Screen 2 Hampton Research (Aliso Viejo, CA, USA)
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Table3-9: Commercial crystallisation screens used in this study

Screen Manufacturer

Wizard 1- 4 Jena Biosystems (Jena, Germany)

JGG+ Molecular Dimensions Limited (Maumee, OH, Ut
Morpheus Molecular Dimensions Limited (Maumee, OH, U!
Peglon Hampton Research (Aliso Viejo, CA, USA)

Crystal Screen 1 & 2
Additive Screen HT

Hampton Research (Aliso Viejo, CA, USA)
Hampton ResearctA(iso Viejo, CA, USA)
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3.2 Standard protocols

Table3-10: 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
0.3M Tris pH 6.8
1.5% SDS
12mM EDTA
0.03%(wW/v) Bromophenol blue
+ 6% (VIV) t-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 (UIm, Germany) or Microsynth AG
(Balgach, Switzerland). Primémgended for sequencing are listedTiable3-11(GatD/MurT) and able
3-12 (AHKS5), primers for cloning Trable3-13 (GatD/MurT) andable3-14 (AHK5). Rmer ID numbers
refer to the prime database on the AK Stehle server. Melting temperatures were calculated with Equa-
tion (1-1) [147].

Xy W
VF:..

6y anséﬂvEré/s@')%'F—o IEOI=B7( (3-1)

Table3-11: Primers used for sequencindg GatD/MurT constructsPrimers without database numbevere stored at Seglab (Goéttingen,
Germany) for sequencing.

ID name Sequence >vPsz | 9 ' | d target for sequencing
50 murT_fwd 4 5-atgcccatgaatttgaacaaagtady 26 38 71 SaMurT nt 560 f
GatD_FW b'-gtcgaacagaaagtaated) 19 42 49 S&atDf

mytb MT_FW1 5'-gaatctgagccgtgatcagf 19 53 53 MtbMurT nt 270 f
mytb_MT_RV1 b5'-ataacatccggcagce® 17 53 53 MtbGatDnt30r
N/A  pET up 5'-tgcgtccggcegtagd’ 15 67 57 pET vector start
spy_MT_FW1 5'-tcagatggatcgctatgg' 18 50 51 SpWMurT 490 f
spy_MT_RV1 5'-tacagatgcgcaatggid’ 18 50 53 SpyGatDnt60r
T7 term 5'-gctagttattgctcagcg@' 19 53 54  pET vector end
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Table3-12 List of primers used for s@encing of AHK5 construct®rimers without database numbevere stored at Seqglab (Goéttingen,
Germany) for sequencing.

ID name Sequence >vP8zZ 19 ' | du targetsequence

16 AHK5 160 f fi-Etacgaagagtttgatacagttgt[ 24 42 70 E. colbp 470

17 AHK5_350 f 5'-gtgaagataatgcggtacgcaa@y 24 46 72 E. colbp 1050

27 AHK5sf9 500f 5'-attggaagcagaaagctcte® 22 45 69 sf9 bp 500

28 AHK5sf9 _1101f 5'-ggccaaactgagagaggacaslg 23 52 74 sf9 bp 1101

29 AHK5sf9 1515f 5'-attacaagtaatttccgagccgi®® 24 42 70 sf9 bp 1515

30 AHK5sf _2000f 5'-tgccgcacaaggtgatgctadt 22 55 73 sf9 bp 2000
PET up 5'-tgcgtccggcegtagd’ 15 67 64 PET vector start
T7term 5'-gctagttattgctcagcg@' 19 53 68 pET vector end

Table3-13: Primers used for cloning of GatD/MurT constructs.

ID name Sequence vi 1l 9' | du purpose

85 42 cterm_* FW 5'-gcctgagtgeccgttageatcatcatcaccattagetcgag-3' 41 54 85 QC tag*
86 42_Cterm_* RV  5'-ctcgagctaatggtgatgatgatgctaacgggcactcagge-3' 41 54 85 QCtag*
89 42 N-trunc_ FW  5'-gattggtggtctggtggecatggecctggategtagtattctge-3' 44 57 87 QC Ncol
90 42 _N-trunc_RV  5'-cccagctggcgcagaatactacgatccagggecatggecace-3' 42 64 89 QC Ncol
91 44 Bsal FW1 5'-ctttaagaaggaggtctcccatgaaaatgaaaaccetgetggge-3' 44 48 83  QCBsal

92 44 Bsal RV1 5'-gcccagcagggttticattticatgggagacctecttcttaaag-3' 44 48 83 QC Bsal
93 44 Cterm_* FW 5-ctttaacaaagtgtagcaccatcaccatcactagctcgagtetgg-3° 45 47 83 QC tag*
94 44 Cterm_* RV  5'-gtgatggtgatggtgctacactitgttaaagctcgctitge-3' 41 46 82 QCtag*

95 44 N-trunc FW  5'-ctatccgggecgectggecatggegtgcgataaag-3' 35 66 86 QC Ncol
96 44 N-trunc_ RV  5'-gaatatctttatcgcacgccatggecaggeggeccgg-3' 37 62 86 QC Ncol

Table3-14: List of primers used for cloning AHK5 constructs.

ID name Sequence vl 9 ' | du purpose
4  AHK5 coli AF 5'-ccggtctcacatggtatgtgagatggaaady 32 50 81 M1 fwd

5 AHK5 coli BF 5'-ccggtctcacatgggtagcagecagttaacc-3' 31 58 84 G72fwd
6 AHK5 coli CF 5'-ccggtctcacatgcaatccgetecggtac-3' 29 62 84 Q203 fwd
8 AHK5 coli 3F1  5-ccggtctcacatgtcggaattgaacaaaaccatc-3' 34 47 81 S352fwd
9 AHK5 coli 3F2  5-ccggtctcacatgaccgaagaaaccatgceg-3' 30 57 82 T361 fwd
10 AHKS5 coli 3R1  5-ccgeggcecgcttattcacgtaacttggee-3' 29 62 84 E342rev
11 AHK5 coli 3R2  5'-ccgcggcecgcttaggtttctticggtaatg-3' 29 59 82 T364rev
12 AHKS5 coli 2R 5'-ccgeggcecgcttaactacggeccactttg-3' 29 66 85 S617rev
45 AHK5pETM_C3Af 5-cagggcgccatggtagctgagatggaaac-3' 29 59 79 QCC3A
46 AHK5pETM_C3Ar 5-gtitccatctcagctaccatggegecctg-3' 29 59 79 QCC3A
69 AHKS5 V332*fwd 5'-gtcactgatcagtgagtgaaacgcgagaaaatggec-3' 36 50 80 QCV332*
70 AHK5 V332*rev  5'-cgcgtttcactcactgatcagtgacttccatccee-3' 35 54 82 QCV332*
71 AHKS5 E353*fwd  5-gccatggaatcgtaatigaacaaaaccatccacattacc-3' 39 41 78 23?53*

72 AHKS5 E353*rev  5'-gatggtittgttcaattacgattccatggctttgcgtacc-3' 40 43 80 23?53*
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ID name Sequence vs 19 ' | du purpose
77 AHK5 H376*fwd  5-ggcgactatgtcttaggaaatccgttccectetgageg-3' 38 55 84 8(?76*
78 AHK5 H376*rev  5'-ggggaacggatttcttaagacatagtcgccagceatttgette-3' 42 48 83 3576*
79 AHK5 193 fwd 5'-ccggtctcccatgetgtcagaatcgctcaaaacg-3' 34 56 85 L193 fwd
81 é‘g' 6K_5rev_loopleft 5'-cgcactggccgatgegagtttgataccgacgttgec-3' 36 61 88 5432 -0

ARIS 4716
82 536 fwd_looprigh 5-gcatcggccagtgcgagegtetggatetgetgtgac-3' 36 64 89 535

t

3.2.1.1 PCR protocols

Polymerase chain reaction (PCR) wasdiuto amplify selected stretches of DNA in vitro both
in order to generate fragments to be used@strictiortligation protocols for the generation of protein

expression constructs or to perform sitirected mutagenesis on existing constructs.

For inset amplification, components were mixed accordingTable3-15. PCR was performed in an
iCycler thermocycler (BioRaHercules, CA, UBAsing gradually increasing annealing temperatures
(Table3-16). The potocol was originally developed by Pré@fr. Remco Sprangers (University of Re-
gensburg).

Table3-15: Composition of PCR mix for insert amplification

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

Table3-16: Thermocycler protocol for insert amplification PCR

Block (repeats) Step Temperatue ~ +  Time (S)
0 (2) 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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Melting 98 10
5 (15) Annealing 60 30
Extension 72 80
6 (1) Final extension 72 600
Storage 8 L

In contrast, sitedirected mutagenesis was performed using a lower template DNA concentra-
tion (Table3-17). The thermocycler progna (Table3-18) 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 seldstedjarose gel electrophoresis
(secton3.2.1.3.

Table3-17: PCR mix for sitdirected mutagenesis

template 50 ng
primer fwd (10 pM) 0.9 pL
primer rev (10 uM) 0.9 uL
dNTP miX10 mM) 1puL
Q5 DNA polymerase 0.5 uL
5x Q5 reaction buffer 10 pL
ddHO ad 50 pL
Table3-18: Thermocycler protocol for sitdirected muagenesis PCR
Block (repeats) Step Temperatue ~ «  Time (s)
0 (D) Initial melting 98 300
Melting 98 30
1 (20) Annealing 55 or 65 30
Extension 72 240
6 (1) Final extension 72 600
Storage 8 L

3.2.1.2 Generation of expression plasmids by restriction and ligation

Following insert amplification by PCR the reaction productexéicted using the Wizard SV
Gel and PCR Cledlp System (Promeg#adison, WI, USAThe resulting DNA was quantified photo-
metrically (section3.2.1.4 and used for restriction digestion. Parallel reactions were set up for the
insert and the target vector (purification see sect®f.2.9 with compatible restriction enzymes. The

reactions were set up accordingi@ble3-19 v ]Jv p § (}& 61 u]v 8§16 X
Table3-19: Composition of restriction reactions
insert vector
DNA 4 g 10 pg
10x CutSmart Buffer 5puL 10 pL
restriction endonucleases 1 pL each 2 pL each
ddH:O ad 50uL ad 100 pL
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After digestion, restriction endonucleases were hdat 3]A § § on (}E 71 u]JvX /v
to prevent target vector religation, 2 yuL tdcombinantshrimp alkaline phosphatase (rSAP, New Eng-
land BiolabsIpswich, MA, USAvere added tahe vectorand & Jv Jv p § § 16 (}E& 01 u]
Both the insert and the vector backbone were purified using the Wizard SV Gel and PCHpClean
System (PromegaMadison, WI, USA

Finally, ligation reactions were set up using 75 ng of vector and ganyalar excessesf in-
sert, as listed iTable3-20X >]P §]}v A « o00}A &} } -18@ (O&N)d The féxEd4yi, the
reaction was used to transform E. coli cloning cells (Db « $3]12.2.).

Table3-20: Ligation mix

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

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

3.2.1.3 Agarose gel electrophoresis

Agarose gel electrophesis 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 %{wi/v) or 1 % (w/v) agarose were dissolved by heating in 1x TAE biiffble(
3-10) for preparative and analytical purposes, respectively. Two uL of GelRed (Gebasaance,
Ulm, Germanywere added to one 50 mL agse gel. Gels wercast into MiniSub Cells GT (BioRad
Hercules, CA, USAnd approprte combs were inserted to generate sample pockets. After polymer-
isation, the gels weartransferred into the cognateunning chamber filled with 1x TAE buffer, and the
samples, premixed 1:6 in 6x loading dye (The/sherScientific, Waltham, MA, Usere applied.
A DNA ladder of appropriate size (O'GeneRuler 100+500 bp or GeneRuler 1kb plus, Hisleensci-
entific, Waltham, MA, USAvas included in a separate pocket. Electrophoresis was performed for 30
- 90 min at 100 V. DNA detection was carried with a GelDoc system (BioRadkercules, CA, UBA
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 dlga8ystem (PromegMadism, WI, USA

3.2.1.4 Determination of DNA concentration

DNA concentrations were determined photometrically gsen NanoDrop ND1000 (Thermo
FisherScientific, Waltham, MA, UgATypically, sample volumes of 2 uL were applied to the sample
pedestal and full absorpin spectra were recorded between 220 and 350 nm. Peak absorption inten-
sity at 260 nm was converted intoass concentrations using the specific ection coefficient for DNA
} (286=0.02 pL ngcm. Protein and RNA contaminations were estimated using the absorption ratios
of Aeso/Azzoand Aed/Azao, respectively148].
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3.2.2 Culturing ofE. colicells
Table3-21: Composition of media uskfor E. coliculture.
Medium Components
Lysogeny Broth (LB) 10g/L tryptone
5g/L NaCl
5g/L yeast extract
autoclaved
LB agar 10g/L tryptone
5g/L NaCl
5g/L yeast extract
20g/L agarose
autoclaved
Terrific Broth (TB) YTG base (900 mL) 129 tryptone
24¢ yeast extract
4 mL glycerol
autoclaved
10x phosphate buffer (100 mL) 0.17M KHPQ
0.72M K:HPQ
autoclaved
Simplified Studier Auto- ZY base (938 mL) 5¢g yeastextract
induction medium 10g N-Z amino acids
autoclaved
25x M (40 mL) 625mM NaHPQ
625mM KHPQ
125mM NHCI
pH 6.75 @ RT, autoclaved
1 M MgSQ@ (2 mL)
50x 5052 (20 mL) 2509/L glycerol
25¢g/L glucose
100g/L r-lactose
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3.2.2.1 Transformation oE. colcells

Purified plasmids, QC reactions, and ligations were transformed into chemically competent
E.colicells. DH5r 00+ ~/vATRe@EnpFFrisher Scientific, Waltham, MA, Y&are used for plas-
mid amplification and cloning ville protein expression was carried out in BL21 (EFB)cells (Strata-
gene LaJolla, CA, USKX fii ...> o]«u}se A E SE v+(}Eu }& JvP 8} §Z (}oo
x thaw cells on ice

shake at 37°C for 1 hr
spread on LB\gar plates with appropriate antibiotics for clone picking or

X add 1007ii vP }( %0 °u] E ifiéd QuikChaf@eiPER or ligatioix
X incubate 15 min on ice

x heatshock at 42 °C for 680 sec

X cool on ice

X 6ii ...> > Al} vs&] ]1}8] -

X

X

X

add to 25 mL LB culterwith appropriate antibioticsar plasmid amplification and protein ex-
pression

3.2.2.2 Plasmid amplification and isolation

For plasmid amplification, newly transformed cultures or clones picked fro#glaB plates
weregrown O/N at 37° C while shaking at 180 1ipr25 mL LB with appropriate antibiotics. Cells were
then harvested by centrifugatioat 3 345 x g im Heraeus Multifuge 1R table top centrifuge (Thermo
FisherScientific, Waltham, MA, USAnd DNA extractiowas performed using the Wizard8usSV
Minipreps DNA Purification System (Promggladison, WI, USA

3.2.2.3 Generation of glycerol stocks

Glycerol stocks for mediwterm storage of freshly transformed cloning cells (BH5} GE
DH10Bat") were generated by addinglycerol toa final concentration of 15 %v/v) to 1 mL O/N
culture destined for plasmid isolation. Thus cqytected cells were flasfrozen in liquid nitrogen
and storedat 61 X
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3.2.3 Protein analytics

3.2.3.1 Determination of protein concentration

Protein cancentrations were determined photometricallysing a NanoDrop ND1000 (Thermo
FisherScientific, Waltham, MA, UsAepending on sample availability and surface tension, sample
volumes ranging from 1.5 to 2 pL were applied to the sample pedestal andgoliion spectra were
recorded between 220ra 350 nm. Spectra were inspected for possible contaminations by nucleic
acids, as visible by an absorption peak at 260 nm, in addition to the prgpeicific ones at 215 and
280 nm. Pure protein signals werems@rted into molar or specific concentratismising 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 (BBSE)

Protein purity and size were assessed by-BBGE. Gels were prepared accordind édble
3-22. Briefly, mixes for stacking and resolving gels were prepared depavath the omission of APS
and TEMED which were added immediately prior to casting in order to initiate polymerisation. The
resohing gel was cast into a multicast chamber (MMROTEAN 3, BioR&tercules, CA, Upgontain-
ing 1013 gel sandwiches (BiaB Hercules, CA, USAndoverlad with isopropanol. After allowing the
gel to polymerise for 230 min, isopropanol was removed and the stacking gel was cast. Sample pock-
ets were generated by inserting appropriate combs into the freshly cast stackingftgelpolymeri-
« 3]}vU P o A E -3}CE § 0 AE %% v Uu}]*S % % @E 3}A 0 3} %o

Table3-22: Gel composition for casting of up to 13 15 % Acrylamide gels

Resolvinggel (15 %) Stackinggel @ %)
30 % Acrylamide : Bisacrylamide 37:1 30.2 mL 2.6 mL
1.5 M Tris pH 8.8 15.1 mL -
1.5 M Tris pH 6.8 - 4.8 mL
ddH.O 13.8 mL 11.5mL
10 % (w/v) SDS 600 pL 190pL
10 % (w/v) APS 600 L 190pL
TEMED 60 uL 19puL

~

Samples were prepared byixinP ifi ...> }( % E}3 ]Jv *}ousd]lv AlSZ A ..> }( &.
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 pdrfoitw Roti-

% Z}E e« iPAGE buffer (RotlKarlsruhe, Germamat 250 V 47 min using a Powerpac HC power
source (BioRadHercules, CA, URA he gel was then boiled in deionised water to remove SDS. Protein

P o 5 ]Jv ~/ve3SExpgdeqn HeidelbergGermany)) 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 welhag 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 Healthddppsala, Swedériitted to an ETTAN
FPLC system (Gtealhcare Uppsala, Swed@mwas equilibrated with the appropriate protein buffer.
Protein sample volumes of 30 pL containing at least 50 pg of protein were clarified of potential aggre-
PS8+« C VvSE]J(nP 8]}v (}E& A u]v 8 i0 iii tabldopcendrifugelanddadeth %o v} E (
}Jv8} 8Z &W> +Ce3 uX * A+ % E(}EU § 0 % (0}A E 3§ }( 81 R
Superose 6 and Superdex 200 Increase resins, respectively. UV absorption at 280 nm, 260 nm, and 215
nm as well as sampkdedrical conductivitywere maitored.

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 Instrumé@abgern, UK Samples were
filtered (Costar SpiX Centifuge 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 (Malverindmeents, Malvern, UK

3.2.3.5 Cicular dichroism (CD) spectroscopy

CD spectroscopy experiments were performed on a JASQO (Jasco, Easton, MD, USA)
spectrometer under nitrogen flow. Protein samples were diluted tenfold with deionised water in order
to avoiddetector saturation due tdigh 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 nss spectrometry

In order toascertain protein or fragment identities after purification or limited proteolysis
(section3.2.3.9, MALDITOF mass spectrometry was eay#d. Protein samples were separated by
SDSPAGE and the relevant bands excised fromgihleand sent to Sophie Stotz (Kalbacher laboratory,
University ofTtbingen for MALDITOF analysis.

3.2.3.7 Protease exclusion assay

In order to investigate protein domain badaries as well as compactness of fpldtease
exclusion assay(imited proteolysi were performed. To this endhe target protein was incubated
at RT for one hour or at 4 °C O/N with a selection of proteases obtained from theARegtKit 1+2
(Hampgon Research, Aliso Viejo, CA, USA). Protease and target protein amounts were ch@sen as r
}uu v Jv 82 1]8[« Z v }}IX
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3.2.3.8 Melting temperature measurement Wyifferential Scanning Fluorimet(p Sk

DSFwas performed on a QuantStudio 5 réehe PCR cyclgiApplied Biosystems, Thermo
FisherScientific, Waltham, MA, URA he protein of interésvas supplied at 0.41 mg/mL and Protein
Thermal Shift Dye (Applied Biosystems, ThernfiesherScientific, Waltham, MA, Upas added as
a DSHluorophore. The samies were equilibrated at 4 °C and gradually heated to 95 °C over 30 min
while monitoringdye fluorescence. When applicable, protein melting temperatures were derived from
§Z u o3]vP HEA ]Jv(o 3]}V %}]vS pe]vP $Z W E} pplied Bidsy@&@ems, ~Z] (5
ThermoFisherScientific, Waltham, MA, USA

In order to screen for abilising buffer conditiond)SRwvas performed in a 96 well format in
1:4 dilutions of the Solubility & Stability Screeh+2 (Hampton Research, Aliso Viejo, CA, USA). Melt-
ing temperatures were compared and the most stable conditions (i.e. highest mudtimgeratures)
selected for furtler experiments.
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3.3.1 List of buffers

Table3-23: Buffers used for AHKS5 purification, sorted by construct

Construct Name Composition
A3 IMACA 100 mM TrispH 8.2 @ RT
50 mM NacCl
100 mM Urea
1 mM DTT
IMAC B as IMAC A
1M Imidazole
SEC | 100 mM TrispH 8.2 @ RT
150 mM NacCl
1 mM DTT
SEC I 25 mM TrispH 8.2 @ RT
150 mM NacCl
1 mM DTT
C2 C2 main 50 mM TrispH 8.2 @ RT
150 mM NacCl
1 mM DTT
Triton buffer as C2 main
1 % (v/iv) TRITON-X00
Solubilisation buffer as C2 main
8 M Urea
IMAC | B as solubilisation buffer
250 mM Imidazole
IMAC Il B as C2 main
500 mM Imidazole
SEC Il as C2 main
500 mM NacCl
A2 A2 main 50 mM TispH 7.9 @ RT
15 M NacCl
1 mM DTT
Triton buffer as A2 main
1 % (viv) TRITON-X00
Solubilisation buffer as A2 main
8 M Urea

IMAC | B

as solubilisation buffer

250 mM

Imidazole
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Table3-24: List d buffers used for Western Blotting

Name Composition
Transfer Buffer 25mM Tris base
1.44% (w/v) Glycerol
20% (vIV) Methanol
10x TBS 200mM TrispH7.5 @ RT
1.5M NacCl
1x TBST 1x TBS
+ 0.5%(Vv/v) Tween 20
1x TBSI-MP5 1x TBS
+ 5% (w/v) milk powder

3.3.2 Computational methods

In order to identify possible domain boundaries within the AHKS input domain, its amino acid
sequence was analysed with different wblsed bioinformatics tools. In addition to traditional BLAST
searchesl{ttps://blast.ncbi.nlm.nih.gov), secondary structure predictigoased methods were em-
ployed. The core work was performed using the MPI Tibingen Bioinformatics Toolkit
(https://toolkit.tuebingen.mpg.de [64]).

Briefly, seqence 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 structurdigiren using MODELLER
[74]. Additionally, pure secondary structure predictions were performed usingkQD[64].

Finally, a BLAS¥ased conservation sech wagperformed using Consuf67]in order to iden-
tify sequences of increased conservation to further guide construct design.

3.3.3 Molecular biology and ohing

Table 3-25: Constructs used for expression of AHK5 fragmenis izolicells.

ID fragment residues/ mutation vector tag comments
11 FL 1.922 DEXKA i codonoptimised source
vector

used for all experiments
on A2 fragment
(sectionsl.2.51.2.6
1.2.7,1.2.8 andL.2.9

20 A3 1-342 pETM11 N-His-TEV ~ expression tests only
used for all experiments
on A3 fragment
(sectionsl.2.31.2.6
1.2.7,1.2.8 and1.2.9

22 B3 72-342 pETM11 N-His-TEV ~ expression tests only

all experiments on C2
fragment

(sectionsl.2.4 1.2.6
1.2.7,and1.2.9

19 A2 1-617 pETM11 N-His-TEV

21 A3 1-364 pETM11 N-His-TEV

23 C2 203617 pETM11 N-His-TEV
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ID fragment residues/ mutation vector tag comments
24 312 352-617 pETM11 N-His-TEV ~ expression tests only
25 32 361617 pETM11 N-His-TEV ~ expression tests only
: used for oxidation studie:
28 A3 1-364 / C3A pETM11 N-His-TEV (section1.2.9
31 B3 72-364 pETM11 N-His-TEV ~ expression tests only
32 A3 1-331 pETM11 N-His-TEV ~ expression testsnly
33 A3« 1-352 pETM11 N-His-TEV ~ expression tests only
34 A3 1-375 pETM11 N-His-TEV ~ expression tests only
planned use ifin vitro
54 REC 774-922 pETM11 N-His-TEV ~ phosphorelay experi-
ments
version of A2 without in-
60 A24 1-617 607-535 pETM11 N-His-TEV ~ sertin HATPase domain
purification successful
N-His-GST A2 with GST tag not
61 A2 1-617 pETM30 TEV used
version of C2 extending
62 C*2 193617 pETM11 N-His-TEV  further N-terminally t
not used
. version of C2 extending
63 C2 193617 pETM30  NHISGST 4 e Neterminally t
TEV
not used
N-His-GST versi_on of C2 without |n
64 C24 203617 607535 pPETM30 TEV sert in HATPase domain
not used
HATPase V1for investi-
65 ADvl 428617 pETM11 N-His-TEV ~ gation of role of Cyste-
ines tinsoluble
HATPase V2 for investi-
66 ADWR2 428622 pETM11 N-His-TEV ~ gation of role of Cyste-
ines tinsoluble
HATPase V3 for investi-
67 ADv3 431-617 pETM11 N-His-TEV  gation of role of Cyste-
ines tinsoluble
HATPase V4 for investi-
68 ADv4 431-622 pETM11 N-His-TEV ~ gation of role of Cyste-

ines tinsoluble

Table3-26: Constructs used for expression of AHK5 fragments in insect cells.

ID fragment residues/mutation vector tag comments
12 FL 1-922 DEXKA _ codonoptimised
source vector
used for expression
29 FL 1-922 pFastBacl GCHis tests
(sectionl.4)
used for expression
30 FL 1-922 pFastBacl GCFactorXeHis  tests

(sectionl.4)
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3.3.4 Expression of AHK5 constructsincolicells

Plasmids containing the genes for varying AHK5 fragmealde3-25) were transformed into
BL21 (DE3) RE colicells (StratagenelLa Jolla, CA, UBa&s desgbed in Sectior8.2.2.1 20 mL LB
*U*% Ve]}Vv HOSUE * }VvS JV]VP 3Z %% E}% E] & + o §]}v vs] ]}8] - A
day, 1.5 L expression cultures {{d@) were inoculated with the OAdulture each and grow § 76
until an ORQ value of 0.4i XA A ¢« E Z X dZ 5 u% & SPUE A « ep e« <p v3oC
and 0.5 mM IPTG were added for induction.

For native purification (fragment A3 protein expression was terminated after 5 h, for dena-
turing purifcations from inclusion bodies (fragments C2, A2), expression was carried out O/N. The cells
were subsequently harvested by centrifugation using a Sorvall RC6+ (ThesheoScientific, Wal-
tham, MA, USAcentrifuge equipped with an S14000 rota (10 000 g, 15 min) and stored afi i
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 Eppertderf cen
fuge.

Inall cases, Ofgywas determined prior to harvesting.

3.3.5 Expression verification and solubility screen

W 00 8« E]A (E}u *u 00 0 A%E *°]}v ~iXA u> @)cu}dee A C
R> i/£ % E&}S ]Jv ¢« u%o K (( CEor L0 minlleive LS obthe resylting suspension were
then analysed by SEFSAGE. 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 pelledmebt
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 bgtg&ugation at 16 100 x g in an Eppendorf table top
centrifuge. The two different sets of buffers used in this screening method are listebla3-27 and
Table3-28, respectively. After lysis and clarificationethupernatant fraction of each sample was an-
alysed by SDBAGE.
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Table3-27: List of buffers used in sparse matrix solubility scr&etected from[69]
Buffer ID  Composition

1-1 100 mM TrispH 7.6 @ RT
10 % (v/v) Glycerol
1-2 100 mM TrispH7.6 @ RT
50 mM LiCl
1-3 100 mM KHPQ pH 4.3
25 M ZnCj
1-4 100 mM HEPES pH 7.0
100 mM KCI
1-5 100 mM TrispH 8.2 @ RT

50 mM NaCl
10 % (v/v) Isopropanol
1-6 100 mM KHPQ pH 6.0
50 mM (NH).SQ
1 % (v/v) Triton X100
1-7 100 mM TrispH 8.2 @ RT
50 mM NacCl
100 mM Urea

1-8 100 mM HEPES pH 7.0
100 mM Na-Glutamate
5 mM DTT
19 100 mM NaAcetate pH 5.5

100 mM KCI
0.1 %(w/v) t-D-Octylglucoside
1-10 100 mM NaAcetate pH 5.5

1M MgSQ
1-11 100 mM HEPES pH 7.0
1M MgSQ
1-12 100 mM Triethanolamine pH 8.5
50 mM LiCl
50 mM EDTA
1-13 30 mM TrispH 7.5 @ RT
300 mM NacCl
1-14 30 mM TrispH 7.5 @ RT

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

Table3-28: Grid screen for lysis buffepH is screened agahsalt concentrations, num-
bers in table represent buffer IDs

Buffer NaCl 150mM 05M 15M
50 mM MES pH 6.5 2-1 2-2 2-3
50mM HEPES pH 7.0 24 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 TrispH 8.5 2-13 2-14 2-15
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3.3.6 Native protein purification (fragment A3

The A3 construct, encompassing the entire input domain, was purified in a thtep process
comprising initial Ni-NT Aaffinity chromatography and two subsequent rounds of size exclusion chro-
matography. The yrification strategy is depicted schematicallyFigure3-1.

Figure3-1: Schematic overview of the AHKS5Agment purification strategyimidazolecontaining steps are coloudein blue, all steps
performed in standard SEC buff@raple3-23) are white. The presence of Vprotease is denoted in green. Grey boxes in the background
highlight the recommended timeline.

3.3.6.1 Lysis by higipressure homogenisation

E. colpellets containing AHK5 A®ere lysed by high pressure homogenisation using an Emul-
siflex C3 (Avestin, CanadBgllets were resuspended in 10 mL of Lysis buffable3-23) per gram of
cell wet weight (~4 g for wt, 2fgr C3A mutant). After addition of 1:10 000 volume unit8ehzonase®
(SigmaAldrich, St. Louis, MO, Us#d 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 theaodedhomogeniser. The
device had previously been equilibratedthwLysis buffer and the air pressure applied to the homoge-
nising valve was constantly adjusted to maintain a hydrostatic pressure on the cells b080Q0bar.

The lysate was subsequently claufiey centrifugation (Sorvall RC6+, 4 °C, 60 miQ0B%kQ).

3.3.6.2 Immobilised Metal lon Affinity Chromatography (IMAC)

AHK5 was enriched from the lysate by IMAC. To this end, a 5-MLAMigarose cartridge
(Hitrap Crude FF, GE Healthcddppsala, Swedémwasequilibrated with IMAC A buffeiTable3-23)
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 (GEara)ppsala, Swe-
den) that had previously been washed with the appropriate buffers. Unspecifically bound proteins
were removed by washing the 8NTA matrix with 10 CV of IMAC A followed by 50 mL of IMAC A with
50 mM imidazole. Elution wasarried out byfirst 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 weresaddby
SDSPAGEFractions containing only protein of correct size were pooled based o A0E results.

In order to remove imidazole from the protein, the pooled fractions were dialysed Sthd-
ard RC Tubing, 68 kDa, 1.7 mL/cm, 23 mm, SpectrumLadgginst 2. of SEC | buffeiTable3-23).

3.3.6.3 SECI

After dialysis, the protein was concentrated to a maximum of 2.6 mg/mL using centrifugal con-
centrators GartoriusVIVA®IN 20, 50 kDa MWCD300x g). Precipitated protein and particulate ag-
gregaks were then removed by centrifugation at 180 x g in an Eppendorf tabtep centrifuge. The
remaining sample was then applied to a HiLoad 26/60 column packed with Superdgel 2iifation
media (GE Healthcar®ppsala, Swedgmnd equilibrated with bffer SEC |. 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 nmaw monitored. Relevant peak fractions were pooled based on
the UV trace and SEPAGE analysis.

3.3.6.4 Affinity tag removal

After the first gel filtration step, the K¥erminal Hig-tag was removed by proteolytic cleavage
using TEMrotease. To this end, 1 mg peatse was added per 5 mg AHKS5. After supplementing the
mixture with 1 mM fresh ddU o A P A ¢« 00}A 3§} } uE 3§ 8 KIE AZ]Jo P v§
ple in a tilt shaker.

The next day, successfully digested protein was separated from undigested sampd as
the protease and the cleaved tags by means of a second IMAC stemiXture was flowed over a
5mL IMAC cartridge (separate from that used in s2ep.6.2 and the flowthrough containing only
cleaved protein was collected. The cartridge was then regenerated by washing with 1 M imidazole. All
steps were monitored by SEFAGE.

3.3.6.5 Polishing SEC

In order to achieve the highest possible sample homogeneity,@sksize exclusion chroma-
tography step was carried out as described3i8.6.3 Finally, the protein was conceated to
~3mg/mL and flasHrozen in liquid nitroga in 100- 200 uL aliquots for lonterm storage at 61 X
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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 do(#él, and C2) were puri-
fied from inclusiorbodies by means of urea siiilisation and subsequent refolding. An overview of
the purification strategy is shown Figure3-2.

Figure3-2: Denaturing purification strategy for A2 and C2 fragmeiitee pink colour denotes the presence of urea, all steps performed in
main buffer Table3-23) are white, TEV protease steps are green.

3.3.7.1 Lysis and solubilisation

E. calcell pellets containing inclusion bodies of AHKS constructs were lysed bpreiggure
homogenisation using an Avestin Emulsiflex C3. Pellets were resuspendechindf the appropriate
main buffer (A2 or CZ,able3-23) per gam of cell wet weight. Following addition of 1 : 10 000 Benzo-
naseé®(SigmaAldrich, St. Louis, MO, Us8.1 mM PMSF and one tablet of cOmpl@EeDTAfree Pro-
tease Inhibitor Cocktail (Roche), the cell slurry was incubated on ice for 30 min while stinencglls
were subsequently lysed by repeated passages through thegriggsure homogeniser while apjig
air pressures of 1.82.2 bar (resulting in hydrostatic pressures of 82000 bar).

In order to isolate the inclusion bodies, the lysate was tbentrifuged at 34 000 x g (Sorvall
RC6+, S$0 E}S}EU & U 01 u]ve Vv 38Z «u%o ft@ verhovas oithe rdembjake X
fraction located at the top of the pellet, the pellet was transferred to a Peftlmehjiem tissue grinder
(Wheaton Millville, NJ, USAIn order to achieve the highest possible inclusion body purity, the pellet
was then washe twice by resuspension in 35 mL of thgpropride Triton wash buffer and twice in
main buffer. After each resuspension the pellet was sedimented blyifiegation at 34 000 x g for 30
min and the supernatant was discardéthally, the washed inclusiorodies 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 I@omatography (IMAC)

The ureasolubilised protein was added to mL Ni*-NTA agarose bead®iagen Hilden,
Germany that had previously been washed and resuspended in solubilisation buffer. The mixture was
§Zv]vuy 8 KIE §8 AZlo E}s §]vPX

Thenext day, the Ni-E d e AE % 00 § C VvSE](uP 8]}v S i 6061 A
min in a Heraeus Multifuge 1R table top centrifuge, resuspended in solubilisation buffer and trans-
ferred to an EconoPac gravity flow column (BigRéetcules, CA,2A. Unbound protein and contam-
inants were removed by washing with 3@0 mL solubilisationdffer. The bound protein was then
eluted using IMAC | B buffer in 12 x 2 mL fractions. Fractions containing a high amé86t%f pure
target protein, as estimad by SDAGE, were pooled for further processing.

Denatured protein in IMAC | B bufferwdsZ v S} &E § 0 (JE n% 3} T A le pvs
processing.

3.3.7.3 Refolding

In order to achieve correct folding of the target protein, urea concentration in ttebwas
reduced stepwise by dialysis. For best results, 2.5 mL IMAC | eluate were dildtadti solubilisation
buffer and placed in to a prevetted dialysis bag (Standard RC Tubing8&Da, 1.7 mL/cm, 23 mm,
SpectrumLabs). In a first step, diadysias then carried out O/N against solubilisation buffer (8M urea)
in order to remove imidazel The next day, refolding was performed by 2 h dialysis in main buffer
containing 4M urea followed by 1 h in 2 M urea and finally 1 h in main buffer withouaure

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 atf® x g in a cooled Eppendorf table top centyiu
and applied to a HiLoad 26/60 column packed with Superdex 200 gel filtration media (GE Healthcare
Uppsala, Swedérthat had previously been equilibrated withain buffer(Table3-23). Loading and
elution parameters were chosen as describe8.8.6.3

3.3.7.5 Affinity tag removal and polishing SEC

TEVMprotease digestion, reverse IMA@Gd polishing SEC (SEC II) vperdormed as described
for the A3 fragment in section8.3.6.4and3.3.6.5with the following fragmentspecific variations: 0.5
mg TEV protease were employed to digest 20 mL pooled SEC | fractiba enncentration steps
were carried out using 10 K MWCO centrifugal concentrators (VIVASPIERdmbrane, Sartorius
Gottingen, Germanyat a centrifugal force of 108 x g. The maximum protein concentration never to
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exceed throughout the purificadn in order to limit aggregation was estimated to be 1 mg/mL, based
on analytical SEC (Secti®r.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 thelishing step Table3-23).

3.3.8 Expression of fullength AHKS5 in insect cells

In order to obtain empirical data on the overall architecture and domain boundaries of AHKS,
stable,folded, and homogeneous felingth protein is esserdl. 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) containinggésee coding for AHK5 was gen-
erated using the Bam-Bac system (ThermBisherScientific, Waltham, MA, U$A50], [151] Codon
optimised ful-length AHK5 DNA was obtained from Eurofins Genomics GmbH (Ebersberg, Germany,
DB ID #1Z2Table3-26) and sukcloned intoa pFastBad entry vector by General Biosystems (Durham,
NC, USA).

For recombination of the transgene frorhd entry vector into the infectious bacmid, entry
vectors containing AHKBEL were transformed into DH10B¥&. colicells. These cells ctain the ac-
ceptor bacmid andxpress the relevantransposasesDH10Bal' require a dedicated transformation
protocol:

x thaw cells on ice
add 1 ng of plasmid DNA
incubate 30 min on ice
heat-shock at 42 °C for 45 sec
cool on ice for 2 min
8ii ...> > ntibidtics
shake at 37°C for 4 hr
spread on LB\gar plates containing 50pug/mL kanamycin, 7 pg/mL gentamycinl0 pgL t
racycline, 100 pg/mL-¥al, and 40 pg/mL IPTG (ABarKGTXI) for whitdlue screeningl152]

X X X X X X X

(8§ & Jv pnu S8]}v §io (} EniédreZulting #drd lacZ @gne disruption by suc-
cessful recombination were picked andsteaked on LB\garKGTXI for aplification and ble-white
confirmation. Doubly confirmed clones were amplified in suspension culturdK@B, and bacmid
DNA was isotad using the PureLifk HIPure Plasmid Miniprep Kit (Invitrogen, TherRisherScien-
tific, Waltham, MA, UShaccordingo the manufacturels manual.
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3.3.8.2 Clone confirmation by PCR

Successful insertion of the transgene was additionally confirmed by PCRrifneos flanking
the insertion site for the transgend éble3-29) were used to amplify the régn of the bacmid poten-
tially containing the insert. PCR composition and thermocycler settings are shovablies-30 and
Table3-31, respectively. Following the reaction, 5 ul of the mix were subjectezhtdytical agarose
gel electrophores (Sectior8.2.1.3. Primer design and PCR parameters were chosendingdo the
recommendations in the Bao-Bac manua153].

Table3-29: Primers for checlPCR
M13 fwd
M13 rev

5'-gttttcccagtcacgad'
5'-caggaaacagctatgek

Table3-30: Readion mix for checkPCR

recombinant bacmid 100 ng
each primer (10 pM) 1.25 pL
dNTP mix (10 mM) 1L
Q5 DNA polymerase 0.5 uL
5x Q5 eaction buffer 10 uL
ddHO ad 50 L
Table3-31: Thermocycler protocdbr checkPCR
Block (repeats) Step Temperatue ~ «  Time (s)
0 (2) Initial melting 93 180
Melting 94 45
1 (30) Annealing 55 45
Extension 72 300
6 (1) Final extension 72 420
Storage 8 L

3.3.8.3 Culturing of sf9 and Hi5 insect cell suspension cultures

Insect ells used for baculovirus generation (Sf9) gmdtein expression (Hi5) were kept in
serumfree suspension cultures in the appropriat®gth media (SR00 || SFM (Gibco, TherrRisher
Scientfic, Waltham, MA, USpand Express FiVéSFM (Gibco, Thernteisher Scientific Waltham, MA,
USA, respectively supplemented with PeniciliBtreptomycin (Gibco, ThernigisherScientific,Wal-
tham, MA USA Cells were split1 41: 10 every35 Ce+ § 00 }uvS®-Ji(XAX§perinL
v PE}Av § AZ]lo +Z IJvPX o00* A E | %3 (}JE H% 5} 11 %o o P
growth defects.

70

3.3.8.4 Transfection of Sf9 cells for baculovirus production

Transfection of Sf9 cells wagnformed according to the B&o-bac® user guide (Thermo
FisherScientific, Waltham, MA, URAvith minor modifications.
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E&] (oCU ~(d o0+ Z vV e gl wePIXEIAVIKIIEI 8§16 X dZ v
day, after verification that logphasegrowth was reached (1-3 X i fnilite U 6°¢ell$ were seeded
in one well of a @vell tissue culture plate containing 2 mL Grace's Insect Medium (Gibco, Thermo
FisherScientific, Waltham, MA, URACells were allowed to attach for 15 min at RT.

In the meantime the transfection mix was prepared. To this end, 8 uL Cellfecti@@db (
Thermo Fisher Scientifid/altham, MA, USAwere added to 100 pL Grace's Insect Medium and mixed
vigorously.In a separate vial, 100L Grace's Insect Medium were supplented with X2 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
Ae38Zvi]vypu § § Tive haurs(tBe @ansfection mix was removed and replaced with Sf
6ii // ~"&D PE}ASZ u JuuX dz 00+ A E96¢1% 1l reguiarlydnspedtpdEon 1
signs of successful infection.

3.3.8.5 Harvesting and amplification of the baculoviral P1 stock

Assoon 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 serumKB$ (Gibco, Thermo Fisher Scientifidaltham, MA, USAJ} E S}E P § o0 X
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 wamustatt a 24 mlsus-
pension culture in logphase growth (seeded accordingly one day prior). The volume of innoculum re-
quired was calculated using Equati(¥2).

LB
[1+ |ﬁg@ﬂ0®mae
Braneneh (B8O (32
8 ENRBRI-—

A MOI or multiplicity of infection 075 plaque forming units (pfu) per cell was chosen and the virus

titer «$Ju § §}  ©ffu/ml. Cells were kept in suspensionglE  § 710 - 96} Iposti

infection and monitored for signs of infection. After visual inspection revealed clear signs of baculoviral
infection, the cells were discarded by centrifuigat (10 min, 500 x g) and 5 % HB#co, Thermo

Fisher Scientifi Waltham, MA, USAM\ & 8§} SZ eeu% Ev S vS (}E S}1E P S§ 0

e} 1 AJ8Z v +%Ju & EpRUM.Y( fi | i

3.3.8.6 Expression test with baculoviral P2 stock

In order toassess whether AHKS5 is successfully expressed by Sf9 or High Fe®@ e p%o}v Jvr
fection with recombinant baculovirus stocks derived from the transfection of AdéiEaining bac-
mids, a smalbcale expression test in 2¢ell plates was performed using the B®ck as innoculum.

d} §Z]e v Ulogphase Sf9 or High|A | o0o0e A E - % @eliplate }( 10
and allowed to attach for 15 min. Attached cells were rinsed once with fresh growth media and then
overlad with 300 pL media. P2 stock wadded for MOI of 0.5 1, 2, 5, or 10 with one negative control
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inco p v §Z oo AE Jvpu 8 § 716 X dZ A% EJu v A« % E(}
pression times of 72 and 120 h, respectively.
After the preestablished expression time, cellsmgevisually inspected for signs of baculoviral
infection and harested. To this end, the growth and infection medium was removed, and the cells
were resuspended in 300 uL fresh growth medium by gently pipetting up and down. The cells were
then pelleted bycentrifugation at 500 x g for 10 min. Both supernatants and tbiefs were stored
at ;20 M%}tv VvV 0Ce]eX

3.3.8.7 Assessment of expression success by Western Blot and MALDI

Success of AHK5 expression was ultimately probed by Western Blot. To this endapetiles
obtained as described i8.3.8.6were resuspende in 50 pL of 1x protein sample buffer and boiled at
oly (JE @ ulvX dZ sp% Ev § v3§ th aphsapriatévaEmes Jofdx pridein sample
buffer and boiled in the same way. Five pL of each sample were then separated-BAGESN tripli-
cates.One gel was used for InstantBlue® staining, the other two for Western Blotting.

Western Blotting was perfoed in a semdry setup using PVDF membranBeih, Karlsruhe,
Germany as a target. In preparation, the membrane was soaked for 10 min in pureamatfollowed
by a 5 min wash step in ddBl and a 10 min incubation in transfer buff@iaple3-24). the SD$jel as
well as theWhatman papers were soaked in transfer buffer for 15 and 5 min, respectively. The blot
sandwich was the assembled with the SEFSAGE on the cathodade 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 1h.

After the transfer the membrane was placed into a 50 mL Faldos and blocked with 20 mL
1x TBS-MP5 (Table3-24) for 1 h @ RT while rotating. 10 mL primary antibody were added after re-
ulA o }( 8Z o} I]JvP <}ous]}v v JE 3]}v A « 00} A thepx¥%eay,} KIE
the blot was washed three times with 1x FB$or 15 min followed by a 1 h incubatiaith the sec-
ondary antibody @ RT. The membrane was then washed four times with Ik foB$0 min.

Detection was performed by chemiluminescence based @nhtbrseradish peroxidaseou-
%0 ¢ }v EC VvS8] 1} ] He]vP §8Z u E<Z uj onhReagéntE Theajem- § §]
brane was placed on the imaging table of a ChemiDoc® Imaging System (BieRRates, CA, URA
and the two reagents were mixed in equaillumes, as specified in the manufacturer's manual and
applied to the entire surface of the membra. Imaging was performed using the device's Boiliuto-
exposure function. Merged images of InstantB&iained SD®AGE and Western Blot were generated
using Adobe® PhotoShop® CS3.

The antibody combinations used for detection and their formulationdiated inTable3-32.

Table3-32: Antibody combinations and formulations used for AHKS5detectionFor buffer composition, se€able3-24

primary antibody secondary antibody
Mouse r-His, 1 : 5 000 in TBEMP5 Goat r-Mouse, 1 : 5 000 in TBEMP5
Rabbit r-AHKS5ID, polyclonal, 1 : 1 000 in TTBS Goat r-Rabbit, 1 : 10 000 in THSMP5
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Additionally, welvisible bands in the InstantBletained SDSAGE we excised and sent to
Sophie Stotz (Kalbacher lab, Universitiffdbingen for mass spectrometry analysis using MALOF.

3.3.8.8 Lysis buffer screen

In order to assess whether AHK5_FL expressed in insect cells can be natively extracted, lysis
buffer screeningvas conducted. To this end, suspension cultures of Hi5 cells were infected with P2
baculoviral stock at a MOI of 10 and incubated for five day¥ 8C. The cells were then harvested in
0.5 mL aloquots. The cells were resuspended in 1 mL lysis buffersaadby sonication. Samples were
clarified and supernatants were applied to His SpinTfraentrifugal IMAC columns (Ge, Healthcare,
Uppsala, Swaen). After washing with lysis buffer, bound proteins were eluted with 1:1 mixtures of
lysis buffer and 1 M irdiazole, pH 8.0. Lysis supernatant, pellet, and IMAC elution were subjected to
SDSPAGE and Western Blot analysis. The buffers usedhan@n in natrix representationin Table
3-33.

Table3-33: Grid screen foAHKS5_Flysis bufferpH is screened against salt contations
in the presence of 0.1 % Tritor2RO (T). The 0.5 M NaCl buffers were additionally pre-
pared with 100 mM Ure@J)and 20 mM Imidazold).

Buffer NaCl 150 mM 0.5M 15M
50 mM MES pH 6. T T/U/I T
50mM MES pH 6.5 T T/U/I T
50mM HEPES pHQ'. T T/U/I T
50mM HEPES pH5 T T/U/I T
50 mM Tris pH & T T/U/I T

3.3.9 Functionalityassays

3.3.9.1 Qualitative assessment of oxidative dimerisation

In order toprobe the hypothesised participation of the cysteine at positiofC$s3) in AHK5S
signalling, the propensity of AHKS input domaontaining proteins to form covalent dimers upon
induction of oxidative stress was assayed by-nesfucing denaturing SEFAG. To this end, AHK5
A3 wild-type (wt) and a Cys8eficient mutant(C3A) as well as the A2 wt were transferred te-8BC
Il and A2 main buffers, respectively, lacking any reduction agents. The proteins were subsequently
challenged with hydrogen peroxidBlution series ranging from 1 pM to 2 mM for 15 min at RT. The
reac§]}ve A & 3Z v ul&E A]JSZ %% E}% E] 3 ulpvde }( dnErcspE}S v * L
§} $Z vioU Zz § S8} 8n (}J& 7T u]vWPAGE. v 0C- c A
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3.4 Production and Purification o&atD/MurT

3.4.1 List of buffers

Table3-34: Buffers used for GatD/MurT purification

Name Composition
Lysis 50mM Tris pH 8.5 @ 4°C (7.9 @ RT)
300mM NaCl
10 mM Imidazole
1 mM DTT (add freshly)
Wash as Lyss buffer
50mM Imidazole
Elution as Lysiduffer
250mM Imidazole
SEC 50mM TrispH 85 @ 4°C (7.9 @ RT)
500mM NaCl
50 mM MgCh
5mM KCI
5mM DTT (add freshly, use 5 mM TCEP for stor:

3.4.2 Cloning of expression constructs

GatD/MurT constructsise in this study are shown Trable3-35. AllS. aureugonstructs were
generated in the group d®rof. Dr. Tanj&chneider (University of Bonn) @asscribed if107]and[79].
Constructs 444 werebought from BioCat GmbH (Heidelberg, Germatly® remainingconstructs
were cloned by Paul Bachmann as a part of hiS&1project.

Table3-35: Plasmids used for protein expression

DB # protein mutation vector tag comments
original construct

26 S&GatD/MurT  wt pET21b GatDCHis  used for crystallo-
graphic studie$79]

35 S&GatD/MurT GatD C94S pET21b GatDCGHis  used in[79]

36 S&GatD/MurT ~ MurT D349N pET21b GatDGHis  used in[79]

37 SGatDMurT MurT T60A pET21b GatDGHis  used in[79]

38 S&GatD/MurT MurT E108A pET21b GatDGHis  used in[79]

39 S&GatD/MurT MurT N267Y pET21b GatDCHis  used in[79]

40 S&GatD/MurT MurT T60A E108/ pET21b GatDGHis  used in[79]

a1 MtoMurT Wi DETDuetl - intermediate cloning
product t not used
codonoptimised ex-

42 MtbGatD/MurT  wt pETDuetl GatDGHis  pression vector,
used in sectior2.3

43 SpMurT Wi pETDuetl - intermediate cloning

product t not used
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codonoptimised ex-

44 SpyGatD/MurT  wt pETDuetl GatDCHis pression vector, very
low yield
46 MtbGatDMuT DuEd3si  pETDuefl GatDGHig USCd N Sectiok.3,
increased yield
MurT-N-
50 MtbGatD/MurT  wt pETM11 His TEV not used
MurT-N-
58 SpyGatD/MurT — wt pETM11 His. TEV not used
MurT-N- high yoeld, used in

59 SpyGatD/MurT D u E d341 i pETM11 HisTEV section?.3

3.4.3 Expression oS&GatD/MurT andSpyGatD/MurT constructs

Plasmids containing the genes B&GatD/MurT orSpysatD/MurT Table3-35) were trans-
formed into BL21 (DE3) RHLcolicells (Stratagend_a Jolla, CA, US#s described in Sectid2.2.1
10 mL LB suspension cultures containing the appropriate selection antibiotics were grow® tioats
i 6 C and then used to inoculate 350 ml-drBp/kan. This large pre uoSHE A « PE}Av KIE § 10
The next day, 1.5 éxpression cultures (kBmp/kan)were inoculated with 310 mL of the O/Ncul-
SucE Z v PE}Av 3§ iéoovalyeval Dal0.vYwEseached. The temperature was subse-
<p v8o0C & - S} i v iXiA uD /wd' A E pres&on|wasgic8rf} v X W E ]
ried out for 5 hand the cells were subsequently harvested by centrifugation using a Sorvall RC6+
(ThermoFisherScientificWaltham, MA, US§centrifuge equipped with an S4000 rotor (10 000 x g,
15 min). The cells were stored 20 MVS]o %opE](] S]}vX

3.4.4 Expression bMtbGatD/MurT constructs

O/N LB precultures were prepared as described above. 20 mL of thepitere wee used to
inoculate 1 L Simplified Studier autoinduction medidrs4] (Table3-21). Autoinduction cultures were
PE}Av 8§11 U 8C%] 00C }A hedclls eré harvestell &sedescribed above and
stored at-T1i W \psifification

3.4.5 Protein purification

All GatD/MurT constructs were purified according to the generatqua published i{79],
with minor variations. The protocol aims to initially enrich the target protein by Immobilised Metal ion
Affinity Chromatography (IMAC) followed by immediate buffer exgeato remove imidazole. The
resultingprotein was then subjected to two subsequenunds of preparative size exclusion chroma-
tography (SEC) to reach a high degree of homogeneity. Proteolytically cleavable affinity tags (if pre-
sent) were removed betweerhe two SEC stepBigure3-3).

Adaptation of the origingbrotocol to M. tuberculosisand S. pyogenesonstructs was mainly
performed in collaboration with Paul Bachmann as a part of hiSdviproject.
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Figure3-3: Schematic overview of the GatD/MurT purificatistnategy.Imidazolecontaining steps are coloured in blue, all steps performed
in standard SEC buffefgble3-34) are white. The esence of TEV protease is denoted in green. Grey boxes in the background tilgkligh
timeline used.

3.4.5.1 Lysis by higipressure homogenisation

E. colipellets derived fom autoinduction expression (i.e. alitb constructs) were lysed by
high pressure homogssation using an Emulsiflex C3 (Avestin, Canada). Pellets were resuspended in
20mL of Lysis buffeiTable3-34) per gram of cell wet weight. Hen egg lysozyme (&9@nL) and one
tablet of cOmpleté®EDTAfree Protease Inhibitor @ktail (Roch®iagnostics GmbH, Mannheim, Ger-
many) were added, and the slurry wascubated at 4 °C foB0 min while stirring. After addition of
1:10000 volume units of Benzonase®gmaAldrich, St. Louis, MO, USAells were lysed by repeat-
edly flowirg them through the ic&ooled homogeniser. The device had previously been eqatiédr
with Lysisbuffer, and the air pressure applied to the homogenising valve was constantly adjusted to
maintain a hydrostatic pressure on the cells of @000 bar.

The ysate was subsequently clarified by centrifugation (Sorvall RC6+, 4 °C, 15 600x10.

3.4.5.2 Lysidy sonication

Cells harvested from LB expressi@agnd Spyconstructs) were lysed by sonication. The cells
were resuspended in 10 mL Lysis buffer per go&oell wet weight and additives and incubation were
performed as described B13.6.1 Cell disruption was performed in a Branson Digital Sonifier 450 using
20 % amplitude and 1 s pulses alternating with 2 s pauses for aptoiset duration of 10 min. The
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sampk was kept on ice throughout sonication. Thealte was clarified by centrifugation as described
above.

3.4.5.3 Immobilised Metal lon Affinity Chromatography (IMAC)

Following lysis, all GatD/MurT constructs were subjected toGNA& a first purification step
using NiNTA agarose beads (Qiagetilden, Germanly 2 mL of 50 % bead slurry, pequilibrated
with Lysis buffer, were added to 15 mL of clarified lysate and incubated for 17 h at 4 °C while stirring.
The mixture was subsegntly transferred to EconoPac gigvflow columns (BioRadHercules, CA,
USA, wnspecifically 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 buffeagang 250 mM
imidazole.For SpyGaD/MurT washing was carried out with 10 CV dfi&yuffer. Elution was carried
out with 5 CV of Wash buffer followed by 5 CV of Elution bufppropriate fraction sizes were col-
lected and pooled after protein size esation by SDPAGE.

3.4.5.4 Buffer exchang

A semiautomated buffer exchange strategy wasployed 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 SEG mM DTT). The column was operatéalan AKTAprime FPLC system (GE
Healthcare Uppsala, Swedérat 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 monitarebdanges
in the absorption at 28 nm and theelectrical conductivity

3.4.5.5 Size Exasion Chromatography (SEC)

The protein sample was concentrated to 2.5 mg/mL using centrifugal concentrators (Amicon
Ultra-15, 50 kba MWCO, 1 880 x g) and applied to a Hi264&D column packed with SD200 (GE
Healthcare Uppsala, Swedérhat had previouly 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 protai purity by SD®AGE and pooled amrdingly.

To further enhance sample qualitysacond iteration of SEC was performed for polishing as
described above but using 5 mM TCEP instead of DTT as a reducing agenttemtosigrage.

3.4.5.6 Affinity tag cleavage

Inthe case oSpyGatD/MurTa-34, Which was expressed from a pETIM vector, the Nerminal
His-tag for Niaffinity purification was removed by sigpecific proteolysis between the first and sec-
ond SEC steps using the Tobacco Etch Virus (TEV) protease. 0.5 mg of protease wegperdsitig
of target protein and incubated O/N at 4 °@eTdigested protein was separated from undigested one
as well as the residual tag and the TEV protease (alsm¢tied) by means of a 1 mL gracked Ni
NTA cartridge (HiTrap Crude FF, GE Healththresda, Swedeh
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3.4.6 Biophysical characterisation

Samplehomogeneity and stability were assessed by analytical SEC, DLS, DBAaasl de-
scribed in Section3.2.3.33.2.3.4 3.2.3.5 and3.2.3.8, regpectively.

3.4.7 Structural biology

3.4.7.1 Crystallisation screening

GatD/MurT samples were concentrated téb2ng/mL. Suitability of protein concentration for
initial crystallisation trials was estated usingan ammonium sulfate precipitation assay. Briefly, 1 uL
of protein was mixed with 1 pL of a (WEEQ solution of either 1, 1.5, 2, 2.5, or 3 M concentration,
and the propensity to precipitation was assessed. Protein concentration was deemallsdidr cys-
tallisation if the top two ammonium sulfate conditiofesad to immediate precipitation while the bot-
tom two remained clear for at least one minute.

The protein was then filtered using Costar S¥i€entrifuge Tube Filtevgith 0.22 um Cellu-
lose Acetate nrembrane (SigmaAldrich, St. Louis, MO, UBAittingdrop vapour diffusion screens
were set up with a Crystal Gryphon LCP (Art Robbins Instrupfenitsyvale, CA, UBésing protein
drop sizes ranging from 100 to 300 nL and protein to precipitatios of2:1, 1:1, or 1:2.

Initial screening was carried out ugitommercially available crystallisation screehab{e
3-9). After setup, crystallisation trays westored either at 4 °C or at 20 °C and manually inspected
after one daythree days, one week, two weeks, one, and two nieniisirg aleica Digital Microscope
(Leica, Wetzlar, Germanyypon identification of a promising condition, fine screens were desigo
refine crystallisation. 96vell-based refinement screens were prapd from stock solutions using a
Tecan Freedom EVO ligiidndler(Mannedorf, Switzerland)Crystallisation trays were again pipetted
with the Crystal Gryphon LCP.

In order to screera wide variety of additives, such as various salts or alcohols, a pséviou
determined crystallisation condition wasipplementedL:10 with Additve Screen (Hampton Research
Aliso Viejo, CA, Uk a 96 well layout and used for sitting drop crystdiiisa

Crystal growth was often enhanced by seeding. To this end, crgstais from vapour diffu-
sion experiments were suspended50 pL well solution and crushed by vortexing using SeedBeads®
(Hampton ResearcHliso Viejo, CA, UAThe thus obtained s& stock was either used directly for
streakseeding using a cat whiske"( E } A ] C EX v]oo E pU }oo]8 }EE}NU Z CE
luted and added 1:10 to newly set crystallisation drops.

3.4.7.2 Crystallisation

Crystals for diffraction experiments wengostly obtained from hanging drop vapour diffusion
trays. Herein, 1 pL grotein solution was mixed with 1 pL of well solution asuspended over a
reservoir containing approximately 500 pL well solution. If required, the drops were seeded as de-
scribed alove. The composition of the crystallisation conditions $aGatD/MurT aswell as crystal
derivatisation strategies are published[79].
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3.4.7.3 Diffraction data collection, datprocessing, model building and refinement

All crystallographic procedures were carried out asatibed i{79].

3.4.7.4 Smalangle Xray scattering (S/A)

Preliminary SAXS experiments were perfornrethi laboratory of Prof. Frank Schreiber with
the kind support of Dr. Olga Matsarskaia, Def&io da Vela, and Dr. Fajun Zhang on a Xeuss- 2.0 X
ray dffractometer (XenocsGrenoble, Frandeequipped with &Pilatus 300k detector (DectriBaden
Daettwil, Switzerlandl and a microfocus-Kay source. Protein concentration ranging from 0.5 to 11
mg/mLwere supplied in 1 mm quartz capillaries in a temperatcontrolled sample holder (Linkam
FFSX350Linkam, Watdield, UK pre-cooled to 12 °C. Measurements keeperformed at full beam
transmission over multiple hours subdivided in single frames of 30exyposure each in order to as-
sess radiation damage. Fraswere integrated with th&oxtrotdata reduction softwre Synchrotron
Soleil, SainAubin, Franceand the scattering profiles were analysed using components of the ATSAS
suite[155].

SAXS scatteringgfilesfor GatD/MurTwere recorded at beamline P12 &gt German Electron
Synchrotron (DESY, Hamburgy@any) as described [i@9].

Additionally, profiledor AHK5 Agwere kindly recorded by IDOlga Mé#sarskaia at beamline
ID02 at the European Sghrotron Radiation Facility (ESRF) in Grendilence. Data obtained from
different sample concentrations were used to extrapolate a theoretical scattering profile at zero con-
centration to remove pasible conentration effects using the PRIMUS interfadéhe® ATSAS program
suite [155], [156] Radius of gyratio (Rg) degrmination by linear fitting of the Guinier g&on and ex-
traction of a distance distributioruhction were also performed in PRIMUS.

3.4.8 Enzymatic activity assay

An NMRbased glutaminase assay was used to assess the capability of GatD/MurT pmteins
hydrolyse glutamine to glutamate in vitro. The protdavas adapted fronjl41].

SEC bufferTiable3-34) without any reducing agent was lyophylised and reconstituted in 99.8
% DO to yield NMR buffer. GatD/MurT was transferred into NMR buffenbgns of #2010 desalting
column (GE hetiicare, Uppsad, Sweden pe]vP 3Z u vu( SuE E[* PE A]SC (0}A % E

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-falsl excesk *H NMR spectra wenecorded by
Dr. VincenfTruffault (Max Planck Institute for Developmental Biology, Tubingen, Germany) on a Bruker
AVIII600 spectrometer with a room temperature sample holder at 300 K with a spectral resolution of
0.66 HzScans wereepeated with every 68 for a total of 240@cans in a pseud®D experiment. The
spectra were processed in the Bruker Top8software (Bruker Billerica, MA, USAProteironly
spectra were recorded and subtracted to yield the clean substratkprodict spectra. The pseudo
2D experiments were ptted over the entire time course of the experiment and compared with glu-
tamine-only as well as glutamatenly reference spectra. Relevant peak changes were tracked using
the kinetic analysis functiom the Briker Dynamics Center dofare.
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SUMMARY

This thesis presents recent advances on the structural and mechanistical characterisation of
two ATRbinding proteins or protein complexes; AHKS frAmabidopsis thaliangand GatD/MurT from
Staphylococcusuaieus Mycobacterium tuberculosjandStreptococus pygenes

AHKS5 is a sensory histidine kinase that is involved in multiple physiological pathways, such as
the modulation of stomatal closure, or the response to PAMRsadtivityis likely triggered byn-
creasesn hydrogen peroxide concentrations. this project,a tentative model for hydrogen peroxide
sensing by the Nerminal portion of AHK5 was postulated. Basedimwitro dimerisation studies, a
cysteine residue at position 3 was shownctovalerly linktwo AHK5 monomers under oxidative con-
ditions, with a redox midpoint potential compatible with previously published physiological values.
The studyadditionallylays a comprehensive foundation for future work to elucidate the structure and
thus thedetails d AHK5 activation. Three differefragmentswhich, together,span the sensory N
terminus and théhistidinekinaseand ATPase domains were successfpilyified. Bioinformatic meth-
ods as well as protease exclusion assaydicated the probable @sence ofa yet undescribed PAS
like domain, imnediately preceding the histidine kinase domain. This domain could pkay eole in
transducing the input signal from thetdrminus to the catalytically active part. However, biophysical
analyses highlighpotential heterogeneitywith respect tothe purified proteins[ }o]P}u €] <8 § v
stability problems These issues will be the subject of follaw studies before structural work can
begin.

Understanding the mechanism of action of AHK5 will not onlyidemadditonal understand-
ing of howhistidine kinases work; due to its key role in numerous physiological processes, it could
prove an anchor point from which to deepen our understanding of Aesabidopsigeacts to exoge-
nous stresses as well as plant plojogy ingeneral.

GatD/MurT is a cell wall amidatingpaymecomplexthat is essential in mangrampositive
bacteria, including highly pathogenic ones [#aphylococcus aureStreptococcus pneumonizgnd
even the actinobacteriunMycobacterium tubenglosis In this project, the first fully refined crystal
structure of theS. aureugnzyme was obtained and a complex crystal structure containing an ATP
analogue mimicking one of the three substrates walved. Together with solution scattering data
obtained by SXS, these data indicate an intriguing cresegimiped open conformation of the heter-

} Ju EX dZ]e }V(}EuU 3]}V 0]l 0C E % E « v3e 3Z VICU [+ E *3]VP 3 &
more compat conformation upon substrate binding, in order aghieve atalysis. The enzyme com-

plex exhibits a canoaal ATP binding pocket in MurT. GatD achiévesmediateammonia generation

by deamidationof cytosolic glutamine. This reaction is catalysed byrarsual intermolecular catalytic

triad composed of cysteir and a histidine in GatD and an aspartatéviarT. Additionally, MurT

contains a Cygype Zinc finger of unknown functioiExpression of putative homologous complexes

from M. tuberculosigind Streptococcus pyogenagas successful, and prelimiysglutamnase activity

monitored by'H-NMR confirmed bth enzymes to be activie this respect

These insight raise the stakes in understanding the molecular nmagbm of action of
GatD/MurT, ad#t could offer the possibility to develop novel antimicrabilrugs hat specifically target
it. Such drugs couldebactivenot only againss. aureudut rathera wide range of pathogenic bacteria
thus providing a new edygin combating antibiotic resistances.
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ZUSAMMENFASSUNG

Diese Disertation prasentiert neu&rkenntnise in Bezug auf die strukturelle und mechanis-
tische Beschreibung zweier Abiadender Proteine oder Komplexe; AHK5S Auabidopsis thaliana
und GatD/MurT auStaphylococcus aureUdycobacterium tuberculosisnd Strepbcoccus pyogerse

AHKS5 ist me sensoischeHistidinkinase, die amahlreicherphysblogischen Signalwegen be-
teiligt ist. Beispielsweise moduliert sie die SchlieRung der Stomata oder reguliert die Antwort auf
PAMPs. Vermutlich wird AHKS durch einen AnstEgWasserstoffperoxidkonmgration aktiviert. Im
Rahmen dieses Projektes wurde emdgliches mechanistisches Modell postuliert, wie Erkennung von
H.O, durch AHKS5 ablaufen kdnnte. Basierend iawfitro-Dimerisierungsexperimentekonnte gezeigt
werden, das ein Cystein auf Positi@runter oxdativen Bedingungen zwei AHK®nomere kovalat
verbinden kann. Das Reddiidpoint-Potential liegt herbei in einem Bereich, der kompatibel ist mit
vergffentlichten physiologischen Werten. Diese Arbeit liefert zudem emfangreiche Grundlagerfi
kunftige Strukturaufklarungarbeit an AHKS undamit fir das mechanistische Verstandnis deOH
Steuerung der Kinaseaktivitat. Drei verschiedene Fragmentezudismmenden gesamten sensori-
schen NTerminus sowie die Kinasend ATPas®omanen enthaltenywurden efolgreich aufgereinigt.
Sowohl bioinformatisol Methoden als auch ein Proteasenexklusionsassay deuten darauf hin, dass
sich unmittelbar Nerminal zur Kinasedoméane eineermutlich PAShnliche Doméane befindet. Diese
Domane kdnnte eine zentrale Re im Weterreichen des Aktivierungssignals vorTBrminus hin zu
Kinasedomane spielen. Allerdings zeigten biophysikalische Analysen Heterogenitat in der oligomeren
Zusammensetzung degereinigten Proteine sowie Stabilitatspieme. Diese Schwierigkeiteverden
der Inhalt weiterfiihrender Studien sein, bevoedirbeit an der Strukturaufklarung beginnen kann.

Den molekularen Mechanismus von AHKS zu entschliisseln wird nicht nur das allgemeine Ver-
stéandnis von Histidinkinasen erweih; aufgrund der zentraleRolle vonAHK5 kdnnte es auch einen
Ankerpunkt darstelle von dem aus das Wissen dariiber wiabidopsisauf exogenen Stress reagiert,
sowie unser Verstandnis von Pflanzenphysiologie im Allgemeinen, zu erweitern.

GatD/MurT istein Enzymkomplex, der fur Adierungenin der Zellwand verantwortlich ist.
Dieses Enyan ist in vielen Grarpositiven Bakterien esseitll, beispielsweise in hochpathogenen Spe-
zZies wieStaphylococcus aureuStreptococcus pneumoniamd sogar im Actinobakteriumlycobac-
terium tuberculos. Im Ramen dieses Projektes wurde die erste vollst#neerfeinerte Kristallstruk-
tur desS. aureusrzyms erhalten und eine Komplexstruktur mit AMPPNP anstelle von ATP als eines
der drei physiologischen Substrate wurde geldst. Zusammemaign Uber da Molekilin Losung
die durch Rontgenkleinwinkelstuexperimente erhalten wurden, zeigen dieistallogaphischen Da-
ten auf, dassS. aureu$GatD/MurT eine sehr interessante offene sichelférmige Konformation besitzt.
Diese Konformation stellt vermutlich ddreien Gundzustand des Enzyms dar und wird sich wahr-
scheinlich nach der Bindung aller Substrate z:neekompakteren geschlossenen Form wandeln, in
welcher die katalysierte Reaktion stattfinden kann. Der Komplex enthlt eine kanonischginsleP
tasche mn MurT. G&D generiertvoribergehendAmmoniak durch di®eamidierung von freiem cyto-
solischen GlutamirDiese Reaktion wird durch eine ungewodhnliche intermolekulare katalytische Tri-
ade bewerkstelligt, die aus einem Cystein und einem Histidin aus Gat@,eiaemAgpartataus MurT
besteht. Zudem besitzt MurTreen CysZinkfinger unbekannter Funktion. Diepggssion maglicher
homologer Komplexe aud. tuberculosisund Streptococcus pyogenegr erfolgreich. Vorversuche
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zur Uberprifung der Glutaminaseaktigit mittels'H-NMR bestatigten, ass beide Enzyme diesliigg
lich akiv sind.

Diese Erkenntnisse erhthenedWichtigkeit, den molekularen Katalysemechanismus von
GatD/MurT zu verstehen, da hierauf basierend neue antimikrobielle Wirkstoffe entwickelt werden
kénnten um elektiv GatD/MurT zu inhibieren. Solche Widég konnten dann nicht nur gegehau-
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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Appendix

5 APPENDIX

Erik R. Noldeke

5.1 Superdex 200 Increase 3.2/300 Calibration

Table5-1: Size standards used for calibration of analytical SE@hco{Superdex 200 Increase 3.2/300he elution coefficienkay is given

L BF &
O¢T &Fs,

1)

by equatio (5-1), whereVe is the elution volume of the analyt&/ the total column volume, ando $Z  }opuv[e A}] Alopu X
wasperformed by Aleandra Thor.
Ve Mu Kav log(Mw)
Ribonuclease A 1.8 mL 13.7 kDa 0.59 1.14
Carbonic ahydrase 1.69 mL 29 kDa 0.52 1.46
Ovalbumin 1.57 mL 44 kDa 0.44 1.64
Conalbumin 149 mL 75 kDa 0.38 1.88
Aldolase 1.36 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=VY

0.64
0.54
0.44 1
&
0.34 ]

0.24 1

0.14 1

0.04 1

09 1 11 12 13 14 15 16 17 18 19 2

Figure5-1: Regression analysis cdlibration ofSuperdex 200 Increase 3.2/368libration.The elution coefficient Kav is plotted against the
logarithm of the molecular weight of the analyte. Linear regres yields the dependency shown in the top right corner. Within the calibrated
area it can be used to predict elution coeféints (and thus elution volumes using equat{s-1)) of analytes of known molecular wéig or

to calculate the molecular weight of a spherical objbéetsed on a meausdeelution volume. Calibration was performed by Alexandra Thor.

log(My)

y =-0.307x + 0.9522

R2=0.9926
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Appendix Erik R. Noldeke

5.2 Original gel pictures.

Figure5-2: Original gel images fétigure1-3 without labelling asterisks

Figure5-3: Original gel image fdfigurel-4awithout labelling asterisks

Figue 5-4: Original gel image frorfigurel-7e without cropping

Figure5-5: Original gel image frorRigurel1-9f, right panelwithout cropping.
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Figure5-6: Original gel image fdfigurel-11awithout labelling asterisks.

Figure5-7: Original gel image fdfigurel-12a without labelling asterisks.

Figure5-8: Original gel image fdfigurel-13a without labelling asterisks.

Figure5-9: Original gel image fdfigure1-19 without labelling asterisks.
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5.3 HHPRED search results for AHK5

Table5-2: Top 50 HHPRED hits for fielhgth AHK5The data for this tablevasautomaticallygeneratedby HHPREDN 15/0ct/2019 and reflects that version of databadsidi&: PDB ID and name of identified structural
homologue Prob, E-value, P-value; statistical prdability of hit relevanceScore HHPRED scor®@S Secondary struare alignment scoreCols No. of residues aligneQuery-HMM: Portion of query sequence in alignment.
Templat portion of target in alignmene HMM: emission parameter dfiddenmodel.

No Hit Prob Evalue P-value Score  SS Cols Query HMM Templat e HMM
1 4GCZ_A Bluelight photorecepto 100 1.50E31 3.10E36 292.9 43.1 357 213618 8-377 -385
2 415S_A  Putative histidine kina 100 3.10E32  6.40E37 307.4 33.6 376 188629 66-450 -450
3 3A0R_A Sensor protein (E.C.2.7 100 9.00E31 1.80E35 286.6 42.1 342 213617 2-349 -349
4 4R3A_A Bluelight-activated hi 99.9 1.10E27  2.30E32 2629 384 329 216619 10-345 -352
5 4E01_A [3-methyl2-oxobutanoat 99.9 3.30E27  6.60E32 266.9 355 359 214623 22-413 -418
6 1B3Q_A CHEMOTAXIS PROTEIN CH 99.9 5.00E26  1.00E30 253.9 18.7 287 375833 1-341 -379
7 6DK7_D RetS (Regulator of Exop 99.9 4.00E24  8.20E29 2145  27.7 225 369615 2-227 -227
8 2C2A_A SENSOR HISTIDINE KINASI 99.9 1.70E23  3.50E28 2151 316 250 352623 5-258 -258
9 4Q20_A Sensor protein DivL (E. 99.9 140E22  2.80E27 2114 33 246 347624 19-267 -268
10 5IDJ_A Cell cycle histidine ki 99.9 3.40E23  6.90E28 211.3 27.2 227 358615 1-242 -242
11  4U70_B Histidine protein kina 99.9 1.20E22  2.30E27 2139 29.2 248 352-625 20-275 =277
12 3D36_B Sensor progin (E.C.2.7 99.9 2.80E22 5.60E27 205.7  28.2 235 355626 2-238 -244
13 6NBO_A Histidine kinase; SSGCI 99.8 5.70E22  1.10E26 2105 28 244 349615 40-287 -287
14 4KP4_B Osnolarity sensor prote 99.8 9.60E22 2.00E26 1994 277 230 359624 4-236 -236
15 3JZ3_B Sensor protein gseC (E. 99.8 1.10E21  2.30E26 198.3 259 219 366-617 1-221 -222
16 4BIX_A SENSOR PROTEIN CPXA (E 99.8 5.10E21  1.00E25 204.7  30.7 242 334616 56-298 -298
17 4XIV_B Chemotaxis protein CheA 99.8 1.90E20 3.90E25 195.7 23.6 211 372613 2-252 -252
18 4CTI_C OSMOLARITY SENSOR PR( 99.8 1.10E19 2.10E24 1914 29.1 241 334624 33273 -273
19 2EOA_B Pyruvate dehydrogenase 99.8 1.10E19 2.30E24 205.3 30.2 288 327-639 48-376 -394
20 4JPB_A Chemotaxis protein CheA 99.8 7.90E21 1.6025 209.5 194 236 436-835 1-271 -319
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No Hit Prob Evalue P-value Score  SS Cols Query HMM Templat e HMM
21 6E52_A PROTEIN; Protein histid 99.8 7.60E19 1.50E23 179.7 29.6 240 327-613 11-250 -250
22 4R39_A Bluelight-activated hi 99.8 210E19 4.20E24 182.7 25 228 352-626 4-232 -232
23 5J71 A [Pyruvate dehydrogenase 99.7 1.10E18 2.20E23 197.9 32.1 300 334-669 75-400 -400
24  4QPK_A Phosphotransferase; Chp 99.7 2.00E19 4.10E24 188.6 23.7 224 340609 20-243 -243
25 3EHH_A Sensor kinse (YocF pro 99.7 8.10E18 1.60E22 168.2 28.2 215 341-615 2-218 -218
26 2AYX_A Sensor kinase protein r 99.7 1.60E19 3.30E24 190.8 16.6 213 536-922 34-246 -254
27 2Q8G_A [Pyruvate dehydrogenase 99.7 2.90E18 5.80E23 195.5 28 265 334623 79373 -407
28 4FPP_C phosphotransferase; fou 99.7 3.00E18 6.10E23 178.3 22.8 224 340612 19-247 -247
29 5EPV_A Bluelight-activated hi 99.7 7.60E18 1.50E22 176.3 24.9 216 321-622 1-219 -233
30 1Y8O_A [Pyruvate dehydrogenase 99.7 1.40E17 2.80E22 1914 29.1 257 359-644 117402  -419
31 4EUK_A Histidine kinase 5 (E.C 99.6 1.10E16 2.30E21 1553 17.9 153 770922 1-153 -153
32 4PL9_A ETRICA; ETR1, Histidin 99.5 1.90E15 3.90E20 148.5 20 181 430-620 1-183 -183
33 3SL2_A Sensor histidine kinase 99.5 1.70E15 3.50620 150.9 18.1 171 440634 3-173 -177
34 1ID0O_A PHOQ HISTIDINE KINASE ( 99.5 4.10E15 8.30E20 141.7 19.9 151 437-620 1-152 -152
35 G5IDM_A Celicycle histidine ki 99.5 2.40E15 4.90E20 149.6 18.7 156 435617 1-170 -179
36 1R62_A Nitrogen regulation po 99.5 3.10E15 6.20E20 143.1 18 152 433614 1-160 -160
37 1YSR_B Sensottype hstidine k 99.4 1.20E14  2.40E19 139.1 18.7 149 434614 2-150 -150
38 5LNN_A Histidine kinase CKI1 ( 99.4 4.60E15 9.20E20 152.7 16.7 165 586-921 15194 -206
39 1BXD_A PRQEIN (ENVZ); HISTIDI  99.4 7.50E15 1.50E19 1415 17.2 158 434624 4-161 -161
40 1158 B CHEMOTAXIS PROTEIN CH 99.4 1.10E14  2.30E19 148.2 19.1 155 436613 1-189 -189
41 6BLK_B Phageassociated cell w 99.4 2.10E14 4.30E19 137.7 18.8 151 434615 3-158 -158
42 3A0Y_A Sensor protein (E.C.2.7 99.4 1.20E13 2.50E18 130.9 185 151 435617 1-152 -152
43 4QIC_C Sensortransduction re 99.3 3.00E14 6.00E19 152.4 13.7 125 767-922 129255 -276
44 1DBW_B TRANSCRIPTIONAL REGUL 99.3 9.40E14 1.90E18 124.9 14.2 119 776922 2-120 -126
45 AMYR_B CpaE2 pilus assembly pr 99.3 6.60E14 1.30E18 1335 13.9 122 773922 16-143 -147
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No Hit Prob Evalue P-value Score  SS Cols Query HMM Templat e HMM
46 4LDA E TadZ; Response regulato 99.3 1.00E13 2.00E18 126.2 14 119 776922 2-122 -131
47 4ABXI_A ACCESSORY GENE REGUL 99.3 2.80E13 5.60E18 128.6 17.4 152 431-613 1-153 -153
48 4JA2_A Response regulator; alp 99.3 1.80E13 3.70E18 122 15 120 777922 2-121 -122
49 2JBA_ B PHOSPHATE REGULON TR 99.3 1.50E13 3.10E18 123.7 14.4 120 777922 2-121 -127
50 3T6K_A Response regulataece 99.3 1.60E13 3.20E18 126.1 14.6 123 774922 1-123 -136
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Table5-3: Top 50 HHPRED hits for residues400 of AHK5The data for this table wasutomaticallygeneratedby HHPREDN 15/0Oct/2019 andeflects that version of databaselit: PDB ID and name of identified
structuralhomologue.Prob, E-value, P-value: statistical probability of hit relevanc&core HHPRED scor®S Secondary structure alignment scof@ols No. of residues aligneQuery-HMM: Portion of query sequence
in alignment.Templat portion of targetin alignment.e HMM: emission parameter of hidden model.

No Hit Prob Evalue P-value Score  SS Cols Query HMM Templat e HMM
1 4GCZ_A Bluelight photorecepto 99.3 3.00E13 6.20E18 130 20.7 165 214-394 9-179 -385
2 4HIA_A  LOV protein; LOV, PAS, 99.3 2.20E12 4.40E17 107.1 18.9 164 214392 2-171 -176
3 4R3A_A Bluelight-activated hi 990.1 1.20E11 2.30E16 118.2 17.9 155 216-398 10-170 -352
4 415S_A  Putative histidine kina 99.1 140512  2.80E17 128.7 10.7 172 192-400 67-241 -450
5 3AOR_A Sensor protein (E.C.2.7 99 5.30E11 1.10E15 113.5 18.3 159 213399 2-164 -349
6 3P7N_B Sensor histidine kinase 98.8 6.70E10 1.40E14 100 15.6 185 211-400 55-245 -258
7 5HZI_B Intersectinl,NPH22,In 98.8 5.10E10 1.00E14 112.1 15.7 213 159392 11-236 -502
8 4HHD_A Phototropin-1 (E.C.2.7. 98.8 2.00E08 4.00E13 81.5 20.9 159 204-380 1-165 -166
9 2MWG_B Bluelight photorecepto 98.7 9.50E10 1.90E14 98.3 12.5 157 211-400 6-168 -261
10 3RTY_B Period circadian protei 98.5 1.30E08 2.70E13 93.7 13.6 161 221-390 146315 -339
11 1V9Y_B Heme pas sensor protein 98.5 4.00E08 8.10E13 81.1 15.2 142 197-340 18166 -167
12 4DJ3_B Period circadian protei 98.4 2.50E08 5.10E13 91.3 13.6 138 224-361 169312  -317
13 3KX0_X Uncharacterized protein 98.4 2.50E07 5.10E12 77.4 17.9 153 206-376 24-185 -185
14 3GEC_A Period circadian protei 98.4 6.00E08 1.20E12 89 14.4 149 221-382 155312 -312
15 3UE6_E Aureochromel; PAS/LOVd 98.3 2.20E07  4.40E12 75.4 15.2 136 204-339 20-161 -166
16 2VOU_A NPH11;LOV2,KINASE, T  98.3 1.10E06 2.20E11 68.6 18.7 138 219356 2-145 -146
17 4EO01_A [3-methyl2-oxobutanoat 98.3 3.80E08 7.70E13 96.5 11.7 152 220-400 28-184 -418
18 5A8B_A PTAUREO1A LOV2 DOMAIN 98.2 1.10E06  2.10El11 71.7 17 133 217-349 21-159 -162
19 6IDE_B Transcriptional regulat 982 7.20E08 1.50E12 86.2 10.3 181 214-394 3-197 -256
20 5J7E_D Potassium voltaggated 98.2 4.70E07  9.40E12 70.6 13 136 204-339 1-145 -146
21 3VOL_A Aerotaxis transducefe 98.2 2.00E06  4.00E11 75.4 18.3 174 214-399 17-205 -233
22 4DJ2_C Period cicadian protei 98.1 2.50E07 5.20E12 84.7 12.1 124 224-347 171-314  -320
23 3K3C_C protein Rv1364c/MT1410; 98.1 2.80E06  5.60E11 67.8 16.4 144 207-350 5-155 -158
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No Hit Prob Evalue P-value Score SS Cols Query HMM Templat e HMM
24 6GG9 B Sensory box protein; bl 98.1 2.00E06 4.10E11 69.9 14.9 136 214-349 20-161 -162
25 3GDI_A Period circadian protei 98 3.30E07 6.70E12 83.4 10.6 124 224-347 160-303  -309
26 6120 A Aureochromellike prote 98 4.60E06 9.20E11 63.4 15.5 127 216342 2-134 -134
27 5XGB_A Uncharacterized protein 98 1.80E06 3.70Ell 87.7 17 154 207-394 1-162 -568
28 4HH2_A Regulatory protein PpsR 98 2.20E06 4.50E11 81.3 15.6 140 218361 17-159 -384
29 4LRZ F PT&dependentdihydroxy 98 3.70E06  7.50E11 77.9 16.4 138 192-337 176316 -318
30 4L9E_A Transcriptional regulat 97.9 4.50E06 9.20El1 65.5 14.4 133 191-326 3-139 -139
31 3MRO_B Sensory box histidine k 97.9 4.30E06 8.80E11 64.4 14.1 136 211-346 1-141 -142
32 4HH3_A Regulatory protein PpsR 97.9 7.80E06  1.60E10 72.5 17.5 140 218361 17-159 -262
33 4ZP4 B Aryl hydrocarbon recept 97.9 5.30E07 1.10E11 84.4 9.4 117 227-343 239359 -360
34 2Z6D_A Phototropin2 (E.C.2.7. 97.9 6.90E06  1.40E10 61.7 134 124 214337 1-130 -130
35 4HH3_A Regulatory protein PpsR 978 8.10E06  1.60E10 72.4 154 133 190-326 125261 -262
36 2PR5_B Bluelight photarecepto 97.8 1.50E05 3.10E10 60.4 14.9 124 221-346 1-130 -132
37 3EWK_A Sensor protein (E.C.2.7 97.8 8.20E06  1.70E10 70.1 14.7 119 204-326 100227  -227
38 4ZPR_B Aryl hydrocarbon recept 97.8 2.00E06 4.00E11 80.3 10.7 112 227-338 226341  -345
39 2KDK_A Aryl hydrocarbon recept 97.8 4.40E06 9.00E1l1 62.3 10.5 115 217-331 1-120 -121
40 2GJ3_B Nitrogen fixation regul 97.7 1.80E05 3.60E10 58.4 13.6 117 215331 1-120 -120
41 4R38_D Bluelight-activated hi 97.7 1.10E05 2.20E10 62.1 125 122 217-338 11-138 -140
42 6HMJ_B Putative PAS/PAC sensor 97.7 9.00E06  1.80E10 76.2 14.2 128 214-341 231-364  -373
43 5Y7Y_B Aryl hydrocarbon recept 97.7 5.50E06  1.10E10 76.2 124 104 224-327 203311 -311
44 5HWV_B Sensor histidine kinase 97.7 2.70E05 5.40E10 59.1 14.2 120 226-345 3-130 -130
45 3MXQ_D Sensor protein (E.C.2.7 97.7 1.20E05 2.50E10 64.2 12.7 127 208-335 11-152 -152
46 3EWK_A Sensor protein (E.C.2.7 97.7 2.50E05 5.10E10 67.1 14.9 116 231-346 1-119 -227
47 2WKQ_A NPH11, RASRELATED C3  97.7 2.40E05 4.90E10 73.6 15.9 136 221-356 13154 -332
48 4F3L_A BMAL1b, Circadian locom 97.7 6.20E06 1.20E10 77.4 11.7 112 224-335 246361  -361
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No Hit Prob Evalue P-value Score SS Cols Query HMM Templat e HMM
49 3LYX B Sensory box/GGBEbmai 97.6 4.20E05 8.60E10 56.7 14.1 120 214-333 2-124 -124
50 3ICY_B Sensor prtein; Sensory 97.6 1.90E05 3.80El0 58.8 12.1 113 216-328 1-118 -118

124



Appendix Erik R. Noldeke

5.4 Publications

E. R. Noldekel.. M. Muckenfuss, V. Niemann, A. Miller, E. Stork, G. Zocher, &dschand T. Stehle,
ANMSEM SUE o *]Je }( 00 A 00 % % 3]aPNE@T compigx aStaphylGocss
aureusUSci. Repyvol. 8, no. May, p. 12952018 doi: 10.1038/s41598)18-31098x

E.R. Noldekev dX ~8 Zo U ~hv@E A nsjvd? psatidoglycdn amidation by the bifunc-

tional enzyme complex GatD/MurT: A conia $]A <3 Ep 3 EIm. J.Bded. WlicroFiofubl.
309, no. 6, p. 151334, S&2019 doi: 10.1016/j.ijmm.2019.151334

5.5 Contributions

5.5.1 Contributions to Nbldeke et al (2018)

| expressed, purified, and crystallised of S. aureus GatD/MurT. | genetatisdte crystals
containing the ATP analogue AMPPNP. | performed data collection, processing, phase determination,
and model buildingand phase refinement for the AMPPMNPBntaining structure (PDB ID 6H5E). | re-
fined and rebuilt the previously solved urditgded structure (PDB ID 6GS2). | planned and performed
SAXS experiments, including beam time applicaiwhlogistics. leviewedall availabledata and gen-
erated the hypthetical closed conformation model. | wrote the main portion of the manuscript (re-
suts, discussion, and methods sections). | prepared all figures, including supplementary;, figtires
the exception of Figure S1.

5.5.2 Contributions to NMldeke and Stehle (2()

| performed the literature review and bioinformatic sequereased searches. | riewed all
available data, generated all figures, and wrote the manuscript.
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Structural basis of cell walll
peptidoglycan amidation by
the GatD/MurT complex of
Staphylococcus aureus

Erik R.Noldeke " LenaM. Muckenfuss® * 2 ¥/olker Niemann¥a{AnnaMdiiller X ElenaStork W
GeorgZocher¥ TanjaSchneider*& ThiloStehleway

The peptidoglycan of Staphylococcus aureus highly amidated. Amidation of -D-isoglutamic acid in
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metbhicillin, indicating that targeting the amidation reaction could be a useful strategy to combat this
"f-S‘%ted St fecevet ...'e'Z13 —Sf— .. f—-Dasagldtamin® in the'kipid H'stem
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MurT and are contributed by both proteins, thus explaining the requirement for the assembled complex
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interactions. Small-angle X-ray scattering data show that the complex has a similar conformation
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complexes. Combined with established biochemical assays, the structure of the GatD/MurT complex
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Staphylococcus aureas frequent constituent of human nasal micro ora and a major cause of severe endoge
nous infectionk E ective 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 th
associated with HI% 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-speci ¢ cell wall modi cations impact on several key aspects of the infection process, including adher
encé#, immune recognitiof; and resistance to host defefig¢eth Gram-positive bacteria such as S. aureus, a
thick multilayered peptidoglycan (PG) layer constitutes the major component of the cell wall. e PG is essential
for survival and maintenance of cell shape and is crucial to resist osmotic Sresf@eheteropolymer con-
sists of alternating disaccharide units composed of N-acetyl-glucosamine (GIcNAc) 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 cytofla$ire membrane-bound
enzyme MraY then links this precursor to the membrane carrier undecaprenyl phosphate to yield Lipid |
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Dataset (PDB ID)

\ native (6GS2)

‘ thiomersal

\ AMPPNP (6H5E)

Data collection

X-ray source SLS X06DA (PXIIl) | SLS X10SA (PXIl) | SLS X06DA (PXIIl)
X-ray detector Pilatus 2M Pilatus 6 M Pilatus 2M
Wavelength [A] 1.0 1.0 1.0
Space group P22,2 P22,2 P22,2,
a 107.10 a 106.97 a 109.72
Unit cell axes (A) b 110.37 b 109.27 b 109.74
c 116.36 c 116.03 c 123.30
Unic cell angles (°) 90 90 90
Resolution [A] 50-2.04 50-2.49 50-2.14
Re ections (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/(1) 14.01 (1.57) 17.33(1.88) 19.37 (1.41)
Rineasl%] 11.2 (178.9) 3.5(131.3) 11.6 (213.0)
CCy, [%] 99.9 (72.5) 99.9(71.2) 100.0 (67.6)
Wilson B [&] 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
Re nement
Resolution included [A] 49.07-2.04 49.08-2.14
So ware PHENIX (1.10.1) PHENIX (1.10.1)
Non-solvent atoms 9893 9909
Solvent atoms 639 442
Ruork/Riree [26] 17.5/21.6 19.2/23.5
Size of R test set [%] 1.71 (1503 re ections) 1.82 (1504 re ections)
Bond r.m.s.d. 0.011 0.011
Angle r.m.s.d. 1.097 1.424
Ramachandran [%)] (favoured, allowed, outliers p7.43, 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 B 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 re nement statisti@utliers are residues C94 and G190 in each of the two
copies of GatD. Both have well-de ned densiBDB 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
Il (undecaprenyl-phosphate-MurNAc-pentapeptide-GIcNAc) by the glycosyltransferase'MunrS. aureus,
Lipid 1l is modi ed by a Gly-interpeptide bridge attached by the FemXAB peptidyltransfefddefllowed
by translocation across the cytoplasmatic membrane likely facilitated by the ippases FtsW, RodA &nd MurJ
Once it has reached the exterior cell surface, the modi ed Lipid Il is assembled into the growing PG network by
penicillin-binding proteins (PBPs) catalyzing transglycosylation and transpeptidation retétidngarticular,
transpeptidation has been proposed to require at least one amidated stem*pEptide

Amidation of the -carboxyl group of the D-isoglutamate residue in Lipid Il, resulting in the formation
of D-isoglutaminé®!8 is catalyzed by a recently identi ed enzyme compiéxis complex consists of two



Figure 1. Overall structure and organization of the GatD/MurT complex. (a) Reaction catalyzed by GatD/
MurT. e free -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 tfiddurT is composed of two domains: a Mur ligase middle
domain (MurT middle) containing the canonical ATP binding site and, surprisingly, a ribbon-type Zinc

nger, 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 7 of GatD. Catalytic triad residues GatD-C94,
GatD-H189, MurT-D349 and the bound nucleotide AMPPNP are shown in stick representation. e zinc ion

in the Cys zinc ribbon of MurT is shown as a green sphere, and the four cysteine residues ligating it are shown



as sticks. (d) Tilted view of the MurT middle domain to show the central -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 Leigfcaet al

the short helices 1 and 5 in the isolated GatD structure do not conform to helical geometry in our complex,
they were not assigned. e MurT domains were assigned separately with the pre xes m and c indicating the
middle and C-terminal domains, respectively. e drawing was generated with TopBraw

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-hinding domains of
Mur ligases. Together, these two proteins catalyze the amidatieD-a$oglutamic acid of cell wall precursor

stem peptides in an ATP-dependent reaction. Mutants that are de cient in Lipid 1l amidation show a reduction

in PG cross-linking and are more susceptible to antibfétis us, 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 nd 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 con rm that the complex has a similar open conformation in solution, and suggest that
some exibility between the domains exist. Structure-based sequence alignments demonstrate that several othe
pathogenic organisms have homologous enzyme complexes that likely function in the same manner. In combi-
nation with the established in vitessays, our ndings provide the basis for more directed inhibitor screenings.

Results _ ~ _

‘Mef—<te feot Sf"f..—f"coef—-<'e ‘" —SfFulf-length-GatD and‘ MUl Jvéra
co-expressed as describednd the complex was puri ed using nickel a nity chromatography. A nal size
exclusion chromatography step demonstrated that the two proteins elute together, forming a stable complex in
solution. e elution volume in size exclusion chromatography corresponds to an estimated molecular weight of
72kDa, which is consistent with the calculated molecular weight ok[28.8r a binary GatD/MurT complex.

e SAXS data (see below) also clearly indicate that one copy of GatD and one copy of MurT assemble into a
stable heterodimer.

"YU fZZ e—"— ... ——"1 ‘% ndfive struettireddf the GatD/MurT complex was solved at a reso-
lution of 2.04A using smgle isomorphous replacement with anomalous scattering (SIRAS). e re ned struc-
ture has excellent statistics (Talb)eand includes all residues of the expressed proteins with the exception of
MurT residues 1-35, 195-196 and 434-437. ese 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) (Rig.
previously postulatéd and recently showfy GatD exhibits a class-I glutamine amidotransferase-like fold. A
DALI searck®identi es the enzymes HisH, PdxT and PurQ from ermotoga maritiraa 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 HHPREReals a well-conserved core architecture, with
root-mean-square deviation (r.m.s.d.) values oRA2#ll C- 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 7 1E)g.is 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 parabekeet (Figlc,e) that
is sandwiched between fourhelices on one (c1-4) and two -helices ( ¢5-6) on the other side. e mid
dle domain is constructed around a crescent-shaped, nine-stranded predominantly pashéet, which
encloses a three-helix bundlenfl, m7-8). e ATP molecule required for catalysis, replaced here by the
non-hydrolyzable analog, -imidoadenosine 5triphosphate (AMPPNP), is bound at the base of hatii
with the adenine moiety bound in a cle formed next to helirl while the phosphates are contacted by resi-
dues from strandsml1 and m3 (Fig.1d). e central -sheetis capped on the opposite side by Areelices.
A RanBP-type Zinc-ribboti is located on the side of the middle domain as an insertion between -stahds
and m9. is feature is missing in homologous proteins. A search with DRlyielded MurF enzymes from
Pseudomonas aeruginp8acherichia cadind Acinetobacter baumanais 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 exible N-terminus (residues 1-37),
which is not visible in our electron density maps.

"t fZZ ..'«"'”e ftean sdinetimes be challenging to assign correct physiologic contacts from crystal
structures alone as crystal packing can o er alternative solutions for possible contacts between two subunits
that are o en not easy to distinguish from physiologic conticiis order to validate the observed interaction
between GatD and MurT, all possible GatD/MurT interfaces in the crystal were analysed with faiiSA
EPPIC® servers. Both algorithms clearly classify only the interaction depicted lrc Fig physiologic. Other



Figure 2. Conformation of the GatD/MurT complex in solution. (a) GatD/MurT crystal structure before (top)
and a er (bottom) re nement 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 24 instead of 38 between them suggest that some exibility between domains exists in solution. (b)
Fit of synthetic scattering pro les derived from the crystal structure (top) and re ned model (bottom) against
the experimental SAXS data.

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

e overall structure of the GatD/MurT complex is also supported by solution SAXS experiment2)Fig.
Scattering pro les derived from dilution series experiments were used to re ne the crystallographic model. A er
rigid body re nement, the overall t of a calculated scattering curve to the experimental data improved from an
initial 2 25.7to 2 2.2 (Fig. 2b). e re ned 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, ofd8stead of 34 (Fig.2a). ese 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 Il mimic (UDP-MurNAc-L-Ala-D-GIuL-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 rearrangemen
in the protein upon ATP and Lipid Il binding.

Interactions between GatD and MurT. Extensive interactions between GatD and MurT establish a large,
continuous interface that buries a total surface area oh®#0m solvent (calculated with PIZ) Residues
involved in interface formation are contributed by two consecutive Mutielices (c2/3 and ¢4), which

tightly pack against two-helices and a loop of GatD (helicedand 7, loop 13- 6 Figsl and 3. One of

these -helices is the C-terminal helix7 absent in homologous class-I glutamine amidotransferases, which do
not form similar complexes with MurT. e 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 anc
L385 in MurT) that would otherwise be solvent-exposed are buried upon formation of the GatD/MurT contact.
Figure3a shows interactions made by the MurT-Y354 and MurT-L381 side chains as an example. MurT-Y354
also contacts two prolines in the GatDB- 6 loop (P191 and P194), with P191 being especially well conserved
throughout GatD homologs but not across functionally unrelated glutamine amidotransferases. ese 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 bonds3Pig). Residues participating in interface formation are highly



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. e C-terminal helix of GatD, which is unique to these types of proteins,
is labeled helix 7, and the core hydrophobic loop was termed 13- 6. (d) Open-book view of the interface
between GatD (le ) and MurT (right). Sequence conservation scores were calculated with €an8urf
mapped onto the protein surface as described in the methods section. e coloring scheme is also shown at
the top of the panel. e 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 showr
Fig.3d. e 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 site4FiBarlier studies suggested that GatD residues
C94 and H189 might form part of a catalytic tffadn 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
sequenc®. is 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 suggestétior have arrived at a di erent solution to establish such a triad.

The structurally homologous enzymes PdxT from Bacillus suffiiB ID 2nv0), two homoserine
O-acetyltransferases from Bacillus cereus and ermotoga mariiXB IDs 2v and 2h2w, respectively), and
the glutamine amidotransferase M a_0438 from Methylobacillus agel(®@D8 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 enzajee (Fig.
sul ydryl 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 enzymesiéignstead, GatD-H189 is shi ed
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>G&DB
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-HA$%u(8.7
GatD-His189 and MurT-D349 (34) 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 M&d) (Fig.
e arrangement of the putative catalytic triad is therefore dependent on correct assembly of the binary complex.
As shown in Fig4, sequence comparison with con rnfédnd predicted homologsas well as a sequence- and
structure based conservation analysis revealed the combination of GatD-H189 and the subsequent hydrophobic



Figure 4. e putative catalytic triad of GatD/MurT. (a) Overlay of GatD/MurT with four glutamine
amidotransferase fold-containing proteins obtained from a HHPRE®arch (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. (c) in-layer
chromatography analysis of an activity assay of catalytic triad mutants. Mutation of MurT-D349 to asparagine
completely abolishes catalysis in yigimilarly to GatD-C94 mutations to either serine or glycine.

stretch to be highly conserved, suggesting that the GatD homologs possess similar catalytic triads and interface
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. #midtedion assays of Lipid Il
revealed severely redudadsitro activity of this mutant compared to the wildtype GatD/MurT complex @&ig.
Supplementary Fig. S4). A conservative mutation of the active site cysteine (GatD-C94S) to serine completel
abolished activity in vitrosimilarly to the previously characterized, less conservative GatD-C94G fhutant
folds and thermal stabilities of the mutants were assessed with circular dichroism (CD) spectroscopy and thermal
shi assay (TSA), respectively. Both MurT-D349N and GatD-C94S possess a fold indistingushable from that of



Figure 5. e AMPPNP binding site in GatD/MurT. (a) Catalytic center of MurT bound to the ATP

analogue AMPPNP. e 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 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 Murk (Protein Data Bank ID
4c12¥?and P. aeruginosdurF (Protein Data Bank ID 4cvk) onto the MurT ATP-binding pocket in surface
representation based on structural superimpositions of the entire domains. e MurT-bound AMPPNP is

shown as a colored stick model, the superimposed nucleotides from the two related structures are shown as
white sticks. (c) in-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. Replacemen
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 mutagene
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 witiN2df AMPPNP, an ATP analog. e structure

of this complex was solved at 2Al#esolution using molecular replacement (Tableand the corresponding
electron density allowed us to unambiguously model AMPPNP into a binding site in the middle domain of
MurT (Figs1d and 5 Supplementary Fig. S7). e binding site contains the consensus sequence GTRAIGKT



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 gure.
Conservation scores were calculated with CofdSamfi mapped onto the protein surface as described in the
methods section. Dark blue signi es a high conservation score. Most of the concave surface of GatD/MurT

is highly conserved, whereas the remaining surface displays high variability. e 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 theand phosphate groups of AMPPNP and T60 coordinating a magnesium
ion that is also contacted by the side chain of the conserved MurT-E108 residue. e magnesium ion helps in
positioning the AMPPNP and phosphates from the opposite side §&ig. e 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 Murk from S.3A(REE ID 4c¢12) and MurF

from Acinetobacter bauman#ii(PDB ID 4qdi) revealed nearly identical modes of nucleotide-binding5Big.

e 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 actbaty (Fig.
Supplementary Fig. S8). As with the previously described mutants, protein fold and stability were con rmed via
CD spectroscopy and TSA (Supplementary Figs S5 and S6, Table S1).

feet"Tf —<'e o f ' «CHasrvation analysis based on a redundance-corrected alignment of 145 homol
ogous sequences, as automatically performed on the ConSurf‘sargerojected 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 nger, is variable in sequence, the inner surface
residues, which contain the ligand-binding regions of other Mur ligases, are strongly conserved. is 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 @igvhich coordinates the magne-
sium ion that lies in proximity to the bound ATP analog. e consensus sequence D(D,N)P(N,A) in the amino
acid binding pocket of MurE fromermotoga maritima was found to mediate the recognition of L-lySie



Figure 7. Comparison of GatD/MurT with Mur ligases and putative conformational changes upon ligand
engagement. (a) Structural alignment of GatD/MurT (le ) and S. aureus ¥lari A. baumanniMurfF33

structures (right) was performed based on the Mur ligase middle domain (light green). e 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 a er the S. aureus MurE structure. e GatD catalytic

triad and the bound AMPPNP molecule are shown as colored sticks, the relevant muramyltripeptide portion of
the superimposed substrate of MurkE (MurNAc-L-Ala- -D-Glu-L-Lys, but lacking UDP) is shown in grey stick
representation for reference. e DNAAD motif, suggested to be involved in substrate binding is highlighted in
salmon (right).

Structural work by Ruane and colleagues revealed that the Staphylococcudanlitgarstein contains addi-
tional, o en charged residues that are important for the interaction with L-lysine, e. g. Asp-406 and%lu-460

e MurT sequence DNAAD containing the conserved aspartate residue was previously suggested to be
involved in interactions with the lysine residue of the Lipid Il stem péftidenservation mapping revealed that
this motif is conserved and located in a large, concave area between the GatD catalytic triad and the ATP bindint
site in the middle domain of MurT (Fi@). us, it seems reasonable that this region is functionally relevant,
either by engaging parts of Lipid 1l or by mediating conformational changes.

Discussion

e recently characterized GatD/MurT complex is responsible for the amidation of glutamic acid in the peptide
stem structure of the S. aureus'P@bhibition of this reaction leads to lower growth rate, reduced resistance to
beta-lactam antibiotics, and increased sensitivity to lysozyme in MRSA Sffai@rategies 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.

e 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. e two proteins assemble into an
elongated complex, with a large open space separating GatD from the middle domain of MurT. e previously
identi ed catalytically active cysteine (GatD-C943 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 con rm the importance of both GatD-C94 and MurT-D349 for catalysis while recent ndings by Leisico
and coworker¥ 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 Il substrate. e 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 migt
be more pronounced in the presence of Lipid Il, as the enzyme might partially close around it during catalysis.



The hydrophobicity of Lipid Il and the lack of suitable, commercially available less hydrophobic Lipid
Il alternatives did not allow us to e ecitively pursue a complex of GatD/MurT bound to Lipid Il. Soaking or
co-crystallization experiments with soluble mimics of the peptide stem alone (e.g. glutamate, or commercially
available peptides based on $heureus peptide stem sequence) did not result in complex formation, suggesting
that additional portions of the Lipid Il molecule are required for binding.

e 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 anifda@uggested by conserva-
tion analysi¥’. e organisms that express GatD/MurT homologs include a number of established human patho
gens, such as Streptococcus pneumdniaehich the GatD/MurT enzyme complex was recently charactétized
and, likely, Mycobacterium tuberculoginowledge about the structure and catalytic mechanism of GatD/MurT
will therefore transcend the S. aureus eld.

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 di ering substrates or co-substrates, their core architecture is highly conserved, including that of GatD.
e elongated C-terminal loop leading to an additional C-terminalhelix (helix 7) is, however, unique to
GatD. is 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 exibility. us, the linker could help
mediate breathing of the complex, which would explain the observed di erences in the overall GatD/MurT con-
formation between the crystal structure and the solution scattering dat2)(Fig.

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 di erent Mur
ligases from various organisms. Although the position of the observed ATP-binding pocket is strictly conserved
throughout Mur ligases (Fi§), the angle between the middle and C-terminal domains varies signi cantly across
di erent enzymes, indicating an inherent exibility of this feature. e 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. e two most striking structural di erences between MurT and related enzymes
are the truncated N-terminal domain and the £Zmc-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 ngers of this class have been previously shown to provide a platform for protein-protein
interactions®. e zinc nger 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.

e truncated N-terminus (with respect to other Mur ligases), on the other hand, is a well-conserved fea-
ture of MurT in di erent organisms. e 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. e
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 exible 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. aureddurE (PDB ID 4c12) and Pseudomonas aerugibs& (PDB ID 4cvk) coincides with
the boundary between their N-terminal and middle domains. In the GatD/MurT substrate Lipid Il, the pyroph-
osphate linkage connects the sugar moiety to the undecaprenyl membrane anchor, possibly marking the positior
at which Lipid Il 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 Il 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 MurE9asiivell 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 t those of MurE or MurF, producing a more closed conformation of MurT that mimics those
present in the other two enzymes (Fig.If the GatD structure is then added to the modi ed MurT using the
known GatD/MurT interface, it becomes clear that the distance between the MurT middle domain and GatD is
drastically reduced. e gap between GatD-C94 and the -phosphate of AMPPNP diminishes from dvew 40
just over 2@. In such a putative more closed conformation of GatD/MurT, the peptide stem of Lipid Il would be
sandwiched between the MurT middle and C-terminal domains in linear continuation of the triphosphate axis
of the nucleotide (Figrb). It is conceivable that channeling of hascent 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. e DNADD motif, which was previously suggested to be involved in the-engage
ment of L-lysine in the muropeptide sequeficdadeed 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 in uenced by Lipid Il binding to the
enzyme. us, hydrolysis of glutamine in the absence of an acceptor substrate and hence escape and accumulatior
of ammonia in the cell could be avoided.

e 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 Il 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



substrate of MurT, Lipid II, di ers 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 Il molecule. e
precise conformation of a Lipid Il-bound complex of GatD/MurT is still unknown and likely somewhat di erent
from the one shown in Fig. We therefore believe that performing in-depth molecular docking calculations
would be inappropriate at this time.

Our model suggests that the mechanism of Lipid Il 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 Il 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 modi ed in many Gram-positive pathogens and amidation is known to
a ect the level of methicillin resistariéé” and to contribute to vancomycin susceptibilitySnaureus, and
thus inhibition of the GatD/MurT complex may represent a strategy to combat S. ancepsrhaps also other
related bacterial pathogens that amidate their peptide stem in a similar manner. e 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 bene cial bacteria sucl
asE. coli or other components of our gut microbiota, it may be desirable to develop drugs more speci cally 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

§'"Feecte feotf '—"coApFR1bvéctor (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. e bacteria were grown in LB-medium (g8mL ampicillin) at 37C. At an ORQ,0f 0.6, the
cultures were cooled to 30 and 0.25M IPTG was added for induction. Cells were harvested by centrifugation
a er 5hours and stored at 20C until puri cation.

Frozen pellets were resuspended in lysis bu em®0Tris pH 8.5 at 4C, 300nM NacCl, 1nM imidazole,

1mM DTT). Next, 200 g/mL lysozyme, 1:10000 DNAse | ( ermoFisher) andny RNAse A (Sigma) were
added and cells were incubated on ice fanB0 Following lysis by sonication, the lysate was clari ed by cen-
trifugation and added to a Ni-NTA-agarose slurry (Novagen). e mixture was incubated on a tilt shaker at low
rpm for 18h at 4°C and subsequently transferred to a EconoPac gravity ow column (BioRad). Following a wash
with lysis bu er, weakly bound material was removed by washing with lysis bu er containimg #iidazole,
and the target protein was then eluted with lysis bu er containingr®80midazole. Bu er exchange to SEC |
bu er (50mM Tris pH 8.2 @ 4C, 500nM NaCl, 5anM MgCl,, 5mM KCI, 5mM DTT) was carried out directly
a erwards using PD-10 desalting columns (GE). Sample homogeneity was achieved by means of two subsequel
iterations of preparative size exclusion chromatography using a HiLoad 26/60 column packed with Superdex 20C
column material (GE Healthcare). In the second iterationM6TCEP was substituted for DTT as a reducing
agent (Bu er SEC Il). roughout the puri cation, sample purity was assessed by SDS-PAGE. e protein was
freshly prepared for each analysis.

"se—fZZcoef—<'s fot e—"— . —-Crystars of-GhtDIMurf wereegiown in a sitting-drop
vapor di usion setup using protein concentrations of ZagmL in a broad range of Tris-bu ered conditions
containing PEG8000, Mgg£and glycerol. e conditions from which the crystals for this study were obtained
are 0.M Tris pH 8.6, 40% (w/v) PEG8000, OMBMgCl, for the native data, OM Tris pH 9.0, 26.7% (w/v)
PEG8000, 0.3@ MgCl, for the thiomersal derivative, and 811Tris pH 9.1, 18% (w/v) PEG8000, 14% glycerol,
0.35 M MgC] for the AMPPNP soak, respectively. Cryoprotection was performed by adding 20% MPD or 25%
glycerol to the reservoir solution, and crystals were ash-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 anc
reduced using the XDS program packége

">e—fZ T3¢ f— Copsfals werd derivatized with m/ thiomersal for phase determination and a
mixture of 2.InM of the ATP analogue -imidoadenosine 5triphosphate (AMPPNP), 2rhM of the glutamine
analogue 6-Diazo-5-oxo-L-norleucine (DON), andraM UDP-MurNAc-L-Ala-D-Glu- -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 di erence electron density maps. Derivatization was performed by transferring
native crystals into drops of otherwise equal composition containing the compound to be soaked. A er soaking
times of 10 to 3@in, crystals were cryoprotected and ash-cooled in liquid nitrogen.

Phasing and initial model building. A dataset obtained from a crystal derivatized witmiDthiomersal

was used to extract initial phase information using the single isomorphous replacement with anomalous scatter
ing (SIRAS) approach. e derivative data were scaled against the native data using CAD and Scaleit of the CCP4
program suité®. Using the program suite autoSHAR®, a substructure of 13 mercury sites was determined,
followed by heavy atom re nement and density modi cation. Initial automated model building was performed
using the AutoBuild Wizar}in the PHENIX program suite prior to transfer to the native data set.



‘1172 ,—«<Zt<e% fet "Manudlmpeel Building was carried out in CHand alternated with
reciprocal space re nement using the programs REFM2& PHENIX.REFINE. e data set collected from
crystals soaked with AMPPNP was phased by molecular replacement using the program“PHMBER
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 Il
bu er ranging from 0.5 to &g/mL were recorded and extrapolated to zero concentration to remove possible
concentration e ects using the PRIMUS interface of the ATSAS prograrfésRigid-body re nement of the

native crystal structure was carried out with the program SRERLEpfthetic scattering pro les for compar

ison with the experimental data were generated using CRY.SEMXS experiments were repeated in the pres-
ence of increasing concentrations of the ATP analog AMPPNRM2BmM) and the soluble Lipid Il mimic
UDP-MurNAc-L-Ala-D-Glu- -L-Lys-D-Ala-D-Ala (8 M—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 puri ed and impact of muta-
tions on enzyme activity were tested as previously desttibed

Circular dichroism (CD) spectroscopy. CD spectroscopy experiments were performed on a JASCO J-720
spectrometer under nitrogen ow. Protein concentration was set tm@3L in ten-fold diluted SEC Il bu er.

e 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 suppliechad/h8 and
Protein ermal Shi Dye ™ (Applied Biosystems, ermo Fisher Scienti c) was added as a TSA uorophore.

e samples were equilibrated at4C and gradually heated to @5 over 3@nin while monitoring dye uores

cence. e averaged protein melting temperature for the wildtype and each mutant was derived from the melting
curve in ection point using seven technical replicates and the Protein ermal ®hSo ware v1.3 (Applied
Biosystems, ermo Fisher Scienti c).

“e'Z'%> oI f”...Sted .. teet” f—<'e fofZ>ece feJequencs-baged cdnsefvation %o &
analysis was performed using ConSuifierein, an initial search was automatically performed separately for
GatD and MurT using BLAST (https://blast.nchi.nim.nih.gov/) and a multiple sequence alignment (MSA) of
145 sequences each was generated using MAFRETesulting 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. Structura
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 Tubi*fgen

Additionally, previously postulated putati&nd con rmed homologous proteins were aligned separately,
using the Clustal algorithn®.

Finally, in order to identify related proteins based on their entire structure and quantify the structural similar
ities, a DALI searédhwas performed with the nal 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 t
analysis by the PI1SPand EPPI® servers.

Data deposition. e GatD/MurT structures described here have been deposited with the Protein Data
Bank (vww.rcsb.org) with PDB IDs 6GS2 (unliganded GatD/MurT) and 6H5E (complex with AMPPNP).
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In Fig. 1A, a carbonyl group is missing in the schematic drawing of the reaction product. e corrett Fig.
appears below.
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Figure 1. Overall structure and organization of the GatD/MurT complex. (a) Reaction catalyzed by
GatD/MurT. e free -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 ftiddurT is composed of two domains: a Mur ligase middle
domain (MurT middle) containing the canonical ATP binding site and, surprisingly, a ribbon-type Zinc

nger, 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 7 of GatD. Catalytic triad residues GatD-C94,
GatD-H189, MurT-D349 and the bound nucleotide AMPPNP are shown in stick representation. e zinc ion

in the Cys zinc ribbon of MurT is shown as a green sphere, and the four cysteine residues ligating it are shown



as sticks. (d) Tilted view of the MurT middle domain to show the central -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 LeidfcAst al

the short helices 1 and 5 in the isolated GatD structure do not conform to helical geometry in our complex,
they were not assigned. e MurT domains were assigned separately with the pre xes m and c indicating the
middle and C-terminal domains, respectively. e drawing was generated with TopBraw
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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$taphylococcus epidermidis
and Nostoc punctiformeSeveral 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

I, a peptidoglycan precursor, in S. aureus

1. Introduction

Ever since the discovery of penicillin in 1928 ( ) the
bacterial cell wall and its assembly machinery have been a target for
antibiotics ( ). Now, nearly a century later,
many bacteria have developed resistance mechanisms against a wide
range of commonly used antimicrobial agents ( ).
Infections with multi-resistant bacterial strains such as methicillin-re-
sistant Staphylococcus aureU$1RSA) can often cause severe disease and
are extremely hard to treat ( ). 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 ( ; ), leading to
opportunistic infections. Hence, MRSA and other resistant bacteria are
the cause of an increasing number of annual deaths and constitute an
immense ! nancial and logistical burden on healthcare worldwide
( ). 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 ( ).
It is composed of polysaccharide chains of alternating beta-1-4 linked
N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc)
crosslinked by short, branched peptides that vary in composition de-
pending on the species ( ).

Much of our initial work in the Collaborative Research Center 766
has focused on structure-function studies of enzymes that modify the

' Corresponding author.

E-mail address: (T. Stehle).

bacterial cell wall. We were able to de! ne the structures and substrate
speci cities of several autolysins ( ;

; , ), which are needed by bacteria to
lyse cell wall structures during cell division (see also review by

). Additional studies have centered on enzymes that glyco-
sylate teichoic acid structures in staphylococgci and that represent pro-
mising targets for interference ( ; ). In
recent years, we have become interested in a modi cation 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 ! nal hetero-
polymer network in the periplasmic space. Brie"y, the ligases MurCEF
(reviewed in ) 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 (

). This ! rst membrane-bound intermediate
is termed Lipid I. Next, the second sugar, GIcNAc, is added by the
transglycosylase MurG, yielding Lipid Il ( ). 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 modi! ed
by the addition of a short linker peptide, for instance Gly s asinS. aureus
( ). The ! nal, modi! ed Lipid Il is then
transferred to the periplasm, where transpeptidase and transglycosylase
activities of penicillin binding proteins (PBPs) catalyze the poly-
merization and crosslinking into the ! nal peptidoglycan layer (
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Fig. 1. Ribbon representations of the crystal structures of GatD/MurT. (a) GatD/MurT of Staphylococcus aureudisplays an open, crescent-shaped conformation that

likely represents the state adopted by the enzyme prior to substrate engagement (

pneumoniaeadopts a closed conformation ( ).

).

Peptidoglycan of many Gram positive bacteria, including
Staphylococgci Streptococciand even the distant genus of Mycobacteria
show a wide variety of modi ! cations in order to enhance its protective
e# cacy against antimicrobial agents such as lysozyme. The most fre-
quent modi! cations are sugar moiety N-deacetylation or Cs-O-acet-
ylation ( ; ), and the
amidation of free carboxyl groups in the peptide. The most frequent site
of amidation is the ! carboxylate of D-glutamate at position 2 in the
peptide stem. In peptidoglycan types containing mDAP at position 3, its
I -carboxylate can also be amidated ( ). Ad-
ditional amidation sites exist, but they are restricted to very particular
and rare peptidoglycan variations such as D-aspartate in the peptide

). (b) The homologous GatD/MurT complex of Streptococcus

crossbridge present in someLactococci( ). All of these
dis$erent amidation variants appear to contribute to resistance to ly-
sozyme and other autolysins ( ;

; ). While the existence of peptide amidation has
been known since the 1960s ( ), only a few
of the enzymes performing these modi! cations have been described to
date, |nc|ud|ng LtsA and AsnB1 for mDAP amidation (

; ) and AsnH for D-aspartate amidation
( ). The most common amidation is carried out by
GatD/MurT, which was identi ! ed only in 2012 ( ;

). GatD/MurT acts on the membrane-bound pepti-
doglycan precursor Lipid Il 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 ( ) and even proved lethal in the equally
pathogenic Streptococcus pneumoniag:

). 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
speci city requirements, and to guide the design of e$ective inhibitor
molecules, high-resolution structural information about the active
complex is required. Recently, crystal structures of the GatD/MurT
complexes of Streptococcus pneumonlamd Staphylococcus aureusave
been published ( ; ). This mini-
review focuses on the comparison between the two structures and aims
to ask speci c questions raised by observed similarities or di$erences 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
e# cient 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 Ioosely related
Actinobacteria ( ; ;

; ). A homologous operon was found even
in the cyanobacterium Nostoc punctiforme( ). 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 pneumoniadhe structure of isolated, unliganded
GatD ( ) and two subsequently determined structures
of GatD/MurT complexes ( ; )
have established the fold of the enzymes and identil ed 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/ll), and the two GatD/MurT complexes also
exhibit interesting, profound di $erences 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 Il 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 ( ). GatD
exhibits a mixed alpha/beta hydrolase fold ( ) typical
for class | glutamine amidotransferases (GATases) {

) 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 ( )). Other Mur
ligases have been described to use their C-terminal domain to bind part
of their respective substrates ( ; ), 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.
aureusand S. pneumoniaedopt largely di $erent conformations overall,
the single domains are similar and superimpose very well ( ).
Hence, a detailed analysis of the similarities and di$erences between
the two structures will help to identify yet undiscovered important
features and residues as well as potential organism-spedic di$erences.

,QWHUQDWLRQDO RRURWDRERRORG\LFD

Table 1
Root mean square deviations (R.M.S.D.s) of superimpositions ofS. aureusand S.
pneumoniaeGatD/MurT single domains.

R.M.S.D. [1] aligned residues
GatD 2.14 224
MurT middle 321 232
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, MurgE, 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
( ; ; ;
). The middle and C-terminal domains of the Mur ligases are
connected via a short " exible 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
( ). 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. pneumoniagSpGatD/MurT) di $er 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. aureusstructure 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 " exibility among its domains
( ).

Based on these observations, it is highly likely that the di$erent
conformations adopted by S. aureusand S. pneumoniaeGatD/MurT in
their respective crystal structures are not indicative of radical cross-
species dberences 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 ¢ 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 20« is too large to be bridged by nascent
ammonia generated in GatD without signi! cant e$usive 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 e# cient 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. aureusand 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
orientation as in (a). White sticks represent the aspartates homologous to the third triad residue in the respective opposite species. (

).
5. GatD catalytic triad

Class | 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 (

; ). The central nu-
cleophilic cysteine is located at a conserved turn from a " -strand to an
! -helix, termed the nucleophile elbow ( ). 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 ! nal 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) ( ). In the ! rst case, observed in theS. aureusenzyme, the
aspartic acid is contributed by MurT across the heterodimer interface
( a). 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 ofS. pneumoniae
GatD/MurT, the proposed triad is intramolecular, with the aspartic acid
being contributed from a " anking helix in GatD ( b). While its
interatomic distances are smaller than those observed in SaGatD/MurT,
the angle of approximately 90 Gformed 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 con! rmed and
inferred instances of GatD/MurT ( ;

). However, their relative positions di $er largely between the
staphylococcal and streptococcal structures. Residue D19 ofSaGatD
( a) is turned away from the triad site by a twist of helix ! 2
(secondary structure nomenclature according to ( )
when compared to SpGatD, thus precluding it from taking the same
place and role asSpGatD-D32. On the other hand, SpgGatD/MurT cannot
form a linear triad with SpMurT-D355, as it is separated from either of
the two histidine nitrogens by over 5. It however still plays an im-
portant role in SpGatD/MurT function, possibly in complex stability, as

SpGatD in the same

its mutation severely impaired activity in vitro and even proved lethal in
vivo ( ).

The putative catalytic triads represent a fascinating example of how
two di $erent organisms apparently found separate ways to the same
end, using exactly the same available tools in terms of conserved re-
sidues. It remains to be investigated to which extent the triad con-
formation may be in" uenced by the overall conformation of the com-
plex. Thus, a di$erent arrangement of SpGatD/MurT may bring the
residues for the intermolecular triad into closer proximity, while a
movement in the S. aureuscomplex 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. pneumoniags an insertion of roughly 50 residues between the
strands " m6 and "m9 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 ( ). ZnF motifs exist in various
shapes but share the common feature of a ZA" ion coordinated by four
cysteine or histidine sidechains contributed by di $erent portions of the
motif, thus conferring stability to the motif ( ). Most
canonical ZnFs are involved in nucleic acid interactions, but several
examples of such motifs mediating protein-protein contacts have been
reported ( ; ).

The Zinc ribbon insertion observed in GatD-MurT is well conserved
in Bacilli ( ¢) 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 " -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 disul ! des was
modelled instead of the zinc ion. Biochemical analyses however
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Fig. 3. The MurT insertion: a Zinc Finger. (a) Side by side comparison of the S. aurets (left) and S. pneumoniagright) crystal structures (
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). The ZnF is shown as ribbon. (b) Detailed topology of the ZnF highlighting the conserved conformation of the central two-stranded " -sheet and the cys-
containing knuckle. The large leading loop adopts a largely di $erent conformation due to the contact with GatD, as seen in (a). (c) Multiple sequence alignment of the
insert region of MurT from di $erent 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 (

). The segment is located on the side of the MurT middle domain
( a), 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 "m6 and the ! rst Cys-knuckle ( b). In contrast, the same
loop is more relaxed and partially " exible 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 di $erent 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 déer from this
pattern ( c). Streptomycetegrepresented here by S. scabigi have a

severely shortened insertion while still retaining the characteristic cy-

steines. However, it cannot be predicted whether this is su# cient to
form the characteristic fold. In contrast, most other Actinobacteriawith
GatD/MurT homologues lack the cysteines altogether, and therefore the
insertion is unlikely to adopt a zinC EFinger 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 di $erent species evolved diberent 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 ( ). The location and conformation of the
bacillal ZnF leaves it accessible for an analogous interaction. It is thus
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Fig. 4. The N-termini of di $erent Mur ligases. A side by side comparison of the N-terminal and middle domains of MurC-D (

; ) and MurT (

) (Panels (abd) and (e), respectively), aligned for their middle domains, hlghllght the di $erences

in N-terminus orientation. The N-terminal domain (slate) coordinates the uridine moiety of the substrate (black sticks) thus positioning the substrate peptides of
di$erent 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

conceivable that the ZnF may be involved in a sca$olding 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. aureusGatD/MurT amidates peptidoglycan precursors exclusively

in the membrane-bound steps of the biosynthetic pathway (
) but shows no preference for either Lipid I, Lipid Il or Lipid

Il - Glys in vitro ( ). The sole di$erence between the
last soluble precursor, UDP-MurNAc-pentapeptide, and Lipid | 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

"m1l (red).

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 30B85 amino
acids and contains a high portion of positively charged side chains,
totaling 9 and 6 net positive charges for S. aureusand S. pneumoniag
respectively.

In contrast, the canonical Mur ligases CEF have an additional N-
terminal domain of 90 B100 amino acids in length. Typically, the N-
terminal domains of these Mur ligases adopt a canonical Rossmann fold
( ) and coordinate the uridine moiety of the UDP-activated
MurNAc-peptide precursor ( ). 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 ( ). 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 "m1 in MurT.

The di$erent nature of the substrate and lack of a comparable N-
terminal domain call for a di $erent solution for substrate orientation in
MurT. As the orientation of the substrate is not chie " y 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, MYnch et al. showed that S.
aureusmembrane but not cytosolic extracts contain the enzymatic ac-
tivity required for Lipid Il amidation in vitro in an ATP and glutamine-
dependent fashion, strongly suggesting GatD/MurT to be associated
with the plasma membrane ( ). MurT helix "ml
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
( ). In such a hypothetical model, spatial se-
questration and orientation relative to the membrane rather than direct
interactions with the substrate would provide speci ! city. 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. aureusand S. pneumoniaeinsights into their mode of
action beyond observations on only one protein can be derived. Since
the two structures di$er in critical ways, the comparison identi ! es 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.

Di$erences 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 de! ned target range
are more di# cult to use due to the necessity to identify the pathogen
prior to treatment, but they o $er the advantage of a lower impact on
bene! cial commensal bacteria such ask. 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 asS. aureus S. pneu-
moniag and M. tuberculosiswhile still maintaining its speci ! city for
organisms that express GatD/MurT.

Finally, di $erences in the crystal structures that cannot be de ni-
tively attributed to the di $erence in species help to paint a detailed
picture of the still only rudimentarily understood mechanism of action
of GatD/MurT. In this instance, the di $erences 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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